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Abstract. The aim of this study is to describe a new technique for diagnosing
keratoconus based on Patient-specific 3D modelling. This procedure can diagnose
small variations in the morphology of the cornea due to keratoconus disease. The
posterior corneal surface was analysed using an optimised computational
geometric procedure and raw data provided by a corneal tomographer. A retro‐
spective observational case series study was carried out. A total of 86 eyes from
86 patients were obtained and divided into two groups: one group composed of
43 healthy eyes and the other of 43 eyes diagnosed with keratoconus. The predic‐
tive value of each morphogeometric variable was established through a receiver
operating characteristic (ROC) analysis. The posterior apex deviation variable
showed the best keratoconus diagnosis capability (area: 0.9165, p < 0.000, std.
error: 0.035, 95% CI: 0.846-0.986), with a cut-off value of 0.097 mm and an
associated sensitivity and specificity of 89% and 88%, respectively. Patient-
specific geometric models of the cornea can provide accurate quantitative infor‐
mation about the morphogeometric properties of the cornea on several singular
points of the posterior surface and describe changes in the corneal anatomy due
to keratoconus disease. This accurate characterisation of the cornea enables new
evaluation criteria in the diagnosis of this type of ectasia and demonstrates that a
device-independent approach to the diagnosis of keratoconus is feasible.

Keywords: Diagnosis · Geometric modelling · Cornea reconstruction ·
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1 Introduction

The analysis of the corneal geometry is critical for the assessment of vision quality in
several clinical applications [1, 2]. Consequently, the detection of changes in morpho‐
geometrical properties of the cornea can improve the diagnosis of corneal pathologies
[3, 4]. The Keratoconus (KC) is an ectatic corneal disorder usually bilateral but asym‐
metric. This corneal pathology is most of the time characterised by a corneal thinning
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which results in corneal protrusion, irregular astigmatism and decreased vision [5, 6].
The frequency of occurrence in the general population is low, between 4/1000 and
6/10001. Its prevalence is higher in areas with important exposure to UV light or by a
combination of genetic and environmental factors [7].

A significant corneal steepening is observed in the anterior and posterior corneal
surfaces and both curvatures are affected in KC eyes and KC suspect eyes [8, 9]. Recent
introduction of Scheimpflug photography for corneal topographic characterisation helps
in the study and characterisation of both anterior and posterior corneal surfaces [10].

For the diagnosis of ectasia, numerous quantitative descriptors of the corneal surface
provided by corneal tomographers can be found in the scientific literature [1, 12].
Recently, a worldwide group of keratoconus experts established the importance of some
singular points located at the posterior surface of the cornea for the diagnosis of ectasia
[11]. The point of minimum thickness and the highest point (apex or point of maximum
curvature) were both defined as the most significative. Nevertheless, none of the quan‐
titative descriptors described above for the diagnosis of ectasias consider these singular
points of the posterior corneal surface, so its quantitative description remains a chal‐
lenge. These descriptors are based on measures such as central corneal thickness, ante‐
rior chamber depth, mean simulated keratometry or mean keratometry, among others.
Moreover, the values obtained for these descriptors are different depending on the
tomographer used [13–16]. This variability prevents their widespread acceptance and
clinical utility.

On the other hand several studies, based on Computer-Aided Design (CAD) and
Finite Elements (FE), have developed the concept of patient-specific model [17–30].
These patient-specific models are obtained from the so called “raw data” [31], 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 [1]. These models provide quantitative
results relative to the specific cornea of each patient.

The present study demonstrates a new approach for the diagnosis and detection of
keratoconus based on the concept of patient-specific 3D modelling and analysis of
singular points of each cornea. A validation study was conducted analysing the statis‐
tically significant difference of all these singular points between a group of healthy
corneas and a group of corneas diagnosed with keratoconus according to Amsler-
Krumeich grading system (AK) [32].

2 Methods

The Sirius system (CSO, Florence, Italy) was used during the study. It is a non-contact
digital rotational Scheimpflug tomographer that represents the entire corneal surface as
two discrete and finite sets of spatial point representative of both anterior and posterior
corneal surfaces, respectively (Fig. 1a). Point cloud coordinates were exported in a CSV
table in polar format. Each row represents a circle on the map with a total of 256 points
for each circle (radii are incremented in intervals of 0.2 mm), and each column represents
a semi-meridian [33, 34]. In this study, an algorithm was implemented with Matlab
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version R2016a (MathWorks, http://www.mathworks.com) to convert the data of the
CSV table from polar format to Cartesian format.

Fig. 1. Geometric modelling process by using DGAO tools.

Subsequently, data were imported into the surface reconstruction CAD Rhinoceros
[35] version 5.0 software ((MCNeel & Associates, Seattle, USA). Non-uniform rational
B-splines (NURBS) were used to generate surfaces, which are characterised by two
parametric directions, u and v, that define the spanning process [36, 37]. In this study,
the Rhinoceros’ surface from the point grid function was applied to the imported point
cloud. This function created a rectangular grid of 21 rows and 256 columns, which was
deformed in order to minimise the nominal distance between the spatial points and the
grid surface (Fig. 1b). The use of this surface reconstruction function permitted obtaining
an average deviation error for the posterior surface of the studied corneas with kerato‐
conus (the most irregular corneal surfaces) of about 4.82·10−16 ± 5.09·10−16 mm. By
using this procedure, the anterior and posterior corneal surfaces were generated and
engaged by their geometrical centre and Z axis (Fig. 1c). These surfaces were then joined
with the peripheral one (the bonding surface between both sides in the Z-axis direction)
to form a single surface.

The surface reconstructed with Rhinoceros was then exported to the SolidWorks
v2016 solid modelling software (Dassault Systèmes, Vélizy-Villacoublay, France),
which generates the tri-dimensional reconstruction of a solid representative model of
the custom and actual geometry of each cornea (Fig. 1d).

Singular points of the posterior surface were then identified on each solid corneal
model (healthy or keratoconic), and a morphogeometrical analysis of discrete landmarks
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was performed in the local region [38, 39] where curving (caused by progression of
keratoconus) manifests gradually.

For this study we analysed the following variables from the posterior surface of the
cornea [33, 34]: the Sagittal plane apex area, defined as the area of the cornea within the
sagittal plane passing through the Z axis and the highest point (apex, maximum curva‐
ture) of the posterior corneal surface (Fig. 2a); Posterior apex deviation (Fig. 2b), defined
as the average distance from the Z axis to the highest point (apex, maximum curvature)
of the posterior corneal surface; Sagittal plane area at minimum thickness point (Fig. 2c),
defined as the area of the cornea within the sagittal plane passing through the Z axis and
the minimum thickness point of the posterior corneal surface; Posterior minimum thick‐
ness point deviation (Fig. 2d), described as the average distance in the XY plane from
the Z axis to the minimum thickness point of the posterior corneal surface. For each
cornea, all these variables were measured by the same and unique observer using the
SolidWorks calliper function.

Fig. 2. Geometric variables analysed during the study that achieved the best results: (a) sagittal
plane apex area, (b) posterior apex deviation, (c) sagittal plane area at minimum thickness point,
(d) posterior minimum thickness point deviation.

2.1 Statistical Analysis

Data distribution was confirmed by means of the Kolmogorov–Smirnov test. According
to this analysis, a Student’s t-test was performed in order to test the hypothesis according
to the aim of the study. A ROC curve analysis was performed in order to obtain the
accuracy of the measurements. A ROC curve is a graphical plot that illustrates the
performance of a binary classifier system as its discrimination threshold is varied. The
curve is created by plotting the true positive rate against the false positive rate at various
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threshold settings. The accuracy of the test depends on how well the test separates the
group being tested into those with and without the disease in question. The area under
the ROC curve measures the accuracy. A rough guide for classifying the accuracy of a
diagnostic test is the traditional academic point system: 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
Graphpad Prism version 6 software (GraphPad Software, La Jolla, USA) and SPSS
version 17.0 software (SPSS, Chicago, USA).

3 Results

From a total of 86 patients involved in this study, 43 patients with healthy corneas and
aged 12–61 years (36.49 ± 14.86) and 43 patients with keratoconic corneas and aged
17–63 years (38.02 ± 14.98) were modelled. 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. The retrospective study adhered to the tenets of the Declaration
of Helsinki and was approved by the local Clinical Research Ethics Committee of
Vissum Corporation (Alicante, Spain). Patients examined at Vissum Corporation
(Alicante, Spain) were retrospectively enrolled. They were selected from a database of
candidates for refractive surgery with normal corneas and also a database of cases diag‐
nosed as having keratoconus in both eyes.

All eyes selected (86) underwent a thorough and comprehensive eye and vision
examination which included uncorrected distance visual acuity (UDVA), corrected
distance visual acuity (CDVA), manifest refraction, Goldmann tonometry, biometry
(IOLMaster, Carl Zeiss Meditec AG) and corneal topographic analysis with the Sirius
system® (CSO, Florence, Italy), which is a non-invasive system for measuring and
characterizing the anterior segment using a rotating Scheimpflug camera. All measure‐
ments were performed by the same experienced optometrists, performing three consec‐
utive measurements and taking average values for the posterior analysis.

Table 1. Comparisons within groups (t-tests). Statistical significance (in p-values) between
values of different parameters.

Parameter Healthy group
(M ± SD)

Keratoconus
group (M ± SD)

t p

Sagittal plane apex area (mm2) 4.33 ± 0.27 3.90 ± 0.33 7.398 0.000
Sagittal plane area at minimum
thickness point (mm2)

4.32 ± 0.27 3.88 ± 0.33 7.563 0.000

Posterior apex deviation (mm) 0.08 ± 0.02 0.19 ± 0.09 -11.271 0.000
Posterior minimum thickness point
deviation (mm)

0.80 ± 0.24 1.01 ± 0.36 -3.746 0.001

M = mean, SD = standard deviation, NHealthy group = 43, NKeratoconus group = 43
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Table 2. Correlations between parameters.

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,
p < 000

r = −0.374,
p < 000

r = −0.285,
p < 002

Sagittal plane area at minimum
thickness point

r = 0.998,
p < 000

r = 1 r = −0.379,
p < 000

r = −0.295,
p < 001

Posterior apex deviation r = −0.374,
p < 000

r = −0.379,
p < 000

r = 1 r = 0.475,
p < 000

Posterior minimum thickness point
deviation

r = −0.285,
p < 002

r = −0.295,
p < 001

r = 0.475,
p < 000

r = 1

Fig. 3. ROC curve modelling sensitivity versus 1-specificity for the variables that diagnosed the
existence of keratoconus disease: (a) sagittal plane apex area, (b) posterior apex deviation, (c)
sagittal plane area at minimum thickness point, (d) posterior minimum thickness point deviation.
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Regarding area parameters, both sagittal plane areas (posterior apex and posterior
minimum thickness point) were statistically higher in the subjects with healthy corneas.
As expected, minor deviations for the posterior apex and for the posterior minimum
thickness point were also observed in the group of normal corneas (see Table 1). A high
correlation (r = 0.998; p < 0.000) between the Sagittal plane apex area and Sagittal plane
area at minimum thickness point was also detected (see Table 2).

The predictive value of each morphogeometric parameter was established by a ROC
analysis. Four of these parameters offered an area under the curve (AUC) above 0.69
(Fig. 3). The AUC, independent for each variable, appears to demonstrate an adequate
sensitivity and specificity classification between groups. The most accurate variable was
the posterior apex deviation (Fig. 3b), followed by the sagittal plane area at minimum
thickness point (Fig. 3c), sagittal plane apex area (Fig. 3a) and posterior minimum
thickness point deviation (Fig. 3d).

4 Discussion

This study offers an accurate and realistic method of reconstruction for a biological
structure: the human cornea. It creates a new understanding of corneal diseases based
on data from the posterior surface, using a robust and cost-effective method based on
the generation of a patient-specific 3D model. This computational study provides insight
into the complex clinical problem of corneal ectatic disease diagnosis.

In scientific literature, some studies report Computer-Aided Design (CAD) and
Finite Elements (FE) models based on the concept of patient-specific analysis. In the
Finite Elements field, some reports use these data for several purposes: to predict the
response to refractive surgeries [23, 26, 28, 30], the response to intrastromal ring
segment implantation in corneas with keratoconus [22], to analyse non-surgical corneal
modifications, such as applanation tonometry for intraocular pressure measurement [18,
19, 27, 29] or to analyse the behaviour of corneal tissue properties in different scenarios
[17, 20, 21, 24, 25]. In all these cases, raw data were provided by the Pentacam [17–26,
30] (Oculus Optikgeräte GmbH, Wetzlar, Germany), the Sirius [27–29] (CSO, Florence,
Italy) or the Galilei [20] (Ziemer Ophthalmic Systems AG, Port, Switzerland) devices.
However, due to extrinsic errors [1] that occurred during the measurement process, the
generated raw data were incomplete. Therefore, the authors of the mentioned studies
decided to interpolate data to obtain a complete image of the corneal surfaces, and thus
generating an approximated 3D model of the cornea for its posterior use in the Finite
Elements analysis.

In the present study, the raw data obtained also presented the previously mentioned
extrinsic errors. However, the authors adopted a design protocol based on geometrical
and clinical principles in which only real data were used and not any interpolation was
performed [33, 34]. Thus, the patient-specific geometric model generated was an
authentic and completely personalised cornea model.

In case of keratoconus the deterioration process of the corneal structure is charac‐
terised 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
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breaks in the Bowman’s membrane during the different stages of the disease [5, 40].
Furthermore, the presence of corneal irregularities and the influence of the intraocular
pressure on these weakened structures will create local steepening and increased radius
of curvature which will lead to an increased posterior corneal surface area [5, 6, 40,
41]. 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 [6]. These values are consistent with those published by different
studies [41, 42] 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 characterisa‐
tion 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 [43–46]. However, in the present study the morpho‐
geometric 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 Z axis to the apex of the posterior corneal surface
(deviation of the apex point of posterior corneal surface) 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 ± 0.09 mm), and there was also a slight deviation in healthy corneas
(0.08 ± 0.02 mm) according to the toricity manifested in the subjective refraction [47].
The aforementioned presence of an irregular corneal surface, which created a protrusion
in the keratoconic eye, also led to an increased corneal curvature [48] 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 Z axis to the minimum thickness
point of the posterior corneal surface). These deviations were greater in the eyes with
keratoconus (1.01 ± 0.36 mm) compared with healthy eyes (0.80 ± 0.24 mm). Some
researchers have evaluated certain corneal irregularity ratios and concluded that they
were higher for keratoconic corneas [49–51].

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: 0.9165, p < 0.000, std. error: 0.035, 95% CI: 0.846–
0.986), with a cut-off value of 0.097 mm and an associated sensitivity and specificity of
89% and 88%, respectively. This is justified due to the structural instability that kerato‐
conic corneas present in its architecture, being the posterior surface the most susceptible
to variations given the forces exerted on the tissue. Several studies have concluded the
importance of, and interest in, the posterior corneal surface [50]. However, to the
authors’ knowledge, this is the first study to describe this phenomenon in 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, the non-invasive clinical diagnosis method proposed in this study
develops the concept of interoperability [52]: a new methodology that uses raw data,
which can be shared among the corneal topographers that are based on the projection of
a slit of light onto the cornea and on the principle of Scheimpflug photography.
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This exchange of information could imply a common benefit for the whole ophthalmic
community.

5 Conclusion

In summary, this method provides a feasible and new diagnostic approach of kerato‐
conus, using raw elevation data from any corneal tomographer without the need of
proprietary internal algorithms and quantifying the singular points of the posterior
corneal surface for diagnosing keratoconus. It is in agreement with the main conclusions
drawn by the group of world experts in keratoconus. It also offers a potential comparative
tool to analyze data from corneal tomographers from different manufacturers allowing
data sharing. This could lead to a better understanding of the ethology and prognosis of
this eye disease.

In future studies, our objective will be to increase the number of eyes in each group,
to carry out a more advanced statistical analysis and to compare the results with the
commercially available multiparametric keratoconus detection indexes.

In future applications, the same method could be used to improve the detection and
effects of therapeutic methods used for different grades of keratoconus and other corneal
ectatic diseases, such as post-LASIK ectasia.
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