friried applied
e sciences

Article

Finite Element Analysis of the Epiretinal Membrane Contraction

Ana Rita Reis 12*

, Jodo P. S. Ferreira

12#(5, Ana Guerra 1, Anténio Fernandes 2, Sénia Torres-Costa 30,

Manuel Falcio 34 and Marco P. L. Parente 12

check for
updates

Citation: Reis, A.R.; Ferreira, ].PS.;
Guerra, A.; Fernandes, A.;
Torres-Costa, S.; Falcdo, M.; Parente,
M.P.L. Finite Element Analysis of the
Epiretinal Membrane Contraction.
Appl. Sci. 2022, 12,2623. https://
doi.org/10.3390/app12052623

Academic Editor: Francesco Garzotto

Received: 26 October 2021
Accepted: 25 February 2022
Published: 3 March 2022

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

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Faculty of Engineering, University of Porto, 4200-465 Porto, Portugal; up201405552@fe.up.pt (A.G.);
aaf@fe.up.pt (A.E); mparente@fe.up.pt (M.P.L.P.)

INEGI—Institute of Science and Innovation in Mechanical and Industrial Engineering,

4200-465 Porto, Portugal

Department of Ophthalmology, University Hospital Center S. Joao, 4200-319 Porto, Portugal;
sonia.torres.costa@gmail.com (S.T.-C.); falcao@med.up.pt (M.E)

Department of Surgery and Physiology, Faculty of Medicine, University of Porto, 4200-319 Porto, Portugal
*  Correspondence: arreis@inegi.up.pt (A.R.R.); jpsferreira@inegi.up.pt (J.P.S.F)

Abstract: The epiretinal membrane is a thin sheet of fibrous tissue that can form over the macular area
of the retina, and may result in the loss of visual acuity or metamorphopsia, due to superficial retinal
folds. A vitrectomy surgery, the current treatment procedure for this pathology, is only performed
after symptoms are present. However, sometimes the patients do not present any vision improve-
ments after the surgery. The use of computational methods for a patient-specific biomechanical
analysis can contribute to better understanding the mechanisms behind the success or failure of a
vitrectomy. Using medical data from two patients who underwent a vitrectomy, one with substantial
improvements and another with no improvements, an analysis of the retinal displacement due to the
contraction of the epiretinal membrane was performed. Our results suggest a causal effect between
the magnitude of the retinal displacements caused by the epiretinal membrane contraction and the
outcome of the vitrectomy procedure.

Keywords: finite elements; epiretinal membrane; retina; displacements

1. Introduction

The development of an Epiretinal Membrane (ERM) is a relatively common disorder of
the vitreomacular interface that can cause visual impairment [1]. The ERM is a pathologic
fibrocellular membrane that lies immediately superjacent to the inner surface of the retina,
the Internal Limiting Membrane (ILM), and varies in thickness from a single layer of
collagen with interspersed cells to a thicker, multilayered fibrocellular proliferation, which
often results in coarse folds on the retinal surface [2].

This pathology can be classified into two types: idiopathic and secondary ERM.
An ERM may develop without any antecedent ocular conditions or surgical procedures,
termed idiopathic or primary ERM. Oppositely, secondary ERM is associated with a va-
riety of ocular diseases, such as ocular inflammatory diseases, retinal vascular disease,
retinal detachments, trauma, or surgery [1,3]. The prevalence of this disease ranges from
4.0 to 6.2% and increases with age [1] with peak prevalence being observed in those
between 70 and 79 years (11.6~35.7%) [2].

In the earlier stages, ERMSs do not cause visual symptoms. However, as it progresses, it
can contract and create superficial retinal folds leading to distortion of the retinal anatomy
that can result in visual symptoms such as loss of visual acuity and metamorphopsia [2,3].

Current imaging techniques, such as Spectral-Domain Optical Coherence Tomography
(SD-OCT) with three-dimensional reconstruction can allow evaluation of the macula in
cross-section and three-dimensionally [4,5]. SD-OCT is a harmless, noninvasive medical
imaging technique used to produce high-resolution cross-sectional images of biological
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tissues [5,6]. Another relevant feature of SD-OCT is that due to its scanning speed, cross-
sectional nature and image quality, it can be used for 3D reconstruction of the retina and
ERM, enabling detailed analysis [7].

Currently, the treatment options for ERM are limited, consisting of either observation
or surgical intervention. Surgical intervention corresponds to pars plana vitrectomy with
ERM removal with or without ILM removal [4,8]. At this stage, it is not possible to
know in advance, in the pre-operative stage, which patients will benefit visually from
the surgery. We hypothesize a link between the displacements of the retinal surface and
the capacity of recovering visual acuity from the surgery. To test the hypothesis, it is
necessary to pre-operatively quantify the displacements that the ERM can cause on the
retina. Numerical simulation can be a powerful tool for a variety of purposes, and it will be
used in this study as a way to compute displacements on the retinal surface, by simulating
the EMR contraction.

Although numerical simulation studies can be found on the literature related to the eye,
ranging from the study of the eye temperature to the study of specific eye components [9-15],
to the authors’ knowledge no study exists concerning the numerical simulations of the ERM
contraction. In the existing literature related to numerical studies of the eye [16-21], the most
used method in these types of works is the Finite Element Method (FEM), being the method
chosen in the present study.

No consensus exists on the most adequate type of materials to simulate the behaviour
of the retina membrane, with several sources using different material models. However,
a correct understanding of previous studies found in the literature allows the selection
of two preferential constitutive models, the hyperelastic and linear elastic constitutive
models [12,20,22,23]. Considering the work performed by both Chagnon et al. [24], where
the author concluded that most biological tissues can be described by hyperelastic materials,
and by Qian et al. [21], where it is reported that the results obtained with hyperelastic
models to simulate the retina behaviour are similar to the experimental results, it becomes
reasonable to take these constitutive models as the baseline for the following work.

2. Materials and Methods
2.1. Hyperelastic Constitutive Model for the Retina

For the numerical simulation of the retina, the Mooney-Rivlin model [25,26] was
implemented using a user subroutine UMAT for ABAQUS [20,21]. Equation (1) represents
the strain energy density function for the Mooney-Rivlin constitutive model.

Ymr = Ywmriso(I1, 12) + ¥ror (/) M
The isochoric component ¥y riso, representing the isotropic matrix behaviour is given by:
Ymriso = C10(I1 — 3) + Co1 (I — 3). ()

The strain energy associated with the volume change is given by:

1

1Irvol = Hl

J-12 3)

In these equations Cy;, C1g and D, are material parameters obtained from stress/strain
experimental measurements from real mechanical tests, | represents the Jacobian of the
deformation and I7 and I, represent the strain invariants [27,28]:

T, = tr(C) = 72/3tr(C) )
L= (B -c:C) =27 (r’-c:c) (5)
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where C is the modified left Cauchy Green deformation tensor:
C=FF 6)
and F is the modified deformation gradient:
F=] 5k 7)

2.2. Anisotropic Hyperelastic Constitutive Model for the ERM

In order to simulate the ERM contraction, a fibrocellular tissue, the transversely
isotropic constitutive model proposed by Martins et al. [29] for the simulation of skeletal
muscles contraction, was considered. The original model was implemented and modified
so that it takes into account two families of fibres embedded into the isotropic matrix.
The soft ERM will act as an orthotropic material if the fibres form an angle of 90° between
them. In any other case, if the angle is different, the ERM membrane will present an
anisotropic behaviour [27,28].

For the modified version of the Martins, J.A.C. et al. [29], the stored strain energy
function is defined by:

2
¥iact = ¥jacmat + Y Yeiv, + Frol (8)
i1

where ¥jacmat is the isotropic contribution of the matrix:

T]ACmat = c{exp [b(T1 — 3)] } (9)

The contribution of each family of fibres ¥, can be divided into a passive elastic part,
‘i’ﬁf and an active part, ‘Pg{f , responsible for the muscles contraction:

Fiio, = Y, + ¥, (10)
where 2
‘Pg{i = A{exp [a(x\f—1> } —1} (11)
is the passive elastic part and
Ao
¥5E — Ty /1 foedA (12)

is the active part.

For the volumetric strain energy, associated with the volume change ¥, the same
equation given by Equation (3) is used.

In these equations ¢, b, A and a are material constants, Xf is the stretch ratio of the
ERM fibres, Tj)" is the maximum tension produced by the fibres at resting length and fsg is
given by Equation (13) [29]:

_ ) _
fSE:5{1—4(Af—1) for0.5.<)\f<1.5 13
0 otherwise

where ¢ € [0, 1] is the activation variable [27].

2.3. Parameters Calibration

For the Mooney-Rivlin constitutive model, used for the retina, the values obtained by
Rusovici et al. [20], in a study on the inclusion of a stent inside the eye, were used on this
work. The values considered for the Mooney-Rivlin constitutive model are C1y = 11.765 kPa,
Cop =27 kPaand D; =1 x 1073 kPa~'.
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In order to obtain the material parameters for the ERM, a simple calibration model
was developed, Figure 1. The calibration model was defined as a simplified representation
of the retina and ERM (Figure 1). The dimensions for the ERM were based on the case of
formation over the macula, leading to a higher loss of visual acuity. As such, taking into
consideration the normal diameter of the macula, the ERM was created with a length and
width of 1.5 mm. The thickness of the membrane, 0.05 mm, was extracted from an SD-OCT
scan image. Regarding the retina, a thickness of 0.4 mm, supported in the literature [30],
was used, while its transversal dimensions of 2.0 mm were defined to be bigger than
the ERM dimensions. Although the retina is composed of seven layers, in the present
work, only one layer with homogeneous properties was considered [20], in order to reduce
the model complexity. The boundary conditions were assigned to prevent movement in
the inferior face. Several model properties and the number of elements along the retina
thickness were tested through a trial and error process.

Figure 1. Calibration model with the simplified retina in yellow and the ERM in blue.

For the calibration process, the results from Arimura et al. [31] were used. In his
work, Arimura et al studied the retinal vessels contraction during an epiretinal membrane
evaluation, conducted in 29 eyes with epiretinal membranes during 3 years. The allowed
obtaining a maximum horizontal displacement of 0.22 mm and a maximum vertical dis-
placement of 0.14 mm. These values were used in the calibration process, for obtaining the
material properties that best represent the ERM membrane behaviour.

The calibrated results for the ERM constitutive model parameters, with two fibre
families, are shown in Table 1.

Table 1. Constitutive parameters for the J. Martins constitutive model [29], used on the ERM .

C b A a ™ st 2nd D1
[kPa] [kPa] [kPa] FF FF [kPa] !
15225  0.206 0.86 12.43 600 0° 50° 1.0 x 1073

2.4. Case Studies

To test the developed models in real case scenarios, two different patients, with two
different outcomes, were selected from the S. Joao Hospital. The first patient showed
improvement of visual acuity post-procedure, while the second patient showed no im-
provements. The characteristics of each patient are represented in Table 2.

The present research was approved by the Ethics and Health Committee of Centro
Hospitalar Sdo Joao, Porto, with CES 81/18 approval code.

In order to experimentally obtain the displacements caused by the ERM contraction,
the pre and post-operative Scanning Laser Ophthalmoscopy (SLO) images for each patient
were overlapped. By comparing the differences in the position of the blood vessels it is pos-
sible to obtain the displacement field suffered by the retina, directly caused by the presence
of the membrane. The pre and post operative SLO and OCT images are shown in Figure 2,
with the overlaid images and computed displacements, represented by arrows, shown
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in Figure 3. Table 3 represents the maximum obtained displacements in each orthogonal
direction, which are relevant for determining the degree of metamorphopsia [31].

(a) Recovered Patient—SLO and OCT image before surgery

(c) Non-recovered Patient—SLO and OCT image before surgery

~~~~~

(d) Non-recovered Patient—SLO and OCT image after surgery
Figure 2. SLO (left) and OCT (right) images of the eye before and after surgery for the selected patients.
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Table 2. Patients characteristics.

Recovered Patient Non-Recovered Patient
Gender Male Female
Other Eye Healthy With Membrane
Time between exams [months] 2 13

L‘ oopm

(a) Recovered Patient. (b) Non-recovered Patient.

Figure 3. Displacements suffered by the retina, after the membrane remotion. The arrows show the
amount of displacement.

Table 3. Maximum retinal displacements for the recovered and non-recovered patient.

Horizontal Disp. [mm] Vertical Disp. [mm]
Recovered Patient 0.4265 0.2890
Non-recovered Patient 0.3497 0.2491

2.5. Image Acquisition and 3D Model Reconstruction

The characteristics of the SD-OCT images allows them to be used for a 3D reconstruc-
tion based on multiple slice images - as shown in Figure 2, represented by the green lines.
Since the objective of the numerical simulations is the analysis of the effects of an ERM
contraction, starting from a healthy state, the 3D model was built, based on the healthy eye
of Patient 1, as shown in Figure 4.

The images of interest were initially imported to MIMICS®, where a manual segmen-
tation was performed on all sequential images, resulting in a 3D reconstruction. The initial
model was then imported into 3-matic® to be improved, evolving into a more coherent
mesh. Ultimately, the improved mesh was imported to FEMAP® to generate an interior
mesh, necessary for the numerical simulations. The retina finite element model obtained
from the OCT images reconstruction is shown in Figure 5 and consists of 17,793 linear
tetrahedral elements and 4616 nodes.
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(a) 3D reconstructed geometry using the Mimics Software. (b) Finite element mesh of the retina.

Figure 5. 3D model of the retina and corresponding finite element mesh obtained from the patient
1 healthy eye.

In relation to the 3D modelling of the ERM, there was no available information
regarding its initial configuration, since the available OCT images show the ERM on its
final, contracted configuration. To overcome this limitation, the initial form of the ERM
of both patients was estimated based on the final form and the displacements shown in
Figure 3. The model for the ERM was obtained by extruding the projected shape of the
enlarged ERM, using linear wedge elements. The thickness of the ERM, was computed in
order to maintain the ERM volume constant, after the contraction, since it was possible to
obtain the final thickness of the ERM using the OCT scans. From the OCT scans a thickness
of 0.14 mm for Patient 1 and 0.07 mm for Patient 2 were measured. An initial thickness of
0.1 mm for Patient 1 and 0.04 mm for Patient 2 were considered for the ERM.

The final models for both the retina and the ERM were combined in ABAQUS to run
the finite elements simulations, as can be seen in Figure 6. For the number of elements
along the thickness of the membrane, after several tests conducted, only one element was
used along the thickness, for the final model, since it allowed to produce the best results.
The final mesh for the ERM, shown in Figure 6 consisted of 130 elements and 90 nodes,
for Patient 1 and 657 elements and 480 nodes, for Patient 2.

The models only differ between patients in the shape and thickness of the ERM, since
the same 3D reconstruction of the retina was used in both cases. Boundary conditions
were set to simulate the contraction of the retina, similar to the calibration model. As such,
the inferior face of the retina was fixed, inhibiting any displacements and the activation
level § of the contractile fibres was ramped up to 1.0.
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(a) FEM model for the Recovered Patient. (b) FEM model for the Non-recovered Patient.

Figure 6. FEM models for Patient 1 and Patient 2.
3. Results

Simulations using the constitutive models with the optimized material properties, ob-
tained in the calibration process were run and for each patient, the maximum displacements
suffered by the retina and the membrane final thickness were measured. The numerical
results were compared with the displacements measured for both patients and the already
known thickness, allowing to obtain the relative errors.

For the selected material model, simulation results concerning the displacements are
shown in Figures 7-9 for both patients. By the analysis of these Figures and Table 4, it is

possible to conclude that the retina of the Recovered Patient suffered a higher contraction
than the retina of the non-recovered Patient.

U, ut u,u2
+5.638e-01 +2.995¢-01
+4.922e-01 +2.609e-01
+4.205e-01 +2.223e-01
+3.488e-01 +1.837e-01
+2.771e-01 +1.451e-01
+2.055e-01 +1.065e-01
+1.338e-01 +6.792e-02
+6.210e-02 +2.933e-02
-9.576e-03 -9.267e-03
-8.125e-02 -4.786e-02
-1.529e-01

-2.246e-01
-2.963e-01

-8.645e-02
-1.250e-01
-1.636e-01

R =t
”&Vﬂuﬂ AN

=
\V&XQ&%‘»‘” ' Ev‘
X

k.,

(a) Horizontal displacements (b) Vertical displacements

Figure 7. Maximum horizontal and vertical displacements for the Retina and ERM model—Recovered
Patient, [mm].

u,ut u,u2
+4.034e-01 +2.863e-01
+3.444e-01 +2.486e-01
+2.854e-01 +2.108e-01
+2.264e-01 +1.731e-01
+1.673e-01 +1.354e-01
+1.083e-01 +9.763e-02
+4.930e-02 +5.990e-02
9.721e-03 +2.216e-02
6.874e-02 -1.557e-02
1.278e-01 -5.330e-02
1.868e-01 -9.104e-02
-2.458e-01

'3.0486-01

L,

-1.288e-01
-1.665e-01

L,

(a) Horizontal displacements (b) Vertical displacements

Figure 8. Maximum horizontal and vertical displacements for the Retina and ERM model—Non-
Recovered Patient, [mm)].
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U, Magnitude

i
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- +4.529e-01

+3.963e-01
+3.397e-01
+2.830e-01
+2.264e-01
+1.698e-01
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+5.274e-01

l +4:8346-01
+4.395e-01

(a) Recovered Patient (b) Non-Recovered Patient

Figure 9. Maximum displacements for the Retina and ERM model, [mm].

Table 4. Results for the retina displacements and membrane thickness.

Horizontal Vertical Final
Patient Displacement Error Displacement Error Thickness Error
[%] [mm] [%] [mm] [%]
Recovered 2.668 0.26481 8.383 0.1439 2.798
Non-Recovered 0.271 0.2603 4.527 0.0723 3.347

The simulation results for both cases are presented in Table 4. For the patient that
showed signs of recovery the minimum errors for both the horizontal and vertical dis-
placements were 2.668% and 8.383% respectively and the membrane final thickness error
was 2.798%.

On other hand, for the patient that did not show condition improvement, the minimum
errors for horizontal and vertical displacements were 0.271% and 4.527%, respectively and
the membrane final thickness error was 3.347%.

This allows to conclude that for both patients the models used, namely the Martins
constitutive model and the Mooney-Rivlin constitutive model, were able to correctly
simulate the contraction of the ERM and the deformations that this contraction causes on
the retina.

The difference between the retina contraction of the patients may indicate a connection
between the recovery of one of the patients after the surgery and the non-recovery of the
other patient. In fact, for the non-recovered Patient, the low contraction of the membrane
and retina, resulted in smaller displacements and in a lower difference between the initial
and the final membrane thickness. For this patient, this means that if the membrane is
removed, the displacements suffered by the retina will also be small, which results in minor
changes to the retina configuration and reduced recovery of visual acuity.

On the other side, for the recovered Patient, since the displacements induced in the
retina, by the ERM contraction, are high, the retina will show large displacements if the
ERM is removed. When the membrane is removed, the displacements suffered by the retina,
to return to its initial configuration are much higher, which will lead to an improvement of
the visual acuity.

4. Discussion

In a more complex and developed world the alliance between mechanical engineering
and medicine, especially the use of numerical simulations to solve medical problems, is
increasingly important. The human eye saw some developments with this collaboration,
with an increasing number of studies made about the use of approaches typical of mechani-
cal engineering on it and its pathologies. One of these pathologies is the ERM, which is
treated resorting to a surgery called vitrectomy, in the most critical cases. This surgery does
not always have the desired results, since some patients do not present any improvements
in their symptoms. A study of this pathology and related aspects is an area with great
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impact on the life quality of the patients as well as in the understanding of the conditions
where the surgery is the indicated step.

5. Conclusions

For that, we constructed a model that allow us to simulate the membrane contraction
and measure the displacements that this pathology causes in the patient’s retina. This
model was then applied to two different cases: one where the patient recovered his visual
acuity and another one where, even after surgery, his visual acuity was not recovered.
From these two cases, it was possible to conclude that the displacements for the patient
that recovers the vision acuity are much higher than for the other patient. One possible
explanation is related to the accommodation of the retina in the second patient.

The present methodology was only tested for two extreme scenarios, a fully recovered
patient and a non recovered patient. In order to further test the present methodology, it
would be important to apply it to more patients, including patients who had different
degrees of recovery.

Author Contributions: Conceptualization, A.G. and M.P.L.P,; methodology, A.G. and M.P.L.P; soft-
ware, A.G. and ].PS.F; validation, M.E, S.T.-C. and A.F,; formal analysis, A.R.R.; investigation, A.G.
and A.R.R,; resources, M.F. and S.T.-C.; data curation, M.F.; writing—original draft preparation,
A.G. and A.RR,; writing—review and editing, A.R.R., ] P.S.F. and M.P.L.P; visualization, A.R.R.;
supervision, M.P.L.P.; project administration, M.P.L.P,; funding acquisition, M.P.L.P. and ].P.S.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This article was partially funded by FCT/MCTES and DGES under the scope of project RH
LAETA UBS 23/2021, and by European Union’s Horizon 2020 research and innovation programme
under grant agreement No 953169 under the scope of the InterLynk project.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Inoue, M.; Kadonosono, K. Macular diseases: Epiretinal membrane. In Microincision Vitrectomy Surgery; Karger Publishers: Basel,
Switzerland, 2014, Volume 54; pp. 159-163.

2. Bu,S.C.; Kuijer, R; Li, X.R.; Hooymans, ].M.; Los, L.I. Idiopathic epiretinal membrane. Retina 2014, 34, 2317-2335. [CrossRef]

3. Xiao, W.; Chen, X.; Yan, W.; Zhu, Z.; He, M. Prevalence and risk factors of epiretinal membranes: A systematic review and
meta-analysis of population-based studies. BMJ Open 2017, 7, e014644. [CrossRef]

4.  Stevenson, W.; Ponce, C.M.P,; Agarwal, D.R.; Gelman, R.; Christoforidis, ].B. Epiretinal membrane: Optical coherence tomography-
based diagnosis and classification. Clin. Ophthalmol. 2016, 10, 527. [CrossRef]

5. Baamonde, S.; de Moura, J.; Novo, J.; Rouco, J.; Ortega, M. Feature Definition and Selection for Epiretinal Membrane Char-
acterization in Optical Coherence Tomography Images. In International Conference on Image Analysis and Processing; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 456—466.

6.  Fujimoto, ].G; Pitris, C.; Boppart, S.A.; Brezinski, M.E. Optical coherence tomography: An emerging technology for biomedical
imaging and optical biopsy. Neoplasia 2000, 2, 9-25. [CrossRef]

7. Koizumi, H.; Spaide, R.F; Fisher, Y.L.; Freund, K.B.; Klancnik, ].M.; Yannuzzi, L.A. Three-Dimensional Evaluation of Vitreo-
macular Traction and Epiretinal Membrane Using Spectral-Domain Optical Coherence Tomography. Am. J. Ophthalmol. 2008,
145, 509-517.el. [CrossRef]

8.  Pournaras, C.J.; Emarah, A.; Petropoulos, I.K. Idiopathic macular epiretinal membrane surgery and ILM peeling: anatomical and
functional outcomes. In Seminars in Ophthalmology; Taylor & Francis: London, UK, 2011, Volume 26; pp. 42—46.

9. Ng, E.YK,; Ooi, E.-H. FEM simulation of the eye structure with bioheat analysis. Comput. Methods Prog. Biomed. 2006, 82, 268-276.
[CrossRef]

10. Abouali, O.; Modareszadeh, A.; Ghaffariyeh, A.; Tu, J. Numerical simulation of the fluid dynamics in vitreous cavity due to
saccadic eye movement. Med. Eng. Phys. 2012, 34, 681-692. [CrossRef]

11.  Pinsky, PM.; van der Heide, D.; Chernyak, D. Computational modeling of mechanical anisotropy in the cornea and sclera.

J. Cataract Refract. Surg. 2005, 31, 136-145. [CrossRef]


http://doi.org/10.1097/IAE.0000000000000349
http://dx.doi.org/10.1136/bmjopen-2016-014644
http://dx.doi.org/10.2147/OPTH.S97722
http://dx.doi.org/10.1038/sj.neo.7900071
http://dx.doi.org/10.1016/j.ajo.2007.10.014
http://dx.doi.org/10.1016/j.cmpb.2006.04.001
http://dx.doi.org/10.1016/j.medengphy.2011.09.011
http://dx.doi.org/10.1016/j.jcrs.2004.10.048

Appl. Sci. 2022,12, 2623 11 of 11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

Basinger, B.; Rowley, A.; Chen, K.; Humayun, M.; Weiland, J. Finite element modeling of retinal prosthesis mechanics. J. Neural
Eng. 2009, 6, 055006. [CrossRef]

Liu, X.;; Wang, L.; Wang, C.; Fan, J.; Liu, S.; Fan, Y. Prediction of globe rupture caused by primary blast: A finite element analysis.
Comput. Methods Biomech. Biomed. Eng. 2015, 18, 1024-1029. [CrossRef]

Gray, W.; Sponsel, W.E,; Scribbick, EW.; Stern, A.R.; Weiss, C.E.; Groth, S.L.; Walker, ].D. Numerical modeling of paintball impact
ocular trauma: Identification of progressive injury mechanisms. Investig. Ophthalmol. Vis. Sci. 2011, 52, 7506-7513. [CrossRef]
Nadarasa, J.; Deck, C.; Meyer, E; Bourdet, N.; Raul, ]J.S.; Willinger, R. Development of a finite-element eye model to investigate
retinal hemorrhages in shaken baby syndrome. Biomech. Model. Mechanobiol. 2018, 17, 517-530. [CrossRef]

David, G.; Humphrey, ].D. Finite element model of stresses in the anterior lens capsule of the eye. Comput. Methods Biomech.
Biomed. Eng. 2007, 10, 237-243. [CrossRef]

Paruch, M. Numerical simulation of bioheat transfer process in the human eye using finite element method. Sci. Res. Inst. Math.
Comput. Sci. 2007, 6, 199-204.

Rangarajan, N.; Kamalakkannan, S.B.; Hasija, V.; Shams, T.; Jenny, C.; Serbanescu, I.; Ho, J.; Rusinek, M.; Levin, A.V. Finite
element model of ocular injury in abusive head trauma. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 2009, 13, 364-369. [CrossRef]
Bocskai, Z.; Bojtér, I. Biomechanical modelling of the accommodation problem of human eye. Period. Polytechnica. Civ. Eng. 2013,
57, 3. [CrossRef]

Rusovici, R.; Dalli, D.; Mitra, K.; Ganiban, G.; Grace, M.; Mazzocchi, R.; Calhoun, M. Finite element modeling, validation, and
parametric investigations of a retinal reattachment stent. Int. J. Numer. Methods Biomed. Eng. 2017, 33, €2885. [CrossRef]

Qian, X.; Zhang, K,; Liu, Z. A method to determine the mechanical properties of the retina based on an experiment in vivo.
Bio-Med. Mater. Eng. 2015, 26, S287-S297. [CrossRef]

Xu, M; Lerner, A.L.; Funkenbusch, P.D.; Richhariya, A.; Yoon, G. Sensitivity of corneal biomechanical and optical behavior to
material parameters using design of experiments method. Comput. Methods Biomech. Biomed. Eng. 2018, 21, 287-296. [CrossRef]
Simonini, I.; Pandolfi, A. Customized finite element modelling of the human cornea. PLoS ONE 2015, 10, e0130426. [CrossRef]
Chagnon, G.; Rebouah, M.; Favier, D. Hyperelastic Energy Densities for Soft Biological Tissues: A Review. ]. Elast. 2014, 120,
129-160. [CrossRef]

Nadarasa, J.; Deck, C.; Meyer, E; Raul, ].S.; Willinger, R. Infant eye finite element model to investigate retinal hemorrhages after
fall and shaking events. Comput. Methods Biomech. Biomed. Eng. 2015, 18, 2016-2017. [CrossRef] [PubMed]

Bonet, J.; Wood, R.D. Nonlinear Continuum Mechanics for Finite Element Analysis, 2nd ed.; Cambridge University Press: Cambridge,
UK, 2008.

Pouca, M.C.P.V. Application of Anisotropic Visco-Hyperelastic Constitutive Models for the Simulation of Biological Tissues.
Master’s Thesis, Faculdade de Engenharia da Universidade do Porto, Porto, Portugal 2017.

Ferreira, ].P.S. Cell-Based Modelling to Early Detect Female Pelvic Floor Disorders: State-of-the-Art and Preliminary Results—
Seminar Report. Ph.D. Thesis, Faculdade de Engenharia da Universidade do Porto, Porto, Portugal 2016.

Martins, J.; Pires, E.; Salvado, R.; Dinis, P. A numerical model of passive and active behavior of skeletal muscles. Comput. Methods
Appl. Mech. Eng. 1998, 151, 419-433. [CrossRef]

Myers, C.E.; Klein, B.E.; Meuer, S.M.; Swift, M.K,; Chandler, C.S.; Huang, Y.; Gangaputra, S.; Pak, ].W.; Danis, R.P.; Klein, R.
Retinal Thickness Measured by Spectral-Domain Optical Coherence Tomography in Eyes without Retinal Abnormalities: The
Beaver Dam Eye Study. Am. J. Ophthalmol. 2015, 159, 445-456.e1. [CrossRef] [PubMed]

Arimura, E.; Matsumoto, C.; Okuyama, S.; Takada, S.; Hashimoto, S.; Shimomura, Y. Retinal contraction and metamorphopsia
scores in eyes with idiopathic epiretinal membrane. Investig. Ophthalmol. Vis. Sci. 2005, 46, 2961-2966. [CrossRef]


http://dx.doi.org/10.1088/1741-2560/6/5/055006
http://dx.doi.org/10.1080/10255842.2013.869317
http://dx.doi.org/10.1167/iovs.11-7942
http://dx.doi.org/10.1007/s10237-017-0975-6
http://dx.doi.org/10.1080/10255840601154750
http://dx.doi.org/10.1016/j.jaapos.2008.11.006
http://dx.doi.org/10.3311/PPci.2136
http://dx.doi.org/10.1002/cnm.2885
http://dx.doi.org/10.3233/BME-151316
http://dx.doi.org/10.1080/10255842.2018.1447104
http://dx.doi.org/10.1371/journal.pone.0130426
http://dx.doi.org/10.1007/s10659-014-9508-z
http://dx.doi.org/10.1080/10255842.2015.1069602
http://www.ncbi.nlm.nih.gov/pubmed/26230636
http://dx.doi.org/10.1016/S0045-7825(97)00162-X
http://dx.doi.org/10.1016/j.ajo.2014.11.025
http://www.ncbi.nlm.nih.gov/pubmed/25461295
http://dx.doi.org/10.1167/iovs.04-1104

	Introduction
	Materials and Methods
	Hyperelastic Constitutive Model for the Retina
	Anisotropic Hyperelastic Constitutive Model for the ERM
	Parameters Calibration
	Case Studies
	Image Acquisition and 3D Model Reconstruction

	Results
	Discussion
	Conclusions
	References

