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Purpose: To investigate the relationship between corneal tomographic or biomechanical parameters and risk of keratoconus in very
asymmetric ectasia (VAE).

Methods: This retrospective case-control single-centre study included patients with VAE and normal controls. The VAE group had
clinical ectasia in one eye and normal topography (VAE-NT) in the fellow eye; VAE-NT eyes were selected for analysis. The control
group was selected from corneal refractive surgery candidates; the right eye was enrolled. Scheimpflug-based corneal tomography
(Pentacam) and corneal biomechanical assessment (Corvis ST) were performed. Univariate and multivariable logistic regression were
performed using Cox proportional hazards models to evaluate keratoconus-associated risk factors. A two-piecewise linear regression
model was applied to examine the threshold effect of selected vital paragmeters on the risk of keratoconus according to a smoothing
plot.

Results: Threshold effect between tomographic integration and risk of keratoconus was observed. Discrepancy between the central
corneal thickness and thinnest corneal thickness (discrepancy CCT vs TCT) greater than 5 um, discrepancy between the apex corneal
thickness and thinnest corneal thickness (discrepancy ACT vs TCT) greater than 3 um, vector distance between CCT and TCT
(distance CCT vs TCT) greater than 0.65 mm indicated a significant increased risk of keratoconus. Risk of keratoconus decreased
when distance CCT vs TCT was less than 0.65 mm.

Conclusion: Discrepancy CCT vs TCT, discrepancy ACT vs TCT, and distance CCT vs TCT can be used as indicators for risk
assessment of early keratoconus.
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Introduction

Keratoconus is an ocular disorder characterized by bilaterality and asymmetric corneal thinning. Its pathophysiology is
multifactorial, having genetic, biochemical (including pro-inflammatory mediators), biomechanical, and environmental
components (mainly eye rubbing and nocturnal ocular compression). ™ In a 2015 consensus among ophthalmology
experts, it was agreed that true unilateral keratoconus does not exist, but a unilateral clinical presentation may occur in
predisposed individuals due to asymmetric environmental factors, such as eye rubbing.’ As shown in the review by
Rabinowitz et al, a few completely unilateral cases have been reported, the majority of fellow eyes in unilateral
keratoconus tend to eventually develop keratoconus, or are diagnosed with forme fruste keratoconus (FFK). Therefore,

ongoing monitoring is advisable.>®’
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Corneal tomography is the standard procedure for diagnosing keratoconus. It has served as a sensitive and accurate
diagnostic indicator in the early stages of the disease. Pentacam (Oculus Optikgerdte GmbH; Wetzlar, Germany) was
found to be an efficient and precise means in corneal imaging; it has high repeatability and reproducibility. Corneal
biomechanical parameters in vivo are valuable for the diagnosis of keratoconus.® Compared with healthy eyes,
keratoconic corneas show lower resistance to deformation.” Changes of data related to biomechanical properties may
be detectable before the appearance of tomographic and clinical signs and can be used as a diagnostic basis of early
keratoconus.

The identification of patients with subclinical signs of keratoconus is crucial. This is a critical contraindication for
corneal refractive surgery, and among refractive surgery candidates, the frequency of keratoconus or FFK is notably
higher than in the general population.'®'? Previous studies have demonstrated differences in several corneal topographic
and biomechanical values between eyes with keratoconus and normal eyes;'> > however, the parameters and threshold
values for keratoconus diagnosis were not investigated. Thus, this study aimed to develop a precise personalized
keratoconus risk using cost-effective and readily accessible parameters for the functional link between selected risk
factors and keratoconus.

Methods
Study Population

Patients from the Eye and ENT Hospital of Fudan University, Shanghai, China, were enrolled in this retrospective case-
control study. The Ethics Committee of the Eye and ENT Hospital of Fudan University approved this study (approval
number 2021118-1). This study adhered to the tenets of the Declaration of Helsinki. All participants provided informed
consent. For pediatric participants, written informed consent was obtained from at least one parent or legal guardian of
each subject after a detailed explanation of the procedure, and all the procedures were carried out with the subjects’
consent.

The apparently healthy eyes of patients diagnosed with very asymmetric ectasia (VAE) were included in the study.
These patients must exhibit definite clinical ectasia in one eye, characterized by tomographic features and slit lamp
findings such as Munson’s sign, Vogt’s striae, Fleischer’s ring, apical thinning, or Rizutti’s sign.'® In addition, the
contralateral eye, referred to as VAE-NT (Very Asymmetric Ectasia - Normal Tomography), had to meet the criteria of
having an ABCD keratoconus-specific grading categorized as stage 0, determined based on assessments of anterior
corneal curvature, posterior corneal curvature, pachymetry at the thinnest area of the cornea, and corrected distance
visual acuity (CDVA) using Pentacam topometry/KC staging.'” Patients with a history of corneal surgery, pregnancy,
ophthalmologic disease, or systemic diseases with ocular manifestations were excluded.

A control group with no ocular disorders, except refractive errors, was selected from patients underwent corneal
refractive surgery in our clinic. The included participants had normal slit-lamp biomicroscopy findings, overall subjec-
tively normal tomography examinations, and no evidence of ectasia throughout a 1-year follow-up period. The right eyes
of the control patients were included in this study.

Variable Measurement

All participants had comprehensive ophthalmologic examinations performed by experienced technicians. Scheimpflug-
based corneal tomography and corneal biomechanical assessment were performed using the Pentacam and Corvis ST
(Oculus Optikgerdte GmbH; Wetzlar, Germany), respectively. Both measurements were performed by experienced
examiners under the same lighting conditions. Parameters from the Pentacam and Corvis ST were obtained for each eye.

Statistical Analysis

Data distributions of each covariate were compared between the VAE-NT and normal groups using a #-test or the
Kruskal-Wallis rank sum test for continuous variables and y* for categorical data. We performed univariate logistic
regression and multivariable logistic regression using Cox proportional hazards models to evaluate the odds ratio (OR)
and 95% confidence intervals (Cls) for risk factors associated with keratoconus. We applied multiple regression analyses
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to estimate the independent relationship between keratoconus risk and corneal tomographic parameters as well as
biomechanical parameters, with adjustment for age, sex, and other potential confounders. A two-piecewise linear
regression model was further applied to examine the threshold effect of selected vital parameters on the risk of
keratoconus according to the smoothing plot. The trial inflection point was determined by moving along a predefined
interval and detected the inflection point that gave the maximum model likelihood.

A two-tailed P <0.05 was considered significant in all analyses. EmpowerStats (http://www.empowerstats.com) and

the R software, version 3.3.1 (http://www.R-project.org/), were used for all statistical analyses.

Results

Ninety-four eyes (VAE-NT) of 94 patients with VAE, and 202 eyes of 202 controls were analyzed. The average ages of the
VAE-NT and control group patients were 21.89+6.18 years and 28.00+7.16 years, respectively. The clinical characteristics for
the included patients are summarized in Table 1. For tomographic parameters, significant differences between the VAE-NT
and control groups were found for flat keratometry (Kflat), thinnest corneal thickness (TCT), absolute value of discrepancy
between the central corneal thickness and thinnest corneal thickness (discrepancy CCT vs TCT), absolute value of the
discrepancy between the apex corneal thickness and TCT (discrepancy ACT vs TCT), absolute value of vector distance
between the CCT and TCT (distance CCT vs TCT), back elevation at the thinnest pachymetry (BE.at.TP), maximum
Ambrosio relational thickness (ARTmax), posterior radius of curvature (PRC) in 3-mm zone, deviation of average pachy-
metric progression (Dp), deviation of minimum thickness (Dt), deviation of ARTmax (Da), and Belin/Ambroésio Enhanced
Ectasia Deviation (BAD D). For biomechanical parameters, significant differences between the two groups were found for

Table 1 Demographic and Clinical Characteristics of Participants

Normal (Mean+SD / N(%)) | VAE-NT (Mean+SD / N(%)) | P-value
Number 202 94
Age 28.00 £ 7.16 21.89 £ 6.18 <0.001
Female 126 (62.38%) 22 (23.40%) -
Male 76 (37.62%) 72 (76.60%) -
Corneal tomographic parameters
Kflat (D) 42.70 = 1.45 4224 % .19 0.008
Ksteep (D) 43.90 = 1.55 43.58 = 1.40 0.155
Kmax (D) 44.43 £ |.64 4427 + 1.44 0.558
CCT (pm) 538.05 * 26.15 533.81 £ 22.46 0.126
ACT (pm) 537.77 £ 26.23 533.11 £ 22.51 0.094
TCT (um) 53427 + 26.14 527.93 + 22.73 0.029
Discrepancy CCT vs TCT (um) | 3.78 + 1.93 5.88 + 3.64 <0.001
Discrepancy ACT vs TCT (um) | 3.50 £ 2.09 5.18 + 3.42 <0.001
Distance CCT vs TCT (mm) 0.66 + 0.20 0.73 £ 0.24 0.047
FE.at.TP (pm) 2,60 + 1.32 2.80 + 1.6l 0.457
BE.at.TP (pm) 532 £3.10 6.77 £ 3.77 0.001
ARTmax 430.03 + 65.99 37391 £ 75.65 <0.001
ARC (3mm Zone) (mm) 7.79 £ 0.26 7.84 £ 0.22 0.134
PRC (3mm Zone) (mm) 6.37 £ 0.24 6.31 £0.22 0.021
Df 0.47 + 0.95 047 + 1.17 0.590
Db 0.11 £ 0.8l 0.09 + 0.82 0.926
Dp 0.71 £ 0.78 1.36 + 0.99 <0.001
Dt 0.14 + 0.75 0.32 + 0.66 0.031
Da 0.53 + 0.60 1.04 + 0.69 <0.001
BAD D I.11 £0.55 1.44 + 0.64 <0.001

(Continued)
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Table | (Continued).

Normal (Mean+SD / N(%)) | VAE-NT (Mean+SD / N(%)) | P-value

Corneal biomechanical parameters

10Pnct 17.55 + 2.98 15.02 + 2.02 <0.001
blOP 17.68 + 2.74 1545 + 1.71 <0.001
SSI 0.94 + 0.15 0.89 + 0.15 0.020
DA.Ratio (2mm) 4.36 £ 0.82 4.66 + 0.8l <0.001
Integr. Radius 8.33 £ 0.95 9.26 + 0.98 <0.001
ARTh 471.10 £ 83.98 490.30 * 92.65 0.068
SP-Al 104.40 + 14.48 103.24 + 15.97 0.335
CBI 0.12 £ 0.20 0.19 £ 0.28 0.306
TBI 0.25 +0.19 042 +0.33 <0.001

Abbreviations: K, keratometry; D, diopter; CCT, central corneal thickness; ACT, apex corneal thickness; TCT, thinnest corneal thickness;
Discrepancy CCT vs TCT, absolute value of discrepancy between central corneal thickness and thinnest corneal thickness; Discrepancy ACT
vs TCT, absolute value of discrepancy between apex corneal thickness and thinnest corneal thickness; Distance CCT vs TCT, absolute value
of vector distance between central corneal thickness and thinnest corneal thickness; FE.at. TP, front elevation at thinnest pachymetry; BE.at.
TP, back elevation at thinnest pachymetry; ARTmax, maximum Ambrésio relational thickness; ARC, anterior radius of curvature; PRC,
posterior radius of curvature; Df, deviation of front elevation difference map; Db, derivation of back elevation difference map; Dp, deviation
of average pachymetric progression; Dt, deviation of minimum thickness; Da, deviation of ARTmax; BAD D, Belin/Ambrésio Enhanced
Ectasia Deviation; |IOPnct, intraocular pressure measured with non-contact tonometer; blIOP, biomechanically-corrected IOP; SSI, stress-
strain index; DA, deformation amplitude; Integr. Radius, integrated radius; ARTh, Ambroésio’s relational thickness in the horizontal profile; SP-
Al, stiffness parameter at first applanation; CBI, corvis biomechanical index; TBI, Tomography and Biomechanical Index.

IOPnct, biomechanically corrected IOP (bIOP), stress—strain index (SSI), deformation amplitude ratio (DA.Ratio), integrated

radius (Integr. Radius), and the tomography and biomechanical index (TBI).

The results of the univariate and multivariate logistic regression are shown in Table 2. After adjusting for sex, age, and corneal
biomechanical parameters, positive correlations with the risk of keratoconus were found for discrepancy CCT vs TCT (OR 1.34,

Table 2 Univariate Analysis and Multivariate Logistic Regression Model for Risk Factors Associated with Keratoconus

Crude (95% Cl) | P-value | Adjustl (95% Cl) | P-value | Adjust Il (95% CI) | P-value

Corneal tomographic parameters

Kflat (D) 0.78 (0.64, 0.94) | 0.009 1.00 (0.79, 1.26) 0.990 0.99 (0.73, 1.35) 0.968
Ksteep (D) 0.87 (0.74, 1.02) | 0.094 1.00 (0.82, 1.22) 0.979 0.89 (0.68, 1.17) 0.407
Kmax (D) 0.94 (0.80, 1.10) | 0.413 1.07 (0.89, 1.29) 0.484 0.92 (0.71, 1.19) 0.521
CCT (um) 0.99 (0.98, 1.00) | 0.176 0.99 (0.98, 1.01) 0.358 0.96 (0.92, 1.00) 0.043
ACT (pm) 0.99 (0.98, 1.00) 0.138 0.99 (0.98, 1.00) 0.267 0.95 (0.92, 0.99) 0.014
TCT (um) 0.99 (0.98, 1.00) 0.045 0.99 (0.98, 1.00) 0.118 0.95 (0.91, 0.98) 0.004
Discrepancy CCT vs TCT (um) | 1.35 (.21, 1.51) <0.001 1.38 (1.23, 1.56) <0.001 1.34 (1.15, 1.56) <0.001
Discrepancy ACT vs TCT (um) | 1.26 (1.15, 1.40) <0.001 1.25 (1.12, 1.39) <0.001 1.19 (1.02, 1.37) 0.023
Distance CCT vs TCT* (mm) I.14 (1.02, 1.28) | 0.024 1.15 (1.01, 1.31) 0.040 1.03 (0.87, 1.23) 0.719
FE.at.TP (um) 1.10 (0.93, 1.31) | 0.261 1.20 (0.98, 1.48) 0.071 0.97 (0.74, 1.27) 0.826
BE.at.TP (pm) I.14 (1.05, 1.22) | 0.001 1.14 (1.05, 1.24) 0.003 0.99 (0.88, 1.13) 0.922
ARTmax* 0.88 (0.84, 0.92) <0.001 0.88 (0.84, 0.93) <0.001 0.83 (0.76, 0.91) <0.001
ARC (3mm Zone) (mm) 2.24 (0.83,6.04) | 0.112 0.70 (0.21, 2.40) 0.575 1.17 (0.22, 6.28) 0.853
PRC (3mm Zone) (mm) 0.32 (0.11,0.93) | 0.037 0.10 (0.03, 0.37) 0.001 0.09 (0.01, 0.68) 0.020
Df 1.00 (0.78, 1.26) | 0.969 1.13 (0.86, 1.48) 0.397 0.96 (0.66, 1.39) 0.823
Db 0.98 (0.72, 1.32) | 0.892 0.96 (0.69, 1.35) 0.832 0.52 (0.30, 0.91) 0.021
Dp 236 (1.73, 3.22) <0.001 2.35 (1.65, 3.36) <0.001 7.38 (3.28, 16.64) <0.001
Dt 1.40 (0.99, 1.98) | 0.054 1.36 (0.91, 2.02) 0.132 6.06 (1.63, 22.49) 0.007
Da 4.07 (2.52, 6.58) <0.001 3.97 (2.32, 6.78) <0.001 7.23 (2.78, 18.76) <0.001
BAD D* I.11 (1.06, 1.16) <0.001 1.12 (1.06, 1.18) <0.001 1.12 (1.02, 1.23) 0.024

(Continued)
3572 s Clinical Ophthalmology 2023:17

Dove!



https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

Table 2 (Continued).

Crude (95% CI) | P-value | Adjustl (95% CI) | P-value | Adjust Il (95% CI) | P-value

Corneal biomechanical parameters

IOPnct 0.65 (0.57, 0.75) | <0.001 0.66 (0.57, 0.77) <0.001 0.58 (0.46, 0.73) <0.001
blOP 0.63 (0.54,0.73) | <0.001 0.61 (0.52, 0.73) <0.001 0.53 (0.41, 0.69) <0.001
ssI* 0.80 (0.68, 0.95) | 0.010 0.85 (0.70, 1.03) 0.089 0.93 (0.70, 1.23) 0.611
DA.Ratio 1.95 (1.13,3.34) | 0.016 2.03 (1.05, 3.91) 0.035 1.42 (0.94, 2.16) 0.099
Integr. Radius 2.74 (2.02,3.71) | <0.001 2.66 (1.89, 3.76) <0.001 4.64 (248, 8.67) <0.001
ARTh* 1.03 (1.00, 1.05) | 0.079 1.02 (0.99, 1.06) 0.151 1.28 (1.16, 1.41) <0.001
SP-Al 0.99 (0.98, 1.01) | 0.537 0.99 (0.97, 1.01) 0.163 0.98 (0.95, 1.02) 0.384
cBr* I.14 (1.03, 1.26) | 0.015 1.13 (1.00, 1.27) 0.053 1.12 (0.92, 1.37) 0.254
TBI* 1.29 (1.16, 1.43) | <0.001 1.28 (1.14, 1.43) <0.001 1.04 (0.84, 1.30) 0.706

Notes: Adjust | model (corneal tomographic parameters): adjusted for sex; age. Adjust Il model (corneal tomographic parameters): adjusted for sex; age; |IOPnct;
blOP; SSI; DA Ratio; Interger Radius; ARTh; SP-Al; CBI; TBI. Adjust | model (corneal biomechanical parameters): adjusted for sex; age. Adjust Il model (corneal
biomechanical parameters): adjusted for sex; age; Kflat; Ksteep; Kmax; CCT; ACT; TCT; Discrepancy CCT vs TCT; Discrepancy ACT vs TCT; Distance CCT vs
TCT; FEat.TP; BE.at.TP; ARTmax; ARC; PRC; Df. Db; Dp; Dt; Da; BAD D. *Every 10 unit increase. “Every 0.1 unit increase.

Abbreviations: K, keratometry; D, diopter; CCT, central corneal thickness; ACT, apex corneal thickness; TCT, thinnest corneal thickness; Discrepancy CCT vs
TCT, absolute value of discrepancy between central corneal thickness and thinnest corneal thickness; Discrepancy ACT vs TCT, absolute value of discrepancy
between apex corneal thickness and thinnest corneal thickness; Distance CCT vs TCT, absolute value of vector distance between central corneal thickness and
thinnest corneal thickness; FE.at.TP, front elevation at thinnest pachymetry; BE.at. TP, back elevation at thinnest pachymetry; ARTmax, maximum Ambrosio
relational thickness; ARC, anterior radius of curvature; PRC, posterior radius of curvature; Df, deviation of front elevation difference map; Db, derivation of
back elevation difference map; Dp, deviation of average pachymetric progression; Dt, deviation of minimum thickness; Da, deviation of ARTmax; BAD D, Belin/
Ambroésio Enhanced Ectasia Deviation; IOPnct, intraocular pressure measured with non-contact tonometer; bIOP, biomechanically-corrected IOP; SSI, stress-strain
index; DA, deformation amplitude; Integr. Radius, integrated radius; ARTh, Ambrésio’s relational thickness in the horizontal profile; SP-Al, stiffness parameter at
first applanation; CBI, corvis biomechanical index; TBI, Tomography and Biomechanical Index; Crude: no adjustment.

95% CI 1.15-1.56, P for linear trend <0.001), discrepancy ACT vs TCT (OR 1.19, 95% CI 1.02—-1.37, P for linear trend = 0.023),
Dp (OR 7.38,95% CI 3.28-16.64, P for linear trend <0.001), Dt (OR 6.06, 95% CI 1.63-22.49, P for linear trend = 0.007), Da (OR
7.23, 95% CI 2.78-18.76, P for linear trend <0.001), and BAD D (OR 1.12, 95% CI 1.01-1.23, P for linear trend = 0.024).
However, an inverse correlation was shown for CCT (OR 0.96, 95% CI 0.92—1.00, P for linear trend = 0.043), ACT (OR 0.95,
95% C1 0.92-0.99, P for linear trend = 0.014), TCT (OR 0.95, 95% CI 0.91-0.98, P for linear trend = 0.004), ARTmax (OR 0.83,
95% CI 0.76-0.91, P for linear trend <0.001), PRC (OR 0.09, 95% CI 0.01-0.68, P for linear trend = 0.020), and Db (OR 0.52,
95% CI1 0.30-0.91, P for linear trend = 0.021). For biomechanical parameters, the Integr. Radius (OR 4.64, 95% CI 2.48-8.67,
P for linear trend <0.001) and ARTh (OR 1.28, 95% CI 1.16-1.41, P for linear trend <0.001) showed a positive correlation with the
risk of keratoconus. However, the IOPnct (OR 0.58, 95% CI 0.46—0.73, P for linear trend <0.001) and bIOP (OR 0.53, 95% CI
0.41-0.69, P for linear trend <0.001) showed an inverse correlation with the risk of keratoconus.

Further analysis of the nonlinear relationship and threshold effect was performed (Table 3). We observed the threshold
effect for discrepancy CCT vs TCT; the turning point was 5 um, with the risk of keratoconus increasing by 153% (P <0.001)
with each 1-um increment when discrepancy CCT vs TCT was >5 pum. A similar threshold effect was observed when
discrepancy ACT vs TCT value was 3 pm (when discrepancy ACT vs TCT was >3 pm, the risk of keratoconus increased by
41% with each 1-pm increment). For distance CCT vs TCT, the optimal cut-off value was 0.65 mm, and an inverse correlation
was observed when distance CCT vs TCT was <0.65 mm; the risk of keratoconus decreased by 45% with each 0.1-mm
decrease. A positive correlation was observed when distance CCT vs TCT was >0.65 mm, with the risk of keratoconus
increasing by 66% with each 0.1-mm increase (Figure 1). As for biomechanical parameters, we observed a threshold effect in
TBI; the turning point was 0.43, with the risk of keratoconus decreasing by 34% (OR 0.66, 95% CI 0.46-0.95, P =0.025) with
each 0.1 decrement of TBI value when TBI was <0.43, and the risk of keratoconus increasing by 97% (OR 1.97,95% CI 1.22—
3.19, P = 0.006) with each 0.1 increment of TBI value when TBI was >0.43.

Discussion
Keratoconus is a complex and progressive disease, making it sometimes challenging to establish precise cut-off values
for corneal tomographic and biomechanical parameters, crucial diagnostic markers for the condition. However, even
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Table 3 Threshold Effect Analysis on Risk of Keratoconus

Variables in Model OR (95% CI) P-value
Discrepancy CCT vs TCT (pm)
<5 0.72 (0.51, 1.00) 0.051
>5 2.53 (1.67, 3.85) <0.001
Discrepancy ACT vs TCT (um)
<3 0.59 (0.35, 1.01) 0.056
>3 1.41 (1.15, 1.73) 0.001
Distance CCT vs TCT# (mm)
< 0.65 0.55 (0.37,0.83) 0.004
> 0.65 1.66 (1.20, 2.30) 0.002

Note: “Every 0. unit increase.

Abbreviations: Discrepancy CCT vs TCT, absolute value of discrepancy between
central corneal thickness and thinnest corneal thickness; Discrepancy ACT vs TCT,
absolute value of discrepancy between apex corneal thickness and thinnest corneal
thickness; Distance CCT vs TCT, absolute value of vector distance between central
corneal thickness and thinnest corneal thickness.

subtle deviations in critical features like corneal pachymetry thickness and keratometry values may indicate FFK. Our
study found that several newly suggested vital tomographic and biomechanical parameters exhibited an association with
the presence of FFK in fellow eyes of patient with clinically evident seemingly unilateral keratoconus. We also identified
a threshold effect in eyes with VAE-NT. To our knowledge, this is the first study to provide clear evidence of both linear
and nonlinear associations between corneal tomographic findings, biomechanical parameters, and the presence of FFK.

It is reasonable to conclude that normal tomography does not rule out early keratoconus. A longitudinal study showed
that over 20% of the eyes with FFK and unilateral keratoconus progressed into clinical keratoconus.'®'® Dramatic
changes were noted in the past decade on the diagnosis of keratoconus and other ectatic diseases, with the emergence of
corneal imaging indices especially Scheimpflug imaging. These improvements in corneal imaging can measure both the
anterior and posterior corneal surfaces and reconstruct the anterior segment of the eye. Corvis ST is a useful instrument to
analyse corneal biomechanical properties; it has a good capacity to detect the weakened mechanical strength of cornea.
The sensitivity and specificity of keratoconus diagnosis have improved dramatically, but screening for subclinical
keratoconus remains a clinical challenge. The contralateral eyes of patients with unilateral keratoconus have proven to
be a good model to detect subclinical changes before developing keratoconus.? >

This study aimed to identify the linear or nonlinear relationship between the selected tomographic and biomechanical
parameters and risk of developing keratoconus. We demonstrated that the risk of keratoconus may increase when
discrepancy CCT vs TCT and discrepancy ACT vs TCT were >5 um and >3 um, respectively. For distance CCT vs
TCT, the absolute value of the vector distance between the two corneal thickness locations, the risk of keratoconus

Keratoconus Risk
4
Keratoconus Risk
0
Keratoconus Risk
0

T T T T L L IMTATER I T TR N
T T T T T T T T T T
0 3 10 15

0 3 10 15 0.2 0.4 0.6 0.8 .o 1.2

Discrepancy CCT vs TCT (um) Discrepancy ACT vs TCT (um) Distance CCT vs TCT (mm)

Figure | Absolute value of the discrepancy between the central corneal thickness and thinnest corneal thickness (discrepancy CCT vs TCT), absolute value of the
discrepancy between the apex corneal thickness and thinnest corneal thickness (discrepancy ACT vs TCT), absolute value of the vector distance between the central corneal
thickness and thinnest corneal thickness (distance CCT vs TCT), and keratoconus risk dose-response nonlinear relationship.
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increased by 66% for every 0.1-mm increment in distance CCT vs TCT. Our study first proposed the existence of a non-
linear relationship between discrepancy CCT vs TCT, discrepancy ACT vs TCT, distance CCT vs TCT, and the risk of
keratoconus; changes in these corneal tomographic parameters may indicate abnormalities in corneal morphology and
thickness distribution. Based on our study, discrepancy CCT vs TCT >5 pm, discrepancy ACT vs TCT >3 um, or
distance CCT vs TCT >0.65 mm should receive increased attention in clinical work, especially in the preoperative
screening of subclinical keratoconus in corneal refractive surgery candidates and assessment of the risk of postoperative
corneal ectasia. Our study results have important implications for clinical and research work, identifying new parameters
for assessing the risk of keratoconus and providing quantitative indicators for early screening and diagnosis of
keratoconus.

The early detection of subclinical keratoconus before the appearance of abnormal posterior ectasia, abnormal corneal
thickness spatial distribution, and typical clinical manifestations is of great significance.”> Our study showed a linear
relationship of the risk of keratoconus with the CCT, ACT, TCT, discrepancy CCT vs TCT, discrepancy ACT vs TCT,
ARTmax, PRC, Db, Dp, Dt, Da, BAD D, IOPnct, bIOP, Integr. Radius, and ARTh. The multivariate logistic regression
analysis indicated a decreased risk of keratoconus with increasing CCT, ACT, and TCT, the risk of keratoconus
decreased by 4%, 5%, or 5% for every l-um increase, respectively. As for biomechanical parameters, we observed
that the risk of keratoconus decreased by 34% with each 0.1 decrement of TBI value when TBI was <0.43, and the risk of
keratoconus increased by 97% with each 0.1 increment of TBI value when TBI was >0.43; this provides a better
understanding of this parameter. Several comparative clinical studies have been conducted to access biomechanical
properties to identified specific quantitative indicators for detecting FFK.'***2” Herber et al confirmed that CBI was
a sensitive parameter to distinguish between normal eye and FFK eyes by using a cut-off of 0.2.%° Other studies found
that TBI has a higher AUROC curve value than CBI for normal controls versus FFK eyes.'*?* Deformation amplitudes
were also reported discriminant functional variables.”® A previous study also suggested diminishing predictive effects
from TBI or BAD D.*?* The diagnostic efficacy of these biomechanical parameters differed in different studies and may
be related to the inclusion of different ethnic groups, sample sizes, and diagnostic criteria for VAE-NT. The accuracy of
this parameter and the underlying clinical significance should be explored. In our study, we quantified the increased risk
of developing keratoconus in patients with a moderate abnormal TBI and provided a more informative normal range for
the threshold value of TBI and a deeper understanding of the variation pattern of this parameter. By combining it with
other examination parameters, we have provided a more comprehensive assessment of the patient’s risk of developing
keratoconus.

The strength of our study is related to its accurate detection of early ectatic changes. Prospective patients could be
notified, receive regular follow-ups, and avoid delaying necessary interventions, such as corneal cross-linking, before the
development of significant loss of vision. The statistical functions could be useful tools for the early detection of
subclinical keratoconus, help select patients appropriate for corneal refractive surgeries, ensure safe performance of the
operation, and objectively assess the risk of developing keratoconus.

A limitation of this study was the relatively small number of cases, which may lead to statistical bias; thus, subgroup
or individual analyses were not feasible. A larger clinical observation and cohort study is needed to investigate the long-
term relationships of the tomography and biomechanical parameters on the risk of keratoconus.

Conclusion

Our study identified specific quantitative indicators for detecting FFK in eyes with seemingly normal corneal tomo-
graphy, inpatients presenting with apparently unilateral keratoconus. These indicators include a CCT vs TCT discrepancy
of >5 um, an ACT vs TCT discrepancy of >3 pum, and a CCT vs TCT distance of >0.65 mm. However, further research

focusing on these parameters is necessary.
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