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Abstract: The validation of new methods for the diagnosis of incipient cases of Keratoconus (KC)
with mild visual limitation is of great interest in the field of ophthalmology. During the asymmetric
progression of the disease, the current diagnostic indexes do not record the geometric decompensation
of the corneal curvature nor the variation of the spatial profile that occurs in singular points of the
cornea. The purpose of this work is to determine the structural characterization of the asymmetry of
the disease by using morpho-geometric parameters in KC eyes with mild visual limitation including
using an analysis of a patient-specific virtual model with the aid of computer-aided design (CAD)
tools. This comparative study included 80 eyes of patients classified as mild KC according to the
degree of visual limitation and a control group of 122 eyes of normal patients. The metric with the
highest area under the receiver operating characteristic (ROC) curve was the posterior apex deviation.
The most prominent correlation was found between the anterior and posterior deviations of the
thinnest point for the mild keratoconic cases. This new custom computational approach provides
the clinician with a three-dimensional view of the corneal architecture when the visual loss starts
to impair.
Keywords: geometric model; asymmetric evolution; computer-aided design; corneal topographer

1. Introduction
The human eye has four refractive surfaces, five refractive indexes, and four thicknesses [1].
The variation of any of these parameters affects the refractive state of the eye. Among all of them,
the cornea is the most important parameter from a refractive point of view.
A perfect optical system would be completely symmetrical and would be free of distortion and
transverse chromatic aberration. However, the cornea is not a perfect biological structure because its
surfaces do not present symmetry of revolution in a healthy scenario, which entails the existence of
deformations, misalignments, and decentralizations between its anterior and posterior surfaces and
between its singular points (apex, vertex, and minimum thickness point) [2]. However, in a pathological
scenario, the progression of the asymmetry in the corneal architecture contributes to a decrease in
its optical capacity, which causes a loss of the patients’ visual quality [3]. This decrease in optical
functionality may have its origin in a physio-pathological mechanism derived from a pathology called
keratoconus. Keratoconus (KC) has an estimated prevalence of approximately 50–230 individuals
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per 100,000 people in the general population [4]. This asymmetrical ectatic disorder is geometrically
characterized by [5] the details below.

•
•
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2.1. Patients
2.1. Patients
study included a total of 202 eyes of 202 patients (122 normal and 80 keratoconic cases)
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study
included a total of 202 eyes of 202 patients (122 normal and 80 keratoconic cases)
enrolled at Vissum Instituto Oftalmologico Alicante, Spain (Vissum) who were adequately informed
enrolled at Vissum Instituto Oftalmologico Alicante, Spain (Vissum) who were adequately informed
about the clinical study and voluntarily signed their consent to participate. The study was ratified by
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about the clinical study and voluntarily signed their consent to participate. The study was ratified by
the clinic’s Institutional Review Board in compliance with the ethical restrictions established in the
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Figure 2. Scheme of the morpho‐geometric reconstruction of the cornea.
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Table 1. Corneal morpho-geometric variables analyzed in the study.
Morpho-Geometric
Variable
Corneal volume (mm3 )

Acronym
CV

Anterior/Posterior corneal
surface area (mm2 )

Aant /Apost

Corneal surface area (mm2 )

Atot

Posterior sagittal plane
apex area (mm2 )

Apostapex

Anterior/Posterior apex
deviation (mm)

Dantapex /Dpostapex

Description
Volume defined by the solid model generated
Area of the exterior/interior surface
Total area defined by the solid model generated
Area of the cornea within the sagittal plane passing
through the optical axis and the apex of the posterior
corneal surface
Distance from the optical axis to the apex of the
anterior/posterior corneal surfaces

Apostmct

Area of the cornea within the sagittal plane passing
through the optical axis and the minimum thickness
point of the posterior corneal surface

Anterior/Posterior
minimum thickness point
deviation (mm)

Dantmct /Dpostmct

Distance in the XY plane from the optical axis to the
minimum thickness points of the anterior/posterior
corneal surfaces

Center of mass X, Y, Z (mm)

CMx /CMy /CMz

Center of mass coordinates X, Y, Z of the solid

Sagittal plane area at
minimum thickness
point (mm2 )

The main outcome measure of this study was to define the model that the keratoconic cornea
follows when mild visual loss is associated with corneal deformation. The second outcome was the
correlation coefficients, sensitivity, and specificity of this new KC detection method.
2.5. Statistical Analysis
All data were analyzed using IBM SPSS 19.0 software (IBM Corp., Armonk, NY, USA).
The statistical analysis included descriptive statistics for both normal and KC groups to demonstrate
the distribution of the thirteen morpho-geometric variables in more detail. Normality was checked
using the Kolmogorov-Smirnov test. When parametric analysis was possible, the Student t-test
for unpaired data was used as a comparison between groups. When the normality condition was
met, groups were compared using a Student t-test for unpaired data. For all other situations,
a Mann-Whitney test was used. A p-value lower than 0.05 was considered significant in all statistical
tests. Correlation between parameters was assessed using Pearson coefficients (for normally distributed
data) or Spearman coefficients (not normally distributed). With the aim of quantifying the strength of
the correlation between the two groups, a linear regression was executed.
For all metrics, we applied receiver operating characteristic (ROC) curves to determine the overall
predictive accuracy by plotting sensitivity versus 1-specifity.
3. Results
From a total of 202 eyes of 202 patients, the KC group comprised 80 eyes of 80 patients [29 women
(36.2%) and 51 men (63.8%) with a mean age of 41.8 years ± 13.1 ranging from 16 to 72 years].
The control group was composed of 122 normal eyes of 122 patients (54 women (44.2%) and 68 men
(55.8%)) with a mean age of 34.89 ± 7.8 years ranging from 19 to 64 years. There was no statistical
difference regarding the age between groups (p > 0.05).
Regarding the KC group, the mean value of the posterior apex deviation (0.19 ± 0.10 mm) was
higher than the anterior apex deviation (0.01 ± 0.02 mm) while the mean deviation at the minimum
thickness point of the anterior and posterior curvatures was 1.11 ± 0.48 mm and 1.04 ± 0.45 mm,
respectively. From the metrics of the center of mass coordinates X, Y, and Z, the value in Z reached the
largest one with 0.78 ± 0.04 mm. The total corneal volume resulted in an average of 23.60 ± 2.28 mm3 .
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For metrics from the total corneal surface, the anterior surface, and the posterior surface, the average
achieved areas were 103.61 ± 1.62 mm2 , 43.39 ± 0.35 mm2 , and 44.70 ± 0.56 mm2 , respectively. For the
measurement of the sagittal plane area, the mean values reached were 3.91 ± 0.37 mm2 (posterior
surface) and 3.89 ± 0.39 mm2 (at the minimum thickness point of the posterior surface). The descriptive
values of the thirteen corneal morpho-geometric variables and their distribution in more detail are
summarized in Table 2 for both keratoconic and control groups.
Table 2. Summary of the modeled morpho-geometric variables in control and keratoconus with mild
visual limitation groups. SD (standard deviation).
Normal Group n = 122

Keratoconus Group
with Mild Visual Limitation n = 80

Mean (SD)
Median (Range)

Mean (SD)
Median (Range)

p Value

CV (mm3 )

25.70 (1.49)
25.70 (22.99 to 29.50)

23.60 (2.28)
23.31 (16.95 to 27.74)

<0.001

Aant (mm2 )

43.08 (0.14)
43.08 (43.06 to 43.11)

43.39 (0.35)
43.26 (42.85 to 44.36)

<0.001

Apost (mm2 )

44.24 (0.27)
44.25 (44.19 to 44.28)

44.70 (0.56)
44.57 (43.64 to 46.36)

<0.001

Atot (mm2 )

103.87 (1.14)
103.78 (100.73 to 106.01)

103.61 (1.62)
103.70 (99.97 to 106.51)

0.205

Apostapex (mm2 )

4.31 (0.25)
4.30 (4.27 to 4.36)

3.91 (0.37)
3.82 (3.00 to 4.66)

<0.001

Apostmct (mm2 )

4.30 (0.25)
4.29 (4.26 to 4.35)

3.89 (0.39)
3.81 (3.80 to 3.98)

<0.001

Dantapex (mm)

0.00 (0.00)
0.00 (0.00 to 0.00)

0.01 (0.02)
0.00 (0.00 to 0.07)

<0.001

Dpostapex (mm)

0.06 (0.02)
0.06 (0.06 to 0.07)

0.19 (0.10)
0.18 (0.02 to 0.45)

<0.001

CMx (mm)

0.02 (0.04)
0.03 (0.02 to 0.04)

0.01 (0.05)
0.02 (−0.09 to 0.12)

0.073

CMy (mm)

0.03 (0.01)
0.03 (0.00 to 0.08)

0.02 (0.04)
0.02 (−0.09 to 0.28)

<0.001

CMz (mm)

0.77 (0.02)
0.77 (0.76 to 0.78)

0.78 (0.04)
0.78 (0.71 to 0.90)

0.006

Dantmct (mm)

0.84 (0.23)
0.83 (0.80 to 0.88)

1.11 (0.48)
1.05 (0.33 to 3.11)

< 0.001

Dpostmct (mm)

0.77 (0.21)
0.76 (0.73 to 0.81)

1.04 (0.45)
0.99 (0.28 to 2.94)

<0.001

Measurement

In comparison to the control group, the differences between groups were statistically significant
for overall corneal metrics, which includes total volume (p < 0.001), anterior surface area (p < 0.001),
anterior apex deviation (p < 0.001), anterior minimum thickness point deviation (p < 0.001), posterior
surface area (p < 0.001), posterior sagittal plane apex area (p < 0.001), sagittal plane area at minimum
thickness point (p < 0.001), posterior apex deviation (p < 0.001), posterior minimum thickness point
deviation (p < 0.001), center of mass Y (p < 0.001), and center of mass Z (p = 0.006). In this regard,
the modeled variables with no statistical difference for groups discrimination were the center of mass
X (p = 0.073) and the total corneal surface area (p = 0.205).
When applying the ROC analysis, the highest area under the curve (AUC) was reached by the
corneal posterior apex deviation. Considering an AUC greater than 0.7, the variables found were a
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posterior apex deviation (area: 0.904, sensitivity: 88.8%, specificity: 81.1%, cutoff: ≥0.0846 mm,
p = 0.000), an anterior apex deviation (area: 0.866, sensitivity: 76.3%, specificity: 95.9%, cutoff:
≥0.001 mm, p = 0.000), and a posterior corneal surface area (area: 0.761, sensitivity: 76.3%, specificity:
64.8%, cutoff: ≥43.16 mm2 , p = 0.000). The curves derived from these significant AUC values are
Symmetry 2018, 10, x FOR PEER REVIEW
7 of 13
demonstrated
in Figure 4.
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Table 3.
The significant correlation coefficient values for the modeled variables in the
keratoconus group. Keratoconus Group with Mild Visual Limitation (n = 80)
Measurement Correlation Correlation Coefficient p Value
Apostapex/CV
0.969
Keratoconus
Group with Mild Visual
Limitation (n = 0.000
80)
A
ant/Apost
0.853
0.000
Measurement Correlation
Correlation Coefficient
p Value
CV/Atot
0.699
0.000
Apostapex /CV
0.969
0.000
Aant/CMz
0.627
0.000
Aant /Apost
0.853
0.000
Apost/CMz
0.766
0.000
CV/Atot
0.699
0.000
0.816
0.000 0.000
Aant /CMzAtot/CMz
0.627
Apostapex
/Apostmct
0.989
0.000 0.000
Apost /CM
0.766
z
CV/A
postmct
0.978
0.000
Atot /CMz
0.816
0.000
antmct/Dpostmct
0.996
0.000 0.000
Apostapex /AD
0.989
postmct
CV/Apostmct
0.978
0.000
Dantmct /Dpostmct
0.996
0.000
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Normal Group (n = 122)
Measurement Correlation Correlation Coefficient
Normal Group (n = 122)
Apostapex/CV (mm3)
0.987
Measurement Correlation
Correlation Coefficient
Apostapex/Atot
0.814
3)
0.987
Apostapex /CVA
(mm
tot/CMz
0.723
Apostapex /Atot
0.814
A
ant/Apost
0.774
Atot /CMz
0.723
Apost/Atot
0.649
Aant /Apost
0.774
Apost /AA
0.649
0.719
totpost/CMz
Apost /CMCV/A
0.719
z
tot
0.858
CV/Atot
0.858
CV/CMz
0.768
CV/CMz
0.768
A
tot/CMz
0.943
Atot /CMz
0.943
postapex
0.723
ApostapexA
/CM
0.723
z /CMz
Apostmct /A
0.996
postapex
Apostmct
/Apostapex
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4. Discussion
The validation of new methods for the diagnosis of incipient cases of KC or with mild visual loss
is of great interest in the field of ophthalmology since there are several clinical treatments that would
permit the end of further development of the disease [23]. For this reason, this work tries to perform
a morphological analysis of the corneal structure’s response to both the linear decompensation and
the annular profile defined in the singular points of corneal surfaces. This procedure will contribute
to a better differentiation between the corneas in a healthy scenario and in an incipient stage of the
development of the disease based on a new approach and interpretation of the corneal architecture in
KC corneas with visual limitations.
The first study [24] in KC corneas with mild visual limitation analyzed the corneal thinning and
found that such thinning was moved with respect to the corneal vertex as an asymmetric response to
the development of the pathology. Subsequently, another study analyzed the geometric response in
normal eyes and the initial phases of KC. However, their conclusions were insufficient because they
did not obtain consistent values of thinning measures in corneas with similar geometries [25]. A recent
study showed that, when morphological analysis and corneal thickness of eyes are combined with
KC, both are involved in the pathogenesis of the disease [26]. However, the geometric profile and the
relationships that allow modeling of the progression of KC with mild visual loss have not yet been
analyzed from these geometric models.
Other authors [25,27,28] consider a finite element model for KC aimed to simulate the behavior of
the deformation on model corneas. However, they did not take into account the patient-specific corneal
tomography. Alternatively, another study [29] that included progressive KC eyes was performed by
gathering the elevation data from Zernike coefficients. Unlike our method, the x, y, and z coordinates
from the elevation maps of Pentacam were linearly interpolated into the Zernike polynomials
by a natural cubic spline. For this approach, the discretization of the model was derived from
estimated data by using the blending function method. Therefore, the corneal surface reconstruction
algorithm could not be properly inferred by this fitting procedure, which has been discussed in
the literature [30–32]. In addition, the small sample size could be considered a drawback of these
previously mentioned reports.
This analysis outlines the presence of mild visual impairment in the current series using a grading
system primarily based on the criteria of visual evolution. In this regard, the present study set out the
3D characterization with patient-specific geometry of these KC cases in stages where a loss of visual
function begins to occur. While the corneal refractive power is mostly determined by the anterior
curvature [33], changes from the posterior surface are usually related to mild visual degradation [34].
The present report portrays the first study to assess the correlations of this geometrical method between
the anterior and posterior corneal surfaces of keratoconic eyes with mild visual dysfunction.
In the present study, almost all mean differences were statistically significant (p = 0.00) between
KC corneas with mild visual limitation and normal eyes. The proposed variables were obtained from
the raw data of Sirius using a 3D point cloud, which generated a reliable solid model striving for
consistent noise-suppressing properties. This Scheimpflug–Placido system used in a recent study [35]
demonstrated more robust measurements in terms of repeatability (coefficients of variation = 0)
and also outstanding levels of reproducibility and inter-device agreement in comparison to other
devices studied.
Regarding the ROC analysis, the apex deviation of the posterior surface showed the highest
discriminant coefficient (AUC, 0.904), which occurs because the apex is the maximum curvature point
of the corneal surface According to a previous publication [36], the posterior curvature might have
an impact on visual performance. We postulate that measuring the posterior apex deviation value is
the most proficient way of characterizing the geometric profile of the KC stage in which a decrease
of the visual acuity begins to occur. Moreover, the anterior apex deviation also shows an acceptable
discrimination capability (AUC, 0.866). However, its sensitivity was lower (76.3%) in this investigation.
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Other authors [37] recently reported that topographic indices and posterior elevation values from the
Galilei device were significantly correlated with visual function.
This study also assessed the relationship of the geometrical pattern of the anterior and posterior
corneal curvatures. Other authors, for a different purpose, found strong statistical correlations between
the anterior and posterior shape factors for keratoconic corneas [38]. Regarding the minimum
thickness point deviations from both corneal surfaces, we found significant differences between
groups. Furthermore, for keratoconic eyes, the strongest correlation value yielded in this investigation
was between the anterior and posterior deviations of the thinnest point (R2 = 0.997, p = 0.000).
Lopes et al. [39] demonstrated a robust correlation between apex deviation and the pachymetric
progression index of the front and back elevations with CDVA of the analyzed patients.
Although there are other methods [40–42] describing corneal volume reduction among the disease
evolution, in our study, this metric was investigated in KC eyes based on the beginning of visual
impairment. With respect to the total volume, we found a significant difference in comparison to the
control group. We also found a significant positive correlation between the corneal volume with the
sagittal plane apex area of the posterior surface (R2 = 0.953, p = 0.000) and with the sagittal plane
area at a minimum thickness point (R2 = 0.955, p = 0.000). Likewise, the correlations described were
strongly achieved for normal eyes that were analyzed.
In conclusion, the morphological analysis of the corneal response with geometric models to
both the linear decompensation and the annular profile in the mentioned singular points support
the hypothesis of a focal weakening in incipient phases of the KC development. The most predictive
accuracy using this geometrical reconstruction of KC eyes associated with mild visual loss resulted
clearly from the posterior apex displacement. The anterior and posterior deviations of the thinnest
point were considerably correlated among mild keratoconic corneas in the specific geometry of the
3D model, which was obtained with the new method described. The proposed morpho-geometric
metrics showed significant differences between groups, which may lead to a further advancement of a
more tailored disease management based on the evolution of corneal visual impairment. This may
also presumably be extended to other Scheimpflug systems. This computational custom approach
determines the characterization profile of keratoconic modeling in eyes with mild visual limitation.
This procedure provides the clinician with a three-dimensional view of corneal architecture when mild
visual loss happens and allows a reliable diagnosis of mild forms of the disease.
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