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Abstract

Purpose: To present the cyclic strains developed in the lamina cribrosa due to the
cardiac cycle-driven fluctuations in the pressure conditions around the optic nerve
head.

Design: Finite element analysis on 3-D models of the human eye.

Methods: Varying intraocular pressure and cerebrospinal fluid pressure over a
cardiac cycle were provided as boundary conditions in the finite element models.
The cyclic strains generated in the lamina cribrosa were compared at different
mean intraocular pressures representing normal and pathological conditions.
Results: The peak maximum principal strains varied from 0.7% to 1.4% across
all cases of normal and elevated intraocular pressure, and occurred along the
periphery of the lamina cribrosa. The amplitude of the cyclic strains in the lamina
cribrosa increased by 3.5% from the normal case to the pathological cases. The
amplitudes did not change significantly for the pathological cases with mean
intraocular pressures of 21.6 mmHg, 26.6 mmHg, and 31.6 mmHg.

Conclusion and future perspective: The effect of short-term pressure changes on the
tissues of the optic nerve head has not been studied extensively. In vitro and ex
vivo experiments can be designed based on the results of computational studies
to observe the effect of cyclic strains on mechanosensitive cells in the optic nerve
head. Furthermore, the repetitive impact of cyclic strains in the lamina cribrosa
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over numerous cardiac cycles gives rise to the possibility of mechanical fatigue
contributing to the structural damage around the optic nerve head. A cumulative
damage model can be developed based on the results of this study.

Keywords: cerebrospinal pressure fluctuations, fatigue, finite element analysis,
glaucoma, intraocular pressure fluctuations

1. Introduction

Primary open-angle glaucoma (POAG) is characterized by progressive damage
to the optic nerve head (ONH), which results in visual field loss.! Glaucoma is the
leading cause of irreversible blindness worldwide, yet the contributing factors
and mechanisms of damage progression remain poorly understood. The ONH is
anteriorly exposed to the intraocular pressure (IOP), and posteriorly to the cere-
brospinal fluid (CSF) pressure in the retrobulbar subarachnoid space (RSAS).
Figure 1 shows a simplified anatomy of the posterior portion of the eye with the
pressures acting on the different tissues. The mechanical theory of glaucomatous
optic neuropathy suggests that the elevated IOP results in stresses that the laminar
beams cannot withstand, leading to their collapse and the posterior bowing of the
lamina cribrosa.? Furthermore, the axons of the retinal ganglion cells that pass
through the lamina cribrosa are damaged either directly due to the increased
pressure or from the strains developed in the tissues.?® This restricts axoplasmic
flow transport, which might eventually lead to cell death causing glaucomatous
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Fig. 1. Anatomy of the posterior part of the human eye. Intraocular pressure (IOP) acts on
the anterior portion of the lamina cribrosa. Cerebrospinal fluid (CSF) in the subarachnoid
space around the ON (optic nerve), immediately posterior to the eye, exerts a pressure on the
lamina cribrosa, called the retrobulbar subarachnoid space pressure (RSASP).
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optic neuropathy.

The two pressures, RSAS pressure and IOP, are dynamically changing pressures
that are affected by the cardiac cycle, diurnal variations, and episodic elevations.®
As seen from the compartmental model developed in our previous study,” and
as observed by Morgan et al.,® there is an offset in the peak of the IOP curve and
the CSF pressure curve over a cardiac cycle. This would result in a complex cyclic
load on the ONH tissues. The effect of IOP fluctuations and its role in glaucoma
progression using functional indicators such as visual fields has been studied
previously. However, the structural biomechanical response of the ONH to the
combined loading of changing RSAS pressure and IOP has not yet been presented.
It has even been suggested that one of the reasons for the poor understanding
of the role of IOP in the development of glaucoma is the clinical measurement of
IOP—a static representation of a dynamic phenomenon that fails to capture the
potentially more damaging fluctuations in pressure.®

The current study computationally explores the impact of cardiac cycle-driven
fluctuations in IOP and RSAS pressure on the ONH tissues using finite element (FE)
analysis. In a recent study, Jin et al. used FE models to investigate the origins of the
cardiac cycle-driven fluctuations in IOP and their effects on the biomechanics of
the ONH. Previously, generic as well as patient-specific FE models have assumed
constant pressure conditions while studying the biomechanics of the ONH.}%
Earlier models evaluated the stresses induced at physiological and elevated levels
of IOP using idealized geometry and assuming linear elastic tissue properties.’*3
The models were then updated to include the anatomy of the ONH in greater detail
and with more realistic boundary conditions to evaluate the influence of geometric
factors as well as material properties on the generated stresses.’**® While the
earlier models focused exclusively on evaluating I0P-induced stresses, more
recent models have studied the effects of CSF pressure acting in conjunction with
[OP.1819.21,2325 |n the current study, we have reported the likely strains developed
in the ONH tissues as the IOP and RSAS pressure change over a cardiac cycle. We
further explore the effects of these fluctuations at elevated levels of IOP.

2. Methods

A 3-D, generic, axisymmetric model of the ONH and surrounding tissues was
developed as follows:

2.1. Geometry

The 3-D geometry, as shown in Figure 2, was modeled in Solidworks® (Dassault
Systémes SOLIDWORKS Corp. Waltham, MA, USA) using the anatomical details
of the human eye specified in previous studies.>**?* The model comprised the
scleral tissue, lamina cribrosa, prelaminar neural tissue, and the optic nerve,
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Fig. 2. Axisymmetric 3-D model of the human eye highlighting the tissues of the optic nerve
head.

which included the pia mater and dura mater. The baseline geometric details
as highlighted in Sigal et al.”® were used to model the sclera, lamina cribrosa,
prelaminar neural tissue, optic nerve, and pia mater. Additionally, following the
study by Hua et al.,?® the subarachnoid space (SAS) and the dura mater were also
included. The SAS extended along the optic nerve posterior to the globe, and was
assumed to have a constant thickness of 0.05 mm. ?* Similar modeling studies'*
2L have used values ranging from 0.2-0.5 mm for the thickness of the dura mater
based on previously reported experimental values.?®?" In the present model, the
dura mater thickness at the base was considered to be an averaged value of 0.35
mm, with subsequent thickening at the scleral junction.

2.2. Material properties
The neural tissue, pia mater, and dura mater were assumed to be linearly elastic
and isotropic. As such, the Young’s modulus and the Poisson’s ratio were the only
material properties required to completely determine the mechanical response of
these structures. These tissues were assumed to be nearly incompressible with a
Poisson’s ratio of 0.49."* The Young’s moduli for each of these tissues were: 0.03
MPa for the neural tissue, 3 MPa for the pia mater, and 4 MPa for the dura mater.'32?
A nonlinear, isotropic, hyperelastic material model was used to describe the
lamina cribrosa and the scleral tissue. The first order Ogden model was fitted to
the uniaxial stress-strain data available for human scleral tissue?® used by Tong et
al?*in their FE study to define the material properties for the sclera. Similarly, the
uniaxial stress-strain data for the control specimen of the human lamina cribrosa®®
was used to evaluate the first order Ogden model parameters (u,(Pa), a,). Figure
3 shows the uniaxial stress-strain experimental data for human sclera and lamina
cribrosa. The following material parameters were determined through curve fitting
the experimental data using the engineering data module in ANSYS Workbench:
for sclera, p,= 15818 Pa and a,= 56.8; and for lamina cribrosa, p, = 3.6 x 105 Pa and
a,=10.4.
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Fig. 3. Uniaxial stress-strain experimental data for human (a) sclera?® and (b) lamina
cribrosa.®

2.3. Boundary conditions

The fluctuating IOP and RSAS pressure over a cardiac cycle, derived from the
previously developed compartmental model,” are shown in Figure 4. The IOP was
applied over the internal surface of the eye, while the RSAS pressure was specified
along the SAS, as shown in Figure 5. The CSF pressure, acting immediately posterior
to the ONH in the RSAS, is often different from the intracranial or spinal (lumbar
puncture) pressure.’33 However, since the experimental quantification of this
pressure has not been done, previous models have considered the CSF pressure
to be equal to the clinically available estimates of intracranial pressure obtained
through a lumbar puncture.** Moreover, the RSAS pressure is affected by multiple
factors such as the resistance to the CSF flow due to the complex internal archi-
tecture of the optic nerve SAS and the lymphatic outflow of CSF from this region.”
The external pressure on the globe and the dura mater is equivalent to the phys-
iological orbital tissue pressure, which is assumed to be a constant value of 2
mmHg.** A frictionless support boundary condition was specified at the equator
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Fig. 4. Intraocular pressure (IOP) and retrobulbar subarachnoid space (RSAS) pressure
curves over a cardiac cycle.
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Fig. 5. Boundary conditions imposed on the different surfaces in the finite element model.

and the symmetry planes. This restricted the eye globe movement in the circum-
ferential and meridional directions, while allowing the globe to move freely in the
radial direction. A frictionless support was applied at the base of the optic nerve
and sheath, which restricted its movement in the anterior-posterior direction.
The interfaces between the different tissues were modeled as bonded contacts,
which prevented any slipping or separation of the tissues. Figure 5 summarizes the
boundary conditions applied to the model.
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Fig. 6. Mesh convergence showing the maximum principal strains in the lamina cribrosa for
different mesh sizes.
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2.4. Numerical approach

A commercial FE software, ANSYS® Academic Research Mechanical, Release 19.2
(ANSYS Inc. Canonsburg, PA, USA), was used to solve the model. An implicit, qua-
si-static simulation for IOP and RSAS pressure over a single cardiac cycle was carried
out. An initial time step of 0.1 seconds was provided which could be increased
to 0.2 seconds to achieve faster convergence. A quadratic, 20-node hexahedral
element dominated mesh was generated with additional tetrahedral, pyramid,
and wedge elements to capture the irregular geometry. A mesh convergence study
as described in Shin et al.?> was followed to achieve the necessary resolution in the
critical regions of interest. The maximum principal strains developed in the lamina
cribrosa were evaluated for different mesh sizes from 120 um to 60 pum, in steps
of 20 um, as shown in Figure 6. This was done until the difference in the values
of the maximum principal strains between two consecutive mesh sizes was less
than 3%. Based on the convergence study, the size of the elements in the lamina
cribrosa was set to 80 um. The size of the elements in the pia mater was fixed at 20
pum, while the size in the dura mater and optic nerve was 80 pm. The sclera and the
prelaminar neural tissue had elements sized 100-300 um, with a greater density of
elements concentrated near the ONH region. The overall model was solved for a
mesh with 464,883 nodes and 164,625 elements.

3. Results

As shown in Table 1, a baseline case with physiologically normal mean IOP and
RSAS pressure was simulated, while the cases 1, 2, and 3 replicated conditions of
elevated IOP, which has long been considered a risk factor for glaucomatous optic
nerve damage.?3¢

The peak values of the maximum principal strain for all the models varied from
4.2% to 7.9% and occurred in the prelaminar neural tissue. Sigal et al.** and Hua et
al.?®in their FE models have reported strains greater than 5% in the tissues around
the optic nerve, and have noted that a similar range of strain values were observed
in some ex vivo human and porcine models, even with their simplification of linear,
elastic, and isotropic tissue properties.

Scanning electron microscopic examination of human ONH,* as well as experi-
mental animal models®**have shown that glaucomatous damage generally occurs
at the level of the lamina cribrosa. Therefore, we have focused on the strains
generated in the lamina cribrosa over a cardiac cycle. The peak maximum principal
strains varied from 0.7% to 1.4%, as shown in Figure 7, across the range of IOP
levels chosen for the present study.
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Fig. 7. Variation of the maximum principal strains in the lamina cribrosa along the radial
direction under the three different pathological cases and the physiologically normal base
case. Base case: intraocular pressure (IOP) = 2,211.82 Pa (16.59 mmHg), retrobulbar sub-
arachnoid space pressure (RSASP) =814.60 Pa (6.11 mmHg); Case 1: IOP =2,878.43 Pa (21.59
mmHg), RSASP = 814.60 Pa (6.11 mmHg); Case 2: IOP = 3,545.84 Pa (26.59 mmHg), RSASP
=814.60 Pa (6.11 mmHg); Case 3: IOP = 4,211.65 Pa (31.59 mmHg), RSASP = 814.60 Pa (6.11
mmHg).
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Fig. 8. Peak values of maximum principal strains in the lamina cribrosa under the three
different pathological cases and the physiologically normal base case. Base case: intraocular
pressure (I0P)=2211.82 Pa (16.59 mmHg), retrobulbar subarachnoid space pressure (RSASP)
=814.60 Pa (6.11 mmHg); Case 1: IOP = 2,878.43 Pa (21.59 mmHg), RSASP = 814.60 Pa (6.11
mmHg); Case 2: |OP =3,545.84 Pa (26.59 mmHg), RSASP = 814.60 Pa (6.11 mmHg); Case 3: IOP
=4,211.65 Pa (31.59 mmHg), RSASP=814.60 Pa (6.11 mmHg).
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Fig. 9. Amplitude of the cyclic strains in the lamina cribrosa increases from the physiolog-
ically normal base case to the pathological cases. Base case: intraocular pressure (IOP) =
2,211.82 Pa (16.59 mmHg), retrobulbar subarachnoid space pressure (RSASP) = 814.60 Pa
(6.11 mmHg); Case 1: IOP =2,878.43 Pa (21.59 mmHg), RSASP = 814.60 Pa (6.11 mmHg); Case
2:10P =3,545.84 Pa (26.59 mmHg), RSASP =814.60 Pa (6.11 mmHg); Case 3: IOP =4,211.65 Pa
(31.59 mmHg), RSASP = 814.60 Pa (6.11 mmHg).

Table 1. Mean pressures over a cardiac cycle for the different cases

Normal IOP and RSAS pressure | 2,212 (16.6)

Elevated IOP and normal RSAS | 2,878 (21.6) 815(6.1)
pressure

Elevated IOP and normal RSAS | 3,545 (26.6) 815(6.1)
pressure

Elevated IOP and normal RSAS | 4,212 (31.6) 815(6.1)
pressure
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Fig. 10. Peak values of maximum principal strains in the lamina cribrosa for Base case:
intraocular pressure (IOP) = 2,211.82 Pa (16.59 mmHg), retrobulbar subarachnoid space
pressure (RSASP) = 814.60 Pa (6.11 mmHg); Base case with lower RSAS pressure: 0P =
2,211.82 Pa (16.59 mmHg), RSASP = 146.65 Pa (1.11 mmHg); Case 1: IOP =2,878.43 Pa (21.59
mmHg), RSASP =814.60 Pa (6.11 mmHg).

The peak values of the maximum principal strains generated over a cardiac cycle
under the different pressure conditions are shown in Figure 8. As expected, the
magnitude of the strains averaged over the cardiac cycle increased from 0.5% in the
base case to 1.2% in case 3. The maximum values of the strain were 1.2-1.4 times
higher than the average strain over the cardiac cycle across all cases. As shown in
Figure 9, the amplitude of the cyclic strains increased by 3.5% from the base case to
case 1, thereafter remaining relatively similar across the three pathological cases.

An additional case with the physiological level of mean IOP and lower RSAS
pressure was simulated. Studies have shown that an increased difference between
these two pressures (translaminar pressure difference) may be an independent risk
factor for glaucoma.* The simulation was carried out with a mean IOP equivalent
to the base case at 2,211.82 Pa (16.59 mmHg) and a lower RSAS pressure of 146.65
Pa (1.11 mmHg). Figure 10 shows the peak values of maximum principal strains
developed in the lamina cribrosa for the simulation with lower mean RSAS pressure
compared with the base case and pathological case 1. The cyclic strains developed
in the base case with RSAS pressure equal to 814.60 Pa (6.11 mmHg) and lower RSAS
pressure of 146.65 Pa (1.11 mmHg) were similar. Additionally, although the translam-
inar pressure difference for the base case with lower RSAS pressure of 146.65 Pa
(1.11 mmHg) and pathological case 1 were similar, the cyclic strains developed were
different and are the result of the increased I10P.
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4, Discussion

In the present study, we have shown the variation of the strains within the lamina
cribrosa as the IOP and RSAS pressure change over a cardiac cycle. As seen in Figure
7, the highest principal strains are observed at the periphery of the lamina cribrosa
under all pressure conditions. The increased peripheral strains are attributed by
Jonas et al.*® to the anatomy of the ONH. The increased backward bowing of the
lamina cribrosa along the periphery as compared with the center might be due to
the optic nerve, which is immediately posterior to the lamina cribrosa. The regions
in the lamina cribrosa facing the central trunk of the optic nerve may have less
pronounced backward bowing in contrast to the outer regions, which are closer to
the CSF space.

The translaminar difference does not seem to have a significant effect on the
cyclic strains, as seen in Figure 10. This suggests that the strains developed in the
lamina cribrosa are dependent on the IOP. However, a much more detailed analysis
would be required to make a definitive conclusion. Retrospective and prospective
studies performed thus far have shown that the RSAS pressure was lowered in
subjects with POAG. Burgoyne® suggested that the glaucomatous damage to the
retinal ganglion cell axons may not necessarily occur at locations with the highest
strains. Instead, as the strains increase in the ONH tissues, axon physiology may
break down at locations where the translaminar pressure difference is high.

Purely from a structural point of view, the cyclical strains induced in the lamina
cribrosa present the possibility of mechanical fatigue contributing to the structural
damage of the laminar beams. Mechanical fatigue is characterized by structural
failure resulting from accumulated damage by the action of repeated loads that
do not exceed a particular material’s yield strength. The cyclic strains over each
individual cardiac cycle may not be high enough to induce structural damage, but
their cumulative effect over repetitive cycles might contribute to the damage of
laminar beams. As seen in Figure 9, the amplitude of the cyclic strains increased
under pathological conditions. This may have implications for the aggressive
progression of glaucomainindividuals with higher IOP, as shown by Jay and Murdoch
in their longitudinal study to estimate the progression by testing visual field loss.*°
Mechanical damage due to repeated loads on the ONH may explain the progressive
nature of damage to the tissues that is a hallmark of this disease. Patient age has
been documented as a significant risk factor and the occurrence of glaucoma is
known to increase with age.” This implies that cumulative exposure to patholog-
ical conditions likely play a role in the development of the disease. Cumulative
damage models taking into account natural ageing and the self-healing nature
of body tissues may provide valuable insight into the progression of ONH tissue
damage and associated visual field loss. The lamina cribrosa and sclera are known
to actively remodel under IOP-driven strains. The remodeling results in changes in
tissue anisotropy, an increase in connective tissue volume, tissue migration, and
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elongation or shortening of tissues.*> Computational models have been proposed
to reproduce individual remodeling processes and these can be integrated with the
current approach in future studies. While the mitigating effect of tissue remodeling
may theoretically preclude failure of tissues from mechanical fatigue only, there are
other factors that might contribute to the accumulated damage in the ONH tissues.
Studies have indicated that the sclera and lamina cribrosa stiffen with age, changing
the biomechanical response of the ONH.**** While the stiffening of the sclera and
lamina cribrosa might be viewed as a protective measure to resist mechanical
strain, it also induces larger IOP spikes due to the decreased compliance of the
tissues, making them more susceptible to damage.® Moreover, diurnal and episodic
elevations in 10P will also likely lead to repeated strains. Additionally, in a recent
modeling study, Wang et al.*® have shown that the horizontal movement of the eye
causes large strains in the ONH tissues and have suggested that these transient
strains could have a long-term effect because of how frequently we move our eyes
for daily activities.

Mechanical fatigue damage due to overuse or poor healing response of tissues
has been attributed to injuries in tendons and ligaments.* However, the effect of
mechanical fatigue has not yet been investigated in ONH tissues. Few constitutive
models have been proposed for fatigue damage in soft biological tissues.**-*® Spe-
cifically, constitutive models for bioprosthetic heart valves have been proposed.*®
These models mimic fatigue-induced damage in collagenous tissues, leading to
irreversible uncrimping of the collagen fibers (permanent set) and progressive
damage to fibrils, which decreases the stiffness of the tissue (stress softening).
Computational simulations utilizing fatigue damage constitutive models calibrated
via experimental tests could be useful in investigating the damage mechanism in
the ONH and its contribution to the development of glaucoma. Like tissue fatigue
studies related to musculoskeletal and cardiovascular applications, this approach is
currently hindered by the lack of experimental data. Fatigue experiments focusing
on generating data under different loading conditions and over a varying number
of cycles would be required to properly calibrate the existing constitutive models.

Although IOP is a well-acknowledged risk factor for glaucoma, and currently
the only modifiable one for its management, I0P fluctuations and their role in the
pathophysiology of glaucoma remains an active area of interest. Animal studies have
measured diurnal 10P fluctuations of approximately 667 Pa (5 mmHg), and much
higher fluctuations of approximately 200-5,333 Pa (15-40 mmHg) on the timescale
of seconds.>* In humans, while some studies have demonstrated that IOP fluctu-
ations over all timescales are potential risk factors for glaucoma,>°-¢ others have
found no correlation between the two.*"*® Analogous to I0P fluctuations, transient
changes in the CSF pressure have also been hypothesized to play a role in the
progression of glaucoma.®*Further, it has been suggested that pulsatile loads have
amore significant effect on cell physiology than constant mechanical loads®®-¢?and
the cells in the ONH are much more susceptible to react to the short-term changes
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in pressure than the overall slower changes in the mean pressures.®* Kirwan et al.®?
found that lamina cribrosa cells respond to cyclical mechanical strains by tran-
scription of modulators and components of the extracellular matrix. Similar exper-
imental studies can be designed based on computational studies such as ours to
investigate the effect of short-term pressure changes.

There are certain limitations in the current study that need to be addressed to
develop more sophisticated models in the future. Although the dynamic pressure
conditions are prevalent in all eyes, strains developed in the lamina cribrosa are
derivative of the eye-specific morphology and tissue stiffness. Thus, there is a
possibility that the magnitude of strain is higher in some eyes, making them more
susceptible to damage.®* Numerous studies have pointed to factors such as stiffness
of the tissues and their anatomy to significantly affect the stresses and strains
predicted within them.2131623.25 This variability is difficult to capture in a generic
model. Another limitation of the current model is the assumption of hyperelas-
tic material properties for the lamina cribrosa and the sclera, and linearly elastic
properties for the remaining tissues. In reality, these tissues have a non-linear and
highly anisotropic behavior. However, other FE models have also included these
simplifications since they constitute a reasonable approximation of the large-scale
behavior of the tissues.!'13212324 Previous computational studies have suggested
that the anisotropy of the scleral region reduces the expansion of the scleral canal,
thereby protecting the tissues of the ONH.®® Other studies have shown that glauco-
matous eyes exhibit a lower degree of scleral anisotropy.®* However, detailed studies
would be required to determine whether the decreased anisotropy is an effect or a
cause of the onset of glaucoma. Additionally, viscoelastic effects were not included.
Altered rates of change of the dynamic pressure conditions around the ONH would
likely affect the biomechanical response of the tissues. Viscoelasticity has been
shown to reduce dynamic stresses and strains developed in arterial walls, having
implications of mitigating fatigue damage in arteries.® Lastly, we have considered
the effect of cardiac cycle-driven changes in the IOP and RSAS pressure in isolation.
The effect of body posture on the pressures is not investigated; the IOP and RSAS
pressure curves are obtained assuming supine position. Over any given length of
time, the stresses and strains generated in the ONH would likely be more complex.

5. Conclusion

The pressure conditions around the ONH tissues are critical to understanding the
cause and progression of glaucoma. This is further compounded by the fact that the
two pressures acting in this region, IOP and CSF pressure, are dynamically changing.
Thus, a static measure of pathophysiological pressure conditions to evaluate their
impact on the ONH tissues leading to glaucoma may not suffice. Therefore, in the
current study we have presented the cyclic strains developed in ONH tissues, specif-
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ically the lamina cribrosa, due to cardiac cycle-driven pressure changes.

A FE analysis of a generic model of the human eye was carried out. Mechanical
loads induced by dynamic IOP and CSF pressure changes over a cardiac cycle
were applied. It was observed that both mean cyclic strains and strain amplitudes
increased under pathological IOP conditions. The results can be used to develop
in vitro experiments to understand the impact of short-term pressure fluctuations
on the mechanosensitive cells of the lamina cribrosa. Furthermore, the contribu-
tion of mechanical fatigue in the structural damage of the ONH can be investigated.
Cumulative damage models due to repetitive strains that account for the charac-
teristics of living tissues can be formulated to understand the development and
progression of glaucoma.
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