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Abstract

This study investigated the inflation response of the lamina cribrosa (LC) and adjacent peripapillary sclera
(PPS) in post-mortem human eyes with no history of glaucoma. The posterior sclera of 13 human eyes from
7 donors was subjected to controlled pressurization between 5-45 mmHg. A laser-scanning microscope
(LSM) was used to image the second harmonic generation (SHG) response of collagen and the two-photon
fluorescent (TPF) response of elastin within the volume of the LC and PPS at each pressure. Image volumes
were analyzed using digital volume correlation (DVC) to calculate the three-dimensional (3D) deformation
field between pressures. The LC exhibited larger radial strain, E,,, and maximum principal strain, E,,;,
(p < 0.0001) and greater posterior displacement (p = 0.0007) compared to the PPS between 5-45 mmHg,
but had similar average circumferential strain, Egg, and maximum shear strain, [',,,. The E,,,, and [y
were highest near the LC-PPS interface and lowest in the nasal quadrant of both tissues. Larger LC area was
associated with smaller E,,,, in the peripheral LC and larger E,,,, in the central LC (p < 0.01). The E,4;,
I')uax, and Egg in the inner PPS increased with increasing strain in adjacent LC regions (p < 0.001). Smaller
strains in the PPS were associated with a larger difference in the posterior displacement between the PPS
and central LC (p < 0.0001 for E,,,, and E,,), indicating that a stiffer pressure-strain response of the PPS is
associated with greater posterior bowing of the LC.
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1. Introduction

The optic nerve head (ONH) is a structure in the back of the eye that supports the axons of the retinal
ganglion cells (RGC) as they exit the eye. The RGC axons in the ONH traverse a connective tissue structure
called the lamina cribrosa (LC) [1-4], composed of a stack of cribiform plates [5] containing mostly collagen
and elastin [6, 7] that form a beam and pore network structure when viewed en face. Elastin and collagen
fibers from the LC beams insert circumferentially into a 1-2 mm wide [8] annular region of the sclera called

the peripapillary sclera (PPS) [9]. The LC is thinner [10, 11] and less dense in collagen and elastin than the
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surrounding PPS [9]. Thus, mechanically the ONH can be considered a composite structure composed of
an inner more compliant shell supported by a stiffer outer ring. The mismatch in material stiffness causes
the hoop stresses induced by the intraocular pressure (IOP) to concentrate in the PPS. To minimize changes
to the scleral canal opening from IOP fluctuations, the scleral thickness is maximum at the PPS and the PPS
is mechanically reinforced by a highly aligned, circumferential arrangement of collagen and elastin fibers
[8, 9].

The biomechanical behavior of the ONH is widely considered to play an important role in RGC dysfunction
and death in glaucoma [12-16]. Excessive strains in the ONH induced by changes in either intraocular or
intracranial pressure may alter the nutritional capability of capillaries supporting ONH axons. Larger tensile
strains within the LC, PPS, and their junction may promote stretch activation of resident astrocytes and
lamina cribrocytes. This may alter the physiological support for the axons passing through the LC and
lead to detrimental remodeling of the ONH connective tissues. Glaucoma is characterized by significant
ONH remodeling, in which the LC progressively thins, develops a more bowed shape, and assumes a more

posterior position relative to the PPS [17-22].

Experimental studies have investigated the pressure-induced deformation response of the ONH of post-mortem

human [23-25], porcine [26, 27], and mouse [28, 29] eyes. These studies have generally reported a
heterogeneous strain field within the LC, with regions of large strains exceeding 10%. We developed an

ex vivo inflation test method that used second harmonic generation (SHG) imaging and digital volume

correlation (DVC) to measure the 3D deformational field resulting from an increase in IOP with micrometer-scale

resolution [24]. We found that the in-plane strains were larger in the peripheral than central region of the LC.
Moreover, both the largest in-plane tensile and shear strains were concentrated at the boundary between the
LC and PPS. Strains were also consistently higher in the inferior, superior, and temporal regions compared
to the nasal region. The larger strains in the peripheral LC were associated with a larger pore area fraction
and lower connectivity [30]. These experimental findings agree with recent specimen-specific modeling
studies of ovine eyes by Voorhees et al. [31], which predicted strain heterogeneity with higher stretch of
LC pores near the PPS interface. In this model, material properties influenced the level of strain within the
ONH, but patterns of strain variation were primarily determined by LC microstructure and pore geometry.

The higher strains in the peripheral LC may also be caused by the mismatch in the curvature, thickness,
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collagen/elastin fiber orientation, and mismatch in material properties of the LC and PPS. Jan et al. [32]
studied the variation in collagen fiber crimp within the LC and PPS with IOP in ovine eyes and found that
collagen fiber crimp decreased with IOP and that fiber waviness and recruitment fraction was higher in the
PPS compared to the LC as IOP increased. These findings suggest a significant difference in the nonlinear
pressure-strain response of the two tissues.

Computational modeling studies have demonstrated that the ONH deformation and stress states are
strongly influenced by the intraocular pressure (IOP) and mechanical properties of the LC and surrounding
sclera [33-37]. Sigal et al. [38, 39] showed that the stiffness and thickness of the LC and PPS had the largest
influence on IOP-induced deformation response. The IOP-induced deflection of the LC is most sensitive to
the elastic modulus and thickness of the LC [40] and that this displacement can be anterior or posterior
relative to the surrounding PPS. Scleral canal expansion was most sensitive to the elastic modulus and
thickness of the sclera [36]. Coudrillier et al. [27] investigated the pressure-induced strain response of the
sclera using stereoscopic imaging and 3D-DIC [41], and of the LC using micro-CT imaging and DVC [26]
in two different groups of porcine eyes. They observed that stiffening the sclera by collagen cross-linking
using local application of glutaraldehyde caused strains in the sclera and LC to decrease, with tensile strains
decreasing more in the LC than in the sclera. This shows that the stiffness of the sclera significantly affects
deformation of the ONH; however, the authors did not measure strains in both the sclera and LC of the same
eye.

Previous inflation tests of the sclera using 3D digital image correlation (DIC) did not have sufficient
resolution to determine strains in the ONH [35, 41, 42]. Pavlatos et al. [43, 44] developed an ultrasound
scanning method with 3D ultrasound speckle tracking simultaneously to measure the strains in the PPS and
LC of porcine and human eyes; however, the ultrasound imaging method does not have sufficient resolution
to measure regional variation in the strain response at the level of LC structural features. In this study,
we present a method to measure simultaneously the 3D deformation in the LC and PPS volume, which
was implemented in 13 post mortem, normal human eyes under controlled pressurization with micrometer
resolution. Regional strain variation in the LC and PPS was investigated and strains were analyzed for
differences and associations with age, LC area, LC strain magnitude, and LC posterior displacement relative

to the PPS.
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Eye ID Sex  Age (yr) Race Right/Left Eye

Specimen 1*  Female 90+ Caucasian Right
Specimen 2*  Female 90+ Caucasian Left
Specimen 3*  Female 64 Caucasian Right
Specimen 4*  Female 64 Caucasian Left
Specimen 5* Male 79 Caucasian Right
Specimen 6* Male 79 Caucasian Left
Specimen 7* Male 61 Caucasian Right
Specimen 8* Male 61 Caucasian Left
Specimen 9* Male 61 African American Right
Specimen 10*  Male 61 African American Left
Specimen 11 Male 76 Caucasian Right
Specimen 12*  Female 83 Caucasian Right
Specimen 13* Female 83 Caucasian Left

Table 1: The demographics of the human donor eyes used for inflation testing. * Indicates a left and right
eye pair.

2. Methods

2.1. Specimen preparation and inflation test

Thirteen human eyes from 4 male and 3 female donors between the ages of 61-100 years (mean 74412
years) with no history of glaucoma were obtained from the National Disease Research Interchange and
Eversight Eye Bank ( Table 1). Donor eyes were shipped on ice wrapped in wet gauze within 24-48 hours
post-mortem.

Posterior scleral specimens were prepared and imaged within 72 hours post-mortem at 18°C and at
ocular pressures of 5, 10, and 45 mmHg. Images taken at 5 mmHg represented the baseline (unloaded)
ONH state, as this was approximately the lowest pressure at which the average eye would hold its shape
based [24]. The optic nerve was cut flush with the sclera to expose the LC (Fig. 1a), and the cornea,
anterior sclera, choroid, and retina were removed. The posterior scleral cup was glued to a polycarbonate
ring (Fig. 1b), which was mounted on a custom inflation holder (Fig. 1c). Scleral specimens were imaged
following a protocol similar to our previous studies [24, 25], but with several changes. The posterior surface
of the LC for each specimen was aligned with a 10x Apochromat, 0.45 NA, water-immersion, inverted
imaging objective for a Zeiss, laser-scanning microscope (LSM 710 NLO, Oberkochen, Germany) used in

2P imaging mode (Fig. 1d). Specimens were imaged using a coherent Chameleon Ultra II laser with an
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excitation wavelength of 780 nm and a laser power of 12-17%. The SHG of collagen (Fig. 1e) was collected
using a bandpass filter of 390-410 nm, and the two photon fluorescence (TPF) of elastin (Fig. 1f) was
collected using another bandpass filter of 470-550 nm . In SHG, specimens are imaged with two-photon
excitation near 800 nm. At this wavelength, collagen will absorb the two photons and emit one higher energy
photon at half the wavelength, allowing for imaging of the structure of collagen in 3D [45]. Elastin fibers

will also autofluoresce under SHG excitation in the range of 470-550 nm.

/

By
:

. water column 5. specimen
2. fluid line 6. inverter

»/ 3. custom holder 7. objective
4. 10x lens 8. computer

Figure 1: Experimental setup for the inflation test of the human LC and PPS of the same eye showing the
a) ONH cut flush to the sclera; b) ring-mounted posterior scleral cup; c) custom inflation holder; d) Zeiss
LSM 710; e) the maximum intensity projection of the SHG image volume and f) of the TPF image volume
for specimen Specimen 2; and g) the imaging setup with components labeled.

The gain for the TPF and the SHG channels was tuned separately (Zeiss 2015, Oberkochen, Germany)

to balance the brightness of the images within the LC from SHG and TPF and prevent the acquisition of
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oversaturated pixels. For the TPF channel, we used a master gain of 500-570, a digital gain of 1.0, and a
digital offset of 4. For the SHG channel, we used a master gain of 630-700, a digital gain of 1.0-1.1, and a
digital offset of 8. The TPF signal was also found to be more sensitive to the presence of surface debris from
the removal of the post-LC myelinated optic nerve. We found that tissue debris could appear in the TPF
images around the LC pores and at the cut LC surface after the first pressurization to 45 mmHg. To solve
this issue we first pressurized the specimen to 45 mmHg and equilibrated for 10 minutes. The surface of the
LC and PPS was then cleaned of any debris by rinsing the sample surface with PBS before the pressure was
lowered back to the baseline pressure of the experiment. This resulted in a more stable TPF signal over the
course of the inflation experiment.

The pressure was set to 5, 10, and 45 mmHg for each specimen using an external water column . Each
sample was equilibrated for at least 25 minutes at each pressure before imaging , and imaging speed was
maximized so as to minimize the effects of creep. For 4 specimens we imaged at additional intermediate
pressures of 7.5 mmHg and 25 mmHg to characterize the nonlinear pressure-strain response. The X and Y
directions within each image were aligned with the nasal-temporal (N-T) and inferior-superior (I-S) axes of
the LC respectively, and the out-of-plane (anterior-posterior) direction was designated as Z (Fig. 1f). Two
duplicate Z-stacks containing 2x2 tiled images of 512x512 pixels, with a 15% overlap were acquired at each
pressure, starting at the lowest visible depth in the LC and PPS with images taken sequentially every 3 or
5 um up to the posterior LC and PPS surface. 2x2 tiled images were required because the 10x lens did not
have a wide enough field of view to image the entire LC. We were able to image 200-300 um deep into
the LC from the cut surface and 25 um deep into the PPS, and total image depth varied between 250-400
um for all specimens. The image acquisition time varied between 4-6 minutes for each 2x2 tiled Z-stack
depending on the imaging depth. In some early specimens imaged with 3 m Z-spacing, the imaging time
exceeded 5 minutes, which could result in baseline positional errors > 1 um due to creep (Supplemental
Table S2). We increased the Z-spacing to 5 um and decreased the zoom factor to 0.6x for later specimens
to reduce the effects of creep and to image a larger PPS region. This change in Z-spacing was found to
result in smaller displacement and strain errors in the pilot eye Specimen 8 (Supplemental Sec. S2.4). The
X and Y resolution within the images was either 2.55 or 2.77 um/pixel for a zoom factor of 0.65x or 0.60x

respectively (Supplemental Table S1).
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2.2. Image post-processing

The SHG and TPF Z-stacks were imported into FIJI [46], and the image channels were split into two files
containing the TPF and SHG signals. The SHG and TPF Z-stacks were post-processed by deconvolution
using a theoretical point spread function using the iterative deconvolution function in Huygens Essentials
(SVI, Hilversum, NL), a background value of 10 and a signal to noise ratio of 3. This step significantly
reduced the image noise, blur, and average background intensity from the images. The contrast of the SHG
and TPF image volumes were enhanced using piecewise contrast limited adaptive histogram equalization

(CLAHE) within FIJI [46].

2.3. Division of the LC and PPS

The maximum intensity projection of the SHG image volume was created in FIJI [46] and used to
separate the LC and PPS. The sclera appeared in the maximum intensity projection as an oversaturated
region that was significantly brighter compared to the LC. The boundary between the LC and PPS was
defined by manually picking points on the maximum intensity projection using FIJI (Fig. 1e). An ellipse was
fit to the points using the Matlab function fit_ellipse (Ohad Gal, 2003), and used to segment the displacement
field corresponding to the LC from the PPS. The LC area was approximated as the area of the ellipse, A =
mab. A second ellipse 200 pm larger in radius was used to segment the inner PPS from the rest of the PPS.
The center of the central retinal artery and vein (CRAV) was manually marked and a circle of radius r =
200 um was used to segment the central LC from the CRAV, which was excluded from the regional strain
analyses because of the CRAV s stiffer strain response and poorer correlation. A circle of r = 200 um was
sufficient to fully encircle the visible CRAV for all specimens [24]. The central and peripheral regions of
the LC were divided by calculating the mid-radial distance between the points marked on the LC opening
and the CRAV circle. The central LC (1), peripheral LC (2), and inner PPS (3) were further divided into the
superior (S), inferior (I), temporal (T) and nasal (N) quadrants using 45° and 135° bisectors centered on the
CRAV. The inner PPS and peripheral LC quadrants were also divided using 0° and 90° bisectors centered
on the CRAV. These divisions resulted in 8 regions in the PPS, 8 regions in the peripheral LC, and 4 regions

in the central LC within which displacement and strain results were averaged and compared (Fig. 2).
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Figure 2: The segmentation of the central LC (1), peripheral LC (2), and PPS (3) and circumferential
divisions within the LC and PPS for specimen Specimen 12.

2.4. Digital volume correlation

The Fast Fourier DVC (FIDVC) algorithm developed by Bar Kochba et al. [47] was used to analyze
the SHG and TPF volumes in order to calculate the 3D displacement components Uy, Uy, and Uz between
the reference pressure of 5 mmHg and the test pressures. In DVC, the images are divided into subvolumes
surrounding points defined in the reference image at baseline pressure. These are compared to subvolumes
at subsequent pressures for displacement tracking. FIDVC refines the resolution of the displacement field
through successive iterations where the subvolume size is reduced and the spacing between displacement
calculations is halved. This protocol used a starting subvolume size of 128x128x64 pixels and a coarse
calculation spacing of 32x32x16 pixels, which was refined through 4 iterations to a final subvolume size

of 64x64x16 pixels and calculation spacing of 4x4x2 pixels [24]. Volumes were correlated incrementally

between each pressure step to avoid decorrelation errors from large deformations. The cumulative displacement

fields for inflation from 5-25 and 5-45 mmHg were obtained from the sum of the incremental displacement
fields from 5-10 mmHg and 10-25 mmHg and from 5-10 and 10-45 mmHg. FIDVC correlation and strain
calculation was conducted using a 2013 Macbook Pro (16 GB RAM, 2.8 GHz Intel Core i7 processor).
Correlation took 7 hours and displacement post-processing and strain calculation took 1 hour per pressure

increment. The cross-correlation coefficients and components of the displacement field in microns were
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exported for subsequent analysis of DVC error and uncertainty. Volumes were correlated incrementally

between each pressure step to avoid decorrelation errors from large deformations.

2.5. Displacement post-processing

The baseline positional error, which includes the effects of creep during image acquisition, was estimated
for all specimens by correlating the 2 duplicate image volumes acquired at 5 mmHg using DVC as described
previously [24]. The DVC correlation errors were estimated by numerically applying a rigid body displacement
and a uniform triaxial strain state that was 2% tension in X and Y and 5% compression in Z, applying
DVC to calculate the displacement field, and calculating the difference between the numerically applied
displacements and the DVC displacements at each point to define a displacement error field. Likewise,
the strain error field was calculated as the difference between the numerically applied strains and the
DVC displacements at each point. The baseline and DVC correlation displacement and strain errors were
summarized using 4 metrics: bias (average of the error field), uncertainty (standard deviation of the error
field), average absolute error (average of the absolute value of the error field), and absolute uncertainty
(standard deviation of the absolute value of the error field), as shown in Supplemental Sections S1.3-S1.4.
Error analysis was performed separately for the SHG and TPF image volumes and averaged within the LC
and PPS (Supplemental Sec. S2.2).

We developed the following sequence of filters to remove regions with poor DVC correlation, high
displacement errors, and displacement outliers. The specifications of the displacement filters, such as the
threshold and subset size, and the settings used for image post-processing (Section 2.2), were selected from
a study that varied the settings one by one for a specimen with poor contrast to determine their effects on
the error metrics. The settings selected reduced the average bias in the X and Y displacement error to less
than 0.32 pixel (< 0.8 um) and the average absolute X and Y displacement errors to less than 0.4 pixel (<
0.9 um).

We first applied a DVC correlation coefficient filter, which removed regions with a DVC correlation
coefficient < 0.001 within the LC and < 0.01 within the PPS. Regions with cross-correlation coefficients
below these values corresponded to dark or oversaturated areas with low contrast. We were only able to
image the more superficial 25 um of the PPS, as deeper features appeared out of focus and shadowed

by the overlying tissue. The shadowed areas had lower contrast; thus, we used a larger DVC correlation
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coefficient threshold of 0.01 for the PPS to remove shadowed areas. The displacements were masked by
the DVC displacement error fields to remove points with an absolute error exceeding 2 um (Supplemental
Sec. S1.4). Displacement calculations within 40 pixels (110 um) of the edges of the image volumes in the
X —Y plane were also removed because pressurization to 45 mmHg caused these points to displace outside
of the imaging region. We further removed displacement outliers that deviated by more than 10 um from the
average displacement of the surrounding 15x15 grid point (77x77 um) neighborhood (Supplemental Sec.
S1.2). A 3D Gaussian filter was applied to smooth the remaining displacements and to interpolate within
small holes in the displacement field within the X — Y plane (Supplemental Sec. S1.2). The effects of the
post-processing steps are illustrated for Specimen 10 at 3 Z depths in Supplemental Section S2.3.

The visible surface of the PPS region appeared planar (flat) in the TPF volumes because of specimen
preparation, which progressively shaved the ONH with a scalpel to expose the connective tissue beams of the
LC as described in Midgett et al. [24]. The imaged depth of 25 um was also too small to accurately calculate
the displacement gradient in Z. Thus, the displacement components, Uy, Uy, and Uz of the PPS regions were
averaged through Z and smoothed using a 2D Gaussian filter prior to strain calculation (Supplemental Sec.
S1.2). DVC analysis within the LC was fully 3D with accurate displacement calculations through 200 ym
of depth, but DVC within the PPS was similar to 3D-DIC, with accurate 3D displacement calculations only

on the surface of the PPS.

2.6. Strain calculation

The components of the Green-Lagrange strain tensor within the LC were calculated from the displacement
gradients of the smoothed displacement field (Supplemental Sec. S1.1). The displacement components Uy,
Uy, and Uz were smoothed globally in the LC; however, a local smoothing scheme was used for the PPS
surface because it was simpler to apply to the irregular shape. For the LC, the displacement components
were fit to a 6th-order polynomial in the X and Y directions and a 1st-order polynomial in the Z direction.
A linear fit was used in Z because of the poorer resolution and because the dimension in Z was significantly
smaller than in X and Y [24]. For the PPS, the Z-averaged displacement components / = X, ¥, Z in the
23x23 (250x250 um), X-Y neighborhood around each grid point were fit to a plane as, Uy = aX + bY +c.

The displacement gradients in the LC and PPS were evaluated from the smoothed displacement fields at each

10
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214 coordinate system as,
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To prevent calculation of strains in areas of poor correlation, displacement gradients were only evaluated
at grid points if 80% or more of the points in the surrounding 5x5 neighborhood had displacement correlation.
The in-plane strain components Exx, Eyy, and Exy were used to calculate the maximum principal strain

E,.ux and the maximum shear strain I',,,, in the X-Y plane at each grid point in the LC and PPS as,

Exx+E Exx — E
E,. — XxtEy xx — Eyy
2 2
Exx —Eyy\*
Fmax - (2> +EXY2-

220
21 determined for each grid point by calculating the angle between a line

222

223

11

2
> + Exy?,

3

To calculate the strain components in the cylindrical coordinate system, the angular position 8 was

connecting the center of the CRAV

region, defined in Sec. 2.3, and the X axis, aligned with the nasal-temporal direction. The radial strain E,,,

the circumferential (hoop) strain Egg, and the radial-circumferential shear strain E,9 were calculated using
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coordinate transformation as,

E,, = Exx cos> 0 + 2Exy cos 8sin 0 + Eyy sin’ 0,
Egp = Exx sin® @ — 2Eyy cos 0 sin 6 +EyyC0529, 4)

E.o = (Eyy — Exx)cos 0sin6 — Exy (sin” 6 — cos” ) ,

2.7. Statistics

The strain measures E,., Egg, Enqy, and 1,4, between 5-10, 10-45, and 5-45 mmHg were averaged
both overall and for each region of the LC and PPS. The anterior-posterior displacement Uz between 5-10,
10-45, and 5-45 mmHg was averaged in the full LC, central LC, peripheral LC, and inner PPS. Linear
models were used to test for: 1) differences in Uz and the strain outcomes in the central LC, peripheral
LC, and inner PPS; 2) differences in the strain outcomes between the nasal, superior, temporal, and inferior
quadrants of the central LC, peripheral LC, and inner PPS; 3) differences in the relative magnitude of Egg
and E,, within the full LC and PPS; 4) associations between the strain outcomes and the donor age, LC area,
and difference in Uz between the central LC and PPS, which indicates bowing; 5) associations between
regionally-averaged strains within the peripheral LC and adjacent PPS; and 6) differences in strain between
5-10 mmHg and 10-45 mmHg. In 5 of the eyes (Specimens 1, 4, 7, 11, and 13), one out of eight of the inner
PPS regions was mostly dark and failed to correlate (< 40% correlation). These regions were omitted from
the analysis, leaving 99 regional strain measures for comparison of strain in the peripheral LC and inner
PPS.

For analysis of data with one measurement per eye, all estimates and p-values are from general linear
models, which take into account the correlation in outcome between the 2 eyes of a single donor. For
all outcomes, the normal distribution function and the link identity function were used with the general
linear models. For analysis of data with more than one measurement per eye, all estimates and p-values
are from linear mixed models, which take into account the donor as a random effect as well as correlations
among the repeated measurements from one eye. The explanatory variables in the models, such as region
or quadrant, were fixed effects. Measurements from different regions of the LC and PPS of a single eye

were assumed to have a compound symmetry correlation structure, in which the measurements from any

12
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2 of the 20 regions have the same correlation. For both types of models, least squares means were used
to estimate mean outcome. The Tukey-Kramer method was used to adjust significance levels for multiple
pairwise comparisons. An estimate or a comparison was considered significant if the corresponding p-value

from the model was 0.05 or less. All analyses were performed using SAS 9.2 (SAS Institute, Cary, NC).

3. Results

3.1. Displacement and strain errors

3.1.1. Baseline positional and DVC correlation errors

The baseline positional errors and DVC displacement and strain errors are summarized in each eye in
Supplemental Section S2.2. Within TPF images of the LC and PPS, the Uy and Uy bias was less than or
equal to 0.70 um (0.27 pixel), uncertainty was less than or equal to 0.47 um (0.18 pixel), and average
absolute error was less than or equal to 0.81 um (0.30 pixel). Uz bias, uncertainty, and absolute average
error was less than or equal to 3.6 um (0.72 pixel), indicating poorer resolution in the Z direction. The
Exx, Eyy, Exy bias was less than or equal to 0.0006, uncertainty was less than or equal to 0.0023, and
average absolute error was less than or equal to 0.0017. Bias estimates average DVC accuracy over a large
area, whereas absolute average error estimates average DVC accuracy at a single point. Average absolute
displacement and strain errors in the LC and PPS were similar, demonstrating that DVC correlation and
strain calculation in each tissue had similar accuracy (Supplemental Tabs. S2-S4). For DVC analysis of
the SHG images of the LC, average absolute displacement errors were 2%-9% higher and average absolute
strain errors were 20%-27% higher than determined for the TPF volumes of the LC. The higher DVC errors
in the SHG images were localized at the LC-PPS boundary, where the DVC correlation was poor because
of the poor contrast of the PPS ( Table S3, Supplemental Figs. S5-S30).

Ezz absolute average error within TPF images of the LC was less than or equal to 0.028, an order of
magnitude larger than the in-plane strain errors. Ezz could not be calculated in the PPS because the imaged

depth of 25 um was too small. For these reasons, Ezz strain was not compared in this study.
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3.1.2. Comparison of strain from SHG and TPF image volumes

The difference between the LC strains measured by DVC for inflation from 5 to 45 mmHg from
the SHG volumes and the LC strains measured from the TPF volumes was calculated at each grid point
for the in-plane strains E,,, Egg, Erg, Emax, and I'yq in all 13 eyes and then averaged in the LC. The
average absolute strain differences between the TPF and SHG image volumes were small, varying from
0.00046-0.00133 (Supplemental Table S6), which were less than the average absolute DVC errors measured
for the in-plane strain components (Supplemental Table S3). This indicated that the elastin and collagen
structures deformed together at the resolution of the DVC correlation. Further analyses in the sections

below were performed using the displacements and strains obtained from the TPF image volumes.

3.2. Deformation of the LC and PPS

All 13 eyes exhibited significant posterior deflection of the LC and PPS between 190-600 ptm for
inflation from 5 to 45 mmHg. The posterior deformation varied by up to 50 um across the LC and PPS
surface, resulting in a variety of deformed LC shapes at 45 mmHg (Fig. 3). The LC displaced posteriorly
relative to the PPS by 0.6-21.0 um on average for each specimen (p = 0.0007, n = 13, Table 2). Strains
within the LC and PPS increased nonlinearly with pressure showing a J-shaped curve typical of soft,
collagenous tissues (Fig. 4). Within the LC, E,, and Egg were predominantly tensile and the average shear
strain E,g was an order of magnitude smaller than E,, and Egg. Within the PPS, Egg was predominantly
tensile, but E,, varied significantly between specimens (Figs. 4-5 and Supplemental Figures S7-S32). Four
specimens had an average compressive E,, in the range of -0.4% to -2.2%, two had E,, that was less than
0.3%, and seven had an average tensile E,, in the range of 0.5% to -2.9%. Among the 13 specimens, the
average E,, (1.9 £0.5%) was larger than Egg (1.5£0.5%) in the LC (p = 0.05,n = 13, Fig. 8), while Egg
(1.5 £0.5%) was significantly larger than E,, (0.3 £1.3%) in the PPS (p = 0.002,n = 13, Fig. 8) because

the PPS region of nearly half of the specimens had an average E,, that was negative or near zero.

3.2.1. Effects of age
In the narrow age range (61-100 years) of the 13 specimens, the strain outcomes were not significantly

associated with age in the LC or PPS (p > 0.3, Fig. S5, Supplemental Table S7).
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Figure 3: The Uz displacement contours (4m) for inflation from 5-45 mmHg, the sum of the pressure
increments 5-10 and 10-45 mmHg, within the LC and PPS for specimens a) 1, b) 2,c) 3,d) 4,e) 5, 1) 6, g)
7,h)81)9,j) 10, k) 11, 1) 12, and m) 13. The LC displaced more posteriorly than the PPS on average, and
the deformed shape varied significantly between different specimens.

QOutcome, 5-45 mmHg | Average in LC Average in Inner PPS Estimated Mean p-value
(n=13) Difference (95% CI)
Uz (um) 366.56+105.93 359.214+109.93 7.81(3.29, 12.33) 0.0007

Table 2: Comparison of the posterior displacement Uz in the LC and PPS for inflation from 5-45 mmHg, the
sum of the pressure increments 5-10 and 10-45 mmHg. The posterior displacement was significantly larger

in the LC compared to the PPS (p = 0.0007,n = 13).
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Figure 4: The specimen-averaged pressure-strain response for inflation from 5-45 mmHg, the sum of the
pressure increments 5-10 and 10-45 mmHg, in the LC (—) and PPS (- -) for E,, Egg (left column) and E,,,,,
[ax (right column) for: a-b) Specimen 1, c-d) Specimen 2, and e-f) Specimen 13. Deformation within the
LC was predominantly tensile with small I',,,,,. E,, was smaller in the PPS compared to the LC and could
be (a) tensile, (c) near-zero, or (e) compressive on average. Error bars indicate +1 standard deviation.
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Figure 5: Colored contour maps for the thickness-averaged full-field displacement (tm) and strain response
for inflation from 5-45 mmHg, the sum of the pressure increments 5-10 and 10-45 mmHg, calculated by
DVC from the TPF volume for Specimen 11, showing the displacement components a) Uy, b) Uy, c) Uz,
and strain components d) E,,, €) Egg, ) Erg, ) Enaxs h) Tinax. 1) The 3D plot of the posterior displacement
Uy displacement showing the deformed shape. This LC exhibited large posterior bowing relative to the PPS.
In the LC, E,, and Egg were tensile. For this specimen, Egg was tensile and E,. was compressive in the
PPS. The I, was largest at the LC-PPS interface. The maximum intensity projection of the TPF images
are overlaid for illustrative purposes.
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Figure 6: Variation in the average strains E,., Egg, Emnax, I mqr for inflation from 5-45 mmHg, the sum of
the pressure increments 5-10 and 10-45 mmHg, with LC area in the a) central LC, b) peripheral LC, and
c¢) inner PPS. Increasing LC area was associated with increased central LC strains and decreased peripheral
LC and PPS strains.

3.2.2. Effects of LC area

The average LC strains were not significantly associated with the area of the LC. However, strains in the
central LC increased significantly with increasing LC area (Egg: p = 0.01, E,,4x: p = 0.01, n = 13, Fig. 6a,
Table S8), while strains in the peripheral LC decreased significantly with increasing LC area (E,: p = 0.01,
Enax: p=0.01, n =13, Fig. 6b, Table S8). Strains in the inner PPS decreased with increasing LC area

(Egg: p=0.02, E;ux: p=0.07, n =13, Fig. 6c¢, Table S8)
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Figure 7: Comparison of average strain in the central LC, peripheral LC, and inner PPS (n = 13) for inflation
from 5-45 mmHg, the sum of the pressure increments 5-10 and 10-45 mmHg: a) E,,. is largest in the
peripheral LC, b) Egg is similar in all 3 regions, ¢) E,,, is largest in the peripheral LC, and d) I’y is
smallest in the central LC. Box plots were generated using the Matlab function boxplot where the central
line within each box represents the median of the group, the top and bottom edges of each box represent the
25th and 75th percentiles respectively, the whisker lengths extend to the most extreme values not considered
outliers, and the outliers (+’s) are the values outside of the 2.7 range.

3.2.3. Regional strain variations in the LC and PPS

The E,ux, Err, and 'y, were significantly higher in the peripheral LC regions than in the central LC
regions (p < 0.002, Fig. 7a,c-d, Table S9), and E,,,, and E,, were significantly higher in the peripheral LC
regions than in the inner PPS regions (p < 0.0001, Fig. 7a,c, Tab S9). However, I',,, was significantly
higher (p < 0.0001, Fig. 7d, Tab S9) and E,, was significantly lower (p = 0.001, Fig. 7a, Tab S9) in the
inner PPS compared to the central LC. The circumferential strain Egg was similar in all 3 regions (p > 0.5,
Fig. 7b, Tab S9).

The maximum principal strain E,,,, and maximum shear strain I',,,, varied significantly between the
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Figure 8: Comparison of average E,, and Egg (n = 13) for inflation from 5-45 mmHg, the sum of the
pressure increments 5-10 and 10-45 mmHg: a) within the LC, where E,, was larger than Egg and b) within
the PPS, where Egg is larger than E,,.

Region | Strain Outcomes Estimated Mean p-value
5-45 mmHg Strain (95% CI)
Full LC E,, 0.0188 (0.0156, 0.0220) 0.05
(n=13) Egg 0.0149 (0.0117, 0.0181)
Inner PPS E., 0.0032 (-0.0044, 0.0108)  0.002
(n=13) Egp 0.0148 (0.0073, 0.0224)

Table 3: Comparison of the average E,, and Egg for inflation from 5-45 mmHg, the sum of the pressure
increments 5-10 and 10-45 mmHg, in the full LC and inner PPS. The E,, was greater than Egg in the LC
(p = 0.05,n = 13), with the exception of the 2 LC with largest area. The E,, was significantly smaller than
Egg in the PPS (p = 0.002,n = 13), and could be compressive.
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Figure 9: Comparison of average I, for an inflation from 5-45 mmHg, the sum of the pressure increments
5-10 and 10-45 mmHg, in the superior (S), inferior (I), nasal (N), and temporal (T) quadrants (n = 13): a)
[0 Was smallest in the nasal and superior quadrants within the central LC, b) [',,,, was smallest in the
nasal quadrant within the peripheral LC, and c) I';;,,,, was smallest in the nasal and superior quadrants within
the inner PPS.

quadrants in the central LC, peripheral LC, and inner PPS (Fig. 9, Table S10). For all 3 regions, E,,, was
smallest in the nasal quadrant and highest in the inferior or temporal quadrants and I',,,,, was smallest in the
nasal and superior quadrant and highest in the inferior and temporal quadrants. The full comparison of each

strain measure between the quadrants is shown in Supplemental Table S10.

3.2.4. Relationship between LC and PPS strains

We next compared the average strain in the LC and PPS and examined for associations between strains
in the 8 peripheral LC regions (Fig. 2) and in the adjacent 8 inner PPS regions (Fig. 10, Table 4). In general,
the strain outcomes in the inner PPS increased with increasing strain in the adjacent LC regions (Egg: p <

0.0001, E,qx: p=0.001, I'yax: p < 0.0001,n =99, Fig. 10a-b,d). The highest correlation coefficient was
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Regional Strain  Associations (n=99) | Mean Change in PPS Strain with unit p-value
Peripheral LC Inner PPS increase in adjacent LC Strain (95% CI)
E,, E,, -0.1818 (-0.4138, 0.0502) 0.12
Egg Egg 0.4847 (0.3583,0.6111) < 0.0001
Epnax Epx 0.2916 ( 0.1294, 0.4538) 0.001
| P Cax 0.5624 (0.4116,0.7131) < 0.0001
E,, Egg 0.2455 ( 0.1638, 0.3273) < 0.0001
Ego E,, -0.3796 (-0.8059, 0.0468) 0.08

Table 4: Associations between the regionally-averaged strains in the peripheral LC and inner PPS (n =
99) for inflation from 5-45 mmHg, the sum of the pressure increments 5-10 and 10-45 mmHg. The E,,,;,
Egpp, and I, in PPS regions increased with the same strain components in adjacent LC regions (p <
0.001,n = 99). In addition, Egg in PPS regions increased significantly with E,, in adjacent LC regions
(p <0.0001,n=99), and E,, in PPS regions decreased with Egg in adjacent LC regions (p = 0.08,n = 99).

calculated for the circumferential strain, Egg, which was not statistically significantly different between the
inner PPS and peripheral LC. The circumferential strain Egg in the inner PPS also increased with increasing
radial strain E,, in the peripheral LC (p < 0.0001,n =99, Fig. 10e, Table 4). In contrast, E,, in the inner PPS
decreased with increasing Egg in the peripheral LC (p = 0.08,n = 99), though the trend was not statistically
significant because of large variations in E,, (Fig. 10f, Table 4).

To investigate the influence of the PPS on LC deformation, we compared the ratio of Egg for inflation
from 10-45 mmHg and 5-10 mmHg ( Eé?f“s/EgglO) in the LC and PPS. The ratio Eé%*“s/EgglO was
significantly smaller in the inner PPS (1.6 4+ 0.4) than in the full LC (2.0£0.7) (p = 0.02, Fig. 11a), which
suggests that the pressure-strain response of the inner PPS exhibited greater stiffening at higher strains than
the LC. The ratio £ ég’“ JE 3510 was also smaller in the peripheral LC (1.8 +-0.7) compared to the central LC
(2.8+1.9), but the comparison was not significant because of large variations in the central LC (p = 0.08,
Fig. 11b).

To investigate the effect of the inflation response from 5-45 mmHg of the PPS on the posterior bowing
of the LC, we calculated the difference in the average posterior displacement Uz in the inner PPS and the
central LC, which we will refer to as the posterior bowing of the LC. The posterior bowing of the LC
decreased significantly with increasing E,,,, (p < 0.0001,n = 13, Fig. 12a) and with decreasing E,, (p <
0.0001,n = 13, Fig. 12b) in the inner PPS. The LC posterior bowing also tended to decrease with increasing
circumferential strain Egg (p = 0.31,n = 13, Fig. 12¢) and maximum shear strain I, (p = 0.10,n = 13,

Fig. 12d) in the inner PPS. The E,, in the inner PPS also decreased with increasing U, difference between
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Figure 10: Variations in the strain response of the inner PPS with variations in the adjacent, peripheral LC
strain response for inflation from 5-45 mmHg, the sum of the pressure increments 5-10 and 10-45 mmHg,
showing a) the E,,,, in the PPS increased with E,,,, in the LC, b) the ;4 in the PPS increased with [, in
the LC, c) the E,, in the PPS did not vary significantly with E,, in the LC, d) the Egg in the PPS increased
with Egg in the LC, e) the Egg in the PPS increased significantly with E,, in the LC, and f) the E,, in the
PPS decreased with Egg in the LC.
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Figure 11: Comparison of the ratio of Egg for inflation from 10-45 mmHg and from 5-10 mmHg
(Eé%_45 /Egglo) a) in the full LC and inner PPS and b) in the central and peripheral LC. The ratio
Eé(gf45 / ES;IO was significantly larger in the LC compared to the PPS (p = 0.02,n = 13) and trended larger
in the central LC compared to the peripheral LC (p = 0.08,n = 13).

Outcome 1 Outcome 2 Estimated Mean Difference  p-value
(n=13) n=13) in Outcomes 1 and 2 (95% CI)
Epo % JE5°, LC Full Epo % JE5,'°, Inner PPS 0.3831 ( 0.0624, 0.7038) 0.02
Eyy ¥ /Ej,", Central LC  Egly */E},'°, Peripheral LC 0.9690 ( -0.1015, 2.0396) 0.08

Table 5: Comparison of the ratio of Egg for inflation from 10-45 mmHg and from 5-10 mmHg
(Eé%f“S/Egglo). The ratio Eé%f“s/EgglO was larger in the full LC than in the inner PPS (p = 0.02,n = 13)
and also larger in the central LC than in the peripheral LC (p = 0.08,n = 13).

the central and peripheral LC (p < 0.0001,n = 13,Fig. 12e, Table S11).

4. Discussion

We developed an improved inflation test method to measure the 3D deformation response of the human
ONH using DVC by replacing SHG [24] with TPF. Using the TPF images dramatically improved the
accuracy of the DVC displacement correlation in the PPS and in the LC at the LC-PPS boundary, which
reduced the average absolute strain errors in the LC by 25% and made the displacement and strain errors
within the PPS and LC comparable. The average absolute difference in the pointwise strains calculated from
DVC correlation of the TPF and SHG images in the LC was 0.046-0.133%, which was less than the average
absolute DVC strain errors in the LC. This suggested that the imaged elastin and collagen structures were

colocalized and deformed together at the resolution of the DVC correlation. This is not surprising as the
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Figure 12: The association of relative U displacement between the central LC, peripheral LC, and the
inner PPS and E,, and E,,,, strain for inflation from 5-45 mmHg, the sum of the pressure increments 5-10
and 10-45 mmHg, in the inner PPS (n = 13): a) the E,,, in the PPS decreased significantly with increased
posterior bowing of the LC, b) the E,, in the PPS decreased significantly with increased posterior bowing
of the LC, c) the I',,,, in the PPS decreased with increased posterior bowing of the LC, d) the Egg in the
PPS decreased with increased posterior bowing of th®LC, and e) the E,, in the PPS decreased significantly
with increased Uy difference between the central and peripheral LC. Compressive E,, strain in the inner PPS
was associated with larger posterior LC bowing relative to the PPS and increased U difference between the
central and peripheral LC.
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elastin and collagen fibers are known to course linearly across the LC within the connective tissue beams in
histological preparations [48] ; however, their interfiber connections are not well understood. Differences
in the strain response of the collagen and elastin within the LC could indicate a lower amount of interfiber
connections or regional heterogeneity in the elastin and collagen content, but a finer spatial resolution is
needed to further investigate for these differences.

The magnitude of strains measured in the LC and PPS were within the expected ranges based on past
inflation studies. The average maximum principal strains of approximately 3% for inflation from 5-45
mmHg, the sum of the pressure increments 5-10 and 10-45 mmHg,, with local strains as large as 10%, were
similar to those reported by Sigal et al. [23] and by our prior studies for the same pressure range and age
range [24, 25]. Within the LC, the radial and circumferential strains were predominantly tensile, while the
shear strains were on average an order of magnitude smaller than the tensile strains. However, there were
localized regions, particularly in the peripheral LC, where the shear strains were comparable in magnitude
to the tensile strains. As expected, the circumferential strain in the PPS was predominantly tensile. In
contrast, the average radial strain in the PPS was either compressive or tensile depending on the specimen.
The pressure-strain relationship for both tissue structures became steeper at higher pressure (J-shaped) and
the effect was greater for the PPS than LC. The greater compliance of the LC at higher pressure may expose
the ONH axons and cells to injurious levels of strain that over time can lead to glaucoma damage.

Both the LC and PPS structures displaced posteriorly, up to 600 um, for inflation from 5 to 45 mmHg.
The posterior displacement varied by as much as 50 ym across the LC and PPS surfaces. The average LC
displacement was greater (more posterior) than that of the PPS, but only by as much as 21 pum, which was
on average less than 10% of the total displacement of the PPS. The average posterior displacement of the LC
relative to the PPS (LC posterior bowing) was greater in eyes with lower maximum principal strains in the
PPS (from 5-45 mmHg). Greater LC bowing was also associated with greater compressive radial Err strain
within the inner PPS. The higher tensile strains that would result in the central LC from greater bowing and
the higher compressive radial strains in the PPS can have detrimental effects on the physiological function
of the glial and neural tissues of the LC and on vascular nutrition for RGC axons by vessels entering the
LC through the PPS, as well as those within LC beams. These findings corroborate computational modeling

studies suggesting that a stiffer sclera relative to the LC leads to greater LC bowing [36, 37, 40], as well as
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the finding by Coudrillier et al. of greater pressure-induced LC strains in porcine eyes with sclera stiffened
by glutaraldehyde exposure [27].

Clinical OCT imaging studies of the LC anterior border displacement have shown that in early glaucoma
eyes, the anterior LC can move anteriorly or posteriorly relative to Bruch’s membrane at higher IOP [49, 50].
The work of Fazio et al. [51] suggested racial differences in this displacement, with patients of European
descent more likely to exhibit anterior displacement of the anterior LC border after large IOP increases,
while patients of African descent were more likely to exhibit posterior displacement. The recent work
of Behkam et al. [52] suggests there may also be racioethnic differences in the regional heterogeneity
of the pressure-strain response of post-mortem human eyes. However, there appears to be no significant
movement of the anterior LC border in eyes with advanced glaucoma damage [49, 53, 54]. Significant
collagen accumulation with axonal damage in advanced glaucoma eyes may stiffen the ONH relative to
the sclera and reduce the relative displacement of LC [7]. Several recent studies have also measured ONH
strain distribution in vivo due to IOP changes from clinical OCT images [50, 55]; however, there are many
differences between the clinical OCT imaging studies and the present ex vivo inflation study that prevent a
direct comparison of the respective displacement and strain response. The clinical studies involved glaucoma
subjects, who may have experienced significant remodeling of the connective tissues of the ONH and not
older patients with normal eyes. The ex vivo tests probed the deformation response of the posterior LC
volume and relative displacements were reported with respect to the posterior scleral surface, while the
clinical studies measured the displacement of the anterior LC border relative to Bruch’s membrane. In the
ex vivo inflation tests, the optic nerve was removed, which eliminated the physical constraints of the optic
nerve on LC deformation, as well as the effects of blood flow and optic nerve tissue pressure. Moreover,
a larger pressure increase was applied from a significantly lower baseline pressure of 5 mmHg, and the
applied pressure was held for 30 minutes to an hour to remove the effects of creep. IOP changes in the
clinical studies were applied on top of the physiological IOP and optic nerve tissue pressure, and the tissues
were imaged shortly after to measure deformation. Thus, the resulting LC deformation measured in clinical
studies described transient perturbations from a preloaded state, while the ex vivo studies measured the
equilibrium response of the ONH specifically to pressure elevation from a nearly unloaded state.

We found significant differences in the average strain response of the central LC, peripheral LC, and
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inner PPS. The maximum principal strain and radial strain were largest in the peripheral LC. The maximum

shear strain was smallest in the central LC and comparable in the peripheral LC and inner PPS and concentrated

at the LC-PPS border. Circumferential strain was similar in all three regions, suggesting uniform circumferential

expansion of the PPS and LC components of the ONH. Strains within the inner PPS and peripheral LC
exhibited the same quadrant variations. The maximum principal and maximum shear strains were smallest
nasally and highest inferiorotemporally. As a result, there were significant correlations in the circumferential,
maximum principal, and maximum shear strains between the inner PPS regions and the adjacent peripheral
LC regions. These findings agree with the studies of Yanhui et al. [44], who investigated the strain response
of the LC and PPS in human donor eyes using high frequency ultrasound. They found that the ONH
displaced more posteriorly after acute IOP increase than the sclera and that this was correlated with scleral
canal expansion. While this method did not have sufficient resolution to probe LC strains in regions as
small as this study, they similarly found that shear strains were higher in the peripheral ONH and inner
sclera and concentrated near the vicinity of the LC-PPS interface. In addition, they found that out of plane
compressive strains were concentrated in the anterior portion of the ONH. Coudrillier et al. similarly found
higher compressive strains in the anterior LC in porcine eyes [26].

We found no significant relationships between the LC area and the overall pressure-induced LC strains,
yet regionally, larger LC area was associated with larger strains in the central LC (E,,,, and Egg) and smaller
strains in the peripheral LC (E,,,, and E,,) and inner PPS (E,,,x and Egg). The radial strains E,, were either
compressive or tensile in the inner PPS, and the 2 specimens with greatest LC area (> 4 mm?) exhibited
compressive radial strains. Consider a simple model of the LC as a circular plate clamped to a thicker and
stiffer PPS [56]. The LC is loaded by an internal pressure and by the scleral hoop stresses generated by
the pressure. The internal pressure causes the LC to bow posteriorly relative to the PPS, producing bending
stresses that in the posterior volume are tensile in the central LC and compressive in the peripheral LC near
the LC-PPS junction [56, 57]. The scleral hoop stresses generate tensile membrane stresses that are uniform
in the LC; thus the stresses in the posterior volume of the peripheral LC and possibly the radial stress in the
inner PPS can be negative or positive depending on the relative magnitude of the bending and membrane
stresses. The bending stresses scale with the LC area, and a larger area would produce higher tensile strains

in the central LC and smaller tensile to compressive strains in the peripheral LC and inner PPS. This simple
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plate model neglects the initial curvature of the LC, the complicated structure of the LC-PPS junction, the
regionally varying anisotropy of the sclera, and its compliance. These factors can affect the strain state in the
LC and PPS. A more detailed computational modeling study is needed to investigate the origins of the ring
of compressive E,, in the PPS and the effects of these features on the deformation response of the PPS to
pressure elevation. Our previous study by Midgett et al. [24] with a wider age range did not find a significant
relationship between LC area and average LC strain, but a more recent study with more specimens by Ling
et al. [30] showed that strains in general increased with LC area. Neither study was able to accurately
measure strains at the junction between the LC and PPS.

Several limitations should be considered when interpreting the results of this study. While the correlations
between larger LC area and increased central LC bowing and strain make sense mechanically, it should be
noted that this study had only two eyes from one donor with large LC areas (> 4mm?). Ten of the donor
eyes had similar LC areas between 2.75-3.25 mm?. Further studies that include a larger range of LC areas
are needed to determine the relationship between strains and area of the LC. Preliminary analysis, showed
no significant differences in average LC and PPS strains with sex; however, we do not have enough donors
to adequately investigate for sex differences. We could image at most 300 um deep below the posterior
cut surface of the LC and obtained accurate DVC correlation in the central 200 um of this region. For the
denser PPS, we could image and obtain accurate DVC correlation reliably only 25 yum below the posterior
surface. The displacements in the PPS were averaged through the thickness of the image volume and used to
approximate the 3D displacements of the PPS surface. Thus, we cannot yet characterize the strain response
through the full thickness of the PPS. DVC accuracy was also poorer in the out-of-plane Z direction. While
the average absolute DVC displacement and strain errors in the imaging (X —Y) plane were less than 1/4
of a pixel (< 0.9 um) and less than < 0.17% strain, the average absolute displacement error for the out of
plane displacement Uz and out of plane strain Ezz were an order of magnitude higher. Higher error in Z is
caused by greater blurring of the TPF and SHG signal in Z and shadowing from the more posterior features.
For this reason, we chose to analyze the components of strains in the X — Y plane in the posterior 200 um
of the LC volume. However, the in-plane strain components were evaluated using all three components of
displacements, Uy, Uy, and Uz. Thus the posterior displacement U, from bowing, contributes to Exy and

Eyy. While we determined that the PPS surface was planar on average at the high level of magnification
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used for TPF imaging, we noted height variation on the order of 300 um from blood vessel insertion sites
and other features. Thus, the choice to project the PPS surface displacements to a plane in order to calculate
strains may have influenced strain accuracy. Further, the area of the PPS that correlated with DVC varied
widely between specimens. We chose to analyze the inner 200 pm of the PPS, which generally correlated
well; however, five out of thirteen eyes did not have sufficient correlation (< 40%) to analyze strains within
1 of the 8 inner PPS regions. Our limited age range for subjects, while typical for those with glaucoma, did
not permit a full analysis of the effect of age on strains. We recognize that the behavior of post mortem eyes

may differ from that of the living ONH.

5. Conclusions

We improved a method to measure the pressure-induced deformation of the LC and PPS by enabling

DVC correlation of both the LC and PPS simultaneously. The main findings were:

1. Ineyes with larger LC area, the maximum principal strain and radial strain decreased in the peripheral
LC and the maximum principal strain and circumferential strain increased in the central LC.

2. The radial, maximum principal, and maximum shear strains were significantly higher in the peripheral
LC compared to the central LC, and smallest in the nasal quadrant. The radial and maximum principal
strains were also larger in the peripheral LC compared to the inner PPS.

3. The LC displaced more posteriorly than the PPS over all pressures and exhibited less strain stiffening
for inflation from 10-45 mmHg relative to inflation from 5-10 mmHg.

4. The maximum principal strain and radial strain in the inner PPS decreased with increased posterior
LC bowing relative to the PPS, and the PPS radial strain became compressive for the 3 eyes with the

largest posterior LC bowing (> 16um). Two of these 3 eyes also had the largest LC area (4mm?).

These findings suggest that a larger LC area and stiffer sclera promote greater posterior bowing of the
LC to IOP elevation. This method provides quantitative characterization of the biomechanical interaction of
the PPS and LC during inflation. The findings may be useful for validating computation modeling studies
of the LC and PPS tissue system [36, 37] and for mechanobiological studies of the mechanism of axonal

dysfunction in glaucoma.

30



47 Acknowledgements

488 This work was supported by: NIH Grants EY01765 & EY02120; NSF Award CMMI-1727104; Brightfocus
40 Foundation grant G2015132; Public Health Service Research Grants EY021500; and EY001765 Microscopy
a0 and Imaging Core Module, Wilmer Core Grant for Vision Research. The authors are also grateful for the
a1 generous contributions of eye donors and their families who graciously gave ocular tissue to our project

402 through Eversight and the National Disease Research Interchange.

403 Disclosures

404 The authors declare that they have no conflicts of interest.

a5 [1] J.B. Jonas, E. Berenshtein, and L. Holbach. Lamina cribrosa thickness and spatial relationships

496 between intraocular space and cerebrospinal fluid space in highly myopic eyes. Invest. Ophthalmol.
497 Vis. Sci., 45(8):2660-2665, 2004.

a8 [2] J B Jonas, A M Schmidt, J] A Miiller-Bergh, U M Schlétzer-Schrehardt, and G O Naumann. Human
499 optic nerve fiber count and optic disc size. Invest. Ophthalmol. Vis. Sci., 33:2012-2018, 1992.

soo  [3] R.S. Harwerth, J.L. Wheat, and N.V. Rangaswamy. Age-related losses of retinal ganglion cells and
501 axons. Invest. Ophthalmol. Vis. Sci., 49(10):4437-4443, 2008.

s [4] T. Oyama, H. Abe, and T. Ushiki. The connective tissue and glial framework in the optic nerve head
503 of the normal human eye: light and scanning electron microscopic studies. Archives of histology and
504 cytology, 69(5):341-356, 2006.

ss  [5] R.D. Fechtner, R.N. Weinreb, et al. Mechanisms of optic nerve damage in primary open angle
506 glaucoma. Survey of ophthalmology, 39(1):23, 1994.

so7 [6] J Albon, WSS Karwatowski, N Avery, DL Easty, and VC Duancee. Changes in the collagenous matrix
508 of the aging human lamina cribrosa. Br. J. Ophthalmol., 79:368-375, 1995.

soo  [7] J Albon, W S Karwatowski, D L Easty, T J Sims, and V C Duance. Age related changes in
510 the non-collagenous components of the extracellular matrix of the human lamina cribrosa. Br. J.
511 Ophthalmol., 84(3):311-7, mar 2000.

si2 [8] Jacek K Pijanka, Baptiste Coudrillier, Kimberly Ziegler, Thomas Sorensen, Keith M Meek, Thao D
513 Nguyen, Harry A Quigley, and Craig Boote. Quantitative mapping of collagen fiber orientation in
514 non-glaucoma and glaucoma posterior human sclerae. Invest. Ophthalmol. Vis. Sci., 53(9):5258-70,
515 aug 2012.

si6  [9] MR Hernandez, XX Luo, F Igoe, and AH Neufeld. Extracellular matrix of the human lamina cribrosa.
517 Am. J. Ophthalmol., 104:567-76, 1987.

31



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

J.B. Jonas and L. Holback. Central corneal thickness and thickness of the lamina cribrosa in human
eyes. Invest. Ophthalmol. Vis. Sci., 46(4):1275-1279, 2005.

S. Vurgese, S. Panda-Jonas, and J.B. Jonas. Scleral thickness in human eyes. PloS one, 7(1):€29692,
2012.

Claude F. Burgoyne. A biomechanical paradigm for axonal insult within the optic nerve head in aging
and glaucoma. Exp. Eye Res., 93:120-132, 2011.

Cathy Nguyen, Frances E Cone, Thao D Nguyen, Baptiste Coudrillier, Mary E Pease, Matthew R
Steinhart, Ericka N Oglesby, Joan L Jefferys, and Harry a Quigley. Studies of scleral biomechanical
behavior related to susceptibility for retinal ganglion cell loss in experimental mouse glaucoma. Invest.
Ophthalmol. Vis. Sci., 54(3):1767-80, mar 2013.

Nicholas G Strouthidis and Michael J a Girard. Altering the way the optic nerve head responds to
intraocular pressure-a potential approach to glaucoma therapy. Curr. Opin. Pharmacol., 13(1):83-9,
feb 2013.

Harry A Quigley and Frances E Cone. Development of diagnostic and treatment strategies for
glaucoma through understanding and modification of scleral and lamina cribrosa connective tissue.
Cell Tissue Res., 353(2):231-44, aug 2013.

Cheri Stowell, Claude F. Burgoyne, Ernst R. Tamm, C. Ross Ethier, John E. Dowling, Crawford
Downs, Mark H. Ellisman, Steven Fisher, Brad Fortune, Marcus Fruttiger, Tatjana Jakobs, Geoffrey
Lewis, Richard H. Masland, Claire H. Mitchell, John Morrison, Sansar C. Sharma, Ian Sigal, Michael
Sofroniew, Lin Wang, Janey Wiggs, and Samuel Wu. Biomechanical aspects of axonal damage in
glaucoma: A brief review. Exp. Eye Res., 157:13-19, apr 2017.

H A Quigley, E M Addicks, W R Green, and A E Maumenee. Optic nerve damage in human
glaucoma. II. The site of injury and susceptibility to damage. Arch. Ophthalmol. (Chicago, Ill. 1960),
99(4):635-49, apr 1981.

Quigley HA. Open-angle glaucoma. New Engl. J. Med., 328:1097-1106, 1993.

H A Quigley, R Varma, J M Tielsch, J Katz, A Sommer, and D L Gilbert. The relationship between
optic disc area and open-angle glaucoma: the Baltimore Eye Survey. J. Glaucoma, 8(6):347-52, dec
1999.

John C. Morrison, Elaine C. Johnson, William Cepurna, and Lijun Jia. Understanding mechanisms of
pressure-induced optic nerve damage. Prog Retin Eye Res, 24:217-240, 2005.

Y.H. Kwon, J.H. Fingert, M.H. Kuehn, and W.L.M. Alward. Primary open-angle glaucoma. New
England Journal of Medicine, 360(11):1113-1124, 20009.

Ali Poostchi, Tracey Wong, Kenneth C Y Chan, Lance Kedzlie, Nisha Sachdev, Simon Nicholas,
David F Garway-Heath, and Anthony P Wells. Optic disc diameter increases during acute elevations
of intraocular pressure. Invest. Ophthalmol. Vis. Sci., 51(5):2313-6, may 2010.

IA Sigal, JL Grimm, NJ Jan, K Reid, DS Minckler, and DJ Brown. Eye-specific IOP-induced
displacements and deformations of human lamina cribrosa. Invest. Ophthalmol. Vis. Sci., 55(1):1-15,
jan 2014.

32



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

DE Midgett, ME Pease, JL Jefferys, M Patel, C Franck, HA Quigley, and TD Nguyen. The
pressure-induced deformation response of the human lamina cribrosa: Analysis of regional variations.
Acta Biomater., 53:123-139, 2017.

Midgett D.E., Jefferys J.L., Quigley H.A., and Nguyen T.D. The contribution of sulfated
glycosaminoglycans to the inflation response of the human optic nerve head. Invest. Ophthalmol.
Vis. Sci. In Press, 2018.

B Coudrillier, DM Geraldes, NT Vo, R Atwood, C Reinhard, IC Campbell, Y Raji, J Albon,
RL Abel, and CR Ethier. Phase-contrast micro-computed tomography measurements of the intraocular
pressure-induced deformation of the porcine lamina cribrosa. IEEE, 35(4):988-999, 2016.

B Coudrillier, IC Campbell, AT Read, DM Geraldes, NT Vo, A Feola, J Mulvihill, J Albon, RL Abel,
and CR Ethier. Effects of peripapillary scleral stiffening on the deformation of the lamina cribrosa.
Invest. Ophthalmol. Vis. Sci., 57(6):2666-77, 2016.

Nguyen C., Midgett D. E., Kimball E. C., Steinhart M. R., Nguyen T. D., Pease M. E., Oglesby E.
N., and Quigley H. A. Measuring deformation in the mouse optic nerve head and peripapillary sclera.
Invest. Ophthalmol. Vis. Sci., 58:721-733, 2017.

Nguyen C., Midgett D. E., Kimball E. C., Jefferys J.L., Nguyen T. D., Pease M. E., and Quigley H.
A. Quantitative strain estimation for the astrocytic lamina cribrosa and peripapillary sclera in younger
and older mice using laser scanning microscopy in an explant model. Invest. Ophthalmol. Vis. Sci. In
Press, 2018.

YTT Ling, R Shi, DE Midgett, JL Jefferys, HA Quigley, and TD Nguyen. Characterizing the
collagen network structure and pressure-induced deformation of the human optic nerve head. Invest.
Ophthalmol. Vis. Sci., 2019.

AP Voorhees, NJ Jan, and IA Sigal. Effects of collagen microstructure and material properties on the
deformation of the neural tissues of the lamina cribrosa. Acta Biomater., 58:278-290, 2017.

NIJ Jan and IA Sigal. Collagen fiber recruitment: a microstructural basis for the nonlinear response of
the posterior pole of the eye to increases in intraocular pressure. Acta Biomater., 72:295-305, 2018.

CR Ethier. Scleral biomechanics and glaucoma—a connection? Can. J. Ophthalmol., 41(1):9-11, feb
2006.

CF Burgoyne, JC Downs, AJ Bellezza, JF Suh, and RT Hart. The optic nerve head as a biomechanical
structure: a new paradigm for understanding the role of IOP-related stress and strain in the
pathophysiology of glaucomatous optic nerve head damage. Prog. Retin. Eye Res., 24(1):39-73, jan
2005.

B Coudrillier, C Boote, HA Quigley, and TD Nguyen. Scleral anisotropy and its effects on the
mechanical response of the optic nerve head. Biomech. Model. Mechanobiol., 12(5):941-63, oct 2013.

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

33



593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

IA Sigal, JG Flanagan, and CR Ethier. Factors influencing optic nerve head biomechanics. [Invest.
Ophthalmol. Vis. Sci., 46(11):4189-99, nov 2005.

Ian a Sigal, John G Flanagan, Inka Tertinegg, and C Ross Ethier. Modeling individual-specific
human optic nerve head biomechanics. Part II: influence of material properties. Biomech. Model.
Mechanobiol., 8(2):99—-109, apr 2009.

Ian A. Sigal, John G. Flanagan, Inka Tertinegg, and C. Ross Ethier. Modeling individual-specific
human optic nerve head biomechanics. Part I: IOP-induced deformations and influence of geometry.
Biomech. Model. Mechanobiol., 8(2):85-98, apr 2009.

JTan A. Sigal, Hongli Yang, Michael D Roberts, Claude F Burgoyne, and J Crawford Downs.
IOP-induced lamina cribrosa displacement and scleral canal expansion: an analysis of factor
interactions using parameterized eye-specific models. Invest. Ophthalmol. Vis. Sci., 52(3):1896-907,
mar 2011.

Baptiste Coudrillier, Jing Tian, Stephen Alexander, Kristin M Myers, Harry A Quigley, and Thao D
Nguyen. Biomechanics of the human posterior sclera: age- and glaucoma-related changes measured
using inflation testing. Invest. Ophthalmol. Vis. Sci., 53(4):1714-28, apr 2012.

BJ Murienne, ML Chen, HA Quigley, and TD Nguyen. The contribution of glycosaminoglycans to the
mechanical behavior of the posterior human sclera. Interface, 2016.

E Pavlatos, Y Ma, K Clayson, X Pan, and Liu J. Regional deformation of the optic nerve head and
peripapillary sclera during iop elevation. Invest. Ophthalmol. Vis. Sci, 59:3779-3788, 2018.

Y Ma, E Pavlatos, K Clayson, X Pan, S Kwok, T Sandwisch, and J Liu. Mechanical deformation of
human optic nerve head and peripapillary tissue in response to acute iop elevation. Invest. Ophthalmol.
Vis. Sci., 60:913-920, 2019.

G. Cox, E. Kable, A. Jones, I. Fraser, F. Manconi, and M. D. Gorrell. 3-dimensional imaging of
collagen using second harmonic generation. J. Struc. Biol., 141:53-62, 2003.

J Schindelin, I Arganda-Carreras, E Frise, V Kaynig, M Longair, T Pietzsch, S Preibisch, C Rueden,
S Saalfeld, B Schmid, JY Tinevez, DJ White, V Hartenstein, K Eliceiri, P Tomancak, and A Cardona.
Fiji: an open-source platform for biological-image analysis. Nature Methods, 9(7):676—682, 2012.

E Bar-Kochba, J Toyjanova, E Andrews, K Kim, and C Franck. A fast iterative digital volume
correlation algorithm for large deformations. Exp. Mech., 55:261-274, 2015.

HA Quigley, ME Dorman-Pease, and AE Brown. Quantitative study of collagen and elastin of the optic
nerve head and sclera in human and experimental monkey glaucoma. Curr. Eye Res., 10(9):877-888,
1991.

HA Quigley, K Arora, S Idrees, F Solano, S Bedrood, C Lee, J Jefferys, and TD Nguyen.
Biomechanical responses of lamina cribrosa to intraocular pressure change assessed by optical
coherence tomography in glaucoma eyes. Invest. Ophthalmol. Vis. Sci., 58(5):2566-2577, 2017.

DE Midgett, HA Quigley, and Nguyen TD. In vivo characterization of the deformation of the human
optic nerve head using optical coherence tomography and digital volume correlation. Acta Biomater.,
2019.

34



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

[51]

[52]

[53]

[54]

[55]

[56]

[57]

MA Fazio, JK Johnstone, B Smith, L Wang, and CA Girkin. Displacement of the lamina cribrosa in
response to acute intraocular pressure elevation in normal individuals of african and european descent.
Invest. Ophthalmol. Vis. Sci, 57(7):3331-3339, 2016.

R Behkam, HG Kollech, A Jana, A Hill, F Danford, S Howerton, S Ram, JJ Rodrigues, U Utzinger,
CA Girkin, and JP Vande Geest. Racioethnic differences in the biomechanical response of the lamina
cribrosa. Acta Biomater., 88:131-140, 2019.

MIJA Girard, NG Strouthidis, A Desjardins, JM Mari, and CR Ethier. In vivo optic nerve head
biomechanics: performance testing of a three-dimensional tracking algorithm. J. R. Soc. Interface,
10(87):20130459, oct 2013.

MIJA Girard, MR Beotra, KS Chin, A Sandhu, M Clemo, E Nikita, DS Kamal, M Papadopoulos,
JM Mari, T Aung, and NG Strouthidis. In Vivo 3-Dimensional Strain Mapping of the Optic Nerve
Head Following Intraocular Pressure Lowering by Trabeculectomy. Ophthalmol., 123:1190-1200,
mar 2016.

MR Beotra, X Wang, TA Tun, L. Zhang, M Baskaran, T Aung, NG Strouthidis, and MJA Girard.
In vivo three-dimensional lamina cribrosa strains in healthy, ocular hypertensive, and glaucoma eyes
following acute intraocular pressure elevation. Invest. Ophthalmol. Vis. Sci., 59(1):260-272, 2018.

Tim Newson and Ahmed El-Sheikh. Mathematical modeling of the biomechanics of the lamina
cribrosa under elevated intraocular pressures. J. Biomech. Eng., 128(4):496-504, aug 2006.

S Timoshenko and S Woinowsky-Krieger. Theory of plates and shells. McGraw-Hill Book Company,
1959.

35



