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This study presents a fully integrated platform for selecting appropriate intrastromal
corneal ring segments (ICRS) for keratoconus treatment using a combination of finite
element modeling and machine-learning techniques. A patient-specific corneal geometry
was reconstructed using Pentacam-derived elevation maps, followed by meshing and
biomechanical simulation of ring implantation at various depths and angular positions.
Optical parameters of the cornea were calculated using curvature-based relationships
(Egs. (3)—(4)). A comprehensive database of 288 simulated ring-implantation scenarios
was generated by varying Ring radius, Implantation depth, ring implantation zone, and
arc length (Fig. 7). To predict keratometric outcomes, a random forest regression model
and a deep learning architecture were developed and trained on the simulation-derived
dataset. Model validation demonstrated acceptable accuracy using an independent
rectangular-groove benchmark (Fig. 8). The trained algorithms were finally tested on a
separate patient to evaluate generalization capacity. The results indicate that machine-
learning prediction of ring-induced corneal response is feasible and can support treatment
planning. This platform provides a foundation for developing preoperative decision-

algorithm, deep learning
algorithm.

support tools to enhance clinical outcomes in keratoconus ring implantation.

Introduction

Keratoconus is a progressive corneal disorder characterized
by stromal thinning and anterior protrusion that eventually
degrades optical quality. Following cataract, corneal
diseases—including keratoconus—represent one of the major
causes of visual impairment worldwide. Conventional
correction methods, such as spectacles or contact lenses, may
become ineffective as the disease progresses. Intrastromal
corneal ring segment (ICRS) implantation has therefore
emerged as a minimally invasive approach to reshape the
cornea, improve optical symmetry, and delay or prevent
corneal transplantation. The biomechanical and refractive
outcomes of ICRS implantation are strongly influenced by
factors such as ring thickness, arc length, implantation depth,
and angular position, making patient-specific planning
essential.

Recent advances in computational biomechanics, particularly
finite element (FE) analysis, allow accurate modeling of
corneal response under surgical interventions. Several studies
(e.g., Lago et al. [12]) have simulated ring insertion using
patient-specific geometries to evaluate curvature changes

following implantation. However, such simulations are
computationally intensive and difficult to perform for large
numbers of ring configurations. Simultaneously, machine-
learning techniques have shown strong predictive capabilities
in biomedical modeling, especially when trained on synthetic
but physically grounded datasets.

This study aims to integrate FE simulation with machine
learning to develop a predictive framework capable of
estimating postoperative keratometric changes for different
ring configurations. The approach contributes to more
efficient, quantitative, and individualized planning strategies
for keratoconus management.

Methodology

- Patient-Specific Corneal Modeling

A 3D model of a keratoconic cornea was reconstructed using
elevation data exported from Pentacam imaging. The anterior
and posterior corneal surfaces were fitted using Zernike
polynomials (see terms used in Eq. (1) to (4)), and the stromal
volume was generated accordingly. The optical parameters
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were calculated based on the surface curvature relationships
defined in Egs. (3) and (4).

- Finite Element Simulation of Ring Implantation
The corneal geometry was meshed and assigned anisotropic,
nonlinear material properties consistent with literature values.
Ring segments were modeled as PMMA elements with elastic
behavior. The surgical tunnel was represented by removing
elements corresponding to the implantation track, after which
ring insertion was simulated by applying radial displacements
to emulate tunnel opening. Validation of the groove-opening
method was performed through an independent rectangular
specimen model, confirming realistic displacement fields
(Fig. 8).

- Database Generation

Four primary parameters were varied: Ring radius,
Implantation depth, ring implantation zone, and arc length.
Based on these combinations, 288 distinct simulations were
performed. The resulting Spherical (sph) and Cylindrical
(cyl) parameters values were extracted and stored as the
primary outcomes.

- Machine Learning Models

Two predictive frameworks were developed:

e Random Forest Regression, trained using 80% of the
dataset and tuned through grid search.

e Deep Learning Model, consisting of multiple fully
connected layers with ReLU activation and mean-
squared-error loss.

Performance evaluation employed standard metrics and
training—testing data separation. Additionally, the models
were tested on an independent patient dataset to assess
generalizability.

Results and Discussion

The groove-opening validation model confirmed that the
displacement distribution around the tunnel boundary was
consistent with the mechanical behavior expected during
surgical incision (Fig. 8). In the full corneal simulations, ring
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implantation produced notable changes in anterior curvature,
particularly in the steep meridian, with the magnitude of
change depending strongly on segment depth and angular
location. The 288-scenario database revealed identifiable
nonlinear relationships between ring configuration and
keratometric outcomes.

The random forest regression model demonstrated strong
predictive capability, achieving low prediction error for both
cyl and sph. Its performance was attributed to its ability to
capture nonlinear interactions between input parameters. The
deep learning model also produced accurate predictions;
however, slight overfitting appeared during training,
particularly in later epochs. When tested on an independent
patient dataset, both models maintained acceptable
predictive accuracy, although—as expected—generalization
was reduced due to anatomical differences between patients.

These findings indicate that the machine-learning models
effectively replicate the trends produced by FE simulations
and can approximate postoperative keratometric changes
without requiring time-consuming numerical modeling. The
comparison between predicted and simulated outcomes
confirms the feasibility of using such models as decision-
support tools in clinical environments.

Conclusion

This study introduced a hybrid framework that combines
finite element modeling with machine-learning algorithms to
predict keratometric outcomes following ICRS implantation.
By generating a comprehensive database of physically
grounded simulations (288 scenarios), the method enables
rapid estimation of postoperative corneal behavior without
requiring new FE analyses. Validation confirmed that the
machine-learning models, particularly random forest
regression, can accurately approximate ring-induced changes
in cyl and sph. Although model generalization to new patients
is naturally limited by anatomical variability, the framework
provides an effective foundation for developing clinical
decision-support tools. With future expansion of patient
datasets and incorporation of additional biomechanical
parameters, the platform can contribute significantly to
personalized keratoconus treatment planning.
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Table 1. Studies Utilizing Artificial Intelligence Algorithms for Keratoconus Diagnosis.

Sample Diagnostic
Year Researcher | Imaging Method Population Algorithms Used
Size Performance
Acc=100%,
Smolek et Neural Network &
1997 TMS-1 300 Healthy & KC Sen=100%,
al. Decision
Spec=100%
Chastang et PKP & o Sen=94.9%,
2000 EyeSys 208 Decision Tree
al. Healthy Spec=88.5%
Acc=96.7%,
Akardo et Neural Network &
2002 EyeSys 396 KC & Healthy o Sen=94.1%,
al. Decision
Spec=97.6%
Acc=93%,
2005 Twa et al. Keratron 244 KC & Healthy Decision Tree Sen=93%,
Spec=92%
AUC=0.98-0.99,
2010 Souza et al. Orbscan IT 318 KC & Healthy Machine Learning Sen=100%,
Spec=98.1%
Acc=98.2%,
Arbelaez et KC & Post-
2012 Sirius 3502 Machine Learning Sen=95%,
al. Surgery
Spec=99.3%
Esmadja et Sen=99.5%,
2013 Galilei 372 KC & Healthy Decision Tree
al. Spec=100%
AUC=1,
Silverman
2014 | Artemis-1 204 KC & Healthy Neural Network Sen=98.9%,
etal.
Spec=99.5%
AUC=0.99,
Kovécs et
2016 | Pentacam 135 KC & Healthy Neural Network Sen=95%,
al.
Spec=100%
Ruiz Acc=98.9%,
2016 Hidalgo et Pentacam 860 KC & Healthy | Support Vector Machine Sen=99.1%,
al. Spec=100%
Ruiz
) ) Acc=98.9%,
2017 Hidalgo et Pentacam 131 KC & Healthy | Support Vector Machine
| Spec=99.1%
al.
Yousefi et i ] Sen=97.7%,
2018 CASIA ASOCT 3156 KC & Healthy | Unsupervised Learning
al. Spec=94.1%
Dos santos Ultra-high KC (mild to Acc=99.6%,
2019 20160 Neural Network
et al. resolution OCT severe) Sen=99.4%
Acc=96.6%,
2019 Isarty et al. Pentacam 838 KC & Healthy Machine Learning Sen=95.6%,
Spec=97.8%
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Figure 3. (a) A view of the imported point cloud in
SolidWorks, which was initially converted into a mesh;
(b) A view of the fitted surfaces generated on the
meshes.
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Figure 1. A schematic representation of the Random
Forest algorithm."?!!
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Table 2: Specifications of Intracorneal Rings.

Ring Di

Ring Name mg(ml;l:;leter Ring Angle
Intacs 6.7t0 8 150

. 90-120-150-

FerraraRing 5to6 180-210

. 90-120-150-
Keraring 5t06 210
Myoring 5to 8 360
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Table 3. Correlation Analysis of Corneal Displacement.

Mesh Size (mm) | Overall Displacement (mm)
0.6 0.622
0.45 0.544
0.35 0.411
0.25 0.409

U, Magnitude
+0.4117
+0.37713
+0.3430
+0.3087
+0.2744
+0.24i1
+0,2058

- +0.1715
- +10,1372
+0.1029
+0.0686

m SRR

= 3 Savas AW Ay,

R

Figure 4. Displacement map of the corneal outer surface
under intraocular pressure.

iz 10 LS 51 )0 a8 g a2l Ak F Sl

U, Magnitude
+0.0017
+0.0016
+0.,0015
+0.0013
+0.0011
+0.0010
+0.0009
+0.0007
+0.0006
+0.0004

+0.0003
+0.0001
+0.0000

Figure 5. Displacement map of the corneal outer
surface after the fifth iteration of the iterative
procedure.
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Figure 6. Illustration of the transformation from the
groove cross-section to the ring cross-section.
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Figure 7. Classification of the corneal model based on:
(a) ring implantation depth; (b) ring implantation
zones.
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Figure 8. Displacement map of the groove in the
rectangular model specimen.
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Table 4. Actual Results of Surgery and Simulation
of Intracorneal Ring Implantation.

Description SPH CYL
Actual Results Before Surgery -6 -6
Actual Results After Surgery -1.75 -1.75
Results After Simulation -0.9 -2.3
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Table 5. Results of Intracorneal Ring Implantation Post-Surgery and Simulation.

Description SPH (Power) CYL (Power)
Prediction by Random Forest Algorithm -2.18 -1.04
Prediction by Deep Learning Algorithm -0.78 -2.08
Results After Simulation -0.9 -2.3
Actual Results After Surgery -1.75 -1.75
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Figure 9. Corneal displacement maps in millimeters for different ring implantation configurations: (a) S mm diameter
ring at 90° in region 5 with 50% thickness depth; (b) 6 mm diameter ring at 150° in region 5 with 70% thickness depth;
(c) S mm diameter ring at 90° in region 1 with 50% thickness depth; (d) 6 mm diameter ring at 150° in region 5 with 50%

thickness depth.
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Table 6. Optical parameters used in each simulation for the patient's real corneal model.

Ring diameter (mm)

Arc angle Implantation height | Implantation zone
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parameter cy/ ; (c) Deep Learning algorithm for parameter c¢y/ ; (d) Deep Learning algorithm for parameter sph .
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Table 7. Parameters of R-SQUARED, MSE, and RMSE for Random Forest and Deep Learning Algorithms.

Description RF(CYL) RF(SPH) MLP(CYL) MLP(SPH)
Root Mean Squared Error (Training 0.0456 0.0950 0.0494 0.06119
Data)

Root Mean Squared Error (Testing Data) 0.07065 0.09934 0.0882 0.09725
Mean Squared Error (Training Data) 0.00208 0.00903 0.00244 0.00374

Mean Squared Error (Testing Data) 0.00499 0.00987 0.00676 0.009466
R-Squared (Training Data) 0.94724 0.75902 0.9673 0.8373
R-Squared (Testing Data) 0.85386 0.71288 0.9143 0.94670
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