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Abstract
Purpose: To explore the effect of age on corneal biomechanical properties following corneal cross-linking (CXL).
Methods: A total of 12 pairs of human eye-banked corneas (24 corneas, from 14 females and 10 males) were used in the study. The mean donor age was 48.5 years (ranging from 26 to 71 years). Corneas were divided into three age groups: A (26–41 years), B (42–57 years) and C (58–71 years), with four pairs in each group. For each pair, the right corneas were cross-linked using accelerated CXL with UVA (10 mW/cm2) and riboflavin, while the left corneas served as controls and were not exposed to either UVA irradiation or riboflavin. The corneal elastic modulus of the anterior, mid and posterior corneal stroma was measured using nanoindentation.
Results: The difference in the corneal elastic modulus following CXL was significant in the anterior (p=0.00002) and mid stroma (p=0.001); however, the difference was not significant in the posterior stroma (p=0.27) when compared to control corneas. The corneal elastic modulus of the anterior stroma increased by 178.44% in Group A, 119.7% in Group B and 50.73% in Group C compared to control corneas. For the mid stroma, the elastic modulus increased by 47.35% in Group A, 25% in Group B and 24.56% in Group C. No differences were observed in the posterior stroma between age groups.
Conclusions: Corneal elasticity showed a greater response to CXL in the younger group compared to older groups. CXL treatment showed effectiveness in enhancing stromal strength, and the effect was concentrated in the anterior and mid stroma with minimal impact on the posterior stroma in all age groups.
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1. Introduction
Corneal biomechanical properties change with age due to a natural cross-linking process (Elsheikh et al., 2007). This change is caused by an increase in the number of covalent bonds between collagen fibrils in the stroma (Malik et al., 1992). The increase in cross-linking leads to a substantial increase in corneal stiffness with age (Elsheikh et al., 2007). Therefore, the age of a patient could potentially play a role in their response to some corneal treatments, such as corneal cross-linking (CXL). CXL treatment is used to enhance the biomechanical properties of the compromised keratoconic cornea by forming additional cross-links within the corneal stroma (Wollensak, 2006), particularly intermolecular cross-links between collagens molecules, and within proteoglycans, as well as between collagens and proteoglycans (Zhang et al., 2011). These cross-links contribute to halting the corneal thinning that is associated with the progression of keratoconus (Randleman et al., 2015; Wollensak, 2006). Keratoconus is a disorder characterised by the degeneration of central corneal structure. The organisation of collagen fibrils in keratoconic corneas is different from those in healthy corneas. A healthy cornea consists of an interlaced structure of collagen fibrils in the posterior stroma, while this structure appears symmetric and more organised towards the anterior stroma, forming a stronger network (White et al., 2017). However, in keratoconic corneas, the interlaced structure of collagen fibrils is more concentrated in the cone region of the stroma compared to the posterior stroma (White et al., 2017). This disruption in collagen structure in a keratoconic cornea, characterised by fewer cross-links (Vellara and Patel, 2015), reduces corneal strength and leads to further progression of keratoconus (Meek et al., 2005).
Keratoconus usually begins during childhood (Jiménez et al., 1997; Kennedy et al., 1986), and CXL treatment is offered for children, adolescents, and adults to halt its progression (Kymionis et al., 2014; Raiskup et al., 2015). To date, it is unclear whether younger eyes would benefit more from CXL treatment compared to older ones. The natural cross-linking process between molecules within the corneal stroma makes older corneas stiffer than younger corneas (Elsheikh et al., 2007). As older corneas would have already developed additional cross-links with age, these could react differently to CXL treatment compared to younger corneas. Therefore, it could be hypothesised that CXL treatment would be more successful in younger eyes than in older eyes. 
Most long-term follow-up studies of the adult population (average age of 30 years) have shown that CXL is an effective treatment option for improving corneal topographical measurements or at least for stabilising the progression of keratoconus (Kymionis et al., 2014; Raiskup-Wolf et al., 2008; Wollensak et al., 2003a). In paediatric groups, CXL also halts the progression of keratoconus, however, this effect appears to be transient and keratoconus usually starts progressing again 2—3 years after CXL treatment despite the initial improvement (Chatzis and Hafezi, 2012; Mazzotta et al., 2018; Padmanabhan et al., 2017). Keratoconus is more aggressive in paediatric patients (Ertan and Muftuoglu, 2008) progressing rapidly (Chatzis and Hafezi, 2012). Thus, it has been suggested that it is best to offer CXL as soon as keratoconus is detected (Chatzis and Hafezi, 2012).
Despite the recent developments in CXL treatment, to date, there is no suitable method that allows a direct and accurate measure of corneal biomechanical properties in vivo. Therefore, it has been difficult to monitor and document the localised changes in corneal biomechanics in patients (Kamiya et al., 2009; Tian et al., 2016). Lab-based biomechanical data has shown that corneal rigidity significantly increases following CXL (Dias et al., 2013; Wollensak et al., 2003b), and the increase is more pronounced in the anterior cornea (Kohlhaas et al., 2006). Scanning acoustic microscopy (SAM) and Brillouin microscopy have been used to evaluate the effect of CXL across stromal depths (Beshtawi et al., 2013b; Scarcelli et al., 2013). These two techniques indirectly describe the changes in biomechanical properties following CXL. SAM uses ultrasound waves to determine the speed of sound through the tissue and, consequently, the elastic modulus. Brillouin microscopy is a non-contact method that involves illuminating the tissue with a laser to measure the Brillouin frequency shifts that result from a scattering spectrum. The Brillouin shift is related to the elastic modulus, which can be used to estimate the change induced by CXL in corneal biomechanics. The nanoindenter, however, offers a direct measurement of corneal tissue properties through indentation of the corneal tissue and determination of the elastic modulus (Kazaili et al., 2019). This technique has the possibility to be used to determine tissue stiffness at different depths in the corneal stroma before and after CXL treatment. Additionally, nanoindentation has the potential to help in accurately determining whether the effects of CXL differ depending on the age group.
The current study aims to explore whether corneal elasticity measurements differ following CXL in different age groups. It also evaluates the depth-dependent effect of CXL on corneal biomechanical properties across stromal depths using nanoindentation.


2. Materials and Methods

2.1. Tissue Acquisition
A total of 12 human donor eye-banked corneal pairs (24 corneas) were studied. The corneas were obtained from the Manchester Eye Bank (NHS Blood and Transplant, Tissue and Eye Services, UK). These corneas were determined unsuitable for transplantation due to low endothelial cell count. The corneas used in this study were permitted for research use by the donors’ relatives when transplantation was not possible. All corneas were obtained and used according to the Declaration of Helsinki for research involving the use of human tissue. The mean age of the donors was 48.5 years (ranging from 26 to 71 years) and the donors included seven females and five males. Corneas with a 3-mm scleral rims were retrieved from the donors’ eyes within 24 hours of death and stored in organ culture media at 34°C at the Eye Bank. During this period, the corneas swelled due to changes in the extracellular matrix. After a period of 10 days, the corneas were screened for scars and opacities, and the quality of the endothelial layers was assessed. The corneas arrived from the Eye Bank in bottles filled with organ culture media. Upon arrival in the laboratory, the corneas were transferred to a bottle of fresh media containing 10% dextran and placed in the incubator for 24 hours to reduce the swelling prior to CXL treatment. The corneas were divided into three age groups: (Group A: 26–41 years, Group B: 42–57 years and Group C: 58–71 years, four corneas for each age group) to investigate the effect of age on corneal elasticity after CXL. Figure (1) shows the main steps of the experimental procedure including the preparation of corneal tissues, treatment and testing.
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Figure 1: The experimental procedure. The flow chart shows the steps of corneal tissue preparation, treatment and biomechanical testing. 


2.2. Corneal Cross-linking Procedure
Each cornea was mounted on an artificial anterior chamber, which was subsequently filled with a small amount of phosphate-buffered saline (PBS) to maintain corneal shape and stability during the treatment. All corneas underwent debriding of the central 8 mm of the corneal epithelium by gentle scraping with a blunt blade. The right corneas were cross-linked, while the left corneas served as controls and were not exposed to either UVA irradiation or riboflavin. Riboflavin 0.1% solution (10 mg riboflavin-5-phosphate in 10 mL dextran 20% solution) was dropped onto the cross-linked corneas at five-minute intervals for 30 minutes. This step was followed by the accelerated CXL technique (UVA irradiation with an intensity of 10 mW/cm2) for nine minutes (UV-XTM 2000, energy dose of 5.4J/cm2, IROC Innocross AG, Zurich, Switzerland), and riboflavin was applied at three-minute intervals during UVA irradiation. All corneas were then returned to fresh media with 10% dextran and placed in an incubator at 34°C for 24 hours.

2.3. Sample Preparation for Elasticity Assessment
The cross-linked and control corneas were halved using a blunt blade and embedded in frozen tissue medium blocks (KP-CryoCompound, Netherlands) and stored at 
-20ºC until usage. From one half of each halved cornea, central corneal sections of 300-μm thickness were obtained using a cryostat (Leica CM-3050-S cryostat, Leica Microsystems, UK) and mounted on clean glass slides. The tissue sections were then investigated using nanoindentation. 

2.4. Tissue Elasticity Assessment
The shear storage modulus  of corneal sections was measured using oscillatory nanoindentation (G200 Nanoindenter, KLA-Tencor Milpitas, California, USA) at room temperature (21.5°C).  This method has previously been used to test soft biological tissues (Panpho et al., 2019; Peters et al., 2018). It has also been utilised to measure localised viscoelastic properties of corneas in vitro (Kazaili et al., 2019). The principle and the experimental procedure of oscillatory nanoindentation have been described in detail elsewhere (Akhtar et al., 2018). The nanoindenter was equipped with a flat-ended cylindrical 100μm flat punch tip (Synton-MDP Ltd, Nidau, Switzerland). Corneal sections were placed on a sheet of 600-grit sandpaper, and fixed from the far margins with scotch tape. The sandpaper sheet was fixed on a flat-solid stage. In order to maintain the hydration of the sections during the experiment, three drops of PBS-dextran solution were added to each sample’s centre prior to mechanical testing. The process of the mechanical testing is shown in figure (2). The mechanical testing for each measurement was performed within 4–5 minutes. The corneal thickness was divided into three equal sections to comprise/define different stromal depths; the first third was referred to as the anterior stroma, the second third as the mid stroma and the third one was referred to as the posterior stroma. At the centre of each stromal depth, two points were indented, with 300-μm spacing between each indent. Poisson’s ratio (v) of the cornea was assumed to be 0.5, based on a previous study (Uchio et al., 1999). To ensure sufficient contact between the tip and the tissue, a pre-compression of 5 μm was selected. An oscillating frequency of 110 Hz (resonant frequency of the nanoindenter) with an oscillation amplitude of 500 nm was chosen for the experiments (Akhtar et al., 2016; Kazaili et al., 2019). The elastic modulus (E) was calculated using Equation (1) (Akhtar et al., 2018).
	
	… (1)


where E is elastic modulus, G′is shear storage modulus, and v is Poisson’s ratio.
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Figure 2: The process of elasticity assessment. The flow chart shows the steps of the biomechanical testing conducted using the nanoindenter. 

2.7. Statistical Analysis
Statistical analysis was performed using SPSS software (IBM Corp. Released 2015. IBM SPSS Statistics for Mac, Version 23.0. Armonk, NY: IBM Corp.). Normality assumptions were examined using Skewness and Kurtosis tests. Parametric tests were performed for statistical analysis as data were normally distributed. A repeated measures ANOVA was performed followed by pairwise comparisons (post hoc, Bonferroni) to identify changes in the corneal elastic modulus through stromal depths.  A paired t-test was conducted to determine treatment outcomes. A p-value of <0.05 was considered to be statistically significant. Figures were produced using GraphPad Prism (Version 8.4.1 for Mac, GraphPad Software, San Diego, California USA).


3. Results
Figure (3) shows the corneal elastic modulus at different stromal depths in cross-linked and control corneas. The figure shows an increased corneal elastic modulus following CXL treatment, which is more pronounced in the anterior stroma, as expected. The change in the corneal elastic modulus following CXL was significant in the anterior (p=0.00002, r=2.01) and mid stroma (p=0.001, r=1.32); however, the change was not significant in the posterior stroma (p=0.27, r=-0.34) when compared to control corneas (paired t-test). The repeated measures ANOVA showed a significant difference in the corneal elastic modulus across the three corneal depths in the cross-linked corneas (F2,22=67.69, p<0.0001), while the difference was not significant in the control corneas (F2,22=8.11, p=0.11). The pairwise comparisons (post hoc, Bonferroni) further revealed a significant difference in the corneal elastic modulus between the anterior and mid stroma (p=0.00005), anterior and posterior stroma (p=0.000006), and also between mid and posterior stroma (p=0.0001) in the cross-linked corneas. For the control corneas, post hoc tests did not show significant differences in the corneal elastic modulus between anterior, mid and posterior stroma (Figure 3). Overall, following CXL treatment, the corneal elastic modulus increased by 105.23% in the anterior stroma and 31.42% in the mid stroma, and no changes were observed in the posterior stroma.

[image: Macintosh HD:Users:mmmsqba2:Desktop:27_PhD_03 May 2020:Chapter 2_Nano-indentation:3_Nano_Results:SPSS folder & findings:Z Tan/Delta data & Graphs_working with Ahmed (During Sep 20):GraphPad:All sample_Elasticity:All sample 44.tiff]
Figure 3: Effect of CXL on the corneal elastic modulus at all stromal depths. Ctrl: Control corneas (n=12), CXL: Cross-linked corneas (n=12).


Figure (4) illustrates the change induced by CXL on the corneal elastic modulus amongst all age groups in the anterior, mid and posterior stroma. The figure also shows that the corneal elastic modulus in control corneas was greater for the oldest group (Group C) throughout all three of the tested stromal depths in comparison with the two younger groups (Groups A and B). The response of corneal elasticity to CXL treatment was greater in the younger corneas (Group A) compared to the older groups in the anterior and mid stromal depths; however, there were no changes observed in the corneal elastic modulus of the posterior stroma between age groups following CXL treatment. 
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Figure 4: Effect of CXL on the corneal elastic modulus (individual values) at all stromal depths for each age group. CXL: Cross-linked corneas, Ctrl: Control corneas. Group A: (26–41 years), Group B: (42–57 years), Group C: (58–71 years), 8 corneas for each age group.


The response of the corneal elastic modulus to CXL treatment (change in percentage) in all age groups is shown in Figure (5). The results for the anterior stroma indicate that the corneal elastic modulus increased by 178.44% in Group A, 119.7% in Group B and 50.73% in Group C compared to control corneas. For the mid stroma, the corneal elastic modulus increased by 47.35% in Group A, 25% in Group B and 24.56% in Group C. For the posterior stroma, there were no changes observed between age groups following CXL treatment. Thus, the overall results showed that the response in Group A was greater than other age groups in both the anterior and mid stroma.
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Figure 5: Effect of CXL on the corneal elastic modulus (in percentage) following CXL in all stromal depths for each age group. Group A: (26–41 years), Group B: (42–57 years), Group C: (58–71 years), 8 corneas for each age group.


4. Discussion
The results from the current study show that CXL increases the corneal modulus of elasticity in the anterior corneal regions and that this change is more effective in younger corneas. UV-A irradiation intensively penetrates the cornea up to the mid stroma; hence, two-thirds of CXL’s effectiveness is concentrated in the top half of the stroma. Previous laboratory studies have shown that CXL significantly improves corneal biomechanical strength (Dias et al., 2013; Wollensak et al., 2003b), and this significant effect is largely localised in the anterior one-third of the corneal stroma (Beshtawi et al., 2013b; Kohlhaas et al., 2006). It was reported that the Young’s modulus of the anterior stroma for human corneas aged 65–84 years could be increased by 66.67% following CXL (Kohlhaas et al., 2006), and this increase might be even greater (90.24%) when the sample included younger corneas (a range of 39–88 years) (Dias et al., 2013). The degree of change in the biomechanical measurements of the anterior stroma in these two studies was lower than that found in the current study (105.23%). This change might be explained by the wider range of donors’ ages, with the inclusion of more young corneas in our study compared to the other two studies (Dias et al., 2013; Kohlhaas et al., 2006).
The current study shows that the response of the older corneas to CXL, particularly for the anterior stroma modulus measurements, was lower than that in the other age groups. It was also noticeable that the baseline measurements of the corneal elastic modulus were greater for the older group compared to the other groups. Older corneas would have already developed additional cross-links with age, causing a natural stiffness (Elsheikh et al., 2007; Piñero and Alcón, 2014), so it would be expected that older corneas do not respond to CXL in the same way as younger corneas. Age is considered to be a factor that affects tissue stiffness in the cornea (Elsheikh et al., 2007), and corneal stiffness increases significantly with age (Elsheikh et al., 2007; Piñero and Alcón, 2014). Investigating the collagen fibrils has also led to the suggestion that the cornea becomes stiffer with ageing (Daxer et al., 1998). In the current study, the corneal elastic modulus was shown to increase with the donor’s age in both cross-linked and control corneas. This finding is consistent with the evidence that the natural age-related stiffness is induced by the additional cross-links in collagen fibrils (Daxer et al., 1998; Elsheikh et al., 2007).
Various attempts to clinically investigate the biomechanical changes induced by CXL have been reported in the literature. These attempts involved two devices currently available in clinical practice: the Ocular Response Analyzer (ORA)(Kamiya et al., 2009) and the Corneal Visualization Scheimpflug Technology (Oculus Corvis ST) (Tian et al., 2016). The data generated using ORA did not show any significant changes in biomechanical parameters following CXL for keratoconus treatment (De Bernardo et al., 2015; Sedaghat et al., 2010; Spoerl et al., 2011) for either short-term follow-ups: (e.g., 6 months) (Sedaghat et al., 2010) or long-term observations (e.g., 24 months) (De Bernardo et al., 2015). The biomechanical data obtained from Corvis shows a very wide variation (Nemeth et al., 2013). The difference in published data between clinical and laboratory research on corneal biomechanical measurements could potentially be attributed to the fact that, firstly, clinical studies were undertaken on keratoconus patients, while laboratory studies usually use non-keratoconic corneas. Secondly, intraocular pressure (IOP) and central corneal thickness (CCT) are considered to be factors that affect the biomechanical parameters currently used in clinical settings (Kamiya et al., 2009; Tian et al., 2016), thus, it is also possible that these factors may be responsible for the differences in biomechanical findings between in vivo and ex vivo studies. Thirdly, although ORA and Corvis are useful devices that measure corneal biomechanical behaviour in clinical scenarios, their data are obtained via an indirect measure, which can be considered to be an estimate rather than an accurate evaluation. A precise method that provides detailed biomechanical information is necessary to explore the change in biomechanical properties between different age groups following CXL treatment. The high level of variation reported in clinical data (Nemeth et al., 2013) could make it challenging to obtain such data using the devices currently available in clinical settings. Therefore, the current study, with the use of donor corneas and a direct measurement tool, is essential for providing this necessary information. Nanoindentation was chosen for the current study due to its capability to directly measure biomechanics at different depths within the tissue layers, with minimal tissue preparation required (Akhtar et al., 2016). The current study shows that nanoindentation is ideal for determining localised changes in the cornea in vitro following CXL treatment. Therefore, further development of nanoindentation technology could lead the possibility of its implementation in clinical settings, allowing for the direct measurement of corneal elasticity.
Ideally, a study investigating the effect of age on corneal biomechanics and CXL should have a wide age range, from at least teenage years onwards. Although the model used in the current study (human eye-banked cornea model) is appropriate for such a study, it restricts the range of donors’ ages as well as the sample size, both of which are difficult to control. Previous laboratory studies on CXL using human tissues were also limited to small sample sizes, due to limitations in tissue availability (Beshtawi et al., 2013a; Kohlhaas et al., 2006). Eye-banked corneas tend to be from older age groups, which could reduce the applicability of this data to younger eyes, which generally undergo CXL in a clinical scenario. However, our results show that corneal stiffness increases with age at a similar degree to that shown in clinical studies. A large clinical study has investigated the change in corneal biomechanics with age using ORA (Celebi et al., 2018). The study included 2039 healthy Caucasian adults ranging from 20- to 80-years old, divided by decades into seven age groups. Their results showed that the measurements of biomechanical parameters such as corneal hysteresis and corneal resistance factor are lower in older groups compared to younger groups. Similar findings have also been reported in more recent clinical studies (Momeni-Moghaddam et al., 2019; Zhang et al., 2019). This clinical data indicates that older eyes have lower deformability compared to younger eyes, which suggests an increase in corneal stiffness with age. The results of our control group have shown similar outcomes to those of these clinical studies. The availability of more young donor corneas would be helpful in assisting researchers to provide further evidence on the role of age in CXL treatment outcomes.

Hydration of corneal tissue is found to have a significant effect on the biomechanical behaviour of the cornea (Hatami-Marbini and Rahimi, 2015). Dehydrated tissues could show more stiffness compared to hydrated tissues (Hatami-Marbini and Rahimi, 2016). Hydration could, theoretically, have affected the results of the current study; however, this is unlikely for a number of reasons. Firstly, we tested two different points for each stromal depth level, and there was no significant change recorded from a point to another. Secondly, sections were hydrated with PBS-dextran solution. PBS has shown suitability for maintaining corneal hydration for a short period of time (such as one hour) (Kazaili et al., 2019), and dextran is known to minimise corneal swelling. The mechanical measurement for each chosen point in the stroma took only four to five minutes, so PBS-dextran solution is not expected to affect tissue hydration, particularly for such a short testing time. Furthermore, room temperature was kept constant during all experiments (21.5°C) to control any potential evaporation. Finally, the measurements collected from different age groups were consistent with the evidence of age-related corneal stiffness (older corneas are stiffer than younger cornea) (Elsheikh et al., 2007), which increases the validity of the data of the current study. Therefore, for the reasons stated above, tissue hydration is unlikely to have had an impact on the results of the current study.

Conclusions
The current study reveals that the effect of CXL treatment is more pronounced in younger corneas compared to older ones. This suggests a potential benefit of offering CXL treatment for keratoconus/refractive surgery patients as early as possible to obtain better results. The study also confirmed that the effect of CXL is largely localised in the top half of the stroma with minimum impact on the posterior stroma.
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