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Abstract

Background: To assess the diagnostic ability of Pentacam HR (Oculus Optikgeräte, GmbH, Wetzlar, Germany)
tomographic indices in discriminating keratoconus (KC) and KC suspect (KCS) in 10- to 30-year-old patients with
Down syndrome (DS).

Methods: In this study, DS patients were enrolled through special needs schools, the National Down Syndrome
Society, and relevant non-profit organizations. Diagnoses were made independently by two experienced specialists.
Forty Pentacam indices related to corneal thickness, volume, density, keratometry, power, shape, aberration, and
elevation were extracted. For each index, the accuracy for KC and KCS diagnosis was evaluated using discriminant
analysis and the area under receiver operating characteristic curve (AUROC). From each enrolled case, data from
only one eye was entered in the analyses.

Results: Analyses were performed on data from 25 KC, 46 KCS, and 154 non-ectatic DS eyes. The best discriminants
for KC were anterior higher order aberrations (HOA) (cutoff > 0.643, AUROC = 0.879), posterior vertical coma (cutoff
> 0.0702 μm, AUROC = 0.875), anterior vertical coma (cutoff > 0.4124 μm, AUROC = 0.868), and total HOA (cutoff >
0.608, AUROC = 0.867). The difference between AUROCs were not statistically significant (all P > 0.05). For KCS, the
best discriminants were minimum corneal thickness (cutoff ≤ 480.0 μm, AUROC = 0.775), corneal volume (cutoff
≤ 55.3 μm, AUROC = 0.727) and Belin Ambrosio display-total deviation (BAD-D) (cutoff > 2.23, AUROC = 0.718) with
no significant difference between AUROCs (all P > 0.05).

Conclusions: In this sample of DS patients, best KC discriminators were HOA and coma which showed good
diagnostic ability. For KCS, best predictors were minimum corneal thickness, corneal volume, and BAD-D with
relatively good diagnostic ability. Defining a new set of KC diagnostic criteria for DS patients is suggested.
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Background
Keratoconus (KC) is a degenerative inflammatory corneal
pathology [1] that is usually associated with progressive
thinning and steepening of the cornea [2]. Advanced tech-
niques and 3-D assessment of the cornea have significantly
enhanced our ability to detect KC and even KC suspects
(KCS). Corneal topography is currently an important diag-
nostic tool, and its combination with pachymetry and

assessment of corneal stiffness has improved diagnostic
accuracy [3–5]. However, the diagnosis of KCS remains
complicated and uncertain. There are several KC-related
indices and classifications, especially for identifying cases in
the early stages, but it can be a challenge for clinicians to
consider them all. To facilitate the process, artificial
intelligence methods (e.g., computer-aided diagnosis and
artificial neural networks) have been developed, but the
diagnosis of KC and KCS remains challenging [6].
The cornea in Down syndrome (DS) has a different

structure, and DS patients have thinner and steeper cor-
neas [7] compared to non-DS normal individuals. On
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the other hand, the prevalence of refractive errors in DS
can be as high as 76.2% [8]. Therefore, the diagnosis of
KC in this population is not only more challenging, but
also important as it has implications for refractive sur-
gery screening. The reported prevalence of KC in DS
ranges from 0% [9] to 21.1% [10]. This difference, in
addition to age and genetic predisposition, can be due to
diagnostic criteria. Given these uncertainties in the diag-
nosis, the term KC-compatible has been used to describe
findings, and it has been shown that 71.3% of DS pa-
tients may have findings suggestive of KC [11]. Given
the lack of literature on this topic, this study was de-
signed in an attempt to define diagnostic criteria for dif-
ferentiating KC and KCS from non-ectatic corneas in
DS patients.

Material and methods
This research was done using data from a study of 10-
to 30-year-old DS patients at Noor Eye Hospital in
Tehran, Iran. The methodology of the study has been
described elsewhere [12]. In brief, 250 DS patients were
recruited through special needs schools, the National
Down Syndrome Society, and relevant non-profit organi-
zations, and 225 of them were enrolled into DS-KC, DS-
KCS, and DS comparison (DS-C) groups. Inclusion cri-
teria were diagnosis of DS and a minimum age of 10
years. Exclusion criteria were any concomitant mental
illnesses such as autism or Klinefelter syndrome. For a
normal control (NC) group, 200 normal subjects (non-
DS) were matched by age and gender from normal cases
presenting for a vision check-up (113 cases) and refract-
ive surgery candidates presenting for their first work-up
session (87 cases). For this report, we excluded cases
with a history of ocular surgery due to their possible im-
pact on the measured corneal indices.

Ethical considerations
Approval for this study was obtained from the Ethics
Committee of Tehran University of Medical Sciences
(ID: 1397.091). The study adhered to the tenets of the
Helsinki Declaration at all stages. Prior to enrollment,
the goals and methods of the study were explained to
the normal groups and parents of DS patients and writ-
ten consent was obtained. For all cases in the three DS
groups, informed consent were obtained from their par-
ents/guardians, and participants were asked for verbal
assent before any procedure.

Examinations
Enrolled participants had complete ophthalmic examina-
tions including slit-lamp biomicroscopy (Haag-Streit,
Koniz, Switzerland), visual acuity testing using the SC-
2000 Chart (Nidek co., Tokyo, Japan), retinoscopy using
HEINE BETA 200 with ParaStop (HEINE Optotechnik,

Herrsching, Germany), and imaging with Pentacam
(Oculus Optikgeräte GmbH, Wetzlar, Germany). All Pen-
tacam imaging was done by a skilled optometrist between
8 am and 12 noon. Imaging was repeated, if necessary,
until an acceptable quality (minimum valid data: 93.0%)
was acquired. If more than three attempts were needed,
another appointment was scheduled for 2–3 days later to
avoid participant fatigue and measurement error.
From the exported Pentacam data, the following 40 in-

dices were used in this study:

1) Measures of corneal thickness, volume, and density:
minimum corneal thickness (MCT), maximum
Ambrósio’s relational thickness (ART-max), corneal
volume, and total density in the 0–12 diameter;

2) Measures of keratometry and corneal shape: maximum
keratometry in the central 3mm (Ksteep), minimum
keratometry in the central 3mm (Kflat), maximum
keratometry in the central 8mm (Kmax), maximum
keratometry in a 3mm zone around the steepest point
(ZKmax), anterior radius of curvature centered on the
thinnest point (ARC), posterior radius of curvature
centered on the thinnest point (PRC), index of surface
variance (ISV), index of vertical asymmetry (IVA),
keratoconus index (KI), center keratoconus index,
index of height asymmetry, index of height
decentration (IHD), inferior-superior asymmetry (I-S
value), average of mean total corneal refractive power
at 2 to 8mm (mean TCRP), anterior asphericity, pos-
terior asphericity, and total asphericity (Q-value);

3) Measures of corneal aberrations: anterior vertical
coma, posterior vertical coma, anterior horizontal
coma, posterior horizontal coma, anterior total
coma, posterior total coma, total coma, anterior
spherical aberrations (SA), posterior SA, total SA,
anterior higher order aberrations (HOA), posterior
HOA, and total HOA;

4) Measures of corneal elevation: anterior elevation at
the thinnest point (AE-Thin), posterior elevation at
the thinnest point (PE-Thin), anterior elevation at
the apex (AE-Apex), and posterior elevation at the
apex (PE-Apex);

5) The Belin Ambrosio display-total deviation (BAD-D).

Definitions
Diagnoses of KC and KCS were made independently by
two experienced specialists based on clinical and para-
clinical criteria as described elsewhere [13]. Clinical cri-
teria included Munson’s sign, Vogt’s striae, Fleischer’s
ring, apical thinning, or Rizutti’s sign [14] and tomo-
graphic criteria were Kmax > 48.0 diopters (D) [15],
ART-max < 339 μm [16], I-S value > 1.4 D [17], BAD-
D > 1.6 [18], and posterior elevation. DS-KC cases were
those who had the clinical signs and more than two
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abnormal tomography criteria. Patients in the DS-KCS
group had no abnormal clinical finding and a maximum
of two abnormal tomography criteria. Other cases were
assigned to the DS-C group. From each case, data from
only one eye was entered in the analyses. When fellow
eyes met the criteria for the same group, the right eye
was enrolled. In unilateral normal cases, the eye with
KCS or KC was enrolled. For cases with KC in one eye
and KCS in the other, the KC eye was enrolled.

Statistical analysis
Statistical analyses were performed using SPSS version 21
(IBM Corp., Armonk, NY, USA) and MedCalc version
18.9.1 (MedCalc Software, Ostend, Belgium). To eliminate
the effect of fellow eye correlations, data from only one
eye per subject was used. First, variables that could dis-
criminate DS-KC and DS-KCS from DS-C were identified
using the leave-one-out cross-validation (LOOCV) tech-
nique. Discriminant analysis was used for selecting the
best set of predictors, and accuracy was determined as the
percentage of cases correctly classified. The discriminative
ability of each parameter was then assessed using a re-
ceiver operating characteristic (ROC) curve. For each par-
ameter, the area under curve (AUROC) was calculated,
and the sensitivity and specificity values were determined
based on the maximum Youden index. Finally, given the
non-parametric distribution of AUROCs, we applied
DeLong et al.’s method for making pairwise comparisons
of AUROCs and comparing the performance of diagnostic
tests. An AUROC of 0.90–1.00 represents excellent dis-
crimination, 0.80–0.89 is considered good, 0.70–0.79 is
fair, 0.60–0.69 is considered poor, and 0.50–0.59 is inter-
preted as very poor discrimination [19]. Cutoffs were de-
termined by comparing values in the DS-KC and DS-KCS
groups with those in the DS-C group. Values in the non-
DS NC group were summarized to illustrate the differ-
ences between the non-ectatic DS-C group with an age-
matched normal sample.

Results
Data from 25 DS-KC eyes, 46 DS-KCS eyes, 154 DS-C
right eyes, and 200 right eyes of the non-DS NC group
were used. Compared to the DS-C group (16.73 ± 4.70
years), mean age was 16.56 ± 4.22 years in the DS-KC
group (P = 0.852) and 18.06 ± 4.71 years in the DS-KCS
group (P = 0.097). Although, compared to the DS-C
group (55.2%), there were smaller proportions of females
in the DS-KC (44.0%, P = 0.257) and DS-KCS groups
(45.8%, P = 0.298), these differences were not significant.
Mean age (17.20 ± 4.36 years, P = 0.344) and propor-

tion of females (49.5%, P = 0.394) in the NC group were
not statistically significantly different from the DS-C
group. One-way ANOVA between the NC and DS-C
groups showed significant differences for all variables

except cylindrical error. The background information of
the four study groups is summarized in Table 1.

Keratoconus
In discriminant analysis, differences between DS-KC and
DS-C groups were statistically significant for all indices
(all P < 0.05), except corneal volume, posterior aspheri-
city, and anterior, posterior, and total SA. The differ-
ences of log determinants were non-significant (P <
0.001). The log determinants were relatively similar be-
tween DS-KC and DS-C groups, and although Box’s M
rejected the assumption of equality of covariance matri-
ces, the sample size made the test sufficiently robust. In
discriminant function, the canonical correlation was
0.740, but structure matrix revealed 20 significant pre-
dictors: anterior vertical coma (0.609), total vertical
coma (0.586), posterior vertical coma (0.567), IVA
(0.526), anterior HOA (0.521), ISV (0.513), total HOA
(0.512), KI (0.470), I-S value (0.437), IHD (0.425),
ZKmax (0.410), Kmax (0.407), BAD-D (0.405), ARC (−
0.388), PRC (− 0.381), AE-Thin (0.366), anterior hori-
zontal coma (0.359), total horizontal coma (0.356), PE-
Thin (0.321), and Ksteep (0.310). All other indices
showed weak correlations (≤ 0.3) with each discriminant
function. The cross-validation table showed 95.30% cor-
rect classification (84.21% for DS-KC and 96.05 for DS-
C). Figure 1 shows the distribution of discriminant
scores in the DS-KC and DS-C groups.
Table 2 presents the AUROC and the sensitivity and

specificity of these 20 indices in distinguishing DS-KC
from DS-C cases. Based on AUROC classification, the best
discriminators in descending order were the 11 indices of
anterior HOA, posterior vertical coma, anterior vertical
coma, total HOA, total vertical coma, I-S value, IVA, ISV,
IHD, KI, and BAD-D. Among these good discriminators,
the AUROC differences between anterior HOA, total
HOA, anterior vertical coma, and posterior vertical coma
were not statistically significant (all P > 0.05). ARC, PRC,
ZKmax, Kmax, anterior horizontal coma, total horizontal
coma, and Ksteep were fair discriminators. Among fair
discriminators, only AUROC differences between Ksteep
and ARC (P = 0.0095), ZKmax (P = 0.0016), and Kmax
(P = 0.0079) were statistically significant.

Keratoconus suspect
In discriminant analysis, differences between DS-KCS
and DS-C groups were statistically significant for Kflat,
ARC, MCT, corneal volume, ART-max, IVA, KI, IHD, I-
S value, BAD-D, AE-Thin, anterior vertical coma, pos-
terior vertical coma, and total vertical coma (all P <
0.05). The log determinants were quite similar between
DS-KCS and DS-C groups, and although Box’s M
rejected the assumption of equality of covariance matri-
ces, the sample size made the test sufficiently robust.
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Although the canonical correlation was 0.726, Wilks’
lambda showed significant discriminant function (P <
0.001). In the structure matrix, only the three indices of
MCT (− 0.579), corneal volume (− 0.430), and BAD-D
(0.318) were significant predictors. All other indices
showed weak correlations (≤ 0.3) with each discriminant
function. The cross-validation table showed 85.30% cor-
rect classification (78.79% for DS-KCS and 86.58% for
DS-C). Figure 2 shows the distribution of discriminant
scores for DS-C and DS-KCS groups.
Table 3 shows the AUROC and the sensitivity and

specificity of these indices in distinguishing DS-KCS
cases from DS-C. Based on AUROC classification, the
best discriminators in descending order were the three

indices of MCT, corneal volume, and BAD-D; all three
demonstrated fair discrimination ability with no signifi-
cant differences.
The mean values of the main discriminating indices in

the four study groups are summarized in Table 4.

Discussion
Several studies have reported variable rates for the
prevalence and incidence of KC in DS patients, which
may be due to the lack of standard criteria for KC diag-
nosis in DS [11]. As demonstrated in this study (Tables 1
and 4), the DS-C group differed from the age- and
gender-matched non-DS NC group. Overall, the findings
suggest that thickness variables can be useful in the

Table 1 Summary characteristics of eyes in the Down syndrome (DS) keratoconus (DS-KC), DS KC suspect (DS-KCS), DS non-ectatic
comparison (DS-C), and non-DS normal control (NC) groups

Index DS-KC
(n = 25)

DS-KCS
(n = 46)

DS-C
(n = 154)

NC
(n = 200)

P value*

UDVA (logMAR) 0.73 ± 0.57 0.58 ± 0.49 0.55 ± 0.44 0.91 ± 0.64 0.358

CDVA (logMAR) 0.29 ± 0.14 0.24 ± 0.13 0.23 ± 0.13 0.02 ± 0.08 0.279

Spherical error (D) −1.51 ± 4.91 −0.40 ± 4.31 −0.21 ± 3.13 − 3.31 ± 3.38 0.428

Cylindrical error (D) −2.54 ± 2.40 − 1.92 ± 1.21 −1.50 ± 1.06 −1.88 ± 1.53 0.009

Kmax (D) 50.26 ± 5.88 47.47 ± 1.65 47.09 ± 1.70 44.93 ± 1.55 < 0.001

BAD-D 2.98 ± 1.44 2.26 ± 0.66 1.72 ± 1.02 1.20 ± 0.53 < 0.001

UDVA = uncorrected distance visual acuity; CDVA = corrected distance visual acuity; Kmax = maximum keratometry at 8-mm zone; BAD-D = Belin Ambrosio
display-total deviation
*One-way ANOVA between the three DS groups

Fig. 1 Distribution of discriminant scores in the keratoconus and non-ectatic groups of Down syndrome cases in this study
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Table 2 Results of discriminant analysis in differentiating between DS-KC (n = 46 eyes) and DS-C (n = 154 eyes) groups

Index AUROC Cutoff Sensitivity (%) Specificity (%) Correct classification (%)

Anterior HOA 0.879 > 0.643 86.96 82.24 82.86

Posterior vertical coma 0.875 > 0.0702 91.30 76.97 78.86

Anterior vertical coma 0.868 > 0.4124 73.91 93.42 90.86

Total HOA 0.867 > 0.608 95.65 67.76 71.43

Total vertical coma 0.852 > 0.3665 73.91 89.47 87.43

I-S value 0.851 > 1.13 84.00 83.77 83.80

IVA 0.846 > 0.26 80.00 79.22 79.33

ISV 0.821 > 39.0 56.00 91.56 86.59

IHD 0.807 > 0.027 56.00 91.56 86.59

KI 0.806 > 1.05 84.00 64.94 67.60

BAD-D 0.802 > 2.45 70.83 84.21 82.39

ARC 0.768 ≤ 7.19 64.00 83.12 80.45

PRC 0.754 ≤ 5.91 68.00 79.22 77.65

ZKmax 0.751 > 47.34 68.00 75.16 74.16

Kmax 0.741 > 49.91 48.00 94.81 88.27

Anterior horizontal coma 0.722 > 0.3102 78.26 59.87 61.45

Total horizontal coma 0.719 > 0.323 78.26 61.18 63.43

Ksteep 0.702 > 48.50 52.00 87.66 82.68

Anterior elevation at thinnest point 0.696 > 8.0 48.00 94.74 88.13

Posterior elevation at thinnest point 0.689 > 14.0 60.00 85.53 81.92

HOA = higher order aberrations; I-S value = inferior-superior asymmetry; IVA = index of vertical asymmetry; ISV = index of surface variance; IHD = index
of height decentration; KI = keratoconus index; BAD-D = Belin Ambrosio display-total deviation; ARC = anterior radius of curvature centered on thinnest
point; PRC = posterior radius of curvature centered on thinnest point; ZKmax = maximum keratometry in a 3 mm zone around the steepest point; Kmax
= Maximum keratometry at 8 mm; Ksteep = maximum keratometry at central 3 mm

Fig. 2 Distribution of discriminant scores in the keratoconus suspect and non-ectatic groups of Down syndrome cases in this study
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diagnosis of KCS, while coma indices and dioptric asym-
metry are better indicators for the diagnosis of KC in DS
patients. Table 5 compares the suggested cutoff values
and their sensitivity and specificity levels for anterior
HOA, posterior vertical coma, anterior vertical coma,
and total HOA in the diagnosis of KC and for MCT in
the diagnosis of KCS in DS patients of the present study
compared to non-DS young patients in other studies.
In terms of corneal thickness, two studies [7, 26] have

shown thicker corneas in DS patients compared to the
non-DS population. In contrast, Aslan et al. [10] re-
ported thinner corneas and suggested that thickness
measures could increase the diagnostic accuracy for
early KC in DS patients. In our study [27], corneal thick-
ness was assessed from the center to the periphery with
Pentacam, and thickness values in DS-C patients were
lower in all corneal segments compared to the non-DS
NC group. Examining the diagnostic ability of corneal
thickness indices in non-DS normal subjects, Muftuoglu
et al. [23] arrived at results similar to ours and found
thickness indices to be fair discriminators for forme
frust KC (FFKC). The cutoff values they suggested for
MCT was 512 μm for detecting FFKC with a specificity
level of 58%. For the DS sample in our study, although
the AUROC differences between MCT, corneal volume,
and BAD-D were not significant, MCT had the best
specificity (90.91%) and accuracy (85.15%) for differen-
tiating DS-KCS from DS-C with a cutoff of 480 μm.
However, thickness measures showed weaker diagnostic
ability for DS-KC.

Keratometric indices have been suggested to have good
and excellent diagnostic power for distinguishing KC [28]
and KCS [23] from normal corneas in non-DS populations.
In this study, however, these indices were poor and very
poor in detecting KCS in DS patients. In the sample popu-
lation of our study, central-peripheral keratometric indices
indicated steeper corneas in DS-C cases compared to the
NC group [29]. This difference significantly reduces the
diagnostic power of these indices, especially Kmax, for
milder cases. But for DS-KC, they perform as fair discrimi-
nators. In this set of indices, dioptric asymmetry indices de-
tected KC better than corneal slope. As such, IVA, I-S
value, IHD, and ISV had similar or better discriminating
power than K values.
In our study, among aberrations, anterior HOA, total

HOA, anterior vertical coma, and posterior vertical coma
had the highest diagnostic power in the diagnosis of KC
and were all similarly good discriminators. In a non-DS
population, Saad and Gatinel [30] showed that the total
coma measured by the OPD Scan is a fair discriminator of
FFKC and an excellent discriminator for KC. Hashemi
et al. [31] also reported 3rd order vertical coma to be a fair
discriminator for the diagnosis of KCS in non-DS subjects,
and an excellent discriminator for clinical KC. While
coma can serve as a diagnostic parameter for KC in DS
patients, like other indices, its diagnostic power is lower in
DS patients compared to non-DS subjects.
In non-DS samples, elevation indices appear to have

higher sensitivity and specificity in detecting early stages
of KC compared to other indices measured by Pentacam

Table 3 Results of discriminant analysis in differentiating keratoconus suspect (n = 46 eyes) and non-ectatic corneas (n = 154 eyes) in
Down syndrome patients

AUROC Cutoff Sensitivity (%) Specificity (%) Correct classification (%)

MCT 0.775 ≤ 480 66.67 90.91 85.15

Corneal volume 0.727 ≤ 55.3 66.67 75.32 73.27

BAD-D 0.718 > 2.23 64.58 76.32 73.50

MCT = minimum corneal thickness; BAD-D = Belin Ambrosio display-total deviation

Table 4 Mean ± standard deviation of the main discriminators in the Down syndrome (DS) keratoconus (DS-KC), DS keratoconus
suspect (DS-KCS), DS non-ectatic comparison (DS-C), and non-DS normal control (NC) groups of the study

Index DS-KC
(n = 25)

DS-KCS
(n = 46)

DS-C
(n = 154)

NC
(n = 200)

Minimum corneal thickness (μm) 484.12 ± 32.34 492.28 ± 37.57 515.48 ± 30.36 546.9 ± 40.5

Corneal Volume (mm3) 57.45 ± 4.37 55.13 ± 3.35 57.62 ± 3.26 61.19 ± 4.04

Belin Ambrosio display-total deviation 2.98 ± 1.44 2.26 ± 0.66 1.72 ± 1.02 1.20 ± 0.53

Anterior HOA (μm) 1.13 ± 1.00 0.60 ± 0.17 0.55 ± 0.18 0.37 ± 0.09

Posterior vertical coma (μm) 0.15 ± 0.19 0.06 ± 0.04 0.05 ± 0.03 0.02 ± 0.02

Anterior vertical coma (μm) 0.70 ± 0.77 0.29 ± 0.19 0.20 ± 0.13 0.14 ± 0.09

Total HOA (μm) 1.12 ± 0.89 0.62 ± 0.17 0.57 ± 0.19 0.38 ± 0.12

Differences between the four groups were significant by one-way ANOVA and post hoc Scheffe for all indices except aberration indices between DS-KCS and
DS-C groups
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[32], and they are suggested to have excellent discrimin-
ation power for KC [28, 33, 34]. However, in our sample
of DS patients, elevation indices had poor diagnostic
power; at best, AE-Thin was a poor discriminator for
KCS and AE-Apex was a fair discriminator for KC.
Therefore, elevation indices appear to be less predictive
in DS patients.
One of the limitations of the present study was the small

sample size in the KC group, which is due to the limited
number of DS patients for the total sample of the study.
As a result, we were not able to perform subgroup ana-
lyses based on KC severity. Also, due to this limitation, we
could not use machine learning approaches which can be
better tools for KC diagnosis and staging [35]. Further-
more, availability of non-tomographic indices such as cor-
neal biomechanics might have enabled us to increase the
diagnostic accuracy for KC. Despite these limitations, to
our knowledge, this is the first study with a large sample
(n = 225) of 10- to 30-year-old DS patients to establish
diagnostic criteria for the diagnosis of KC.

Conclusions
In conclusion, the cutoffs calculated in this study suggest
that a new set of diagnostic criteria for keratoconus need
to be defined for DS patients (Table 5). In this sample of
DS patients, best KC discriminators were HOA and
coma which showed good diagnostic ability. For KCS,
best predictors were MCT, corneal volume, and BAD-D
with relatively good diagnostic ability. Customized cri-
teria can help with the early identification and treatment
of KC, especially for those undergoing screening for re-
fractive surgery.
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Table 5 Comparison of suggested cutoff values and their sensitivity and specificity levels for the diagnosis of keratoconus (KC) and
KC suspect (KCS) in Down syndrome (DS) patients of the present study compared to non-DS young patients in other studies

DS patients Non-DS patients

Cutoff Sensitivity (%) Specificity (%) Cutoff Sensitivity (%) Specificity (%)

KC Anterior HOA > 0.643 86.96 82.24 > 0.801 [20] 100.0 100.0

Posterior vertical coma > 0.0702 91.30 76.97 > 0.055 [20] 100.0 100.0

Anterior vertical coma > 0.4124 73.91 93.42 > 0.200 [21] 94.1 96.7

Total HOA > 0.608 95.65 67.76 > 0.908 [22] 86.5 81.1

KCS Minimum corneal thickness ≤ 480.0 66.67 90.91 < 512.0 [23] 64.0 58.0

Corneal volume ≤ 55.3 66.67 75.32 < 23.95 [24] 79.0 79.3

BAD-D > 2.23 64.58 76.32 > 1.6 [25] 83.8 86.0

HOA = higher order aberrations; BAD-D = Belin Ambrosio display-total deviation
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