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Unraveling Ocular Tissue Biomechanics: Characterizing Collagen Microstructural
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Fengting Ji, PhD
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Glaucoma, a progressive optic neuropathy, is primarily associated with elevated intraocular
pressure (IOP) and mechanical insult on ocular tissues. The optic nerve head (ONH) and lamina
cribrosa (LC) are particularly vulnerable to early nerve damage, while the sclera surrounding the
ONH, provides essential mechanical support and stability. Understanding the biomechanics of
these ocular structures is crucial for unraveling the mechanisms of glaucoma.

The biomechanics of ONH, LC and sclera are intricately connected to their collagen
microstructure, necessitating a comprehensive understanding of tissue microstructures and their
associated biomechanical properties. However, despite extensive work, several microstructural
characteristics have not been considered carefully, largely due to limitations in visualization tools.
Furthermore, current modeling approaches in ocular biomechanics often neglect potentially critical
fiber characteristics, limiting their ability to describe tissue structure and mechanics, particularly
at fiber-level scales.

Using advanced imaging techniques like polarized light microscopy, this dissertation
characterizes two critical microstructural features that have been ignored: LC insertions and the
in-depth collagen fiber organization of corneoscleral shell. We characterized the spatial variations
of LC insertions and variations of insertions among species. The discrete insertions of the LC beam
indicate that the interaction between LC and the surrounding load-bearing tissue is discontinuous,

leading to localized force concentrations. Diverse insertion shapes suggest varying robustness in



the LC periphery, potentially influencing susceptibility to glaucomatous damage. We also present
a detailed analysis of the in-depth organization of collagen fibers within the corneoscleral shell for
a better characterization of the complex three-dimensional collagen architecture. This, in turn, will
enhance the understanding of the out-of-plane tissue mechanical properties.

Leveraging detailed information available from the imaging, this project proposes and
validates a novel direct fiber modeling approach that represents fibrous microstructure, accounting
for fiber interweaving, interactions, and specimen-specific collagen architecture. The proposed
model replicates anisotropic mechanical behavior observed in different loading protocols and
across different samples, providing unprecedented details on fiber-level tissue behavior.

In conclusion, this dissertation uncovers crucial microstructural features of ocular tissue
and introduces an innovative direct fiber modeling technique. The findings contribute to a deeper
understanding of ocular tissue microstructure and biomechanics, advancing our knowledge of

glaucoma pathogenesis.
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1.0 Introduction

1.1 Glaucoma And Ocular Biomechanics

Glaucoma, a complex and progressive optic neuropathy, is one of the leading causes of
irreversible blindness worldwide (Quigley and Broman 2006, Weinreb, Aung et al. 2014). It is
characterized by the degeneration of retinal ganglion cells (RGCs) and their axons, leading to
vision impairment and irreversible vision loss (Jonas and Budde 2000, Weinreb, Aung et al. 2014).
Elevated intraocular pressure (IOP) has long been recognized as a primary risk factor in the
development and progression of glaucoma, exerting mechanical insult on ocular tissues (Flammer,
Orgdl et al. 2002, Girard, Suh et al. 2011). As such, understanding the interplay between ocular
biomechanics and glaucomatous optic neuropathy is crucial for unraveling the underlying
mechanisms and developing effective diagnostic and therapeutic strategies (Sigal and Ethier

2009).

Pupil
Cornea l Lens

ms\\ /
Vitreous b ¢ Ve 3

chamber

, /\ Retina
: = o Choroid

_—

head —

/) /}/ /C \‘ Sclera
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~<4

// Lamina
p/ cribrosa

Figure 1. Schematic cross-section of the human eye illustrating key structures.The figure is adapted from

nei.nih.gov. Light enters through the cornea, passes through the pupil, lens, and vitreous humor to reach the

1



retina (neural tissue lining the back of the eye). The ONH region, comprising the LC, is highlighted. The LC
is a porous structure within the ONH, through which retinal nerve fibers converge and exit the eye via the

scleral canal within the corneoscleral shell (outer protective layer).

The optic nerve head (ONH) and lamina cribrosa (LC) (Figure 1) take center stage in
glaucoma research due to their intimate association with the disease's onset and progression
(Roberts, Liang et al. 2010, Oikawa, Ver Hoeve et al. 2020). The LC, located within the ONH,
forms a three-dimensional network of load-bearing trabeculae supporting RGC axons as they exit
the eye to the brain (Downs and Girkin 2017, Liu, McNally et al. 2018). Biomechanically, the
ONH, and especially the LC within, are thought of as a weak spot within the otherwise robust
corneoscleral envelope (Sigal and Ethier 2009, VVoorhees, Jan et al. 2018), rendering them highly
susceptible to mechanical strain induced by elevated IOP (Strouthidis and Girard 2013, Tan, Koh
et al. 2018). Understanding the biomechanics of the LC and ONH provides insights into the
delicate balance between structural support and axonal passage, significantly contributing to our
comprehension of glaucoma development and progression (Stowell, Burgoyne et al. 2017, Tamm
and Ethier 2017).

The ONH is not an isolated entity but is connected to the surrounding sclera, a crucial
component of the corneoscleral shell. As the primary load-bearing tissue of the eye, the sclera
provides essential mechanical support and resistance to deformation (Grytz, Fazio et al. 2014,
Boote, Sigal et al. 2020). Recent investigations highlight the significant involvement of scleral
biomechanical properties in glaucoma, with changes in stiffness, thickness, and remodeling linked
to elevated I0P and optic nerve damage (Norman, Flanagan et al. 2011, Coudrillier, Pijanka et al.
2015, Boote, Sigal et al. 2020). Additionally, the biomechanical interplay between the sclera and

the ONH is critical, as mechanical strains experienced by the sclera can directly impact the LC and



the vulnerability of RGCs (Sigal, Flanagan et al. 2005, Girard, Downs et al. 2009, Sigal and Ethier
2009). Therefore, studying the biomechanics of the sclera and the corneoscleral shell holds great

promise in deepening our understanding of glaucoma pathophysiology.

1.2 Ocular Tissue Collagen Microstructure

The collagen microstructure of ONH, LC, and corneoscleral shell holds significant
importance in glaucoma research. Collagen fibers serve as the primary determinants of the
mechanical properties and load-bearing capacity of these ocular structures (Coudrillier, Pijanka et
al. 2015, Jan and Sigal 2018). Understanding factors such as the arrangement and organization of
collagen within the ONH, LC, and corneoscleral shell provides crucial insights into how they
respond to mechanical stresses, particularly elevated 10P (Campbell, Coudrillier et al. 2014,
Zhang, Albon et al. 2015). While recent studies have made substantial progress in investigating
ocular tissue collagen microstructural features (Girard, Dahlmann-Noor et al. 2011, Gogola, Jan
et al. 2018), critical microstructural details have remained overlooked, partly due to limitations in
available imaging techniques.

Leveraging the advancements in polarized light microscopy (PLM) (Jan, Grimm et al.
2015, Lee, Yang et al. 2022), a novel imaging technique, we can now explore previously
unobservable microstructural features. PLM provides higher spatial resolution and faster imaging
time compared to conventional light scattering-based imaging techniques that are commonly
applied to ocular tissues like small-angle light scattering (SALS) (Girard, Dahlmann-Noor et al.
2011, Yan, McPheeters et al. 2011), small-angle x-ray scattering (Boote, Dennis et al. 2003,

Girard, Dahlmann-Noor et al. 2011), and wide-angle x-ray scattering (WAXS) (Pijanka,



Coudrillier et al. 2012, Pijanka, Abass et al. 2013). In addition, PLM is faster and simpler to
integrate with microscopy systems than scanning techniques, such as confocal microscopy
(Masters 1998, Kang and Yu 2015) and second-harmonic generated (SHG) imaging (Girard,
Dahlmann-Noor et al. 2011, Mikula, Winkler et al. 2018). By capitalizing on the benefits of PLM,
we have identified two microstructural features that are not yet characterized, LC insertions and

in-depth collagen organization in the corneoscleral shell.

Figure 2. Simplified LC (red lines) inserting into the sclera (yellow lines) and the pia mater (green lines). The
images are bright field images of human ONH sections stained with picrisirius red and solochrome cyanine to
label collagen in pink and neural tissues in blue, respectively, adapted from Sigal et al., 2012. Panels D and E
are close-ups of the region marked with a dashed rectangle in Panel A. The region of the LC insertion into the

sclera and pia is marked with the red box in Panel E.

The LC's ability to support neural tissue is contingent upon its connection to the much
stronger peripapillary sclera (Burgoyne, Downs et al. 2005, Sigal 2009, Sigal and Ethier 2009,
Jonas, Jonas et al. 2011), making the LC insertions a critical site for understanding glaucoma
biomechanics. Previous studies have often oversimplified this interface, considering it as a smooth
continuum surface (Figure 2) (Sigal, Flanagan et al. 2010, Yang, Williams et al. 2010, Wang,
Rumpel et al. 2016). However, a closer examination reveals that LC beam insertions display
complex and variable features, including curved or straight shapes, broad or narrow widths, and

shallow or deep penetration depths (Ji, Yang et al. 2020) (Figure 3). These variations suggest that



the mechanical demands at the LC-sclera interface, or the ability of the LC to bear them, may vary
across different regions. Understanding the microstructural features of LC insertions and their
impact on the biomechanical environment is crucial for comprehending the vulnerability of RGC
axons to mechanical stress and strain. Although the patterns of neural tissue damage and their
progression are complex and vary between patients and species, it is often considered that some of
the earliest tissue damage in glaucoma occurs at the LC periphery, very much in the pores between
the LC insertions (Quigley 2005, Stowell, Burgoyne et al. 2017).

(A) ONH Corohal Section

S

(D) Perpendicular
Insertion ,

Figure 3. Variations in LC insertions.(A-E) Example PLM image of LC insertions in human ONH coronal

cryosections at the location indicated by the black dashed line on the left eye diagram. LC insertions with
varying depth are observed in (A, B, C). Specifically, very deep insertions are observed in (B). (D) exhibits
narrow, straight perpendicular insertions that penetrate past the circumferential ring. (E) shows insertions
with curved fibers that seem to integrate into the circumferential ring. PLM images were obtained using the

technique variation known as IPOL, as described in (Yang, Lee et al. 2021).



Figure 4. Example PLM image showing the collagen microstructure of a sheep eye.The colors indicate the in-
plane collagen fiber orientation in each pixel, ranging from 0 to 180 degrees. Additionally, the image pixel
intensity corresponds, roughly, to collagen density for the in-plane collagen. (A) A close up look of a sclera
region near the equator, where fibers exhibit a more uniform alignment parallel to the sclera surface. (B)

Region near the sclera canal, showing fibers with a more complex alignment in many directions.

Similarly, the microstructural architecture of the corneoscleral shell's collagen fibers has
garnered increasing interest. Previous studies have revealed an anisotropic, interwoven, and
inhomogeneous structure of these fibers (Figure 4) (Boote, Hayes et al. 2006, Girard, Dahlmann-
Noor et al. 2011, Pijanka, Coudrillier et al. 2012, Coudrillier, Boote et al. 2013, Abass, Hayes et
al. 2015, Jan, Lathrop et al. 2017, Yang, Jan et al. 2018). However, the focus has predominantly
been on characterizing the collagen fiber architecture in-plane of the tissue. Sometimes this has
been extended to analyze the depth-dependence of the in-plane fiber orientations (Pijanka, Spang
etal. 2015, Jan, Lathrop et al. 2017, Gogola, Jan et al. 2018). Variations in orientation distributions
and anisotropies may imply varying out-of-plane tissue mechanical properties around the eye
globe. The studies, however, have not actually characterized the in-depth orientation of the fibers.
The in-depth fiber features of the sclera likely also contributes to tissue stiffness and stability, as
it has been shown for the cornea (Morishige, Wahlert et al. 2007, Winkler, Chai et al. 2011, Petsche
and Pinsky 2013). Understanding the 3D distribution and arrangement of collagen fibers within

the corneoscleral shell, especially the in-depth collagen fiber organization, is vital for developing

6



more accurate fiber-based microstructure models of the eye and comprehending the role of
collagen microstructure in eye biomechanics.

In Chapter 2, 3 and 4, we aim to address the gaps in knowledge regarding the
microstructural features of LC insertions and the in-depth collagen fiber organization within the
corneoscleral shell. By characterizing these overlooked collagen microstructural details, we strive
to advance our understanding of the intricate 3D collagen architecture in ocular tissues. This
endeavor will significantly contribute to our comprehension of how mechanical forces are
distributed and transmitted within the eye, thereby elevating our knowledge of ocular

biomechanics and its implications in various ocular conditions, particularly glaucoma.

1.3 The Need For Developing Direct Fiber Modeling Technique

The investigation of ocular tissue collagen microstructure plays a vital role in
comprehending their biomechanical behaviors. However, the complexity of the tissue collagen
microstructure and the limitations of available experimental techniques present significant
challenges for studying the microstructural features and relating them to the micro and
macroscopic behavior of the tissue through empirical methods alone. Consequently, there is a
growing reliance on numerical modeling techniques for analysis (Sigal, Flanagan et al. 2004,
Girard, Downs et al. 2009, Girard, Downs et al. 2009, Grytz, Meschke et al. 2011, Grytz, Girkin
et al. 2012, Coudrillier, Boote et al. 2013, Coudrillier, Pijanka et al. 2015, VVoorhees, Jan et al.

2017, Voorhees, Jan et al. 2018, Grytz, Krishnan et al. 2020, Hua, VVoorhees et al. 2020).
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Figure 5. Continnum model and direct fiber model.(A) Continuum model of human LC, adapted from Sigal

et al., 2009. (B) Direct fiber model of sclera, utilizing explicit, individual collagen fibers for simulation.

Modeled fibers were assigned random colors to simplify visualization.

Nevertheless, accurately representing the intricate 3D nature of the collagen
microstructural features proves difficult using conventional modeling approaches. Conventional
techniques often adopt continuum mechanics frameworks (Figure 5 A) and statistical
approximations to describe tissue collagen microstructural properties. While these methods
provide insights into the tissue mechanical behaviors, it remains a major challenge to accurately
capture critical features of collagen fibers (i.e., long fibers, fiber interweaving, fiber-fiber
interactions) (Jan, Lathrop et al. 2017, Boote, Sigal et al. 2020, Lee, Yang et al. 2022). This
limitation can introduce substantial errors when estimating fiber mechanical properties using
inverse fitting (Wang, Hua et al. 2020). Therefore, the development of a direct fiber modeling
approach becomes imperative for understanding how collagen microstructural features contribute
to the mechanical responses.

In Chapter 5 and 6, we describe the development of a direct fiber modeling technique to
enable a more accurate representation of the 3D collagen microstructure while still being able to
capturing the tissue macroscale mechanical behaviors. The direct fiber modeling approach allows

us to explicitly simulate individual collagen fibers, capturing their spatial arrangement, orientation,
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and fiber interactions within the tissue (Figure 5 B). By employing this new technique, we can
gain unique insights into fiber architecture and mechanics, and address questions that are beyond
the reach of conventional modeling methods. This technique is not intended to supersede
conventional methods, which have been extraordinarily successful in modeling the mechanics of
eyes and other organs (Baillargeon, Rebelo et al. 2014, Pellicer-Valero, Rupérez et al. 2020).
Direct fiber modeling is intended to work alongside conventional continuum modeling in cases
where the specific interest involves soft fibrous tissues and questions about behavior at the fiber

level, for example.

1.4 Specific Aims

The long-term goal of this project is to investigate the collagen microstructure and
biomechanics of ocular tissues that could contribute to the understanding of glaucoma
development. Specifically, our aims are to characterize the microstructures of LC insertions and
the in-depth collagen organization within the corneoscleral shell. To achieve a comprehensive
understanding of collagen microstructural biomechanics, the development of a direct fiber
modeling approach is essential, enabling us to simulate specimen-specific collagen architecture
and macroscale mechanical behaviors. This modeling technique can account for critical fiber
characteristics, including long fibers, fiber interweaving, and interactions. The project is organized

into three specific aims:



1.4.1 Specific Aim 1

Characterize variations of LC insertions.

la. Characterize the variations in insertion widths and insertion angles among four different
species (sheep, pig, monkey, and human).

1b. Characterize the spatial distribution of LC insertions from the anterior to posterior LC and
across the four quadrants of monkey eyes. Quantify variations in insertion width, insertion angle,

number of insertions, and insertion ratio.

1.4.2 Specific Aim 2

Characterize in-depth collagen organization in the corneoscleral shell.
2a. Quantify in-depth fiber orientation distributions and anisotropy around the corneoscleral shell.
Test if the orientation distributions could be accurately summarized with a combination of a
uniform distribution and a sum of n-periodic von Mises distributions.
2b. Quantify fiber inclination in the corneoscleral shell, characterized by the percentage of fibers
that are inclined-not parallel to sclera surface, and the range of inclination angles (half width at

half maximum of inclination angle distribution).

1.4.3 Specific Aim 3

Develop and validate the direct fiber modeling technique for posterior sclera.
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3a. Develop the methodology of direct fiber modeling capable of simulating the specimen-specific
3D collagen fiber architecture of sclera. Utilize an inverse fitting approach to estimate the model's
fiber mechanical properties.

3b. Validate the direct fiber modeling approach by simulating collagen microstructures of multiple
sclera samples. Determine, by inverse fitting, the fiber material properties that allow the models to
accurately replicate the anisotropic mechanical behaviors observed in multiple biaxial loading

schemes.

1.4.4 Dissertation Outline

The dissertation has been organized into 6 chapters:

Chapter 1: Introduction.

This chapter provides an overview of the significance of studying collagen microstructure in ocular
tissues and its crucial role in glaucoma pathogenesis. It also emphasizes the need for developing
the direct fiber modeling approach to understand the biomechanics of ocular tissue collagen
microstructure.

Chapter 2: Characterization of LC insertions variations between sheep, pig, monkey and
human.

This chapter explores the variations in LC insertions among different species, including sheep, pig,
monkey, and humans. Specifically, it addresses Specific Aim la.

Chapter 3: Characterization of spatial variations of monkey LC insertions.

Focusing on Specific Aim 1b, this chapter characterizes spatial variations in monkey LC insertions,

considering both posterior to anterior LC variations and variations among the four quadrants.
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Chapter 4: Characterization of in-depth collagen fiber organization across the corneoscleral
shell.

In this chapter, we quantitatively analyze the in-depth fiber orientation distributions and fiber
inclination across the corneoscleral shell. This investigation pertains to Specific Aim 2a and 2b.
Chapter 5: Introduction of direct fiber modeling approach for simulating sclera collagen
architecture and biomechanics.

This chapter introduces the novel approach of direct fiber modeling, designed to capture closely
the collagen architecture and biomechanics of the sclera. Using microscopy images, we
constructed a direct fiber model of a sample of posterior pole sclera. To validate the model's fiber
mechanical properties, we fitted data from an equi-biaxial experiment sourced from the literature.
This chapter addresses Specific Aim 3a.

Chapter 6: Validation of the direct fiber modeling approach to simulate sclera collagen fiber
architecture and anisotropic mechanical behaviors.

Specific Aim 3b is the focal point of this chapter, where we extensively validate the effectiveness
and accuracy of the direct fiber modeling approach. By simulating the sclera collagen fiber
architecture and analyzing its anisotropic mechanical behaviors, we demonstrate the robustness of
the model. The validation process goes beyond the single sample and experiment of Chapter 5,
and involves the creation of several specimen-specific models based on multiple sclera samples.
Importantly, we establish the reliability of each model by identifying its mechanical properties

from experimental data obtained from the same sample in multiple tests.
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2.0 Characterization Of LC Insertions Variations Between Sheep, Pig, Monkey And

Human

The content of this section was adapted from abstracts presented at the 2020 Association
for Research in Vision and Ophthalmology (ARVO) annual meeting and the 2023 Summer

Biomechanics, Bioengineering, and Biotransport Conference (SB3C) annual meeting.

2.1 Introduction

The lamina cribrosa (LC) is a specialized structure in the posterior pole of the eye that
supports the retinal ganglion cell axons as they exit the globe on their way to the brain (Sigal 2009).
The LC biomechanical support is necessary to withstand the forces and deformations caused by
intraocular pressure or other mechanical challenges. The ability of the LC to support the neural
tissues is intrinsically dependent on the much stronger surrounding peripapillary sclera. While
much has been learned about the LC, the peripapillary sclera and the crucial interplay between
them (Downs, Roberts et al. 2011), far less is known about the LC beam insertions through which
these two tissues interact. Studies of the LC-sclera simplify the interface between the tissues as a
smooth continuum surface, ignoring that the LC beam insertions are discrete with complex shapes
(Lee, Kim et al. 2014).

Using recently developed microscopy tools we obtained detailed information on the LC
and sclera. Inspecting the LC-sclera interface it is readily visible that the LC insertions are

complex, and that they vary greatly in shape. Some insertions resemble the wide roots of old trees,
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whereas others look much thinner (Figure 6). These shapes suggest that the LC insertions likely
also vary in how well they can satisfy the mechanical demands of the LC-sclera interface. Our goal

was to characterize LC beam insertion shape in sheep, pig, monkey and human. We test the

hypothesis that the LC insertion width and insertion angle vary between species.

Figure 6. IPOL images of LC and sclera of eyes from the four species.For each species are shown a wide view
of the whole scleral canal at the level of the LC, on the left, and a close-up, on the right, to illustrate typical

insertions (red arrows).

2.2 Method

Sample preparation: two monkey eyes, three sheep eyes, two human eyes, and three pig

eyes without known abnormalities were fixed. The LC and peripapillary sclera were trephined and
cryosectioned coronally. From each eye, three sections located close to the LC midplane were

selected for analysis.
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Imaging: Sections were imaged with instant polarized light microscopy (IPOL) with a 10x
strain-free objective (Olympus, Tokyo, Japan, 0.66um/pixel) (Lee, Yang et al. 2022). Because of
the lower collagen density, the LC region often appears darker than the sclera. We therefore
acquired images with various exposures to allow clear visualization of both tissues. Mosaics with
10% overlap were used to image whole sections. IPOL images reveal local collagen orientation
and density in each pixel which helps visualize the LC beam and canal collagen structure.

Insertion quantification: We measured two parameters of each insertion: width and angle

(Figure 7). Width was measured at the edge of the scleral canal. Angle was between the LC beam
and the tangent of the sclera canal. Insertion angles range from 0 to 90 degrees, with 90 degrees
being an LC insertion perpendicular into the canal wall. The parameters were measured from lines
drawn manually using Fiji. Calculations were done in MATLAB v2022 (MathWorks, Natick, MA,

USA).

LC beam
LC beam

Insertion angle

Sclera canal Sclera canal

Insertion width

Figure 7. Diagrams showing the definition of (left) insertion width and (right) insertion angle.

Statistics: Linear mixed effects (LME) models, accounting for autocorrelations between
measurements from the same sections, eyes and species, were used to assess if the parameters of

insertions were associated with species.
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2.3 Results

Figure 8 shows the distributions of insertion widths and angles of the four species across
all eyes. Insertion widths were significantly different between all species (p’s<0.001), with widths
(mean+SD, um) in human (55.28+27.07), sheep (95.40+49.09), pig (137.02+79.91) and monkey
(27.58+16.11).

Insertion angles of sheep and pig were larger than monkey and human (p’s<0.05), with
angles (meanSD, degree) in human (70.74+14.4), sheep (76.43+£11.66), pig (74.28+14.17) and
monkey (70.88+16.06). No difference was detected in insertion angles between sheep and pig, and

monkey and human.
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Figure 8. Box plots of insertion widths and insertion angles of each species.(A) There were significant and
large differences in insertion widths between species. Pig exhibited the widest insertions, followed by sheep,
human, and monkey. Additionally, the coefficient of variation (CV) was calculated for each species to
quantify the relative variability in insertion widths. Human and sheep samples exhibited similar CV values of
approximately 49.0% and 51.5%, respectively, suggesting in these groups consistent insertion width
variations proportional to the absolute width. In contrast, pig and monkey samples demonstrated higher CV
values of around 58.3%, indicating greater variability in insertion width proportionally to their widths. (B)
Insertion angles of sheep and pig were larger than those of monkey and human samples. Sheep samples
demonstrated a relatively low CV value of approximately 15.3%, indicating a more consistent pattern of

insertion angles. In contrast, the pig, human, and monkey samples exhibited slightly higher CV values of
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around 19.1%, 20.4%, and 22.7%, respectively, suggesting a broader range of insertion angles relative to

their insertion angles within their respective groups.

2.4 Discussion

We present the first characterization of LC insertion width and angle. The discrete LC
beam insertions could mean that the interaction between LC and surrounding load-bearing tissue
is nonlinear and discontinuous over the canal. Different shapes of insertions can represent different
levels of robustness of the LC periphery. The differences could result in different species
susceptibilities to glaucomatous damage. Further work is necessary to understand the potential

consequences of differences in angle.
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3.0 Characterization Of Spatial Variations Of Monkey LC Insertions

The content of this chapter is in preparation.

3.1 Introduction

Glaucoma is characterized by the loss of retinal ganglion cell axons that are responsible for
transmitting vision signals from the retina to the brain (Burgoyne, Downs et al. 2005, Sigal and
Ethier 2009). Evidence shows that axon degeneration primarily occurs within a specialized
structure in the optic nerve head (ONH), lamina cribrosa (LC) (Quigley, Flower et al. 1980,
Hernandez 2000, Sigal and Ethier 2009). The LC biomechanical support is necessary to withstand
the forces and deformations caused by intraocular pressure (IOP) or other mechanical challenges
(Sigal, Flanagan et al. 2004, Burgoyne, Downs et al. 2005, Sigal and Ethier 2009, Roberts, Sigal
et al. 2010, Behkam, Kollech et al. 2019, Ling, Shi et al. 2019). The ability of the LC to support
the neural tissue is intrinsically dependent on the much stronger surrounding peripapillary sclera
(Burgoyne, Downs et al. 2005, Sigal 2009, Sigal and Ethier 2009, Jonas, Jonas et al. 2011). The
place where the LC and the sclera interact, that is LC insertions, serves an important role in
connecting the two tissues and transmitting the forces and deformations in between. Therefore, the
LC insertions can be crucial in influencing the biomechanical robustness of the LC and sensitivity

to elevated IOP.
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Figure 9. lllustration of conventional characterizations and mechanical models of LC insertions.Despite clear
evidence that the LC-sclera interface is discrete (panel G), it is fairly common to think of the LC-sclera as a
smooth continuum (panels A to F). (A) Histologic sections of a monkey with one normal eye and one eye
affected by early experimental glaucoma (EEG), illustrating segmented L C inserting and interacting with
scleral/pia tissues (adapted from Yang et al., 2010). (B) Bright field images of human ONH, highlighting LC
inserting into sclera (yellow) and pia mater (green) (adapted from Sigal et al., 2012). (C) Swept-source optical
coherence tomography (SS-OCT) images of human ONH, showing L C interactions with the scleral canal wall

and quantifying anterior lamina cribrosa insertion distance (ALID) and marginal anterior laminar cribrosa
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depth (MALCSD) (adapted from Lee et al., 2014). ALID refers to the distance between the anterior scleral
canal opening (green dots, panel C) and the meeting point of the anterior laminar surface and the scleral
canal wall (yellow dots, panel C). mALCSD refers to the perpendicular distance from the anterior scleral
canal opening plane (green dashed line, panel D) to the anterior lamina cribrosa surface (yellow line, panel D)
at the location of the anterior scleral canal opening (green dots, panel D). In this work we used a different
definition of LC insertions. (D-F) Mechanical models of the ONH region (adapted from Sigal et al., 2007;
Wang et al., 2016; Grytz et al., 2020). The location of LC insertions are highlighted using red boxes. Both the
image characterizations and mechanical models assume the LC as a simple continuum structure interacting
with the load-bearing surrounding tissue, overlooking its discrete nature. (G) Scanning electron microscopy
(SEM) images showing the overview and closeup look of LC beams interacting with the sclera canal (adapted
from Quigley, 2015; Quigley et al., 1981; Nishida et al., 1993), revealing the actual non-continuum nature of
LC insertions. LC beam insertions are highlighted using red arrows. The left panel shows that LC beam
distribution varies around the canal. The superior and inferior regions exhibit lower beam density and larger
pores, potentially making them more vulnerable to glaucomatous damage. The overlooked discrete nature of

LC insertions and regional anatomical differences drove our motivation for this study.

Many studies have been conducted to characterize LC insertions and learn its structural
changes in the development of glaucoma (Yang, Williams et al. 2010, Sigal, Flanagan et al. 2012,
Lee, Kim et al. 2014, Girard, Tun et al. 2015, Kim, Kim et al. 2015, Kim, Jeoung et al. 2016, Kim,
Jeoung et al. 2016). Among them, a common measurement was the anterior LC insertions,
representing the distance from the anterior surface of LC insertions to the reference plane
connecting the Bruch’s membrane openings (Girard, Tun et al. 2015, Kim, Jeoung et al. 2016,
Kim, Jeoung et al. 2016). The results showed that the location of anterior LC insertions appeared
to be more posteriorly located in patients with glaucoma compared with healthy ones. Another
common measurement was focused on the posterior part of the LC insertions, characterized the

posterior and outward migration of LC insertions from the sclera into the pia (Yang, Williams et
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al. 2010, Sigal, Flanagan et al. 2012). While those studies were helpful in evaluating the LC
insertion structure and changes, most of them characterized the insertions primarily in the sagittal
plane and simplified LC insertions as a smooth continuum (Figure 9). Thus, these studies were
limited in providing information about the LC insertions around the canal in the coronal plane,
especially in anatomically critical regions (i.e., inferior-temporal region) which have been shown
to be more susceptible to glaucoma damage. The complex microstructure of the LC insertions was
also ignored and only the overall shape and position were examined. This was mainly due to the

lack of tools to visualize and analyze the microstructure of LC insertions.
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Figure 10. Example IPOL image of a monkey ONH coronal cryosection, showing the variations of LC
insertions. The image was acquired with an objective with higher resolution (0.66pum/pixel) than the one used
in this study for quantifications, for demonstration only. The sclera canal was over-exposed to highlight the
LC beams. The colors represent local collagen fiber orientations which help discern the collagen structure.
LC insertions are located at the edge where the LC beams join the sclera canal. We selected six regions to

show the variations of LC insertions. (A) contains an LC insertion beam perpendicular to the canal wall,
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whereas (B) contains a slanted insertion beam. (C) contains more insertions than (D), meaning that the
number and density of insertions vary from location to location. (E) contains a wider insertion beam, whereas

(F) contains a narrower insertion beam.

Using recently developed microscopy tools, we obtained detailed information on the LC
and sclera (Yang, Jan et al. 2018, Ji, Yang et al. 2020, Yang, Lee et al. 2021, Lee, Yang et al.
2022). Inspecting the LC-sclera interface it is readily visible that the LC insertions consist of
discrete LC beams inserted into the canal wall, and they vary greatly in shape and number (Figure
10). Some insertions resemble the wide roots of old trees, whereas others look much narrower.
The insertion beams are nonuniformly distributed over the canal. A wider LC insertion may be
able to support higher IOP-induced force than a narrower LC insertion, providing stronger support
to neural tissues. The region with more LC insertion beams may be more robust than the region
with fewer beams. This suggests that the LC insertions with different shapes and beam numbers
likely vary in how well they can satisfy the mechanical demands of the LC-sclera interface.
However, the LC insertion microstructure was largely ignored. To the best of our understanding,
the only LC insertion microstructure characterization was acquired from single sections, with no
information about the variations in-depth of LC (Ji, Yang et al. 2020). There was also a lack of
characterization of the number or density of LC insertion beams around the sclera canal.

Our goal was to characterize the microstructural variations of the LC insertions in-depth of
LC and in the four quadrants (superior, inferior, nasal, temporal). We tested the hypothesis that
the shape and number of LC insertions were not uniform in-depth of LC and among quadrants.
Specifically, we quantified four parameters of LC insertions (i.e., insertion width, insertion angle,
number of insertions and insertion ratio) in monkey LC. The variations of LC insertions may lead

to different LC robustness levels. Understanding the variations of LC insertions may help
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understand the patterns of neural tissue damage and visual impairment associated with

glaucomatous vision loss.

3.2 Methods

3.2.1 Eye Procurement, Preparation, And Sectioning

The study was conducted in accordance with the tenets of the Declaration of Helsinki and
the Association of Research in Vision and Ophthalmology's statement for the use of animals in
ophthalmic and vision research. We used six eyes of adult female rhesus macaque monkeys
(Macaca mulatta), 12 to 16 years of age. These eyes were originally acquired for use in other
studies and were obtained from collaborators from animals that had been used for studies not
involving the eyes. The eyes were ostensibly healthy, without known abnormalities, and obtained
and processed within 24 hours of death. The globes were processed as described previously (Jan,
Grimm et al. 2015, Jan, Gomez et al. 2017). Briefly, the episcleral tissues, fat, and muscles were
carefully removed. The globes were pressurized and immersion fixed in 10% formalin solution
overnight. Due to the different requirements of the other studies, the pressures varied between 5 to
25 mmHg. After fixation, the ONH and posterior pole were excised with a circular trephine. The
excised regions were cryosectioned coronally at 16 um starting from the posterior side. Sections
were collected without loss, starting when there was visible sclera and stopping when the canal

was no longer visible.
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3.2.2 Imaging And Registration

Sections with visible LC insertion beams were selected for imaging. The selected sections,
15 sections from each eye, were imaged with the instant polarized light microscopy (IPOL)
reported previously (Yang, Lee et al. 2021, Lee, Yang et al. 2022). Briefly, the IPOL imaging
system was developed on an inverted microscope (Olympus IX 83, Olympus, Tokyo, Japan) by
retrofitting a polarization encoder in the illumination path and a polarization decoder in the
imaging path. Each polarizer group consisted of a linear polarizer and a z-cut quartz plate. Linear
polarizers in the polarization encoder and decoder were orientated orthogonally. A 4x strain-free
objective (Olympus, Tokyo, Japan) was used for imaging (1.49um/pixel).

The LC region appeared darker than the sclera canal, mainly due to the lower collagen
density in the LC region than in the sclera. Therefore, when necessary, we allowed slight over-
exposure of the sclera canal to highlight the LC structure. The IPOL images displayed the collagen
orientation and density in each pixel which helped better visualize the LC structure. Because the
sections were large, multiple images were captured (10% overlap) and stitched into mosaics to
cover the whole section. Images from the same eye were stacked sequentially and registered to the

most posterior image. The registration was done manually based on tissue edges.

3.2.3 Insertion Quantification

We quantified four insertion parameters, insertion width, insertion angle, insertion ratio
and number of insertions (Figure 11). Insertion width was defined as the width of the LC beam at
the edge of the sclera canal. Insertion angle was the angle between the LC insertion beam and the

tangent of the sclera canal. Insertion angle ranged from 0 to 90 degrees. 90 degrees meant an LC
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insertion was perpendicularly inserted into the canal wall, while 0 degrees meant the LC beam
parallelly joined the canal. Insertion ratio was quantified as the ratio between the area of insertions
and the area of sclera around the LC. Number of insertions was the number of distinct LC beams
inserted into the canal wall. The parameters were measured in each section in-depth of LC and in

each quadrant (i.e., superior, inferior, nasal, temporal).

Diagram IPOL image
(A) Insertion width

LC beam

Sclera canal ¢ g
\/

(B) Insertion angle

Sclera canal )/

(C) Insertion ratio and number of insertions

Figure 11. Definitions of insertion parameters.(left column) Schematic diagrams and (right column) IPOL
images showing the definition of insertion width, insertion angle and insertion ratio. (A) (left) Insertion width

was defined as the LC beam width at the sclera canal. (right) Two LC insertions with different widths. The
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insertion width was quantified by marking with a straight line and calculating the length of the line. (B) (left)
Insertion angle was defined as the angle between the LC beam and the tangent of sclera canal. (right) Two
LC insertions with different insertion angles. For each insertion angle, we marked the direction of the canal

tangent and the LC beam with two straight lines. The insertion angle was calculated as the acute angle

between the two lines. (C) (left) Insertion ratio was defined as the ratio between the area of insertions and the
area of sclera canal. It was calculated as the ratio between the sum of all the insertion lengths (red) and the
length of the canal opening at that depth (yellow). Number of insertions is the count of distinct LC insertion
beams. (right) Manual markings of the canal wall and the beam widths were overlayed on the IPOL image

for demonstration.

The parameters were measured from lines drawn manually. All the manual markings in
this section were done using FIJI is Just ImageJ (F1J1) (Preibisch, Saalfeld et al. 2009, Schindelin,
Arganda-Carreras et al. 2012). For insertion width, we marked the width using a straight line and
calculated the length of the line. For insertion angle, we marked two straight lines, indicating the
direction of the LC beam and the direction of the local canal tangent, respectively. We calculated
the acute angle between the two lines as the insertion angle. We counted the number of insertion
width markings as the number of insertions. Note that when marking to get insertion widths,
insertion angles, and counting the number of insertions, we compared the adjacent sections to
avoid duplicate counting of the LC insertion beams that appeared in more than one section.

For insertion ratio, we manually marked along the edge of the sclera canal from each
section, indicating the in-depth position and the quadrant. We re-marked the insertion widths
following a similar procedure described previously. Different from the method we used for
quantifying insertion width, we marked the widths of all the LC insertion beams that were visible

in a section, even though the same beam may appear in multiple sections. We calculated the
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insertion ratio as the sum of all LC beam widths divided by the perimeter of the canal. The

calculations were done in MATLAB v2022 (MathWorks, Natick, MA, USA).

3.2.4 Statistics

Linear mixed effects (LME) models, accounting for autocorrelations, or dependent
similarities, between measurements from the same section, eye and species, were used to assess if

the parameters of insertions were associated with in-depth positions or quadrants.
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3.3 Results

(A) Insertioh width \ ) ﬂB) Insertign andje

i

Figure 12. Variations of insertion parameters.(A) showed two insertions with different insertion widths. (B)
showed two insertions with different insertion angles. (C) The two sections were selected from the same
monkey eye. The left section was located closer to the midplane of LC and the right section was located closer
to the posterior LC surface. The left section showed a greater number of insertions and a larger insertion

ratio, whereas the right section contained significantly sparse insertions.

Figure 12 shows examples of LC insertions with varying insertion widths, insertion angles,
number of insertions and insertion ratios. Even when two insertion beams are close, they can differ

significantly in width and angle, where one beam can be twice as wider as the other one, and the
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insertion angles can differ by more than 10 degrees. Two sections located at different distances

from the LC midplane showed significant differences in the number and density of insertions.
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Figure 13. Variations of insertion width, insertion angle, number of insertions, and insertion ratio by

depth.(A, B) Insertions in the most anterior LC were more slanted and significantly narrower than in the

posterior LC (p’s<0.001). (C, D) More insertions covered a larger ratio of the canal wall in the middle LC

than in the anterior and posterior LC (p’s<0.001).

Figure 13 shows that insertions in the posterior LC were wider and with larger insertion

angles than those in the anterior LC (p’s<0.001). In the most posterior LC, insertions widths were

38.56£23.52 (mean + STDEV, um) and insertion angles were 74.49+11.65 (mean + STDEV,

degree). When going in-depth of LC from posterior to anterior for 16 pm, insertion widths

decreased by 1.29 pum (p<0.001), and insertion angles decreased by 0.48 degrees (p<0.001). There

were a greater number of insertions and a larger insertion ratio in the middle LC than in the anterior
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and posterior LC (p’s<0.001). The section contained the maximum number of insertions and the
largest insertion ratio was located at the midplane, having an average of 55 insertion beams and a

28% of insertion ratio.
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Figure 14. Variations of insertion width, insertion angle, number of insertions, and insertion ratio by
quadrants. (B) Insertion angles in the nasal quadrant were significantly smaller than in the other quadrants
(p<0.001). (A, C, D) Insertion width, number of insertions and insertion ratio were not significantly different

among quadrants.

Figure 14 shows that in the nasal quadrant, insertion angles were 3.5 degrees significantly
smaller than the other three quadrants (p<0.001). No significant differences in insertion width,
ratio and number were detected among quadrants.

Figure 15 to Figure 20 depict the variations in insertion parameters from posterior LC to

anterior LC and among the four quadrants, with data from individual monkey eyes. Each eye
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exhibits relatively consistent pattern of insertion widths, number of insertions and insertion ratios.
Wider insertions were observed in the posterior LC compared to the anterior LC. Additionally, in
every eye, the middle LC exhibited a higher number of insertions and insertion ratios compared to

the anterior and posterior LC.

Insertion width variations from posterior LC to anterior LC of all monkey eyes
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Figure 15. Insertion width variations in individual monkey eyes.The top panel illustrates the posterior-to-
anterior insertion width changes across all six monkey eyes. The bottom six panels provide better
visualization of the insertion widths for each eye. Notably, except for Monkey 1 OD, the LC insertions in the

posterior LC were wider compared to the anterior LC (p's<0.01).
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Insertion angle variations from posterior LC to anterior LC of all monkey eyes
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Figure 16. Insertion angle variations in individual monkey eyes.The top panel illustrates the posterior-to-
anterior insertion angle changes across all six monkey eyes. The bottom six panels provide better
visualization of the insertion angles for each eye. In Monkey 3 OD, Monkey 3 OS, and Monkey 4 OS, the

insertion angles were larger in the posterior LC than in anterior LC (p's<0.01).
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Figure 17. Matrix of LME tests doing pair-wise comparisons of (left) insertion widths and (right) insertion
angles between eyes.Monkey 4 OS demonstrates significantly smaller insertion widths compared to other eyes
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(p’s < 0.05). Additionally, significant differences in insertion angles reveal that Monkey 4 OS has smaller
insertion angles than Monkey 3 OD and Monkey 4 OD, while Monkey 4 OD exhibits larger insertion angles

than Monkey 2 OD and Monkey 3 OS (p’s < 0.05).
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Figure 18. Line plots illustrating variations in the number of insertions (left) and insertion ratio (right) from
posterior LC to anterior LC of each monkey eye.In every eye, the middle LC displays a greater number of

insertions and larger insertion ratio in comparison to the anterior and posterior LC segments.
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Figure 19. Line plots illustrating variations in the number of insertions (left) and insertion ratio (right) across

the four quadrants of each monkey eye.
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Figure 20. Variations in (A) insertion width and (B) insertion angle among each monkey eye. The matrix of

LME tests illustrates pair-wise comparisons of these parameters between quadrants.

Considerable variations in insertion angles were observed across different eyes, indicating
the absence of a consistent pattern valid for each individual eye. Similarly, the variations in
insertion width, insertion ratio and number of insertions among the quadrants were also substantial,
and no clear pattern was detected that could be applied consistently to each eye. Furthermore, the
insertion parameters from eyes belonging to the same animal were not found to be more similar
compared to unrelated eyes.

Table 1 shows that on average, each monkey eye has 431 insertions (+ standard deviation

75) with an insertion ratio of 0.1715 (+ standard deviation 0.0315).

34



Table 1. Number of insertions and insertion ratio in the whole LC region of individual monkey eyes.On
average, the number of insertions in each monkey eye was found to be 431 (+ standard deviation of 75), with

an insertion ratio of 0.1715 (+ standard deviation of 0.0315).

Number of insertions | Insertion ratio
Monkey 1 OD 314 0.1318
Monkey 2 OD 494 0.1681
Monkey 3 OD 463 0.1972
Monkey 3 OS 368 0.1421
Monkey 4 OD 443 0.2142
Monkey 4 OS 505 0.1756

3.4 Discussion

Our goals were to carry out the first characterization of LC insertions in monkey and to test
the hypothesis that the shape and number of LC insertions vary in-depth of LC and between
quadrants. We characterized the LC insertions from six monkey eyes and quantified four
parameters, insertion width, insertion angle, number of insertions and insertion ratio. The
variations of the parameters were compared in-depth of LC and among the superior, inferior, nasal
and temporal quadrants. Three major results arise from this work. First, insertion widths were
larger in the posterior LC than in the anterior LC. Second, insertion angles were smaller in the
anterior LC and in the nasal quadrant. Third, the number of insertions and insertion ratios were
larger in the sections closer to the LC midplane and were smaller in the sections closer to the LC
anterior/posterior surface. The three results were discussed in more detail below.

We found that insertion widths were larger in the posterior LC than in the anterior LC. A
wider insertion beam can be stronger than a narrower insertion. Thus our observation means that

the anterior LC can be weaker than the posterior LC. This potentially could contribute to the LC

35



remodeling in the development of glaucoma. Increased IOP is the primary risk factor of glaucoma.
Under elevated 10P, two major changes have been observed, prelaminar neural tissue thinning and
posterior (outward) migration of LC connective tissue (Yang, Williams et al. 2011, Grytz, Sigal et
al. 2012, Burgoyne 2015, Kim, Jeoung et al. 2016). The weaker anterior LC can be less robust to
support the neural tissue under increased load compared to the posterior LC, thus contributing to
the prelaminar neural tissue thinning. The weak anterior LC insertion beams can fail earlier in the
development of glaucoma, resulting in the progressive posterior migration of LC connective tissue.
This explanation is consistent with a common assumption made in many studies, arguing that 10P-
related deformations cause acute failure of the anterior laminar beams, thereby transferring load
to adjacent beams in a cascade of damage that results in the glaucomatous cupping (Jonas,
Berenshtein et al. 2004, Burgoyne, Downs et al. 2005, Downs, Roberts et al. 2008, Sigal and Ethier
2009).

We found that the insertion angles were smaller in the anterior LC than in the posterior LC.
Insertion angles in the nasal quadrant were also found smaller than in the other three quadrants. A
90-degree, large insertion angle means a radially oriented LC insertion beam, while a 0-degree,
small insertion angle means an LC beam tangentially inserted into the canal wall. This difference
potentially can influence the behaviors of canal expansion when subjected to IOP load. For
instance, regions with more tangentially aligned LC insertion beams can be less robust to withstand
canal expansion, meaning that canal expansion will be dominant in that direction. Canal expansion
will pull the LC radially and impart significant tensile strain on LC structure and neural tissue
(Downs 2015, Downs and Girkin 2017), making the region more susceptible to glaucomatous
damage. Under this circumstance, we expect that the smaller insertion angles of the anterior LC

may not provide the robust support afforded by the insertions of the posterior LC. Under the
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stresses of chronic IOP, damage to more fragile anterior LC insertions could contribute to LC
bowing and deepening observed in glaucoma. This sounds like a reasonable hypothesis, but the
quadrant variations of insertion angles could not explain previous findings related to regional
susceptibilities, which showed that inferior-temporal and superior-temporal quadrants of the ONH
are more susceptible to damage in early glaucoma (Kiumehr, Park et al. 2012, Lisboa, Leite et al.
2012). Perhaps it is because insertion angles have other implications that we haven’t understood.
Further work is necessary to test our hypothesis and to understand the detailed biomechanical role
of insertion angles.

We found that the number of insertions and insertion ratios were larger with greater
variability in sections closer to the LC midplane and smaller in the sections closer to the LC
anterior/posterior surface. These variations could impact how forces and deformations are
transmitted between the sclera canal and LC. The discrete LC beam insertions may imply that the
interactions between LC and surrounding load-bearing tissues are nonlinear and discontinuous
over the canal, with forces concentrated in where the LC beams are inserted into the canal. Regions
with more beams and a larger portion of LC periphery attached to the canal wall may imply that
these regions are stronger in supporting the neural tissues. However, due to the lack of information
about LC insertion microstructure, number of insertions and insertion ratios were not considered
previously. Instead, when modeling the ONH biomechanics, it was commonly assumed that the
LC and LC insertions are continuum structures that cover 100% of the canal perimeter (Sigal,
Flanagan et al. 2005, Sigal, Flanagan et al. 2009, Roberts, Liang et al. 2010, Grytz, Sigal et al.
2012). In fact, only 20 to 40 percents of the canal perimeter area is connected with LC beams.
Ignoring the variations of number of insertions and insertion ratio may misinterpret the interactions

between the LC and the surrounding loading-bearing tissues, which could impair our
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understanding of the biomechanical robustness of the LC and sensitivity to elevated IOP (Figure
21) (Burgoyne, Downs et al. 2005, Sigal 2009, Jonas, Jonas et al. 2011, Sigal, Flanagan et al.
2012). Thus, it is beneficial to consider these two parameters in numerical models, and future study
is important to explore their biomechanical roles.
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Figure 21. Variations in number of insertions and their impact on stress distribution in the ONH region.(A)
Adapted from Sigal et al., 2004, this figure demonstrates the von Mises equivalent stress of the ONH region
under an 10P of 50 mmHg. The stress is presented as multiples of 0P, providing insights into the forces
acting within the tissue. The LC (yellow region) interacts with the sclera (red region) through LC insertions.
(1) The stress within the LC region is relatively uniform at 4.6 10P, while (2) the stress at the scleral canal

edge varies from 7.5 IOP to 22.5 IOP from anterior to posterior. (B) The number of insertions across the 6
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monkey eyes, spanning from the posterior LC to the anterior LC. Box plots illustrate the variations, while the
black line represents the average number of insertions at different depths. (C) In contrast to the continuum
approach in panel (A), where LC insertions were treated as a continuum, considering the average stress
acting through the LC and borne by each insertion reveals significantly higher stress per insertion beam at
the posterior and anterior LC surfaces. (D) Similarly, by assessing the average stress acting through the
scleral tissue and borne by each insertion, it becomes evident that the average stress per insertion beam is 8
times higher in the posterior LC compared to the mid-plane of the LC. Consequently, the LC beams located
at the posterior and anterior surfaces may face a higher risk of damage when subjected to increased 10P.

Such critical information is not available if we study the LC insertions as a continuum.

This study was conducted using the IPOL imaging system. Although an objective with a
higher imaging resolution was available (0.66um/pixel), we chose to use the objective with a lower
imaging resolution (1.49um/pixel). Imaging with a lower resolution allows a higher speed of
imaging and requires lower computer memory. To check the influence of the different imaging
resolutions, we imaged the sections of two monkey eyes with both objectives and marked the
insertions twice. We compared the parameters of insertions obtained from the images with
different resolutions, and we found that there was no significant difference. Thus, we believe that
the measurements in this study were independent to the variations of imaging resolutions.

There are two limitations to consider. First, we quantified the LC insertions only in
monkey. Monkey and human LCs are different in geometry, where previous studies have reported
the difference in LC shape and insertion widths between the two species (Tran, Wallace et al. 2017,
Ji, Yang et al. 2020). Thus, the results of this study have limited application to human eyes. We
position that it’s important to understand monkey as an animal model (Rasmussen and Kaufman
2005, Burgoyne 2015). In future studies, it will be necessary to study LC insertions in other animal

models and in human eyes.
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Second, when mounting the ONH sample for sectioning, we leveled the LC surface and
made it parallel to the sectioning plane. However, it was still possible that the LC surface was tilted
at an angle relative to the sectioning plane, which could influence the measurements of the in-
depth variations. We quantified the angle of tilting from the six eyes and found that the average
tilted angle was 3.1 degrees, which was small and should not cause significant impact on the
measurements. In the future, it would be beneficial to come up with advanced image processing
methods to resolve the issue of tilting when needed.

In conclusion, we have characterized the insertion width, insertion angle, number of
insertions and insertion ratio in monkey LC. We found substantial and significant variations of LC
insertions in-depth of LC and among quadrants. Different shapes and varying number of LC
insertions may represent different levels of robustness of the LC periphery. Understanding these
differences potentially could contribute to a better understanding of the regional susceptibilities to

glaucomatous damage.
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4.0 Characterization Of In-Depth Collagen Fiber Organization Across The Corneoscleral

Shell

The content of this chapter has been published by Experimental Eye Research (Ji, Quinn

et al. 2023).

4.1 Introduction

The biomechanics of the eye corneoscleral shell are important in the basic eye function and
are heavily influenced by the collagen fiber organization (Ethier, Johnson et al. 2004, Coudrillier,
Boote et al. 2013). Accurate information on the corneoscleral shell collagen fiber organization is
thus important to understand the eye’s physiological load-bearing behavior and biomechanics-
related diseases, such as glaucoma (Grytz, Meschke et al. 2011, Coudrillier, Pijanka et al. 2015).

Many studies have been conducted to study the collagen fiber organization of the
corneoscleral shell (Boote, Hayes et al. 2006, Abahussin, Hayes et al. 2009, Girard, Dahlmann-
Noor et al. 2011, Pijanka, Coudrillier et al. 2012, Coudrillier, Boote et al. 2013, Winkler, Shoa et
al. 2013, Abass, Hayes et al. 2015, Jan, Lathrop et al. 2017, Gogola, Jan et al. 2018, Koudouna,
Winkler et al. 2018, Yang, Brazile et al. 2018, Yang, Jan et al. 2018). These studies have revealed
that the collagen architecture of corneoscleral shell is a complex 3D anisotropic, interwoven and
inhomogeneous structure. The studies have shown, for instance, that the cornea exhibits a layered
structure of lamellae. In terms of the overall cornea architecture, the studies have shown that the

anterior cornea has no preferred lamella orientation, whereas the middle and posterior parts of the
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cornea show an orthogonal arrangement of collagen fibers preferentially aligned in the superior-
inferior and nasal-temporal axes (Boote, Hayes et al. 2006, Abahussin, Hayes et al. 2009). In the
limbus, fibers form a circumferential ring (Newton and Meek 1998, Boote, Hayes et al. 2006). For
the sclera, the studies have shown circumferential fibers surrounding the canal, radial fibers
extending out from the canal, and interwoven fibers distributed throughout the thickness. (Girard,
Dahlmann-Noor et al. 2011, Jan, Lathrop et al. 2017, Gogola, Jan et al. 2018).

The vast majority of studies of sclera fiber orientation, while helpful, have centered on
characterizing collagen fiber architecture in the tissue plane. For the front and back of the eye this
has meant the characterization of fiber orientations on a coronal plane, with analysis of other
regions usually involving tissue patches analyzed transversely. Interested readers can consult two
good examples of this approach aimed at mapping scleral fiber orientations in rat (Girard,
Dahlmann-Noor et al. 2011) and human (Pijanka, Abass et al. 2013). For the cornea we
recommend two (Winkler, Shoa et al. 2013, Meek and Knupp 2015). Studies of fiber orientation
often involve the explicit or implicit assumption that the primary orientation of the fibers is close
to that of the tissue plane (e.g. with the fibers exhibiting zero inclination angles relative to the local
tissue plane). This is particularly common in numerical modeling of the peripapillary sclera
(Zhang, Albon et al. 2015, Voorhees, Jan et al. 2018). From a mechanical perspective, this allows
several convenient simplifications, such as modeling the corneoscleral shell as a thin shell
structure, reducing computational demands. (Arciniegas and Amaya 1986, Watson and Young
2004, Kimpton, Walker et al. 2021). A few studies have explored depth-dependent variations in
fiber orientation in both cornea and sclera (Abahussin, Hayes et al. 2009, Hayes, Khan et al. 2012,
Pijanka, Coudrillier et al. 2012, Danford, Yan et al. 2013, Pijanka, Spang et al. 2015, Gogola, Jan

et al. 2018). These have still primarily focused on analyzing the variations in the in-plane fiber
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orientations across depth, such as the depth-dependent “rotation” of lamellac cross patterns
(Vohnsen and Artal 2008, Latour, Gusachenko et al. 2012, Koudouna, Winkler et al. 2018). The
information on these studies often comes from serial coronal section or from optical cross-
sectioning in-depth. The characterization is therefore still primarily in-plane, with very limited
information about fibers that have an inclination with respect to the tissue plane.

A few studies have been directed at quantifying and understanding collagen fibers that are
not the tissue plane. Two notable studies analyzed cornea fiber orientations on the axial plane
(Winkler, Shoa et al. 2013, Abass, Hayes et al. 2015). The authors noted a population of collagen
fibers that are branching, interweaving and transversely inclined in-depth of cornea. The inclined
fibers create a high degree of interconnectivity between fiber lamellae layers and appear to be
useful for reducing fiber slippage, making the cornea more mechanically stable, and increase
cornea stiffness (Morishige, Wahlert et al. 2007, Winkler, Chai et al. 2011, Petsche and Pinsky
2013). Studies looking at longitudinal sections show that in-depth collagen fibers also exist outside
of the cornea, with potentially important mechanical roles (Yang, Jan et al. 2018). However, they
remain uncharacterized in most of the globe, limiting our ability to understand their roles.

Our goal in this work was to quantify in-depth collagen fiber organization over the
corneoscleral shell. These in-depth features of the collagen organization shed light on how fibers
are organized within the cross-section of the tissue thickness. Specifically, we quantified collagen
fiber orientation distribution, anisotropy, and fiber inclination in 15 regions and over the whole
corneoscleral shell. The results of this study represent new quantitative data of in-depth fiber
organization that will enhance understanding of the eye tissue collagen fiber organization, and in

turn, eye biomechanics.

43



4.2 Methods

4.2.1 Sample Preparation

The study was conducted in accordance with the tenets of the Declaration of Helsinki and
the Association of Research in Vision and Ophthalmology's statement for the use of animals in
ophthalmic and vision research. Seven whole globe axial sections from 3 eyes of 3 sheep were
used for the analysis: three sections from one eye, and two sections each from the remaining two
eyes. The sections were originally prepared and processed by the University of Pittsburgh Ocular
Biomechanics Lab for other purposes, with particular attention given to consistent tissue handling
and imaging for all eyes and sections. Histological processing was as described elsewhere (Jan,
Grimm et al. 2015, Jan, Gomez et al. 2017, Jan, Lathrop et al. 2017). Briefly, eyes from healthy
sheep were obtained from the local abattoir and processed within 24 hours of death. The episcleral
tissues, fat, and muscles were carefully removed. The globes were pressurized to 50 mmHg and
immersion fixed in 10% formalin solution overnight. The intact whole globe eyes were embedded
in such a way that all eyes lined up in the nasal-temporal anatomical directions for cryo-sectioning.
The eyes were cryo-sectioned into axial slices, with a section thickness of 30 pm. For all eyes, the
sections were obtained consecutively without loss. For imaging and analysis we selected 7 sections
passing through both peripapillary sclera (PPS) and central cornea and free of artifacts, such as

folds or bubbles (Figure 22).

44



Front view Axial view Axial section

anterior _ central cornea
anterior -central cornea
Axial sectioning plane posterior 7

\
R —————— \anrer/or / Y
3 —~Se— nasal‘§ temporal
temporal — , {'nasal

\

\

/ peripapillary sclera \
inferior 2t

optic nerve . - o
\\ peripapillary sclera
posterior ~ optic nerve

rior
posterio 3mm
—

Adapted from Virtual 3D Eye Model from Johnson & Johnson Vision, 2017

Figure 22. Location and orientation of the axial sectioning plane and example PLM image. (left and middle)
3D diagrams illustrating the location and orientation of the axial sectioning plane from which the sections
analyzed in this study were collected. The axial view traverses both the central cornea and sclera, permitting
direct observation of the collagen fibers. (right) Example PLM image of a sheep axial section utilized in the

study, enabling investigation of fiber distribution throughout the tissue's thickness.

4.2.2 Imaging

The selected sections were imaged with polarized light microscopy (PLM) using
previously reported methods (Jan, Lathrop et al. 2017) to visualize and quantify the collagen fiber
orientations and density. We have shown that PLM is robust in visualizing collagen architecture
and measuring localized collagen fiber orientation in eye tissue (Jan, Grimm et al. 2015, Gogola,
Jan et al. 2018, Jan, Brazile et al. 2018). Briefly, the imaging system consisted of two polarized
filters (Hoya, Tokyo, Japan), one a polarizer and the other an analyzer, to collect images at four
filter orientations 45° apart. The relative changes in intensities at each pixel were used to determine
the local collagen fiber orientation and density. The sections were imaged using an Olympus 1X83
microscope with an Olympus DP74 camera and a 4x objective (1.49um/pixel). Because the whole
eye section was larger than the field of view, multiple images were captured (10% overlap) and

stitched into mosaics to cover the whole section. The PLM images were processed as previously

45



described (Jan, Gomez et al. 2017, Jan, Lathrop et al. 2017) to obtain Cartesian orientation (Figure
23 A) and “energy” images (Figure 23 B). The Cartesian orientation images display the collagen
orientation at each pixel in the section plane that ranges from 0 to 180 degrees. The “energy” image
value at each pixel ranges from 0 to 1 and reflects the signal strength in each pixel that is
proportional to collagen density (Jan, Grimm et al. 2015). Elsewhere, we have shown that PLM-
derived measurements of the type of parameters of interest in this work are not affected by the

imaging system, magnification, or mosaicking (Jan, Grimm et al. 2015).

Cartesian Orientation (B) “Energy” (C) orientation x “Energy”

tissue surface
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Figure 23. Example PLM images of an axial section in a sheep eye and terminology clarification.(A-C)

Example PLM images of an axial section of a sheep eye. (A) Cartesian orientation image. The color at each
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pixel indicates the local fiber orientation in the image plane estimated from four PLM images with different
filter orientations, as per the colorscale in the center. (B) “Energy” image where pixel intensity is
proportional to collagen local birefringence. Higher birefringence values indicate higher local density and
fibers in the plane of the section. Please see the main text for details of how the energy is computed. (C) The
combination of Cartesian orientation map and energy image helps distinguish the tissue collagen fiber
architecture from the background and non-birefringent elements. (D-F) These panels are intended to clarify
the terminology in this study. (D) An in-plane orientation can be defined at each location over the globe
(white dashed line). In-plane orientation was determined by manually tracing a segmented line along the mid-
layer, following the globe's overall curvature. This curve thus defines at each point on the shell a local
orientation in-plane with the tissue. (E) Schematic diagram defining in-plane orientation, tissue surface
orientation, inclination angle, out-of-plane fiber and in-plane fiber. In-plane orientation (white dash line),
identical to tissue surface orientation, represents the local tissue surface's orientation. The angle between
fibers and the in-plane orientation is termed the inclination angle. Fibers with an inclination angle greater
than 3.5° were classified as out-of-plane fibers (blue), while those with inclination angle no more than 3.5° are
classified as in-plane fibers (red). (F) Three sub-regions from the Orientation x 'Energy" image in panel C to
for illustration (boxes labeled, 1, 2 and 3). Region 1 shows the sclera shell near the anterior equator with the
white dashed line representing in-plane orientation. The tissues are very thin in this region. Overall, the
sclera fibers are green, indicating that they are closely oriented with the tissue plane. Region 2 also contains
predominantly in-plane fibers, although in this region the fibers exhibit more variations as discernible by the
various tones of blue and purple. Region 3 in the posterior pole displays numerous out-of-plane fibers
inclined relative to the tissue surface. These out-of-plane fibers vary in their inclination angles, from small for
purple fibers, larger for red ones, and very large ones for fibers in green. Our goal in this study was to
measure the inclination angles of the collagen fibers over the corneoscleral shell. The inclination angles are
measured locally with respect to the in-plane orientation, and thus provide a measure of the fiber orientations

in-depth and the number of out-of-plane fibers.
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4.2.3 Quantification

4.2.3.1 Overview

We quantified three types of features of in-depth collagen fiber organization: orientation
distribution, anisotropy, and fiber inclination. These in-depth features explore how fibers are
arranged within the cross-section of the tissue's thickness, whether they mainly align parallel to
the tissue surface or being interwoven/inclined relative to the tissue surface. We first studied the
three features in the entire sclera (Figure 24 A), Then we divided the corneoscleral shell into 15
regions in total (Figure 24 B) to study the three features in each region.

All the manual markings in this section were done using Fiji is Just ImageJ (FIJI)
(http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health,
Bethesda, MD, USA) (Schindelin, Arganda-Carreras et al. 2012). The calculations were done in

MATLAB v2022 (MathWorks, Natick, MA, USA).
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Figure 24. Schematic diagram of regions from which we characterized the in-depth collagen fiber

organization.(A) Schematic diagram of an eye showing the entire sclera region, from which we characterized
the in-depth collagen fiber organization. (B) To study regional variations, we divided the corneoscleral shell
into 15 regions to study the features in each. The sclera region was divided into anterior equator, equator,
posterior equator, posterior sclera, and PPS. Rest of the area was divided into central cornea, peripheral
cornea and limbus. (C) Orientation x “energy” image of the example whole globe section, having region

boundaries overlaid.
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4.2.3.2 Quantification Of Orientation Distribution

(A) Curvature compensation process
Cartesian Orientation Cartesian Orientation
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SILEICES
reference orientation
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Figure 25. Curvature compensation for quantifying orientation distributions around the globe.(A) A
demonstration was conducted in an equatorial region along the temporal side. Within this region, the
Cartesian orientations exhibit a gradual shift from yellow to green due to tissue curvature. The in-plane
orientations within subareas of this equator region were determined using the method in Figure 2D. To
"flatten" this region, the Cartesian orientations of all pixels within each subarea were adjusted by
subtracting the difference between their respective in-plane orientation and the reference orientation. The
adjusted Cartesian orientations within each subarea appear constant. Note that the color of the Cartesian
orientations is a schematic diagram and does not account for the diverse range of inclination angles present in
the region. (B) Orientation x “Energy” image of an example whole globe axial section before and after
curvature compensation. After curvature compensation, orientations in each region were more uniform,
showing a more consistent color. (C) Comparison of the orientation distributions in an example region, the
posterior equator (highlighted by the arrows in panel B), before and after curvature compensation. After

curvature compensation, the orientation distribution became more concentrated with reduced variability.
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To study the orientation distribution in a region, the boundary of the region was marked
manually using FIJI. Cartesian orientations and “energy” values within the region were extracted
from the images and processed for quantification.

To compensate for the orientation variations introduced by the corneoscleral shell
curvature, first, we manually marked a segmented line along the mid-layer of the region to
represent the overall curvature and orientation of the tissue surface. Each segment was designed
to have a length smaller than 1% of the eyeball average radius (~11mm). Referring to the
segmented line, we divided the region into small subareas, with each subarea centered on one of
these line segments (Figure 25). The orientation of the tangent line at the center of the curve was
selected as reference orientation. To compensate for the curvature-induced orientation variations,
we adjusted the Cartesian orientations of all pixels within each subarea by subtracting the
difference between their local in-plane orientation and the reference orientation. When
characterizing the orientation distributions of entire sclera, we set 0 degree as reference orientation.
After correction, the orientation distribution was calculated for each region and weighted by
“energy”. The weighting-by-energy was implemented as follows: when constructing the
orientation distribution histogram, we assigned each orientation the corresponding energy value,
which spans the range from 0 to 1, as its frequency value, rather than assuming all orientations
have an equal frequency of 1. The weighing served several purposes. First, it ensured that the
measurements are representative of the fibers in the plane of the section, eliminating potentially
artefactual angles from fibers at a high angle to the section. Second, it accounted for the regional
variations in collagen fiber density (Yang, Jan et al. 2018). These reduce potential measurement
noise that could result from the fact that a section only exhibits smaller bits and pieces of the

complex structure, by making the measurements better represent the higher quality data.
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To quantify orientation distribution, we summed up n number of weighted r-periodic von

Mises distributions (Gouget, Girard et al. 2012) and one uniform distribution c(8) to fit the

original orientation distribution, where F(0; k, p, ¢, a) = c(8) + XiL; a; m;(k)exp (k; cos(2(9 —
o\Ry

ui))). In the equation, 6 represents fiber orientation values lie in the interval [0, m]. a; is the
weighting factor associated with each von Mises distribution. y; is the primary orientation, the
angle at the maximum of each von Mises distribution. I, is the modified Bessel function of the
first kind of order zero. k; is the fiber concentration factor.

To find the parameters that yield the best match with the original experimental orientation
distribution, an iterative algorithm was applied (Lagarias, Reeds et al. 1998). In each iteration, we
allowed for updates on the number of von Mises distributions n, the three parameters associated
with each von Mises distribution (i.e., weighting factor a;, primary orientation p;, fiber
concentration factor k;), and the frequency of the uniform distribution. We defined the cost
function as the Euclidean distance between the original and the fitted distributions. This algorithm
was terminated when one of the following three criteria was met: 1) the maximum number of the
optimization iterations was larger than 100,000, 2) the tolerance on the cost function value was

smaller than 1e-4, or 3) the tolerance on the parameter variation was smaller than le-4.

4.2.3.3 Quantification Of Anisotropy

Anisotropy was calculated to evaluate the overall degree of fiber alignment. Anisotropy
ranges from 0 to 1 and is proportional to the circular standard deviation of all orientation values in
a region. A high anisotropy value indicates a high degree of fiber alignment, whereas a low

anisotropy value indicates low fiber alignment (Gogola, Jan et al. 2018). When calculating, we
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used the Cartesian orientation values after being corrected for curvature and orientation

frequencies weighted by “energy”, as described above.

4.2.3.4 Quantification Of Fiber Inclination
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Figure 26. Fiber inclination quantification. The inclination angle distribution (blue) was fit by a half Gaussian
curve (black solid line). The range of inclination angles was calculated as the half width at half maximum

(HWHM) of the Gaussian distribution.

Section 4.2.3.2 described the general characterization of fiber orientation distributions.
Herein we focus on measuring how fibers were oriented relative to the corneoscleral shell surface.

Similar to the process described in Section 4.2.3.2, we marked a segmented line along the
mid-layer of the region following the overall curvature. The orientation of each line segment was
considered as the local orientation of the tissue surface (i.e., in-plane orientation). The relative
angle between a fiber and the in-plane orientation was defined as the inclination angle, which was
calculated as the difference between the local in-plane orientation and the local fiber orientations
obtained from the Cartesian orientation map. Inclination angles range from 0 to 90 degrees, where

a 0-degree inclination angle represents that the fiber is perfectly in-plane and has no inclination
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whatsoever, and a 90-degree inclination angle represents a fiber that is perpendicular to the tissue
surface.

We quantified two parameters of fiber inclination: the range of inclination angles and the
percentage of inclined fibers. To determine the range of inclination angles, we plotted the
inclination angles as a histogram with frequencies weighted by “energy” values. A half-Gaussian
curve was fit to the distribution. The half width at half maximum (HWHM) of the Gaussian
distribution was quantified as the range of inclination angles (Figure 26). The range of inclination
angles was designed because fibers in the corneoscleral shell can be inclined at different angles.
Thus, a parameter was needed to describe the overall variation of inclination angles. The range of
inclination angle ranges from 0 to 90 degrees. If the derived HWHM was greater than 90 degrees,
which can happen when the distribution was more isotropic, we corrected the range of inclination
angles to 90 degrees. A large range of inclination angles means that lots of fibers are inclined at
large angles, whereas fibers largely parallel to the tissue surface will result in a smaller range of
inclination angles. To compute a percentage of inclined fibers we defined a fiber as inclined if it
had an inclination angle greater than 3.5 degrees. We recognize that choosing any specific angle
to define inclined fibers is arbitrary. Nevertheless, we posit that selecting a value is useful for
understanding the results. We selected the 3.5 degrees value because it corresponds with a study
by Winkler et al, on fiber inclinations in the cornea, and therefore it provides a, still arbitrary, but
useful level for comparison (Winkler, Shoa et al. 2013). Later work could look into how important

the choice of angle was to the findings.

4.2.3.5 Statistics
We assessed variations in anisotropy, the percentage of inclined fibers, and the range of

inclination angles by conducting ANOVA tests to distinguish inter-specimen and intra-specimen
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differences. When deciding regional differences of anisotropy, percentage of inclined fibers and
range of inclination angles, we used linear mixed effects models (LME) to account for
autocorrelations between measurements from the same section and eye. We used a significant level
of alpha = 0.01 to check if the three parameters were significantly different between any two
regions (Gatecki and Burzykowski 2013). When evaluating the match between the fitted and

original orientation distributions, we used R?.

4.3 Results

The average anisotropy of fibers in the entire sclera across all eyes was 0.5552 with a
standard deviation of 0.0552. Figure 27 shows the orientation distribution and anisotropy of an
example sheep eye.

Figure 28 shows the anisotropies of all the regions on both nasal and temporal sides across
all eyes. Anisotropy in the eye posterior part (i.e., PPS, posterior sclera, posterior equator on
temporal side and PPS on nasal side) was lower than in other regions (p<0.01).

For the curve fitting, we achieved good agreements with R? > 0.87 between the fitted
distribution and the original distribution for all cases. Curves were fit for each region of each eye
(15 regions/eye x 7 eyes). For readability, we selected curve fitting results of two example regions,
limbus and posterior equator, for an example eye (Figure 29). The curve fitting parameters of all

other regions and eyes are provided in the Appendix A.
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Figure 28. Fiber orientation anisotropies of all the regions on both nasal and temporal sides across all eyes.

(A) Anisotropies of the 15 regions on both nasal and temporal sides across all eyes. (B) Matrix of LME tests

doing pair-wise comparisons of anisotropy between all regions. PPS, posterior sclera, posterior equator on
temporal side and PPS on nasal side had relatively smaller anisotropy that other regions, meaning their fibers

were less aligned (p<0.01).
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Figure 29. Quantification of the orientation distributions of two example regions, (left) a posterior equator
region and (right) and a limbus region of an example eye.The optimized parameters (k, p, ¢, a) are shown in
the tables of each side. We found that only one von Mises distribution was needed to fit the posterior
equator’s orientation distribution, whereas two von Mises distributions were needed to fit the limbus’s
orientation distribution. In both cases, the fitted distribution (F(0; k, p, c, a), black dash line) matched with
the original, or experimentally-measured, orientation (red line) at R? > 0.87. Note that in these plots the

angles are absolute values and are therefore not relative to the main plane.

Figure 30 summarizes the number of von Mises distributions that were required to fit the
orientations in each region. The posterior pole requires more distributions, suggesting that there
are more collagen fiber families or groups in the posterior pole. Recall that these distributions are
only accounting for the in-depth fiber distribution. The number of distributions needed for the

fibers in-plane is likely different.

56



=y
o

0.8
o
Zo06 Il 3 von Mises Distributions
t I 2 von Mises Distributions
3 0.4 1 1 von Mises Distribution
5 0.
o

0.2

0

<°

Figure 30. The number of von Mises distributions used to fit the orientation distribution of all regions of all
eyes.In PPS, posterior sclera and peripheral cornea, we observed that in more than 20% of the cases, 3 von
Mises distributions were needed to fit the original orientation distribution. In anterior equator, limbus and

central cornea regions, only one or two von Mises distributions were needed for curve fitting.
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Figure 31. Orientation distribution in the entire sclera region.All the seven sections exhibited a similar
distribution pattern, with most of the fibers aligned at 0/180-degree direction, which is in-plane and parallel
to the tissue surface. We performed curve fitting for each eye. The average fitting parameters were calculated
and shown in the table, with which we obtained the average fitting curve (red solid line). The average fitting
curve was the combination of two weighted von Mises Distributions (blue and green dash lines) and an
isotropic component (magenta dash line). The average fitting curve achieved a fitting with the original

orientation distribution of each sample at R? > 0.88.
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Figure 31 shows the original and fitted orientation distributions of fibers in the entire sclera
region for all the sections. The original orientation distributions from all the sections exhibited
similar patterns, which could be fit using two von-Mises Distributions. The isotropic component
had a value of 1.3799e-04, which for practical purposes is negligible. With the averaged fitting
parameters, the fitted distribution had good agreement with the corresponding experimental, or

original, distributions of R? > 0.88.
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Figure 32. (A) Percentage of inclined fibers and (B) range of inclination angles. The two matrices of LME tests
showed the statistical significance of pairwise comparisons of each parameter between all regions. Fiber
inclination was substantial in all regions, whereby even the most aligned region had around 70% of fibers

running inclined and exhibited a range of inclination angles of 7 degrees. In general, fibers in posterior sclera
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and posterior equator on temporal side and PPS on nasal side had more inclined fibers (p < 0.01) and a larger

range of inclination angles than other regions (p < 0.01).

Figure 32 shows the percentage of inclined fibers and range of inclination angles of all 15
regions on both nasal and temporal sides across all eyes. Posterior sclera, posterior equator on
temporal side and PPS on nasal side exhibit a larger percentage of inclined fibers (p <0.01) and a
larger range of inclination angles (p < 0.01).

We found significant inter-specimen variation in the percentage of inclination angle,
indicating differences between eyes (p<0.05). In contrast, intra-specimen variation within sections
of the same eye was not significant for this parameter. Additionally, we did not observe significant

variations, either inter-specimen or intra-specimen, in the range of inclination angle or anisotropy.

4.4 Discussion

We performed a systematic quantification of in-depth collagen fiber organization over the
corneoscleral shell of sheep eyes. Specifically, we quantified orientation distribution, anisotropy,
and fiber inclination with respect to the local plane, in 15 regions around the eye globe and in
entire sclera. The following main results arise from this work: Over the globe, there were fibers
with all in-depth orientations, with varying degrees of in-depth anisotropy. While many fibers had
orientations close to the tissue plane, fiber inclinations were substantial in all regions. The
percentage of inclined fibers and the range of inclination angles were larger in the posterior globe,

particularly on the temporal side. Below we discuss these results in more detail.
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Over the globe there were fibers oriented with all in-depth orientations, with varying
degrees of in-depth anisotropy. Compared between regions, the fibers were less aligned in-depth
in the nasal PPS, temporal PPS, posterior sclera and posterior equator. Our observations mean that
the actual in-depth collagen organization is more complicated than the commonly assumed thin
shell structure with primarily in-plane aligned fibers (Arciniegas and Amaya 1986, Watson and
Young 2004, Kimpton, Walker et al. 2021). Our results suggest that many studies of eye structure
and biomechanics, from our lab (Voorhees, Jan et al. 2017, VVoorhees, Jan et al. 2017) and others
(Girard, Dahlmann-Noor et al. 2011, Grytz, Meschke et al. 2011, Pijanka, Coudrillier et al. 2012,
Coudrillier, Boote et al. 2013, Grytz, Fazio et al. 2014, Coudrillier, Pijanka et al. 2015, Zhang,
Albon et al. 2015, Coudrillier, Campbell et al. 2016, Kollech, Ayyalasomayajula et al. 2019, Grytz,
Krishnan et al. 2020), have substantially underestimated the in-depth variations. It is unclear the
consequences. It seems plausible that assuming that all the fibers are in-plane may simultaneously
overestimate the in-plane stiffness and underestimate the out-of-plane stiffness of the tissue.
Collagen fiber organization is a main factor determining the eye tissue mechanical behaviors
(Spoerl, Boehm et al. 2005, Girard, Downs et al. 2009, Pijanka, Coudrillier et al. 2012, Coudrillier,
Boote et al. 2013, Fung 2013). Having accurate quantitative information about how fibers are
organized is thus important. Our intent with this work is to provide the information on in-depth
variation that can be incorporated in 3D modeling to improve the predictions of tissue mechanics.

We employed semi-circular von Mises distribution functions to quantify the fiber
orientation distributions. These functions capture the distribution of fiber orientations about a
preferred orientation and are widely used to describe the unimodal planar organization of fibers
(Gouget, Girard et al. 2012). Through our analysis, we found that the in-depth orientation

distribution is better described by more than one family of fibers with different primary
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orientations and fiber concentration factors. Specifically in sclera, we found two groups of fibers
that fit different von Mises distributions. To the best of our knowledge, the studies using the von
Mises distributions for fiber orientations have only applied them to the in-plane distribution of
fibers. (Girard, Downs et al. 2009, Feola, Myers et al. 2016, Schwaner, Hannon et al. 2020,
Schwaner, Perry et al. 2020). Although our results suggest that assuming fully in-plane fibers is
inaccurate, conveniently our results also suggest that the in-depth orientation of the fibers can be
well-characterized by between one and three von Mises distributions. Since these functions have
already been implemented in several software packages, as demonstrated by publications using
them cited above, we trust that using them for the in-depth distribution will not be a major obstacle.

We observed substantial fiber inclination across the entire corneoscleral shell. The effects
of fiber inclination has been studied in cornea and was found to have critical biomechanical roles.
In this study the authors speculate that inclined fibers can introduce more connections between
adjacent fibers, which are likely to prevent fiber slippage, stabilize the cornea shape, and increase
cornea stiffness (Petsche, Chernyak et al. 2012, Petsche and Pinsky 2013, Winkler, Shoa et al.
2013). In ocular tissues, fiber inclination can also be associated with fiber interweaving. Elsewhere
we have shown that interweaving can impact the structural mechanical behavior of sclera (Wang,
Hua et al. 2020).

To our knowledge, fiber inclination had not been systematically characterized in sclera.
The role of fiber inclination in sclera biomechanics is also not clear. One possibility is that fiber
inclination may play a similar role as it does in cornea, where more fiber inclination could stabilize
sclera structure and increase sclera stiffness. While we have drawn parallels between fiber
inclination in the cornea and sclera, we acknowledge the compositional and ultrastructural

distinctions between these ocular tissues. These distinctions encompass variations such as collagen
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fibril characteristics, microfibril orientations, tissue hydration levels, and elastic fiber content
(Boote, Hayes et al. 2006, Bell, Hayes et al. 2018). It is important to recognize these differences
in understanding the specific role of fiber inclination in scleral biomechanics. It is also possible
that fiber inclination in sclera has an opposite effect as it does in cornea, where more fiber
inclination means the sclera contains more interweaving fibers, thus being less stiff and more
susceptible to IOP changes (Wang, Hua et al. 2020). If the second hypothesis is true, our
observation potentially could explain why in early glaucoma, neural tissue loss occurs
predominantly in the inferior-temporal and superior-temporal sides (Kiumehr, Park et al. 2012,
Lisboa, Leite et al. 2012), since we observed a larger percentage of inclined fibers and a larger
range of inclination angles in posterior part of the eye especially on the temporal side. Future
studies should evaluate the role of fiber inclination.

It is worth mentioning that fiber inclination is different from fiber crimp (Jan, Brazile et al.
2018). Crimp is a natural waviness within Type | collagen fibers, whereas fiber inclination is at a
larger scale, focusing on measuring the orientation of the macroscale fibers relative to the tissue
surface. The eyes that we analyzed were pressurized and fixed at 50 mmHg after most of the fibers
have been recruited and the crimp is no longer present (Jan and Sigal 2018). Therefore, we believe
the results from this study were not impacted by the variations caused by the crimp.

Our measurements took place across the entire thickness and ignored depth-dependent
features. It is possible that the orientation distribution, anisotropy and fiber inclination vary from
the episcleral surface to the inner surface of the corneoscleral shell. Depth-dependent features of
collagen fiber organization can be functionally important. For example in human sclera, fibers

were found organized in a more highly aligned pattern near the episcleral surface compared with
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inner surface (Yan, McPheeters et al. 2011, Pijanka, Coudrillier et al. 2012, Pijanka, Spang et al.
2015, Jan, Lathrop et al. 2017, Gogola, Jan et al. 2018).

We acknowledge a potential concern regarding overparameterization when determining
the number of von Mises distributions for fitting the original orientation distribution. To address
this, we conducted a manual validation process once the algorithm determined the optimal number
of distributions. Our observations consistently showed that removing one distribution significantly
worsened the fit, suggesting the model's reduced ability to capture the data. Conversely, adding an
extra distribution often maintained a similar fit quality, although there were instances where
additional distributions did not improve the fit or even made it worse. While our approach was
effective, we recognize room for future refinements. Future research may explore formalized
criteria to address overparameterization for a more robust analysis of orientation distribution in
complex tissue structures.

When interpreting the findings in this work is important to consider the limitations. First,
we studied only sheep eyes. Sheep eyes are similar to human eyes. But they are larger and less
symmetric than the human eye, with different axial lengths, equatorial diameters, and more
variable tissue thicknesses in the corneoscleral shell (EI-Maghraby, Nyland et al. 1995, VVoorhees,
Ho et al. 2017). Though it is possible that our characterization found in sheep are not the same in
human, it is important to understand sheep as an animal model (Gerometta, Spiga et al. 2010,
Candia, Gerometta et al. 2014). Future work should include additional animal models as well as
human eyes. Additionally, the sample size in our study was limited to seven sections obtained from
three sheep eyes. This constraint was primarily due to the availability of suitable specimens. A

larger sample size could have enhanced the statistical power of our analysis, increasing the
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likelihood of detecting significant differences or relationships. In future work, it is advisable to
consider an expanded sample size, which would improve the generalizability of our findings.

Second, when evaluating the range of inclination angles, we choose to use Gaussian
functions to fit the distribution of inclination angles. This is because the distribution of inclination
angles was found to follow a normal distribution in more than 95% of the cases. In some regions
the distributions of inclination angles were more complicated. In those cases, the HWHM is greater
than 90 degrees. We corrected those values to 90 degrees, meaning that the variation of inclination
angles could span the whole range. We aim to describe the overall variations of inclination angles
in most cases. Future if more accurate quantification is necessary, we could introduce more
complex definitions to better fit and describe those exceptional cases.

Third, the tissue sections were of 30pm thickness. The images used for this study provided
a measure of the dominant fiber orientation in each pixel (Jan, Grimm et al. 2015). Especially in
complex regions, it is possible that at through the depth of the section the fiber orientation
distribution is not constant.

It is worth considering this point when interpreting the observation from this study. In the
future, analyzing thinner sections could be useful to reduce the influence of fiber overlapping. The
images were acquired from histologically processed tissue, which may have introduced artifacts
such as tissue shrinkage or distortion from the fixation and sectioning. We have shown the
influence of such artifacts is minimal (Tran, Jan et al. 2017).

In conclusion, we reported the first systematic experimental characterization of in-depth
collagen fiber organization over the corneoscleral shell. Specifically, we have quantified
orientation distribution, anisotropy, and the two parameters of fiber inclination (i.e., percentage of

inclined fibers and range of inclination angles). The results from this study will contribute to a
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better understanding of the collagen fiber in-depth organization of ocular tissue, developing more
accurate fiber-based microstructure models of the eye, and understanding the role of collagen

microstructure in eye biomechanics.
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5.0 Introduction Of Direct Fiber Modeling Approach For Simulating Sclera Collagen

Architecture And Biomechanics

The content of this chapter has been published by Experimental Eye Research (Ji, Bansal

et al. 2023).

5.1 Introduction

Collagen fibers are the principal load-bearing component of sclera (Girard, Downs et al.
2009, Pijanka, Coudrillier et al. 2012, Grytz, Fazio et al. 2014, Jan, Gomez et al. 2017, Boote,
Sigal et al. 2020), and thus play an important role on eye physiology and pathology (Ethier,
Johnson et al. 2004, Summers Rada, Shelton et al. 2006, Coudrillier, Tian et al. 2012, Pijanka,
Coudrillier et al. 2012). This has motivated many studies aimed at understanding the role of sclera
collagen microarchitecture on macroscale eye biomechanical behavior (Girard, Downs et al. 2009,
Grytz, Meschke et al. 2011, Coudrillier, Boote et al. 2013).

Because of the complexity of sclera microstructure and the difficulty of accessing it directly
for experimentation, numerical models have been widely developed and used for the studies (Sigal,
Flanagan et al. 2004, Girard, Downs et al. 2009, Girard, Downs et al. 2009, Grytz, Meschke et al.
2011, Coudrillier, Boote et al. 2013, Coudrillier, Pijanka et al. 2015, Voorhees, Jan et al. 2017,
Voorhees, Jan et al. 2018, Hua, Voorhees et al. 2020). Most models have been formulated within
a continuum mechanics framework in which collagen fiber architecture has been approximated

using statistical distributions, often with the parameters derived from inverse fitting. The
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conventional continuum approach, while helpful to describe the sclera macroscale behavior, does
not account for potentially crucial tissue characteristics such as fiber interweaving, fiber-fiber
interactions and the in-depth fiber orientation distributions (Jan, Lathrop et al. 2017, Boote, Sigal
et al. 2020, Lee, Yang et al. 2022). Thus, the conventional approach is limited in the ability to
capture sclera structure and mechanics at fiber-level scale. This is problematic because accurate
predictions at the small scale are crucial if the intent is to use the models to understand effects at
the scale of cells, axons and for studying mechanobiology. Further, ignoring interweaving and
fiber-fiber interactions can introduce substantial errors when estimating sclera fiber mechanical
properties using inverse fitting (Wang et al., 2020).

To address the limitations of conventional models and better account for microstructure,
models have been developed that explicitly incorporate collagen fiber networks (Hadi and Barocas
2013, Zhang, Lake et al. 2013, Licup, Minster et al. 2015, Islam and Picu 2018, Picu, Deogekar
et al. 2018). The models, however, are limited in their ability to represent specimen-specific
collagen architecture. In addition, the models were formed by short fibers, sometimes generated
stochastically, and do not represent well the long fibers that form the sclera (Boote, Sigal et al.
2020). Long fibers can, potentially, have fundamentally different mechanical behavior than short
fibers (Voorhees, Jan et al. 2018), and thus that explicitly accounting for them is important in
specimen-specific modeling of the eye. Altogether, the limitations of the current modeling tools
highlight the need to develop more advanced modeling techniques that can incorporate detailed
information on fibers.

Our goal was to demonstrate that it is possible to build a model of sclera that represents
fiber microstructure better than the conventional modeling approaches and that also captures sclera

macroscale behavior. In this manuscript we introduce a new modeling approach, that we call direct
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fiber modeling, in which the collagen architecture is accounted for by long, continuous, interwoven
fibers. The fibers are embedded in a continuum matrix representing the non-fibrous tissue
components. We demonstrate the methodology by modeling a rectangular patch of posterior pole
sclera. First, we show that a specimen-specific direct fiber computational model can be built based
on high resolution polarized light microscopy data of cryosections from pig and sheep. We show
that the fiber orientation distributions of the direct fiber model can be made to follow closely those
of the cryosections simultaneously in both the coronal and sagittal planes. This is a more
demanding requirement than in conventional models in which only the fiber orientations in coronal
plane are accounted for (Girard, Downs et al. 2009). Second, we used the model in an inverse
modeling approach by fitting experimental biaxial stress-strain data from the literature. We show
that the direct fiber model can match the experiment simultaneously in both radial and
circumferential directions. Overall, direct fiber modeling can provide unique insight into the
interplay between tissue architecture and behavior and help answer questions that have been

inaccessible with the conventional continuum approach.

5.2 Methods

This section is organized in three parts following the same general order as the process for
building and using a direct fiber model. First, experimental data on sclera fibers and orientations
were obtained using established polarized light microscopy (PLM) imaging of histological
cryosections (Jan, Grimm et al. 2015). Second, a direct fiber finite element model of a patch of
posterior sclera was built based on the PLM-derived orientation data. The fiber architecture of the

model was first built from the collagen fiber orientation data in the coronal sections, and then
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iteratively optimized to also match the orientation data from sagittal sections. The direct fiber
model was then embedded in a matrix representing non-collagenous components. Third, the
combined fiber and matrix model was used in an inverse fitting optimization process to match the
models’ simulated stress-strain behaviors with equi-biaxial test data from the literature (Eilaghi,
Flanagan et al. 2010). This process produced estimates of the fiber mechanical properties. Below
we describe these parts in detail.

Modeling was done in Abaqus 2020X (Dassault Systemes Simulia Corp., Providence, Rl,
171 USA). Customized code and the GIBBON toolbox (Moerman 2018) for MATLAB v2020

(MathWorks, Natick, MA, USA) were used for model pre/post-processing and inverse modeling.

5.2.1 Histology, Polarized Light Microscopy And Fiber Orientation Quantifications

The study was conducted in accordance with the tenets of the Declaration of Helsinki and
the Association of Research in Vision and Ophthalmology's statement for the use of animals in
ophthalmic and vision research. For the fiber orientation distribution in the coronal plane, we used
a porcine eye that was also part of a previous study on sclera architecture (Gogola, Jan et al. 2018).
Details of the eye preparation, histological processing, PLM imaging and post-processing methods
are reported elsewhere (Jan, Grimm et al. 2015, Jan, Lathrop et al. 2017). Briefly, a healthy eye
without known abnormalities was obtained from the local abattoir and processed within 24 hours
of death. The episcleral tissues, fat and muscles were carefully removed, and the globe was
perfusion and immersion fixed in 10% formalin for 24 hours at an IOP of 0 mmHg. After fixation,
the optic nerve head region was isolated with an 11 mm circular trephine and serially cryo-

sectioned coronally with a slice thickness of 30 um (Figure 33 A). Seventeen serial sections were
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imaged with PLM using the 0.8x objective (NA 0.12) of an Olympus SZX16 microscope, paired

with a dual chip Olympus DP80 camera (4.25 um/pixel).

(A) Coronal section

Figure 33. PLM images of coronal and sagittal sections.(A) Example PLM image of a coronal section of a pig
eye through the lamina cribrosa. (B) Example PLM image of a sagittal section of a sheep eye through the
optic nerve head (ONH). The colors indicate the local fiber orientation in the section plane, and the

brightness the “energy” parameter (see main text).

For the fiber orientation distribution in the sagittal plane, we used a healthy sheep eye that
was processed in the same way, except that the optic nerve head was sectioned sagittally. Naturally,
it is impossible to section the coronal section sample again to obtain the information on in-depth
sagittal orientations. Thus, we had to use a different sample. Three sections passing through the
posterior temporal sclera and the middle of the scleral canal were selected and imaged with PLM

using an Olympus 1X83 microscope with 4x objective (1.49um/pixel). The higher resolution in
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this orientation was selected to resolve better the in-depth fiber interweaving. Fiber orientation
distributions were normalized for use, and therefore we do not expect this to affect the
reconstructions. Please see the discussion for a discussion of the potential consequences of having
used different species for the coronal and sagittal planes.

PLM images were processed to derive at each pixel the in-plane collagen orientation (in
Cartesian coordinates) and a parameter which we have previously referred to as “energy” (Yang,
Jan et al. 2018). Energy helps identify regions without collagen, such as outside of the section, and
regions where the collagen fibers are primarily aligned out of the section plane, so that they can

be accounted for in the orientation distribution.

Superior (S)

Temporal (T)

-~ 17-layer ONH
: image stack

Figure 34. Visual representation of the scleral region and the process of modeling and extracting fiber

orientation data.(A) Schematic coronal view illustrating the location of the scleral region modeled (yellow
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box, 2.00 x 1.91 mm). The region was located at the temporal sector. Also shown are the radial and
circumferential directions, which correspond with the directions used for the equi-biaxial testing in the
experiment and simulation. (B) A set of 17 coronal sections were stacked and registered. Fiber orientation
data was extracted from the selected rectangular patch of sclera region (yellow box in panels A and B) in the
image stack and used to build the direct fiber model (C). Fibers, or fiber bundles, are shown in random colors

to simplify discerning the complex interwoven architecture.

For the coronal fiber orientation, the coronal sections were stacked sequentially and
registered (Gogola, Jan et al. 2018). After registration, the PLM data was reprocessed to align
orientation values (Gogola, Jan et al. 2018). As target to build the direct fiber model we selected a
rectangular block of sclera, 2.00 x 1.91 mm in size, in the temporal side of the optic nerve head
(Figure 34). The location and shape were chosen to match the sample tested experimentally
(Eilaghi, Flanagan et al. 2010). We then calculated the distribution of collagen fiber orientations
from the PLM images. We used the pixel-level data from 17 sections, weighted by the local
“energy”. This allowed us to build the in-plane distribution based on fibers in the same plane
(Yang, Jan et al. 2018).

For the sagittal fiber orientations distributions, we sampled sections through the posterior
temporal sclera where the coronal information was obtained. However, instead of selecting one
region and section for sampling, we reasoned that it was better to obtain a sagittal fiber orientation
distribution that was more broadly representative of the region. This would help ensure good
correspondence with the orientation distribution in the coronal orientation, and it would account
for potential variations between eyes and misalignment between regions. To obtain the
representative distribution, we measured the orientation distribution in 236 regions of three sagittal

sections. All of these measurements were in regions 715 um x 715 pum in size, and close to the
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location from where the coronal sample was obtained. In each of those regions, the orientation
distributions were calculated by using the out-of-plane information derived from the energy
parameter to restrict the measurements to be on sagittal plane (Yang, Jan et al. 2018). We then
computed the average orientation distribution over all these. We also calculated the sagittal fiber
anisotropy from the median of the anisotropies among the 236 areas. The anisotropy indicates the
degree of fiber alignment and was quantified as circular standard deviation (Gogola, Jan et al.
2018). Perfectly aligned fibers have an anisotropy of 1 and evenly dispersed fibers have an
anisotropy of 0. We reasoned that the average distribution and median anisotropy provide a better

representation of the orientation distribution in this direction than any single distribution.

5.2.2 Direct Fiber Model Construction

5.2.2.1 Fibers

~ bundle

400um

Figure 35. Workflow for creating and processing fibers.(A) The process begins with the pixel-level data from

the coronal section PLM process (both orientation and energy). For clarity here we illustrate the process with
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a small square region. The colors of the PLM image represent the local collagen orientation. To help
discerning orientations the images are shown with overlaid short white line segments representing the mean
orientation over a small square region. (top panel) A regular grid of “seed” points was defined (white x
marks). At these seed points the local fiber orientation was sampled, averaged as per the white lines to avoid
noise. The energy information was used to skip defining fibers in regions without a reliable well-defined
orientation, and to give preference to the in-plane fiber orientations over the out-of-plane ones. The in-plane
orientation was then used to define a straight fiber in the image plane. In the example case, a fiber was traced
at the grid point (red x mark) at an angle around 45 degrees. The bottom panel shows an isometric view of
the image with the fiber overlaid. (B) (top) The fiber was initially defined by one element and two nodes, po
and pi1. (bottom) The fiber was then refined into five elements and six nodes. (C) The average orientations
over the fiber elements were then computed and compared with local image orientations to determine their
agreement element by element. In the example shown, the element group (1), po-p2, p2-ps, P3-p4, agreed well
with the direction of a yellow-green bundle. Accordingly, the group was accepted at this section. In contrast,
the element group (2) ps-ps, ps-p1, had poor agreement between element and image orientations. This group
was then assigned a lower depth, effectively “pushing” the group or fiber segment to the depth of another
section. Fiber connectivity was ensured by adding an element to connect the two element groups ((1) and (2))
at different depths. The fiber smoothness was restored when resolving fiber collisions. Meanwhile, elements
were combined or split to maintain all element lengths within a pre-defined range. (D) Elements were moved

apart if the shortest distance x between them was smaller than fiber diameter, indicating a collision.

Fibers were simulated using 3-dimensional linear truss elements (T3D2 in Abaqus). Fiber
locations were defined by Cartesian coordinates (X, Y, Z) of element nodes. To define fibers, we
sampled orientation values from PLM images at regularly spaced “seed” points with a spacing of
272 um. At each seed point, a straight fiber 8.5 um in diameter was traced in the section plane at
an angle equal to the orientation at the seed point, meanwhile, the fiber passed through the seed
point and extended the full span of the region. The process was applied for each layer, and then

the fibers were stacked, resulting in a stack of 2D layers of fibers, each with a large number of
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fibers crossing or “interpenetrating”. To resolve fiber interpenetrations, an algorithm was used to
refine and displace fiber elements in the whole structure (Matuschke, Ginsburger et al. 2019,
Matuschke, Amunts et al. 2021). Briefly, if the smallest distance between two elements was less
than the fiber diameter, an interpenetration was detected. Interpenetrated elements were shifted
apart iteratively until all interpenetrations were resolved. During the process, fiber elements were
re-meshed so that the element length was kept between 25.5um to 51um. Fibers were smoothed
by controlling the fiber minimum radius of curvature.

It is important to make a few important notes regarding our use of the term “fiber”. The
collagen of the sclera has a complex hierarchical structure even more complex than that of the
cornea and tendon (Jan, Brazile et al. 2018, Boote, Sigal et al. 2020). The models were
reconstructed using a fiber diameter of 8.5 um, which means that what we refer to as a fiber most
likely represents a group of fibers that elsewhere may instead be described as a fiber bundle.
Nevertheless, because our intent with this work is to call attention to the power of incorporating
detailed microstructural information on sclera, we decided to use the term fiber, while also being
careful to acknowledge at several critical points that these may be understood as fiber bundles.
This is further addressed in the discussion.

To evaluate the similarity of the model and the images in the coronal plane, we quantified
the model’s coronal orientation distribution and compared it with the distribution of the PLM
images. We counted the occurrences of element orientations, where the orientation of an element
was the slope angle in the coronal section plane and the number of occurrences was estimated as
the element volume. This allowed us to account for uneven element sizes and to properly compare

with PLM pixel-based measurements.
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To better account for the fiber distribution in 3D, including the through-depth fiber
undulations, we did the following: we shifted the fiber elements locally in-depth according to the
fiber relative positions observed in coronal section images. If a fiber element had an orientation
that disagreed with the orientation in the image by more than 45 degrees, the element was “shifted”
in the posterior direction. A fiber segment that was in agreement with the local orientation was
kept at the original sclera depth. After applying this process throughout the volume, we did another
iteration resolving fiber interpenetrations. We then compared the in-depth fiber anisotropy of the
model with the representative anisotropy in the sagittal plane. If the model had a larger in-depth
anisotropy than the images, we shifted the fibers, increasing the fiber undulation amplitudes and
decreasing the degree of fiber alignment. Conversely, if the model had a lower anisotropy than the
sagittal images, we decreased the amplitude of fiber undulations. Each of these steps was followed
by an iteration resolving fiber interpenetrations and a check in the agreement between the model
and sample anisotropies in the coronal plane. Adjusted R-square (adjusted R?) values were used to
evaluate the fitness of orientation distributions. This process converged to a set of continuous fibers
in excellent agreement with the PLM-derived orientations simultaneously in both coronal and
sagittal planes. Adjusted R? is similar to the conventional R? in that it indicates fit to a curve, but
it adjusts for the number of points considered, avoiding potentially misleading excellent fits that

are the result of many points of comparison (Miles 2005).

5.2.2.2 Matrix
The model used for inverse fitting consisted of the direct fiber model and a coincident
matrix with an overall dimension of 2.00 x 1.91 x 0.35 mm. The model of fibers and matrix had

the same dimensions, and fiber end-nodes resided on the matrix surfaces.
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5.2.3 Model Inverse Fitting

5.2.3.1 Meshing And Material Properties

Fibers were modeled as a hyperelastic Mooney-Rivlin material (Holzapfel 2001):W =
Cio(I; =3) +Co1 (I —3) + %K(] —1)%, where W was the strain energy density, C;o and Cy

were the material constants, restricted by C;, + Co;> 0 and would be determined by inverse
modeling, I; and I, were the first and second invariants of the right Cauchy-Green deformation
tension, K was the bulk modulus and ] was the determinant of the deformation gradient.

Fibers were simulated using 3-dimensional linear truss elements (T3D2 in Abaqus). A
mesh convergence analysis was performed to verify that both the fiber and matrix models were
sufficiently refined. The results shown were obtained with fiber element lengths between 25.5um
to S1um, resulting in element aspect ratios from 3 to 6. This is consistent with a previous study on
fiber mechanics in which we found that aspect ratios of 5 were optimal (Islam and Picu 2018). The
matrix was meshed with linear eight-nodded, hybrid hexahedral elements (C3D8H in Abaqus) and
modeled as a neo-Hookean material with a shear modulus of 200 kPa (Girard, Downs et al. 2009,

Coudrillier, Pijanka et al. 2015). The element size of the matrix was 0.0887mm.

5.2.3.2 Interactions

Fiber-fiber interactions were simulated by preventing fiber interpenetrations using Abaqus’
general contact with no friction. Preventing fiber interpenetration is computationally expensive
and therefore commercial implementations are often directed at maintaining small
interpenetrations rather than avoiding them altogether. We reasoned that a small interpenetration,

in low single digits percent of fiber diameter, will likely not represent a major deviation from fiber
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physical behavior. We calculated the extent of the interpenetration in the following way: we
defined a deformed model based on the original model and the final nodal displacements. A

customized MATLAB program was then used to find all existing interpenetrated element pairs.
For each of these pairs, we quantified the percentage of interpenetration as d_%dm“‘, where d was

fiber diameter, and Xmin Was the minimum distance between two elements. Interpenetration thus
varied between O when there is no interpenetration and 1 when two elements are perfectly
overlapping. We found that 99.4% of the interpenetrations were smaller than 5%. This is further
addressed in the discussion.

Fiber-matrix interactions were ignored, as is usual in biomechanical models of the eyes

(Grytz and Meschke 2009, Petsche and Pinsky 2013, Grytz, Fazio et al. 2014).

5.2.3.3 Finite Element Analysis Procedure

The fiber-matrix assembly was subjected to a quasi-static process of equi-biaxial stretch to
match the experimental results and boundary conditions reported elsewhere (Eilaghi, Flanagan et
al. 2010). The matrix was simulated using Abaqus standard implicit procedure. Due to the presence
of complicated fiber contacts, the direct fiber model was simulated using Abaqus dynamic explicit
procedure, meant to improve the convergence and computational efficiency. The model fiber
volume fraction (VF) is 7%. The resulting stresses o along radial and circumferential directions
were contributed by both matrix and fibers and calculated as o = (1 — VF)Onatrix + Ofibers
where the matrix stress was weighted by fiber VF.

Because the process was quasi-static, the dynamic explicit procedure would require an
excessive number of small-time increments, which is computationally impractical. Therefore, to

run the dynamic analysis efficiently, mass scaling was implemented. We achieved a 1e-5 stable
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time increment, where we modeled the process in the shortest time period in which inertial forces
remain insignificant. During the simulation, we assured that the inertial effects were negligible by

keeping the kinetic energy less than 5% of the internal energy.

5.2.3.4 Boundary Conditions And Inverse Modeling Procedure
The model was simulated iteratively to derive fiber material properties (C;, and Cy,) by

inversely matching published experimental stress-strain data (Eilaghi, Flanagan et al. 2010).
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Figure 36. Analysis of fitting a model to an experimental curve by selecting a set of curves with similar
anisotropy.(A) To properly fit the model to an experimental curve it was necessary to select out of all the
experimental curves the set with a similar anisotropy. See text for more details. To do this we first assigned
four sets of random material parameters, Cio and Cos, to the fiber model. The intent was to generate a set of
model behaviors spanning the range of anisotropies to be expected over a wide range of material properties.
Equi-biaxial stretch was applied to the fiber-matrix assembly and the stress anisotropy (S11/Sz22) of the model
computed at many steps through the stretching process. We then also computed the stress anisotropy of the
experimental curves reported by Eilaghi et al. There were substantial variations in their anisotropies. Out of
all of the curves we selected 76940-TS because it had the closest agreement with the model anisotropy. The
plot shows all experimental curves with 76940-TS highlighted. There was good agreement in anisotropy after
about 0.25% strain. At smaller strains the experiment observed higher anisotropy, potentially due to the
challenge of balancing the initial loads in the clamping when using rakes. (B) In this plot only the four models

and the selected experimental curve. All Cio and Coz values are in MPa. The results revealed that the model
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stress anisotropy was essentially independent of the fiber material properties. This can be discerned from the
observation that the lines representing the four simulations are almost indistinguishable. This means that the
process of fitting fiber material properties will preserve the stress anisotropy, allowing a close match of the

stress-strain data simultaneously in both radial and circumferential directions.

Selecting the target experimental set: The fibers in the direct fiber model were not equally
distributed in all directions. It seems reasonable to expect that this structural anisotropy will result
in mechanical anisotropy (Coudrillier, Pijanka et al. 2015). It was therefore important to select for
inverse fitting, among the multiple experimental results reported in the literature (Eilaghi,
Flanagan et al. 2010), the one that exhibited a mechanical anisotropy matching the structural
anisotropy of our model. To do this, we first quantified the mechanical anisotropy of our model
(Figure 36). We did this by subjecting the model to displacement-controlled equi-biaxial stretch
tests. At each strain level we quantified the model’s stress anisotropy as the ratio of stresses in the
orthogonal directions (S11/S22). The test was repeated several times with different fiber material
property values. The results showed that the ratio of stresses had a fairly constant distribution and
was essentially independent to the material properties changes within the ranges tested. With this,
we were able to select the case with anisotropy most similar to that of our model among the several
experimental results reported by Eilaghi et al.. Specifically, we selected the data for sample 76940-
TS, as labeled by Eilaghi et al. (Eilaghi, Flanagan et al. 2010).

To be consistent with the selected experimental data, we assigned an equi-biaxial stretch
of 2.16% as the displacement boundary condition to our fiber-matrix assembly. To optimize the
fiber material properties (Cio and Co1), we used the simplex search method of Lagarias et al.
(Lagarias, Reeds et al. 1998). The algorithm sought to identify the two parameters that yielded the

closest match between the simulated and experimental stress-strain curves, simultaneously in both
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directions. We optimized the fitness by minimizing the cost function, defined as the a between the
model and experimental curves at 21 strain states. The optimization was terminated when the cost
function value was smaller than 0.01. After optimization we also computed the adjusted R2
between the curves to assess curve similarity. The complete inverse fitting process was repeated
11 times with various starting parameters to test the consistency and “uniqueness” of the results.
For interpretation of the results and to compare with other studies, it is useful to “convert”
the optimal C1o and Coz1 parameters of the hyperelastic Mooney-Rivlin model into more intuitive
representations of fiber mechanical properties. Specifically, we estimated the fiber shear modulus
as 2(Cio + Co1). We also derived a fiber elastic modulus by simulating uniaxial stretch of a single
straight fiber with the optimal C1o and Co: values and the hyperelastic Mooney-Rivlin material.

The fiber elastic modulus was then obtained as the slope of the stress-strain curve at 2.16% strain.

5.3 Results

After construction, the model consisted of 1016 fibers (or fiber bundles). Fiber orientation
distributions and overall anisotropies were similar between the model and the tissue, as measured
using PLM (Figure 37). In the sagittal plane, the anisotropies were 0.6031 and 0.5976 for the model
and tissue, respectively (a difference smaller than 1%); In the coronal plane, the anisotropies were
0.1777 and 0.1626 for the model and tissue, respectively (a difference smaller than 10%).

Figure 37 shows the fiber orientation distributions of the direct fiber model and PLM
images. The match of distributions was achieved simultaneously in both coronal and sagittal

planes. By Wilcoxon rank sum tests, there were no significant differences in fiber orientation
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distributions between the model and the PLM images, in either coronal (p > 0.7) or sagittal (p >

0.6) planes.
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Figure 37. Fiber orientation distributions of the direct fiber model (green lines) and the PLM images (red
lines), in the (A) coronal and (B) sagittal planes.For the coronal plane the PLM orientation was derived from
the stack of 17 images. In the coronal plane the radial direction corresponds to 0 and 180 degrees and the
circumferential direction with 90 degrees. For the sagittal plane, the PLM orientation shown is the average
orientation distribution over the 236 regions analyzed. See main text for details. Frequencies were normalized
by the total sum of frequencies. Overall these results show that fiber orientation distributions of the direct
fiber model agreed well with those from the PLM images in both coronal (adjusted R? = 0.8234) and sagittal

(adjusted R? = 0.8495) planes.

Figure 38 illustrates fiber displacements and stresses at half and full stretch. The large
differences in stress between fibers were consistent with the anticipated process of stretch-induced
recruitment (Grytz and Meschke 2010, Jan and Sigal 2018). All 11 optimization runs led to curves
that were in good agreement with the experiment. They all led to fairly consistent estimates of
fiber shear modulus, with an average of 1522.8 MPa and a standard deviation (STDEV) of 38.9
MPa (Table 2). Interestingly, these were obtained with Cio and Co: coefficients that varied

substantially. For example, C1o ranged from 118.9 to 7881.8 MPa.
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Table 2. 11 Sets of Ci0 and Co: hyperelastic Mooney Rivlin material parameters that led to stress-strain

curves in good agreement with the experimental datafrom the literature (see main text). The resultant fiber

shear modulus is with an average of 1522.87 MPa and a standard deviation of 38.94 MPa.

Set# | Cio (MPa) | Co1 (MPa) | Shear modulus (MPa)
1 5732.2650 | -4989.8000 1484.93
2 5929.2900 | -5169.5800 1519.42
3 5971.4700 | -5230.2900 1482.36
4 5722.4110 | -4981.2290 1482.36
5 881.8312 | -100.0000 1563.66
6 119.4267 | 662.3430 1563.54
7 119.3580 | 662.0210 1562.76
8 5746.9000 | -5002.6000 1488.60
9 119.4156 | 662.3429 1563.52
10 7881.8000 | -7140.0000 1483.60
11 118.9000 | 659.5000 1556.80
Max | 7881.8000 | 662.3430 1563.66
Min 118.9000 | -7140.0000 1482.36
Average | 3485.7334 | -2724.2993 1522.87

STDEV | 3142.4550 | 3160.9742 38.94

(A) Direct fiber model embedded in matrix
u=¢e-X
u=0 z

=¢

(B) 1.08% strain applied

(C) 2.16% strain applied
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Figure 38. Schematic and visual representation of displacement boundary conditions and loading patterns in
the direct fiber model of scleral tissue.(A) Schematic of the displacement boundary conditions for the fibers
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and matrix to represent scleral tissue subjected to 2.16% equi-biaxial strain (g). U is the nodal displacement
vector of fiber with components u, v & w representing displacement in X, Y and Z direction, respectively. IUI
is the fiber magnitude of displacement. In panel A the fibers are randomly colored to facilitate discerning
their architecture. Panels B and C show isometric views of the direct fiber model with the fibers colored
according to the magnitudes of displacement (top row) or maximum principal stress (bottom row). The model
is shown when subjected to (B) 1.08% strain or (C) 2.16% strain. From the images it is clear that the model

fibers exhibit complex loading patterns.

Figure 39 shows that the stress-strain curves of the optimal model fit very well the
experimental data in both radial (adjusted R? = 0.9971; RSS = 0.00095) and circumferential
directions (adjusted R? = 0.9508; RSS = 0.0098) simultaneously. The material parameters for the
inverse fitting run that led to the closet model and experiment fit were C1o = 5746.9 MPa, and Co:
=-5002.6 MPa.

The estimated fiber elastic modulus at 2.16% strain was 5.45GPa. The estimated fiber shear

modulus is 1488.6 MPa.
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Figure 39. Fit of stress-strain responses between the model and the experiment.Fit of stress-strain response
was achieved between the model and the experiment simultaneously in both the (A) radial direction (adjusted

R?=0.9971; RSS = 0.00095) and (B) circumferential directions (adjusted R? = 0.9508; RSS = 0.0098).
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5.4 Discussion

Our goal was to develop a direct fiber modeling approach that captures both the microscale
collagen fiber architecture and the macroscale mechanical behavior of the sclera. We demonstrated
our approach by modeling a rectangular patch of the posterior sclera. The model incorporated
several fiber characteristics ignored by most previous models of posterior sclera, such as fiber
interweaving, fiber-fiber interactions, long fibers, and a physiologic experimentally-derived in-
depth fiber orientation distribution. Below we provide a brief overview of the use of conventional
continuum approaches to model the sclera, followed by a discussion on the importance of
considering the fiber characteristics described above, and the strengths of the direct fiber modeling
approach. We continue with a discussion on how to further interpret our models and the results

obtained from them, including a comprehensive list of limitations.

5.4.1 Conventional Continuum Models Of Sclera

Numerical models of sclera have been widely developed and advanced for studying sclera
structure and mechanics (Sigal, Flanagan et al. 2004, Girard, Downs et al. 2009, Girard, Downs et
al. 2009, Grytz, Meschke et al. 2011, Coudrillier, Boote et al. 2013, Coudrillier, Pijanka et al. 2015,
Voorhees, Jan et al. 2017, VVoorhees, Jan et al. 2018, Hua, Voorhees et al. 2020). Most models
have been formulated within a continuum mechanics framework in which collagen fiber
architecture has been approximated using statistical distributions. For example, in a common
approach, the scleral collagen microarchitecture is accounted for by collagen fiber “families”, each
of which is described through the family preferred orientation and a “degree of alignment” around

this preferred orientation (Girard, Downs et al. 2009, Grytz, Meschke et al. 2011, Coudrillier,
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Boote et al. 2013). More advanced models have incorporated experimental data on collagen fiber
orientations, obtained for example from small-angle light scattering or related scattering
techniques (Coudrillier, Boote et al. 2013, Zhang, Albon et al. 2015, Schwaner, Hannon et al.
2020). Other recent models have focused on incorporating regional variations in fiber family
characteristics (Kollech, Ayyalasomayajula et al. 2019). The success of the conventional models
at the macroscale encouraged their use to predict microstructural characteristics of sclera fibers,
such as collagen fiber crimp (Girard, Downs et al. 2009, Grytz, Meschke et al. 2011, Grytz, Fazio
et al. 2014).

There is no doubt that the conventional models have been helpful in capturing macro-
scale sclera mechanics, and to understand the interplay between mechanics and structure, both
micro and macro. However as the experimental tools advance, the information available on sclera
microstructure and mechanics has improved (Brown, Morishige et al. 2007, Winkler, Jester et al.
2010, Sigal, Grimm et al. 2014, Jan, Grimm et al. 2015, Coudrillier, Geraldes et al. 2016, Yang,
Brazile et al. 2018, Behkam, Kollech et al. 2019, Ling, Shi et al. 2019, Pijanka, Markov et al. 2019,
Yang, Lee et al. 2021, Hoerig, McFadden et al. 2022, Lee, Yang et al. 2022). These studies have
demonstrated structural and mechanical characteristics of the sclera that are potentially crucial yet
are not accounted for by the conventional continuum approach for modeling, such as fiber
interweaving, fiber-fiber interactions and the in-depth fiber orientation distributions (Jan, Lathrop
etal. 2017, Boote, Sigal et al. 2020, Lee, Yang et al. 2022). More importantly, some of those fiber
characteristics are not suited to be incorporated under the continuum framework. This brings to
the forefront the need to develop more advanced modeling techniques that can incorporate and

take advantage of the newly available highly detailed information.
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5.4.2 The Importance Of Considering Fiber Interweaving/Fiber-Fiber Interactions, Long

Fibers, And In-Depth Fiber Orientation Distribution

A common preconception about the effects of fiber interweaving, and the resulting fiber-
fiber interactions, seems to be that interweaving increases the stiffness of a material, or tissue.
However, by comparing models with interweaving and non-interweaving fibers, we have shown
that an interwoven architecture is, as a structure, more compliant than a non-interwoven
architecture (Wang, Hua et al. 2020). This is consistent with the literature on textile mechanics
(Saiman, Wahab et al. 2014, Stig and Hallstrom 2019). This effect can be understood by noting
that the fibers of the interweaving architecture are undulated, whereas those from the non-
interweaving models are straight. Straight fibers aligned with the load carry the forces more
efficiently, and are shorter, and thus, the overall model is stiffer. Since fiber interweaving and the
resulting fiber-fiber interactions play an important role in determining the structural stiffness of
the sclera, it should be considered when modeling sclera biomechanics, as did our direct fiber
model. Note that we are not the first to recognize the importance of fiber interweaving and fiber-
fiber interactions in soft tissue biomechanics (Elliott and Setton 2001, Wagner and Lotz 2004,
Guerin and Elliott 2007, Nerurkar, Mauck et al. 2011, Zhang, Lake et al. 2013). For example, in
annulus fibrosus of intervertebral disc, interlamellar shearing can account for nearly 50% of the
total stress associated with uniaxial extension. Therefore, interweaving collagen fiber layers may
play an important role in annulus fibrosus tissue function.

It is important to note that the scale of the undulations of interweaving is different from
that of the collagen fiber waviness referred to as crimp by us (Jan, Gomez et al. 2017, Gogola, Jan
et al. 2018, Jan, Brazile et al. 2018, Jan and Sigal 2018) and others (Grytz and Meschke 2009,

Grytz, Fazio et al. 2014, Grytz, Krishnan et al. 2020). For example, ocular collagen fibers crimp
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has a period typically under 20 um (Jan, Gomez et al. 2017, Gogola, Jan et al. 2018, Jan, Brazile
et al. 2018, Jan and Sigal 2018), much smaller than the estimates of interweaving undulations on
the order of 100 to 300 um (Wang, Hua et al. 2020). From a mechanical perspective, the
undulations of crimp affect directly the biomechanical behavior of a fiber under load, with the
crimp “disappearing” as the fiber is loaded or stretched, and eventually recruited (Jan and Sigal
2018, Jan, Lee etal. 2022). The interactions between interwoven fibers mean that these undulations
do not “disappear” under load, and are limited by the interlocking (Lee, Yang et al. 2022).

The collagen fibers of the sclera are long and continuous; thus, they can transfer forces
over a long distance (Voorhees, Jan et al. 2018, Boote, Sigal et al. 2020). However, the
conventional continuum approach to modeling sclera only considers the local or regional
orientation distribution of these long fibers and maps such information into fairly small “finite
elements” (Grytz, Meschke et al. 2011, Coudrillier, Boote et al. 2013). As a result, the force
transmission is continuous across elements rather than along fibers, which alters the predicted
mechanical behavior locally and potentially at the macroscale (Roberts, Liang et al. 2010,
Coudrillier, Boote et al. 2013, Campbell, Coudrillier et al. 2015, Zhang, Albon et al. 2015,
Voorhees, Jan et al. 2018, Kollech, Ayyalasomayajula et al. 2019, Zhou, Abass et al. 2019). We
are not the first to recognize the importance of accounting for long fiber mechanics (Huang, Zhou
et al. 2017, Lanir 2017, Grytz, Yang et al. 2020). One approach proposed to address the problem
has been through the use of symmetry boundaries across elements. In this manner it is possible to
simulate fibers that are continuous across elements. The approach, however, substantially limits
the type of models that can be considered compared with the direct fiber model we present.

The collagen architecture of the sclera varies in depth (i.e., the direction perpendicular to

the scleral surface) (Pijanka, Spang et al. 2015, Jan, Lathrop et al. 2017). Such variations are crucial
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in the load-bearing capacity of the sclera (i.e., bearing shear stresses), and may even have clinical
implications (Danford, Yan et al. 2013). Unfortunately, most fiber-aware models of the sclera only
account carefully for the fiber orientations within the scleral plane, while the in-depth orientations
are ignored or are modeled in a much more simplified manner than the out of plane orientations
(Coudrillier, Boote et al. 2013, Zhang, Albon et al. 2015, VVoorhees, Jan et al. 2017). Our direct
fiber model incorporates both in-plane and in-depth specimen-specific fiber orientation
distributions that match those measured using PLM, and thus, has a higher fidelity for representing

the sclera and its mechanics.

5.4.3 Strengths Of Direct Fiber Modeling

Ultimately, a model is only as good as the predictions that can be made using it. On this,
we point out that the fiber elastic modulus estimated with our direct fiber model is well within the
range of values reported in the literature. For example, we estimated a fiber elastic modulus of
5.45 GPa, compared with those of 2-7 GPa of the bovine Achilles tendon (Van Der Rijt, Van Der
Werf et al. 2006, Yang, Van Der Werf et al. 2007) and 5-11.5 GPa of the rat tail (Wenger, Bozec
et al. 2007). In contrast, the estimates of fiber elastic modulus derived using continuum models,
which used constitutive model formulations based on highly simplified assumptions of fiber
architecture and behavior at the microscale level, are several orders of magnitude smaller, between
1 and 200 MPa (Grytz, Fazio et al. 2014, Coudrillier, Pijanka et al. 2015, Schwaner, Hannon et al.
2020, Schwaner, Perry et al. 2020). Hence, whilst both continuum and direct fiber models can
closely approximate the macroscale sclera behavior, the estimates of fiber mechanical properties
derived from both types of models can be substantially different. This may not be a problem when
the intent is limited to describing tissue mechanical response. However, an important application
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of continuum models is to “infer” characteristics of the underlying fibers. The large differences in
fiber properties estimated by the continuum models and the experimental measurements already
suggest that these should be interpreted very carefully as the values inferred may be inaccurate. A
common application of this approach is to compare the fiber properties inferred from healthy and
unhealthy tissues, or from young and old donors. The argument in this case is based on the idea
that the methods may not produce accurate fiber estimates, but that the comparison remains valid.
This may indeed be the case. But it is also possible that if the changes with pathology or age
involve aspects of the fibers that are not accounted for in the continuum model formulation, then
the origin of the changes will end up artefactually attributed to another tissue characteristic. Thus,
while all models involve important approximations, if the goal is to derive estimates at the fiber
scale, we posit that direct fiber models are preferrable over continuum models.

The methodology to build the direct fiber model structure can be applied to other
collagenous tissues. The reconstruction method is not tied to PLM and can instead be done using
second harmonic imaging or confocal microscopy, as long as they provide information on the
density and orientation of collagen fibers. The level of detail necessary from the images can depend
on the complexity of the tissue in question and the accuracy needed from the reconstruction and
simulations. Because the sclera has a complex 3D architecture, we combined histological
information from two sectioning directions. This may not be necessary for other tissues, or perhaps
it may be possible to obtain depth information by taking advantage of the confocal nature of the

imaging or 3D PLM (Yang, Jan et al. 2018).

90



5.4.4 Considerations Of The Uniqueness Of Material Parameters And Fiber

Interpenetrations

A common concern with inverse fitting is the uniqueness of the so-called optimal
parameters (Girard, Downs et al. 2009, Girard, Suh et al. 2009, Zhou, Abass et al. 2019). When
we repeated the optimization with various starting parameters, we obtained fairly consistent fiber
shear modulus predictions. However, the material model parameters Cio and Co: varied
substantially (Table 2). This was not a surprise given the material formulation we used and the
clear potential for interactions between the parameters (van Tonder, Venter et al. 2023).
Altogether, this reinforces the importance of focusing on parameters with a clear physical
interpretation, in this case fiber shear modulus. Such parameters are more likely to have better
stability.

From a numerical perspective, prevention of fiber penetrations is computationally
intensive. We took advantage of highly mature general contact tools implemented in commercial
code to keep solution time reasonable. Ensuring absolutely no interpenetration would have
required an impractical number of small elements to represent the undulating fibers. To avoid this
problem, we decided to quantify and track the interpenetrations and consider a solution valid if
these remained below 5% of the fiber diameter. In a worst-case scenario this would mean that two
interacting fibers have “pushed” into each other such that the distance between their centers is only
95% of twice their radii. We assumed that the fibers are all circular and remain circular, despite

pushing into each other.
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5.4.5 Limitations

When interpreting the results from this work, it is important to consider also the following
limitations. First, we considered highly simplified fiber-fiber interactions and ignored fiber-matrix
interactions. We are aware that the forces between fibers may be much more complex, including
friction, crosslinks and several other physical processes that are challenging to simulate. Some of
these may have major impact on the results, and others may not. This likely depends on the specific
structure and loading conditions of the tissue. We carried out a friction sensitivity test in which we
repeated the inverse fitting while using several friction coefficients. The results were very similar
in stress-strain (less than 5% difference). We thus conclude that in the particular test reported
herein ignoring friction did not adversely affect the accuracy of the model estimates substantially.
Fiber-matrix interactions are potentially even more complex than fiber-fiber interactions given the
wide diversity of components that form what we describe simply as “matrix”. These include non-
fibrous components, such as GAG chains, that may act as lubricants and affect sliding, in which
case their presence could make the tissue more compliant (Murienne, Chen et al. 2016, Hatami-
Marbini and Pachenari 2020). Other components include elastin fibers and cells. While we
acknowledge the highly simplified fiber-fiber and fiber-matrix interactions we used in this study,
we argue that the methodology we have described can be extended to incorporate much more
complex interactions. Conventional continuum modeling techniques of the eye and other tissues
simply ignore fiber-fiber and fiber-matrix interactions, yet it is not obvious to readers that these
assumptions have been made, or how to relax them.

Second, we did not account for sub-fiber level features, such as collagen fiber crimp and
various fiber or bundle diameters. Future work would benefit from introducing collagen fiber

crimp (Grytz, Fazio et al. 2014) and various fiber diameters (Komai and Ushiki 1991).
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Third, our direct fiber model does not account for the very large number and complexity
of fibers of the sclera. We posit that the fiber-level mechanics presented using the direct fiber
model with reduced fiber density will likely be similar to the actual tissue. Therefore, our objective
of introducing direct fiber model for simulating sclera is fulfilled. Meanwhile, it’s beneficial to use
fewer fibers to reduce computational cost. We agree that in future work, it will be worthwhile to
work on improving computational efficiency and building the model with more fibers.

Fourth, we did not account for regional variations. In our model structure we did not
observe the strong well-aligned region of fibers in the radial direction that have been reported to
take about 10% of the sclera nearest to the choroid. This could be due to variations between eyes,
regional inhomogeneities (the radial fibers appear to be more readily distinguished closer to the
optic nerve head) or due to the specific coronal sections used for the reconstruction. It is likely that
other regions and other eyes will produce different models that respond differently to mechanical
loading. We posit that our goal in this manuscript was modest, aiming to demonstrate it is possible
to build a fiber-based model that produces a macroscopic mechanical behavior matching
experimental tests. It will be beneficial to consider more features and variations in future work.

Fifth, the model used to demonstrate the direct fiber method was reconstructed from PLM
and experimental data from different species. We posit that the impact was minor because our goal
was to demonstrate the reconstruction and modeling methodology. It should be clear to readers
that the process could be redone with all data from the same species. In this sense the key result
from this work still stands: the direct fiber modeling technique can work. If the goal is to obtain
fiber properties that are as accurate as possible for a given species, then using all consistent data

is probably necessary. More samples will also be needed to account for variability.
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Sixth, the matrix mechanical properties were kept constant at literature values and not
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Figure 40. Total reaction forces borne by the matrix and fibers, respectively.

optimized iteratively like the fiber properties. This was for the sake of simplicity. Although the
matrix properties could impact the load bearing of the fibers and potentially influence the fiber
material parameters fit, we believe the impact is minor. It is because the matrix is much softer than
the fibers (Coudrillier, Pijanka et al. 2015) and, consequently, the fibers are the principal load-

bearing component (Girard, Downs et al. 2009, Huang, Fan et al. 2013). The final results in our
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model show that the total reaction forces borne by the matrix are 5%-10% of those borne by the
fibers at 2% of strain (Figure 40). Therefore, we reasoned that the properties of the fibers will
predominantly influence how the model behaves and the matrix stiffness has only a slight influence
on the fiber material parameters derived. Nevertheless, it would be beneficial to consider matrix
properties variations in future studies. Introducing matrix properties changes to the model may be
necessary to properly account for the effects of age and interweaving, given the evidence that
changes in matrix properties could result in age-related changes in sclera properties (Grytz, Fazio
et al. 2014).

Seventh, although our model has similar boundary conditions to the experiment it is
impossible to match the experiment precisely. Holding the tissues with clamps, rakes or hooks
alters the boundary conditions, in ways that are extremely complicated to replicate
computationally. Moreover, the experiments to which we fit the model were biaxial stretch tests.
This is not the physiologic mechanical condition of sclera. The mechanical behavior of sclera
under inflation or more complex modes could be different.

Eighth, we have chosen only one set of experimental data for estimating the material
properties of the fibers. Given the complexity of the mechanical behavior of sclera, fitting only a
biaxial stretch test does not guarantee that the model will generalize to other conditions. It may be
necessary to fit simultaneously to several experimental tests, as has been done for continuum
models (Thomas, Lai et al. 2019).

Ninth, the thickness of the direct fiber model was 0.35mm, but the sclera thickness in
Eilaghi et al.’s experimental study was roughly 0.5mm. Although there is a discrepancy in
thickness, we believe it will not affect the derived fiber material properties because these were

obtained by fitting stress-strain curves.
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5.5 Conclusion

We have shown the possibility of developing specimen-specific direct fiber model of sclera
that can represent the sclera fibrous microstructure better than the previous continuum modeling
approaches and allow accurate capture of sclera mechanics. We successfully built the model with
long, continuous, interwoven fibers that takes into account the effects of fiber interweaving and
fiber-fiber interactions. Our results have demonstrated that the direct fiber model can match the
fiber orientations measured in high-resolution PLM images simultaneously in coronal and sagittal
planes. The model properties can be optimized through inverse fitting to match experimental
stress-strain responses. The estimated fiber elastic modulus is in good agreement with the
literature. The direct fiber modeling methodology potentially has broad application to simulate
other fiber-based tissues. Overall, the direct fiber modeling technique in this study is important for
characterizing sclera collagen architecture at the fiber level, analyzing microstructural responses

to macroscale mechanical loadings, and for understanding the scleral biomechanical environment.
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6.0 Validation Of The Direct Fiber Modeling Approach To Simulate Sclera Collagen Fiber

Architecture And Anisotropic Mechanical Behaviors

The content of this chapter is in preparation as a manuscript.

6.1 Introduction

Collagen fibers serve as the primary load-bearing component of the sclera (Girard, Downs
et al. 2009, Pijanka, Coudrillier et al. 2012, Grytz, Fazio et al. 2014, Jan, Gomez et al. 2017, Boote,
Sigal et al. 2020), making them crucial for understanding the sclera mechanical behaviors and the
eye physiology and pathology (Ethier, Johnson et al. 2004, Summers Rada, Shelton et al. 2006,
Coudrillier, Tian et al. 2012, Pijanka, Coudrillier et al. 2012). Thus, numerous studies have been
conducted to investigate the influence of collagen microarchitecture on sclera biomechanical
behaviors (Girard, Downs et al. 2009, Grytz, Meschke et al. 2011, Coudrillier, Boote et al. 2013).
Direct measurement is challenging due to the complexity of sclera microstructure and the difficulty
of accessing it directly for experimentation. Consequently, numerical modeling has become a
widely employed approach for studying the sclera fiber structure and mechanical behaviors
(Girard, Downs et al. 2009, Grytz, Fazio et al. 2014, Pijanka, Spang et al. 2015, Whitford, Joda et
al. 2016, Voorhees, Jan et al. 2018, Kollech, Ayyalasomayajula et al. 2019, Zhou, Abass et al.
2019).

However, there remains a need for developing a reliable model due to the existing models'

inability to accurately capture crucial characteristics of collagen fibers. In our previous work, we
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demonstrated that the current sclera numerical models were predominantly developed within a
continuum mechanics framework and overlooked essential features such as fiber interweaving,
fiber-fiber interactions, long fibers, and detailed fiber orientation distributions. Neglecting
interweaving and fiber-fiber interactions can lead to significant errors when estimating the
mechanical properties of scleral fibers through inverse fitting (Wang, Hua et al. 2020). Accurately
incorporating fiber characteristics at the microscale is vital for understanding the effects at the
cellular and axonal levels and studying mechanobiology (Lee, Yang et al. 2022).

To address these issues, we introduced the direct fiber modeling technique (Ji, Bansal et
al. 2023). This approach integrated the specimen-specific 3-dimensional fiber orientations
obtained through polarized light microscopy (PLM) (Jan, Grimm et al. 2015) while considering
commonly ignored fiber characteristics, including interweaving, fiber-fiber interactions, and long
fibers. Using an inverse fitting approach, we successfully matched experimental biaxial stress-
strain data from the literature, simultaneously capturing the stress-strain behavior in both radial
and circumferential directions. Although the direct fiber modeling approach showed promise and
allowed for the consideration of critical fiber characteristics compared to conventional continuum
approaches, it still possessed two primary limitations. First, we have yet to establish the robustness
of the direct fiber modeling approach in capturing the varying fiber architecture observed in
different samples. This is an important consideration as scleral fiber characteristics may vary
among locations and individuals (Gogola, Jan et al. 2018). Second, our previous testing of the
model's behavior has been limited to equi-biaxial loading conditions, neglecting the more complex
loading conditions that the sclera may experience in physiological contexts (Boote, Sigal et al.

2020).
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In this study, our aim was to expand on the analysis of the direct fiber modeling technique
and conduct a more comprehensive investigation. First, we aimed to evaluate the robustness of the
direct fiber modeling approach in simulating various collagen microstructures of posterior sclera.
We showed that the direct fiber model can effectively capture the collagen structure of the tissue
across multiple samples. Second, we aimed to match the behaviors of the direct fiber models with
experimental stress-strain data obtained from multiple samples. Specifically, we aimed to achieve
a more demanding requirement, wherein the model could match the behaviors observed under
various biaxial loading conditions, including both equi-biaxial and non-equi-biaxial scenarios. Our
results indicated that by fitting the model to one loading condition, the derived fiber material
properties allowed for automatic matching of the behaviors under other loading conditions as well.
Overall, the direct fiber modeling technique demonstrated its robustness and effectiveness in
characterizing the collagen architecture at fiber level and representing the anisotropic mechanical
behaviors of the sclera, which can provide unique insight into the interplay between tissue fiber

architecture and behavior.

6.2 Methods

This section is organized in three parts. First, biaxial mechanical testing was conducted on
healthy sheep posterior samples to obtain their stress-strain responses. Second, after running
mechanical testing, we sectioned the samples and imaged the sections using PLM. The PLM
images were post-processed that could be referenced to build direct fiber models. Third, we built
direct fiber models based on the PLM-derived fiber orientation data. The direct fiber model was

embedded in a matrix representing non-collagenous components. The combined fiber and matrix
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model was used in an inverse fitting optimization process to match the simulated stress-strain
behaviors with experimental data, where we derived the optimal fiber material properties and pre-
stretching strains.

All the image processing was done in MATLAB v2020 (MathWorks, Natick, MA, USA)
and F1JI is Just ImageJ (FI1J1) (Preibisch, Saalfeld et al. 2009, Schindelin, Arganda-Carreras et al.
2012). Modeling was done in Abagus 2020X (Dassault Systemes Simulia Corp., Providence, Rl,
171 USA). Customized code and the GIBBON toolbox (Moerman 2018) for MATLAB v2020

(MathWorks, Natick, MA, USA) were used for model pre/post-processing and inverse fitting.

6.2.1 Biaxial Mechanical Testing

The experimental procedures were conducted in collaboration with a partner laboratory,
utilizing a well-established methodology (Thomas, Lai et al. 2019, Salinas, Clark et al. 2020). The
study was conducted in accordance with the tenets of the Declaration of Helsinki and the
Association of Research in Vision and Ophthalmology's statement for the use of animals in
ophthalmic and vision research. Three fresh sheep eyes were obtained from a local slaughterhouse
within 24 hours postmortem and immediately transferred to the lab in a cold isotonic phosphate
buffer saline (PBS) solution. Upon arrival, two posterior sclera samples measuring 11mm x 11mm
were carefully excised from both temporal and superior quadrants, approximately 2 to 3 mm away
from the sclera canal (Figure 41). For the purpose of optical tracking and tissue deformation/strain

analysis, four submillimeter glass markers were affixed to the surface of each sample.
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Figure 41. Key aspects of the experimental setup and procedures for the biaxial testing.(A) Schematic
diagram showcasing the posterior pole of the eye, highlighting the locations of the two samples (depicted as
yellow boxes) that were obtained specifically for the biaxial testing. (B) An example image showcasing a
sample with hooks attached, ready for biaxial testing. The hooks ensure proper mounting and fixation of the
sample during the experimental procedures. (C) The sample was mounted on a custom-built biaxial
mechanical testing system. The loading axes of the system were aligned with the circumferential and radial
directions of the sample, ensuring precise application of stress in the desired directions. The sample was then
subjected to the five loading protocols, each designed to induce specific stress-strain behaviors. Note that the
crossed strings, as depicted at the lower right of the sample, were corrected prior to conducting the

experiment.

The sample was then mounted onto the biaxial testing equipment using fish hooks, with
the loading axes aligned with the circumferential and radial directions of the sample (Figure 41).

A 0.5¢g tare load was initially applied to flatten the sample. Subsequently, each sample was
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subjected to biaxial stress control and underwent five distinct loading protocols (Table 3). Each
loading protocol consisted of ten 20-second cycles. The first nine cycles served as a
preconditioning phase, while data from the last loading cycle was used for subsequent analysis.
Based on preliminary tests, a maximum stress level of 150kPa was applied, as it allowed the sample
to maintain its shape without incurring damage. Once the stress-strain data were obtained, the
samples were carefully unmounted from the biaxial testing equipment and then immersion fixed

in 10% formalin for a duration of 24 hours.

Table 3 Maximum radial (anterior-posterior) and circumferential (equatorial) stress values for each biaxial

loading protocol.

Loading Protocol # | Radial (kPa) | Circumferential (kPa)
1:1 150 150
1:0.75 150 112.5
0.75:1 112.5 150
1:0.5 150 75
0.5:1 75 150

Table 4. Information about the four posterior sclera samples used for direct fiber modeling. The samples were
obtained from both the superior and temporal quadrants of three sheep eyes. Each sample had a different

thickness, resulting in a variation in the number of collected coronal sections.

Sample # | Temporal/Superior | Sheep # | Thickness(um) | Number of Coronal Sections
1 Superior Eye-1 528 50
2 Temporal Eye-2 1168 87
3 Superior Eye-2 635 60
4 Temporal Eye-3 838 74

Stress-strain responses were obtained from a total of four samples. Specific details

regarding these samples can be found in Table 4. These four samples were utilized for further
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analyses. Note that two additional samples, derived from the three eyes used in the experiments,
were excluded from the analysis due to tissue damage incurred during the experimental
procedures.

To address the presence of noise or variability observed at the initial stages of the stretch
in the raw experimental stress-strain data, these data points were excluded from the direct fiber
modeling and inverse fitting process. To further enhance the quality of the stress-strain curves, we
employed a moving average smoothing algorithm to smooth the stress-strain curves (Chang, Li et

al. 2015). For the rest of the analysis, we have been using the experimental data after smoothing.

6.2.2 Histology, Polarized Light Microscopy And Image Post-Processing

—

A) radial (B) radial (C)

Section perpendicularto tissue surface (sagittal image)

—

circumferential
6-7mm
circumferential

\ Section along tissue surface (coronal image)

Figure 42. Process of sectioning a sclera sample. (A) Sclera sample after biaxial testing was processed for

6-7 mm

sectioning (top: 2D view; bottom: 3D view of the region for sectioning). A notch at the corner of the sample
was used to indicate the tissue directions. Since it was not feasible to section the same piece of tissue both
coronally and sagittally, a sample (depicted as a white block, the shorter length was 6-7mm) was obtained
from the center of the tissue. Additionally, another sample was acquired from the adjacent tissue next to the
white block (shown as a green block). (B) An example image of the sclera tissue with the two samples
dissected. Prior to dissection, the fiberglass markers attached to the tissue were carefully removed. (C, top)

The green block was sectioned sagittally, resulting in sagittal sections of the tissue. (C, bottom) The white
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block was coronally sectioned, allowing for the acquisition of serial sections without any loss. The blue surface

depicted in the image represented the plane of sectioning.

Following the fixation process, the samples were cryo-sectioned into 20 um slices (Figure
42). For coronal sections, serial sectioning was performed at the center of the sample, where the
sections were collected starting when there was visible sclera and stopping when the sclera was no
longer visible. The number of sections collected varied among the different samples, and the
specific quantities are detailed in Table 4. As for sagittal sections, two sections positioned close to
the center square-shaped sample were obtained. Coronal and sagittal sections can be considered as
the two orthogonal views of the collagen structure, providing information on the three-dimensional
organization of the fibers.

All sections were imaged with PLM as described before (Jan, Grimm et al. 2015, Jan,
Lathrop et al. 2017). Briefly, two polarized filters (Hoya, Tokyo, Japan) were used, one a polarizer
and the other an analyzer, to collect images at four filter orientations 45° apart. The images were
all captured using an Olympus MV X10 microscope (1x magnification setting, 6.84 um/pixel).

PLM images were processed to derive the in-plane collagen orientation at each pixel (in
Cartesian coordinates) and a parameter that we referred to as “energy” (Yang, Jan et al. 2018).
Energy helped identify regions without collagen, such as outside of the section, and regions where
the collagen fibers were primarily aligned out of the section plane, so that they can be accounted
for in the orientation distribution. Following the processing of PLM images, all images obtained
from a single sample were sequentially stacked and subjected to registration (Gogola, Jan et al.
2018). After registration, the original images underwent reprocessing to obtain "corrected”
orientation angles. These corrected angles were determined based on the intersection rotations

resulting from the registration process.
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(A) Coronal section i (C) 3D rendering of originalimage stack

(B) Sagittal section ., .

Figure 43. Example PLM images and process of image post-processing. (A) Example PLM image of a coronal
section. A square-shape block was cropped from the stack and used as a reference to build the direct fiber
model. (B) Example PLM image of a sagittal section. The model’s in-depth fiber orientation distribution was
adjusted based on the orientations obtained from the yellow block. The position of this block corresponded to
the position of the square-shaped block obtained from the coronal section. The colors indicate the local fiber
orientation in the section plane, with brightness proportional to the "energy"’ parameter. (C) The original
stack showed irregular thickness from one location to another. (D) After interpolation, the thickness of the

stack was uniformized which facilitates the tracing of fibers during the construction of the direct fiber model.

To focus on a specific area for subsequent construction of the direct fiber model, we
selected a square-shaped block positioned at the center of the coronal sections. The dimensions of
this selected block were 4.1x4.1mm (Figure 43 A). However, due to the irregular shape of the
tissue and the folds caused during tissue sectioning, the stack of cropped blocks exhibited
variations in thickness (Figure 43 C). In order to facilitate fiber tracing for the construction of the
direct fiber model, we implemented a linear interpolation algorithm, as described by Akima
(Akima 1970, Akima 1974). The interpolation algorithm was employed to interpolate angle and
energy values at each location in-depth within the stack, thereby converting the inconsistent

thicknesses into a uniform value. As a result of this interpolation, the image stack was transformed
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into a uniform and regular block (Figure 43 D). Importantly, we proved that this interpolation
process did not alter the orientation distribution of the fibers within the stack.

To validate the geometry of the direct fiber model, we computed both the coronal and
sagittal collagen fiber orientation distributions. For the coronal orientation distribution, we utilized
the pixel-level PLM data obtained from the original image stack, taking into account the local
"energy" at each pixel. Similarly, for the sagittal orientation distribution, we summed up the PLM
data obtained from the cropped block of the two sagittal sections (depicted in Figure 43 B). Again,
the energy weighting was applied to ensure accurate representation of the collagen fiber

orientations in the sagittal plane.

6.2.3 Direct Fiber Modeling

6.2.3.1 Model Construction

(A) Direct fiber model (C) Fiber matrix assembly boundary condition

U= &qgiai * X u=0
v=0

o

circumferential * Y

U= Eqgiar * X
V=g
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y = i ‘
V = Ecircumferential * Y ircumferential ¥

Figure 44. Example of the direct fiber model and boundary conditions.Isometric view of an example (A)
direct fiber model and (B) matrix model. (C) Displacement boundary conditions were applied to the fiber
matrix assembly, with components u, v representing displacement in X (radial) and Y (circumferential)

direction, respectively. The displacement in Z direction was not constrained, given that fish hooks and strings
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did not restrict the sample's displacement in the Z direction. In the first step biaxial stretch, the value of &radial
and &circumferential Were optimized and derived in the inverse fitting procedure. In the second step biaxial
stretch, the experimental strain values were assigned to €radial and €circumferential, 2iming to match the model with

the stress-strain behaviors observed in the experimental data.

We constructed four models (Figure 44 A) based on the procedure described previously
(Ji, Bansal et al. 2023), corresponding to each sample listed in Table 4. Briefly, fibers were
simulated using 3-dimensional linear truss elements (T3D2 in Abaqus). The locations of fibers
were defined by sampling orientation values from PLM images at regularly spaced "seed" points
(437 um apart). Straight fibers, 13.68 um in diameter, were traced at each seed point based on its
orientation angle. The process was repeated for each layer, resulting in a stack of 2D fiber layers
with interpenetrating fibers. An algorithm was employed to resolve interpenetrations by iteratively
shifting the elements until they no longer overlapped (Matuschke, Ginsburger et al. 2019,
Matuschke, Amunts et al. 2021). Fiber elements were re-meshed to maintain lengths between
82um and 164um, while controlling the minimum radius of curvature for smoothness. The
amplitudes of the fiber undulations in-depth were adjusted to more accurately represent the
distribution of fibers in three dimensions.

To account for the natural curvature of the sclera, an additional step was performed to
adjust the flat fiber model and match it to the curvature of the eyeball. The radius of three sheep
eyes was manually measured, and the average radius was determined to be 14856 um. The flat
model was then projected onto a sphere with a radius of 14856 um, effectively introducing
curvature to the model. It was important to note that this assumption assumed the sheep eye closely

resembled a sphere, disregarding any variations in radius that may exist around the globe.
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To assess the similarity between the model and the PLM images, the orientation
distribution of the curved model was quantified and compared with the distribution obtained from
the PLM images. This comparison aimed to evaluate how well the model captured the observed
fiber orientations in the images. The quantification involved counting the occurrences of element
orientations within the model, where each element's orientation represented the slope angle in the
section plane. This approach accounted for varying element sizes and enabled a proper comparison
with the pixel-based measurements obtained from PLM. To evaluate the fitness of the orientation
distributions, adjusted R-squared (adjusted R?) values were employed (Miles 2005). The adjusted
R? values provided a measure of how well the model's orientation distribution fit the distribution
observed in the PLM images. The use of adjusted R? values allowed for the consideration of the
complexity of the model and the number of parameters involved, providing a more robust
evaluation metric.

In addition to the fiber model, a matrix model was also constructed (Figure 44 B). The
matrix model was designed to have the same curvature as the fiber model, ensuring consistency
between the two. The matrix model shared the same dimensions as the fiber model, ensuring that
the simulated fibers and matrix aligned properly. The end-nodes of the fibers were positioned on

the surfaces of the matrix, creating a cohesive representation of the fiber-matrix structure.

6.2.3.2 Model Inverse Fitting

6.2.3.2.1 Meshing And Material Properties

Fibers were modeled as a hyperelastic Mooney-Rivlin material (Holzapfel 2001). W was
the strain energy density and calculated as W = C;((I; — 3) + Co1 (I, — 3) + %K(] —1)%, Cy0 and

Co1 Were the material constants, restricted by C;, + Cy;> 0 and would be determined by inverse
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fitting, I; and I, were the first and second invariants of the right Cauchy-Green deformation
tension, K was the bulk modulus and J was the determinant of the deformation gradient. The matrix
was modeled as a neo-Hookean material with a shear modulus of 200 kPa (Girard, Downs et al.
2009, Coudrillier, Pijanka et al. 2015).

The fiber components were modeled using 3-dimensional linear truss elements (T3D2)
in Abaqus. The length of the fiber elements ranged from 82 um to 164 um, resulting in aspect
ratios between 6 and 12. The matrix was meshed using linear eight-noded hybrid hexahedral
elements (C3D8H) in Abaqus. The element size for the matrix varied among the samples due to
differences in sample thickness, which ranged from 101 um to 179 pum, with 4 to 6 elements
spanning the shell thickness. To ensure model accuracy, a mesh refinement study was conducted.
The fiber model's mesh density was doubled, while the matrix model had its mesh density doubled
in both in-plane directions and the thickness direction. The study's findings indicated that altering
the mesh density had a negligible impact on stress predictions, with stress values changing by less
than 1%. Based on these findings, the chosen mesh density was deemed sufficient to ensure

numerical accuracy in the obtained results.

6.2.3.2.2 Interactions

Fiber-matrix interactions were ignored, as is usual in biomechanical models of the eyes
(Grytz and Meschke 2009, Petsche and Pinsky 2013, Grytz, Fazio et al. 2014).

Fiber-fiber interactions were simulated in the following two ways. First, the interactions
were considered by preventing fiber interpenetrations using Abaqus’ general contact with no
friction. Second, to enhance the interweaving effect of fibers and prevent them from sliding apart
during stretching, a method involving the constraint of nodes was employed. Approximately 10%

of the nodes, primarily located in the outer surface or boundary of the model, were selected. These
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nodes were connected to their closest neighboring nodes, and their relative motion in the Z
direction was constrained to zero using linear constraint equations in Abaqus. By applying these
constraints, the free ends of the fibers were better controlled, resulting in a more stable and realistic

model.

6.2.3.2.3 Finite Element Analysis Procedure

The fiber-matrix assembly underwent a quasi-static biaxial stretching process to match the
experimental stress-strain data obtained in Method Section 6.2.1. The matrix was simulated using
Abaqus standard implicit procedure, while the direct fiber model utilized Abaqus dynamic explicit
procedure to enhance convergence and computational efficiency. The resulting stresses o in the
radial and circumferential directions were a combination of matrix and fiber contributions, with
the matrix stress weighted by the fiber volume fraction (VF): 6 = (1 — VF)Omatrix + Ofibers-

To ensure efficient dynamic analysis, mass scaling was implemented, allowing for a stable
time increment of 1e-5. The simulation was conducted within a time period where inertial forces
remained negligible, with the kinetic energy kept below 5% of the internal energy to confirm the

insignificance of inertial effects.

6.2.3.2.4 Boundary Conditions And Inverse Fitting Procedure

In the biaxial stretching process of the fiber-matrix assembly (Figure 44 C), a two-step
approach was employed to simulate the experimental conditions. In the first step, biaxial stretching
was applied to pre-stretch the model. This step aimed to simulate the initial stretching process that
occurs when a 0.5g tare load is applied to flatten the tissue. The resulting stress and strain values
from this step were not recorded, as they were not included in the reported experimental stress-
strain data. In the second step, the model was further stretched, and the same strains observed in

the experiment were assigned as the displacement boundary condition to the fiber-matrix model.
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In this step, the model stress and strain values were recorded, starting from 0. This approach was
consistent with the experimental setup, where the stress and strain resulting from the tare load were
not included in the reported experimental stress-strain data. By applying this two-step biaxial
stretch with the appropriate displacement boundary conditions, the model aimed to replicate the
mechanical behavior observed in the experiment and allow for a comparison between the model's
stress-strain behaviors and the experimental data.

During the inverse modeling procedure, there were four parameters that needed to be
determined. The first two parameters were the pre-stretching strains along the radial and
circumferential directions in the first step of the biaxial stretch. Since the resultant strains caused
by the tare load were not characterized in the experiment, these values were unknown and needed
to be determined through the inverse modeling process. The second two parameters were the
material properties of the fibers (C;, and Cy;).

In the inverse fitting procedure, two optimizations were performed to determine the
optimal parameters and match the stress-strain data of the five loading protocols. In the first
optimization, all four parameters (pre-stretching strains and fiber material properties) were
optimized to match the stress-strain data obtained using loading protocol 1:1. Further discussion
on the selection of loading protocol 1:1 can be found in Section 6.4. A simplex search method was
used for this optimization (Lagarias, Reeds et al. 1998). The algorithm aimed to find the values of
the parameters that minimized the residual sum of squares (RSS) between the simulated and
experimental stress-strain curves. The optimization process continued until the adjusted R? value
between the curves exceeded 0.9, indicating a good fit between the model and experimental data.
This optimization allowed for the determination of the optimal pre-stretching strains and fiber

material properties (C;o and Cyy).
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In the second optimization, only the two pre-stretching strains were optimized, using the
derived fiber material properties from the first optimization. This optimization aimed to match the
stress-strain data obtained from the remaining four loading protocols. The same search method as
before was employed, and the optimization was concluded when the adjusted R? value between
the stress-strain curves exceeded 0.9 in both loading directions.

By performing these two optimizations, the model was able to find the optimal parameters
that resulted in stress-strain curves closely aligned with the experimental data for all the five

loading protocols.

Sample #1 Sample #2
018 0.18 -
Radial Radial
015} === Circumferential 015 === Circumferential

© ©
o o
S 01 S 01
w "
w "
2 e
n »
0.05- 0.05
[] ! ! 0 =
-0.01 -0.005 0 0.005 0.01 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
Strain Strain
Sample #3 Sample #4
018 0.18 -
Radial Radial

015k === Circumferential === Circumferential

Stress (MPa)
g
T

Stress (MPa)

g

o

a
T

0 L L 1 1 ] 0 1 1 1 I ]
-0.005 0 0.01 0.02 0.03 0.04 0.045 -0.02 -0.01 0 0.01 0.02 0.03 0.04
Strain Strain

Figure 45. Stress-strain curves of the loading protocol 0.5:1 of the four samples. Under this loading condition,
where the circumferential direction experienced higher stress compared to the radial direction, the radial

direction of the sample exhibited a contraction, leading to negative strains.

Preliminary analysis: During the preliminary analysis of the inverse fitting procedure using
Sample #1, it was observed that the experimental data from loading protocol 0.5:1 exhibited

negative strains along one loading direction. This suggested the presence of anisotropic mechanical
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properties, with one loading direction being much softer than the other direction. When assigning
negative strains to the direct fiber model, it led to instability in the model. As a result, all the
loading protocols that showed negative strains were excluded from the analysis. Based on the
mechanical testing results, the loading protocol 0.5:1 of all the samples presented negative strains
(Figure 45). Therefore, the results related to loading protocol 0.5:1 were not reported in this study.

The focus was placed on the remaining loading protocols that did not exhibit negative strains.

6.3 Results
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Figure 46. Fiber orientation distributions of the direct fiber model (green lines) and the corresponding PLM
images (red lines).The analysis was performed in both the (top row) coronal and (bottom row) sagittal planes
of the four samples. In the coronal plane, the PLM orientation was determined by analyzing a stack of all
coronal images, with the radial direction represented by 0 and 180°, and the circumferential direction
represented by 90°. The sagittal plane displayed the average orientation distribution obtained from two
sections, with the in-plane direction represented by 0°. The frequencies of fiber orientations have been
normalized by the total sum of frequencies for effective comparison. The results demonstrate a strong

agreement between the fiber orientation distributions of the direct fiber model and those observed in the
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PLM images, in both the coronal and sagittal planes. All the adjusted R? values, which exceeded 0.89, indicate

a high level of similarity between the model and experimental data.
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Figure 47. Isometric views of the direct fiber model of Sample #4 at full stretch. The visualization was
enhanced by coloring the fibers based on two important mechanical parameters: the maximum principal
stress (shown in the left column) and the magnitudes of displacement (shown in the right column) for each
loading protocol. The variations in stress and displacement patterns can be observed, highlighting the non-
uniform distribution of stresses and displacements within the tissue.
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Figure 48. Isometric views of the direct fiber model of Sample #4 at different stages of the simulation while

undergoing loading protocol 1:1.The visualization was colored based on the maximum principal stress (left

column) and the magnitudes of displacement (right column). In the early stage of the simulation, the model
exhibited some curvature. As it underwent stretching, the model gradually transformed into a flattened

configuration. As stretching was applied, a larger number of fibers experience higher levels of stress.
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Figure 49. Stress-strain responses of the fiber-matrix assembly and the corresponding experimental data. The
stress-strain curves were presented for both the radial and circumferential directions in each of the loading
protocols. The fiber material properties were determined by fitting the model to the stress-strain data of
loading protocol 1:1 (first column). These derived material properties were subsequently utilized directly for
the inverse fitting in other loading schemes. The results demonstrated a successful fit between the model and
the experimental data, with consistent agreement achieved simultaneously in both the radial and
circumferential directions for each loading protocol. The goodness of fit was quantified using the adjusted R?
value, which exceeded 0.9 in most of the cases. Notably for each sample, the stress-strain responses were
obtained using the same fiber material properties throughout the simulations, with the variations observed

solely in the pre-stretching strains.

Figure 46 presented the fiber orientation distributions of the direct fiber model and
corresponding PLM images for the four samples. The agreement between the model and PLM

images was observed in both the coronal and sagittal planes. The alignment of these orientation

116



curves yielded adjusted R? values exceeding 0.89 in all cases, indicating a strong match between
the model and experimental data.

Figure 47 showed fiber displacements and stresses at full stretch of an example sample
(Sample #4). The visualization revealed heterogeneous behaviors of the fibers, with varying
deformations and stress distributions at the microscale. The model effectively captured the non-
uniform response of the fibers under applied loading conditions, highlighting the intricate

mechanical behavior within the tissue.

Table 5. The optimized fiber material properties (Cio and Co1) and the pre-stretching strains along radial and

circumferential directions.

Loading Pre-stretching Pre-stretching strain Fiber elastic
Sample# protocol# Cio Cor strain (radial) (circumferential) modulus (GPa)
1:1 0.00825 0.00475
1:0.75 0.00600 0.00725
1 4030 | -2.0150 23.97
0.75:1 0.00950 0.00750
1:0.5 0.00450 0.01050
1:1 0.00050 0.00775
1:0.75 0 0.01
2 542.7 | -0.1740 3.22
0.75:1 0.01000 0.00625
1:05 0 0
1:1 0 0.00400
1:0.75 0 0.01100
3 78.98 | -0.0058 0.47
0.75:1 0.01 0.01000
1:0.5 0 0.01350
1:1 0.00410 0.00740
1:0.75 0.00600 0.00510
4 86.20 | -0.0485 0.51
0.75:1 0.01300 0
1:0.5 0.00150 0.00550
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Figure 50. Orientation distribution and mechanical anisotropy of all the models.The orientation distributions
are depicted in polar plots. Young's modulus of each sample was estimated by calculating the slope of the
model’s stress-strain curve at maximum strain state. The results indicate that at maximum strain state, the
stiffness along each direction is approximately, but not exactly proportional to the amount of fibers aligned in

the loading direction.

Figure 48 showed isometric views of the Sample #4 direct fiber model during loading
protocol 1:1. The visualization used color to represent the maximum principal stress (top row) and
displacement magnitudes (bottom row). Initially, the model showed curvature, which gradually

flattened during stretching. More fibers experienced higher stress as stretching was applied.
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Figure 49 showed the stress-strain curves of the optimized models, showcasing the
excellent agreement with experimental data in both the radial and circumferential directions for
most of the loading protocol cases. The majority of adjusted R? values exceeded 0.9, indicating a
robust fit between the model predictions and experimental observations. The derived parameters
that achieved this high level of agreement were provided in Table 5.

Figure 50 presented the fiber orientation distributions of the direct fiber model and the
model’s mechanical anisotropy at maximum strain state. The findings suggest that the stiffness
along each direction is approximately proportional to the amount of fibers in the loading direction

at the maximum strain state.

6.4 Discussion

Our goal was to enhance the analysis of the direct fiber modeling technique and perform a
comprehensive validation. We developed direct fiber models to simulate four sclera samples,
incorporating specimen-specific three-dimensional fiber orientation distributions. Subsequently,
we conducted an inverse fitting study and matched the models with specimen-specific anisotropic
stress-strain behaviors, derived from biaxial testing experiments. This study yielded two major
findings. First. the direct fiber models successfully captured the collagen structure of multiple
sclera samples from different quadrants and eyes. Second, the macroscopic mechanical properties
of the models matched with the experimental stress-strain data obtained under various anisotropic
loading conditions. Notably, the direct fiber models inherently incorporated the anisotropy of
tissue mechanical behaviors within their fiber structure, thereby eliminating the necessity for

separate optimization with different loading conditions. This indicated that the fiber material
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properties obtained by fitting one loading condition enable the model to accurately represent the

behaviors under other loading conditions as well. Below we discussed the two findings in detail.

6.4.1 The Direct Fiber Models Can Accurately Capture The Collagen Fiber Structure

Across Different Samples

In our previous study, the primary focus was on introducing the direct fiber modeling
methodology, which involved utilizing experimental data from different samples and species
obtained for other research purposes (Ji, Bansal et al. 2023). In this study, we deliberately chose
to construct models that simulate multiple sclera samples from different quadrants and eyes. This
decision was driven by the fact that the collagen fiber architecture of the sclera varies both spatially
within different locations and between different eyes (Gogola, Jan et al. 2018). Furthermore, it is
known that the mechanical behaviors of the sclera exhibit varying degrees of anisotropy across
different quadrants, such as superior and temporal quadrants (Coudrillier, Boote et al. 2013, Hua,
Quinn et al. 2022). By employing samples from both superior and temporal quadrants of multiple
eyes, our study successfully demonstrated the robustness of the direct fiber modeling approach in
capturing the varying fiber structure as well as the anisotropic stress-strain behaviors. It is
important to emphasize that our models were specimen-specific, meaning that the fiber structure
was individually constructed based on each sample, and the model's behaviors were optimized
using experimental data obtained from the same sample. The results of this study proved a high
level of accuracy and reliability of direct fiber modeling in representing real tissue microstructures

and properties.
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6.4.2 The Macroscopic Mechanical Properties Of The Models Matched With The
Experimental Stress-Strain Data Obtained Under Various Anisotropic Loading

Conditions

In our previous study, we constructed a single model and validated it against a specific
equi-biaxial experimental dataset. In this study, we specifically opted to match the stress-strain
behaviors under different loading conditions, taking into account the fact that the sclera is
subjected to complex loading conditions (Boote, Sigal et al. 2020). This study enables the inclusion
of these more intricate loading conditions, ensuring the validity of the model under such complex
scenarios. It is worth noting that achieving validity by simultaneously matching multiple loading
conditions has not been extensively accomplished in many previous studies, despite their attempts
to utilize inverse fitting techniques to optimize the model and align it with experimental data
(Coudrillier, Pijanka et al. 2015, Karimi, Rahmati et al. 2022). Thus, our study distinguishes itself
by successfully addressing this challenge and demonstrating the direct fiber model's capability to
accurately represent the sclera's mechanical responses under diverse and complex loading

conditions.

6.4.3 The Direct Fiber Models Inherently Incorporate The Anisotropy Of Tissue

Mechanical Behaviors Within Their Fiber Structure

We gave this conclusion based on the derivation of fiber material properties through fitting
the equi-biaxial loading condition. By utilizing the optimized fiber material properties directly, the
direct fiber model can accurately represent the mechanical behaviors of the sclera under other

loading conditions as well, exhibiting a strong overall fit (adjusted R? > 0.9). We postulate that the

121



direct fiber modeling should have captured the tissue collagen microstructure in a very accurate
way since collagen fibers serve as the primary load-bearing component of the sclera (Girard,
Downs et al. 2009, Coudrillier, Pijanka et al. 2015). Therefore, the introduction of specimen-
specific mechanical anisotropy becomes a natural outcome when designing the geometric
arrangement of collagen fibers within the model. This is an advantage of the direct fiber modeling
approach because the material properties derived from fitting a single loading protocol can be
considered as optimal properties applicable to complex loading conditions. In contrast, previous
approach required optimizing the model across all loading conditions to obtain the ideal material
properties (Thomas, Lai et al. 2019). Our method significantly streamlines the process of
determining tissue mechanical properties, making the direct fiber modeling technique more

efficient and effective.

6.4.4 Advantages And Optimization Of The Procedure For Building Direct Fiber Model

Structures

The models developed in this study inherited several advantages that we discussed
previously. Briefly, the direct fiber models have considered fiber interweaving and the resulting
fiber-fiber interactions that play an important role in determining the structural stiffness of the
sclera (Wang, Hua et al. 2020). The models also have included collagen fibers of the sclera that
are long and continuous. Thus, they can transfer forces over a long distance (Voorhees, Jan et al.
2018, Boote, Sigal et al. 2020), where it’s commonly recognized that it’s important to account for
long fiber mechanics (Huang, Zhou et al. 2017, Lanir 2017, Grytz, Yang et al. 2020, Islam, Ji et
al. 2023). Furthermore, the direct fiber models have considered three-dimensional specimen-
specific collagen architecture, whereas previous fiber-aware models tend to overlook or simplify
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the in-depth orientations of the collagen fibers (Coudrillier, Boote et al. 2013, Zhang, Albon et al.
2015, Voorhees, Jan et al. 2017). Collagen fiber variations in-depth of the tissue are crucial in
determining the sclera's load-bearing capacity, particularly in bearing shear stresses, and may have
clinical implications (Danford, Yan et al. 2013).

In comparison to our preliminary study, we implemented two optimizations to the approach
when building direct fiber model structures. Firstly, we incorporated the natural curvature of the
tissue into the model, enabling a more accurate representation of the physiological shape of the
sclera. This enhancement ensured that the model closely mimicked the three-dimensional
geometry of the sclera, improving its realism and fidelity. Secondly, in order to address the issue
of fibers that were supposed to be tightly interwoven but were actually floating within the structure,
we introduced a constraint function in Abaqus. This constraint function served to tightly constrain
the interconnections between fibers. As a result, the model not only exhibited increased stability,
but also better matched the actual interweaving and cohesion of collagen fibers in the sclera. This
optimization helped overcome the challenge of inaccuracies caused by floating fibers and enhances

the model's reliability and validity in representing the real tissue structure.

6.4.5 Interpretation Of The Derived Fiber Material Properties

In our study, we initially derived the fiber material properties by matching the experimental
data of loading protocol 1:1. Concerns may arise regarding the validity of the direct fiber modeling
technique if different fiber material properties are obtained when matching experimental data from
other loading protocols. To address this concern, we randomly selected a sample and derived the
fiber material properties by independently fitting the loading protocols 1:0.75, 0.75:1, and 1:0.5.
The fiber material properties were initially assigned random values and iteratively optimized to
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match the experimental data. Importantly, the fitting processes were performed without any
reference to the results obtained from other loading schemes. Interestingly, we observed that the
derived fiber material properties from fitting different loading protocols fell within a similar range,
as indicated in Figure 51. To further evaluate the physical significance of these properties, we
examined the resulting fiber elastic modulus and bulk modulus. Remarkably, these two properties
demonstrated consistency across the results obtained from fitting different loading protocols.
These findings demonstrate the robustness of our method and confirm that the derived material

properties are independent of the choice of loading protocols for fitting.

Loading protocol #| © c Pre-stretching Pre-stretching strain | Fiber elastic modulus | Fiber bulk modulus
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Figure 51. This figure illustrates the findings from the analysis using Sample #4 to assess the similarity of
derived material properties when fitting the model to experimental data from different loading protocols. The
table demonstrates that the values of Ci0 and Coz derived from fitting the model to different loading protocols

are closely aligned, resulting in comparable fiber elastic modulus and fiber bulk modulus. Additionally, the
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stress-strain curves between the model and experimental data exhibit a strong overall fit, with an adjusted R?
greater than 0.9. These results support the conclusion that the choice of loading protocol for fitting does not

influence the derived fiber material properties.

The uniqueness of optimal parameters is a common concern in inverse fitting techniques
(Girard, Downs et al. 2009, Zhou, Abass et al. 2019). To address this concern, we conducted the
inverse fitting process using four different sets of starting parameters to assess the consistency and
uniqueness of the results. The derived fiber material properties, C1o and Co1, exhibited significant
variation among the four samples. To better understand those values which are lack specific
physical interpretation, we further estimated the elastic modulus of individual fibers by simulating
uniaxial stretch of a single straight fiber with the optimal C10 and Co: values of the hyperelastic
Mooney-Rivlin material. The estimated fiber elastic modulus ranged from 0.47 GPa to 23.94 GPa,
and the detailed values can be found in Table 5. This wide range of values aligned with the
experimentally reported elastic modulus values found in the literature, which ranged from 0.2 GPa
to 7 GPa in bovine Achilles tendon fibers (Van Der Rijt, Van Der Werf et al. 2006, Yang, Van Der
Werf et al. 2007), and 5 GPa to 11.5 GPa in rat tail (Wenger, Bozec et al. 2007). It is worth noting
that one value falled outside this range, which we believe may be attributed to two factors. Firstly,
the load was primarily borne by a small portion of the fibers, leading to an overestimation of the
fiber material properties. Secondly, the volume fraction of the models in this study was
approximately 15%, which may not accurately represent the actual tissue composition. The
estimated fiber material properties were closely associated with the designed fiber volume fraction
in the model. Further research is necessary to comprehensively understand how variations in fiber

volume fraction influence the behavior and derived material properties of the direct fiber model.
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Another concern pertaining to the derived material properties and pre-stretching strains is
the possibility of achieving an excessively favorable match between the models and experimental
data across all loading schemes. To address this concern, we conducted a specific analysis using
the fiber structure of Sample #1 and attempted to match the experimental data of sample #2. The
results revealed that we could successfully match the experimental data for loading protocols 1:1,
1:0.75, and 0.75:1. However, when attempting to match the experimental data for loading protocol
1:0.5, the model could not achieve a satisfactory fit (Figure 52). This outcome indicates that the
model is not universally applicable but rather depends on accurately matching the orientation

distribution of the sample in order to replicate the experimental data of that specific sample.
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Figure 52. This figure presents the results of using the model fiber structure of Sample #1 to fit the
experimental stress-strain data of Sample #2, aimed at assessing the possibility of achieving an overly
favorable match between the models and experimental data. Following the process described in the main text,
the fiber material properties Cio and Co1 were derived by fitting the model to loading protocol 1:1. The results
indicate successful matches between the model and experimental data for loading protocols 1:1, 1:0.75, and
0.75:1, with overall adjusted R? values exceeding 0.8. However, for loading protocol 1:0.5, the model exhibits
softer behavior than the experiment in the circumferential direction and stiffer behavior in the radial
direction, resulting in adjusted R? values lower than 0.5. As such, it cannot be considered as a valid match.
These findings reinforce that the model's applicability is not universal but rather dependent on accurately

matching the orientation distribution of the specific sample in order to replicate its experimental data.
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6.4.6 Limitations

The first limitation was observed in the matching of stress-strain curves between the model
and experimental data. While the majority of loading conditions exhibited strong agreement with
adjusted R? values exceeding 0.9, there were instances, particularly in the loading protocol 1:0.5,
where the model's fit was relatively lower. This discrepancy may be attributed to the sequential
application of five different loading protocols during the testing process. After multiple rounds of
testing, the tissue may become softer than its original condition. As a result, the model's behavior
appeared to be stiffer than the corresponding experimental data in these cases. Despite this
limitation, it is important to emphasize that the direct fiber modeling technique demonstrated
robustness and effectiveness in capturing the overall mechanical behaviors of the sclera, as
evidenced by the strong agreement between the model and experimental data in the majority of the
cases. The observed discrepancies in certain loading conditions provide valuable insights for future
refinements of the model and highlight the need for further investigation into the dynamic changes
in tissue properties during sequential loading.

Second, we encountered difficulties in accurately matching the loading protocol 0.5:1 due
to the model's inability to perform well under compression. This limitation indicated that further
optimization of the approach was required to enable stable simulations under compression loading
conditions. Future efforts should be focused on addressing this issue to enhance the applicability
of the direct fiber modeling approach. By improving the model's performance in compression
scenarios, we can broaden its utility in studying the mechanical behaviors of the sclera across a
wider range of loading conditions.

Third, our study only used sheep eyes as the sample model, without validation using other

animal models or human eyes. Considering the robustness of the approach in capturing the
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complex fiber structure and anisotropic mechanical behaviors of sheep sclera, we anticipated that
the direct fiber modeling technique can serve as a valid and effective tool for investigating scleral
biomechanics in other species and potentially in other collagen-based tissues as well. Future
studies can extend the application of this approach to validate its broader utility and ensure its
generalizability across various biological tissues.

Fourth, the direct fiber models, while consistent with experimentally measured fiber
orientation distribution, are still approximations of the actual tissue. Several aspects were
simplified or ignored in the modeling process, which may introduce discrepancies between the
models and the real tissue. One such simplification was the assumption of uniform fiber or bundle
diameters within the models. In reality, collagen fibers in the sclera can exhibit variations in
diameter (Komai and Ushiki 1991). Additionally, sub-fiber level features were not explicitly
included in the models, such as fiber crimp (Grytz, Fazio et al. 2014). Future work would benefit
from incorporating more detailed and realistic microstructural features, where the models can
provide a more accurate representation of the scleral tissue and enhance our understanding of its
mechanical behaviors.

Fifth, the matrix mechanical properties were kept constant at literature values and not
optimized iteratively like the fiber properties. This simplification was made for simplicity.
Although the matrix properties could potentially affect fiber load-bearing and parameter fitting,
their impact is considered minor. The fibers, being the primary load-bearing component, exhibit
significantly greater stiffness compared to the matrix (Girard, Downs et al. 2009, Coudrillier,
Pijanka et al. 2015). Analysis of our model indicated that the matrix bears only 4%—6% of the total
reaction forces at the maximum strain. Therefore, we believe that the fiber properties

predominantly influence the model's behavior, while the matrix stiffness has minimal influence on
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the derived parameters. In future work, it would be worthwhile to explore the role of matrix
properties and consider more detailed matrix-fiber interactions for further refinement.

Sixth, we ignored fiber-matrix interactions and considered simplified fiber-fiber
interactions, similar to our previous work (Ji, Bansal et al. 2023). However, it should be noted that
the interactions between fibers and the matrix can be much more complex and may influence the
tissue behaviors (Murienne, Chen et al. 2016, Hatami-Marbini and Pachenari 2020). Future
research could benefit from incorporating more realistic and complex interactions within the direct
fiber modeling framework. The direct fiber modeling technique has the potential to be a valuable
tool for studying and considering such complex interactions in future studies.

In conclusion, we performed a comprehensive validation of the direct fiber modeling
approach through the simulation of multiple sheep posterior sclera samples. We characterized the
macroscopic and anisotropic stress-strain behaviors of the samples through biaxial mechanical
testing. Then direct fiber models were generated based on the microstructural architecture of each
sample. An inverse fitting process was employed to simulate biaxial stretching conditions,
enabling the determination of optimal pre-stretching strains and fiber material properties. Our
findings demonstrated the efficacy of the direct fiber modeling approach in simulating the scleral
microarchitecture, capturing critical fiber characteristics, and accurately describing its anisotropic
macroscale mechanical behaviors. Moreover, we highlighted the capability of the direct fiber
models to inherently incorporate the anisotropy of tissue mechanical behaviors within their fiber
structure. Overall, the direct fiber modeling approach proved to be a robust and effective tool for

characterizing the biomechanics of sclera.
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7.0 Dissertation Conclusions

7.1 Summary

In this study, we investigated two critical collagen microstructural features with significant
implications for glaucoma research: LC insertions and in-depth collagen fiber organization within
the corneoscleral shell. Through the characterization, we quantified essential parameters related to
LC insertions, including insertion width, insertion angle, number of insertions, and insertion ratio.
Additionally, we quantified the in-depth collagen fiber orientation distribution, the percentage of
inclined fibers and the range of inclination angles in the corneoscleral shell.

To further our understanding of tissue collagen microstructural biomechanics, we
developed an innovative direct fiber modeling technique specifically tailored to simulate the
collagen microstructure in fiber-based soft tissues, such as the sclera. This advanced modeling
approach not only provided explicit representations of individual collagen fibers but also
accurately captured the tissue's anisotropic mechanical behavior in diverse biaxial loading

schemes.

7.1.1 Specific Aim 1: Characterize Variations Of LC Insertions.

la. Characterize the variations in insertion widths and insertion angles among four different

species (sheep, pig, monkey, and human).

PLM images of ONH cryosections from sheep, pig, monkey, and human eyes were

acquired. Manual measurements of insertion width and insertion angle were conducted. The results
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revealed significant variations in LC beam insertions among the species, with differences in shape
(curved or straight), width (broad or narrow), and penetration depth (shallow or deep). The widths
of the LC insertions differed significantly between all species. Insertion angles of sheep and pig
were larger than monkey and human. These findings have implications for understanding the
mechanics of the LC region and its impact on neural tissues, potentially shedding light on why
peripheral vision is affected earlier in glaucoma. For example, our data suggest an intriguing
hypothesis that monkey, with its smallest insertion widths, might be the most sensitive to changes
in IOP. Similarly, humans, with relatively narrower LC insertions, could also display elevated
sensitivity to IOP changes. However, it is essential to emphasize that these hypotheses are

preliminary and demand careful evaluation through further research.

1b. Characterize the spatial distribution of LC insertions from the anterior to posterior LC and

across the four quadrants of monkey eyes. Quantify variations in insertion width, insertion angle,

number of insertions, and insertion ratio.

Coronal cryosections of the LC from six healthy monkey eyes were imaged using IPOL. LC
insertions were manually marked, noting their in-depth position and quadrant. Insertion width,
insertion angle, number of insertions, and insertion ratio were quantified. LME models were used
to determine if these parameters were associated with in-depth position or quadrant. The results
showed significant variations in LC insertions over the canal. The anterior LC had sparser,
narrower, and more slanted insertions compared to the middle and posterior LC. Additionally,
insertion angles were significantly smaller in the nasal quadrant. The sparser, narrower and more

slanted insertions of the anterior LC may not provide the robust support afforded by insertions of
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the middle and posterior LC. These findings suggest that the variations in LC insertions may

contribute to the progressive deepening of the LC and the regional susceptibility to glaucoma.

7.1.2 Specific Aim 2: Characterize In-Depth Collagen Organization In The Corneoscleral

Shell.

2a. Quantify in-depth fiber orientation distributions and anisotropy around the corneoscleral shell.

Test if the orientation distributions could be accurately summarized with a combination of a

uniform distribution and a sum of w-periodic von Mises distributions.

Seven sheep whole-globe sagittal sections from eyes fixed at an IOP of 50 mmHg were
imaged using PLM to measure collagen fiber orientations and density. In-depth fiber orientation
distributions and anisotropy (degree of fiber alignment) accounting for fiber density were
quantified in 15 regions: central cornea, peripheral cornea, limbus, anterior equator, equator,
posterior equator, posterior sclera and peripapillary sclera on both nasal and temporal sides. Our
measurements showed that the fibers were not uniformly in-plane but exhibited instead a wide
range of in-depth orientations, with fibers significantly more aligned in-plane in the anterior parts
of the globe. We found that fitting the orientation distributions required between one and three n-
periodic von Mises distributions with different primary orientations and fiber concentration
factors. These variations in orientation distributions and anisotropies imply the presence of diverse
out-of-plane tissue mechanical properties around the eye globe, highlighting the importance of
considering the three-dimensional nature of collagen fiber orientations for a comprehensive
understanding of corneoscleral shell biomechanics. Additionally, the substantial out-of-plane
fibers suggest the presence of the large number of inclined fibers. In the cornea, such inclined
fibers play a crucial role in enhancing stiffness and controlling the shape of the cornea. Therefore,
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it is reasonable to infer that out-of-plane fibers likely contribute to the stiffness and shape of the

rest of the globe as well, necessitating careful consideration.

2b. Quantify fiber inclination in the corneoscleral shell, characterized by the percentage of fibers

that are inclined-not parallel to sclera surface, and the range of inclination angles (half width at

half maximum of inclination angle distribution).

Among the 15 regions around the corneoscleral shell that we analyzed, we observed that
regions of the posterior globe, particularly on the temporal side, exhibited a larger percentage of
inclined fibers and a broader range of inclination angles compared to anterior and equatorial
regions. The anisotropic distribution of fiber inclinations in the corneoscleral shell suggests that
the different regions may respond differently to mechanical loads. Regions with less inclined fibers
may demonstrate more fibers loaded in-plane during inflations. Conversely, regions with more
inclined fibers may experience increased bending. Moreover, the substantial presence of inclined
fibers implies a higher occurrence of interlocking patterns in the collagen structure. This feature
may potentially enhance the overall mechanical strength, stiffness, and stability of the region,
similar to the effects found in textiles and in cornea. The interlocking effect allows fibers to
distribute forces more effectively, contributing to the eye's structural integrity and biomechanical
robustness. Understanding these characteristics is crucial for gaining insights into the mechanical

behavior of the corneoscleral shell and its potential implications in ocular biomechanics.

134



7.1.3 Specific Aim 3: Develop And Validate The Direct Fiber Modeling Technique For

Posterior Sclera.

3a. Develop the methodology of direct fiber modeling capable of simulating the specimen-specific

3D collagen fiber architecture of sclera. Utilize an inverse fitting approach to estimate the model's

fiber mechanical properties.

We developed the direct fiber modeling technique to represent the collagen architecture
explicitly, using long, continuous, and interwoven fibers embedded in a continuum matrix
representing non-fibrous tissue components. The model’s fiber structure was validated using PLM
data from pig and sheep corneoscleral sections. The fibers were described by a Mooney-Rivlin
model, while the matrix was modeled using a Neo-Hookean model. By inversely matching
experimental equi-biaxial tensile data from the literature, we determined the fiber parameters
(C10=5746.9 MPa; Co1=-5002.6 MPa) and the matrix shear modulus (200 kPa). The reconstructed
model's fiber orientations agreed well with the microscopy data in both coronal and sagittal planes
of the sclera. The model successfully fit experimental stress-strain curves in both radial and
circumferential directions, revealing sub-fiber level stresses and strains during stretch, including
interactions among individual fibers not captured by conventional continuum methods. Our results
demonstrate that direct fiber models can simultaneously describe the macroscale mechanics and
microarchitecture of the sclera, providing unique insight into tissue behavior not accessible

through continuum approaches.

3b. Validate the direct fiber modeling approach by simulating collagen microstructures of multiple

sclera samples. Determine, by inverse fitting, the fiber material properties that allow the models to
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accurately replicate the anisotropic mechanical behaviors observed in multiple biaxial loading

schemes.

We validated the direct fiber modeling approach using four sheep posterior sclera samples.
By employing a biaxial mechanical testing method with five different loading protocols, we
characterized the macroscopic and anisotropic stress-strain behaviors of the samples.
Subsequently, we generated direct fiber models based on the microstructural architecture of each
sample, which was obtained through PLM. By employing an inverse fitting process, we simulated
the biaxial stretching boundary conditions to determine the optimal pre-stretching strains and fiber
Mooney-Rivlin material properties that could simultaneously match the experimental data from
all loading protocols. Our findings demonstrated the robustness of the direct fiber modeling
technique in accurately representing specimen-specific collagen fiber orientation distributions
across different samples. Furthermore, the model's behaviors can match the anisotropic mechanical
behavior exhibited in different loading protocols and across all the samples. Notably, the model
naturally accounted for the tissue's anisotropic behaviors within its fiber structure. By fitting equi-
biaxial stress-strain data, the model derived fiber material properties and matched experimental
stress-strain behavior under non-equi-biaxial conditions. These results demonstrate the efficacy of
the direct fiber modeling approach in simulating scleral microarchitecture and describing
anisotropic macroscale mechanical behavior. The technique offers valuable insights into the scleral

biomechanical environment and its response to mechanical loadings.
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7.2 Future Work

7.2.1 LC Insertions

In-depth analysis of the spatial variations of LC insertions should be performed in all four
species (sheep, pig, monkey, and human) to comprehensively understand the unique features of
LC insertions in patients, and in the most commonly used animal models. This comprehensive
investigation will provide valuable insights into the species-specific biomechanical differences and
help build a more robust understanding of LC biomechanics and sensitivity to glaucoma.

Additionally, it is essential to explore the potential differences in LC insertions between
glaucoma and healthy eyes. Investigating whether the parameters of LC insertions could serve as
diagnostic criteria to predict glaucoma onset or identify eyes more susceptible to the disease will
be of significant clinical importance. Even if at this point the LC insertions remain out of reach of
in-vivo imaging, understanding the link between LC insertions and glaucoma progression can
potentially lead to early detection and personalized treatment strategies. Tools for in-vivo imaging
are progressing rapidly (Sigal, Wang et al. 2014), and it seems plausible that tools could be
developed to visualize LC insertions, particularly if they are demonstrated to be critical in
glaucoma.

Furthermore, to gain deeper insights into the biomechanics of LC insertions, more in-depth
studies are required to explore the mechanical implications of insertion width, insertion angle,
number of insertions, and insertion ratio. The direct fiber modeling approach can play a pivotal
role in this exploration, offering the ability to simulate and analyze the effects of various insertion

characteristics on tissue behavior under different loading conditions (Figure 53). This endeavor
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will facilitate a better understanding of the biomechanical significance of LC insertions and their

role in glaucoma pathogenesis.

Stress

{

Figure 53. An example comparison of the mechanical response between a spread and wide insertion (top row)
and a straight and narrow insertion (bottom row).Direct fiber models (middle column) were created by
tracing collagen fibers on IPOL images (left column). The fibers were discretized with linear truss elements
(T3D2) of circular cross-section and linear elastic material properties. Fiber overlaps were resolved using an
iterative algorithm that refined and displaced them, resulting in discrete, interwoven realistic-looking fibers.
Fiber-fiber interactions were incorporated using general contact to prevent fiber interpenetration. The
solution was obtained using Abaqus/Explicit. The stress responses of fibers under 15% equi-biaxial stretch
are shown (right column). The insertion with spread and wide LC beam bears substantially less load (lower
stress) than the other one, illustrating that LC insertion shape has a large effect on the local sensitivity to

10P.

7.2.2 In-Depth Collagen Fiber Organization In The Corneoscleral Shell

The study of in-depth collagen fiber organization holds the potential for uncovering crucial
factors influencing the macroscale biomechanics of ocular tissues. Conducting further research to

investigate the role of fiber inclination and different levels of in-depth fiber anisotropy on tissue
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mechanics is vital for understanding how tissue microstructure influences overall mechanical
behavior. Utilizing the direct fiber modeling approach, we can introduce various degrees of fiber
inclination to model the complex collagen architecture accurately. By constructing and comparing
models with different combinations of inclined fiber percentages and ranges of inclination angles,
the study can unveil how these microstructural variations impact the tissue's mechanical response
under various loading conditions. This comprehensive analysis will provide deeper insights into
the mechanics of the corneoscleral shell, offering valuable information for understanding the

biomechanical environment of the eye and its relevance to glaucoma development.

7.2.3 Direct Fiber Modeling

Although this dissertation has shed light on crucial aspects of direct fiber modeling, certain
questions remain to be fully understood, as discussed in Section 5.4 and Section 6.4. One such area
of exploration involves the disparity between fiber orientation anisotropy and tissue mechanical
anisotropy. Chapter 6 presents an intriguing example of this disparity. In Sample #1 and Sample
#2, despite having similar distributions of fiber orientations, their mechanical anisotropies differ.
Sample #1 is stiffer along the radial direction, whereas Sample #2 is stiff along the circumferential
direction. Another example is presented in Figure 50, where the stiffness of the loading direction
is not precisely proportional to the amount of fibers in that direction. Investigating the underlying
mechanisms responsible for this phenomenon is essential to gain deeper insights into tissue
behavior and its connection to collagen microstructure.

Expanding the application of the direct fiber modeling method to study additional ocular
tissue structures or larger regions in the eye represents an exciting avenue for future research. For
instance, applying the direct fiber modeling approach to study the entire optic nerve head will be

139



a transformative step in understanding its biomechanics comprehensively. By capturing crucial
microstructural mechanisms, such as fiber interactions and long-range strain transmission among
bundles, the model will provide unprecedented insights into the role of fibrous collagen structure
in the biomechanics of the optic nerve head. Moreover, the direct fiber modeling method holds the
potential for exploring the interactions between collagen microstructure and cells within ocular
tissues. By incorporating cellular behavior and responses into the model, we can further advance
our understanding of how cellular activities influence the biomechanical properties of the tissues

and contribute to overall ocular health.

7.3 Conclusion

This study delves into crucial collagen microstructural features with significant
implications for glaucoma research: LC insertions and in-depth collagen fiber organization within
the corneoscleral shell. Through comprehensive characterization, we quantified essential
parameters related to LC insertions and explored intricate in-depth collagen fiber orientation
distributions and fiber inclinations. To advance our understanding of tissue collagen biomechanics,
we developed and validated the direct fiber modeling technique, providing explicit representations
of individual collagen fibers and critical fiber characteristics, while accurately capturing
anisotropic mechanical behaviors. This research significantly enhances our knowledge of the
ocular tissue microstructure and biomechanical environment, offering valuable insights into the

pathogenesis of glaucomatous optic neuropathy.
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Appendix A In-Depth Collagen Fiber Orientation Distribution Curve Fitting Results Of All

The Regions And Sections

Appendix A.1 In-Depth Orientation Distribution Curve Fitting Results Of Section #1
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Appendix Figure 1. Curve fitting results of Section #1 nasal side PPS region.
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Appendix Figure 2. Curve fitting results of Section #1 temporal side PPS region.
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Appendix Figure 3. Curve fitting results of Section #1 nasal side posterior sclera region.
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Appendix Figure 4. Curve fitting results of Section #1 temporal side posterior sclera region.
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Appendix Figure 5. Curve fitting results of Section #1 nasal side posterior equator region.
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Appendix Figure 6. Curve fitting results of Section #1 temporal side posterior equator region.
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Appendix Figure 7. Curve fitting results of Section #1 nasal side equator region.
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Appendix Figure 8. Curve fitting results of Section #1 temporal side equator region.
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Appendix Figure 9. Curve fitting results of Section #1 nasal side anterior equator region.
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Appendix Figure 10. Curve fitting results of Section #1 temporal side anterior equator region.
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Appendix Figure 11. Curve fitting results of Section #1 nasal side limbus region.
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Appendix Figure 12. Curve fitting results of Section #1 temporal side limbus region.
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Appendix Figure 13. Curve fitting results of Section #1 nasal side peripheral cornea region.
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Appendix Figure 14. Curve fitting results of Section #1 temporal side peripheral cornea region.
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Appendix Figure 15. Curve fitting results of Section #1 central cornea region.
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Appendix A.2 In-Depth Orientation Distribution Curve Fitting Results Of Section #2
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Appendix Figure 16. Curve fitting results of Section #2 nasal side PPS region.
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Appendix Figure 17. Curve fitting results of Section #2 temporal side PPS region.
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Appendix Figure 18. Curve fitting results of Section #2 nasal side posterior sclera region.
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Appendix Figure 19. Curve fitting results of Section #2 temporal side posterior sclera region.
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Appendix Figure 20. Curve fitting results of Section #2 nasal side posterior equator region.
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Appendix Figure 21. Curve fitting results of Section #2 temporal side posterior equator region.
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Appendix Figure 22. Curve fitting results of Section #2 nasal side equator region.
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Appendix Figure 23. Curve fitting results of Section #2 temporal side equator region.
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Appendix Figure 24. Curve fitting results of Section #2 nasal side anterior equator region.
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Appendix Figure 25. Curve fitting results of Section #2 temporal side anterior equator region.
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Appendix Figure 26Curve fitting results of Section #2 nasal side limbus region.
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Appendix Figure 27. Curve fitting results of Section #2 temporal side limbus region.
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Appendix Figure 28. Curve fitting results of Section
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Appendix Figure 29. Curve fitting results of Section #2 temporal side peripheral cornea region.

a k wjrad) | ¢
von Mises-1 | 0.488 | 4.882 | 3.096 | -
von Mises-2 | 0.383 | 1.777 | 2.541 | -

isotropic - - - 0

#2

1.0
0.8
0.6
0.4
0.2

Normalized Frequency

1.0
c
S os
4
T 06
E 0.4
g 0.2
™
2 0

> 10 — von Mises-1

g " — von Mises-2

5 0.8 von Mises-3

@ isotropic

w 0.6 — original

E 0.4 sum of all

o2 ////

E 0 ____.__-—:"‘:":A_(‘“_ﬁ-.-__ T —
= 60 120 180

Orientation (degree)
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isotropic
original
sum of all
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original
sum of all
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Appendix Figure 30. Curve fitting results of Section #2 central cornea region.
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Appendix A.3 In-Depth Orientation Distribution Curve Fitting Results Of Section #3

a k p(rad) c 2‘ 1.0 — von Mises-1
f 2 p.g/ — von Mises-2
von Mises-1 | 0.774 | 2.431 | 2.512 - T isotropic
: .?_ 0.6} original
von Mises-2 | 0.191 | 3.135 | 1.567 - T o4 sum of all
-] &
isotropic - . - | 0.003 —E 02
.5 0___ i S~ SN
z 60 120 180

Orientation (degree)

Appendix Figure 31. Curve fitting results of Section #3 nasal side PPS region.

a k p(rad) c 101 — von Mises-1
- 2 o8l — vonMises-2
von Mises-1 | 0.323 | 8.901 | 2.976 - §- o6 isotropic
. w O —— original
von Mises-2 | 0.435 | 0.631 | 2.593 - T g4t -=- sum of all
isotropic - - - 0.003 | 3 02 ;
E - -:_‘:Q—IQC:H::
(=] == LT
z 0 60 120 180

Orientation (degree)

Appendix Figure 32. Curve fitting results of Section #3 temporal side PPS region.

a k urad) | c t:? 1.0[— von Mises-1
von Mises-1 | 0.503 | 5213 | 2.504 | - | S 0.8~ VonMises-2
g ISOlI’OpIC
von Mises-2 | 0.122 | 1.658 | 2.367 | - i 0.6/— original
T 04 sum of all
isotropic - - - o &%
T
g 0.2
[=] 0 —_— e
z 60 120 180

Orientation (degree)

Appendix Figure 33. Curve fitting results of Section #3 nasal side posterior sclera region.
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a k irad) | ¢ 1.0 — von Mises-1
. — Mises-2
von Mises-1 | 0.325 | 6.533 | 0.140 - 08 i‘;‘f,':m,',?ﬁs
_ original
von Mises-2 | 0.773 | 0.545 | 2.985 | - sum of all

isotropic - - - 0

o
()

Normalized Frequency
o o
o 2 o

180
Orientation (degree)

Appendix Figure 34. Curve fitting results of Section #3 temporal side posterior sclera region.

a k n(rad) | c %"1-0 — von Mises-1
von Mises-1 | 0.214 | 10517 | 2.085 | - | 3 0.8 VvonMises2
S |s?tfoplc
von Mises-2 | 0.332 | 3.333 | 2472 | - | & 0.6{— original
2 04" sum of all
isotropic - - - 0 N
g 02
o 0 = S s, e
z 60 120 180

Orientation (degree)

Appendix Figure 35. Curve fitting results of Section #3 nasal side posterior equator region.

a k w(rad) | ¢ oy von Mises-1
- S von Mises-2
von Mises-1 | 0.395 | 5.237 | 0.823 | - = isotropic
) e original
von Mises-2 | 0.832 | 0.458 | 0.059 | - l_; sum of all
isotropic - - - 0| = /
E -
=] 0 . S ——
=z 60 120 180

Orientation (degree)

Appendix Figure 36. Curve fitting results of Section #3 temporal side posterior equator region.

a k p(rad) c g 10 — von Mises-1
von Mises-1 | 0.362 | 10.819 | 1.572 | - :E-J EZ - %EEE&I?:”'Z
von Mises-2 | 0.075 | 6.204 | 1.959 - E 0.4 -=- sum of all

isotropic . . - Joo12] E°2 )
z 0 60 120 180

Orientation (degree)

Appendix Figure 37. Curve fitting results of Section #3 nasal side equator region.
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a k p(rad) | c g 1.0 — von Mises-1
_ 2 08 —— yon Mises-2
von Mises-1 | 0.299 | 1.008 | 1.581 | - § isotropic
von Mises-2 | 0.356 | 8.413 | 1.301 | - | « %6 — original
B 0.4 sum of all
isotropic - - - o =
g 0.2
S
=

=]

|

1

|

]
=]
=]
-
[
(=]
—
(=]
(=]

Orientation (degree)

Appendix Figure 38. Curve fitting results of Section #3 temporal side equator region.

a k p(rad) | c 1.0 — von Mises-1
. . . 0.8 von Mises-2
von Mises-1 | 0.340 | 8.781 | 1.073 isotropic
von Mises-2 | 0.275 | 0.730 | 1.130 | - 0.6 original

sum of all

isotropic - - - 0

© o
© N &

Normalized Frequency

Orientation (degree)

Appendix Figure 39. Curve fitting results of Section #3 nasal side anterior equator region.

a k p(rad) c g" 1.0 — von Mises-1
- 9 0.8/ — von Mises-2
von Mises-1 | 0.211 | 13.548 | 1.834 - % : isotropic
+ 0.6 — origi
von Mises-2 | 0.416 | 1.541 | 1.931 | - % o4 L onanal
o 0.
isotropic - - - 0002| §,,
S 0.
§ 0"/ .,
= 60 120 180

Orientation (degree)

Appendix Figure 40. Curve fitting results of Section #3 temporal side anterior equator region.

a k p(rad) c g 1.0 — von Mises-1

@ - von Mises-2

von Mises-1 | 0.803 | 2.514 | 0.775 . g 08 isotropic

f E 0.6 original

von Mises-2 | 0.185 | 12.064 | 0.168 - = N sum of all

@ 0.4 \
isotropic - - - 0.005 T 02

£
z 0~ 60 120 180

Orientation (degree)

Appendix Figure 41. Curve fitting results of Section #3 nasal side limbus region.
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a k n(rad) c = 10 _ von Mises
- 2 0.8 isotropic
von Mises | 0.347 | 12,525 | 2.314 - g " __ original
T
06 —--
isotropic - - . 0.013 E sum of all
- 04}
N
= 0.2
E o —_—
E 60 120 180

Orientation (degree)

Appendix Figure 42. Curve fitting results of Section #3 temporal side limbus region.

a k rad c — von Mises-1
wrad) g 10 — von Mises-2
von Mises-1 | 0.297 | 9.376 | 0.104 - S 08 von Mises-3
g isotropic
von Mises-2 | 0.562 | 1.137 | 0.492 - o 06 — original
T 04 sum of all
von Mises-3 | 0.078 | 6.478 | 1.705 - N
g 0.2
isotropic - - - |ooo1| E . :
z 0 60 120 180

Orientation (degree)

Appendix Figure 43. Curve fitting results of Section #3 nasal side peripheral cornea region.

a k p(rad) c ‘:’h 1.0, — von Mises-1
o —— von Mises-2
von Mises-1 | 0.321 | 8.093 | 2.539 | - g 0.8 isotropic
= 0.6} —— original
vonMises-2 | 0340 | 1415 | 2587 | - | % ::' ol
. - N
isotropic - - - 0.001 '_E 02|
2 0 120 180

Orientation (degree)

Appendix Figure 44. Curve fitting results of Section #3 temporal side peripheral cornea region.

a k u(rad) | c 1.0 — von Mises-1

_ —— von Mises-2
von Mises-1 | 0.516 | 3.727 | 2.945 | - isotropic
von Mises-2 | 0.414 | 0.672 | 2.757 | - — original

sum of all

isotropic - - - 0

© © o o
S N B o @

60 120 180

Normalized Frequency

Orientation (degree)

Appendix Figure 45. Curve fitting results of Section #3 central cornea region.
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Appendix A.4 In-Depth Orientation Distribution Curve Fitting Results Of Section #4

a k nrad) | ¢ E‘ 1.0 — von Mises-1
2 08 —— von Mises-2
von Mises-1 | 0.288 | 1.169 | 1.601 - g ’ isotropic
- = 06 original
von Mises-2 | 0.978 | 1.646 | 2.983 | - T 04 sum of all
@@ o
isotropic - - - 0 § 0.2
‘5 0 ________________________
= 60 120 180

Orientation (degree)

Appendix Figure 46. Curve fitting results of Section #4 nasal side PPS region.

a k p(rad) | c 210 —— von Mises-1

g —— von Mises-2

von Mises-1 | 0.085 | 23.181 | 0.799 | - = 0.8 === isotropic
o 0.6 - original

von Mises-2 | 1.447 | 0.467 | 0.434 | - ‘; ' sum of all
© 04

isotropic - - - 0 N

g 02 A
SRR e
=z 60 120 180

Orientation (degree)

Appendix Figure 47. Curve fitting results of Section #4 temporal side PPS region.

a k prad) | ¢ 1.0 — von Mises-1
- von Mises-2
von Mises-1 | 0.414 | 6.172 | 3.104 | - - isotropic
original

von Mises-2 | 0.310 | 0.613 | 0.079 - sum of all

isotropic - - - 0

Normalized Frequency
e 2 o o
LI S T N

Orientation (degree)

Appendix Figure 48. Curve fitting results of Section #4 nasal side posterior sclera region.
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von Mises-2 | 0.930 | 0.418 | 0.297 | - s/ === sum of all

a k pfrad) | ¢ 1. — von Mises-1
0. — von Mises-2
von Mises-1 | 0.375 | 4.188 | 0.667 | - isotropic
0 — original
0.
0.

isotropic - - - 0

© N B o o

60 120 180
Orientation (degree)

Normalized Frequency

Appendix Figure 49. Curve fitting results of Section #4 temporal side posterior sclera region.

a k n(rad) c E 1.0 — von Mises-1
] — von Mises-2
i 0.8
von Mises-1 | 0.520 | 4.800 | 2.775 - % isotropic
von Mises-2 | 0.390 | 2.500 | 2.112 | - w 0.6/ — original
? 04
isotropic - - - 0.03 A
g 0.2
60 120 180

Orientation (degree)

Appendix Figure 50. Curve fitting results of Section #4 nasal side posterior equator region.

—— von Mises-1

a k wrad) | c 1.0 — von Mises-2
von Mises-1 | 0.796 | 1.883 | 1.318 | - 08 origingd
original
0.6 === sum of all

von Mises-2 | 0.672 | 0.743 | 2.029 | -

0.2

isotropic - - - 0

Normalized Frequency

Orientation (degree)

Appendix Figure 51. Curve fitting results of Section #4 temporal side posterior equator region.

a k r(rad) c o 1.0 __ yon Mises
" e 0.8 isotropic
von Mises | 0.529 | 5.549 | 2.005 - "g’_ | — original
06} —a- f all
isotropic - - - 0.010 E sumota
- 04
N
= 0.2
£
s 0
=

60 120 180
Orientation (degree)

Appendix Figure 52. Curve fitting results of Section #4 nasal side equator region.
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a k p(rad) | ¢ > 1.0
c
von Mises-1 | 0.657 | 2.737 | 2.107 | - %’,0-3
@
von Mises-2 | 0.390 | 0.730 | 1.442 | - | « 06
T 04
isotropic - - - 0 N
Eo.z
2 0

—— von Mises-1
—— von Mises-2
isotropic
—— original
=== sum of all

60 120 180
Orientation (degree)

Appendix Figure 53. Curve fitting results of Section #4 temporal side equator region.

u(rad)

von Mises

0.334

13.967

1.712

isotropic

0.008

Normalized Frequency

1.0

— von Mises
0.8 isotropic
— original
0.6} === sum of all
04
0.2
0

60 120 180
Orientation (degree)

Appendix Figure 54. Curve fitting results of Section #4 nasal side anterior equator region.

a k prad) | ¢ 3 1.0
[ =
von Mises-1 | 0.894 | 1.905 | 2.640 | - "g’_ 0.8
@
von Mises-2 | 0.419 | 0.870 | 0.704 | - | & 06
- - ® 0.4
isotropic - - - 0 N
g 0.2
2 0

—— von Mises-1
—— von Mises-2
isotropic
— original
=== sum of all

Orientation (degree)

Appendix Figure 55. Curve fitting results of Section #4 temporal side anterior equator region.

a k r(rad) c t‘.? 1.0 — von Mises
- 2 08 isotropic
von Mises | 0.461 | 7.316 | 1.278 - g — original
- - & 0.6 -=- sum of all
isotropic - - - 0.005 T 04
N
T 0.2
E
o Q-
< 60 120 180

Orientation (degree)

Appendix Figure 56. Curve fitting results of Section #4 nasal side limbus region.
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a k p(rad) | ¢ > 1.0 —— von Mises-1

2 — von Mises-2

von Mises-1 | 0.988 | 1.602 | 2.832 | - 2 08 isotropic

Mises-2 | 0.501 | 1.558 | 0.530 g — original
von Mises-2 | 0. . . - 2os i ot all
isotropic - - . 0| 804

E 0.2 /
° -
z 0 60 120 180

Orientation (degree)

Appendix Figure 57. Curve fitting results of Section #4 temporal side limbus region.

a k p(rad) c ?? 1.0 — von Mises
- 2 08! isotropic
von Mises | 0.452 | 7.286 | 1.062 - 3 — original
. o L 067 --- sum of all
isotropic - - - 0.014 "‘:‘ 0.4
E 0.2
=] 0 - =
=z 60 120 180

Orientation (degree)

Appendix Figure 58. Curve fitting results of Section #4 nasal side peripheral cornea region.

a k p(rad) c g 1.0 — von Mises-1
S o8 — von Mises-2
von Mises-1 | 0.304 | 13.729 | 3.107 - § ’ isotropic
&= 0.6 —— original
von Mises-2 | 0.130 | 1.045 3.090 - T o4 -=- sum of all
N
isotropic - - - 0.002 | Fo2
S o — o A
= 60 120 180

Orientation (degree)

Appendix Figure 59. Curve fitting results of Section #4 temporal side peripheral cornea region.

==
a k p(rad) c c 1.0 — von Mises
von Mises-1 | 0.401 | 9.395 | 0.394 - 2 08 orrainal
8 06 — original
isotropic - _ j 0.012 ; " —-=- sum of all
o 0.4
N
® 02
-
z 60 120 180

Orientation (degree)

Appendix Figure 60. Curve fitting results of Section #4 central cornea region.
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Appendix A.5 In-Depth Orientation Distribution Curve Fitting Results Of Section #5

a k p(rad) | ¢ — von Mises-1
—— von Mises-2
von Mises-1 | 0.724 | 1.008 | 2.078 | - 1.0 von Mises-3
isotropic
von Mises-2 | 0.547 | 3.788 | 3.128 | - 0.8 — original

=== sum of all

o
o

von Mises-3 | 0.274 | 4.124 | 0.633 | -

e
=

isotropic - - - 0

o
)

Normalized Frequency

0 60

120 180
Orientation (degree)

Appendix Figure 61. Curve fitting results of Section #5 nasal side PPS region.

a k p(rad) c 1.0 — von Mises-1

£ - von Mises-2

von Mises-1 | 0.231 | 15.271 | 0.048 - g 0.8 isotropic
o 0.6 —— original

von Mises-2 | 0.546 | 0.880 0.452 - % ' sum of all
o 04

isotropic - - - 0.007 | =

g 0.2
5 y e/
z 0 60 120 180

Orientation (degree)

Appendix Figure 62. Curve fitting results of Section #5 temporal side PPS region.

a k p(rad) c —— von Mises-1
—— von Mises-2
von Mises-1 | 0.731 | 1.438 | 0.249 - & 1.0g von Mi§es‘3
s o8l |5(‘)h"0p|c
von Mises-2 | 0.154 | 9.109 | 3.085 - E’ ) — original
L 0.6} - sum of all
von Mises-3 | 0.489 | 2.493 | 2.521 - EM' {/F
isotropic - - - 0.001 E 0.2} ;
20 60 120 180

Orientation (degree)

Appendix Figure 63. Curve fitting results of Section #5 nasal side posterior sclera region.
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a k w(rad) | ¢
von Mises-1 | 0.665 | 2.944 | 0.244 | -
von Mises-2 | 0.319 | 0.236 | 0.730 -

4 — von Mises-1
von Mises-2
isotropic
original
sum of all

S @ o o =
S N B oo o

isotropic - - - 0

Normalized Frequency

60 120 180
Orientation (degree)

Appendix Figure 64. Curve fitting results of Section #5 temporal side posterior sclera region.

a k n(rad) | ¢ E‘ 1.0] — von Mises-1
—_— Mi -2
von Mises-1 | 0.114 | 22.165 | 2.260 | - % 0.8 von Micoe.3
von Mises-2 | 0.245 | 0.140 | 3.004 | - | & 06 Isotropic
T o4 original
von Mises-3 | 0.328 | 4.127 | 2.200 | - | 3 o2 sum of all
isotropic - - - 0 g '
u — o L -
2 60 120 180

Orientation (degree)

Appendix Figure 65. Curve fitting results of Section #5 nasal side posterior equator region.

—— von Mises-1
a k w(rad) ¢ g 1.0/ von Mises-2
von Mises-1 | 1.131 | 1.372 | 1.021 - 3 08 isotropic
@ 0.6l original
von Mises-2 | 0.177 | 6.713 | 1.682 | - % ol - sum of al
N
isotropic - - - 0.007 T 0.2
£ —
20 180

Orientation (degree)

Appendix Figure 66. Curve fitting results of Section #5 temporal side posterior equator region.

a k p(rad) c o 107 __ von Mises
_ 2 0.8' isotropic
von Mises | 0.393 | 10.105 | 1.834 - S ™| — original
g 06 . fall
isotropic . . - |oo1a| £ sumota
- 04
8
= 0.2
E ,L
2 60 120 180

Orientation (degree)

Appendix Figure 67. Curve fitting results of Section #5 nasal side equator region.
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a k p(rad) c 2 1.0, — von Mises-1
- & 0.8l ——von Mises-2
von Mises-1 | 0.231 | 13.605 | 1.784 - §- : isotropic
~ 0.6 — original
von Mises-2 | 0.263 | 2.496 | 1.734 | - s Zj Al
- - N
isotropic - - - 0.003 TE° 0.2
§ ol——"/ ) —
= 60 120 180

Orientation (degree)

Appendix Figure 68. Curve fitting results of Section #5 temporal side equator region.

a k p(rad) c g 1.0 /*\ — von Mises-1
S 08 Mises-2
von Mises-1 | 0.564 | 2.769 | 1.420 | - g isotropic
£ 06 e
('S * —or:glna
von Mises-2 | 0.079 | 31.212 | 1.563 - E 0.4 === sum of all
isotropic - - - 0.009 | E02
£y S
z 60 120 180

Orientation (degree)

Appendix Figure 69. Curve fitting results of Section #5 nasal side anterior equator region.

a k p(rad) | ¢ E‘ 1.0 — von Mises-1
- 2 0.8! — von Mises-2
von Mises-1 | 0.322 | 12.044 | 2.101 - E- isotropic
£ 0.6 — origi
von Mises-2 | 0.172 | 0.835 | 2.231 | - | “ original
B 0.4 | —=-sumofall
- - N
isotropic - - - 0 ,—E, 0.2
6
=z

"""" 120 180
Orientation (degree)

[=]
[=1]
(=]

Appendix Figure 70. Curve fitting results of Section #5 temporal side anterior equator region.

a k rad) | ¢ 2 1.0 — von Mises-1
- & 0.8 — von Mises-2
von Mises-1 | 0.372 | 8.904 | 0.918 | - E. " isotropic
von Mises-2 | 0.221 | 0.192 | 0.961 | - | w 06 — original
T 04 === sum of all
isotropic - - - 0 N
E 0.2
G . B et A T
z 0 60 120 180

Orientation (degree)

Appendix Figure 71. Curve fitting results of Section #5 nasal side limbus region.
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a k p(rad) c > 10 — von Mises

e 08 isotropic

von Mises | 0.963 | 1.472 | 2.587 - S ™| — original
o

- - @ 06 sum of all

isotropic - - - 0.013 L
< 0.4
N
= 0.2
E 0 ——————————————————————
2 60 120 180

Orientation (degree)

Appendix Figure 72. Curve fitting results of Section #5 temporal side limbus region.

a k p(rad) c t? 1.0 — von Mises-1
- 2 0.8 von Mises-2
von Mises-1 | 0.258 | 11.498 | 0.750 | - g isotropic
= 0.6} — iginal
von Mises-2 | 0.418 | 1.800 | 0.441 | - % o o of al
@@ -3
isotropic . . - | 0.002 § 02
§ oL/ - i
=z 60 120 180

Orientation (degree)

Appendix Figure 73. Curve fitting results of Section #5 nasal side peripheral cornea region.

a k w(rad) | ¢ 5107 — von Mises-1
- 5 f — von Mises-2
von Mises-1 | 0.532 | 4.376 | 2.688 | - | 3 08 isotropic
2 -
_ c 06 — original
von Mises-2 | 0.738 | 2473 | 0.209 | - i sum of all
R R o 047
isotropic - - - 0 N
E 0.2
o e
=z 60 120 180

Orientation (degree)

Appendix Figure 74. Curve fitting results of Section #5 temporal side peripheral cornea region.

k rad &1
a Wrad) | c § 10 — von Mises
von Mises | 0.935 | 2.143 | 0.161 - 2 0.8 isotropic
® 06 — original
isotropic - - - 0 w = -=- sum of all
T 04
S
E 0.2
o 0 -H——pr——
z 60 120 180

Orientation (degree)

Appendix Figure 75. Curve fitting results of Section #5 central cornea region.
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Appendix A.6 In-Depth Orientation Distribution Curve Fitting Results Of Section #6

a k p(rad) c 2 1.0 — von Mises-1

g 08 — von Mises-2

von Mises-1 | 0.246 | 10.361 | 0.018 - z isotropic
g 0.6 —— original

von Mises-2 | 0.749 | 1.069 | 0.501 - '; 0.4 - sum of all
L]

isotropic - - - 0.001 % 0.2

£
s 0 Te0 120 180

Orientation (degree)

Appendix Figure 76. Curve fitting results of Section #6 nasal side PPS region.

a k p(rad) | ¢ 2 1.0 — von Mises-1

c — von Mises-2

von Mises-1 | 0.198 | 17.603 | 0.111 | - é’_ 0.8 von Mises-3

_ @ isotropic

von Mises-2 | 0.151 | 0.840 | 1.782 | - I 0.67/\ — original
°

von Mises-3 | 0.353 | 2.870 | 0.360 | - | & 04 sum of all

isotropic - - . 0 g 02

§ §————=" —/
=z 60 120 180

Orientation (degree)

Appendix Figure 77. Curve fitting results of Section #6 temporal side PPS region.

— wvon Mises-1

a k n(rad) | c g 10 — wvon M?ses-z
von Mises-1 | 0.181 | 6.984 | 0.871 | - | 3 8 von Mises-3
o 0.6 |5?lr.op||:
von Mises-2 | 1.041 | 0.984 | 0565 | - | = — original
s 04 === sum of all
von Mises-3 | 0.102 | 9.026 | 0.081 | - T;u 0.2 /\
isotropic - - - 0| £ o 60 120 “180

Orientation (degree)

Appendix Figure 78. Curve fitting results of Section #6 nasal side posterior sclera region.
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a k wirad) | c

von Mises-1 | 0.319 | 6.448 | 3.058 -
von Mises-2 | 0.271 | 1.906 | 2.626 -
von Mises-3 | 0.336 | 1.814 | 0.280 -

isotropic
original
=== sum of all

0 — von Mises-1
8! —— von Mises-2

von Mises-3
o\

Normalized Frequency

0 60
Orientation (degree)

isotropic - - - 0

Appendix Figure 79. Curve fitting results of Section #6 temporal side posterior sclera region.

a | & [urea] c | pu ronses
von Mises-1 | 0.472 | 4.582 | 1.193 | - g 0° origingl
} o 0.6 sum of all
von Mises-2 | 0.343 | 0.839 | 1.372 - 2 04
H
isotropic - - - 0.001 £ 02 /
g 0 A _'G\D —— 126 _____ 1_80

Orientation (degree)

Appendix Figure 79. Curve fitting results of Section #6 nasal side posterior equator region.

a k p(rad) | ¢ & 1.0 | — von Mises-1
g 0.8 — von Mises-2
von Mises-1 | 0.522 | 5.054 | 2.263 | - % ’ isotropic
& 0.6 | — original
von Mises-2 | 0.158 | 0.598 | 2.655 | - T g4 ~oTSUM of all
N
isotropic - - - 0 To02
E o = £
z 60 120 180

Orientation (degree)

Appendix Figure 80. Curve fitting results of Section #6 temporal side posterior equator region.

a k pn(rad) c 3 1.0 | — von Mises-1
_ 8 0.8l — von Mises-2
von Mises-1 | 0.209 | 15.346 | 1.779 - g isotropic
_ E 0.6 | — original
von Mises-2 | 0.239 | 3.586 | 1.760 - T g4 ~--Sum ofall
isotropic - - - 0.002 | =
g02]
5 o r S
z 60 120 180

Orientation (degree)

Appendix Figure 81. Curve fitting results of Section #6 nasal side equator region.
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u(rad)

von Mises

0.236

26.013

1.842

isotropic

0.011

Normalized Frequency

e ©2 o o =
S M B o @ O

— von Mises
isotropic

—— original

=== sum of all

60 120 180
Orientation (degree)

Appendix Figure 82. Curve fitting results of Section #6 temporal side equator region.

a k p(rad) c
von Mises-1 | 0.112 | 17.839 | 2.330 -
von Mises-2 | 0.399 | 4.033 | 2.311 -

isotropic - - - 0.012

o 1.0

E — von Mises-1

S 0.8 von Mises-2

® 06 isotropic

& 0. L

- — original

8 0.4 =---sum of all

-

E 0.2 /\
o

z 0 60 120 180

Orientation (degree)

Appendix Figure 83. Curve fitting results of Section #6 nasal side anterior equator region.

a k r(rad) | ¢
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Appendix Figure 84. Curve fitting results of Section #6 temporal side anterior equator region.
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Appendix A.7 In-Depth Orientation Distribution Curve Fitting Results Of Section #7
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Appendix Figure 85. Curve fitting results of Section #7 nasal side PPS region.
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Appendix Figure 86. Curve fitting results of Section #7 temporal side PPS region.
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Appendix Figure 87. Curve fitting results of Section #7 nasal side posterior sclera region.
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Appendix Figure 88. Curve fitting results of Section #7 temporal side posterior sclera region.
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Appendix Figure 89. Curve fitting results of Section #7 nasal side posterior equator region.
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Appendix Figure 90. Curve fitting results of Section #7 temporal side posterior equator region.

a k u(rad) | ¢ ?1.0 — von Mises-1
von Mises-1 | 0.477 | 6116 | 1.870 | - | S o084 — vonMises-2
g isotropic
von Mises-2 | 0.119 | 1.030 | 1.725 | - | & 0.6 — original
o =-==sum of all
isotropic - - - 0| go4
5
g 02
(=] [ e —
z 60 120 180

Orientation (degree)

Appendix Figure 91. Curve fitting results of Section #7 nasal side equator region.
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Appendix Figure 92. Curve fitting results of Section #7 temporal side equator region.
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Appendix Figure 93. Curve fitting results of Section #7 nasal side anterior equator region.
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Appendix Figure 94. Curve fitting results of Section #7 temporal side anterior equator region.
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