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Abstract

The collagen fiber architecture of the peripapillary sclera (PPS), which surrounds the scleral canal,
is a critical factor in determining the mechanical response of the optic nerve head (ONH) to
variations in intraocular pressure (IOP). Experimental and clinical evidence point to IOP-induced
deformations within the scleral canal as important contributing factors of glaucomatous neural
tissue damage and consequent vision loss. Hence, it is imperative to understand PPS architecture
and biomechanics. Current consensus is that the fibers of the PPS form a closed ring around the
canal to support the delicate neural tissues within. We propose an alternative fiber architecture for
the PPS, in which the scleral canal is supported primarily by long-running fibers oriented
tangentially to the canal. We present evidence that this tangential model is consistent with
histological observations in multiple species, and with quantitative measurements of fiber
orientation obtained from small angle light scattering and wide-angle X-ray scattering. Using
finite element models, we investigated the biomechanical implications of a tangential fiber PPS
architecture. We found that the tangential arrangement of fibers afforded better mechanical support
to the tissues within the scleral canal as compared to a simple circumferential ring of fibers or a
combination of fibers oriented radially and circumferentially. We also found that subtle variations
from a tangential orientation could reproduce clinically observed ONH behavior which has yet to
be explained using current theories of PPS architecture and simulation, namely, the contraction of
the scleral canal under elevated IOP.
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1. Introduction

In order for visual stimuli to be transmitted from the retina to the brain, there exists a hole in
the back of eye through which the retinal ganglion cell axons exit to form the optic nerve
(Fig. 1 A, B). This hole, termed the scleral canal, is often regarded as a mechanical weak
spot in the relatively stiff scleral shell of the eye. The organization and properties of the
collagen microstructure of the peripapillary sclera (PPS) which surrounds the canal has been
a topic of intense study for well over a century [1-8] as the fibers of the PPS must reinforce
the canal so as to prevent excessive deformation within the neural tissues of the optic nerve
head (ONH) due to changes in intraocular pressure (IOP) and extraocular forces. Much of
the recent interest in the PPS stems from substantial clinical evidence suggesting that the
initial neural damage in glaucoma occurs within the neural tissues inside the scleral canal,
and in particular, the lamina cribrosa (LC) region of the ONH. [9-12]

The current consensus in the ophthalmology community appears to be that the fibers of the
PPS form a circumferential ring around the canal (Fig. 1C). [5, 7, 13-17] Since collagen
fibers stiffen when stretched, this ring would serve to restrict the opening of the canal that
would be expected under elevated 10P. However, this current consensus is largely based on
low-resolution, light scattering imaging techniques including small angle light scattering
(SALS) and wide angle x-ray scattering (WAXS) [5, 7, 15, 16, 18, 19] or high resolution
techniques such as second harmonic generation [17, 20] or electron microscopy [20-22]
with excellent resolution but modest field of view. SALS and WAXS methods have been
adopted in part due to their abilities to provide quantitative data that can be easily
incorporated into mechanical models, however the resolution of these methods is on the
order of 100-300 um [5, 23], far below the resolution needed to observe individual collagen
fibers or even bundles, on the order of 10-50 um in width. These low-resolution techniques
have not been able to describe the collagen fiber orientation outside the circumferential ring
of fibers other than to suggest a somewhat random distribution of fibers [7], and perhaps
more importantly have not offered insight as to how this circumferential ring is integrated
into the rest of the sclera.
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We propose that the PPS is supported not just by a circumferential ring of fibers, but is
instead primarily supported by long-running fibers oriented tangentially to the canal (Fig
1D). This arrangement creates the appearance of a strong circular ring when observed using
low-resolution imaging techniques. We hypothesize that this tangential arrangement affords
multiple biomechanical advantages to the ONH which a simple ring of fibers cannot.
Further, we anticipate that this tangential arrangement will explain some of the outstanding
disagreements between experimental data and modeling such as the occasional contracture
of the scleral canal under elevated IOP. [24-26]

The goals of this paper are three-fold: 1) To provide evidence to support the claim that the
scleral canal is reinforced not simply by a closed ring of collagen fibers, but by the
convergence of long-running fibers oriented tangentially to the canal; 2) To establish the
compatibility of this arrangement with previous characterizations of PPS architecture made
using SALS and WAXS; and 3) To examine the biomechanical implications this fiber
arrangement would have for the tissues of the ONH using mechanical modeling.

2. Methods

2.1 Histology and polarized light microscopy

All new experimental evidence used to support our tangential fiber model was obtained via
polarized light microscopy of histological sections from multiple species. Sheep and pig
samples were obtained from a local abattoir. The monkey sample was obtained from the
laboratory of Dr. Pamela Moalli at the University of Pittsburgh. The human sample was
obtained from an ostensibly healthy donor through the Center for Organ Recovery and
Education of Pennsylvania. The study was conducted in accordance with the tenets of the
Declaration of Helsinki, the guidelines of the Association for Research in Vision and
Ophthalmology, and the Health Insurance Portability and Accountability Act. Eyes were
fixed in formalin and cryosectioned with slice thickness ranging from 16 to 30 pm.
Histological processing and polarized light microscopy (PLM) methods have been
previously described. [6, 27] Sheep sections were imaged with an Olympus BX60
microscope (Olympus, Tokyo, Japan) with a SPOT camera (SPOT imaging Solutions,
Sterling Heights, MI) with a 10x objective. Pig sections were imaged with an Olympus 1X83
microscope with an Olympus DP27 camera with a 10x objective. Human and monkey
sections were imaged with an Olympus 1X83 microscope with a 10x resolution and an
Olympus DP74 camera. Elsewhere we have shown that the fiber orientation analyses are
independent of the microscope and camera system. [6, 27]

2.2 SALS and WAXS simulation

In order to demonstrate that our tangential fiber theory is consistent with previous reports of
PPS fiber architecture, we simulated the distributions of fibers that SALS and WAXS
techniques would find for an ONH with collagen fibers in the PPS oriented tangentially to
the canal. For these simulations, we modeled a planar section through the ONH centered on
the scleral canal at a depth corresponding to the mid-sclera. The scleral canal was assumed
to be a circle with a radius of 1 mm, while the radius of the entire section was assumed to be
3 mm. The fibers within the canal were assumed to be randomly oriented. To model the
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tangential fibers in the PPS, two families of fibers were created, with one family radiating
tangentially from the canal in a clockwise direction and the other radiating from the canal in
a counter clockwise direction. From our observations, not all tangential fibers directly
intersect the edge of the canal, instead many fibers have their closest point of approach to the
canal further outside. To capture this, we modeled a distribution of fibers such that the
minimum distance to the canal followed a half-normal distribution that peaked at the canal
edge and had a standard deviation of 600 pum. In preliminary work, we also simulated the
case where all fibers were oriented tangentially to the canal edge, similar to the model

shown in Fig. 1. This case produced similar trends to the simulations we report herein,
however we found that including fibers with a distribution of minimum distances to the

canal matched better the spatial patterns observed both in our histology and in experimental
SALS and WAXS data. The connective tissue volume fraction of the LC is lower than that of
the sclera, and therefore we assumed that the scattering signal from this tissue would be 25%
that of the sclera.

Both SALS and WAXS use a collimated light beam to measure the light scattering
properties of a material. The intensity profile of these beams follows a Gaussian distribution,
so that the material near the center of the beam contributes more to the distribution than
material further from the center. The variance of this distribution is dependent on the
diameter of the beam, with a commonly used measure being that the diameter is that which
contains 1-1/e”2 of the total beam power, or roughly 86.5%. [28] Thus, for a given location
within the simulated ONH, the distribution of fibers was calculated by a Gaussian weighting
of the simulated fiber orientations based on the distance to the center of the laser and a
weighting of the scattering signal due to the connective tissue density as described above. To
simulate SALS data, we chose a beam diameter of 300 um and calculated the distribution at
grid points with a spacing of 100 pm. [23] For WAXS data, we chose a beam diameter of
200 um and calculated the distribution at grid points with a spacing of 500 um [8]. To
compare our simulated data to previous reports, SALS data is presented as a quiver plot
showing the mode of the angular distribution on top of a blue-white-red colormap of the
angular fiber concentration, calculated as the inverse of the circular variance, with high
concentrations representing high degrees of anisotropy. For WAXS data, the angular fiber
distribution is plotted at each sample point and colored to represent the angular fiber
concentration. All imaging simulation was done using Matlab v2015b (Mathworks, Natick,
MA).

2.3 Mechanical modeling

In order to examine the biomechanical implications of having a PPS composed of long
tangential fibers, we used finite element modeling to compare the mechanics of four
different PPS fiber arrangements, including the standard circular model. Following the
approaches used elsewhere to study the mechanical effects of PPS collagen fiber architecture
[23, 29, 30], we modeled the ONH as a disk (Fig. 2). The geometry was created and meshed
using Preview v1.16.3 software (Musculoskeletal Research Laboratory, University of Utah).
The ratio of the radius of the LC to the radius of the entire domain was 5.13. The ratio of the
disk radius to thickness was 20.5. In total, the mesh consisted of 13,824 linear hexahedral
elements with 3,584 for the LC and 10,240 for the sclera. The non-fibrous components of
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the disk were modeled as isotropic elastic solids with Young’s modulus of 500 kPa,
matching the stiffness of the LC used in our previous studies, and Poisson’s ratio of 0.49.
[31-33] We chose this value to represent a homogenous mixture of randomly oriented
collagen and ground substance. Individual scleral collagen fibers were then added to the
model to represent the anisotropic reinforcement provided by each of the four models. These
fibers were modeled as discrete spring elements with a linear stiffness when in tension and
zero stiffness in compression.

For the circumferential fibers model, each node on the scleral — LC boundary was connected
to its neighboring nodes using a spring element. This was done for nodes on both the top and
bottom surfaces of the disk. For the radial fibers model, spring elements were used to
connect each node at the exterior of the disk to the corresponding node on the sclera - LC
boundary. The combination model included both sets of radial and circumferential springs.
For the tangential model, each node at the sclera - LC boundary was connected to nodes on
the exterior surface of the disk such that the lines connecting the exterior nodes to the canal
nodes was tangential to the scleral canal, within 0.004°. For both the circumferential and
radial fiber models, a total of 256 springs were used and the Young’s modulus for these
springs was chosen to be 5 MPa, corresponding to the stiffness of the sclera used in our
previous studies.[31, 33] The combination model and tangential models each consisted of
512 springs as the nodes on the sclera — LC interface were doubly connected. To ensure that
our results were not simply due to the addition of extra fibers in these two models, the
stiffness of each spring was set to 2.5 MPa. This strategy effectively kept the fiber volume
fraction the same across each model. In preliminary studies, we compared models with all
fibers having a modulus of 5 MPa and found that this did little to change our overall
conclusions. An outward boundary pressure of 250 mmHg was applied to the outer
boundary of the sclera to mimic an IOP increase of 25 mmHg. This pressure was calculated
based on the law of Laplace for a thin walled-sphere, with a hoop stress multiplier (one half
the ratio of the sphere radius to the wall thickness) equal to 10 as in our previous studies.
[29, 30] This loading created a state of in-plane biaxial tensile stress in the ONH. Readers
interested in more details on the usage, assumptions, and limitations of the law of Laplace
are directed to our previous work. [34] All finite element simulation was done using FEBio
v2.3.0 [35] and strain analysis was done using custom scripts for Matlab. We note that in
preliminary studies we tested models using different geometries and different numbers of
springs and found similar results to those shown below. [36]

We conducted a parametric sensitivity analysis in which the stiffness of the springs in each
model was decreased and increased by an order of magnitude, to determine the influence of
spring stiffness on sclera and LC strains across the four models. We also tested two variants
on the tangential model, where the springs were oriented either positive or negative 3° from
tangential, to test how the deformations varied with small deviations in the alignment of the
tangential fibers. To test the robustness of the circumferential and tangential models, we
removed a small region of fibers from each model representing a loss of 2.5% of the total
number of fibers.
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3. Results

3.1 High-resolution polarized light microscopy shows long-running fibers oriented
tangentially to the scleral canal

We have recently developed high-resolution PLM techniques that allow for quantitative
analysis of ONH microstructure from histological sections. [6, 27] In our past and ongoing
work, we have used PLM to examine PPS microstructure in more than a hundred eyes across
ten different species. In every eye, we observe what appear to be long collagen fibers
oriented tangentially to the canal. We present here only representative images for human,
pig, sheep and monkey (Fig. 3). We noted a great deal of fiber intertwining and splitting;
however, individual fiber bundles of the sclera appeared to primarily follow straight paths
with little curvature. A small population of fibers adjacent to the canal did appear to curve
following the canal edge. In large part, we observed that the appearance of the
circumferential ring of fibers in the PPS was the result of the intersection, and interweaving
of predominately straight fibers running tangential to the canal. In the regions of the sclera
more distal from the canal, fibers were also seen following paths oriented tangentially to the
canal or to larger rings concentric with the canal. As our PLM images are of 2D histological
sections, many fibers, particularly those further from the canal appear somewhat randomly
oriented, probably, in part, due to their significant out of plane orientations.

3.2 A tangential model of PPS architecture agrees with results from lower-resolution

studies

To test if our proposed arrangement of tangential fibers agrees with previous experimental

data, we simulated the distributions of fibers that SALS and WAXS techniques would find

for an ONH with collagen fibers in the PPS oriented tangentially to the canal. We chose to

simulate SALS and WAXS as they are two of the most common methods for quantitatively
studying the fiber anisotropy of PPS tissues. [5, 7, 15, 16, 18, 19]

Our simulated SALS data was compared to experimental data from Zhang et al and Jones et
al (Fig. 4). [14, 23] The simulated SALS data replicated many of the features present in
experimental SALS data for human eyes, including the highly aligned ring of
circumferential fibers surrounding the canal. The simulations also demonstrated how the
highly scattering scleral fibers produce artefactual fiber orientations within the scleral canal
(Supplementary material). Within the canal the preferred fiber angle still appears
circumferential albeit with a diminished fiber concentration factor, due to the influence of
the highly scattering scleral fibers outside the canal partially within the beam. We suspect,
this beam averaging effect is also partly the cause of the ring of highest anisotropy in
experimental data, being located not at the identified canal boundary. This effect is also
observed in our simulated data, as peak anisotropy was identified at a distance of about 300
pum from the canal.

The simulated WAXS data (Fig. 5) again replicates several features observed in
experimental WAXS data from human eyes. [8] Here, the collagen fibers appear to form a
highly aligned circular ring around the canal. In this particular image, there also appears to
be two clearly identifiable families of tangential fibers, one running from the top of the
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image to the right side and the other from the bottom to the right side. Our simulated WAXS
data was not similar to the actual WAXS data away from the canal.

3.3 Mechanical modeling predicts that a PPS architecture consisting of long-running
tangential fibers provides robust support to ONH

Since the biomechanical response of the ONH to elevated IOP is predominately determined
by the collagen architecture of the PPS, we used computational modeling to study how the
mechanical behavior of a PPS constructed from long-running fibers oriented tangentially to
the canal would compare to previous models of PPS architecture. In total, we considered
four different models of collagen fiber organization: 1) The current consensus model
consisting of a circumferential arrangement of fibers around the scleral canal [5, 7, 13-17];
2) An organization we described in a recent study using PLM consisting of a combination of
radially oriented fibers and circumferentially oriented fibers [6]; 3) For completeness, a
simplified version consisting only of radial fibers; and 4) A tangential arrangement of fibers.

The circumferential and radial strain maps are shown for all four models in Fig. 6A, and the
volume-averaged mean radial and circumferential strains in the lamina and sclera are shown
in Fig. 6B. In the circumferential fiber model, representing the current consensus, the ring of
fibers maintained low strains in the LC on the order of 1-1.5%. However, the
circumferential fibers provided little support to the scleral tissue with radial strains peaking
at around 5% in the PPS. Conversely, radial fibers lessened the strains in the sclera at the
expense of the LC with mean radial and circumferential strains above 8%. In this model, the
radial fibers essentially pulled outwards on the sclera — LC boundary. The addition of
circumferential fibers to the radial fibers reduced the strains on the LC while maintaining
relatively low scleral strains however this effect was small as the mean LC strains were still
around 6%. The strains in the tangential model were near zero, 0.005% in the LC and
0.004% in the sclera, much lower than any of the other models.

Since the mechanical behavior of the ONH is determined both by the organization and the
stiffness of the collagen fibers in the PPS we conducted a parametric analysis to determine
the dependence of our modeling results on the fiber stiffness. For each of the four models,
we tested the effects of a one order of magnitude increase and a one order of magnitude
decrease in fiber stiffness. The results for the parametric analysis of collagen fiber stiffness
are shown in Fig. 7. Both LC and sclera strains were still lower in the tangential model with
Young’s modulus of 0.250 MPa than in the any other model, even compared to the
circumferential fiber model with 50 MPa fibers. The LC strains were highly dependent on
the stiffness of the fibers in the circumferential model, the combination model and the
tangential model. In the radial model, both LC strains and scleral strains were almost
unaffected by the stiffness of the fibers.

When we changed the orientation of the fibers in the tangential model so that they were
initially arced concavely around the scleral canal, the fibers straighten and pull the canal
open when IOP is elevated (Fig. 8). Alternatively, when the fibers were arced convexly
around the canal, the straightening of the fibers contracted the canal, compressing the LC.
We note still, that for these two models, the ONH strains were still small compared to the
other three models. To test if the consensus circumferential fiber model and our tangential
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fiber model were robust to a loss of collagen fibers, we made a model where a small region
of collagen fibers, representing 2.5% of the total collagen content, was removed (Fig. 9).
The loss circumferential fibers created a strain concentration at the site of the defect,
whereas the tangential fiber model was relatively robust to the loss of fibers, maintaining
low levels of strain in the LC and sclera.

4. Discussion

We have presented a model for the organization of collagen fibers in the PPS wherein the
ONH is reinforced primarily by long fibers oriented tangentially to the scleral canal. We
have shown histological evidence across multiple species supporting the model, and
demonstrated that the model is compatible with previous low resolution experimental studies
and observations. The tangential arrangement of long fibers we propose provides robust
mechanical support to both the sclera and neural tissues in the canal. This arrangement is
tremendously flexible as subtle alterations in collagen alignment can result in a contraction
of the scleral canal under elevated IOP, consistent with experimental findings which could
not be explained by traditional models of the ONH. [24-26]

A primary motivation for this study was our observation that the collagen of the sclera forms
long fibers, a feature that has been largely overlooked by recent studies of scleral collagen
architecture and biomechanics. As stated in the introduction, investigations into the
organization of the scleral microstructure have been ongoing for more than a century with
some of the best insight into scleral microstructure coming from the studies from the 1930’s.
[2-4] In particular, the microdissection work of Becher in 1932 [2] and Fischer in 1933 [3]
describe the fibers of the bovine sclera as long and continuous fibers, splitting and
interweaving with each other. Fischer, via observations made with a stereo dissection
microscope, even described the fibers of the PPS as not running circularly around the canal,
but instead forming two bowed arcs running along the canal with fibers intersecting above
and below the nerve [3], somewhat similar to our proposed model of tangential fibers.

Current opinion on the biomechanics of the sclera seems to be influenced by the widespread
adoption of discretized computational modeling techniques such as finite element analysis.
[37, 38] Instead of considering the sclera as a structure formed from long interwoven
collagen fiber bundles, the sclera has become a continuous material composed of short
(finite-element sized) freely rotating collagen fibrils, which fit nicely within the size of a
finite element. [23, 39, 40] While the mechanical models we presented here may seem like
simplifications of the ONH we chose to use this approach using discrete spring elements
precisely because it allowed us to model the mechanics of the sclera as a fibrous structure. In
fact, it is only through the use of this structural analysis approach that we can begin to
predict mechanical behaviors such as the closing of the scleral canal under elevated IOP.

All previous models of the ONH predict that the scleral canal will expand under elevated
IOP. [8, 23, 39-41] Experimental data shows that there is a great diversity in the response of
the canal opening to IOP, with some eyes experiencing almost no expansion of the canal and
others even experiencing a contraction of the canal [24-26, 42]. For example, Strouthidis et
al, reported in monkeys that the area of the scleral canal opening was reduced by around 1 to
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3% in 5 out of 10 eyes after an acute IOP elevation from 10 to 45 mmHg. [24] Our
tangential fiber model offers an explanation for these phenomena. Collagen fibers straighten
as they are stretched. The straightening of the fibers requires very little force, however, once
straightened, the fibers become very stiff and require large forces to stretch. In a model with
perfectly straight fibers, any increase in loading requires not just the stretching of one fiber,
but every fiber in the model. When the fibers are initially curved, as in the canal opening and
canal closing models (Fig. 8) the fiber straightening allows the tissues to deform. When the
fibers are arced convexly around the canal they bend inwards towards the canal as they are
straightened, whereas fibers that arc concavely to the canal bend outwards away from the
canal thereby pulling it open. Our sensitivity study backs up these conclusions, showing that
the deformation of the LC is due more to the organization of the fibers around it than to the
stiffness of the fibers. Mechanically, the distinction between canal opening and closing is
important as an opening of the canal would cause a flattening and lateral stretching of the
lamina, and a canal contraction would induce deepening and lateral compression of the
lamina. [41, 43] From a mechanobiological standpoint, we would expect that these distinct
forms of deformation would have different effects on the axons and glial cells within the
canal, with compression of the axons perhaps being more likely to disrupt axoplasmic
transport.

Experiments have also shown that the aspect ratio of the canal does not change, or even
elongates with elevated IOP. [26, 44] This is in contradiction with mechanical models based
on the conventional PPS architecture, which uniformly predict that an elliptical canal will
become more circular with an increase in IOP. We speculate that this behavior, perhaps
counterintuitive yet observed experimentally, could be explained by combinations of convex
and concavely arced fibers working in concert.

Inverse modeling techniques are currently being used to derive tissue PPS mechanical
properties through a combination of experimental inflation testing and either the standard
circumferential ring model of collagen orientation or low-resolution measurements such as
SALS or WAXS. [7, 8, 45, 46] Without the correct model of fiber architecture, inverse
modeling may reach artefactual conclusions.

It is important to consider that we made the simplifications of modeling the PPS and LC as
flat, without considering the direct effects of IOP on the PPS and LC. We did this without
the intent to imply that these features are not important, as we have argued previously that
they are. [41, 43] Our intention was simply to explore the potential role that the long
tangentially oriented fibers we observe in our histology play in supporting the ONH in the
plane of maximum IOP induced tensile stress. A 3D model is necessary to fully account for
the complex behavior of curved fibers and tissues. It is possible that when considering the
bending of the LC caused by 0P, that combinations of the various fiber arrangements afford
the best support to the LC. We also chose to model the ground substance and collagen fibers
of the ONH as linear elastic materials, which may fail to capture the stress strain behavior of
the ONH at low 10OP. However, we do not expect that including collagen non-linearity would
drastically alter the mechanism of action of the tangential fibers. Nonetheless, as we
continue our studies of ONH fiber architecture and mechanics, we will look to incorporate
non-linear fiber mechanics, with experimentally derived material properties into our models.
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While our goal here was to present a new model of PPS architecture, we note that the actual
microstructure of the PPS is far from simple and we do not propose that tangential fibers are
the only fibers forming the sclera. The PPS has distinct features at different depths through
the tissue including radial and circumferentially aligned fibers in various locations, at least
in our microscopic observations. On the inner portion of the sclera is a thin layer of collagen
fibers aligned predominately in the meridional direction of the globe, or radially from the
canal, as we and others have described elsewhere. [2, 5, 6] Further, our model describes the
fibers of the sclera as following the plane of the scleral surface, omitting the fact that the
fibers of the sclera interweave with one another in three-dimensions. We suspect that each of
these features is important to the mechanical behavior of the ONH, and we are continuing to
develop techniques to quantitatively analyze and model these features. [47] Despite the
inherent complexity of the ONH microstructure, our simulated SALS and WAXS data
reproduces several features found in experimental results, including the circumferential ring
around the canal, multiple families of fibers within the distal PPS, and fibers that become
meridionally oriented moving towards the equator. [5, 7, 15, 48] Of course, when comparing
our idealized data to experimental data, our simulations are highly homogeneous and do not
account for a great deal of variability and complexity in actual eyes. Future work should
include studies of how well the proposed model with tangential fibers can account for
displacements and deformations measured experimentally. [7, 8, 26, 46]

In conclusion, we propose that the scleral canal is not simply reinforced by a closed circuit
of circumferentially oriented collagen fibers, but is supported by long-running scleral fibers
oriented tangentially to the canal which converge to give the appearance of a circumferential
ring. Although, these two arrangements appear similar in low resolution imaging, there is a
significant mechanical distinction between the two, with the tangential arrangement of fibers
providing a more robust system of mechanical support for both the lamina and sclera. In
addition, the tangential arrangement may explain experimental observations that more
traditional models have not been able to account for.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Supported by NIH R01-EY023966, R01-EY025011, R0O1-EY013178, P30-EY008098 and T32-EY017271, Eye and
Ear Foundation, and Research to Prevent Blindness.

References

[1]. Ischreyt G, Ueber den Faserbiindelverlauf in der Lederhaut des Menschen, Albrecht von Graefes
Archiv fiir Ophthalmologie 48(3) (1899) 506-512.

[2]. Becher H, Der konstructive Bau der Sklera, Verhanflungen der Anatomischen Gesselschaft 41
(1932) 104-1109.

[3]. Fischer E, Die konstruktive Anordnung der kollagenen Fasern in der Sklera und den
Sehnervenscheiden des Rinderauges, Zeitschrift fiir Anatomie und Entwicklungsgeschichte
101(2) (1933) 168-210.

Acta Biomater. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\oorhees et al.

Page 11

[4]. Kokott W, Uber mechanisch-funktionelle Strukturen des Auges, Albrecht von Graefes Archiv fiir
Ophthalmologie 138(4) (1938) 424-485.

[5]. Pijanka JK, Spang MT, Sorensen T, Liu J, Nguyen TD, Quigley HA, Boote C, Depth-dependent
changes in collagen organization in the human peripapillary sclera, PLoS One 10(2) (2015)
€0118648. [PubMed: 25714753]

[6]. Jan NJ, Lathrop K, Sigal IA, Collagen Architecture of the Posterior Pole: High-Resolution Wide
Field of View Visualization and Analysis Using Polarized Light Microscopy, Invest Ophthalmol
Vis Sci 58(2) (2017) 735-744. [PubMed: 28146238]

[7]. Girard MJ, Downs JC, Bottlang M, Burgoyne CF, Suh JKF, Peripapillary and posterior scleral
mechanics--part Il: experimental and inverse finite element characterization., Journal of
biomechanical engineering 131 (2009) 051012. [PubMed: 19388782]

[8]. Coudrillier B, Boote C, Quigley HA, Nguyen TD, Scleral anisotropy and its effects on the
mechanical response of the optic nerve head, Biomech Model Mechanobiol 12 (2013) 941-963.
[PubMed: 23188256]

[9]. Quigley HA, Glaucoma, Lancet (London, England) 377(9774) (2011) 1367-77.

[10]. Quigley HA, Glaucoma: macrocosm to microcosm the Friedenwald lecture, Invest Ophthalmol
Vis Sci 46(8) (2005) 2662—70. [PubMed: 16043835]

[11]. Quigley HA, Hohman RM, Addicks EM, Massof RW, Green WR, Morphologic changes in the
lamina cribrosa correlated with neural loss in open-angle glaucoma, Am J Ophthalmol 95(5)
(1983) 673-91. [PubMed: 6846459]

[12]. Quigley HA, Addicks EM, Green WR, Maumenee AE, Optic nerve damage in human glaucoma.
I1. The site of injury and susceptibility to damage, Arch Ophthalmol 99(4) (1981) 635-49.
[PubMed: 6164357]

[13]. Grytz R, Sigal IA, Ruberti JW, Meschke G, Downs JC, Lamina Cribrosa Thickening in Early
Glaucoma Predicted by a Microstructure Motivated Growth and Remodeling Approach,
Mechanics of materials : an international journal 44 (2012) 99-109. [PubMed: 22389541]

[14]. Jones HJ, Girard MJ, White N, Fautsch MP, Morgan JE, Ethier CR, Albon J, Quantitative
analysis of three-dimensional fibrillar collagen microstructure within the normal, aged and
glaucomatous human optic nerve head, J R Soc Interface 12(106) (2015).

[15]. Danford FL, Yan D, Dreier RA, Cahir TM, Girkin CA, Vande Geest JP, Differences in the region-
and depth-dependent microstructural organization in normal versus glaucomatous human
posterior sclerae, Invest Ophthalmol Vis Sci 54(13) (2013) 7922-32. [PubMed: 24204041]

[16]. Coudrillier B, Pijanka JK, Jefferys JL, Goel A, Quigley HA, Boote C, Nguyen TD, Glaucoma-
related Changes in the Mechanical Properties and Collagen Micro-architecture of the Human
Sclera, PLoS One 10(7) (2015) e0131396. [PubMed: 26161963]

[17]. Winkler M, Jester B, Nien-Shy C, Massei S, Minckler DS, Jester JV, Brown DJ, High resolution
three-dimensional reconstruction of the collagenous matrix of the human optic nerve head, Brain
research bulletin 81(2-3) (2010) 339-48. [PubMed: 19524027]

[18]. Yan D, McPheeters S, Johnson G, Utzinger U, Vande Geest JP, Microstructural differences in the
human posterior sclera as a function of age and race, Invest Ophthalmol Vis Sci 52(2) (2011)
821-9. [PubMed: 21051726]

[19]. Pijanka JK, Abass A, Sorensen T, Elsheikh A, Boote C, A wide-angle X-ray fibre diffraction
method for quantifying collagen orientation across large tissue areas: application to the human
eyeball coat, Journal of Applied Crystallography 46(5) (2013) 1481-1489.

[20]. Cone-Kimball E, Nguyen C, Oglesby EN, Pease ME, Steinhart MR, Quigley HA, Scleral
structural alterations associated with chronic experimental intraocular pressure elevation in mice,
Molecular vision 19 (2013) 2023-39. [PubMed: 24146537]

[21]. Sawaguchi S, Yue BY, Fukuchi T, Abe H, Suda K, Kaiya T, lwata K, Collagen fibrillar network
in the optic nerve head of normal monkey eyes and monkey eyes with laser-induced glaucoma —
A scanning electron microscopic study, Current Eye Research 18(2) (1999) 143-149. [PubMed:
10223659]

[22]. Gelman S, Cone FE, Pease ME, Nguyen TD, Myers K, Quigley HA, The presence and
distribution of elastin in the posterior and retrobulbar regions of the mouse eye, Experimental eye
research 90(2) (2010) 210-5. [PubMed: 19853602]

Acta Biomater. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\oorhees et al.

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].
[35].

[36].

[37].
[38].

[39].

[40].

[41].

Page 12

Zhang L, Albon J, Jones H, Gouget CLM, Ethier CR, Goh JCH, Girard MJ, Collagen
Microstructural Factors Influencing Optic Nerve Head Biomechanics, Investigative
Ophthalmology & Visual Science 56 (2015) 2031-2042. [PubMed: 25736791]

Strouthidis NG, Fortune B, Yang H, Sigal IA, Burgoyne CF, Effect of Acute Intraocular Pressure
Elevation on the Monkey Optic Nerve Head as Detected by Spectral Domain Optical Coherence
Tomography, Investigative Ophthalmology & Visual Science 52(13) (2011) 9431-9437.
[PubMed: 22058335]

Yang H, Thompson H, Roberts MD, Sigal 1A, Downs JC, Burgoyne CF, Deformation of the early
glaucomatous monkey optic nerve head connective tissue after acute IOP elevation in 3-D
histomorphometric reconstructions, Invest Ophthalmol Vis Sci 52(1) (2011) 345-63. [PubMed:
20702834]

Yang H, Downs JC, Sigal 1A, Roberts MD, Thompson H, Burgoyne CF, Deformation of the
normal monkey optic nerve head connective tissue after acute IOP elevation within 3-D
histomorphometric reconstructions, Invest Ophthalmol Vis Sci 50(12) (2009) 5785-99. [PubMed:
19628739]

Jan NJ, Grimm JL, Tran H, Lathrop KL, Wollstein G, Bilonick RA, Ishikawa H, Kagemann L,
Schuman JS, Sigal 1A, Polarization microscopy for characterizing fiber orientation of ocular
tissues, Biomed. Opt. Express 6(12) (2015) 4705-4718. [PubMed: 26713188]

Sacks MS, Smith DB, Hiester ED, A small angle light scattering device for planar connective
tissue microstructural analysis, Ann Biomed Eng 25(4) (1997) 678-89. [PubMed: 9236980]

Voorhees AP, Jan NJ, Sigal 1A, Effects of collagen microstructure and material properties on the
deformation of the neural tissues of the lamina cribrosa, Acta Biomaterialia 58 (2017) 278-290.
[PubMed: 28528864]

Voorhees AP, Jan NJ, Austin ME, Flanagan JG, Sivak JM, Bilonick RA, Sigal IA, Lamina
Cribrosa Pore Shape and Size as Predictors of Neural Tissue Mechanical Insult, Investigative
Ophthalmology & Visual Science 58(12) (2017) 5336-5346. [PubMed: 29049736]

Sigal 1A, Flanagan JG, Tertinegg I, Ethier CR, Modeling individual-specific human optic nerve
head biomechanics. Part I: IOP-induced deformations and influence of geometry, Biomech
Model Mechanobiol 8 (2009) 85-98. [PubMed: 18309526]

Sigal 1A, Flanagan JG, Tertinegg I, Ethier CR, Reconstruction of human optic nerve heads for
finite element modeling., Technology and health care : official journal of the European Society
for Engineering and Medicine 13 (2005) 313-329. [PubMed: 16055979]

Sigal A, Flanagan JG, Tertinegg I, Ethier CR, Finite element modeling of optic nerve head
biomechanics., Investigative ophthalmology & visual science 45 (2004) 4378-4387. [PubMed:
15557446]

Chung CW, Girard MJ, Jan NJ, Sigal 1A, Use and Misuse of Laplace’s Law in Ophthalmology,
Invest Ophthalmol Vis Sci 57(1) (2016) 236-45. [PubMed: 26803799]

Maas SA, Ellis BJ, Ateshian GA, Weiss JA, FEBIo: finite elements for biomechanics, J Biomech
Eng 134(1) (2012) 011005. [PubMed: 22482660]

Sigal 1A, Jan NJ, Lathrop KL, Voorhees AP, Between a basket and a finger trap: a unified model
of posterior pole fiber architecture, Investigative Ophthalmology & Visual Science 58(8) (2017)
3161-3161.

Campbell IC, Coudrillier B, Ethier CR, Biomechanics of the posterior eye: a critical role in health
and disease., Journal of biomechanical engineering 136 (2014) 021005. [PubMed: 24356942]
Sigal A, Ethier CR, Biomechanics of the optic nerve head, Experimental eye research, 2009, pp.
799-807. [PubMed: 19217902]

Grytz R, Meschke G, Jonas JB, The collagen fibril architecture in the lamina cribrosa and
peripapillary sclera predicted by a computational remodeling approach, Biomech Model
Mechanobiol 10 (2011) 371-382. [PubMed: 20628781]

Girard MJ, Downs JC, Burgoyne CF, Suh JKF, Peripapillary and posterior scleral mechanics--
part I: development of an anisotropic hyperelastic constitutive model., Journal of biomechanical
engineering 131 (2009) 051011. [PubMed: 19388781]

Sigal 1A, Yang H, Roberts MD, Burgoyne CF, Downs JC, |OP-induced lamina cribrosa
displacement and scleral canal expansion: An analysis of factor interactions using parameterized

Acta Biomater. Author manuscript; available in PMC 2019 October 01.



1duosnuey Joyiny

Voorhees et al. Page 13

eye-specific models, Investigative Ophthalmology and Visual Science 52 (2011) 1896-1907.
[PubMed: 20881292]

[42]. Poostchi A, Wong T, Chan KC, Kedzlie L, Sachdev N, Nicholas S, Garway-Heath DF, Wells AP,
Optic disc diameter increases during acute elevations of intraocular pressure, Invest Ophthalmol
Vis Sci 51(5) (2010) 2313-6. [PubMed: 19907027]

[43]. Sigal 1A, Yang H, Roberts MD, Grimm JL, Burgoyne CF, Demirel S, Downs JC, IOP-induced
lamina cribrosa deformation and scleral canal expansion: independent or related?, Invest
Ophthalmol Vis Sci 52(12) (2011) 9023-32. [PubMed: 21989723]

[44]. Midgett DE, Pease ME, Jefferys JL, Patel M, Franck C, Quigley HA, Nguyen TD, The pressure-
induced deformation response of the human lamina cribrosa: Analysis of regional variations,
Acta Biomaterialia (2017).

[45]. Zhang L, Thakku SG, Beotra MR, Baskaran M, Aung T, Goh JCH, Strouthidis NG, Girard MJ,
Verification of a virtual fields method to extract the mechanical properties of human optic nerve
head tissues in vivo, Biomech Model Mechanobiol (2016) 1-17.

[46]. Grytz R, Fazio MA, Libertiaux V, Bruno L, Gardiner S, Girkin CA, Downs JC, Age- and race-
related differences in human scleral material properties, Invest Ophthalmol Vis Sci 55(12) (2014)
8163-72. [PubMed: 25389203]

[47]. Yang B, Jan NJ, Lam P, Lathrop KL, Sigal IA, Collagen architecture in the third dimension:3D
polarized light microscopy (3DPLM) for mapping in-plane (IP) and out-of-plane (OOP) collagen
fiber architecture, Investigative Ophthalmology & Visual Science 58(8) (2017) 4825-4825.

[48]. Pijanka JK, Coudrillier B, Ziegler K, Sorensen T, Meek KM, Nguyen TD, Quigley HA, Boote C,
Quantitative mapping of collagen fiber orientation in non-glaucoma and glaucoma posterior
human sclerae, Invest Ophthalmol Vis Sci 53(9) (2012) 5258-70. [PubMed: 22786908]

1duasnuey Joyiny 1duasnuely Joyiny

1duosnuep Joyiny

Acta Biomater. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Voorhees et al.

Page 14

Statement of Significance

It is hypothesized that vision loss in glaucoma is due to excessive mechanical
deformation within the neural tissue inside the scleral canal. This study proposes a new
model for how the collagen of the peripapillary sclera surrounding the canal is organized
to support the delicate neural tissue inside. Previous low-resolution studies of the
peripapillary sclera suggested that the collagen fibers are arranged in a ring around the
canal. Instead, we provide microscopic evidence suggesting that the canal is also
supported by long-running interwoven fibers oriented tangentially to the canal. We
demonstrate that this arrangement has multiple biomechanical advantages over a circular
collagen arrangement and can explain previously unexplained experimental findings
including contraction of the scleral canal under elevated intraocular pressure.
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Longitudinal Section Coronal Section
of a Whole Eye at the Lamina Cribrosa

Cornea
\ .
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Fig. 1.
The anatomy of the eye and models of fiber orientation. A) A longitudinal cross-section of a

whole eye, with the location of the optic nerve head (ONH) shown. B) A coronal section of
the ONH showing the peripapillary sclera (PPS) and lamina cribrosa located within the
scleral canal. C) The current consensus opinion as to the organization of collagen fibers in
the PPS is a closed ring of fibers surrounded by short randomly oriented fibers. D) Our
proposed organization of fibers is a collection of long fibers oriented tangentially to the
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canal edge, giving the appearance of a closed ring of fibers around the canal. A&B Adapted
from Voorhees et al, 2017.
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Finite Element Mesh of the Sclera

Reinforcement with

Close-up of Lamina Mesh Tangential Fibers

Fig. 2.
Finite element mesh used to model the ONH. (Top) The model geometry shown en face.

(Bottom Left) A close-up view highlighting the mesh in the lamina cribrosa region. (Bottom
Right) A close up-view of the model near the canal showing the discrete spring elements
used to model the collagen fibers in the tangential fibers model.
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Human
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Fig. 3.

E)?amples of tangential fibers obtained from polarized light microscopy in four species. The
color in the images represents the orientation of the fibers, while the brightness represents
the density of the collagen fibers. A-D) Images from a human eye. A) Large field of view
showing long running fibers. B-D) Close-up views showing the crossing of fibers near the
canal. E-J) Examples of tangential fibers obtained from polarized light microscopy for pig,
sheep and monkey. F,H,J) Show the same regions as E,G,| but have lines indicating example
fiber paths.
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Experimental SALS Data:

Fig. 4.
A comparison of the simulated (A) and experimental (B and C) SALS data from human eyes

[14, 23]. The lines represent the mean fiber orientation and the color represents the strength
of alignment. The black line in A and B represents the canal boundary. Both simulated and
experimental SALS data show that fibers are highly aligned around the canal with a mean
orientation that appears circumferential. Fibers oriented tangentially to the canal are seen
between 12 and 3 o’clock matching simulated data.
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Experimental WAXS Data:
Adapted From Coudrillieret al., 2013
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A comparison of the simulated (left) and experimental (right) WAXS data from human eyes
[8]. The angular distribution of fibers at each sampling point is shown, and the degree of
alignment is represented by the color. The black circle represents the canal. In simulated
data, the fibers near the canal appear circumferentially aligned. Moving away from the canal
the fibers first appear weakly aligned then appear as two distinct families of fibers. In actual
WAXS data, a similar circumferential ring of fibers appears, which is surrounded in most
locations by one or two families of fibers oriented tangentially to the canal.
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Arrangement

Circumferential
Strain

Radial Strain

>
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Strain (%)
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Strain (%)

Fig. 6.

Tr?e mechanical behavior of a scleral canal reinforced by four different arrangements of
collagen fibers. A) A simple reinforcement of the canal with circumferential fibers limited
the strain in the lamina due to 10OP but did provide support the sclera. Conversely, a radial
arrangement of fibers reduced the strain in the sclera, but lead to high strains within the
lamina. The combination of radial and circumferential fibers still caused high strains in the
lamina. A tangential arrangement of fibers provided the best reinforcement for the sclera and
the lamina, reducing the strains to near zero-levels for this perfectly symmetrical idealized
test model. B) The mean strains in the sclera and lamina for the four different PPS fiber
arrangements. C — circumferential, R — radial, RC — radial and circumferential, T —
tangential.
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Fig. 7.
Sensitivity of lamina and sclera strains to the stiffness of the collagen fibers. Note that

strains and modulus are both plotted using non-linear scales. The stiffness of the collagen
fibers was varied over two orders of magnitude. The black dotted lines denote the baseline
conditions. A line with zero slope indicates that the strain was insensitive to the stiffness of
the fibers. Increasing the fiber stiffness in the model with circumferential fibers reduced the
strains in the lamina but not the sclera. Increasing the fiber stiffness in the model with radial
fibers did little to change the strains in the lamina and sclera. In the case of a combination of
radial and circumferential fibers, increasing fiber stiffness resulted in small reductions in
both lamina and scleral strains, although these changes were not in direct 1 to 1 proportion
to the increase in stiffness. For the tangential fibers, lamina and scleral strains were reduced
almost in direct proportion to the increase in stiffness. Note that both the sclera and lamina
strains in the tangential fiber model with a modulus of 0.25 MPa were an order of magnitude
smaller than the strains in the circumferential models with 50 MPa fibers.
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Fig. 8.

Srzall changes in the orientation of the fibers determined whether the canal opened or closed
due to IOP-induced hoop stress. A) Strain maps for the different fiber arrangements. When
the fibers were oriented convexly to the canal (Canal Opening Fibers) the strains in the
lamina were positive. When the fibers were oriented concavely around the canal (Canal
Closing Fibers) the strains in the lamina were negative. B) Diagram depicting the
mechanism of action. For fibers oriented concavely around the canal, the applied load results
in an outward tensile force at the canal boundary as the fiber straightens. For fibers oriented
convexly around the canal, the applied load results in an inward compressive force at the
canal boundary as the fibers straighten. Note only two fibers for each case are shown here
for simplicity.
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Fig. 9.
Robustness of the ONH to the loss of scleral fibers. The loss of a small region of

circumferential fibers (~2.5% of the total number of fibers; location indicated in top row)
created a region of elevated circumferential strain in the lamina and reduced radial strain.
The tangential fiber model was robust to the loss of fibers, maintaining near-zero strains.
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