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Abstract

Objective To more comprehensively evaluate the
ability of the parameters reflecting the morphological
and biomechanical properties of the cornea to distin-
guish clinical keratoconus (CKC) and forme fruste
keratoconus (FFKC) from normal.

Methods Normal eyes (n = 50), CKC (n = 45) and
FFKC (n = 15) were analyzed using Pentacam, Corvis
ST and ORA. Stepwise logistic regression of all
parameters was performed to obtain the optimal
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combination model capable of distinguishing CKC,
FFKC from normal, named SLR1 and SLR2, respec-
tively. Receiver operating characteristic (ROC) curves
were applied to determine the predictive accuracy of
the parameters and the two combination models, as
described by the area under the curve (AUC). AUCs
were compared using the DelLong method.

Results The SLR1 model included only the TBI
output by Pentacam, while the SLR2 model included
the morphological parameter F.Ele.Th and two param-
eters from the Corvis ST, HC DfA and SP-A1l. The
majority of the parameters had sufficient strength to
differentiate the CKC from normal corneas, even the
seven separate parameters and the SLR1 model had a
discrimination efficiency of 100%. The predictive
accuracy of the parameters was moderate for FFKC,
and the SLR2 model (0.965) presented an excellent
AUC, followed by TBI, F.Ele.Th and BAD-D.
Conclusion The F.Ele.Th from Pentacam was the
most sensitive morphological parameter for FFKC,
and the combination of F.Ele.Th, HC DfA and SP-A1l
made the diagnosis of FFKC more efficient. The CRF
and CH output by ORA did not improve the combined
diagnosis, despite the corneal combination of mor-
phological and biomechanical properties that opti-
mized the diagnosis of FFKC.

Keywords Keratoconus - Forme fruste keratoconus -
Morphology - Biomechanics
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Abbreviations

Al DfA  The deflection amplitude of the first
applanation

Al DfL  The deflection length of the first
applanation

AIT The first applanation time

AlV The first velocity of applanation

A2 DfA  The deflection amplitude of the second
applanation

A2 DfLL.  The deflection length of the second
applanation

A2T The second applanation time

A2V The second velocity of applanation

ARTh Ambrésio relational thickness to the
horizontal profile

ARTmax Maximum Ambrosio relational thickness

Astig F Central astigmatism from the anterior

corneal surface
AUC The area under the curve

B.Ele.Th The elevation of the back surface at the
thinnest location

BAD-D Belin—Ambrésio enhanced ectasia total
deviation index

bIOP The biomechanical-corrected intraocular
pressure

CBI The Corvis biomechanical index

CCT Corneal thickness at the apex of the
cornea

CH Corneal hysteresis

CKC Clinical keratoconus

CKI Central keratoconus index

Corvis Corneal visualization Scheimpflug

ST technology

CRF Corneal resistance factor

CV 10 Corneal volume at 10 centered at the

thinnest point

DA The maximal value of the ratio between

Ratio 1 the deformation amplitude at the apex and
at 1 mm from the corneal apex

DA The maximal value of the ratio between

Ratio 2 the deformation amplitude at the apex and
at 2 mm from the corneal apex

DA Maximum deformation amplitude at the
corneal apex

F.Ele.Th  The elevation of the front surface at the
thinnest location

FFKC Forme fruste keratoconus

HC DfA  The deflection amplitude of the highest

concavity
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HC DfL.  The deflection length of the highest
concavity

HCT Time from the start until the highest
concavity

IHA Index of height asymmetry

IHD Index of height decentration

I-S Inferior—superior difference value

ISV Index of surface variance

IVA Index of vertical asymmetry

KI Keratoconus index

Km F Mean keratometry from the anterior
corneal surface

Kmax F  Maximum keratometry from the anterior
corneal surface

ORA Ocular response analyzer

PD Peak distance

QS Quality specification

Radius Central curvature radius at the highest
concavity

ROC Receiver operating characteristic

SD Standard deviation

SLR1 The first stepwise logistic regression
model

SLR2 The second stepwise logistic regression
model

SP-A1 Stiffness parameter at the first applanation

TBI The tomographic and biomechanical
index

TKC The topographic keratoconus
classification

TP Pachymetry at the thinnest point

Introduction

Keratoconus is a non-inflammatory cone-like ectasia
of the cornea, which is usually bilateral and progresses
over time [1, 2]. Despite extensive research in this
field, the exact etiology of the disease is not clear, and
the current diagnostic criteria for the disease are
mainly based on the combination of symptoms and
signs of the disease as well as morphological evalu-
ation of the cornea [3].

Recently, some researchers [4, 5] have proposed
that during the progression of keratoconus, the corneal
Bowman’s membrane ruptures, resulting in the disor-
ganization of the collagen fibers and imbalance of its
material composition, which further caused the
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corneal protein kinase and other catabolic enzyme
levels to increase and the protein kinase inhibitor
levels to decrease. These enzyme changes destroy the
collagen structure of the cornea and reduce the corneal
stroma, which leads to unstable corneal biomechanical
properties and reduced corneal mechanical strength,
thus causing corneal thinning and ectasia. Thus, the
changes in corneal biomechanical properties may
precede the morphological changes as keratoconus
progresses. Therefore, current research is focused on
evaluating the biomechanical characteristics or the
combined morphological and biomechanical charac-
teristics of the disease.

The Ocular Response Analyzer (ORA) and Corneal
Visualization Scheimpflug Technology (Corvis ST)
are the two most recognized devices that are used to
measure corneal biomechanics in vivo. Herber et al.
[6] have proposed that both devices are appropriate to
distinguish healthy eyes from keratoconic eyes with
high sensitivity and specificity, even though the ability
of ORA to identify keratoconus was less than for
Corvis ST. Also, for Pentacam, which currently is the
most widely used morphological detection device in
clinics, most of the studies [7-9] agreed that Pentacam
was comparable to Corvis ST with respect to its ability
to distinguish keratoconus from normal corneas. And
the tomographic and biomechanical index (TBI),
which is the combined parameters of the two devices,
had the highest diagnostic capability for keratoconus.
However, for Pentacam and ORA, some studies
[10, 11] suggested that the discriminating ability of
the corneal hysteresis (CH) and corneal resistance
factor (CRF) from ORA was poor, although most of
the other parameters of the output of these two devices
were significantly different between the keratoconus
and normal eyes. Furthermore, although a few studies
have used the above three kinds of devices for
analysis, they were all studies on patients with clinical
keratoconus [5, 12, 13]. And at most, these studies
only analyzed and compared the diagnostic ability of
single output parameters of the devices [5, 12].

In the present study, we mainly intend to evaluate
the ability of the parameters reflecting the morpho-
logical and biomechanical properties of the cornea to
distinguish clinical keratoconus (CKC) and forme
fruste keratoconus (FFKC) from normal more com-
prehensively, so as to further explore three devices
that are described above concerning the value of their

output parameters in the diagnosis of early
keratoconus.

Materials and methods
Subject recruitment

This prospective comparative study included patients
with clinical keratoconus, forme fruste keratoconus
and candidates for refractive surgery with normal
corneas, who served as the control group. A diagnosis
of clinical keratoconus (CKC group) was made if the
eye met the following criteria [14, 15], (1) an irregular
cornea as determined by distorted keratometry mires,
distortion of the retinoscopic or ophthalmoscopic red
reflex (or a combination of the two) and (2) at least one
of the following biomicroscopic signs, Vogt’s striae,
Fleischer’s ring of < 2 mm arc or corneal scarring
consistent with keratoconus. An eye was diagnosed as
having forme fruste keratoconus (FFKC group) if it
was the fellow eye of a patient with keratoconus and
showed the following features [3, 16]: (1) a normal-
appearing cornea on slit-lamp examination, retino-
scopy and ophthalmoscopy, (2) normal topography
with no asymmetric bowtie and no focal or inferior
steepening pattern, (3) the level of topographic
keratoconus classification (TKC) provided by Penta-
cam was normal, namely, it was “-,” and (4) the
patient had no history of contact lens use, ocular
surgery or trauma. For candidates undergoing refrac-
tive surgery, only one eye from each person was
chosen using a random numbers table. Exclusion
criteria included a history of corneal or ocular surgery,
significant corneal scarring and significant ophthalmic
disease that might potentially affect the study
outcome.

Patients who wore contact lens were asked to
remove soft contact lenses at least two weeks and rigid
contact lenses at least one month before assessment.
Data were collected from August 2019 to January
2020 from the Beijing Tongren Hospital, Capital
Medical University. All participants signed an
informed consent form in accordance with the tenets
of the Declaration of Helsinki. This study was
approved by the Ethics Committee of the Beijing
Tongren Hospital, Beijing, China.
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Ocular examination

A comprehensive ocular examination was performed
on the eyes of all subjects, including a detailed
assessment of uncorrected distance visual acuity,
corrected distance visual acuity, slit-lamp microscopy,
fundus examination, tomography measurements using
Scheimpflug imaging (Pentacam; Oculus, Optikgerite
GmbH, Wetzlar, Germany), biomechanical examina-
tion using the Corvis ST (Oculus; Optikgerite GmbH,
Wetzlar, Germany) and ORA (Reichert Ophthalmic
Instruments; Buffalo, NY, USA). All measurements
were taken between 09:00 and 17:00 on the same day
and by the same trained ophthalmologists.

Pentacam measurement

The Pentacam (software version 1.20r134) recon-
structs a three-dimensional image of the entire anterior
segment of the eye from the anterior surface of the
cornea to the posterior surface of the lens by utilizing
the high-speed rotating Scheimpflug system. Details
and principles of the Pentacam are described else-
where [17]. Only scans that the Pentacam “quality
specification” (QS) function determined as “OK” are
included for analysis.

Parameters included in the analysis were 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), maximum keratometry
from the anterior corneal surface (Kmax F), maximum
Ambroésio relational thickness (ARTmax), inferior—
superior difference value (I-S), Belin—~Ambrodsio
enhanced ectasia total deviation index (BAD-D), the
elevation of the front surface at the thinnest location
(F.Ele.Th), the elevation of the back surface at the
thinnest location (B.Ele.Th), mean keratometry from
the anterior corneal surface (Km F), central astigma-
tism from the anterior corneal surface (Astig F),
corneal thickness at the apex of the cornea (CCT),
pachymetry at the thinnest point (TP) and corneal
volume at 10 centered at the thinnest point (CV 10).

Corvis ST measurement
The Corvis ST (software version 1.5r1902) evaluates

the dynamic corneal deformation response to an air-
puff pulse. Details and principles of the Corvis ST are
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described elsewhere [5]. Only measurements where
the “quality specification” read OK were accepted. If
the comment was marked as yellow or red, the
examination was repeated. The following parameters
were included for analysis: maximum deformation
amplitude at the corneal apex (DA), the first applana-
tion time (AIT), the first velocity of applanation
(A1V), the second applanation time (A2T), the second
velocity of applanation (A2V), time from the start
until the highest concavity (HCT), peak distance (PD),
central curvature radius at the highest concavity
(Radius), Ambrosio relational thickness to the hori-
zontal profile (ARTh), the biomechanical-corrected
intraocular pressure (bIOP), stiffness parameter at the
first applanation (SP-A1), the deflection length of the
first (A1 DfL) and second applanation (A2 DfL) as
well as the highest concavity (HC DfL), the deflection
amplitude of the first (A1 DfA) and second applana-
tion (A2 DfA) as well as the highest concavity (HC
DfA), the maximal value of the ratio between the
deformation amplitude at the apex and at 1 (DA Ratio
1) and 2 mm (DA Ratio 2) from the corneal apex, the
Corvis biomechanical index (CBI) and TBI.

ORA measurement

The ORA (software version 4.12) measures the
deformation of the cornea by an air-puff tonometer
in response to a 20-ms jet of air, using a bidirectional
applanation process. Details and principles of the
ORA are described elsewhere [18]. Measurements
were repeated until the signal score was > 4.0. Then
the values of CH and CRF were recorded and included
in the analysis.

Statistical methods

Statistical analysis was performed using SPSS version
20.0 (SPSS Inc., Chicago, IL, USA) and MedCalc
software version 19.1 (MedCalc Software bvba,
Ostend, Belgium). The Chi-square test was performed
to describe the gender differences among the groups.
The Shapiro—Wilk test was used to check for normal
distribution of quantitative data. For the two groups of
data conforming to the normal distribution, which
were here provided as the mean and standard deviation
(SD), the differences between the two groups were
analyzed using the independent sample ¢ test. For data
that did not conform to the normal distribution, they
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were expressed with median and range of variation,
and the differences between groups were tested by the
Mann—-Whitney U test.

All the included parameters were analyzed using
logistic regression with forward stepwise inclusion to
determine the optimal combination model capable of
distinguishing clinical keratoconus (CKC group) and
forme fruste keratoconus (FFKC group) from normal
corneas (control group), respectively. Receiver oper-
ating characteristic (ROC) curves were applied to
determine the predictive accuracy of the parameters
and the combination models, as described by the area
under the curve (AUC). An area of 1.0 represented a
perfect test, while an area of 0.5 represented an
ineffective test. The diagnostic specificity and sensi-
tivity of all individual parameters with the highest
AUC were evaluated, and cutoff values were deter-
mined. Also, AUCs were compared using the non-
parametric DeLong method. A p-value < 0.05 was
considered to be statistically significant.

Results

Forty-five eyes from 30 patients (20 males and 10
females, and a mean age of 26.06 £ 6.04 years) were
included in the CKC group. Among the patients in the
CKC group, both eyes of 15 patients were included
because they presented bilateral keratoconus. The
remaining 15 patients had unilateral disease. The
normal contralateral eyes of the patients in the CKC
group with unilateral keratoconus constituted the
FFKC group (11 males and 4 females, and a mean
age of 27.04 &+ 7.68 years). The control group con-
sisted of 50 normal individuals (36 males and 14
females, and a mean age of 28.18 £ 5.71 years). Only
one eye per person was randomly evaluated in the
control group. There were no statistically significant
differences between the groups in age or sex distribu-
tion (p > 0.05).

Except for HCT, PD, Al DfL and A2 DfL,
statistically significant differences were found in the
parameters between the CKC and control groups
(p < 0.001) (Table 1). Similarly, except for HCT, PD,
HC DfL and A2 DfL, the other parameters in the
FFKC group were significantly different from the
CKC group (p < 0.001). There also were statistical
differences in more than half of the parameters
between the FFKC and control groups (p < 0.05). In

addition, F.Ele.Th and TBI were the only parameters
with significant statistical differences when any two
groups of the three groups were compared
(» < 0.001).

The two stepwise logistic regression models,
named SLR1 and SLR2, were produced to distinguish
the CKC and FFKC groups from the control group,
respectively. Table 2 lists the details of these two
combination regression models. Among them, the
SLR1 combined model included only the TBI param-
eter output by Pentacam, while the SLR2 combined
model consisted of the morphological parameter
F.Ele.Th and the rest were output parameters from
the Corvis ST, specifically, HC DfA and SP-A1l.

Table 3 shows the results from the CKC and FFKC
groups compared to the control group for the ROC
curve analysis, AUC, 95% confidence intervals, best
cutoff point, sensitivity and specificity of the best
cutoff points for each parameter, as well as the two
combination models (SLR1 and SLR2). The majority
of the observed parameters had sufficient strength
(AUC > 0.80) to differentiate the CKC from the
normal eyes, even the seven separate parameters and
the SLR1 combined model had a discrimination
efficiency of 100% (AUC = 1). Meanwhile, the over-
all predictive accuracy of these readings was moderate
for eyes with FFKC (AUC < 0.80), and a single set of
parameters, including bIOP, DA, A1V and A2T, failed
to completely differentiate FFKC corneas from nor-
mal corneas. However, the SLR2 combined model
(0.965) showed an excellent AUC, followed by TBI
(0.885), F.Ele.Th (0.874) and BAD-D (0.839) (Fig. 1).
Among the four AUC values mentioned above, except
for SLR2 and F.Ele.Th (Z = 2.374, p = 0.0176, the
DeLong test), there were no significant differences
between any other two AUC values.

Discussion

At present, early screening and diagnosis of kerato-
conus is one of the main concerns of cornea specialists
and patients who are willing to undergo corneal
refractive surgery [5, 14]. However, there are still
some limitations with respect to the early detection of
keratoconus. For instance, there are no visible clinical
signs in the early stage of the disease, and even the
majority of people only show a mild local corneal
protuberance with normal corneal thickness [8, 10].

@ Springer
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Table 2 Specific information of the two stepwise logistic regression models of CKC group and FFKC group versus control group

p Standard error (SE) Significance (p)
SLRI (CKC vs. control)
Constant — 345.356 22,130.093 0.988
TBI 363.057 22,526.167 0.987
SLR2 (FFKC vs. control)
Constant 53.838 19.820 0.007
F.Ele.Th 1.453 0.502 0.004
HC DfA — 44.662 15.885 0.005
SP-Al —0.192 0.067 0.004
SLR1 = EXP(Betal)/(1 + EXP(Betal)) Betal = — 345.356 + 363.057*TBI
SLR2 = EXP(Beta2)/(1 + EXP(Beta2)) Beta2 = — 53.838 + 1.453* F.Ele.Th-44.662*HC DfA — 0.192*SP-Al

Therefore, it may not be useful for patients in the early
stages of keratoconus or with no apparent signs to be
assessed using only traditional morphological devices.
In addition, although progressive thinning of kerato-
conus may be caused by weakened corneal biome-
chanical resistance and decreased biomechanical
properties [4, 5], keratoconus cannot be solely
attributed to changes in corneal morphology or
biomechanical properties [19, 20].

Therefore, the primary purpose of this study was to
comprehensively compare and analyze the influence
of morphological and mechanical characteristics on
the diagnosis of keratoconus using three different
devices, the Pentacam (typical morphological mea-
surement device), Corvis ST and ORA (two main
in vivo biomechanical measurement devices), espe-
cially contralateral normal eye of unilateral kerato-
conus, that is, the forme fruste keratoconus, so as to
obtain a more comprehensive diagnostic evaluation of
early keratoconus.

In our study, the AUC of the device output
parameters ranged from 0.515 to 0.885 between FFKC
and normal eyes. Among the parameters measured in
this study, the highest was recorded for TBI (0.885).
The next eight parameters with higher AUC values
(0.755-0.874) were all morphological parameters. To
some extent, this might indicate that individual
biomechanical parameters, except for TBI, had rela-
tively weak diagnostic ability to distinguish forme
fruste keratoconus.

However, it is noteworthy that, although the AUC
of the deflection amplitude of the highest concavity
(HC DfA) was 0.593, and there was no significant

@ Springer

difference between the FFKC and the normal eyes, the
SLR2 combined model obtained after stepwise logis-
tic regression included the HC DfA. The SLR2
regression model had the highest AUC value of
0.965, with 100.0% sensitivity and 84.0% specificity.
The SLR2 combination model also indicated that
measurement of biomechanical parameters should not
be considered as having no diagnostic capabilities for
early keratoconus simply because there were no
significant differences or the AUC values were small.
Also, two biomechanical parameters, HC DfA and SP-
Al, and one morphological parameter, F.Ele.Th, in the
SLR2 regression model, again indicated the impor-
tance of considering biomechanics characteristics. Of
course, biomechanical parameters need to be analyzed
in combination with morphological parameters.

Based on the output parameters of the Pentacam
and Corvis, Ambroésio et al. [21] introduced a new
parameter, TBI, using random forest. This parameter
was proved to be more accurate than all other
independent parameter analyses used in the diagnosis
of subclinical keratoconus. Most studies also found
that TBI had a higher diagnostic ability to distinguish
keratoconus [11], even in different stages of kerato-
conus [8]. In this study, TBI not only had the highest
AUC value (CKC vs. normal, 1.000; FFKC vs. normal,
0.885), but it also was the only parameter that was
included in the stepwise SLR1 regression model,
which proved its effective diagnostic ability.

The first corneal stiffness value recorded in vivo by
the Corvis ST, SP-Al, was developed by using
displacement of the apex from the undeformed state
to the first applanation in the deformation process.
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CKC group versus control group
Sensitivity,% AUC (95% CI) Cutoff Specificity, % Sensitivity,%

Specificity, %

Cutoff

FFKC group versus control group

AUC (95% CI)

Table 3 continued
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86.7

8.0
4.0

3
9

< 5.405

0.594(0.489-0.694)

86.7

44.0

< 5.362

0.631(0.503-0.748)
0.610(0.481-0.729)

PD (mm)

75.6

< 7.018

26.7 0.873(0.789-0.932) <

94.0

< 6.972

A1T (ms)

95.6

96.0

> 46.5

0.990(0.944-1.000)

60.0

62.0

> 44.8

0.605(0.476-0.724)

Kmax F (diopters)

HCT (ms)

68.9

44.0

> 16.863
> 1.065

0.571(0.465-0.672)
0.812(0.719-0.885)
0.522(0.417-0.625)

93.3

22.0

> 16.632
< 0.964

0.599(0.470-0.719)

62.2

92.0

73.3

52.0

0.593(0.464-0.714)

HC DfA
A2 DfL.

IHA

75.6

40.0

< 3.239

> 153
> 454

46.7

78.0

< 2.467

0.561(0.433-0.684)
0.555(0.427-0.679)

71.1

94.0
100.0

0.822(0.730-0.893)

933

28.0

77.8

0.889(0.808-0.944)
0.863(0.777-0.925)

533

70.0

> 439

0.551(0.422-0.674)
0.542(0.414-0.666)

Km F (diopters)
A2V (m/s)
A2T (ms)

82.2

82.0

— 0.309

> 22.098
> 0.186
> 1.216

<

86.7

34.0
2

—0.275
> 21.698
< 0.179

=<

71.1

68.0

0.706(0.604-0.795)

93.3
100.0

2.0

0.525(0.397-0.650)
0.519(0.392-0.645)
0.519(0.392-0.645)
0.515(0.388-0.641)

48.9

98.0
8
7

0.768(0.670-0.848)
0.810(0.717-0.884)

14.0

A1V (m/s)
DA (mm)

66.7

8.0
0.0

80.0

34.0

< 1.155

68.9

<135

0.716(0.614-0.804)

66.7

44.0

> 14.1

bIOP (mmHg)

This measurement takes confounding factors into
account, such as intraocular pressure and whole eye
motion [22]. Some studies [13, 23] have suggested that
reduced corneal biomechanical stability occurs prior
to the alteration of corneal shape, and SP-A1 could be
a potential biomarker to evaluate the progression of
keratoconus. In our study, SP-A1 was the biomechan-
ical parameter with the largest area under the ROC
curve except for TBI and CBI, when distinguishing
clinical keratoconus or forme fruste keratoconus
(CKC vs. normal: 0.966; FFKC vs. normal: 0.716).
These results demonstrated that the progress of
keratoconus was related to the ability of the cornea
to resist stress. In other words, corneal stiffness
decreased with the continued progress of keratoconus,
and thus, SP-A1 also decreased.

The anterior surface abnormality of keratoconus
often appears earlier than the abnormalities in visual
acuity and thickness [12]. Previous studies [24, 25]
have suggested that anterior corneal elevation param-
eters are clinically relevant measures for detecting
keratoconus and suspected cases of keratoconus. In
our study that compared FFKC and normal eyes,
among the 11 different morphological parameters that
were assessed, five parameters appeared to fully
characterize the different aspects of the asymmetry
(height, curvature and others) of the anterior surface of
the cornea. These five parameters were ISV, IVA, KI,
IHD and I-S. Moreover, for the elevation of the front
surface at the thinnest location, F.Ele.Th, its AUC
value was the second largest when distinguishing
FFKC from normal corneas. F.Ele.Th also was
significant in the SLR2 regression model (p = 0.004).

According to the area under the ROC curve, both
CH (CKC vs. normal, 0.946; FFKC vs. normal, 0.728)
and CRF (CKC vs. normal, 0.956; FFKC vs. normal,
0.709) had medium discrimination abilities, and there
were no differences in their diagnostic abilities (CKC
vs. normal, p = 0.539; FFKC vs. normal, p = 0.805;
the DeLong test). However, from the perspective of
the regression model, when considering another
in vivo biomechanical testing device, the function of
the output parameters, CH and CRF, of the ORA were
not reflected when the three devices were used to
diagnose keratoconus or forme fruste keratoconus.
Even when the ORA output was combined with the
other two devices separately, CH and CRF were not
included in the respective combined regression diag-
nosis models. This result was possibly because CH and
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Fig. 1 Receiver operating characteristic (ROC) curves for
tomographic and biomechanical index (TBI), elevation of front
surface in thinnest location (F.Ele.Th), Belin—Ambrésio
enhanced ectasia total deviation index (BAD-D) and stepwise

CRF could only obtain the parameters at a certain
point in the dynamic corneal process, but they could
not dynamically reflect the entire corneal deformation
process in real time [26, 27]. This result also suggested
that the dynamic recording of the deformation process
in real time was necessary to obtain parameters that
indicated corneal biomechanical properties. However,
these results need to be verified with a larger clinical
sample.

Our study had certain limitations. First, only CH
and CRF output parameters were included for ORA.
The rest waveform parameters that might be associ-
ated with real-time corneal responses to air pulses
were not included. Also, the sample size was relatively
small, and hence, statistical analyses might need to be
interpreted with caution. Therefore, it is necessary to

100-Specificity

logistic regression combined model (SLR2) in differentiating
forme fruste keratoconus (FFKC) from normal. The area under
the curve of TBI, F.Ele.Th, BAD-D and combined model SLR2
were 0.885, 0.874, 0.839 and 0.965, respectively

provide additional analyzes using a larger sample size
and more ORA parameters.

In conclusion, F.Ele.Th from Pentacam may be the
most sensitive morphological parameter of forme
fruste keratoconus, and the combination of F.Ele.Th,
HC DfA and SP-A1 makes the diagnosis of FFKC
more efficient. In addition to TBI, the SP-A1 output by
Corvis ST also is worthy of attention. The CRF and
CH output by ORA does not improve the combined
diagnosis, despite the combination of corneal mor-
phological and biomechanical properties that can
optimize the diagnosis of forme fruste keratoconus.
More ways to combine morphological and biome-
chanics characteristics in the future are worth explor-
ing. Velocity at first application.
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