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Abstract
As is the case with many ocular neuropathies, primary open-angle glaucoma
(POAG) leads to an irreversible damage to the visual field. Loss of visual field first
occurs in the peripheral vision and slowly propagates towards the middle. Although
there are differences in its rate of incidence, glaucoma is projected to be the leading
cause of blindness, second only to cataract, affecting significant percentage of
populations across different age, race/ethnic groups. A hallmark of POAG is the
dysfunction of retinal ganglion cells (RGCs) which connect to the axons which, in turn,
relay the visual information from the eye to the brain. Previous research has shown that
axonal density in the optic nerve head (ONH) is greatly reduced due to chronically
elevated intraocular pressure (IOP). IOP-lowering treatment has been shown to reduce
the visual field loss, and continues to be the dominant treatment methodology for
glaucoma.
Previous research has shown that the biomechanics of the lamina cribrosa (LC) a highly porous tissue through which the axons carrying the visual information exit the
eye, is important in influencing the viability of the RGCs. In a normal eye, the LC is
primarily made up of collagen of types I, III, and IV which encompass (specifically,
arranged circularly) the axon shafts and the blood vessels (1). In addition to elevated
IOP, changes in the material properties of ocular tissues in and around the ONH region,
which include peripapillary sclera and LC, could affect its biomechanics, which could be
a result of changing microstructure and morphology of these tissues, and may
contribute to POAG. The current work is aimed at creating computational models to
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incorporate the complex nature of ocular tissues, and develop computational techniques
to characterize the variation in the material properties of ocular tissues (which include
the tissue moduli, fiber orientation, permeability etc.), and study the effects they have on
the biomechanical response of the LC region.
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INTRODUCTION
Anatomy of the human eye
The eye is the product of thousands of years of continuous evolution and is the
gateway to a significant portion of the perception of external stimuli. It is a combination
of several microscopic and macroscopic tissues working in harmony to sense visual
information and transmit it to the brain via nerve fibers. The light incident on the cornea
of the eye passes through the pupil, the lens, the vitreous chamber, and finally focuses
on the retina. The retina is analogous to a photo-sensor in a camera; the retinal tissue is
connected to ganglion cells that transmit the light information to the rod and cone cells
underneath it, which form the bed of the retina. They populate the retina with varying
degree of density, the highest being in the fovea. The cone cells sense the color
information, and the rods sense the black/white information in the incident light. The
light signals are then converted to electrical signals and transmitted to the brain through
bundles of nerve cells, called axons. The axons accumulate and exit out of the posterior
eye through a region called as the optic nerve head (ONH).
Shown in
Figure 1

are the major structural components of the eye some of which are

visible from the outside viz. the cornea, and the sclera. The cornea is a transparent
tissue owing to a high degree of alignment of collagen fibers. Collagen fibers constitute
the primary structural elements of most of the soft tissues in the body. Although there
are different types of collagen fibers, the most dominant ones in the ocular tissues are
type I, III (1). The sclera (stems from the Greek word skleros meaning „hard‟) is the
white part of the eye and has a lesser degree of alignment in its fibers leading to its
15

opacity. The most transparent tissue in the eye, the crystalline lens, is held in place by
the ciliary muscles and the zonules.
In a healthy eye, the ciliary muscles contract or expand, depending on the object
distance from the eye, to adjust the shape of the crystalline lens- a process called
„accommodation‟- and focus the incident light onto the retina. Inside the eye, the
vitreous chamber constitutes the majority of the volume, and is filled by a gelatinous
fluid

called

the

vitreous
highered.meducation.com

humour.

It is filled by a

gelatinous liquid comprising
water

(99%

by

weight),

collagen fibers (type II) (2),
and

nutrients

mucopolysaccharides

like
(3)

that nourish the eye. The
retrozonular and retrolental
spaces

feed

the

liquid

content to the vitreous chamber.
Figure 1: A schematic showing the major regions and tissues within the eye

The retina envelopes the vitreous chamber and is made up of rod and cone cells.
These cells convert the incident light into electrical signals that are sent to the brain via
the axons. Various tissues including the retinal pigment epithelium, the Descemet‟s
membrane, the Bruch‟s membrane, and the choroidal complex fill the space between
the retina and the inner scleral surface (4). A dense network of capillaries within the
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choroidal complex provides blood and nutrient supply to the tissues in the posterior
region of the eye.
In the anterior eye, there exists a continuous production and drainage of a clear
fluid called the „aqueous humour‟, first discovered by Leber in 1873 (5) (see Figure 2). It
is made up of electrolytes, organic
solutes, growth factors and other
constituents

Wikimedia.org

(6)

that

provide

nutrition to the iris, lens, the
cornea, the ciliary muscles etc. The
aqueous humour is generated in
the ciliary processes through a
combination

of

diffusion,

ultrafiltration and active secretion.
Figure 2: Flow pathway of the aqueous humour in the anterior eye

Active secretion contributes 80-90% of the total aqueous humour production in
the eye. The rate of aqueous production is higher during the day and lower during the
nights; the diurnal cycle average is approximately 2.4 microliters/min (7). It sweeps past
the lens and exits the anterior chamber through the trabecular meshwork (TM) and
finally drains into the vortex veins past which it mixes with the systemic blood flow. A
part of the aqueous humour exits through a secondary outflow pathway called as the
„uveoscleral pathway‟. The outflow through the trabecular meshwork (also known as the
primary outflow pathway) is dependent on the intraocular pressure (IOP), whereas the
outflow through the secondary pathway - through the uveoscleral (UVSC) pathway- is
relatively unaffected. It has been well established that the majority of the resistance to
17

the outflow arises in the Juxtacanalicular tissue (JCT) which exists past the TM (8, 9). In
a normal human eye, up to 90% of the aqueous humour exits the anterior chamber
through the TM and approximately 8% through the Schlemm‟s canal (SC). This
continuous production and drainage of the aqueous humour results in an intraocular
pressure (IOP) that is exerted on the various tissues within the eye, e.g. sclera, ONH,
cornea, iris etc. It must be mentioned that the IOP is not constant throughout the day
and fluctuates with systemic blood pressure (10), body postures (11) etc. However, an
IOP of ~15mmHg is considered a “normal IOP” in a human eye.

Glaucoma
Given the well-tuned interplay between the tissues to sense visual information as
discussed above, slight aberrations to their structure and functionality can lead to
compromised vision. Of the optic pathologies that lead to permanent blindness,
glaucoma ranks second behind cataract and it is estimated that by 2020 more than 3
million people in the United States will be affected by glaucoma (12, 13). There are
several types of glaucoma: open –angle glaucoma, closed-angle glaucoma, congenital
glaucoma, normal-tension glaucoma, etc. Glaucoma is a family of optic neuropathies
that result in an irreversible loss of vision starting with the peripheral visual field and
gradually encroaching towards the middle. A hallmark of a glaucomatous eye is the loss
of retinal ganglion cells (RGCs) in the posterior eye. Llobet et al reported that primary
open-angle glaucoma (POAG) constitutes 85% of all cases of glaucoma (14). According
to a widely-accepted theory, a chronic elevation in the IOP, due to a compromised
outflow of the aqueous humour, leads to RGC apoptosis and thereby loss of vision.
18

Even though the aqueous drainage is adjusted to account for the increased IOP (10), in
a pathological condition this compensation does not fully alleviate the increased stress
imposed on the ocular tissues. Vision loss is also dependent on the duration for which
the elevation in IOP exists (15). It was observed in rat eyes that approximately half the
RGCs lose viability due to an increased IOP for a period of 2-3 months (15, 16). Martin
et al, and Almasieh et al have reported that accumulation of dyenin, a motor protein, in
the retina is correlated with elevated IOP, and this could lead to death of RGCs (17, 18).

Diagnosis and Treatment
A common procedure to diagnose incidence of glaucoma involves measuring the IOP
using a tonometer. Techniques such as laser trabeculotomy (performed to increase the
outflow of the aqueous humour through the TM), and IOP lowering drugs (which either
increase the outflow or reduce the production of the aqueous humour) are common
treatments for POAG. However, it was reported in previous literature that normotensive
eyes can be glaucomatous while hypertensive eyes can be non-glaucomatous. This
suggests that although IOP is a major contributing factor elevated IOP, it is not the only
cause for the incidence of POAG. As such, clinical diagnosis for glaucoma should
include the assessment of the optical disc and the visual field loss. A commonly used
technique to diagnose POAG also involves applanation tonometry in which the corneal
surface of the individual is depressed using a tonometer and the resistance to this
movement is used as an indicator to the intraocular pressure. One shortcoming of this
method is that the apparent resistance (assumed to be due to an abnormal intraocular
pressure) could arise due to a thick and/or stiff corneal tissue; this could lead to a bias
in the diagnosis and, potentially, an unnecessary treatment. Some of the most common
19

methods to treat glaucoma include trabeculotomy, drug delivery methods to control the
production of aqueous. It must be mentioned that a lot of the anti-glaucoma drugs (like
latanoprost etc.) to target the uveoscleral (non-conventional outflow) pathway despite it
constituting the minority of the outflow (14). Topical drugs are particularly prescribed for
glaucomatous cases that arise due to a genetic predisposition. Combination drugs, such
as Cos-opt (timolol and dorzolamide), improve compliance among patients considering
the convenience of applying two drugs at once (13). Several clinical trials are currently
testing combinations of prostaglandin analogs with timolol for the topical treatment of
glaucoma. Topical administration of drugs may not yield therapeutic levels because of
the long diffusion distance, and the “wash-out” effect on the drug due to lacrimation and
aqueous flow inside the eye. As such, alternatively, if the topical drugs are not as
effective, oral administration of drugs is resorted to. Carbonic anhydrase inhibitors are
used depending on how well the patient‟s physiology responds. It is concerning to know
that among some patients with POAG, the vision loss is not reversible even though IOP
lowering is achieved using drugs because loss of axons is irreversible. Intravitreal
injection of drugs offers a better efficacy than the above methods but could lead to
retinal detachment, endopthalamitis, cataract etc (19). It could also require multiple
injections to achieve the desired effect. On the surgical front, laser trabeculotomy is
performed to reduce the resistance to the outflow of aqueous humour thereby
increasing its outflow. The outflow resistance in the trabecular meshwork is either
mechanically or biologically reduced by the incident laser. This treatment could result in
an initial inflammation of the eye leading to a temporary increase in the IOP which
subsides and eventually changes into a lowered IOP. Ocular stents are also used to
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lower the IOP in hypertensive eyes. These are minute metallic scaffolds that are used in
coronary aortae to prop open a collapsing (or occluding artery) and allow a healthy flow
of blood. In ocular applications, stents are used to prop open the trabecular meshwork
and increase the aqueous outflow. It was shown previously that usage of ocular stents
is more efficacious in IOP-lowering compared to trabeculotomy (20). Ocular shunts are
also used for IOP-lowering which functions by “re-routing” the aqueous outflow thereby
easing pressure in the ocular globe.

Factors affecting incidence and prevalence of primary open-angle
glaucoma
Although the human eyes are, for the most part, similar in size and morphology,
there are variations in their vulnerability to ocular disorders. As mentioned previously, a
well-established theory correlates the axonal damage in the ONH region with a
chronically elevated IOP which could result from a compromised outflow of the aqueous
humour in the anterior eye. However, it was also found that vision loss due to OAG can
occur in normotensive eyes (eyes with an IOP of approximately 15mmHg), and
hypertensive (eyes with an IOP >20mmHg) eyes can function normally (12, 17), thereby
expanding the list of possible factors that influence POAG incidence. Several studies
have identified that increase in age acts as a surrogate to the deterioration of the axonal
density in the ONH region (21, 22), leading to a loss of vision. This deterioration was
shown to occur both in a dispersed, and a localized manner (23). It was also noticed
that the diffused deterioration of the axons do not lead to a significant loss of vision as
compared to a similar extent of loss in a localized region. In addition to this is the effect
of the postlaminar pressure which is found to be affected by the cerebrospinal fluid
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(CSF) pressure (24, 25). Indeed, there is a significant variation in the intraocular and
CSF pressures during the diurnal cycle (26, 27), and due to body postures (28, 29).
Different studies have arrived at contrasting conclusions regarding the effect of
hypertensive vascular environment on the incidence of OAG (30). While the Baltimore
study found no strong correlation between systemic hypertension and OAG (31), other
studies have shown a modest to significant correlation between the two (32, 33). Based
on this, it is not unreasonable to surmise that obesity could be a factor for a greater risk
of OAG incidence observed in obese individuals (34) because the systemic pressure in
obese individuals is higher compared to normal individuals (35). The physiology of
several ocular tissues were also correlated with vision loss due to glaucoma e.g.,
central corneal thickness (36), optic disc diameter (37, 38), choroidal permeability (39)
and thickness (40), disc-to-cup ratio of the LC (41, 42), myopia (43) etc. It was found
previously that the glycosaminoglycans content is reduced in myopic eyes, and a
marked thinning of the sclera near the posterior pole accompanied by the presence of
collagen fibers with a smaller diameter was also observed (44). This could be a reason
for the reduced strength of the peripapillary sclera resulting in higher strains in the
lamina cribrosa. Other physiological conditions such as migraine, diabetes, sleep
apnea, thyroid disease can also lead to the incidence of open-angle glaucoma (30).
Lifestyle factors such as caffeine intake (45), diet (46), exercise (47), smoking (48-50),
alcohol consumption (51) were found to affect IOP and can, thus, influence incidence of
POAG. A racial predisposition was also found in the incidence of OAG. Individuals of
African-American (AA) origin were found to have a greater risk of OAG than individuals
of European-descent (ED). It was also shown that even though the incidence in the ED

22

group increases with age, it is still lesser compared to AA (52). In addition, a higher
prevalence rate is found in males compared to females (52). It can be argued, however,
that since the availability and frequency of medical attention in all these studies is not
extensively reported, it is possible that certain demographics have a better access to
medical care which could lead to early detection and appropriate treatment to prevent
the vision loss due to OAG (12) thereby leading to this apparent disparity in the affected
population. However, the ease of access (or the lack thereof) to glaucoma treatment
influences only the prevalence of the disease and not its incidence, and so, the genetic
predisposition to POAG cannot be neglected. This idea led to further research into the
factors that lead to these predispositions in different demographics. Some studies have
noted that the biomechanical environment in and around the ONH region i.e., the
response of the tissues in this regions to a mechanical stimulus, could play an important
role in the incidence of POAG. In particular, a highly porous tissue in the ONH region,
called the lamina cribrosa (LC), has garnered particular research interest since this is
the tissue through which the axons of the RGCs exit from the eye. Clinical diagnoses
showed that a distinct “cupping” in the LC is a common feature in glaucomatous eyes
which has been attributed to elevated IOP. Computational studies have been performed
to show that the mechanical properties of the sclera surrounding the ONH, known as
peripapillary sclera (PS), can influence the behavior of the LC in response to
mechanical stimuli like changes in IOP (53-56). Furthermore, previous studies have also
reported that the material properties of ocular tissues change with age (57), which jibes
well with the findings that older individuals are at a higher risk of POAG than younger,
and material properties play an important role in POAG incidence. On similar lines, a
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hypothesis that the aforementioned disparity in the incidence across different
races/ethnicities, ages and sexes can be due to variations in the mechanical properties
of the tissues in the posterior eye deserves a rigorous investigation.
The size of ocular tissues could be very small. Depending on the region, it may
vary from a few centimeters to a few microns. This makes it very challenging to
experimentally evaluate their behavior under different conditions of pressure and other
factors. Furthermore, there could be a significant variability in the material properties of
the ocular tissues from different eyes which makes it even more difficult to isolate the
influence of individual region on the biomechanical response of the ONH (specifically,
the LC). Computational models, like the finite element (FE) models, address these
issues by providing a platform to identify and isolate the effect variation in a specific
tissue can have on the LC and ensure full control on the variability of the model. The
current work provides such computational frameworks to quantify the effects variations
in the material properties of tissues in the posterior eye can have on the LC. However,
to analyze ocular tissue behavior using FE models, an a priori knowledge of the material
constitutive model and the model parameters describing the tissue behavior is required.
This information typically is obtained from experiments but, as mentioned above, it
could be very difficult to determine for all tissues. As such, inverse techniques in
conjunction with experimentally determine-able data along with physiologically-based,
well-reasoned assumptions are needed to build computational models to determine the
unknown material properties of tissues and parametrically study their influence on LC
biomechanics. To accomplish this goal, the current work presents a computational
framework to estimate the material properties like the modulus of sclera, porous
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material properties of the TM and UVSC, and reports how the LC biomechanical
response is influenced by these and other tissues. The remainder of this manuscript is
divided into three chapters providing the details of:
1. A porohyperelastic model of an eye to determine the effects of tissue
permeabilities on LC strains
2. An inverse finite element technique to determine the heterogeneity in the
material properties in the scleral shell
3. An anisotropic 3D finite element model of the posterior human eye to
determine whether the collagen fiber orientations and matrix modulus have an effect on
the LC strains.
Each chapter provides a motivation and rationale with the methods used, followed by
the results and their discussion.
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POROHYPERELASTIC MODELING OF THE EYE
There is significant literature on using computational models to study the effect of
the material properties of the posterior eye (specifically, the posterior sclera) on ONH
biomechanics (58-62). However, these studies have used single phase (solid)
constitutive models that account for finite deformations, anisotropy, viscoelasticity, and
an underlying microstructural organization (59, 61, 63-68). However, these models did
not include the porous nature of ocular tissues which was experimentally established
(57, 69-72). The stress experienced by the sclera and other tissues in the posterior eye
in all these studies was the result of a direct pressure load applied on the scleral
surface. In other words, the phenomenon of a reduced aqueous outflow was never
linked to the increased IOP in the ocular globe. This convective flow through the
interstices of the tissues is governed by the porosity and permeability of the tissues.
Previous research has also shown that there exists a pressure gradient across the LC
region called the translaminar pressure gradient which could be important in governing
orthograde axonal transport (73-75). Morgan et al hypothesize that an increased
pressure gradient across the LC disrupts the nutrition to the axons leading to their death
and, consequently, a vision loss (74). On the anterior side of the eye, it is known that
there is a passive flow of water from the aqueous to the vitreous chamber (76) which, in
turn, is a “highly hydrated connective tissue” (77). It was shown recently that the scleral
collagen content is influenced with age which can affect its permeability and hence the
IOP (78, 79). Collagen content in sclera and cornea is found to reduce the permeability
of the tissue to drugs (79, 80) and that it does not decrease due to age, cryotherapy,

26

and laser treatments (19). However, Fisher had reported that age decreases the
hydraulic permeability of the basement membranes near the sclera which include the
Bruch‟s membrane (57). Given the facts that reduced aqueous outflow increases the
pressure in the anterior chamber and the passive flow of water to the posterior, it can be
hypothesized that a permeable interface between the chambers allows flow of fluid to
the back of the eye and thereby dissipates the increased IOP to the posterior eye. To
test this and other similar hypotheses, modeling ocular tissues should include a
combination of solid and fluid behaviors which will capture their complex coupled
behavior and allows simulating the ocular tissue response closer to the in vivo state.
This could also help better understand the factors leading to POAG.

Methods
Theory of Porohyperelasticity and material constitutive laws
The following sections summarize the kinematics and governing laws of the
theory of Porohyperelasticity (PHE).
Kinematics: The displacement of a material point from a point „Xi’ to „xi’ is given as
ui  xi  X i and the spatial rate of deformation is given by:
Equation 1

 v
v j
Dij  1 / 2 i 
 x
 j xi

where, velocity vi 






du i
. The material is considered to be a combination of a fluid and a
dt

solid component, thus dV  dV f  dV s ;
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where V is the volume of the material medium and „ s ‟ and „ f ‟ correspond to the solid
and fluid constituents respectively.
Conservation of momentum: The equations for the static equilibrium under no body
forces are
Equation 2

 ij
xi

0

where „  ij ‟ is the total Cauchy stress in the body.
Conservation of mass: The law of conservation of mass for the pore fluid and the solid
is given by:
Equation 3

Dkk  Dkkfr  0
„ D ‟ refers to the velocity gradient and the superscript „fr‟ refers to the gradient of
velocity of the fluid relative to the velocity of the solid constituent.
Effective stress principle and PHE constitutive law: The individual solid and the fluid
components are incompressible whereas the material as a whole is compressible. The
drained effective strain energy density function, W eff , and the hydraulic permeability,

k ij , are two material properties that need to be assigned in the simulation. The strain
energy density function defines the “effective stress” in the solid which contributes to the
total stress as:
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Equation 4

 ijtotal   ijeff  p f  ij
where,
Equation 5
e
 ijeff  J 1 Fim S mn
Fnj

here, S e , the second Piola-Kirchhoff stress, is derived from W eff as
Equation 6

W eff
S 
Eij
e
ij

„ Fij ‟ is the deformation tensor and J  det(F) . The Cauchy stress is related to S e as:
Equation 7

S ije  J lm Flm1 ij FlmT
For this work, we assumed a neo-Hookean constitutive model for the drained effective
strain energy density (81) for all tissues;
Equation 8


W eff  C10 ( I 1  3)  D1 J  1

2

for which the model parameters ( C10 , D1 ) are defined in terms of the shear and bulk
moduli of the tissue respectively, as C10 


2

, D1 


. Due to a lack of data, the shear
2

and bulk moduli were calculated using the Young‟s modulus and Poisson‟s ratio of each
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individual tissue (see Table 1 for the values used and their sources). „ I 1 ‟ is the first


invariant of the modified right Cauchy-Green tensor, C , which, in turn, is derived from


the right Cauchy-Green tensor C  J 2 / 3C , where C 



1 T
F FI
2



(„I’ is the identity

matrix).
Darcy’s law of convection for pore fluid: The saturating fluid was assumed to be water;
its flow through the porous solid is governed by Darcy's law which relates the inherent
nature of the porous medium, its permeability, and a gradient in the pore pressure
across the medium to the relative velocity:
Equation 9

v fr  n( v f  v s )  k

dP f
dx

The permeability (k) is assumed here to be isotropic k ij  k ij . The apparent fluid
velocity, (vfr) is expressed in terms of the absolute velocities of fluid and solid media and
the reference porosity ( n0 ) of the solid which is defined as the ratio of the volume of the
fluid to the volume of the material, n0 

dV0 f
dV0

.

The current porosity ( n ) is given by

n  1  J 1 (1  n0 ) , and is related to the void ratio ( e ) as e 

n . A constant
(1  n)

permeability, and deformation-independent void ratio have been assumed for all the
simulations in this study. We utilized PHE theory as has been implemented in
ABAQUS® (81) and as we have used in several prior publications (82-86).
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Ocular Geometry
An axisymmetric model of the human eye was constructed containing the major
structural components of the eye based on the descriptions given by Oyster, 1999 (4)
and Sigal et al., 2004 (61) (see Figure 3).

3mm

cornea

trabecular
meshwork uveoscleral
pathway
iris

lens

ciliary
body
retina-Bruch’schoroid
(RBC)

zonules
1mm

vitreous

lamina cribrosa

post-laminar
tissue
pia mater

3mm

sclera

Figure 3: Model geometry: Used for the parametric finite element study. TOP-LEFT - Anterior segment.
BOTTOM-LEFT - Posterior segment. The geometry of posterior ocular tissues was taken from (62), while
that of the anterior segment was taken from (4). See „Ocular Geometry‟ in the Methods section for a
detailed description
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The region labeled “TM” was 0.5mm wide and represents all tissues along the
conventional (or primary) outflow pathway up to the episcleral veins, and the region
“RBC” (retina-Bruch‟s-choroid) encompasses all tissues between the vitreous and
sclera (e.g., retina, Bruch’s membrane, choroidal capillaries etc.). The UVSC (0.48mm
wide) was modeled as an interface of the cornea and the sclera. The eye had an
internal radius of 12mm, and was 25mm long from the tip of the cornea to the end of the
LC. The iris was 3mm long with a constant 0.5mm thickness. The lens thickness
decreased from 2mm on the axis of symmetry to 0.16mm where it attaches to the
zonule (0.16mm thick and 0.75mm long). The ciliary body was 1mm in height and
shared an edge with the sclera. The LC thickness varied from 0.3mm (symmetry axis) to
0.28mm (scleral insertion). The RBC complex was a 0.2mm thin lining along the interior
of the sclera. The post-laminar tissue was modeled 1.9mm in height and 1.3mm wide at
the base, and the pia mater, a 0.07mm thin layer, surrounds the post-laminar tissue.
Boundary Conditions
There were four boundary conditions imposed on each model in the parametric
study (see Figure 4). First, the center of the vitreous chamber was fixed in all
displacement degrees of freedom to remove rigid body motions. Second, the pore
pressures at the exterior corneal, and episcleral surfaces were set to zero. Third, the
cerebrospinal fluid pressure (CSFp) was held at 3.7 mmHg (74). Lastly, an aqueous
influx of 2.4µL/min (the driving boundary condition for all simulations) was applied on
the ciliary body (87). Tie constraints were imposed on the adjacent regions in the model
so that there is no relative motion between them.
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Q2
Q3

Q1
Qin

axis of
symmetry
Q4

all dof fixed
pore
pressure =
3.7mmHg

pore pressure = 0mmHg

Q6

inlet flux = 2.4μl/min

Q5

Figure 4: A) Boundary conditions and applied loads for the PHE model (shown in thick red lines). Nodes for each
boundary condition are colored red. Axisymmetric FE model (the dashed line indicates the axis of rotation) pinned at
midsection of the vitreous humour with a pore pressure = 0mmHg on the corneal surface, sclera shell, and at the
posterior edge of the optic nerve. BOTTOM-LEFT: Surface load (flux) mimicking fluid exit from ciliary body. B)
Schematic of the surfaces where flow occurs. „Qin‟ refers to inflow near the ciliary body, and „Qi‟ (i=1,2,..6) represents
all possible outflow pathways. At steady-state, Qin = ΣQi.

Material Properties and Parametric Studies
Parametric studies were performed by varying the permeabilities of the RBC
( k RBC ), sclera ( k sclera ), UVSC ( kUVSC ), and TM ( kTM ), as well as the elastic moduli of the
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sclera and LC.Although many of the material properties were taken from previous
studies, the properties of some tissues were assumed on a physiological basis due to a
lack of data. For example, the aqueous and vitreous humours were assumed to have
high permeabilities to mimic a water-like behavior. Likewise, the LC permeability was
calculated by linearly interpolating from scleral permeability using the porosities of the
LC and sclera (88, 89). For the solid components of the TM and UVSC regions, the
average of the solid material property values of the cornea and sclera was used.
Since the permeabilities of TM, UVSC, and RBC were not reported in literature,
the following process was used to establish their baseline values. Previous literature
has shown that in humans 85-90% of the aqueous humour drainage occurs through the
TM (4), and the UVSC accounts for <10% of the outflow (9, 60) at normal IOPs.
Table 1 lists the baseline values and the ranges upon which the parameters were
varied.
Tissue

C10 (Pa)

D1(Pa-1)

Source

k (m/s)

Choroid

100671.14

2e-7

(90, 91)

5e-12 to 5e-14

Cornea

51056.34

3.31e-6

(92, 93)

2.2e-11

Iris

1621.6

2.5e-5

(95)

1.1e-12

Lamina cribrosa

43624.2
(from
2.34e4 to
6.37e4)

4.6e-7
(from
3.16e-7 to
8.57e-7)

(61)

8.3e-11

Lens, ciliary body

139455.8

4.4e-7

(96, 97)

1.1e-12

Zonule

57823.1

1.1e-6

(98)

1e-6
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Source
Parametric
study variable
(94)
Assumed same
as lens
Interpolated
based on sclera
permeability.
Parametric
study variable
(8)
Ciliary body
properties
assumed to be
same as lens
Permeability
assumed

Post laminar

100671.1

2e-7

(61, 90)

1.01e-11

Assumed
incompressible.
Permeability
assumed to be
same as
choroid

Sclera

399659.9
(from 1.9e5
to 6.12e5)

1.5e-7
(from 1e-7
to 3.27e-7)

(90, 93)

6.37e-11

(69) Parametric
study variable

Trabecular
meshwork

740.74

450e-6

(99, 100)

5e-9 to 12.6e-9

Uveoscleral pathway

740.74

450e-6

(99, 100)

Aqueous humour

7047

2.9e-6

(101)
Assumed
same as
aqueous
humour

Vitreous humour

7047

2.9e-6

1.78e-10 to
1.78e-9
1e-3
1e-3

Parametric
study variable
Parametric
study variable
Assumed
Assumed same
as aqueous
humour

Table 1: Values of the material properties used for the axisymmetric porohyperelastic model of the human eye, and
their sources. Boldface represents the values that were part of the parametric study.

Using baseline properties for all other tissues, the permeabilities of TM, UVSC, and
RBC were varied across several orders of magnitude in a parametric fashion (starting
from 1x10-3 m/s and decreasing progressively) to achieve 87% and 9% of total outflows
through TM and UVSC respectively (see Figure 4 for the outflow locations used for this
calculation), while maintaining an IOP of 15mmHg. This exercise resulted in
kTM =7.9x10-9 m/s, kUVSC =5.6x10-10 m/s, and k RBC =5x10-13 m/s. For these permeabilities,

the average outflow velocity through the cornea was found to be 17 µm/hr. In
comparison, Ethier et al. have reported that the average outflow velocity of aqueous
humour through the cornea is 20 µm/hr (60).
To parametrically study their effect on the IOP, LC strain, and TLIPGs, the
permeabilities of TM, UVSC, and RBC were varied through 1 order of magnitude about
their “baseline” values determined using the process described above. This variation in
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kTM and kUVSC resulted in high IOPs (greater than 100mmHg in some cases). Since such

high pressures are not physiologically observed, the results presented here are
restricted to kTM and kUVSC domains for which the IOP ranged from 5 to 45mmHg. We
believe this spans a wide range of physiologically possible scenarios of hypotensive,
normal, and hypertensive eyes. Varying the widths of the TM and UVSC by ± 10% did
not show any effect on IOP, LC strain, and TLIPG and as such were not included in the
parametric study. In addition to varying the above permeabilities, the LC and scleral
stiffnesses were varied over the standard deviations reported for both tissues in the
literature (90) ( see
Table 1 for a list of the material property values and their sources). The terms
“stiffness” and “modulus” are used interchangeably in the following text. Results for all
of the above studies included pore pressures in the aqueous/vitreous chambers, pore
pressure gradients across the LC, and strains in the LC. The minus sign in the plots for
LC axial strains (in the direction parallel to the axis of symmetry) denotes compression;
larger negative values correspond to higher axial strains. Radial strains are strains in
the direction orthogonal to the direction of the axis of rotation.
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Results
Shown in Figure 5 is the variation of the aqueous outflow through the TM and
UVSC with changes in the permeabilities of TM, UVSC, and RBC.
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Figure 5: Increasing
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kTM and kUVSC

2
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2.5
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1

2

3

kRBC (x10-12 ms-1)

4

reduced the percentage of total outflow differently through the anterior segment

(A). TM and UVSC had a nonlinear effect on the total outflow (B, C). Increased RBC permeability increased outflow
percentage through the posterior segment (D).

Increasing TM permeability from its baseline value resulted in a prominent
nonlinear effect at lower UVSC and RBC permeabilities, which changed to a linear
(nearly constant) variation at higher UVSC permeability (Figure 5C). The UVSC
permeability showed a similar effect on the outflow as TM permeability, with a greater
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5

influence at lower TM permeability (see Figure 5B). It is interesting to note that RBC
permeability (like UVSC permeability) showed a nonlinear effect on the total outflow
from TM and UVSC, with varying degree of nonlinearity for different kTM - kUVSC
combinations (Figure 5D). In comparison, increasing or decreasing scleral permeability
by 67% from its baseline altered the outflow by less than 1% (figures not included).
As with the total percent outflow from the TM and UVSC, the IOP showed a
nonlinear variation with TM permeability at lower UVSC and RBC permeabilities (see
Figure 6). The greatest drop in IOP due to TM (a decrease of 24%) occurred when its
permeability was increased from its lower limit to its baseline value (for the lowest
UVSC permeability, see Figure 6C). In the case of UVSC and RBC permeabilities, the
greatest drops in IOP were found to be 87% and 35% respectively (for the lowest TM
permeability, see Figure 6B, Figure 6D). Decreasing scleral permeability from its
baseline changed the IOP by only 0.2mmHg (figures not shown). This variation was
linear, and similar for all kTM - kUVSC combinations.
The median axial strain in the LC decreased by 17% with increased RBC permeability
(see Figure 7A, Figure 7C) with the highest median axial LC strain of 9x10 -3 seen at
low TM, UVSC, and RBC permeabilities. As with axial strains, median radial strain in the
LC followed a nonlinear variation with increasing RBC permeability (see Figure 7B,
Figure 7D). At higher TM and UVSC permeabilities, the median radial LC strain
remained fairly unchanged with changing RBC permeability; however, at lower TM and
UVSC permeabilities, it decreased by 17% with increasing RBC permeability. It should
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be noted that the permeability variations affected LC strains not directly but via changes
in IOP. LC modulus variation resulted in relatively linear changes in its strains.
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Figure 6: Variation of IOP with TM and UVSC permeabilities (A, B, C). A lower RBC permeability increased the IOP
for all

kTM - kUVSC combinations (D). Baseline kTM = 7.9x10-9m/s and baseline kUVSC
C) are plotted for the baseline RBC permeability.
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Figure 7: Effect of RBC permeability on average axial LC strains (A, C), and average radial LC strains (B, D). Higher
strains were observed at lower outflow permeability in the anterior region ( k TM and

kUVSC combined). Nonlinear

variation in the LC strains was observed due to changes in RBC permeability. It is important to note that the effect of
RBC permeability on LC strains is indirect. Linear variations in scleral modulus resulted in nonlinear variations in the
LC axial strains (E, G) LC radial strains (F, H). The variations were more noticeable at lower outflow permeabilities in
the anterior segment.
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Increasing LC modulus decreased the axial strains by 12% (figures not shown).
Although increasing scleral modulus showed a similar decrease in the median axial LC
strain as LC modulus (see Figure 7E, Figure 7G), the variation was slightly nonlinear.
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modulus resulted in a linear variation unlike scleral modulus. (E) Illustration of the effective stress principle for LC
stresses using baseline properties for all regions of the eye. See Table 1 for modulus values.
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Radial strains followed a similar behavior: increasing the LC modulus decreased the
median radial LC strain by 9% (figures not shown), and decreased by 12.5% for a high
scleral modulus (see Figure 7F, Figure 7H).
TLIPG, like IOP, was found to increase with decreasing TM, UVSC, and RBC
permeabilities (see Figure 6). At baseline values for all tissues, the TLIPG was found to
increase from 43 mmHg/mm to 143 mmHg/mm when TM, UVSC, and RBC
permeabilities were decreased to their lower limits. Decreasing k RBC from its upper limit
to its baseline increased the TLIPG by 21%. Scleral permeability and stiffness, as well
as LC stiffness were found to have little effect on TLIPGs.

Discussion
Summary of Results
A parametric study on the permeabilities of the TM, UVSC, retina-Bruch‟schoroid complex, and sclera along with the moduli of LC and sclera using a
porohyperleastic finite element model is presented here. From our results, the total
percent outflow from TM and UVSC, and IOP varied nonlinearly at lower kTM , kUVSC , and

k RBC . This variation changed to linear as the permeabilities of the three regions
increased (see Figure 5,Figure 6). In comparison, variations in the IOP and outflow
through anterior segment due to changes in scleral permeability were minimal. There
were similar trends observed in the LC strains, TLIPGs, and IOP due to variations in
kTM , kUVSC , and k RBC (see Figure 6-Figure 9), reemphasizing a correlation between
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them. Leading to these correlations is the variation in the aqueous humour outflow
through TM, UVSC, cornea, and sclera (see Figure 5).
On the other hand, changing the scleral stiffness resulted in greater, and
nonlinear increase in LC strains compared to changing LC stiffness (see Figure 8,
Figure 9). Overall, the highest IOP (45mmHg), LC strains (9x10-3 and 5.3x10-3), and
TLIPGs (143mmHg/mm) were found to occur at low TM, UVSC, and RBC
permeabilities, as expected. From our results, a 10% increase in the scleral modulus,
LC modulus, and the RBC, TM, and UVSC permeabilities resulted in different percent
changes in the maximum principal LC strains. The highest changes from the baseline
were found to occur at the highest IOP for all the above parameters. The following table
shows the relative percent changes in the maximum principal LC strain due to each
parameter.
Parameter

LC

Sclera

RBC

TM

UVSC

modulus

modulus

permeability

permeability

permeability

10

1.5

2

0.9

3

0.5

15

2.2

3.1

1.3

4.8

1.2

25

3.7

5.2

2.1

8.0

1.7

varied →
% change↓

Table 2: Highest change in the maximum principal LC strains due a variation in the value of the parametric study
variable. The values given are the percent changes from the baseline maximum principal LC strain across all the
IOPs seen in this study.

Relation to Previous Work
While current FEM models of ocular tissues have included the effects of large
deformations, anisotropy, and microstructural organization (59, 61, 63-68), we are not
yet aware of models that incorporate the effects of a fully saturated and finite
44

deformation porous continuum. As such, prior models have demonstrated the
importance of the microstructure and mechanical properties of ocular tissues in
governing the biomechanical environment of the ONH, but have lacked information on
interstitial tissue fluid pressures and their gradients.
From our results, the highest LC strain occurred at low kTM , kUVSC , and k RBC , and
was found to be 9x10-3 in the axial direction and 5.3x10-3 in the radial direction (at IOP =
45mmHg). These values are lower in magnitude compared than those reported
previously (~5x10-2 and ~10x10-2 respectively at IOP=50mmHg (61)). This difference in
the magnitudes of strain at baseline k RBC is likely due to the contribution of the pore fluid
pressure which, as shown in Figure 9A-E, takes a portion of the total stress in the LC
and thus reduces the effective stress (and therefore strain) in the tissue. Despite this
difference, our results show that scleral modulus could have a protective influence on
the LC.
With regards to the pore pressure gradients across the LC, at baseline
permeabilities for all tissues, a TLIPG of approximately 39mmHg/mm occurred at an
IOP of 15mmHg, compared to ~23mmHg/mm reported by Morgan et al. (74). Note that
in our simulations the prelaminar tissue was assumed to have the same baseline
properties as the retina-Bruch‟s-choroid complex which could have resulted in the
disagreement in the TLIPG values. Overall, despite this difference in the values, our
study supports Morgan et al.'s conclusion that TLIPG has a strong correlation with the
IOP-CSF pressure difference (74). With regards to TM and UVSC permeabilities, it is
known that the TM constitutes 80-90% of the total outflow, while the UVSC accounts for
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10-15% (4). Based on our preliminary study to determine the baseline value of kTM (see
Material Properties and Parametric Studies section above), a reasonable value for its
permeability was approximately 7.9x10-9 m/s. While this value lies outside the range
reported previously (from 2.2 x10-8 m/s to 1.1x10-7 m/s in (9)) for juxtacanalicular tissue,
it is close to the lower limit.
As for kUVSC , there is no prior study, to our knowledge, that has quantified the
outflow permeability of this pathway. We believe that, given the criteria used for our
preliminary study, our baseline value of UVSC permeability is a good starting point for a
more rigorous experimental validation in future. The baseline value of RBC permeability
( k RBC = 5x10-13 m/s) from our preliminary study is lower than Fisher‟s value of 7.82 x10 -12
m/s for Bruch‟s membrane in a 70yr old eye (102), and closer to the Bruch‟s membrane
permeability of 1x10-12m/s (the lower limit of the range) reported by Starita et al (103).
Previous studies have shown that there exists a wide, age-dependent variability in not
only the material properties (57, 103-106) but also in the thicknesses of the tissues in
the retina-Bruch‟s-choroid region (107, 108), which could significantly decrease the
permeability of these tissues (109). A disproportionate incidence of POAG across
gender and race/ethnic groups (102) introduces yet another factor to be considered
while evaluating the effect of ocular tissue material properties. Given the strong
correlation between IOP and LC biomechanical parameters seen in our results, and the
significant influence the permeabilities of the surrounding tissues can have on them,
characterizing outflow permeabilities of these ocular tissues in glaucomatous,
hypertensive, and normal eyes (for different age, gender, and race/ethnic groups) could
be important in understanding the progression of POAG. We believe that the
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permeability values of kTM , kUVSC , and k RBC determined in our study will provide a
comparison for future experimental efforts in this direction.
Interpretation and clinical implications
Our results showed that IOP, LC strains, and TLIPG were affected the most by
small changes in k RBC (after kTM and kUVSC ) followed by k sclera , scleral stiffness, and lastly,
LC stiffness. This effect of the variation in the permeabilities of TM, UVSC, and RBC is
more at lower ends of their ranges than at the upper ends. Interestingly, our results
suggest that a similar reduction in LC axial strains can be achieved by either increasing
the RBC permeability or increasing the scleral modulus. In addition, higher TLIPGs,
which can disrupt axonal transport in peripheral nerves (105) and can be critical in the
mechanism that leads to RGC death (73), were seen at low outflow permeabilities of
RBC in our simulations. This suggests that for the range of permeabilities studied here,
the retina-Bruch‟s-choroid complex (as defined herein) may play a role in governing the
biomechanics of the ONH and may contribute to the incidence of POAG. As such, the
RBC complex may potentially be a candidate tissue to target for treatment of ocular
hypertension. It can be seen from Table 2 that the relative changes in the maximum
principal LC strains are affected most by the TM permeability, followed by the moduli of
scleral and LC, RBC permeability and lastly by UVSC permeability. Although
computational in nature, these findings could be further explored to study the role IOP
plays in the inhibition of axonal transport. Such information could have important clinical
implications since it can expand the ability of complex computational models (like the
one presented here) to study the efficacy of delivering IOP-lowering and anti-glaucoma
drugs. For example, it could be possible that a greater reduction in LC strains can be
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achieved by altering the properties of the scleral modulus vs the permeability of the
uveoscleral pathway.
Limitations of the study:
The current study includes several limitations. Although the geometry closely
resembles the human eye, it is still an oversimplification (axisymmetric geometry,
simplified lens and iris, simplification of outflow pathways). Ongoing work in our
laboratory is focused on generating more realistic ocular geometries to address this
issue. It was also assumed that there exists a small amount of anterior-to-posterior flow
(~3%, at baseline permeabilities) which effectively equilibrates the IOP in the anterior
and posterior chambers. Based on previous studies (76, 110-112), we believe that this
assumption is reasonable. Another limitation of this study is that while some of the
material properties were taken from previous experimental studies (using samples from
different species and ages), others were assumed based on physiological intuition. This
could vary the magnitudes of the effects these tissues can have on the LC strains and
IOPs especially since it was shown previously that the geometry and properties of
ocular tissues from different species can influence the biomechanical environment in the
eye (113). Lastly, we have assumed constant permeabilities for all the regions but in
reality they may vary with deformation. With all of these limitations in mind, we
encourage the reader to interpret the reported results with care.

Conclusion
To our knowledge, this is the first study that presents a PHE model of the human
eye in which strains, IOPs, and TLIPGs are simultaneously and parametrically studied.
We believe that one of the advantages of a PHE approach is that a fluid influx condition
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can be imposed that allows, in addition to mechanical strains, IOP and pressure
gradients to be computational outputs. This is not possible in the solid continuum
models in which the outputs are limited to displacements, strains, and stresses. While it
is currently unknown if tissue permeability and porosity play a central role in ONH
biomechanics, we strongly believe that it is an important feature to be considered that
adds a new dimension to the understanding of the pathobiology of POAG. We hope that
our observations will motivate future studies to better characterize the material
properties of ocular tissues and the biomechanical environment in the human eye.
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INVERSE FINITE ELEMENT TECHNIQUE ON SCLERAL
SHELLS
The properties of all the tissues of the eye were considered to be homogeneous
in the model described in the previous chapter; however, in reality, this is not the case.
Studies have shown that the properties of ocular tissues vary based on the location
within the tissue (58, 114). This variation in the material property could be the result of
the tissue compensating for a loss either the matrix substance or its fiber content in
response to an insult. For example, scleral collagen content is reduced with age but it
does not significantly affect the strain-absorbing ability (115), which means that the
overall stiffness remains almost unaltered. In addition, glaucomatous sclerae (which are
typically older eyes) were found to be stiffer than non-glaucomatous. Collagen
orientation in the sclera varies from the peripapillary region towards the equator (58)
with different stiffness from the anterior to the posterior eye (90). Our research group
has shown that the collagen fiber orientation varies with age, race and ethnicity (116,
117). Geraghty et al reported a decreasing scleral stiffness with age in an experimental
study (118). To add to the complexity, the geometry of the ocular globe (specifically the
posterior eye) could be influential in governing the biomechanical environment within
the ONH (119). Some previous computational studies have incorporated anisotropy and
microstructure-based constitutive models to study the biomechanical response of
peripapillary sclera (63, 66). Studies like these are important in the context of POAG
since it was shown that certain demographics are disparately predisposed to incidence
of glaucoma (102, 120). It could be possible that the differences in the material
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properties of the ocular tissues in individuals could predispose them to POAG.
Experimentally testing sclera in a uniaxial protocol has been done previously (115) and
the variations in the material properties were reported. Since uniaxial testing does not
yield any information for the shear deformation, later studies have performed biaxial
testing on the posterior sclera (121, 122). However, since biaxial test requires a flat
specimen, and the loading is in-plane, it may not be able to completely capture the
deformations observed in the scleral shell, e.g. the out-of-plane deformations. In order
to overcome this limitation, inflation testing has been utilized to test scleral shells (5355, 59, 123-125). Briefly, the scleral tissue is subjected to varying pressures, using
inflation experiments, and data on surface deformations, orientation and splay of
collagen fibers are recorded using techniques like small angle light scattering (SALS)
(126) and wide angle X-ray scattering (WAXS) (58). Since the goal is to determine
heterogeneity in the scleral shell, this deformation information has to be connected to
the constitutive behavior of the sclera. This is done using inverse mechanics technique.

Inverse Methods and Parameter Estimation
Conventional modeling and simulations involves a known set of parameters that
define the response of a system. In the case of structures, the „system‟ is typically
determined by the material constitutive law and the parameters that dictate its behavior.
An input (e.g., a load or a displacement) is processed using these parameters and the
output (e.g., strain, stress, velocity) is determined. However, the prior knowledge of the
system parameters is not always available. To characterize the system, time histories of
the input signal and the corresponding outputs are used in an iterative process to fit to a
model and determine the model parameters. This process is known as „system
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identification‟ or „parameter estimation‟ and such problems are called as „inverse
problems‟. This technique is used extensively in varied fields such as aircraft and
marine control design, performance of drive-train systems, environmental studies etc.
(127). Model inversion methods have advanced from single-input-single-output linear
systems to multi-input-multi-output nonlinear systems. Applications such as aircraft
control where there is a human-machine interface benefit hugely from the inverse
techniques to estimate state of the system as a function of time-dependent data
provided by the sensors (127). Depending on the application and the complication,
there are several kinds of inverse methods used for parameter estimation which include
the differentiation-based methods, integration-based methods involving gradient
information, search-based methods in conjunction with optimization techniques,
numerical solutions using differential algebraic equations etc. Methods have been
developed that solve inverse problems in a deterministic, and in probabilistic setting
(128, 129). The determination of the likelihood forms the basis of the probabilistic
methods (130), while newer techniques were developed to update the parameter
prediction with numerous probable (potentially discontinuous) responses of the system
(131).

In biomechanics studies, inverse methods are used for material parameter
estimation using a popular technique called as „elastography‟ which involves estimating
the elasticity of soft tissues using displacements and deformations obtained from
medical images of tissues. This technique is further classified into two types: static, and
dynamic. In the static approach, the material properties are estimated by applying a
known force and imaging the tissues under deformation (132), whereas in a dynamic
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approach, a shear wave is propagated through the material and the velocity of the wave
is measured and the material properties are mapped to the velocity distribution (133).
Other forms of dynamic elastography include transient elastography, and acoustic
radiation force impulse (134). Gokhale et al have reported an imaging-based solution
inverse problem in a compressible hyperelastic material (135). In the field of ocular
biomechanics, in inverse mechanics, the displacement, strain field is known along with
the boundary conditions, and the material parameters that resulted in the
displacement/strain field are estimated. This technique has been used previously for
many types of biological materials (136, 137). The material constitutive model is
assumed a priori and the parameters of that model are estimated using an optimization
algorithm. The optimization process involves minimizing a cost function which is defined
as the residual between the experimentally determined surface deformation and their
computational counterparts. This difference is calculated at every node in the domain.
The sum of the absolute values of these differences is minimized.

Using this technique, previous studies have optimized the entire scleral shell
(global optimization) to determine the distribution of its material properties (63, 64).
However, fitting multiple model parameters, which can vary based on the location, can
involve heavy computational cost. This may not always result in high resolution in the
heterogeneity. Splitting the sclera domain into a regular “pie cut” may lead to
subdomains that span regions with different material properties. Inverse mechanics on
such regions may not result in reliable estimate for the material parameters. To address
these issues, we are proposing a technique to adaptively divide the domain of the
scleral shell into multiple subdomains based on the surface deformation data obtained
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from the inflation experiments. This technique results in distinct regions in which the
material properties can be assumed to be uniform (since they resulted in similar surface
deformations), and the optimization algorithm is applied to determine the material model
parameters on a subdomain-to-subdomain basis. The advantage of this method is that it
gives greater flexibility in defining the size of the region of interest to estimate its
material properties i.e., increased resolution in the material property resolution. Since
the subdomains are optimized independently, the computational effort is reduced, and
the computational time can be reduced when run in parallel.

Methods
Surface deformation data and scleral geometry with DIC data
Our lab has previously reported a technique to quantify surface deformation on a
scleral shell (126). Briefly, the scleral shell is coated with a speckled pattern (see Figure
10) and mounted on a pressure jig and inflated to 15mmHg in steps (5mmHg,
15mmHg). A digital camera images the surface deformations when the inflation
pressure is increased.
The imaging is done at the chosen pressure levels in four angle sweeps -along
four meridional lines starting from the center of the ONH and ending at the base of the
sclera. A digital imaging correlation is performed to determine the position of the
speckles in each sweep for each pressure state. The 3D point cloud from each of the
four sweeps for a given pressure is imported into Rhino® to assemble and generate the
reference geometry of the sclera. Following this, the points on the ONH are removed
from the point cloud resulting in a hole at ONH location. The above two steps are
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repeated for the point clouds from all pressures to give the geometry of the scleral
surface at different pressure states.

Figure 10: The human posterior scleral sample tested in this work (S-superior, T-temporal, I-inferior, N-nasal). The
red circle indicates the ONH which was not considered for the parameter estimation. On the right are the point clouds
obtained using 3D correlation of the speckle pattern. Image taken from Pyne et al, 2013.

The spatial locations of the speckled pattern in the reference geometry (i.e., at
5mmHg) are used to generate a triangulated mesh in MATLAB ® using Delaunay
triangulation. From the above process, information on the x-, y-, and z- displacements at
each node of the scleral mesh can be obtained for all the inflation pressures (see
Figure 11).
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Figure 11: Displacements measured using the 3D DIC procedure. (a) x-displacement, (b) y-displacement, (c) zdisplacement, (d) error in the radius with the best fitting sphere

Material constitutive model
Scleral tissue was shown to exhibit anisotropy (53, 125, 138) and to account for
this, the Holzapfel model (139) was chosen for its constitutive behavior. The strain
energy function, as implemented in ABAQUS (81), is given by the following equation:
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Equation 10
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C10 , k1 , k 2 are temperature-dependent parameters representing the shear modulus of
the matrix, fiber stiffness of the collagen fibers, and the extent of crimp in the fibers. As
such, C10 and k1 have the units of stiffness (i.e., pascals), and k 2 is dimensionless.
The higher the value of k 2 , the steeper the stress-strain response, which means the
more uncrimped the collagen fibers are. Only one fiber family is assumed to exist in the
sclera which gives N  1 . The parameter „  ‟ describes the fiber dispersion about the
mean fiber orientation at any given location;

1
3

  0 for perfect alignment, and   for



random distribution and is dimensionless. „ I 1 ‟ is the trace of the modified right Cauchy





Green tensor ( C ) The „ I 4 ‟ is the pseudo-invariant of C and A . „ A ‟ denotes the unit
vector in the direction of the fiber. The term that captures the bulk response of the
material in the original equation consists of a parameter, „ D1 ‟, which was set to a very
small constant value of 1x107 Pa, and is not included in the list of parameters for the
study. This parameter has the same units as the bulk modulus.
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Generation of subdomains
For the optimization process, the entire scleral surface was divided into
subdomains. This division was made on the basis of the magnitude of the
displacements of the speckle pattern on the scleral surface. A preset number of levels
of displacement magnitudes were chosen and the division into subdomains is “binned”
into these displacement levels. The subdomains resulting from this step are created
such that regions of similar displacement magnitudes are categorized into a one
subdomain; based on this, each subdomain was assumed to be homogeneous (see
Figure 12). It is possible that there could be disconnected regions that have similar
displacements and hence make up a subdomain.

displacement field from
DIC

contour map of the
displacement field

scleral mesh from reconstruction

scleral mesh with
subdomains
subdomains created from
the contour map

Figure 12: Different stages in the generation of the subdomains in the scleral shell based on the displacement
magnitudes on the scleral surface measured using the S-DIC technique
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In such cases, the contiguous regions within the subdomain are identified and
inverse

mechanics

optimization

is

performed

on

these

contiguous

regions

independently.
Computational mesh and boundary conditions
The scleral surface mesh was generated using linear triangular plane stress
elements. The mesh density of the sclera was chosen to be high enough so that each
subdomain is guaranteed to have a significant number of internal nodes for the
optimization procedure to run. The density of the mesh was refined using MeshLab ®.
The boundary nodes within each subdomain are identified and their displacements are
calculated by linearly interpolating the x, y, z displacements obtained from the
displacements of the speckle pattern in the inflation experiments at that location on the
boundary (see figure below). The internal surface of the subdomain mesh is pressurized
from 5-15mmHg (in the same steps as the experiment), to simulate the inflation.

Displacements imposed
on the boundary nodes

(u1, v1, w1)
(u3, v3, w3)
(u2, v2, w2)
Figure 13: Sample geometry of a subdomain showing the triangular mesh connectivity and the prescribed
displacement on the boundary nodes. All the elements are pressurized from inside (shown by the arrows pointed
outwards)
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Optimization process
The Holzapfel material parameters for each subdomain are determined by an
optimization process starting with initial guess values for the parameters. Each
subdomain is assigned the guess value for the parameters and pressurized from inside.
The displacements from the different pressure states are recorded and the difference
between these and the experimental displacements (at corresponding nodes and
pressure states) is calculated as the residual. This optimization progresses by guessing
a new set of model parameters for each iteration. The iterative optimization algorithm
converges on a material parameter set that minimizes the sum of squares of the
residuals. This is performed on each subdomain and the heterogeneity in the material
property distribution is obtained for a given scleral shell.

SSR 

 u
N

i 1

computational
i

 u iexp erimental



2

Where, „ u ‟ is the displacement at a node and „ N ‟ is the total number of internal
nodes (nodes that are not on the boundary) in the subdomain model.
Following the above optimization process, the individual subdomains are
assembled to make the entire scleral domain, and their corresponding material
properties were imposed on them. Internal pressures of the same magnitudes used for
the inflation tests were applied as boundary conditions and the resulting surface
displacements were compared with the experimentally determined displacements. This
step serves as a check to ensure that the estimated material parameters for each
subdomain truly represent the constitutive behavior of the experimentally tested sclera.
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The flowchart for the entire process is shown in Figure 14. Each iteration in the
optimization process generates an input file for ABAQUS with the new material
properties. This file contains the information about the geometry, boundary conditions,
material properties, and the mesh connectivity. The outputs of the simulation includes
the x-, y-, z-displacement at the internal nodes of the subdomain which will be
automatically read by MATLAB and compared with the experimentally obtained
displacement. The residual of all three displacement components are calculated and the
highest residual is the value of the cost function that is minimized.

Loads and
boundary
conditions

Geometry

Inverse mechanics
using FE
FE
solver

Initial
guesses of
Material
Properties

Displacements
from FFE
Compare with
experimentally
measured
displacements
Updated
guess of
Material
Properties

Figure 14: Flowchart showing the inverse mechanics procedure and the estimation of the material parameters. This
procedure is applied to each subdomain.
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Physiologically, since the material properties do not show abrupt shifts across the
scleral globe, the values of the material properties obtained from the optimization of one
subdomain are used as the initial guesses for a connected subdomain.

Results
The splitting of the scleral shell into subdomains based on the displacement field
on its surface resulted in 15 subdomains. Some of the subdomains were “embedded”
inside others (see Figure 12). The optimization process resulted in a varied distribution
of the material parameters C10 , k1 , k 2 ,  (the fiber splay parameter), and the local fiber
orientation.

Figure 15: Distribution of the matrix modulus parameter, C10 , for all the subdomains. „S, ‟I‟, „N‟, „T‟ refer to superior,
inferior, nasal, and temporal regions respectively

As can be seen from the above figure, the distribution of the matrix modulus
parameter varied between 0.7-2.8 MPa, the fiber stiffness parameter varied between
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0.08-2.6MPa (see Figure 16). The average of the peak difference between the nodal
displacement obtained from the experimental data (S-DIC) and the computational
counterpart nodal in all the subdomains was 0.24µm. The minimum error among all the
subdomains was 0µm, and the maximum error was 0.99µm.

Figure 16: Distribution of the fiber stiffness parameter, k1 , for all the subdomains. „S, ‟I‟, „N‟, „T‟ refer to superior,
inferior, nasal, and temporal regions respectively

160

120
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Figure 17: Distribution of the fiber crimp parameter, k 2 , for all the subdomains. „S, ‟I‟, „N‟, „T‟ refer to superior, inferior,
nasal, and temporal regions respectively
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Figure 18: Distribution of the fiber splay parameter,  , for all the subdomains. „S, ‟I‟, „N‟, „T‟ refer to superior, inferior,
nasal, and temporal regions respectively

Figure 19: Distribution of the fiber angle orientation for all the subdomains. „S, ‟I‟, „N‟, „T‟ refer to superior, inferior,
nasal, and temporal regions respectively

The distribution of k 2 ,  (the fiber splay parameter), and the local fiber
orientation are shown in Figure 17, Figure 18, Figure 19 respectively. In the “global
check” simulation with all the subdomains combined (material properties determined
64

from the above process), the average difference between the displacements from the
SDIC points and the corresponding nodes in the computational model was found to be
approximately 1.24µm. The entire optimization process took approximately 80hrs when
run in series (one subdomain after the other), and 42hrs when run in parallel (multiple
subdomains being optimized simultaneously).

Discussion
Summary of Results
An inverse mechanics based technique is used to estimate the Holzapfel model
parameters of the sclera shell with Nelder-Mead (simplex) optimization technique
implemented using MATLAB and ABAQUS. The process is implemented by first
splitting up the sclera domain into subdomains based on the displacements determined
using the S-DIC experiments. The average error in the displacements obtained from the
computational simulation (at nodes corresponding to the speckle pattern in the DIC),
was 0.24 µm, and the maximum error was 0.99µm. The “global check” resulted an
average error of approximately 1.24µm.
Relation to Previous Work
Previously, inverse mechanics based techniques were used to determine the
heterogeneity in the sclera shell (53-55, 123, 138). In some cases, the local fiber
orientation was developed experimentally, and the scleral thickness was imposed by
measuring the thickness at 20 points spread across the sclera surface using ultrasound
scanner (53, 54). Girard et al have reported a method of estimating sclera heterogeneity
using a complex anisotropic constitutive model that outputs even the local collagen
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orientations (138). One striking difference between the method presented here and the
above two studies is the way in which the sclera domain is divided into subdomains.
While the previous methods divide the sclera shell into well-defined sectors at a regular
angular intervals, or optimize the entire sclera simultaneously for the local material
property. In the former method, it could be possible that adjacent subdomains can yield
material parameters that can be considered the same while taking more number of a lot
more iterations to optimize for the subdomains separately which increases the
computational time. In the latter method, the design space for the material properties is
extremely large which increases the computational effort. Our method, even though has
a similar basic approach, differs in the way the subdomains are determined. Splitting the
sclera based on the displacement field reduces the number of subdomains to optimize
for, thereby reducing the time, and uses a simpler constitutive model with 5 unknown
parameters assumed to be constant within a subdomain, thereby reducing the design
space for the optimization process. Another advantage of this method is the flexibility to
determine the levels of the displacements which will determine the resolution into which
the displacements are categorized, and hence determine the number of subdomains. In
other words, the resolution in the heterogeneity of the material properties can be easily
increased or decreased.
Interpretations and Clinical Implications
The current inverse-mechanics based technique aids in better understanding the
heterogeneity in the scleral shell. It was reported previously that the vision loss due to
POAG varies with age, race/ethnicity (52). The current method could be used to obtain
useful information regarding the material property differences (if any), and the variations
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in their distributions across the scleral globe. Knowledge of heterogeneity can also help
identify the reasons for an asymmetric vision loss (onset of vision loss in POAG is found
to be different in different types of glaucoma (140)). Previous research has shown that
increasing the stiffness of the sclera can reduce the strains in the LC (141). This,
combined with the knowledge of the scleral compliance, could potentially be beneficial
in a targeted approach (e.g., using topical drugs) to alter the scleral stiffness and
mediate the strains in the LC to avoid further deterioration of vision.
Limitations of the Technique
Despite the above advantages, a major limitation of this method is that the
thickness of the sclera shell was assumed to be uniform throughout which, in reality,
could vary with location (142). The current work in our lab is focused on utilizing the
micro CT images of the sclera to determine the thickness of the sclera and imposed it
on an element specific basis. Another limitation of the study is the assumption that
sclera is an incompressible solid continuum. The first chapter in this manuscript models
the sclera as a porous continuum which can have a net change in the volume of the
material. The next step in improving the current model is to include the porosity and a
convective flow through the sclera to more accurately predict its heterogeneity in its
permeability as well. This could be further assist in the design of a local drug delivery
based on how efficaciously the drug could be transported to a targeted location. Lastly,
the technique presented here has been tested only for one pressure step (from 5mmHg
to 15mmHg). The performance and the errors have to be tested at multiple pressure
steps up to 45mmHg to simulate a wide range of physiologically observed conditions
viz., hypotensive, normal, and hypertensive eyes. Another aspect that needs further
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attention is the definition of the cost function in our optimization. By defining the cost
function (i.e., the sum of squares of the residuals between the corresponding
experimental and computational nodes) at all the internal nodes of a given subdomain, it
is possible that there is an “overfitting” of the model to the data. A possible way to avoid
this issue is by estimating the material properties of a given subdomain by considering
only a subset of its internal nodes to define the cost function. The resulting parameters
can be used to evaluate, in a secondary simulation, to determine whether a good fit is
achieved. This technique can also improve the fidelity of the material property
distribution.

Conclusion
To our knowledge, none of the previously reported inverse-mechanics based
techniques uses an adaptive split of the scleral shell to estimate the material property
distribution. The method greatly reduces the computational time while giving a very
good approximation (evidenced by the small errors in the displacements) to the in-vitro
behavior of the sclera under inflation. The technique can be utilized to characterize
scleral globes (both glaucomatous and non-glaucomatous) of individuals from different
demographics and analyze the biomechanical environment that surrounds the ONH.
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ANISOTROPIC MODELING OF THE POSTERIOR EYE
In the previous chapter, the eye was modeled as a porous continuum with a
convective flow resulting from a pore pressure gradient across the material and is
influenced by the permeability of the material (see Equation 9 for Darcy‟s law in page
26). One of the features that were missing in the porous model is the inclusion of scleral
anisotropy. As was mentioned in the „Anatomy of the human eye‟ section, the scleral
consists of collagen fibers oriented in different direction and are responsible in bearing
the IOP (4). It was shown previously that the posterior eye has a significant variation in
the orientation of the collagen fibers and their splay about a mean orientation (55, 89,
143). Previous studies have shown that the sclera in glaucomatous eyes is stiffer
compared to normal eyes in monkeys and humans (53, 138). The collagen in the
peripapillary region was also shown to exhibit some variation but was found to be
predominantly circumferentially aligned (124, 125). Of these, the studies that looked at
estimating the scleral heterogeneity and anisotropy did not account for the previously
reported variation in the posterior scleral fiber architecture through the thickness (89,
143). A computational model incorporating this depth- and region-dependent variation in
the posterior scleral collagen fiber orientation to study the biomechanical response of
the LC has, to our knowledge, never been reported, and could provide new insights into
the factors leading to the incidence of POAG.
The present work is focused on understanding how previously measured depthand region- dependent microstructure (as measured from small angle light scattering
experiments, SALS, (89, 143)) influence the strain within the LC in human eyes taken
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from glaucomatous (G) and non-glaucomatous (NG) donors. Specifically, the strains
within the LC are quantified after imposing donor specific SALS microstructure datasets.
We hope this study provides new insights into how the microstructure of the posterior
sclera governs LC deformations and thus the potential initiation and development of
POAG.
It could be possible that the variations in the scleral microstructure play a role in
the incidence of POAG. The proposed technique aims to explore this hypothesis using
experimentally measured fiber alignment in glaucomatous and normal eyes, and a
hypothetical geometry for the posterior eye.
Methods
Geometry and FE mesh
The geometry of the posterior eye model was based on the geometry and
descriptions found in previous literature (4, 39, 61). The entire geometry is symmetric
about a central axis (see Figure 20). In order to incorporate the heterogeneity in the
scleral collagen fiber orientations, a full 3D model of the posterior eye was chosen
instead of an axisymmetric model. Briefly, the sclera was modeled with an external
radius of 12mm and with a 2mm thickness. The outer prelaminar and the inner scleral
surfaces are in contact. The prelaminar tissue was modeled with a 0.5mm thickness.
The LC resembles a disc slightly thicker at the axis of symmetry (0.3mm) than at the
scleral insertion (0.28mm). The postlaminar tissue shares a surface contact with the
outer surface of the LC disc and was modeled 1.9mm in height and 1.3mm wide at the
base. The piamater surrounds the envelopes the postlaminar tissue and is 0.07mm
thick.
70

LC

postlaminar
tissue

piamater

Figure 20: Geometry of the posterior eye used for the simulations. The zoom-in view shows the different types of
elements used for the computational mesh.

Imposing SALS information onto the scleral mesh
Our research group has previously reported on a technique to determine the
collagen fiber orientation through the scleral thickness (89), and commented on the
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variations observed between glaucomatous and non-glaucomatous groups (143). The
technique involves square-shaped samples taken from the superior, inferior, nasal, and
temporal regions of the sclera and cryosectioning into slices of approximately 70 micron
thickness. These slices are then raster scanned individually using a He-Ne laser light of
wavelength 632.8nm at 5mW. The incident laser light scatters in a direction that is
orthogonal to the direction of orientation of the collagen fibers at that spatial location.
This scattered laser is captured by a CCD camera situated behind the tissue slice. The
field of view of each scanning area is 200 microns. In other words, the tissue is scanned
as a series of tiles of 200micron width. An in-house MATLAB® program gathers this
light splay data from each location of each slices, to generate a map of the scleral
collagen fiber orientation in each region of the eye (see (89, 143)). This is done for each
slice of each sample for all the four regions of the eye.
The data in each region are averaged in the equatorial direction for each slice
along the depth (see Figure 21). This results in “mean-lines” (along the meridional
direction) of averaged data at each depth through the thickness, for all regions of the
sclera. The peripapillary region of the sclera (PS) was defined as a 1.5mm thick annulus
region around the ONH through the thickness of the sclera. All elements falling within
this region are assigned a circumferential fiber orientation with no fiber splay i.e. no
deviation of the fibers from the equatorial orientation. Interpolation was performed using
a piece-wise spline to determine the data in the region between the outer edge of the
PS and the edges of the SALS samples closest to the ONH.
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Figure 21: Schematic showing a scleral sample and the locations where the collagen fiber angle and the eccentricity
will be determined in the SALS experiments. The mean-lines will be used for interpolation in the meridional and
equatorial directions

In other words, the “mean-lines” are extended to meet the outer edge of the PS region.
Following this, a piece-wise spline is fitted to the data on these “mean-lines” in the

73

equatorial direction, at each point along the meridian, and at each depth through the
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Figure 22: (Top) illustration of where the SALS data was obtained in the experiments (the four regions). The green
segment in the meridional direction shows the “mean-lines”, and the red segment is the segment where data are
extrapolated until the peripapillary region. (Bottom) piece-wise polynomial spline fit to the collagen fiber orientation
data at the chosen section.
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thickness. This process will fill all the gaps in the data in meridional, equatorial, and
radial directions. The resulting x,y,z point cloud of the SALS scanning locations, and the
data at these locations are used to perform a 3D interpolation to determine the fiber
orientation at the centroidal locations of the scleral mesh. The same process is followed
for the distribution of the collagen fiber splay as well. Figure 22 illustrates the regions
where SALS data exists, and where spline interpolation is done to fill in the gaps that
are unaccounted for in the SALS experiments.
FE mesh and boundary conditions
The sclera, LC, and piamater regions were meshed using 8-node hexahedral
elements. The prelaminar tissue was meshed with both 8-node hexahedral and 10-node
tetrahedral elements while the entire mesh for the postlaminar region consisted of 10node tetrahedral elements. The choice of 8-node hexahedral elements for the sclera
facilitates imposing the layered SALS collagen fiber information efficiently. All regions
had surface contacts with their adjacent tissues. The total number of nodes and
elements in the finite element model are 620,807 and 561,235 respectively.
The base nodes of the model (from both the prelaminar and scleral meshes)
were constrained in the equatorial and meridional directions i.e., only a radial
displacement was allowed on the base. This was achieved by defining a spherical
coordinate system at the center of the entire geometry. The entire inner surface of the
prelaminar tissue was pressurized to 30mmHg. Each simulation took approximately
5.5hrs when run in parallel-processing mode on a Windows 7.0 machine with 64GB
RAM and Intel Core i7 processor with 12 cores.
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Material Properties and Parametric study
The prelaminar, LC, piamater, and postlaminar tissues were modeled as
neohookean materials and these material constants (C10 and D1) were taken from
previous literature. Table 3 below shows the values and the sources of these values.

Tissue
Prelaminar
Lamina cribrosa
Post laminar, piamater

C10 (Pa)
100671.14
43624.2
100671.1

D1(Pa-1)
2e-7
4.6e-7
2e-7

Source
(90, 91)
(61)
(90, 91)

Table 3: Values of the material properties used for the regions in the three-dimensional model of the posterior sclera,
and their sources

The matrix modulus of the sclera is taken from Coudrillier et al (53). The sclera was
modeled using the Holzapfel constitutive relationship for which the strain energy
function (see section „Material constitutive model‟ on page 56). Only one fiber family
is assumed to exist in the sclera which gives N  1 . The parameter „  ‟ describes the
fiber dispersion about the mean fiber orientation at any given location;
alignment, and  

  0 for perfect


1
for random distribution. The I 4 is the pseudo-invariant of the
3


modified right Cauchy-Green tensor, C , and A denotes the unit vector in the direction
of the fiber. The values of unit vector for the fiber direction (which gives „ A ‟), and 
were determined from our previous SALS data for both G and NG groups (143). The
fiber direction was taken directly from the preferred angle as measured using SALS
while  was linearly interpolated across its range from SALS measured eccentricity
values (see Danford et al (143)).

With the above two constants imposed from

microstructural experiments, the remaining three material parameters ( C10 , k1 , k 2 )
were varied over a ranges as determined from Coudrillier et al (53). Three values (low,
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medium, high) spanning the entire range of the matrix modulus parameter, C10 , were
chosen. This is done separately for the G and NG groups which resulted in different
ranges; the range of values for the G is wider than NG. For the fiber parameters, two
values representing the upper and lower limits of the variations in the fiber stiffness
parameters, k1 and k 2 were identified (for a total of four k1 - k 2 combinations).
G
NG
Simulations were run for these C10 and C10 values for each of the four k1-k2

combinations. It should be mentioned that the same values of k1 and k 2 were assigned
G
NG
to both G and NG groups for all C10 - C10 combinations. This resulted in 24 (6x4) cases

for all possible parameter combinations, and a total of 144 (6x4x6) simulations. Shown
in Figure 23 are the combinations of k1 and k 2 with the values of the combinations
shown the parentheses. The inset shows the values of the moduli used for the G and
NG groups. These values of the moduli are used for each combination of k1 and k 2 .
Overall, the purpose of simulating the model at all these combinations is to isolate and
identify the individual effects of the material parameters over the range of their reported
variation. To determine whether variations in the fiber architecture alone influence the
strains in the LC, all samples of the glaucomatous group were simulated with the same
G
matrix modulus C10 as the modulus of the NG group (in addition to k1 and k 2 being the

same). This added 24 more cases to the total number of simulations for this study. For
all the simulations, the outputs were the values of the mean of the maximum principal
LC strains, and the parameter space for which there is a significant difference in these
outputs between G and NG are identified.
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kPa

x(1350)
x (737)

(670)
(410)

x(124)

(240,14)

C10G

C10NG

nG = 6

nNG = 6

k1 (kPa)

(240,222)

(150)

(14,1)

(240,1)

k2
Figure 23: Cases evaluated in the parametric study of the matrix modulus and the fiber stiffness parameters. For
each combination of k1 and k2 the three cases of matrix modulus for G and NG are simulated. The first value in the
parentheses on the k1 - k2 graph (axes not to scale) corresponds to k2 and the second value corresponds to the k1. The
value in the parenthesis on the inset graph is the modulus of the corresponding group.

Results
The mean maximum principal strains are referred to whenever the strains in the
LC are discussed hereafter. Our results show that the maximum principal strain in the
LC decreased with an increase in the matrix modulus for both G and NG groups. For
the same value of the matrix modulus, C10 , the LC strains in the G and NG were found
to be the same for all different combinations of the fiber stiffness parameter, k1 , and the
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fiber crimp parameter, k 2 (see Figure 24). It can be seen that the LC strains were
higher in both groups when k1 was higher. The decrease in the strain is approximately
20% due to an increase in k1 from 1kPa to 222kPa. There was no effect of k 2 on the LC
strains for any matrix modulus for both G and NG.

0.04
G

NG

0.02

0

-0.02

-0.04

-0.06

-0.08
k1 = 222kPa
k2 = 14

k1 = 1kPa
k2 = 14

k1 = 222kPa
k2 = 240

k1 = 1kPa
k2 = 240

Figure 24: Mean of the maximum principal LC strains for different k 1 - k 2 combinations. There is no signification
difference between the groups.
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When the matrix modulus was varied across the respective ranges for the G and
NG, the LC strains decreased with an increase in the modulus. This decrease was
found to be nonlinear and occurred for all four k1 - k 2 combinations (see Figure 25).
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Figure 25: Average maximum principal LC strains for different matrix moduli, and at different k 1 - k 2 combinations.
There is a clear nonlinearity in the decrease of the strains due increasing matrix modulus at lower fiber stiffness. (A,
C) cases of high and low values of k 1 , respectively, for a low k 2 ; (B, D) represent cases of high and low values of ,
respectively, k 1 at higher k 2 .

The difference between the LC strains in the NG and G was also found to follow
a nonlinear trend. The results from the nine combinations were used to generate
G
interpolated (cubic interpolation) LC strain data at intermediate combinations of C10 and
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C10NG for different k1 and k 2 combinations (see Figure 26). This surface revealed a
nonlinear trend with a maximum difference of 4.5% occurring at low value of k1 . At
higher k1 , the difference in the strains was approximately 1.5%. As can be seen in
Figure 26, there was no effect of k 2 on the strain variation at any combination of the
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matrix moduli or the fiber stiffness.
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Figure 26: Average difference between NG and G maximum principal LC strains for different combinations of matrix
moduli, and at different k 1 - k 2 combinations. The denser mesh in all panels is the cubic interpolation between the
simulated values. (A, C) cases of high and low values of k 1 , respectively, for a low k 2 ; (B, D) represent cases of high
and low values of , respectively, k 1 at higher k 2 .
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Discussion
Summary of Results
A three-dimensional anisotropic hyperelastic finite element model of the posterior
human eye was developed by incorporating experimentally determined (using SALS)
depth-dependent scleral microstructure to investigate the effects of the matrix modulus
of scleral, for different fiber stiffness, on the maximum principal LC strains in
glaucomatous and non-glaucomatous human eyes. It was found from our results that
the LC strains decreased up to 43% (for glaucomatous cases) and 40% (for
nonglaucomatous cases) due to an increase in the fiber stiffness, and by up to 20% due
to an increase in the matrix modulus. No significant difference was found between the
LC strains in G and NG for the same matrix modulus at all combinations of k1 and k 2 .
Varying the fiber crimp parameter, k 2 , resulted in a ~1.5% decrease in the LC strains at
higher of k1 . At lower k1 , decreasing k 2 showed little effect on the LC strains at all
matrix moduli. There was a nonlinearity observed in the variation of LC strains in both G
and NG due to a linear change in their moduli. The nonlinearity is more significantly at
lower k1 . A similar trend was observed in the difference between the LC strains in NG
and G (see Figure 26).
Interpretation and Clinical Implications
The observed differences in the architecture of the scleral collagen (by Danford
et al in (143)) when incorporated into a matrix did not show any significant differences
between the maximum principal LC strains in the G and NG groups. It is interesting to
note that there is some nonlinearity observed in strain reduction due to a linear increase
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in the scleral matrix modulus especially at lower fiber stiffness. Also interesting to note
is that the effect of the fiber stiffness is very pronounced at lower matrix modulus than at
higher matrix modulus. It was see seen that when the fiber parameter k 2 , which
represents the steepness of the fiber response to a strain, was increased from 14 to
240, there is strain-reducing effect at low matrix moduli (in both G and NG). In other
words, at low matrix modulus, the fiber would still be influential in modulating LC strains.
It must be reminded that the huge reduction in LC strains due to fiber stiffness was a
result of a 222x increase in the fiber stiffness. Comparing this with the reduction of
approximately 20% in the LC strains due to a change in the matrix modulus, it is evident
that the matrix modulus is more influential in modulating the LC strains in both G and
NG groups. This observation combined with the results from Figure 25 could mean that
even though the matrix dominates the combined response of the tissue, its influence is
different at different fiber stiffnesses. This could mean that the scleral collagen content
may play an important role in influencing LC strains. On a related note, Schultz et al
have reported that although the collagen content of the scleral decreases with age, its
strain-absorbing capacity remains unaffected (115). Combine this with the lower level of
anisotropy (which means that the scleral stiffness is less direction-dependent, or more
isotropic) in the peripapillary sclera at older age (54), it is not unreasonable to
hypothesize that the matrix remodels more and hence responds more significantly than
the fibers. However, as previous research has indicated, this remodeling is a gradual
response shown by the tissue to counter the ocular hypertension (144). In other words,
the tissue takes some time to adapt and remodel, and alleviate the stress as the
collagen content decreases. In the interim, there is probably an increased strain in the
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LC which could lead to dysfunction of axons, and hence the onset of vision loss.
Despite the relatively lesser influence of the fiber stiffness on LC strains compared to
the matrix observed from our results, we stress the importance of investigating the fiber
architecture and density across demographics because it was shown previously that
collagen crosslinking density could affect the permeability of sclera (79). This could
influence aqueous outflow (145) which, along with the choroid complex, influence the
IOP and translaminar pressure gradients (39). It is possible that the scleral
microstructure is denser in certain groups which reduces the scleral permeability, but
with a low fiber stiffness (owing to small diameter fibrils seen at elevated IOPs (78)) this
can render the sclera more compliant sclera thereby increasing the LC strains.
It was previously shown that collagen crosslinking in sclera can be achieved via
ultraviolet activated riboflavin(146), or by chemical agents such as glutaraldehyde and
glyceraldehyde. Thornton et al have shown that treatment with glutaraldehyde could
increase the peripapillary scleral stiffness by up to three times and resulted in a
significant decrease in the LC deformations of porcine eyes (141). Our studies can
supplement this finding from a computational standpoint. In addition, our results also
suggest that increasing the stiffness of the matrix could have a greater influence
compared to increasing fiber contribution to the total load-bearing ability; this gain in the
strain reduction could vary depending on the stiffness of the collagen fibers. The
nonlinearity in the response all illustrates that increasing the matrix modulus could yield
diminishing returns. Given that there is heterogeneity in the material properties of the
scleral shell (see the Results section in INVERSE FINITE ELEMENT TECHNIQUE ON
SCLERAL SHELLS), it would require a strategic approach in reducing the LC strains
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through either of the aforementioned, and any other stiffening technique. The ranges of
the LC strains observed in our results are, to some extent, directly influenced by the
ranges of the matrix modulus and the fiber stiffness. In other words, the greater range of
strains in the LC in a glaucomatous eyes (than the nonglaucomatous eye) stem from
the wider range of its moduli observed by Coudrillier et al (53) and Hommer et al (147),
which implies that the eyes that were deemed „glaucomatous‟ were found to have a
higher modulus than nonglaucomatous eyes. This contradicts the notion that higher
scleral stiffness has a beneficial effect on the LC. In this regard, Kimball et al have
reported that there was a higher axon loss in murine eyes when the sclera was stiffened
by increasing its cross-linking (148). This brings to fore the question of whether the
observed higher modulus of glaucomatous sclera is a consequence of the pathology, or
a factor leading to the onset of the disease. This has important clinical implications
because techniques that can mediate the scleral material properties could potentially be
designed such that they can target specific locations of the sclera (determined by the
heterogeneity in its stiffness) and alter its mechanical response, and thereby, hopefully,
abate vision loss due to POAG.
Limitations section
It should be mentioned that the current study has certain assumptions and
limitations. As mentioned in the „Geometry and FE mesh‟ section, the geometry of the
posterior eye was modeled based on descriptions given in literature. It is known that the
ocular geometry varies between individuals (119), and as such, the effect on the LC
strains could be a combination of the material properties and the geometry. However,
since the goal of this study was to isolate the effect of only the scleral matrix and
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collagen fiber orientations on the LC strains, we did not choose to vary the geometric
aspects of the eye. We have also assumed that all the regions in the model are
incompressible which in reality may not be true. Using the same fiber stiffness
parameters (k1 and k2) for both G and NG groups assumes that the fiber stiffness does
not change in glaucomatous eyes. This may not be accurate because Cone-Kimball et
al have reported that average diameter of the scleral collagen fibers in mice decreases
in glaucoma (78). However, the fiber stiffness values reported by Coudrillier et al (using
an inverse-mechanics technique that does not account for the fiber diameter variation)
do not show significant difference between glaucomatous and normal human eyes (53)
which lends credibility to our assumption. It must be noted that an inherent assumption
in incorporating fiber orientation (as described in „Imposing SALS information onto
the scleral mesh‟) is that the density of the collagen fibers is homogeneous in the
sclera shell. Another assumption is the perfect equatorial alignment of fibers around the
ONH. It has been shown previously that there exists some depth-dependent variation in
the equatorial alignment of collagen around the ONH (124). Despite the above
limitations, we believe that our model provides important information and is a promising
first step towards a more accurate representation of the in-vivo environment in the
posterior human eye.

Conclusion
To our knowledge, this is the first 3D computational model that incorporates the
depth-dependent information of collagen fiber orientation in posterior sclera to study the
effects of the observed variation in collagen orientation between G and NG groups,
modulus of the scleral matrix, and the collagen fiber stiffness can have on LC strains.
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The results show that there is no significant difference in the LC strains due to slight
variations in the collagen fiber orientation alone. A nonlinear strain reduction response
was observed due to an increase in the matrix modulus of both G and NG; the extent of
this strain reduction was also found to be dependent on the fiber stiffness. Incorporating
heterogeneity in the sclera modulus and modeling the posterior eye as a porous
continuum could help gain more insights into the biomechanical response of the lamina
cribrosa. Future work in our laboratory would be focused on developing these and other
such complex models to better understand the mechanopathobiology of primary openangle glaucoma.
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CONCLUDING REMARKS
Three computational techniques to analyze the biomechanical response of
scleral and LC tissues have been presented in this study. The broader motivation for
this study is to utilize these models to characterize the influence of material properties
like tissue permeability, porosity, anisotropy, heterogeneity, and study their effects on
the strains in the lamina cribrosa in the context of POAG. The incidence and prevalence
of primary open angle glaucoma was found to be different across age, race/ethnic
demographics (52, 149). In addition to determining the strong correlation between LC
biomechanics and elevated intraocular pressure, significant research attention has been
focused on the morphology and the microstructure of the tissues surrounding the optic
nerve head (54, 55, 150). Our model has included the experimentally identified porous
nature of ocular tissues and has shown that the inclusion of the porosity features in
evaluating LC strains is important because part of the stress is taken up by the
interstitial fluid leaving a lesser stress on the LC. Our PHE model adds to this body of
knowledge the effects of the prelaminar regions; for example, the permeability effects of
the retina-Bruch‟s-choroid membrane. Our research group has previously reported a
technique to determine the permeability and diffusivity of porcine aortic tissue (151,
152). This technique can be employed to determine the permeability and diffusivity of
the scleral tissue. This when combined with the inverse finite element technique and
performed on a regional basis (i.e., on the superior, inferior, nasal, temporal samples) at
different pressure states can provide information on the heterogeneity (if any) of the
porous properties of ocular tissues and their strain dependence; the permeability of all
the tissues in our PHE model was assumed to be independent of strain which in reality
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may not be true. Including such information in our PHE model will also relax the
assumption of homogeneity in the material properties. Another improvement could be to
utilize the 3D finite element model with the heterogeneous fiber architecture, and
impose the region-dependent porosity/permeability distribution to more realistically
model the biomechanics of the sclera. To initiate this effort, we have developed a 3D
finite element model of the posterior eye (the same model used for the anisotropic
model), and imposed porous material properties for all the regions using the values
reported in Table 1. The simulation involved imposing a pore pressure on all nodes on
the inner prelaminar surface equal in magnitude to the mechanical pressure applied in
the anisotropic model. A zero pore pressure boundary condition on the outer scleral
surface, and a pore pressure of 3.7mmHg on the outer postlaminar surface were also
applied. The simulation took approximately 72 hours to complete. The peak maximum
principal LC strain in the PHE model was found to be 1% higher than those found in the
corresponding solid continuum anisotropic model. Although this does not conclusively
highlight the differences in the models (and their outputs), it illustrates that a combined
anisotropic PHE model can be used to study the LC biomechanics in a new light.
A common limitation in the three computational models presented in this work is
the geometry of the eye. It was shown previously by Norman et al that there could be
geometric differences between individuals (153). For example, it was found that myopic
eyes are more prone to incidence of POAG than normal eyes (30). Such variations
could result in differences in which the sclera influences the LC strains.

We have

previously reported a method to reconstruct anatomical structures (specifically, aortic
aneurysms) from CT and MRI images using three-dimensional active contours (154).
89

A

B

C

D

E

Figure 27: MicroCT images of a sclera (A,B,C) with the geometry reconstruction (B,C) done using three-dimensional
active contours technique. The CAD model of the geometry (D,E) can be used to generate perform finite element
simulations.

This method can be used to reconstruct the scleral geometries and generate „C1
continuous‟ finite element models to more accurately capture the mechanical response
of the sclera (see Figure 27).This reconstruction technique can also be used to
determine the region-dependent thickness of the scleral and investigate its pressuredependent compressibility (assumed to be incompressible in our inverse finite element
study). This can be important because there is no previous study, to our knowledge,
that has reported on the compressibility of the sclera. Studying these aspects can be
greatly hugely beneficial in not only understanding the factors leading to the onset of
POAG but also in developing a targeted drug/species delivery model to alter the
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structure (and hence, possibly, the function) of sclera especially since previous research
has shown that altering scleral crosslinking could influence its biomechanical strength
(146).
In addition to the above, our lab is currently working on a technique to utilize
multi-photon imaging to generate biofidelic finite element models of the lamina cribrosa
at different pressure states using samples from donors across multiple age,
race/ethnicity. These models can be used to replace the disc-shaped LC in the present
model. A feature of soft tissues is the growth and/or remodeling when subjected to a
stimulus (either a load or a stretch) (155-158). Ocular tissues were modeled to include
growth in a hypertensive environment (159). Our lab has developed a technique to
model the growth and remodeling of soft tissues in a porohyperelastic setting (160) with
the ability to model the transport of species across the tissues, and swelling. Given that
the eye is under a continuous loading, it is a natural extension to include a growth and
transport model to the list of other features mentioned previously to develop an
anisotropic, porohyperelastic, heterogeneous finite element model of the human eye
with patient-specific geometries of the sclera and the LC capable of studying the growth/
remodeling along with the transport of species across different demographics. This
would have significant clinical implications in that it can be used to study the
progression of the state of the eye, and its response to a local administration of a drug
in different patients thus, potentially, aiding a patient-, or demographic-specific
treatment efforts. Computational models such as those presented and discussed in this
study would greatly improve the understanding of the functioning of the ocular tissues
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which can give new insights into the incidence and progression, and treatment of
primary open-angle glaucoma.
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