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Purrose. IOP-induced mechanical insult on retinal ganglion cell axons within the optic
nerve head (ONH) is believed to be a key factor in axonal damage and glaucoma.
However, most studies focus on tissue-level mechanical deformations, overlooking that
axons are long and thin, and that their susceptibility to damage likely depends on
the insult’s type (e.g. stretch/compression) and orientation (longitudinal/transverse). We
propose an axon-centric approach to quantify IOP-induced mechanical insult from an
axon perspective.

MerHops. We used optical coherence tomography (OCT) scans from a healthy
monkey eye along with histological images of cryosections to reconstruct the
axon-occupied volume including detailed lamina cribrosa (LC) pores. Tissue-level strains
were determined experimentally using digital volume correlation from OCT scans at
baseline and elevated IOPs, then transformed into axonal strains using axon paths
estimated by a fluid mechanics simulation.

Resurts. Axons in the LC and post-LC regions predominantly experienced longitudinal
compression and transverse stretch, whereas those in the pre-LC and ONH rim mainly
suffered longitudinal stretch and transverse compression. No clear patterns were
observed for tissue-level strains.

Concrusions. Our approach allowed discerning axonal longitudinal and transverse
mechanical insults, which are likely associated with different mechanisms of axonal
damage. The technique also enabled quantifying insult along individual axon paths,
providing a novel link relating the retinal nerve fiber layer and the optic nerve through
the LC via individual axons. This is a promising approach to establish a clearer
connection between IOP-induced insult and glaucoma. Further studies should evaluate
a larger cohort.

Keywords: biomechanics, retinal ganglion cell (RGC) axon, lamina cribrosa (LC), optic
nerve head (ONH), glaucoma, neuropathy

he optic nerve head (ONH) is the initial site of reti-
nal ganglion cell (RGC) damage in glaucoma, particu-
larly within the lamina cribrosa (LC) region.!:? Although the
exact causes of RGC damage in glaucoma are not fully under-
stood, there is a strong association between the onset and
progression of glaucoma and elevated intraocular pressure
(I0P).># Furthermore, all currently approved treatments for
glaucoma are based on lowering IOP.> The role of IOP on
glaucoma, however, is complicated.*®’ Some patients suffer
with glaucoma at statistically normal levels of IOP, whereas
others with elevated IOP do not have clear pathology or
progress much slower.>* This complex relationship between
IOP and glaucomatous neuropathy suggests that susceptibil-
ity to glaucoma is more closely determined by IOP-induced
tissue deformations, than by the direct level of IOP alone ®
Vision loss in glaucoma is irreversible due to the current
inability to regenerate RGCs.”'!° Understanding of the mech-
anisms through which IOP causes or contributes to damage
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RGC axons is crucial for improving preventive strategies
against vision loss. Experimental''~!> and computational'®-'8
techniques have been used to measure and predict the tissue
deformations caused by the elevated IOP, aiming to under-
stand their relationship with the glaucomatous neural tissue
loss. These deformations are multidimensional, involving
stretch, compression, and shear simultaneously (in different
directions),®'? which has made the analysis and interpre-
tation of the many outcomes of the studies quite complex.
In an attempt to simplify the analysis, some authors have
suggested using equivalent strain as a single measure of
deformation.!® Whereas the results are indeed simpler when
looking at a single outcome measure, the studies using
the simplifications have not fared any better than the stud-
ies using many measures in identifying a clear relationship
between insult and glaucoma. We reason that different IOP-
induced deformations are likely to contribute to RGC axon
damage through different mechanisms. Hence, we propose
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that a step forward will result from evaluating the effects of
IOP from an axonal perspective that distinguishes the differ-
ent types of insult.

We postulate that to understand how IOP affects axons
and contributes to axonopathy, it is essential to investigate
the effects of IOP from the axon perspective. This requires
investigating beyond the general “bulk” tissue-level defor-
mations that other studies have measured or predicted, and
focusing on how these distortions affect the axon directly.
The geometric features of RGC axons, such as their length
(50-100 mm in primates), the nearly 90 degrees turn upon
transitioning from the retinal nerve fiber layer (RNFL) to
the optic nerve, and the passing through narrow LC pores
are thought to contribute to heightened vulnerability to
damage.?*?! These features of axon paths suggest that
the axons vary in their vulnerability to damage depend-
ing on what the insult looks like from the perspective of
the axon. For instance, compression transverse to an axon
may directly disrupt axonal transport and axoplasmic flow,
whereas longitudinal compression may cause axonal bend-
ing or buckling.'%-?>-2% The two insults thus may affect axons
differently, and at different magnitudes, with different time
scales and potentially different abilities to recover.

Our goal was to describe and demonstrate an axon-
centric approach for quantifying the in vivo mechanical
insult to RGC axons within the ONH under elevated IOP.
Based on the optical coherence tomography (OCT) scans of
a healthy monkey eye obtained at controlled IOPs (baseline
and elevated), we first determined the IOP-induced “bulk”
tissue deformations. We approximated the 3D axon paths
within the ONH, from the RNFL, through the LC and to the
optic nerve. The experimentally determined IOP-induced
tissue-level deformations were then transformed into axonal
deformations, separating longitudinal and transverse distor-
tions to axons. To evaluate potential advantages of the axon-
centric approach, we analyzed the distributions of the axonal
insults. We thus demonstrate how the integration of experi-
mental and computational techniques can facilitate a deeper
understanding of axon damage mechanisms.

METHODS

Our goal was to demonstrate an axon-centric approach for
quantifying the mechanical insult from the axon perspec-
tive within the ONH under elevated IOP. The eyes of an
adult female rhesus macaque monkey (Macaca mulatta)
were used as a proof of concept in this study. Our general
strategy involved the following main steps (Fig. 1):

(1) In vivo and histological imaging of the ONH: OCT
was used for in vivo imaging of ONH at different IOP
levels, whereas the cryosectioned ONH was imaged
with instant polarized light microscopy (IPOL).

(2) Quantification of tissue-level mechanical insult result-
ing from an IOP increase: using digital volume correla-
tion (DVC) to measure deformations from OCT images
acquired at baseline (IOP = 10 millimeters of mercury
[mm Hg]) and elevated IOP = 40 mm Hg) IOPs.

(3) Reconstruction of a 3D eye-specific ONH volume for
the axons: the reconstruction is done from in vivo OCT
scans, supplemented by data from histology for the LC
beam structures that are not well visualized in OCT.

(4) Estimation of the axon paths: using a fluid mechanical
simulation within the non-collagenous axonal volume,
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the axon paths were estimated for the specific monkey
eye.

(5) Quantification of the axonal mechanical insult: inte-
grate the tissue-level mechanical insult with the esti-
mated axon paths to quantify the mechanical insult
longitudinally and transverse to the axons.

Each of the steps is described in detail below.

In Vivo and Histological Imaging of ONH

All procedures were carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and
were approved and monitored by the Institutional Animal
Care and Use Committee (IACUC) at Legacy Health (US
Department of Agriculture license 92-R-0002; OLAW assur-
ance A3234-01; AAALAC International assurance #000992).
All live animal procedures also adhered to the Association
for Research in Vision and Ophthalmology’s Statement for
the Use of Animals in Ophthalmic and Vision Research.

In Vivo Imaging of ONH (OCT Scans). The in
vivo experiment procedure followed an approach similar to
the one described elsewhere.?® Briefly, induction of general
anesthesia was followed by intubation with an endotracheal
tube to breathe a mixture of medical air and oxygen. To
sustain anesthesia throughout the session, 0.75% to 2.0%
isoflurane was added to the inspired gas. Vital signs were
monitored throughout each imaging session and recorded
every 15 minutes. A commercial OCT device (SPECTRALIS
OCT2 + HRA, SPX1902 version 6.12; Heidelberg Engineer-
ing, GmbH, Heidelberg, Germany) was used to scan the
ONH in vivo under different IOP conditions. A super lumi-
nescence diode source with 870 nm central wavelength and
50 nm bandwidth was used in the device during scanning.
A primary difference with the previous study was the OCT
scan pattern. For the OCT imaging in this work, we acquired
a dense isotropic grid scan pattern comprised of 768 x 768
A-lines. This scan covered a total area of 15 degrees x 15
degrees centered on the ONH, with the real time averaging
set to 4 times. Follow-up OCT scans were acquired at the
same location as the baseline scan using the instrument’s
automatic active eye tracking software. After acquisition, all
OCT scans were exported in *.vol format for DVC calculation
and reconstruction of a 3D eye-specific ONH volume.?”> Note
that the eye used in this study had also been used to study
longitudinal experimental glaucoma. However, we only used
the OCT data from when the eye was healthy.

Histology Imaging of the LC. Some morphological
details of the LC beam structure were not discernible in
OCT scans due to limitations of OCT imaging, particularly
for the deeper portions of the canal where the OCT signal
is weakest. We therefore supplemented the canal architec-
ture using 3D LC beam information from histology. The
process was as follows: both eyes of the monkey scanned
with OCT were perfusion fixed at an IOP of 10 mm Hg at
the time of euthanization and then enucleated. The recon-
struction after enucleation followed the general approach for
collagen beams described elsewhere, except that no vessel
labels were used.?® Briefly, the ONH was isolated using a
14-mm-diameter trephine. The ONH was cryoprotected in
a 30% sucrose solution overnight, flash-frozen in optimum
cutting temperature compound (Tissue Plus; Fisher Health
Care, Houston, TX, USA), and sectioned coronally at 16 pm
thickness with a cryostat (Leica CM3050S). IPOL was imple-
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Ficure 1. Workflow of the proposed axon-centric approach: (1) in vivo and histological imaging of the ONH: optical coherence tomography
(OCT) was used for in vivo imaging of ONH at different IOP levels (B), while the sectioned ONH was imaged with instant polarized light
microscopy (IPOL, A). (2) Quantification of tissue-level mechanical insult resulting from an IOP increase: using digital volume correlation
(DVO) to measure deformations from OCT images acquired at baseline (IOP = 10 mm Hg) and elevated (IOP = 40 mm Hg) IOPs (G).
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(3) Reconstruction of a 3D eye-specific ONH volume for the axons: the 3D shallow tissue was segmented based on the OCT scans at the
baseline IOP (D), whereas the LC beam structure was reconstructed from the IPOL images (C). Removing the LC beams structure from
the shallow tissue volume can obtain the non-collagenous axonal volume (E). (4) Estimation of the axon paths: using a fluid mechanical
simulation within the non-collagenous axonal volume, the axon paths were estimated for the specific monkey eye (F). (5) Quantification of
the axonal mechanical insult: integrating the tissue-level mechanical insult with the estimated axon paths, the mechanical insults longitudinal

and transverse to each axon were obtained (H).

mented using a 4 x strain-free objective (UPLFLN 4XP;
Olympus, Tokyo, Japan) to visualize LC collagen beams.”’
Sequential IPOL images were aligned to generate image
stacks, which were later used for the reconstruction of LC
beams and surrounding sclera and pia mater.??” The IPOL
images have high spatial resolution and reliably measure the
LC architecture without the problem of shadows from blood
or signal decay with depth normally present in OCT scans
of the living eye.

Quantification of Tissue-Level Mechanical Insult
Resulting From an IOP Increase

We utilized the DVC technique to evaluate the bulk or tissue-
level acute IOP-induced deformations in the ONH, includ-
ing tissue-level stretch, compression, and shear (see Fig. 1).
This DVC methodology was specially developed for the
same set of OCT images. To improve the accuracy, we used
(1) a preregistration technique to remove large ONH rigid
body motion in OCT volumes, (2) a modified 3D inverse-
compositional Gaussian Newton method to ensure sub-voxel
accuracy of displacement calculations despite high noise
and low image contrast of some OCT volumes, and (3) a
confidence-weighted strain calculation method was applied
to further improve the accuracy. We have tested that our
DVC method had displacement errors smaller than 0.037 and
0.028 voxels with Gaussian and speckle noises, respectively.
The strain errors were less than 0.45% and 0.18% with Gaus-
sian and speckle noises, respectively. The details of the tests
that led to these conclusions are all described in Zhong et
al. 2022.%

The analysis was based on images acquired at base-
line 10 mm Hg and elevated 40 mm Hg IOPs. The OCT
volume at 10 mm Hg was considered as reference (unde-
formed) set of images, whereas that at 40 mm Hg was consid-
ered the deformed set of images. The detailed DVC process
was described previously in detail.?> Briefly, this procedure
involves three steps: (1) preprocessing of OCT scans (scal-
ing, making isotropic, gross solid-body registration, etc.); (2)
displacement measurement by correlation of reference and
deformed OCT volumes; and (3) strain calculation at each
pixel by evaluating the deformation gradients. The resul-
tant strain field was strain tensors in a Cartesian coordinate
system, with the x-axis along the inferior-superior, the y-axis
along the nasal-temporal, and the z-axis along the anterior-
posterior direction.

Reconstruction of a 3D Eye-Specific ONH Volume
for the Axons

The 3D eye-specific non-collagenous axonal volume was
reconstructed in three steps: (1) shallow tissues of ONH
volume were reconstructed from OCT images; (2) deep
tissues, that is, detailed beam microstructure of LC (to iden-
tify the LC pores), were reconstructed from IPOL images; and
(3) integration of shallow and deep tissue volumes to obtain
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a non-collagenous axonal volume. Both OCT and histology
imaging for the reconstruction were obtained at baseline
IOP of 10 mm Hg. Each step is detailed below.

Shallow Tissue Volume Reconstruction. The shal-
low tissue volume was reconstructed by segmenting visible
portions in the OCT scans obtained at IOP of 10 mm Hg.
Image segmentation was performed manually using Avizo
(version 9.1, FEI;, Thermo Fisher Scientific). The shallow
tissue volume was first delineated within the bounds of
three image features: the internal limiting membrane (ILM),
the posterior surface of RNFL, and the canal. To minimize
morphometric errors, only the visible region near the periph-
ery of the canal were segmented. Then, the central reti-
nal vessels (CRVs) and their bifurcations were marked and
excluded from the segmented volume. In all OCT scans, the
shadow in the canal region was marked as the central CRVs.
The marked CRV region was then checked and corrected to
match the location of CRVs in the C-scan images. To avoid
divergent effects at the corners of a rectangular boundary,
we set an elliptical boundary for the RNFL.

Deep Tissue Volume Reconstruction. The model
reconstruction demonstrated in this work was based on
OCT scans obtained from a healthy normal eye at an IOP
of 10 mm Hg. The LC beam structure from histology used
to supplement the OCT data was from the contralateral
control eye, mirrored in the nasal/temporal direction and
carefully aligned. The rationale for using the contralateral
eye and potential consequences is addressed in the Discus-
sion section.

Integration of Shallow and Deep Tissue Volume.
To integrate the shallow and deep tissue volumes, the deep
tissue volume was positioned at the LC location within the
shallow tissue volume. It was mirrored in the nasal-temporal
direction, and translated and rotated for alignment between
the CRVs and the optic canal periphery. The process of align-
ment of LC between the shallow and deep volumes involved
the following steps. (1) Delineating the anterior LC surface
in the OCT volume. We have already demonstrated else-
where that we can do this with very high reliability and
reproducibility.?8-3° (2) We identified landmarks at the supe-
rior, inferior, nasal, and temporal points on both the ante-
rior LC surfaces in both the shallow and deep volumes. (3)
We calculated the transformation that brings the two sets of
landmarks into coincidence. (4) The calculated transforma-
tion was applied to the deep tissue volume to align with
the shallow tissue volume. The alignment of the deep and
shallow tissues is illustrated in Figure 2.

The aligned deep tissue volume was then removed from
the shallow tissue volume to obtain the non-collagenous
axonal volume.

Estimation of the Axon Paths

We assumed that the axon paths from the RNFL to the
optic nerve are smooth and continuous. They will not pass
through the LC beams, the CRVs, or themselves (i.e. no
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Ficure 2. Alignment of deep and shallow tissue volumes. The blue shading indicates the region of the tissue volume in which axons are
allowed, from the RNFL layer at the periphery to the ON. The yellow shadowing indicates the LC beams obtained from the deep tissue

volume from histology, overlaid on the full tissue volume.

crossings, splits, bifurcations, or similar). We recognized
that these assumptions are similar to those made for fluid
mechanics. We thus solved a fluid mechanics simulation
within the non-collagenous axonal volume. The rationale
for the using of fluid mechanics simulation was presented
in the last paragraph of this section and the Supple-
mentary Document S.1. The volumetric mesh of the non-
collagenous axonal volume was generated in Avizo with
19.4 million tetrahedral elements (Supplementary Document
S.2). The fluid within the non-collagenous axonal volume
was modeled as an incompressible Newtonian fluid with a
density of 1000 kg/m? and a viscosity of 0.002 Pa s. Bound-
ary conditions for this simulation were applied: (1) inlet on
the bottom surface of ONH, with a pressure of 10 kPa; (2)
outlet on the elliptical boundary surface of RNFL, with zero
pressure; and (3) non-slip boundary conditions for other
surfaces. The simulation only considered laminar flows, with
Reynolds number of the flow in the range of 1 to 100. The
software and governing equations of the simulation were
presented in the Supplementary Document S.3.

After the flow was simulated, to trace the axon paths
within the ONH, streamlines were generated from the veloc-
ity field resulting from the fluid mechanical simulation.
Streamlines are defined as the paths of massless particles
moving with the flow, providing an ideal reference for trac-
ing axon paths within the region from RNFL to the optic
nerve (Fig. 3). The tracing was started at the inlet surface,
with each streamline following the direction of the velocity
vector at sequential points to replicate a potential axon path.
Because of approximations made during integration, some
streamlines appeared to end at the boundary, which was
inconsistent with our assumption of axonal continuity. This
could be solved by reducing the integration step, but this, in
turn, substantially increased the time needed to follow the
streamlines, and the computational requirements necessary
to store, process, and visualize them. Instead, we excluded
streamlines that did not reach between the boundaries or
were discontinuous. In this specific monkey eye, a total of
31,815 axon paths were traced, with each axon delineated
by a varying number of points, ranging from 240 to 617
(one example axon path is demonstrated in Fig. 4A). The
number of points depended on the complexity of the path.
The simplest path, a straight line, can be represented by just
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two points. More complex paths required more points. It is
equally possible to trace a larger number of axons, but again
the computational costs increase quickly. For some studies,
it may be adequate to consider the paths as representing
axon bundles. However, it is not yet clear if these bundles
remain consistent across the volume we analyzed.

The resolution and number of streamlines are directly
influenced by the mesh density of the inlet surface: a denser
mesh at the inlet surface results in a larger number of stream-
lines, whereas a coarser mesh results in fewer streamlines.
Following too few streamlines might miss important details,
whereas too many streamlines can significantly reduce
computational efficiency and risks oversampling. Although
the average monkey optic nerve has roughly 1.2 million
axons, we focused on generating a sufficient number of
streamlines. We deemed the number of streamlines sufficient
when they capture the overall axon paths and the distribu-
tion of mechanical insults such that adding more streamlines
is no longer helpful.

We want to clarify that our use of fluid mechanics to esti-
mate axonal paths was not intended to imply that the axons
are a fluid, and therefore the fluid parameters should not be
interpreted as representative of fluid in the axons or similar.
Our use of fluid mechanics was done based on the idea that
fluid mechanics allowed us to incorporate several reasonable
assumptions of axon path characteristics, as detailed above
(smoothness, continuity, etc.). The specific fluid properties
were determined in a preliminary study to produce a smooth
static laminar solution to the flow from which to obtain
streamlines representative of axons. Altering the mechanical
properties of the fluid or the boundary conditions driving
the flow will potentially change the flow. In our preliminary
tests, as long as the flow was maintained laminar, the axonal
paths were very similar and so were the mechanical insults
on them. Although we have not yet conducted a comprehen-
sive study on the effects of the fluid properties on the flow,
axon paths, and results, the impression from the preliminary
tests is that the effect is fairly small compared with primary
factors, such as the size and shape of the canal and the loca-
tion of the central retinal vessels. We should also mention
that fluid mechanics and closely related equations of elec-
tromagnetism have also been used successfully to describe,
predict, and understand axonal paths in the retina.3'~3% The



Investigative Ophthalmology & Visual Science

I0P-Induced RGC Axon Insult

(A) Lamina cribrosa beams

IOVS | November 2024 | Vol. 65 | No. 13 | Article 1 | 6

(B) RGC axons

(C) RGC axons through the lamina

Ficure 3. The 3D visualization of estimated RGC axon passing through a small region of the LC. The LC beams are shown in blue solid in
(A) and (C). Estimated RGC axon paths are shown as multi-colored lines in (B) and (C), with colors indicating local axon direction. Our goal
with this figure is to illustrate the tortuous axonal paths through the complex LC porous structure. Some axons seem to pass through the
pores almost in a straight line, with the colors barely changing, whereas others deviate substantially, as evidenced by the color variations
along their paths. The apparent discontinuities are artifacts of displaying only a small region of what is a complex 3D architecture. All the

paths analyzed were continuous.

rationale for such use ranges from the purely practical that
“it works,” to more involved ones arguing that axonal paths
follow potentials and solutions of diffusion of biochemical
signals that ultimately translate into similar equations.’? In
this work, we lean more toward the empirical argument
given the lack of sufficient information on the process by
which the paths of the axons passing through the ONH are
determined. Further consideration of our assumptions and
discussion of the consequences are addressed in the Discus-
sion section.

Quantification of the Axonal Mechanical Insult

To quantify the axonal insult, we defined local coordinate
systems for each segment of the axon path (see Fig. 4
and Supplementary Document S.5). Each system includes
a primary axis aligned longitudinally with the axon path
segment (/ direction) and a transverse plane that is perpen-
dicular to it (¢t — r plane). The local system allows us to
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decompose the tissue-level strains, measured in the global
Cartesian coordinate system (x-axis = superior-inferior, y-
axis = nasal-temporal, and z-axis = anterior-posterior), into
the longitudinal and transverse axonal strains. The transfor-
mation is achieved via a rotation matrix Q:

Eaxon = Q * Etissue * QT

where €,,0n and &gssue represent the axonal and tissue-level
insult, respectively. At each point along the axon path,
€axon includes a normal strain component in the longitudi-
nal direction (¢;), and normal and shear strain components
within the transverse plane. The transverse axonal insult is
determined by the axon cross-sectional area change using
two principal strains, ¢/ and &/

a=(e+1)(e +1)—1
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(A) Diagram illustrating a local coordinate system defined for each segment of the axon path (yellow cylinders) to quantify the

axonal insult. The axon paths, traced based on velocity from fluid mechanical simulation, consist of segments delineated by multiple axon
points (red points). The local coordinate system includes a primary axis aligned longitudinally with the axon path segment (green arrow)
and a transverse plane that perpendicular to the axon path segment (blue plane). This local system allows us to decompose the tissue-level
strains, measured in a global Cartesian coordinate system (x-axis = superior-inferior, y-axis = nasal-temporal, and z-axis = anterior-posterior),
into the longitudinal and transverse axonal strains. (B) Diagram of the longitudinal and transverse axonal strains, along with their potential
mechanism leading to axon damage. For instance, the longitudinal compression may cause axonal bending or buckling, while the transverse

compression may induce constriction and disrupt axoplasmic transport.

stretch (cross-
indi-

A positive ¢, denotes transverse
section area increase), whereas a negative ¢,
cates transverse compression (cross-section area decr-
ease).

A Note on Terminology. The term “axonal strain”
in our paper refers to components of tissue-level strains
resolved into longitudinal and transverse directions relative
to the axon paths. Due to the limitations of OCT image reso-
lution and quality, these are not actual axon-level strains. We
use the term “tissue-level strain” to represent the conven-
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tional calculations of strain, including stretch, compression,
shear, and effective strains.

Analysis of Axonal Insults

To evaluate potential advantages of the axon-centric
approach, we analyzed the axonal insults through four
detailed examples.

Comparison of Tissue-Level and Axonal Strain
Distributions in ONH. For both strains, we colored
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the estimated axon paths with the strain values. A
traditional physical color bar was used to represent
tissue-level strain, with red indicating high strain and
blue indicating low. A new color bar was introduced
for axonal strain: white to blue to cyan for increas-
ing stretch (positive strain values), and white to red to
yellow indicating increasing compression (negative strain
values). Additionally, strain distributions were shown on
an axial section of tissue-level and axonal mechanical
insults.

Axonal Insults Along Two Estimated Axon Paths.
We showed the axonal strain changes along individual
axons, connecting the RNFL to the optic nerve. We also calcu-
lated the maximum and cumulative axonal insult values for
both paths.

Volumetric Distribution of Axonal Insults. We
assumed uniform circular cross-sections for all axon paths.
All points from these paths were used to construct the
histogram plots, illustrating the proportion of total axonal
volume undergoing each level of strain. Bin heights in the
histogram represented the percentage of axonal volume
under each strain level, with bins set at fixed 0.2% strain
increments.

Spatial Distribution of Axonal Insults. Spatial
distribution plots of both longitudinal and transverse axonal
strain were created to illustrate the spatial density of axonal
insults across the ONH regions from anterior (RNFL) to
posterior (optic nerve). Scatter points were plotted based on
its axonal strain value and location in the ONH. We applied
kernel density estimation, a nonparametric technique, to
estimate the density of these scatter points. The resulting
spatial distribution was visually represented through a color
gradient, with high-density areas depicted in red and low-
density areas in purple.

(A) Tissue level strains

Stretch Compression
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RESULTS

The distribution of tissue-level and axonal mechanical
insults within ONH is shown in Figure 5. For the strains
at tissue level, the axons undergo non-uniform compres-
sion and stretch, whereas their directions are unspecified.
No clear patterns were identified for tissue-level strains.
However, for the axonal strains, a notable pattern was
observed: axons in the LC and post-LC areas predomi-
nantly experienced longitudinal compression and transverse
stretch, whereas those in the pre-LC and ONH rim mainly
suffered longitudinal stretch and transverse compression.

Distribution and cumulative effect of the strains at axon
level (longitudinal and transverse) along two representative
axons are shown in Figure 6. From posterior to anterior
along both axons, the longitudinal axonal strain changes
from compression to stretch, whereas the transverse axonal
strain changes from stretch to compression. For transverse
compression, the maximum value for axon 1 is 33% lower
compared to axon 2, whereas the cumulative value for axon
1 is 30% higher than that in axon 2. This indicates that some
axons, even with lower local maximum insult values, might
suffer injury due to high cumulative insult. There was no
clear overall relationship observed between the maximum
and cumulative insult along individual axons.

Volumetric distribution plots of the longitudinal and
the transverse axonal strains are shown in Figure 7, illus-
trating the proportion of axonal volume undergoing each
level of axonal strain. For longitudinal strain, 50.3% of the
axonal volume is stretched, and 49.7% is compressed. In
contrast, for transverse strain, 31.8% is stretched and 68.2%
is compressed.

The spatial distributions of the mechanical insults at axon
level are shown in Figure 8, illustrating the spatial density of

T | I
7% 0% 1% 10 % 0%
Compression Stretch

Compression Stretch

Ficure 5. Tissue-level and axonal strain distributions in ONH with the strain values colored on the estimated axon paths. (A) Strain at tissue
level, where red highlights the areas of high strain and blue indicates low. (B) Axonal strains, with a different color bar: white to red to
yellow signifies increasing levels of compression (negative strain values), whereas white to blue to cyan represents increasing levels of stretch
(positive strain values). The bottom row of the figure displays axial sections of those strains, with the location of the section indicated by a
white dashed line on the 3D distribution (fop row). For the strains at tissue level, the axons undergo non-uniform compression and stretch,
while their directions are unspecified. For the axonal strains, a distinct patten is observed: axons in the LC and post-LC areas predominantly
experience longitudinal compression and transverse stretch, whereas those in the pre-LC and retina rim mainly undergo longitudinal stretch
and transverse compression. Note that in these figures it may seem like some axons pass through LC beams. This is an artifact from the
visualization of axons that are 3D shown overlaid on a 2D section with the pore outlines. Axons only passed through LC pores.
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Ficure 6. The longitudinal (left) and transverse (right) axonal strain along two example axons. Axon 1 (data shown in yellow) is from
the temporal region and axon 2 (data shown in red) is from the nasal region. (A) Contour map of the strains along the axon. Axons were
colored according to the magnitude of stretch (white to cyan) and compression (white to yellow). Similarly to Figure 5, the visualization
of 3D axons on top of LC beam outlines in 2D may give the impression that the axons pass through beams (in front of the beams in the
anterior LC and behind the beams in the posterior LC for axon 2). This is a visualization effect. All axons passed only through the LC pores.
(B) The magnitude of both axonal strains for points along the length of axon from posterior to anterior. From posterior to anterior along
both axons, the longitudinal axonal strain changes from compression to stretch, whereas the transverse axonal strain changes from stretch
to compression. (C) The maximum and cumulative value of the axonal insults for both axons. For transverse compression, the maximum
value for axon 1 is 33% lower compared to axon 2, whereas the cumulative value for axon 1 is 30% higher than that in axon 2.
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axonal insults across the ONH regions from anterior (RNFL)
to posterior (optic nerve). For example, the highest density
of longitudinal stretch was observed for the portion of axons
within the RNFL and ONH rim.

DIScUSSION

Our goal was to describe and demonstrate an axon-centric
approach for quantifying the mechanical insult to RGC axons
within the ONH under elevated IOP. Specifically, we utilized
experimental ONH deformation data, along with approxima-
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tion of continuous 3D axon paths, to quantify IOP-induced
insult at axon level based on their local path orientation. We
analyzed the IOP-induced ONH deformation in a monkey
eye to illustrate the potential of the axon-centric approach.

We highlight two main advantages of the axon-centric
approach over earlier approaches. First, it allows estima-
tion of axonal mechanical insults longitudinally and trans-
versely. Second, it allows visualization of the insult along
the individual axon path, providing a novel link to relate
regions from RNFL to the LC via individual axons. Below
we discuss these advantages in detail, along with the moti-
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Ficure 7. Volumetric distribution plot of the longitudinal axonal strain (left) and the transverse axonal strain (right). The color spectrum
indicates the degree of strain: white to blue to cyan represents increasing levels of stretch (positive strain values), whereas white to red to
yellow signifies increasing levels of compression (negative strain values). All points from these paths were used to construct the histogram
plots, illustrating the proportion of axonal volume undergoing each level of strain. The bins have a fixed width representing 0.2% strain
increments. For longitudinal strain, 50.3% of the axonal volume is stretched, and 49.7% is compressed. In contrast, for transverse strain,
31.8% is stretched and 68.2% is compressed.
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Ficure 8. Spatial distribution plots of longitudinal (left) and transverse (right) axonal strain, illustrating the spatial density of the insult
across the ONH region from the anterior (RNFL) to the posterior (optic nerve). The kernel density function was employed to determine the
density of scatter points, each representing an axonal point plotted with its axonal strain value as the x-coordinate and its ONH location
as the y-coordinate. The spatial distribution was visually represented through a color gradient, with high-density areas depicted in red and
low-density areas in purple. For example, the highest density of longitudinal stretch was observed for the portion of axons within the RNFL
and ONH rim.
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vation and the rationale for our study, followed by an
extensive discussion of the assumptions, limitations, and
other considerations to keep in mind when interpreting the
work.

Advantage 1: the axon-centric approach allows esti-
mation of axonal mechanical insults longitudinally
and transversely.
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The axon-centric approach allows for quantifying axonal
insults within the ONH in both longitudinal and trans-
verse directions. IOP-induced mechanical insult on RGC
axons passing through the ONH is believed to be a major
factor in axonal damage and glaucoma?%%7 However,
current experimental and computational methods primar-
ily focus on measuring or calculating tissue-level mechan-
ical insult, overlooking the distinct spatial characteristics
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of individual axons. The axon-centric approach enables
a detailed analysis of the mechanical insults at axon
level, considering their unique geometric properties and
susceptibilities.

Axonal mechanical insult involves multidirectional stretch
and compression, potentially leading to axonal damage
through different mechanisms. For instance, compression
transverse to an axon could adversely affect axonal trans-
port and/or axoplasmic flow, whereas compression longitu-
dinally to an axon may cause structural instabilities, such as
axonal buckling or deformations that trigger different types
of mechanoreceptors.?*?3:35-38 The influence of the magni-
tude of local stretch and compression on axonal damage
is incompletely understood. It is plausible that a lower
magnitude of transverse compression may induce more
axonal damage compared to a higher magnitude of trans-
verse stretch. Therefore, even minor transverse compressive
insults should not be overlooked as potential contributors
to axonal injury. This information is valuable to establish
a clearer connection between IOP-induced insult and glau-
coma. It should be noted that the compression along the
axonal direction can potentially induce buckling due to the
high aspect ratio of axons. Buckling is a highly unstable
structure response that may cause axons to change their
tortuosity or angles at specific locations. It seems plausi-
ble that this could disrupt axonal functions, for instance, by
disrupting mitochondrial transport, but to the best of our
knowledge, experimental evidence of these effects is not yet
available.

Advantage 2: the axon-centric approach allows
visualization of the insult along individual axon
path, providing a novel link to relate regions from
RNFL to the LC via individual axons.

In conventional regional studies, the LC and RNFL are
divided into the temporal, superior, nasal, and inferior
regions.?“" It should be noted that axon paths from the
RNFL to the optic nerve do not always stay within a single
quadrant; they may navigate around LC beams or large blood
vessels, occasionally bending or twisting, and even cross-
ing from the temporal directly into the nasal region. Our
estimated axon paths, spanning from the RNFL to the optic
nerve, offer a novel link to relate these regions. Furthermore,
our approach allows for characterizing both local maximum
and cumulative insult along the length of individual axons.

For instance, as observed in Figure 6, along the axon,
longitudinal strain transitions from stretch to compression,
and transverse strain shifts from compression to stretch
as the axon enters the LC region. In transverse compres-
sion, axon 1 exhibits a maximum value that is 33% lower
than axon 2, yet its cumulative value is 30% higher. Those
results suggest that axons with lower maximum insults might
sustain injury due to high cumulative insults. Conversely,
axons with similar cumulative insults could face differ-
ent damage risks if the local maximum insult is higher
in one than in another. This comprehensive analysis not
only enhances our understanding of axonal behavior within
the LC and RNFL regions but also aids in establishing
the connection between IOP-induced axonal insult and the
development of glaucoma.

We are not aware of any previous reports that have quan-
tified IOP-induced mechanical insult within the ONH with
an axon-centric approach. Doing this required information
about axon orientations and paths from the RNFL, through
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the ONH, including the LC, and to the distal optic nerve.
Although techniques for mapping axonal paths within the
RNFL and to the edges of the disc have been demonstrated
with excellent results even in vivo*'"** (with some of the
latest approaches taking advantage of polarization-sensitive
OCT for high-resolution mapping*), the techniques do not
extend to large ONHs with collagenous LCs. Axonal trac-
ing through the rodent ONH has been possible’® due to
the smaller size, and the lack of collagen in their glial
lamina. Collagenous components in monkey and human
lamina make axonal paths more complex and make imaging
difficult through scattering and absorption. Although label-
ing neural tissue components like axons and astrocytes in
the ONH is feasible,*”~>° differentiating individual axons or
bundles for tracing remains challenging.

A few techniques have been deployed for visualizing and
tracing a few axons through the ONH, often selected semi-
randomly or based on a common origin in the RNFL, optic
nerve, or brain.>'->® A fine example of this approach is the
work by Morgan and colleagues studying the course of RGC
axons through the LC using horseradish peroxidase tracer
applied at the optic nerve.” They found that the “majority
of axons took a direct course through the lamina cribrosa
but a significant minority, in the 8% to 12%, deviated to
pass between the cribrosal plates in both central and periph-
eral parts of the optic disc.” Although we did not quantify
the fraction of axons that pass directly through the LC or
not, our analysis allowed for axons to pass between beams,
some exhibiting paths that would appear as the deviations
in Morgan et al’s paper with reference.®®> Morgan et al.
postulated that the deviated axons may be more vulnera-
ble to compression. This is consistent with our interpreta-
tions as the “deviated” axons would be subject to different
insult.

Leveraging axonal transport other studies have done
spatial mappings between the retina and optic nerve.> The
studies, however, did not report axonal paths through the
LC. Several techniques have been reported to quantitatively
analyze axonal health at the optic nerve.®-% These include
tools for map axons within the optic nerve, as these are used
routinely to study axonal damage, for example, by crush
and/or regeneration.®* To the best of our knowledge, no
axonal path data through the collagenous LC was reported.

As noted in the methods, for the demonstration model
used in this paper, the detailed LC beam reconstruction and
the OCT delineations — deep and shallow tissues, respec-
tively, were obtained from contralateral eyes. Both recon-
structions were made of healthy tissues from the same
animal, and are therefore consistent with one another, but
they were not from the same eye. Elsewhere, several studies
have demonstrated that contralateral eyes, when healthy, as
in this case, are substantially and significantly more similar
than unrelated eyes.!>%-7° Importantly, this applies to larger
scale morphology,®°~%-7! meso-scale characteristics of the
beams and pores,'3:%70:7273 and even to micro-scale colla-
gen fiber crimp.74~7° It was only after we had completed the
reconstructions that we realized that the eye we had selected
for OCT reconstruction had later been the one used to study
unilateral longitudinal experimental glaucoma. Because of
this, the histology of this eye available after euthanization
no longer represented a healthy eye. Thus, although we
acknowledge that using only data from one eye would have
been preferable because contralateral eyes are not identical,
we posit that the effects of mixing data from contralateral
eyes are limited because they are similar and that this work is
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still useful as a proof-of-principle. Future work should eval-
uate the consequences of this decision.

In our study, we used the experimental deformations
from the DVC of OCT together with the axonal orienta-
tions to obtain the axonal strains. However, numerical stud-
ies highlight the mismatch in elastic properties between
neural tissues and collagen beams results in a larger strain
in the neural tissue.””"” Like the work we present in this
paper, computational modeling studies contain results that
are reasonable but that have yet to be fully verified experi-
mentally. This work does not dispute those results. Instead,
we present an alternative methodology to quantify the vari-
ous forms of insult to the axons. Our new method is rooted
in the experimental information from DVC of OCT together
with a detailed LC reconstruction and axonal path predic-
tion. By being based on DVC-derived experimental data,
the work on this paper does not require some potentially
crucial assumptions made in computational modeling, such
as the perfect attachment between neural and connective
tissues, the tissues incompressibility, the constitutive formu-
lations for each component, etc. If these assumptions do not
hold, the predictions from the models might change substan-
tially. Some aspects of the new method we propose, like
transforming strains from the tissue-level perspective into
axonal perspective strains, can be learned from this paper
and applied also to computational models. We welcome this
possibility and would argue that considering the orientation
of the axons in their constitutive properties will potentially
help improve the numerical predictions.

It is important to acknowledge other limitations of
this work. First, all the observations reported herein
were obtained from a single healthy female monkey eye.
Thus, conclusions about population-level findings cannot be
drawn until eyes from more animals are analyzed. Future
studies will aim to analyze multiple animals in both sexes to
provide a more comprehensive understanding of the IOP-
induced axonal effects. Moreover, it is possible that glau-
comatous eyes exhibit different deformations with acutely
elevated IOP compared to healthy eyes. Future work will
involve analyzing a larger number of healthy eyes, and
applying this analysis to glaucomatous eyes, in order to
advance our understanding of IOP-induced axonal insults
within the ONH.

Second, the axonal paths were estimated as the stream-
lines of a fluid. Axons are not fluid, and their paths are
not required to follow streamlines. The rationale for this
choice was presented in the Methods section and the Supple-
mentary Document S.1. Briefly, it allowed us to incorpo-
rate several reasonable assumptions about the axons and
their paths. Further, as noted above, similar methods have
been proven successful for estimating axonal paths on the
RNFL.*-% We acknowledge that the axon-centric approach
may be imperfect, but we still posit that it provides very
reasonable first approximations to the 3D axon paths across
the ONH. The directional information of the estimated
axonal paths is crucial to transform tissue-level insult to
axon-type insult. Whereas the techniques for measuring
axonal paths precisely within the collagenous LC remain
out of reach, several current techniques allow visualization
of the more superficial tissues of the ONH. An example is
shown in the Supplementary Document S.4. Future work
should evaluate if axonal paths must be determined even
more accurately, or perhaps that a simpler approach could
be sufficient. For instance, it may be enough to assume that
the axons are along their primary anterior-posterior direc-
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tion. The approach we describe is a reasonable starting
point.

Third, the 3D LC beam structure used in this study was
sourced from histological images of a different monkey eye.
This is because there are vascular shadows in the OCT
images in the LC region due to technical limitations. LC
beam structure derived from OCT scans could miss impor-
tant structure and impede the estimation of axon paths. As
an alternative, the reconstruction of LC beams was based
on histological images of a different monkey eye. Although
IPOL images provide clear details of LC structure, it is impor-
tant to note that ONH morphology, especially LC beam struc-
ture, can vary between eyes. This variability may influence
axon path estimation and, subsequently, the quantification
of axonal insults. Future studies will include LC beam struc-
tures from the same eyes as those imaged by OCT, as well
as evaluate the effect of differing LC structure on estimates
of axonal insults to address this question. Moreover, clinical
applications of this approach will require that all the predic-
tions are made based on in vivo data, without any need for
histology.

Fourth, it is possible that the tissues distort during
cryosectioning and mounting. Elsewhere we have shown
that these deformations are small and LC structures are
comparable between OCT and histology (Wang et al. 2017).
Nevertheless, any distortions will affect the accuracy of the
axon paths calculated.

Fifth, in the reconstruction of non-collagenous axonal
volume, we did not consider other elements of the LC and
ONH, such as capillaries or astrocytes. There are several
major challenges to including these microscale features,
in large part due to their enormous complexity for both
the vascular network?-828! and astrocytes.’?%? Adding these
features will therefore represent a huge increase in the chal-
lenges for reconstruction and computational cost. An even
larger challenge is that neither of these components can be
visualized or mapped in vivo. On the positive side, it remains
unclear whether it is crucial to consider these elements
to make useful predictions of axonal paths. As discussed
before, useful maps of axonal paths within the RNFL have
been made. To the best of our knowledge, none of them
incorporated smaller scale features of microvasculature or
glia.

Sixth, due to the current resolution limitations of
OCT imaging, the DVC analysis represents some degree
of homogenization. In regions like the LC incorporating
components with very distinct mechanics, such as neural
tissues and collagen, the homogenization may not accurately
capture the true axonal strains. In other regions, like the rim,
the pre-LC and retro-LC, with tissues that likely differ less in
mechanical properties, like axons and astrocytes, the DVC-
calculated deformations are potentially more accurate. We
recognize that axons may deform independently, potentially
leading to complex deformations, which could disrupt axon-
astrocyte bonds and lead to remodeling, inflammation, or
apoptosis. Developing tools to measure neural tissue defor-
mations at a smaller scale is crucial. However, current tech-
niques for visualizing axons within the collagenous ONH are
limited, making it challenging to directly test their deforma-
tions due to elevated IOP. For this work, we argue that it
is reasonable to use as a first approximation the assumption
that axonal deformations are aligned with the measurements
obtained from the measurements obtained through DVC.

Seventh, we have not carried out a comprehensive sensi-
tivity study on model parameters. These represent an impor-



Investigative Ophthalmology & Visual Science

IOP-Induced RGC Axon Insult

tant area of future research. We note that the predictions did
not substantially change with the fluid mechanics proper-
ties, suggesting that the paths predicted with this technique
are potentially useful.

In summary, we posit that the proposed axon-centric
approach is useful as a first approximation to quantify the
IOP-induced mechanical insult to RGC axons within the
ONH. Our approach distinguishes the mechanical insult on
axons longitudinally and transversely, suggesting distinct
mechanisms of potential axon damage. It enabled the esti-
mation of axon paths based on the in vivo data before the
axon is damaged. The results can be later used to relate the
IOP-induced axonal insults with the chronic neural tissue
loss. This approach can potentially help understand the
biomechanics of ONH and its relationship to glaucoma.
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