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Abstract

:

Background: To evaluate the corneal biomechanics of stable keratoconus suspects (Stable-KCS) at 1-year follow-up and compare them with those of subclinical keratoconus (SKC). Methods: This prospective case-control study included the eyes of 144 patients. Biomechanical and tomographic parameters were recorded (Corvis ST and Pentacam). Patients without clinical signs of keratoconus in both eyes but suspicious tomography findings were included in the Stable-KCS group (n = 72). Longitudinal follow-up was used to evaluate Stable-KCS changes. Unilateral keratoconus contralateral eyes with suspicious tomography were included in the SKC group (n = 72). T-tests and non-parametric tests were used for comparison. Multivariate general linear models were used to adjust for confounding factors for further analysis. Receiver operating characteristic (ROC) curves were used to analyze the distinguishability. Results: The biomechanical and tomographic parameters of Stable-KCS showed no progression during the follow-up time (13.19 ± 2.41 months, p > 0.05). Fifteen biomechanical parameters and the Stress–Strain Index (SSI) differed between the two groups (p < 0.016). The A1 dArc length showed the strongest distinguishing ability (area under the ROC = 0.888) between Stable-KCS and SKC, with 90.28% sensitivity and 77.78% specificity at the cut-off value of −0.0175. Conclusions: The A1 dArc length could distinguish between Stable-KCS and SKC, indicating the need to focus on changes in the A1 dArc length for keratoconus suspects during the follow-up period. Although both have abnormalities on tomography, the corneal biomechanics and SSI of Stable-KCS were stronger than those of SKC, which may explain the lack of progression of Stable-KCS.
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1. Introduction


Corneal tomography is the most commonly used screening test before refractive surgery. It can help clinicians make a preliminary diagnosis for first-visit patients [1]. However, many corneas have suspicious tomography abnormalities, which can make it difficult to make a definitive diagnosis and cause considerable confusion for clinicians [2]. Whether the cornea with suspicious tomography abnormalities is a high-risk subclinical keratoconus (SKC) or a stable keratoconus suspect (Stable-KCS) cannot be determined. Longitudinal follow-up is usually required to determine stability. However, during follow-up, the focus is often on corneal tomography information, such as Kmax, corneal thickness, and the corneal posterior surface [3,4,5]. At the same time, there is a risk of vision loss during follow-up. This ‘indefinite’ state is also a major psychological burden for patients [6].



Proteoglycans surrounding collagen fibrils denature in keratoconus and can lead to the fragmentation and degradation of collagen fibrils, thereby altering the local corneal biomechanics and causing morphologic changes. Therefore, corneal biomechanic decompensation may be the reason for morphologic deterioration [7,8,9]. Corneal visualization Scheimpflug technology (Corvis ST; Oculus, Wetzlar, Germany) is presently used to survey and characterize clinical intraocular pressure (IOP) and in vivo corneal biomechanics [10]. The corneal biomechanical parameters provided by Corvis ST, such as SP-A1 (stiffness parameter at first applanation), the DA ratio of 2 mm (corneal deformation ratio within 2 mm), and the integrated radius (calculus of the radius of the reverse concavity), can aid in the early diagnosis of subclinical keratoconus [11,12]. Our previous study found that the biomechanics of SKC are weaker than those of normal corneas [11], which also shows that the weakening of corneal biomechanics is likely to be the reason for morphologic progression. However, for the protection of patients’ vision and quality of life, as well as ethical reasons, any possible progression will receive intervention as soon as possible. Therefore, it is difficult to evaluate the development of the corneal biomechanics of SKC longitudinally. In contrast, it is feasible to conduct longitudinal follow-up observations of Stable-KCS with non-progression. At present, no studies have clarified the biomechanical properties of Stable-KCS. However, analyzing the biomechanical properties of a non-progressing Stable-KCS may provide insight regarding the absence of progression.



Herein, we prospectively analyzed the corneal biomechanics of Stable-KCS without clinical progression and compared them with those of high-risk SKC. To clarify the biomechanical properties of Stable-KCS and screen out sensitive parameters to distinguish Stable-KCS from SKC, we aimed to identify the biomechanical parameters that need to be focused on during the follow-up period to provide clinicians with more biomechanically informed evidence for clinical decision-making.




2. Materials and Methods


2.1. Ophthalmological Examinations and Data Collection


All patients underwent complete ocular examinations, including non-contact IOP, corrected distance visual acuity (CDVA), corneal tomography, objective and manifest refraction, slit-lamp examination, and biomechanical examination.



Corneal biomechanics were examined using the Corvis ST, which uses an ultra-high-speed Scheimpflug camera to record the corneal deformation. The machine automatically identifies the cornea and captures 140 images in 31 ms after the pulse of the air. During the deformation, the cornea undergoes three states: first flattening, maximum depression, and second flattening. The dynamic corneal response (DCR) parameters obtained from these states are used to characterize corneal biomechanics. The following DCR parameters are used to characterize corneal biomechanics: the weaker the corneal biomechanical properties, the faster its first flattening time and speed after being subjected to an air pulse; the greater the magnitude of the anterior corneal surface deformation, the deeper the indentation, and the smaller the radius of curvature (the deeper the depression, the greater the curvature). The biomechanical parameters used in this study are listed in Supplemental Table S1.



Corneal tomography was performed using Pentacam AXL (Oculus, Wetzlar, Germany). The patient was seated in an upright position in a dark room, positioned with the lower jaw resting on the mandibular rest and the forehead supported by the frontal rest. The examination equipment included a joystick for adjustment and focusing. To capture the necessary pictures, the Scheimpflug camera was utilized, which took 25 tomographic pictures in a 360° rotation in 2 s. These pictures were then reconstructed to generate corneal tomography graphics and obtain corneal morphology data.



The analysis data were derived from “OK” quality original CSV files, and all ophthalmology examinations were performed by experienced doctors.




2.2. Participants and Inclusion Criteria


Patients with no clinical signs of keratoconus and meeting any of the following suspicious tomographic features in both eyes were included in the Stable-KCS group: (1) Belin–Ambrósio enhanced ectasia total derivation value (BAD-D): a tomographic index with good clinical applicability; a BAD-D value of >1.6 was considered abnormal [13,14]; (2) abnormal corneal tomography: corneal anterior surface with a bow-tie pattern and skewed radial axes and/or inferior–superior asymmetry (IS-Value) >1.4 diopters [15,16]; and (3) posterior corneal elevation at thinnest point (PTE): a sensitive indicator for the diagnosis of early keratoconus and suggested as a diagnostic point for keratoconus by the global consensus on keratoconus; a PTE of >11 µm was considered abnormal [17,18,19,20,21]. One eye was randomly selected. Longitudinal follow-up of patients in the Stable-KCS group was conducted to define no progression. On an individual level, an experienced clinician (Y.W.) utilized the Pentacam compare function to evaluate the progression. At the statistical analysis level, we performed statistical analyses on tomographic and biomechanical parameters obtained during the initial (first-visit group) and final (last-visit group) visits. The last-visit group was selected to compare the biomechanics with those of the SKC group.



The SKC group included clinical keratoconus contralateral eye, having at least one suspicious tomographic feature without keratoconus clinical signs [15]. The global consensus considers keratoconus to be a bilateral and asymmetric disease [20]. Therefore, even if the tomography of the SKC eye has not changed significantly, its biomechanics have been proven to be relatively weak compared to those of healthy corneas [11,22,23]. This makes it a potential high-risk SKC. All the included patients underwent corneal cross-linking (CXL). The latest preoperative data were selected for case-control analysis.



All included patients had no keratoconus clinical signs (Vogt’s striae, epithelial or subepithelial scarring, Fleischer’s ring, and corneal stromal thinning), clear corneas, and a CDVA of ≥20/20. They were asked to stop wearing contact lenses at least 2 weeks before the evaluation. Patients with a history of eye-associated pathology, injury, or operation were excluded.




2.3. Statistical Analysis


The Kolmogorov–Smirnov test was used to evaluate data normality. Continuous variables are expressed as the mean ± standard deviation. An independent sample t-test compared the first- and last-visit corneal parameter differences in the Stable-KCS group. The Kruskal–Wallis test was performed to compare the baseline information and corneal biomechanical parameters between the Stable-KCS and SKC groups; after the Bonferroni correction, a p-value < 0.016 indicates a significant difference. Intergroup differences were compared after using a multivariate generalized linear model to correct for central corneal thickness (CCT), a potentially confounding factor. The corneal biomechanical parameter distribution trend among the groups was visualized using a scatter diagram. Receiver operating characteristic (ROC) curves were used to analyze the ability of DCR parameters to differentiate Stable-KCS from SKC. Calculated each parameter’s sensitivity, specificity, and cut-off values, with the area under the ROC curve approaching one, indicating excellent ability. All the statistical analyses were performed using the statistical software SPSS 26.0 (IBM Corp., Armonk, NY, USA). Statistical significance was set at p < 0.05.





3. Results


In total, 144 eyes from 144 patients were included in this study, and baseline data are shown in Table 1. The IOP and age showed no significant differences between the Stable-KCS and SKC. There were no significant differences in the PTE, IS-Value, or BAD-D between the two groups; however, the SKC group Stress–Strain Index (SSI) was lower than Stable-KCS (p = 0.012).



3.1. Suspicious Cornea Analysis


The Stable-KCS group underwent a mean follow-up of 13.19 ± 2.41 months, and none of the tomographic and biomechanical parameters were statistically different between the first and last follow-ups (Table 1 and Table 2).




3.2. Corneal Biomechanics Analysis


Sixteen biomechanic parameters were selected based on an earlier study [11]. The DCR parameter differences (Table 3) between the Stable-KCS and SKC groups were analyzed. Stable-KCS had 14 DCR parameter differences with the SKC groups (p < 0.016). After CCT correction, significant differences were observed in 15 DCR parameters (p < 0.05).



Figure 1 shows the corneal biomechanical parameter distribution in the Stable-KCS and SKC groups.




3.3. Receiver Operating Characteristic Curve Analysis


The distinguishing abilities of the DCR parameters are shown in Figure 2. The A1 dArc length (Table 4) had the strongest distinguishability (area under the ROC [AUROC] = 0.888) between Stable-KCS and SKC, at a cut-off value of −0.0175 reaching 90.28% sensitivity and 77.78% specificity.





4. Discussion


This study prospectively analyzed corneas with mild tomographic abnormalities to evaluate the biomechanical properties and SSI of these corneas after no progression. We discovered that, despite the presence of tomographic abnormalities, the biomechanical and material properties of Stable-KCS were stronger than those of SKC. This finding may provide an explanation for the non-progression observed in Stable-KCS. Meanwhile, we found the A1 dArc length had the best ability to distinguish Stable-KCS from SKC at a cut-off value of −0.0175 (AUROC = 0.888), with a sensitivity and specificity of 90.28% and 77.78%, respectively. This provides a crucial reference for clinicians to evaluate the risk of progression of the cornea and possible CXL management during the follow-up period.



Currently, corneal tomography is widely used in clinical practice for the early diagnosis of high-risk keratoconus. Although corneal tomography has shown good diagnostic performance [24,25], patients may have congenital, stable corneal morphology abnormalities rather than disease states. Therefore, diversified corneal biomechanical evaluations are necessary for the early and accurate diagnosis of such suspected patients. Another FDA-approved biomechanical characterization device used in clinical practice is the Ocular Response Analyzer, which can provide information on corneal hysteresis (CH), representing the biomechanical properties of the cornea [26]. However, due to the strong relationship between CH and corneal thickness, it may be affected by corneal thickness and cannot accurately represent the stiffness properties of the cornea. CH was considered only to reflect the hysteresis of the cornea [27]. Therefore, this study utilized another in vivo corneal biomechanical testing instrument, the Corvis ST.



In this study, the Stable-KCS group was followed up for 13.19 ± 2.41 months. Their tomographic parameters, such as IS-Value, PTE, BAD-D, Kmax, and corneal thickness, did not change during the follow-up period. The analysis of 16 biomechanical parameters showed no significant changes (p > 0.05), indicating the stability of Stable-KCS during the follow-up period. Previous studies have suggested that weaker biomechanical properties are a potential factor contributing to early keratoconus progression [12,23,28]. However, owing to the need to protect patient vision, it is difficult to conduct longitudinal follow-ups on high-risk SKC to further clarify whether the weakening of biomechanical properties is the cause of disease progression. Therefore, to protect vision, we compared the biomechanical properties of Stable-KCS with those of SKC to clarify the role of biomechanics in maintaining stability.



We compared 16 biomechanical parameters between the Stable-KCS and SKC groups and found a significant difference in 14 of these DCR parameters (p < 0.016). As corneal biomechanics were affected by corneal thickness [29], the CCT differed between the two groups. We further adjusted the CCT for analysis and found that 15 corneal biomechanical parameters were significantly different between the two groups (p < 0.05). Both groups had suspicious tomographic abnormalities; however, the biomechanical properties of Stable-KCS were still stronger than those of SKC, which suggests that stronger corneal biomechanics may explain the lack of progression.



Simultaneously, we evaluated the SSI, which reflects the corneal material properties, between the two groups. SSI is a material stiffness parameter calculated by finite element models [30]. It is used to evaluate the in vivo stress-strain behavior of the cornea [31]. Studies have shown that the SSI is not affected by confounding factors, such as corneal thickness and IOP, and is only correlated with age [30]. There was no statistical difference between the two groups; however, the SKC group SSI was lower than that in the Stable-KCS group (p = 0.012). This result indicates that even if there are tomographic abnormalities in both groups, the material properties of SKC have changed. This confirms that the material properties (such as collagen fibers) in early keratoconus may first be altered, further leading to morphologic progression [28].



In our study, the A1 dArc length showed the strongest distinguishing ability (AUROC = 0.888), which had a sensitivity and specificity of 90.28% and 77.78%, respectively, at the cut-off value of −0.0175. The A1 dArc length reflects the alteration from the initial state to the first flattening in the anterior surface. The greater the A1 dArc length, the weaker the corneal biomechanics. SP-A1 demonstrated the second-best distinguishing ability (AUROC = 0.848). SP-A1 is a stiffness index introduced by Roberts et al. [32]. Studies have shown that SP-A1 can characterize the cornea biomechanics in vivo and provide an auxiliary diagnosis for early keratoconus [12]. Our results indicate that, even in the presence of tomographic abnormalities, relying on corneal biomechanical parameters can help distinguish high-risk and stable corneas. Therefore, it is crucial to focus on these two biomechanical parameters when monitoring keratoconus suspects; if the cut-off value is exceeded, keratoconus suspects are likely to progress, which provides novel indicators for clinicians for early intervention and subsequent monitoring in patients suspected of keratoconus during their first visit.



It is worth noting that the current clinical diagnostic parameters, the tomographic biomechanical index (TBI) (AUROC = 0.761) and the Corvis biomechanical index (CBI) (AUROC = 0.502), do not show good distinguishing ability. We consider CBI a machine learning-generated parameter to detect the clinical keratoconus in normal corneas [14]. The data used to train the CBI model primarily come from keratoconus exhibiting significant clinical signs and topography changes. As a result, it may have limited efficacy for accurately distinguishing patients with suspicious abnormal tomography findings but without clinical signs of keratoconus. The TBI, which incorporates the CBI and BAD-D, was introduced as a diagnostic tool for early keratoconus using machine learning algorithms [33]. The original study determined a cut-off value of 0.29, which demonstrated good performance in distinguishing early keratoconus. However, in this study, the BAD-D values were higher in both groups, resulting in the limited ability of TBI to differentiate between the two groups. Machine-learning-based algorithms should be utilized within their intended scope [34]. While they can assist clinicians in detecting diseases more effectively and at an earlier stage, it is crucial to employ them in appropriate clinical scenarios. Therefore, a straightforward evaluation of biomechanical parameters that directly reflect corneal biomechanical properties can demonstrate good discriminative ability.



In the future, in addition to using corneal tomography for the early screening of patients suspected of high-risk keratoconus, researchers should evaluate the corneal biomechanical properties. Further, additional prospective cohort studies on such abnormal corneal tomography findings are required to determine whether patients with weak corneal biomechanical properties have experienced definite disease progression. Furthermore, corneal biomechanical parameters and artificial intelligence can be combined to introduce more sensitive diagnostic indicators. When patients with suspected abnormal tomography findings and weak biomechanical properties are first evaluated, clinical characteristics, such as age, eye habits, and astigmatism, should be considered to make a preliminary judgment of whether CXL is needed. For patients who have not undergone CXL but have weak corneal biomechanical properties, follow-up evaluation should be conducted within 3–6 months to identify possible disease progression as early as possible, implement early intervention, and protect patient vision.



Our study had some limitations. Owing to the lack of a uniform clinical standard for the follow-up time of keratoconus, we only followed up patients with Stable-KCS for one year to determine whether there were any alterations [3,5]. In the future, we will perform further follow-up on these patients for a longer period to determine their stability. SKC is considered a high-risk progressive condition [35,36], and for early prevention of progression and to protect patient vision, SKC undergoes CXL after short-term follow-up. Therefore, we could not perform long-term follow-ups on SKC to clarify the subsequent changes in their biomechanical properties. Finally, the corneal biomechanical properties measured by Corvis ST are influenced by factors such as IOP, corneal thickness, age, sex, race, and continuous measurement [10,29,37,38]. This study controlled for confounding factors, such as IOP, corneal thickness, and age; we will attempt to incorporate patients of different races for verification in the future.




5. Conclusions


The sensitivity and specificity of the A1 dArc length in distinguishing Stable-KCS from SKC reached 90.28% and 77.78%, respectively. Therefore, the A1 dArc length can assist clinicians in making preliminary clinical decisions on first-visit keratoconus suspects. It can also be used as one of the important biomechanical parameters for the clinical monitoring of progression to promptly detect potential changes. Meanwhile, we found that the biomechanical properties and SSI of Stable-KCS were stronger than those of SKC. This suggests that better biomechanical and material properties may be one of the reasons for its non-progression. However, this requires verification and further histopathological studies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/bioengineering11050420/s1. Supplemental Table S1: Corneal biomechanical parameters provided by the Corvis ST.





Author Contributions


Conceptualization, Y.H.; methodology, Y.H. and X.C.; software, Y.H.; validation, Y.H. and X.C.; formal analysis, Y.H.; investigation, Y.H. and Y.W.; resources, Y.W.; data curation, Y.H., R.X. and J.L.; writing—original draft preparation, Y.H.; writing—review and editing, Y.H., X.C., R.X., J.L. and Y.W.; visualization, Y.H.; supervision, Y.W.; project administration, Y.W.; funding acquisition, Y.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Tianjin Health and Technology Project (TJWJ2022XK036), the National Program on Key Research Project of China (2022YFC2404502), the Tianjin Key Medical Discipline (Specialty) Construction Project (TJYXZDXK-016A), the Tianjin Diversified Investment Fund for Applied Basic Research (21JCZDJC01190), and the National Natural Science Foundation of China (82271118).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of Tianjin Eye Hospital (No. 2022048).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



McMonnies, C.W. Screening for keratoconus suspects among candidates for refractive surgery. Clin. Exp. Optom. 2014, 97, 492–498. [Google Scholar] [CrossRef] [PubMed]

	



Moshirfar, M.; Tukan, A.N.; Bundogji, N.; Liu, H.Y.; McCabe, S.E.; Ronquillo, Y.C.; Hoopes, P.C. Ectasia after corneal refractive surgery: A systematic review. Ophthalmol. Ther. 2021, 10, 753–776. [Google Scholar] [CrossRef] [PubMed]

	



Ferdi, A.; Nguyen, V.; Kandel, H.; Tan, J.C.K.; Arnalich-Montiel, F.; Abbondanza, M.; Watson, S. Predictors of progression in untreated keratoconus: A Save Sight Keratoconus Registry study. Br. J. Ophthalmol. 2022, 106, 1206–1211. [Google Scholar] [CrossRef] [PubMed]

	



Klyce, S.D. Chasing the suspect: Keratoconus. Br. J. Ophthalmol. 2009, 93, 845–847. [Google Scholar] [CrossRef] [PubMed]

	



Shajari, M.; Steinwender, G.; Herrmann, K.; Kubiak, K.B.; Pavlovic, I.; Plawetzki, E.; Schmack, I.; Kohnen, T. Evaluation of keratoconus progression. Br. J. Ophthalmol. 2019, 103, 551–557. [Google Scholar] [CrossRef] [PubMed]

	



Durakovic, E.; Kandel, H.; Watson, S.L. Mental health impact of keratoconus: A systematic review. Cornea 2023, 42, 1187–1197. [Google Scholar] [CrossRef] [PubMed]

	



Daxer, A.; Fratzl, P. Collagen fibril orientation in the human corneal stroma and its implication in keratoconus. Investig. Ophthalmol. Vis. Sci. 1997, 38, 121–129. [Google Scholar]

	



Kenney, M.C.; Chwa, M.; Atilano, S.R.; Tran, A.; Carballo, M.; Saghizadeh, M.; Vasiliou, V.; Adachi, W.; Brown, D.J. Increased levels of catalase and cathepsin V/L2 but decreased TIMP-1 in keratoconus corneas: Evidence that oxidative stress plays a role in this disorder. Investig. Ophthalmol. Vis. Sci. 2005, 46, 823–832. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.; Sawaguchi, S.; Twining, S.S.; Sugar, J.; Feder, R.S.; Yue, B.Y. Expression of degradative enzymes and protease inhibitors in corneas with keratoconus. Investig. Ophthalmol. Vis. Sci. 1998, 39, 1117–1124. [Google Scholar]

	



Borroni, D.; Gadhvi, K.A.; Hristova, R.; McLean, K.; de Lossada, C.R.; Romano, V.; Kaye, S. Influence of Corneal Visualization Scheimpflug Technology Tonometry on Intraocular Pressure. Ophthalmol. Sci. 2021, 1, 100003. [Google Scholar] [CrossRef]

	



Huo, Y.; Chen, X.; Cao, H.; Li, J.; Hou, J.; Wang, Y. Biomechanical properties analysis of forme fruste keratoconus and subclinical keratoconus. Graefes Arch. Clin. Exp. Ophthalmol. 2023, 261, 1311–1320. [Google Scholar] [CrossRef] [PubMed]

	



Asroui, L.; Dagher, S.A.; Elsheikh, A.; Lopes, B.T.; Roberts, C.J.; Assouad, M.; Awwad, S.T. Biomechanical evaluation of topographically and tomographically normal fellow eyes of patients with keratoconus. J. Refract. Surg. 2022, 38, 318–325. [Google Scholar] [CrossRef] [PubMed]

	



Shetty, R.; Rao, H.; Khamar, P.; Sainani, K.; Vunnava, K.; Jayadev, C.; Kaweri, L. Keratoconus screening indices and their diagnostic ability to distinguish normal from ectatic corneas. Am. J. Ophthalmol. 2017, 181, 140–148. [Google Scholar] [CrossRef]

	



Vinciguerra, R.; Ambrósio, R.; Elsheikh, A.; Roberts, C.J.; Lopes, B.; Morenghi, E.; Azzolini, C.; Vinciguerra, P. Detection of keratoconus with a new biomechanical index. J. Refract. Surg. 2016, 32, 803–810. [Google Scholar] [CrossRef] [PubMed]

	



Henriquez, M.A.; Hadid, M.; Izquierdo, L. A systematic review of subclinical keratoconus and forme fruste keratoconus. J. Refract. Surg. 2020, 36, 270–279. [Google Scholar] [CrossRef] [PubMed]

	



Toprak, I.; Cavas, F.; Velázquez, J.S.; Alió Del Barrio, J.L.; Alió, J.L. Three-dimensional morphogeometric and volumetric characterization of cornea in pediatric patients with early keratoconus. Am. J. Ophthalmol. 2021, 222, 102–111. [Google Scholar] [CrossRef] [PubMed]

	



De Stefano, V.S.; Ford, M.R.; Seven, I.; Dupps, W.J. Depth-dependent corneal biomechanical properties in normal and keratoconic subjects by optical coherence elastography. Transl. Vis. Sci. Technol. 2020, 9, 4. [Google Scholar] [CrossRef] [PubMed]

	



Feng, M.T.; Belin, M.W.; Ambrósio, R.; Grewal, S.P.; Yan, W.; Shaheen, M.S.; Jordon, C.A.; McGhee, C.; Maeda, N.; Neuhann, T.H.; et al. International values of corneal elevation in normal subjects by rotating Scheimpflug camera. J. Cataract. Refract. Surg. 2011, 37, 1817–1821. [Google Scholar] [CrossRef] [PubMed]

	



Golan, O.; Hwang, E.S.; Lang, P.; Santhiago, M.R.; Abulafia, A.; Touboul, D.; Krauthammer, M.; Smadja, D. Differences in posterior corneal features between normal corneas and subclinical keratoconus. J. Refract. Surg. 2018, 34, 664–670. [Google Scholar] [CrossRef]

	



Gomes, J.A.; Tan, D.; Rapuano, C.J.; Belin, M.W.; Ambrósio, R.; Guell, J.L.; Malecaze, F.; Nishida, K.; Sangwan, V.S. Global consensus on keratoconus and ectatic diseases. Cornea 2015, 34, 359–369. [Google Scholar] [CrossRef]

	



Santodomingo-Rubido, J.; Carracedo, G.; Suzaki, A.; Villa-Collar, C.; Vincent, S.J.; Wolffsohn, J.S. Keratoconus: An updated review. Cont. Lens Anterior. Eye 2022, 45, 101559. [Google Scholar] [CrossRef]

	



Peña-García, P.; Peris-Martínez, C.; Abbouda, A.; Ruiz-Moreno, J.M. Detection of subclinical keratoconus through non-contact tonometry and the use of discriminant biomechanical functions. J. Biomech. 2016, 49, 353–363. [Google Scholar] [CrossRef]

	



Vinciguerra, R.; Ambrósio, R.; Roberts, C.J.; Azzolini, C.; Vinciguerra, P. Biomechanical characterization of subclinical keratoconus without topographic or tomographic abnormalities. J. Refract. Surg. 2017, 33, 399–407. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Zhao, J.; Iselin, K.C.; Borroni, D.; Romano, D.; Gokul, A.; McGhee, C.N.J.; Zhao, Y.; Sedaghat, M.R.; Momeni-Moghaddam, H.; et al. Keratoconus detection of changes using deep learning of colour-coded maps. BMJ Open Ophthalmol. 2021, 6, e000824. [Google Scholar] [CrossRef]

	



Chen, X.; Tan, Z.; Huo, Y.; Song, J.; Xu, Q.; Yang, C.; Jhanji, V.; Li, J.; Hou, J.; Zou, H.; et al. Localized Corneal Biomechanical Alteration Detected In Early Keratoconus Based on Corneal Deformation Using Artificial Intelligence. Asia Pac. J. Ophthalmol. 2023, 12, 574–581. [Google Scholar] [CrossRef]

	



Dupps, W.J., Jr. Hysteresis: New mechanospeak for the ophthalmologist. J. Cataract. Refract. Surg. 2007, 33, 1499–1501. [Google Scholar] [CrossRef] [PubMed]

	



McMonnies, C.W. Assessing corneal hysteresis using the Ocular Response Analyzer. Optom. Vis. Sci. 2012, 89, E343–E349. [Google Scholar] [CrossRef]

	



Roberts, C.J.; Dupps, W.J. Biomechanics of corneal ectasia and biomechanical treatments. J. Cataract. Refract. Surg. 2014, 40, 991–998. [Google Scholar] [CrossRef] [PubMed]

	



Huseynova, T.; Waring, G.O.; Roberts, C.; Krueger, R.R.; Tomita, M. Corneal biomechanics as a function of intraocular pressure and pachymetry by dynamic infrared signal and Scheimpflug imaging analysis in normal eyes. Am. J. Ophthalmol. 2014, 157, 885–893. [Google Scholar] [CrossRef]

	



Eliasy, A.; Chen, K.J.; Vinciguerra, R.; Lopes, B.T.; Abass, A.; Vinciguerra, P.; Ambrósio, R.; Roberts, C.J.; Elsheikh, A. Determination of corneal biomechanical behavior in-vivo for healthy eyes using CorVis ST Tonometry: Stress-Strain Index. Front. Bioeng. Biotechnol. 2019, 7, 105. [Google Scholar] [CrossRef]

	



Lopes, B.T.; Elsheikh, A. In Vivo corneal stiffness mapping by the stress-strain index maps and brillouin microscopy. Curr. Eye Res. 2023, 48, 114–120. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, C.J.; Mahmoud, A.M.; Bons, J.P.; Hossain, A.; Elsheikh, A.; Vinciguerra, R.; Vinciguerra, P.; Ambrósio, R. Introduction of two novel stiffness parameters and interpretation of air puff-induced biomechanical deformation parameters with a dynamic Scheimpflug analyzer. J. Refract. Surg. 2017, 33, 266–273. [Google Scholar] [CrossRef]

	



Ambrósio, R.; Lopes, B.T.; Faria-Correia, F.; Salomão, M.Q.; Bühren, J.; Roberts, C.J.; Elsheikh, A.; Vinciguerra, R.; Vinciguerra, P. Integration of Scheimpflug-based corneal tomography and biomechanical assessments for enhancing ectasia detection. J. Refract. Surg. 2017, 33, 434–443. [Google Scholar] [CrossRef] [PubMed]

	



Herber, R.; Vinciguerra, R.; Flockerzi, E.; Vinciguerra, P.; Seitz, B. Why the corvis biomechanical factor should only be used for corneal ectasia. Transl. Vis. Sci. Technol. 2023, 12, 24. [Google Scholar] [CrossRef] [PubMed]

	



Padmanabhan, P.; Elsheikh, A. Keratoconus: A Biomechanical Perspective. Curr. Eye Res. 2023, 48, 141–149. [Google Scholar] [CrossRef] [PubMed]

	



Esporcatte, L.P.G.; Salomao, M.Q.; Lopes, B.T.; Sena, N.; Ferreira, É.; Filho, J.B.R.F.; Machado, A.P.; Ambrósio, R. Biomechanics in Keratoconus Diagnosis. Curr. Eye Res. 2023, 48, 130–136. [Google Scholar] [CrossRef]

	



Vinciguerra, R.; Elsheikh, A.; Roberts, C.J.; Ambrósio, R., Jr.; Kang, D.S.; Lopes, B.T.; Morenghi, E.; Azzolini, C.; Vinciguerra, P. Influence of Pachymetry and Intraocular Pressure on Dynamic Corneal Response Parameters in Healthy Patients. J. Refract. Surg. 2016, 32, 550–561. [Google Scholar] [CrossRef]

	



Vinciguerra, R.; Herber, R.; Wang, Y.; Zhang, F.; Zhou, X.; Bai, J.; Yu, K.; Chen, S.; Fang, X.; Raiskup, F.; et al. Corneal Biomechanics Differences between Chinese and Caucasian Healthy Subjects. Front Med. 2022, 9, 834663. [Google Scholar] [CrossRef]








[image: Bioengineering 11 00420 g001] 





Figure 1. Scatter diagram of corneal biomechanical parameters between the Stable-KCS and SKC groups. Stable-KCS, stable keratoconus suspects (n = 72); SKC, subclinical keratoconus (n = 72). 






Figure 1. Scatter diagram of corneal biomechanical parameters between the Stable-KCS and SKC groups. Stable-KCS, stable keratoconus suspects (n = 72); SKC, subclinical keratoconus (n = 72).



[image: Bioengineering 11 00420 g001]







[image: Bioengineering 11 00420 g002] 





Figure 2. ROC curves for the corneal biomechanical parameters. 
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Table 1. Baseline information of the participants.
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	First (n = 72)
	Last (n = 72)
	SKC (n = 72)
	p-Value





	Age (y)
	23.58 ± 5.24
	24.53 ± 5.32
	23.19 ± 5.52
	p = 0.209



	Sex (F/M)
	25/47
	25/47
	28/44
	-



	BCVA
	≥20/20
	≥20/20
	≥20/20
	-



	IOP (mmHg)
	16.34 ± 1.96
	16.36 ± 1.90
	16.13 ± 1.39
	p = 0.562



	CCT
	537.78 ± 24.45
	538.64 ± 24.01
	508.65 ± 29.78
	p a = 1.000

p b < 0.001 *

p c < 0.001 *



	TCT
	532.01 ± 24.37
	532.75 ± 24.65
	500.28 ± 29.58
	p a = 1.000

p b < 0.001 *

p c < 0.001 *



	Kmax
	45.51 ± 1.72
	45.58 ± 1.78
	44.91 ± 1.18
	p a = 1.000

p b = 0.045

p c = 0.032



	BAD-D
	2.24 ± 0.39
	2.34 ± 0.41
	2.50 ± 0.76
	p = 0.122



	PTE
	10.94 ± 3.56
	11.21 ± 4.29
	12.71 ± 5.51
	p = 0.129



	IS-Value
	1.49 ± 0.51
	1.52 ± 0.43
	1.67 ± 0.58
	p = 0.438



	SSI
	0.89 ± 0.15
	0.89 ± 0.15
	0.83 ± 0.14
	p a = 1.000

p b = 0.008 *

p c = 0.012 *







First, first-visit stable keratoconus suspects; Last, last-visit stable keratoconus suspects; SKC, subclinical keratoconus; F, female; M, male; BCVA, best-corrected visual acuity; BAD-D, Belin–Ambrósio enhanced ectasia display total deviation value (D); CCT, central corneal thickness; IOP, intraocular pressure; Kmax, maximum keratometry; PTE, posterior elevation at the thinnest point; IS-Value, 3 mm inferior-superior mean asymmetry difference; TCT, thinnest corneal thickness; SSI, Stress–Strain Index. * p values for comparison of the SKC, first, and last groups (p-values < 0.016 indicate a statistically significant difference). a Compared between the first and last groups. b Compared between the First and SKC groups. c Compared between the Last and SKC groups.













 





Table 2. Corneal biomechanical parameters between the first and last visits in the stable keratoconus suspects group.
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	Parameters
	First-Visit (n = 72)
	Last-Visit (n = 72)
	p-Value





	A1 time (ms)
	7.48 ± 0.28
	7.54 ± 0.30
	0.209



	A2 time (ms)
	22.31 ± 0.35
	22.34 ± 0.40
	0.710



	HC time (ms)
	17.47 ± 0.52
	17.39 ± 0.46
	0.316



	A1 velocity (m/s)
	0.15 ± 0.02
	0.15 ± 0.02
	0.753



	A2 velocity (m/s)
	−0.26 ± 0.03
	−0.26 ± 0.03
	0.768



	A1 dArc length (mm)
	−0.019 ± 0.003
	−0.020 ± 0.003
	0.579



	A2 dArc length (mm)
	−0.025 ± 0.007
	−0.024 ± 0.005
	0.662



	HC dArc length (mm)
	−0.135 ± 0.019
	−0.134 ± 0.024
	0.895



	Radius (mm)
	7.33 ± 0.72
	7.37 ± 0.99
	0.770



	Integrated radius (mm−1)
	8.45 ± 0.91
	8.40 ± 1.02
	0.737



	Max inverse radius (mm−1)
	0.17 ± 0.02
	0.18 ± 0.02
	0.469



	DA ratio max (1 mm)
	1.57 ± 0.04
	1.57 ± 0.05
	0.580



	DA ratio max (2 mm)
	4.37 ± 0.39
	4.40 ± 0.44
	0.696



	SP-A1
	105.63 ± 15.28
	105.86 ± 14.44
	0.929



	CBI
	0.35 ± 0.20
	0.34 ± 0.23
	0.806



	TBI
	0.49 ± 0.28
	0.44 ± 0.26
	0.296







p-values are for the comparison of the first and last visit stable keratoconus suspects group (p < 0.05 indicates a statistically significant difference).













 





Table 3. Comparison of corneal biomechanics between stable keratoconus suspects and subclinical keratoconus.
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	Parameters
	Stable-KCS
	SKC
	* p-value (Stable-KCS vs. SKC)
	a p-value (Stable-KCS vs. SKC)





	A1 time (ms)
	7.54 ± 0.30
	7.26 ± 0.24
	<0.001 *
	<0.001 *



	A2 time (ms)
	22.34 ± 0.40
	22.19 ± 0.38
	<0.001 *
	<0.001 *



	HC time (ms)
	17.39 ± 0.46
	17.03 ± 0.44
	<0.001 *
	<0.001 *



	A1 velocity (m/s)
	0.15 ± 0.02
	0.16 ± 0.02
	0.007 *
	<0.001 *



	A2 velocity (m/s)
	−0.26 ± 0.03
	−0.29 ± 0.04
	<0.001 *
	<0.001 *



	DA ratio max (1 mm)
	1.57 ± 0.05
	1.64 ± 0.08
	<0.001 *
	<0.001 *



	DA ratio max (2 mm)
	4.40 ± 0.44
	4.87 ± 0.59
	<0.001 *
	<0.001 *



	Radius (mm)
	7.37 ± 0.99
	6.19 ± 0.69
	<0.001 *
	<0.001 *



	HC dArc length (mm)
	−0.134 ± 0.024
	−0.122 ± 0.058
	0.098
	<0.001 *



	A1 dArc length (mm)
	−0.020 ± 0.003
	−0.014 ± 0.003
	<0.001 *
	<0.001 *



	A2 dArc length (mm)
	−0.024 ± 0.005
	−0.019 ± 0.005
	<0.001 *
	<0.001 *



	Integrated radius (mm−1)
	8.40 ± 1.02
	9.86 ± 1.23
	<0.001 *
	<0.001 *



	Max inverse radius (mm−1)
	0.18 ± 0.02
	0.21 ± 0.07
	<0.001 *
	<0.001 *



	SP-A1
	105.86 ± 14.44
	89.68 ± 12.76
	<0.001 *
	<0.001 *



	CBI
	0.34 ± 0.23
	0.41 ± 0.36
	0.978
	0.077



	TBI
	0.44 ± 0.26
	0.71 ± 0.31
	<0.001 *
	<0.001 *







SKC, subclinical keratoconus; Stable-KCS, stable keratoconus suspects; * p-values for comparison between the Stable-KCS and SKC groups (p-values < 0.05 were considered statistically significant). a p-values after central corneal thickness adjustment (p-values < 0.05 indicate a statistically significant difference).













 





Table 4. Diagnostic accuracy of biomechanical parameters in stable keratoconus suspects and subclinical keratoconus.






Table 4. Diagnostic accuracy of biomechanical parameters in stable keratoconus suspects and subclinical keratoconus.













	
	Cutoff
	AUROC
	95% CI
	Sensitivity
	Specificity





	A1 dArc length [mm]
	−0.0175
	0.888
	0.834–0.942
	90.28%
	77.78%



	SP-A1
	102.56
	0.848
	0.786–0.911
	86.11%
	72.22%



	Radius [mm]
	6.9945
	0.847
	0.783–0.910
	91.67%
	73.61%



	Integrated radius [mm−1]
	9.2175
	0.811
	0.742–0.880
	72.22%
	81.94%



	DA ratio max (1 mm)
	1.6131
	0.800
	0.727–0.873
	63.89%
	84.72%



	A1 time [ms]
	7.319
	0.786
	0.713–0.860
	61.11%
	84.72%



	Max inverse radius [mm−1]
	0.1905
	0.782
	0.706–0.857
	69.44%
	81.94%



	A2 dArc length [mm]
	−0.0205
	0.776
	0.700–0.852
	66.67%
	80.56%



	TBI
	0.427
	0.761
	0.683–0.839
	77.78%
	63.89%



	A2 time [ms]
	22.117
	0.760
	0