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Detection ability of corneal biomechanical parameters for early
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PURPOSE: To assess the detection ability of corneal biomechanical parameters for early diagnosis of ectasia.
METHODS: This retrospective descriptive-analytical study included 134 normal eyes (control group) from 134 healthy subjects and
128 eyes with asymmetric contralateral corneal ectasia with normal topography (ACE-NT, study group) from 128 subjects with
definite keratoconus in the opposite eye. Placido-disk-based corneal topography with TMS-4, Scheimpflug corneal tomography
with Pentacam HR, and corneal biomechanical assessment with Corvis ST and ocular response analyzer (ORA) were performed.
A general linear model was used to compare Corvis ST and ORA biomechanical parameters between groups, while central corneal
thickness (CCT) and biomechanically corrected intraocular pressure (bIOP) were considered covariates. Receiving operator
sensitivity curve (ROC) analysis was used to determine the cut-off point with the highest sensitivity and specificity along with the
area under the curve (AUC) for each parameter.
RESULT: All parameters of Corvis ST and ORA showed a statistically significant difference between the two groups except for the
first (P= 0.865) and second (P= 0.226) applanation lengths, and deformation amplitude (P= 0.936). The discriminative analysis of
corneal biomechanical showed that the highest accuracy for the classic, new, and combined parameters of Corvis ST was related to
HCR (AUC: 0.766), IR & DAR (0.846), and TBI (0.966), respectively. Using ORA, the corneal resistance factor (0.866) had a higher
detection ability than corneal hysteresis (0.826).
CONCLUSIONS: TBI has the best accuracy and the highest effect size for differential diagnosis of normal from ACE-NT eyes with a
cut-off point of 0.24.

Eye (2023) 37:1665–1672; https://doi.org/10.1038/s41433-022-02218-9

INTRODUCTION
Keratoconus (KCN) is a bilateral, typically asymmetric, and non-
inflammatory corneal degeneration associated with a corneal
protrusion, progressive thinning of the corneal stroma, myopia,
irregular corneal astigmatism, increase of higher-order aberrations,
reduced and fluctuated visual function [1–3]. The term subclinical
keratoconus describes the very early preclinical stage of this
disease that can only be detected with aid of corneal imaging
corneal topo/tomography techniques. Other interchangeable
terms used in the literature include forme fruste keratoconus,
very asymmetric corneal ectasia with normal topography (VAE-
NT), subclinical keratoconus, and keratoconus suspect that
describe the early stages of keratoconus [3, 4]. It may be argued
that a better phrase than VAE-NT is needed because these eyes
have normal topo/tomography, and the only distinctive parameter
for them is the abnormal ectatic contralateral eye. Therefore,
asymmetrical contralateral cornea ectasia with normal topography
(ACE-NT) seems a better alternative to VAE-NT.
Studies investigating keratoconus in terms of refractive, aberro-

metric, topo/tomographic, and biomechanical characteristics have

reported that changes in the biomechanical behavior of the cornea
can reveal signs of ectasia even before they appear on topo/
tomographic maps [5–7].
Corneal biomechanical failure is considered a contributing

factor in the development of this disease following changes in the
corneal geometrical properties and reduced visual quality [8, 9].
With the development of corneal refractive surgery methods, the
evaluation of corneal biomechanical properties to reduce the risk
of iatrogenic ectasia in the long term has attracted much
attention. The unrecognized very early stage of keratoconus is a
leading cause of iatrogenic ectasia after laser in situ keratomileusis
(LASIK) [10]. Assessing the corneal biomechanical properties
appear as one of the main approaches in the early detection of
keratoconus. A better understanding of these properties of the
cornea might help the detection of eyes at risk for developing
ectasia after refractive surgery [11–13].
Two devices currently available for in vivo clinical assessment of

corneal biomechanical parameters in the clinic are the ocular
response analyzer (ORA, Reichert Ophthalmic Instruments, Buffalo,
NY, USA) and Corvis ST (Oculus Optikgerate GmbH, Wetzlar,
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Germany) [14]. Although some corneal biomechanical parameters
in normal eyes and eyes with very asymmetric corneal ectasia with
normal or relatively normal corneal topography have been
investigated; however, there is a need for further studies to
demonstrate the diagnostic ability of the parameters provided by
these two available devices for in vivo evaluations. Therefore, the
present study was designed to assess the diagnostic ability of
corneal biomechanical parameters using both currently available
devices for in vivo clinical evaluation of corneal biomechanical
parameters (ORA & Corvis ST) to distinguish normal eyes from
asymmetric contralateral corneal ectasia with normal topography
(ACE-NT) in a larger sample in to provide more evidence for the
role of these parameters as well as the cut-off points of each
of them.

PATIENTS AND METHODS
Subjects
This retrospective descriptive-analytical study included 262 eyes (134 eyes
in the control/normal group and 128 eyes in the study group). The control
group was 134 normal eyes from 134 healthy subjects. There were 128
cases with definite keratoconus in one eye and no signs of ectasia on the
topographic map (indices or pattern) in the opposite eye, these eyes were
labeled as asymmetric contralateral corneal ectasia with normal topo-
graphy (ACE-NT) eye and were selected as the study group. A pilot study
was conducted to calculate the sample size based on the mean and
standard deviation of corneal biomechanical parameters obtained in 20
eyes examined in each group, considering the 95% confidence interval and
80% statistical power.
Definite or clinical ectasia keratoconus was diagnosed and confirmed

by an experienced fellowship of the cornea (MRS) based on slit-lamp
findings (e.g. Fleischer ring, Vogt striae), scissoring retinoscopic reflex,
and abnormal sagittal (axial) corneal curvature map (e.g. asymmetric
bow–tie with inferior steepening, skewing of the steepest radial axis
(SRAX) with asymmetric bow-tie), abnormal elevation values on anterior
(>15 microns) and posterior (>20 microns) elevation maps with an
8.0 mm floating best fit sphere (BFS) reference surface, a corneal thinnest
point less than 470 microns along with the abnormal patterns on the
thickness map, and abnormal thickness progression indices in one eye,
while the opposite eyes were considered ACE-NT if they had normal
pattern and index (e.g. steep keratometry less than 47.2 diopters, I–S
(inferior–superior asymmetry) value less than 1.4, SRAX less than 20
degrees) on the front sagittal curvature map with a normal level on the
topographic keratoconus classification (TKC) provided by Pentacam HR
[15]. The corneal topography of a patient with normal topography in the
right eye, which was considered ACE-NT, and an abnormal topography
showing definite keratoconus in the left eye is illustrated in Supplemental
Fig. S1.
The aims and objectives of the study were explained to all participants

and informed written consent was signed by all subjects. In addition, the
study protocol followed the principles of the Declaration of Helsinki at all
stages and was approved by the local ethics committee. (Code:
IR.MUMS.REC.1399.418)
The control (normal) group was selected from the candidates for

refractive surgery referred to Didar Eye Clinic (Mashhad, Iran). Multimodal
corneal imaging is performed in addition to the standard ophthalmic
examinations to reduce the likelihood of misdiagnosis.
The exclusion criteria in both groups (study/subclinical KCN & control/

normal) were central cornea scar, a history of corneal/ocular surgery,
ocular diseases, and eye trauma (except keratoconus in the study group
on the opposite eye), contact lens wear in the last month, systemic
disorders (allergy/atopy, diabetic mellitus, autoimmune, and
herpetic diseases), and pregnancy or breastfeeding at the time of
assessment.

Assessments
Along with standard ophthalmic examinations, Placido-disk-based
corneal topography using the TMS-4 (Tomey Corp, Nagoya, Japan),
Scheimpflug corneal tomography using Pentacam HR (Oculus; Wetzlar,
Germany), and corneal biomechanical assessments using Corvis ST
(Oculus; Wetzlar, Germany) and ocular response analyzer (ORA, Reichert
Ophthalmic Instruments, Buffalo, NY, USA) were performed for all
participants.

Included variables
Pentacam-derived variables were mean keratometry on both corneal
surfaces, maximum keratometry and central corneal thickness (CCT).
Corneal biomechanical parameters obtained from Corvis ST were

dynamic corneal response (DCR) parameters provided in the standard
and ARV (Ambrosio, Roberts, Vinciguerra) printouts associated with
intraocular pressure (IOP) Corvis ST parameters were those related to the
first applanation phase (applanation length (AL1) and applanation velocity
(AV1)), related to the second applanation phase (AL2, AV2), related to the
highest concavity phase (peak distance (PD) or the distance between the
two peaks), deformation amplitude (DA) or axial displacement of the apex
of the cornea from the initial corneal state, central radius of the cornea (R),
integrated radius (IR), deformation amplitude ratio (DAR= DA at the apex/
average of DA at 2mm around the center in the two horizontal directions),
and stiffness parameter at first applanation (SP-A1). In addition, two
screening parameters of KCN were recorded to assess their detection
ability, one is the combination of DCR parameters and corneal thickness
profile in the horizontal meridian (CBI: Corvis biomechanical index), and
the second is the tomographic biomechanical index (TBI). This index is
calculated by combining tomographic data from Pentacam with corneal
biomechanical data obtained using Corvis ST. This combination was
performed using an artificial intelligence approach to improve the
sensitivity and specificity of ectasia risk detection.
Corneal biomechanical parameters using ORA were corneal hysteresis

(CH) and corneal resistance factor (CRF).
An image of the printout of Corvis ST and ORA showing the variables of

interest extracted for this study is showed in Supplemental Fig. S2.
All corneal imaging techniques were performed by the same skilled

technician under the supervision of an experienced optometrist. In the
case of Corvis ST images, only records with a quality specification of “OK”
were used for analysis. And in the case of the ORA, the reliability of the
recorded signal was assessed based on the waveform score (WS) provided
by the device. A WS of at least 3.5 was considered reliable [16].

Statistical analysis
Data were analyzed in SPSS.22 software (SPSS, Chicago, IL) after assessing
the normality of quantitative data using the Kolmogorov–Smirnov test. The
independent samples T-test was used to compare corneal biomechanical
parameters between the two groups. A general linear model was used to
compare corneal biomechanical parameters obtained from Corvis ST and
ORA in normal and subclinical keratoconus groups, while central corneal
thickness (CCT) and biomechanically corrected intraocular pressure (bIOP)
were considered covariates. Sensitivity and specificity for the best cut-off
point of each corneal biomechanical parameter for the differential
diagnosis of ACE-NT eyes from normal eyes were determined using
receiver operating characteristic (ROC) curves. In addition, the area under
the ROC curve (AUC) and Youden index for all corneal biomechanical
parameters were determined. The significance level was considered as
p < 0.05 in all tests. DeLong et al. method was used for the pairwise
comparison of the AUCs for some corneal biomechanical parameters [17].
Here, Bonferroni correction was used and a P value less than 0.002 was
considered statistically significant because pairwise comparisons were
performed on 28 pairs.

RESULTS
In the normal group, 64 eyes (47.8%) belong to males and 70 eyes
(52.2%) to females, and in the ACE-NT group 74 (57.8%) and 54
eyes (42.2%) to females and males, respectively. There was no
statistically significant difference in the sex distribution between
the two groups. (P= 0.169) The mean age of the normal and ACE-
NT groups was 25.3 ± 3.5 years (age range 20–36 years) and
26.2 ± 4.3 years (range 19–35 years), respectively with no
statistically significant difference. (P= 0.450)
The mean and standard deviation of the average keratometry

and maximum keratometry (Kmax) using Pentacam and TMS-4, I–S
value, CCT, and bIOP in the ACE-NT versus normal groups are
shown in Table 1.
The mean and standard deviation of corneal biomechanical

parameters assessed using Corvis ST and ORA and combined
parameters separately in the two groups while the central corneal
thickness and biomechanically corrected intraocular pressure were
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considered as covariates along with the discriminative abilities of
these parameters are displayed in Table 2.
There was a statistically significant difference in all corneal

biomechanical parameters assessed using Corvis ST and ORA except
for the first (P= 0.865) and second (P= 0.226) applanation lengths
and deformation amplitude (P= 0.936) between the two groups.
Among the Corvis ST parameters, PD, HCR, and SPA1 had lower

values in the ACE-NT group, while the values of IR, DAR, CBI, and
TBI were lower in the normal eyes group. The highest and lowest
differences between the two groups were related to SPA1 and AL1
& DA, respectively.
Among the parameters with significant differences, the highest

effect size was related to TBI (0.402) and in a decreasing order
related to CBI (0.18), AV2 (0.12), IR (0.06), PD (0.05), HCR (0.03), DAR
(0.03), SPA1 (0.02), AV1 (0.02), CH (0.02), CRF (0.02), AL2 (0.01), DA
(0.00), AL1 (0.00).
The highest and lowest accuracy of the classical parameters of

Corvis ST were related to the radius of curvature at the highest
concavity phase and the velocity during the second applanation
phase with AUC, sensitivity, specificity 0.766, 70.31%, 77.61%, and
0.522, 62.50%, 44.03%, respectively.
The AUCs of the new Corvis ST parameters (SPA1, IR, and DAR)

were higher than 0.84. Combined Corvis ST indices had higher
accuracy based on AUC, sensitivity, and specificity compared to
other DCR parameters as well as ORA parameters.
Considering all parameters, the best accuracy was observed for

TBI with AUC 0.966, sensitivity 87.50%, and specificity 97.01% for
cut-off point 0.24, respectively, and then for CBI with AUC 0.924,
sensitivity and specificity 75.0% and 97.76% for a cut-off point
0.17, respectively.
ROC curves of some corneal biomechanical parameters using

Corvis ST and ORA are illustrated in Fig. 1.
A pairwise comparison of the areas under the curve (AUC)

associated with the 95% confidence interval (CI) for some corneal
biomechanical indices is shown in Table 3.
The P value <0.002 based on Bonferroni correction was

considered statistically significant according to 21 pairwise
comparisons here. The newer Corvis ST parameters did not show
a significant difference in AUC with the pressure-derived indices of
ORA. According to the combined parameters, there was a
significant difference in AUC between TBI with CH (P < 0.001)
and CRF (P < 0.001), and only between CBI with CH (P < 0.001).

DISCUSSION
Comparison of corneal biomechanical parameters assessed using
Corvis ST and ORA in the normal group and asymmetric
contralateral cornea ectasia with normal topography (ACE-NT)
eyes showed a statistically significant difference in all parameters

except applanation lengths and deformation amplitude between
the two groups. Among the parameters with significant differ-
ences, the highest effect size was related to TBI. The discriminative
ability of composite/combined Corvis ST indices (TBI and CBI) was
higher than other DCR parameters as well as ORA parameters, and
among all parameters, the best accuracy was observed for TBI with
AUC, sensitivity, and specificity of 0.966, 87.50%, and 97.01%,
respectively.
Although several studies have investigated the diagnostic

ability of corneal biomechanical parameters obtained using Corvis
ST and ORA, further studies in different ethnicities are needed to
confirm the results for their clinical implications, especially in
refractive surgery centers. A summary of the literature review
[15, 18–36] is presented in Table 4.
Only a few studies evaluated the discriminative ability of ORA

parameters and only one study performed a similar study using
both devices but in a very small sample size (ACE-NT, n= 15 eyes).
While the present study assessed the diagnostic ability of corneal
biomechanical parameters to distinguish normal from ACE-NT
eyes in a larger sample (n= 128 eyes) using both available clinical
devices for in vivo assessment of corneal biomechanical
parameters to provide further evidence for the clinical use of
these parameters.
In the study by Vincigura et al. for the differential diagnosis of

the normal from definite/clinical keratoconus eyes using CBI as a
combined index of Corvis ST, a sensitivity of 94.1% and a
specificity of 100% were reported for the cut-off point of 0.50 [6].
Contrary to their study, the present study evaluated ACE-NT eyes
versus distinct keratoconus, and a sensitivity and specificity of
75% and 97.8%, respectively, for the best cut-off point of 0.17 for
CBI. Furthermore, in the current study, the best discriminability
was seen for TBI (cut-off point 0.24, sensitivity 87.5%, and
specificity 97.01%) as a combined biomechanical and topogra-
phical parameter, while CBI was the second parameter with the
highest accuracy among other biomechanical parameters.
Other studies also reported high sensitivity and specificity for

differentiation between healthy eyes and keratoconus eyes for CBI
as well as DAR, IR, and SPA1 [37, 38]. Koh et al. in evaluating the
correlation between Corvis ST corneal biomechanical parameters
and the stages of keratoconus reported CBI as a useful index in the
early detection of the initial stage of this disease [39]. The present
findings confirmed their report in larger ACE cases (128 versus 53
eyes). In another study that is consistent with the result obtained
in the present study, TBI was a better parameter to differentiate
between the normal and keratoconus eyes (cut-off point 0.33,
sensitivity 94.4%, and specificity of 94.9%) than other parameters
assessed using Corvis ST [20], the lower cut-off point of 0.24 versus
0.33 in the current study is attributed to the difference in the type
of keratoconus eyes assessed here.

Table 1. Mean and standard deviation of average and maximum keratometry readings, inferior-superior asymmetry, corneal thickness, and bIOP in
two groups.

Variable Mean ± SD (95% CI) P value

ACE-NT (n= 128 eyes) Normal (n= 134 eyes)

Pentacam Front Mean KR (D) 43.78 ± 1.56 (43.51–44.06) 43.63 ± 1.39 (43.39–43.87) 0.395

Pentacam Front Kmax (D) 45.17 ± 1.47 (44.91–45.43) 44.62 ± 1.38 (44.38–44.86) 0.001

TMS-4 Mean KR (D) 44.01 ± 1.59 (43.73–44.28) 43.74 ± 1.39 (43.30–43.77) 0.114

I–S value (D) 0.25 ± 0.78 (0.11–0.38) 0.03 ± 0.48 (−0.05 to 0.11) 0.006

CCT (μm) 508.83 ± 29.82 (503.61–514.04) 552.73 ± 23.69 (548.68–556.78) 0.040

bIOP (mmHg) 14.55 ± 2.86 (14.05–15.05) 14.74 ± 1.92 (14.41–15.07) 0.539

n= 262 eyes.
SD standard deviation,CI confidence interval, ACE-NT asymmetric contralateral corneal ectasia with normal topography,KR keratometry reading, Kmax maximum
keratometry, I–S inferior-superior asymmetry value, CCT central corneal thickness, bIOP biomechanically corrected intraocular pressure.
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The present cut-off point is very similar to the study of
Ambrosio and colleagues who reported a cut-off point of 0.29 with
AUC, sensitivity, and specificity of 0.822, 90.4%, and 96% for TBI as
a sensitive parameter for the diagnosis of ACE [21]. One distinctive
feature of the present study in comparison with their study is the
inclusion of the pressure-derived of ORA other than Corvis ST in
this diagnostic study.
A recent study introduced AV2 as an important parameter for

the diagnosis of the initial stage of keratoconus [40], while in the
present study, unlike their study, AV2 showed low detection ability

based on AUC compared to DAR (0.846), IR (0.846), CBI (0.924), and
TBI (0.966) or even the diagnostic ability of ORA parameters.
In assessing the detection ability of corneal biomechanical

indices in a Chinese population, Ren et al. mentioned three
parameters of SPA1, CBI, and IR (with AUC of 0.668) as parameters
with higher diagnostic ability based on AUC 0.753, 0.703, and
0.668), respectively [18]; while the present study in a larger sample
of the Iranian population found TBI and CBI as the parameters with
the best detection capabilities.
Another work in line with the current work is a study by Wu

et al., which also confirmed the high diagnostic ability of TBI for
early detection of keratoconus [41], with the difference that the
present study was performed on eyes with ACE-NT instead of
clinical or definite keratoconus in their study. In addition, ORA
parameters were examined to better evaluate the diagnostic
function of corneal biomechanical parameters that are assessed
clinically in vivo.
In assessing the performance of Corvis ST and ORA

parameters, DA at the highest concavity phase and SPA1 were
reported as indices with stronger detection ability, while CH and
CRF did not enhance the diagnosis [19], while in the present
study, although SPA1 had a higher ability compared to the
standard Corvis ST parameter; its capability was lower than the
combined indices (CBI & TBI) and on the other hand, CRF
appeared as a parameter with an acceptable diagnostic ability.
The most important reason for the difference between the
present study and Zhang et al.’s work, in addition to racial
differences, can be attributed to the evaluation of a much larger
sample of VAE cases, which was approximately 8.5 times larger
than in their study.
Low CH and CRF were reported in eyes with keratoconus eyes

[42–44]; however, the current study confirmed these findings and
showed cut-off points of 9.9 mmHg (72.66% sensitivity and 79.10%
specificity) and 9.6 mmHg (79.69% sensitivity and 80.60%
specificity) for differentiation between normal and ACE eyes with
normal topography.
One limitation of this study was the failure to investigate

parameters derived from the ORA response curve waveform.
Evaluation of the diagnostic ability of corneal shape parameters
along with different elements of the ABCD grading system of
keratoconus in a large sample of eyes with ACE-NT is suggested
for future research. In addition, monitoring the biomechanical

Fig. 1 Receiver operating characteristic (ROC) curves of some
corneal biomechanical parameters using both devices in the ACE-
NT (n= 128) and normal (n= 134) eyes. ACE-NT Asymmetric
Contralateral Corneal Ectasia with Normal Topography, CBI Corvis
Biomechanical Index, TBI Tomographic Biomechanical Index, HCR
Radius of Curvature at the highest concavity, IR Integrated Radius,
CH Corneal Hysteresis, CRF Corneal Resistance Factor.

Table 3. Pairwise comparison of the areas under the curve (AUC) for some corneal biomechanical parameters assessed using Corvis ST and ORA.

Variables Difference between AUCs (95% CI) p value

IR DAR CBI TBI CH CRF

SPA1 0.01 (−0.05 to 0.07) 0.01 (−0.04 to 0.06) 0.09 (0.04–0.13) 0.13 (0.08–0.18) 0.01 (−0.05 to 0.07) 0.03 (−0.02 to 0.08)

P= 0.784 P= 0.762 P < 0.001 P < 0.001 P= 0.682 P= 0.270

IR – 0.00 (−0.03 to 0.04) 0.08 (0.02–0.13) 0.12 (0.07–0.17) 0.02 (−0.04 to 0.08) 0.02 (−0.03 to 0.07)

P= 0.990 P= 0.007 P < 0.001 P= 0.470 P= 0.432

DAR – – 0.08 (0.03– 0.13) 0.12 (0.07–0.17) 0.02 (−0.03 to 0.07) 0.02 (−0.02 to 0.06)

P= 0.003 P < 0.001 P= 0.446 P= 0.354

CBI – – – 0.04 (0.01–0.08) 0.10 (0.04–0.15) 0.06 (0.01–0.11)

P= 0.017 P < 0.001 P= 0.020

TBI – – – – 0.14 (0.09–0.19) 0.10 (0.05–0.15)

P < 0.001 P < 0.001

CH – – – – – 0.04 (0.01–0.07)

P= 0.011

n= 262 eyes.
AUC area under the curve, CI confidence interval, SP-A1 stiffness parameter at first applanation, IR integrated radius, DAR deformation amplitude ratio, CBI
corvis biomechanical index, TBI tomographic biomechanical index, CH corneal hysteresis, CRF corneal resistance factor.
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changes of ACE-NT eyes over time using the new BEST Display
(Homburg Biomechanical E-STaging Display) is another area of
interest for future studies.
In conclusion, the present study in comparison of corneal

biomechanical parameters using Corvis ST and ORA assessed in a
large group of eyes with asymmetric contralateral ectasia with
normal corneal topography showed that all parameters enable to
differentiate between the two groups except applanation lengths
and deformation amplitude. The highest accuracy (AUC) among
the classic, new, and combined parameters of Corvis ST were
related to the radius of curvature at HC phase (0.766), IR & DAR
(0.846), and CBI (0.24) & TBI (0.966), respectively. Using ORA, CRF
(AUC: 0.866) had a higher detection ability than CH (AUC: 0.826).
Among all parameters with significant differences, the highest
effect sizes were related to TBI (0.402) and CBI (0.18). Overall, the
best accuracy was obtained for TBI, with a cut-off point of 0.24, a
sensitivity of 87.50%, and a specificity of 97.01% for the differential
diagnosis of normal eyes from very asymmetric ectasia with
normal corneal topography.

SUMMARY

What was known before

● Assessing the corneal biomechanical properties appear as one
of the main approaches in the early detection of keratoconus.

What this study adds

● TBI has the best accuracy and the highest effect size for
differential diagnosis of normal eyes from the eyes with
asymmetric contralateral corneal ectasia with normal topo-
graphy (ACE-NT) with a cut-off point 0.24.

● The corneal resistance factor (CRF) had a higher detection
ability than corneal hysteresis (CH).
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