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Purpose: We compared the characteristics of subtle morphological changes in subclinical keratoconus (KC) and normal corneas using
Scheimpflug tomography (Pentacam®) and assessed the efficacy of these parameters for distinguishing KC or subclinical KC from
normal eyes.

Patients and Methods: In this multicenter comparative study at Dhahran Eye Specialist Hospital and Al Kahhal Medical Complex
in the Eastern Province of Saudi Arabia, we analyzed the Scheimpflug tomography charts of patients with topographically normal eyes
and those with unilateral KC. Patients were divided into the normal (NL: patients considered for refractive surgery and with normal
topographic/tomographic features, 129 eyes), KC (30 patients with manifest KC in one eye based on biomicroscopy and topographical
findings), and forme fruste KC (FFKC: fellow eyes of patients in the KC group that met the NL group criteria) groups. Corneal
morphological parameters were analyzed using the area under the receiver operating characteristic (ROC) curves (AUCs).

Results: For distinguishing NL and KC groups, all measured corneal morphological parameters, except for flat keratometry,
maximum Ambroésio relational thickness index, and minimum sagittal curvature, had AUCs >0.75. The surface variance index yielded
the largest AUC (0.999). For distinguishing NL and FFKC groups, all corneal morphological parameters had AUCs <0.8. Total higher-
order aberrations (RMS HOA) yielded the highest AUC, followed by Belin/Ambrdsio Enhanced Ectasia total deviation (BAD-D),
back elevation at the thinnest location, average pachymetric progression index (PPlave), and deviation of Ambrosio relational
thickness (Da) (AUC 0.74-0.78).

Conclusion: The diagnostic performance of all tested topographic and tomographic parameters measured using Scheimpflug
tomography for discriminating subclinical KC was fair at best, with the top parameters being RMS HOA, BAD-D, back elevation
at the thinnest location, PPlave, and Da. Distinguishing between subclinical KC and healthy eyes remains challenging. Multimodal
imaging techniques may be required for optimal early detection of subtle morphological changes.

Plain language summary: Normal fellow eyes in patients with unilateral keratoconus were found to exhibit the mildest form of
subclinical keratoconus. The parameters of these eyes were compared with those of normal eyes in the Saudi population using
Scheimpflug tomography to detect early, subtle morphological changes. Most of the evaluated parameters were unsatisfactory in terms
of their ability to discriminate between subclinical keratoconus and normal eyes, implying the need for multimodal imaging techniques
for the optimal early detection of subclinical keratoconus.
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Introduction

Keratoconus (KC) is a progressive noninflammatory ectatic corneal disease that usually presents in adolescence and
affects both sexes and all ethnic groups. It is asymmetrical and bilateral in 90% of the cases.' The exact pathophysiology
remains unknown. However, previous studies have linked KC to environmental and genetic factors.'* Georgiou et al
have found a higher incidence of KC among Asians than among Caucasians.’ Limited studies have measured the
incidence and prevalence of KC in the Saudi population.*® However, the KC prevalence among Saudi pediatric patients
is high, reaching 4.79%.” Althomali et al reported a manifest KC prevalence of up to 8.59% among Saudi adult patients
seeking laser vision correction.”

Identifying moderate and severe forms of KC is relatively easy because of their classic clinical or topographical
features. However, early diagnosis of KC with unremarkable topographic findings poses further challenges. Various
terms have been used in the literature to describe the earliest KC stages, including subclinical KC, forme fruste
keratoconus (FFKC), and KC suspect.” This overlap in terms and the resulting ambiguous definitions imply that no
absolute criteria exist to distinguish early forms of KC from normal corneas. True unilateral KC has been previously
indicated to be rare, and the “normal” eye is most likely to exhibit undetectable KC.'°

Corneal topography assessment offers a revolutionary approach to diagnosing and managing KC and is considered to
be a superior diagnostic method for early KC.!' Several technologies have been developed to evaluate the corneal surface
characteristics of normal corneas and those of patients with KC. These include Placido disc-based topography, slit-
scanning topography, and Scheimpflug tomography.'? In the context of identifying the early stages of KC, a Scheimpflug
tomography device called the Pentacam® (Oculus, Wetzlar, Germany) was developed, which exhibited greater sensitivity
across various parameters than that of Placido disc-based topography.'> '® This device is currently considered to be
a highly sensitive tool for early KC detection.'™'® However, multiple factors, including geographic location, race, and
study population size, can affect the sensitivity and specificity of the evaluated parameters.”® To the best of our
knowledge, no previous study has described changes in morphological parameters in the fellow eyes of patients with
unilateral KC or compared these eyes with normal eyes in the Saudi population.

This study aimed to identify and compare the characteristics of early topographic/tomographic changes in subclinical
KC and normal corneas by using Scheimpflug tomography. Furthermore, we assessed the efficacy of the evaluated
parameters for distinguishing eyes with KC or subclinical KC from normal eyes.

Materials and Methods

This multicenter comparative study was conducted at Al Kahhal Medical Complex and Dhahran Eye Specialist Hospital
in the Eastern Province of Saudi Arabia. We analyzed the Scheimpflug tomography charts of a cohort of topographically
normal patients and a second cohort of patients with unilateral KC who visited both centers between 2018 and 2021.
Patients with missing information, limited eye examinations, previous eye surgery, or ocular comorbidities that may have
affected the results were excluded from the study.

The study cohort was divided into three groups. The control group consisted of patients considered for refractive
surgery with myopia or myopic astigmatism and with clinically normal corneas with topographic/tomographic features
falling within the normal range of parameters established by Scheimpflug tomography. The normal (NL) group consisted
of patients who met the following criteria for both eyes (only one eye was randomly selected for analysis): Topographic
Keratoconus Classification [TKC]=normal, typical axial topography pattern, maximum keratometry (Kmax) <47 D,
anterior elevation at the thinnest location <15, posterior elevation at the thinnest location <18, and total higher-order
aberrations (RMS HOA) <0.7 um. Patients with manifest KC in one eye, based on biomicroscopy and/or topographical
findings, exhibited the following criteria: TK C=suspicious/abnormal; axial topography pattern consistent with KC; Kmax
>47.80 D; anterior elevation at the thinnest location >15; posterior elevation at the thinnest location >18; and RMS HOA
>1.50 pm, while the fellow eye met the criteria of the NL group. Their affected eye was assigned to the unilateral KC
group, and their fellow eye was included in the FFKC group.

All patients underwent topographic examination using a Scheimpflug Pentacam® (Oculus, Wetzlar, Germany),
a tomographic device that revolves around the eye using a blue light-emitting diode at 475 nm, and a Scheimpflug camera.
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Data collected included demographic data; anterior keratometric values, including flat keratometry (K1), steep
keratometry (K2), mean keratometry (Km), and Kmax; front topographic astigmatism (AstigF); topometric maps indices,
including the index of surface variance (ISV), index of vertical asymmetry (IVA), keratoconus index (KI), central
keratoconus index (CKI), index of height asymmetry (IHA), index of height decentration (IHD), minimum sagittal
curvature (Rmin), inferior-superior index (IS value), and KISA index (keratometry, IS value, skew percentage, astigma-
tism); topographical corneal descriptors from the Belin/Ambrdsio Enhanced Ectasia Display (BAD) software in the
Scheimpflug tomography device, including minimum pachymetric progression index (PPImin), average pachymetric
progression index (PPlave), maximum pachymetric progression index (PPImax), maximum Ambroésio relational thick-
ness index (ART max), 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 Ambrdsio relational thickness (Da), and total deviation of normality (BAD-D); front
(F_Ele Thin) and back (B_Ele Thin) corneal elevation at the thinnest corneal location; and total higher-order aberrations
(RMS HOA).

The R language (version 4.3) was used for the statistical analysis and presentation of results. The Shapiro—Wilk test
was used to assess the normality of corneal morphological parameters. Measured data that followed a normal distribution
are described as the mean + standard deviation. Non-normal data are described as medians and quartile ranges. The
Kruskal-Wallis test was used to compare the age, sex, and parameters of the KC, FFKC, and NL groups. Statistical
significance was set at P <0.05. To investigate the differences between the two groups further, a post hoc test was
conducted using Dunn’s method for multiple comparisons. Given the multiple comparisons involved in pair-wise
comparisons of parameters of the KC, FFKC, and NL groups, the significance level was adjusted to 0.017 following
the Bonferroni principle.?'*?

To determine the optimal cut-off values of such parameters, the sensitivity and specificity values must be closest to
the area under the receiver operator characteristic (ROC) curve (AUC), and the absolute difference between the
sensitivity and specificity should be minimal. The AUC is a valuable metric for comparing test results, as it reflects
overall accuracy.”>?* Thus, when distinguishing between the two diagnostic groups (FFKC and NL), the overall accuracy
of an index was established using the AUC of the ROC curve.>* The AUC was classified as excellent (>0.9), good (0.8 to
0.9), fair (0.7 to 0.8), or poor (0.6 to 0.7).> The DeLong test was used to assess the differences in the AUC among the
various parameters. The significance level was adjusted to 0.0023 following the Bonferroni principle to account for
multiple comparisons involving pair-wise comparisons of ROC curves.*'

Ethical Considerations

The study complied with the principles of the Code of Ethics of the World Medical Association (Declaration of Helsinki).
The study protocol was approved by the Biocthical Research Committee of Al Kahhal Medical Complex and Dhahran
Eye Specialist Hospital. Considering the retrospective nature of this study, the requirement for obtaining informed patient
consent was waived. However, the data were handled confidentially.

Results

Characteristics of Study Participants

This study included 189 eyes from 159 patients. The KC group comprised 30 eyes of 30 patients (21 men and nine
women,; average age, 27 + 7 years [range, 16-47 years]), whose fellow eyes comprised the FFKC group. The NL group
included 129 eyes of 129 patients (60 men and 69 women; average age, 26 + 6 years [range, 1748 years]). There was no
significant difference in age among the KC, FFKC, and NL groups (P = 0.531). The sex distribution was significantly
different among the three groups (P = 0.011).

Group Comparisons
Significant differences were observed in all morphological parameters among the three groups (P < 0.05; Table 1). All
morphological parameters were significantly different between the NL and KC groups (P < 0.001). Similarly, when
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Table | Comparison of Parameters Among the Keratoconus (KC), Forme Fruste Keratoconus (FFKC), and Normal Cornea (NL)

Groups
Parameters NL Group KC Group FFKC Group (NL, KC, FFKC) | (NL vs KC) ‘ (NL vs FFKC) (KC vs FFKC)
Mean /Median (Range of Variation) P-value
K1 42.50 (41.80-43.40) 44.70 (42.00-46.00) 42.70 (41.80-43.50) 0.004 0.001 0.574 0.025
K2 43.76 (42.34-45.18) 47.60 (44.65-51.55) 43.70 (42.27-45.14) <0.001 <0.001 0.834 <0.001
Km 43.10 (42.40—44.00) 45.45 (43.25-48.38) 43.15 (41.83-44.48) <0.001 <0.001 0.766 0.001
Kmax 44.20 (43.30-45.20) 53.30 (49.00-60.48) 44.54 (43.00-46.08) <0.001 <0.001 0.283 <0.001
AstigF 1.10 (0.80-1.60) 3.30 (1.90-5.03) 0.85 (0.50-1.32) <0.001 <0.001 0.031 <0.001
IsV 17.00 (14.00-20.00) 85.50 (54.00-138.00) 17.00 (14.25-23.00) <0.001 <0.001 0.316 <0.001
IVA 0.11 (0.08-0.14) 0.92 (0.55-1.53) 0.14 (0.09-0.18) <0.001 <0.001 0.008 <0.001
Kl 1.02 (1.00-1.03) 1.23 (1.00-1.45) 1.02 (1.01-1.04) <0.001 <0.001 0.029 <0.001
CKI 1.01 (1.00-1.01) 1.04 (1.02-1.10) 1.01 (1.00-1.01) <0.001 <0.001 0361 <0.001
IHA 5.10 (2.50-8.40) 17.40 (5.85-35.62) 5.30 (1.55-11.20) <0.001 <0.001 0.821 <0.001
IHD 0.01 (0.01-0.01) 0.09 (0.05-0.16) 0.01 (0.01-0.01) <0.001 <0.001 0.627 <0.001
Rmin 7.63 (7.47-7.79) 6.15 (5.09-7.21) 7.58 (7.32-7.85) <0.001 <0.001 0.285 <0.001
IS Value 0.09 (—0.35-0.36) 6.01 (0.41-11.62) 0.44 (—0.30-1.17) <0.001 <0.001 0.003 <0.001
KISA 4.34 (1.38-6.67) 621.62 (108.93-2859.62) I1.16 (2.61-20.73) <0.001 <0.001 0.007 <0.001
PPImin 0.66 (0.59-0.75) 1.35 (1.06-1.95) 0.73 (0.55-0.90) <0.001 <0.001 0.09 <0.001
PPlave 1.24 (1.05-1.43) 3.31 (2.38-4.13) 1.46 (1.20-1.72) <0.001 <0.001 <0.001 <0.001
PPImax 0.96 (0.84-1.08) 2.18 (1.67-2.98) 1.06 (0.88-1.24) <0.001 <0.001 0.004 <0.001
ART Max 446.00 (401.00—488.00) 145.00 (115.75-188.25) 369.00 (320.50-417.00) <0.001 <0.001 <0.001 <0.001
Df -0.08 (-0.55-0.42) 9.87 (4.91-12.77) 0.30 (-0.80-1.40) <0.001 <0.001 0.182 <0.001
Db -0.49 (-0.87-0.02) 7.63 (4.43-12.56) -0.01 (-0.53-0.73) <0.001 <0.001 0.001 <0.001
Dp 0.36 (-0.45-1.16) 7.77 (5.22-12.59) 1.05 (-0.15-2.25) <0.001 <0.001 0.004 <0.001
Dt -0.31 (-0.65-0.18) 2.04 (0.88-3.16) 0.09 (-0.35-1.06) <0.001 <0.001 0.007 <0.001
Da 0.37 (-0.03-0.78) 3.14 (2.74-3.40) 1.05 (0.33-1.77) <0.001 <0.001 <0.001 <0.001
BAD-D 0.80 (0.22-1.38) 8.54 (5.80-12.09) 1.57 (0.70-2.44) <0.001 <0.001 <0.001 <0.001
F_Ele_Thin 2.00 (1.00-3.00) 21.50 (10.25-29.75) 3.03 (1.13-4.94) <0.001 <0.001 0.03 <0.001
B_Ele_Thin 5.00 (3.00-8.00) 57.00 (30.00-74.75) 9.63 (5.24-14.03) <0.001 <0.001 <0.001 <0.001
RMS HOA 0.38 (0.33-0.44) 3.18 (1.99-4.79) 0.50 (0.42-0.68) <0.001 <0.001 <0.001 <0.001

Abbreviations: ART max, maximum Ambrésio relational thickness index; AstigF, front topographic astigmatism; B_Ele_Thin, back corneal elevation at the thinnest location;
BAD-D, Belin/Ambrosio Enhanced Ectasia total deviation; BAD, Belin/Ambradsio Enhanced Ectasia Display; CKI, central keratoconus index; Da, deviation of normality of
Ambrosio relational thickness; Db, deviation of normality of the back elevation; Df, deviation of normality of the front elevation; Dp, deviation of normality of pachymetric
progression; Dt, deviation of normality of corneal thinnest point; F_Ele_Thin, front corneal elevation at the thinnest location; FFKC, forme fruste keratoconus; IHA, index of
height asymmetry; IHD, index of height decentration; IS value, inferior-superior index; ISV, index of surface variance; IVA, index of vertical asymmetry; K1, flat keratometry;
K2, steep keratometry; KC, keratoconus; Kl, keratoconus index; KISA, keratometry, IS value, skew percentage, astigmatism index; PPlave, average pachymetric progression
index; PPImax, maximum pachymetric progression index; PPImin, minimum pachymetric progression index; Rmin, minimum sagittal curvature; RMS HOA, total higher-order
aberrations.

comparing the NL group with the FFKC group, significant differences were found in IVA, IS Value, ART Max, Db, Dp,
Dt, Da, BAD-D, PPlave, PPI Max, B_Ele Thin, RMS HOA, and KISA (P < 0.017).

ROC Curve Analysis of Each Parameter
The ROC curve analysis revealed that most of the measured corneal morphological parameters in the NL and KC groups
had an AUC >0.75, with the exceptions of K1, ART Max, and Rmin. Notably, the ISV exhibited the highest AUC value
(0.999; Table 2).

In contrast, when comparing the NL and FFKC groups, the AUCs of all corneal morphological parameters were <0.8. The
RMS HOA showed the highest AUC, followed by BAD-D, B_Ele Thin, PPlave, and Da, with AUC values ranging from 0.74
to 0.78 (Table 2 and Table 3). Figures 1 and 2 show the ROC curves for all the morphological parameters assessed.

Comparison of AUCs of Parameters
A comparison of the diagnostic capabilities of various parameters for KC and FFKC using ROC curves showed that ISV,
IVA, Df, BAD-D, and B_Ele Thin could effectively diagnose KC (AUC > 0.97). The AUCs of these parameters did not
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Table 2 Receiver Operator Characteristic (ROC) Curve Analysis Results for Different Parameters in Distinguishing
the Keratoconus (KC) and Forme Fruste Keratoconus (FFKC) Groups from the Normal Cornea (NL) Group

Parameters KC Group vs NL Group FFKC Group vs NL Group
AUC Cut-off | Sensitivity | Specificity AUC Cut-off | Sensitivity | Specificity

Kl 0.691 43.1 0.6667 0.6822 0.533 42.6 0.5333 0.5116
K2 0.826 44.7 0.7333 0.7364 0.488 439 0.5 0.5194
Km 0.752 43.8 0.7 0.6977 0.517 433 0.5333 0.5504
Kmax 0.939 46 0.9 0.907 0.563 44.7 0.5667 0.6047
AstigF 0.827 1.8 0.8 0.7907 0.374 [ 0.3667 0.3876
ISV 0.999 30 0.9667 0.9767 0.559 17 0.6 0.4729
IVA 0.994 0.2 0.9333 0.938 0.656 0.13 0.6333 0.6822
Kl 0.874 1.04 0.8667 0.8605 0.626 1.02 0.6333 0.4884
CKI 0.808 1.02 0.7667 0.9767 0.453 1.0l 0.5333 0.3876
IHA 0.761 82 0.7333 0.7364 0.487 5.5 0.5 0.5039
IHD 0.961 0.019 0.9333 0.9225 0.528 0.0l 0.4667 0.4884
Rmin 0.062 7.36 0.1 0.1085 0.437 7.58 0.4333 0.4341
IS value 0.902 0.75 0.8667 0.8682 0.677 0.22 0.6667 0.6512
KISA 0.949 12.067 0.9 0.907 0.659 5.092 0.5667 0.5736
PPImin 0.921 0.83 0.9 0.9147 0.600 0.7 0.5667 0.5969
PPlave 0.954 1.55 0.9333 0.907 0.741 1.34 0.7333 0.7364
PPImax 0.937 1.13 0.9 0.907 0.669 0.99 0.6 0.6202
ART max 0.053 340 0.1 0.0853 0.241 408 0.3 0.2946
Df 0.979 1.35 0.9333 0.9225 0.578 —0.04 0.5333 0.5271
Db 0.973 0.38 0.9 0.907 0.690 -0.29 0.6 0.6047
Dp 0.937 1.49 0.9 0.907 0.669 0.51 0.6333 0.6124
Dt 0.894 0.6 0.8333 0.8372 0.659 —-0.17 0.6333 0.5891
Da 0.954 1.35 0.9333 0.9225 0.740 0.72 0.7 0.7054
BAD-D 0.980 1.75 0.9333 0.938 0.766 1.13 0.7 0.7054
F_Ele_Thin 0.938 5 0.9333 0.9457 0.624 3 0.5667 0.6124
B_Ele_Thin 0.983 12 0.9333 0.9612 0.766 8 0.7 0.7054
RMS HOA 0.972 0.616 0.9667 0.938 0.789 0.425 0.7 0.6977

Abbreviations: ART max, maximum Ambrésio relational thickness index; AstigF, front topographic astigmatism; B_Ele_Thin, back corneal
elevation at the thinnest location; BAD-D, Belin/Ambroésio Enhanced Ectasia total deviation; BAD, Belin/Ambrosio Enhanced Ectasia Display; CKI,
central keratoconus index; Da, deviation of normality of Ambrosio relational thickness; Db, deviation of normality of the back elevation; Df,
deviation of normality of the front elevation; Dp, deviation of normality of pachymetric progression; Dt, deviation of normality of corneal thinnest
point; F_Ele_Thin, front corneal elevation at the thinnest location; FFKC, forme fruste keratoconus; IHA, index of height asymmetry; IHD, index of
height decentration; IS value, inferior-superior index; ISV, index of surface variance; IVA, index of vertical asymmetry; K|, flat keratometry; K2, steep
keratometry; KC, keratoconus; Kl, keratoconus index; KISA, keratometry, IS value, skew percentage, astigmatism index; Kmax, maximum
keratometry; PPlave, average pachymetric progression index; PPImax, maximum pachymetric progression index; PPlmin, minimum pachymetric

progression index; Rmin, minimum sagittal curvature; RMS HOA, total higher-order aberrations.

Table 3 Top Five Parameters with the Highest AUC Values
Distinguishing the Forme Fruste Keratoconus (FFKC) Group
from the Normal Cornea (NL) Group

Parameters FFKC Group vs NL Group

AUC Cut-off | Sensitivity | Specificity
RMS HOA 0.789 0.425 0.7 0.6977
BAD-D 0.766 1.13 0.7 0.7054
B_Ele_Thin 0.766 8 0.7 0.7054
PPlave 0.741 1.34 0.7333 0.7364
Da 0.740 0.72 0.7 0.7054

Abbreviations: AUC, area under the curve; B_Ele_Thin, back corneal elevation at
the thinnest location; BAD-D, Belin/Ambrosio Enhanced Ectasia total deviation; Da,
deviation of normality of Ambrosio relational thickness; FFKC, forme fruste kera-
toconus; PPlave, average pachymetric progression index.
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Figure 2 Receiver operating characteristic curve for distinguishing forme fruste keratoconus from normal corneas.
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BAD-D, Belin/Ambrosio Enhanced Ectasia total deviation; CKI, central keratoconus index; Da, deviation of normality of Ambrosio relational thickness; Db, deviation of
normality of the back elevation; Df, deviation of normality of the front elevation; Dp, deviation of normality of pachymetric progression; Dt, deviation of normality of corneal
thinnest point; F_Ele_Thin, front corneal elevation at the thinnest location; IHA, index of height asymmetry; IHD, index of height decentration; IS value, inferior-superior
index; ISV, index of surface variance; IVA, index of vertical asymmetry; KI, flat keratometry; K2, steep keratometry; KC, keratoconus; KI, keratoconus index; KISA,
keratometry, IS value, skew percentage, astigmatism index; Km, mean keratometry; Kmax, maximum keratometry; PPlave, average pachymetric progression index; PPImax,
maximum pachymetric progression index; PPImin, minimum pachymetric progression index; Rmin, minimum sagittal curvature; RMS HOA, total higher-order aberrations.
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Table 4 Comparison of the Receiver Operator Characteristic
(ROC) Curves of Some Parameters in the Keratoconus (KC),
Forme Fruste Keratoconus (FFKC), and the Normal Cornea

(NL) Groups

Parametric Curves Compared P-value P-value
(KC vs NL) | (FFKC vs NL)
ISV IVA 0.191 0.047
Df 0.113 0.751
Da 0.149 0.006
BAD-D 0.183 <0.001
RMS HOA 0.297 <0.001
B_Ele_Thin 0.273 0.001
IVA Df 0.267 0.131
Da 0.157 0.233
BAD-D 0.223 0.076
PPlave 0.16 0.245
RMS HOA 0.339 0.028
B_Ele_Thin 0.399 0.08
Df Da 0.478 0.019
BAD-D 0.958 <0.001
PPlave 0.48 0.023
RMS HOA 0.8l 0.003
B_Ele_Thin 0.8l 0.002
Da BAD-D 0.131 0.449
PPlave | 0.945
RMS HOA 0.543 0.455
B_Ele_Thin 0.119 0.645
BAD-D PPlave 0.135 0.531
RMS HOA 0.725 0.743
B_Ele_Thin 0.507 0.998
PPlave RMS HOA 0.554 0.472
B_Ele_Thin 0.117 0.646
RMS HOA B_Ele_Thin 0.671 0.766

Abbreviations: B_Ele_Thin, back corneal elevation at the thinnest location; BAD-D,
Belin/Ambrosio Enhanced Ectasia total deviation; Da, deviation of normality of
Ambrosio relational thickness; Df, deviation of normality of the front elevation;
FFKC, forme fruste keratoconus; ISV, index of surface variance; IVA, index of vertical
asymmetry; PPlave, average pachymetric progression index; RMS HOA, total higher-
order aberrations.

show any statistically significant differences in terms of KC diagnostic ability, although ISV and IVA exhibited greater
AUCs, suggesting greater efficiency in diagnosing KC than that of the other parameters (Table 4).

On the other hand, RMS HOA, BAD-D, B_Ele Thin, PPlave, and Da could effectively diagnose FFKC (AUC >
0.70). The AUCs of these tested parameters showed no statistically significant differences in any pair-wise comparison.
However, RMS HOA, B_FEle Thin, and BAD-D demonstrated higher AUCs than the other parameters, indicating that
they may have greater efficiency in diagnosing FFKC (Table 4).

Discussion

In this study, we aimed to identify subtle changes in the morphological parameters of subclinical KC, compare them with
those in normal corneas, and validate the ability of different Scheimpflug tomography parameters and their optimized
cut-off values to detect subclinical KC in a considerably large sample of patients in Saudi Arabia. Most of the tested
parameters could differentiate NL from KC with an AUC >0.75, except for K1, ARTMax, and Rmin. The ISV yielded the
largest AUC (0.999), followed by the IVA, B-Ele-Thin, and BAD-D (Table 2). These results corroborated findings from
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previous studies that Scheimpflug tomography can accurately distinguish eyes with KC from normal eyes.''"!?-*3-2¢

However, our findings also indicated that individual parameters derived from Scheimpflug tomography were suboptimal
in distinguishing between normal eyes and eyes with subclinical KC. ROC curve analysis of the NL and FFKC groups
showed AUCs <0.8 for all corneal morphological parameters. Among all parameters, RMS HOA was found to have the
highest AUC, consistent with other similar studies.”” ?° Following RMS HOA, the BAD-D index also showed
noteworthy diagnostic performance. Back elevation at the thinnest location, PPlave, and Da exhibited relatively high
AUC values (range: 0.74-0.78), which implies a 74—-78% likelihood of accurately classifying cases as having subclinical
KC based on these parameters. Therefore, we suggest careful examination of these parameters with their effective cut-off
values (Table 3) as screening tools that may help to exclude patients from laser vision correction and prevent post-
refractive surgery ectasia in our population, particularly in cases where the anterior axial curvature is normal and
posterior elevation is <18 um.

According to the 2015 consensus of the Global Consensus on Keratoconus and Ectatic Diseases panel, tomography
(such as Scheimpflug or optical coherence tomography) is the most reliable and readily available test for diagnosing early
KC, and the presence of posterior corneal elevation abnormalities is necessary to determine mild or subclinical KC.*
However, the available literature on the diagnostic value of posterior elevation in the detection of subclinical KC is
limited.

Our study is one of the few to date that has included tomography as a parameter for detecting subclinical KC. Despite
being one of the best parameters for detecting KC, posterior elevation at the thinnest location was not superior to
accurately distinguishing subclinical KC. These findings were consistent with those of most other studies that investi-
gated posterior elevation.'***! Vasquez et al concluded that the posterior corneal surface deviation index failed to detect
subclinical KC. It was not superior to anterior corneal surface deviation, as it only detected approximately 50% of
subclinical KC eyes.”> Hwang et al studied tomographic variables from Scheimpflug and spectral-domain optical
coherence tomography (SD-OCT) and concluded that combining variables effectively detected subclinical KC.
Interestingly, the accuracy of their model decreased with the addition of posterior elevation data.*' In contrast, De
Sanctis et al reported a high overall accuracy of posterior elevation but found that it did not perform as well in
distinguishing subclinical KC from KC. A posterior elevation of >29 pm could be used to detect subclinical KC with
a high degree of specificity (90.8%) but low sensitivity (68%).'* However, notably, the diagnostic criteria established by
De Sanctis et al'* for defining subclinical KC were less rigid than those used in our study and in other studies with
similar findings.'***~! This difference in criteria may account for the observed contradiction. Considering the available
data, posterior elevation obtained using the Scheimpflug technology may not be necessary to diagnose subclinical KC.

Elevation maps of Scheimpflug tomography were generated by comparing the reconstructed anterior and posterior
surfaces with the best-fitted surface, with a standard reference size of 8 mm. Thus, the corneal apex can be elevated
anteriorly and posteriorly at the minimum thickness.*> As Scheimpflug tomography measures anterior and posterior
surface elevations, it applies a best-fit surface to both surfaces; however, the apical protrusion can steepen the best-fit
surface, resulting in a further negligible difference. The BAD in the Scheimpflug tomography system solves this problem
by eliminating the 3—4-mm area of the thinnest pachymetry and creating an enhanced best-fit sphere.’> Hashemi et al
reported that BAD-D on Scheimpflug tomography was the strongest factor for diagnosing subclinical and clinical KC.
A combination of BAD-D, vertical coma aberration, IVA, and ISV could be used to detect subclinical KC when the
corneal curvature patterns are normal.*® Shetty et al reported similar findings, concluding that BAD-D was the best
marker for differentiating KC and subclinical KC from normal corneas.'' In our study, this was not the case, as the BAD-
D demonstrated poor performance in detecting subclinical KC, which was consistent with the findings of Bae et al.'* Our
study’s stricter inclusion criteria for defining fellow eyes may account for this inconsistency.

Even though the topographic and tomographic indices derived by Scheimpflug tomography are excellent at distin-
guishing manifest KC from normal eyes, no individual parameter was capable of detecting subclinical KC, as previously
described.”’ Some reports have indicated that the epithelial thickness standard deviation (pattern standard deviation) is
a strong predictor of early KC,** whereas others have indicated epithelial thickness at the thinnest point to be useful for
diagnosing early subclinical KC.*
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The retrospective nature of our study and the lack of long-term follow-up may have limited our ability to identify the
progression risk and accuracy of the parameters. Identifying parameters for early KC diagnosis is crucial. Further
research with similar strict inclusion criteria and longer follow-up periods, focusing on corneal biomechanics, wavefront
aberrations, SD-OCT, and epithelial mapping, is required.

Conclusion

Distinguishing between eyes with subclinical KC and healthy eyes remains a challenge. Herein, the diagnostic
performance of all tested topographic and tomographic parameters using Scheimpflug tomography to discriminate
subclinical KC was fair at best, with the top parameters being RMS HOA, BAD-D, back elevation at the thinnest
location, PPlave, and Da. Thus, multimodal imaging techniques for optimal early detection of subtle morphological
changes may be required.

Abbreviations

ART max, maximum Ambroésio relational thickness index; AstigF, front topographic astigmatism; AUC, area under the
curve; B_Ele Thin, back corneal elevation at the thinnest location; BAD, Belin/Ambrdsio Enhanced Ectasia Display;
BAD-D, Belin/Ambrésio Enhanced Ectasia Total Deviation; CKI, central keratoconus index; Da, deviation of normality
of Ambrdsio relational thickness; Db, deviation of normality of the back elevation; Df, deviation of normality of the front
elevation; Dp, deviation of normality of pachymetric progression; Dt, deviation of normality of corneal thinnest point;
F _Ele Thin, front corneal elevation at the thinnest location; FFKC, forme fruste keratoconus; IHA, index of height
asymmetry; IHD, index of height decentration; IS value, inferior-superior index; ISV, index of surface variance; IVA,
index of vertical asymmetry; K1, flat keratometry; K2, steep keratometry; KC, keratoconus; KI, keratoconus index;
KISA, keratometry, IS value, skew percentage, astigmatism index; Km, mean keratometry; Kmax, maximum kerato-
metry; PPlave, average pachymetric progression index; PPImax, maximum pachymetric progression index; PPImin,
minimum pachymetric progression index; Rmin, minimum sagittal curvature; RMS HOA, total higher-order aberrations;
ROC, receiver operating characteristic; SD-OCT, spectral-domain optical coherence tomography.
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