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Abstract

:

The aim of this study is to describe a new keratoconus detection method based on the analysis of certain parametric morphogeometric operators extracted from a custom patient-specific three-dimensional (3D) model of the human cornea. A corneal geometric reconstruction is firstly performed using zonal functions and retrospective Scheimpflug tomography data from 107 eyes of 107 patients. The posterior corneal surface is later analysed using an optimised computational geometry technique and the morphology of healthy and keratoconic corneas is characterized by means of geometric variables. The performance of these variables as predictors of a new geometric marker is assessed through a receiver operating characteristic (ROC) curve analysis and their correlations are analysed through Pearson or Spearman coefficients. The posterior apex deviation variable shows the best keratoconus diagnosis capability. However, the strongest correlations in both healthy and pathological corneas are provided by the metrics directly related to the thickness as the sagittal plane area at the apex and the sagittal plane area at the minimum thickness point. A comparison of the screening of keratoconus provided by the Sirius topographer and the detection of corneal ectasia using the posterior apex deviation parameter is also performed, demonstrating the accuracy of this characterization as an effective marker of the diagnosis and ectatic disease progression.
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1. Introduction


Nature confers a unique style and metric to the corneal structure, providing to its architecture several properties adapted to its functional requirements [1]. The cornea is the main refracting element and contributes to the aberrations on the human eye. A completely symmetrical structure would be free of coma, distortion, and chromatic aberration. However, three opposing characteristics can be seen due to the lack of symmetry: surfaces do not present symmetry of revolution, so they have deformations, misalignments, and decentralizations. For this reason, the analysis of the corneal geometry by studying the changes in its morphogeometric properties is fundamental to the assessment of vision quality and to improve the diagnosis of corneal pathologies [2].



One of this corneal disease is keratoconus, which is a corneal disorder where the paracentral or central area of the cornea undergoes progressive thinning and steepening, generating corneal scarring, corneal protrusion, and irregular astigmatism, which leads to a severe vision deterioration [3,4]. Thus, a significant corneal steepening is noticed in the anterior and posterior corneal surfaces and both curvatures are affected in keratoconic eyes [3,4]. Its incidence is estimated in 1:2000 of the general population, with a prevalence of 229:100,000 in Asia and 54:100,000 in the USA [4]. Prevalence of keratoconus is higher in areas with important exposure to ultraviolet light or by a combination of environmental and genetic factors [4].



In this aspect, several systems for diagnosing and classifying keratoconus severity are described in the literature. The majority of these grading systems have been elaborated by considering the patient’s visual performance, corneal scarring, biomicroscopic signs, central corneal thickness, corneal keratometry readings, topographic morphology of the disease, and corneal aberrometry [5].



However, identifying and distinguishing the pathologic cases at its earliest grade have been the main goal for refractive surgeons because this is the main risk factor for ectasia after laser-assisted in situ keratomileusis (LASIK) [6]. The difficulty increases as there is not a clear limit defined between the earliest grades of keratoconus and a normal cornea. Despite this, it seems evident from recent investigations that changes in different corneal geometric parameters are detected when keratoconus begins to develop.



Another advance in this field is the introduction of Scheimpflug photography for topographic characterization of the cornea, which helps in the study and characterization of both anterior and posterior corneal surfaces [7]. Numerous quantitative geometric descriptors of the corneal surfaces for the diagnosis of ectasia and provided by corneal tomographers can be found in the scientific literature [5]. However, the values obtained for these descriptors vary depending on the tomographer used [8], preventing their widespread acceptance and clinical utility.



Recently, a group of world keratoconus experts gathered for the project “Global Consensus on Keratoconus and Ectatic Diseases” [9]. They defined a new concept called “ectasia progression”, which describes progression of keratoconus in its different phases depending on the changes of magnitude of some singular points located at the posterior surface of the cornea, specifically the point of minimum thickness and the highest point (apex or point of maximum curvature) were both defined as the most significant. Nevertheless, none of the quantitative descriptors provided by the current corneal tomographers for the diagnosis of ectasias consider these singular points of the posterior corneal surface, so its quantitative description remains a challenge.



Geometric modelling of biological structures by using tools based on computer-aided design (CAD) is currently applied to disease diagnosis [10,11], design of medical devices [12,13], and geometric reconstruction for different purposes [14,15]. More specifically, in the field of ophthalmology, there are several studies that use CAD methods to develop the concept of a patient-specific model [16,17,18,19,20]. These patient-specific models are obtained from the so called “raw data” [21], which are generated by systems based on the projection of a slit of light onto the cornea and on the principle of the Scheimpflug photography [5]. These raw data are not interpolated and are used to generate a geometric model with the modal methods called Zernike polynomials. These Zernike polynomials are defined for all discrete points of the anterior and posterior corneal surfaces for their reconstruction. However, in cases of pathological corneas as, for instance, very aberrated corneas, it has been demonstrated that it is very difficult to define the Zernike polynomial order required to get the most relevant information about the corneal surfaces [21,22]. An alternative to these geometric models are the zonal methods called B-Spline functions [23]. However, this technology is not extended to the ophthalmology field, and it has only been used to generate customised models of the corneal biomechanics [17,18,20]. In these cases, the raw data obtained were incomplete in the periphery and the limbus areas due to extrinsic errors during the data acquisition process, so the authors had to interpolate data in order to obtain a complete geometric model. In the case of significant imperfections of the cornea, the data acquisition is difficult and a significant level of missing data could require the interpolation of important areas of the cornea resulting in a very ambiguous model. The development of methods to define in vivo customised geometric properties of the cornea based only on real raw data and without any kind of interpolation is extremely useful in clinical practice for the modelization of pathological corneas [21]. Therefore, a rational and objective keratoconus detection technique could be based on analysing the geometric morphometry of discrete landmarks in the region where the focused curvature was initially manifested on the posterior corneal surface.



This work presents a new concept of diagnosis based on geometric modelization of the cornea to improve the prognostic of corneal ectasia. The technique used in this study will create a 3D patient-specific customised model of the cornea and analyse different geometric parameters extracted from the posterior surface of the generated model to determine which of them could be defined as indicators of susceptibility to develop keratoconus (Figure 1). A validation study was conducted with healthy corneas and corneas diagnosed with keratoconus according to the Amsler-Krumeich (AK) grading system [4].




2. Materials and Methods


2.1. Patients


The study comprised a total of 107 subjects admitted at Vissum Corporation in Alicante, Spain. All the procedures adhered to the Declaration of Helsinki and the approval of the Vissum Clinical Research Ethics Committee was obtained for this study (seventh revision, October 2013, Fortaleza, Brazil). Informed written consent for research and publication of the data was obtained from all patients before enrolment.



Patients were classified into two groups: a first group composed of 52 patients with keratoconic corneas and aged 17–73 years (39.11 ± 16.70) and a second group of 55 patients with healthy corneas, aged 12–66 years (37.01 ± 15.11). Only one eye from each patient was randomly selected for the study according to a random number sequence (dichotomic sequence, 0 and 1). Specific software was developed for this process to avoid interference in the analysis of the correlation that often exists between the two eyes of the same person. The inclusion criteria for the keratoconus group was diagnosis of keratoconus based on standard guidelines [4,24]. Exclusion criteria in both groups were previous ocular surgery or any other active ocular disease. In order to obtain an accurate methodology only initial stages of the disease (stage I), according to Amsler-Krumeich grading, were used during this study.




2.2. Ophthalmological Examination


A detailed and uniform ophthalmologic examination was performed in all cases. The examination included manifest refraction (sphere and cylinder), uncorrected distance visual acuity (UDVA), corrected distance visual acuity (CDVA), slit lamp biomicroscopy, Goldmann tonometry, fundus evaluation, tomographic analysis of anterior and posterior corneal surfaces by the Sirius system (CSO, Florence, Italy), and optical biometry by IOLMaster (Carl Zeiss Meditec AG, Jena, Germany). All measurements were performed by the same experienced technician. Regarding the corneal topographic assessment, three consecutive measurements were obtained to calculate the average values for posterior statistical analysis.



Data registration for the current study was performed with software suite Phoenix (CSO, v2.1, Florence, Italy).




2.3. Morphogeometric Reconstruction of the Cornea


The methodology proposed in this work starts with a first stage where a virtual 3D patient-specific model of the cornea is reconstructed from the raw data provided by a corneal tomographer (Figure 2). For this study, the Sirius system (CSO, Florence, Italy) was used jointly with the aid of the Phoenix v2.1 software from CSO, which permits to export the following data from the tomographer to a CSV file: raw non-interpolated altimetric data of the anterior/posterior elevations (in μm) and radii of Placido’s disc rings (in mm) used during the capture process. Due to elevation data indicating the coordinates of each scanned point, two discrete and finite sets of spatial points representative of both anterior and posterior corneal surfaces, respectively, were then obtained.



In a second step (Figure 2), the point clouds representative of both corneal surfaces were imported into the surface reconstruction CAD software Rhinoceros® V 5.0 (McNeel and Associates, Seattle, WA, USA) [25]. This software enables to use non-uniform rational B-spline (NURBS) functions to generate reconstruction surfaces [26,27]. In this study, the Rhinoceros’ surface from the point grid function was applied to the imported point cloud, creating a rectangular grid of 21 rows and 256 columns that was deformed to minimise the nominal distance between the spatial points and the grid surface. This deviation can be later calculated by the software, providing a mean value of the distance error for the solution surface. This can be seen in Figure 3, where the top view of the point cloud for the posterior surface of a cornea with keratoconus (stage I-AK) is represented and a mean distance error of 5.587 × 10−16 ± 5.76 × 10−16 mm (mean ± standard deviation) is obtained. In the figure, the following good/bad threshold values are configured: 5 × 10−15 mm for bad points (in red) and 5.58 × 10−16 mm for good points (in blue). The figure demonstrates that no point provides a distance greater than 5 × 10−15 with respect to the solution surface, ensuring the accuracy of the surface.



By using this procedure, the anterior and posterior corneal surfaces were generated and connected by their geometrical centre in relation to the Z-axis (axis normal to the corneal vertex). Both surfaces and the peripheral surface (the bonding surface between both sides in the Z-axis direction) were then joined to obtain the final 3D solid model of the studied cornea.




2.4. Morphogeometric Analysis


The custom 3D model of the cornea generated in Rhinoceros is then exported to the solid modelling software SolidWorks (Dassault Systèmes, v2016, Vélizy-Villacoublay, France) [28,29], which permits the performance of a detailed analysis of the virtual model and the characterization of its morphology (Figure 2).



During this stage, singular points of the posterior surface were identified on each solid corneal model (healthy or keratoconic), and a morphogeometric analysis was performed in the local region [30,31] where curving (caused by progression of keratoconus) manifests gradually.



For this study, the following variables from the posterior surface of the cornea were analysed [32,33] (Figure 4): (i) the sagittal plane apex area, defined as the area of the cornea within the sagittal plane that passes through the highest point (apex, maximum curvature) of the posterior corneal surface and the Z-axis; (ii) the posterior apex deviation, defined as the average distance from the highest point (apex, maximum curvature) of the posterior corneal surface to the Z-axis; (iii) the sagittal plane area at the minimum thickness point, defined as the area of the cornea within the sagittal plane that passes through the minimum thickness point of the posterior corneal surface and the Z-axis; and (iv) the posterior minimum thickness point deviation, described as the average distance in the XY plane from the minimum thickness point of the posterior corneal surface to the Z-axis.



For each cornea, all these variables were measured by the same and unique observer using the SolidWorks caliper function.




2.5. Statistical Analysis


Data distribution was confirmed by means of the Kolmogorov-Smirnov test. According to this analysis, Student’s t and Mann-Whitney U tests were performed (depending on normality) in order to test the hypothesis according to the aim of the study. Additionally, effect size (ES) tests were used to compare differences and to quantify the degree of change between the healthy group and the stage I-KC group (according to Amsler-Krumeich Grading System). For all statistical tests, the same level of significance was used (p < 0.05). Correlation coefficients (Pearson/Spearman) were used to assess the correlation between all different parameters. A linear regression was performed to quantify the strength of the correlation (R2) for both groups studied. A receiver operating characteristic (ROC) curve analysis was performed in order to obtain the accuracy of the four measurements. A ROC curve is a graphical plot that reveals the effectiveness of a binary classifier system as its differentiation threshold changes. The curve is created by charting the true positive rate against the false positive rate at various threshold settings. The accuracy of the analysis comes defined according to the level of classification of the tested group between two groups (with or without keratoconus). The area under the ROC curve measures the accuracy: 1 represents a perfect test, and 0.5 indicates a worthless test. A rough guide for classifying the accuracy of a diagnostic test is the traditional academic point system [34]: excellent if 0.90–1; good if 0.80–0.90, fair if 0.70–0.80, and poor if 0.60–0.70. Statistical analyses were performed using Prism (GraphPad, v6, La Jolla, CA, USA) and SPSS (SPSS Inc., v17.0, Chicago, IL, USA) software.





3. Results


This study included 55 healthy eyes that did not present any ocular pathology [2], constituting 30 females (54.5%) and 25 males (45.5%), and 52 eyes diagnosed with keratoconus (KC) in grade I [35] formed by 27 females (51.9%) and 25 males (48.1%).



Table 1 shows the morphological, refractive, and visual outcomes in the two groups of eyes analysed during the study. No statistically significant differences between groups were found in anterior chamber depth (p = 0.28, Mann-Whitney test), axial length (p = 0.29, Student’s t-test), white-to-white corneal diameter (p = 0.69, Mann-Whitney test), and age (p = 0.08, Mann-Whitney test). Significant differences between groups were found in the remaining visual, refractive, and anatomical parameters evaluated (p < 0.01 Student’s t and Mann-Whitney tests). Additionally, note that the calculated effect sizes for each group allows quantifying the degree of change.



On the other hand, all of the morphogeometric variables showed differences between normal and keratoconic eyes, as seen in Table 2. Regarding area parameters, both sagittal plane areas (by passing through the posterior apex and the posterior minimum thickness point, respectively) were statistically higher in the subjects with healthy corneas. As expected, major deviations for the posterior apex and for the posterior minimum thickness point were also observed in the group of keratoconic corneas (see Table 2).



Statistically significant correlations between all the modelled morphogeometric variables for the normal group are summarized in Table 3, while Table 4 shows the significant correlations for the grade I-KC.



In the healthy eyes group, one strong correlation (above 0.9) was achieved between the sagittal plane apex area and the sagittal plane area at the minimum thickness point (r = 0.992; p < 0.000). This correlation is also verified in the grade I-KC group (r = 0.998; p < 0.000).



The predictive value of the modelled variables was established by a ROC analysis. The geometric variables analysed during the study present the following results in the diagnosis of the disease (Figure 5): Sagittal plane apex area (area under the ROC curve: 0.858, p < 0.0001, std. error: 0.039, 95% confidence interval: 0.772–0.917), with a cut-off value of 4.274 mm2, and an associated sensitivity and specificity of 57.04% and 92.01%, respectively; posterior apex deviation (area under the ROC curve: 0.918, p < 0.0001, std. error: 0.038, 95% confidence interval: 0.849–0.988), with a cut-off value of 0.099 mm, and an associated sensitivity and specificity of 90.01% and 88.41%, respectively; sagittal plane area at minimum thickness point (area under the ROC curve: 0.853, p < 0.0001, std. error: 0.039, 95% confidence interval: 0.780–0.932), with a cut-off value of 4.266 mm2, and an associated sensitivity and specificity of 62.02% and 91.07%, respectively; posterior minimum thickness point deviation (area under the ROC curve: 0.694, p < 0.0001, std. error: 0.059, 95% confidence interval: 0.577–0.812), with a cut-off value of 0.0855 mm, and an associated sensitivity and specificity of 63.1% and 91.11%, respectively.



Thus, according to the area under the curve variable calculated for the analysed parameters, it was concluded that posterior apex deviation is the parameter that provides a higher rate of discrimination between normal and keratoconus grade I corneas. Nonetheless, other relevant statistical differences between healthy and diseased eyes are present, and most of the variables studied differ between groups. All these results make it possible to differentiate, with high sensitivity and specificity, healthy corneas from those patients diagnosed with keratoconus grade I.




4. Discussion


In ophthalmology, recognition and analysis of geometric patterns have become important tools in identifying diseases, for instance, for keratoconus diagnosis. The advantage of morphogeometric pattern recognition identification is that it reduces the variability created by less relevant variables, making the process depend only of those variables that are strong enough to support the model. Thus, this type of approach may be beneficial for a corneal pathology, like keratoconus, which is considered to be a rare disease [4].



However, while still being considered a rare disease, its diagnosis is made more frequently today than before due to the progress of corneal diagnostic imaging technology (such as Scheimpflug tomography) and, especially, its routine application to patients that are candidates for refractive surgery with no visual symptoms and normal vision harbouring initial stages of this disease. Such initial cases are considered as major contraindications for corneal refractive surgery. The differentiation between normal and abnormal patterns of corneal topography is, today, well sustained by the definition of different corneal topography and corneal aberrometry indices and corneal volumetric and densitometry data, among others [36]. However, the geometrical characterization indices proposed by these devices are not easily compatible between different tomographers, generating confusion in the ophthalmic community [8].



In the literature, some works that use CAD models integrate the patient-specific model concept, which provides quantitative results applicable to a specific patient [16,17,18,19,20]. This model is obtained from the so called “raw data” [21], which are generated by systems based on the projection of a slit light onto the cornea and on the principle of Scheimpflug photography [5].



Several works in the finite elements field use these raw data for several purposes: to predict the response to refractive surgeries [19] or the response to the intrastromal ring segment implantation in corneas with keratoconus [18], to analyse non-surgical corneal modifications, such as applanation tonometry for intraocular pressure measurement [20], or to analyse the behaviour of corneal tissue properties in different scenarios [16,17]. In all these cases, raw data were provided by the Pentacam (Oculus Optikgeräte GmbH, Wetzlar, Germany) [16,18], Sirius (CSO, Florence, Italy) [19,20], or Galilei (Ziemer Ophthalmic Systems AG, Port, Switzerland) [17] devices. However, due to extrinsic errors [5] occurring during the measurement process, the generated raw data were incomplete; thus, the authors of the mentioned works were forced to interpolate with the aim of obtaining a complete representation of the corneal surfaces and, thus, generate a 3D model of the cornea for its posterior use in the finite elements method.



In the present study, raw data obtained from the Sirius (CSO, Florence, Italy) device was also used. These data also presented the previously-mentioned extrinsic errors. However, the authors adopted a design protocol based on geometrical and clinical principles in which no interpolation was performed, using only real data [33]. Thus, the geometric model generated was authentic and completely personalized of the morphological biometry of the cornea, with a high sensitivity for the diagnosis and posterior analysis of the progression of the disease.



In the case of keratoconus, the deterioration process of the corneal structure is characterised by a significant reduction of the corneal thickness in comparison to healthy eyes. This is triggered by an alteration in corneal collagen fibres causing stromal thinning and breaks in the Bowman’s membrane during the different stages of the disease [4,37]. Furthermore, the presence of corneal irregularities and the influence of the intraocular pressure on these weakened structures will create local steepening and an increased radius of curvature, which will lead to an increased posterior corneal surface area [3,4,37,38]. In the keratoconus group, the sagittal plane areas were smaller because of their local structural weakening due to fewer collagen fibres in each lamella and the influence of the intraocular pressure [3]. These values are consistent with those published by different studies [38,39] which have reported that, in irregular corneal areas, the geometry of posterior corneal surfaces were affected due to the lower number of stromal lamellae and the smaller lamellar interconnection. In other studies, where a similar characterisation of the corneas has been described for the differentiation of pathologic eyes, the variables related to corneal thickness and volume, among others, are directly given by the software of the topographers [40,41]. However, in the present study, the morphogeometric variables are calculated from a 3D model generated using only real and non-interpolated raw point cloud data provided by the tomographer.



The average distance from the apex of the posterior corneal surface to the Z-axis (posterior apex deviation) differed between groups, with the largest deviations found in the group of eyes with keratoconus. The deviation of the apex on the posterior surface of the cornea was larger in the eyes with keratoconus (0.19 ± 0.11 mm), and there was also a slight deviation in healthy corneas (0.08 ± 0.03 mm, effect size: −1.19) according to the toricity manifested in the subjective refraction [35]. The aforementioned presence of an irregular corneal surface, which created a protrusion in the keratoconic eye, also led to an increased corneal curvature [42] and, therefore, to an increase in the deviation of the point of minimum thickness (maximum curvature) of the posterior corneal surface (average distance from the minimum thickness point of the posterior surface to the Z-axis). These deviations were greater in the eyes with keratoconus (1.02 ± 0.35 mm) compared with healthy eyes (0.80 ± 0.26 mm, effect size: −0.88). This fact reveals that, even though the curvature radii are greater on posterior surfaces in the KC group, the morphogeometric variables register the tendency of the cornea to develop and to maintain its structure in the form of a meniscus in the early grades of the disease.



This trend is in line with the tendency reported by other studies [43], where the posterior radius of curvature is analysed for groups with healthy eyes and keratoconic eyes according to the Amsler-Krumeich classification. Specifically for keratoconus, in this study a significant increase of the curvature of the posterior corneal surface was observed with respect to the anterior surface (p < 0.01) in the early grades of the disease. Some researchers have evaluated certain corneal irregularity ratios and concluded that they were higher for keratoconic corneas [44,45].



The analysis of these variables concluded that the parameter that provides a higher discrimination rate between normal corneas and corneas with keratoconus was the posterior apex deviation (ROC area: 0.918, p < 0.0001, std. error: 0.038, 95% CI: 0.849–0.988), with a cut-off value of 0.099 mm, and an associated sensitivity and specificity of 90.01% and 88.41%, respectively. This is justified due to the structural instability that keratoconic corneas present in its architecture, the posterior surface being the most susceptible to variations given the forces exerted on the tissue, so the posterior curvature might influence the visual function. Accordingly, we hypothesize that the magnitude of the posterior apex deviation represents the best performance to recognize the geometric profile of the KC stage where the visual acuity starts to impair. Several studies have concluded the importance of, and interest in, the posterior corneal surface [45]. However, to the authors’ knowledge, this is the first study to describe this phenomenon in the disease stage when the degree of corneal protrusion is apparent in the posterior corneal surface, which supports the diagnosis accuracy of the proposed method. Furthermore, a satisfactory level of discriminative ability for the sagittal plane apex area (ROC area: 0.858), sagittal plane area at the minimum thickness point (ROC area: 0.853), and the posterior minimum thickness point deviation (ROC area: 0.694) parameters were found.



A comparison of the screening of keratoconus [46] provided by the Sirius topographer and the detection of corneal ectasia using the posterior apex deviation was performed. If we consider the two possibilities of the screening of keratoconus from the Sirius topographer, two groups are differentiated: normal eyes and keratoconus-compatible (keratoconus and borderline). From these sample data of keratoconus the Sirius topographer considered 19.4% normal eyes, and 80.6% keratoconus-compatible. If we consider the posterior apex deviation as the best parameter for screening keratoconus in the morphogeometric model due to the best ROC analysis, two groups are differentiated based in the percentiles obtained: normal eyes were considered as the mean value of posterior apex deviation less than 0.1 (the 75th percentile of the normal sample), and keratoconus, when the mean value of posterior apex deviation was higher than 0.11 (the 75th percentile of keratoconus-compatible eyes). Regarding this classification based on the posterior apex deviation, the following results were obtained: 16.1% normal eyes, 83.9% keratoconus-compatible. These outcomes indicate that the morphogeometric model and the Sirius screening are comparable. Furthermore, the morphogeometric model is able to discriminate between keratoconus-compatible and normal eyes approximately 3% more than the Sirius topographer. When the sensitivity and specificity of the keratoconus screening of the Sirius topographer were calculated from our sample, a sensitivity of 80.6% and a specificity of 97.7% were obtained, in comparison with a sensitivity and specificity of 90.01% and 88.41%, respectively, for the posterior apex deviation. This fact indicates that the morphogeometric model is able to identify keratoconus with success in comparison with the Sirius topographer. However, this model is less predictable to identify eyes without keratoconus than the keratoconus screening from the Sirius device. In order to improve the specificity outcomes, future studies combining these morphogeometric parameters with optic variables are required.




5. Conclusions


In summary, this new concept is based on the recognition (at the local level) of determined geometrical patterns defined on the posterior corneal surface and, more specifically, on the region where the first structural anomalies are developed because of the manifestation of the disease. These deformations lead to a deterioration of the visual quality of the patients during the disease progression, in agreement with the main conclusions drawn by the group of world experts in keratoconus. For this purpose, the method proposed in this work analyses certain parametric morphogeometric operators extracted from a custom patient-specific 3D model, providing a feasible and new diagnostic approach of the keratoconus. Furthermore, and under the concept of interoperability [47], this non-invasive clinical diagnosis method could be used by current corneal topographers that are based on the projection of a slit of light onto the cornea and on the principle of Scheimpflug photography. This could lead to a better understanding of the ethology and prognosis of this eye disease.
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Figure 1. Use of patient-specific 3D modelling for the diagnosis of keratoconus. 
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Figure 2. Geometric modelling process by using CAD tools. 
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Figure 3. Analysis of the point-surface deviation for the posterior surface reconstruction of a cornea with keratoconus (stage I-AK). 
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Figure 4. Geometric variables analysed during the study. 
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Figure 5. ROC curve modelling sensitivity versus 1-specificity for the variables analysed. 






Figure 5. ROC curve modelling sensitivity versus 1-specificity for the variables analysed.



[image: Symmetry 09 00302 g005]







[image: Table] 





Table 1. Main clinical features of the healthy and keratoconus (stage I-AK) groups analysed in the study.
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Clinical Feature

	
Healthy Group (N = 55)

	
Keratoconus Group (N = 52)

	
p Value




	
(M ± SD)

	
(M ± SD)






	
Age (years)

	
37.01 ± 15.11

	
39.11 ± 16.7

	
0.08




	
(ES)

	
-

	
1.29

	
-




	
Axial Length (mm)

	
24.01 ± 1.61

	
24.07 ± 1.39

	
0.29




	
(ES)

	
-

	
1.19

	
-




	
Corrected Distance Visual Acuity

	
0.98 ± 0.09

	
0.04 ± 0.61

	
0.0001




	
(ES)

	
-

	
−0.11

	
-




	
Sphere (D)

	
−0.49 ± 3.31

	
−0.91 ± 1.36

	
0.0001




	
(ES)

	
-

	
−0.31

	
-




	
Cylinder (D)

	
−0.79 ± 1.07

	
−2.01 ± 1.29

	
0.0001




	
(ES)

	
-

	
−1.10

	
-




	
Spherical equivalent (D)

	
−0.96 ± 3.31

	
−1.91 ± 1.47

	
0.0001




	
(ES)

	
-

	
−0.90

	
-




	
Minimal corneal thickness (μm)

	
540.07 ± 31.98

	
469.68 ± 34.01

	
0.0001




	
(ES)

	
-

	
−0.12

	
-




	
Central corneal thickness (μm)

	
542.98 ± 32.99

	
472.89 ± 41.10

	
0.0001




	
(ES)

	
-

	
−0.20

	
-




	
Anterior chamber depth (mm)

	
2.77 ± 0.47

	
3.41 ± 0.4

	
0.28




	
(ES)

	
-

	
0.10

	
-




	
White to white corneal diameter (mm)

	
11.97 ± 0.44

	
12.02 ± 0.50

	
0.69




	
(ES)

	
-

	
0.07

	
-








M = mean, SD = standard deviation, ES = Effect size.
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Table 2. Morphogeometric variables measured in healthy and keratoconic (stage I-AK) corneas.
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Parameter

	
Healthy Group (N = 55)

	
Keratoconus Group (N = 52)

	
p Value




	
(M ± SD)

	
(M ± SD)






	
Sagittal plane apex area (mm2)

	
4.35 ± 0.31

	
3.92 ± 0.31

	
0.0001




	
(ES)

	
-

	
1.21

	
-




	
Sagittal plane area at minimum thickness point (mm2)

	
4.34 ± 0.30

	
3.90 ± 0.29

	
0.0001




	
(ES)

	
-

	
1.18

	
-




	
Posterior apex deviation (mm)

	
0.08 ± 0.03

	
0.19 ± 0.11

	
0.0001




	
(ES)

	
-

	
−1.19

	
-




	
Posterior minimum thickness point deviation (mm)

	
0.80 ± 0.26

	
1.02 ± 0.35

	
0.0001




	
(ES)

	
-

	
−0.88

	
-








M = mean, SD = standard deviation, ES = Effect size.
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Table 3. Correlations between parameters for the normal group.
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Parameter

	
Sagittal Plane Apex Area

	
Sagittal Plane Area at Minimum Thickness Point

	
Posterior Apex Deviation

	
Posterior Minimum Thickness Point Deviation






	
Sagittal plane apex area

	
r = 1

	
r = 0.992

	
r = 0.16

	
r = 0.04




	
p < 0.000

	
p < 0.001

	
p < 0.001




	
Sagittal plane area at minimum thickness point

	
r = 0.992

	
r = 1

	
r = 0.124

	
r = −0.18




	
p < 0.000

	
p < 0.000

	
p < 0.001




	
Posterior apex deviation

	
r = 0.16

	
r = 0.124

	
r = 1

	
r = 0.711




	
p < 0.001

	
p < 0.000

	
p < 0.000




	
Posterior minimum thickness point deviation

	
r = 0.04

	
r = −0.18

	
r = 0.711

p < 0.000

	
r = 1




	
p < 0.001

	
p < 0.001
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Table 4. Correlations between parameters for the grade I-KC group.
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Parameter

	
Sagittal Plane Apex Area

	
Sagittal Plane Area at Minimum Thickness Point

	
Posterior Apex Deviation

	
Posterior Minimum Thickness Point Deviation






	
Sagittal plane apex area

	
r = 1

	
r = 0.998

	
r = −0.376

	
r = −0.280




	
p < 0.000

	
p < 0.000

	
p < 0.002




	
Sagittal plane area at minimum thickness point

	
r = 0.998

	
r = 1

	
r = −0.379

	
r = −0.294




	
p < 0.000

	
p < 0.000

	
p < 0.001




	
Posterior apex deviation

	
r = −0.376

	
r = −0.379

	
r = 1

	
r = 0.481




	
p < 0.000

	
p < 0.000

	
p < 0.000




	
Posterior minimum thickness point deviation

	
r = −0.280

	
r = −0.294

	
r = 0.481

	
r = 1




	
p < 0.002

	
p < 0.001

	
p < 0.000
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