Distinguishing Highly Asymmetric Keratoconus ®
Eyes Using Dual Scheimpflug/Placido Analysis
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e PURPOSE: To identify the best metrics or combination
of metrics that provide the highest predictive power be-
tween normal eyes and the clinically unaffected eye of pa-
tients with highly asymmetric keratoconus using data
from a Dual Scheimpflug/Placido device.

e DESIGN: Retrospective case-control study.

e METHODS: Combined Dual Scheimpflug/Placido imag-
ing was obtained from the Galilei G4 device (Ziemer
Ophthalmic Systems AG, Port, Switzerland) in 31 clini-
cally unaffected eyes with highly asymmetric keratoconus
and 178 eyes from 178 patients with bilaterally normal
corneal examinations that underwent uneventful LASIK
with at least 1 year follow-up. Receiver operating charac-
teristic (ROC) curves were generated to determine area
under the curve (AUC), sensitivity, and specificity for
87 metrics, and logistic regression modeling was used to
determine optimal variable combinations.

e RESULTS: No individual metric achieved an AUC
greater than 0.79. A combined model consisting of 9 met-
rics yielded an AUC of 0.96, with 90.3% sensitivity and
92.6% specificity. Among those 9 metrics included, 5
related to corneal pachymetry: Opposite Sector Index
and Anterior Height BFS Z from the anterior surface,
Asphericity and Asymmetry Index, Posterior Height
BES Z, and Posterior Height BFS X from the posterior
surface. The strongest variable in the model was the thin-
nest point location on the horizontal (x) axis.

e CONCLUSION: While individual metrics performed
poorly, using a combination of metrics from the combined
Dual Scheimpflug/Placido device provided a useful model
for differentiating normal corneas from the clinically
normal eyes of patients with highly asymmetric keratoco-
nus. Pachymetry values were the most impactful
metrics. (Am ] Ophthalmol 2019;201:46-53. ©
2019 Elsevier Inc. All rights reserved.)
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CREENING FOR SIGNS OF KERATOCONUS (KC) AND

related corneal ectatic disorders in the earliest stages

remains challenging, and identification using a single
device' ™ or a combination of different technologies”'" still
remains suboptimal. Corneal ectasia after excimer laser
refractive surgery is a rare but still serious complication
that can arise, with a higher probability in eyes with
undiagnosed early signs of keratoconus.'' ™’

Initially, most screening for KC detection was
performed using Placido reflection-based technology to
evaluate anterior surface curvature.”’'” With the
evolution of corneal tomography, multiple devices have
the ability to measure additional variables such as
regional corneal thickness and anterior and posterior
surface elevation. Varying technologies use scanning-slit
beam imaging, Scheimpflug technology, combined
Scheimpflug and Placido imaging, and combined Dual
Scheimpflug imaging and Placido imaging.

The optimal metric or group of metrics to use for KC detec-
tion is still greatly debated in the literature, as some authors
suggest that earliest signs of keratoconus can be identified us-
ing corneal thickness variables’”** while other suggest that
changes first manifest in posterior corneal surface maps.”****
Various studies have combined multiple variables from the
anterior and posterior surfaces to achieve better predicative
models, while other groups have used wavefront aberration
metrics>> > or optical coherence tomography (OCT)-
derived corneal thickness changes and epithelial thickness
distribution maps.’® There are also devices that aim to mea-
sure the corneal biomechanical strength directly.”* To
date, none of these individual technologies has been
established as optimal or superior to other technologies in
identifying keratoconus in its earliest stages.

The purpose of this study was to identify the variables
and variable combinations most impactful in differenti-
ating normal control eyes from the minimally affected
eye of patients with highly asymmetric keratoconus using
a Dual Scheimpflug/Placido-based imaging device.

METHODS

THIS RETROSPECTIVE, CASE-CONTROLLED STUDY WAS CON-
ducted at the Department of Ophthalmology, Keck School
of Medicine, University of South California, Los Angeles,
California, USA, and approved separately by the
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FIGURE 1. Representative Dual Scheimpflug/Placido image from the clinically affected keratoconus eye of a patient from this study.

Institutional Review Boards of Emory University (Atlanta,
Georgia, USA), Baylor College of Medicine (Houston,
Texas, USA), and the University of Southern California
(Los Angeles, California, USA). The study was conducted
in accordance with the tenets of the Declaration of
Helsinki.

The study and population presented to Emory Univer-
sity, Baylor College of Medicine, and the Tel Aviv Soura-
sky Medical Center (Tel Aviv, Israel) from 2014 to 2017.
Patients were included in the study group if they had highly
asymmetric keratoconus disease presentation. Specifically,
all study patients had clear evidence of keratoconus in 1 eye
and no clear evidence of disease in the clinically unaffected
eye. For the clinically involved eye, all 31 affected fellow
eyes were identified using this screening methodology; pa-
tients had abnormal focal anterior corneal steepening,
focal corneal thinning, clinical evidence of disease at the
slit lamp, scissoring on retinoscopy, subjectively impaired
visual acuity, and best corrected distance visual acuity
(CDVA) worse than 20/20. For the unaffected asymmetric
keratoconus eye (AKC), there were the following features:
no clinical evidence of disease, no physical findings on slit-
lamp examination, no definitive abnormalities on corneal
imaging, and CDVA of 20/20 or better. All image
screening was performed directly on the computer using a
variety of settings and review of different maps; thus no
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one single output style was relied upon for image screening.
Representative study population images are shown for the
AKC group in Figures 1 and 2. The complete set of Dual
Scheimpflug/Placido imaging is available as supplemental
images (Supplemental Material available at AJO.com).

The control group comprised patients with preoperative
bilateral normal topography and tomography maps who all
underwent LASIK at Emory with at least 1 year uneventful
follow-up (Figure 3). Eyes with ocular pathology, previous
ocular surgery, soft contact lenses worn 1 week before or
rigid contact lens 2 weeks before, and low-quality topog-
raphy maps that did not fulfill the minimal quality required
by the system were excluded from analysis.

e DUAL SCHEIMPFLUG/PLACIDO DEVICE PARAMETERS:
All measurements were performed with the Galilei Dual
Scheimpflug Analyzer (G2 and G4; Ziemer Ophthalmic
Systems AG, Port, Switzerland) according to the manufac-
turer’s instructions. The Galilei device is a combined Plac-
ido topography and Scheimpflug tomography device with a
Dual Scheimpflug camera. The system obtains between 15
and 60 Scheimpflug images each scan and 2 Placido top
view images at 90 degrees apart, while the cameras rotate
over a central axis. Scheimpflug and Placido data are
obtained concurrently. Data extrapolated from the
Scheimpflug and Placido images are merged to deliver a
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FIGURE 2. Representative Dual Scheimpflug/Placido image from the clinically unaffected eye (subclinical asymmetric keratoco-

nus); fellow eye from the same patient shown in Figure 1.

surface tailored to the anterior cornea. Data from the pos-
terior corneal surface is measured using the edge detection
in images provided by the Dual Scheimpflug system. The
devices used in this study were set up using the standard set-
tings to acquire 15 images.

The analysis was performed with the Galilei device’s
software version 6.3.1b3 (Ziemer Ophthalmic Systems
AG, Port, Switzerland). A total of 87 corneal metrics was
collected for the analysis. The majority of the metrics
were exported automatically by the Galilei software to
csv files except for the high-order aberrations, the elevation
data from the best fit sphere (BFS) maps, best fit toric and
aspheric (BFTA) maps, and the Posterior Asymmetry and
Asphericity index (AAI) that were collected automatically
but exported manually. The Posterior AAI was obtained
through manual calculations as previously described.””*°
The Posterior AAI is calculated using the BFTA map as
the absolute value of the highest negative elevation and
highest positive elevation value within the posterior
central 6-mm-diameter data zone, 180 degrees opposite
45-degree zones (Figure 4).

e STATISTICAL ANALYSIS: Differences between the data

were evaluated using the Levene test for equality of vari-
ance and the Student 2-sample ¢ test. Owing to the high
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number of corneal metrics analyzed, the level of signifi-
cance was adjusted with Bonferroni correction and set to
P < .0005 for individual variables. Data were expressed as
mean and standard deviation (SD). Receiver operating
characteristics (ROC) curves were used to assess the
discriminating ability and to determine the optimal cutoff
values for each significant metric and multivariable combi-
nation. Cutoff points were calculated using the Youden
index. After collection of all significant metrics, for the
logistic regression, Wald’s x* test was used to reach the
strongest influential combination of variables in a step-
wise manner to produce maximal area under ROC curve
(AUROC) values using least number of variables. The sta-
tistical analysis was performed using the SPSS software,
version 24 (IBM Corp, Armonk, New York, USA).

RESULTS

THIS STUDY INCLUDED 31 HIGHLY ASYMMETRIC, CLINI-
cally normal fellow eyes from 31 patients with definitive
keratoconus in the contralateral eye (AKC group) and
178 eyes from 178 bilaterally normal control patients
(Control group). There were no significant differences
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FIGURE 3. Representative Dual Scheimpflug/Placido image from a bilaterally normal topography and tomography eye of a patient

from this study.

between groups for age 31.87 * 8.57 years (range 17-71
years) AKC vs. 28.74 = 16.55 years (range 20-71 years)
Control (P > .05). The percentage of male subjects was
significantly higher in the AKC group than the Control
group (71% male in AKC vs 48.3% male in Controls
group; P = .02). Mean anterior surface astigmatism value
was 0.95 * 0.41 diopter (D) in the AKC group compared
to 0.85 = 0.61 D in the Control group (P > .05) and
mean anterior surface inferior-superior ratio was 0.65 *
0.42 D in the AKC group and 0.65 * 0.42 D in the Con-
trol group (P > .05).

Out of 87 corneal metrics analyzed, 10 were found to be
highly significantly different between groups, with the Stu-
dent ¢ test value after Bonferroni correction of P < .000574.
None of the keratoconus probability metrics (KPI,
KPROB, CLMIaa, PPK) were significant (P > .05). Out
of the 10 significant metrics, none had an independent
strong predictive value; the strongest independent value
was the corneal location of the thinnest point on the x-
axis (AUC = 0.794) (Table 1). Five of the 10 highly signif-
icant metrics were related to pachymetry. Significant ante-
rior surface metrics included the Opposite Sector Index
(OSI) and Anterior Height BES Z, while significant poste-
rior surface metrics included the AAI, Posterior Height
BFS Z, and Posterior Height BFS X. The BES Z anterior
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and posterior height metrics represent the exact machine
coordinate of the distance of the center of the BFS from
the Placido disc in the Z direction, while the Posterior
Height X describes how far the center of the BES is away
from the measurement Scheimpflug camera head’s rotation
axis.

The best combination in logistic regression modeling
was achieved with a combination of 9 metrics (Table 2).
The model predictive power had a 0.961 AUROC, sensi-
tivity of 90.3%, and specificity of 92.6%. The most signifi-
cant variables in modeling were pachymetry metrics, while
the least impactful, though still relevant, were the anterior
and posterior BES Z variables.

DISCUSSION

IN THIS STUDY WE FOUND THAT ALTHOUGH NO INDIVID-
ual metric performed well in discriminating between clini-
cally unaffected eyes from patients with highly asymmetric
keratoconus and normal corneas, a combination of anterior
surface, posterior surface, and corneal thickness metrics
yielded a good predictive model.
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FIGURE 4. Asphericity Asymmetry Index (AAI) calculation. Adding the absolute value of the maximum positive elevation and the
maximum negative depression values within the 6 mm zone of the best fit toric aspheric (BFTA) posterior elevation map in 180 de-
grees opposite 45-degree zones yields the AAL In this example, AAT = +15 + (15) = 30.

The majority and most significant metrics of this model
were related to corneal pachymetry. In this study 5 out of 9
metrics in the model were related to corneal pachymetry
and volume. The significance of corneal thickness and
corneal volume in the detection of subclinical keratoconus
has been reported before, both in subclinical keratoconus
and in keratoconic eyes, demonstrating a relative thinner
cornea with a reduced corneal volume.”?******" Metrics
used from the posterior surface were the AAI along with
the machine coordinate of the distance between the
center of the BFS from the Placido disc in the Z direction
(Posterior Height BFS 7). Metrics from the anterior
surface were the Irregular Astigmatism Index, which is an
objective, machine-derived variable calculated as the dif-
ference between average dioptric values in the inferior
and superior areas within the 3 mm corneal vertex, and
the machine coordinate of the distance of the central
BFS from the Placido disc in the Z axis (Anterior Height
BFS Z). The most significant metric in the logistic regres-
sion model was the location of the thinnest point tempo-
rally on the horizontal (x) axis. The thinnest point on
the y-axis was also highly significant; however, its contribu-
tion to the logistic regression model was negligible. The
OSI was highly significant but did not contribute to the
final model.

The posterior AAI is a relatively new, manually derived
metric used as a quantitative indicator of the asymmetry
and asphericity of the posterior corneal surface. A similar
type of index was identified by Nilforoushan and associates
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in studies using Scheimpflug imaging and was found to be
predictive for subclinical keratoconus when combined
with other variables.”® The variable, “high minus low,”
was created from the difference between the highest and
lowest points on the posterior elevation within the central
posterior 7 mm zone.”” Bae and associates similarly calcu-
lated posterior elevation difference (max-min) for
Scheimpflug imaging and found a calculated AUROC of
0.735, although in that study anterior surface curvature
variables were best at distinguishing populations.'® In a
recent study by Smadja and associates, the posterior AAI
was selected by an automated decision tree classifier to
be the most discriminative variable to differentiate be-
tween normal and subclinical keratoconus eyes out of 55
evaluated metrics.”” In that study the cutoff point between
subclinical KC and normal eyes was estimated as 21.5,
while in this study the optimal value was 13.5, which
yielded an AUC of 0.750, with 77% sensitivity and 67%
specificity. This discrepancy between studies could be
owing to the fact that the AAI is still not incorporated
into the device’s analyzer and had to be calculated manu-
ally and thereby is prone to subjective evaluation differ-
ences. Ambrosio and associates reported a sensitivity of
80% and specificity of 70% for the Belin/Ambrosio Devia-
tion score (BAD-D) index for distinguishing normal eyes
from the uninvolved fellow eye of highly asymmetric kera-
toconus.”* The sensitivity and specificity improved to 90%
and 96%, respectively, using a novel Tomographic and

Biomechanical Index, which combines BAD-D with
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TABLE 2. Variable Rank by Impact on Combined Variable
Model to Distinguish Between Asymmetric Keratoconus and
Control Study Populations

Wald Value 9-Variable Model

Variable rank
1 15.285  Thinnest pachymetry location on the

X-axis

2 9.778 Thinnest pachymetry value

3 5.629 Average central 2 mm pachymetry
4 5.314 1Al

5 2.927 AAI

6 1.860 Corneal volume (mm?)

7 1.352 Average middle 4-7 mm pachymetry
8 1.215 Posterior Height BFS Z

9 0.948 Anterior Height BFS Z

AUC 0.961

Sensitivity 90.3%

Specificity 92.6%

AAIl = posterior surface Asphericity Asymmetry Index; AUC =
area under the curve; BFS Z = best fit sphere in the z direction;
IAl = anterior surface Irregular Astigmatism Index.

Scheimpflug/Placido imaging in this study performed
slightly better than optimal models from either SD-
OCT imaging only (89% specificity, 89% sensitivity)

or Scheimpflug imaging only (83% specificity, 83%
sensitivity) models from the previous work. We looked
at all false-positive and false-negative cases in detail af-
ter analysis but could not discern any specific pattern
or deviation that specifically contributed to their
misclassification.

Limitations in this study include small sample size and
lack of long-term follow-up. Lack of follow-up or interven-
tion in these eyes limits our ability to identify parameters
that best indicate a higher risk of keratoconus progression.
The cases were obtained from multiple locations and as
such do not represent a specific geographic cohort. As pa-
tients with highly asymmetric keratoconus represent a
heterogenous cohort, we anticipate that a similar analysis
performed in a different group may find a slightly different
combination of optimal variables; however, we predict
that future optimal models using Dual Scheimpflug/Placido
technology will include pachymetry measures as well as
anterior and posterior surface asymmetry metrics. Finally,
none of the metrics identified directly measure corneal
biomechanics; rather, they all describe corneal morphology.

In conclusion, our findings demonstrate that the clini-
cally unaffected fellow eye in patients with highly asym-
metric keratoconus remains challenging to identify using
any individual metric from Dual Scheimpflug/Placido im-
aging; however, a combination of metrics, weighted heavi-
ly toward pachymetric variables, vyielded good
discriminative power.
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