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Background: The eye is one of the most vital organs of human body, and
glaucoma is the second-leading cause of blindness after cataracts in the world.
However, glaucoma is the leading cause of preventable blindness. The main
objective of this study is to investigate intraocular pressure (IOP), stress, strain,
and deformation in the retina in early stages of glaucoma.
Methods: In this study, a model of the human eye is numerically investigated.
The aqueous humor pressure is considered as 30, 35, and 40 mmHg and
compared with normal eye pressure. The problem is considered as transient 3D
and accurate. Comparison between obtained results shows that the model has
been applied. Eye components are also considered with their real properties.
Due to the inappreciable effects of turbulence and temperature variation, these
effects have been neglected. To determine the pressure field, a two-way fluid-
structure interaction is applied, and then, the results are used in a one-way fluid-
structure interaction to determine the amount of stress, strain, and deformation
of the retina.
Results: The maximum deformation in the retina of a glaucoma patient is
about 0.33 mm higher than a normal eye, the maximum stress is about 1,300 Pa
higher than a normal eye, and the maximum strain is about 0.06 higher than a
normal eye.
Conclusion: In patients with increased IOP, the amount of deformation in the
retina has increased, and the maximum deformation occurs near the optic disc
in all cases. Furthermore, maximum stress and maximum strain occur at the
place of maximum deformation.

2020© The Authors. Published by JRSR. All rights reserved.

Introduction

is flat. In fact, light passes through the middle hole of
the iris known as the pupil. The lens is a transparent part

The eye is one of the most vital parts of the human
body, and sight plays an important role in every person’s
life. The size of the human adult eye is about 22 to 24.8
mm (axial) x 24.2 mm (horizontal) x 23.7 mm (vertical)
[1]. The eye layer is composed of sclera, choroid, and
retina. The sclera in the front turns into the cornea, so
light can pass through it. The choroid is converted to the
iris (the colored part of the eye) in the front to control
the amount of incoming light. Unlike the choroid, the iris
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behind the iris. Actually, the lens plays the greatest role
in refraction. The retina is the inner layer of the eye. The
average retina thickness is 0.235 mm [2]. This layer is
composed of the optic nerve. The images of objects are
reflected on it, then transmitted to the brain. In the rear of
the retina, there is a blind spot where known as the optic
disc where there are no photoreceptors. This area is very
important and sensitive.

Glaucoma is an eye disease that can permanently
damage vision and even lead to blindness. It is a
preventable disease, so studying it is important. In most
cases, glaucoma is directly related to intraocular pressure
(IOP). Aqueous humor (AH) flows in the front of the eye
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to feed the lens and cornea. If AH can’t leave the eye or its
drainage is reduced, then IOP is increased. The increased
pressure is transferred to the vitreous humor (VH) in the
posterior section of the eye and causes damage to the
retina. VH pressure on the optic disc causes stress in this
area and loss of vision over time. The damage to the optic
disc is irreversible. This process is called glaucoma. The
components of the eye are illustrated in Figure 1-a.

Visualization of the aqueous outflow pathway in
glaucoma surgery was studied by Broquet et al. [3].
Akhmanova et al. researched hydraulic flows and the
transport of drugs in the human eye [4]. Exposure of
the human eye to wind with a simple eye model has
also been studied [5]. Heys and Barocas studied natural
convection in AH in glaucoma disease with a simple
model [6]. Heat transfer in the human eye using the
finite element method was researched by Cicekli in
his thesis [7] as well as in other studies [8-10]. The
influence of the geometry of the sclera on optic nerve
head biomechanics and connections with glaucoma has
been studied by Norman et al. [11]. Optic nerve head
biomechanics was studied by Sigal et al. with the finite
element method [12]. This issue was further studied by
Wang et al. in an experimental research [13]. In fact,
the analysis of this area is very important because of
its sensitivity to glaucoma disease. The purpose of
the current study is to investigate the early stages of
glaucoma in the human eye and identify changes in the
optic disc. The present study is innovative in terms of
the exact model and use of the fluid-structure interaction
technique.

Methods

In this study, the transient 3D model of the human
eye with exact dimensions was simulated to obtain the
amount of stress, strain, and deformation in the retina.
This model contains all the main components of the eye
and all components needed for analysis. The model is
shown in Figure 1-b.

For this research, the computational fluid dynamics and
structural analysis approaches based on the finite volume
and finite element methods were used, respectively.
Governing equations for fluid/solid media are presented
below.
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Fluid Flow Equations

The fluid equations to be solved are the incompressible
Navier-Stokes equations, which can be derived from
the conservation laws for mass and linear momentum
and take into consideration that the fluid is viscous. The
equations take the following form:

ché—‘;+pF-c-Vv—ZyV-g(v)Jer:O (1)

Vv =0

where v denotes fluid velocity and p denotes physical
pressure. The fluid density and viscosity is given by pf
and u, respectively, (v) represents the strain rate tensor,
and ¢ denotes convective velocity and is defined as
follows:
c=v-v* 2)

where v and v* are the material and mesh velocity,
respectively.

Structural Equation
The possibly large displacement of the structure is
governed by:

SD2 S S (3)
t‘j ~V-(F-Sw))=p'b

where u represents the displacements of the structure,
bs represents the body forces applied on the structure, S
represents the stress tensor, p® represents the density of
the structure, and F represents the deformation gradient
tensor.

Fluid/Solid Coupling Equations

At the interface I, kinematic and dynamic continuity
is required. The governing kinematic coupling equations
are:

up(t)=d{ (1) @
up(t)=v(t)
up (1) =v(t)

Here d; (t) represents the displacement of the fluid

mesh nodes at the interface. The dynamic coupling
equation takes the form:

Figure 1-a: Human eye components, b: Three-dimensional model of the eye
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R @)+h"(t)=0 )

where h = ¢ - n signifies the traction vector.

The maximum IOP for the normal eye is approximately
22 mm Hg [14]. The amounts of stress, strain, and
deformation in the retina for the pressures of 30, 35, and
40 mmHg in AH are calculated and the results compared
with 22 mmHg as the maximum normal eye pressure. In
glaucoma, the AH remains stagnant in the front section
of the eye, and there is no entry or exit; thus, a normal
pressure on the surface in that area of the eye instead of
liquid pressure is assumed (Figure 2).

Therefore, the porosity of the ciliary body and the
trabecular meshwork, which are the locations of the
entrance and exit of AH, respectively, is not affected in
the present work. This effect has been studied previously
[3, 10, 15]. Also, the difference in temperature in the
anterior section of the eye that causes free convection
in the AH is not considered. As mentioned, the effect
of temperature has been extensively studied. The fluid-
structure interaction (FSI) technique was used for
simulation. FSI between the solid parts (lens, iris etc.)
and the VH is two-way, and FSI between the VH and the
retina is one-way, as shown in Figure 3.

First, two-way FSI was applied and the pressure values
for the VH were obtained. Then, two-way FSI solution

—

Figure 2. Normal pressure on the surfaces

Optic Disc

o 0.01(m) <o
)
0.005 v

was used as a one-way FSI input, and the stress, strain,
and deformation values in the retina were obtained.

According to the type of geometry, an unstructured grid
was used. Therefore, the type of grid cells chosen for all
modules was hexagonal. To achieve grid independent
solution, several grid sizes were used. Comparison of
the obtained results from various grid sizes, as indicated
in Table 1, showed that the 441,448 elements were of
a suitable grid size. This number is 198,166 and 8184
for solid analysis in the two-way FSI and one-way FSI,
respectively. Different grids are shown in Figure 4.

Due to the low-velocity fluids, the effect of the
turbulence was negligible. Moreover, eye components
were considered with their real properties. The properties
of fluids and solids are shown in Tables 2 and 3,
respectively.

Table 1: Grid study results
Number of elements

Minimum strain in optic disc

219,734 3.22%
294,298 3.37%
441,448 3.61%
663,182 3.60%

Table 2: Fluid Properties
Name Density (g/cm’)
1.002 [16]

Viscosity (cP)
1000 [17]

Vitreous Humor

Results and Discussion

The contours of deformation for different pressures
were obtained after solving (Figure 5).

These contours show that the maximum deformation
in all cases is near the optic disc. The maximum retina
deformation in the normal eye is 0.14795 mm. The
maximum retina deformation at IOP of 30 mmHg is
0.17746 mm, which is 0.02951 mm higher than the
normal eye (19/94% increased deformation). The
maximum retina deformation at IOP of 35 mmHg is
0.17753 mm, which is 0.02958 mm higher than the
normal eye (19.99% increased deformation), and the
maximum retina deformation at IOP of 40 mmHg is
0.17754 mm, which is 0.02959 mm higher than the

0 0.01(m) <°
[ |
Y

Figure 3—a: Two-way fluid structure interaction (FSI) between the solid parts and Vitreous humor (VH); b: One-way FSI between VH and retina
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0.01 (m)

Figure 4-a: Grid for analysis in two-way FSI; b: Grid for fluid analysis in both FSIs; ¢: Grid for analysis in one-way FSI

Table 3: Solid Properties

0009 (m)

0.01 (m)

Names Density (g/cm?) Young’s Modulus (KPa) Poisson’s Ratio
Sclera 1.049 [16] 2720 [18] 0.49 [19]
Choroid 1.002 [16] 600 [20] 0.49 [19]
Retina 1.008 [16] 20 [21] 0.47 [22]

Iris 1.1[8] 890 [23] 0.48 [23]

Lens 1.056 [16] 1.5 [24] 0.49 [25]
Cornea 1.024 [16] 2500 [18] 0.2 [26]
Average of Sclera, Choroid, and Retina 1.049 2300 [20] 0.49

— 0.12681

] 0.11625
Y

I 0.076055
= 0.063379

0.050703
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0.025352
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0 Min
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0 Min
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&
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0.063407
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Figure 5-a: Contours of deformation in the retina for 22 mmHg of intraocular pressure (IOP) (as a normal eye); b: Contours of deformation in the
retina for 30 mmHg of IOP; ¢: Contours of deformation in the retina for 35 mmHg of IOP; d: Contours of deformation in the retina for 40 mmHg of IOP
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0.13418 Min

EquivalentStress

0.01 (m)

Figure 6-a: Contours of stress in the retina for 22 mmHg of IOP (as a normal eye); b: Contours of stress in the retina for 30 mmHg of IOP; ¢: Contours
of stress in the retina for 35 mmHg of IOP; d: Contours of stress in the retina for 40 mmHg of IOP

Table 4: Comparison of maximum deformation, stress, and strain in the retina at 30, 35, and 40 mmHg of IOP with maximum IOP in a normal eye

(22 mmHg)
SEE Eg539Y gSogey acg 2E29 gaszp acx EFEEREEEE
s gk Sge¥e fscor: E% SEEE CSESE SF SEEE ZSESE
g 2 & EEfgs 3gEZf o3 Ezsnd 33522 Ta Ezzg S322
5 g g S LLILIRY sggg Z2E8f 3 cEEE &g
T R S5 gSo =B c'ga -2 ERAR £° 26 5 S 5509 2228
& =3 52 E¥ 253 = S58g 9852 = Ss% <cbfe
g 52 s: °:z® = Egaz °F% = =& C°EF
B 8 = n:;r =3 § = 5 o a § 5 o o § =3
(¢}
30 0.17746 0.02951 19.94 % 58354 1280.7 28.12 % 0.29248 0.06367 27.83 %
35 0.17753 0.02958 19.99 % 5850.0 1295.3 28.44 % 0.29321 0.06440 28.14 %
40 0.17754 0.02959 20.00 % 5858.5 1303.8 28.62 % 0.29363 0.06482 28.33 %

normal eye (20.00% increased deformation). In fact,
at IOP of 30 mmHg, the slightest deformation, and at
IOP of 40 mmHg, the most deformation occurs relative
to the normal eye. Also, values for stress and strain are
obtained, displayed in Figures 6 and 7, respectively.
The maximum stress in the retina in the normal eye is
4554.7 Pa. The maximum stress in the retina at IOP of
30, 35, and 40 mmHg is 5835.4, 5850, and 5858.5 Pa,
respectively, which is 1280.7, 1295.3, and 1303.8 Pa
higher, respectively, than the normal eye. In fact, with an
increase 0f 36.3%, 59.1%, and 81.8% in IOP, the increase

138

in stress was 28.12%, 28.44%, and 28.62%, respectively.
Also, the maximum strain in the retina in the normal eye
is 0.22881. The maximum strain in the retina at IOP of
30, 35, and 40 mmHg is 0.29248, 0.29321, and 0.29363,
respectively, which are 0.06367, 0.06440, and 0.06482
higher, respectively, than the normal eye. It means, with
an increase of 36.3%, 59.1%, and 81.8% in IOP, the
increase in strain was 27.83%, 28.14%, and 28.33%,
respectively. In all states, maximum stress and maximum
strain occurred at the place of maximum deformation,
as expected. The amounts of deformation, stress, and

JRSR. 2020,7(3)
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Figure 7-a: Contours of strain in the retina for 22 mmHg of IOP (as a normal eye); b: Contours of strain in the retina for 30 mmHg of IOP; ¢: Contours
of strain in the retina for 35 mmHg of IOP; d: Contours of strain in the retina for 40 mmHg of IOP

Table 5: Comparison of current study with Wang’s research [13]

Data Current study Wang study
IOP (mmHg) 22 21.13
Minimum strain in the optic disc 3.6% 1.7%
Maximum strain in the optic disc 12% 9.4%
Average strain in the optic disc 7.8% 6.41%

strain relative to the normal eye (22 mmHg of IOP) are
specified in Table 4.

To validate the accuracy of the data, the strain at the
optic disc was compared with the results of Wang et al.
for IOP of 22 mmHg [13]. The difference was 1.39%, as
shown in Table 5.

Conclusion

In patients with increased IOP, the amount of deformation
in the retina is increased. The increase in deformation is
0.02951, 0.02958, and 0.02959 mm for IOPs of 30, 35,
and 40 mmHg, respectively. The maximum deformation
occurred near the optic disc in all cases. Furthermore,
maximum stress and maximum strain occurred at the
place of maximum deformation, as expected. The

JRSR. 2020,7(3)

increase in stress was 1280.7, 1295.3, and 1303.8 Pa and
the increase in strain was 0.06367, 0.06440, and 0.06482
for IOPs of 30, 35, and 40 mmHg, respectively. The
retina is a very delicate and sensitive member (Young’s
modulus: 20KPa); most certainly, an increase in stress
of about 1300 Pascal will cause irreparable damage to
this layer. Therefore, the prevention of glaucoma with an
annual ophthalmologist examination is essential.

Conflict of Interest: None declared.
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