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PURPOSE. The purpose of this study was to determine how the architecture of the lamina
cribrosa (LC) microstructure, including the shape and size of the lamina pores, influences the
IOP-induced deformation of the neural tissues within the LC pores using computational
modeling.
METHODS. We built seven specimen-specific finite element models of LC microstructure with
distinct nonlinear anisotropic properties for LC beams and neural tissues based on histological
sections from three sheep eyes. Changes in shape (aspect ratio and convexity) and size (area
and perimeter length) due to IOP-induced hoop stress were calculated for 128 LC pores.
Multivariate linear regression was used to determine if pore shape and size were correlated
with the strain in the pores. We also compared the microstructure models to a homogenized
model built following previous approaches.
RESULTS. The LC microstructure resulted in focal tensile, compressive, and shear strains in the
neural tissues of the LC that were not predicted by homogenized models. IOP-induced hoop
stress caused pores to become larger and more convex; however, pore aspect ratio did not
change consistently. Peak tensile strains within the pores were well predicted by a linear
regression model considering the initial convexity (negative correlation, P < 0.001), aspect
ratio (positive correlation, P < 0.01), and area (negative correlation, P < 0.01). Significant
correlations were also found when considering the deformed shape and size of the LC pores.
CONCLUSIONS. The deformation of the LC neural tissues was largely dependent on the
collagenous LC beams. Simple measures of LC pore shape and area provided good estimates
of neural tissue biomechanical insult.
Keywords: lamina cribrosa, optic nerve head, biomechanics, glaucoma, microstructure, finite
element modeling, intraocular pressure, convexity

he lamina cribrosa (LC) is a complex tissue consisting of an
intricate network of collagenous beams and blood vessels
that support the delicate neural tissues as they exit the eye.1,2
The LC is the site of initial glaucomatous damage, and it is
widely postulated that retinal ganglion cell (RGC) loss is, in
large part, due to mechanical insult to their axons within the
LC.2–7 This may be through compression or shearing of the
RGC axons reducing axoplasmic transport,4,8 stretch-induced
activation of astrocytes,9–12 or disruption of the vasculature
leading to ischemia.8,12–14 The response to elevated IOP varies
from individual to individual, with some patients developing
glaucoma at low IOPs and others maintaining normal vision
despite elevated IOP. The underlying causes for these variations
remain unclear. A hypothesis has been that these differences
are explained by the organization of the LC microstructure and
in particular, the shape and size of the laminar pores.8,15–20
Several investigations have examined LC pore shape and size
in vivo16–19,21–26 and ex vivo.27,28 However, the findings of
these studies have been mixed and a consensus conclusion has
not been reached as to which pore characteristics are
correlated with glaucoma status or progression. A major
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challenge of these studies has been that they have generally
been unable to measure the IOP-induced mechanical insult and
the acute changes in pore shape and size that result.
Mechanical modeling offers an alternative approach for testing
and understanding the association between pore properties
and the potential for glaucomatous neuropathy due to
mechanical insult.
Resolving the effects of pore shape requires models that
explicitly incorporate the microstructure of the LC, something
that the vast majority of previous LC models have not done.
Instead, most models have treated the LC as a homogenized
mixture of neural tissues and connective tissue.20,29–31 This
was, in part, because of the limited availability of highresolution data on the collagen microarchitecture of the LC.
We have recently developed and reported on microstructurespecific models based on high-resolution polarized light images
that allows us to distinguish between the load-bearing, stiff,
laminar beams and the frail, compliant, neural tissues of the
LC.32 The goal of this study was to leverage these microstructure-based models to determine if the shape and size of LC
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pores predicts the biomechanical insult within the neural
tissues of the pores due to IOP-induced hoop stress.
This study is organized into three parts. First, we used our
models to test the role of the LC microstructure. We did this by
comparing our microstructure models to a homogenized
model built using approaches that have been previously
reported.29,31 Second, we used multivariate linear regression
to determine if there were correlations between LC pore shape
and size and the level of neural tissue strain resulting from the
hoop stress caused by elevated IOP. Last, we examined how the
shape of the pores changed with IOP-induced hoop stress and
if the changes made them more robust or more susceptible to
insult.

METHODS
Modeling
This study is a further analysis of the modeling data set we
recently reported on, and a detailed description of the
methodology, assumptions, and limitations can be found
therein.32 A pictorial overview of our multiscale modeling
method is presented in Figures 1 and 2. Briefly, our models
were constructed from data obtained from histological sections
of sheep optic nerve heads (ONH) imaged using polarized light
microscopy,33,34 and the details of the histology and imaging
pertinent to this study can be found in our recent report.32
Although these data provided excellent high-resolution information on the structure and orientation of the collagen fibers
of the ONH, the information was only two-dimensional (2D).
Hence, our models consider only a planar section of the ONH
and our boundary conditions only consider the effects of the
hoop-stress induced by elevated IOP. Given that previous
studies have estimated the magnitude of IOP-induced hoop
stress to be 10 to 30 times the magnitude of IOP itself,29,32 we
reasoned that IOP-induced hoop-stress is a primary mechanical
insult resulting from IOP. Nonetheless, our models do not
consider the posterior bowing of the lamina caused by the
direct application of IOP to the LC and scleral surface.
Discussions on the strengths and weaknesses of this approach
can be found in our previous study,32 and in a report from
Zhang and colleagues,29 who used a similar approach to study
the effects of collagen organization in the ONH.
Mesoscale Models for Determining Boundary Conditions. As detailed in Figure 1 and described previously in full
details,32 we first created models of the ONH at a mesoscale
level to use as boundary conditions for microscale models of
portions of the LC. In total, three mesoscale models were
made, one for each eye included in the study. For each eye, 6 to
10 serial histological sections were obtained from sheep eyes
fixed in formalin at an IOP of 5 mm Hg, imaged with polarized
light microscopy at a resolution of 4.4 lm,32–34 and registered
to one another. The average pixel energy, a measure of collagen
density, and the average pixel orientation for the set of images
was calculated for use as the basis for the mesoscale models.34
For the mesoscale models, our geometric approach was similar
to the one presented by Zhang et al.29; however, we modeled
the ONH and surrounding sclera as a circular disk rather than a
square. Quadratic tetrahedral elements with an average edge
length of 112 lm were used for each mesoscale model. ONH
tissue was modeled as a fiber-reinforced composite with fibers
modeled using an exponential power law and ground
substance modeled as a Neo-Hookean solid. Our approach to
the material properties was similar to the one employed by
Campbell et al.20 in which the strain energy density for our
collagenous tissue was weighted by the density of the collagen
fibers, which we determined using polarized light microscopy.
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With this approach, the strain energy of the fibers varied
linearly with collagen density. The weighting was chosen such
that any element with an average pixel energy value equal to
the average pixel energy value of all elements belonging to the
sclera had material properties matching the properties that
were based on previously reported measurements for human
scleral collagen (Table 1). The preferred fiber orientation for
our models also came from our specimen-specific measurements of collagen fiber orientation. A von Mises distribution
was used to model the angular distribution of collagen fibers.
However, we did not use direct measurements of the collagen
fiber distribution. Instead we chose a fiber dispersion factor of
0.6 as this was found to be a reasonable estimate in the study
from which we obtained our material properties for scleral
colllagen.35 To simulate the effects of IOP, a uniform outward
boundary pressure was applied to the edges of the disk to
mimic the effects of hoop stress as done by Zhang et al.29
Based on the Law of Laplace, we determined that the hoop
stress multiplier for sheep eyes was 103 IOP. Thus, to model an
IOP increase of 30 mm Hg, an outward boundary pressure of
300 mm Hg was applied (39.9 kPa).
Microscale Modeling of LC Microstructure. For the
microscale models (Fig. 2), seven regions (~0.3–0.9 mm2) with
clearly defined collagen beams and no evidence of histological
artifacts such as missing tissue or section folds were selected for
study. Four of these regions were taken from central LC and
three regions from the peripheral LC, which included the
scleral boundary. For the microscale models, sections were
imaged at a resolution of 0.73 lm per pixel, and the images
were registered to the images used to create the mesoscale
models. Collagen density was used as the basis for 2D image
segmentation. An intensity-based threshold was used to
segment the collagen beams and the neural tissue pores.
Segmented masks were edited manually to correct for local
defects including those due to the presence of pigment. Small
beams that were unconnected on one end were added to the
neural tissues to avoid potential artifacts. From the 2Dsegmented image, a three-dimensional (3D) reconstruction of
the LC microstructure and neural tissue was created by
assuming that the LC beams had a circular cross-section.
Elsewhere we have demonstrated that this approach is more
realistic than the simpler alternative of assuming that the LC
beams have square cross-sections.32 Our circular beam reconstruction method produced a model that was symmetric about
the coronal plane (Fig. 2, top right), and thus the deformation
was also assumed to be symmetric about this plane. This
allowed us to model only half of the reconstructed LC volume.
The LC beams and neural tissues were modeled using a
quadratic tetrahedral mesh. The mean fiber orientation for each
LC beam element was determined by nearest neighbor
interpolation from the polarized light microscopy fiber orientation data. Material properties for the LC beams were the same
as those used in the mesoscale models, which were based on
the properties of human sclera (Table 1). The properties of the
neural tissue were based on data from guinea pig white matter
(Table 1). We note that the connective tissue was modeled
using an isochoric constitutive formulation within FEBio
(Muskoloskeletal Research Laboratory, UT, USA). The neural
tissue was modeled as compressible to allow for potential
motion of fluid into and out of the neural tissues of the LC. A 3D
von Mises distribution with a fiber dispersion factor of two was
used to model the angular distribution of the collagen fibers in
the LC beams. A more thorough discussion of the material
properties used in this model and their influence on the
predictions of the model can be found in our recent report.32
Displacement driven boundary conditions were obtained by
linearly interpolating the displacements predicted from the
mesoscale models to the locations of nodes on the boundary of
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FIGURE 1. Overview of mesoscale modeling approach used to determine boundary conditions for microscale models. Mesoscale models were built
from 30-lm thick serial histological image stacks of sheep ONH with 4.4 lm per pixel in-plane resolution. Polarized light microscopy was used to
determine the collagen fiber orientation and the local collagen density within each section.34 Colors in the polarized light microscopy images
correspond to the fiber angle. These were mapped onto the finite element mesh and used to determine the stiffness and direction of anisotropy for
each element. IOP-induced hoop stress corresponding to 30 mm Hg was applied to the boundary of the model to obtain displacement boundary
conditions for the microscale models. The displacements corresponding to the actual location of each microscale model within its corresponding
mesoscale model were used. The red box shown on the bottom-left image corresponding to the location of the model shown in Figure 2 is shown as
an example.

the mesh. Stresses and strains reported herein are for elements
along the symmetry surface of the model for which the
geometry corresponded directly to the histological image.
Homogenized Models. To study the effects of the LC
microstructure, we also constructed a homogenized model of
one of the peripheral LC regions for comparison. For the
homogenized model, the sclera and lamina (beams and neural
tissue together) were segmented at both the mesoscale and
microscale levels. The material properties for the sclera at both
length scales were chosen to be the same as those used to
model the sclera and LC beams. The material properties of the
lamina were selected so that the strain energy density was half
that of the sclera to account for the lower connective tissue
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volume fraction of the lamina. The fiber dispersion parameter
was set to 0. The displacement data from the mesoscale model
under an IOP-induced hoop stress of 30 mm Hg was used as
boundary conditions for the microscale homogenized model.

Mechanical Analysis
In this study, we only examine results from the microstructure
and homogenized models at the microscale. The first principal
and second principal strains and stresses were calculated from
the in-plane strain and stress components. The first principal
strain represents the largest stretch, whereas the second
principal strain represents the stretch in the direction
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FIGURE 2. The microstructure models were built from individual sections through the LC and sclera that were reimaged at a higher microscale
resolution (0.73 lm per pixel) and registered to the low magnification stacks (see Fig. 1). These models were segmented into LC beams and neural
tissues (top middle). The segmented images were then used as the basis for a 3D reconstruction of the LC beams (top right). Our reconstruction
method resulted in beams that were symmetric about a plane through the middle thickness of the reconstructed section. The assumption of
symmetry allowed us to model only half of the total reconstructed volume. A finite element model of the beams embedded in neural tissue was then
created (bottom row). The displacement driven boundary conditions obtained from the mesoscale models was then applied to the microscale
model and the deformations of the LC beams, and neural tissues were obtained from the simulation.

orthogonal to the direction of the first principal strain. When
both the first and second principal strains are positive, the
tissue is in biaxial tension. When both strains are negative, the
tissue is in biaxial compression. Shear strain is defined as half of
the difference between the first and second principal strains.
All stresses and strains are reported with respect to the
deformed geometry, with stresses being reported as Cauchy
stress in kPa and all strains are reported as Green strain in
percent, that is, Green strain multiplied by 100. We calculated
the 90th percentile first principal strain using volume-weighted
methods as a measure of the peak strain.
TABLE 1. Material Properties
Connective Tissue

Neural Tissue

Ground substance
Uncoupled Mooney Rivlin
C1:150 kPa
C2:0 kPa
K:5000 kPa

Ground substance
Coupled Mooney Rivlin
C1: 0.876 kPa
C2: 0.614 kPa
K:0.412 kPa

Fiber component
Uncoupled Fiber Exponential
Power Law
n:1600 kPa
a:120
b: 2

Fiber component
Coupled Fiber Exponential
Power Law
n:69.4 kPa
a:1
b:2
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Analysis of Pore Shape and Size
A total of 128 individual pores fully contained within the seven
microstructure models were identified. The following two
measures of pore shape were measured: aspect ratio, the ratio
of the major to minor axis of the pore, and convexity, the ratio
of the area of the pore to the area of the convex hull of the
pore (Fig. 3). In addition, the following two measures of pore
size were measured: perimeter length and area. Linear mixed
effect models controlling for the individual animal and eye
from which the models were constructed were tested, but
there was not enough variability between the animals and eyes
to obtain good fits. Thus, we used multivariate linear regression
considering shape and size parameters simultaneously to
determine associations between combinations of the shape
and size parameters and the 90th percentile tensile strain
within a pore. The particular LC region containing the pore
was treated as a categorical factor allowing for pores from each
region to have different intercepts. This was done so as to
control for potential variation due to differences in location
and boundary conditions. We tested for associations between
the shape and size parameters in both the baseline and
deformed configurations. The Akaike information criterion
(AIC) was used to determine the best statistical model.
Exponential and logarithmic data transforms were tested, but
the best fits were found when using untransformed 90th
percentile tensile strains.
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FIGURE 3. (A) Convexity is defined using the concept of a convex hull.
In mathematical terms, the convex hull of a set of points is the
minimum region that fully contains all line segments between any two
arbitrary points in the set. From a conceptual standpoint, the convex
hull of a polygon would be represented by the shape of a rubber band
stretched around the outside of that polygon. In this sense, we can
imagine the dashed line surrounding the two pores in the panel to be
this rubber band. Specifically, for this study, we defined convexity as
the ratio of the area of the pore to the area of the convex hull of the
pore. (B) Aspect ratio was defined as the ratio of the major axis length
to the minor axis length.

Software
FEBio v2.3.0 was used for all finite element analysis.36
Paintshop Pro X2 (Corel, Ottawa, ON, Canada) was used for
manual 2D segmentation of microscale models. Fiji was used
for 2D image skeletonization and analysis of polarized light
microscopy images including image stitching.37–39 Custom
code and the GIBBON toolbox for Matlab (v2015b; Mathworks,
Natick, MA, USA) were used to create mesoscale meshes,
generate segmented volumes, register microscale models to
mesoscale models, write FEBio input files, analyze data, and
measure pore shape.40 Avizo Wind v8.0.1 (FEI, Hillsboro, OR,
USA) was used to register histological sections and create the
meshes used to make the microscale models. Linear models
were fit and compared using R v3.2.2 (R Foundation for
Statistical Computing).41

RESULTS
Maps of strains and stress for the microscale homogenized and
microstructure models are provided in Figure 4. The first
principal strains in the homogenized model were lower and
more uniform than those within the neural tissue pores of the
microstructure model. The second principal strains in the
homogenized model were uniformly positive, indicating pure
biaxial tension. In the microstructure model, the second
principal strains were often negative, visible in the blue areas
in the plot. These represent areas of high compression.
Similarly, the shear strains in the microstructure model were
much higher than in the homogenized model. The first
principal stresses within the homogenized model, similar to
the strains, were low and rather uniform as compared to the
microstructure model.
When considering combinations of the four baseline shape
and size parameters the best model was the combination of
convexity, aspect ratio, and area (AIC ¼ 613). Convexity,
aspect ratio, and area were all significantly correlated with the
peak tensile strain (P < 0.01; Table 2). Convexity and area were
negatively correlated with the peak tensile strain, whereas
aspect ratio was positively correlated. When comparing the
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normalized slopes, convexity was the most influential factor.
Scatter plots of convexity and peak tensile strain with fitted
lines for pores from each region are shown in Figure 5.
Example pores plotted by convexity and peak tensile strain are
shown in Figure 6. The associations between shape and size
were also tested using the values from the deformed
configuration, as these would represent the shapes observed
clinically when IOP is still elevated. The best fit model using
the deformed parameters was still the combination of
convexity, aspect ratio, and area (AIC ¼ 599). However,
when using these parameters only convexity and area were
significantly correlated with the 90th percentile first principal
strain (P < 0.01).
The IOP-induced changes in pore convexity, aspect ratio,
and area are shown as a function of the initial pore shape in
Figure 7, and the cumulative distributions of the three
parameters in the unloaded state and after acute IOP increase
are shown in Figure 8. Convexity increased in 119 of the 128
pores, indicating that the pores became rounder and less
concave. In pores where the change in convexity was negative,
the magnitude of that change was small. The change in aspect
ratio was more varied, with 61 pores becoming more
elongated and 67 pores becoming more circular. There did
not appear to be a trend between the initial aspect ratio of the
pore and whether it became more elongated or more circular.
Pore area increased in 126 of the 128 pores, and the change in
area, as a percentage, was more varied in small pores. The two
pores that became smaller were both small pores that
experienced high compressive strains.

DISCUSSION
We used multiscale microstructure-aware models of the LC and
sclera, with which we were able to predict complex patterns
of stretch, compression, and shear within the neural tissues of
the LC pores due to IOP-induced hoop stress. There were
significant correlations between the area, convexity, and aspect
ratio of a pore and the level of biomechanical insult to the
neural tissues within the pore. The relationship between pore
shape and neural tissue insult was observed when pore shape
was measured in either the deformed or undeformed
configurations. When deformed by IOP-induced hoop stress,
the pores became larger and more convex possibly reducing
the risk for further insult.
Homogenized models of the LC have been widely employed
to study ONH biomechanics at the gross anatomical level and
mesoscale levels.20,29–31,35,42–44 Our study demonstrates that
homogenized models are not suitable for studying the
microscale structures of the LC. Our homogenized model did
provide reasonable estimates of the average deformation across
the whole LC, as the average first principal strain calculated
across the whole region was on the order of 1% to 2% for both
the two homogenized models and the microstructure model.
The homogenized model, however, did not provide a good
estimate of the levels or types of deformation within the LC
pores and RGC axons when compared with previous
experimental studies.6,7,45 This is important, as strains in the
range of 10% to 20% can trigger astrocytic remodeling and
neuron damage.9,10,46 In our microstructure models, the
collagen beams of the LC stretch, thin, and bend. This behavior
exacerbates the strains within the neural tissue pores, leading
to compression and high shear strains. The homogenized
model did not predict any in-plane compression, missing a
potentially important biomechanical insult. Compressive
strains have been hypothesized to contribute to a reduction
in axoplasmic transport, another potential mechanism of RGC
damage and loss.8 The homogenized model still included
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FIGURE 4. Comparison of strains and stresses between microstructure model and homogenized model. Peak (90th percentile) first principal strains
in the microstructure model exceeded 15% as compared to 3% in the homogenized isotropic model (top row). The microstructure model predicted
in-plane compression in several pores, whereas no compression was observed in the homogenized model (second row). Similarly, only the
microstructure model predicted high shear strains within the neural tissues (third row). Stresses within the lamina beams were much higher than
those predicted by the homogenized model and typically concentrated in areas away from the beam intersections regions (bottom row).

TABLE 2. Best Fit Statistical Model for Predicting 90th Percentile First
Principal Strain From LC Pore Shape Parameters
Parameter

Slope

Standard Error

P Value

Convexity
Aspect ratio
Area, lm2

48.2
0.0871
1.02 3 104

9.79
0.0321
3.51 3 105

2.82 3 106
0.00761
0.00422
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mechanical properties based on the collagenous tissue within
the LC. If one were to build a model that considered the LC as
being entirely composed of neural tissues, we would expect
that the deformation would vastly exceed the levels we report
here.
Our study suggests that both pore size and pore aspect ratio
are important determinants of neural tissue insult with large
elongated pores being more prone to high stretch. Convexity
had the strongest predictive power. To our knowledge, there
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FIGURE 6. Twelve example pores are plotted by convexity and peak
first principal strain. The pores are colored by their local strain maps.
Peak strains tend to occur on the concave edges of the pores.

FIGURE 5. Linear model predictions are shown for each of the seven
microstructure models. More convex pores tended to have lower peak
tensile strains. Different colors are used to denote regions from
different eyes.

have been no systematic studies on LC pore convexity.
Mechanistically, we propose that the high tensile strains within
concave pores are due to the straightening of the initially
curved beams surrounding the pores under IOP-induced
loading. As a curved beam straightens it exerts tension on
the pore on the concave edge and compresses the pore on the
convex edge. This effect would be smaller or not present along
straight beams as these would tend to deform longitudinally.
The concept of beam straightening is supported by the fact
that the pores in our study almost universally became more
convex. Future in vivo studies of LC pore shape may do well to
consider convexity in addition to aspect ratio. However,
precise measurement of convexity may be a challenge as the
resolution and contrast of current in vivo imaging techniques
such as OCT are far less than what we obtain with ex vivo
microscopy.
In vivo studies testing for associations between the
distribution of lamina pore shape and glaucoma status in
humans have reported conflicting findings. A study by Akagi et
al.23 found that pores in glaucomatous eyes were significantly
larger in area than those from healthy controls, but did not find
a significant correlation between aspect ratio and disease
status. In glaucomatous eyes, Wang et al.17 found no significant
change in pore area, but instead found a significantly increased
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variance in pore area. When considering aspect ratio, Miller
and Quigley,18 Fontana et al.,22 and Zwillinger et al.24 all
measured significantly more elongated pores in glaucomatous
eyes. However, these are balanced by the reports of Akagi et
al.23 and Wang et al.,17 who did not find a significant
correlation.
Beyond imaging resolution there are several challenges
faced in the clinical measurement and analysis of pore shape.
First, pore shape is measured under IOP. For this reason, we
tested the associations between pore shape and size with strain
using measurements with and without IOP-induced deformation. Although the statistical model using the deformed
measurements was not quite as good as the model using the
undeformed configuration (AIC ¼ 599 vs. AIC 613), there
were still significant associations between pore convexity and
area. Another obstacle is the fact that it may be difficult to
distinguish the acute shape changes due to IOP from the
chronic changes that may occur with disease. Thus, before any
measure of pore shape can be considered as a marker of
glaucomatous risk, it is necessary to distinguish between the
shapes and sizes that lead to higher strains in the LC and the
shapes and sizes that result from remodeling due to chronically
elevated IOP. A few studies have looked at chronic changes in
pore shape.19,21 Tezel et al.21 tracked mean pore area and
aspect ratio in patient eyes and found that the area of the pores
decreased with time, but found no significant change in aspect
ratio. Because patients underwent therapy to lower IOP, these
changes may not fully reflect the changes that occur with
disease. Ivers et al.19 studied pore area and aspect ratio changes
in a monkey model of early glaucoma and found that the area
of the pores increased from the baseline condition, but found
no significant changes in aspect ratio.
Although we have not studied chronic changes in this work,
we have been able to study the acute effects of IOP-induced
hoop stress on pore shape. Our findings suggest that pores
become larger in area under the influence of IOP-induced hoop
stress, which agrees with our in vivo experiments in monkey
eyes in which we found that LC pore diameter increases when
the translaminar pressure gradient is acutely increased.47 We
also found a similar increase in pore area using second
harmonic generation in human eyes during an ex vivo inflation
test.48 We also found that pores became more convex. The
distribution of pore aspect ratio in our study was similar in the
loaded and unloaded configurations. Thus, on average the
measured distribution of pore aspect ratio under IOP-induced
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FIGURE 7. The convexity, aspect ratio, and area of the pores change under acutely elevated IOP. Scatter plots are shown comparing the relative
change in shape or size in relationship to the initial state. The color of the data points represents the 90th percentile strain in that pore. Nearly all
pores became more convex after elevated IOP, with highly concave pores undergoing the biggest changes and suffering the highest levels of strain.
Although the high-aspect ratio was associated with high strains, 48% of the pores became more elongated under elevated IOP and 52% became more
circular. All but two pores became larger under elevated IOP, with large changes in area, typically being associated with large strains. There was
more variability in area change and tensile strain for small pores as compared to large pores.

hoop stress may well reflect the unloaded distribution, which
we have demonstrated is correlated with high tensile strains.
However, within this distribution, the pores did change aspect
ratio from the baseline condition with roughly half of the pores
becoming more elongated and half of the pores becoming
more circular. This is important because it highlights the
strength of quantifying LC sensitivity to IOP on a pore-by-pore
level. If we had only considered the pore aspect ratio

distribution we would not have detected important effects of
IOP-induced hoop stress.
This high-resolution modeling work was made possible by
our development of polarized light microscopy methods for
measuring collagen birefringence and alignment at the
submicron scale.33,34 We have elected to make models based
on sheep ONH as we have established the robustness of our
methods for this animal model. The microstructure of the

FIGURE 8. The cumulative distribution of pore shape and size are shown in the initial condition (black line) and after elevated IOP (solid color).
The rightward shift in the distribution of convexity indicates that the deformed pores are more convex after elevated IOP. The distribution of pore
aspect ratios was largely unchanged by the increase in IOP. A slight rightward shift of the distribution of pore areas was observed highlighting the
increase in pore area under elevated IOP.
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human LC is distinct from that of sheep, most notably in the
reduced size and increased number of pores. Although the
models in this work were based on sheep eyes, the mechanism
underlying our findings appears relatively general and therefore it seems plausible that our findings will extend to the
human LC. Nevertheless, this must still be validated.
Within this work, we have made some simplifying
assumptions about the geometry and mechanics of the LC
and sclera. The most notable assumption is the fact that our
model is only a planar model. This assumption is justified
based on one of the fundamental principal of mechanics, the
Law of Laplace, which states that the in-plane stresses in a thin
spherical shell will be many times greater than the pressure
inside the shell. This assumption is commonly employed in
biomechanics 49–52 and in particular ocular biomechanics.29,53–56 We should note that our use of Laplace’s law also
assumes that the distribution of hoop-stress is constant across
the boundaries of our mesoscale models, ignoring subtle
variations due to changes in regional thickness. The advantages and disadvantages of the assumption of planarity have
been discussed at length in the work of Zhang et al.29
Although this assumption means that our models do not
capture the effects of the LC curvature, the models still allow
us to study the response of the LC to its primary loading
without making additional assumptions about the out-of-plane
fiber structure. On the positive, though, our shape parameters
were also 2D measures, which has the advantage being easily
comparable to clinical and experimental findings that are
often based on en-face or coronal images.
This study was primarily focused on the effects of LC pore
shape and size. In a recent study, we conducted systematic
parametric analyses to determine how the properties of the LC
beams and neural tissues influence the biomechanical insult
within the LC pores.32 A discussion of the implications of the
choice of tissue properties can be found there. For every set of
material properties modeled, we still found large focal
deformation within the LC pores. However, the distribution
of the strains was somewhat dependent on the stiffness of the
collagen beams, with stiffer collagen beams leading to a more
narrow distribution of strains over the microscale regions.
Thus, it seems likely that there are interactions between tissue
shape and mechanical properties, as have been noted for much
simpler models of the ONH.57 These interactions must be
better understood before extending our findings into clinical
practice. We also did not consider the effects of collagen
distribution and its interaction with the effects of pore shape;
however, our previous study suggested that collagen fiber
dispersion had very minor effects on LC pore strain.32 Another
assumption on the material behavior of our models was a
stress-free configuration based on the microstructure obtained
from eyes that were pressure fixed at 5 mm Hg. This pressure
represents a low-stress configuration that does not suffer from
potential artifacts that could arise from using unloaded tissues
(zero pressure). However, this means that our material
properties may be underpredicting the stiffness of the tissues
at this initial geometry as they do not consider the stresses
caused by the pressure at fixation. Given the fact that the
material properties were estimated from literature values and
that we have previously found that the deformation of sheep
eyes between IOP’s of 0 and 10 mm Hg is small when
compared with the deformation between 10 and 20 mm Hg,58
we reasoned that this assumption would have only minor
influences on the interpretation of our results. Given the tissue
nonlinear mechanical properties, it is possible that the
correlation between LC pore shape and IOP will be different
for pressure differences other than the 0 and 30 mm Hg
studied here. Nonetheless, this study was intended primarily to
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provide a mechanistic framework for understanding the
relationship between LC pore shape and biomechanical insult.
In conclusion, the stiff LC beams lead to large focal
concentrations of stretch, compression, and shear in the
compliant neural tissues within the LC pores resulting from
IOP-induced hoop stress. Homogenized models fail to predict
both the magnitudes and type of deformation. The convexity,
aspect ratio, and area of a LC pore are strong predictors of the
tensile strain within that pore. Under IOP-induced hoop stress,
lamina pores tend to become larger and more convex. The
knowledge of how LC pore shapes change with elevated IOP
will enhance our interpretation of future clinical studies on
pore shape and size.
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