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Materials and methods
Clinical dataset description

In this study, all lens fittings were performed using a standardized RGP lens model to ensure consistency 
across cases. Specifically, a TGT lens with a 9.30 mm diameter, tri-curve design, and BOSTON XO material 
was utilized. This lens design is comparable to Boston and Wohlk hard lenses. The fitting process was 
conducted according to the “three-point touch” method, ensuring optimal centration and adequate 
movement. In cases where proper fitting was not achievable with the specified lens, patients were excluded 
from the study. These excluded cases were subsequently fitted with alternative RGP or scleral lenses, but 
their results were not included in the dataset.

For all included cases, the base curve was selected according to the manufacturer’s protocol (K + 
0.2 mm). The classification of corneal irregularity and the inclusion criteria were based on the Pentacam 
keratoconus report, covering mild, moderate, and severe keratoconus stages. It should be noted that the 
keratoconus pattern can influence the fitting outcome; for example, nipple cones and para-central cones are 
often more amenable to successful fitting.

It is important to highlight that the base curve values reported in this study are specific to the lens 
model and design used, and may not be directly transferable to lenses from other manufacturers. 
Furthermore, since the base curve of a GP lens is affected by its diameter, the results of this study should be 
interpreted in the context of the fixed 9.30 mm lens diameter applied in all cases. This standardization 
enhances internal validity while limiting the generalizability of the findings to other lens geometries.

It should be noted that individual clinical profiles, such as patient name, age, and other personal 
identifiers, were not used in this study based on the physician’s guidance. Only Pentacam measurements 
and map outputs were employed as inputs for the AI model.

In this study, the anterior corneal maps were used as the primary determinants for RGP lens base 
curve prediction. Posterior corneal maps, provided by the Pentacam device, were included as additional 
input features to improve the model’s understanding of corneal shape patterns. No individual clinical data, 
such as visual acuity or patient demographics, were used; only quantitative Pentacam measurements and 
map outputs were employed as inputs to the AI model. Posterior elevation maps were generated using a 
best-fit ellipsoid (BFE), which more accurately represents the aspherical nature of the cornea while the lens 
itself remains spherical.

Visual function parameters (e.g., distance visual acuity, contrast sensitivity, or subjective quality-of-
vision ratings) were not incorporated into the dataset or the base-curve calculation. For all included cases, 
the ground-truth base curve label was defined exclusively by the achieved fitting quality—optimal 
centration, appropriate movement, and an acceptable fluorescein pattern—using a standardized RGP 
design (TGT lens, 9.30-mm diameter, tri-curve, BOSTON XO material) fitted with the “three-point touch” 
technique and the manufacturer’s starting rule of K + 0.20 mm. Accordingly, the labels reflect a clinically 
acceptable fit rather than measured visual performance outcomes.

Dataset

Pentacam images provide a large amount of valuable data on the anterior and posterior corneal surfaces 
[34]. To determine the RGP lens specifications, Pentacam’s four refractive maps consist of the axial/sagittal 
curvature map, elevation (front), elevation (back) map, and the corneal thickness analyzed [35].

These images provide different views of the corneal conditions in patients with irregular astigmatism 
associated with their respective labels, the base curve of the final fitted RGP lens. As shown in Figure 3, 
Pentacam images consist of two sections: the quantitative measurements (provided at the left sidebar) and 
four map images (located at the right side of the Pentacam image). According to experts and lens fitting 
specialists, and associated studies to this research, we have focused on two different types of feature sets; 
one, an output of image processing techniques containing four maps, and the other output being the cornea 
(front) parameters.
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As shown in Figure 4b, all maps were preprocessed and then concatenated on axis 3 through channel 
concatenation. The channel size of the input image would be 12, as it contains four maps with a three-
channel size.

Proposed architecture: multi-modal feature fusion

An overview of the proposed architecture with the fusion of four feature vectors from Pentacam images is 
given in Figure 5. The proposed method consists of four sets of feature vectors. “Feature vector 1” comes 
from the bottleneck of a CAE based on the images containing four maps. “Feature vector 2” is obtained by 
calculating the color area ratio of the elevation (front) map in the image section. “Feature vector 3” is 
obtained by elevation (front) parameters from measured parameters. “Feature vector 4” defines the 
reference radius of the anterior corneal elevation, denoted by the term BFS or BFTE above the anterior 
elevation map. In the end, all features are concatenated based on different combinations and passed 
through an MLP to recognize the labels of test data [8]. As it is presented in the experiment section, various 
combinations of the feature vectors are evaluated, especially each feature vector alone. Following, we will 
embark upon a detailed description of all feature vectors.

Feature vector 1: convolutional neural network

First, in an experiment, all four maps were individually resized to 88 × 88 pixels and then, inspired by the 
MNIST CAE model, were passed through the CAE to extract bottleneck features.

In this experiment, 11,616 features were extracted from the bottleneck layer of MNIST CAE, reducing 
the number of colors in the Pentacam spectrum to five, as shown in Figure 6.

In another attempt to decrease the number of features in the CAE bottleneck from 11,616, the images 
were resized to 32 × 32, resulting in 48 features. The model of the CAE was the MNIST CAE model. This 
resulted in a seven-color group, explained in detail in Feature vector 2: the ratio of color area.

To decrease the number of features of the CAE bottleneck, in the next experiment, the CAE model was 
changed to the proposed architecture shown in Figure 7.

Proposed CAE architecture: In the proposed architecture, the input size of the CAE is (81, 81, 12), 
which consists of four maps concatenated through their RGB channels. There are eight layers of convolution 
filters with a size of (5, 5) in the following order (8, 4, 2, 1, 1, 2, 4, 8). At the first four layers, a max-pooling 
layer of size (3, 3) is used after each convolution layer, and for the next four layers, an up-sampling layer of 
size (3, 3) is inserted after each convolution layer. The architecture of the proposed method is shown in 
Figure 7. In the implementation of this architecture, the Adam optimizer and binary cross-entropy loss 
were applied in the network. The number of epochs was 20. After the training, the bottleneck of CAE was 
extracted as feature vector 1.

Feature vector 2: the ratio of color area

According to experts’ experiences in the ophthalmology and lens fitting field, one of the most important 
parameters in determining the base curve of an RGP lens is the area of colors in the elevation (front) map 
(map2). Because map2 shows the elevation of the front of the cornea, the lens is placed directly on the 
surface of the front of the cornea. The placement of this map is in the upper left corner of the Pentacam four 
refractive map, as illustrated in Feature vector 4: sphere and ellipse radius. Accordingly, we have extracted 
these ratios as a feature vector.

In this method, the color ranges are detected, and then the ratio of the number of their pixels is 
calculated for each color range (Figure 8a). As shown in Figure 8b, there are two types of the color 
spectrum on the right side of the elevation (front) map. These color spectrums were merged to provide a 
singular color range with 7 colors.
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