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ARTICLE INFO ABSTRACT

Aim: To evaluate the tomographic indices changes in keratoconic eyes which were classified as unilateral and
bilateral non-progressive keratoconus according to the definition of Global Consensus on keratoconus and ectatic
disease.

Methods: Fifty non-progressive fellow eyes of 50 keratoconus patients who underwent corneal cross-linking
treatment for the other progressive eyes (group 1), 50 eyes of 50 keratoconus patients who were followed up as
bilateral non-progressive keratoconus (group 2), and 50 eyes of 50 control subjects (group 3) were included in
this retrospective study. Topographic, topometric, and Belin~Ambrésio Enhanced Ectasia Display-III indices
were recorded at baseline and after six months.

Results: Groups were similar in terms of age and gender. The changes in topographic parameters and topometric
indices were similar among the three groups (p > 0.05 for all values). The maximum pachymetric progression
index (PPl ,x), maximum Ambrésio relational thickness (ARTnay), and final D significantly increased at sixth-
months in group 1 (p < 0.001, p = 0.004, and p = 0.02 respectively) but did not change in groups 2 and 3
(p > 0.05 for all values). ARTax, PPLyay, and final D value changes indicated a statistically significant dif-
ference among the groups using the one-way ANOVA test (p = 0.03, p = 0.007, and p = 0.03 respectively). The
Bonferroni posttest revealed that these values increased at a higher rate in group 1 than in group 2 (p = 0.03,
p = 0.01, and p = 0.04 respectively) and group 3 (p = 0.04, p = 0.03, and p = 0.04, respectively).
Conclusions: Fellow eyes of keratoconus patients who have underwent CXL for their progressive eyes may be
more prone to progress than the patients who have no progression in both eyes. Screening unilateral non-
progressive patients more closely than those with bilateral non-progressive patients and evaluating the changes
in final D, ARTy,.y, and PPL,,,, values may be helpful in the follow up of non-progressive keratoconus.
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1. Introduction

Keratoconus is the most common ectatic corneal disease which is
characterized by stromal collagen matrix alterations that lead to
stromal thinning and irregular protrusion of the cornea [1]. Although it
is almost always bilateral, its presentation is asymmetric between two
eyes [2]. Disease manifestation can vary from slightly irregular astig-
matism to severe visual deterioration [3]. The non-surgical methods for
visual recovery are spectacles and contact lenses, and the surgical
methods consist of intracorneal ring segment implantation and lamellar
and penetrating keratoplasty [4,5]. The only treatment modality
halting the progression of keratoconus is corneal cross-linking (CXL).

A study analyzing the 10-year results of CXL for keratoconus defined
CXL as an effective and safe method for treating progressive kerato-
conus [6]. Several short-term and long-term complications of CXL have
been reported so far, including infection, haze, endothelial damage, and
peripheral sterile infiltrates, among others [7]. CXL is not required for
every keratoconic cornea. The common indication in the literature is
the progression of keratoconus at a particular time. However, the pro-
gression parameters, cut-off values, and follow-up frequency are vari-
able. If keratoconus patients can be classified into high risk or low risk
for progression, the follow-up periods can be arranged closely or in-
termittently. In this way, progressive keratoconus may be diagnosed at
early preclinical stages, and the loss of vision can be prevented through
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CXL [6].

The most common progression criterion in keratoconus is the
maximum keratometry (Kp,.x) value, but the reliability of K.y is rela-
tively low [7,8]. Therefore, more sensitive progression criteria are
needed in keratoconus management. The hypothesis of the study was
that enhanced ectasia display indices, which are highly sensitive in
keratoconus diagnosis, could also be reliable parameters in the early
diagnosis of progression before any topographic change [9]. To test this
hypothesis, the changes in tomographic indices were evaluated in
unilateral and bilateral non-progressive keratoconus according to the
definition of Global Consensus on keratoconus and ectatic disease.

2. Materials and methods

This retrospective observational study was conducted in compliance
with the institutional and government review board regulations. The
study protocol was approved by the Local Ethics Committee, and the
study was carried out in accordance with the Declaration of Helsinki.
The medical records of patients who were followed-up for keratoconus
at a tertiary care hospital were investigated. The diagnosis of clinical
keratoconus was defined as the characteristic keratoconus signs in the
anterior sagittal curvature maps, such as an asymmetric bowtie pattern
with or without skewed axes, inferior or central steepening, and at least
one biomicroscopic sign, such as a conical protrusion, Vogt’s striae,
Fleischer ring, or anterior stromal scar. Participants with a history of
anterior segment surgery including CXL, ocular surface problems, to-
pical eye drop usage, and corneal scarring were excluded.

The best spectacle corrected visual acuity (BSCVA) which was
measured with a Snellen chart by a cornea specialist was noted and
converted to Logarithm of the Minimum Angle of Resolution (logMAR)
for statistical analysis. Tomographic measurements were performed
after removing the rigid gas permeable contact lenses for at least three
weeks and soft contact lenses for at least one week. A single expert
examiner acquired the rotating Scheimpflug corneal tomography
(Pentacam HR, Oculus Optikgerdte GmbH) measurements. Image ac-
quisition involved a 1s scan of 25 rotational Scheimpflug images.
Acceptable maps had at least 10 mm of corneal coverage without any
extrapolated data in the central 8 mm zone. When an artifact was ob-
served, the Pentacam flagged the scan as unacceptable. Scans not
meeting the acceptable criteria were repeated.

Two consecutive measurements of each participant with six months
interval were evaluated retrospectively. Progression was defined as a
consistent change in at least 2 of the following 3 parameters where the
magnitude of the change is above the normal noise of the testing
system: Progressive steepening of the anterior corneal surface, pro-
gressive steepening of the posterior corneal surface and progressive
thinning and/or an increase in the rate of corneal thickness change
from the periphery to the thinnest point [10]. If it is necessary to de-
scribe the parameters in detail, an increase of 1 D/year in K, and/or
an increase of 0.04 mm/year in anterior best-fit-sphere elevation, pa-
chymetric changes over the entire corneal thickness comparing the
percentage thickness increase maps and/or a decrease of 10 um/year in
thinnest pachymetry, and an increase of approximately 15 um/year in
posterior elevation maps by keeping the best-fit-sphere reference con-
stant [11,12]. First, the fellow eyes of keratoconus patients who un-
derwent CXL treatment for their progressive eyes were evaluated for
progression. Group 1 comprised 50 non-progressive fellow eyes of 50
keratoconus patients who underwent CXL treatment for their pro-
gressive eyes. Group 2 comprised 50 random eyes of 50 keratoconus
patients who were followed up as bilateral non-progressive kerato-
conus. Group 3 served as the control group; 50 eyes of 50 control
subjects were randomly selected from a database of age-matched can-
didates who were followed-up with myopia (<5.0 D), myopic astig-
matism (< 3.0 D), and normal enhanced ectasia display analysis in both
eyes.

The topographic keratoconus classification (TKC) was evaluated for
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all keratoconic eyes and only moderate keratoconus patients were in-
cluded to this study. TKC is adopted by the device software and labels
the keratoconus as pre-stage, level 1, level 2, level 3, and level 4 by
using only corneal front shape parameters. TKC scores of 0, 0-1, and 1
are considered as early keratoconus; TKC scores of 1-2, 2, and 2-3 are
considered as moderate keratoconus; TKC scores of 3, 3-4, and 4 are
considered as severe keratoconus.

The analyzed topographical parameters were flat keratometry (K;)
and steep keratometry (K,) for the central 3.0mm of the cornea,
maximum keratometry (Kp,.,), corneal astigmatism, and thinnest cor-
neal thickness (thinnest CT) in the sagittal curvature map. The analyzed
topometric indices in the topometric map were the index of surface
variance (ISV), index of vertical asymmetry (IVA), keratoconus index
(KD), center keratoconus index (CKI), index of height asymmetry (IHA),
and index of height decentration (IHD).

The Belin-Ambrésio Enhanced Ectasia Display (BAD)-III software
evaluates the pachymetric progression and the anterior and posterior
elevation values of the cornea. The anterior and posterior elevation
values of the cornea were examined according to the best fit sphere
(BFS) reference surface and to the enhanced BFS reference surface; the
difference between these two was presented. Pachymetric progression
refers to the percentage in corneal thickness along each meridian
starting from the thinnest corneal point. The deviation of normality of
the front elevation (Df), deviation of normality of the back elevation
(Db), deviation of normality of pachymetric progression (Dp), deviation
of normality of corneal thinnest point (Dt), deviation of normality of
relational thickness (Da), and overall deviation of normality (final D)
values; the maximum pachymetric progression index (PPI) values; and
the Ambrésio relational thickness (ART) indices (maximum
ART = thinnest corneal thickness/maximum PPI) were recorded as
enhanced ectasia display indices.

Statistical analysis was performed using the Statistical Package for
Social Sciences (SPSS) software version 22.0 for Windows (SPSS Inc.,
Chicago, Illinois, USA). Normality of data was analyzed with the
Shapiro-Wilk test. Descriptive statistics were performed as mean =
standard deviation (SD). The chi-square test was used in the analysis of
the categorical variables. Paired t-tests were performed to determine
whether the difference between two measurements of the same eye was
significant. Between-group comparisons of the three groups were per-
formed using the one-way ANOVA test. When the overall ANOVA
model was significant, the Bonferroni post-hoc test was conducted to
determine the pairwise comparison of the means that were significantly
different. A p value of less than 0.05 was considered statistically sig-
nificant.

3. Results

Demographic characteristics of all participants were summarized in
Table 1. The groups were similar in terms of age and gender (p = 0.43
and p = 0.50, respectively). According to the TKC, grade distribution
was similar between group 1 and group 2 (p = 0.76). BSCVA did not
change between the baseline and the sixth-month follow up in all
groups (p > 0.05 for all values) and the changes in BSCVA were si-
milar among the three groups (p = 0.12).

The changes in topographical and topometric indices between the
baseline and the sixth-month follow-up in all groups are summarized in
Table 2. Kpax, astigmatism, and thinnest CT values did not show sig-
nificant changes between the baseline and the sixth-month follow-up in
all groups (p > 0.05 for all values). Anterior surface topometric indices
did not change between the baseline and the sixth-month follow-up in
all groups (p > 0.05 for all values). The changes in the topographical
parameters and topometric indices were similar among the three groups
(p > 0.05 for all values) (Table 3).

The changes in enhanced ectasia display indices in all groups are
summarized in Table 4. ART .y, PPlyax, Dp, Dt, Da, and final D values
significantly increased at the sixth-month follow-up compared with the
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Table 3
Enhanced ectasia display indices at baseline and 6™ months follow-up in all groups.
Group 1 Group 2 Group 3

Variable Baseline 6" months follow-up p value Baseline 6" months follow-up p value" Baseline 6" months follow-up p value

ART,ax (pm) 223.38 + 76.04 207.74 * 73.47 < 0.001 176.68 + 60.38 180.28 *= 61.61 0.30 443.15 = 74.89 438.10 = 77.90 0.20
Mean * SD

PPl,,ax (um) 2.37 = 0.75 2.60 = 1.11 0.004 2.74 = 0.69 2.73 = 0.74 0.77 1.26 = 0.19 1.29 + 0.20 0.31
Mean * SD

Df 5.40 = 5.41 497 = 4.54 0.23 7.31 = 5.50 7.28 = 5.48 0.89 0.50 = 1.33 0.38 = 1.31 0.26
Mean * SD

Db 5.38 = 4.53 5.76 = 11.59 0.23 5.96 = 4.06 6.18 = 4.23 0.17 0.11 = 1.05 —0.03 = 1.07 0.06
Mean * SD

Dp 5.32 + 3.74 5.35 + 4.29 0.001 6.71 + 2.94 6.76 *+ 3.09 0.80 0.63 = 1.15 1,74 = 1.05 0.29
Mean * SD

Dt 2.01 = 1.67 2.18 = 1.82 0.01 3.32 = 2.84 3.28 = 2.89 0.46 —0.16 = 0.96 —-0.14 = 0.86 0.73
Mean * SD

Da 2.42 = 0.69 2.56 = 0.67 0.001 2.83 = 0.54 2.81 = 0.56 0.38 0.41 = 0.68 0.50 = 0.70 0.20
Mean * SD

D 5.46 = 3.29 5.96 = 3.72 0.02 6.96 = 2.86 6.93 = 2.96 0.74 1.04 = 0.72 1.07 = 0.77 0.46
Mean + SD

ART .y Maximum Ambrésio relational thickness indice, PPI,,,,: Maximum pachymetric progression index, Df: Df: Deviation of normality of the front elevation, Db:
deviation of normality of the back elevation, Dp: deviation of normality of pachymetric progression, Dt: deviation of normality of corneal thinnest point, Da:
deviation of normality of relational thickness, D: overall deviation of normality, pm: micrometer, SD: Standard deviation, Boldface, significant values, p < 0.05.

* Paired samples t-test.

parameters under study [17]. So, the untreated eye of a keratoconus
patient who had undergone CXL for the progressive eye would be a
good sample for researching early progressive changes. Topographic
and topometric indices did not show significant changes indicating
progression in all keratoconus patients as the non-progressive kerato-
conic eyes were chosen for the study according to the definition of
Global Consensus on keratoconus and ectatic diseases. Whereas bi-
lateral non-progressive keratoconic eyes and control eyes also did not
show increases in the enhanced ectasia display indices, the fellow non-
progressive keratoconic eyes of patients who underwent CXL for their
progressive eyes showed increases in Dp, Dt, Da, final D, PPI,,,, and
ART . values.

Topometric indices were investigated in a study for diagnosing
subclinical and definite keratoconus, and the authors concluded that
the predictive power of ISV and IVA indices in subclinical keratoconus
detection was higher than that of other known variables, such as K«
and/or Kyean [18]. In another study evaluating topometric indices to
detect progression, ISV and IHD were concluded to be sensitive and
specific tools for the diagnosis and detection of the possible progression
of keratoconus [19]. In this study, the changes in topometric indices
were evaluated within and between groups and it has been found that
topometric indices did not significantly change between the baseline
and sixth-month follow-up in all groups, and also the changes in the
mean indices did not differ among the three groups. Topometric indices

are anterior surface-derived curvature indices similar to the K., value.
Therefore, unsurprisingly, topometric indices remain the same when
topographical indices are stable.

Recently, the combination of pachymetric indices and the enhanced
elevation maps provided by the BADhas increased sensitivity and spe-
cificity in the screening of patients for ectasia. In their review, Belin and
Ambrésio concluded that nine parameters of enhanced ectasia display
could improve the ability of the refractive surgeon to screen patients for
occult ectatic disease or to identify patients potentially at high risk for
post laser-assisted in situkeratomileusis (LASIK) ectasia [20]. Villavi-
cencio et al. investigated the validation of the third software of the
enhanced ectasia display parameters both for refractive surgery
screening and for studies evaluating CXL results [9]. They concluded
that final D was the most useful parameter for both refractive screening
and treatment protocols.

As far as the authors are aware, no study has yet investigated the
role of enhanced ectasia display indices in the screening of keratoconus
progression. In a recent study, the repeatability and reliability of en-
hanced ectasia display indices were investigated [21]. The reliability of
all enhanced ectasia display indices was excellent in both keratoconic
and normal eyes. K.y, topometric indices except for IHA, enhanced
ectasia display indices except for Df and Db were repeatable in both
normal and keratoconic eyes; however the repeatability indexes of all
the parameters increased as the severity of keratoconus increased. To

Table 4

Changes in mean = standard deviation values of topographical parameters and topometric indices in all groups.
Variable Group 1 Group 2 Group 3 F p value

Mean * SD Mean * SD Mean + SD

Kmax (D) 0.16 = 0.80 0.08 *+ 0.67 —-0.06 = 0.41 1.53 0.21
Astigmatism (D) 0.05 = 0.57 0.13 = 0.39 —0.02 = 0.23 1.50 0.22
Thinnest CT (um) 3.98 + 10.80 3.13 = 8.46 2.71 = 10.97 3.19 0.40
ISV 1.00 = 7.76 —-0.51 * 3.76 —-0.54 = 2.06 1.37 0.25
IVA —0.00 = 0.09 —0.03 = 0.14 —-0.01 = 0.03 1.05 0.35
KI 0.00 = 0.04 —0.01 + 0.01 —0.02 = 0.14 1.05 0.35
CKI 0.00 = 0.01 0.00 = 0.00 0.00 = 0.00 3.40 0.46
IHA —1.51 = 26.68 —1.52 * 17.67 —-1.39 = 3.74 0.24 0.78
IHD —0.00 = 0.02 —0.01 = 0.03 0.00 = 0.00 2.02 0.13

Kmax: Maximum keratometry, D: Diopters, SD: Standard deviation, CT: Corneal thickness, pm: micrometer, ISV:Index of surface variance, IVA: Index of vertical
asymmetry, KI: Keratoconus index, CKI: Center keratoconus index, IHA: Index of height asymmetry, IHD: Index of height decentration, Boldface, significant values,

p < 0.05.
* One-way anova test.
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Table 5

Changes in mean = standard deviation values of Belin-Ambrdsio Enhanced Ectasia Display indices in all groups.
Variable Group 1 Group 2 Group 3 F p value p value' p value' p value'

Mean * SD Mean *= SD Mean * SD (Group 1 vs Group 2) (Group 1 vs Group 3) (Group 2 vs Group 3)

ARTax (pm) 15.64 = 29.08 —3.60 = 23.25 5.04 = 22.69 3.32 0.03 0.03 0.04 0.24
PPIL,,.x (um) —0.22 = 0.52 0.01 + 0.38 —-0.02 = 0.16 5.16 0.007 0.01 0.03 1.00
Df 0.42 = 2.48 0.02 = 1.48 0.11 = 0.71 0.68 0.50
Db —-1.37 = 8.07 —-0.22 = 1.09 0.15 = 0.54 1.30 0.27
Dp —0.52 = 1.08 —-0.05 = 1.39 -1.10 = 1.02 0.74 0.47
Dt —-0.17 = 0.49 0.04 + 0.37 —-0.02 = 0.47 2.78 0.67
Da —0.13 = 0.26 0.02 = 0.20 —0.09 = 0.48 2.97 0.65
D —-0.48 = 0.89 0.02 = 0.55 —-0.03 = 0.30 3.54 0.03 0.04 0.04 1.00

ART 0y Maximum Ambrésio relational thickness indice, PPI,,,: Maximum pachymetric progression index, Df: Deviation of normality of the front elevation, Db:
deviation of normality of the back elevation, Dp: deviation of normality of pachymetric progression, Dt: deviation of normality of corneal thinnest point, Da:
deviation of normality of relational thickness, D: overall deviation of normality, pm: micrometer, SD: Standard deviation, Boldface, significant values, p < 0.05.

* One-way anova test.
™ Bonferroni post-hoc test.

overcome this variability and due to the fact that different keratoconus
stages might show different progression rates [22], only moderate
keratoconus patients were included to this study and the TKC dis-
tribution of two keratoconus groups were also similar between groups.
ART hax, PPlax, Dp, Dt, Da, and final D value changes were larger in
untreated fellow eyes of patients who underwent CXL for the other eyes
compared to TKC-matched bilateral non-progressive keratoconic eyes.
When the change values were compared with the repeatability indexes
of the other study, the change amounts could not exceeded the re-
peatability indexes. It is the strength of the study that keratoconus
groups were matched for TKC, so the differences between these groups
would likely to be true changes rather than the noice of the measure-
ment system. Despite this, the changes should be evaluated in various
keratoconus stages with prospective long-standing studies before de-
fining them as earlier progression determinants.

The most important limitation of this study is its retrospective de-
sign. Therefore, all measurements were not taken at the same time of
day, and this variation could have affected the data. The measurements
were evaluated at baseline and six months after the baseline visit. A
long-term longitudinal follow-up may make the results more reliable
and accurate. Although the repeatability and reliability of enhanced
ectasia display were evaluated recently, there is no study yet evaluating
the reproducibility of these indices. It would be better to know the
reproducibility before describing the enhanced ectasia display indices
as precise progression determinants in the follow-up of keratoconus.

In conclusion, the fellow eyes of keratoconus patients who have
underwent CXL for their progressive eyes may be more prone to pro-
gress than the patients who have no progression in both eyes. Final D,
ARThax and PPIL, ., may be precise criteria for detecting the progres-
sion of keratoconus before significant topographic changes. So,
screening unilateral non-progressive patients more closely than those
with bilateral non-progressive patients and evaluating the changes in
final D, ART,ay, and PPI,,, values may be helpful in the follow up of
these patients. The use of enhanced ectasia display indices in the de-
tection of progression, their validation, and cut-off values should be
evaluated in future prospective studies with longer follow-up periods.
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