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Abstract

:

Despite the rapidly growing popularity of laser vision correction (LVC) in the correction of myopia, its quantitative evaluation has not been thoroughly investigated. In this paper, an acoustic radiation force–optical coherence elastography (ARF-OCE) system was proposed to evaluate LVC by measuring the residual stromal bed (RSB) elasticity, because it is directly relevant to the RSB thickness that is critical to maintaining normal corneal function. As expected, the Young’s modulus of the RSB was calculated, then its relationship with the RSB thickness was determined. More significantly, a specific thickness was revealed in which the Young’s modulus changed dramatically, which may imply that there is a high risk of complication caused by over-cutting of the cornea. To the best of our knowledge, this is the first ARF-OCE imaging of the RSB, which may help to determine the safe RSB thickness and thus may help us to quantitatively assess LVC surgery.
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1. Introduction


In recent years, laser vision correction (LVC) surgery has become an efficient method for treating corneal diseases due to its advantages of rapid recovery of vision, less pain, and inexistence of corneal opacity [1]. However, this procedure will inevitably result in a breakdown in the integrity of the cornea and a risk of postoperative complications. Therefore, evaluation of the safety and efficacy is becoming more and more important [2,3]. Currently, of the existing methods for evaluating the effectiveness of refractive surgery, corneal imaging is the most widely used in clinical practice. Examples include corneal topography to characterize cornea morphology, pentacam to measure corneal thickness data, and high-frequency ultrasound to successfully map the corneal epithelial layer and flap thickness [4,5]. In addition, the application of wavefront sensing techniques in ophthalmology may enable noninvasive in vivo observation of the retinal cones [6]. While these evaluation methods can provide parameters of the structural state of the cornea, they cannot provide parameters of the elasticity or viscosity of the cornea, which are directly related to the safety and stability of the surgery. Furthermore, the safety evaluation of LVC is mostly based on the shapes of the cornea revealed at postoperative follow-up [7,8] rather than quantitative approaches, which may influence the accuracy and reliability of the evaluation. According to the principles of LVC, the thickness of the residual stromal bed (RSB) is directly related to the surgery’s safety and efficacy [9,10]. Meanwhile, the difference in thickness means the RSB possesses quite different biomechanical properties. Therefore, calculation of the RSB elasticity may provide an opportunity to determine the RSB thickness and thus offer a quantitative method for assessing LVC.



Currently, clinically approved devices (Ocular Response Analyzer (ORA) [11] and Corneal visualization scheimpflug technology (Covist) [12]) have been designed to detect the mechanical response of the cornea to external excitation and thus to determine the corneal stiffness. However, ORA is unable to resolve this inverse problem of shear wave propagation and recover direct estimates of physical biomechanical parameters such as corneal elasticity or viscosity, which are directly related to the safety and stability of surgery [13]. In addition, the resulting large vibration in ocular tissues will confound the elasticity imaging and preclude the possibility of spatial-resolved measurement. The corneal indentation device (CID) [14] has been employed to analyze the in vivo measurement of regional corneal tangent modulus, while direct comparison of the results is difficult due to the difference inherent in each applied loading. In addition, various other methods have been used for corneal elasticity detection, such as tensile tests [15] and hydraulic bulge tests [16]. Tensile testing is implemented by stretching the corneal strips, while hydraulic bulge testing is carried out by applying intraocular pressure (IOP) to the cornea and then monitoring the function of corneal excursion and pressure. Peak-resolved atomic force microscopy [17] is another method used to characterize corneal elasticity by detecting the corneal force curve in combination with the indentation method. Since the cornea plays an important role in eye protection and refraction, its nondestructive measurement is a fundamental requirement for clinical needs. Therefore, the invasive and destructive nature of these methods limits their application.



Accordingly, some elastic measurement techniques have arisen, such as Brillouin elastic measurement [18], magnetic resonance imaging (MRI) [19], ultrasound elastography [20], and optical coherence elastography (OCE) [21]. Brillouin elastic measurement has potential for wide application due to its extra-high resolution; unfortunately, this has been limited by the unclear relationship between the elastic modulus and the Brillouin frequency shift. MRI has received great attention due to advantages such as deep imaging depth and wide availability; however, these advantages are restricted by the relatively low resolution and the long time required for imaging. Ultrasound elastography is widely used in the study of tumors and diffuse diseases that cannot be detected by traditional ultrasound. Due to the limited spatial resolution of 100 μm, ultrasound elastography requires a high amplitude basis and cannot be applied to monitor subtle changes in the early stages of diseases.



OCE has been proven to be a useful technique for imaging and characterization of soft biological tissue. It has the characteristics of noninvasive detection, high resolution, high sensitivity, and high speed, resulting from employing optical coherence tomography (OCT) [22] as the detection unit to capture tissue deformation.



There are two modes of excitation in OCE elastic imaging of external excitations [23]: quasi-static compression based on stress–strain response and dynamic excitation based on elastic wave measurements. Compression OCE has been widely used for tumor, skin, and cornea studies with its detailed quantitative strain and stiffness maps and nonlinear stress–strain curves, but noncontact applications have hindered its further development [24]. Wave-based OCE, which utilizes mechanical wave propagation to image mechanical contrast in soft tissues, has proven to be a useful technique for a wide range of noncontact elastography applications in the eye.



Currently, OCE is widely used to detect biomechanical properties of ocular tissues such as the cornea [25,26], lens [27], and trabecular meshwork [28], especially the cornea. The corresponding findings indicate the clinical significance of the biomechanical properties of the cornea for studying pathology and evaluating treatment efficacy for diseases that are correlated with the cornea. However, there is still no comprehensive analysis of the biomechanical properties of the RSB, which is not conducive to the further advancement of LVC.



In this work, we designed an ARF-OCE system for measuring the biomechanical properties of the RSB. A swept-source (SS) OCT technique was employed to detect the elastic wave propagations that were induced by ARF, since it can offer noncontact, local, remote, and dynamic excitation, which is more suitable and practical than other methods. Our system was verified by a heterogeneous phantom and was then used on the postoperative porcine cornea, in which the region of interest is located in the center of the cornea, where the association between elasticity and thickness is more representative and typical. In addition, it has been found that RSB elasticity is not only related to its thickness but also to the IOP, and thus the IOP was controlled at 15 mmHg to achieve a reliable elasticity–thickness relationship. As expected, the Young’s modulus of the RSB was calculated, then the relationship with its thickness was determined. More importantly, a specific thickness that could maintain the intrinsic biomechanical properties of the RSB was also obtained, which is the key to assessing LVC.




2. Measurement System


The schematic diagram of the ARF-OCE system is shown in Figure 1, which includes the ultrasonic transducer excitation unit and custom-designed swept-source OCT imaging unit. When compared with the spectral-domain OCT system, the SS-OCT system can provide deeper penetration depth, less phase washout, and increase the imaging speed. The imaging unit includes a swept-source laser (Axsun) with a central wavelength of 1310 nm, a half-height full-width (FWHM) (-10 dB) of 110 nm, a maximum output power of the light source of 20 mw, and a repetition rate of 50 kHz. The axial spatial resolution of the OCT system is 7 μm, the corresponding lateral spatial resolution is 20 μm, and the minimum phase difference of our system is 161 mrad. A custom-built focused ultrasound transducer with a center frequency of 4.5 MHz, a focal spot diameter of 0.7 mm, and a focal length of 35 mm was positioned orthogonally to the OCT beam. In addition, the lateral scan range of our ARF-OCE system was set to be 3.30 mm.



Before the beam enters the sample and reference arms, the light emitted from the laser is separated by an optical fiber coupler. Ninety percent of the output light is transmitted to the sample through a collimator, a two-dimensional galvanometer system, and a scanning lens. Ten percent of the output light travels through a collimator and a slit and is then reflected by a reflecting mirror. The lights returned from the sample and reference arms interfere in a 50:50 fiber coupler, and then a balanced photodetector is employed to detect the interference signals from the coupler. Finally, the data is collected using a data acquisition card (Alazar Technologies, Inc., QC, Canada ATS9350).



As shown in Figure 2, the M-B scanning protocol was used to detect elastic wave propagations, in which the A-line rate is decided by the laser scanning speed (50 kHz). In the sample arm, a 2D galvo was employed to perform fast 2D scanning by sequentially moving the OCT beam from one position to the next position after one M-scan was completed. Therefore, the OCT B-scan images could be achieved when the same M-scans at 1000 lateral positions were finished. It should be noted that each M-scan included 500 A-lines. In addition, the lateral scanning range of our ARF-OCE system was set to be 3.30 mm. The scanning protocol is shown in Figure 2.



A function generator (Tektronix AFG31102) was utilized to generate a 4.5 MHz sine wave signal [29]. Then, the sine wave signal was amplified by approximately 42 dB by the power amplifier (SPANAWAVE PAS-00023-25) to drive the ultrasound transducer to produce the ARF. In order to extract vibrational information from the OCT data using the Doppler heterodyne method, which is sensitive to transverse vibrations, the ultrasonic transducer was placed perpendicular to the OCT beam, while the ARF excitation was initiated at the 101st A-line. The amplitude of the modulated sinusoidal signal generated by the functional generator was set to be around 60 mV in our study. The resulting MI for ARF was approximately 0.19, which is below the FDA standard for ophthalmic MI [30].



2.1. Subjects


In this work, 0.8% and 0.5% homogeneous phantoms were utilized to verify the ARF-OCE system, and they were synthesized using the method reported in previous research [31]. The steps are as follows: (1) adding 0.8 g or 0.5 g of agar powder to 100 mL of distilled water, (2) entrapping 0.6% (v/v) intralipid in the mixture to increase backscattered signals, (3) heating the solution to 96 ℃ while stirring, (4) removing excess air bubbles by transferring the solution to a vacuum chamber for 5 s, and (5) solidifying the solution by placing it in a refrigerator.



Six porcine eyes were obtained from a slaughterhouse and stored at 4 °C in 0.9% saline during transport. Subsequently, they were stored in 15% lanced salt solution (BSS) before thickness ablation surgery was performed. To simulate the changes in corneal stromal bed thickness induced by LVC, the corneal epithelium was removed under a microscope (Shanghai Tolun Optical Instrument Co., LtD-XTL-207A) using a disposable ophthalmic scalpel (Shapt-YD A50 × 3.0) to expose the anterior corneal elastic membrane. The cornea was cut lengthwise from the central front with a 4 mm drill, and the corneal stroma was removed with a surgical blade at a corresponding depth for a total cut depth of no more than the corneal thickness. The thickness cutting depth was monitored and measured synchronously by OCT with an accuracy of 7 μm for a total of 30 min during the whole cutting process. The OCE experiments were carried out within six hours after death. In addition, to avoid the influence of intraocular pressure [32], it was controlled at 15 mmHg by a custom-made IOP controller. The IOP controller consisted of a micro pump, a differential pressure transducer, and a designed duct, where the output value of the pressure sensor showed the injection flow rate of the eyeball in the set value of the micro pump—that is, the IOP state of the cornea.




2.2. Methods


The raw data were obtained from the ARF-OCE system, and the phase-resolved Doppler algorithm was used to reconstruct the elastic wave propagation in the sample [33].



Based on the Doppler phase shift (Δφ) between two adjacent A-lines, the axial displacement change Δd can be calculated by the following equation:


  Δ d =    ∫    t  1      t  2        λ 0  Δ φ   4 π n τ      d t  



(1)




where λ0 is the center wavelength of the laser source, τ is the time interval between the adjacent A-lines, and n is the refractive index.



To highlight vibration information, it is necessary to remove background noise in the Doppler phase shift image, which could be realized by plotting the time boundary line after the phantoms start to vibrate. Accordingly, the spatial–temporal displacement map along the elastic wave propagation was obtained (Figure 3c). The high-pass filter was processed on the spatial–temporal displacement map, and then a 2D Fourier transform was performed to obtain the wavenumber–frequency domain map (Figure 4a). The vibration curve of some locations was taken from the spatial–temporal displacement image, which was then processed by one-dimensional fast Fourier transform (FFT). Subsequently, the frequency of vibrational curves was used to estimate half-cycle time, which was then compared with center frequency to verify the reliability of the wavenumber–frequency domain map. As shown in Figure 4b, the center frequency was close to the frequency estimated by vibrational curves, which indicates that the high-pass filter can effectively reduce the low-frequency noise while keeping the target frequency undisturbed.



The phase velocity Cp of the detected elastic wave can be expressed as follows [34]:


   C p  =   2 π f  k   



(2)







Based on the wavenumber–frequency domain map, the phase velocity of Lamb waves can be derived using Equation (2). The phase velocity corresponding to the maximum strength of the frequency was selected, and then the dispersion curve was obtained (Figure 4c).



A Rayleigh wave is an elastic wave that propagates along a wavelength depth on the surface of a sample. According to the boundary conditions, when the excitation is focused on the tissue surface, the detected elastic waves are assumed to be Rayleigh waves [35,36], which can be used to calculate the Young’s modulus for the phantom model. The elastic modulus E is expressed by Rayleigh wave velocity    C R    in the following equation [13]:


  E =   2 ρ   ( 1 + ν )  3      ( 0.87 + 1.12 ν )  2     C R 2   



(3)







Here, ρ is the corneal density and v is the Poisson’s ratio.



The Lamb wave model was used to evaluate the elasticity of the cornea, since the thickness of the cornea is smaller than the wavelength of the induced elastic wave. The link between the phase velocity of Lamb wave    V L    and shear wave velocity may be calculated at low frequencies using the following formula [37]:


   V L  =     2 π × f × h ×  V s     3       



(4)




where f and h are the frequency and corneal thickness, respectively.



Because the cornea is submerged by the liquid, the corresponding Lamb wave velocity can be corrected by multiplying a factor of   1 /  2    due to a total leakage of the compressional wave and total reflection of the shear wave at both boundaries [13,37]. Therefore,    V L    can be calculated by the following corrected equation:


   V L  =     π f h  V s     3       



(5)







The correlation between elastic modulus and shear wave velocity (Vs) is:   E = 3 × ρ ×  V s 2   . The corresponding Young’s modulus can be calculated based on the Lamb wave velocity using the following equation:


  E =   9 ρ ×  V L    4      ( π × f × h )  2     



(6)




where ρ and h are the corneal density and thickness, respectively, and    V L    and f are the phase velocity and frequency. The density of the homogeneous phantom is 1000 kg/m3 and the density of the cornea is 1064 kg/m3 [38], respectively.





3. Results


The B-scan OCT image of the 0.8% homogeneous phantom is shown in Figure 3a. The corresponding Young’s modulus can be calculated based on Equation (5). The values of Young’s modulus at 0.8% and 0.5% phantoms are 44.86 ± 2.66 KPa and 18.36 ± 0.42 KPa, respectively, which is consistent with previous reports [39,40]. To further validate the veracity of the results, a compression test was performed using MTS Synergie 100 on the agar phantoms. The resulting values of Young’s modulus at 0.8% and 0.5% phantoms are 50.0 ± 6.5 KPa and 22.0 ± 3.8 KPa, respectively; which is in close agreement with our experimental values, indicating the feasibility and reliability of our system for elasticity imaging.



After verification, OCE detection was carried out on the ex vivo porcine models. Figure 5 shows shear wave propagations at five different times, which is used as an example for interpreting shear wave propagation in the cornea. It was found that the shear wave travels from the left to the right side of the cornea after it is produced. Furthermore, the shear wave is produced at the focus of the ultrasonic transducer, which is marked by a white arrow in Figure 5b.



To study the relationship of the RSB elasticity to its thickness, multiple surgeries were performed on one porcine eye to achieve different thicknesses, as shown in Figure 6. The corresponding structure and elasticity information is shown in Table 1. According to the results, the Young’s modulus value increases by 167.52% compared to the intact cornea as the thickness is reduced to 630.02 μm. The corresponding value increases by 67.74% when the thickness is further reduced to 497.98 μm. After reaching the critical point, the value of Young’s modulus growth rate settles around the range of 140.64–149.83%.



The same surgery and OCE measurements were performed on the other five samples to obtain a comparative and comprehensive analysis. As shown in Figure 7, there was almost no difference among these six samples in terms of their intact corneal stiffness, which ranged from 12.79 kPa to 32.35 kPa. It was also found that the Young’s modulus for all the samples increased with decreasing RSB thickness, which created a dramatic elasticity change (varies from 12.79 kPa to 445.12 kPa and the main frequency ranges from 730.01 Hz–1345.50 Hz). Furthermore, each sample had its own critical point at which the elasticity changed significantly. The specific thicknesses of each of the six samples were calculated to be 534.21 μm, 446.1 μm, 358.67 μm, 399.76 μm, 176.32 μm, and 630.02 μm, respectively.



Subsequently, data from multiple groups were fitted with a third-order fitting function to further explore the critical thickness of the RSB and estimate more about the thicknesses. The results are shown in Figure 8, where the abscissa represents the thickness of RSB and the ordinate represents the corresponding Young’s modulus. In general, the Young’s modulus is inversely proportional to the thickness. Specifically, the Young’s modulus increases smoothly at first, then dramatically increases when the proportion is below 57.08%. These significant changes reflect that the existence of the thickness threshold can break the balance between elasticity and thickness, which may lead to a high risk of biomechanical failure [41].




4. Discussion


In recent years, high incidence of various ocular diseases has promoted the continuous progress of LVC; however, complications such as corneal hyperplasia and iatrogenic keratectasia are still unavoidable [41,42]. Studies have shown that the thickness of the RSB is not only closely related to the safety and efficacy of the surgery, but also to its elasticity, suggesting that quantification of elasticity may be an accurate way to evaluate the surgery [43,44]. Although the elasticity of the corneal stroma has been studied in previous reports [45,46], excised corneal slices were used as the sample; thus, the normal corneal morphology and IOP level could not be maintained. Existing laser-assisted in situ keratomileusis (LASIK) uses an excimer laser to cut the cornea to create a flap [47,48]. Moreover, it has been proposed that the flap does not act as a barrier to mechanical stress; thus, iatrogenic keratectasia can easily occur when the RSB is extremely thin, which is a common problem in the surgery of high myopes [49]. Even though the rate of complications has decreased with technological progress, keratectasia remains the most vision-threatening side effect [10,50,51,52]. Therefore, the biomechanical properties of RSB should be further studied to provide some reference for related surgery.



In this study, an ARF-OCE system—which combines advantages of noninvasive detection, high resolution, high sensitivity, high acquisition speed, and high-speed imaging—was proposed for measuring the RSB elasticity of intact eyeballs. This may provide more accurate and valuable information for surgery assessment. After verification by the phantom experiment, OCE imaging was carried out on porcine eyes under constant IOP, in which the relationship between the RSB elasticity and its thickness was carefully studied.



It was found that the Young’s modulus of the intact cornea is in the range of 12 kPa to 33 kPa, which is highly consistent with previous studies [53,54,55]. After the surgery, the biomechanical properties of the RSB change and the corresponding Young’s modulus increased with decreasing thickness. More precisely, the Young’s modulus increased steeply and remained in a high-modulus regime with thicknesses below a specific thickness, which is close to 38 times higher than that of the intact cornea. Our findings imply that the RSB must have enough thickness, otherwise biomechanical failure may occur [30]. This ratio of thicknesses ensures that the RSB can achieve stable elasticity. Therefore, the specific thickness of the individual difference is determined by the ratio of the RSB to the original cornea. Subsequently, the fitted curve of the data was depicted, in which a clear inflection point of the growth rate of the Young’s modulus was determined to be 57.08% (proportion of RSB in intact corneal thickness). It is worth noting that this specific thickness is close to the minimum thickness limit for the RSB in current LVC surgery, which was achieved by using the qualitative method as mentioned in the introduction [56], suggesting that our method could provide accurate and quantitative assessment for LVC surgery.



In this preliminary work, a new method for LVC evaluation was proposed, which may have many future applications. The advantage of ARF as an exciter for OCE systems is that it enables remote excitation of the surface and the interior of the sample on a noncontact and nonintrusive basis. Thus, it is possible to measure the elasticity of internal tissues (such as the retina and lens) and surface tissues (such as the cornea, blood vessel walls, and skin). Based on our findings, the feasibility and reliability of our approach have been verified, but there are still real challenges in applying existing ARF-OCE systems to practice. Firstly, to meet clinical needs, imaging speed should be further enhanced, which can be effectively achieved by applying a high-repetition-rate laser source and the optimized data processing streams. Secondly, the spatial resolution should be further improved to obtain more detailed information, which means that a swept laser with a longer wavelength and a wider bandwidth needs to be introduced into our system. Thirdly, the imaging range is limited by the eyepiece; combining a full-field optical coherence tomography (FF-OCT) would extend the imaging range. Finally, to obtain a higher resolution OCE and the map of elasticity, the ultrasonic transducer should be further optimized to generate a smaller excitation area and higher tissue frequency content, thus improving system resolution. In addition, since the cornea is a viscoelastic tissue, viscosity needs to be taken into account when evaluating its biomechanical properties.




5. Conclusions


In this study, an ARF-OCE system was developed to evaluate RSB elasticity. After the feasibility and practicability were verified using phantom models with different concentrations, the postoperative porcine corneas were carefully studied, and the Young’s modulus of the RSB and the corresponding elasticity–thickness relationship were obtained. More importantly, a specific thickness of the RSB was determined, which could guarantee its biomechanical properties in a normal range, and thus the risk of postoperative complications may be effectively reduced. With the advantages of noninvasive detection, high resolution, high sensitivity, and high-speed imaging, ARF-OCE can provide not only information on the Young’s modulus and thickness of the RSB, but also the possibility of quantitative evaluation of LVC surgery.







Author Contributions


All authors participated in the design, interpretation of the studies, and analysis of the data and review of the manuscript; Y.W., S.A. and G.S. conducted the experiments, X.H. (Xiao Han) and G.L. were responsible for imaging processing; Y.W. and Y.Z. wrote the manuscript; Y.Z. and X.H. (Xingdao He) contributed to critical revisions of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The authors disclosed receipt of the following financial support for the research, authorship, and/or publication of this article: Health Commission of Jiangxi Province, Grant/Award Numbers: 20184006, 2019B072; Jiangxi Provincial Natural Science Foundation, Grant/Award Number: 20202BABL202024; Nanchang Hangkong University Graduate Student Innovation Special Fund Project, Grant/Award Number: YC2021-093; National Natural Science Foundation of China, Grant/Award Numbers: 12164028, 51863016, 12064029; Science and Technology Bureau of Nanchang City (2019), Grant/Award Number: 258; The National Key Research and Development Project, China, Grant/Award Number: 2018YFE0115700.




Institutional Review Board Statement


All experimental protocols in this study have been approved by the Animal Experiment Ethics Committee of Nanchang Hangkong University (20190316/v1.0).




Informed Consent Statement


‘Not applicable.




Data Availability Statement


Data underlying the results presented in this paper are not publicly available at this time but may be obtained from the authors upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ehlke, G.L.; Krueger, R.R. Laser vision correction in treating myopia. Asia-Pac. J. Ophthalmol. 2016, 5, 434–437. [Google Scholar] [CrossRef] [PubMed]

	



Spadea, L.; Giammaria, D.; Trabucco, P. Corneal wound healing after laser vision correction. Br. J. Ophthalmol. 2016, 100, 28–33. [Google Scholar] [CrossRef] [PubMed]

	



Shortt, A.J.; Bunce, C.; Allan, B.D. Evidence for Superior Efficacy and Safety of LASIK over Photorefractive Keratectomy for Correction of Myopia. Ophthalmology 2006, 113, 1897–1908. [Google Scholar] [CrossRef]

	



Swartz, T.; Marten, L.; Wang, M. Measuring the cornea: The latest developments in corneal topography. Curr. Opin. Ophthalmol. 2007, 18, 325–333. [Google Scholar] [CrossRef]

	



Fan, R.; Chan, T.C.; Prakash, G.; Jhanji, V. Applications of corneal topography and tomography: A review. Clin. Exp. Ophthalmol. 2018, 46, 133–146. [Google Scholar] [CrossRef]

	



Maeda, N. Wavefront technology in ophthalmology. Curr. Opin. Ophthalmol. 2001, 12, 294–299. [Google Scholar] [CrossRef]

	



Wilson, S.E.; Mohan, R.R.; Hong, J.-W.; Lee, J.-S.; Choi, R.; Mohan, R.R. The wound healing response after laser in situ keratomileusis and photorefractive keratectomy: Elusive control of biological variability and effect on custom laser vision correction. Arch. Ophthalmol. 2001, 119, 889–896. [Google Scholar] [CrossRef]

	



Randleman, J.B.; Woodward, M.; Lynn, M.J.; Stulting, R.D. Risk Assessment for Ectasia after Corneal Refractive Surgery. Ophthalmology 2008, 115, 37–50.e4. [Google Scholar] [CrossRef]

	



Ou, R.J.; Shaw, E.L.; Glasgow, B.J. Keratectasia after laser in situ keratomileusis (LASIK): Evaluation of the calculated residual stromal bed thickness. Am. J. Ophthalmol. 2002, 134, 771–773. [Google Scholar] [CrossRef]

	



Wolle, M.A.; Randleman, J.B.; Woodward, M.A. Complications of refractive surgery: Ectasia after refractive surgery. Int. Ophthalmol. Clin. 2016, 56, 129–141. [Google Scholar] [CrossRef] [PubMed]

	



Luce, D.A. Determining in vivo biomechanical properties of the cornea with an ocular response analyzer. J. Cataract Refract. Surg. 2005, 31, 156–162. [Google Scholar] [CrossRef] [PubMed]

	



Tian, L.; Huang, Y.-F.; Wang, L.-Q.; Bai, H.; Wang, Q.; Jiang, J.-J.; Wu, Y.; Gao, M. Corneal Biomechanical Assessment Using Corneal Visualization Scheimpflug Technology in Keratoconic and Normal Eyes. J. Ophthalmol. 2014, 2014, 147516. [Google Scholar] [CrossRef]

	



Tanter, M.; Touboul, D.; Gennisson, J.-L.; Bercoff, J.; Fink, M. High-Resolution Quantitative Imaging of Cornea Elasticity Using Supersonic Shear Imaging. IEEE Trans. Med. Imaging 2009, 28, 1881–1893. [Google Scholar] [CrossRef] [PubMed]

	



Lam, A.K.C.; Hon, Y.; Leung, L.K.K.; Lam, D.C.C. Repeatability of a novel corneal indentation device for corneal biomechanical measurement. Ophthalmic Physiol. Opt. 2015, 35, 455–461. [Google Scholar] [CrossRef] [PubMed]

	



Boyce, B.; Jones, R.; Nguyen, T.; Grazier, J. Stress-controlled viscoelastic tensile response of bovine cornea. J. Biomech. 2007, 40, 2367–2376. [Google Scholar] [CrossRef] [PubMed]

	



Jaycock, P.D.; Lobo, L.; Ibrahim, J.; Tyrer, J.; Marshall, J. Interferometric technique to measure biomechanical changes in the cornea induced by refractive surgery. J. Cataract Refract. Surg. 2005, 31, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Last, J.A.; Liliensiek, S.J.; Nealey, P.F.; Murphy, C.J. Determining the mechanical properties of human corneal basement membranes with atomic force microscopy. J. Struct. Biol. 2009, 167, 19–24. [Google Scholar] [CrossRef]

	



Scarcelli, G.; Pineda, R.; Yun, S.H. Brillouin Optical Microscopy for Corneal Biomechanics. Investig. Opthalmol. Vis. Sci. 2012, 53, 185–190. [Google Scholar] [CrossRef]

	



Rabinstein, A.A.; Whiteman, M.L.; Shebert, R.T. Abnormal diffusion-weighted magnetic resonance imaging in Creutzfeldt-Jakob disease following corneal transplantations. Arch. Neurol. 2002, 59, 637–639. [Google Scholar] [CrossRef]

	



Sigrist, R.M.S.; Liau, J.; Kaffas, A.E.; Chammas, M.C.; Willmann, J.K. Ultrasound Elastography: Review of Techniques and Clinical Applications. Theranostics 2017, 7, 1303–1329. [Google Scholar] [CrossRef]

	



Ford, M.R.; Dupps, W.J., Jr.; Rollins, A.M.; Roy, A.S.; Hu, Z. Method for optical coherence elastography of the cornea. J. Biomed. Opt. 2011, 16, 016005. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.; Swanson, E.A.; Lin, C.P.; Schuman, J.S.; Stinson, W.G.; Chang, W.; Hee, M.R.; Flotte, T.; Gregory, K.; Puliafito, C.A. Optical coherence tomography. Science 1991, 254, 1178–1181. [Google Scholar] [CrossRef]

	



Kirby, M.A.; Pelivanov, I.; Song, S.; Ambrozinski, L.; Yoon, S.J.; Gao, L.; Li, D.; Shen, T.T.; Wang, R.; O’Donnell, M. Optical coherence elastography in ophthalmology. J. Biomed. Opt. 2017, 22, 121720. [Google Scholar] [CrossRef] [PubMed]

	



Zaitsev, V.; Matveyev, A.L.; Matveev, L.A.; Sovetsky, A.A.; Hepburn, M.S.; Mowla, A.; Kennedy, B.F. Strain and elasticity imaging in compression optical coherence elastography: The two-decade perspective and recent advances. J. Biophotonics 2021, 14, e202000257. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.; Zhang, Y.; Zhu, Y.; Zhao, Y.; Yang, H.; Liu, G.; Ai, S.; Wang, Y.; Xie, C.; Shi, J.; et al. Quantification of biomechanical properties of human corneal scar using acoustic radiation force optical coherence elastography. Exp. Biol. Med. 2022, 247, 462–469. [Google Scholar] [CrossRef]

	



Twa, M.D.; Li, J.; Vantipalli, S.; Singh, M.; Aglyamov, S.; Emelianov, S.; Larin, K.V. Spatial characterization of corneal biomechanical properties with optical coherence elastography after UV cross-linking. Biomed. Opt. Express 2014, 5, 1419–1427. [Google Scholar] [CrossRef]

	



Wu, C.; Han, Z.; Wang, S.; Li, J.; Singh, M.; Liu, C.-H.; Aglyamov, S.; Emelianov, S.; Manns, F.; Larin, K.V. Assessing Age-Related Changes in the Biomechanical Properties of Rabbit Lens Using a Coaligned Ultrasound and Optical Coherence Elastography System. Investig. Opthalmol. Vis. Sci. 2015, 56, 1292–1300. [Google Scholar] [CrossRef]

	



Ai, S.; Zhang, Y.; Shi, G.; Wang, Y.; Liu, G.; Han, X.; Zhao, Y.; Yang, H.; He, X. Acoustic radiation forces optical coherence elastography: A preliminary study on biomechanical properties of trabecular meshwork. J. Biophotonics 2023, e202200317. [Google Scholar] [CrossRef]

	



Hüter, T. Messung der Ultraschallabsorption in tierischen Geweben und ihre Abhängigkeit von der Frequenz. Naturwissenschaften 1948, 35, 285–287. [Google Scholar] [CrossRef]

	



Nelson, T.R.; Fowlkes, J.B.; Abramowicz, J.S.; Church, C.C. Ultrasound Biosafety Considerations for the Practicing Sonographer and Sonologist. J. Ultrasound Med. 2009, 28, 139–150. [Google Scholar] [CrossRef]

	



Hamhaber, U.; Grieshaber, F.; Nagel, J.; Klose, U. Comparison of quantitative shear wave MR-elastography with mechanical compression tests. Magn. Reson. Med. 2003, 49, 71–77. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Roberts, C.J. Influence of corneal biomechanical properties on intraocular pressure measurement: Quantitative analysis. J. Cataract Refract. Surg. 2005, 31, 146–155. [Google Scholar] [CrossRef] [PubMed]

	



Qi, W.; Chen, R.; Chou, L.; Liu, G.; Zhang, J.; Zhou, Q.; Chen, Z. Phase-resolved acoustic radiation force optical coherence elastography. J. Biomed. Opt. 2012, 17, 110505. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, K.; Li, C.; Chen, S.; Nabi, G.; Huang, Z. Feasibility study of using the dispersion of surface acoustic wave impulse for viscoelasticity characterization in tissue mimicking phantoms. J. Biophotonics 2019, 12, e201800177. [Google Scholar] [CrossRef]

	



Garra, B.S. Imaging and estimation of tissue elasticity by ultrasound. Ultrasound Q. 2007, 23, 255–268. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Wang, S.; Manapuram, R.K.; Singh, M.; Menodiado, F.M.; Aglyamov, S.; Emelianov, S.Y.; Twa, M.D.; Larin, K.V. Dynamic optical coherence tomography measurements of elastic wave propagation in tissue-mimicking phantoms and mouse cornea in vivo. J. Biomed. Opt. 2013, 18, 121503. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zhu, J.; Chen, J.J.; Yu, J.; Jin, Z.; Miao, Y.; Browne, A.W.; Zhou, Q.; Chen, Z. Simultaneously imaging and quantifying in vivo mechanical properties of crystalline lens and cornea using optical coherence elastography with acoustic radiation force excitation. APL Photonics 2019, 4, 106104. [Google Scholar] [CrossRef]

	



Su, X.; Vesco, C.; Fleming, J.; Choh, V. Density of Ocular Components of the Bovine Eye. Optom. Vis. Sci. 2009, 86, 1187–1195. [Google Scholar] [CrossRef] [PubMed]

	



Jin, Z.; Zhou, Y.; Shen, M.; Wang, Y.; Lu, F.; Zhu, D. Assessment of corneal viscoelasticity using elastic wave optical coherence elastography. J. Biophotonics 2020, 13, e201960074. [Google Scholar] [CrossRef]

	



Zhou, Y.; Wang, Y.; Shen, M.; Jin, Z.; Chen, Y.; Zhou, Y.; Qu, J.; Zhu, D. In vivo evaluation of corneal biomechanical properties by optical coherence elastography at different cross-linking irradiances. J. Biomed. Opt. 2019, 24, 105001. [Google Scholar] [CrossRef]

	



Schallhorn, J.M.; Schallhorn, S.C.; Hettinger, K.; Hannan, S. Infectious keratitis after laser vision correction: Incidence and risk factors. J. Cataract Refract. Surg. 2017, 43, 473–479. [Google Scholar] [CrossRef] [PubMed]

	



Melki, S.A.; Azar, D.T. LASIK Complications: Etiology, Management, and Prevention. Surv. Ophthalmol. 2001, 46, 95–116. [Google Scholar] [CrossRef] [PubMed]

	



Santhiago, M.R.; Smadja, D.; Gomes, B.F.; Mello, G.R.; Monteiro, M.L.; Wilson, S.E.; Randleman, J.B. Association between the Percent Tissue Altered and Post–Laser In Situ Keratomileusis Ectasia in Eyes with Normal Preoperative Topography. Am. J. Ophthalmol. 2014, 158, 87–95.e1. [Google Scholar] [CrossRef] [PubMed]

	



Cairns, G.; Ormonde, S.E.; Gray, T.; Hadden, O.B.; Morris, T.; Ring, P.; McGhee, C.N. Assessing the accuracy of Orbscan II post-LASIK: Apparent keratectasia is paradoxically associated with anterior chamber depth reduction in successful procedures. Clin. Exp. Ophthalmol. 2005, 33, 147–152. [Google Scholar] [CrossRef]

	



Dias, J.M.; Ziebarth, N.M. Anterior and posterior corneal stroma elasticity assessed using nanoindentation. Exp. Eye Res. 2013, 115, 41–46. [Google Scholar] [CrossRef]

	



Dias, J.; Diakonis, V.F.; Kankariya, V.P.; Yoo, S.H.; Ziebarth, N.M. Anterior and posterior corneal stroma elasticity after corneal collagen crosslinking treatment. Exp. Eye Res. 2013, 116, 58–62. [Google Scholar] [CrossRef]

	



Slade, S.G. Thin-flap laser-assisted in situ keratomileusis. Curr. Opin. Ophthalmol. 2008, 19, 325–329. [Google Scholar] [CrossRef]

	



He, M.; Du, Y.; Liu, Q.; Ren, C.; Liu, J.; Wang, Q.; Li, L.; Yu, J. Effects of orthokeratology on the progression of low to moderate myopia in Chinese children. BMC Ophthalmol. 2016, 16, 126. [Google Scholar] [CrossRef]

	



Dawson, D.G.; Randleman, J.B.; Grossniklaus, H.E.; O’Brien, T.P.; Dubovy, S.R.; Schmack, I.; Stulting, R.D.; Edelhauser, H.F. Corneal Ectasia after Excimer Laser Keratorefractive Surgery: Histopathology, Ultrastructure, and Pathophysiology. Ophthalmology 2008, 115, 2181–2191.e1. [Google Scholar] [CrossRef]

	



Seiler, T.; Koufala, K.; Richter, G. Iatrogenic Keratectasia after Laser in situ Keratomileusis. J. Refract. Surg. 1998, 14, 312–317. [Google Scholar] [CrossRef]

	



Hammond, M.D.; Madigan, W.P., Jr.; Bower, K.S. Refractive surgery in the United States Army, 2000–2003. Ophthalmology 2005, 112, 184–190.e2. [Google Scholar] [CrossRef]

	



Netto, M.V.; Mohan, R.R.; Ambrósio, R., Jr.; Hutcheon, A.E.; Zieske, J.D.; Wilson, S.E. Wound healing in the cornea: A review of refractive surgery complications and new prospects for therapy. Cornea 2005, 24, 509–522. [Google Scholar] [CrossRef] [PubMed]

	



Seifert, J.; Hammer, C.M.; Rheinlaender, J.; Sel, S.; Scholz, M.; Paulsen, F.; Schäffer, T.E. Distribution of Young’s modulus in porcine corneas after riboflavin/UVA-induced collagen cross-linking as measured by atomic force microscopy. PLoS ONE 2014, 9, e88186. [Google Scholar] [CrossRef]

	



Asejczyk-Widlicka, M.; Pierscionek, B.K. The elasticity and rigidity of the outer coats of the eye. Br. J. Ophthalmol. 2008, 92, 1415–1418. [Google Scholar] [CrossRef] [PubMed]

	



Pierscionek, B.K.; Asejczyk-Widlicka, M.; Schachar, R.A. The effect of changing intraocular pressure on the corneal and scleral curvatures in the fresh porcine eye. Br. J. Ophthalmol. 2007, 91, 801–803. [Google Scholar] [CrossRef] [PubMed]

	



Kim, T.H.; Lee, D.; Lee, H.I. The Safety of 250 µm Residual Stromal Bed in Preventing Keratectasia after Laser in situ Keratomileusis (LASIK). J. Korean Med. Sci. 2007, 22, 142–145. [Google Scholar] [CrossRef]








[image: Photonics 10 00266 g001 550] 





Figure 1. The schematic of the ARF-OCE system. 
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Figure 2. Schematic diagram of M-scan mode. (a) OCT images with the M-B mode scan protocol. (b) OCE images with the M-B mode scan protocol. 
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Figure 3. Flowchart of the phase velocity algorithm and mapping results of 0.8% phantom. (a) The B-scan OCT image. (b) The spatial–temporal displacement map. (c) Spatial–temporal displacement map of the filtered elastic wave propagation. (d) The displacement curve of different locations along the elastic wave propagation. 
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Figure 4. Wavenumber–frequency domain of elastic waves in homogeneous phantoms. (a) The local wavenumber–frequency domain map. (b) The intensity–frequency characteristic curve. (c) The phase velocity dispersion curve of the homogeneous phantom. 
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Figure 5. Doppler OCT (D-OCT) B-scans of the cornea. (a) The B-scan OCT image of the cornea. (b–h) The B-scan D-OCT images of the cornea. 
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Figure 6. The OCT image of the porcine cornea. (a–f) OCT image of the same cornea with six different thicknesses, respectively. 
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Figure 7. Result of porcine eyes. (a–f) Young’s modulus of RSB with different thicknesses in six samples, respectively. 
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Figure 8. Correlation analysis between elasticity and thickness percentage. The data in this figure are from six sets of different corneal thickness measurements. 
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Table 1. Physical parameters of the RSB.
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	Thickness (μm)
	Proportion of the Thickness (%)
	Young’s Modulus (kPa)





	1040.65
	100%
	11.61



	753.34
	72%
	33.78



	630.02
	60%
	31.06



	497.98
	47%
	52.36



	308.71
	29%
	126.38



	168.05
	16%
	315.74
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