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Purrose. Nonarteritic anterior ischemic optic neuropathy (NAION) has been associated
with a thickened choroid at the optic nerve head (ONH). Here, we use computational
modeling to better understand how choroidal expansion and choroidal geometry influ-
ence tissue deformation within the ONH relative to intraocular pressure (IOP) and
intracranial pressure (ICP) effects.

MerHobs. Using a model of the posterior eye that included the sclera, peripapillary sclera,
annular ring, pia mater, dura mater, neural tissues, Bruch’s membrane, choroid, and
lamina cribrosa, we examined how varying material properties of ocular tissues influ-
enced ONH deformations under physiological and supra-physiological, or “pathological,”
conditions. We considered choroidal expansion (c. 35 pL of expansion), elevated IOP (30
mm Hg), and elevated ICP (20 mm Hg), and calculated peak strains in the ONH relative
to a baseline condition representing an individual in the upright position.

Resurrs. Supra-physiological choroidal expansion had the largest impact on strains in the
prelaminar neural tissue. In addition, compared to a tapered choroid, a “blunt” choroid
insertion at the ONH resulted in higher strains. Elevated IOP and ICP caused the highest
strains within the lamina cribrosa and retrolaminar neural tissue, respectively.

Concrusions. Acute choroidal expansion caused large deformations of the ONH and these
deformations were impacted by choroid geometry. These results are consistent with the
concept that compartment syndrome due to the choroid geometry and/or expansion
at the ONH contributes to NAION. Prolonged deformations due to supra-physiological
loading may induce a mechanobiological response or ischemia, highlighting the potential
impact of choroidal expansion on biomechanical strains in the ONH.

Keywords: choroid, nonarteritic anterior ischemic optic neuropathy, glaucoma, intracra-
nial pressure, ocular biomechanics, computational modeling, finite element modeling

onarteritic anterior ischemic optic neuropathy (NAION)
N is associated with the loss of retinal ganglion cells
(RGCs) and sudden vision loss. NAION affects approxi-
mately 2.3 to 10.3 people per 100,000 per year with 15%
to 24% having subsequent bilateral involvement within 5
years.! Identifying risk factors for NAION and for bilat-
eral involvement remains a critically unmet need and it is
clear that variations in optic nerve head (ONH) morphol-
ogy are a significant risk factor. Specifically, a characteristic
“disc at risk” appearance in the contralateral eye carries a
significant risk of NAION. Although the role of the choroid
in NAION remains unclear,"* a recent study by Nagia et al.
found increased peripapillary choroidal thickness near the
ONH in NAION eyes and the unaffected “at-risk” contralat-
eral eyes compared with control subjects.*

Given the high rate of bilateral involvement in NAION,
there are likely anatomic and/or physiologic similari-
ties between eyes that puts these individuals at risk.
As the choroid surrounds the prelaminar tissue compart-
ment through which RGC axons pass, Nagia et al. have
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hypothesized that NAION may be due to a compartment
syndrome.*> The compartment syndrome is thought to
potentially develop as choroidal volume fluctuates, which
could cause compression in this region resulting in an
ischemic cascade.! Indeed, human pathology confirms
infarction in this region in subjects with NAION,* and the
observed associations of NAION after sleep and sulfide use
— both of which can increase choroidal volume - indicate a
potential role for choroidal volume changes. However, little
is known about how choroidal volume change impacts the
prelaminar neural tissue (PLNT). We recently used compu-
tational modeling to examine physiological increases in
choroidal volume due to the ocular pulse and found that the
choroid plays a large and underappreciated role in deforma-
tions in the PLNT.®

In this study, we use computational modeling to study
how variation in choroidal volume impacts ONH deforma-
tion relative to physiologic and pathologic variations of
intraocular pressure (IOP) and intracranial pressure (ICP).
In addition, we considered two geometric models of the
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human ONH to better understand how choroidal thickness
near the ONH impacts tissue deformations associated with
increased choroidal volume and consider its potential impact
in NAION pathophysiology.

METHODS
Geometry and Finite Element Model

As described previously, we developed two geometric
models of the human eye: the first included a “blunt”
choroidal termination near the ONH, while the second had a
“tapered” termination (Fig. 1). The blunt choroidal geometry
had a choroidal thickness of 136 pm over the 500 pm region
adjacent to the scleral canal opening, which then thickened
to 250 pm.”~? The choroid thickness in the tapered geometry
increased from 61 pm to 250 pm over the region spanning
125 pm to 2000 pm from the scleral canal opening. The total
volume of the choroid in both geometries was 256 L in the
unloaded state.® '

Both geometries incorporated the following tissue
regions: posterior sclera, peripapillary sclera, annular scle-
ral ring, lamina cribrosa, PLNT, central retinal vessel, pia
mater, dura mater, optic nerve, choroidal tissue, and Bruch’s
membrane.®'112 The simplified central retinal vessel simu-
lated the effects of a mean arterial pressure (MAP).

Our geometries and meshes were generated in the open-
source program Gmsh (V.2.8.3)13 and our finite element
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simulations were performed in the finite element solver
FEBio.'* Each geometric model was considered axisymmet-
ric along the center of the central retinal vessel.

Tissue Mechanical Models

Similar to our previous work,>'? the posterior sclera, peri-
papillary sclera, annular ring, pia mater, and dura mater
were modeled as neo-Hookean solid matrices with embed-
ded collagen fibers following von Mises distributions.!>1
In the posterior sclera, pia mater and dura mater the fibers
were distributed as planar isotropic (k¢ = 0).7°18 In the peri-
papillary sclera and annular ring, the fibers were oriented
circumferentially (ki = 0.85 and 1.85, respectively).!® For
the above tissues, we defined four additional coefficients
to describe each tissue’s mechanical behavior (Supplemen-
tary Table S1). One coefficient described the stiffness of the
ground substance (c;), representing all tissue constituents
except the collagen fibers (e.g. proteoglycans, cells, elastin,
etc.). The coefficients ¢; and ¢4 defined the stiffness of the
collagen fibers, and we set the bulk modulus to enforce
tissue incompressibility (K = 100 MPa).

The lamina cribrosa, optic nerve, central retinal vessel,
PLNT, and Bruch’s membrane were modeled as linear-
elastic, isotropic, and homogeneous, requiring two coef-
ficients to describe each tissue’s mechanical behavior:
Young’s modulus (E) and Poisson ratio (v). Young’s modu-
lus values were adopted from previous experimental and
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Ficure 1. Two geometric models used for finite element simulations of ONH biomechanics, with each tissue component identified. The
top and bottom rows display the tapered and blunt choroid anatomies, respectively. The left image shows the overall geometry, the middle
shows a zoomed image of the ONH, and the right shows the finite element mesh at the ONH.
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TaBLe. Overview of the Loading Conditions for Finite Element
Simulations

Choroid

10P ICcp Volume Change
Abbreviation (mm Hg) (mm Hg) (pL)
Physiological loading conditions
AV =22yl 15 0 2.2
AV = 6.4 pL 15 0 6.4
AV = 14 pL 15 0 14
Physiological IOP 19 0 0
Physiological ICP 15 10 0
Supra-physiological loading conditions
AV =32 pL 15 0 32
AV = 35 pL 15 0 35
Elevated IOP 30 0 0
Elevated ICP 15 20 0

All peak strains reported for the physiological and supra-
physiological loading conditions are relative to the Baseline (refer-
ence) loading conditions of an individual in an upright position 1OP
= 15 mm Hg, ICP = 0 mm Hg, and AV = 0 ul).

computational studies of the posterior eye.'*?* We assumed
that the neural tissue (e.g. the prelaminar neural tissue
and optic nerve) were partially compressible (v = 0.45),
while the remaining tissues were nearly incompressible
(v = 0.49).121

As we detailed previously,® the choroid was represented
as a mixture material comprised of a linear-elastic solid
matrix capable of swelling based on the Donnan equi-
librium, which allows a prescribed volume change (i.e.
expansion) through a single coefficient (c,F). This coeffi-
cient is only a phenomenological means to govern tissue
volume and does not directly represent blood flow or perfu-
sion within the choroid. We report the Donnan equilib-
rium swelling as choroidal expansion (see Supplementary
Table S1).

Physiological Loading Conditions

To simulate a baseline (reference) configuration we specified
3 pressures: IOP = 15 mm Hg; ICP = 0 mm Hg, correspond-
ing to an upright position; and MAP = 57 mm Hg. We also
specified no choroidal expansion (i.e. a change in choroidal
volume AV = 0 pL). To investigate the impact of physio-
logical choroidal expansion, we specified the same pres-
sure loads as our baseline condition while varying choroidal
volume over a cardiac cycle. As previously described,® we
estimated that the change in choroidal volume associated
with the ocular pulse is 2.2 puL to 14.2 pL (AV = 2.2, 6.4
and 14 pL).>'"% We also examined a physiological varia-
tion of IOP from 15 to 19 mm Hg as might be expected
to occur due to normal diurnal variation (AIOP = 4 mm
Hg).!? Additionally, we simulated an increase in ICP to 10
mm Hg (AICP = 10 mm Hg), corresponding to a change
from the upright to the supine position.?*-2° In the above
physiological loading conditions of IOP and ICP, we did not
specify any choroidal expansion (AV = 0 pL). For simplic-
ity, we refer to the 5 physiological loading conditions by the
primary parameter being investigated: 1) AV = 2.2 pL, 2)
AV = 6.4 pL, 3) AV = 14 pL, 4) IOP = 19 mm Hg, and
5) ICP = 10 mm Hg (Table). Each physiological loading
condition was applied separately to the baseline (reference)
configuration.
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Supra-Physiologic or Pathologic Loading
Conditions

We then examined supra-physiologic, or “pathological,”
levels of choroidal expansion relative to elevated IOP and
elevated ICP. For supra-physiological levels of choroidal
expansion, we estimated choroidal volume of 32 and 35
uL based on the choroidal thickness observed in subjects
with NAION.#?7 In brief, we used choroidal thicknesses that
were reported at locations from 100 pm to 3000 pm starting
at the scleral canal opening of eyes affected by NAION.#27
We then estimated the degree of choroidal expansion as the
difference in choroidal volume between healthy subjects and
subjects with NAION. For elevated IOP that simulated a glau-
comatous condition, we increased IOP to 30 mm Hg without
any choroidal expansion.?® Finally, we compared the impact
of elevated ICP (ICP = 20 mm Hg) to simulate pathological
levels of ICP associated with idiopathic intracranial hyper-
tension (ITH).>*-3* An overview of the four separate supra-
physiological loading conditions is displayed in the Table
and are referred to by the parameter being investigated: 1)
AV = 32 puL, 2) AV = 35 pL, 3) IOP = 30 mm Hg, and
4) ICP = 20 mm Hg. Similar to the physiological condi-
tions, each supra-physiological loading condition (i.e. IOP,
ICP, or AV) was applied individually. We did not consider
situations in which two changed loads were simultaneously
applied.

Finite Element Modeling Estimated Strain Range
due to Biomechanical Variability

Tissue material properties impact the biomechanical behav-
ior of any tissue and will impact ONH deformations.% 11121
To investigate the effects of impact of variation in tissue
properties across each of the above loading conditions (5
physiological and 4 supra-physiological), we varied tissue
material properties using a Latin Hypercube Sampling (LHS)
approach.>*?> The range of LHS allows us to define the
specific distribution and range of each input parameter to
the simulations. The range of LHS allows us to define the
specific distribution and range of each input parameter to
the simulations. The range for each input parameter was
based on values reported by Sigal et al.!1? All 21 tissue
material properties were assumed to follow uniform distri-
butions. Adopting this approach from our earlier work,'? we
determined that 200 simulations per loading condition per
geometry were required to suitably represent a simulated
population.

Outcome Measures

Our outcome measures were the computed strains in three
ONH tissues®!2: the PLNT (defined as tissue within 1 mm
of the anterior lamina cribrosa surface), lamina cribrosa,
and retrolaminar neural tissue (RLNT; defined as optic nerve
tissue within 1 mm of the posterior lamina cribrosa surface).
Strain is a measure of normalized tissue deformation, and it
can be represented as a second order tensor with three prin-
cipal components, namely a first, second, and third princi-
pal strain. We computed the peak first and third principal
strains, which were defined as the 95th and 5th percentile
strain, respectively. The peak first principal strain refers to
the peak tension, or stretch, the tissue experiences, whereas
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the peak third principal strain relates to the peak compres-
sion experienced by the tissue.

We used the “relative displacement” method to account
for the effects of prestress in ocular tissues relative to our
baseline condition, or reference condition.3>3° In brief, the
first step brought the model to our baseline condition (IOP
= 15 mm Hg, ICP = 0 mm Hg, MAP = 57 mm Hg, and AV
= 0 pL). The resulting state of the model was taken as the
reference for all subsequent strain calculations. This allowed
us to understand how physiological and supra-physiological
conditions affected peak strains in the ONH.

Statistics

The peak first and third principal strains in the PLNT, lamina
cribrosa, and RLNT were collected for each simulation (n
= 200 each) and loading conditions (5 physiologic and 4
supra-physiologic), resulting in a total of 1,800 values of
peak tensile and compressive strains for each tissue region.
To compare the distributions of the peak strains between
loading conditions within each geometry we used a Kruskal-
Wallis test and performed a pairwise comparison between
each condition. To account for multiple Kruskal-Wallis tests,
we applied a Bonferroni correction (¢ = 0.05/12 = 0.004)
to account for each tissue region, peak strain, and choroid
geometry. Within each Kruskal-Wallis test, we performed a
Dunn’s correction and set a significance threshold of P =
0.01. To compare between each geometry, we performed a
2-way ANOVA to examine the impact of geometry and load-
ing condition on peak strains. To account for multiple tests
for each peak strain in each region (6 tests) we performed
a Bonferroni correction to the initial significance thresh-
old (¢ = 0.05/6 = 0.008). To account for multiple compar-
isons within each ANOVA we used a Sidak post hoc with
a P=0.01.
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REsuLTs
Physiological and Supra-Physiological Loading

We observed a different profile of deformation at the ONH
for each loading condition, and this profile became more
exaggerated under supra-physiological loads (Figs. 2 and 3).
We found a range of peak tensile and compressive strains
as tissue material properties were varied under physiologi-
cal loading conditions. Because peak tensile and compres-
sive strains showed comparable trends, we discuss those
trends collectively as “peak strains” unless otherwise stated.
The PLNT, lamina cribrosa, and RLNT were differentially
affected by physiologic levels of choroidal expansion, IOP
and ICP (significance levels shown in Supplementary Tables
§2-S7). Under physiological conditions, choroidal expansion
increased peak strains within the PLNT in both the blunt
and tapered ONH geometries, and these strains were greater
than the strains associated with physiological changes in IOP
and ICP (Figs. 4 and 5). For example, the peak strains in
the PLNT were significantly larger after choroidal volume
changes of 6.4 pL and 14 pL for both geometries than were
the strains due to physiological variation in IOP and ICP
(see Supplementary Tables S2, S3). In the lamina cribrosa,
IOP and ICP increases impacted the peak strains more than
choroidal expansion when the volume change was less than
or equal to 6.4 pL, but choroidal volume changes of 14
pL led to peak strains that were not significantly different
compared to strains due to normal variations in IOP and
ICP (see Supplementary Tables S4, S5). Within the RLNT, the
ICP was noted to be the primary driver of peak strain. Phys-
iological changes in ICP resulted in peak strains that were
significantly greater than those caused by IOP and choroidal
volume changes (see Supplementary Tables S6, S7).

Under supra-physiological, or pathological, conditions
there was a wider range of strains relative to those expected

Physiological Loading Conditions

AV = 14 uL

- TATAR

Supra-Physiological Loading Conditions

IOP =19 mmHg ICP =10 mmHg

AV =35 L

b b Ve

IOP = 30 mmHg ICP =20 mmHg

Ficure 2. Tissue deformations for the blunt choroid geometry under physiological (top) and supra-physiological (lower) loading conditions
relative to the baseline (prestressed) condition in the left-hand column. The swollen choroid intrudes into the ONH, whereas the PLNT is
compressed by elevated IOP and the optic nerve sheath expands due to elevated ICP. All deformations are magnified 10 times for easier

visualization.
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Physiological Loading Conditions

AV = 14 pL

IOP =19 mmHg ICP =10 mmHg

- TRTRR

Supra-Physiological Loading Conditions

AV =35 uL

IOP = 30 mmHg ICP =20 mmHg

b b Pd

Ficure 3. Tissue deformations for the tapered choroid geometry under physiological (top) and supra-physiological (lower) loading condi-
tions relative to the baseline (prestressed) condition. For interpretation of plots, see Figure 2. All deformations are magnified 10 times for

easier visualization.

to occur due to physiological choroidal expansion, IOP,
and ICP (Figs. 6 and 7; note the differences in the y-axis
compared to Figs. 4 and 5). In the PLNT, we found that
changing choroidal volume to that found in subjects with
NAION significantly increased the peak tensile strains, as
well as the range of peak strains, compared to elevated
IOP and ICP. In the PLNT, a few simulations of elevated
IOP caused peak compressive strains within a similar
range of those seen with pathologic choroidal volume
changes. However, the distribution of peak compressive
strains caused by elevated IOP was significantly lower
than those due to supra-physiological choroidal expansion.
Within the lamina cribrosa, elevated IOP caused the high-
est peak strains compared to all levels of choroidal expan-
sion and ICP. Finally, elevated ICP caused significantly higher
peak tensile strains in the RLNT compared to pathologic
volume changes in the choroid and to changes in the IOP;
however, peak compressive strains induced by elevated IOP
and ICP were not significantly different (P = 1.0). In the
PLNT, excluding the comparisons between elevated IOP and
ICP to choroidal expansion less than or equal to 6.4 pL,
all pathological conditions within a geometry (i.e. blunt or
tapered) led to significantly higher peak strains compared
to the physiological loading conditions (see Supplementary
Tables S2, S3).

Blunt Versus Tapered Choroidal Geometry

In the PLNT, we found that choroidal expansion resulted
in significantly larger peak strains in the blunt geome-
try compared to the tapered geometry (see Supplemen-
tary Fig. S1; P < 0.0001). In the lamina cribrosa, choroidal
expansion within the physiological range was not signif-
icantly different between the geometries (see Supplemen-
tary Fig. S2); however, peak strains were significantly higher
in the lamina cribrosa in the blunt geometry for levels of
choroidal volumes associated with NAION (P < 0.0001 for

each comparison). In the RLNT, we observed no significant
differences in the peak tensile strains between the blunt
and tapered geometry due to choroidal expansion. We did
observe higher peak compressive strains in the RLNT due
to choroidal volume changes of 32 pL (P = 0.0004) and
35 pL (P = 0.0002) in the blunt geometry compared to the
tapered geometry (see Supplementary Fig. S3). We found
no significant differences in the peak strains between the
two ONH geometries in any of the tissue regions (PLNT,
lamina cribrosa, or RLNT) due to physiological or supra-
physiological levels of IOP and ICP loading conditions.
Finally, we found a small change in choroidal volume due to
changes in IOP and ICP (see Supplementary Fig. S4). These
choroidal volume changes were similar across choroidal
geometries and were less than 0.5% of the total choroidal
volume.

DiscussIoN

Choroidal geometry and volume have been proposed to
play a role in NAION.*>? Compared to elevated IOP,
the role of choroidal geometry and supra-physiological
levels of choroidal expansion on ONH biomechanics has
received less attention.®373% Here, we observed that supra-
physiological choroidal expansion to volumes seen in
subjects with NAION caused significantly larger peak strains
in the PLNT compared to strains caused by elevation of IOP
or ICP. These results suggest that choroidal volume changes
associated with NAION are a potential source of significant
deformation on ONH tissues (see Figs. 4-7).34!

In our previous study, we examined ONH deformation
due to physiological choroidal volume changes. We then
performed a sensitivity analysis to characterize how varia-
tion in physiological changes in ONH pressures (IOP, ICP,
and MAP) within the physiologic range of a simulated
subject in the upright position, tissue material properties,
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Peak Compressive Strain

Peak Compressive Strain (%)

Peak Compressive Strain (%)

Peak Compressive Strain (%)

Choroidal Volume Change

Ficure 4. Violin plots of the peak tensile (left column) and peak compressive (right column) strains estimated to occur under physiological
loading conditions in the blunt choroid geometry. The distribution of peak strains is a result of varying tissue material properties (Supple-
mentary Table S1) at each loading condition, as quantified through Latin Hypercube simulation. The peak strains varied widely depending
on the loading condition and ONH region; notably, the range of predicted peak strains in the PLNT was strongly influenced by choroidal
expansion. Significance values are provided in Supplementary Tables S2, S4, and S6. In these violin plots, the center line represents the

mean and the dashed lines represent the interquartile range.

blunt insertion of the choroid.® We found that choroidal
swelling and geometry influenced deformation in the PLNT
and that each ONH region (PLNT, lamina cribrosa, and
RLNT) had specific factors that most impacted deformation.
These were important findings; however, there were several
aspects we did not consider in that work. For example,
we did not examine supra-physiological levels of choroidal
swelling, elevated IOP, or elevated ICP, which may be impor-
tant for glaucoma, idiopathic intracranial hypertension, and
NAION. In addition, we did not consider how IOP, ICP,
and choroidal swelling differentially influence deformation

in each region of the ONH; nor did we account for the
potentially important effect of prestress in ocular tissues.>
Thus, our present approach: 1) accounted for prestress in
tissues; 2) assessed the effects of physiological changes in
IOP, ICP, and choroidal swelling; and 3) examined supra-
physiological loading levels of IOP, ICP, and choroidal
swelling. This enabled us to better compare choroidal
volume changes associated with NAION to elevated IOP and
elevated ICP.

Currently, the exact cause of NAION remains unclear.
For some time, it was thought that a small optic disc size
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Ficure 5. Violin plots of the peak tensile (left column) and peak compressive (right column) strains estimated to occur under the physio-
logical loading conditions in the tapered choroid geometry. For interpretation of plots, see Figure 4.

observed on clinical ophthalmoscopy led to axons of the
retinal ganglion cells being crowded within the disc,?? result-
ing in the classic “disc-at-risk” appearance. It was thought
that the small disc and subsequently crowded axons were
particularly susceptible to some unknown NAION-inducing
insult. However, subsequent optical coherence tomography
(OCT) studies have shown that the size of Bruch’s membrane
opening in subjects with NAION were similar to disc size
in age-matched controls.**~%> An alternative hypothesis that
has been proposed by Girkin and colleagues is that a PLNT
compartment syndrome is induced by expansion of the
thicker circumpapillary choroid leading to capillary nonper-
fusion, prelaminar tissue ischemia, tissue edema, and even-
tual infarction of the axons in the PLNT region.®> This

theory is supported by Tesser and colleagues’ histologic find-
ings of PLNT ischemia in patients with NATON.#! Our data
(see Figs. 6 and 7) further support this theory. We found
that a change in choroidal expansion to 32 pL to 35 pL
results in peak tensile and compressive strains between 7.5%
and 12% in the PLNT, and computational simulations may
underestimate the level of tissue deformation.“® For compar-
ison, these strains are an order of magnitude greater than
strains seen in the PLNT and lamina cribrosa caused by an
elevation of IOP to 30 mm Hg. Additionally, the anatomy
itself was found to play an important role, where signifi-
cantly larger PLNT strains occurred in the blunt compared
to the tapered choroid geometry under both physiological
and supra-physiological levels of choroidal expansion (see



Investigative Ophthalmology & Visual Science

Choroid Expansion and Geometry Impact ONH Strain

Peak Tensile Strain

15.0+

PLNT

Peak Tensile Strain (%)

A &

T T T T
AV 32 uL AV 35 uyL  Elevated IOP Elevated ICP

) =1

L]
AV 32 uL

Lamina Cribrosa
Peak Tensile Strain (%)

1 T T
AV 35 uyL  Elevated IOP Elevated ICP

RLNT
Peak Tensile Strain (%)

M - <>

T
AV 32 pL

T T 1
AV 35 uyL  Elevated IOP Elevated ICP

| |
Choroidal Volume Change

IOVS | April 2022 | Vol.63 | No.4 | Article 23 | 8

Peak Compressive Strain

15.04

1eé
5.0 A

=

y -

T T T
AV 35 uyL  Elevated IOP Elevated ICP

Peak Compressive Strain (%)

T
AV 32 pL

2.59

2.0+

Eé®é¢

Peak Compressive Strain (%)

T
AV 32 L

T T 1
AV 35 uL  Elevated IOP Elevated ICP
50
£
£ 407
n
]
2 3.0
7] 0
n
‘né.’- 2.0- ‘
8 1.0 ‘:’ % Z
X
©
D00 T T T T
AV 32 uL AV 35 uL  Elevated IOP Elevated ICP

| 1
Choroidal Volume Change

Ficure 6. Violin plots of the peak tensile (left column) and peak compressive (right column) strains estimated to occur at each loading
condition in the blunt choroid geometry. For interpretation of plots, see Figure 4. Note the different axis scales as compared to Figures 4

and 5.

Supplementary Fig. S1). Thus, the data obtained by Girkin
and colleagues® showing that the peripapillary choroid adja-
cent to the optic nerve head (0-250 um) is significantly
thicker than normal controls (similar to our blunt geome-
try) become more significant. Extrapolating our findings to
this data, one can infer that the anatomy of subjects with
NAION predisposes them to larger PLNT strains for a given
choroid volume change compared to normal subjects. This
could put them at higher risk for NAION if a PLNT compart-
ment syndrome plays a role in the pathogenesis of NAION.

Our results also demonstrate that the impact of IOP
and ICP under physiological and supra-physiological ranges
was not different between the different choroid geome-
tries; however, the blunt choroidal geometry near the ONH
resulted in higher peak strains in the PLNT at each level
of choroidal expansion compared to the tapered choroid
insertion. These results support the concept that choroidal
geometry, or potential crowding near the ONH, plays a

vital role in NAION pathophysiology. Although these studies
cannot determine if this strain is sufficient to induce capil-
lary nonperfusion and initiate the feedback loop resulting
in ischemic optic neuropathy, it serves as strong proof-of-
concept.

ONH as a Dynamic Loading Environment

These simulations are also the first, to our knowledge, that
estimate tissue strains in the ONH caused by changes in
choroidal volume, IOP, and ICP over a broad range of both
physiologic and pathologic levels. The ONH is situated in a
complex and dynamic biomechanical environment.%-37-47-48
Further, the altered mechanical loading and tissue properties
experienced by the ONH are proposed to be involved in the
pathogenesis and/or progression of multiple eye conditions,
including glaucoma, ITH, NAION, and Spaceflight Associ-
ated Neuro-ocular Syndrome (SANS).*?47-% Importantly,
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glaucoma, ITH, and NAION are all associated with changes
in TIOP, ICP, and choroidal volume, respectively.?8-33

These results provide valuable insight when consider-
ing mechanisms that could play a role in the development
or progression of these various ophthalmic pathologies.
Our studies provide evidence that physiologic changes in
choroidal volume add to the dynamic nature of the ONH
environment. The PLNT was largely impacted by choroidal
volume changes and IOP. The lamina cribrosa is directly
influenced by IOP and, as expected, fluctuations in ICP were
the primary driver of the dynamic forces in the RLNT.

It is likely that pathologic choroidal expansion or chronic
abnormal thickening of the choroid predisposes individuals
to NAION that leads to loss of RGCs, retinal damage, and
sudden loss of vision. Our data show convincing evidence
that supra-physiological levels of choroidal expansion cause
high peak strains in the PLNT and lamina cribrosa. However,
similar to the transient changes in IOP, physiologic choroidal
volume is not static and varies with ocular pulse pressure,

blinks, or saccades®*:>! in addition to changes in fluid distri-

bution with body position or with sildenafil use. These later
factors result in a more sustained choroidal expansion and
are also risk factors for NAION. These data further suggest
that transiently elevation of PLNT deformation may develop
in the eye predisposed to NAION with a pathologically thick-
ened choroid.

Limitations

Our work has several limitations. It has been proposed
that NAION is related to choroidal geometry at the ONH;
thus, examining multiple choroidal geometries would be
advantageous. Here, we only included two geometries in
which the choroid varied only near the ONH. This is an
oversimplification of the choroid’s complex geometry and
the variations in choroid geometry. A second limitation was
the use of an axisymmetric geometric model to represent
the complex anatomy of the eye. Such axisymmetric models
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cannot capture the complex variations in choroidal, reti-
nal, and scleral thicknesses between different regions.*”8
Here, we used average choroidal thicknesses to represent
a generic eye geometry. The present study motivates future
work aimed at developing subject-specific geometries of the
choroid near the ONH in control subjects and patients with
NAION to estimate differences in deformations within ONH
tissues and potentially identify “at risk” geometries or other
biomarkers for NAION. Ideally, these will be full 3D geome-
tries based on subject-specific information obtained from
OCT or serial histological sectioning. However, even with
the above-mentioned simplifications, this work highlights
the importance of choroidal expansion under physiological
and supra-physiological loading and ONH geometries.

Another concern of our study is the limited understand-
ing of temporal component of choroidal volume changes
in patients with NAION. Here, we used choroidal thick-
ness measurements from patients with NAION to estimate
a choroidal volume change in our geometric models.*°
The current approach models the impact of an acute
change in choroidal volume on ONH deformation, but it is
unknown whether patients with NAION have acute volume
choroidal changes or whether they have chronically thick-
ened choroids and other concomitant factors increase their
risk for NAION. Understanding this temporal component
will be critical to identifying biomarkers for NAION risk.
Although the temporal component may not be understood
for NAION, our findings remain highly relevant to other
pathologies (e.g. SANS) known to have acute choroidal
volume changes. Thus, it is likely that the choroid still plays
a role in the mechanical environment of the ONH.

Another limitation is that our approach does not model
the interplay between IOP and choroidal volume. Instead,
we independently alter choroidal volume and IOP in phys-
iological and supra-physiological loadings for purposes of
our parametric study. An alternative approach exists that
examines the interplay of these effects,”” but our approach
is appropriate for identifying the importance of each load-
ing (e.g. IOP, ICP, and AV) on ONH deformation. In this
study, we also examined the independent effect of choroidal
swelling on PLNT deformation; however, it is possible that
choroidal swelling in NAION is related to altered blood
perfusion which could also impact swelling in the PLNT.
There may also be a dynamic aspect in NAION, with varied
blood perfusion and PLNT thickness throughout the time
course of the disease.’’~>> Unfortunately, we do not fully
understand the relationship and interplay between PLNT
thickening, blood perfusion, and choroidal volume, which
makes it extremely challenging to accurately incorporate
such effects into our model. Future models should consider
how these parameters interact with each other.

Finally, similar to other finite element modeling studies,
we made assumptions about the properties of the connective
tissues within the posterior eye. In brief, we assumed that
several of the softer tissues were linear, elastic, isotropic,
and incompressible, which does not truly represent their
complex behavior. To ensure that using a linear elastic mate-
rial for these specific tissues did not significantly affect
results, we re-ran a simulation using our blunt choroid geom-
etry and a swelling of 35 pL using a hyper-elastic Neo-
Hookean material instead of the linear-elastic constitutive
model. The largest difference we found was 0.87% in the
peak compressive of the PLNT, which was a relatively small
effect. Therefore, we do not believe our choice of material for
these tissues significantly impacted our results or interpreta-
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tion. In addition, it is known that these constitutive relation-
ships do not truly represent the complex behavior of these
tissues. For example, the lamina cribrosa consists of collagen
fibers that have a high degree of anisotropic behavior, and
limited information exists regarding the material properties
of Bruch’s membrane, which is the main barrier between the
PLNT and choroid.2%-5¢ The thinness of, and limited access to,
Bruch’s membrane makes it difficult to experimentally char-
acterize, although it likely plays an important role in influ-
encing the impact of choroidal expansion on ONH deforma-
tion. Finally, it is also challenging to determine the material
properties of the choroid and our models are likely a simpli-
fication of its mechanical behavior. Fortunately, our model
aimed to examine the impact of choroidal expansion on the
surrounding tissues (PLNT, lamina cribrosa, and RLNT) and
not the choroid itself. Therefore, we were able to choose a
simpler material model for the choroid in which we could
impose choroidal volume changes (e.g. expansion).

Summary

Despite the limitations noted above, we were able to exam-
ine how acute choroid expansion to volumes seen in subjects
with NAION and choroidal geometry influence strains in
the ONH under physiological and supra-physiological condi-
tions. These results agree with our previous work,® strongly
suggesting that the choroid plays an important role in ONH
deformation even relative to elevated IOP and ICP. Further,
we identified that choroid geometry plays a role in defor-
mation of the PLNT and potentially is a factor for develop-
ing a compartment syndrome within the ONH. Understand-
ing how choroidal geometry and expansion may be related
remains an important goal in understanding NAION, and
our findings motivate future studies to better understand
the role of choroidal expansion in ONH biomechanics and
tissue function, particularly in pathologies where choroidal
engorgement has been identified, including NAION, ITH, and
SANS.
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