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Abstract

PURPOSE—To evaluate the performance of the Ocular Response Analyzer (ORA) (Reichert 

Ophthalmic Instruments, Depew, NY) variables and Pentacam HR (Oculus Optikgeräte GmbH, 

Wetzlar, Germany) tomographic parameters in differentiating forme fruste keratoconus (FFKC) 

from normal corneas, and to assess a combined biomechanical and tomographic parameter to 

improve outcomes.

METHODS—Seventy-six eyes of 76 normal patients and 21 eyes of 21 patients with FFKC were 

included in the study. Fifteen variables were derived from exported ORA signals to characterize 

putative indicators of biomechanical behavior and 37 ORA waveform parameters were tested. 

Sixteen tomographic parameters from Pentacam HR were tested. Logistic regression was used to 

produce a combined biomechanical and tomography linear model. Differences between groups 

were assessed by the Mann–Whitney U test. The area under the receiver operating characteristics 

curve (AUROC) was used to compare diagnostic performance.

RESULTS—No statistically significant differences were found in age, thinnest point, central 

corneal thickness, and maximum keratometry between groups. Twenty-one parameters showed 

significant differences between the FFKC and control groups. Among the ORA waveform 

measurements, the best parameters were those related to the area under the first peak, p1area1 

(AUROC, 0.717 ± 0.065). Among the investigator ORA variables, a measure incorporating the 

pressure-deformation relationship of the entire response cycle was the best predictor (hysteresis 
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loop area, AUROC, 0.688 ± 0.068). Among tomographic parameters, Belin/Ambrósio display 

showed the highest predictive value (AUROC, 0.91 ± 0.057). A combination of parameters showed 

the best result (AUROC, 0.953 ± 0.024) outperforming individual parameters.

CONCLUSIONS—Tomographic and biomechanical parameters demonstrated the ability to 

differentiate FFKC from normal eyes. A combination of both types of information further 

improved predictive value.

Corneal ectasia is one of the most feared complications of keratorefractive surgery, and there 

is interest in the preoperative identification of patients at risk for developing it.1 Preoperative 

Placido disk-based topographic abnormalities for natural ectatic conditions, such as 

keratoconus, are considered the most important risk factor.2 Despite well-defined clinical 

signs, the early forms of the disease present diagnostic challenges. The term “forme fruste 

keratoconus” (FFKC) refers to topographic patterns that are insufficient to reach the 

threshold of keratoconus based on computed quantitative indices.3

Recent advances in anterior segment tomography, based on Scheimpflug technology, have 

provided a variety of quantitative indices, such as detailed corneal pachymetry and elevation 

maps.4,5 Studies have demonstrated that they can provide useful information in refractive 

screening.6 Additionally, a panel of candidate diagnostic variables using exported Ocular 

Response Analyzer (ORA) (version 2.04; Reichert Ophthalmic Instruments, Depew, NY) 

data to characterize the temporal, applanation signal intensity, and pressure features of the 

corneal response demonstrated the ability to distinguish keratoconus from normal corneas 

more accurately than some original pressure-derived parameters7 (corneal hysteresis [CH] 

and corneal resistance factor [CRF]).

The purpose of this study was to evaluate the diagnostic capacity of tomographic 

parameters, ORA biomechanical variables (including novel waveform-derived variables 

related to pressure, applanation signal intensity, response time, and combinations of these 

variables), and a combination model in differentiating FFKC from normal corneas.

PATIENTS AND METHODS

This study was a comparative, observational, retrospective, non-interventional case series. It 

was approved by the Ethics and Research Committee of São Paulo Federal University 

(Protocol 2012/10) and followed the tenets of the Declaration of Helsinki.

Patients were examined at the Instituto de Olhos Renato Ambrósio (Rio de Janeiro, Brazil). 

We studied 97 eyes of 97 patients who were divided into two groups: the FFKC group, 

comprising 21 eyes of 21 patients with normal Placido-disk corneal topographies and in 

whom the fellow eye had keratoconus, and the control group, comprising 76 eyes of 76 

patients with bilateral normal corneas (Figure A, Figure B, and Figure C, available in the 

online version of this article). The control group was formed by randomly choosing a single 

eye of patients with bilaterally normal eyes according to topographic criteria.

The criteria of normality and disease were based on the Rabinowitz indices and were 

evaluated by a corneal topographer using Placido disks (Atlas 9000; Carl Zeiss Meditec, 
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Jena, Germany). A KISA index greater than 100% was considered early keratoconus, less 

than 60% was considered normal, and 60% to 100% was considered suspected keratoconus.8 

The fellow eye was considered for analysis when the KISA index on corneal topography was 

less than 60% without a suspect pattern.

The control group included patients without corneal topographic irregularities, high 

refractive error, or collagen vascular disease. Excluded from both groups were patients with 

severe atopic keratoconjunctivitis,9 a history of ocular surgery or any eye disease, except for 

keratoconus in the fellow eye of patients with FFKC, or any systemic disease or syndrome.

A comprehensive eye examination was conducted for all patients. In addition to topographic 

data, the following information was obtained for each patient: age, thinnest point, central 

corneal thickness, topographic astigmatism, and maximum keratometry (Kmax). 

Biomechanical data were obtained with the ORA and included the Goldmann-correlated 

intraocular pressure (IOPg), corneal compensated intraocular pressure (IOPcc), CH, CRF, 37 

parameters derived from analyses of the waveform signal,10 and 15 custom variables 

proposed in this article using exported ORA data to characterize the temporal, applanation 

signal intensity, and pressure features of the corneal response. Additionally, 16 tomographic 

parameters from the Pentacam HR Scheimpflug tomography system (Oculus Optikgeräte 

GmbH, Wetzlar, Germany) were tested. The following were derived from the corneal 

surface: index surface variance, index of vertical asymmetry, and index of height 

decentration. The following were derived from elevation: enhanced best fit sphere (BFS) 

front, enhanced BFS back, elevation B BFS Apex, elevation B BFS Thinnest, elevation B 

BFS Max 4-mm Zone, elevation B best fit toric ellipsoid (BFTE) Apex, elevation B BFTE 

Thinnest, and elevation B BFTE Max 4-mm Zone. The following were derived from 

pachymetry: Belin/Ambrósio display (BAD-D), Ambrósio relational thickness (ART) Max, 

ART Average, relative pachymetric increase (RPI) Max, and RPI Average. Elevation data 

were taken from a fixed 8-mm zone (BFS set to manual, float, sphere, diameter 8 mm) 

centered on the corneal apex. All tomographic variables and their interpretations are 

described in Table A (available in the online version of this article).

ORA infrared intensity and pressure time series data were exported using ORA software and 

analyzed using custom Matlab routines (version 7.0; Math-Works, Natick, MA) as described 

previously.7 Briefly, 15 variables were derived from the ORA signal and grouped according 

to waveform features: applanation signal intensity (group 1), applied pressure (group 2), 

time (group 3), the applanation signal intensity as a function of response time (group 4), the 

relationship between applied pressure and the applanation signal response (group 5), and the 

relationship between pressure and time (group 6). All variables and their interpretations are 

described in Table B (available in the online version of this article). These investigator-

derived variables defined features from the ORA signal are hypothesized to be 

biomechanically relevant7; they are introduced in Figure 1.

The ORA calculates a waveform score that is used to select the best quality measurement 

value of each parameter.11 We used the examination with the best waveform score (ie, the 

best quality measurement) after four consecutive measurements. All ORA and Pentacam 
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data were obtained by the same experienced operator (BV) in a consistent way during office 

hours.

Statistical analyses were performed using BioEstat 5.0 (Mamirauá Institute, Amazonas, 

Brazil) and Med-Calc 11.1 (MedCalc Software, Mariakerke, Belgium) software. The non-

parametric Mann–Whitney U test (Wilcoxon rank sum) was used to evaluate the distribution 

of variables between the two groups. The significance criterion was subjected to Bonferroni 

correction.

The receiver operating characteristics (ROC) curve and the area under the ROC curve 

(AUROC) were calculated for each parameter to examine differences between the groups 

and determine the overall predictive accuracy of each test. The standard error of the AUROC 

was evaluated using the method of DeLong et al.12 The exact binomial method was used to 

calculate confidence intervals for AUROCs, with 0.700 indicating the cut-off point for poor 

parameter performance.10 Non-parametric pair-wise comparisons of the ROC curves were 

performed to test whether significant differences were present in the areas for each 

parameter using the Hanley–McNeil method for calculating the standard error.13,14 P values 

less than .05 were considered statistically significant. The results are expressed as AUROC, 

sensitivity, and specificity. In Table C (available in the online version of this article), the 

AUROC, P value, sensitivity, specificity, confidence interval, standard error, and cut-off 

values are presented.

Furthermore, step-wise logistic regression analysis15 was performed to combine the best 

variables from ORA-derived biomechanical properties and Pentacam-derived tomographic 

parameters to determine the predictive capability (function-enhanced combined tomography 

and biomechanics [FECTB]). Based on the control and FFKC groups, the discriminant 

analysis resulted in a linear function of the variables:

L = b1x1 + b2x2 + bnxn + c

where b is a discriminant coefficient, x is an input variable, and c is a constant.

RESULTS

Table 1 summarizes the demographic, IOP, and topographic and tomographic characteristics 

of each group. Mean central pachymetry, thinnest point of the cornea, age, IOPg, IOPcc, 

astigmatism, and Kmax were not significantly different between the groups (P > .05). The 

mean KISA index was 17.87% in the FFKC group and 11.57% in the control group (P = .

049).

Table D (available in the online version of this article) compares the biomechanical 

parameters of the groups. Eleven parameters differed significantly between the groups: 

Pmax (P = .391), hysteresis loop area (HLA) (P = .0086), Impulse (P = .0363), p1area (P = .

0037), dive1 (P = .0375), h1 (P = .0228), p1area1 (P = .0024), h11 (P = .0228), uslope2 (P 
= .0478), mslew2 (P = .0421), and slew2 (P = .0487) (Table 2). Neither CH nor CRF showed 

a statistically significant difference.
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Table 3 compares the tomographic parameters of groups. Ten of 16 parameters differed 

significantly between the groups: BAD-D (P < .0001), ART Max (P < .0001), ART Avg (P 
< .0001), enhanced BFS front (P = .0413), elevation B BFS Thinnest (P < .0001), elevation 

B BFTE Apex (P = .043), elevation B BFTE Thinnest (P < .0001), elevation B BFTE Max 

4-mm Zone (P < .0001), and RPI Max and RPI avg (P < .0001).

Results of ROC analysis showed that the five best-performing variables, determined by the 

highest AUROC values, were BAD-D (AUROC, 0.91), Elevation B BFTE Thinnest 

(AUROC, 0.872), ART Max (AUROC, 0.863), RPI Max (AUROC, 0.841), and Elevation B 

BFS Thinnest (AUROC, 0.0839). BAD-D, Elevation B BFTE Thinnest, and ART Max 

showed sensitivities of 90.48%, 85.71%, and 85.71% and specificities of 82.89%, 78.95%, 

and 78.95%, respectively (Table C).

Moreover, the highest AUROC was found for the logistic regression model. Sensitivity was 

85.71%, specificity was 98.68%, and the AUROC was 0.953. The regression was expressed 

by the following formula:

1.167 × BAD‐D − 0.003 × ART Max − 1.758 × Enhanced
BFS Front + 0.141 × Elevation B BFTE Thinnest + 0.492 ×
Elevation B BFTE Max 4‐mm Zone − 0.017 × Pmax − 3.505
× HLA − 2.705 × p1area − 0.002 × dive1 − 0.020 × slew2

Additionally, Figure 2 shows the AUROCs of FECTB, p1area1, and BAD-D. These 

parameters were the best from each group (tomography and biomechanics).

DISCUSSION

The diagnostic approach for FFKC has improved in recent years, mainly due to 

contemporary anterior segment imaging technologies. Indices such as the ART and BAD-D 

facilitate the identification of corneal abnormalities.1,5,16 Our study used these indices and 

others related to the elevation and pachymetry distribution to discriminate FFKC from 

normal corneas. Additionally, this study provides insight into differences in the dynamic 

behavior of FFKC and normal eyes through analysis of novel waveform-derived candidate 

variables related to pressure, applanation, response time, or a combination of these variables.
7

Our study suggests that a combined tomography and biomechanical approach can enhance 

screening for FFKC. Although tomographic findings have shown better overall results, it 

was by combining them with biomechanical data that we determined the best AUROC to 

discriminate between the two groups. Taking into account that our groups are matched for 

thinnest point, Kmax, age, and central pachymetry values, there is no index in the “classic” 

screening that distinguishes between the two populations, and the differences found were 

derived from intrinsic characteristics of the cornea.17

FFKC shows (1) marked reductions in a comprehensive hysteresis analog (HLA) that 

captures the pressure deformation behavior of the entire response cycle, (2) reduction in the 

force and time required to reach initial applanation, (3) lower maximum air pressure 

intensity required to produce applanation as a function of a peak pressure and time, (4) 
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reduced area under the initial applanation intensity curve, (5) no difference in high-

frequency oscillation in regions between peaks and no difference from normal in corneal 

deformation after a puff, and (6) lower speed of corneal deformation after applanation. 

Likewise, parameters of pachymetry and elevation, such as BAD-D and ART Max, showed 

excellent results. These results suggest that FFKC is characterized by a modification of the 

cornea’s shape and thickness. The highlight of the parameters derived from the back 

elevation at the thinnest point is BFTE or BFS, the AUROCs of which were 0.87 and 0.83, 

respectively, suggesting that an increase in posterior elevation concomitant to corneal 

thinning may be an important sign of FFKC.18

According to a previous study that assessed FFKC with Orbscan data, posterior elevation 

and corneal thickness indices may be the most useful parameters to discriminate between the 

FFKC and normal groups. The same study suggested that Placido disk-based indices were 

not sufficient to detect the earliest form of keratoconus.18 Another study using the Pentacam, 

similar to our study, showed corneal thickness distribution and posterior elevation to be more 

helpful than anterior curvature data in identifying eyes with subclinical keratoconus.19 As 

described previously, corneal thickness at the thinnest point, corneal thickness spatial 

profile, and percentage of thickness increase are known discriminant indices between 

keratoconus and normal.4 Furthermore, ART values were shown to be better than single-

point pachymetric parameters for discriminating normal eyes from keratoconic eyes.5 A 

previous study found that anterior curvature data had a higher discriminant ability than 

elevation or pachymetric parameters, but this difference may be explained by differing 

methodologies, where FFKC was defined not with normal anterior curvature but with 

elevation and pachymetry using the BAD-D.20

Regarding the biomechanical indices, our results demonstrated that CH and CRF were not 

capable of discriminating FFKC (P = .13 and .08, respectively). A previous study differed 

from this,21 probably because our group was more restrictive in morphological properties, 

being matched for thinnest point, Kmax, central pachymetry, and age. Our findings confirm 

prior results showing that maximum applied pressure levels were significantly different 

between FFKC and normal eyes, with lower values for FFKC.17 In a previous study 

comparing the same custom variables in keratoconic and normal eyes, all variables except 

lag time were significantly different, and the concavity min and HLA showed the greatest 

discriminant value for keratoconus.7 In the current study, HLA showed an AUROC of 0.688 

(sensitivity 61.90%, specificity 61.84%) and was the best discriminant custom variable.

The concern that IOP differences could confound the predictive value of key variables in the 

current study was minimized due to absence of statistically significant IOPg or IOPcc 

differences between groups. Moreover, although the difference between the two groups was 

statistically significant (P = .049), KISA index values were far below the 60% threshold for 

classification as suspected keratoconus based on anterior topography features alone.8

Among all of the biomechanical parameters, those that showed the best outcomes were 

p1area and p1area1 (AUROC 0.707 and 0.717, respectively). A previous study also 

highlighted p1area, p1area1, p2area, and p2area1 for their performance in identifying grades 

I and II keratoconus.22 By contrast, the current study demonstrated only that areas related to 
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the first applanation event were significant in FFKC. Low values of p1 and p2 represent 

rapid applanation or applanation-recovery responses that are consistent with less viscous 

damping, but may also reflect reduced applanation signal intensities due to complex corneal 

surface deformation responses, driven by corneal material property inhomogeneities. 

Because the applanation signal height variables were significantly lower in the FFKC group 

in this study and the width was not significantly different, it seems likely that the lower 

mean applanation signal height was the driver of lower p1area in the FFKC group.

The main clinical importance of our findings is that a combination of parameters, 

biomechanical and tomographic, can achieve better results than the cited variables studied 

individually. Unlike other studies that studied only traditional CH and CRF, our study goes 

further and presents a wide range of biomechanical data beyond CH and CRF. Although 

elevation and pachymetric indices achieved better individual AUROC values when studied 

independently (BAD-D AUROC, 0.91 and ART Max AUROC, 0.863), the best outcome can 

be achieved with the introduction of biomechanical data (FECTB AUROC, 0.953).

Some characteristics and limitations of our study should be considered. First, our study is 

limited by the small number of participants in the FFKC group. Second, this study was an 

exploratory analysis designed to restrict the initial number of candidate variables to a 

smaller subset of promising variables. Third, other tomographic findings, such as corneal 

volume, were not studied because they have been shown not to undergo significant changes 

in the early stages of the disease.23

Pentacam HR tomographic parameters and ORA biomechanical custom variables can be 

useful in diagnosing FFKC. A combination of both types of information further improved 

the predictive value. Additional research on these models will contribute to validating 

software that may help the clinician in detecting susceptibility to corneal ectasia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ocular Response Analyzer (ORA) (Reichert Ophthalmic Instruments, Depew, NY) signal 

output with select variables from applanation signal intensity (A1, A2, Applanation peak 

difference, and Concavity min); pressure (Pmax); time (concavity duration, concavity time, 

and lag time); applanation signal intensity as a function of response time (slope up and slope 

down). CH = corneal hysteresis

Luz et al. Page 10

J Refract Surg. Author manuscript; available in PMC 2018 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Receiver operating characteristic curves for function-enhanced combined tomography and 

biomechanics (FECTB), P1area1, and Belin/Ambrósio display (BAD_D).
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TABLE 1

Comparison of Characteristics and Intraocular Pressure

Characteristic FFKC Group Mean ± SD (Range) Control Group Mean ± SD (Range) Pa

Patients 21 76 –

Eyes 21 76 –

Age (y) 25.5 ± 7.2 (14.9 to 48.5) 25.7 ± 5.2 (12.5 to 38.8) .50

Central pachymetry (μm) 527.3 ± 16.7 (477 to 576) 530 ± 26.3 (458 to 632) .05

Thinnest point (μm) 526 ± 16.9 (474 to 566) 527.4 ± 26 (457 to 629) .10

Astigmatism (D) 1.20 ± 0.80 (0.20 to 3.40) 1.50 ± 1.10 (0.10 to 5.30) .30

Kmax (D) 44.90 ± 1.80 (42.30 to 48.40) 44.40 ± 1.40 (400 to 47.70) .50

IOPg (mm Hg) 12.5 ± 2.8 (8.4 to 17.2) 13.8 ± 2.9 (7.9 to 20) .10

IOPcc (mm Hg) 14.3 ± 3.4 (9.9 to 21) 14.8 ± 2.6 (7.6 to 21.7) .30

FFKC = forme fruste keratoconus; SD = standard deviation; D = diopters; Kmax = maximum keratometry; IOPg = Goldmann intraocular pressure; 
IOPcc = corneal compensate intraocular pressure

a
Mann–Whitney U test.
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TABLE 2

Comparison of ORA Variables With the Best 11 Parameters Differing Significantly Between the Groups

Parameter Normal Mean ± SD (Range) FFKC Mean ± SD (Range) Pa

p1area1 1,412.29 ± 447.54 (554.25 to 2,686.5) 1,085.19 ± 363.43 (553.5 to 1,762.38) .0024b

p1area 3,331.25 ± 910.23 (1,402 to 5,606.06) 2,644.83 ± 746.93 (1,450.13 to 4,008) .0037b

HLA 5,501.00 ± 15,339.15 (8,853 to 97,693) 4,3614.55 ± 18,597.56 (−11,656.5 to 78,052) .0086b

h1 377.05 ± 103.64 (218.62 to 640.87) 319.06 ± 102.74 (168.75 to 563.62) .0228b

h11 251.37 ± 69.09 (145.75 to 427.25) 212.70 ± 68.49 (112.5 to 375.35) .0228b

Impulse 4,536.22 ± 323.30 (3,775.35 to 5,314.08) 4,402.86 ± 418.84 (3,796.58 to 5,807.36) .0363

dive1 323.77 ± 117.79 (38.75 to 614.5) 266.39 ± 115.82 (19.5 to 561.75) .0375

Pmax 423.74 ± 35.49 (344 to 505) 408.43 ± 45.09 (348 to 557) .0391

mslew2 127.75 ± 56.57 (25.75 to 326) 97.08 ± 51.35 (19.25 to 173) .0421

uslope2 85.99 ± 43.24 (14.67 to 239.12) 62.14 ± 45.55 (3.27 to 138.75) .0478

slew2 86.40 ± 42.63 (17.5 to 239.12) 63.70 ± 44.10 (6.66 to 138.75) .0487

ORA = Ocular Response Analyzer (Reichert Ophthalmic Instruments, Depew, NY); SD = standard deviation; FFKC = forme fruste keratoconus

a
Mann-Whitney U test.

b
Statistically significant difference after Bonferroni correction.
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TABLE 3

Comparison of Tomographic Parameters for Normal and FFKC Groups

Parameter Normal Group Mean ± SD (Range) FFKC Group Mean ± SD (Range) Pa

BAD-D 0.52 ± 0.50 (−0.68 to 1.34) 1.84 ± 1.34 (−0.22 to 7) < .0001b

ART Maximum 497.90 ± 72.82 (403 to 663) 379.80 ± 88.49 (250 to 593) < .0001b

ART Average 608.11 ± 78.86 (486 to 807) 495.04 ± 89.09 (329 to 718) < .0001b

Elevation B BFS 8-mm Thinnest 1.52 ± 3.10 ( (−3 to 9) 7.47 ±.5.65 (−5 to 18) < .0001b

Elevation B BFTE 8-mm Thinnest −1.44 ± 2.83 (−7 to 7) 3.95 ± 4.89 (−8 to 14) < .0001b

Elevation B BFTE 8-mm Max 4-mm Zone 6.81 ± 2.01 (4 to 13) 9.57 ± 3.20 (18 to 4) < .0001b

RPI Maximum 1.05 ± 0.16 (0.82 to 1.36) 1.41 ± 0.28 (0.91 to 1.94) < .0001b

RPI Average 0.87 ± 0.10 (0.68 to 1.04) 1.03 ± 0.16 (0.73 to 1.47) < .0001b

Enhanced BFS Front 8 mm 7.93 ± 0.22 (7.38 to 8.57) 7.81 ± 0.20 (7.44 to 8.1) .0413

Elevation B BFTE 8-mm Apex −1.31 ± 3.14 (−8 to 8) 0.80 ± 4.47 (−7 to 11) .043

Enhanced BFS Back 8 mm 6.57 ± 0.22 ( 5.97 to 7.17) 6.47 ± 0.23 (6.05 to 6.86) .1232

IHD 3.60 ± 2.28 (0.001 to 8) 4.85 ± 3.07 (0.001 to 8) .1677

Elevation B BFS 8-mm Apex 0.78 ± 2.28 (−3 to 9) 2.23 ± 4.04 (−4 to 13) .2217

ISV 21.32 ± 7.42 (46 to 8) 19.33 ± 5.23 (10 to 31) .446

Elevation B BFS 8-mm Max 4-mm Zone 13.53 ± 4.63 (4 to 26) 14.52 ± 4.94 (7 to 27) .4539

IVA 0.37 ± 1.17 9 (0.04 to 7) 0.16 ± 0.06 (0.09 to 0.3) .6456

FFKC = forme fruste keratoconus, SD = standard deviation; BAD-D = Belin/Ambrósio display; ART = Ambrósio relational thickness; BFS = best 
fit sphere; BFTE = best fit toric ellipsoid; RPI = relative pachymetric increase; IHD = index of height decentration; ISV = index suface variance; 
IVA = index of vertical asymmetry

a
Mann–Whitney U test.

b
Statistically significant difference after Bonferroni correction.
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