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Abstract
The study aimed to develop a novel Methodology for numerical simulation of MyoRing surgery by adopting a simple representati-

on of the corneal geometry and material model. This study considered both the patient specific geometry and in vivo material model
to assess the effect of different types of MyoRing on surgery outcome In this paper, a straightforward approach was addressed to

analyze the effect of MyoRing in keratoconus corneas using 3D finite element methods based on anterior segment optical coherence

tomography (AS-OCT). The corneal keratometry of the keratoconus cornea under intraocular pressure (IOP) after MyoRing surgery
is the result of ring diameter and thickness and their interactions. The goal of this study is to investigate the relative contribution

of these parameters to the keratometry data of keratoconus cornea predicted by a hyperelastic finite element model. The outcome
of MyoRing implantation is predicted by variations in the MyoRing thickness and inserted optical zone shows sufficient influence
of MyoRing parameters on patient’s post-operative result. Therefore, well-characterized individual MyoRing selection and position
could be critical in cornea remodeling after MyoRing surgery.
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Introduction
Ectasias are characterized by progressive distortion of corneal curvature, which is thought to be associated with a “weaker” cornea.

Conceptual models of keratoconus pathogenesis have evolved considerably in recent years and have postulated that keratocyte apoptosis
and abnormal regulation of collagenase, protease, and tissue inhibitors of matrix metalloproteinases may play roles in the development

of stromal ultrastructural abnormalities such as aberrant collagen organization, loss of anchoring collagen fibrils near Bowman layer, and
stromal thinning [1]. Keratoconus (KC), the most prevalent form of idiopathic corneal ectasia is a progressive eye disease characterized
by localized thinning and conical protrusion. Previous studies have shown that intra corneal ring segment implantation can be an effec-

tive and safe treatment in improving visual acuity in keratoconic eyes due to flattening of the central cornea by an ‘arc shortening effect’.
Different types of Intra Corneal Ring Segments (ICRS) may be used for keratoconus treatment, such as Intacs (Addition Technology, Inc.),
Ferrara ring (Ferrara Ophthalmics Ltd.), and Keraring (Mediphacos Ltd.). A complete intrastromal ring, called MyoRing (Dioptex, GmbH,

and Linz, Austria), suggested by Albert Daxer in 2007, is relatively new and had been demonstrated to treat keratoconus safely and ef-

fectively [2]. Rings are surgically placed depending on the location and degree of severity of the ectasia. Different surgical parameters
must be accounted to achieve the desired effect such as the optical zone where rings will be placed, the diameter and thickness of the
ring’s cross section [3]. Nomograms are proposed by the rings’ manufacturer to help physicians in choosing the appropriate segment that

would induce the desirable flattening effect. However, a lot of controversy remains concerning many technical issues like the incision site
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whether it should be performed over the steep or the flat axis. Furthermore, which ring diameter and optical zone should be taken based
on patient’s needs [4]. Moreover, although the surgical aspect of ICRS is well mastered and the overall results are good, nomograms still

can’t predict the exact flattening power of the ring once it is inserted in the corneal stroma and unexpected variations are not exceptional.

Several computational studies have been tried to address this problem by simulating the surgery. Kling and Marcos [5] analyzed the effect

of the insertion of ICRS in average healthy and ectatic corneas. A 3D axisymmetric model was used including the external structures of
the eye- ball, i.e. cornea, limbus and sclera, and triangular and hexagonal ICRS. The material behavior was modeled as hyperelastic and

isotropic for all the ocular tissues. In the recent studies Lago., et al. [6] and Flecha-Lescún [7] build a 3D hyperelastic isotropic model of the

cornea to predict the post-surgical effects of ICRS. In this regard, our present work on this field propose a novel point of view by introducing the concept of patient specific modeling based on Anterior Segment Optical Coherence Tomography (AS-OCT, Casia, SS-1000, Tomey,
Nagoya, Japan) images. In the normal cornea, the anterior stroma is believed to be biomechanically stronger than the posterior stroma

due to a high degree of lamellar interweaving however, numerous studies have shown that lamellar interweaving is significantly reduced
in the anterior stroma of keratoconus corneas, as well as a loss of collagen lamellae inserting into Bowman’s layer result in disorganizing
collagen and an abundance of electron dense material [8]. However, to the best of the author’s knowledge, there has not been any material

model which could consider the entire complexity behavior of the keratoconus cornea. Moreover recently, a non-contact tonometer, the
Corvis ST (corneal visualization scheimpflug technology), has been developed by OCULUS Optic generate, Inc. (Wetzlar, Germany). The
Corvis relies on high-precision, ultra high speed, Scheimpflug technology to monitor corneal deformation under air puff and produce a
wide range of tomography and deformation parameters, which have the potential to enable accurate estimates of corneal IOP [9]. Hence,

we simplified our model to hyperelastic, isotropic and 3D axisymmetric for two main reasons: the estimation of in vivo material proper-

ties which are extracted from the Corvis 2D images and reconstructing the keratoconic corneas with MyoRing implant based on AS-OCT
images.

Materials and Methods
The simulation process is divided into several steps. First, an idealized model composed of the cornea, limbus and sclera is generated

using AS-OCT and average sclera dimensions. Second, clinical data representing the geometry of the patient cornea is used to build an eye
specific model. This is done by deriving the coordinates of nodes in the idealized model to meet the patient-specific data including corneal

AS-OCT and thickness and ocular axial length. A stress-free configuration step is then carried out to obtain a relaxed model corresponding to the state of the eye with zero intraocular pressure (IOP). Then the removal of tissue and inserting MyoRing is simulated based

on implemented patient refractive surgery and finally the resulting model is inflated by full IOP to achieve the simulated postoperative
corneal keratometry results.
Corneal simulation

A two-dimensional (2-D) corneal model was generated using commercial ABAQUS (FEM software, Dassault Systemes Simulia Corp.).

To focus on the relative influence of MyoRing parameters based on patient specific corneal model, a simplified axisymmetric model was

used. The corneal geometry profile was reconstructed using AS-OCT; a 3D anterior segment scan was used for data collection as shown in

figure 1. The corneal thickness at the vertex was directly read from the measurement output of the corneal map and was denoted as the

central corneal thickness (CCT). In this study, a simplified axially symmetric average sclera geometry (0.55 mm central scleral thickness,
0.8 mm at the limbus) from previous measurements as depicted in figure 2 is used. Based on our previous study [9,10], the human cornea
and limbus were considered as a Neo-Hookean hyperelastic material model is an appropriate choice for satisfying both uniqueness and

flexibility since it provides both shear and bulk properties to prove the methodology without disregarding its realism. In addition, the

material constants concerning the corneal and limbus constitutive model were obtained by means of inverse finite element method from
Corvis ST Measurements. The constitutive equation of Neo-Hookean hyperelastic material model is defined in Eq. (1)
(1)
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Figure 1: “2D Analysis” screen from a “2D Anterior Segment” scan in the AS-OCT. A horizontal cross-sectional image of the
anterior segment of a keratoconus cornea with MyoRing is shown.

			

(A)

(B)

Figure 2: The stress-free configuration of the corneal geometry under physiological IOP. (A) Deformed corneal geometry.
(B) Zero pressure corneal geometry.

Where C10 and D1 are model constants, F is deformation gradient tensor, J is determinant of deformation gradient tensor, and I is iden-

tity tensor. Based on previous researches [10,11], sclera plays a vital role as a more natural non-restrictive boundary condition for the

cornea, much better than restraining nodal displacements or imposing theoretical boundary conditions on the corneal periphery [14].

The sclera was modeled as isotropic, hyperelastic materials using 2nd order reduced polynomial functions fit to experimental data from

the literature [10,13]. Symmetry boundary conditions have been defined at the vertical axis. As shown in figure 2 Corneal topographies
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obtained from in vivo imaging techniques are always under physiological IOP. In our study, the stress-free configuration of the corneal

geometry under physiological IOP was identified through the iterative algorithm [16]. The model consisted of 8,342 quadrilateral axisymmetric elements (CAX4RH). The element size (both through the thickness and along the length) through the cornea ranged from 0.02 mm

on the anterior surface to 0.004 mm on the posterior surface, giving the cornea 25 elements through the thickness. The element size was

chosen directly to ensure convergence of the calculated results and was not chosen to represent. Figure 3 shows a convergence analysis
of the mesh.

Figure 3: Mesh convergence analysis of the FE model.

Finite element simulation of the myoRing implantation
MyoRing implantation starts with the creation of an intrastromal corneal pocket of 9 mm in diameter at a depth of 300 microns by

means of using Pocket Maker microkeratome followed by the implantation of the MyoRing (DIOPTEX GmbH, Austria) via a small lamel-

lar pocket of less than 5.5 mm by using a particular implantation forceps [17]. The MyoRing is currently available in a diameter range of
5 to 8 mm and a thickness range of 200 to 400 µm in 20 mm increments [18,19]. MyoRing is made of PMMA thermoplastic polymer and
was modelled as an elastic material with a Young modulus of 3600 MPs and a Poisson’s ratio of 0.4 (data from Addition Technology, Inc.,

Sunnyvale, CA, USA). The ring was modeled using 8-node linear hexahedra (CAX8R). To mimic, the models were loaded by increasing the

internal fluid pressure to the patient specific IOP. After pre-stressing, for MyoRing incision, a closed intrastromal pocket 9 mm in diameter was created and MyoRing was positioned based on patients AS-OCT image (As shown in figure 4 and 5) using the Abaqus standard
solver, Model Change. Once this model form was determined, the ablation region was removed, the flap moved down to fill the gap, and
contact created between the flap and residual stroma to prevent the two components penetrating each other. A frictionless, hard-contact,
surface to surface contact between the rings and the incision is activated. Then in the next step, MyoRing was implemented using Abaqus

interference fit option. Specifying these options which helps Abaqus/Standard resolve excessive over closure between surfaces in the
initial configuration of the model. Stresses and strains are generated as the interference is resolved which resulting in corneal shape was
remodeled for later comparisons with the clinical elevation maps and clinical refractive power measurements. (As shown in figure 6).
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Figure 4: Dimensions of the MyoRing position based on AS-OCT images.

Figure 5: Geometries and boundary conditions of the MyoRing implantation in the finite element model.

Figure 6: The absolute relative displacement of the surfaces in u2 direction resulting from the implantation of a standard MyoRing (with
convex anterior surface and concave posterior surface with a radius of curvature of 8 mm; height: 300; width: 650 µm; optical zone: 7 mm).
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Refractive analysis of corneal post-operative

Two different methods were used to estimate the change in corneal refraction: (1) changes only in the anterior corneal surface such as

those measured by keratometry, and (2) changes in the refraction resulting from both the anterior and posterior corneal surface such as
those measured by refracting the eye [20].
Keratometry result

Corneal topography is commonly presented as an axial (sagittal) power, tangential power, or elevation map. The tangential radius of

curvature is a true radius of curvature that can better represent the corneal shape and local curvature changes [21]. Whereas the tan-

gential curvature method is more effective in assessing local areas of the cornea as in identifying the shape and the position of the cone
in a keratoconic cornea but not in presenting an accurate global optical power estimate for the cornea [22]. The mean radius of corneal

curvature in a central region of 4 mm diameter was estimated by fitting a circle to the coordinates of the anterior surface obtained from
the FE model. Tangential curvature at each point on the cornea was calculated using the first and second derivative of an 8th order Zernike

fit to the anterior corneal surface with respect to distance from the center of the cornea (rcornea). Eq. (2) was used to evaluate the radius
of tangential curvature (Rtan) of the deformed cornea at central region of 4 mm diameter. The keratometer equations were applied to

determine the mean corneal refraction, were converted to diopters (D) using Snell‘s law with a corneal refractive index of 1.3375 [23].

(2)

Following the simulations, anterior corneal surface of pre and post treatment geometries were analysis. Using the pre- and post-

treatment anterior surface coordinates from both finite element simulations and clinical observations.
Total corneal power

The dioptric power of any meridian of the cornea is evaluated by applying the thin lens equation to the optical zone (6mm diameter).

Such equation approximates the shape of a meridian of the cornea with a circular arc. The dioptric power S is expressed as
(2)

(3)

Where nair=1, ncornea=1.376 and nah=1.336 are the refractive index of the air,the cornea and the aqueous humor. Rant and Rpost are corneal

anterior and the posterior surfaces radiuses in millimeter [24].

Results

The use of intraocular rings to correct mild myopia and astigmatism has been raised in the treatment of patients with keratoconus.

These rings reconstruct the anterior and posterior corneal surface and thereby smooth its surface with arc-shortening effect mechanism
[23,24]. The final surgical procedures to treat keratoconus, such as radial keratectomy and keratotomy photorefractive, are not popular

due to the high cost, the lack of foresight and successful sustainability. In comparison to other surgical methods, ring implantation has
greater stability and fewer side effects. Vision improvement can be another benefit of intraocular rings which has improved refractive er-

rors and keratometry [27]. Surgeons frequently use personal nomograms for modifying the ICRS input to reduce the risk of outcome variability. In the present study, a 3D axisymmetric FE model of the cornea has been employed to simulate MyoRing surgery procedures based
on AS-OCT images. The study has developed a complete process using customized Abaqus and Matlab user interfaces to build idealized

and patient specific models and navigate the numerical modelling of Myoring procedures. The studies presented here had the potentials
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to assist clinical planning of future refractive surgery. For the several clinical cases studied in this paper, notable MyoRing surgery in comparison to the planned refractive correction was observed, and this long term effect was accurately predicted by the numerical models

using simulated K values including mean tangential curvature from the central 4-mm region and corneal total power (See in table 1 and
table 2). Also, figure 6 shows the comparative displacement of the surfaces in u2 (corneal elevation direction) resulting from the simulated implantation of MyoRing validation. Once the modeling procedures and output parameters had been validated, the computationally

efficient and simplified cornea FE model was modified to accommodate an implanted MyoRing to study the effects of rings thickness and

optical zone on the keratometry result. The analysis results demonstrated the strong dependency of MyoRing parameters on the patient’s
post-surgical corneal power and corneal curvature.
Keratoconus stage

Mean central corneal Keratometry (D)

Minimum Central Corneal Thickness(µm)

K<48

CCT > 400

First

48 < K < 53

Second
Third
Forth

Neo hookian parameters
of keratoconus patients

48.22

45.31

-5.95

182

55.22

58.9

182

62.3

182

46.1

182

47.39

182

54.1

182

45

182

30

Table 1: Keratometry and thickness in the different stage of the KC corneas.

(mm)

70

40

CCT < 200

(D)

182

50

K > 55

(D)

100
55

300 < CCT < 400

Simulation Corneal
mean tangential power

(10-6 ×kPa-1)1

130

53 < K < 55

Corneal mean
tangential power

(KPa)
150

CCT > 400

182

51.4

56.63
58.49

48.7

Posterior corneal simulation total Keratoconus
corneal power
stage
curvature
(D)

-5.63

45.94

48.5

-6.23

51.73

52.1

-7.19

51.2

50.1

47.1

48.56

-5.74
-6.57
-6.96
-7.5

-7.8

46.12

First
First

48.16

Second

55.62

Third

54.23
56.83

58.74

62.87

Second
Third
Forth

Forth

Forth

Table 2: Information about the 9 KC patients and the corneal keratometry from the corneas pre and post-surgery were compared.
The effect of myoRing thickness and optical zone
Since the implant is located in 5 - 9 mm distance from the center of cornea which it has highest curvature radius, the implantation was

simulated for different available MyoRing thicknesses in this range. As shown in figure 7 thicker and smaller optical zones implants have
more effects on flattening the cornea surface and reducing cornea power than others. In this regard, it is inferred that in sever keratoconus
cases, a thicker implant with smaller optical zone should be inserted to reach better corrective effect.

Figure 7: Changes in corneal as a function of Different MyoRing thickness for different optical zones diameters.
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Comparison corneal implantation effect on anterior and posterior curvature changes

Figure 8 shows anterior corneal curvature changes in comparison with posterior corneal curvature changes. The most implantation

effect is on anterior corneal curvature changes and the effect on the posterior cornea curvature is low and about 0-3D. The total corneal
refractive power is the sum of the anterior and posterior surfaces refractive powers. As a result, total corneal refractive power correction

after implantation surgery is mainly reduced due to anterior corneal curvature correction. Hence, the anterior corneal curvature change
is the most important parameter for assessing corneal refractive changes in corneal implantation surgery.

Figure 8: Changes in corneal curvature as a function of Different MyoRing thickness for different optical zones diameters.

Comparison of different myoRing cross-section profile on its performance
Figure 9 shows a variety of different suggested MyoRing cross-sections which were analyzed in this study. In each case, MyoRing per-

formance was considered in a 6 mm optical zone and similar thickness to others. Based on the result of table 3 shows the correction effects
of each cross-section profile is almost similar to others; however angular implants such as (b) and (c) have slightly more effect.
Thickness
(mm)

A

B

C

D

E

0.24

-0.85

-0.73

-0.2

-0.8

-1.3

0.28
0.32

-4.87
-7.5

-4.97

-7.62

-4.99

-7.63

-4.42

-6.83

-4.43

-5.51

Table 3: Changes in corneal curvature after MyoRing implantation as a function of its cross-section geometry.
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(A)

(B)

(C)

(D)

(E)
Figure 9: The absolute relative displacement of the surfaces in u2 direction resulting from the Different MyoRing
cross-sections for different optical zones diameters.
Effect of cornea pocket incision diameter in myoRing implantation
As it was described in the previous section, MyoRing implantation is done via a 9 mm diameter closed pocket within the cornea. The ef-

fect of cornea pocket diameter value was done and the results were tabulated in the table 4. It shows corneal power after implantation per
three hole sizes, the first one is a 9 mm diameter pocket as reported by surgeons and then a 7 mm and a 5 mm diameter pocket which was

close to the implant diameter insertion. The simulations were done in the same condition; for constant MyoRing and similar initial central
corneal curvature. Smaller gaps in diameter which were close to MyoRing diameter had earlier and faster improved after surgery. As a
result, if the gap which was created in the cornea has the least possible diameter, the modification effects of the implant would be better.
Pocket diameter

Total corneal power after implantation

9 mm

52.9 D

7 mm

5 mm

47.03 D
45 D

Table 4: Total corneal power after myoring implantation for three different hole sizes (9, 7 and 5 mm).

Citation: Peiman Mosaddegh., et al. “A Simple Numerical Approach to Mimic MyoRing Surgery in Keratoconus Corneas based on Optical
Coherence Tomography”. EC Ophthalmology 10.5 (2019): 345-356.

A Simple Numerical Approach to Mimic MyoRing Surgery in Keratoconus Corneas based on Optical Coherence Tomography

Discussion

354

In this study, a 3D axisymmetric finite element model of a MyoRing surgery with isotropic hyperelastic patients specific materials

based on AS-OCT images was studied. In order to analyze biomechanical properties of the keratoconic cornea, in vivo material properties

was calculated from patients Corvis tonometry test. The simulation was validated with available clinical data in the research group. The
axisymmetric model for keratoconic cornea was showed keratoconus with a central cone which accounts for approximately one-quarter
of the keratoconic population although a larger part of keratoconic corneas are asymmetric. Simulation results were in compliance with
reported clinical data which thicker MyoRing with smaller optical zone has better refractive correction effect. MyoRing implantation

has acceptable performance especially in sever keratoconus which confirms clinical observations. However; in these cases a continuous

tunnel like a pocket should be created in the stroma which can increase after surgery risks. It was recommended to create a pocket with
a radius similar to the MyoRing radius which would help to get earlier correction after surgery. It was confirmed in our study that the
conical deformation in keratoconus makes the eye bulging outside and the eye length decreases due to MyoRing implantation. Depend-

ing on the MyoRing geometry and optical zone the amount of disease correction varies, this was observed in clinical reports as well. In
all simulation, small rotation of the implant was observed which could be caused from different orientation of implant base and pocket
direction as it is reported clinically.

A limitation of this model was the existence of some free spaces around the implant; where the implant is in contact with the cornea

pocket. In fact, these spaces would be filled with collagen fibers and new collagen formation is created during the time and cornea would

be adjusted by implant shape. Interestingly, the local shape of the anterior and posterior cornea in front and behind the Myoring in simulation results was close to clinical data which was used in the study.

As a result, the novel methodology proposed is suitable for simulating the long-term keratometry effects of Myoring insertion based on

AS-OCT images. This study predicts the effects of Myoring geometry and optical zone on the corneal biomechanical response by the use of

patient specific geometry and material properties. In addition, the model gives some surgical recommendations that could be used to get
better surgical refractive outcomes. For example, preliminary simulations suggested an increased effect of the implant, when the pocket
is cut with a diameter similar to the implant diameter.

Conclusion

In this work, the outcome of Myoring implantation is predicted by FE simulation and it validated by clinical data. Variations in the My-

oring thickness and inserted optical zone demonstrate sufficient influence of Myoring parameters on patient’s post-operative results. The

methodology can be used to compare different result of MyoRing selection on surgical operation by giving recommendation to surgeon for
a lower risk with more correction effects. On the other hand, the method can be developed for surgeons as a guidance to predict patients

post-operative outcomes based on pre-operative AS-OCT images. However, our future work is to progress the mentioned mythology on
large comparative multicenter studies to verify and further clarify these results.
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