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ABSTRACT

Collagen is the most abundant structural protein found in the human body, and is responsible
for providing structure and function to tissues. Collagen molecules organize naturally into
structures called fibers on the scale of the wavelength of light and lack inversion symmetry,
thus allowing for the process of second harmonic generation (SHG) when exposed to intense
incident light. Consequently, SHG microscopy has been frequently employed in medicine and
biology to obtain high-contrast 3D images of collagen fibers without the need for staining.
Quantification of collagen fiber organization at the scales of the optical diffraction limit
(cellular scales) and sub-diffraction limit (molecular scales) is quintessential for
understanding structure and function, assessing the health of the tissue, and identifying traits
of a specific disease or damage early. In this regard, we have developed two quantitative
techniques: Fourier transform-second-harmonic generation (FT-SHG) imaging and

generalized y* second-harmonic generation (y*-SHG) imaging.

FT-SHG imaging involves extracting quantitative metrics through the application of spatial
Fourier analysis on the images of collagen-based tissues obtained from an SHG microscope
(cellular scale). Simple metrics such as preferred orientation, maximum spatial frequency, and
fiber spacing are defined and used to quantify differences in collagen fiber organization
among several porcine tissues: ear cartilage, trachea, and cornea. Further, we quantitatively
compare the information content between SHG images obtained from the forward and
backward direction for three tissue types: porcine tendon, sclera, and ear cartilage. We find
that both signal types yield consistent information on the preferred orientation of collagen
fibers and several overlapping peaks in the magnitude spectrum for these tissues. This

strengthens the application of backward SHG imaging for potential clinical diagnostics.

In order to show that FT-SHG imaging can be used as a valuable diagnostic tool for real-
world biological problems, we first investigate collagenase-induced injury in horse tendons.
Clear differences in collagen fiber organization between normal and injured tendon are
quantified. In particular, we observe that the regularly oriented organization of collagen fibers
in normal tendons is disrupted in injured tendons leading to a more random organization. We

also observe that FT-SHG microscopy is more sensitive in assessing tendon injury compared
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to the conventional polarized light microscopy. The second study includes quantifying
collagen fibers in cortical bone using FT-SHG imaging and comparing it with scanning
electron microscopy (SEM). Further, as an example study, we show how FT-SHG imaging
could be used to quantify changes in bone structure as a function of age. Some initial work

and future directions for extending FT-SHG to 3D are also discussed.

The second technique, ¥*-SHG imaging, takes advantage of the coherent nature of SHG
and utilizes polarization to extract the second-order susceptibility (d elements) which provides
information on molecular organization, i.e., it provides access to sub-diffractional changes
“optically”. We use ¥°-SHG in combination with FT-SHG imaging to investigate a couple of
biological problems. First, we quantify differences in collagen fiber organization between
cornea and sclera of the eye in order to investigate their properties of transparency and
opacity, respectively. We find from ¥>-SHG imaging that there is no statistical difference in
the values of d elements between cornea and sclera, indicating that the underlying collagen
structure generating SHG from the two is similar at the level of detection of SHG microscopy.
However, the difference lies in the spatial organization of these collagen fibers as observed
from FT-SHG imaging. We find that cornea contains lamellae with patches of ordered and
uniform diameter collagen fibers with axial order, which could be the reason for its
transparent behavior. Conversely, there are no lamellae in sclera (i.e., no axial order), and
fibers are thicker, denser, have inconsistent diameters, and possess relatively inhomogeneous

orientations, leading to its opaque nature.

We also utilized the two techniques to assess differences in stromal collagen fibers for
several human breast tissue conditions: normal, hyperplasia, dysplasia, and malignant. Using
FT-SHG imaging, we note differences between malignant and other pathological conditions
through the metric A.L ratio. Using generalized y°-SHG imaging, we observe structural
changes in collagen at the molecular scale, and a particular d element showed a more sensitive
differentiation between breast tissue conditions, except between hyperplasia and
normal/dysplasia. We also find that the trigonal symmetry (3m) is a more appropriate model
to describe collagen fibers in malignant tissues as opposed to the conventionally used
hexagonal symmetry (C6). Furthermore, the percentage of abnormal collagen fibers could

potentially be used as a metric for differentiating breast tissue conditions.
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We also introduce a technique for extending y>-SHG to fibers with curvature which is
useful for generating x*-image maps (in terms of d elements) instead of the conventional SHG
intensity images. The spatial variations in d elements will provide additional information. For
example, in breast cancer tissues, it may help in observing how fibers change from normal to
malignant spatially, especially around region of cancerous cells. Finally, we discuss some of
the interesting immediate and later future work of quantitative SHG imaging we aim to carry

out in our lab.
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“Science is a way of thinking much more than it is a body of knowledge."

-Carl Sagan

“People are usually more convinced by reasons they discovered themselves than by those
found by others.”

- Blaise Pascal

“The whole of science is nothing more than a refinement of everyday thinking.”

-Albert Einstein
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CHAPTER 1: INTRODUCTION

1.1 Overview

Collagen is the most abundant structural protein found in the human body, accounting for
about one-third of the total protein mass [1, 2]. In particular, it is found in the extracellular
matrix surrounding the cells. Collagen molecules organize into hierarchical fibrillar structures
that form fiber bundles which display a high degree of spatial organization. These fibers can
be found abundantly in cornea, tendon, bone, cartilage, and skin [3-8]. Depending on the way
they organize, they provide diverse functions to the tissues. For example, they can organize in
such a way that it provides optical transparency and flexibility to cornea, while it provides
density and toughness to the bone [4, 6]. Besides providing structure and function, it also has
a wide range of other functions such as tissue repair, cell regulation, adhesion, migration,
angiogenesis, and tissue scaffolding [9, 10]. Since collagen is a vital component of the tissues,
monitoring their structure and organization would provide a wealth of information regarding
the health of the tissue. Moreover, collagen is known to be altered due to physical injury such
as tendonitis or diseases such as keratoconus, osteogenesis imperfecta, and several types of
cancers [11-14]. Alterations in collagen could also disrupt the cell-to-cell relations leading to
aberrant behavior of the cells. Therefore, it is essential to monitor the collagen fiber
organization and structure in order to understand its role within the tissue, assess the health of

the tissue, detect early pathological changes, and eventually to develop treatments.

There are several ways of imaging collagen fiber organization through techniques such as
magnetic resonance imaging (MRI), ultrasound, X-ray (or computed tomography), electron,
and optical imaging [15-18]. Figure 1 shows a plot with rough estimates of the maximum
spatial resolution and penetration depth for the commonly used imaging techniques. Note that
the plot is based on their conventional types and does not include its special variants, e.g.,
sub-diffraction optical imaging. Depending on the research or clinical problem being studied,
one imaging technique may be preferred over the other. For example, currently, whole body
in vivo imaging can only be performed through MRI or X-ray. Even though optical imaging is
far from imaging the whole body in vivo (limited by strong scattering and absorption of

optical waves by tissue), it does offers several advantages. Firstly, it does not use ionizing



radiation, unlike x-rays and electron microscopy, thereby permitting relatively noninvasive
imaging. Secondly, it provides high spatial resolution images (~ 200 nm - 1 um) compared to
magnetic resonance and ultrasound (~70 pm - 250 um). And finally, it is the simplest in terms
of experimental implementation and image interpretation among all. Interestingly, the
attainable spatial resolution with optical imaging matches closely to the length scale of cells
and sub-cellular features, the spatial scale over which many events in normal and disease-state

biology are occurring.
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Figure 1. Comparison of common imaging techniques in terms of maximum spatial
resolution and penetration depth.

Among all the optical imaging techniques, a nonlinear optical technique called second-
harmonic generation (SHG) imaging is best suited for imaging collagen fibers [19-23]. This is

because collagen fibers possess non-centrosymmetric structure and large second-order



susceptibility — conditions necessary for generation of strong SHG signal. Since SHG
emission is intrinsic to collagen, all other biological structures appear dark, resulting in high-
contrast images of collagen fibers without the need for staining. However, SHG being a
nonlinear (second-order) optical process requires the high intensities, which are obtained
through strong focusing and femtosecond pulses. Nevertheless, an advantage of SHG being a
nonlinear optical process is that the generated signal is confined to a sub-femtoliter focal
volume where the high intensity requirement is met, thereby permitting 3D imaging of
collagen-based tissues. SHG microscopy has thus become a popular technique for obtaining

high contrast 3D images of collagen fibers in biological tissues [19-21, 24-30].

Although there have been impressive advances in SHG imaging, most studies in the past
have relied on the qualitative assessment of obtained images for analysis [27, 30, 31].
Recently, researchers have made major strides in developing quantitative metrics for this
imaging modality [25, 28, 29, 32, 33]. Development of quantitative metrics is important since
they result in a non-biased, more accurate, thorough, and faster analysis of the tissue structure
as opposed to the qualitative evaluation that is frequently performed in hospitals. It also leads
to extraction of sensitive changes in collagen fiber organization, and, thus, may help in early
diagnosis. With regards to this, we have developed two quantitative second-harmonic
generation techniques — Fourier transform-second-harmonic generation (FT-SHG) and
generalized y°-second-harmonic generation (x*-SHG) imaging for quantifying collagen fiber
organization in biological tissues at the cellular and molecular scales, respectively. FT-SHG
imaging involves extracting quantitative metrics through the application of spatial Fourier
analysis on the images of collagen-based tissues obtained from an SHG microscope. On the
other hand, the second technique, x*-SHG imaging, involves utilizing polarization to extract

the second-order susceptibility which provides information on molecular organization.

1.2 Organization of Chapters

This thesis focuses on the aforementioned two quantitative second-harmonic generation
techniques, especially their methodology, experimental implementation, analysis, and their

diagnostic potential to real-world biological problems where the structure of collagen fibers



changes due to damage from disease or injury. The thesis is organized as follows: First, I will
provide the necessary background material for collagen and second-harmonic generation in
chapter 2. Then, in chapter 3, I will discuss the first technique, FT-SHG imaging, in detail.
Specifically, the method of extracting quantitative metrics is provided in section 3.2 followed
by details on the histological sample preparation (section 3.3.1) and experimental setup
(section 3.3.2). I will then discuss the results obtained using FT-SHG imaging in section 3.4. |
first introduce the technique for quantifying biological tissues such as ear cartilage, trachea,
and cornea in section 3.4.1. In section 3.4.2, I discuss how FT-SHG imaging can be used to
compare the information contained in forward and backward SHG images. Then, FT-SHG
imaging is applied to solve a few biological problems (section 3.4). In particular, the
technique is used to assess tendon injury in horses (section 3.4.3.1), and quantify bone
structure with an example study (section 3.4.3.2). Later, the technique is used to understand
fiber organization in cornea and sclera to investigate their properties of transparency and
opacity, respectively (section 3.4.3.3). I also discuss a recent study we performed on breast
cancer using FT-SHG imaging in section 3.4.3.4. Finally, I discuss the generalization of FT-

SHG to three-dimensions (3D).

Chapter 4 focuses on the second technique, °-SHG. I first discuss the theory in section 4.2
followed by details on the experimental set up in section 4.3. I then provide the theory for
generalizing y°-SHG from C6 to 3m class symmetry (section 4.4), which we show is an
appropriate way to model collagen fibers that have undergone damage or been affected by a
disease. I then discuss the results obtained using generalized y*-SHG in section 4.5 to study a
few biological problems involving cornea and sclera (section 4.5.1.1), and breast cancer
(section 4.5.1.2). I then discuss the sensitivity of ¥>-SHG to fiber diameter in section 4.5.2.
Finally, I discuss a method of obtaining y*-image maps by extending the technique to account

for curved fibers in section 4.5.3.

Chapter 5 discusses the results obtained from the combination of two techniques in
understanding fiber organization in cornea and sclera (section 5.1), and breast cancer (section
5.2). I then discuss the general conclusions from the two techniques (section 5.3), and finally

the future work in section 5.4



CHAPTER 2: BACKGROUND

2.1 Collagen

In this section, a basic background on collagen is provided. Its fundamental structure and five
classification groups are discussed. Then, we look at the biosynthesis of collagen inside the
cell and how it is secreted into the extracellular space. The diseases that occur due to
mutations in collagen gene are also listed. Finally, the current understanding of the role of

collagen matrix in cancer metastasis is discussed.

2.1.1 Structure and composition

Figure 2 shows the structure of a collagen molecule known as tropocollagen [34-37]. Each
molecule consists of three polypeptide chains (a-chains) possessing regular arrangement of
amino acids conformed into a left-handed helix. Two sequences of amino acids are often
observed: Glycine-Proline-X and Glycine-Y-Hydroxyproline, where X and Y are other amino
acids. These left-handed helices are arranged into a right-handed triple helix structure held
together by hydrogen bonds. Each tropocollagen is 1.5 nm in diameter and 300 nm long.
There are at least 28 different types of collagens found in the human body [1, 10, 38, 39].
Over 90% of them is type I collagen and will be the focus for this thesis. The three a-chains
forming the triple helix could be same (homotrimeric) as in Type II collagen or they may be

different (heterotrimeric) as in Type I collagen [38].



Gly-Tyr-Hyp Gly-Pro-Tyr

Figure 2. Triple helical structure of the collagen molecule, tropocollagen [34].

2.1.2 Classification and assembly of collagen

Collagens are classified based on their function and organization. They are fibril-forming,

network-forming, fibril-associated, beaded-filament, and anchoring collagens [38].

2.1.2.1 Fibril-forming collagens

Fibrillar collagens (or fibrillar collagen) are found abundantly in the human body, particularly
in tissues such as skin, bone, tendon, and cornea. These collagens are long rope-like structures
which have no interruptions in the triple helix and they regularly arrange to form the
characteristic banded structures as shown in Fig. 3a [10]. Each unit is called “D” and has a
period of 67 nm as observed from the electron microscopy image in Fig. 3b. The diameter of
these fibrils ranges from 50 to 500 nm depending on the tissue. The fibril-forming collagens
are stabilized by covalent cross-links that involve amino acids in the triple helix [40]. These
cross-links are the chief source of tensile strength in most collagen-based tissues. Examples of

fibril-forming collagens include collagen type I, II, III, V, and XI.
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(a)

Figure 3. Fibril-forming collagen. (a) There are no interruptions in the triple helix
forming a regular arrangement of collagen molecules. (b) A transmission electron
microscope image of the characteristic 67-nm ‘D’ bands of fibril-forming collagens [10].
Scale bar: 100 nm.

Figure 4 summarizes the hierarchical organization of fibrillar collagens [1]. The three a-
chains form collagen molecule, which in turn organize to form fibrils. These collagen fibrils

further aggregate to form fibers, whose diameters range from 0.25 - 100 um depending on the

tissue and its location.

(¢) collagen molecules
(triple helices)

(bycollagen _ ’.{’ \
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™ ]
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Figure 4. Hierarchy of fibrillar collagen: a-chains, triple helices, fibrils and fibers [1].



2.1.2.2 Network-forming collagens

As the name indicates, network-forming collagens form sheets or networks as shown in Fig.
5a [10]. The network is formed by the interactions between two trimeric N domains resulting
in a hexamer which is stabilized by covalent cross-links [41]. Four collagen molecules then
establish cross-links between them and other groups resulting in an extended network. Figure
5b shows an electron microscope image of the basement membrane, which is a typical
example of network-forming collagens.

Examples of network-forming collagens include collagen types IV, VIII, and X. They are
found in basement membrane (collagen IV), Descemet’s membrane (collagen VIII) in the
cornea of the eye, and growth-plate cartilage (collagen X) in the knee [42, 43]. The main

function of network-forming collagen is molecular filtration and protection.

Figure 5. Network-forming collagen. (a) Network-like arrangement of collagen
molecules. (b) Electron microscope image of the basement membrane [10].

2.1.2.3 Fibril-associated collagens with interrupted triple helices (FACITs)

Figure 6 shows the individual molecules of fibril-associated collagens and their assembly
[10]. Fibril-associated collagens are short collagens with interrupted triple helices as shown in
Fig. 6a. They can also be covalently linked to type II collagen and carry a
glycosaminoglycans side chain. They are found at the surface of fibril-forming collagens such

as Type II collagen as shown in Fig. 6b. They serve as means of attachment of new



functionalities to the fibrillar collagen. An electron microscope image of a FACIT is shown in

Fig. 6¢. Examples of fibril-associated collagens include collagen type XI, XII, and XIV.

Type IX

Types Xl & XIV Type IX

Figure 6. Fibril-associated collagens. (a) Individual fibril-associated collagen molecule
contains interruptions and a glycosaminoglycan side chain. (b) Covalent linkage to Type
II collagen. (¢) An electron microscope image showing a FACIT [10].

2.1.2.4 Anchoring collagens

Anchoring collagens are one of the least understood collagens. Their overall structure and
mode of aggregation are shown in Figure 7. The molecules form dimers, which in turn
aggregate to form an anchoring fibril as shown in Fig. 7a, thus providing integrity by holding
the interstitial collagen fibrils in the stroma with the basement membrane epithelium [44]. An
electron microscope image in Fig. 7b shows an anchoring fibril connected to the basement
membrane and trapping a collagen fibril. The ends, NC1 domains are responsible for binding
the anchoring fibril to the collagen type IV of the basement membrane. One good example of

an anchoring collagen is collagen type VII.
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Anchoring fibril
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Figure 7. (a) Anchoring collagen molecule contains interruption and aggregate as dimers
which in turn form fibrils. (b) EM image of an anchoring fibril connected to the
basement membrane [10].

2.1.2.5 Beaded filament-forming collagens

Type VI collagen is a typical beaded filament-forming collagen. It is found in most tissues
where it forms structural links with cells. An individual beaded filament—forming molecule
has a short triple helical domain with noticeable globular ends as shown in Fig. 8a. Collagen
VI dimers crosslink into tetramers through antiparallel association to assemble into long
molecular chains known as beaded microfibrils, which have a beaded repeat of 105 nm (see

Fig. 8b) [45].

oL,
Dh;"
e
-B=—8% o Beaded filament
Tetramer

(a) (b)

Figure 8. Beaded filament-forming collagens. (a) Individual beaded filament-forming
collagen molecules aggregate as tetramers, which in turn form beaded filaments by
associating its extremes. (b) EM image showing a beaded filament fibril [10].
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2.1.3 Collagen fiber biosynthesis

The biosynthesis of collagen fibers involves several steps that include both intracellular and

extracellular events as shown in the Fig. 9. The steps are listed below [1].

1.

First, individual polypeptide chains (pro-a chains) are synthesized by membrane-bound
ribosomes. These pro-a chains are then transported into the endoplasmic reticulum.

Then, selected aminoacids, prolines and lysines within the a-chains undergo
hydroxylation. This process forms interchain hydrogen bonds that help stabilize the triple-
helix structure.

Then, selected aminoacids called hydroxylysines undergo glycosylation, which helps the
a-chains fold correctly.

Then, the three a-chains start self-assembling.

The self-assembly process completes to form a triple-helical structure called procollagen,
which is a precursor for collagen molecule.

Procollagen is then packaged into secretory vesicles within the Golgi apparatus and
secreted into the extracellular space.

The propeptide of the procollagen is cleaved and forms tropocollagen which is nothing but
a collagen molecule.

Collagen molecules then undergo further self-assembly to form collagen fibrils, which
have a diameter of ~ 10 - 300 nm.

Collagen fibrils further aggregate to form collagen fibers of diameters in the range 0.5 - 3

pum.

The information on the arrangement of fibrils in tissues is encoded in the chain recognition

sequence of C-propeptides, which are shown in the Fig. 10 [46]. In tendons, the type I

collagen fibrils align parallel to each other and form banded and crimped bundled structure,

whereas in the skin, the fibrils are more random with a complex network of interlaced fibrils.

Hydrophobic and electrostatic forces are also involved in the arrangement of collagen

molecules to form fibrils. The fibrils are further stabilized by intermolecular covalent cross-

links which contribute to the overall physical and mechanical properties of collagen fibers

[47].
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Figure 10. Fibril assembly is determined by chain recognition sequence [46].
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2.1.4 Diseases associated with collagen

Collagen gene mutations are rare since collagen is an important structural protein and is well
preserved in the human body through evolution. However, when mutations occur, they
usually result in detectable disorders. Table 1 summarizes some common diseases associated
with collagen [48, 49]. The table only includes diseases that arise due to mutations in
collagen; however, in many diseases such as cancer, collagen has been recognized as being

important for the initiation and progression [12, 50].

Table 1. Summary of some common collagen disorders.

Disease Mutated collagen Brief description of disease
. Characterized by fragile bones,
Osteogenesis
. Types | reduced bone mass, blue sclera, and
imperfecta .
hearing loss
Ehlers-Danlos Types I and V Fragile and tender slflg, easy bruising and
Syndrome atrophic injury
Affects some of the basal membranes and
Alport syndrome Type IV is characterized by renal failure, loss of
hearing and lens abnormalities
Epidermolysis Types VII and Blistering of the skin and mucous
Bullosa XVII membranes due to small injury
Muscle weakness and distal joint
Bethlem myopathy Type VII contractures
) Weakening of the vessel wall leading to
Arterial aneurysms Type IlI hemorrhage in heart and brain
Distinctive facial appearance, eye
Stickler syndrome Types II, IX and XI abnormalities, hearing loss, and joint
problems

2.1.5 Role of collagen in metastasis

2.1.5.1 Metastasis

Metastasis is the spread of cancer from a primary tumor site to distant (secondary) sites in the
body. It is the defining feature of cancer and involves several sequential steps as shown in the

Fig. 11 [51]. They are: escape of the tumor cells from the primary tumor site (invasion), entry
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into the blood circulation system (intravasation), survival and transportation within the
circulation system, exit out of the circulation (extravasation), and growth of tumor cells at the
secondary tumor site. The cancerous cells grow abnormally at the both the primary and
secondary tumor sites, and this requires the recruitment of blood vessels and development of
resistance to the immune system (angiogenesis). Only a fraction of the cancerous cells
succeed in formation of metastasis, making it an inefficient process. In principle, cancer could
be treated if any one of these steps is interrupted. However, it is a complex process. Several
players take part in metastasis, and what makes it complicated is the fact that the players can

either assist or promote cancer depending on its stage.

Figure 11. Steps involved in metastasis [51].

2.1.5.2 Role of collagen matrix in metastasis and tumor growth

Both the cellular and non-cellular components of the tissue are actively involved in
metastasis. While the cellular components such as fibroblasts, endothelial cells, and
mesenchymal stem cells directly affect the different stages of metastasis, the non-cellular
components such as extracellular matrix (mainly collagen) and hypoxia (deficiency of
oxygen) affect either directly by disrupting the tissue integrity and promoting tumor invasion,
or indirectly through angiogenesis by promoting tumor cell survival and growth [44, 52-54].
There are several review articles covering the importance of cellular components to metastasis
[55-57]. Here, I briefly summarize some important concepts regarding the role of extracellular

matrix (in particular, collagen) in metastasis.
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The extracellular matrix is a three-dimensional structure surrounding the cell and consists
of two major components: basement membrane and interstitial matrix. The basement
membrane underlies the epithelium and endothelium and is predominantly made of collagen
type IV and reticular collagen type III [43]. The interstitial matrix which makes up the
majority of the ECM is responsible for the mechanical strength of the tissue. It consists of
mainly collagen type I and III, and other components such as febronectin and proteoglycans
[58]. The collagen matrix regulates the cell behavior by providing it with external mechanical
or chemical stimuli. However, during tumor growth, the collagen matrix undergoes
remodeling in both its structure and composition, and also disrupts cell-cell relations leading

to malignant behavior of the cells.

A family of extracellular proteinases called matrix metalloproteinases (MMPs) also plays a
major role in metastasis. MMPs are capable of digesting the ECM and basement membrane
under physiologic conditions, which is essential for tumor cell growth and migration [59].
Usually, experiments have found that at the tumor sites, there are increased levels of MMPs
and reduced levels of TIMPs (tissue inhibitors of metalloproteinases) [60]. Hence,
pharmacological inhibition of MMPs was thought to cure cancers. However, the clinical uses
of these products were not successful since metastasis is a far more complicated process. The
contribution of MMPs to collagen denaturation in every stage and type of cancer needs to be

well understood.
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2.2 Second-Harmonic Generation

In this section, I first discuss briefly the regime of nonlinear optics and some common
nonlinear microscopy techniques. Then, I provide the theory of second-harmonic generation
(SHG) from first principles, starting from Maxwell’s equations. I then discuss how phase
matching is achieved in crystals in order to generate strong SHG signal. Later, I discuss how
SHG can also be generated from biological tissues through non-perfect phase matching. A
qualitative picture of dipole SHG emission and its predominant forward emission is
explained. Finally, an experimental setup of the SHG microscope and its advantages and

disadvantages are discussed.

2.2.1 Introduction

Nonlinear optics deals with the interaction between optical fields in a nonlinear medium. Such
interaction between fields is prohibited under low optical intensities, in which case the
medium is treated linearly, and the properties of the medium such as refractive index and
absorption coefficient are effectively independent of intensity; optical phenomena that fall
under this category are referred to as linear optics. However, under high intensities (~10° -
10'* W/em?) the medium properties become intensity dependent, and as a result the medium
acts as a mediator for interaction between optical fields. This is the domain of nonlinear
optics, and media that facilitate this interaction are referred to as nonlinear. Nonlinear optical
processes were observed only after the advent of lasers, which could provide the required high
intensities.

To further elucidate things, consider a Lorentz oscillator model. In this classical harmonic
oscillator model, an electron (charge) is viewed as being bound to a much more massive atom
(nucleus) by a hypothetical spring. When an oscillating electromagnetic field (light) is
incident on this system, the electron experiences a force due to the electric field that causes it
to oscillate at the frequency of the incident light. This oscillating electron in turn generates a
wave at the same frequency as that of the incident light. This process is commonly referred to
as Rayleigh scattering, and can be described by Hooke’s law when operating in the linear

regime. However, in the nonlinear regime, the applied force is such that Hooke’s law is no
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longer valid, and additional frequencies can be produced by the oscillating spring. Depending
on the strength of the nonlinearity, many different nonlinear effects can arise. The focus of
this chapter is to discuss second-harmonic generation (SHG), a specific case of a degenerate

three-wave mixing process, and its application to microscopy.

2.2.2 Nonlinear microscopy

Traditionally, two-photon fluorescence microscopy has been the most commonly used
nonlinear microscopy technique. However, in the past decade, second-harmonic generation
microscopy has gained popularity in imaging specific biological structures due to the
following advantages: 1) reduced phototoxicity; 2) inherent (endogenous) contrast; 3)
preservation of phase information; and 4) specificity to molecular structure organization. The
first three points can be understood by invoking the use of the Jablonski diagram as shown in
the Fig. 12, and comparing to the cases of one- and two-photon fluorescence. In linear (one-
photon) fluorescence, a fluorophore is driven into an excited energy (electronic) state upon
absorption of a photon. Subsequently, some of this energy is lost via vibrational relaxation
and then re-radiated as a photon of lower energy as the fluorophore returns to its ground state
(shown in Fig. 12a). Alternatively, as shown in Fig. 12c, this process can be carried out if one
were to use two photons, each with energy that is half of that of the incoming photon
discussed in the previous case, and with the assistance of an intermediate “virtual” state.
Again, the transition from electronic ground state to excited state involves molecular
absorption, resulting in the emission of a lower energy fluorescence photon. It is this
absorption of energy by the system that destroys the coherence between the emitted
fluorescence photon and the original excitation photons. For many incoming photons, this
process could lead to potential photodamage of the fluorophore. SHG operates by a different
mechanism. As shown in Fig. 12c, at first glance the SHG process looks similar to the two-
photon fluorescence case. However, here only virtual transitions are employed. Two lower-
energy photons are annihilated while a single higher energy photon (with twice the
wavelength) is simultaneously created in a single quantum-mechanical event. Thus, no

molecular absorption takes place, rather only scattering. As a result, photodamage is greatly
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reduced, and coherence is maintained between the incoming photons and the emitted SHG
photon.

Nonlinear microscopy typically utilizes one of these multiphoton processes; for example,
those based on m-photon excitation/absorption or harmonic generation, where m represents
the number of photons that participate in the specific quantum-mechanical process. The
primary advantage is that the signal generated from an m™-order nonlinear process depends on
I", where [ is the incident intensity. The requirement for high intensity for a nonlinear process
means that when the incident beam is strongly focused (e.g., by a high-numerical-aperture
microscope objective lens) onto the sample, the nonlinear effects are primarily restricted to
the focal region. This results in lower phototoxicity. Furthermore, due to excitation typically
at near-infrared wavelengths, the resulting penetration depth is compared to linear
fluorescence microscopy techniques. In fact, penetration depths as large as 1.5 mm have been
obtained [61]. The next few sections present an abbreviated derivation of SHG beginning with
Maxwell’s equations, and discuss the effect that energy and momentum conservation has on

this process.

(2) (b) (©)

Excited state h‘/@l:

Ground state

ONE-PHOTON TWO-PHOTON SECOND-HARMONIC
FLUORESCENCE FLUORESCENCE GENERATION

Figure 12. Jablonski diagram of linear and nonlinear processes showing a) one-photon
fluorescence, b) two-photon fluorescence, and c¢) second-harmonic generation.
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2.2.3 Theory of second-harmonic generation (Electromagnetics picture)

To understand the origin of SHG using (classical) electromagnetic optics, we consider

Maxwell’s equations for a source-free medium as given by [62, 63]

OB
VXE=—— 1
X 5 (1)
vxn =P 2)

ot
VeD=0 (3)
VeB=0, 4)

where E is the electric field, H is the magnetic field, D is the electric flux density, and B is the
magnetic flux density, respectively. Note that all of these fields are functions of position and

time, and the SI units will be used throughout this chapter.

The constitutive relations that define the material properties are

D=¢E=¢E+P (5)

B= ﬂOH s (6)
where ¢y is the free space (electric) permittivity, uy is the free space (magnetic) permeability,
and P is the polarization density, i.e., sum of the induced dipole moments, respectively. In

linear optics, the polarization density P is directly proportional to the electric field £, and is

given by
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P=¢,y"E, (7)

where 'V is the linear susceptibility of the material. It is related to the relative permittivity &,

through the following equation

" =g -1 (8)

In nonlinear optics, P can be expressed as a power series in £ such that
P=g [y E+ yPE*+ yOE +..], 9)

where ¥ and ¥ represent the second- and third-order susceptibilities. The first term varies
linearly with the electric field and describes common processes that occur in nature, such as
the linear absorption, reflection, and scattering of light. The second term varies quadratically
with the electric field and describes second-order nonlinear processes such as SHG, sum and
difference frequency generation. Finally, the third term describes third-order processes such

as stimulated Raman scattering and third harmonic generation.

For simplicity, equation (9) can be written as

P=PY+P?4+pPV PPy (10)
or
pP=pP" +pP"™, (1)

where PV = P24 p) 4 pW 4
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2.2.3.1 Nonlinear wave equation

Here, we derive the wave equation for propagation of light in a nonlinear medium. We begin

by taking the curl on both sides of equation (1) to obtain

0B

VXVXxE=-Vx— (12)
ot

This can be re-written as

V(VeE)-VE=—u, ‘W;H- (13)

Using equations (3) and (5),

VesE=0=VeE=0. (14)

Substituting equations (2) and (14) into (13), we get

OE 8P rpin
o Mg TH T

~V2E =—ue, (15)

Next, we note that the velocity of light in vacuum c is

1
C = s 16
Moy (16)

and the relative permittivity

e =n’ (17)

where 7 is the refractive index of the material.

Using equations (7), (8) and (17), equation (15) becomes
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This is the wave equation used to describe the nonlinear processes.

2.2.3.2 Second-order nonlinear polarization

Let us take a closer look at the second-order nonlinearity. We can express £ in terms of its

complex amplitude E such that E (1) = Ee'™ + E"e™™ . For a second order nonlinearity,
-~ i % —i 2 ~ . ~x . ~|2
P(z) _ ‘90)((2)E2 _ goz(z) [Eelwt +Ee wt] =g, [Z(z)Ezelzm +Z(2)E 26712@ +2Z(2)‘E‘ J

The last term leads to generation of a static DC field in the nonlinear medium, while the first
and second terms create polarization densities at +2m, and -2, leading to the generation of

SHG. Thus, ?(2)(2w) = gOZ(Z)EZOI'
P?®(2w)=2d,E”, (19)

where d.;1s the effective value of the second-order susceptibility.

2.2.3.3 Determination of second-harmonic generation intensity

To determine an expression for the SHG intensity, we recognize that the complex amplitude

of the incident field can be written as
E=de™ . (20)

Substituting it into equation (19), we get
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PP(w,)=2d ;4 e " . Q1)
Let us write the generated electric field for SHG as
E=E, = de o) 4 4 o) (22)
and express the nonlinear polarization to be in the form
P, = Pe™ 4 B, (23)
For SHQG,
Py = PO (w,)e™ + PO (o, )e (24)

where @, =2® . Substituting equations (21), (22), and (24) into the nonlinear wave equation,

neglecting the complex conjugate part, and after simplifying, (8) becomes

2 -i2kgz iwgt 2
2 - Al e’ lzeza)3 W, .
zZ C

2 2 2
Oy ik, O g, D |otimon) -2d,,
oz

The third and fourth terms cancel since
_ o,

k, : (25)
C

Assuming that the spectrum of the source is narrow-band, the slowly varying amplitude
approximation can be applied, i.e.,
0’4, o4,
<< 3, 26
oz’ oz (26)
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This leads to

0z 2ik,

2 2
04; _ _dEff 4, o o (2hik)z

Integrating over the length L of the nonlinear medium

deffA (03

L .
L= J‘ e—z(Zk, —k; )de'
2lk 0

Solving, we get

A, =L 27,

dyd oL M (AR
ik sinc ,
Lis

where Ak =2k, —k, is called the phase mismatch factor.

The intensity is given by

_277

where 7 is the material optical impedance, given by

lLlrlLlO .
£,

]7:

For a nonmagnetic material, 4,=1, and using equation (17), it follows that

1
7 oc—-
n

Using equations (31) and (32), (30) becomes
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2 272 272
| d grc I; @, L Sincz(Aij’ (33)
2n,"n,
or,
I < SinCZ(Aszj. (34)

Figure 13 is a plot of the normalized SHG intensity vs. phase mismatch factor Ak .
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Figure 13. SHG intensity vs. phase mismatch factor.

As we can see, the SHG intensity peaks at ATkL =0, 1.e., Ak =2k -k, =0. Using equation

(25), we have 20 _ w5n,
c c

=0. We note that o, = 2, , and thus

n, =n,. (35)
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Since many materials are naturally dispersive (i.e., refractive index changes with wavelength),
this condition is difficult to achieve for isotropic samples. Hence, a common practice is to use
birefringence in anisotropic materials. Here the polarization of the incident wave and angle of

the anisotropic crystal is chosen such thatn, = n,. This condition of Ak =0 is called perfect

phase matching.

2.2.4 Non-perfect phase matching

Now let us consider the case where a material is not adjusted for perfect phase matching, the
so-called non-perfect phase matching, i.e.,Ak #0. As discussed before, the SHG intensity

has a sinc® dependence on the phase mismatch factor Ak . We observe that SHG is generated
until the argument of the sinc function ATkL =z . This defines the coherence length of SHG

generation, and L. is given by

L= 27 _ A '
|Ak| 2|n1 —n3|

(36)

It is preferred that the value of Ak be small so that the coherence length is large. Larger
coherence lengths allow longer interactions lengths L, which in turn allow higher SHG
intensities according to the equation (33). However, in practice, natural materials may be
arranged in such a way that Ak may not be small. On such example is the biological tissues

where SHG intensities have been observed from as small as few hundred nanometers. The

SHG intensities generated are much less than that of materials for which Ak =0 or Akis
comparatively smaller, because of the smaller coherence lengths (therefore smaller interaction
lengths). According to equation (33), the SHG intensity is also sensitive to the sample
property d.; Crystalline samples such as collagen type I have large values of d.; and thus

produce stronger SHG signal compared to collagen type III which is less crystalline.
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2.2.5 Non-centrosymmetry

Yet another condition for the generation of SHG is non-centrosymmetry, which describes
materials having no inversion symmetry. Inorganic materials such as beta barium borate
(BBO), lithium niobate (LiNbO;) and potassium dihydrogen phosphate (KDP) possess this
trait, but even biological structures such as collagen, microtubulin, and myosin display non-
centrosymmetry. The requirement for non-centrosymmetry can be understood by considering

equation (9) [62],
P2 (20)= y VB, (37)

and comparing to the expression for the induced polarization in a centrosymmetric medium

(when the applied electric field is phase shifted by 180°) given by

PO (20)= B (-EY =, (38)

Comparing the two equations, one sees that they can only be equal when y” = 0. Hence the

medium needs to be non-centrosymmetric in order to produce SHG. It can also be understood

qualitatively in terms of the dipole emission, which is discussed in section 2.

2.2.6 Quasi-phase matching

Under non-perfect phase matching condition, Ak # 0. As we know, this limits the SHG
intensity that can be generated. However, there is a way of increasing the SHG intensity by
fabricating the material such that its second-order susceptibility is spatially modulated,

according to the equation
d(z) =dexp(-iQz)- (39)

The phase matching condition in this case becomes
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Ak =2k —k, -0, (40)
and perfect phase matching is obtained when Q= Ak. However, it is difficult to fabricate a

structure that has periodic variations in its second-order coefficient d. This type of periodic
fabrication is called poling. With quasi-phase matching (QPM), the sign of d is alternated by a
period equal to the coherence length. This occurs naturally in some biological structures, as

will be discussed in section 2.2.11.

2.2.7 Phase-matching bandwidth

So far, we have assumed that the incident beam is strictly monochromatic. However, for
polychromatic light, dispersion in a nonlinear medium affects phase matching. Consider the
case of second-harmonic generation from a nonlinear medium which exhibits first-order
dispersion (and negligible higher-order dispersion). Here, fundamental and second harmonic
waves become separated upon propagation in the medium due to the differences in their
respective group velocities, v; and v;.  This walk-off effect, as it is known, limits the
generation of SHG to a walk-off length L, = 7/2|1/v3 -1/v4|, where 1 is the pulse-width of the
laser [63]. Hence, when using broadband sources, group velocity is an important parameter
and phase matching requires that the group indices N; and N3, at the fundamental and second-

harmonic frequencies, respectively, are matched.

The phase-matching bandwidth is given by [63]

CU
V—m. (41)

The group velocity phase matching can be achieved either by using a thin crystal so that there
is little walk-off or designing the crystal such that N; ~ N;. In many situations, L. is smaller

than L, and hence the phase velocity mismatch usually dominates.
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2.2.8 Theory on the second-harmonic generation (Dipole picture)

As discussed before, second-harmonic generation (SHG) is a second-order nonlinear process
wherein a non-centrosymmetric material (frequency) up-converts the incident light of
frequency w to light of frequency of 2w.

Here we briefly discuss the mechanism of generation for SHG from a molecular dipole
picture. A detailed explanation can be found in [22]. When light of frequency w is incident on
a centrosymmetric molecule, the associated electron cloud begins to symmetrically oscillate at
that frequency. In turn, a wave is emitted at the same frequency in a dipole-like emission
pattern, commonly referred to as Rayleigh scattering as shown in the Figure 14a. However,
when light of the same frequency is incident on a non-centrosymmetric molecule the
oscillation becomes asymmetric, resulting in the generation of additional frequency
components at 0 (DC) and 2w (see Fig. 14b). This wave at 2w is referred to as the hyper-
Rayleigh scattered (HRS).

a) Rayleigh scattering

A
~

b) Hyper-Rayleigh scattering W

Figure 14. Scattering phenomenon of a) centrosymmetric and b) non-centrosymmetric
molecules.
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For a single non-centrosymmetric molecule, the HRS emission is dipole-like as shown in the
Fig. 15a. However, when there is regular arrangement of such molecules (scatterers) in a
material, then there is constructive interference between the generated waves occur, leading to
a significant amount of signal generated predominantly in the forward direction (Fig. 15b).
This signal is referred to as SHG. Thus, we can think of SHG as a macroscopic equivalent of
HRS with ordered arrangement of scatterers. This is an important principle to keep in mind
since it explains why not all non-centrosymmetric structures (proteins such as DNA) emit
SHG. DNA may emit HRS; however it is not ordered at the scale of the wavelength of light,
and thus does not produce measurable SHG. On the other hand, structures such as collagen

and myosin have regularly arranged molecules that coherently build up the HRS to produce
SHG.

b) Directional forward SHG emission from multiple HRS scatterers

Figure 15. a) HRS emission from a single non-centrosymmetric molecule. b) SHG
emission from multiple HRS scatterers.
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2.2.8.1 Directionality

It is also important to note that the emitted dipole pattern for SHG is extremely directional,
i.e., SHG is emitted predominantly in the forward direction. This is due to the momentum
conservation that follows directly from the phase matching condition, Ak =2k, -k, =0 , as

shown pictorially in the Fig. 16. However, there are (two) scenarios when SHG can be

directed in the backward direction. This is discussed in the next section.

kl kl

k3

Figure 16. Predominant forward propagation of SHG due to phase matching

2.2.9 Backward second-harmonic generation

Backward SHG can be generated when the axial scatterers are spaced by Asnuc/2. This leads to
constructive interference in the backward direction as shown in the Fig. 17a. Here, the
emission is directional in both the forward and backward directions, as indicated by the small
emission cone. Moreover, the emission is coherent since phase is preserved through
interference. Backward SHG may also be generated through multiple scattering of the
forward-generated SHG in the backward direction as shown in Fig. 17b. In this case, due to
the potentially multiple scattering events, phase information is lost and emission is no longer

directions. This is frequently observed in the turbid media.

2.2.10 Effect of focusing

As we have just discussed, SHG emission is typically in the forward direction along the

optical (propagation) axis. However, usually in microscopy high NA objective lenses are
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employed to create high-spatial-resolution SHG images. For a focused Gaussian beam, there
is an inherent Gouy phase shift when compared to a collimated beam. This results in a
retardation in phase of the incident beam, which requires the SHG to propagate off-axis due to
momentum conservation. Hence, this must be taken into account in practice if one is

interested in efficient SHG collection. Details on this are provided in Ref. [22].

(a)

BACKWARD SHG Bee o FORWARD SHG
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) >

FORWARD SHG
BACKWARD SHG

Figure 17. a) Coherent backward SHG generation through constructive interference of
scatterers spaced Aspc/2. Both emissions are directional. b) Incoherent backward SHG
generation from multiple scattering of forward SHG. Both emissions are no longer
directional.

32



2.2.11 Phase matching in biological tissues

As discussed before, for perfect phase matching Ak =0. For nonlinear crystals, this is
achieved by adjusting the angle of the optical axis of the crystal relative to the incident wave
polarization and propagation direction. However, in non-centrosymmetric biological tissues,
such as collagen fibers, we have the case of non-perfect phase matching. Thus, the thickness
of a fiber should be on the order of the coherence length of SHG. This ensures that there are a
sufficient number of dipoles participating in the generation of SHG to provide a measurable
signal. Therefore, two conditions are absolutely necessary for efficient generation of SHG.
The material should possess a sufficient density of non-centrosymmetric structures, and it
should be ordered at the molecular level to generate an efficient SHG signal. Moreover, the
generation of SHG in biological tissues is somewhat “relaxed”. This is because the
arrangement of collagen fibers along the axial direction is similar to that of quasi-phase

matching—not exactly quasi-phase matching, since the collagen fibers are not poled [64].

2.2.12 Experimental configuration

The schematic of the experimental setup for the SHG microscope is shown in Fig. 18. It is
basically a two-photon fluorescence microscope that is modified to include both the
transmission and reflection collection geometries. The beam is obtained from a wavelength-
tunable (690 to 1020 nm) Ti:Sapphire laser that produces 100 femtosecond-duration, linearly
polarized, pulses at 80 MHz repetition rate. The Ti:Sapphire laser is well-suited for nonlinear
microscopy techniques. A high repetition rate of 80 MHz ensures that there are enough pulses
incident on the sample for high speed scanning. Pulsewidths significantly greater than 100 fs
could lead to multiphoton ionization. The choice of wavelength depends on the biological
tissue under investigation. Next, the beam is spatially filtered and collimated before sending it
to the galvanometer-driven x-y scanner, which generates raster-scan pattern. The beam is then
reflected by a short-pass 680-nm dichroic beam splitter. After passing through a combination
of relay lenses (scan and tube lens), it is focused onto the sample using a high-numerical-

aperture (high-NA) oil-immersion illumination objective. For thick biological tissues, a water-
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immersion objective is preferable to avoid aberrations due to refractive-index mismatch. The
transmitted signal from the sample is collected by a second objective. For efficient SHG
collection, it is better that the collection objective has an NA equal to or greater than the
illumination objective. This is a direct consequence of the Gouy phase discussed earlier. The
SHG signal is collected through spectral filtering using a laser blocking filter followed by a
bandpass filter that transmits only the SHG signal. The SHG intensity is recorded with a
photo-multiplier, and image stacks are acquired from various depths (z) into the sample. The
power settings should be optimized for image contrast, and avoiding unwanted multiphoton

effects such as optical breakdown.
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Figure 18. Experimental setup of the SHG microscope.

2.2.13 Practical considerations

2.2.13.1 Distinguishing SHG
There are several ways of distinguishing SHG from other signals. A simple way is to look at
its spectrum. The spectral width of SHG is ~ 70% of the illumination bandwidth which is

significantly narrower compared to fluorescence. Moreover, SHG is polarized. A simple polar
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plot obtained from rotation of a polarizer either before or after the sample provides

information on the degree of polarization of the emitted signal.

2.2.13.2 Resolution and penetration depth

The resolution of SHG is similar to that of TPF. The transverse resolution is given by [65]

0.7
w, = ——2 42
= NA (42)
While the axial resolution is
w = 234,,n 43)
O N4A®

where # is the refractive index of the immersion fluid, and A, is the emission wavelength.

For example, an objective of NA=1.4 and A¢m = 400 nm (for excitation at 800 nm) gives a
transverse spot size of 200 nm and axial resolution of 700 nm.

The penetration depth depends on the tissue under observation. However, as discussed
previously, SHG (and two-photon) microscopy employ photons in the near-IR, where
biological tissue absorption is low. This translates to a deeper penetration depth compared to
linear microscopy techniques. Moreover, only a small region at the focus is excited, thus
allowing for optical histology to be performed. Depths as large as 500 pm for sclera in the

eye, and 400 pum in brain tissue, have been imaged using SHG microscopy [21, 66].

2.2.13.3 Power limitations

Once the SHG is generated at the focus, there is an unavoidable absorption of the SHG

photons due to Rayleigh scattering. Moreover, there can be photo-thermal effects at high

intensities, e.g., the generation of singlet oxygen which is highly reactive and damages the
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tissue. Under extremely high intensities, there can be multiphoton ionization of the tissue.
Hence, it is best to keep the power as low as possible as long as there is enough SHG signal to
create good image contrast. Some tissues such as tendon have been shown to withstand

powers as high as 40-50 mW without visible damage [67].

2.2.14 Advantages and disadvantages of SHG

The relative advantages and disadvantages of SHG microscopy, compared to other

microscopy techniques, are summarized in Table 2.

Table 2. Advantages and disadvantages of SHG microscopy

Advantages Disadvantages

No staining Expensive hardware requirements
Deeper penetration Signal strength could be weak for some
Low phototoxicity Sensitive to specific biological structures

Intrinsic sectioning capability (3D images)

Highly sensitive to structural information

Phase carries “extra” information
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CHAPTER 3: FOURIER TRANSFORM-SECOND-HARMONIC GENERATION
IMAGING

In this chapter, we will discuss in detail the first technique, Fourier transform-second-
harmonic generation imaging (FT-SHG imaging) for quantifying collagen fiber organization
in biological tissues. Specifically, FT-SHG imaging involves extracting quantitative metrics
through the application of spatial Fourier analysis on the images of collagen-based tissues
obtained from an SHG microscope. We define simple metrics, preferred orientation,
maximum spatial frequency, and fiber spacing and show how it could be used for
quantification. In particular, we quantify differences in collagen fiber organization among
several porcine tissues: ear cartilage, trachea, and cornea. We also investigate structural

changes through a 3D stack of cornea.

Ultimately, the clinical application of SHG microscopy requires the use of backward
geometry. However, SHG is emitted predominantly in the forward direction; and unlike
fluorescence, the forward and backward emitted signals may not necessarily contain the same
information. Hence, we also quantify the differences in the information content between SHG
images obtained from the forward and backward direction for three tissue types: porcine
tendon, sclera, and ear cartilage using Fourier transform-second-harmonic generation (FT-
SHG) microscopy. In particular, two metrics are used: preferred orientation and peaks in the

magnitude spectrum of the Fourier transform.

We then show that FT-SHG imaging can be used as a valuable diagnostic tool for real-
world biological problems where the structure of collagen fibers changes due to damage from
disease or physical injury. In particular, we investigate the potential of FT-SHG imaging in
evaluating collagenase-induced injury in horse tendons. The differences in collagen fiber
organization between normal and injured tendon are quantified. FT-SHG microscopy is also

compared with the conventional polarized light microscopy for assessing injured tendons.

Later, we propose the use of FT-SHG imaging for quantifying collagen fibers in porcine
femoral cortical bone. The technique is compared with scanning electron microscopy (SEM);

and the pros and cons of each are discussed. Furthermore, we provide an exploratory study
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where we quantitatively assess collagen fiber organization of bone structure as a function of

age, from very young to mature bone.

We also investigate differences in collagen fiber organization between cornea and sclera of
the eye. In particular, we investigate their properties of transparency and opacity for cornea

and sclera, respectively. The lamellar ordered structure of cornea is also investigated.

We also utilized FT-SHG imaging to investigate differences in stromal collagen fibers for
human breast tissues from different pathologic conditions, namely normal, hyperplasia,
dysplasia, and malignant. Specifically, we apply a parameter that computes the regularity in
collagen fiber orientation (A. L. ratio) and use it to compare across the tissue conditions.
Finally the extension of FT-SHG to 3d is proposed. Some initial work and future directions

are provided.

3.1 Brief Introduction and Background

As mentioned in the introduction (Chapter 1), recently, researchers have made major strides in
developing quantitative metrics for SHG imaging [25, 28, 29, 32, 33]. Its advantages include
non-biased, more accurate, and faster analysis of the tissue of interest. It also leads to
extraction of sensitive changes in collagen fiber organization, and, thus, may help in early
diagnosis. We briefly discuss a few recent approaches to quantitative SHG imaging. One
approach uses forward-to-backward (F/B) ratio of the emitted SHG signal to reveal additional
information about the environment of collagen fibers [29]. It was found that solutions (NaCl)
of high ionic strength reduced the F/B ratio for adult tendons, and was attributed to sub-
diffraction structural changes in collagen fibers. In another study, the F/B ratio was used to
differentiate between types of collagen [20]. Type I collagen, which is highly crystalline,
produces strong a F/B SHG signal, while Type III and IV collagens, which are less
crystalline, produce a weaker signal. Yet another metric is the relative components of the
second-order nonlinear susceptibility tensor [25]. These tensor elements are extracted from
the SHG images in order to determine the orientation angle of myosin and collagen
harmonophores in gastrocnemius muscle and tendon. Recently, these elements were used to

differentiate between different SHG generators within the human dermis and the collagen-
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muscle junction of a chicken wing [25]. Another measure is the distribution of length of
structures in a tissue [32]. In particular the SHG signals emitted from the myosin filaments of
sarcomeres were quantified by length distribution to investigate mice and human skeletal
muscle tissue. It was thus possible to examine the disease stage, recovery, and aging of the
muscle tissues. In addition to these approaches, Fourier analysis could be used to derive
quantitative markers for assessment of biological structures [33]. Very recently, along with
other parameters, the geometric distribution of spatial frequencies in the 2D Fourier transform
(FT) was used to quantify the disorganization of collagen fibers due to photo-thermal damage
in porcine corneas. It was found that regularity in fiber organization leads to an elliptical FT
distribution whereas randomness leads to a more circular distribution. Aside from this work,
to our knowledge, Fourier analysis has yet to be fully utilized in SHG imaging as a means of
deriving quantitative measures for biological structures. In this chapter, we propose the use of
Fourier transform-SHG (FT-SHG) microscopy to obtain information on collagen fiber
orientation and maximum spatial frequency in an image. Such a tool could aid in identifying
parameters that represent the organization of collagen fibers, which could lead to the
development of quantitative biomarkers help discriminate between healthy and damaged

tissues.

3.2 Method

The Fourier transform (FT) is a valuable mathematical tool that has been used in a variety of
fields to analyze the frequency content of acquired signals and is typically carried out in 1D
[68]. The technique can be applied to images through the use of the 2D FT, whereby image
contents are decomposed into a superposition of harmonic functions (of varying amplitudes
and phases) along horizontal and vertical axes [69-71]. The associated spatial frequencies are
simply the modulations in intensity in the image per unit distance [63, 72]. Lower frequencies
are closer to the origin (point at which spatial frequency is zero), while higher frequencies are

further away.
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3.2.1 Quantitative metrics

The first parameter that we extract from the Fourier space is “preferred” orientation, which
refers to the average direction in which fibers are oriented in a given plane. Improved
accuracy in Fourier space is often used to determine the orientation of an image in real space
[73]. When structures in an image have a preferred orientation, the high amplitudes on
average align along a direction perpendicular to the preferred orientation in the 2D FT.
Although there are other methods to obtain the orientation of structures, we employ simple
methods that do not invoke the use of complex algorithms or polarization modulation
techniques [74-76]. Four simple methods of calculating preferred orientation and their pros

and cons are discussed below.

The first method, called the “line-fit method,” used for calculating preferred orientation is
shown pictorially in Fig. 19. Let us consider the image of ear cartilage shown in Fig. 19a for
which the preferred orientation needs to be calculated. First, a 2D Fourier transform (FT) of
the region of interest is obtained using the fast Fourier transform in Matlab as shown in Fig.
19b. Then, a binary image is created by isolating dominant spatial frequencies (higher
amplitudes) using a desired amplitude threshold. The isolated frequencies are assigned an
amplitude of 1, and all other frequencies are given an amplitude of zero (see Fig. 19c).
Finally, a best-fit line is applied to this binary image as shown in Fig, 19d, which is along a
direction that is perpendicular to the preferred orientation, i.e., the orientation of the best-fit
line minus 90° gives the preferred orientation of fibers in the image. The standard error in
fitting a line gives one a measure of the randomness in fiber orientation within the image
which we call “spread”. This is also a useful metric to quantify fiber organization. The
advantages of the technique are that it is intuitive and fairly fast (< 5 seconds). However, it
suffers from inaccuracies especially when fiber orientation is close to 0° with respect to the
horizontal axis. Note that most of the analysis in this thesis is performed using Matlab 2012a
on an Intel dual-core processor with 3GB RAM. Note that a single absolute value of preferred
orientation itself is not meaningful since it depends on how the tissue is cut and placed on the
microscope slide. However, when all the tissues are cut in consistent orientation (through
some kind of known biological marker) and placed on the microscope slide the same way, the

preferred orientations carry information “relative” to each other. This ensures that the
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preferred orientations measured within the sample (intra-sample) and across samples (inter-
sample) are meaningful. The spread in orientation, however, is an absolute measure and is
thus meaningful since it does not rely on all samples having the same reference calibration of

cut.

{b)

: Convert to
(¢) Binary with
Threshold

{d)

Fit Line m

Figure 19. Line-fit method for calculating preferred orientation. (a) SHG image of ear
cartilage, (b) its 2D Fourier transform, (c) conversion to binary image, and (d) best line
fit.

The second method of calculating preferred orientation is called “radial integration” or
“polar sum”. Figure 20a shows a test image with 3 different orientations. Here again, we first
take the 2D Fourier transform of the region of interest (Fig. 20b). However, in this method,
instead of making it a binary image, the 2D FT is then integrated radially across different
angles which results in a plot of orientation angle as a function of radial amplitude strength
(see Fig. 20c). This plot is then fitted with Gaussians; the center of Gaussian fits give the
orientation of fibers (multiple fits for several orientations), and the width provides a measure
of how randomly the fibers are oriented in the region of interest (see Fig. 20d). The advantage
of this method is that not only the preferred orientation but also other dominant orientations
present in the image can be calculated. Moreover, the method is robust and accurate (<0.5°).

It can also be used on extremely small images as tiny as 16 x 16 pixels. However, the only

42



disadvantage is that the method is slow since it requires integration at fine angles. It can take

up to 30 seconds to calculate preferred orientation for an image of size 1024 x 1024 pixels.
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Figure 20. Radial integration method for calculating preferred orientation. (a) Test
image, (b) its 2D Fourier-transform, (c) line plot of strength of spatial frequencies vs.
orientation, and (d) Gaussian fits.

The third method of calculating preferred orientation is called the “gradient method”. Here,
we use image gradients in order to calculate the orientations present in the image. Consider an
image of tendon shown in Fig. 21a. First, the gradients along horizontal axis (4x) and vertical
axis (4y) are calculated. The local orientation of the feature is given by the 6 = tan™(4x/ 4y),
which is then expressed in degrees as shown in the Fig. 21b. It is important to note that most
of the real images contain noisy (low signal-to-noise ratio) regions, and this induces artifacts
in the gradient leading to erroneous orientations, which typically occur at 0°, 45°, 90°, 135°
and 180°. These artifacts are removed through a logically indexed search in Matlab. Needless

to say, wherever possible, logical indexing and efficient coding is a must in Matlab in order to
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make the program computationally efficient leading to fast computations even on a regular
desktop computer. Finally, a histogram distribution of orientations is plotted as shown in Fig.
21c. From this distribution, it is possible to extract information on orientation such as

preferred orientation and spread.

There are several advantages of this method. It can also calculate other orientations
including preferred orientation. However, the major advantage of this method is its speed. It
only takes 0.15 seconds to calculate preferred orientation for an image of size 1024 x 1024
pixels. The method is fairly accurate (<1°). It can also work with images as small as 8 x 8
pixels. However, as mentioned, the only disadvantage is that the outlier needs to be removed,
especially for noisy images. If there are fibers actually oriented at 45°, we have to rely on the
standard deviation in fiber orientation in order to calculate its nearest angle. Thus, for fibers
aligned at those angles, the accuracy may be <1°, while at other angles it might be better than

0.5°. However, the method stills reasonably good estimate of orientation.

(b)

&0 100 120 140 160 180

Orientation (%)

Figure 21. Image gradient method for calculating preferred orientation. (a) SHG image
of tendon, (b) local orientation image, (c) histograms of the orientations present in (b).

44



The last method of calculating preferred orientation is called “peak extraction” method.
Here, the x, y coordinate of the points with higher amplitudes within the 2D FT are directly
extracted using threshold or sorting (first few points selected) as shown in Fig. 22; this figure
is basically the same as Fig. 20b. The DC is located in the center and from the x, y
coordinates of other dominant spatial frequencies, it is possible to extract the preferred
orientation as well as several of other orientations present in the image. The main advantage
of this method is that it is fastest among all the mentioned methods, taking only 0.04 seconds
to calculate preferred orientation for an image of size 1024 x 1024 pixels. However, there is a
glitch to this method. The assumption that there is a distinct peak away from the DC causes
concerns in images where there is no clear peak. Images with repetitive structures at a fixed
spatial frequency have a peak in the Fourier transform, however, not all images have regular
repetitions; for example, a real image of tendon does not produce a peak in the FT. In such
cases, the frequencies with high amplitudes lie close to the DC, oftentimes, a pixel away from
the DC, and this leads to significant rounding, i.e., a fiber oriented at 35 can be incorrectly
estimated as 45. In order to avoid such a problem, we do not consider a circle whose center is
DC with a radius of ~ 5 pixels. This significantly reduces the rounding problem; however, it
also puts a constraint on the minimum size of the image for which the preferred orientation
can be accurately calculated. From experience, the minimum size is ~ 64 x 64 pixels.
Therefore, if the image size is > 64 x 64 pixels in size, this method can calculate orientation

extremely fast.

Instead of quantifying a particular region of interest within an image or the whole image as
we have seen so far, we can divide an image into smaller “sub-images” or with a grid and
determine the local fiber orientation within each of these smaller regions. This is particularly
useful for understanding the structural correlation between different spatial regions within an
image. Additional parameters are obtained by further characterizing a region as dark,
anisotropic, or isotropic. A region is considered dark if the SHG intensity from the region is
low or negligible. Areas with fibers having a preferential orientation are categorized as
anisotropic, while those with fibers aligned along several different orientations (with no

preferred orientation) are considered isotropic. To decide whether a region is isotropic or
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anisotropic, we look at the angular power spectrum, i.e., the strength of the various
orientations that exists in a particular region. For example, a group of fibers all oriented along
the same direction would give a single sharp peak in the angular power spectrum
corresponding to that direction. This is the “anisotropic” case, with respect to orientation. In
contrast, in the “isotropic” case, multiple fibers, each pointing along different directions,
would yield multiple peaks in the angular power spectrum. From experience, we have
observed that a region visually appears to be isotropic when more than 4 peaks in the angular
power spectrum appear. These parameters give further insight on the structural organization

of fibers.

1,1 1023, 1

1, 1023 1023, 1023

Figure 22. Peak extraction method for calculating preferred orientation.

Figure 23 shows an example where we apply FT-SHG to quantify collagen fiber
organization in porcine cortical bone. Specifically, Fig. 23a shows an SHG image of a region
in bone overlaid with an orientation map, along with dark and isotropic regions. Figures 23b
and 23c are a histogram plot of orientations, and bar plot of the dark, anisotropic, and
isotropic regions, respectively. The mean of orientations from the anisotropic regions is

~85.6° with an associated large spread (standard deviation) of 77.9°. In addition, there are
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several isotropic (7) and dark regions (4), indicating that the collagen fibers in this particular

area of bone are less ordered.
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Figure 23. (a) SHG image of collagen fibers in porcine cortical bone overlaid with
orientation grid. (b) Histogram of orientations from anisotropic regions, and (c) bar
plots of the number of dark, anisotropic, and isotropic regions. Scale bar: 75 pm.

The second parameter is the maximum spatial frequency, Fjigr, which informs us about the
minimum observable size (or feature) in real space. In general, the thickness and spacing of a
1D periodic structure can be determined via the spectrum in Fourier space. For an aperiodic

structure, the Fourier transform is more complex, making it more challenging to extract
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information about features in real space. In reality, our images of biological systems are
between these two extremes, and often data analysis is complicated by noise due to the
scattering of the photons used to acquire the image. This limits the spatial resolution that
could be obtained in optical microscopy to less than the theoretical value, and hence the
fidelity with which the maximum spatial frequency can be determined in Fourier space [63,
72, 77]. In our approach, we determine FJ,g, by extracting a line spectrum from a 2D FT either
along the direction of interest or along the direction of strong frequencies, i.e., perpendicular
to the preferred orientation. Then, a smoothing spline is applied to the profile using the curve
fitting toolbox in Matlab. Finally, in order to mitigate the unwanted contributions of (photon)
noise to our spectrum, we use a threshold of 10% above the noise floor, which is chosen from
the FT of an area that clearly produces no SHG signal (black areas in images). Using this
method, the threshold is determined for each specimen. The frequency at which the amplitude
just reaches above the threshold is selected as Fj;g, as shown in the Fig. 24, which represents

the minimum feature size that can be discerned above the noise floor.

Yet another parameter of interest is peaks in the magnitude spectrum of the Fourier
transform, or “Fourier peaks”. The peaks in the FT are basically the inflection points
calculated using differentials as shown in the Fig. 25. These peaks mainly represent the
spacing between the dominant fibers within the image across the preferred orientation. Figure
25 shows an example where we calculate spacings between the collagen fibers (Fig. 25a)
present in tendon which is extracted from the Fourier peaks in the FT (Fig. 25b) along the

direction orthogonal to the preferred orientation.
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Figure 24. Extraction of maximum spatial frequency Fj;,;, and Fourier peaks.
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Figure 25. Fiber spacings in tendon calculated from Fourier peaks.
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3.3 Experimental
3.3.1 Histological tissue (sample) preparation

All studies reported in this thesis are obtained from pig except when stated otherwise. The
tissue samples were harvested from a local abattoir just after euthanasia, and stored in a
fixative which could be 10% formalin, ethanol or 4% paraformaldehyde. All procedures were
approved by the University of Illinois Institutional Animal Care and Use Committee. They are
stored for at most a week; however, most of the time we prefer to perform experiments on the
samples within 2-4 days. The tissues are taken out of the fixative and appropriate regions
from the tissue are cut into thin slices by a surgical knife. The tissue sectioning is prepared in

one of three ways:

3.3.1.1 Embedding in paraffin wax

Here, the cut slices of the tissue are placed in tissue cassettes. They are then processed for
24 hours using a standard xylene/ethanol gradient series. This ensures complete dehydration
which is essential for thorough wax infiltration into the tissue. The samples are then
embedded in fresh paraffin wax using a tissue processor such as Leica ASP300. 5-50 pm
thick sections are cut using a motorized microtome, e.g., Leica RM 2255. These tissue
sections are then mounted onto #1 glass coverslips using a permanent mounting media.

The main advantage of this technique is that the samples can be stored indefinitely for
years without worrying about the integrity of the tissue structure. However, the wax is not
completely transparent and scatters some light due to which the image quality is worse

compared to other sample preparation techniques.

3.3.1.2 Staining

Staining basically involves the same procedure as paraffin wax embedding, but it involves
a few further steps. Before mounting it between the coverslips, the samples are dewaxed and
stained with either H&E or picrosirius red stain. H & E stain stains both cellular and
extracellular structures; however, the picrosirius red stains only collagen fibers and also

enhances the birefringence of collagen fibers, which in our experience leads to generation of
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stronger SHG signal. Finally, the sections are dehydrated and secured between two glass
cover slips using a permanent mounting media.

The advantage of this method is not only that the samples can be stored for long periods of
time, but it also produces excellent image quality due to the absence of paraffin wax.
Moreover, stain such as picrosirius red produces strong SHG signal resulting in high contrast
images. The disadvantage of staining is that it may not necessarily keep the tissue in its

natural state.

3.3.1.3 Cryostat sectioning

Cryostat sectioning involves working with frozen samples. Here, the tissues cut from the
animal are embedded directly in OCT compound using vinyl molds and flash-frozen to
preserve them at -80° C. The samples are then brought to -20° C before cutting and 5-150 pm
thick sections are cut using a cryostat such as Leica CM3050S. The tissue section is then
placed on a coverslip, let to thaw, and the OCT compound is washed away using PBS. It is

then secured with another coverslip on top and glued on the sides using clear nail polish.

The advantage of this method is that the samples are fresh and comparatively close to their
natural state. It also produces good image quality. However, since the samples cannot be

preserved, they need to be imaged fresh, i.e., within 24 hrs.

3.3.2 Experimental setup

The schematic of the experimental setup for the SHG microscope is shown in Fig. 26. An epi-
configuration two-photon fluorescence microscope is modified into a trans-configuration
SHG microscope. The beam is obtained from a tunable Ti:sapphire laser (Spectra-Physics
Tsunami) that produces 100 femtosecond-duration pulses at 80 MHz repetition rate. The
pulses are linearly polarized and spectrally centered at 780 nm for the experiments reported
here. The beam is spatially filtered and collimated before sending it to the galvanometer based
xy scanner (Cambridge Technology) which is driven in a raster-scan pattern. After passing
through a combination of relay lenses (scan and tube lens), the beam is reflected by a short-

pass 680-nm dichroic beam splitter (Semrock FF670-SDi01-25X36) and subsequently
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focused onto the sample using an oil-immersion objective (Leica 63X HCXPLAPO). The
emitted backward SHG signal was collected by the same objective, whereas the forward
signal was collected by a 0.65 NA objective. In both geometries the same two filters were
used: one filter (Semrock FF01-680/SP-25) was used to block the laser wavelengths, and the
other (Semrock FF01-390/18-25) was a band-pass filter to transmit the SHG signal (390 nm).
A photomultiplier tube (Hamamatsu R6357 multialkali) in both geometries was used to record
the forward and backward SHG images. For all samples, the average power at the input to the

objective was 3-10 mW, and it provided optimum image contrast.
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Figure 26. Experimental setup of the SHG microscope with both forward and backward
collection geometries.
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3.4 Results and Discussion

3.4.1 Introduction of FT-SHG for quantification of collagen-based tissues

In this section, we introduce how FT-SHG imaging could be potentially useful in quantifying
collagen fiber organization in biological tissues [78]. In particular, we calculate two
parameters: preferred orientation and maximum spatial frequency for several porcine tissues
such as trachea, ear cartilage, and cornea of the eye. The FT-SHG technique is applied to 2D

images as well as a 3D image stack of the cornea.

3.4.1.1 SHG microscopy of trachea, ear, and cornea

Figure 27 shows SHG images of unstained paraffin-embedded slices of adult porcine trachea
(27a), ear (27b), and cornea (27c). The collagen fibers in trachea arrange in a matrix with
elliptical gaps as observed in Fig. 27a. This is the expected structure of hyaline cartilage [79].
The image of the ear shows rope-like regularly oriented collagen fibers as shown in Fig. 27b.
However, the cornea contains patches of collagen fibers. SHG imaging of human cornea has
previously been reported [31, 33], and shows similar features to those observed in Fig. 27c.
The optical sectioning capability of SHG microscopy is observed in Fig. 27d, where a 3D

rendering of fibers in ear is shown.
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(d)

Figure 27. SHG intensity images of porcine tissue specimens from the a) trachea and b)
ear cartilage, and c) cornea for an incident wavelength of 780 nm and a second-
harmonic wavelength of 390 nm; d) 3D reconstructed view of porcine ear cartilage.

3.4.1.2 Preferred orientation

To estimate the preferred orientation, selected regions of the collagen fibers in porcine ear and
trachea are considered as shown in Figs. 28a and 28b. Their respective 2D FT after being
converted to binary images are shown in Fig. 28c. For the ear, the estimated preferred
orientations for the three regions are 71.3°, 69.0°, and 69.4°, respectively. This is consistent
across the regions of interest to within ~ 5°. The standard deviation (SD) is an indicator of the
number of fibers that deviate from the preferred orientation. Thus, the standard deviation is
higher for randomly oriented features. It is observed that the fibers are more random in region

3 (SD=4°) compared to those in region 2 (SD=1.6°).

For the trachea, the preferred orientations in regions 4 and 5 are 45.5° and 51.8°,

respectively, while the orientation in region 6 is completely different with a value of 108°.
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The standard deviations are larger for trachea (on average) compared to those obtained for the

ear, indicating that the collagen fibers are more randomly organized in the trachea.

©||71.3 69.0° 69.4°
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Figure 28. SHG image of porcine a) ear and b) trachea cartilage with selected regions of
interest (colored and labeled boxes), and c) estimated preferred orientation for each
corresponding region as observed in Fourier space.

3.4.1.3 Maximum spatial frequency of biological tissues

Maximum spatial frequencies are obtained by dividing the SHG images of porcine ear and
trachea cartilage into horizontal rectangular regions of interest (for representation, we only

show one) as shown in Figs. 29a and 29b, respectively. Since the preferred orientation of the
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ear is relatively consistent at 70° as shown in Fig. 29¢, we rotate the image of the ear by 20°
so that the fibers are oriented preferentially along the vertical axis. This allows us to access
the spatial frequencies along the direction of maximum variation which, in this case, is along
the horizontal direction. With regards to the trachea, since the orientation varies from at least
45° to 108°, we are free to apply the same window of observation used on the ear, but without
the need for any rotation of the image.

Histograms of the values of Fj;,; from all regions of interest of the ear and trachea are
shown in Fig. 29¢ and 29d, respectively. Overall, the image of the ear (Fig. 29a), as observed
in real space (space domain), shows consistency in its structure. This is confirmed by the
narrow distribution of the values of Fj;g, as shown in the histogram (Fig. 29c), where the
values for £y, remain between 0.51 and 0.79 um'l. In contrast, changes in the structure of the
trachea (Fig. 29b) are clearly observed in the space domain across various regions, which are
confirmed by the wider distribution in the values of Fj;g, as shown in the Fig. 29d. Here, Fi;g,
varies from 0.34 and 1.47 um™. This indicates that the size of the smallest feature in the
trachea changes more in comparison to the ear. The error in all values of Fj;g;, 1s 0.006 um'l,

which corresponds to the separation between data points in the discrete Fourier domain.
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Figure 29. SHG image of porcine a) ear and b) trachea cartilage. The region of interest
for estimating Fj,;g; is a rectangular box of height 2.87 pm. A histogram of the values of
Fion from all the regions of interest for the ¢) ear and d) trachea.

3.4.1.4 Image stack of the cornea

Figure 30 shows the regions of interest 1-3 for a slice in the image stack of the cornea. Region
1 has a relatively large standard deviation (6.1°) due to the random orientation of its fibers. It
also has lower Fjg (0.69 ;.Lm'l) indicating that the smallest feature size is ~1.45 um.
However, regions 2 and 3 have regularly oriented fibers and thus have low standard
deviations (~1.5°). In these regions, the values of Fj,g, are relatively large (~ 1.02 um™),
corresponding to smallest feature size in each region of ~ 0.98 um. Thus, regions 2 and 3 have

comparatively thinner and closer spaced features than those in region 1.
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Until now, we have determined the preferred orientation and highest spatial frequency in a
plane for 2D images. Next, we extend the technique to 3D by using an image stack of the
porcine cornea (3-um thick specimen). The variations in the calculated preferred orientation
and Fjg; versus depth, for the three regions in the image stack, are shown in Fig. 31. An
image of the variations in the two quantitative parameters, preferred orientation and Fhign
versus depth, for three regions of interest in the 3D image stack is shown in Fig. 31a. The
arrows represent the preferred orientation of the regions, and the color of the border for each

region of interest corresponds to a value of F},g, as indicated by the color bar.

For region 1, the preferred orientation appears to oscillate around 120°. The standard
deviation in orientation remains relatively large (4.9° to 7.8°). This indicates that the fibers in
region 1 are more randomly oriented throughout the stack. The values of Fjg, are relatively
small. The average value of Fj;g, throughout the depth is 0.77 um™', which corresponds to a

minimum feature size of 1.3 pm.

In the case of region 2, the preferred orientation decreases from 37° to 27° over a depth of
0.49 um. It then remains constant over a depth of 1.47 um and then increases gradually to 37°
at the end of the stack. F;g;, ranges from 0.73 to 1.50 um’'. It increases initially and then stays
roughly the same (1.27 um™") before it decreases to 0.80 um™ at the end of the stack. As can
be seen from Fig. 30, region 2 has more regularly oriented structures, and thus the standard

deviations in orientation are smaller compared to those obtained for region 1.

For region 3, we observe that the preferred orientation remains consistent at ~ 125°
throughout the stack. However, Fi;gn 1nitially decreases from 0.77 to 0.44 um™ over a depth of
0.33um and then gradually increases until the end of the stack. This indicates that fibers
become more closely packed yet maintain the same orientation. For example, the minimum
feature size decreases from 2.27 um (at a depth of 0.33 um) to 0.79 um (at a depth of 2.77
um), while the orientation stays at ~ 122° without deviating by more than 5°. Moreover, the
standard deviation in orientation decreases at the end of the stack indicating that fibers

become more regular.

58



Figure 30. Regions of interest for estimating the highest spatial frequencies in the
cornea. The image shown is cropped to 238 x 163 pm.
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Figure 31. a) An image showing the variations of the two quantitative markers,
preferred orientation and Fy;gn versus depth. b-d) Plot of the estimated preferred
orientation, and Fj,;g, as a function of depth in an SHG image stack of the cornea for
regions 1-3 from Fig. 30.
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We note that the size of the box chosen for estimating the preferred orientation and spatial
frequency is not arbitrary. It should be chosen in such a way that it is not so small that it
probes too few fibers leading to possible errors in the calculation of preferred orientation,

such as those arising from a reduced number of pixels used in the FT.

3.4.1.5 Conclusion

We demonstrated the use of Fourier transform-second-harmonic generation (FT-SHG)
imaging of collagen fibers as a means of performing quantitative analysis of obtained images.
FT-SHG was applied to selected spatial regions in SHG images of collagen fibers in porcine
trachea, ear, and cornea. Two quantitative markers, preferred orientation and maximum
spatial frequency, Fjen, were proposed for differentiating structural information between
various spatial regions of interest in the specimens. The ear showed consistent maximum
spatial frequency and orientation both in its real-space image as well as with respect to the
obtained parameters. However, there were observable changes in the orientation and
minimum feature size of fibers in the trachea which were quantified using our proposed
parameters. Finally, the analysis was applied to a 3D image stack of the cornea. It was
observed that the standard deviation of the orientation was sensitive to the variation in fiber
orientation and that Fje, was sensitive to the minimum feature size. Regions that had
variations in F,,, while orientation remained relatively constant, suggested that this parameter
is useful as an independent marker for characterizing changes in fiber structure. We
emphasize that FT-SHG is a simple, yet powerful, tool for extracting information from images

that is not obvious in real space.
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3.4.2 Quantitative analysis of forward and backward second-harmonic images using FT-
SHG

Due to phase matching conditions, SHG is emitted predominantly in the forward (transmitted)
direction [80, 81]. However, backward SHG (coherent) can be generated when axial scatterers
are separated by distances of Asyg/2 [29, 82]. Furthermore, a backward SHG signal may also
be produced from multiple scattered forward (incoherent) SHG [83]. Eventually, clinical
applications and studies require the use of the backward SHG signal, and thus, it is important
to understand its structural information in comparison to that of the forward SHG [82, 84]. In
terms of the quantitative analysis, little has been done comparing the structural differences
between the forward and backward SHG images. Typically, previous work comparing both
signals has relied on quantifying the ratio of their intensities (F/B ratio) [29, 85, 86]. For
example, the F/B ratio has been used to assess the thickness of fibril shells and the ionic
strength of the surrounding medium [29]. In other studies, the dependence of F/B ratio on
both the scattering properties of the tissue and the focal depth within the sample has been
reported [85, 86]. In this section, we characterize the structural differences in collagen fiber
organization for porcine tendon, sclera, and ear cartilage by comparing forward and backward
SHG images using Fourier transform-second-harmonic generation (FT-SHG) microscopy
[87].

In comparing the forward to backward SHG signal, we consider two quantitative
metrics from FT-SHG imaging: preferred orientation, and peaks in the magnitude spectrum
(Fourier transform), which are sensitive to both modulations in the signal intensity as well as
the spacing between the collagen fibers. We calculate the preferred orientation for the forward
and backward SHG images and use their difference (A4y) as a parameter for comparison. With
regard to the peak analysis, intensity peaks are simply isolated from line spectra (1D FT)
taken along a direction perpendicular to the preferred orientation. Both metrics are applied to
all forward and backward SHG images of the tissues studied, and at various depths into the

tissues.
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3.4.2.1 Experimental

Porcine tissue specimens of the Achilles tendon, sclera, and ear cartilage were cut, tissue
sections were prepared on coverslips using Cryostat sectioning. The experimental setup is the
same as that discussed in section 3.3.2. For all samples, the average power is ~ 40 mW, and

the scan area is ~ 65 x 65 pm.

3.4.2.2 Results and Discussion

Figure 32 shows forward and backward SHG images of the tendon, sclera, and ear cartilage,
collected at varying depths of 0, 10, and 20-um into the sample. The arrows show the
direction of preferred orientation for the collagen fibers within a given ROI. For the tendon
and ear, it is observed that the collagen fiber orientation is fairly consistent throughout the
depth of the entire sample as can be seen in both forward and backward SHG images. For the
sclera, changes in preferred orientation can be seen along its depth. It is also observed that the
backward SHG is lost at a depth of 20 um for the tendon, while for the sclera it persists until a
depth of 35 um (not shown). A random arrangement of collagen fibers in sclera allows a

larger portion of the forward SHG to be scattered back in the backward direction.”

The difference in preferred orientation Ay for forward and backward SHG (for each
ROI) versus depth into the sample is shown in Fig. 33. ROIs are the same as those in Fig. 32.
The plots corresponding to the tendon and ear extend to depths of 17.5 um and 22.5 pm,
respectively, after which the backward SHG signal can no longer be detected. In contrast, the
difference in orientation can be plotted against a depth as far as 35 um for the sclera. For the
tendon, Ay for the forward and backward SHG images remains < 3.8° and the standard
deviation remains < 4.5°. Also, region B has a smaller value of Ay compared to regions A and
C. The sclera exhibits the largest value of Ay (11°) and standard deviation (8°). These large
variations can be explained by randomness in collagen fiber organization. Also, Ay in region
C changes less than regions A and B. For the ear, 4y remains below 5.3° and the standard
deviation below 5.2°. Overall, the tendon has the smallest 4y and standard deviation
compared to the sclera and ear, suggesting regular orientation as perceived by both the

forward and backward SHG images. Overall, for all images 4y remains fairly small (< 11°),
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indicating that a backward SHG image is sufficient to obtain information on preferential fiber

orientation.

DEPTH 10 pm

DEPTH 20 pm

Figure 32. Forward (red) and backward (green) SHG images of collagen fibers in the
tendon, sclera and ear cartilage at various depths. Scale bar: 15 pm (same for all
samples).
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Figure 33. Plots of the difference in the preferred orientation 4y of collagen fibers
between forward and backward SHG versus depth for the same ROIs in tendon, sclera,
and ear.

Peaks in the normalized magnitude spectrum of the same ROIs for the three tissues are
shown in Fig. 34. The insets show the plots at 10 and 20-pum depths into the tissues. The error
in spatial frequencies is 0.015um™ for these images, which is equal to the separation between
data points in the discrete Fourier domain. The yellow asterisk in Fig. 34 represents peaks in
the spectrum that are common to both forward (shown in black) and backward (shown in blue
for tendon, green for sclera, and red for ear) SHG images. The black asterisk represents peaks
in the spectrum that lie within the error in spatial frequency. Overall, there are many peaks
shown that overlap between forward and backward images across all samples, suggesting that
backward SHG provides a significant amount of information that can be recovered from
forward SHG. It is observed that the extent of information overlap between forward and

backward is related to the tissue and depth into that tissue. The backward SHG signal
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provides some information that is present in the forward signal, which is encouraging for the

application of backward SHG to diagnostic settings.
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Figure 34. Plots of spatial frequency peaks of the three ROIs at various depths for the
tendon, sclera, and ear.

In conclusion, it is observed that backward SHG images provide the same information
as forward SHG images in terms of orientation (with minimal differences) for the tendon,
sclera, and ear. In addition, similar information can be obtained between the backward and
forward SHG images as evident from the many overlapping peaks in their spectra. The extent
of information overlap between forward and backward depends on depth into the specific
tissue. This study strengthens the applicability of backward SHG as a practical diagnostic tool

for imaging collagen fibers. It is important to note that the information content is similar for
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the aforementioned tissues; however, there exist a few tissues such as cornea for which the

forward and backward do not provide similar information.

3.4.3 Applications to biological problems

As mentioned in the previous sections, we propose that Fourier transform-second-harmonic
generation (FT-SHG) imaging could be a valuable diagnostic tool for real-world biological
problems where the structure of collagen fibers changes due to damage from disease or

physical injury.

3.4.3.1 Quantitative analysis of collagen fiber organization in injured tendons using FT-SHG

imaging

In this section, we investigate the potential of FT-SHG imaging in evaluating collagenase-
induced injury in horse tendons. The differences in collagen fiber organization between
normal and injured tendon are quantified. FT-SHG microscopy is also compared with the

conventional polarized light microscopy for assessing injured tendons.

3.4.3.1.1 Briefintroduction and background

Tendonitis (or tendinitis) is a common and major orthopedic problem among human and
equine athletes [88-90] wherein the overused tendon loses its smooth gliding (lubrication)
function. This results in inflammation and chronic pain, and subsequently a long rehabilitation
period. The tendon contains predominantly type I collagen which is optically birefringent in
nature. Thus, several studies have utilized polarized light microscopy for converting
birefringence into measurable intensity contrast for evaluating tendonitis [91-94]. It has thus
become a common method for imaging collagen-based tissues and in particular for assessing
tendon injury and diseases. However, polarized light microscopy suffers from a couple of
drawbacks: it involves staining the collagen fibers with picrosirius red to enhance the
birefringence (and hence, invasive), and is limited to two-dimensional imaging. Fortunately,
as we know, collagen fibers also possess non-centrosymmetry and high second-order

susceptibility—properties that allow emission of second-harmonic generation (SHG). SHG
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microscopy has thus become a popular technique for obtaining high contrast and highly
specific images of collagen fibers in biological tissues. The technique has also been used to
study several diseases that affect collagen fiber organization [31, 95, 96]. However, according
to our knowledge, it has not been heretofore applied to assessing collagenase-induced tendon

injury/disease—an approach used to simulate the effects of tendonitis.

In this chapter, we compare SHG microscopy with conventional polarized light
microscopy to determine its effectiveness in differentiating between normal and diseased
tendon. We utilize FT-SHG imaging to quantify collagen fiber organization in various
biological tissues. Here, we apply FT-SHG, along with the forward-to-backward (F/B) ratio of

the emitted SHG signal, to quantify the comparison between normal and diseased tendon.

3.4.3.1.2 Sample preparation and experimental setup
Sample preparation

One clinically normal Quarter horse (age - 4 yrs) was used for the study. All procedures were
approved by the University of Illinois Institutional Animal Care and Use Committee.
Ultrasonographic evaluation of the flexor tendon and lameness exams were performed prior to
inclusion in this study. The horse was pre-medicated with phenylbutazone (2.2 mg/kg),
procaine penicillin G (22,000 1U/kg), and received a tetanus toxoid vaccine before induction
of collagenase. The superficial digital flexor (SDF) tendon was injected with sterile bacterial
collagenase at the mid-metacarpal region, followed by an additional dose of penicillin and
phenylbutazone. The horse was maintained on strict stall confinement for 8 weeks and hand
walked twice per day for the subsequent 8 weeks (total 16 weeks post-injection). Next, the
subject was humanely euthanized and the collagenase-induced injured tendon sample was
collected. Control (normal) tendon was also collected from the SDF tendon of the other contra
lateral fore limb.

The sample preparation procedures for polarization and SHG microscopy are different;
while the SHG microscopy uses cryostat sectioned samples, polarization microscopy utilizes
paraffin embedded samples. For the latter procedure, the tendon samples were fixed in 4%

paraformaldehyde, dehydrated, and mounted with fresh paraffin wax using a tissue processor
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(Leica ASP300). 6-um thick sections were cut using a motorized microtome (Leica RM
2255). The sections were de-waxed and subsequently stained with picrosirius red to enhance
the birefringent contrast of collagen fibers. Finally, the sections were dehydrated and secured
between two glass cover slips using permount mounting medium.

For cryostat sectioning, the tendon samples were embedded in OCT compound and
preserved at -80° C. The samples were brought to -20° C before cutting and 25-um thick
sections were cut using a cryostat (Leica CM3050S). The orientation of the samples was
similar to that of paraffin embedded samples. The samples were then thawed and secured
between two glass cover slips. In this case, since the samples could not be preserved, they

were imaged fresh, i.e., within 24 hrs.

Experimental setup

The polarized light microscope used in this study was a standard Axiovert 200M microscope
(Zeiss). A halogen lamp was used as the source to illuminate the samples, and a 1388 x 1030-
pixel color CCD camera (Zeiss Axiocam MRc) was used for collecting the images. The
samples were illuminated through a condenser and the transmitted light scattered from the
sample was collected by a 0.8 numerical aperture (NA) objective. The two crossed polarizers
placed above and below the sample ensured that the birefringence introduced by stained
collagen fibers was converted to intensity for visualization. Polarized images of paraffin-
embedded sections of both normal and injured tendons were collected by the camera using the

image acquisition software Axiovision (version 4.8.1).

The experimental setup of the SHG microscope is the same as that discussed in section
3.3.2. For all samples, the average power at the input to the objective was 3 mW. Other
parameters such as pixel dwell time, detector gain, offset, and frame averaging were
maintained constant between normal and injured tendon samples in both forward and

backward directions to enable F/B ratio analysis.
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3.4.3.1.3 Results and discussion

Fourier analysis on polarized light images of normal and injured tendon

Images of normal and injured tendon acquired using the polarized light microscope are
quantified using Fourier analysis. A summary of the Fourier analysis on normal tendon is
shown in Fig. 35. Images from three adjacent sites of the sample were considered for
validation purposes, but only a representative image is shown (Fig. 35a). The image is
overlaid with an orientation plot to display the preferred orientation of the observed structures
(such as collagen fibers and crimps). The alternating bright and dark bands (along the
horizontal direction) are due to the crimps in the tendon; we also observe sample preparation
artifacts such as splits. These structures, along with collagen fibers, influence the calculation
of orientation. It is apparent that most structures in normal tendon are oriented roughly in the
range ~ 80°- 125°. Regions that are considered dark (regions with low or negligible signal)
and isotropic (regions with fibers aligned along several different orientations) are counted for
comparison. It is clear that there are no dark regions; however, a few isotropic regions are
observed. In addition, the 2D Fourier transform is applied to the entire tendon image in Fig.
35b in order to provide an estimate of the preferred orientation of the bulk. Here, we observe a
broad distribution of spatial frequencies indicating a relatively wide range of orientations as
evident from Fig. 35a. A bar plot of the average number of dark, anisotropic, and isotropic
regions between the three images of normal tendon is shown in Fig. 35¢c. The mean values of
the number of dark, anisotropic, and isotropic regions are 0, 62.33, and 1.67, respectively,
suggesting that most regions are anisotropic (Fig. 35¢). In addition, a histogram depicting the
distribution of orientation values between the three images is plotted in Fig. 35d. The
associated Gaussian fit has a mean of 98.4° and a standard deviation (or spread in orientation

angles) of 10.0°.
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Figure 35. (a) Polarization image of a normal tendon overlaid with an orientation plot
showing the preferred orientation of structures. (b) 2D Fourier transform of the
polarization image shown in (a). (c) Bar plot of the number of dark, anisotropic, and
isotropic regions averaged between three separate images of normal tendon. (d)
Histogram of orientation values obtained from three different regions of normal tendon.

In Fig. 36 we apply a similar analysis as in Fig. 35 to a collagenase-induced injured
tendon, where again images from three adjacent sites of the sample were considered, but only
a single representative image is shown (Fig. 36a). Comparing the polarization images in Figs.
36a and 36a, there is a clear difference in the crimp pattern between the normal and injured
tendon. While the normal tendon has a well defined crimp pattern and spacing, the injured
tendon has an irregular crimp pattern. However, the values of orientation for the injured
tendon lie in a range similar to that of the normal tendon. Moreover, the Fourier transform
(Fig. 36b) and the bar plot, representing the average number of dark, anisotropic, and

isotropic regions (Fig. 36¢) between the three images of injured tendon, are similar to that of
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the normal tendon (Fig. 36¢), thereby making it difficult to distinguish. As evident from Figs.
36d and 36d, the distribution profiles of the histogram orientation for the normal and injured

tendons are similar, and the difference in their mean orientations is small (<3.5°) considering

their large values in spread (~10°).

IIIIIIWHIW

Dark

Histogram of onentations from anisotopic regions
60

Mean = 95. 3°
(d) Spread = 10. 8
50
70 (c) 62.00 40
f
50 30
10 20
30
20 10
10 0.00 2.00 olm= . -
o . L - =t ()} 50 100 150
Dark Anisolropic  Isotropic Fiber orientation {degrees)

Figure 36. (a) Polarization image of an injured tendon overlaid with an orientation plot
showing the preferred orientation of structures. (b) 2D Fourier transform of the
polarization image shown in (a). (¢c) Bar plot of the number of dark, anisotropic, and
isotropic regions averaged between three separate images of injured tendon. (d)
Histogram of orientation values obtained from three different regions of injured tendon.

Fourier analysis on SHG images of normal and injured tendon

Figure 37 summarizes the application of FT-SHG for assessing collagen fiber organization in

normal tendon. We again obtain images from three adjacent sites of the sample but choose to
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present only a representative image (Fig. 37a). The overlaid orientation plot showing the
orientation of collagen fibers in the SHG image of normal tendon is shown in Fig. 37a. Unlike
the polarization images, the SHG images show predominantly the collagen fibers present in
the tissue, as is obvious from Fig. 37a. The fibers are extremely well-oriented at ~90° in
normal tendon. Although the crimp patterns are not as prominent in the SHG image as they
are in the polarization images, they can still be observed. The crimps are fairly regular in
normal tendon. The 2D Fourier transform is displayed in Fig. 37b. We observe two narrow
lobes, horizontal and vertical, corresponding to the highly regular fibers and crimps,
respectively (see Fig. 37b). Figure 37c shows the bar plot of the average number of dark,
anisotropic, and isotropic regions between the three images of normal tendon. Since the fibers
are regularly oriented, all regions are anisotropic. A distribution of orientation values between
the three images is shown in the histogram plot in Fig. 37d. We observe that the distribution is
narrow and centered at ~91° with a spread of ~3°. In Fig. 37e, an image of the forward-to-
backward ratio (F/B ratio) is obtained by dividing the intensity value of each pixel in the
forward SHG image by its corresponding pixel in the backward SHG image. In order to
mitigate the influence of noise due to the dark regions of backward SHG image, we have
considered only the pixels (using a threshold) with considerable signal above the noise floor
for F/B ratio analysis. Note that the forward and backward images of normal and injured
tendons are obtained using the identical optical setup and conditions, and hence a comparison
of their ratios is a feasible metric. Regions where the backward intensity is greater than that of
the forward are shown in green, while converse regions are shown in red. Regions with
similar intensities are shown in black, while those that fall below the threshold are represented
in cyan. The histogram of F/B ratios, from three separate images of normal tendon, is also
shown in Fig. 37f. As evident from Figs. 37e and 37f, most regions in normal tendon produce
comparable forward and backward SHG signal, and very few regions are below the threshold.
The values of F/B ratio have a mean of 1.05 and a spread (standard deviation) of 0.50.

A similar procedure to that carried out in Fig. 37, is shown in Fig. 38 for a representative
SHG image of injured tendon. The collagen fibers in the injured tendon shown in Fig. 38a are
clearly less ordered than those in normal tendon (Fig. 37a). It is also observed that the crimps

are highly irregular in the injured tendon as opposed to fairly regular crimps in the normal
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tendon; this observation is consistent with the polarization images. Moreover, the Fourier
transform of the injured tendon shows a single broad lobe as shown in Fig. 38b, which is an
indication of the randomness (isotropy) of fiber orientations. A number of dark (mean=5.67)
and isotropic (mean=6.00) regions also exist in the injured tendon, indicating the disruption of
collagen fiber organization, a characteristic feature of collagenase-induced tendon injury.
These observations are consistent with those previously reported in the literature [91, 92]. The
injured tendon has a mean orientation of ~140° and a relatively large spread of ~17°. The F/B
ratio image of injured tendon (Fig. 38e) is also different from the normal tendon (Fig. 37e). It
contains more regions with intensities below the threshold, which are regions with missing
fibers (dislodged fibers) due to disorganization. Figure 38f shows the histogram of F/B ratios
from three separate images of injured tendon. We observe an increase in the values of the
mean (1.60) and spread (1.11) for injured samples. These differences could be due to several
parameters: changes in fiber organization (orientation and spacing between fibers), size,
environment, and scattering coefficient of the tissue. Note that although a controlled study is
required to determine the cause for the difference, we observe that the F/B ratio is still useful

in differentiating normal and injured tendon.
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Figure 37. (a) Preferred orientation of collagen fibers from the SHG image of normal
tendon. (b) 2D Fourier transform of (a). The orientation of the Fourier transform (FT) is
~ 0° which corresponds to the orientation in real space (RS) of 90°. (c) Bar plot of
number of dark, anisotropic, and isotropic regions obtained from three different regions
of normal tendon. (d) Histogram of orientation from the three images of normal tendon.
(e) Image of F/B ratio per pixel for normal tendon. (f) Histogram of F/B ratios from
three different regions of normal tendon.
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Figure 38. (a) Preferred orientation of collagen fibers from the SHG image of injured
tendon. (b) 2D Fourier transform of (a). The orientation of the Fourier transform (FT) is
~ 40° which corresponds to the orientation in real space (RS) of 130°. (¢) Bar plot of
number of dark, anisotropic, and isotropic regions obtained from three different regions
of injured tendon. (d) Histogram of orientation from the three images of injured
tendon. (e) Image of F/B ratio per pixel for injured tendon. (f) Histogram of F/B ratios
from three different regions of injured tendon.
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From the above results, it is clear that SHG microscopy is advantageous over the
conventional polarization microscopy for the evaluation of tendon injury. As mentioned
before, the principal observable difference between normal and injured tendon images
obtained from polarization microscopy is the crimp pattern. However, this technique is not
well-suited for quantifying the underlying structural differences in collagen fiber organization
between the two tissue types, thereby limiting assessment of injury. Yet, direct assessment of
collagen fiber organization is critical in tendon injury. We observe from the above results that,
FT-SHG microscopy provides us with the following aids for assessment of tendon injury: 1)
noninvasive (i.e., unstained) high-contrast 3D images of collagen fiber organization that
permit direct differentiation between healthy and injured tendon; 2) manifestation of the
aforementioned crimp pattern (although observed with less contrast than images obtained
using polarization microscopy) in healthy tendon; and 3) objective quantification of the
differences in collagen fiber organization in healthy and injured tendon. The first two points,
in particular, are to be expected since it is well-established that SHG microscopy is sensitive
to the intrinsic noncentrosymmetric structure of collagen fibers. However, until recently, the
last point on quantification of structural organization has only been made clear when the
technique is combined with harmonic analysis. Thus, our results suggest that FT-SHG could
be a powerful tool for assessment of damage to collagen fiber organization.

It is also important to highlight an understated advantage that SHG microscopy has over
polarization microscopy for tendon injury evaluation. That is, polarization microscopy does
not possess the optical sectioning capabilities of SHG microscopy, and, therefore, it cannot
avoid artifacts in the surface topology of the sample potentially introduced during sample
preparation. Figure 39 gives an example of this for mechanical/cutting artifacts resulting from
the use of a microtome. In particular, we observe in Fig. 39a cuts or sectioning artifacts
(indicated by arrows) in the polarization image of the surface of healthy tendon tissue.
Similarly, breaks in the fiber structure can be seen in Fig. 39b at the surface for the
corresponding SHG image. Such artifacts (in both image types) would obviously affect
accurate quantification of collagen fiber organization. However, unlike polarization

microscopy, an image can be obtained well below the surface, away from the deleterious
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effects introduced by sample cutting. This is shown in Fig. 39¢ which is imaged 6 pm below

the surface.

Surface 6 um from the surface

Figure 39. (a) Polarized light image of normal tendon sample. (b) Backward SHG from
the surface (¢) and 6 pm into the sample. Arrows show sectioning artifacts.

3.4.3.1.4 Conclusion

Fourier transform-second-harmonic generation imaging has been shown to be capable of
evaluating collagenase-induced tendon injury. Clear differences in collagen fiber organization
between normal and injured tendon were observed. Injured tendon displayed less ordered
collagen fibers in comparison to normal tendon. This observation was further supported by
the use of two additional metrics. First, the average number of dark (no/minimal signal) and
isotropic (no preferred fiber orientation) regions in the images were increased for injured
tendon compared to normal tendon. Second, a histogram of F/B ratios for injured tendons
showed a larger spread in its distribution compared to healthy tendon. Observations of
collagen fiber disorganization in injured tendons were consistent with what has been reported
in the literature. Biomechanically, abnormalities in crimp structure and collagen fiber
organization result in a loss of performance of normal functions (e.g., crimps allow
longitudinal elongation in response to loads, and collagen fibers provide stiffness) and thus
degrade a subject’s ability to move. In addition, FT-SHG microscopy was shown to be more
sensitive in assessing tendon injury than polarized light microscopy. It was also shown that

the former technique avoids sample preparation artifacts.
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3.4.3.2 Quantitative second-harmonic generation microscopy for imaging porcine cortical

bone: Comparison to SEM and its potential to investigate age-related changes

In this section, we propose the use of second-harmonic generation (SHG) microscopy for
imaging collagen fibers in porcine femoral cortical bone. The technique is compared with
scanning electron microscopy (SEM); and the pros and cons of each are discussed. Due to
intrinsic specificity to collagen fibers, we expect SHG microscopy to provide high contrast
images of bone compared to SEM. Furthermore, in order to show how Fourier transform-
second-harmonic generation (FT-SHG) imaging could be used to study bone, we provide an
exploratory study where we quantitatively assess collagen fiber organization of bone structure
as a function of age, from very young to mature bone. In particular, four different age groups

are studied: 1 month, 3.5 month, 6 month, and 30 month.

3.4.3.2.1 Introduction

Bone is a mineralized connective tissue that provides the essential functions of mechanical
support and haematopoiesis (production of blood cells), and acts as a reservoir for minerals,
growth factors, and fatty acids [97, 98]. It is classified into two types: dense cortical bone that
forms outer shell of bones, and porous trabecular bone typically found in the interior and ends
of long bones [99]. The cortical bone accounts for 80% of the total bone mass in adult
skeleton [100]. It consists of minerals (inorganic phase), proteins (organic phase) and fluids.
Approximately 90% of the organic content in cortical bone is collagen type 1. The collagen
molecules (tropocollagen), mineralized with hydroxyapatite crystals, represent mineralized
collagen fibrils, which are the basic structural units of bone. These mineralized fibrils are
bundled into fibers of diameters approximately 2-3 um to form woven or lamellar bone
structures [101, 102]. Woven bone, found in the developing embryo and very young bone, is
less organized and contains randomly distributed fibers. As the bone develops, woven bone is
eventually resorbed and replaced by lamellar bone, which is made up of preferentially
oriented collagen fibers, organized in lamellae, approximately 3-7-um thick. The lamellae of

adult cortical bone are arranged into the following three patterns: (1) circumferential lamellae
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involving parallel layers forming the outermost shell, 2) concentric (axial) lamellae in the
form of circular/elliptical rings around longitudinal vascular canals representing secondary
osteons forming the Harvesian systems, and 3) interstitial lamellae, which are fragments of
formerly concentric or circumferential lamellae [103]. Such hierarchical organization
describes bone’s complex structure, primarily responsible for biomechanical functions [2,
101, 104, 105]. Alterations to collagen’s chemical composition and structural organization,
which could be due to damage (e.g., in fracture callus) or disease (e.g., osteoporosis,
osteogenesis imperfecta, and osteosarcoma), have serious implications for bone strength such
as an increased rate of fractures [102, 106-110]. Therefore, the ability to carry out both a
qualitative and quantitative assessment of the composition and structural organization of
collagen fibers in bone is critical for understanding its health, and the pathogenesis and early

diagnosis of a disease [111, 112].

A commonly used technique for imaging bone structure from microscale to sub-cellular
scales is scanning electron microscopy (SEM) [113, 114]. The standard SEM provides high
resolution images on the order of few nm (~ 2-10 nm), but at the expense of coating the
surface with a heavy metal or carbon and prohibiting true volumetric imaging; i.e., the
technique is limited to surface imaging. It is interesting to note that the relatively recent
technology of environmental scanning electron microscopy (ESEM) relaxes the constraints in
sample preparation to permit imaging of biological samples closer to their natural state at the
expense of field of view, resolution (30-50 nm) and contrast [115, 116]. Fortunately, some of
the problems associated with invasive sample preparation with SEM, and lower contrast and
field of view with ESEM, could be alleviated through optical imaging, but at a lower
resolution. For example, a commonly used optical technique for imaging bone is polarized
light microscopy which utilizes the birefringence of collagen fibers in bone to produce
contrast [117-119]. Confocal microscopy has also been used to visualize collagen fibers in
bone [106, 107]. However, we have observed from the previous section that second-harmonic
generation (SHG) microscopy has been shown to have advantages over polarized light
microscopy in terms of image quality and information content, and over confocal microscopy
in terms of penetration depth and intrinsic optical sectioning capability (without the loss of

signal from pinhole) for imaging collagen-based tissues in 3D without the need for staining.
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SHG microscopy’s ability to image predominantly collagen fibers has also been
experimentally validated by numerous studies using techniques such as immunofluorescence-
stained light microscopy and polarized light microscopy [12, 120, 121]. However, to our
knowledge, its potential has not yet been fully explored in bone imaging and the study of its

age-related structural changes [32, 122-124].

In this section, we focus on the development of the quantitative SHG technique for
characterization of the structural organization of collagen fibers in developing bone [125]. We
also compare the use of standard SEM to that of SHG microscopy. In section 3.4.3.2.2, for
both techniques, we first describe their respective sample preparation procedures and
experimental setups. This is followed results and discussion (section 3.4.3.2.3), where a
qualitative comparison of the bone images obtained from these approaches is performed and
show a unique quantitative analysis permitted by SHG microscopy, whereby the specific
example is given for quantifying changes in bone structure as a function of age. Finally,

section 3.4.3.2.4 provides a summary of the work.

3.4.3.2.2 Experimental
Tissue preparation

Porcine femoral bones were obtained from the Animal Science Department at the University
of Illinois at Urbana-Champaign. Porcine femurs from four different age groups were studied:
1 month, 3.5 month, 6 month, and 30 month. This age range corresponds to very young bone
to mature bone. Three femurs from three different animals were used per age. Upon being
collected, the femurs were cleaned of soft tissue, and immediately wrapped in PBS soaked
gauze and frozen at -20°C. For sample preparation, bones were thawed in phosphate-buffered
saline (PBS) solution for 12 hours. The bone samples were not demineralized in order to

investigate bone in its natural state.

Samples were then cut using a band saw from the mid-diaphysis of each femur into 5-mm
high, hollow cylinders. These represented whole mid-sections of bone (allowing to image
whole transverse sections). A polishing machine was used to polish both ends of the cylinders

with P180, P2400, and P4000 grit paper to a height of ~2-4 mm. Progressively finer polishing
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cloths were used from coarse to fine, 3 pm, 1 pm and 0.25 um, respectively. Use of fine
polishing avoided artifacts due to roughness. Both ends of the cylindrical samples were
polished to be parallel to each other so that either of the cross-sectional surfaces could be
imaged at consistent (or same) focus. The samples were refrigerated in PBS for less than 12

hours until being imaged.

Sample preparation for SHG imaging

Subsequent to the aforementioned procedures being followed, these samples were then
imaged under the SHG microscope without any additional sample preparation. PBS was used

on the samples in order to keep them hydrated throughout the process.

Sample preparation for SEM imaging

Immediately after the samples were imaged using SHG microscopy, they were prepared for
SEM imaging. They were first placed into a 2 % paraformaldehyde and 2.5 % glutaraldehyde
solution with a 0.1 M sodium-cacodylate buffer at pH 7.4 for one day to preserve the in vivo
tissue structure. They were then rinsed in 0.1 M sodium-cacodylate buffer for two hours on a
shaker table. Samples were dried so they could be imaged under the SEM. They were soaked
in 37 %, 67 %, 95 %, and 100 % ethanol concentrations for 24 hours in each concentration.
Samples were then soaked in hexamethyldisilazane and allowed to air dry to avoid creation of
microcracks when the ethanol evaporated from the bone. Finally, the samples were sputter
coated with a layer of gold palladium. The same exact locations (marked with silver paint)

were imaged with both SHG microscopy and SEM in order to compare the two techniques.

Experimental setup

SEM

A Philips XL30 ESEM-FEG Environmental Scanning Electron Microscope was used to
image the bone samples. The high-vacuum (Hi-Vac) mode was used, and both the secondary
electron detector and the backscatter detector were used to obtain images of the electrons

scattering off the gold-palladium coated bone; ESEM in the Hi-Vac mode operates in the
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same manner as the standard SEM, and thus requires drying and coating of the sample. In the
user settings, an accelerated voltage of 15 kV, a spot size of 4.0 and a working distance of
10.1 are chosen to image all bone samples. Images were taken at the exact locations on the

bone as the SHG images with a magnification of 75x.

SHG microscopy

The experimental setup is the same as that discussed in section 3.3.2. For all samples, the

average power at the input to the objective was maintained at approximately 10 mW.

3.4.3.2.3 Results and discussion

In order to examine SHG microscopy’s potential for assessing bone structure, we choose an
example study where we quantify the structural changes in the collagen fiber organization of
bone due to age using FT-SHG imaging. Here, relative collagen fiber orientation is considered
as a parameter for quantification. As mentioned earlier, many previous studies have utilized
polarized light microscopy to image bone. Interestingly, polarized light microscopy has often
been used to determine the proportion of transverse to longitudinal collagen fibers across the
transverse section of cortical bone, i.e., the number of in-plane to out-of-plane fibers [117-
119]; also, similar information on ranges of collagen orientations has been estimated using
other techniques, e.g., confocal microscopy [106, 107, 126]. However, in our current work,
we focus on determining the actual orientation values for transverse (in-plane) collagen fibers

relative to each other.

Figure 40 shows the application of FT-SHG to quantify collagen fiber organization in 6-
month-old bone. Specifically, Fig. 40a shows an SHG image of a region in 6-month-old bone
overlaid with an orientation map, along with dark and isotropic regions. Figures 40b and 40c
are histogram of orientations, and bar plot of the dark regions and ratio of the number of
anisotropic to isotropic regions (A.lL. ratio), respectively. The mean of orientations from the
anisotropic regions is ~101° with an associated large spread (standard deviation) of 41°. In

addition, there are several isotropic (32) and dark regions (11), indicating that the collagen
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fibers in this particular area of bone are less ordered. Along with these parameters, the number
of osteons along the thickness from the outer to inner boundaries of the bone (with width of 1
mm, and corresponding areas for 1 month: ~1.6 mm?, 3.5 month: ~3.1 mm?, 6 month: ~3.9
mm?, 30 month: ~4.3 mm?) is also counted and serves as yet another parameter. Note that
only whole osteons were taken into account, i.e., osteons with a Haversian canal surrounded
by concentric layers of lamellae. All partial osteons commonly observed in interstitial bone
were neglected. Table 3 summarizes the considered parameters: percentage of dark regions,
anisotropic to isotropic ratio, number of osteons, and spread (standard deviation) in the

histogram of orientations.

Table 3. Calculated quantitative parameters for an area of 6-month-old bone shown in

Fig. 40a
Parameters Value
% of dark regions 2
Anisotropic/ Isotropic ratio 20
No. of osteons 34
Spread in histogram of orientations 41
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Figure 40. (a) SHG image of collagen fibers in 6-month-old porcine bone overlaid with
orientation grid. (b) Histogram of orientations from anisotropic regions, and (c) bar
plots of the number of dark regions and anisotropic to isotropic ratio (A.IL ratio). Scale
bar: 300 pm.

Regions of interest

In order to quantify the changes in the bone structure as bone matures, we consider six regions
as shown in Fig. 41. The figure shows a schematic of the right femur with anterior, medial,
posterior-medial, posterior-lateral, lateral-posterior, and lateral-anterior regions. Based on our
own experimental observations and published literature addressing structural changes in bone
as a function of position in the transverse plane, we find that these regions represent the
diverse areas on the transverse cross-section of the bone [127, 128], and thus are important for

evaluation.
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Figure 41. Regions of interest considered on the transverse section of the right femur.

Qualitative comparison of SHG and SEM for imaging bone

Figure 42a shows an SEM image of the transverse section of 6-month-old cortical bone. A
magnified image of a region of interest (rectangular selection) in (a) is shown on the right.
The observed SEM image is typical of a young 6-month-old cortical bone containing
resorption cavities (Howship’s lacunae, shown by asterisks) and forming osteons. The black
ellipses in the center of the osteons represent the Harvesian canals and the smaller black
elongated ellipses are the lacunae where the bone cells called osteocytes reside. The same
region of bone was imaged using SHG microscopy and is shown in Fig. 42b, and the
corresponding magnified image is shown to the right. Note that based on the aforementioned
sample preparation procedures, SHG imaging had to be carried out on the sample before
SEM. The SHG image looks similar to that of the SEM image, but it shows collagen fibers at
a higher contrast. This is because of SHG’s intrinsic specificity to collagen, which, as
mentioned earlier, forms 90% of the organic matter in bone. Due to this high contrast, we can
observe clearly the collagen fibers of diameters 2-3 pm forming circumferential, concentric,
and interstitial lamellae. However, since the wavelength of photons is much larger than that
(de Broglie wavelength) of electrons, the transverse spatial resolution of SHG microscopy is

limited to ~ 350 nm while the SEM can provide a resolution as high as ~ 2 nm.
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The above observations therefore indicate that standard SEM provides high-resolution 2D
images of bone at the cost of reduced contrast of collagen fibers, while SHG microscopy
provides high-contrast images of collagen fibers in bone but at the cost of comparatively
lower resolution. In addition, the former technique exposes biological specimens to ionizing
radiation and requires an elaborate and invasive sample preparation procedure as discussed in
section 2.1 in order to obtain an image of a surface, contrary to SHG microscopy. These
characteristics would be of importance when studying biological specimens in their natural
state. Furthermore, although the focus of this paper is SHG imaging of collagen fiber
organization of bone in 2D, the technique could be extended to three dimensions (3D). Fiber
orientation and structural information in 3D could add significant more insight in assessing

bone structure and hence in understanding its mechanical properties.

(a) SEM

(b)SHG

Figure 42. (a) SEM and (b) SHG images of 6-month-old cortical bone in transverse
cross-section (perpendicular to the long bone axis). Images on the right correspond to
the respective magnified (~ 4x) images of a region of interest from both (a) and (b). The
asterisks indicate the erosion cavities in the bone.
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Quantitative assessment of structural changes in collagen fiber organization of bone as a

function of age using FT-SHG

FT-SHG is applied to each of the aforementioned six regions of the bone, using specimens
from animals aged 1, 3.5, 6, and 30 months, and the above quantitative parameters are
calculated. For basic statistics, we consider three femurs per age collected from three different
animals, i.e., 6 regions per sample, 3 samples per each of 4 ages, corresponding to a total of
72 regions across all ages (18 regions per age). Shown in Fig. 43 is the bar plot of the
percentage of dark regions (Dark), ratio of the anisotropic to isotropic regions (A.lL ratio),
number of osteons (Osteons), and spread in the histogram of orientation (Hist. Orient.) for all

ages.

90 |l 1 month

1 3.5 months
] 6 months
70 ||l 30 months

Dark ALl ratio Osteons  Hist. orient.

Figure 43. Bar plot of the number of dark regions, anisotropic to isotropic ratio, number
of osteons, and spread in the histogram of orientations for different ages averaged across
all regions (defined in Figure 42).

Note that our goal is to explore the technique’s ability to quantitatively assess collagen
fiber organization in bone as a function of age; we cannot necessarily generalize our results

without carrying out a more in-depth study with a much larger number of femur specimens.
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Thus, as a proof-of-concept study, we attempt to show that FT-SHG is potentially useful in
quantifying structural changes in bone as a function of age. Overall, it is observed that the
number of dark regions, which are erosion cavities and represent primary cavities in young
bone and resorption sites in mature bone, reduces as the bone matures. The number of dark
regions is much higher in the 1 month bone compared to all other ages. It is also observed that
some regions in samples from the 6 month bone such as lateral-posterior and lateral-anterior
(not shown) have more dark regions which accounts for its large standard deviation. 30-
month-old bone has the fewest dark regions. The ratio of the anisotropic to isotropic regions
gives a measure of the number of regions with highly aligned fibers in comparison with those
having no preferred orientation. Again, overall, it can be observed that the ratio increases as
the bone matures indicating that the collagen fibers tend to align with age. Furthermore, the
number of osteons, in general, also increases as the bone matures. 1-month-old bone sample
contains the fewest osteons (~2). Interestingly, while some regions of 30-month-old bone
(e.g., posterior-medial) contain the most osteons (~ 60), there were regions (e.g., lateral-
anterior) which contained extremely well-aligned fibers with very few osteons (~5). In
addition, osteons that are fully developed with diameters of ~ 250-300 pm are frequently
found in 30-month-old bone compared to younger bones. The spread in the histogram of
orientations provides insight on the typical orientations from anisotropic regions in an image.
It is observed that the spread decreases as the bone matures, indicating that collagen fibers
across the whole cross-section of the bone tend to align to a preferred orientation. For
example, regions such as medial, lateral-anterior, and lateral-posterior contain highly aligned
fibers throughout the cross-section. These observations of reduced resorption sites, increased
number of osteons, and increased regularity in collagen fiber alignment as the bone develops,

are similar to those of previously reported studies [122, 129].

Due to the spatial heterogeneity of the bone, we also choose to evaluate the structural
dependence on age for each given (or specific) region. Figure 44 shows the bar plots
representing the various quantitative parameters as a function of age for anterior, medial,
posterior-medial, posterior-lateral, lateral-posterior, and lateral-anterior regions. As mentioned
before, the values correspond to the averages of the six regions (marked in Figure 42)

obtained by imaging three different samples for each age group. Overall, it is observed that
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the anterior, lateral-posterior, and lateral-anterior show more variations in the structure of
bone compared to other regions. Again, as the bone matures, the following general trends are
observed for most regions: decrease in the number of the dark regions (porosity), increase in
the ratio of anisotropic to isotropic regions, increase in the number of osteons, and decrease in
the spread in histogram of orientations. However, there are exceptions, such as a significant
decrease in the number of osteons for the lateral-anterior region of 30-month-old bone
compared to other ages, more dark regions for 6-month-old compared to 3.5-month-old bone
in lateral-posterior and lateral-anterior regions, and decrease in A.l. ratio for 30-month-old

bone compared to 6-month-old in the medial region.

Yet another interesting observation is that the variation in collagen fiber organization of
bone across regions increases as the bone matures. Figure 45 shows the variations in bone
structure across different regions for 1 and 30-month-old bone samples. The mean percentage
of dark regions varies from 5% (medial) to 19% (lateral-anterior) for 1-month-old while it
varies from 0% (lateral-anterior) to 1.2% (anterior) for 30-month-old bone. However, except
for dark regions, all other parameters, such as, A.l. ratio, number of osteons, and spread all

show large variations for 30-month-old compared to 1-month-old.

Interestingly, for a particular parameter, we can observe the microstructure of bone as a
function of the aforementioned six regions and how it changes as bone develops. We observe
that there are regions of the bone which contain more osteons and regions with more
circumferential lamellae, and these regions of more osteons and circumferential lamellae
change as the bone develops. For instance, we observe that a high number of osteons are
found in lateral and posterior regions for 6-month-old bone. However, a high number of
osteons are only found in the posterior region for 30-month-old bone. Similarly, if we
consider the A.I ratio, we see that the medial region in 6 month contains well-aligned fibers,
however, at 30 months of age, these well-aligned fibers are now found in the anterior regions.
Thus there exist clear differences in the structure across different regions as well as age. This
is due to the fact that the various regions in the cross section of the bone are loaded (both

compression and bending) differently and the bone adapts accordingly [127, 130, 131].
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Figure 44. Bar plots of quantitative parameters (defined in text) extracted from bone as

a function of age for anterior, medial, posterior-medial, posterior-lateral, lateral-
posterior, and lateral-anterior regions.
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Figure 45. Variations in bone structure across regions (displayed in Fig. 3) for bone of
ages 1 month and 30 month.

3.4.3.2.4 Conclusion

We applied SHG microscopy to image the collagen fibers in porcine femur and compared it
with standard SEM. We find that SHG microscopy is preferred for imaging bone in cases
requiring high-contrast images of collagen fiber organization without the need for sample
staining. Furthermore, we showed that the use of SHG microscopy permits straightforward
quantitative analysis of collagen fiber organization. As an example proof-of-concept, we
applied this technique to an evaluation of fiber organization in bone as a function of age. We
observed that as the bone matures, there is an overall reduction in the number of erosion sites,
i.e., it becomes less porous, the number of osteons increase, and the collagen fibers become
comparatively more organized. Furthermore, it is also observed that the variations in bone
structure across the whole cross-section of the bone increase as the bone matures. We believe
that quantitative SHG microscopy holds great promise as a valuable assessment tool for
evaluating collagen fiber organization of ex vivo bone tissues in 3D. This could lead to better
understanding of the health of bone and to early detection of the diseases that affect it, as well

as an eventual development of successful strategies for treatment.
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3.4.3.3 Investigation of collagen fiber organization in cornea and sclera

In this section, Fourier transform-second-harmonic generation (FT-SHG) microscopy is
applied to quantify differences in collagen fiber organization between porcine cornea and
sclera. In particular, we investigate their properties of transparency and opacity for cornea and

sclera, respectively. The lamellar ordered structure of cornea is also investigated.

3.4.3.3.1 Introduction

One of the most intriguing questions that researchers in ophthalmology have long been trying
to completely understand is: Why is cornea transparent while sclera is opaque? Cornea is the
transparent front part of the eye whose main function is to act as a lens providing two-thirds
of the total refractive power and form an image on the retina. On the other hand, sclera is the
opaque white portion of the eye which acts as a protective layer for the inner structures. Both
cornea and sclera contain predominantly collagen fibers, yet they have completely opposite
optical properties. Here, we aim to investigate the differences in collagen fiber organization

for cornea and sclera using FT-SHG imaging.

3.4.3.3.2 Results and discussion

Cryostat sectioning is used to obtain unstained samples of porcine cornea and sclera of
thickness ~35 um. Images of these samples are obtained from an SHG microscope. We apply
FT-SHG to quantitatively compare the collagen fiber organization in cornea and sclera. Like
before, each image is divided into square grids (Fig. 46a), and the desired quantitative
parameters, such as preferred fiber orientation, the number of dark, anisotropic, and isotropic
regions, are extracted. Figure 46a and 46b show the SHG images of sclera and cornea overlaid
with orientation plots, and their corresponding bar plots of dark, anisotropic, and isotropic
regions are also shown in Figs. 46¢ (sclera) and 46d (cornea). We observe that the fibers are
densely organized in sclera compared to cornea as indicated by the fewer dark regions in
sclera. Furthermore, on average, the fibers in sclera are thicker (~800nm) compared to cornea

(~350nm). We also observe “patches” of uniform diameter and ordered collagen fibers in
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cornea as opposed to relatively inhomogeneously organized and inconsistent fiber diameters
(0.25-1.2um) observed in sclera. Figure 47 shows the SHG images of two planes for cornea
separated by 2 um. It is observed that the cornea is organized into several lamellac of
thickness ~ 2 pm and the orientation of collagen fibers alternate (approximately orthogonal)
between successive lamella as indicated by regions 1 and 2. This has only been previously

observed with electron microscopy.
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Figure 46. Fiber orientation plots for (a) sclera and (b) cornea. Bar plots of dark,
anisotropic, and isotropic regions for (c) sclera and (d) cornea.
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Figure 47. SHG images of adjacent lamellae in cornea showing regions of
orthogonal fiber orientations.

3.4.3.4 Breast cancer study: Quantifying stromal collagen structure in breast cancer biopsies

In this section, FT-SHG imaging is employed to assess stromal collagen in several breast
tissue conditions: normal, hyperplastic, dysplastic, and malignant. Since the SHG images are
diffraction-limited and the resolution is ~ 500 nm, the quantifiable information is on the order
of cellular scales (500nm - 100um). Specifically, we apply a parameter that computes the
regularity in collagen fiber orientation (A. I. ratio) and use it to compare across the tissue

conditions.

3.4.3.4.1 Introduction

Breast cancer is both a leading cause of cancer deaths and among the most frequently
diagnosed cancers in women worldwide [132]. In 2012, it is estimated that ~227,000 patients
will be newly diagnosed and ~40,000 will die from breast cancer in the US alone [133]. In
humans, almost all breast cancers arise from an uncontrolled growth of aberrant epithelial
cells that originate either in the milk ducts or lobules and are categorized as ductal or lobular

carcinoma, respectively. Excessive growth within human tissues can result in dense cellular



masses ranging from hyperplasia to malignant tumors [134, 135]. Though there are more cells
in hyperplastic tissue, cellular structure and tissue morphology is similar to normal tissue. In
dysplasia, both the cells and their organization are abnormal while neoplasia can be benign,
potentially malignant (pre-cancer), or malignant (cancer). Most diagnostic and mechanistic
studies in breast cancers focus on epithelial cells and significantly less work has been reported
on the role of surrounding stroma and its extracellular matrix (ECM). Stromal involvement
and its use as a diagnostic tool, however, is a rapidly emerging concept and is of keen
contemporary interest [60, 136-139]. A number of molecular and imaging techniques have
been used to characterize the stroma [52, 140-142]. In particular, the ECM predominantly
contains type I fibrillar collagen [143], which has been recognized as being important for the
initiation and progression of breast cancer [12, 50, 144]. Despite these promising results, the
lack of analytical techniques to image the ECM is a major barrier to quantifying stromal role

in breast cancer progression and, potentially, to a diagnostic protocol.

There has been much recent effort in developing useful metrics for quantifying collagen
fiber organization utilizing SHG microscopy. Quantification facilitates extraction of sensitive
changes in collagen fiber organization due to damage or disease, and, thus, may help in early
diagnosis. Studies are needed, however, that establish this approach as a clinically compatible
technique with a specific protocol for diagnostic use. Hence, the potential of SHG to
understand and provide diagnostic information as well as technology development for this use
are needed. As a first step towards that goal, here we first investigate the relative effectiveness
of the technique, Fourier transform-second-harmonic generation imaging (FT-SHG). As we
now know, FT-SHG involves utilizing 2D spatial Fourier transforms of SHG images to
quantify collagen fiber organization at cellular scales (300 nm - 100 um) [13, 78, 87, 125,
145]. Metrics such as preferred fiber orientation have been used in previous chapters/sections
to successfully assess tendon injury as well as to explore age-related structural changes in

cortical bone.
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3.4.3.4.2 Experiment
3.4.3.4.2.1 Sample preparation

To develop any imaging modality relevant to cancer, a large sampling diversity and number
must be incorporated to avoid statistical pitfalls [146]. Tissue microarrays (TMAs) consist of
representative tissue materials from a large number of patients that are arranged in a grid
format and represent a convenient platform for developing imaging modalities for diagnostic
purposes [147, 148]. A breast tissue microarray (US Biomax BR1003) was obtained from
formalin-fixed, paraffin-embedded tissue and contained 1-mm diameter circular cores of
tissues for different histologic classes — normal, hyperplastic, dysplastic, and malignant (both
ductal and lobular carcinoma). These samples were H&E stained and mounted in xylene
based mounting medium. The sample thickness is ~ 5 um, which is thin enough to produce
high-resolution forward SHG images. It is notable that, unlike vibrational spectroscopic
imaging techniques that need the sample to be unstained, the sample preparation protocol is

entirely compatible with clinical processing.
3.4.3.4.2.2 Experimental setup

The experimental setup is the same as that discussed in section 3.3.2. An average power of <
10 mW is used for all samples. Tiled backward SHG images are collected to image the whole
area (~1-mm diameter) of the tissue core. For FT-SHG analysis, the number of cores
considered for normal, hyperplastic, dysplastic, and malignant tissue are 19, 16, 18, and 29,

respectively.

3.4.3.4.3 Results and discussion

A diversity of tissue samples, with different pathologic conditions and from different patients,
is available using the TMA. Figure 48 shows a selection of tissues in which the brightfield
(H&E stained) and SHG images of three representative cores from the four major histologic
classes can be compared. The H&E stained images are the gold standard for clinical
examination of biopsies. Typically, a manual examination of the H&E images by a

pathologist allows for the visualization and identification of the major cell types and locations
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for imaging. While the H&E stained images provide a comprehensive view of tissue structure,
the dye provides a visualization that is fairly non-specific in terms of histologic structures or
underlying molecular content. The images shown in Figure 48 are selected to cover the
diversity of the samples and are, thus, generally representative of the histology in breast
tissue. The corresponding SHG images are shown alongside the H&E images in which the
green color provides a measurable signal and black areas indicate regions without measurable
signal. The SHG intensity images provide a complementary, molecularly sensitive
visualization of breast tissue. As is expected, the SHG images are not sensitive to epithelial
cells and these are clearly seen as missing from the images. Signal from the stromal regions,
however, is large and images are of good quality. The correspondence of tissue histology and
complementary information between the H&E and SHG images is enabled by the clinically
compatible protocol developed here. While the combined information can be examined for

synergistic effects, we focused here on the information content of SHG images first.

In SHG images, both gross areas of ECM abundance as well as finer structural detail can
be observed. As a first level of stromal involvement in tumors, one expects to observe less
ECM in larger tumors as the tissue volume is occupied by epithelial cells. That is, of course, a
trivial outcome of the histology of solid tumors and not likely to be a very specific diagnostic
parameter — hence, we do not focus on that aspect here. We have deliberately chosen TMA
sections that contain some ECM for all histologic subtypes in order to analyze the stromal
content with SHG. The selection of tissue regions for a valid comparison is not easy as the
spatial distribution of cells within the field of view and cellularity within the ECM are
obviously different for different pathologic states. Hence, we first wanted to ensure that the
samples used in analysis here actually provide a measure of collagen structure and are not
influenced by other microstructural entities in the tissues. We examined cellularity in the
ECM in terms of the numbers of “dark” regions within the sample. A region is considered
dark if the measured SHG intensity is low or negligible, which in the case of breast tissue
represents an absence of collagen fibers. Figure 49 shows the bar plot of the number of dark
regions within each tissue condition. The calculated values of number of dark regions are 43.6
+ 37.4, 46.6 £ 27.0, 83.2 = 51.7, and 75.9 £ 61.4 for normal, hyperplastic, dysplastic, and

malignant tissue, respectively. Applying a Kolmogorov-Smirnov comparison test, we find that
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this parameter does not provide any statistically significant differences at the 0.05 level.
Hence, our regions used for comparison are truly similar and the underlying morphology will

not present a confounding variable.

Qualitative differences were observed in the stroma between different pathologies, but a
more quantitative metric is needed for an objective test. Hence, we considered using A.I. ratio
as a metric for the four pathologic conditions as shown in Fig. 50. We find the calculated
values of the A.L ratio to be 2.8 + 1.5, 3.5 £ 2.3, 4.5 £ 3.2, and 11.6 £ 6.7 for normal,
hyperplastic, dysplastic, and malignant tissue, respectively. It is also observed that the A.L
ratio is the highest for malignant tissue. Indeed, Kolmogorov-Smirnov comparison tests
showed statistically significant differences in this parameter between the malignant tissue and
other conditions at the 0.05 level (note that the actual corresponding p-values are very close to

zero which is indicative of the strength of correlation of this parameter).

Normal Hyperplasia Dysplasia Malignant
-
B . B
9

Figure 48. H&E stained and SHG images of three cores for normal, hyperplastic,
dysplastic, and malignant breast tissues. Scale bar: 250 pm.
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Fig. 49. Bar plot of the number of dark regions for the four tissue conditions.
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Fig. 50. Bar plot of the parameter, A.IL ratio for the four pathologic conditions.
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3.5 Generalizing FT-SHG to 3D

So far, we have discussed FT-SHG for quantifying collagen fiber organization in two
dimensions since the images obtained from the SHG microscope were inherently in 2D.
Moreover, the tissues of interest were cut in such a way that the collagen fibers lie in a plane
(the y-z plane) transverse to the propagation of the incident light (x-axis). However, in
general, the tissues may contain fibers that lie at an angle with the y-z plane. For example,
tissues such as bone, hyaline cartilage, and skin have collagen fibers organized in 3D. We
now generalize this work by proposing three-dimensional Fourier transform-second-harmonic
generation imaging (3DFT-SHQG) to fully utilize the 3D imaging capability of SHG imaging
and extend the scope of analysis resulting in full 3D quantification of collagen fiber
organization. Here, specifically, 3D preferred orientation is used as the metric for

quantification. Its accuracy is determined using known 3D test images/objects.

Although 3D FT-SHG can extract full 3D information about the fiber organization, it
incurs high computational cost. Hence, the research community would greatly benefit from a
simple and computationally inexpensive 3D analysis (e.g., Matlab) that can be performed

relatively quickly.

3.5.1 Method

We begin by acquiring a z-stack of images of the collagen-based tissue from the SHG
microscope. Even though the axial resolution is usually worse compared to transverse
resolution, the step-size for z-stack is chosen such that sampling is the same in all three
dimensions. This basically means that we need to oversample in the z axis so that we make
full use of the resolution of the microscope and also avoid problems associated with 3D
interpolation. Using Matlab, the z-stack of images is read in and converted into a 3D matrix,
and a 3D FT of the matrix is calculated. From the 3D FT, 3D preferred orientation can be
calculated by detecting end points of the structure. Each z-plane is considered one at a time
and centroid of the points above a certain intensity threshold is “tracked”. The coordinate of
the endpoints, (x1,y1,z1) and (x2,y2,z2) should now give us the 3D preferred orientation in
terms of theta and phi through the relations
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3.5.2 Preliminary results

In order to determine the accuracy of the calculated 3D preferred orientation, we generated a
set of known test objects. Figures 51a and 51b show cylinders (green) oriented in 3D space at
theta = 9.50°, phi = 88.50°, and theta = 5.00°, phi = 40.00°, respectively. The calculated
preferred orientations for the two objects (yellow arrows) are theta = 9.00°, phi = 89.00° and
theta = 5.00°, phi = 40.00°. This indicates an error of < 0.5°. The method calculates the
orientation accurately for all angles except when there is a degeneracy of one angle, which
occurs when phi is close to 90°. This is commonly referred to as “gimbal lock” which
originates from the convention of angles (theta and phi) defined in the spherical coordinate
system. The whole analysis is performed using Matlab R2012a and it takes ~5 seconds for a
128 x 128 x 128 image on a basic computer with Intel dual-core processor with 3GB RAM.
This method could potentially be applied to 3D images of real biological samples and is the

subject of future work.

Theta = 9.5; Phi = 88.5° Theta =3, Phi = 40
test object
test object calculated
7 calculated z '

&

(a) (b)

Figure 51. Cylindrical test objects (green) oriented in 3D space and their calculated
preferred orientation (yellow arrows) oriented at (a) theta = 9.50°, phi = 88.50°, and (b)
theta = 5.00°, phi = 40.00°.
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Yet another method for calculating 3D preferred orientation is through the use of filter
bank of lines in 3D space [149]. The 3D Fourier transform of the test object is then compared
with the 3D Fourier transform of the filter banks and the one that corresponds to the
maximum correlation is the best estimate of orientation for the test object. In order to decrease
the computational time, we first calculate the coarse orientation with limited number of lines,
and then iteratively add filter banks around the coarse orientation to calculate the precise
orientation using the gradient-ascent method. The method has already been applied to
calculate 3D preferred orientation for complicated test objects and biological samples such as
sclera. This analysis is more accurate (<0.1°) than the former, but it takes ~ 2 minutes to
complete the analysis. The method is currently being further improved and made robust so

that it is applicable to several other biological samples.
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CHAPTER 4: y>-SECOND-HARMONIC GENERATION IMAGING (*-SHG
IMAGING)

In this chapter, we will discuss in detail the second technique, Xz-SHG imaging for
quantifying collagen fiber organization in biological tissues. ¥-SHG imaging utilizes the
coherent nature of SHG to extract the second-order susceptibility which provides information
on molecular organization. We first introduce the theory of y*-SHG imaging and also its
experimental setup. Then, we discuss the theory where we generalize x*-SHG from C6 to 3m
class symmetry which is necessary when collagen fibers undergo damage or become affected

by a disease.

We then utilize ¥>-SHG imaging to investigate a couple of biological problems. First, we
quantify differences in collagen fiber organization between cornea and sclera of the eye in
order to investigate their properties of transparency and opacity, respectively. Next, xz-SHG
imaging is applied to investigate differences in stromal collagen fibers for human breast
tissues from different pathologic conditions, namely normal, hyperplasia, dysplasia, and
malignant. We prove that the metrics developed from the technique could be used to
differentiate the tissue conditions. We also show why trigonal symmetry (3m) is a more
appropriate model to describe collagen fibers in malignant tissues as opposed to the
conventionally used hexagonal symmetry (C6). We then investigate whether y*-SHG imaging
is sensitive to fiber diameter. Finally, we introduce on extension of y*-SHG to curved fibers,

which is useful for generating Xz-image maps.

4.1 Brief Introduction

Measuring linear optical properties of biological tissues has yielded a wealth of information
regarding tissue structure or composition, and tissue health, and has even been used as a
diagnostic method [150-153]. By also measuring the nonlinear optical properties, we may be
able to extract additional information, leading to a more thorough analysis of the tissue of
interest. Just as linear refractive index (and therefore, " through the relation, »'" = #*- 1) has

been a useful measure for biological tissues, we aim to measure its second-order optical
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equivalent, i.e., x(z). Moreover, due to the nature of SHG emission through coherent addition
of HRS from ordered molecules as mentioned in section 2.2.8, ¥ is sensitive to molecular
scale organization. In addition, SHG is a scattering process wherein the phase information is
preserved (i.e., coherent), and we can utilize its extra degree of freedom — polarization. In
fact, y’-SHG imaging is a technique that utilizes its coherent nature and by modulating the
incident light polarization, it is possible to obtain ¥ for collagen fibers [25, 28, 154, 155].
Assuming that type I collagen fibers possess cylindrical symmetry (C6) crystal class, it has
previously been shown that y* can be used to differentiate between type I and type II collagen,
muscle and type I collagen, and also to determine the orientation of molecules in collagen-
based tissues [25, 28, 155]. Therefore, ;{2 seems to be sensitive for detecting structural

changes at the molecular scale.

4.2 Theory for y*-SHG

In general, the induced polarization density (P) in a material is given by

P=y"E+ yPE+PE +..., (44)

™ is the n"-order nonlinear susceptibility. Since

where E is the incident electric field and y'
SHG is a second-order process, we consider only the second term. Thus, for an incident field
with an angular frequency o interacting with a non-centrosymmetric material, the induced

second-order polarization density P at frequency 2w can be written as [62, 63]

R(2w>=2j2kdw5j(a’)Ek(a’) s ijk=123 (45)

where dji 1s a 2"_rank tensor corresponding to the 2™-order nonlinear susceptibility, and
Ej(w), Ex(w), and P;(2w) correspond to the components of the electric field and polarization
density along the three principal axes of the material, respectively. Fortunately, assuming
symmetry conditions such as intrinsic permutation and Kleinman symmetry (off-resonance
excitation), and the fact that P is Hermitian, the d tensor can be represented as a 3x6 matrix,

and therefore Eq. (45) can now be written as [62]

104



E (o)’

1 E ()
P (2w) d, d, ds d, ds dg E ((0)2
Py- Qo) |=2d, dy, dy d, dy dy 2E. (;))Ey () (46)
P (2w) dy, dy, dy, dy dy d

L

o 2E (0)E. (o)
2E,(0)E, (o)

Conventionally, collagen fiber is known to possess cylindrical symmetry (class C6), and its

corresponding d matrix is given by [62]

0 0 0 0 d, O
0 0 0 d, 0 o0f, (47)
dy dy, dy 0 0 0

where d;s, ds;, and ds; are the only non-zero elements. Therefore, the components of the

polarization density are given as

P,(20) = 4d,;E (0)E. (o)
P,(20)=4d ;E (0)E (o) (48)

P.(20) =2d,,(E}(0)+ E,*(0)+ £ (a)) .

Figure 52 depicts the geometry that we consider of a single collagen fiber relative to an
applied optical field. A collagen fiber is oriented along the z-axis while electric field E is
incident normal to the y-z plane (along the x-axis), and a is the angle between the incident
polarization and the z-axis such that £, (w) = E sin a, and E. (o) = E cos a. Under relatively
weak focusing conditions the contribution of the longitudinal field component is much less
than that of the transverse components and E, (w) is ~ 0. The emitted SHG intensity is the

sum of induced polarization along the principal axis, i.e.,
IQ2w) ~ P (2w)+ P’ 2®) + P’ 2w). (49)

Plugging Eqn. 46 into Eqn. 47, and normalizing with a particular d element (in this case, ds),

we obtain the emitted SHG intensity as
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From this equation we observe that the values of the tensor coefficients in terms of the d

ratios, dz,/d;s and d;;3/d;s, can be determined by fitting the experimental plot of SHG intensity

as a function of input polarization (polarization spectrum).

SHG SIGNAL
AFTER FILTERING

INPUT PUMP
FIELD E

COLLAGEN
FIBER

Figure 52. Illustration of the geometric arrangement of a single collagen fiber relative to
an applied electric field. The emitted SHG signal after spectral filtering is shown in blue.

4.3 Experimental Setup

The schematic of the experimental setup for y-SHG imaging is shown in Fig. 53. It is similar
to that of FT-SHG imaging; however, there are a few key changes. First, the dichroic mirror is
replaced by a metal mirror in order to preserve the polarization state of the incident beam.
Dichroic mirrors are known to change the polarization state and hence are avoided. This
forces the microscope to only forward collection geometry. Second, high NA illumination
objective is replaced by a low NA (0.6 NA) illumination objective (Olympus
LUCPLFLN40X) also to preserve the polarization. Finally, a combination of half-wave plate
(HWP) and polarizer is used to change the linear polarization incident on the sample from 0°

to 180°. The half-wave plate is fit within an automated rotation stage for faster data
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collection. The rest of the setup remains the same; i.e., Ti:sapphire laser, wavelength, galvo
mirrors, and relay lenses are unchanged. Most of the time, we aim to keep the average power
less than 10 mW and increase the integration time on EMCCD camera. All images are
acquired from the surface of the sample to avoid birefringence and diattenuation (at large

depths) [156, 157], which may further complicate the y*-SHG analysis.

Detector

SHG Filter
Laser Blocking Filter

0.66 NA Collection Obj

Sample
0.6 NA lllumination Obj

Galvoscanner

[ Ti:Sapphire

Metal mirror

Polarizer Scan Lens Tube Lens

Figure 53. Experimental setup of the 7-SHG imaging. Details of the setup are provided
in the text.

Calibration

In our lab, we routinely use type I collagen scaffold or H&E stained sclera for calibration the
v’-SHG imaging. These scaffolds serve as an optical SHG tissue phantom similar to tissue
phantoms used in ultrasound. Type I collagen scaffold can be prepared easily in the lab and its
preparation method is provided in the Appendix A. The fiber diameters are ~ 0.5 um as

shown in the Fig. 54a. Seven collagen fibers were randomly selected and their SHG
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intensities are collected while changing the polarization angle, and the polarization spectra are
shown in the Fig. 54b. After fitting these experimental plots with Eqn. 48, the values of d
ratios, dz;/d;s and dss3/d;s, were found to be 1.17 = 0.08 and 1.9 £ 0.13 units, respectively.

These values are consistent with what has been reported previously [28].
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Figure 54. (a) SHG image of type I collagen scaffold. (b) Normalized plots of SHG
intensity as a function of polarization angle for 7 random fibers from (a).

4.4 Generalizing XZ-SHG From Hexagonal C6 to Trigonal 3m Class Symmetry

When the collagen fibers undergo damage or change due to disease, it is more appropriate to
model collagen fibers as possessing trigonal symmetry (3m) instead of the conventionally
used hexagonal symmetry (C6) [158]. This hypothesis will be proved later in the section
4.5.1.2, and we also prove that it leads to a more sensitive analysis. Therefore, for a class 3m

material, the d matrix is given by [62]

0 0 0 0 d5 —-d,
—dy dy 0 dys 0 0 (51)
d, d, d, 0 0 0
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where d;s, dy, d3;, and d3; are the non-zero elements. Here, the components of the

polarization density are given as

P.(2w) =2dE (0)E (w)-2d,E (0)E (o)
P,2w)=d, (- E*(0)+ E,} (0))+ 2d,,E. (0)E, (o) (52)

P.2w) = dy\(E @)+ E,}(0))+ dyE. (o) .

We assume the same geometry of collagen fiber with respect to the applied field as shown in
Fig. 52, for which E, (w) 1s ~ 0, E, (w) = E sin a, and E. (w) = E cos a.. We now obtain the
emitted SHG intensity to be

1Q2w) ~ [(d22 sin® @ +d,; sin 205)2 + (dm sin® @ + d.; cos’ a)z] : (53)

This is now the final expression assuming trigonal symmetry, and here we calculate the values
of the tensor coefficients d;s5, dz», d3;, and ds3;, to within a constant when fit with the

experimental plot of the polarization spectrum.

Figure 55a shows three typical normalized plots of the polarization spectrum that can be
obtained from Eq. 53 assuming appropriate values of tensor elements. Panels (i) and (ii) in
Fig. 55 (a) show polarization spectra for nonzero values of d>;, which exhibit noticeable
asymmetry about 90°. Larger positive values of d,; produces the pattern in (1), while larger
negative values produces that shown in (ii); values of d», close to zero yield the typical
spectral shape shown in (iii). Note that if collagen fiber is assumed to possess cylindrical
crystal class (C6) symmetry, which is typically assumed, we obtain the spectrum shown in
Fig. 55b, which is the same as that of panel (iii) in 55a. It is clear then that class 3m is a more

general symmetry class of which cylindrical symmetry is a special case.
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Figure 55. Simulated plots of normalized SHG intensity as a function of polarization
angle (polarization spectrum) for collagen fibers possessing a) trigonal 3m and b)
cylindrical C6 crystal class symmetry.
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4.5 Results and Discussion

4.5.1 Applications to biological problems

In this section, we utilize ¥>-SHG imaging to prove its potential as a valuable diagnostic tool
for real-world biological problems either for understanding the structure of collagen fibers in

different tissues or to monitor changes in collagen fibers due to damage from disease or

injury.

4.5.1.1 Investigation of collagen fiber organization in cornea and sclera using y’-SHG

imaging

In this section, y-SHG imaging is applied to quantify differences in collagen fiber
organization between porcine cornea and sclera. This section reports only the results obtained
from x>-SHG for cornea and sclera. In the discussion chapter (Chapter 5), we discuss the
overall results from the two techniques, and investigate the properties of transparency and

opacity for cornea and sclera, respectively.

4.5.1.1.1 Results and discussion

v*-SHG takes advantage of the coherent nature of SHG and utilizes polarization to extract the
second-order susceptibility which provides information on molecular organization. Figure 56a
and 56b show the plots of normalized SHG intensity as a function of polarization angle for
sclera and cornea, respectively. These plots are fitted with an equation that describes SHG
intensity in terms of the elements of the second-order susceptibility matrix, and in particular,
the ratios, dsi/dis and ds3/d;s are determined for sclera and cornea. The calculated values of
ds1/dys, and dss/d)s, for sclera are 1.324+0.23 and 1.84+0.32, respectively. In addition, for
cornea, these values are found to be 1.29+0.14 and 1.97+0.23, respectively. These values are

statistically insignificant (at a p-value of 0.05) between the two.
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Figure 56. Normalized SHG intensity as a function of polarization angle for (a) sclera
and (b) cornea.

4.5.1.2 Breast cancer study: Quantifying stromal collagen structure in breast cancer biopsies

using )(Z-SHG

In this section, y-SHG imaging is used to assess collagen fiber organization in several breast

tissue conditions — normal, hyperplastic, dysplastic, and malignant.

4.5.1.2.1 Introduction

%’-SHG has been used previously in two reports for breast cancer detection, but with mixed
results [159, 160]. In one study, the researchers used y” to estimate the orientation of collagen
molecules in normal and cancerous tissues. Unfortunately, to their surprise, they did not
observe any statistical differences between the two [159]. In the same year, another group
reported the value of a particular matrix element in y*, i.e., ds, for normal and breast cancer
tissues. d>; was normalized with respect to a nonlinear crystal (lithium niobate) and they

found significant differences between the two [160]. Here, we sought to examine the
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potential of SHG imaging for analysis of breast tissue by building on these studies in several
significant ways. As a prelude to eventual biomedical research and clinical translation, an
overarching consideration in our study is the compatibility with current tissue examination
protocols. While the developed methods are sought to be generally applicable to cancer
research, we considered the aforementioned four breast tissue conditions as a relevant test
case. Furthermore, as mentioned before, we also assume a more general crystal class
symmetry for collagen, i.e., trigonal symmetry (3m), and calculate all the (normalized) tensor
elements for the various conditions. Finally, we also determine the unique combination of
normalized tensor elements that are most sensitive for characterizing the four tissue

conditions.

4.5.1.2.2 Experiment

The same breast tissue microarray mentioned in section 3.4.3.4.2.1 is used for the y’-SHG
imaging, and the experimental set up is already detailed in section 3.3.2. The average power is
< 10 mW. The forward-scattered SHG intensity is recorded as the incident polarization is
varied between 0° and 180°. We find it sufficient to choose a step size of 30° to produce
accurate measures of the d ratios. We chose to analyze 11 cores of normal, 10 cores of
hyperplastic, 10 cores of dysplastic, and 11 cores of malignant tissue. From each core, regions
(~ 5 um x 5 pm) containing a collagen fiber were randomly selected for analysis from one of
five sectors (top, left, bottom, right, and center). In total, the respective sample size for
normal, hyperplastic, dysplastic, and malignant tissue are 48, 48, 42, and 46. As mentioned
before, all images are acquired from the surface of the sample to avoid birefringence and

diattenuation.

4.5.1.2.3 Results and discussion

While the FT-SHG analysis provided an understanding of multiple collagen fibers’
organization at the microscopic level, here we also sought to investigate average changes in
individual collagen fibers that influence their microscopic organization through »’-SHG. We

apply ¥’-SHG to calculate the normalized tensor elements of the second-order susceptibility
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matrix corresponding to collagen fibers. Figure 57 shows example polarization spectra for
various conditions. On average, it is observed that collagen fibers in normal tissue (Fig. 57a)
show prominent shoulders at ~ 30° and 150° and are relatively symmetric about 90°. In
contrast, many fibers in malignant tissue exhibit a polarization spectrum with little or no
shoulders and an asymmetry about 90° (Fig. 57d). Collagen fibers in hyperplastic and
dysplastic tissues show trends that lie between normal and malignant tissues. These trends are

likely a consequence of both the remodeling of collagen as well as physical forces in tissue.
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Figure 57. Normalized SHG intensity as a function of polarization angle (or polarization
spectrum) for a) normal, b) hyperplastic, ¢) dysplastic, and d) malignant breast tissue.
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Note that Eq. (53) is a proportional equation and as such we can only obtain normalized
values of the tensor coefficients. For example, when normalized by d;s, we can obtain d,,/d;s,
ds3;/d;s and ds3/d;s. Note that, however, the choice of normalization is not arbitrary. We want
to find the appropriate combination of ratios of tensor elements that contain the least amount
of redundancy. For example, if d;5 is changing with each tissue condition, then other elements
normalized by it (d2./d;s, d31/d;s and d33/d;s) will all show the same change, thereby leading to
redundancy. To minimize this, we consider all combinations of normalization (i.e., d;s, d3,
ds;, and d>,), and the resulting equations are fit to the experimental plot of polarization
spectrum for all tissue conditions. We find that in the case of breast cancer, both d3; and d3;
provide the least redundancy; therefore, we choose to normalize the tensor elements by d;;.

The final expression for the SHG intensity as a function of polarization angle is

31 31 31

2 2
1Qw)~ H?Z sin’ o + 2115 sinZaJ + (sin2 a+ dy cos’ aj } ’ (54)

where the ratios d»»/ds;, d;s/ds; and ds3/ds; are calculated and used as metrics to differentiate

between breast tissue conditions.

After fitting the experimental plots of the polarization spectrum using Eq. 54, the d ratios,
dis/dsy, dys/d3 and day/ds) (absolute value) are calculated and plots are shown in Fig. 58. The
average value of the ratio d)s/ds; ranges from 0.843 for normal to 0.728 for malignant tissue.
Moreover, the standard deviation increases from a value of 0.064 for normal to 0.122 for
malignant tissue. Similarly, differences are observed for d,/ds; with a mean value of 0.052
for normal and 0.116 for malignant tissue. Again, the standard deviation is observed to be
higher for abnormal conditions, likely indicating greater heterogeneity. Interestingly, the ratio
ds3/ds; remains relatively constant across all conditions. These ratios can potentially function
as metrics of pathology. There is, however, significant variance indicating the response and

heterogeneity of stromal remodeling.
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Figure 58. Bar plot of the tensor elements (d1s/ds1, ds3/d31, d2;/d31) for normal,
hyperplastic, dysplastic, and malignant tissues.

In order to test if the d ratios can be used as a metric for differentiating various breast
pathologies, we performed statistical comparison tests assuming the values within the core to
be dependent and the values across the cores to be independent. Repeated measures of
ANOVA with between-subject factors were performed using OriginPro 8 and SAS. A
condition for this analysis is that the distribution of values of d ratios must be normal. This is
satisfied for the ratios d;s/ds; and dx/ds;, but not with dss/ds1. However, for this case, we find
that the log of ds3/d3 also shows a normal distribution, thereby permitting us to apply the
above analysis. The results of the comparison are shown in Table 4. Using d;s/d3; and a p-
value of 0.05, we find that there seems to be the potential to differentiate between normal and
dysplasia, normal and malignant, hyperplasia and malignant, and dysplasia and malignant.
However, differentiation of hyperplasia from either normal or dysplasia could not be
established. Interestingly, we did not observe any statistical differences between ductal and

lobular carcinoma-associated stroma.
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Table 4. Comparison tests between breast tissue conditions performed at a p-value of
0.05, which corresponds to 95% confidence level. M.D. is the mean difference between
the different tissue conditions.

dys/dy; (ANOVA) ds3/ds (ANOVA) d/d3 (K.S. Test)

Signifi p- | Signifi p- | Signifi

Groups M.D. | p-value cant? M.D value cant? M.D. value cant?
Normal vs.

| 0023 | 03259 No | -0.005 | 0.8085 | No [ -0.011 [ 09845 | No
Hyperplasia
Normal vs.

\ 0059 | 0.0170 Yes 0.003 | 0.9122 No -0.012 | 0.1688 No
Dysplasia
Normal vs.

: 0.115 | <0.0001 | Yes | -0.040 [ 0.0438 | Yes | -0.064 | 0.0002 | Yes
Malignant

Hyperplasia | ¢ 1 (1410 No 0.008 | 0.7304 No -0.001 | 0.1641 No
vs. Dysplasia

Hyperl.)laSIa 0.092 0.0003 Yes -0.034 0.0762 No -0.053 0.0002 Yes
vs. Malignant

PySPlasia vs- 1 g o56 | 00218 | Yes | -0.043 | 00305 | Yes | 0052 | 00135 | Yes
Malignant

Given the variance and the range in values, at this stage, it does not appear that there is a
simple feature in SHG data that characterizes breast pathology. To more accurately estimate
the use of SHG imaging data for breast pathology, we sought to devise a test based on
similarity to normal tissue. We defined a filter that contains the range of values of ds/d3; for
normal tissue and we label the collagen fibers whose tensor values fall outside this normal
range as “abnormal” collagen fibers. We then tabulated the number of abnormal collagen
fibers in each tissue condition. The fractions of abnormal fibers defined in this manner are
plotted for each condition in Fig. 59 and were observed to be 0.0% (by definition), 10.4%,
19.1%, and 47.8% for normal, hyperplastic, dysplastic, and malignant tissue, respectively. It
is evident that the numbers of abnormal fibers are different for different pathologies. It is also
interesting to observe that about 52.2% of the collagen fibers in malignant tissue are normal

fibers with this definition.
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Figure 59. Percentage of abnormal collagen fibers as a function of breast pathology.

As observed from the measurements above, normal breast tissue contains collagen fibers
whose d)s/ds; value lies in the range of 0.843 £ 0.064, and ds3/ds;; within the range 1.570 +
0.074. These values are close to reported values for type I collagen [28]. The values of dx/d;
for normal tissue lie close to zero (0.052 + 0.043) indicating that the assumption of cylindrical
symmetry is valid for normal tissue. This symmetry condition, however, does not seem to
hold for malignant tissues that contain abnormal fibers. Since malignant tissues also contain
normal tissue-like fibers (~ 50% of the total fibers), the average differentiation appears to be
smaller. This is also a likely reason for the large standard deviation associated with malignant
tissues. Hence, we removed the contribution of normal fibers from malignant tissue and
considered only abnormal fibers, which provided values of dys/d3; = 0.646 £ 0.122, d33/ds; =
1.603 £ 0.123, and dxn/ds; = 0.117 + 0.087. Malignant tissue contains fibers that have
comparatively smaller d;s/d3; and larger dy/ds; values. Larger values of da,/d3; manifest as
asymmetry about 90°, and are an indication that trigonal symmetry is a more appropriate

description for abnormal fibers.
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4.5.2 Sensitivity to XZ-SHG to structure

We know that the ¥>-SHG is sensitive to molecular changes in the collagen fibers, which
could be either changes in composition or molecular conformation, especially the helical
angle of the amino acids [28, 161]. Here, we investigate whether y*-SHG is also sensitive to
changes in fiber diameter. For this, we fabricated type I collagen scaffolds in our lab. The
sample preparation for collagen scaffolds is provided in Appendix A. By carefully controlling
the concentration of collagen molecules, pH, and temperature of curing, collagen fiber
scaffolds can be prepared with varying fiber diameters in the range ~100 nm - 800 nm. We
were able to fabricate collagen fibers up to 720 nm. The smallest fiber diameter we could
resolve is ~ 320 nm for a 0.6 NA illumination air objective and an oil-immersion collection
objective. Thus, our range for x*-SHG measurements is from 320 nm to 720 nm. Note that
here we can consider the C6 symmetry since the collagen fibers in the scaffolds are neither
damaged nor diseased. This reduces the redundancy from d,,/d3;, which is close to zero in this

case.

Figure 60 shows the measured values of the d elements, d|s/ds, and ds3/ds;, as a function of
fiber diameter from 320 nm to 720 nm. Three measurements from different fibers were taken.
It is observed that d;s/d3; stays in the range ~0.85 to 0.91, and d;s/d5; in the range ~1.51 to
1.55 throughout the fiber diameter range. The values across the different fiber diameters are

also statistically insignificant at a p-value of 0.05.
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Figure 60. Measured values of d elements, dis/d3; and d33/d3;, as a function of fiber
diameter.
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4.5.3 Extension of XZ-SHG to fibers with curvature to generate Xz-image maps

In this section, we discuss a method of extending x*-SHG to fibers with curvature. In order to
calculate the second-order susceptibility matrix, there is an experimental constraint that the
collagen fiber under interest should be straight (as opposed to being curved) as shown in Fig.
61 so that the polarization of applied field relative to the fiber can be accurately calculated.
However, most biological tissues contain collagen fibers that are not necessarily straight; they
may have small radii of curvature (i.e., largely curved). In order to calculate the d elements
for such tissues, it is essential to extend x*-SHG to fibers with curvature. Its main advantage is
that one can generate image maps in terms of y’ instead of raw SHG intensity as shown
schematically in Fig. 61. The spatial variations in d elements would provide additional
information regarding the sample. For example, in breast cancer tissues, it will be useful to
see how the fibers convert locally from normal to malignant as we move towards the region

containing cancerous cells.

SHG Intensity X2 values : d elements

Figure 61. A simple schematic showing a (a) conventional SHG image and (b) y’-image
map in terms of d elements.

4.5.3.1 Challenges

There are a few challenges associated with this and they are listed below.
1. Most tissues are heterogeneous, which means that the neighboring fibers can falsify the

estimate of d elements for a particular collagen fiber.
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2. The accuracy of calculated d elements depends on the signal-to-ratio (SNR) of the SHG
intensity within the region of interest. However, for any real biological sample, there
always exist regions with low SNR. These noisy regions give inaccurate values.

3. Saturation of SHG intensity within a region of interest could also lead to inaccurate values
since the plot of polarization spectrum can no longer look like that shown in Fig. 57a but
instead looks like a horizontal line of magnitude 1 for all polarization angles.

4. Drift in the image during image acquisition due to the relative movement between the
sample and objectives can also be a problem. Even a drift of 1-2 pixels can lead to
erroneous values. The drift could be due to the heavy weight of the upper microscope
which leads to lowering the objective slowly over time due to gravity, air currents, or

thermal expansion of the components in the microscope or optical train.

4.5.3.2 Method

First, a series of SHG images are obtained at polarization angles 0° to 180° (step size of 5°-
10°). We first approximate a curved fiber as several short straight fibers of different
orientations. This can be done by reducing the sub-image size down to a side-length of just 8
or 16 pixels. This size can also account for the drift and as long as it stays within 3-4 pixels of
drift, we can estimate the d elements fairly accurately. It also allows for accurate estimation of
the preferred orientation as mentioned in section 3.2.1. Smaller size of sub-image up to a
certain degree also avoids the influence of neighboring fibers so that the polarization spectrum
is from an individual fiber. Then, the preferred orientation is calculated for each sub-image
using the radial integration or image gradient method. The angle between the fiber segment
and incident polarization angle (polarization offset) is calculated. Finer polarization angles are
needed; i.e., a step size of at least 5°-10° ensures that the error in polarization offset stays < 5-
10°.

We also define a few thresholds to increase accuracy of the estimate for d elements. A dark
threshold is set to neglect the regions that contain no collagen fiber or fibers with low SNR,
which are usually the extremely noisy regions in the image. We also define thresholds,

thr_max and thr_mean which act as secondary filters that can be tuned to further neglect the
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regions based on maximum SHG intensity and mean SHG intensity within the sub-image,
respectively. Another threshold called thr std makes sure that there is adequate image
contrast. This especially neglects blurry regions caused by high scattering or erosion from
sample cutting artifacts. A simple algorithm also searches for sub-images containing saturated

pixels, and they are discarded from the analysis.

The classification of isotropic vs. anisotropic regions is performed through the spread in
the histogram of calculated orientation. If the spread is larger than 40°, the sub-image is
considered an isotropic region. Finally, in order to account for variations in the calculation of
orientation for noisy regions, the calculated orientation is set as the initial guess for fitting
with 15° bounds. Now the corrected polarization spectra for the non-neglected sub-images are

used to calculate the d elements and thus generate y*-image maps.

4.5.3.3 Results

A series of SHG images of porcine sclera are obtained at polarization angles 0° to 180° at a
step size of 10°. Moreover, 5 images per polarization angle are collected and averaged. Shown
in Fig. 62a is an SHG image of a region of interest in sclera overlaid with the orientation sub-
grid obtained at 0° polarization angle. Each sub-image is of the size 8x8 pixels. The isotropic
and saturated regions are labeled in pink and blue, respectively. The regions labeled in green
are those that are either extremely noisy or that were neglected from the analysis based on the
filter established from the thresholds. Here, thr_max, thr_mean, and thr _std are chosen to be
0.35, 0.35, and 0.1, respectively. The 17 anisotropic regions that were not neglected are
shown with their corresponding preferred orientation, k, al and a2 values, where al = d;,;/d;s
and a2 = d;3/d;s. Note that again, here, we can consider the C6 symmetry since the collagen
fibers in sclera are neither damaged nor diseased. Figures 62b, 62c, and 62d show the
corresponding maps of k, al, and a2, which provide useful information on the spatial
variations of these metrics. It is even possible to calculate the d elements on a particular
region of an individual collagen fiber. The histograms of the values of k, al, and a2, are also
shown in Fig. 63a, 63b and 63c. For k, we observe the mean and standard deviation to be 0.27

and 0.04, for al, it is 1.23 and 0.15, and for a2, it is 1.88 and 0.20 units.
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We observe that the stronger the filter requirements, the less the variations in the estimated
values. In other words, there is always a tradeoff between accuracy and number of non-
neglected sub-images for which the d elements need to be calculated. Shown in Fig. 64 is the
same analysis as in Fig. 62; however, the parameters are chosen such that there are now more
regions (54). Here, thr_max, thr_mean, and thr std are chosen to be 0.15, 0.15, and 0.05,
respectively. As you can see, the variations are larger for all the calculated parameters, as
evident from Fig. 64a, 64b, 64c, and 64d, and moreover, the image contains some outliers.
The standard deviations for k, al, and a2, are now 0.06, 0.24, and 0.31, respectively as shown
in the histograms plot in Fig. 65. Due to the presence of outliers mostly larger than the usual
range, the mean values also tend to be higher with mean values of 0.24, 1.37, and 2.00 for £,

al, a2, respectively. Thus, the thresholds need to be optimized for adequate accuracy.

The whole data collection has been automated using a motorized rotation stage and
autohotkey program. The analysis has been also completely automated. For example, a simple
mouse click collects 180 images at polarization angles 0° to 180° and 5 images per
polarization angle. The settings can be changed according to the need. The data collection
takes ~ 5 minutes, which is limited by the SNR of the image and galvo’s scanning speed. A
Matlab program then runs on the specified folder containing the images and produces the -
image maps and histogram plots. The run time for the analysis is < 5 seconds. It is written to
facilitate subsequent users and even biologists so they can calculate x*-image maps for their

biological samples, without the need to know the physics of SHG or the method of analysis.
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Figure 62. (a) SHG image of region of interest from sclera overlaid with orientation sub-
grid, and corresponding values of k, al, and a2, where al = d3,/ds and a2 = d33/d;s.
Corresponding (b) K-map, (c) al and (d) a2 maps of the sample shown in (a).
Thresholds: thr_max= 0.35, thr_mean= 0.35, and thr_std = 0.1.
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Figure 63. Histograms of the values of (a) k, (b) al and (c¢) a2 for the sample shown in
Fig. 62a.
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Figure 64. (a) SHG image of region of interest from sclera overlaid with orientation sub-
grid, and corresponding values of k, al, and a2, where al = d3,/d;s and a2 = di3/d;s.
Corresponding (b) K-map, (¢) al and (d) a2 maps of the sample shown in (a).
Thresholds: thr_max= (.15, thr_mean= 0.15, and thr_std = 0.05.
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Figure 65. Histograms of the values of (a) k, (b) al and (c¢) a2 for the sample shown in
Fig. 64a.
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CHAPTER 5: DISCUSSION, CONCLUSION AND FUTURE WORK

In the previous chapters on FT-SHG and x*-SHG, we discussed the methodology and results
obtained from each technique individually. In this chapter, we discuss the results from the two
techniques as a whole as it pertains to solving the biological problem and what we understand
holistically through the combined technique. Therefore, we discuss the two problems that
were studied using the combined technique approach: (1) quantifying collagen fiber
organization in cornea and sclera, and (2) assessment of collagen fiber structure for breast

tissue biopsies.

We also discuss the conclusions that we have gathered from the application of the two
techniques to several biological problems. Finally, the future work for the two techniques is

discussed.

5.1 Discussion for Cornea and Sclera

As mentioned before, we are interested in quantifying the collagen fiber organization in
cornea and sclera through the use of combined quantitative technique. Briefly, from the
analysis obtained using FT-SHG imaging, we have found that the collagen fiber organization
in sclera is denser (fewer dark regions), inhomogeneously oriented, and lacks axial order,
contrary to that of cornea. However, y’-SHG analysis has shown no statistically significant (p-
value of 0.05) differences in the values of d elements, d31/d;s and ds3/d;s, between cornea and

sclera.

The similar values of d elements between cornea and sclera are an indication that the
underlying collagen structure generating SHG from both cornea and sclera are at least similar
at the level of detection of SHG microscopy. Furthermore, these values are close to the
previously reported values for type I collagen—Ilending credence to the supposition that the
content of collagen is similar in both tissues. However, the difference lies in the (spatial)
organization of these collagen fibers as observed from FT-SHG imaging. Cornea contains

lamellae with patches of ordered and uniform diameter collagen fibers which are regularly
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arranged in the axial direction (with orthogonal orientations) between successive lamella
indicating axial order. These conditions should permit coherent addition of the linearly
scattered light in the forward direction, which could be a major contribution to its
transparency. Conversely, there are no lamellae in sclera (i.e., no axial order), and fibers are
thicker, denser, have inconsistent diameters, and possess relatively inhomogeneous
orientations. These factors lead to the opaque nature of the sclera (helps block stray light) and

provide stiffness necessary for maintaining the shape of the eye.

5.2 Discussion for Breast Cancer

In previous chapters, we utilized two quantitative second-harmonic generation imaging
techniques, FT-SHG and y’-SHG, to investigate differences in stromal collagen fibers for
human breast tissues from different pathologic conditions, namely normal, hyperplasia,
dysplasia, and malignant. Using FT-SHG, we quantified collagen fiber organization at cellular
scales. We found that the metric, A.L. ratio, was the highest for the malignant tissue and its
value was, statistically, significantly different from other tissue conditions at a p-value of
0.05. Thus A.L ratio could potentially be useful for differentiating malignant from other tissue
conditions. We also observed significant variance in the value of A.I. ratio. This natural
variation probably partially accounts for the ambiguous conclusions reported in the literature
on using SHG to characterize tumors. We should also caution that the tumor associated
stroma is likely associated only closely with the tumor itself. The proximity of the stroma to
the tumor in a small TMA sample and our careful attention to ensuring that a fair comparison
is made by using well characterized spots likely explain the observed trend in our study.
Significant care must be taken in transferring this result to large areas of unknown tissue. We
believe that the observed characteristics of malignant tissue arise from a local stiffening of
fibroblasts and the attendant stromal remodeling. The spatial extent of this remodeling and its
evolution with tumor progression should be studied in detail. Here, our goal was simply to
develop a tool that can potentially examine these effects. Hence, we did not pursue a detailed

study of stromal remodeling indicative of tumor progression.
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Alternatively, »°-SHG was used to infer structural changes in collagen at the molecular
scale through the calculation of the normalized tensor elements of the second-order
susceptibility, i.e., dis/ds1, ds3/ds; and dr/ds;. In particular, d;s/d;; showed statistical
differences across breast tissue pathologies, except between hyperplasia and normal/dysplasia.
We also found that trigonal symmetry (3m) is a more appropriate model to describe collagen
fibers in malignant tissues as opposed to the conventionally used hexagonal symmetry (C6).
Furthermore, the percentage of abnormal collagen fibers was distinctly different across the
tissue conditions. In particular, about 52% of the collagen fibers in malignant tissue were
normal. This means that that there are few “global” changes in tissue stroma but different
regions must be carefully probed. Secondly, imaging in terms of the d elements is needed and
averaging measurements will likely yield to confusing results. Thus, studies designed to
measure changes due to cancer progression will have to carefully segment the spatial
variations and understand these in the context of the tumor. While our goal here was to
determine whether there is any potential of using SHG imaging to understand stromal changes
in breast cancer, for future clinical translation, this issue of within sample and other variance

must be examined through a larger study and location of fibers relative to the tumor.

Our observed changes in the values of the d ratios and symmetry are interesting, likely
indicating ECM remodeling that is observed during tumor progressions [162]. Molecular
changes in collagen fibers were also reported in recent biochemical studies [163, 164]:
collagen present in the normal tissue is a heterotrimer consisting of two a1(I) chains and one
a2(I) chain, while collagen found in malignant tissues are homotrimeric consisting of three
ol(I) chains. Unfortunately, resolving these changes is well below the diffraction-limit of
conventional optical microscopes, but y’-SHG allows us to detect potentially molecular-level
changes optically. Matrix metalloproteinases (MMPs) are also upregulated in cancer [165]
and are known to degrade type I collagen fibers. Furthermore, MMP upregulation also leads
to a changed isoform of type I collagen, which does not degrade and helps impart a more
aggressive phenotype to cancer cells. Hence, the tools reported in this study can lead to

several other basic studies on the mechanism of cancer progression.

This unique method of targeting collagen fibers using a combination of two quantitative

SHG techniques, FT-SHG and y*-SHG imaging, seems promising for further study, especially
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as a complementary technique with gold-standard histopathological diagnosis. To that end,
our SHG measurements were conducted on clinically compatible slides and can be easily

incorporated within present clinical work.

5.3 General Conclusion

This thesis reports the development of two quantitative second-harmonic generation
techniques — Fourier transform-second-harmonic generation (FT-SHG) and generalized y’-
second-harmonic  generation (¥>-SHG) imaging for quantifying collagen fiber

organization/structure in biological tissues at the cellular and molecular scales, respectively.

FT-SHG imaging involves extracting quantitative metrics through the application of spatial
Fourier analysis on the images of collagen-based tissues obtained from a SHG microscope.
We defined simple metrics such as preferred orientation, maximum spatial frequency, and
fiber spacing and showed how they could be used for quantification. We first quantified
differences in collagen fiber organization in terms of preferred orientation and maximum
spatial frequency among several porcine tissues: ear cartilage, trachea, and cornea. The ear
cartilage showed consistent maximum spatial frequency and orientation. However, there are
observable changes in the orientation and minimum feature size of fibers in the trachea
indicating a more random organization. The analysis was also applied to investigate structural

changes through a 3D image stack of the cornea.

FT-SHG imaging was also applied to quantitatively compare the information content
between SHG images obtained from the forward and backward direction for three tissue
types: porcine tendon, sclera, and ear cartilage. Both signal types yielded consistent
information on the preferred orientation of collagen fibers. The Fourier transform of the
forward and backward SHG images produces several overlapping peaks in the magnitude
spectrum at various depths into the tissues. This indicates that some information present in the
forward SHG images can be extracted from the backward SHG images, highlighting the

potential of backward SHG microscopy for medical diagnostics.
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We then show that FT-SHG imaging can be used as a valuable diagnostic tool for real-
world biological problems where the structure of collagen fibers changes due to damage from
disease or physical injury. In particular, we investigate the potential of FT-SHG imaging in
evaluating collagenase-induced injury in horse tendons. The differences in collagen fiber
organization between normal and injured tendon were quantified. Results indicate that the
organization of collagen fibers is regularly oriented in normal tendons and randomly
organized in injured tendons. This is further supported through the use of additional metrics,
in particular, the number of dark (no/minimal signal) and isotropic (no preferred fiber
orientation) regions in the images, and the ratio of forward-to-backward second-harmonic
intensity. FT-SHG microscopy is also compared with the conventional polarized light

microscopy and is shown to be more sensitive in assessing injured tendons than the latter.

Later, we utilized FT-SHG imaging for quantifying collagen fibers in porcine femoral
cortical bone. The technique was compared with scanning electron microscopy (SEM); and
the pros and cons of each were discussed. Furthermore, we quantitatively assess collagen fiber
organization through an exploratory examination of bone structure as a function of age, from
very young to mature bone — 1 month to 30 months. We observed that as the bone develops,
there is an overall reduction in porosity, the number of osteons increases, and the collagen
fibers become comparatively more organized. It is also observed that the variations in
structure across the whole cross-section of the bone increase with age. Finally the extension of

FT-SHG to 3d is proposed. Some initial work and future directions are provided.

The second technique, x*-SHG imaging, takes advantage of the coherent nature of SHG
and utilizes polarization to extract the second-order susceptibility which provides information
on molecular organization. We used yx°-SHG in combination with FT-SHG imaging to
investigate a couple of biological problems. First, we quantified differences in collagen fiber
organization between cornea and sclera of the eye in order to investigate their properties of
transparency and opacity, respectively. From Xz-SHG imaging, we found no statistically
significant (p-value of 0.05) differences in the values of d elements between cornea and
sclera, indicating that the underlying collagen structure generating SHG from the two are
similar at the level of detection of SHG microscopy. However, the difference lies in the

spatial organization of these collagen fibers as observed from FT-SHG imaging. We found
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that cornea contains lamellae with patches of ordered and uniform diameter collagen fibers
with axial order, which could be reason for its transparent behavior. Conversely, there are no
lamellae in sclera (i.e., no axial order), and fibers are thicker, denser, have inconsistent

diameters, and possess relatively inhomogeneous orientations, leading to its opaque nature.

We also utilized the two techniques to investigate differences in stromal collagen fibers for
human breast tissues from different pathologic conditions, namely normal, hyperplasia,
dysplasia, and malignant. Using FT-SHG, we quantified collagen fiber organization at cellular
scales, and noted differences between malignant and other pathological conditions through the
metric AL ratio. On the other hand, ¥*-SHG was used to infer structural changes in collagen
at the molecular scale through the d elements, and in particular, d;s/d;; showed statistical
differences across breast tissue pathologies, except between hyperplasia and normal/dysplasia.
We also found that trigonal symmetry (3m) is a more appropriate model to describe collagen
fibers in malignant tissues as opposed to the conventionally used hexagonal symmetry (C6).
Furthermore, the percentage of abnormal collagen fibers could potentially be used as a metric
for differentiating breast tissue conditions. We have shown that this unique method of
targeting collagen fibers using two quantitative SHG techniques seems promising for future
breast cancer diagnosis, especially as a complementary technique with gold-standard

histopathological method.

5.4 Future Work

Immediate future work includes improving upon the initial work on 3D FT-SHG and to make
it robust so that it is applicable to real biological samples. It will be particularly useful for
quantifying structures such as bone, cornea, and cartilage. In particular, there has been a great
deal of interest in knowing the 3D orientation of collagen fibers in bone in order to create

artificial bone tissues, and the technique should be able to provide essential information.

Work is already underway to add additional functionalities to the FT-SHG analysis. Initial
work has been done to extract more quantitative parameters such as fiber diameters, densities,
and location of spacing between the fibers. This should lead to a more thorough analysis of

the collagen-based tissues.

134



We would also like to generate y*-image maps in order to obtain useful information from
various biological tissues. For example, breast cancer tissue is a great candidate for such an
investigation, since we will now be able to see how the fibers change from normal to
malignant around the region containing cancerous cells. This will also provide useful
information regarding the interaction of cells and the surrounding stroma that is undergoing
changes due to disease or cancer progression. We also plan to apply quantitative SHG
imaging for extension to clinical in vitro breast cancer studies as well as to other types of

cancers such as lung and prostate cancer.

We would also like to extend the existing SHG microscope to perform live imaging which
we call 4DFT-SHG imaging. By carefully controlling the environment through incubation
chambers and appropriate objective lenses, it should be straightforward to set up a live SHG
imaging in our lab. Furthermore, for potential in vivo studies, we plan to build an SHG
endoscope that combines fiber-based femtosecond lasers, fiber-optic catheter, and MEMS-

based scanning head systems, and that integrates with both FT-SHG and x>-SHG techniques.

Another future work includes the use of longer wavelengths such as 1250 nm from Cr:
Forsterite laser. There are two advantages: it can significantly improve the penetration depth
leading to a deeper assessment of the tissue, and it also allows acquisition of third-harmonic
generation (THG). This generalized (second and third-harmonic imaging) technique would

probably be called Fourier transform-harmonic-generation imaging.
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APPENDIX A: PREPARATION OF TYPE I COLLAGEN SCAFFOLDS

The preparation of type I collagen scaffolds requires the following chemicals: high
concentration rat tail collagen from BD Biosciences (Catalog no. 354236), sterile 10x
phosphate buffer solution (PBS), sterile distilled water/ molecular grade water, and 1IN

sodium hydroxide (NaOH) solution. Details can be also found on BD biosciences website.

1. First, all the chemicals mentioned above contained in sterile test tubes are placed on ice
for ~ 5-10 minutes. Meanwhile, coverslips, O-rings and mixing tube are sterilized using
ethanol. The incubator temperature is set to 35°C.

2. Then, calculate the volume of the chemicals to be mixed. It is found that a desired
concentration of 0.5 mg/ml collagen gel generates collagen fibers that are well separated,
thereby making it easier to obtain measurements on individual fibers. The total volume of
collagen solution is chosen to be 500 pl, which allows one to make many samples (in their
respective wells/ petri-dish) of collagen scaffolds at different conditions.

1. Volume of 10X PBS = Total volume/10 = 500/10 = 50 pl.

ii. Volume of high concentration collagen = Total volume x desired concentration/
concentration in bottle = 500 x 0.5/10.68 = 23.4 ul.

iii. Volume of 1N NaOH = Volume of high concentration collagen (ml) x 0.023 ml =
0.023x0.023 = 0.54 pl.

iv. Finally, the volume of distilled water = Total volume - Volume of 10X PBS - Volume
of high concentration collagen - Volume of 1N NaOH = 0.5 - 0.023 - 0.00054 - 0.05 = 426
ul.

3. Pipette the calculated volume of chemicals into the mixing tube and mix them well.

4. Take three coverslips and place O-rings on top of each coverslip. Then, pipette 100 pl
each on to the coverslips from the mixing tube, place them in a small petri dish and cover
them tight with a parafilm to avoid evaporation during the curing process. Place one of
them in an incubator at 35°C for 1 hour; this produces thinner collagen fibers. Place the
second one in the fridge at 4°C for 2 days; this produces fibers that are relatively thicker.

Leave the third sample at room temperature for a day; this produces fibers with
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thicknesses between the first and second sample. Some degree of control over fiber
diameter can also be obtained through controlling the pH; however, we have noticed that

the effect is roughly the same as controlling the temperature of curing.
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