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Abstract

based in binary logistic regression models.

statistically significant variables.

precision 98.78%.

Background: The diagnosis of keratoconus in the early stages of the disease is necessary to initiate an early
treatment of keratoconus. Furthermore, to avoid possible refractive surgery that could produce ectasias. This study
aims to describe the topographic, pachymetric and aberrometry characteristics in patients with keratoconus,
subclinical keratoconus and normal corneas. Additionally to propose a diagnostic model of subclinical keratoconus

Methods: The design was a cross-sectional study. It included 205 eyes from 205 patients distributed in 82 normal
corneas, 40 early-stage keratoconus and 83 established keratoconus. The rotary Scheimpflug camera (Pentacam®
type) analyzed the topographic, pachymetric and aberrometry variables. It performed a descriptive and bivariate
analysis of the recorded data. A diagnostic and predictive model of early-stage keratoconus was calculated with the

Results: Statistically significant differences were observed when comparing normal corneas with early-stage
keratoconus/ in variables of the vertical asymmetry to 90° and the central corneal thickness. The binary logistic
regression model included the minimal corneal thickness, the anterior coma to 90° and posterior coma to 90°. The
model properly diagnosed 92% of cases with a sensitivity of 97.59%, specificity 98.78%, accuracy 98.18% and

Conclusions: The differential diagnosis between normal cases and subclinical keratoconus depends on the
minimum corneal thickness, the anterior coma to 90° and the posterior coma to 90°.

Keywords: Keratoconus, Corneal topography, High order aberrations, Coma

Background

Keratoconus is an asymmetrical bilateral eye disease [1]
in which corneal thinning and protrusion occurs in the
form of a generally lower temporal cone. This corneal
deformation produces a significant decrease in visual
quality.

It usually appears in adolescence, progressing into the
third or fourth decade [1]. Although of unknown eti-
ology, it has been related to genetic factors [2] such as
environmental factors [3, 4].
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The incidence and prevalence of keratoconus are very
variable. It has been seen that in Europe, the frequency
would be between 5 and 23 per 100,000 people/year,
and the average prevalence would be 54 per 100,000 [5].
Recently Bak-Nielsen et al. [6] have published an average
incidence rate of 3.60 per 100,000 person-years in
Denmark. The prevalence of diagnosed keratoconus in
the Netherlands National Patient Register 1977-2015
was 44 per 100,000 persons [7].

In a recent study, it was observed that the preva-
lence of keratoconus in southern Spain was 30 per
100,000 [8].

The diagnosis of keratoconus is clinical. Therefore, it
is established when a patient presents progressive loss of
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vision that is not corrected with glasses and is accom-
panied by biomicroscopic findings in the exploration.

Subclinical Keratoconus is defined as early stages of
the disease, where visual acuity is usually preserved [5].

Throughout history, several classifications of clinical
keratoconus have been used; the Amsler-Krumeich clas-
sification has been the most widely used. Alié-Shabayek
modified it including coma-like corneal aberrations [9].
However, there is no adequate classification to deter-
mine the stage of this pathology at an early stage.

Corneal topography is a non-invasive diagnostic test
that allows knowing the surface of the cornea. It was
established that this is the best method of diagnosis in
early keratoconus [10]. The Oculus Pentacam® system
provides the anterior and posterior topographic, pachy-
metric and aberrometry maps.

The anterior corneal surface is the most critical
refractive component of the eye, and its aberrations are
very useful in the diagnosis of the corneal disease [10—14].
However, studies of aberrations of the posterior surface
are discordant and inconclusive [11-16].

The study of corneal aberrations in incipient stages
has allowed us to affirm that the anterior coma to 90° is
the one that most discriminates them from healthy cor-
neas [17]. Parameters as minimum corneal thickness,
posterior coma [18], trefoil [19] and spherical aberration
[16] would also have an influence.

It has been analyzed that corneal aberrations, espe-
cially the anterior coma to 90° and its influence in the
visual quality of patients with keratoconus [18].

The study of the wavefront has great importance for
the early diagnosis of keratoconus and the determination
of variables that influence visual acuity. The main ob-
jective of this study is to establish a predictive model of
early diagnosis in keratoconus with topographic variables
obtained by Pentacam®.

Methods

A cross-sectional study was carried out to analyses the
topographic, pachymetric and aberrometry variables ob-
tained by rotary Scheimpflug camera (Pentacam’ type)
from patients diagnosed with keratoconus, subclinical
keratoconus and normal corneas in the Ophthalmology
Service at the Torrecardenas University Hospital
(Almerifa, Spain) between February 2018 and February
2019. The data have been collected from the Pentacam®
clinical database.

The sample size has been estimated with the Ene 3.0
calculator for the mean of a continuous variable (total
corneal coma) in three pre-established strata. Thus, we
based on the study by Prakash et al. [20] where values of
total corneal coma aberration (um) were obtained in
normal patients (0.3 +0.1), subclinical (early) keratoco-
nus (0.5+0.3) and clinical keratoconus (2.1 +1.3). The
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reference population is all patients over or equal to 18
years old with keratoconus in the province of Almeria.
After consulting the Institute of Statistics and
Cartography of Andalusia, the total population census is
706,672 inhabitants, with those under 18years of age
(143,523 inhabitants). Therefore, the total estimated
population is 563,149 inhabitants. The number of kera-
toconus in this population would be 168 cases, if we
consider that its prevalence is 30/100,000, according to
the recent study by Ferndndez-Barrientos et al. [8]. Esti-
mated prevalence and clinical characteristics of kerato-
conus in the healthcare setting of the Hospital Costa del
Sol, Spain. ] Emmetropia 2014;5:15-21). To achieve a
precision of 0.12 units in the estimation of a mean by
means of a 95% bilateral confidence interval and assum-
ing that the standard deviations of each stratum are
those obtained in the previous study, it is necessary to
include a total of 188 experimental units distributed
among the 3 strata with proportions of 40% (n=75),
20% (n = 38) and 40% (n =75).

A total of 205 eyes of 205 patients (only one eye per
patient) was distributed in 3 groups.

Group 1: Healthy patients without corneal pathology,
Group 2 Patients with early-stage keratoconus (ESKC).
This group included patients with an eye with topo-
graphic signs of keratoconus and/or suspicious topo-
graphic findings under normal slit-lamp examination
and keratoconus in the fellow eye as recently defined
by Henriquez et al. [21].

Group 3 Patients with keratoconus (KC). They must
present at least one biomicroscopic alteration of the
anterior segment (central thinning with Fleischer’s ring
and Vogt’s striae) and the topography compatible with
corneal ectasia. In patients with bilateral keratoconus,
one of the eyes had been taken randomly.

The exclusion criteria were to have any systemic or
ocular pathology and any ocular surgical intervention,
including intrastromal rings and cross-linking.

A complete ophthalmological examination was per-
formed in all cases.

Uncorrected visual acuity (UCVA) and best-corrected
visual acuity (BCVA) were collected with Snellen’s chart
(decimal scale). Objective refraction obtained by an
autorefractometer (KR8900, Topcon, Japan) biomicro-
scopy (Carl Zeiss Meditec AG, Jena, Germany) and fun-
dus were examined.

A corneal topographic analysis was performed on all
patients by the same trained physician, under the same
dark conditions and a pupil diameter of 6 mm. Patients
with soft contact lenses didn’t wear them for three
weeks, and the gas-permeable rigid lenses for at least five
weeks before the test. The examination was performed
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with the rotary camera Scheimpflug (Pentacam® AXL,
Oculus Optikgerite, Wetzlar, Germany).

The following variables were collected:

Corneal topography of the anterior face: minor curva-
ture (K1), major curvature (K2), mean curvature (Km),
maximum curvature (KMAX), asphericity (Q), vertical
asymmetry index (VAI); corneal topography of the pos-
terior face: minor curvature (K1), major curvature (K2),
mean curvature (Km) and asphericity (Q), central cor-
neal thickness (CCT), minimum corneal thickness
(MCT) with its coordinates (x,y) mean square root of
total aberrations (Total RMS), mean square root of high
order aberrations (HOA RMS), secondary corneal astig-
matism to 0° (Z2%) and 45° (Z2™ %), anterior horizontal
coma to 0°, posterior horizontal coma to 0°, total hori-
zontal corneal coma to 0° (Z3!), anterior vertical coma
to 90°, posterior vertical coma to 90°, total vertical cor-
neal coma to 90° (Z3™ 1), trefoil to 0° (Z3~3), trefoil to
30° (Z3%), tetrafoil to 0° (Z4Y), tetrafoil to 22.5° (Z4™ %)
and spherical aberration (Z4°) and the Pentacam diag-
nostic indexes: BAD-D, IHR, PPI, ArtMax and IVA.

Statistical analysis was performed using the software
for Windows SPSS (version 25.0, SPSS, Chicago, Illinois,
USA) and R (version 3.5.1). A bivariate analysis was
performed, previously checking the normality of the
variables with the Kolmogorov Smirnoff test. The non-
parametric Wilcoxon rank-sum test (Mann-Whitney
test) was used for two samples and Kruskal Wallis test
for more than two samples. For the binary logistic re-
gression model, early keratoconus and normal groups
were used as a dichotomous dependent variable, and
stepwise method, direction forward-backwards and AIC
criteria (Akaike information criteria) were used to in-
clude all possible predictor variables and to eliminate
those that didn’t add value to the study (according to
AIC criteria). The binary regression model is expressed
in the form of an algorithm:

Logit (p/1-p) = -a-x1B; XoP, + X35
Odds Ratio (OR) = e®*1P1x2p2x3p3
a = constant

X1 Xy X3—coefficients of the model
B, B, B;_Variables of the model

p/ 1-p = Odds Ratio

Once the coefficients have been calculated, the model
is validated by evaluating the variance influence factors
(VIF), which indicate that the correlation between the
variables is low (less than 2). The Hosmer-Lemeshow
test evaluated the fit of the model ROC curve calculated
the AUC (Area under the curve) and the confusion
matrix (actual vs predicted group) estimated the accur-
acy, precision, sensitivity and specificity of the diagnostic
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indices and discrimination functions performed on the
validation set.

Results

The study compared 205 eyes divided into three study
groups, the distribution of which is shown in Table 1.
There were no statistically significant differences in lat-
erality or sex between the groups.

There were statistically significant differences between
the three groups (p< 0.05, Kruskal-Wallis) for the
sphere, cylinder, spherical equivalent and BCVA (deci-
mal scale). Also, there were statistically significant differ-
ences between group 1 and 2 for the sphere (p =0.012,
U Mann-Whitney), (Table 1).

Means and standard deviations were calculated for the
different variables. Those of more considerable clinical
significance are presented in Table 2.

Early diagnosis of Keratoconus

The binary logistic model has been calculated using the
forward-backwards method introducing variables and
evaluating their statistical significance. Table 3 contains
the p-values of the variables.

The initial criteria for the variable selection were
p-value. After application of the AIC criteria, Table 4
analyzes the proposed model with the variables and
their coefficients of the equation, including Odds Ra-
tio (OR) (Exp(P)). The value of the coefficients is
centred on the mean of each other for better under-
standing ((MCT mean 527 um, Anterior coma 90°
mean - 0.16 RMS (pm), Post coma 90° mean 0.03
RMS (pum)). Table 5 evaluates the matrix correlation
among the variables. The elimination of the variable
anterior coma to 90° (p = 0.11) decreased the calibra-
tion of the model. Although the correlation between
anterior and posterior coma is 0.57 the variance in-
flation factor (VIF) is <2 and the variable was kept
within the model.

The proposed ESKC model expressed in the form of
an algorithm is:

Logit (p/1-p) = -1.89-2.47p,-0.04B, + 19.03B,
Odds Ratio (OR) = e'1:89-2:47p1-0.04§2+19.0363

p = early-stage keratoconus probability

B, = Anterior coma 90"-0.16 RMS (Em)

B, = MCT-527 Em

B; = Posterior coma 90-0.03 RMS (Em)

where p is the probability of the early-stage keratoconus
and (p/1-p) is the Odds Ratio (OR) that means the prob-
ability of ESKC divided by the probability of normal
cases (1-p).
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Table 1 Demographic characteristics
Normal ESKC KC ESKC Vs Controls Controls Vs KC
p-value* p-value**

Patients n (%) 82 (39.8) 40 (194) 83 (40.3)
Eye

Right 41 (50.0) 19 (47.5) 54 (65.1) 0.078

Left 41 (50.0) 21 (52.5) 29 (34.9)
Sex

Male 36 (43.9) 23 (57.5) 40 (48.2) 0369

Female 46 (56.1) 17 (42.5) 43 (51.8)
Sphere* (D) —-0.36 (3.02) [-8; 4.50] —-1.06 (1.71) [-5.50; 3] —3.71 (4.71) [ 16,6] 0.012 <001
Cylinder* (D) —-1.82(2.15) [-6; 3.75] —1.19 (0.99) [-2.50; 2.75] —2.95(1.46) [- 6;1] 0.059 < 001
Spherical equivalent* (D) —1.38(3.23) [~ 10; 5.50] —1.73(1.62) [~ 5.50; 2.25] —4.84(4.61) [-18; 4.50] 0.251 < 001
BCVA* (decimal scale) 0.97(0.07) [0.7;1] 0.99(0.06) [0.7;1] 0.6(0.29) [0.05; 1] 0219 < 001

*mean (sd) **p < 0.05

The interpretation with the effect of each variable
selected

The increased minimum corneal thickness (over 527 pm)
and anterior coma to 90° with a positive sign (over —0.16
RMS (um)) decrease the probability of ESKC. Probability
of ESKC is increased with posterior coma to 90° (over 0.03
RMS (um)) with a positive sign and anterior coma to 90°
with a negative sign (under — 0.16 RMS (um)).

Table 5 evaluates the matrix correlation among the
variables. The elimination of the variable anterior coma
to 90° (p =0.11) decreased the calibration of the model.
Although the correlation between anterior and posterior

Table 2 Main Pentacam indices® and bivariate analysis

coma is 0.574 the variance inflation factor (VIF) is <2
and the variable was kept within the model.

Tables 6 and 7 describe the confusion matrix (actual
vs predicted group) and the accuracy, precision, sensitiv-
ity and specificity of the diagnostic indices and discrim-
ination functions performed on the validation set.

Table 8 compares the results obtained with the Penta-
cam neural network to validate the ESKC model.

Finally, a comparative table of the results obtained in
this work with the results obtained by other authors
(Table 9). This table facilitates the discussion of the re-
sults obtained in this research.

Controls ESKC KC ESKC Vs Controls p-Value KC Vs Controls p-Value

Anterior surface topography

KmP 43.55(1.43) 43.37(1.55) 48.26(4.64) 0616

KMAXP 4549(1.92) 4591(1.97) 55.14(7.66) 0.285 <001

IVA 0.16(0.08) 0.28(0.14) 0.79(0.51) <001 <001
Posterior surface topography

Km —6.246(0.22) —6.148(0.34) —7.15(0.9) 0.067 <001

Pachymetry

ccre 543.76(36.42) 515.20(27.59) 466.92(55.94) <001 <001

MCT® 538.52(37.03) 503.67(26.62) 456.93(50.65) <001 <001
Corneal Aberrometry®

RMS HOA 052(0.23) 0.69(0.31) 1.74(1.02) <001 <001

Ant Coma 90° 0.01(0.20) —049(043) —2.06(1.51) <001 <001

Post Coma 90° —0.01(0.05) 0.11(0.10) 0.53(0.39) <001 <001

Coma 90° 0.01(0.21) —040(032) —-1.88(141) <001 <001

Trefoil 0° 0.03(0.18) 0.08(0.22) 0.09(0.34) 0.396 <001

Sph. Aberrat 0.20(0.14) 0.18(0.16) -0.279(0.75) 0.204 <001

®mean (sd) CCT = Central Corneal Thickness, MCT = Minimum corneal thickness, Sph Aberrat = Spherical Aberration, bdiopters ‘um 9RMS (pum)
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Table 3 Binary logistic regression model with all variables

B SE. Wald df Sig.  Exp(B)(OR)
Kmax -011 018 039 1 053 09
Q =11 181 037 1 054 033
MCT -005 001 1277 1 0.00* 095
Ant coma 0°  1.65 251 043 1 0.51 5.19
Post coma 0° —14.65 1081 184 1 018 0
Ant coma 90° —-4.13 215 368 1 0.06** 0.02
Post coma 90° 2497 902 767 1 0.01*  69920,300,645

Trefoil 0° =156 179 075 1 039 021
Trefoil 30° -081 159 026 100 061 044
Tetrafoil 0° -0.02 222 000 100 099 098

Tetrafoil 225°  2.15 427 025 100 061 859
Sph Aberrat -390 373 110 100 029 002
2781 1,199,896,240,521.74

*p < 0.05, **p < 0.1. Dependent variable: Normal vs ESKC. MCT = Minimum
corneal thickness, Sph Aberrat = Spherical Aberration

Constant 1056 694 100 001

Discussion

Detection of ESKC has always been a challenge for oph-
thalmologists, especially when there are no clinical signs
or symptoms in the patient.

The rotary camera Scheimpflug (Pentacam®) topog-
raphy is usually used to diagnose keratoconus in daily
clinical practice [15, 16, 20, 23, 33, 36-40]. The
topographic parameters of clinical keratoconus are
recognizable. However, it is not easy to diagnose sub-
clinical keratoconus based on topographic variables. This
study calculates a diagnostic model based on the aberro-
metry data of the anterior and posterior corneal surface
provided by the Pentacam.

The selection of the sample was made that there were
no differences between the age groups [14-17, 19-21,
34, 39, 41, 42], sex [16, 20, 37, 42], and eye [20, 37]. This
is an advantage when interpreting results that aren’t
biased by age and sex. As reported by Kocamis et al.
[37], there are significant differences for age between
keratoconus (26.19 + 7.90) and healthy (30.88 + 7.57).

Pupillary dilatation is another parameter that can
modify the aberrometry results [43]. In this study, it was
prefixed in 6 mm. In previous studies [8, 12-14, 21, 23,
34, 36, 41] like Hondur et al. [43] established it in 5 mm.

Table 4 Coefficients of the binary logistic regression model

Coefficients: B Exp(B)(OR)  Std. Error z value Pr(>[z)
(Intercept) -1.89 0.15 0.59 —-3.19 000 *
Ant coma 90°_cent —247 008 157 157 011
MCT527 -0.04 096 0.01 -346  0.00 *
Post coma 90°_cent 19.03 183,917,896 6381 2.8 0.01 *

*p <0.05, AIC=79,10, Ant coma 90°_cent = Ant coma 90°-0.16, MCT527 = MCT-
527, Post coma 90°_cent = Post coma 90°-0.03
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Table 5 Matrix correlation among variables of the logistic
regression model

Constant  Post coma 90° MCT  Ant coma 90° VIF®
Constant 1 0.36 -099 0.10
Post coma 90° 036 1 -036 057 1.75
MCT -0.99 -036 1 -0.08 118
Ant coma 90° 0.0 0.57 -008 1 1.53

VIF = Variance inflation factor

Many studies have been made between healthy pa-
tients with Keratoconus [10-12, 14—16, 20, 23, 36—40,
43] or healthy patients with ESKC [17-21, 23, 33, 34, 37,
38, 41, 42, 44, 45]. The purpose in most of them was to
analyze the topographic parameters to find differences
between a healthy patient and an incipient corneal
ectasia without symptoms. However in all of them, many
different classification methods have been used: Amsler-
Krumeich [39, 43, 44], Alié and Shabayek [15, 36], KISA
% index [20] or KSS [42]. All this methodological
variability leads to an outstanding selection and classifi-
cation bias when making comparisons between studies.

If we analyze the refractive parameters of this study,
statistically significant differences were obtained between
the three groups analyzed for the sphere, the cylinder
and the spherical equivalent (p < 0.05, Kruskal-Wallis),
as in other studies [33, 34]. However, when comparing
normal corneas with ESKC, we obtained statistically sig-
nificant differences only for the sphere (p=0.012, U
Mann-Whitney). Saad and Gatinel [19] obtained that the
mean of the sphere was significantly higher in their nor-
mal group than in their ESKC group (p <0.001). Reddy
et al. [34] observed statistically significant differences for
the cylinder (p<0.001) not for the sphere (p=0.08).
However, Naderan et al. [42] didn't find statistically sig-
nificant differences for sphere (p=0.136) or cylinder
(p=0.108). In this study, there are statistically significant
differences between the BCVA of the three groups, but
it wasn’t differences between normal corneas and ESKC.
These values are consistent with previous studies [10,
20, 33, 36, 37, 43, 45]. When we analyzed a bivariate
analysis between normal corneas and ESKC, statistically
significant differences were only obtained for variables of
vertical asymmetry, total coma to 90° and corneal thick-
ness (p < 0.05). Bithrenet al [17], found that the anterior
coma to 90° would be the most useful parameter to dif-
ferentiate normal corneas from ESKC. Other parameters
such as the posterior coma to 90° and the minimum cor-
neal thickness didn’t exceed the value of the anterior
surface for this author. In this study, when the total cor-
neal coma to 90° was analyzed in absolute value, we
found that it was higher in ESKC (|-0.404| + 0.319) than
in normal (0.0123 +0.209), but lower than in keratoco-
nus (|-1.877| +1.413). This value indicates that the
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Table 6 Confusion matrix Normal vs ESKC
Actual Total Predicted group AUC Accuracy(%) Precision(%) Sensitivity(%) Specificity(%)
group Normal ESKC

Proposed model Normal 82 79 3 0.92 89.34 90.9 75 96.34
ESKC 40 10 30

BAD-D Normal 82 74 8 0.93 85.25 7895 75 90.24
ESKC 40

PPI Normal 82 77 5 0.85 81.15 8148 55 939
ESKC 40

IHD Normal 82 75 7 0.82 77.87 74.07 50 91.46
ESKC 40

ArtMAX Normal 82 75 7 0.88 83.61 7941 67.5 9146
ESKC 40

IVA Normal 82 74 8 0.77 72.95 65.22 375 90.24
ESKC 40 25 15

BAD-D: Belin/Ambrésio Enhanced Ectasia Display. PPI-Avg: Mean Pachymetry Progression Index IHD: index of height decentration Art-MAX: The Ambroésio
relational thickness maximum, IVA: vertical asymmetry index, MCT: minimum corneal thickness

parameter total corneal coma to 90° had increased with
the natural history of the disease [19]. The negative sign
of the corneal coma to 90° refers to the lower decentra-
tion of the cone in the y-axis [19]. More recently,
Naderan et al. [42] and Xu et al. [33] indicated the im-
portance of posterior surface aberrations to differentiate
normal from ESKC corneas. In the first study, they ob-
tained that the values for posterior coma to 90° of the
healthy group were 0.032+0.363 and for the ESKC
group were 0.193 + 0.264 with statistically significant dif-
ferences between groups (p =0.003, U Mann-Whitney).

0.103, (p<0.05, U Mann-Whitney). The relationship
between coma-like aberrations of the anterior surface
and the degree of manifest keratoconus is well known
[10, 14, 23, 37, 39, 40, 43]. Pifiero et al. [15] were the
first to attempt to characterize the posterior corneal
surface and its aberrations in patients with normal
corneas and keratoconus, finding results that were
not concordant by the optical theory of the corneal
surface. Pifiero et al. have obtained values of anterior
coma to 90° of 0.001 +0.225 and posterior coma to
90° of 0.319+0.372 from the healthy patients. In

In this database, the posterior coma to 90° for normal keratoconus were —1.754+0.976 and -3.692 +1.81
corneas were — 0.008 + 0.049 and for ESKC were 0.112 +  respectively.
Table 7 Confusion matrix Normal vs Keratoconus
Actual Total Predicted group AUC Accuracy(%) Precision(%) Sensitivity(%) Specificity(%)
group Normal KC
Proposed model Normal 82 81 1 0.99 98.18 98.78 97.59 98.78
KC 83 2 81
BAD-D Normal 82 82 0 1 98.18 100 96.38 100
KC 83 3 80
PPI Normal 82 80 2 0.98 95.15 97.46 92.77 97.56
KC 83 6 77
IHD Normal 82 79 3 0.99 93.94 96.2 91.56 96.34
KC 83 7 76
ArtMAX Normal 82 76 6 0.99 9333 92.85 93.97 92.68
KC 83 5 78
IVA Normal 82 77 5 0.98 91.52 93.67 89.15 939
KC 83 9 74

BAD-D: Belin/Ambrésio Enhanced Ectasia Display. PPI-Avg: Mean Pachymetry Progression Index IHD: index of height decentration Art-MAX: The Ambroésio
relational thickness maximum, IVA: vertical asymmetry index, MCT: minimum corneal thickness
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Table 8 Comparative table with Pentacam neural network

Table 9 Comparative table of studies evaluating Pentacam
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Model [Study] Sensitivity Specificity Accuracy Precision  topographic, pachymetric and aberrometry parameters in
(%) (%) (%) (%) detecting subclinical (early) keratoconus (confusion matrix)
TKC [2] 58.00 99.70 79.00 99.62 Study Sensitivity (%)  Specificity (%)  AUC
BAD-D 2] 83.00 95.00 89.00 95.00 BAD-D? [3]
CMM-FFN [2] 90.00 9435 9367 9427 Ferreira-Mendes et al. [22] 68.40 84.60 0.839
CAD 21 97.78 95.56 96.56 95.65 Huseynli et al. [9] 95.50 73.70 0.904
SVM [1], (Sirius) 92.00 97.70 97.30 78.80 Hashemi et al. [23] 81.10 73.20 0.860
PIRSS [4] 92.00 99.10 98.00 Shetty et al. [24] 83.80 86.00 0.887
ESKC MODEL® 97.59 98.78 98.18 98.78 Ruisefior Vazquez et al. [25]  89.20 82.30 0.930
own results Ambrésio et al. [26] 93.60 94.60 0.975
Steinberg et al. [27] 65.80 65.80 0712
If. we analyze t‘he results of this study, in healthy Muftuoglu et al. [28] 6000 90.00 0834
patients the anterior coma to 90° was 0.01 + 0.20, and b
. . Castro-Luna et al. 75.00 96.34 0.930
posterior coma to 90° was - 0.01 + 0.05 (the same mean .
but opposite sign), and in keratoconus, we obtained — PPIAVG” 3]
2.06 + 1.51 and 0.53 + 0.38 respectively. In this case, the Cuietal. [29] 94.70 89.70 0957
anterior coma to 90°, in absolute value, were higher than Huseynli et al. [9] 9330 4740 0834
the posterior ones. In subclinical keratoconus, the anter- Shetty et al. [24] 83.80 7440 0883
ior coma to 90° was -0.49 +0.43, ‘and the posterior Ruisefior Vazquez et al. 25 7840 82,80 0,860
coma to 90° was 0.11 + 0.10. Comparing the results, we Muftuoglu et al. D] 00 65,00 0806
. . urtuogiu et al. R A .
observed that both anterior and posterior coma at 90° 4 E
increase with the appearance of the corneal alterations Steinberg et al. [27] 6230 6430 0669
of keratoconus from early stages but with opposite signs, Ucakhan et al. [30] 81.80 77.80 0842
while the anterior coma to 90° becomes negative, the Castro-Luna et al.? 75.00 90.24 0.850
posterior coma to 90° becomes positive. IHD? [3]
Attempted to other parameters, several studies like Kovacs et al. [31] 8000 75.00 0880
Buhrenet al [17] observed that the MCT was the most
s Bae et al. [32] 7140 85.30 0.748
discriminating parameter between normal corneas and ,
ESKC. However, they concluded that the posterior sur- Huseynli et al. [9] 8230 6500 0782
face was not discriminate as to the anterior surface, and Shetty et al. [24] 43.20 6740 0627
this surface was not sufficient for the diagnosis of the Ugakhan et al. [30] 75.00 60.30 0.703
subclinical keratoconus. Otherway Safarzadeh et al. [44] Castro-Luna et al® 50.00 9146 0820
reflected that minimum corneal thickness and posterior /.o 3]
corneal elevation would be the best parameters for dif- )
- . . . Kovécs et al. [31] 84.00 54.00 0.740
ferentiating suspicious keratoconus from healthy eyes in
concordance with our results. shetty et al. [24] 86.50 6980 0850
The main purpose of this study is to calculate a binary Muftuoglu et al. [28] 67.00 71.00 0722
logistic model to predictive the early stage keratoconus. Ruisefior Vazquez et al. [25]  90.50 86.50 0930
Other authors [19, 20, 33] have established binary logis- Ambrésio et al. [26] 8510 93.10 0.959
tic models for keratoconus diagnosis but not for'e‘arly— Steinberg et al. [27] 3080 3060 0272
stage keratoconus. The results analyze the probability of b
. . . o Castro-Luna et al. 67.50 9146 0.880
ESKC using three variables: MCT, anterior coma to 90 .
and posterior to 90°. The validation of this model, with VAT B3]
the Hosmer Lemeshow test and the AUC, suggest a Bae et al. [32] 7140 61.80 0733
good calibration in 92% of cases. Observing the confu- Huseynli et al. [9] 92.10 5250 0.844
sion matrix constructed with the actual versus predicted Hashemi et al. [23] 8230 73.20 0.860
values, the dlSCl"lmlI’lathIl‘O‘f ‘the early keratoc.opus in the Shetty et al. [24] 1080 95.30 0609
ESKC model has a specificity (96.34), precision (90.9)
. . .. Ucakhan et al. [30] 86.40 61.90 0.768
and accuracy(89.34) superior to the diagnostic indices of
Castro-Luna et al” 37.50 90.24 0770

Pentacam. In the discrimination of normals and kerato-
conus (table), the sensitivity of the ESKC model (97.59)
is higher than the diagnostic indices of Pentacam.
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Table 9 Comparative table of studies evaluating Pentacam
topographic, pachymetric and aberrometry parameters in
detecting subclinical (early) keratoconus (confusion matrix)
(Continued)

Study Sensitivity (%)  Specificity (%)  AUC
MCT® [3]
Kovdcs et al. [31] 64.00 66.00 0670
Xu et al. [33] 92.00 47.00 0.695
Cui et al. [29] 84.20 100.00 0914
Reddy et al. [34] 70.00 80.00 0.790
Muftuoglu et al. [28] 64.00 58.00 0.652
Ucakhan et al. [30] 88.90 61.40 0.805
Steinberg et al. [27] 36.30 35.70 0323
Castro-Luna et al® 45.00 87.80 0780
Anterior coma to 90° [5]
Heidari et al. [35] 75.00 100.00 0.857
Castro-Luna et al® 67.50 93.90 086
Posterior coma to 90° [5]
Heidari et al. [35] 75.00 786 0813
Castro-Luna et al® 62.50 93.90 085

?BAD-D: Belin/Ambrosio Enhanced Ectasia Display. PPI-Avg: Mean Pachymetry
Progression Index IHD: index of height decentration Art-MAX: The Ambrésio
relational thickness maximum, IVA: vertical asymmetry index, MCT: minimum
corneal thickness. ® own results

According to the comparative table with the Penta-
cam neural network designed for keratoconus detec-
tion, the ESKC model has a sensitivity (97.59) similar
to CAD (97.78), but the specificity (98.78), accuracy
(98.18) and precision (98.78) are superior. Finally,
Table 9 shows a comparison of the results of the
diagnostic indices of Pentacam according to the dif-
ferent authors. There are heterogeneous results, prob-
ably for the unclear criteria to define the early-stage
keratoconus.

The main limitation of this study is the sample size of
early-stage keratoconus, whose number is lower than
keratoconus. Another limitation is the already men-
tioned diagnostic criteria of the early-stage keratoconus.
There is a considerable disparity in the results of the dif-
ferent authors, probably for the above reason especially
in no recent publications.

Conclusions

The most important aberrometry parameters in the
diagnosis of keratoconus are those related to vertical
asymmetries: specifically the anterior coma to 90° and
the posterior coma to 90°, in addition to the minimum
corneal thickness. In the case of the diagnosis of early-
stage keratoconus, the main parameter is the increase
with a positive sign of the posterior coma to 90°.
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ESKC : Early stage Keratoconus; MCT: Minimum Corneal Thickness;

UCVA: Uncorrected Visual Acuity; BCVA: Best Corrected Visual Acuity;

Km: Mean curvature (Km),; Kmax: maximum curvature (KMAX),; Q: asphericity;
VAI: vertical asymmetry index; Total RMS : mean square root of total
aberrations; HOA RMS : mean square root of high order aberrations;

AUC: Area Under Curve; ROC curve : Receiver Operating Characteristics curve
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