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Differences between suspected
keratoconus and subclinical
keratoconus via multiparameter
analysis in Chinese populations

Yusu Peng?, Qingqing Feng?, Ting Shao?, Jiafan Zhang?, Sai Liu?, Huifeng Wang?, Hua Li* &
Keli Long*™*

Keratoconus (KC) is a contraindication for corneal refractive surgery and can cause serious damage to
the patient’s vision. To improve the safety of the surgery, we aim to distinguish between suspected
KC and subclinical KC, while also developing a predictive model for KC. This cross-sectional study
investigated 116 eyes with suspected KC (I-S Value >1.4 D and <1.9 D) and 28 eyes with subclinical KC.
All the Chinese subjects were examined via the Pentacam and Corvis ST (Oculus, Wetzlar, Germany).
The 90 parameters of the Belin/Ambrésio System, Topometric/KC System, and Corvis ST System were
extracted from internal CSV files and analyzed. The differences in all the parameters between the two
groups were compared, and ROC curves were created. LASSO regression was employed to simplify
the number of parameters, and a logistic regression model was constructed for KC prediction. The
suspected KC group, in contrast to the subclinical KC group, predominantly consisted of females and
older patients. The highest AUC parameters of the three systems were PachyProgIindexMax [0.896
(0.839, 0.954), cutoff=1.445], IHD [0.787 (0.691, 0.883), cutoff=0.029], SPA1[0.811 (0.718, 0.904),
cutoff=87.485]. For the first discovery, the corneal diameter in the suspected KC group (11.56 +0.38)
was smaller than that in the subclinical KC group (11.91+0.33) (P<0.05) [AUC=0.736 (0.641, 0.832),
cutoff=11.825]. Seven relevant parameters were identified via LASSO regression (AUC=0.954),
including IHD, Cornea Diameter, DARatioMax_2 mm, BADDy, BADD, PachyProgindexMax, and

CBI. The prediction accuracy of the logistic regression model was 0.902 (AUC=0.964). Our model
effectively predicts an elevated risk of suspected KC to subclinical KC and even KC in younger Chinese
men, particularly those exhibiting increased corneal diameter and morphological and biomechanical
parameters. This model might help with screening for preoperative refractive surgery, thereby
improving surgical safety.
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Corneal refractive surgery is gradually becoming safer and more effective because of advancements in
femtosecond and excimer laser technology. Before surgery, it has always been important to carefully determine
the surgical indication'. Keratoconus (KC) is recognized as a contraindication for corneal refractive surgery
and poses a significant risk to the patient’s vision. Therefore, it is crucial to conduct thorough screenings for
patients who may exhibit signs of suspected keratoconus (refer to Fig. 1D). This condition is characterized by
an abnormal steepening of the corneal topography, which may present as an asymmetric, truncated, or skewed-
axis bowtie in the inferior focal area, while the fellow eye remains free of keratoconus? (Fig. 1C). Subclinical KC
(Fig. 1B) shares a similar topographic asymmetry with suspected KC, although the fellow eye has KC? (Fig. 1A)
and may progress to KC?. Thus, it is especially crucial to identify individuals who may have KC before they
experience visual loss or exhibit a positive slit-lamp test result.

The examination of corneal topography via various design principles is necessary to diagnose KC. The
Pentacam can measure anterior and posterior corneal surface curvature and corneal thickness with accuracy
via its unique Belin/Ambrésio system, whereas the Topometric/KC system shows significance in the diagnosis
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Fig. 1. Subclinical KC patient and Suspected KC patient. (A) Keratoconus(KC) eye, I-S Value=1.73,
BADD =6.03; (B) Contralateral subclinical KC eye, I-S Value=1.47, BADD =1.93; (C) Normal eye, I-S
Value=1.08, BADD =1.44; (D) Contralateral suspected KC eye, I-S Value=1.61, BADD =1.53.

of KC*-8. According to recent reports®!, KC can occur when corneal collagen fibers rupture in the early stages
of the disease, and changes in corneal biomechanical characteristics occur earlier than changes in corneal
morphological changes. Therefore, analyzing the combination of morphology and biomechanics via the Pentcam
and Corvis ST to differentiate between KC and other conditions is a highly effective strategy'!-13.

An increasing number of artificial intelligence-related models, such as decision trees, random forests, and
machine learning, have been found to be applicable in predicting KC'*'7. Hu et al.!® employed UHR-OCT
to produce thickness indices that demonstrated significant diagnostic effectiveness in differentiating between
suspected and subclinical KC in comparison to normal eyes. However, there is limited diagnostic power in
differentiating between suspected and subclinical KC, and there is insufficient research available to predict the
probability of suspected KC advancing to subclinical or even KC. To thoroughly investigate the differences
between suspected KC and subclinical KC, as well as to attempt to construct models of the correlation between
them for prediction analysis, we extracted all of the detection-related original data from the Pentcam system and
the Corvis ST system for this study.
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Patients and methods

This study was approved by the Ethics Committee of Qingdao Eye Hospital of Shandong First Medical University.
Approval was obtained following the principles outlined in the Helsinki Declaration. Each participant provided
informed consent before their data were analyzed.

Inclusion and exclusion criteria for participants

Patients from the Qingdao Eye Hospital of Shandong First Medical University were recruited for this study.
The criteria for patients in the suspected KC group included the following: normal slit-lamp examination
(stromal thinning, Vogt’s striae, Fleischer’s ring); corrected distance visual acuity of 20/20 or better (Snellen); I-S
Value > 1.4D and <1.9D?'; presence of yellow or red color-coded number (> 1.6 SD) in at least one of the five
differential parameters (BADDf, BADDb, BADDp, BADDt, BADDa) in the Belin/Ambrésio Enhanced Ectasia
Display; or white or yellow color-coded number in the final parameter “BADD”!8; and follow-up for at least one
year with no KC development. The criteria for inclusion of patients with subclinical KC were consistent with
the abovementioned diagnostic criteria for suspected KC in terms of corrected distance visual acuity, slit-lamp
examination, I-S Value, and topographic signs, with KC in fellow eyes®.

The exclusion criteria included individuals who had worn corneal contact lenses for less than 4 weeks (for
hard contact lenses) or less than 2 weeks (for soft contact lenses); individuals with a history of eye diseases such
as cataracts, retinal detachment, or mild corneal endothelial dystrophy; individuals with moderate to severe dry
eyes or high intraocular pressure (IOP); individuals with scar constitution; and individuals who were pregnant
or lactating.

Ophthalmology-related examination
The basic data of the patients, including their sex and age, were collected.

Corneal morphological parameters: A total of fifty-five original parameters (using internal CSV files)
were collected via the Belin/Ambrésio system and the Topometric/KC system via the Pentacam anterior
segment analysis system (Oculus, Germany). These included fifteen Belin/Ambrdsio system parameters,
such as K1, K2, Astigm, BADDf, BADDb, BADDp, BADDt, BADDa, BADDy, BADD, PachyProgIndexMin,
PachyProgIndexMax, PachyProgIndexAvg, ARTMax, DistApexThinLoc; 40 Topometric/KC system parameters:
CorneaDia, RSagMin, ISV, IVA, K1, CKI, IHA, THD, D0 mmPachy, D2 mmPachy, D4 mmPachy, D6 mmPachy,
D8 mmPachy, D2 mmStdDev, D4 mmStdDev, D6 mmStdDev, D8 mmStdDev, CVolD3 mm, CVolD5 mm,
and CVol. D7 mm, KMaxFront, MaxZonalMean3 mm, KMaxZonalMean4 mm, KMaxZonalMean5 mm, I-S
Value, PRC3 mmZone, ARC3 mmZone, ThinnestPachy, ChordMu.polarvector, ABCDA, ABCDB, ABCDC,
IrisConvexityMid, IrisConvexityMax, IrisConvexityAxisMax, IrisConvexityMin, IrisConvexityAxisMin, Rf, Rs,
CFSagZonalMean4 mm.

The corneal biomechanical parameters included the following: the biomechanical parameters of the cornea
were assessed via a Corvis ST Corneal Biomechanics Meter (Oculus, Wegzal, Germany) following a 20 min
Pentacam examination for each patient. Thirty-five parameters were collected from the system’s original data
(internal CSV file), including A1Time, A1Velocity, A2Time, A2Velocity, HCTime, PeakDist, A1 DeformationAmp,
A2DeformationAmp, AlDeflectionLength, HCDeformationAmp, HCDeflectionLength, A2DeflectionLength,
AlDeflectionAmp, HCDeflectionAmp, A2DeflectionAmp, DeflectionAmpMax_mm, DeflectionAmpMax_m:s,
AlDeflectionArea, HCDeflectionArea, A2DeflectionArea, AldArcLength, HCdArcLength, A2dArcLength,
dArcLengthMax, MaxInverseRadius, Radius, PachySlope, DefAmpMax, DARatioMax2 mm, IntegratedRadius,
DARatioMax1 mm, ARTh, SPA1, CBI.

Statistical methods

All continuous variables were assessed for normality via the Shapiro-Wilk test. Normally distributed variables
were reported as the means+SDs (x * ), with group comparisons performed via t-tests. Skewed variables were
described by the median and interquartile range (M (P25, P75)), and differences between groups were analyzed
by the Wilcoxon rank sum test. Categorical variables were presented as constituent ratios (%), with chi-square
tests used for intergroup comparisons.

ROC analysis was performed on various parameters of the Belin/Ambrdsio system, Topometric/KC system,
and Corvis ST system for the suspected KC group and the subclinical KC group. The best cutoff value was
selected as the most approximate index.

After the continuous variables from the three systems were normalized and the categorical variables were
encoded into dummy variables, a mathematical prediction model was established via LASSO regression to
differentiate between the suspected KC and subclinical KC populations. Through 10-fold cross-validation,
the A with the minimum mean error and A (1 se) were obtained. A logistic regression-based mathematical
prediction model was constructed based on the parameters selected by A (1 se). The diagnostic performance
of the mathematical model was evaluated via the area under the receiver operating characteristic curve (AUC),
accuracy, sensitivity, and specificity.

All the statistical analyses were carried out via R studio (version 4.4.0), and the difference was determined as
statistically significant when P<0.05.

Results
Analysis of basic patient data
A total of 144 persons (144 eyes) were included in this study.
Approximately 72 (62.1%) of the 116 individuals (116 eyes) in the suspected KC group were female, and 44
(37.9%) were male, with an average age of 25.00 (20.00, 29.00). The subclinical KC group consisted of 28 people
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(28 eyes), with an average age of 21.00 (17.75, 24.00) years. Nine (32.1%) of them were female, and 19 (67.9%)
were male.

Parameter difference analysis of the two groups in the Belin/Ambroésio system, the
Topometric/KC system, and the Corvis ST system

Eleven of the 15 (73.3%) Belin/Ambrésio system parameters (P<0.05) were significantly different between
the suspected KC group and the subclinical KC group, including BADDb, BADDp, BADDt, BADDa, BADDy,
BADD, PachyProgindexMin, PachyProgIndexMax, PachyProgIndexAvg, ARTMax, and DistApexThinLoc.
Furthermore, 19 out of 40 (47.5%) Topological/KC system parameters (P<0.05), including Cornea Diameter,
IVA, THA, THD, DOmmPachy, D2mmPachy, D4mmPachy, D8mmPachy, D2mmStdDev, D4mmStdDeyv,
D6mmStdDev, D8mmStdDev, CVolD3mm, CVolD5mm, CVolD7mm, PRC3mm.Zone, ThinnestPachy, ABCDB,
and ABCDC, were significantly different between the suspected KC group and the subclinical KC group. Finally,
9 out of 34 (26.5%) Corvis ST system parameters (P <0.05) were significantly different between the suspected KC
group and the subclinical KC group, including A1Time, AlDeformationAmp, DARatioMax_2mm, Integrated
Radius, DARatioMax_1mm, ARTh, SPA1, and CBI (Table 1).

Assessment of the diagnostic power of the two groups under the AUC of the Belin/Ambradsio
system, Topometric/KC system, and Corvis ST system

The Belin/Ambrésio system was used to differentiate between the suspected KC group and the subclinical
KC group, and 8 out of 15 parameters had an AUC greater than 0.7 (P<0.05). These parameters included
PachyProgIndexMax [0.896 (0.839, 0.954, cutoff=1.445], ARTMax [0.894 (0.838, 0.951), cutoff=377.000],
BADDa [0.893 (0.836, 0.950), cutoff = 1.010], BADD [0.878 (0.817, 0.939), cutoff = 1.980], BADDp [0.811 (0.730,
0.892), cutoff=1.935], PachyProgIndexAvg [0.811 (0.730, 0.892), cutoff=1.185], BADDy [0.758 (0.667, 0.843),
cutoff=0.745], BADDD [0.747 (0.648, 0.847), cutoff=0.525]. Moreover, we found that 7 of the 40 Topometric/
KC system parameters had an AUC greater than 0.7 (P<0.05), including the D6mmStdDev. Finally, 4 of
the 35 Corvis ST system parameters had an AUC greater than 0.7 (P<0.05), including SPA1 [0.811 (0.718,
0.904), cutoff=87.485], DARatioMax_2 mm [0.784 (0.691, 0.878), cutoff=4.710], CBI [0.771 (0.657, 0.885),
cutoff=0.278], DARatioMax_1 mm [0.750 (0.653, 0.847), cutoff = 1.584] (Table 2; Fig. 2).

Screening of sensitive variables via LASSO Regression and Establishment of a logistic
regression prediction model
The characteristics of the suspected and subclinical KC populations were screened via LASSO regression. All
quantitative parameters were normalized, and categorical variables were set as dummy variables. Variables
were screened, and a LASSO regression was created via tenfold cross-validation. Then, A_min=0.009 and
A_lse=0.064 were obtained. We then used X_1se to construct a LASSO regression and eliminated the following
variables: BADDy, BADD, Cornea Diameter, IHD, DARatioMax_2 mm, CBI, and PachyProgIndexMax (Fig. 3;
Table 3).

The AUC (95% CI) of the LASSO regression based on the variables listed above was 0.954 (0.921, 0.986); the
sensitivity was 0.905; the specificity was 1.000; and the accuracy was 0.908.

Based on the variables selected by LASSO regression, the following logistic regression equation was
established:

logit (Risk Score) = log(p/(1 —p)) = —62.18 +243.19 x THD + 3.06 x Cornea Diameter + 2.62
x DARatioMax_2mm +1.29 x BADDy + 1.23 x BADD +1.03
X PachyProgIndexMax + 0.68 x CBI

Suspected and subclinical KC were assessed via the risk score derived from the logistic model; the AUC (95%
CI) was 0.964 (0.938, 0.991). The sensitivity and specificity were 0.888 and 0.963, respectively, and the accuracy
was 0.902 (Fig. 4).

Discussion

Epidemiological research indicates that the incidence of keratoconus in the global population affects
approximately 0.05% of people®. The onset usually occurs at or around the age of 20. Males in Asian populations
typically experience disease onset earlier and experience a faster rate of progression than females?!, which is in
line with the findings from the subclinical KC group in this study.

In this study, we found that, even within the same asymmetrical corneal population, there were morphological
and biomechanical differences between the suspected and subclinical KC groups. When comparing the fraction
of parameter differences, Pentcam outperformed Corvis ST, particularly for the Belin/Ambrdsio system (73.3%).
The sensitivity of a single parameter in each system was not very high. PachyProgIndexMax (0.896) and ARTMax
(0.894) were the two largest AUCs of the parameters in the Belin/Ambrosio System. These values were higher
than those reported in studies conducted by Awad et al.?? and Orkun Muftuoglu. et al.® compared forme fruste
keratoconus eyes to normal eyes (0.64, 0.88; 0.679, 0.772), but the results were lower than those of Vazquez et
al. (0.92, 0.93)? because the majority (85.7%) of the control group they chose had normal map morphology.

Additionally, we discovered that the Belin/Ambrésio deviation correlation parameters (BADDa, BADDD,
BADDp, BADDy, and BADD) also had high diagnostic values (AUC=0.893, 0.747, 0.811, 0.745). It was
previously acknowledged that a BADD>1.6 SD was abnormal?’. However, this study discovered that to
differentiate between the suspected and subclinical KC groups, BADD >1.98 SD was considered abnormal.
The primary cause of this discrepancy is due to previous studies comparing corneas with normal eyes'®2%, The
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Subclincial KC Suspected KC

(N=28) (N=116) P
Age 21.00 (17.75, 24.00) 25.00 (20.00, 29.00) 0.005"
sex(%)

Basic parameters ”
Female 9(32.1%) 72 (62.1%) 0.008
Male 19 (67.9%) 44 (37.9%)

BADDb 1.15 (0.74, 1.83) 0.14 (-0.26, 0.90) <0.001
BADDp 2.26(1.33,2.91) 1.07 (0.37, 1.62) <0.001
BADDt 0.94+0.98 0.24+0.82 0.001
BADDa 1.81£0.52 0.73+£0.73 <0.001
BADDy 1.55+0.81 0.67+£0.99 <0.001

Belin/Ambrésio System | BADD 2.61+0.73 1.56+0.63 <0.001
PachyProgIndexMin 0.88+£0.20 0.75+0.14 0.004
PachyProgIndexMax 1.78 (1.61, 1.94) 1.32(1.18, 1.46) <0.001
PachyProgIndexAvg 1.24 (1.10, 1.34) 1.07 (0.96, 1.14) <0.001
ARTMax 289.54+56.31 408.36+£79.91 <0.001
DistApexThinLoc 0.77 (0.61, 0.91) 0.61 (0.44, 0.78) 0.004
Cornea Diameter(mm) | 11.88+0.34 11.57+0.40 <0.001
IVA 0.28 (0.26, 0.30) 0.24 (0.22, 0.26) <0.001
THA 17.45 (10.15, 23.58) 13.15 (5.10, 19.83) 0.037
IHD 0.03 (0.03, 0.03) 0.02 (0.02, 0.03) <0.001
DOmmPachy(pm) 508.71+29.66 531.16+28.22 <0.001
D2mmPachy(pm) 520.43+29.78 540.34+28.25 0.003
D4mmPachy(um) 554.43+31.02 569.90£29.11 0.021
D8mmPachy(um) 688.86+37.63 705.59+34.48 0.038
D2mmStdDev 3.00 (2.00, 4.00) 2.00 (2.00, 2.00) <0.001

Topometric/KC System | D4mmStdDev 13.00 (9.75, 15.00) 8.00 (6.00, 10.25) <0.001
DémmStdDev 25.00 (19.75, 28.25) 16.00 (12.00, 20.00) <0.001
D8mmStdDev 41.00 (30.75, 48.00) 27.00 (21.00, 35.00) <0.001
CVolD3mm 3.75 (3.60, 3.90) 3.90 (3.70, 4.00) 0.006
CVolD5mm 10.98 £0.64 11.36+0.59 0.007
CVolD7mm 23.77+1.37 24.51+£1.26 0.013
PRC3mm.Zone 6.10+0.27 6.27+0.20 0.004
ThinnestPachy(yum) 508.71+29.66 531.13+28.21 <0.001
ABCDB 0.15 (0.00, 1.00) 0.00 (0.00, 0.10) 0.003
ABCDC 0.65 (0.40, 1.10) 0.50 (0.10, 0.70) 0.002
AlTime(ms) 7.37(7.09, 7.51) 7.49 (7.30, 7.66) 0.006
AlDeformationAmp 0.14£0.01 0.14£0.01 0.009
DARatioMax_2mm 5.02 (4.66, 5.18) 4.47 (4.23,4.78) <0.001

Corvis ST System Integrated Radius 8.80+1.00 8.24+1.15 0.014
DARatioMax_lmm 1.62 (1.60, 1.65) 1.58 (1.55, 1.61) <0.001
ARTh 402.74 (339.83, 492.15) | 470.35 (404.09, 561.28) 0.007
SPA1 81.46 (76.62, 86.84) 99.55 (87.51, 108.80) | <0.001
CBI 0.77 (0.22, 0.97) 0.02 (0.00, 0.40) <0.001

Table 1. Differenence of all parameters between the subclincial KC group and suspected KC group. Values
were presented as mean + standard deviation, counts (M (P25, p75)) and percentages (%); N was presented as
sample quantity; Parameters with P<0.05 were selected to be included in the table.

control group selected in this study had asymmetric subclinical KC, and the BADD in some cases was observed
to be more than 1.6 SD, which may be the reason for the high BADD cutoff value in this study.

According to our analysis of the Topometric/KC system, IHD, and IVA were the most correlated parameters
in terms of marginal corneal dilatation, KC, and irregular astigmatism (AUC=0.787, 0.762). The greater the
degree of vertical asymmetry of the cornea, the greater the likelihood of KC development?>2°. Both IHD and
IVA significantly increased the progression of subclinical KC (AUC=0.855, 0.842) after one year of follow-up.
et al.”’. This finding was consistent with that of the present study, suggesting that IHD and IVA could be used as
crucial markers of the development of KC.

The corneal diameter in the subclinical KC group (11.88+0.34) was surprisingly greater than that in the
suspected KC group (11.56+0.38). With a lower sensitivity (0.607) but a higher specificity (0.784), the AUC
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Variable Cutoff | AUC(95%CI) ACC | SEN |SPE |P
PachyProgIndexMax 1.455 | 0.896 (0.839, 0.954) | 0.778 | 0.929 | 0.741 | 0.000"
ARTMax 377.000 | 0.894 (0.838,0.951) | 0.729 | 0.672 | 0.964 | 0.000
BADDa 1.010 | 0.893 (0.836,0.950) | 0.722 | 0.964 | 0.664 | 0.000
Belin/Ambrosio System BADD 1.980 | 0.878 (0.817,0.939) | 0.799 | 0.893 | 0.776 0.000;
BADDp 1.935 | 0.811 (0.730, 0.892) | 0.812 | 0.643 | 0.853 | 0.000
PachyProgIndexAvg 1.185 | 0.811 (0.730, 0.892) | 0.799 | 0.643 | 0.836 | 0.000
BADDy 0.745 | 0.758 (0.667, 0.848) | 0.646 | 0.929 | 0.578 | 0.000°
BADDb 0.525 | 0.747 (0.648, 0.847) | 0.674 | 0.821 | 0.638 | 0.000"
DémmStdDev 23.500 | 0.809 (0.717,0.901) | 0.847 | 0.607 | 0.905 | 0.000"
IHD 0.029 | 0.787 (0.691, 0.883) | 0.847 | 0.500 | 0.931 | 0.000"
D4mmStdDev 11.500 | 0.783 (0.680, 0.886) | 0.812 | 0.607 | 0.862 | 0.000"
Topometric/KC System | IVA 0.255 | 0.762 (0.666, 0.858) | 0.646 | 0.786 | 0.612 | 0.000
D8mmStdDev 42.500 | 0.757 (0.658, 0.856) | 0.826 | 0.500 | 0.905 | 0.000"
D2mmStdDev 2.500 | 0.744 (0.652,0.837) | 0.736 | 0.607 | 0.767 | 0.000
Cornea Diameter 11.825 | 0.736 (0.641,0.832) | 0.750 | 0.607 | 0.784 | 0.000
SPA1 87.485 | 0.811(0.718,0.904) | 0.755 | 0.750 | 0.778 | 0.000
Corvis ST System DARatioMax_2mm 4.710 | 0.784 (0.691, 0.878) | 0.713 | 0.741 | 0.707 0.000:
CBI 0.278 | 0.771 (0.657, 0.885) | 0.734 | 0.741 | 0.733 | 0.000
DARatioMax_lmm 1.584 | 0.750 (0.653, 0.847) | 0.573 | 0.889 | 0.500 | 0.000"

Table 2. Assessment of the diagnostic ability of the two groups under the AUROC of the three systems. ACC:
accuracy; SEN: sensitivity; SPE: specificity. Parameters with AUC > 0.7 were selected to be included in the
table.

Suspected KC VS Subclincial KC Suspected KC VS Subclincial KC Suspected KC VS Subclincial KC
BelivAmbrésio system ROC Curve Topometric system ROC Curve Corvis ST system ROC Curve
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Fig. 2. ROC curve of Belin/Ambrésio system, Topometric/KC system and Corvis ST system between the two
groups.

was 0.736 (0.641, 0.832), and the cutoff value was 11.825. Currently, there are significant differences in corneal
diameter measurements from country to country. Alfonso JF. et al.?® measured the corneal diameter of myopic
individuals via Orbscan TM and reported that it ranged from 10.40 to 13.60 mm, whereas it ranged from 11.50
to 12.30 mm for emmetropia individuals found by Sanchis-Gimeno, J. A et al.? The corneal diameter of healthy
individuals measured with the IOL Master 700 was 11.72+0.45 mm. The corneal diameter of the Chinese
myopic population was measured by Xu G. et al.** via Pentacam, and the result was 11.65 +0.38 mm, which was
consistent with the results from the suspected KC group (11.56 £0.38 mm) in our study. The corneal diameter
was found to be greater in both KC and contralateral eyes (12.14 mm and 12.17 mm), according to research by
Francois-Xavier Crahay et al.*!. The corneal diameter we measured in the subclinical KC group was not as large
as that measured by Francois-Xavier Crahay because the corneal diameter and shape of the white population
differ from those of the Chinese population®>3. However, the KC population we studied had a larger corneal
diameter. Thus, corneal diameter may be a crucial parameter for differentiating corneas in KC patients from
those in the normal group.
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Fig. 3. Coefficient path plot of variables screened by LASSO regression.

Variable Coefficient
intercept 1.78937717
BADDy -0.0740568
BADD -0.299099

PachyProgIndexMax | -0.4744784
Cornea Diameter -0.2527814
IHD -0.2887178
DARatioMax2mm -0.1781822
CBI -0.1117249

Table 3. Variables and coefficients selected by the LASSO regression.

The use of biomechanical examination is still vital in differentiating between KC and healthy corneas'®*. In

this study, we found that 26.5% of the Corvis ST system parameters differed between the two groups. The highest
AUC values were found for SPA1 (0.811), DARatioMax_2mm (0.784), CBI (0.771), and DARatioMax_1mm
(0.750). No parameter had a particularly high diagnostic efficacy, but this is subject to future research.

Racial differences in ocular parameters are critical for disease diagnosis, extending beyond corneal diameter
to biomechanical metrics. Research conducted by Liu, Yan et al.*> and Guo, Li-Li et al.*® documented elevated
false-positive rates of the CBI within Chinese populations. Vinciguerra, Riccardo et al.*” highlighted disparities
in SPA1, SSI, and ARTH between Chinese and Caucasian populations, subsequently introducing the c¢CBI,
which outperformed CBI in diagnosing keratoconus in Chinese individuals. Additionally, Guo, Yihan et al.3
revealed variations in the age-biomechanics relationship between these populations. This study focuses on
Chinese samples, limiting its applicability to other ethnicities. Future multicenter, multiethnic studies are needed
to confirm these findings.

No parameter in our work has an AUC of more than 0.9 because KC, especially in its early stages, cannot be
diagnosed with a single parameter; rather, a comprehensive analysis necessitates the combination of multiple
characteristics. Therefore, we developed a LASSO regression prediction model, which was first suggested in 1996
by Robert Tibshirani**. This method of compressed estimation is used here. It produces a more refined model
by building a penalty function that compresses some coefficients and sets others to zero. Complex collinear
data are specifically designed to be handled by this biased estimation. There were 92 parameters in this study;
however, there may have been connections between the parameters. We chose seven parameters via LASSO
regression. AUC = 0.964 indicates that the logistic regression model based on the seven parameters has increased
diagnostic power, effectively resolving the issue that prior studies were unable to differentiate between suspected
and subclinical KC'8.

Currently, a large body of research using artificial intelligence to predict the progression of keratoconus has
been conducted!*!>174041 with good diagnostic power. For the first time, we used the internal parameters of the
examination system to compare the differences between the two types of asymmetrical corneas in our study, and
the result was a more precise prediction model. The results of our analysis of the samples we used in this model
showed that IHD had the largest coefficient, indicating the strongest correlation with the development of the
KC. We then studied the corneal diameter, DARatioMax_2mm, BADDy, BADD, PachyProgIndexMax, and CBL
The logistic regression model's AUC was 0.964, which was greater than that of studies of sequences 1 (0.849), 2
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Fig. 4. ROC curve of the logistic regression model.
Classification
Sequence | Study criteria and sample size Methods AUC | SEN |SPE | ACC
1 Zhang, X. et al.'] VAE-NT eyes(59) vs. Normal eyes(142) | Combined tomographic and biomechanical parameters | 0.849 | 0.754 | 0.871 |/
2 Song, P. et al.l!’] SKC eyes(31) vs. Normal eyes(35) Classifcation And Regression Tree (CART) 0.95 |0.903 | 0.943 | 0.924
3 Smadja, D.et all!?] FFKC eyes(47) vs. Normal eye(95) Automated Decision Tree / 0.936 | 0.972 |/
4 Ambrésio, R. etal.*!l | VAE-NT eyes(551) vs. normal eyes(1680) | TBI_v.2 0.945 | 0.844 | 0.901 |/
5 Lopes, B. T. et al.l42l VAE-NT eyes(188) vs. stable(298) Pentacam Random Forest Index(PRFI) 0.968 | 0.966 | 0.852 |/
6 Our study SuspectedKC(116) vs. Subclincia KC(28) | Combined tomographic and biomechanical parameters | 0.964 | 0.963 | 0.888 | 0.902

Table 4. Classification, methods and AUC of previous relevant studies and this study. SEN: sensitivity; SPE:

specificity; ACC: accuracy.

(0.950), and 4 (0.945). This study’s sensitivity (0.963) was greater than that of sequences 1-4 (0.754, 0.903, 0.936,
0.844), but its specificity (0.888) was lower than that of sequences 2-4 (0.943, 0.972, 0.901) (Table 4).

The sample sizes for all of the abnormal corneas were greater than those used in this investigation above
researches. Importantly, this study’s sample size was limited, which might have had an impact on the model’s
capacity for accurate prediction. Furthermore, biased estimation may arise if the sample data do not accurately
reflect the characteristics of the real subclinical and suspected populations. Importantly, the model might not
precisely encapsulate the attributes of the complete population. In future investigations, we will gather additional
clinical practice samples to improve our model and increase the authenticity and accuracy of model prediction.
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In conclusion, the probability of developing keratoconus in suspected cases may be influenced by a

combination of morphological and biomechanical factors in Chinese populations. Evaluating parameters
such as increased corneal diameter, Belin-related indices, and biomechanical metrics could be instrumental in
determining the likelihood of keratoconus, especially in the context of inferior and superior corneal asymmetry.
Integrating these factors into the assessment process could improve safety and enhance decision-making in
refractive surgery.

Data availability
Data is provided within the manuscript.
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