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Introduction

Purpose: To enhance the current standards of subclinical keratoconus screening based
on the statistical modeling of the pixel intensity distribution of Scheimpflug images.

Methods: Scheimpflug corneal tomographies corresponding to 25 corneal meridians
of 60 participants were retrospectively collected and divided into three groups: controls
(20 eyes), subclinical keratoconus (20 eyes), and clinical keratoconus (20 eyes). Only
right eyes were selected. After corneal segmentation, pixel intensities of the stromal
tissue were statistically modeled using a Weibull probability density function from which
parameter « (pixel brightness) was derived. Further, data were transformed to polar
coordinates, smoothed, and interpolated to build a map of the corneal « parameter. The
discriminative power of the method was analyzed using receiver operating characteris-
tic curves.

Results: The proposed platform-independent method achieved a higher performance
in discriminating subclinical keratoconus from control eyes (90.0% sensitivity, 95.0%
specificity, 0.97 area under the curve [AUC]) than the standard method (Belin-Ambrdsio
enhanced ectasia display), which uses only corneal morphometry (85.0% sensitivity,
85.0% specificity, 0.80 AUC).

Conclusions: Analysis of light backscatter at the cornea successfully discriminates
subclinical keratoconus from control eyes, upgrading the results previously reported in
the literature.

Translational Relevance: The proposed methodology has the potential to support
clinicians in the detection of keratoconus before showing clinical signs.

acknowledged two decades ago,”-® difficulties remain in
its diagnosis due to a lack of definitive methods and
criteria for discriminating these early or abortive forms

Keratoconus is the most common ectatic corneal
disease associated with a progressive thinning of the
cornea. The reported prevalence of keratoconus in the
general population is 1/1000," although a recent nation-
wide study reported that it could be as high as 1/375.2
If untreated, this disease becomes the second leading
cause of corneal transplants worldwide.> In corneal
refractive surgery, detection of the earlier forms of
keratoconus is of great importance to prevent iatro-
genic postoperative corneal ectasia.* ® Although the
importance of subclinical keratoconus detection to
avoid complications after refractive surgery was already
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of ectasia from normal corneas.’

Scheimpflug-based corneal tomography is consid-
ered the gold standard for keratoconus screening. Even
though traditional morphological features such as
corneal thickness, curvature, or elevation successfully
detect clinical keratoconus,'” their usefulness when
detecting subclinical keratoconus is limited.'!

To overcome the current screening limitations,
Koc and colleagues'> analyzed the asymptomatic
eyes of patients with very asymmetric ectasia (n
= 38) and concluded that densitometric analysis
might detect subclinical keratoconus earlier than
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topographic, topometric, and tomographic analyses.!?

Densitometry is an objective and automatic tool to
measure corneal transparency. Despite the promising
results in discriminating eyes with subclinical kerato-
conus from normal eyes, the parameter with the
highest area under the curve (AUC = 0.883) reported
obtained a sensitivity of 75%, which is insufficient for
widespread clinical use.!” Recently, and in agreement
with the findings of Lopes et al.,!* our group reported
that densitometry might be used to accurately demar-
cate the location of clinical keratoconus.'* One of the
major drawbacks of densitometry, however, is that, to
date, it is exclusively available on one single commer-
cial device. To overcome this limitation, our research
group introduced densitometry distribution analysis
(DDA),"> which is a platform-independent methodol-
ogy based on the statistical modeling of the pixel inten-
sity distribution of Scheimpflug images that correlates
very well with traditional densitometry (overall cornea,
r=0.89; P < 0.001).1

DDA is being developed as a promising tool to help
clinicians to diagnose and study various eye conditions,
including corneal ectasia,'®!” corneal hypoxia,'®: and
corneal aging." In particular, DDA has already proven
to discriminate early keratoconus without misclas-
sification based on a single Scheimpflug image.!”
In this context, the current work aims to enhance
the current standards of subclinical keratoconus
screening.

Methodology

Participants

Corneal tomographies were retrospectively collected
from two previous studies that took place at the
Antwerp University Hospital Ophthalmology depart-
ment.'?-2° Both studies were approved by the Antwerp
University Hospital Research Ethics Committee and
adhered to the tenets of the Declaration of Helsinki.
All subjects gave written informed consent to partici-
pate after the nature and possible consequences of the
study were explained.

Sixty right eyes (60 participants) were included in
this study (29.2 + 6.2 years of age). Participants were
divided into three groups: controls (20 eyes), clinical
keratoconus (20 eyes), and subclinical keratoconus (20
eyes), considered to be the non-pathological eye of a
keratoconus patient.?! The three groups were defined
as follows:

1. Control—No slit-lamp findings suggestive of
corneal ectasia and normal tomography.
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2. Keratoconus—Clinical and tomographic signs
consistent with keratoconus (e.g., anterior and/or
posterior corneal steepening, corneal thinning,
stromal thinning, Fleischer ring at the cone base,
Vogt striae). All of the patients were diagnosed
by a cornea specialist in a tertiary center.?

3. Subclinical keratoconus—Contralateral, asymp-
tomatic eye showing no clinical signs of ectasia of
a subject with clinical ectasia in the other eye as
a very or highly asymmetric ectasia.’” These eyes
had central average keratometry < 47.2 diopter,
KISA% < 100% (18 out of 20 KISA% < 60%),>
and normal scores for topographical keratoconus
classification and ABCD (A0B0C0).>*

Besides prior crosslinking, other exclusion crite-
ria were corneal scarring, known retinal or corneal
pathologies (apart from keratoconus), known ocular
procedures or treatments, and known systemic diseases
(e.g., diabetes, HIV/AIDS, hypertension). Participants
were asked not to use their contact lenses the day they
visited the clinic to avoid short-term induced changes
by scleral lens wear.'® To avoid inter-eye correlation, a
single eye was chosen from every participant.

The sample size was derived from previously
published data on statistical light intensity distribution
in Scheimpflug images. The same methodology applied
to the current work suggested that a sample size of 10
control and 10 keratoconus participants would yield a
90% power to distinguish between control and kerato-
conus eyes at the 0.05 significance level.'

All participants underwent a comprehensive
ophthalmologic examination, including corneal
imaging using a Pentacam HR (Oculus Optikgeréte
GmbH, Wetzlar, Germany).

Data Analysis

In addition to extracting corneal parameters
provided by the device’s software, Scheimpflug images
corresponding to 25 corneal meridians (a fixed size
of 500 x 1080 pixels) were exported without gamma
correction or contrast enhancement for further analy-
sis. This corresponded to a total of 1500 images (i.e.,
60 participants and 25 images per participant). Each
image was processed in two steps: (1) corneal segmenta-
tion and (2) statistical modeling of the pixel brightness
distribution, as described in detail elsewhere.!”-!3

In the first step, the anterior and posterior bound-
aries of the cornea are automatically extracted. After
segmentation, a moving region of interest (ROI)
was automatically selected for statistical modeling as
described elsewhere.'® In short, the vertical (axial)
dimension of the ROI was delimited by anterior
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Main steps to obtain a corneal o parameter map from each Scheimpflug measurement. Diagram illustrates, using gray lines, the

25 meridians imaged by the Pentacam HR rotating camera (a) and the corresponding 25 images (b). The horizontal meridian is marked in red
(a, b) as an example. After data extraction, each image is analyzed individually, first by segmenting the cornea and applying a moving ROI (c).
For illustrative purposes, only the first three ROIs are shown with different colors along with a red arrow that indicates the continuity of the
process across the segmented cornea (c). Second, the corresponding collection of histograms representing the pixel intensity distribution
in each ROI are built (d). The probability density function (PDF) of the Weibull function is represented by the red line and fitted to the pixels
in each ROL. The fit is performed by estimating the two parameters of the Weibull distribution (& and 8), using the method of maximum
likelihood (d). Finally, to construct a corneal @ parameter map, the « values obtained from each frame in standard Cartesian coordinates
(e) must be transformed to polar coordinates and interpolated to reach the final map (f). For illustrative purposes, the red rectangle in (e)
indicates the « values corresponding to the first frame in (b) and the horizontal meridian in (a).

and posterior corneal boundaries, and the horizontal
(lateral) dimension of the ROI had an optimized fixed
size of 11 pixels.'® The moving ROI covered approx-
imately the central 8 mm of the cornea. To avoid
undesired border effects (strong limbal/scleral reflec-
tions), the peripheral cornea was not included in the
analysis.'?

As in the previous work on keratoconus detection
using Scheimpflug light intensity distribution,!” pixels
corresponding to a given ROI were modeled using the
Weibull distribution function, defined as

f(x)= é <i>ﬁ_l e_(f)ﬁ if x>0 or0 otherwise
o \a

where the independent variable (x) represents pixel
intensity, « > 0 represents the scale parameter, and
B > 0 represents the shape parameter. The parame-
ters o and 8 are extracted from the Weibull probability
density function of the tissue transparency. In general,
a change in scale parameter o causes a shift in pixel
intensity (x-axis), with higher « values corresponding
to a brighter image (i.e., more scatter and less trans-
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parency), and vice versa. A change in shape parameter
B affects the width of the pixel intensity distribution,
with higher 8 values corresponding to large variations
in pixel intensity within a given image or ROI, and low
B values corresponding to very subtle intensity differ-
ences.'® In this work, the focus is given to the o parame-
ter, as it has repeatedly been proven to be more effective
for keratoconus discrimination than g.1%17

To build corneal ¢ and B parameter maps, data
were transformed from Cartesian (x, y) to polar coordi-
nates (r, 0) and interpolated, as well as smoothened
using second-order Zernike polynomials, in agreement
with previous research.'® The complete methodology is
illustrated in Figure 1.

Additionally, receiver operating characteristic
(ROC) curves were used to determine the accuracy,
precision, sensitivity (proportion of positives correctly
identified), and specificity (proportion of negatives
correctly identified as such) of the o parameter as a
discriminator of subclinical keratoconus. Larger values
of « are associated with keratoconus, as suggested by
previous research.!” About 12,500 data points conform
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each corneal « parameter map. Considering the
maximum value of such a large dataset as the discrim-
inator parameter would be an oversimplification
and not representative of the whole map. To overcome
this limitation while still focusing on the higher values
of « in each corneal map, the mean value of all «
values in the fourth quartile (Q4; the highest 25%
of all @ values) was used in the ROC analysis. Other
statistical estimates, such as the global mean, median,
and maximum values, were initially considered but
discarded due to their lower discriminative power
between controls and subclinical keratoconus. For
comparison purposes, the discriminative power of
the Belin—~Ambrosio enhanced ectasia display (BAD-
D),” a clinical standard in the detection of subclinical
keratoconus, was also evaluated.

The statistical analysis was performed using SPSS
Statistics 25.0 for Windows (IBM Corp., Armonk,
NY). The normality of each dataset was not rejected
(Shapiro—Wilk test, P > 0.05). Furthermore, the one-
way analysis of variance test (Bonferroni adjustment
for multiple comparisons) was performed to deter-
mine differences in « and 8 parameters within groups.
Mauchly’s test of sphericity indicated that the assump-
tion of sphericity had not been violated in any of the
parameters under analysis.

The corneal features and topometric indices of
the different study groups (normal, subclinical kerato-
conus, and clinical keratoconus) provided in Table 1
are in agreement with previous clinical studies for
subgroup classification.?®-?’ Figure 2 shows an example
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of o and B parameters for a randomly selected partic-
ipant from each group. As indicated by Table 2, «
is a better parameter to discriminate within groups.
The corresponding group mean « maps are shown in
Figure 3.

As indicated by Figure 2 and shown in Figure 3,
the mean light intensity distributions of each study
group look very different, suggesting that it is possi-
ble to successfully differentiate between them. This
is supported by the ROC analysis (Fig. 4), which
confirmed a discrimination success of 97% (sensibility
= 90.0% and specificity = 95%) when differentiating
between subclinical keratoconus and control eyes for a
cut-off value of 45.1 (Table 3).

The BAD-D index achieved lower discrimination
success when screening subclinical keratoconus from
control eyes (sensitivity = 85.0%, specificity = 85.0%,
AUC = 0.80 with an optimized cut-off of 0.74; sensi-
tivity = 50.0%, specificity = 95.0%, AUC = 0.60 with
a standard cut-off of 1.60),> but performed equally
well for screening clinical keratoconus from control
eyes (sensitivity = 100%, specificity = 100%, AUC =
1.0). The logistic index for keratoconus (Logik), also
based on corneal tomography but supported by artifi-
cial intelligence,”® showed a better discriminating rate
than BAD-D when screening subclinical keratoconus
from control eyes (sensitivity = 85.0%, specificity =
95.0%, AUC = 0.90).

As indicated by Figures 2 and 3, differentiating
between control and clinical keratoconus eyes using the
DDA method is straightforward; however, the differ-
ences between controls and subclinical keratoconus are
subtler. Figure 5 illustrates several cases of subclinical
keratoconus to familiarize the reader with the appear-
ance of these maps.

Table 1. Description of the Three Study Groups
n (Mean = SD)

Control (n = 20) Subclinical Keratoconus (n = 20) Keratoconus (n = 20)
Age 30 £ 5 28+ 6 294+ 7
Gender (female/male) 11/9 3/17 4/16
Kmax (D) 440 £ 14 448 &+ 1.6 56.0 £+ 4.9
TCT (um) 549 + 26 534 + 25 460 £ 28
I-S value (D) 0.19 £ 0.45 0.73 £ 0.56 7.68 &+ 1.86
BAD-D 0.31 £ 047 1.60 £ 0.52 9.14 £ 2.30
Logik?’ -0.99 £ 0.02 -047 £ 0.42 244 £ 0.51
ISV 14.65 £ 2.62 19.80 £ 6.25 93.15 4+ 20.30
IHA 1.77 £ 142 711 £ 454 31.04 £+ 24.19

Kimax, maximal keratometry; TCT, thinnest corneal thickness; I-S value, inferior-superior value; Logik, logistic index for kerato-
conus detection and severity scoring; ISV, index of surface variance; IHA, index of height asymmetry.
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Control participant

Scale parameter (a)

Shape parameter (6)

Figure 2.
arbitrary units. KC, clinical keratoconus.

Table 2.

Scale Parameter o

Subclinical participant
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KC participant
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Example of « and B corneal maps for a randomly selected participant from each group. Color bars (¢ and j) are expressed in
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Group Mean Values of « and 8 Parameters for the Three Study Groups

Shape Parameter §

Group Mean Post Hoc Test Group Mean Post Hoc Test
Group =+ SD (range), a.u. P 4 SD (range), a.u. P
Mean map value  Control 39+ 3(34-47) Cvs.S 0.037 4.1+05(3.5-58) Cvs.S 1.00
Subclinical 43 + 4 (36-51) Svs. KC 0.020 4.1 +0.6(2.3-5.5) Svs.KC 1.00
Keratoconus 47 £5(35-59) KCvs.C <0.001 39+4+04(3.1-4.7) KCvs.C 0.53
Mean value in Q4  Control 41 4+ 2 (38-47) Cvs.S <0.001 43+04(3.8-58) Cvs.S 1.00
Subclinical 50+ 4(44-53) Svs.KC 1.00 4.14+0.6(24-55) Svs.KC 0.010
Keratoconus 5041 (44-59) KCvs.C <0.001 4.740.7(3.5-6.8) KCvs.C 0.097

The group mean of the variable used for the ROC analysis (i.e., values in the fourth quartile [Q4] in each corneal map) is also
included. Comparisons within groups were studied using one-way analysis of variance with Bonferroni adjustment for multi-
ple comparisons. The corresponding post hoc test (multiple comparisons) is shown. Numbers in bold indicate a statistically
significant difference. C, control; S, subclinical keratoconus; KC, clinical keratoconus.

Discussion

Diagnosing early-stage keratoconus is still a clinical
challenge. This study shows that DDA reached 90.0%
sensitivity, 95.0% specificity, and 0.97 AUC when
distinguishing subclinical keratoconus from control
eyes (Figs. 3, 4; Table 3), which is higher than
the current tomography-based clinical standards.”
Today, corneal tomography is the most commonly
used method to screen for early keratoconus. Several
diagnostic indices have been proposed to detect kerato-

Downloaded from tvst.arvojournals.org on 06/28/2022

conus based on Scheimpflug data, such as BAD-D,
based on corneal thickness profile and elevation®3;
the Corneal Biomechanical Index (CBI) based on
corneal thickness profile and corneal deformation
parameters’!; and the Tomographic and Biomechani-
cal Index (TBI), a combination of Scheimpflug-based
corneal tomography and biomechanics.’> Although
CBI and TBI outperform BAD-D in detecting early
keratoconus,’> BAD-D remains the clinical standard,
probably due to its greater accessibility in clini-
cal practice. In addition, BAD-D does not require
mechanical stimulation of the cornea, unlike CBI and
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Control (n=20)

units. KC, clinical keratoconus.

Subclinical (n=20)
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Figure3. The meandistribution of « in the 8-mm central cornea of the three groups of participants. The color bar (&) is expressed in arbitrary

Table 3. Statistical Parameters That Determine the Efficacy of Diagnosing Subclinical and Clinical Keratoconus

Using o Maps

Sensitivity (%)  Specificity (%)  Accuracy (%)  Precision (%) AUC  Cutoff Value (a.u.)
Control vs. 90.0 95.0 92.5 94.7 0.97 451
subclinical
keratoconus
Control vs. 100 100 100 100 1.0 479
keratoconus

Control vs Subclinical Control vs KC

1
0.8 |

o
)

=3
=)

sensitivity
sensitivity

1
IS

o
N
o
N

0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

1 - specificity 1 - specificity

Figure 4. ROC curves indicating the discriminative power of the
mean value in the fourth quartile (Q4) of the o parameter. Corre-
sponding statistics are shown in Table 3.

TBI, making it more comfortable for the patients.
Novel diagnostic indices to detect keratoconus from
corneal tomographies based on artificial intelligence
have been recently introduced, such as the Enhanced
Tomographic Assessment to Detect Corneal Ectasia
Based on Artificial Intelligence, the so-called Penta-
cam Random Forest Index (PRFI),* a computer-
aided diagnosis system for early keratoconus detec-
tion,”” and Logik.”® Note that all of these Scheimpflug-
based indices have something in common in that they
exclusively evaluate the cornea at a macroscopic level,
and all are based solely on macroparameters such as
corneal curvature, corneal elevation, corneal thickness,
or corneal deformation.

translational vision science & technology
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Subclinical participant #5

Subclinical participant #7

2

Subclinical participant #12 Subclinical participant #17

Figure 5. Examples of corneal « parameter maps for different
participants from the subclinical keratoconus group. The red dashed
circle demarcates the central 4-mm diameter. The color bar is
expressed in arbitrary units.

For the patients with subclinical keratoconus in
the current report, all topographic and tomographic
values were similar to those of the control group (Table
1). BAD-D reached 85.0% sensitivity, 85.0% speci-
ficity, and 0.80 AUC when discriminating between
the control group and the subclinical keratoconus
group, lower than that obtained with DDA (90.0%
sensitivity, 95% specificity, and 0.97 AUC). This is in
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accordance with the work of Koc et al.,'? who
suggested that densitometry analysis might be more
effective to detect keratoconus in its early stages than
traditional tomography.

Both traditional densitometry and DDA are based
on the backscattering of light occurring by the cornea.
The main advantage of DDA over traditional densit-
ometry is its platform independence, as it can be
applied to any Scheimpflug image, independent of the
instrument used.'® In addition, DDA is more versa-
tile than traditional densitometry because it allows
customization depending on the clinical purpose. In
current work, for example, the method was optimized
to discriminate between subclinical keratoconus and
control eyes. Rather than considering the mean value
of the entire corneal map, as is done in densitometry,
the focus here was given to bright pixels because it is
known that these are associated with keratoconus.!’
Consequently, the biomarker used in the ROC analy-
sis was calculated using only the brightest pixels (i.e.,
those in the fourth quartile). When considering the
mean « value over the entire corneal map, the differ-
ence between the control and subclinical keratoconus
groups, although statistically significantly different (P
= 0.037), was milder than when only considering the
highest « values in the corneal map (P < 0.001). These
are crucial methodological differences that must be
considered in the proper clinical context when trying
to distinguish individuals based on subtle differences.

DDA was already validated with rotating
Scheimpflug cameras (Pentacam HR)'>'® and
Scheimpflug tonometry (Oculus Corvis ST),'6-18
showing a good level of agreement between devices.'>
DDA is based on the statistical Weibull modeling of
the pixel intensity distribution of Scheimpflug images,
which produces two parameters, « and g, of which
the scale parameter («) proved a useful biomarker
to discriminate keratoconus.'®!7 In particular, in our
previous report, the scale parameter from a single
Scheimpflug image (i.e., without using corneal maps)
achieved 76.0% sensitivity, 76.0% specificity, and
0.81 AUC when differentiating control from early to
moderate keratoconus.!” This result, validated with an
out-of-sample dataset, improved to 100% sensitivity
and 100% specificity when combined with central
corneal thickness.!” This earlier result highlights the
importance of combining traditional tomographical
parameters for keratoconus screening, such as corneal
thickness or curvature, with tissue-related parameters,
such as densitometry or the scale parameter (o). We
believe that the current subclinical keratoconus detec-
tion system could still be improved to a system without
misclassifications if, in addition to scale parameter «,
other traditional morphological parameters, such as
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corneal thickness, were taken into consideration. This
will require further validation, however.

The current work differs from the previous itera-
tions of DDA to detect keratoconus in two key ways:
(1) it considers the full corneal map, and (2) it uses the
mean value of scale parameter « in the fourth quartile
range as a discriminative parameter. Previous works
have demonstrated that not only do higher values of
scale parameter « (i.e., a less transparent stroma) corre-
spond to keratoconus,!” but also « displays regional
changes over the cornea.'® Because the current work
aimed to discriminate subclinical keratoconus from
controls, data analysis was focused on the fourth
quartile range because this is the metric that was found
to maximize the differences between these two groups
(Table 2). As a part of a preliminary analysis, it was also
considered to perform a regional analysis by concen-
tric rings, after the standard Pentacam HR densito-
metry protocol. However, as Figure 5 illustrates, the
highest values for scale parameter « do not consis-
tently appear in the same corneal region. Considering
only the central area of the cornea would, therefore,
inevitably lead to information loss (as in, for example,
subclinical participants 5 and 12 in Fig. 5). Similarly,
considering only the outer ring of the cornea would,
in most cases, remove the valuable higher values of «
(Fig. 5). In both situations, the missing data would be
crucial to accurately distinguish the very subtle differ-
ence between subclinical keratoconus and control eyes,
so restricting the analysis area would not help discrim-
inate between these two groups.

The independence of corneal thickness from « and
B parameters was demonstrated in previous work
in keratoconic and healthy eyes using Scheimpflug
imaging.!” Here, a bootstrap analysis was performed,
which indicated that not only are macroscopic and
microscopic parameters independent from each other
but corneal thickness is also not a confounding factor
that affects the calculation of « and B8.!7

A limitation of the current study is that the process
of data extraction might be time consuming. Pentacam
HR software, in contrast to that of other Scheimpflug
devices such as the Corvis ST, cannot automati-
cally export the images corresponding to each corneal
meridian. Consequently, the process of image capture
must be done manually. In addition, future exter-
nal validation studies with out-of-sample datasets are
necessary. In this context, it would be interesting to
compare the reported diagnostic power with that from
the PRFI %2233

In conclusion, we investigated the usefulness of
corneal light backscatter analysis to discriminate
subclinical keratoconus from control eyes, upgrading
the results previously reported in the literature.
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