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Abstract: Flattening of the posterior eye globe in the magnetic resonance (MR) images is a sign
associated with elevated intracranial pressure (ICP), often seen in people with idiopathic intracranial
hypertension (IIH). The exact underlying mechanisms of globe flattening (GF) are not fully known
but mechanical factors are believed to play a role. In the present study, we investigated the effects
of material properties and pressure loads on GE. For this purpose, we used a generic finite element
model to investigate the deformation of the posterior eyeball. The degree of GF in numerical models
and the significance of different mechanical factors on GF were characterized using an automated
angle-slope technique and a statistical measure. From the numerical models, we found that ICP had
the most important role in GF. We also showed that the angle-slope graphs pertaining to MR images
from five people with high ICP can be represented numerically by manipulating the parameters of
the finite element model. This numerical study suggests that GF observed in IIH patients can be
accounted for by the forces caused by elevation of ICP from its normal level, while material properties
of ocular tissues, such as sclera (SC), peripapillary sclera (PSC), and optic nerve (ON), would impact
its severity.
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1. Introduction

Idiopathic intracranial hypertension (IIH) is a state of increased intracranial pressure (ICP),
first described by Quinke in 1893, with diagnostic criteria based on the description by Walter Dandy in
1937 [1]. It usually occurs in obese but otherwise healthy women of childbearing age, causing headaches
and pulsatile tinnitus [2]. Visual impairment, sometimes leading to blindness, is related to retinal
ganglion cell dysfunction in the setting of papilledema, which is swelling of the optic nerve head
(ONH) caused by high cerebrospinal fluid (CSF) pressure in the optic nerve sheath (ONS). Although a
connection between ITH and obesity has been recognized [3], the reasons behind this disease are still
not fully understood. Hence, there is no causally directed treatment. Instead, medical and surgical
treatments aimed at normalization of ICP are used to control symptoms and limit vision loss.

High ICP is associated with structural ophthalmic changes including flattening of the posterior
globe and inward protrusion of the ONH, both visible on magnetic resonance (MR) images of the
eyes [4]. Expansion of the subarachnoid space (SAS) inside the ONS behind the eye is another
sign in the MR images in the elevated ICP-related diseases, including IIH and diseases causing
secondary intracranial hypertension (IH) such as venous sinus thrombosis and brain tumors [5-7].
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In addition to MR images, the standardized ultrasonography can be used for measuring the ONS
diameter and characterizing the expansion of the SAS inside the ONS because of the increase of
subarachnoidal fluid [8,9]. There are also previous reports in which the B-scan technique was used for
this purpose [10,11]; however, these findings might be inaccurate as the B-scan method is not sensitive
enough for measuring orbital structures [12,13]. As such, they may be clinically useful indicators of
IH [14]. The ONH protrusion is mostly due to papilledema, which reflects swelling of the retinal
ganglion cells that form the optic nerve (ON) due to axoplasmic stasis [15]. The mechanism of globe
flattening (GF) is presumably mechanical [5,6,14], resulting from the imbalance between CSF pressure
in the ONS and aqueous/vitreous humor pressure in the eye. Improved understanding of mechanical
contributions to posterior GF in IH have implications for interpreting ophthalmic imaging changes as
they might pertain to diagnosis and monitoring of IH and related conditions.

Numerical simulation is a useful tool to study the complex mechanical behavior of the ocular globe
and study the quantities which are difficult or impossible to measure or manipulate experimentally.
In the course of the last years, several numerical models have been developed based on the finite
element method (FEM) to investigate on the effect of mechanical factors in the deformation of the eye
globe and ONH head [16-23]. In this work, we performed a computational study of the eye globe
response to ICP using FE analysis in order to look into the importance of the mechanical parameters
contributing to posterior GF. The primary objective was to identify the roles of material properties
of ocular tissues and the pressure loads. For this purpose, the GF was characterized and compared
between Finite Element (FE) models and MR images from the patients with IH.

2. Materials and Methods

2.1. Model

We constructed a generic axisymmetric two-dimensional (2D) model of the posterior globe
and intra-orbital ON complex (Figure 1) based on the geometry and material properties of different
regions of the globe and ONS complex reported in the literature [16,20,21,23]. In this two-dimensional
model, with the ON/eye junction along the axis of radial symmetry, the sclera (SC) was modelled as a
quadrant-spherical shell with a 12 mm internal radius and a thickness of 0.8 mm. The thickness of
the retina (RET) was 0.27 mm. The lamina cribrosa (LC) was modeled centered on the ON complex,
concentric to the scleral shell with an internal radius of 12.3 mm. The LC thickness at the axis of
symmetry was 0.33 mm. The ON cup depth was 0.35 mm. The thickness of the peripapillary sclera
was 0.48 mm at the canal wall. The wall thickness of the central retinal vessel (VES) was 0.05 mm.
The dura mater (DM) and pia mater (PM), extending posterior to the globe, were assumed to be thicker
at their scleral intersection, with the thickness of the DM tapered from 0.85 mm at the peripapillary
sclera (PSC) to 0.36 mm at the posterior model boundary. Likewise, the PM thickness decreased from
0.12 to 0.06 mm over the same distance. The canal wall angle to the horizontal was taken to be 60°.
The DM, ON, PM, and VES were extended 10 mm posteriorly from the SC. The space between the DM
and PM, the SAS, holds the CSF.



Life 2020, 10, 316 3o0f12

® 0 Equator 6=0 ®

Axis of Symmetry

@
I

)

=)

(©

Figure 1. (a) Radially symmetric computational model of the posterior globe; the slope of each point
with angle 0 against the equator is denoted by angle «, (b) details of optic nerve head (ONH), and (c) the
finite element mesh.

ANSYS (Ansys, Inc., Canonsburg, PA, USA), GMSH [24], and FEniCS [25,26] softwares were used
in order to create, mesh, and solve FE models. A non-uniform element density was used to generate
FE meshes representing the generic eye geometry with two-dimensional axisymmetric plane elements.
We increased the mesh density in a stepwise manner and refined the mesh to make sure that the
results were mesh-independent. In the FE models, pressures were modeled as distributed loads acting
perpendicular to the tissue surface exposed to the pressurized fluid. IOP was applied to the anterior
surface of the RET and ICP to the SAS. The nodes on the axis of symmetry were constrained to remain
on the symmetry axis and the nodes on the equator were constrained to deform radially [16,17,20,21].
The posterior ends of DM, PM, VES, and ON were fixed in all directions [17].

The mechanical response of the ocular tissues was represented by both linear and nonlinear
material behavior. First, we applied linear elasticity theory as has been used in the literature in order
to describe the biomechanical response of the ocular tissues [16,17,20,21]. We created 19,683 FE models
consisting of all possible combinations of three levels (low, baseline, high) of linear elastic material
properties for different domains (SC, PSC, LC, RET, DM, and ON) and three levels of the loading
pressures, IOP and ICP, and the exact numerical values of these parameters are given in Table 1.
The material properties of the VES were kept constant in order to simplify the analysis and limit the
number of required FE models (preliminary studies showed that these domains have a limited effect
on GF). We validated this linear elastic model against Sigal et al.’s work by plotting the maximum
principal strain distribution [20] (results not shown).

Table 1. The range of pressures and material properties of different domains in linear elastic numerical
models. The Poisson’s ratio is 0.49 for all domains.

Parameters Abbreviation  Unit Value
Low Baseline High
Pressure
Intraocular pressure 10P mm-Hg 10 15 20
Intracranial pressure ICP mm-Hg 5 15 30
Young’s modulus (E)
Sclera SC MPa 0.6 1.2 1.8
Peripapillary sclera PSC MPa 0.6 1.2 1.8
Pia mater PM MPa 0.6 1.2 1.8
Dura mater DM MPa 0.6 1.2 1.8
Lamina cribrosa LC MPa 0.3 0.6 0.9
Retina RET MPa 0.03 0.06 0.09
Optic nerve ON MPa 0.03 0.06 0.09

Retinal vessel VES MPa 0.1
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Although the mechanical response of ocular tissues has been studied based on the theory of
linear elasticity for simplicity, their actual biomechanical response is nonlinear and anisotropic [27].
Therefore, in separate models, we represented the mechanical response of the SC, PSC, PM, and DM as
a nearly incompressible neo-Hookean material [28], while the ON, LC, VES, and RET were kept as
linear elastic (Table 2). The strain energy function W for nearly incompressible hyperelastic materials
is given by Equation (1):

W=a(f-3) + Sl &

where I is the first invariant of the isochoric part of the right Cauchy-Green deformation tensor, | is
the determinant of the deformation gradient, c; is the material constant, and K is the bulk modulus.
The FE implementation of the nearly incompressible neo-Hookean model in FEniCS was validated
against the analytical solution of a single finite element (results not shown). The material parameters
were chosen near the range of the values published in a previous study [23] and a second set of 19,683
nonlinear models was solved by letting the material parameters and pressure loads take their low,
baseline, and high values, as given in Table 2. The bulk modulus and the Poisson’s ratio were chosen
to be 0.05 GPa and 0.49 for all hyperelastic and linear elastic domains, respectively.

Table 2. The range of pressures and material properties of different domains in mixed linear and
nonlinear elastic numerical models.

Parameters Abbreviation Unit Value
Low Baseline High
Pressure
Intraocular pressure 10P mm-Hg 10 15 20
Intracranial pressure 1cp mm-Hg 5 15 30
Nonlinear material constant (c1)
Sclera SC MPa 0.1 0.2 0.3
Peripapillary Sclera PSC MPa 0.1 0.2 0.3
Pia Mater PM MPa 0.1 0.2 0.3
Dura Mater DM MPa 0.1 0.2 0.3
Young’s modulus (E)
Lamina Cribrosa LC MPa 0.3 0.6 0.9
Optic Nerve ON MPa 0.03 0.06 0.09
Retina RT MPa 0.03 0.06 0.09
Vessel VES MPa 0.1

2.2. Assessment of Globe Flattening and Model Comparison

We developed an angle-slope analysis for quantifying the GE. To this end, all peripheral points
on the inner retinal surface of numerical models after deformation were represented by the angle 6
that they make with the equator line. Furthermore, o« was defined as the angle that a given peripheral
point, defined by 8, makes with respect to the horizontal line passing through the point representing
0 = 90°, at the back of the globes. Since the angle « is small and almost zero where GF exists, plotting
the variation of slope (o) versus angle (6) can be used to detect the region with GF (Figure 2).
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Figure 2. (a) An MR scan of the orbit in a patient with high ICP done prior to treatment for high ICP.
(b) The same MR image after quality enhancement. The parameters of angle-slope analysis are also

shown. (c) w is defined as the area between angle-slope curves corresponding to numerical models
created using baseline and altered mechanical parameters.

We defined a new measure, w, for quantifying the amount of GF in different numerical models
that is defined as area between the angle-slope curve for a numerical model created using baseline
values (note that this curve is an almost straight line with a constant slope) and the angle-slope line
for any other model created using different combinations of parameters (Figure 2). The measure w
was calculated from 75° < 0 < 90° to simplify the calculation and make the measure more relevant
to our clinical observations that GF seldom observed beyond 6 = 75°. Any non-zero positive value
of w indicates some levels of convexity loss in the globe; thus, this measure can be used to detect
and represent the GF. Furthermore, because w increases strictly with increasing the flattening area,
this measure can be used to evaluate the sensitivity of the GF to the numerical model parameters.

In order to evaluate the level of contribution of the parameters to the GF, we sorted the FE model
solutions within each set (linear and non-linear) from the highest to the lowest w and defined the top
10% as “high GF models”. Almost identical results were obtained for analysis of the top 5% of models,
sorted by w (results not shown). We examined the prevalence of parameter values (low, baseline,
and high) in the high GF models for each model set to identify which parameters had the greatest
impact on GF. Because IOP is known not to be a factor in globe flattening, this analysis was stratified
between IOP levels.

2.3. Tuning of Models to Human Images

We used clinical observations (n = 5) in order to assess the ability of the numerical model to
represent GF observed in patients with IH prior to treatment. Selection of patients with high-resolution
MR imaging was done retrospectively based on review of patients seen in the neuro-ophthalmology
division at Byers Eye Institute at Stanford. This work followed the tenets of the Declaration of
Helsinki and was approved by an institutional review board at Stanford University with a waiver
of informed consent (protocol number: 50,927 and FWA00000935). Mid-axial high-resolution Fast
Imaging Employing Steady-state Acquisition (FIESTA) or T2 MR images at the level of the ONH were
identified and were used to characterize the amount of posterior eye GF (Figure 2). First, the center of
the globe was found and defined as the origin of polar coordinate system (point O). In this coordinate
system, all peripheral points on the inner retinal surface were represented by the angle 6 that they
make with the equator line. The angle-slope analysis technique, as described above, was applied to
detect and quantify GE.

3. Results

Figure 3 illustrates geometric model solutions for increasing levels of ICP with other model
parameters held constant. In addition to a dose-response effect on globe flattening, as demonstrated by
increasing length of red vertical arrows, there is accompanying widening of the ONS, as demonstrated
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by increasing length of black two-sided arrows. This distension of ONS is another sign seen on MR
images of people with IIH [6,29-31] and some astronauts [32,33].

ICP =5 mm-Hg ICP =15 mm-Hg ICP =30 mm-Hg

Figure 3. Flattening of the globe and distension of the ONS with increasing the ICP. The grey black
lines correspond to the undeformed state and the deformations are 5x exaggerated. Vertical red arrows
demonstrate magnitude of deformation at the back of the globes. The dashed lines are included to
facilitate comparison. The two-sided arrows show the widening of the ONS as ICP increases. For all
models shown, IOP = 15 mm-Hg and the Young’s modulus of SC, PSC, LC, RET, DM, ON, PM, and
RET was chosen to be 0.6, 0.6, 0.3, 0.03, 1.8, 0.06, 1.2, and 0.03 MPa, respectively.

The 19,683 linear FE models, varying by material properties and pressure magnitude, were sorted
based on the amount of GF that is quantified by the measure w. Figure 4a is a histogram graph showing
the distribution of each parameter’s level (low, baseline, high) in the linear elastic FE models with
upper decile of GF (high GF models), i.e. those with 44% < @ < 100%. Here, @ = w/w max X 100 and
W max is the maximum area calculated between the angle-slope curves of all FE models. The largest
amount of GF primarily occurred in linear FE models with low Young’s modulus for the ocular tissues,
especially that of the ON, SC, and PSC tissues. About 54% and 72% of high GF models had low scleral
Young’s modulus and low peripapillary scleral Young’s modulus, respectively. More than 90% of
models had high ICP and none had low ICP. The ON and PIA were also recognized as being important.

(a) (b)
100% 100%
§ 10P = 20 mm-Hg
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
SC PSC PIA DURA LC RET ON IOP ICP SC PSC PIA DURA LC RET ON ICP
M Low M Baseline M High M low M Baseline M High
© &
100% 10P = 15 mm-Hg 100% 10P = 10 mm-Hg
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
SC  PSC PIA DURA LC RET ON ICP SC PSC PIA DURA LC RET ON IcP
M low M Baseline M High M low mBaseline mHigh

Figure 4. (a) Distribution of mechanical parameters (taking their high, baseline, and low values) in
linear models with highest decile of GF, i.e., numerical models that showed significant GF in FE models
where all tissues were modelled as linear elastic materials (Table 1). Distribution of mechanical factors
in GF models when IOP was (b) 20 mm-Hg, (c) 15 mm-Hg, (d) 10 mm-Hg.
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It is known that the IOP of patients with IH is not typically elevated. Thus, we stratified high
GF models according to IOP level (high, baseline, or low) (Figure 4b—d). IOP at the baseline value of
15 mm-Hg aligns with the typical clinical case where IOP of patients with IH is not elevated (Figure 4c).
It is seen that independent of the IOP value, the majority of high GF models had sclera and peripapillary
sclera with a low Young’s modulus. Interestingly, high ICP became a more prevalent factor in high GF
models as IOP decreased, i.e., about 89%, 95%, and 100% of high GF models had ICP = 30 mm-Hg
when IOP was equal to 20, 15, and 10 mm-Hg, respectively. This suggests that high IOP shields the
effect of high ICP on GF to some extent.

A similar analysis was done for values of the measure w that were obtained from 19,683 mixed
linear and nonlinear FE models. It is again observed that the largest amount of GF primarily occurred in
FE models with ocular tissues often having the low-value material properties (Figure 5a). The nonlinear
models gave almost the same result for the importance of the elevated ICP in the GF, i.e., 91% of high
GF models had high ICP and decreasing the IOP to 10 mm-Hg showed that 100% of high GF models
had ICP = 30 mm-Hg (Figure 5a—d).

(a) (b)
100% 100%
) ° I0P = 20 mm-Hg
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
SC PSC PIA DURA LC RET ON IOP ICP SC  PSC PIA DURA LC RET ON ICP
Hlow M Baseline ®High W low M Baseline mHigh
() (d)
100% 10P =15 mm-Hg 100% 10P = 10 mm-Hg
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
SC PSC PIA DURA LC RET ON ICP SC PSC PIA DURA LC RET ON ICP
M low M Baseline mHigh B low mBaseline ®High

Figure 5. (a) Distribution of mechanical parameters (taking their high, baseline, and low values) in
mixed material models with highest decile of GF, i.e., numerical models that showed significant GF
in FE models where some tissues were modelled as nonlinear materials (Table 2). Distribution of
mechanical factors in GF models when IOP was (b) 20 mm-Hg, (c) 15 mm-Hg, (d) 10 mm-Hg.

The angle-slope technique was implemented on MR images of people with IH in order to quantify
the amount of GE. Figure 2 shows a typical MR image with obvious globe flattening. The parameters,
i.e., the pressures and material properties, of the numerical model were altered in order to determine
whether the same angle-slope behavior could be obtained numerically. We took advantage of our
parametric study and only altered the most important factors with the range that is given in Table 1.
This allowed us to limit the number of trials required for numerically matching the angle-slope curves
of MR images. The angle-slope variations of a typical MR image (Figure 2) and its corresponding
numerical model are shown in Figure 6. Similar agreement was seen for MR images of the other four
cases and we were able to perform the same analysis using material parameters of Table 2 (results not
shown). The generic FE model for each case had a slightly different set of model parameters; however,
ICP (about 30 mm-Hg) was always significantly higher than its baseline level, and SC, PSC, and ON
Young’s moduli were always close to their low values. The exact calibration of model parameters in an
inverse model requires careful attention and is beyond the scope of the present work.
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Figure 6. Comparison between the numerical FE model and MR image of a patient with IIH (shown in
Figure 2) using the angle-slope analysis. The inset shows the flattened and normal globe obtained from
the numerical model of the posterior globe. The two-sided arrows show the area where loss of convexity
(i.e., GF) occurred at the posterior of the globe. In the FE model, IOP = 15 mm-Hg, ICP = 30 mm-Hg,
and Young’s modulus of SC, PSC, LC, RET, DM, ON, PM, and RET was 0.6, 0.6, 0.3, 0.03, 1.8, 0.06,
1.2, and 0.03 MPa, respectively. These model parameters were used in Figure 3 for investigating the
influence of ICP on GF and ONS distension.

4. Discussion

Elevated ICP has been suggested as a causative factor for flattening of the posterior ophthalmic
globes seen clinically in IIH and other high ICP situations [2—4,14,34,35]; however, there is no previous
study attempting to explain this phenomenon in terms of a purely mechanical mechanism. The primary
goal of this study was to determine mechanical factors contributing to the posterior eye globe flattening
using a numerical study. Not only do numerical models allow the isolation of mechanical from
biological processes, but they also provide the opportunity to manipulate model parameters and
measure their outputs. Both of these features are not easily accomplished experimentally. In the
present study, we performed a parametric study of posterior ophthalmic globe mechanics using
generic geometry under pressure loads inside the globe (i.e., IOP) and ONS (i.e., ICP). Advances over
previously published models of the ON globe complex include focus on GF and ICP as well as use
of 2D axisymmetric, nearly incompressible neo-Hookean hyperelastic models in four subdomains
of SC, PSC, DM, and PM, while the other tissues were assumed to be linear elastic. We introduced
a measure to quantitatively assess the GF. Furthermore, we developed and applied the angle-slope
technique to characterize and compare the GF in the numerical models. Through manipulation of
material properties and pressures, we achieved a very good agreement between the numerical results
and MR image analyses of patients with IH. Thus, the proposed FE model may be used in future
studies to perform inverse modeling based on MR images of patients with IH in order to gain insight
into the basis of variation in GF between individuals.

The histogram graphs, shown in Figures 4 and 5, contain important statistical information about
the role of model parameters in GF. In general, the elevated ICP had the most important role. The sclera,
posterior sclera, and ON stiffness also played a role in GF in both linear elastic models and mixed
linear/nonlinear elastic models, i.e., decreasing the elastic modulus of SC, PSC, and ON increased the
flattening of the posterior globe (Figure 4). IOP was manipulated in the initial model comparison for
full exploration of the parameter space. The stratified analysis further highlights the contribution of
factors to GF by observing that ICP was a necessary mechanical factor contributing to the deformation
of the globe, particularly when IOP is not elevated, as is typically the case in IIH. The importance
of ICP was also demonstrated by the mixed linear/nonlinear FE models (Figure 5). Figure 5 clearly
demonstrates the obvious role of the increased ICP in GF, where 91% of the models had ICP at the
elevated level (e.g., 30 mm-Hg). In other words, high ICP is the most important mechanical factor in
GE. We note here that the distributions of mechanical factors were fairly similar between the mixed
linear/nonlinear and fully linear elastic models.
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The finding of scleral stiffness having a large influence on the mechanical response of the back of
the eye globe to external loads is in agreement with the previous finite element modeling simulations
demonstrating that SC and PSC are the most important load-bearing connective tissues in the posterior
eye [20]. The ON stiffness was also an important parameter in GF. Figure 4a showed that ON had its
lowest Young’s modulus in about 61% of all models with high GF. We also observed that when IOP = 10,
15, and 20 mm-Hg, about 78%, 63%, and 53% of high GF models had ON tissue with low Young’s
modulus, respectively; thus, the influence of ON material properties on GF is dependent on IOP.
The stiffness of DM and LC did not seem to play a prominent role in GE. These findings are in general
agreement with previous studies on the importance of material properties of various ocular tissues in
biomechanical response of the ONH as well as their roles in altered ICP-related diseases [16,20,23].

The angle-slope technique for quantifying GF was successfully implemented on MR images
from patients with IH. Taking an inverse approach, we were able to tune the finite element model by
altering the parameters to match with these image processing results. For this purpose, we used the
results of our parametric study and varied model parameters according to their importance in GF.
We stayed within the range of parameter values given in Table 1 in the process of tuning the numerical
model. This demonstrates the relevance of our numerical approach for investigating GF in patients.
It should be noted that the degree of GF in MR images of different patients was not the same (results not
shown), and that this manifested itself as different material properties in the FE model. This suggests
that one explanation for differences in GF between patients is different material properties of ocular
structures. However, it is noted that this analysis is preliminary and does not consider neither the
complexity in the 3D geometry of ocular tissues nor their nonlinear inhomogeneous material properties.
Thus, we include it here to demonstrate the feasibility of using FE models to perform inverse modeling
based on MR images of patients with IH in order to gain insight into the possible changes in the
material properties of ocular tissues of these patients contributing to the GF and variation in the GF
between individuals.

This work has certain limitations. First of all, the present work is based on a simplified 2D
axisymmetric generic model of the eye globe [19]. The primary advantage of generic models is their
capability for conducting parametric analysis because of their lower computational cost compared to
three-dimensional (3D) models. They could be used to create many different models by altering the
parameters of interest in a systematic way and subsequently identify the most influential biomechanical
factors [16,17,19,20,23,36]. The main drawback of 2D models [16,17,37] is that they do not reflect the
3D complex geometry of the ocular globe [18,19]. We are currently working on developing a 3D
model of the eye globe to extend this study by constructing individual-specific models of human ON,
like what has been done in another study [22]. Another limitation of the present study is that all
materials were assumed to be linear elastic, isotropic, and incompressible without considering collagen
remodeling and nonlinear mechanical response of ocular tissues. In order to address this limitation to
some degree, we also included the numerical FE models in which a nonlinear hyperelastic material
model was used to represent the mechanical response of a number of ocular tissues. However, it is
noted that anisotropic material models are needed for modeling the mechanical behavior of ONH
and neo-Hookean solids are only suitable for first-pass efforts [28]. This is because collagen fibers
are expected to play a role in the mechanical response of sclera and peripapillary sclera [27,38—40].
It is noted that three-dimensional models are required to be able to consider anisotropic material
models [27,41], and such models will limit the number of models that can be solved because they
are computationally expensive. In the current work, possible roles of parameters such as extraocular
muscles, orbit fat, and choroidal vasculature were not considered. The numerical models did not
include choroid, as has been included in a recent study [42]. The uniqueness and goodness of model
parameters are topics of future work and were not covered in this work. Optimization techniques
can be used to confirm the possible uniqueness of model parameters [43]. If different parameter
sets are found to match the reported model results to the MR images of the patients, additional
information, e.g., clinical/experimental measurements of mechanical factors, are needed to guide the
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inverse modeling procedure. In spite of these limitations, the present study successfully demonstrated
how pressures and material properties of ocular tissue interact to cause shape changes of the posterior
globe. Furthermore, although this work did not create a finite element model based on features that
are measurable in the clinic, it showed the possibility of using a numerical model to capture the GF
observed in patients with TH.

In summary, we investigated the dependence of posterior globe flattening on material properties
of ocular tissue and pressure loads in this numerical study. We observed that elevation of ICP would
lead to a higher level of flattening. Identification of the elevated ICP as an important mechanical factor
in the GF is in agreement with experimental studies [4,14,15,35]. Furthermore, our results suggest
that reduction in ON and scleral stiffness pre-disposes to this deformation. These deformations could
be of clinical relevance. For example, elevated ICP is the underlying cause of ophthalmic morbidity
in IH and measurements of the posterior globe have been demonstrated to change in association
with ICP level and ICP treatment [2,4,14,44]. Numerical models such as the present one could guide
interpretation of clinically observed globe changes in IH states.

Author Contributions: Conceptualization, H.H.-M., and H.E.M.; methodology, HH.-M., HE.M., and ] A.M.;
software, H.H.-M., and J.A.M.; validation, H.H.-M., and ].A.M.; formal analysis, H.H.-M., HEM., and ]. A.M.;
investigation, H.H.-M., H.EE.M., and J.A.M.; resources, H.-H.-M., and H.E.M.; writing—original draft preparation,
J.A.M.; writing—review and editing, H.H.-M., HEE.M., and J.A.M,; visualization, H.H.-M., H.E.M., and ] A.M.;
supervision, HH.-M., HE.M., and J.A.M.; project administration, H-H.-M., and H.E.M.; funding acquisition,
H.H.-M., and H.E.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by National Science Foundation CMMI-1635290, National Institutes of
Health K23 EY 024345 and P30 EY 026877, and a Research to Prevent Blindness unrestricted grant to the Stanford
Department of Ophthalmology. North American Neuro-ophthalmology Society Pilot Grant 135268.

Acknowledgments: The authors thank Michael Iv of the Stanford Department of Radiology for his assistance
with MR image selection.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Dandy, W.E. Intracranial pressure without brain tumor: Diagnosis and treatment. Ann. Surg. 1937, 106, 492.
[CrossRef] [PubMed]

2. Skau, M.; Brennum, J.; Gjerris, F; Jensen, R. What is new about idiopathic intracranial hypertension?
An updated review of mechanism and treatment. Cephalalgia 2006, 26, 384-399. [CrossRef] [PubMed]

3. Wall, M. Idiopathic intracranial hypertension. Neurol. Clin. 2010, 28, 593—-617. [CrossRef] [PubMed]

4. Alperin, N.; Bagci, A.; Lam, B.; Sklar, E. Automated quantitation of the posterior scleral flattening and optic
nerve protrusion by MRI in idiopathic intracranial hypertension. Am. J. Neuroradiol. 2013, 34, 2354-2359.
[CrossRef] [PubMed]

5. Holbrook, J.; Saindane, A.M. Imaging of intracranial pressure disorders. Neurosurgery 2017, 80, 341-354.
[CrossRef] [PubMed]

6.  Kramer, L.A.; Sargsyan, A.E.; Hasan, K.M.; Polk, ].D.; Hamilton, D.R. Orbital and intracranial effects of
microgravity: Findings at 3-T MR imaging. Radiology 2012, 263, 819-827. [CrossRef]

7. Wang, L.-].; Chen, L.-M.; Chen, Y.; Bao, L.-Y.,; Zheng, N.-N.; Wang, Y.-Z.; Xing, Y.-Q. Ultrasonography
assessments of optic nerve sheath diameter as a noninvasive and dynamic method of detecting changes in
intracranial pressure. JAMA Ophthalmol. 2018, 136, 250-256. [CrossRef]

8.  Ossoinig, K.; Cennamo, G.; Frazier-Byrne, S. Echographic differential diagnosis of optic-nerve lesions.
In Ultrasonography in Ophthalmology, Documenta Ophthalmologica Proceedings Series; Thijssen, J.M.,
Verbeek, A.M., Eds.; Springer: Berlin/Heidelberg, Germany, 1981; pp. 327-332.

9. Rosa, N,; Giamundo, A.; Jura, A.; Jaccarino, G.; Romano, A. Mesalazine-associated benign intracranial
hypertension in a patient with ulcerative colitis. Am. |. Ophthalmol. 2003, 136, 212-213. [CrossRef]



Life 2020, 10, 316 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Aduayi, O.S.; Asaleye, C.M.; Adetiloye, V.A.; Komolafe, E.O.; Aduayi, V.A. Optic nerve sonography:
A noninvasive means of detecting raised intracranial pressure in a resource-limited setting. J. Neurosci.
Rural Pract. 2015, 6, 563-567. [CrossRef]

Kitano, T.; Nezu, T.; Mukai, T.; Uemura, J.; Wada, Y.; Yagita, Y. A Case of Hypertensive Encephalopathy with
Enlarged Optic Nerve Sheath Measured by Transorbital Sonography. J. Stroke Cereb. Dis. 2017, 26, e20—-e21.
[CrossRef]

De Bernardo, M.; Rosa, N. Transorbital sonography to evaluate optic nerve in hypertensive encephalopathy.
. Stroke Cereb. Dis. 2018, 27, 1124. [CrossRef] [PubMed]

Rosa, N.; De Bernardo, M. Measurement of the optic nerve in a resource-limited setting. ]. Neurosci.
Rural Pract. 2017, 8, 310-311. [CrossRef] [PubMed]

Passi, N.; Degnan, A.].; Levy, LM. MR imaging of papilledema and visual pathways: Effects of increased
intracranial pressure and pathophysiologic mechanisms. Am. |. Neuroradiol. 2013, 34, 919-924. [CrossRef]
[PubMed]

Trobe, ].D. Papilledema: The vexing issues. J. Neur-Ophthalmol. 2011, 31, 175-186. [CrossRef]

Hua, Y.; Tong, J.; Ghate, D.; Kedar, S.; Gu, L. Intracranial pressure influences the behavior of the optic nerve
head. J. Biomech. Eng. 2017, 139, 031003. [CrossRef]

Hua, Y.; Voorhees, A.P; Sigal, I.A. Cerebrospinal Fluid Pressure: Revisiting Factors Influencing Optic Nerve
Head Biomechanics. Investig. Ophthalmol. Vis. Sci. 2018, 59, 154-165. [CrossRef]

Sigal, I.A ; Bilonick, R.A.; Kagemann, L.; Wollstein, G.; Ishikawa, H.; Schuman, ]J.S.; Grimm, J.L. The optic
nerve head as a robust biomechanical system. Investig. Ophthalmol. Vis. Sci. 2012, 53, 2658-2667. [CrossRef]
Sigal, I.A.; Ethier, C.R. Biomechanics of the optic nerve head. Exp. Eye Res. 2009, 88, 799-807. [CrossRef]
Sigal, I.A.; Flanagan, ].G.; Ethier, C.R. Factors influencing optic nerve head biomechanics. Investig. Ophthalmol.
Vis. Sci. 2005, 46, 4189-4199. [CrossRef]

Sigal, I.A.; Flanagan, ].G.; Tertinegg, I.; Ethier, C.R. Finite element modeling of optic nerve head biomechanics.
Investig. Ophthalmol. Vis. Sci. 2004, 45, 4378-4387. [CrossRef]

Sigal, L. A.; Flanagan, ]J.G.; Tertinegg, I.; Ethier, C.R. 3D morphometry of the human optic nerve head.
Exp. Eye Res. 2010, 90, 70-80. [CrossRef] [PubMed]

Feola, A.J.; Myers, ].G.; Raykin, J.; Mulugeta, L.; Nelson, E.S.; Samuels, B.C.; Ethier, C.R. Finite element
modeling of factors influencing optic nerve head deformation due to intracranial pressure. Investig. Ophthalmol.
Vis. Sci. 2016, 57, 1901-1911. [CrossRef] [PubMed]

Geuzaine, C.; Remacle, J.F. Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing
facilities. Int. J. Numer. Methods Eng. 2009, 79, 1309-1331. [CrossRef]

Alnzes, M.; Blechta, J.; Hake, J.; Johansson, A.; Kehlet, B.; Logg, A.; Richardson, C.; Ring, ].; Rognes, M.E.;
Wells, G.N. The FEniCS project version 1.5. Arch. Numer. Softw. 2015, 3. [CrossRef]

Logg, A.; Mardal, K.-A.; Wells, G. Automated Solution of Differential Equations by the Finite Element Method:
The FEniCS Book; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2012; Volume 84.
Girard, M.].; Downs, J.C.; Burgoyne, C.E; Suh, J.-K.E. Peripapillary and posterior scleral mechanics—part I:
Development of an anisotropic hyperelastic constitutive model. J. Biomech. Eng. 2009, 131. [CrossRef]
Schwaner, S.A.; Kight, A.M.; Perry, RN.; Pazos, M.; Yang, H.; Johnson, E.C.; Morrison, J.C.; Burgoyne, C.E;
Ethier, C.R. A methodology for individual-specific modeling of rat optic nerve head biomechanics in
glaucoma. J. Biomech. Eng. 2018, 140. [CrossRef]

Hoffmann, J.; Schmidt, C.; Kunte, H.; Klingebiel, R.; Harms, L.; Huppertz, H.-J.; Liidemann, L.; Wiener, E.
Volumetric assessment of optic nerve sheath and hypophysis in idiopathic intracranial hypertension.
Am. ]. Neuroradiol. 2014, 35, 513-518. [CrossRef]

Killer, H.; Jaggi, G.; Flammer, J.; Miller, N.R.; Huber, A.; Mironov, A. Cerebrospinal fluid dynamics between
the intracranial and the subarachnoid space of the optic nerve. Is it always bidirectional? Brain 2007,
130, 514-520. [CrossRef]

Hansen, H.-C.; Helmke, K. Validation of the optic nerve sheath response to changing cerebrospinal fluid
pressure: Ultrasound findings during intrathecal infusion tests. ]. Neurosurg. 1997, 87, 34-40. [CrossRef]
Mader, TH.; Gibson, C.R.; Pass, A.F; Kramer, L.A.; Lee, A.G.; Fogarty, J.; Tarver, WJ.; Dervay, J.P;
Hamilton, D.R.; Sargsyan, A. Optic disc edema, globe flattening, choroidal folds, and hyperopic shifts
observed in astronauts after long-duration space flight. Ophthalmology 2011, 118, 2058-2069. [CrossRef]



Life 2020, 10, 316 12 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Shinojima, A.; Kakeya, I.; Tada, S. Association of space flight with Problems of the brain and eyes.
JAMA Ophthalmol. 2018, 136, 1075-1076. [CrossRef] [PubMed]

Wall, M.; GEORGE, D. Idiopathic intracranial hypertension: A prospective study of 50 patients. Brain 1991,
114, 155-180. [PubMed]

Moss, H.E.; Park, ].C.; McAnany, ].J. The photopic negative response in idiopathic intracranial hypertension.
Investig. Ophthalmol. Vis. Sci. 2015, 56, 3709-3714. [CrossRef] [PubMed]

Moss, H.; Mehr, J.A.; Hatami-Marbini, H. Effect of posterior optic nerve and sheath boundary conditions on
globe deformation in high intracranial pressure (ICP) states. Investig. Ophthalmol. Vis. Sci. 2019, 60, 5228.
Nguyen, B.A.; Roberts, C.J.; Reilly, M.A. Biomechanical impact of the sclera on corneal deformation response
to an air-puff: A finite-element study. Front. Bioeng. Biotechnol. 2019, 6, 210. [CrossRef]

Girard, M.J.; Suh, J.-K.F; Bottlang, M.; Burgoyne, C.F.; Downs, J.C. Scleral biomechanics in the aging monkey
eye. Investig. Ophthalmol. Vis. Sci. 2009, 50, 5226-5237. [CrossRef] [PubMed]

Jan, N.-J.; Gomez, C.; Moed, S.; Voorhees, A.P.; Schuman, J.S.; Bilonick, R.A.; Sigal, I.A. Microstructural
crimp of the lamina cribrosa and peripapillary sclera collagen fibers. Investig. Ophthalmol. Vis. Sci. 2017,
58, 3378-3388.

Jan, N.-J.; Lathrop, K.; Sigal, I.A. Collagen architecture of the posterior pole: High-resolution wide field
of view visualization and analysis using polarized light microscopy. Investig. Ophthalmol. Vis. Sci. 2017,
58,735-744. [CrossRef]

Wang, S.; Hatami-Marbini, H. Constitutive Modelling of Cornea Tissue; Influence of Three-Dimensional
Collagen Fiber Microstructure. J. Biomech. Eng. 2020. [CrossRef]

Feola, A.]J.; Nelson, E.S.; Myers, J.; Ethier, C.R.; Samuels, B.C. The impact of choroidal swelling on optic nerve
head deformation. Investig. Ophthalmol. Vis. Sci. 2018, 59, 4172-4181. [CrossRef]

Hatami-Marbini, H.; Maulik, R. A biphasic transversely isotropic poroviscoelastic model for the unconfined
compression of hydrated soft tissue. ]. Biomech. Eng. 2016, 138. [CrossRef] [PubMed]

Moss, H.E.; Treadwell, G.; Wanek, ]J.; DeLeon, S.; Shahidi, M. Retinal vessel diameter assessment in
papilledema by semi-automated analysis of SLO images: Feasibility and reliability. Investig. Ophthalmol.
Vis. Sci. 2014, 55, 2049-2054. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



