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Abstract

The collagen fibers of the corneoscleral shell play a central role in the eye mechanical behavior.
Although it is well-known that these fibers form a complex three-dimensional interwoven
structure, biomechanical and microstructural studies often assume that the fibers are aligned
in-plane with the tissues. This is convenient as it removes the out-of-plane components and
allows focusing on the 2D maps of in-plane fiber organization that are often quite complex.

The simplification, however, risks missing potentially important aspects of the tissue architecture
and mechanics. In the cornea, for instance, fibers with high in-depth inclination have been

shown to be mechanically important. Outside the cornea, the in-depth fiber orientations have

not been characterized, preventing a deeper understanding of their potential roles. Our goal was
to characterize in-depth collagen fiber organization over the whole corneoscleral shell. Seven
sheep whole-globe axial sections from eyes fixed at an IOP of 50 mmHg were imaged using
polarized light microscopy to measure collagen fiber orientations and density. In-depth fiber
orientation distributions and anisotropy (degree of fiber alignment) accounting for fiber density
were quantified over the whole sclera and in 15 regions: central cornea, peripheral cornea,
limbus, anterior equator, equator, posterior equator, posterior sclera and peripapillary sclera on
both nasal and temporal sides. Orientation distributions were fitted using a combination of a
uniform distribution and a sum of w-periodic von Mises distributions, each with three parameters:
primary orientation y, fiber concentration factor k, and weighting factor a. To study the features of
fibers that are not in-plane, i. e., fiber inclination, we quantified the percentage of inclined fibers
and the range of inclination angles (half width at half maximum of inclination angle distribution).
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
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of the globe. We found that fitting the orientation distributions required between one and three
re-periodic von Mises distributions with different primary orientations and fiber concentration
factors. Regions of the posterior globe, particularly on the temporal side, had a larger percentage
of inclined fibers and a larger range of inclination angles than anterior and equatorial regions.
Variations of orientation distributions and anisotropies may imply varying out-of-plane tissue
mechanical properties around the eye globe. Out-of-plane fibers could indicate fiber interweaving,
not necessarily long, inclined fibers. Effects of small-scale fiber undulations, or crimp, were
minimized by using tissues from eyes at high 10Ps. These fiber features also play a role in tissue
stiffness and stability and are therefore also important experimental information.
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orientation distribution; collagen; cornea; sclera; microstructure

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 (Coudrillier et al., 2013; Ethier et
al., 2004). 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 (Coudrillier et al., 2015b; Grytz et al., 2011).

Many studies have been conducted to study the collagen fiber organization of the
corneoscleral shell (Abahussin et al., 2009; Abass et al., 2015; Boote et al., 2006; Coudrillier
etal., 2013; Girard et al., 2011; Gogola et al., 2018; Jan et al., 2017b; Koudouna et

al., 2018; Pijanka et al., 2012; Winkler et al., 2013; Yang et al., 2018a; Yang et al.,

2018b). 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 cornea show an
orthogonal arrangement of collagen fibers preferentially aligned in the superior-inferior and
nasal-temporal axes (Abahussin et al., 2009; Boote et al., 2006). In the limbus, fibers form a
circumferential ring (Boote et al., 2006; Newton and Meek, 1998). 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 et al., 2011,
Gogola et al., 2018; Jan et al., 2017b).

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 et al., 2011) and human (Pijanka et al., 2013). For the cornea we recommend
two (Meek and Knupp, 2015; Winkler et al., 2013). Studies of fiber orientation often involve
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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 (Moorhees et al., 2018; Zhang et al., 2015). 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; Kimpton et al.,
2021; Watson and Young, 2004). A few studies have explored depth-dependent variations

in fiber orientation in both cornea and sclera (Abahussin et al., 2009; Danford et al., 2013;
Gogola et al., 2018; Hayes et al., 2012; Pijanka et al., 2012; Pijanka et al., 2015). These
have still primarily focused on analyzing the variations in the in-plane fiber orientations
across depth, such as the depth-dependent “rotation” of lamellae cross patterns (Koudouna
et al., 2018; Latour et al., 2012; Vohnsen and Artal, 2008). 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 (Abass et al., 2015; Winkler et al., 2013). 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 et al., 2007; Petsche and Pinsky, 2013; Winkler
etal., 2011). Studies looking at longitudinal sections show that in-depth collagen fibers
also exist outside of the cornea, with potentially important mechanical roles (Yang et al.,
2018b). 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.

Methods

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
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was as described elsewhere (Jan et al., 2017a; Jan et al., 2015; Jan et al., 2017b). 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 um. 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 1).

2.2 Imaging

The selected sections were imaged with polarized light microscopy (PLM) using previously
reported methods (Jan et al., 2017b) 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 (Gogola et al., 2018; Jan et

al., 2018; Jan et al., 2015). 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 described (Jan et al., 2017a; Jan et al., 2017b) to
obtain Cartesian orientation (Figure 2 A) and “energy” images (Figure 2 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 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 et al., 2015).

2.3 Quantification

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 3 A),
Then we divided the corneoscleral shell into 15 regions in total (Figure 3 B) to study the
three features in each region.

All the manual markings in this section were done using Fiji is Just ImageJ (FI1J1) (http:/
imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health,
Bethesda, MD, USA) (Schindelin et al., 2012). The calculations were done in MATLAB
v2022 (MathWorks, Natick, MA, USA).
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2.3.2 Quantification of orientation distribution—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 4). 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 et al., 2018b). 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.

To quantify orientation distribution, we summed up n number of weighted rc-periodic von
Mises distributions (Gouget et al., 2012) and one uniform distribution ¢(0) to fit the original
orientation distribution F(@; k, p, c, a)

1

n
F@; k, . ¢, a) =c(®) + Y i Gy Xk c0s(2(0 = 1)
i=1 '

@)

where 0 represents fiber orientation values lie in the interval [0, x]. 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 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
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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 le-4, or 3) the tolerance on the parameter variation was
smaller than le-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 et al., 2018). When calculating, we used the Cartesian orientation values after

being corrected for curvature and orientation frequencies weighted by “energy”, as described
above.

2.3.4 Quantification of fiber inclination—Section 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 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 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 5). 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
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level for comparison (Winkler et al., 2013). Later work could look into how important the
choice of angle was to the findings.

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 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 (Galecki and Burzykowski, 2013). When
evaluating the match between the fitted and original orientation distributions, we used R2.

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 6 shows the orientation distribution and anisotropy of
an example sheep eye.

Figure 7 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 8). The curve
fitting parameters of all other regions and eyes are provided as a supplemental data file.

Figure 9 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.

Figure 10 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 R2 > 0.88.

Figure 11 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).
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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.

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.

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; Kimpton et al., 2021; Watson and Young, 2004). Our results suggest that many studies
of eye structure and biomechanics, from our lab (Voorhees et al., 2017b; Voorhees et al.,
2017c) and others (Coudrillier et al., 2013; Coudrillier et al., 2016; Coudrillier et al., 2015a;
Girard et al., 2011; Grytz et al., 2014; Grytz et al., 2020; Grytz et al., 2011; Kollech

etal., 2019; Pijanka et al., 2012; Zhang et al., 2015), 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 (Coudrillier et al., 2013; Fung, 2013;
Girard et al., 2009; Pijanka et al., 2012; Spoerl et al., 2005). 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 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
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. (Feola et al., 2016; Girard et al., 2009; Schwaner et al., 2020g;
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Schwaner et al., 2020b). 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 et al., 2012; Petsche and Pinsky, 2013;
Winkler 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 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 fibril characteristics, microfibril orientations, tissue hydration
levels, and elastic fiber content (Bell et al., 2018; Boote et al., 2006). 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 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 et al., 2012; Lisboa 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 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
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sclera, fibers were found organized in a more highly aligned pattern near the episcleral
surface compared with inner surface (Gogola et al., 2018; Jan et al., 2017b; Pijanka et al.,
2012; Pijanka et al., 2015; Yan et al., 2011).

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 et al., 1995;
Voorhees et al., 2017a). 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 (Candia

et al., 2014; Gerometta et al., 2010). 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 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 30um thickness. The images used for this study provided
a measure of the dominant fiber orientation in each pixel (Jan 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
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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 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 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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Highlights

. We measured how well corneoscleral fibers are, or not, aligned with the tissue
main plane

. Throughout the globe the fibers had substantial in-depth inclination

. Fiber inclination varied, with the posterior eye having more inclined fibers
and larger inclination angles

. Fiber degree of alignment (anisotropy) was lower in the posterior pole
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Axial section
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(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.
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Figure 2.
(A-C) Example PLM images of an axial section of a sheep eye. (A) Cartesian orientation

image. The color at each 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
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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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Figure 3.
(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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(A) Curvature compensation process
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Figure 4.
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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Figure 5.

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.
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Figure 6.
Orientation distributions of an example eye after curvature compensation. The distributions

are shown as polar plots with the lines colored by anisotropy according to the legend in
the center. The reference orientation is the in-plane orientation of each region. Primary
orientation is the orientation with a maximum frequency in the distribution (the mode).
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Figure 7.

(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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Limbus
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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
of Equation (1) 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(; k, u, ¢, 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.
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Figure 9.
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 10.

Orientation distribution in the entire sclera region of the seven sections. 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 R2 > 0.88.
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Figure 11.
(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 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).
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