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Abstract. A method is proposed to determine the mechanical properties of retina based on in vivo experiments and numerical
simulations. First, saline water was injected into the anterior chamber of the right eye of a cat to cause acute high intraocular
pressure. After the eye was scanned using optical coherence tomography under different acute high intraocular pressures, the
images of the retina in vivo were obtained and the thickness of the retina was calculated. Then, the three-dimensional
structure of the optic nerve head including the retina and the choroid were reconstructed using image processing technology.
Three different material models for the retina and the choroid were taken and the finite element models of the optic nerve
head were constructed. Finally, an inverse method was proposed to determine the parameters of a constitutive model of the
retina and of the choroid simultaneously. The results showed that the deformation of the retina can be properly simulated
taking into consideration the nonlinear elastic properties of the retina and of the choroid.
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1. Introduction

Glaucoma is the second leading cause of blindness, after cataracts. The pathogenesis of glaucoma is
not well understood, but mechanical compression or decreased blood flow in the optic nerve is
considered the prime cause. When intraocular pressure increases, the optic nerve head is deformed
because it is a weak spot in the posterior eye-wall. The lamina cribrosa, as the main structural element
of the optic nerve head, bows outwards to an extent that depends on the magnitude of the pressure
increase and on the resistance of the lamina to such distortion [1, 2]. This deformation of the laminar
structure depends on the elastic properties of the posterior ocular soft tissues [3]. The posterior
segment wall of the eyeball has three layers: the sclera, the choroid, and the retina. The elastic
properties of the sclera and choroid have attracted the attention of many researchers [4-8], including
from our group [5], and the purpose of the present paper is to propose a method to determine the
elastic properties of the retina.
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Biologic soft tissues are usually nonlinear, anisotropic, viscoelastic materials such as the retina and
the choroid. The nonlinear properties of these materials can be described by J-shaped stress-strain
curves, such as advanced prostheses and scaffolds for tissue engineering [9]. The viscoelasticity of the
materials can be evaluated by the dynamic oscillatory test [9, 10]. The storage modulus gives
information about the material’s ability to store elastic energy and the loss modulus is related to the
viscosity or dissipation of energy. The retina is the inner tissue layer of eyeball, which is very fragile
[11]. The choroid, lying between the retina and the sclera, is considerably stiffer than the retina and
more resistant to mechanical deformation [12]. A classical approach to determine the mechanical
properties is to perform a simple uniaxial test such as tensile or compression test, which involves
significant simplifications and assumptions [6, 7, 11, 13-18]. The mechanical properties of porcine
retinal tissue have been studied using tensile tests and the results show that Young’s modulus was a
factor 10 higher in the choroid compared with the retina [18]. Other works show that mechanical
characteristics of the porcine retina are anisotropic and inhomogeneous [13-15]. The results of Chen et
al. show that the retina, choroid, and sclera behave nonlinearly, but only the retina exhibits surface
anisotropy between the vertical and horizontal directions in body-temperature saline [14]. They also
found that the size of the blood vessels affected the stiffness of the retina, and it is the only
determining factor that governs the anisotropic and inhomogeneous characteristics of the retina [13].

Recently, the material properties of ocular posterior soft tissues were studied using new technology.
Jones et al. obtained the Young's modulus of bovine retina by fitting the experiment data from the in
vitro tensile test of bovine retina to a mathematical model [19]. Shahbazi, et al. proposed a
noninvasive and safe method to estimate the elastic modulus of the retina-choroid complex in normal
and age-related macular degeneration human subjects using temporal sequences of ultrasound images
[20]. Ugarte and his colleague developed a new experimental method to obtain the stress-strain
relation of the human Bruch’s membrane-choroid complex [8]. The pressure was measured using a
modified Ussing chamber and the deformation was examined by optical coherence tomography (OCT).
A method based on the wrinkling periodicity of epiretinal membranes and contraction-induced
choroidal folds to study the elastic properties of the retina and of the choroid showed that the Young’s
modulus of the choroid is larger than the retina’s [12]. Scanning force microscopy was used to
measure the local mechanical properties of the inner surface of the guinea pig retina [21]. By
comparing the spreading behavior of a liquid on the retina with that of the same liquid on each of two
viscoelastic materials, Grant et al. estimated the elastic moduli of the retina [22].

Most of these authors studied the mechanical properties of the retina and of the choroid at room
temperature. The results of Chen and colleagues show that the elastic modulus of ocular posterior soft
tissues are different in different environments, such as room temperature air, room-temperature saline,
and body temperature saline [14]. They also examined the mechanical characteristics of pig retina at
26.1°C and 7.8°C, and found that the retina is significantly stiffer at a low temperature than at body
temperature [18]. These results illustrate the importance of testing conditions. Therefore, it is
important to develop a method based on in vivo experiments to determine the material properties of the
retina.

A more recent approach is to combine numerical and experimental techniques to determine the
material properties of biological soft tissues indirectly [23]. To find out the material parameters of the
skin in vivo, a method that consists in combining experimental indentation results with a numerical
finite elements model was proposed by Delalleau and his colleagues [24]. Similarly, a new technique
was developed to determine the properties of porcine corneas in vivo, using a combination of nano-
indentation experimentation, an anisotropic and orthotropic Generalized Maxwell model, and an
inverse finite element method [25]. The virtual field method, for instance, has been developed for
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extracting constitutive parameters based on full-field measurements using the optical non-contact
techniques [26]. Nguyen and Boyce proposed an inverse method to determine the anisotropic
properties of bovine cornea by combining an in vitro inflation experiment and finite element method
[27]. They measured the three-dimensional surface geometry and displacement field of the cornea
using a digital image correlation system, which included two cameras mounted stereoscopically above
the specimen.

Precise biomechanical characterization of soft tissues has recently attracted much attention in
medical image analysis and visualization. To get to the undeformed state, a custom inverse model was
developed using a finite element method analysis package and clinical topography measurements in
the patient eyes [28]. A three-dimensional model of the cornea was constructed using tomographic
data from an anterior segment imaging system. Based on these works, an inverse system of estimating
longitudinal, time-dependent changes in the corneal elastic modulus after crosslinking was developed
[29]. Our group proposed a method to determine the material properties of the iris using the multi-
island genetic algorithm coupled with the finite element method based on the ultrasonic image in vivo
[30].

With the development of OCT [31, 32], a new technology, known as enhanced depth-imaging OCT,
has been developed to reliably capture the image of the full thickness of the choroid in various retinal
diseases [33-35]. Image quality of the choroid in vivo could be improved by displacing the instrument
to get images in deeper layers. An "Enhanced Choroidal Mode" of the Topcon's OCT visualizes
further internal structures, allowing significantly superior visualization of the retinal pigment
epithelium and choroidal area [36]. Our group has obtained the effect of elevated intraocular pressure
on the thickness changes of the laminar and prelaminar tissue of cats using optical coherence
tomography [37]. It is thus possible to develop an inverse method to determine the material properties
of the retina and of the choroid in vivo. In this study, based on high-resolution images of the optic
nerve head using the "Enhanced Choroidal Mode" of the Topcon’s OCT, a method is proposed to
determine the material properties of retina using the finite element method and the optimization
algorithm.

2. Method
2.1. Experiment in vivo

The sample is from the right eye of a cat from the Animal Center of Capital Medical University with
the level of specific pathogen free. In this research, the animals were treated and managed to comply
with the ARVO statement for the use of animals in ophthalmic and vision research. The intraocular
pressure (IOP) of the cat was measured using pressure transducer (SPR-320; Millar Instruments Inc.,
Houston, USA) after anesthesia. The value of IOP was obtained using the Powerlab data acquisition
system and Chart software; it was 15 mm Hg. The Powerlab data acquisition system (PowerLab 8/30)
with eight input channels is suitable for a wide range of research applications. The cat was mounted in
a stereotaxic head holder and its anterior chamber was perfused with physiological saline. To avoid
movement of the eye, a topical anesthetic and a mydriatic mixture were dropped on the surface of the
cornea. A pressure transducer was placed in the saline injection port and the real-time intraocular
pressure in the perfused eye of the cat was measured using the Powerlab data acquisition system and
Chart software. The pressure was gradually increased to a peak (120 mm Hg) using an experiment
system shown in Figure 1 from normal IOP. The IOP was monitored in real time during the infusion.
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Fig. 1. Sketch of the experimental apparatus. 1. Anterior chamber of eyeball; 2. Detaining needle 3. Medicine flask; 4.
Pressure transducer; 5. Powerlab data acquisition system; 6. Compuer (Chart software); 7. OCT.

Fig. 2. The spectral domain (SD) optical coherence tomography (OCT) images of the optic nerve head: The upper left image
is one of the tomogram of OCT. There are 128 images. The right lower image is the thickness contour of the retina.

The infusion was briefly paused (for approximately 15-30 s) at the IOP of 40, 60, 80, 100, and 120
mm Hg to stabilize IOP and scan by OCT. For each eye, the total measurement was completed within
30 min for six replicates.

In this study, the images were obtained at the different IOP values using the "Enhanced Choroidal
Mode" of the Topcon’s OCT. The images were acquired by a continuous parallel scan function
focused on the rectangular region of the optic nerve head. The serial images were then reconstructed
during the optic nerve head surface spacing of 6.0 x 6.0 x 2.3 mm (horizontal X vertical x axial).
Finally, three-dimensional volumetric matrixes with 512 % 128 x 650 pixels were obtained, as shown
in Figure 2. The scan was performed six times (six different IOP values).

The algorithm to calculate the thickness of the retina was coded using MATLAB (The Mathworks,
Inc., Natick, MA, USA). First, the image segmentation was done using the optimal threshold

(@) () ©

Fig. 3. Image processing (a) Orign image. T: temporal side; N: nasal side. (b) Image filling (c) Edge extracting. The thickness
of the retina is calculated according to the distance of two point in (c).
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segmentation algorithm program after choosing the maximum and minimum value of the threshold.
Then, the edge was extracted using the Canny edge detector after the image was filled. Finally, the
thickness was calculated according to the upper and lower boundaries, as shown in Figure 3.

2.2. Finite element model

According to the serial images obtained by OCT for the normal IOP, a three-dimensional model of
the retina and of the choroid was built using MIMICS (version 14.12; Materialise, Leuven, Belgium).
Then, a three-dimensional model of the optic nerve head containing the retina and the choroid was
assembled, as shown in Figure 4.

Next, the model was input to finite element software ABAQUS (version 6.12; Simulia). The finite
element model included 271012 elements and 58690 nodes. According to the research of Jones and
colleagues [19], the retina can be modeled as incompressible material. Therefore, a four-node linear
tetrahedron, hybrid element was applied, which can describe the quasi-incompressible mechanical
response of the material. The interactive boundary condition between the retina and the choroid was
set as boned. Considering the effect of the sclera, the spring constrain at the bottom of the choroid was
added.

Although the relationship between the stress and strain of retina is nonlinear according to some
previous studies, it is difficult to find the suitable constitutive model to appropriately characterize
these properties [13]. Thus, three elasticity models were chosen to study the mechanical characteristics
of the retina. One is the linear elastic model, another is the Ogden model, and the third is the neo-
Hookean material model.

In the Ogden model, the strain energy function is written as [38]

)+§:Di 1) (1)
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where U is the strain energy density per unit volume in the undeformed configuration, x4, ,, and D,

are material parameters, J is the volume ratio, A; is the deviatoric principal stretch which is related to

1
the principal stretch 2, by 4 =J 3.
The neo-Hookean material model can be expressed as:

Choroid

*

Optic nerve head

Optic nerve head

Fig. 4. Three-dimensional reconstruction of the optic nerve head: The upper left figure is the retina, and the upper right figure
is the choroid. The two lower figures are assembled of the retina and of the choroid.
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Fig. 5. The flowchart of optimization.

— 1 2
D =C,(7, —3)+B(J—1) )

2.3. Optimization process

The optimization process to identify material properties is implemented by means of iSIGHT
(version 5.7; Simulia), integrated with ABAQUS. The multi-island genetic algorithm is used to
determine the material properties of the retina and of the choroid in iSIGHT. As a kind of improved
genetic algorithm, the multi-island genetic algorithm divides the population in one generation into
several sub-populations called ‘islands’ and performs traditional genetic operations on each island
separately [39]. Figure 5 shows the flowchart of optimization. The objective function used in the
optimization algorithm is

J@= Y @™ (p)=u ()Y ®
1

Where the #7™ is the deformation of the retina calculated using the finite element method and the
U™ is the deformation of the retina measured using OCT. We define the error as the difference

between U™ and U 7.

In this paper, the settings of the multi-island genetic algorithm are as follows: the number of islands
is 2, the number of generations is 10, the size of populations is 25, the crossover rate is 1, the mutation
rate is 0.01, the migration rate is 0.01, and the migration interval is 5.

3. Results and discussion
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Fig. 6. Three typical locations to calculate the thickness of the retina: Point 4 is the lowest point of ONH; Point 2 is the
position with the most acute change in curvature at the left of the image; Point 6 is the position with the most acute change in
curvature at the right of the image; Points 1, 3, and 5 are above Points 2, 4, and 6.
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Fig. 7. Convergence after 500 times iterative calculation.

The deformation at three typical locations was chosen to identify the material properties of the
retina and of the choroid, as shown in Figure 6. First, we searched the image, which included the
lowest point, such as point 4 in Figure 6. Generally, it is located in the middle of the optic nerve head
(ONH). Then, the point at the same position on the upper surface of the ONH was searched, such as
point 3 in Figure 6. The distance between point 3 and point 4 can denote the thickness of the middle
position of the ONH. Similarly, the thickness at the left side of the optic disk was defined as the
distance between point 1 and point 2. The thickness at the right side of the optic disk was defined as
the distance between point 5 and point 6. Computation of retina thickness was achieved using the
method in 2.1

Considering the material properties of the soft tissue, the values of the parameter Di in Eq. (1) and D
in Eq. (2) are taken as O for all the materials in this paper [40]. The parameter identification process is
shown in Figure 5. Figure 7 shows that the objective convergence is good after 500 times iterative
calculation when the materials’ models was taken as a second-order Ogden function. The materials’
parameters obtained are presented in Tables 1-3.

Table 1

Materials parameters obtained using the Ogden material model

Materials Name

M, (MPa) a, M, (MPa) a,
Retina 0.0811 0.00227 0.0652 0.00421
Choroid 143.9 52530.7 179.7 76383.6
Table 2
Material parameters obtained using the linear elastic material model

Materials Name E (MPa) H

Retina 0.431 0.416

Choroid 4.62 0.46
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Table 3
Material parameters obtained using the neo-Hookean material model
Materials Name Cyo (MPa)
Retina 0.0759
Choroid 29.0
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Fig. 8. Errors between the experiment results and the simulation results: (a) At the left side of the optic disk; (b)
middle position of ONH; and (c) at the right side of the optic disk.

To verify the reasonability of the identified result, the variation of the thickness of the three
positions on ONH was calculated and is shown in Figure 6. The errors between the experiment data
and the simulation results are shown in Figure 8. The results show that the material properties of retina
and choroid processed through the Ogden model can simulate the deformation of the retina the best.
The error is larger if we take the linear elasticity as the material model. Therefore, the deformation of
the retina can be properly simulated considering the nonlinear elastic properties of the retina and of the
choroid.

Although the mechanical properties of the retina are believed to be nonlinear by some researchers
[13-16, 18], a common understanding for the right constitutive model of the retina has not yet been
reached. Mechanical properties of the retina are simplified as linear elasticity in most studies. The
values of the elastic modulus of the retina are in a large range, from 0.3 to 125 KPa [13, 14, 16, 18, 20,
21], which may be due to different measurement methods, different species, and different assay
conditions. For example, the results of the elastic modulus of porcine retina obtained using scanning
force microscopy in vivo is smaller than if a simple tension test is used [4, 13, 18, 21]. The results of
the elastic modulus of porcine retina are also different for different temperatures in simple tension
tests [18]. Moreover, the geometry of the biological samples is important in mechanical testing. For
example, the retinal thicknesses were not uniform even for the same specimen [11]. The shape of the
specimen is also a factor affecting experiment results. For example, 5 mm/13 mm was taken in [11]
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for bovine eyes and 1.5 mm/10 mm was taken in [14].

The elastic modulus of the choroid is 4.62 MPa and the elastic modulus of the retina is 0.431 MPa
for the linear elasticity hypothesis in our paper, and the difference of the elastic modulus between the
retina and the choroid was significant, which is consistent with Chen's results [14]. The elastic
modulus of the choroid is close to the results of Chen's experimental result of the porcine choroid in
vitro [14]. The elastic modulus of the retina is different from the tension test in vitro, and we think the
reason may be that the thickness of the retinal specimen may have been too small and there were
larger errors in the tension test. We obtained the experiment data in vivo, avoiding errors involved in
the process of specimen preparation, and the results obtained is reasonable and in line with other
studies [14, 16, 18].

4. Conclusions

An inverse method was proposed to determine the material properties of the retina through
combined computational and experimental techniques. The material parameters of retina and choroid
were obtained by minimizing the error between the experimental data and the simulation results. The
experiment results were obtained by OCT and the simulation results were obtained by a finite element
method. It is found that the Ogden function can be used to describe the materials properties of the
retina.
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