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Abstract

:

Postmortem human eyes were subjected to optic nerve (ON) traction in adduction and elevated intraocular pressure (IOP) to investigate scleral surface deformations. We incrementally adducted 11 eyes (age 74.1 ± 9.3 years, standard deviation) from 26° to 32° under normal IOP, during imaging of the posterior globe, for analysis by three-dimensional digital image correlation (3D-DIC). In the same eyes, we performed uniaxial tensile testing in multiple regions of the sclera, ON, and ON sheath. Based on individual measurements, we analyzed eye-specific finite element models (FEMs) simulating adduction and IOP loading. Analysis of 3D-DIC showed that the nasal sclera up to 1 mm from the sheath border was significantly compressed during adduction. IOP elevation from 15 to 30 mmHg induced strains less than did adduction. Tensile testing demonstrated ON sheath stiffening above 3.4% strain, which was incorporated in FEMs of adduction tethering that was quantitatively consistent with changes in scleral deformation from 3D-DIC. Simulated IOP elevation to 30 mmHg did not induce scleral surface strains outside the ON sheath. ON tethering in incremental adduction from 26° to 32° compressed the nasal and stretched the temporal sclera adjacent to the ON sheath, more so than IOP elevation. The effect of ON tethering is influenced by strain stiffening of the ON sheath.
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1. Introduction


The optic nerve (ON) faces a unique mechanical situation: at its anterior end, the ON is attached to the globe and undergoes large and numerous rotational perturbations, including more than 180,000 saccades daily that encompass a horizontal range of up to ±55° [1]. But the opposite end of the ON is anchored rigidly to the bone surrounding the optic canal. Eye movements thus perturb the intraorbital ON, although until recently this phenomenon was underappreciated [2]. The length of the ON is usually insufficient to permit unhindered rotation, tethering the globe in adduction [2]. The stretched ON and its sheath were thus reasoned to induce traction on the optic disc and peripapillary region [2]. Sibony used optical coherence tomography (OCT) to demonstrate deformations of the peripapillary Bruch’s membrane associated with horizontal duction [3]. Further, OCT studies quantified relative displacements [4], tilting [5], local area changes [6], and shear strains [7] in the optic disc during horizontal duction. In addition to horizontal duction-related anteroposterior deformations, in-plane deformations within the retina have also been investigated using confocal scanning laser ophthalmoscopy (cSLO) [8,9]. Angiographic OCT has demonstrated that adduction is associated with disc and vascular strains much larger than those reported for IOP elevation and pulsatile perfusion, and adduction also causes optic disc compression and an increase in peripapillary vascular volume [10]. Magnetic resonance imaging (MRI) also demonstrated in normal subjects that ON strain during adduction is due to uniform stretching along its length [11].



Finite element models (FEMs) have been used to elucidate the effects of mechanical loading on the eye, including intraocular pressure (IOP) elevation [12,13] and eye rotation [14]. Wang et al. [15,16] and Shin et al. [17] developed FEMs of disc deformations during ductions. The sensitivity analysis suggested that unfavorable combinations of properties would concentrate adduction-related stresses at the sites most commonly affected by primary open-angle glaucoma (POAG) [18]. However, because stresses and strains from adduction are dependent on relative magnitudes of stiffness for different ocular regions [18], the linkage between the adduction tethering and ocular deformations is not necessarily straightforward. If the ON and its sheath are much more compliant than the sclera, the taut ON might not transmit sufficient force to significantly deform the eyeball. Since the ON sheath is known to exhibit a low elastic modulus in the small strain regime [19], additional information is required to quantitatively estimate the effects of ON traction on the globe.



Three-dimensional digital image correlation (3D-DIC) of the eye in response to inflation loading under varying levels of IOP has been used to estimate parameters of constitutive equations to characterize mechanical properties of the posterior sclera [20]. Another approach to characterization has employed a 3D digitizer and laser speckle interferometry during inflation to characterize the mechanical properties of the posterior sclera [21]. Because regions of interest for both studies were limited to the posterior sclera, the ON and the anterior globe were removed for inflation experiments [20,21]. The current study was performed to further investigate potentials for adduction tethering to load the posterior human sclera. Extensive in vivo MRI [22,23,24] and posterior intraocular imaging [5,8,9,10,11,25,26] data exist demonstrating effects of incremental adduction from the average threshold of ON tethering at 26°, by an additional 6° to 32° adduction, a practical experimental maximum for humans. These imaging studies provide high resolution of a limited area of internal ocular structures, and for MRI low resolution of the entire globe and a wide range of orbital structures. What has heretofore been missing has been high-resolution imaging of the external surface of the posterior sclera. Since high-resolution imaging of the external surface of the posterior sclera is impossible in vivo [27], we designed an ex vivo experiment using 3D-DIC [28] to determine how adduction replicating 26–32° adduction, previously studied by in vivo MRI [23,24], deforms the posterior sclera. Furthermore, we aimed to characterize mechanical properties for each relevant region of each specimen after the 3D-DIC experiment. Based on individual eye anatomy and local tissue material properties, we sought to compare 3D-DIC findings during adduction and IOP elevation with individualized FEMs of the same conditions. Such comparisons represent a strong test of the proposition that adduction tethering may significantly load the posterior eye and allow comparison of its effect relative to IOP.




2. Materials and Methods


2.1. Overall Workflow (Figure 1)


Human eyes with attached ONs averaging 17.9 ± 2.9 (standard deviation, SD) mm long were shipped to the laboratory by the Lions Gift of Sight Eye Bank (Saint Paul, MN, USA) shortly after the donors’ deaths. Each specimen was tested using 3D-DIC under loading by adduction tethering from 26–32°, as well as by IOP elevation. The globes and ONs were then divided into specimens that were subjected to tensile testing. Stress–strain curves obtained by tensile testing were employed for individual FEMs of eyes under IOP elevation and adduction. Additionally, these were compared with 3D-DIC results.
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Figure 1. Workflow sequence indicated by red arrows. 3D-DIC was performed in whole globes to quantify effects of adduction tethering and IOP elevation. Uniaxial tensile testing of tissues from these globes was then conducted to characterize material properties of local regions of each specimen, and used to generate individualized FEMs that were compared with individualized 3D-DICs. Heat map from DIC shows strains along the horizontal direction in the image plane, superimposed on photo of specimen. PPS—peripapillary sclera. LC—lamina cribrosa. ON—optic nerve. ONS—optic nerve sheath. 
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2.2. Specimen Preparation


Specimen donors had consented to use of their eyes for research. Eyes were harvested and transported using procedures identical to those for corneal transplantation donation. Specimens wrapped in cotton gauze moistened with saline in insulated containers cooled with ice packs were air shipped to the laboratory an average of 39.1 ± 12.9 h following enucleation. Tensile viscoelastic properties of sclera are not altered by storage for 72 h [29]. Donors were white, with average age 74.1 ± 9.3 years. There were five males and two females.



After removal of any overlying tissues, 6-0 coated Vicryl suture (Ethicon, Raritan, NJ, USA) was used to attach the anterior sclera onto multiple suturing posts on a custom aluminum fixation ring, passing partial thickness through the perilimbal sclera without perforation. The 45° internally beveled ring had a 20 mm outer diameter and 16.5 mm inner diameter. Right eyes were sutured into the fixation ring with the superior region upward, whereas for left eyes, the orientation was downward. A stab incision was made in the anterior sclera over the pars plana 3.5 mm from the limbus using a 23-gauge ophthalmic micro-vitreoretinal blade (Alcon, Ft. Worth, TX, USA), through which a 23-gauge cannula (Bausch + Lomb, Laval, QC, Canada) was inserted to maintain IOP by Ringer’s lactate fluid infusion (Figure 2a). Then, cast iron dust of 150 mesh size (Chemical Store Inc., Clifton, NJ, USA) was randomly scattered on the surface of the eyeball by using a pneumatic applicator (Elaimei, Portsmouth, UK) (Figure 2b) to create an irregular pattern suitable for imaging to compute deformations by 3D-DIC (Figure 2c).




2.3. Apparatus for 3D-DIC


The infusion cannula was connected to a fluid column containing Ringer’s lactate solution (B. Braun Medical Inc., Bethlehem, PA, USA) via an infusion set (MedSource, Rancho Santa Margarita, CA, USA), allowing IOP control by changing the height of the infusion fluid column relative to the ocular center. The reference level of hydrostatic pressure was 15 mmHg and could be increased to 30 mmHg. During the experiment, warm mist at 30 °C from an ultrasonic humidifier (Asakuki, Rochester, NY, USA) was directed to the specimen to suppress dehydration. Because dissection of tissues leads to the shrinkage of the samples from whole organs, preconditioning is often performed to stretch crimped fibers within the samples [30]. Whole globes used in this experiment were not dissected, so this rationale for preconditioning is not applicable to the present study. Although Bianco et al. demonstrated an effect of preconditioning for numerous cycles of very high IOP loading of the whole tree shrew globe [31], inflation testing in bovine and porcine ocular tissues has demonstrated minimal effects of preconditioning [31,32]. Moreover, our prior tensile study of human posterior sclera, optic nerve, and optic nerve sheath strip specimens found only a modest quantitative effect of preconditioning up to 2% strain [33]. Therefore, preconditioning was not performed for the intact whole-eye 3D-DIC experiment.



A laser cross-alignment projector (OXLasers Co., Ltd., Shanghai, China) was mounted above the globe to align the eye ocular center with the rotational center of a 300 mm radius curved translational bearing (Misumi, Tokyo, Japan). The distal end of the ON was coaxially clamped by a custom gripper on a rod in a mechanical series with a force sensor LSB200 (FUTEK Advanced Sensor Technology, Irvine, CA, USA) that traveled along the bearing arc. The position of the ON clamp on the terminal end of the rod was vernier adjustable. The globe was positioned until its center corresponded to the projected laser cross center. Then, the initial rotational orientation of the eye was set by a precision rotation mount (Thorlabs, Newton, NJ, USA). Initial ON tension was set by extending the position of its terminal support rod until the force sensor demonstrated detectable tension. The length of the straight ON and the transverse diameter of the globe were used for determining initial and deformed configurations of the ON, as described below.



Five Canon EOS Rebel T7 digital single-lens reflex cameras (Canon, Tokyo, Japan) were fixed in multiple locations in manual focus mode (Figure 3). Each camera was fitted with an EF-S 18–55 mm lens (Canon, Tokyo, Japan), with focal length set to 55 mm, at which pincushion distortion was 0.2%. The cameras generated 6000 by 4000 pixel images, with each pixel approximately 14 µm square. Remote controllers RS60 E3 (Canon, Tokyo, Japan) were used to avoid camera vibration. Although conventional DIC can be performed with as few as two cameras [20], five cameras were employed because of occlusions of some ocular regions in some cameras due to the long ON and the coaxial gripper. Thus, four different pairs of cameras were utilized to capture images of the nasal, superior, and temporal regions of the posterior sclera (Figure 3b). Cameras 1 and 2 covered the nasal regions, while cameras 2, 3, and 4 captured images of the superior regions. Lastly, cameras 4 and 5 were dedicated to imaging the temporal regions.




2.4. Geometric Consideration for Adduction Loading


Because the ocular centroid coincided with the rotational center of the curved translational bearing, polar coordinates were convenient to specify the locations of the ON junction with the globe, and the terminal ON gripper. The initial configuration of the adduction angle was set to be 26° because this is the reported threshold for the high deformation regime in the optic disc. A kinematically equivalent approach was taken that maintained a fixed ocular center and cameras, but instead altered the relative rotational location of the ON support that constituted the virtual orbital apex. According to the nomenclature in Figure 4a,b, r represents the globe radius, and ϕ is the azimuth of the ON junction. At the same time, R represents the distance from the globe center to the gripper, and χ is the offset angle between the ON junction and the gripper. Whether rotating the eye, or moving the ON gripper along the arc support, the ON elongation caused by additional adduction to 32° can be computed from the law of cosines. When the gripper is rotated by ψ (Figure 4b), the ON length is (r2 + R2 − 2rRcos(χ + ψ))1/2. Because the ON length of the rotated eye is (r2 + R2 − 2rRcos(χ + θ))1/2, the condition θ = ψ also enforces equality of the ON lengths for both cases, since the triangles formed by the globe center, the gripper tip, and the ON junction are identical. This demonstrates that rotating the ON gripper is kinematically equivalent to rotating the eye.



Enucleation inevitably leaves behind a portion of the ON in the donor orbital apex, so a virtual orbital apex was employed (Figure 4c). Using average dimensions for healthy people [18], the distance between the globe center and the orbital apex was set at 41 mm, and the angle between a sagittal plane and a line from the globe center and the orbital apex was 22°. The angle between the fovea and the optic disc was assumed to be 17° [18]. The straight ON length was measured with a digital caliper. Then, the initial position of the gripper tip was adjusted by referring to the virtual orbital apex and the straight ON distance. The gripper tip was located along a line between the ON junction and the orbital apex, while the ON length was constant. At the deformed configuration, the distance between the orbital apex and the ON junction increases by adduction, and the extension proportion of the distance can be computed (Figure 4d). Hence, we stretched the remaining actual ON by the same proportion because the ON is straight under the conditions of this experiment.




2.5. Validation of 3D-DIC


Images from each camera were cropped into 4000 by 4000-pixel squares. Calibration for determining 3D coordinates was conducted for each camera pair. The images were calibrated against known 3D coordinates of pattern features on a 25.4 mm diameter cylinder having dimensions similar to the human eye diameter (Figure 5a). Calibration was performed in manually selected overlapping regions for each camera pair. Then, image point coordinates were matched to known 3D coordinates to obtain direct linear transformation parameters [34] for each camera.



Verification of DIC displacements was performed using a standard consisting of a sheet of randomly patterned paper supported by two pillars (Figure 5b) mounted on a vernier stage that precisely controlled translation. Displacement magnitudes and surface area ratios were measured for normal and tangential translation (Figure 5c,d). If the operation of DIC is valid, ideal computed displacements should be veridical with pattern translation, while surface area ratios should be unchanged. These criteria were used for validation of DIC.




2.6. Measurements by 3D-DIC


Images from each camera were taken before and after specimen loading by adduction, and by IOP elevation. Regions of interest were manually selected by considering overlapped random speckle image regions of the sclera captured by camera pairs for DIC between the reference and deformed states. By referring to calibration parameters and images from different cameras, 3D surfaces were reconstructed by using open source 3D-DIC algorithms [28] from which 3D displacements around the ON junction were estimated. Although 3D strains have been studied in inflation testing [20], this metric is not applicable for adduction. Strains obtained from DIC compute only surface deformations by assuming negligible changes in scleral thickness, but compressive deformation during adduction loading invalidates the assumption. Instead of directly computing strains by DIC, since the reconstructed surfaces were tessellated by triangular faces, estimated displacements were used to compute surface areas of triangle meshes and quantify deformations under loading as relative changes in surface areas.




2.7. Tensile Testing


After DIC testing was completed, each whole specimen was sharply divided into anterior, equatorial, posterior, peripapillary sclera; ON; and ON sheath. Except for the ON, each region was dissected into rectangular strips that were used for uniaxial tensile testing [33]. The dissection protocol was the same as in the previous report, including the use of circular trephines to obtain peripapillary scleral specimens [33]. Averaged lengths and widths of the dissected strips were 8.43 ± 1.66 mm and 2.11 ± 0.36 mm, respectively. As elsewhere described in detail, the tensile load cell consisted of a linear motor (Ibex Engineering, Newbury Park, CA, USA) and a sensitive force sensor with ±0.1% error (FUTEK Advanced Sensor Technology, Irvine, CA, USA) in series with a rod supported by a frictionless air bearing within an environmental chamber maintained by thermocouple control at 37 °C over a water bath so that humidity approached 100% [35]. Dimensions of tissues were measured by digital calipers (Mitutoyo Co., Kawasaki, Japan). Using closed feedback control, tissues were elongated until the force sensor indicated 0.02 N as the preloading condition. Then, 6 cycles of 5% preconditioning were applied because stress–strain curves converge after 3 cycles of 5% stretching [33]. After the preconditioning, tensile elongation was performed at 0.07 mm/sec as force and length were sampled at 5 Hz until the specimen ruptured. Engineering stress–strain curves were then plotted for each tissue region.




2.8. Analysis of Tensile Results


Stress–strain curves were fitted by polynomial curves using the built-in function in MATLAB 2017b (MathWorks, Natick, MA, USA). The orders of polynomial equations were manually fitted between 3 and 5 to best fit the data, but otherwise have no particular physical meaning. Tangent moduli were computed by differentiating the polynomial equations. For comparison with previously reported data [33], tangent moduli at strain levels of 3% and 7% were computed. For ON sheath data, bilinear regression of stresses and strains was conducted after logarithmic transformation, minimizing total squared errors. The intersection point between the two lines was considered to be the end of the toe region, as done elsewhere [36].




2.9. Simulation by FEMs


Individualized tensile data were used for individualized FEMs of each specimen. An individualized geometric model was created using SolidWorks 2021 (Dassault Systèmes, Vélizy-Villacoublay, France) for each specimen, encompassing the whole globe and attached ON. For each specimen, measured axial length, transverse globe diameter, and external ON sheath radius at the ON junction were employed (Table 1), while the inner radius of the ON sheath was set to 2.2 mm. Local tissue regions were parameterized individually according to tensile data collected for the anterior, equatorial, posterior, peripapillary sclera; lamina cribrosa; ON; and ON sheath, assuming isotropic hyperelasticity. Reduced polynomial models were used, and the selected model orders were based on a prior study [14]. For the lamina cribrosa, the stress–strain curves were averaged between those of ON and peripapillary sclera, following the previous approach [14,18]. Then the models were imported into the Abaqus 2023 simulation environment (Dassault Systèmes, Vélizy-Villacoublay, France). A total of 540,196 ± 64,198 s order tetrahedral meshes were used for individual FEMs, ensuring mesh convergence [14,18]. The Poisson ratio of tissues was set to 0.495, assuming near incompressibility. As boundary conditions, the ON and its sheath were fixed at the orbital apex, and the perturbation was globe adduction from 26° to 32°. The eye was constrained to rotate about its center. To simulate pre-stretch, stress–strain curves for the ON and its sheath were translated by 5% toward higher values along the strain axis. Models with IOP elevation from 15 to 30 mmHg, but without incremental adduction, were also simulated. The coordinates and connectivity of nodes were exported to define triangles on the scleral surface whose areas were locally computed before and after the loading to quantify local surface area changes.




2.10. Statistical Analysis


Paired t-testing, one- and two-way ANOVA, and linear regression were performed by using GraphPad Prism 9 (GraphPad Software version 9, San Diego, CA, USA). Generalized estimating equation (GEE) was performed using IBM SPSS 25 (Armonk, NY, USA) for multivariate analysis.





3. Results


3.1. Reliability and Repeatability of DIC


By imaging a uniform pattern on the surface of a cylinder of known size, we calibrated the computation of 3D coordinates from pairs of 2D images (Figure 5a). The mean squared error of 3D coordinates was about 10 µm. Assuming that errors for the 3D coordinates for each camera pair are independent and normally distributed, the mean squared error of computed displacements from the pairs would be 14.1 µm. Calibration was also performed by vernier translation of a random pattern in normal and tangential directions (Figure 5b–d) to compare displacement magnitudes and surface area ratios with ideal values (Figure 5c,d). Errors were not significant for translation up to 2 mm in both normal and tangential directions. Since all experimental displacements were smaller than 2 mm, measurements were considered reliable. We also measured duplicate adductions for the same eye, obtaining similar heat maps of the surface area ratios (Figure 5e). The average absolute difference between the dimensionless heat map values across the domain was 0.006.




3.2. Scleral Deformations around the ON Sheath during Adduction


After confirming the reliability and repeatability of 3D-DIC, we investigated whether scleral deformations occur under loading. Thus, three strips of 0.1 mm width over the scleral surface were defined along the nasal, superior and temporal directions (Figure 6a). Surface area ratios are less than one when regions are compressed and exceed one as the region expands. Scleral deformations were confined to within 2 mm from the margin of the ON sheath during both IOP elevation and adduction (Figure 6b,c).



Deformation was quantified by the change in local surface areas of the sclera, represented as ratios of loaded to unloaded areas in defined regions consisting of three fan-shaped sectors of a 30° central angle in the nasal, superior, and temporal regions, as diagrammed in Figure 7a. Because deformations occurred only within 2 mm from the ON sheath (Figure 6b,c), each sector was divided into two annular regions defined by radial distances of 1 and 2 mm from the ON sheath. Changes in surface area ratios were analyzed for each of the local areas defined in this way, during the elevation of the IOP from 15 to 30 mmHg, without altering the ON position (Figure 7d).



In the region 1 mm from the margin of the ON sheath, surface area ratios resulting from IOP elevation were 1.005 ± 0.008, 1.001 ± 0.002, and 0.999 ± 0.010 in nasal, superior, and temporal 1 mm regions (Figure 7d). In the region 2 mm from the margin of the ON sheath, the corresponding values were 1.003 ± 0.003, 1.001 ± 0.002, and 0.998 ± 0.013, respectively. Changes in surface area ratios caused by 6° incremental adduction were also computed (Figure 7e). In the region 1 mm from the margin of the ON sheath, the surface area ratios in the nasal region and superior regions were 0.977 ± 0.021 and 0.994 ± 0.004, and 1.003 ± 0.010 for the temporal region by adduction. The nasal region was compressed significantly within 1 mm of the ON sheath by adduction (p = 0.0236), but not at 2 mm. In the region 2 mm from the margin of the ON sheath, the corresponding values were 0.993 ± 0.007, 0.997 ± 0.003, and 1.003 ± 0.010, respectively. To ascertain that extreme IOP elevation affects the scleral surface, we examined the case of IOP elevation to 45 mmHg for two eyes (Figure 7f). Modest increases in surface area ratios in all nasal, superior, and temporal regions showed that the 3D-DIC analysis can detect small scleral deformations caused by extreme IOP elevation.



We quantitatively compared the effects of adduction and IOP loadings on various scleral regions by computing the mean absolute difference of surface area ratios from unity (Table 2). Adduction-induced appreciable deformations exceeded 2% within 1 mm nasal to the ON sheath during adduction tethering, while deformations were less than 1% elsewhere during adduction, as well as during IOP elevation from 15 to 30 mmHg.




3.3. Uniaxial Tensile Behavior


Uniaxial tensile loading generated stress–strain curves from which tangent moduli were computed (Figure 8a). At 3% strains, tangent moduli of anterior, equatorial, posterior, and peripapillary sclera were 14.0 ± 3.4 MPa, 11.7 ± 3.5 MPa, 7.0 ± 2.9 MPa, and 2.3 ± 1.2 MPa, respectively. The tangent moduli of ONs and ON sheaths at 3% strains were 0.90 ± 0.56 MPa and 1.28 ± 0.50 MPa, respectively. At 6% strain, tangent moduli of anterior, equatorial, posterior, and peripapillary sclera were 22.6 ± 6.6 MPa, 22.2 ± 5.4 MPa, 10.2 ± 4.8 MPa, and 3.2 ± 1.5 MPa, respectively. The tangent moduli at 7% strain of the ON and ON sheath were 1.39 ± 0.61 MPa and 3.02 ± 1.31 MPa, respectively.



Stress σ increased exponentially with strain ε in the form σ~εγ, where γ is a variable exponent. Due to the significant influence of γ, we transformed the data into log–log format: log(σ) = γlog(ε). A single γ value suited all tissues except the ON sheath, which displayed an inflection in the stress–strain curve above which slope increased. Bilinear curve fitting was applied to identify the transition point, achieving a 0.953 goodness of fit in the low strain region and 0.991 in the high strain region. The transition was at around 3.4% strain (Figure 8b, lower right).




3.4. Finite Element Modeling


We considered the effects of strain stiffening in the ON sheath (Figure 8), for the case of 5% pre-stretch to the ON and its sheath at the initial position of 26° adduction. The FEM then simulated the effects of incremental adduction from 26° to 32°, with or without this pre-stretch. A total of 11 eye models were simulated, corresponding to the eyes tested by 3D-DIC.



The sclera was divided into six analytic regions for comparison of DIC data with FEMs (Figure 7a). With or without 5% pre-stretch, temporal scleras exhibited significant strain during incremental adduction from 26° to 32°. However, nasal scleras exhibited significant compression only in models incorporating the 5% pre-stretch, but not without pre-stretch (Figure 9d, paired t-test, p = 0.0053). Deformations of nasal scleras in FEMs with 5% pre-stretch were confined to within 1 mm of the ON sheath insertion, and they were not significant 2 mm from it. For IOP elevation from 15 to 30 mmHg without adduction, FEMs predicted no significant changes from unity in surface area ratios in any scleral regions (Figure 9c). For comparison, simulated largest modulus principal strains are demonstrated for a 5% pre-stretched adduction FEM of an eye from an 82-year-old Caucasian man (Figure 9e) whose ocular dimensions are specified in the first row of Table 1.



The correlation between surface area ratio changes and other variables was investigated using GEE models employing as covariates donor age, axial globe length, transverse globe diameter, and tangent moduli of all tissue regions at 3% and 7%. None of these covariates was significantly associated with changes in surface area during adduction (p > 0.216). However, the ON sheath radius was negatively correlated with the surface area changes (p = 0.046).



Surface area ratios during adduction from 26° to 32° observed by DIC for individual eyes were compared by linear regression with predictions of eye-specific FEMs for scleras nasal and temporal to the ON sheath (Figure 10). For the nasal scleral region, simulations overestimated low and underestimated higher compression; the slope of the regression of simulated vs. observed area change was subunit at 0.220 with a 0.181 coefficient of determination. In temporal regions, simulations overestimated deformations, with a slope of 1.53 and a 0.204 coefficient of determination.





4. Discussion


This ex vivo study replicated a protocol that has been performed in living people using MRI to examine effects of ON tethering caused by incremental adduction from 26–32° [23,24]. While the MRI studies have demonstrated that the ON becomes straight and elongated during this adduction, the resulting local scleral deformations were not detectable due to limited MRI resolution. The focus of the current study was on the sclera observed from a posterior perspective. Adduction significantly compressed the sclera adjacent to the nasal side of its junction with the ON sheath. Individualized FEMs assembled for each eye using tensile properties measured in the ON, ON sheath, and local regions of the sclera for that eye predicted observed changes in the regional scleral surface area.



Comparison between adduction tethering and IOP elevation requires a nuanced approach. Adduction tethering generated larger deformations of the posterior scleral surface than IOP elevation, but this observational perspective is unusual insofar as most other studies of IOP elevation have focused on internal observations of the disc and peripapillary tissues [20]. Even so, this study highlighted that the main driver of the intraocular peripapillary deformations was traction by the ON and its sheath. Given the mechanical stiffness of the peripapillary sclera and anatomical continuity with the optic disc and lamina cribrosa, it is plausible that posterior scleral deformation caused by adduction could be transmitted to the adjacent lamina cribrosa with a magnitude comparable to or exceeding those due to IOP elevation. The current findings are consistent with reports that deformations of the lamina cribrosa by adduction are comparable to those due to IOP elevation [16,18,37]. For example, an OCT study in 228 subjects demonstrated that strains in the lamina cribrosa during only 20° adduction are in the range of those during IOP elevation from 16 to 35 mmHg [37]. Therefore, this current study supports the previous reports that highlight the biomechanical impacts of ON traction during eye movements.



Some previous reports exist on ocular tensile properties [19,33,38,39,40,41,42]. In addition to individual variability among donors of various ages, tensile properties of ocular tissues may depend on experimental conditions such as strain rates [43] and stress levels [38]. Although reports vary for human sclera [33,38,39,40,42], uniaxial tensile tangent moduli at low strains are usually around 10 MPa [38,42] but exceed 20 MPa for higher strains [33,38,40,42]. For human peripapillary scleras, reported tensile tangent moduli have been reported to be less than 10 MPa [33,41]. The mechanical properties of the peripapillary sclera estimated by inverse FEMs [20,41] are within the order of magnitude reported here. The tangent modulus for the human peripapillary sclera has been reported to be 8.6 MPa at 7% strain [33], higher than in the current study. The peripapillary sclera was tested in a 7.5 mm in diameter annular region in the current study, unavoidably limiting the specimen aspect ratio to about 2, although the aspect ratio would preferably exceed 5 for uniaxial tensile testing [44]. Direct tensile measurements of the human lamina cribrosa are scarce and difficult to obtain due to its small anatomical size. Due to the anatomical proximity and similar histological features of the lamina cribrosa and anterior optic nerve, the tensile modulus of the lamina cribrosa was compared to the measured modulus of the ON. The lamina cribrosa has been elsewhere estimated to have a modulus of 0.3 MPa [19], which is comparable to the 0.9 MPa value at 3% strain measured for the ON in the current study. For the human ON sheath, the previously reported tangent modulus at 7% was 11.5 MPa, with a 0.05 N preload [33]. The preload in the current study was 0.02 N, so the preload might account for some difference in observed toe region behavior.



It has been suggested from OCT in living humans that 26° adduction constitutes a critical angle beyond which deformation of peripapillary tissues increases significantly [25]. This angle has been interpreted to be the threshold at which the sinuous ON exhausts its redundancy and becomes straight [18]. Tensions in the ON and its sheath beyond 26° are influenced by stress–strain curves. The current tensile tests show that ON sheath stiffness increases markedly beyond 3.4% strain. Assuming a spherical eye of 12 mm radius [45] in an orbit having average dimensions [18], the distance between the orbital apex and ON junction lengthens by 6.6% at 26° adduction during average measured globe translation [46]. Considering 3% sinuosity of the ON in central gaze [23,24], strain in the ON and its sheath reaches 3.6% at 26° adduction, close to the stress–strain curve transition point illustrated in the lower right panel of Figure 8. This suggests that strain stiffening occurs within the physiological range of adduction, providing an alternative interpretation to the notion that ON straightening at the 26° threshold is the cause of markedly increased deformation of the optic disc and peripapillary tissues beyond this angle [25]. Such logic justifies the inclusion of pre-stretch in FEMs of adduction.



This study implies a potentially pathological significance of adduction tethering for the optic disc and peripapillary region. Scleral deformations caused by ON and sheath traction in adduction are concentrated focally at the ON junction and propagate at most 1–2 mm from the edge of the sheath on the exterior scleral surface. However, at the external surface, the ON sheath radius is much larger at 2.85–3.65 mm (Table 1) than the roughly 0.75 mm radius of the optic disc internal to the eye. In fact, deformations of the disc, peripapillary vessels, and choroid observed intraocularly by cSLO [8,9] and OCT [3,4,5] during horizontal duction occur largely within the region covered on the exterior surface by the ON sheath, and so are invisible to the current external imaging technique. This internal region, which includes the lamina cribrosa, is the site of ON damage in POAG, the world’s largest cause of untreatable blindness [47,48]. Although IOP has been believed to be the cause of POAG, high IOP is no longer definitional of the disease. Many patients, especially Asians [49,50,51,52,53], do not have abnormally high IOP [54], and experience ON damage when IOP is normal [55], as for 30–39% of white [56,57,58], 57% of Black [59], 70% of Chinese [53], and 92% of Japanese [50] people. However, treatment to reduce IOP does not always arrest optic nerve damage [60], so about 20% of patients suffer more damage 5 years after 30% IOP reduction from normal [58], even when IOP is reduced so much that its insufficiency damages sight [61]. Other causes of glaucoma besides IOP have been proposed to include the pressure gradient across the lamina cribrosa of IOP against intracranial pressure [62,63,64,65] or abnormal blood flow in the disc or ON [66], yet the etiology of POAG remains uncertain [55]. Some studies have found no strong relationship between indirectly estimated translaminar pressure and glaucoma [67], as well as the absence of a relationship when gravitational posture was varied during direct measurement of translaminar pressure [68].



Eye movement-related deformation has been proposed as another mechanical etiology for POAG [2,16,17,18,22]. While the healthy ON stretches during adduction tethering, in POAG the ON fails to stretch, abnormally retracts the globe [24], and exaggerates strain on the disc [37]. Deformations of the disc and Bruch’s membrane produced by eye movements exceed IOP-related deformations suggested as pathological to the retina [69], and many-fold those resulting from extreme IOP elevation [70]. Based on FEMs, Wang et al. predicted that 13° abduction induces larger strains of the ON head than does an IOP of 50 mmHg [15]. Consistent with the current findings, the OCT study of Chuangsuwanich et al. reported that adduction induced larger ON head strains for patients with normal-tension glaucoma than for glaucoma patients with elevated IOP [37]. It has been proposed that deformations of the scleral flange due to eye movement might lead to choroidal degeneration observed in glaucoma [71]. If eye movements do drive ON pathology in POAG, therapeutic alternatives to medical and surgical IOP reduction might eventually be considered.



Several limitations of the current study should be acknowledged. The FEMs assumed tissues to be isotropic. This could influence findings because many fibers in the peripapillary sclera are circumferentially oriented [72,73]. Biaxial tensile testing was not practical to perform in this study; while biaxial tensile data might have improved the accuracy of the simulations somewhat, it would probably not have had a large effect since the posterior sclera has been reported to behave isotropically [74]. We have previously reported roughly isotropic behavior of the human optic nerve sheath when tested without preconditioning [75], but have recently recognized that anisotropy emerges after preconditioning and that anisotropy may influence the effect of adduction tethering in the optic disc and peripapillary sclera [76].



Due to imaging path occlusion by the ON gripper, it was not possible to position a camera to capture the sclera inferior to its junction with the ON. More sophisticated mechanical characterizations that consider tissue anisotropy could improve the accuracy of the FEMs. While scleral thickness might influence FEMs, they were not adjusted for variation in scleral thickness, or deviations from spherical globe shape. Prestress over the tissues was not considered in the FEM, although its inclusion enhances simulation accuracy [77]. The mechanical system for this study considered numerous anatomical details while permitting optical imaging from a posterior perspective, but could not incorporate a realistic connective tissue suspension for the eye, and consequently prohibited globe translation. Fortunately, translation was probably not a significant factor since measured globe translation in normal subjects is close to zero during adduction from 26° to 32° [46]. Orbital fat was omitted from the experimental system, potentially resulting in overestimated scleral deformations. However, since the shear modulus of orbital fat is low [78], omission of fat would likely have little effect on the posterior sclera. Suturing of the eye to a rigid holder would alter forces on the sclera anteriorly, but have minimal effects near the ON junction where DIC was performed. Postmortem changes of the ocular tissues might influence biomechanical behavior; the tissues studied here were probably as fresh as practically achievable from human donors, and were obtained within the 72 h window within which scleral viscoelastic properties have been shown to remain stable [29].







Author Contributions


Conceptualization, S.L., J.P. and J.L.D.; methodology, S.L., C.K., S.J., J.P. and S.S.G.; software, S.L.; simulation, S.L. and S.J.; data analysis, S.L.; writing—original draft preparation, S.L. and J.L.D.; writing—review and editing, C.K, S.J., J.P. and S.S.G.; supervision, J.L.D. All authors have read and agreed to the published version of the manuscript.




Funding


This project is funded by National Institutes of Health (NIH) Grant EY008313 and EY000331, and an Unrestricted Grant from Research to Prevent Blindness.




Institutional Review Board Statement


Not applicable. Donor tissue is exempt from the process of Institutional Review Board approval.




Informed Consent Statement


Not applicable.




Data Availability Statement


FEM files are deposited in Zenodo, 10.5281/zenodo.10622409. Image data are deposited in Zenodo, 10.5281/zenodo.10622429. Tensile stress–strain raw data are deposited in Zenodo, 10.5281/zenodo.10622442.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Guitton, D.; Volle, M. Gaze control in humans: Eye-head coordination during orienting movements to targets within and beyond the oculomotor range. J. Neurophysiol. 1987, 58, 427–459. [Google Scholar] [CrossRef]

	



Demer, J.L. Optic nerve sheath as a novel mechanical load on the globe in ocular duction. Investig. Ophthalmol. Vis. Sci. 2016, 57, 1826–1838. [Google Scholar] [CrossRef]

	



Sibony, P.A. Gaze evoked deformations of the peripapillary retina in papilledema and ischemic optic neuropathy. Investig. Ophthalmol. Vis. Sci. 2016, 57, 4979–4987. [Google Scholar] [CrossRef]

	



Wang, X.; Beotra, M.R.; Tun, T.A.; Baskaran, M.; Perera, S.; Aung, T.; Strouthidis, N.G.; Milea, D.; Girard, M.J. In vivo 3-dimensional strain mapping confirms large optic nerve head deformations following horizontal eye movements. Investig. Ophthalmol. Vis. Sci. 2016, 57, 5825–5833. [Google Scholar] [CrossRef] [PubMed]

	



Chang, M.Y.; Shin, A.; Park, J.; Nagiel, A.; Lalane, R.A.; Schwartz, S.D.; Demer, J.L. Deformation of optic nerve head and peripapillary tissues by horizontal duction. Am. J. Ophthalmol. 2017, 174, 85–94. [Google Scholar] [CrossRef]

	



Lee, W.J.; Kim, Y.J.; Kim, J.H.; Hwang, S.; Shin, S.H.; Lim, H.W. Changes in the optic nerve head induced by horizontal eye movements. PLoS ONE 2018, 13, e0204069. [Google Scholar] [CrossRef] [PubMed]

	



Sibony, P.A.; Wei, J.; Sigal, I.A. Gaze-evoked deformations in optic nerve head drusen: Repetitive shearing as a potential factor in the visual and vascular complications. Ophthalmology 2018, 125, 929–937. [Google Scholar] [CrossRef]

	



Le, A.; Chen, J.; Lesgart, M.; Gawargious, B.A.; Suh, S.Y.; Demer, J.L. Age-dependent deformation of the optic nerve head and peripapillary retina by horizontal duction. Am. J. Ophthalmol. 2020, 209, 107–116. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Moon, S.; Lim, S.; Demer, J.L. Scanning laser ophthalmoscopy demonstrates disc and peripapillary strain during horizontal eye rotation in adults. Am. J. Ophthalmol. 2023, 254, 114–127. [Google Scholar] [CrossRef]

	



Lim, S.; Tran, A.; Garcia, S.S.; Demer, J.L. Optical coherence tomography angiography demonstrates strain and volume effects on optic disk and peripapillary vasculature caused by horizontal duction. Curr. Eye Res. 2023, 48, 518–527. [Google Scholar] [CrossRef]

	



Lim, S.; Demer, J.L. Empirical quantification of optic nerve strain due to horizontal duction. Bioengineering 2023, 10, 931. [Google Scholar] [CrossRef]

	



Ayyalasomayajula, A.; Park, R.I.; Simon, B.R.; Vande Geest, J.P. A porohyperelastic finite element model of the eye: The influence of stiffness and permeability on intraocular pressure and optic nerve head biomechanics. Comput. Methods Biomech. Biomed. Eng. 2016, 19, 591–602. [Google Scholar] [CrossRef] [PubMed]

	



Schwaner, S.A.; Perry, R.N.; Kight, A.M.; Winder, E.; Yang, H.; Morrison, J.C.; Burgoyne, C.F.; Ross Ethier, C. Individual-specific modeling of rat optic nerve head biomechanics in glaucoma. J. Biomech. Eng. 2021, 143, 041004. [Google Scholar] [CrossRef] [PubMed]

	



Jafari, S.; Lu, Y.; Park, J.; Demer, J.L. Finite element model of ocular adduction by active extraocular muscle contraction. Investig. Ophthalmol. Vis. Sci. 2021, 62, 1. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Rumpel, H.; Lim, W.E.H.; Baskaran, M.; Perera, S.A.; Nongpiur, M.E.; Aung, T.; Milea, D.; Girard, M.J. Finite element analysis predicts large optic nerve head strains during horizontal eye movements. Investig. Ophthalmol. Vis. Sci. 2016, 57, 2452–2462. [Google Scholar] [CrossRef]

	



Wang, X.; Fisher, L.K.; Milea, D.; Jonas, J.B.; Girard, M.J. Predictions of optic nerve traction forces and peripapillary tissue stresses following horizontal eye movements. Investig. Ophthalmol. Vis. Sci. 2017, 58, 2044–2053. [Google Scholar] [CrossRef] [PubMed]

	



Shin, A.; Yoo, L.; Park, J.; Demer, J.L. Finite element biomechanics of optic nerve sheath traction in adduction. J. Biomech. Eng. 2017, 139, 101010. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Shin, A.; Demer, J.L. Finite element modeling of effects of tissue property variation on human optic nerve tethering during adduction. Sci. Rep. 2022, 12, 18985. [Google Scholar] [CrossRef] [PubMed]

	



Eilaghi, A.; Flanagan, J.G.; Simmons, C.A.; Ethier, C.R. Effects of scleral stiffness properties on optic nerve head biomechanics. Ann. Biomed. Eng. 2010, 38, 1586–1592. [Google Scholar] [CrossRef]

	



Coudrillier, B.; Tian, J.; Alexander, S.; Myers, K.M.; Quigley, H.A.; Nguyen, T.D. Biomechanics of the human posterior sclera: Age-and glaucoma-related changes measured using inflation testing. Investig. Ophthalmol. Vis. Sci. 2012, 53, 1714–1728. [Google Scholar] [CrossRef]

	



Grytz, R.; Fazio, M.A.; Girard, M.J.; Libertiaux, V.; Bruno, L.; Gardiner, S.; Girkin, C.A.; Downs, J.C. Material properties of the posterior human sclera. J. Mech. Behav. Biomed. Mater. 2014, 29, 602–617. [Google Scholar] [CrossRef] [PubMed]

	



Demer, J.L.; Clark, R.A.; Suh, S.Y.; Giaconi, J.A.; Nouri-Mahdavi, K.; Law, S.K.; Bonelli, L.; Coleman, A.L.; Caprioli, J. Magnetic resonance imaging of optic nerve traction during adduction in primary open-angle glaucoma with normal intraocular pressure. Investig. Ophthalmol. Vis. Sci. 2017, 58, 4114–4125. [Google Scholar] [CrossRef] [PubMed]

	



Demer, J.L.; Clark, R.A.; Suh, S.Y.; Giaconi, J.A.; Nouri-Mahdavi, K.; Law, S.K.; Bonelli, L.; Coleman, A.L.; Caprioli, J. Optic nerve traction during adduction in open angle glaucoma with normal versus elevated intraocular pressure. Curr. Eye Res. 2020, 45, 199–210. [Google Scholar] [CrossRef] [PubMed]

	



Clark, R.A.; Suh, S.Y.; Caprioli, J.; Giaconi, J.A.; Nouri-Mahdavi, K.; Law, S.K.; Bonelli, L.; Coleman, A.L.; Demer, J.L. Adduction-induced strain on the optic nerve in primary open angle glaucoma at normal intraocular pressure. Curr. Eye Res. 2021, 46, 568–578. [Google Scholar] [CrossRef] [PubMed]

	



Suh, S.Y.; Le, A.; Shin, A.; Park, J.; Demer, J.L. Progressive deformation of the optic nerve head and peripapillary structures by graded horizontal duction. Investig. Ophthalmol. Vis. Sci. 2017, 58, 5015–5021. [Google Scholar]

	



Suh, S.Y.; Clark, R.A.; Demer, J.L. Optic nerve sheath tethering in adduction occurs in esotropia and hypertropia, but not in exotropia. Investig. Ophthalmol. Vis. Sci. 2018, 59, 2899–2904. [Google Scholar] [CrossRef] [PubMed]

	



Spaide, R.F. Applications for OCT Enhanced depth imaging. Retin. Today Sept. 2011, 57–60. Available online: https://retinatoday.com/articles/2011-sept/applications-for-oct-enhanced-depth-imaging (accessed on 26 April 2024).

	



Solav, D.; Moerman, K.M.; Jaeger, A.M.; Genovese, K.; Herr, H.M. MultiDIC: An open-source toolbox for multi-view 3D digital image correlation. IEEE Access 2018, 6, 30520–30535. [Google Scholar] [CrossRef]

	



Girard, M.; Suh, J.K.; Hart, R.T.; Burgoyne, C.F.; Downs, J.C. Effects of storage time on the mechanical properties of rabbit peripapillary sclera after enucleation. Curr. Eye Res. 2007, 32, 465–470. [Google Scholar] [CrossRef] [PubMed]

	



Morch, A.; Astruc, L.; Mayeur, O.; Witz, J.F.; Lecomte-Grosbras, P.; Brieu, M. Is there any objective and independent characterization and modeling of soft biological tissues? J. Mech. Behav. Biomed. Mater. 2020, 110, 103915. [Google Scholar] [CrossRef]

	



Bianco, G.; Levy, A.M.; Grytz, R.; Fazio, M.A. Effect of different preconditioning protocols on the viscoelastic inflation response of the posterior sclera. Acta Biomater. 2021, 128, 332–345. [Google Scholar] [CrossRef]

	



Tonge, T.K.; Murienne, B.J.; Coudrillier, B.; Alexander, S.; Rothkopf, W.; Nguyen, T.D. Minimal preconditioning effects observed for inflation tests of planar tissues. J. Biomech. Eng. 2013, 135, 114502. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Shin, A.; Jafari, S.; Demer, J.L. Material properties and effect of preconditioning of human sclera, optic nerve, and optic nerve sheath. Biomech. Model. Mechanobiol. 2021, 20, 1353–1363. [Google Scholar] [CrossRef] [PubMed]

	



Shapiro, R. Direct linear transformation method for three-dimensional cinematography. Res. Q. 1978, 49, 197–205. [Google Scholar] [CrossRef] [PubMed]

	



Shin, A.; Yoo, L.; Demer, J.L. Biomechanics of superior oblique Z-tenotomy. J. AAPOS 2013, 17, 612–617. [Google Scholar] [CrossRef] [PubMed]

	



Wan, C.; Hao, Z.; Wen, S.; Leng, H. A quantitative study of the relationship between the distribution of different types of collagen and the mechanical behavior of rabbit medial collateral ligaments. PLoS ONE 2014, 9, e103363. [Google Scholar] [CrossRef] [PubMed]

	



Chuangsuwanich, T.; Tun, T.A.; Braeu, F.A.; Wang, X.; Chin, Z.Y.; Panda, S.K.; Buist, M.; Milea, D.; Strouthidis, N.; Perera, S.; et al. Adduction induces large optic nerve head deformations in subjects with normal-tension glaucoma. Br. J. Ophthalmol. 2024, 108, 522–529. [Google Scholar] [CrossRef] [PubMed]

	



Geraghty, B.; Jones, S.W.; Rama, P.; Akhtar, R.; Elsheikh, A. Age-related variations in the biomechanical properties of human sclera. J. Mech. Behav. Biomed. Mater. 2012, 16, 181–191. [Google Scholar] [CrossRef] [PubMed]

	



Friberg, T.R.; Lace, J.W. A comparison of the elastic properties of human choroid and sclera. Exp. Eye Res. 1988, 47, 429–436. [Google Scholar] [CrossRef]

	



Wollensak, G.; Spoerl, E. Collagen crosslinking of human and porcine sclera. J. Cataract. Refract. Surg. 2004, 30, 689–695. [Google Scholar] [CrossRef]

	



Girard, M.J.; Downs, J.C.; Bottlang, M.; Burgoyne, C.F.; Suh, J.K.F. Peripapillary and posterior scleral mechanics—Part II: Experimental and inverse finite element characterization. ASME J. Biomech. Eng. 2009, 131, 051012. [Google Scholar] [CrossRef]

	



Elsheikh, A.; Geraghty, B.; Alhasso, D.; Knappett, J.; Campanelli, M.; Rama, P. Regional variation in the biomechanical properties of the human sclera. Exp. Eye Res. 2010, 90, 624–633. [Google Scholar] [CrossRef] [PubMed]

	



Kim, W.; Argento, A.; Rozsa, F.W.; Mallett, K. Constitutive behavior of ocular tissues over a range of strain rates. ASME J. Biomech. Eng. 2012, 134, 061002. [Google Scholar] [CrossRef]

	



Wale, M.E.; Nesbitt, D.Q.; Henderson, B.S.; Fitzpatrick, C.K.; Creechley, J.J.; Lujan, T.J. Applying ASTM standards to tensile tests of musculoskeletal soft tissue: Methods to reduce grip failures and promote reproducibility. J. Biomech. Eng. 2021, 143, 011011. [Google Scholar] [CrossRef] [PubMed]

	



Bekerman, I.; Gottlieb, P.; Vaiman, M. Variations in eyeball diameters of the healthy adults. J. Ophthalmol. 2014, 2014, 503645–503649. [Google Scholar] [CrossRef] [PubMed]

	



Demer, J.L.; Clark, R.A. Translation and eccentric rotation in ocular motor modeling. Prog. Brain Res. 2019, 248, 117–126. [Google Scholar]

	



Kapetanakis, V.V.; Chan, M.P.; Foster, P.J.; Cook, D.G.; Owen, C.G.; Rudnicka, A.R. Global variations and time trends in the prevalence of primary open angle glaucoma (POAG): A systematic review and meta-analysis. Br. J. Ophthalmol. 2016, 100, 86–93. [Google Scholar] [CrossRef]

	



Kingman, S. Glaucoma is second leading cause of blindness globally. Bull. World Health Organ. 2004, 82, 887–888. [Google Scholar]

	



Shi, D.; Funayama, T.; Mashima, Y.; Takano, Y.; Shimizu, A.; Yamamoto, K.; Mengkegale, M.; Miyazawa, A.; Yasuda, N.; Fukuchi, T.; et al. Association of HK2 and NCK2 with normal tension glaucoma in the Japanese population. PLoS ONE 2013, 8, e54115. [Google Scholar] [CrossRef]

	



Iwase, A.; Suzuki, Y.; Araie, M.; Yamamoto, T.; Abe, H.; Shirato, S.; Kuwayama, Y.; Mishima, H.K.; Shimizu, H.; Tomita, G.; et al. The prevalence of primary open-angle glaucoma in Japanese: The Tajimi Study. Ophthalmology 2004, 111, 1641–1648. [Google Scholar] [CrossRef]

	



Kim, C.S.; Seong, G.J.; Lee, N.H.; Song, K.C.; Ahn, B.H.; Ahn, M.D.; Baek, N.H.; Choi, K.R.; Ha, S.J.; Han, G.H.; et al. Prevalence of primary open-angle glaucoma in central South Korea: The Namil study. Ophthalmology 2011, 118, 1024–1030. [Google Scholar] [CrossRef]

	



Ha, A.; Kim, Y.K.; Jeoung, J.W.; Kim, D.M.; Park, K.H. Association of angle width with progression of normal-tension glaucoma: A minimum 7-year follow-up study. JAMA Ophthalmol. 2019, 137, 13–20. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Solano, M.M.; Oldenburg, C.E.; Liu, T.; Wang, Y.; Wang, N.; Lin, S.C. Prevalence of normal-tension glaucoma in the Chinese population: A systematic review and meta-analysis. Am. J. Ophthalmol. 2019, 199, 101–110. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.A.; Kim, T.W.; Lee, E.J.; Girard, M.J.; Mari, J.M. Lamina cribrosa morphology in glaucomatous eyes with hemifield defect in a Korean population. Ophthalmology 2019, 126, 692–701. [Google Scholar] [CrossRef] [PubMed]

	



Killer, H.; Pircher, A. Normal tension glaucoma: Review of current understanding and mechanisms of the pathogenesis. Eye 2018, 32, 924–930. [Google Scholar] [CrossRef] [PubMed]

	



Sommer, A.; Tielsch, J.M.; Katz, J.; Quigley, H.A.; Gottsch, J.D.; Javitt, J.C.; Martone, J.F.; Royall, R.M.; Witt, K.A.; Ezrine, S. Racial differences in the cause-specific prevalence of blindness in east Baltimore. N. Engl. J. Med. 1991, 325, 1412–1417. [Google Scholar] [CrossRef] [PubMed]

	



Bonomi, L.; Marchini, G.; Marraffa, M.; Bernardi, P.; De Franco, I.; Perfetti, S.; Varotto, A.; Tenna, V. Prevalence of glaucoma and intraocular pressure distribution in a defined population: The Egna-Neumarkt Study. Ophthalmology 1998, 105, 209–215. [Google Scholar] [CrossRef]

	



Klein, B.E.; Klein, R.; Sponsel, W.E.; Franke, T.; Cantor, L.B.; Martone, J.; Menage, M.J. Prevalence of glaucoma: The Beaver Dam eye study. Ophthalmology 1992, 99, 1499–1504. [Google Scholar] [CrossRef] [PubMed]

	



Rotchford, A.P.; Johnson, G.J. Glaucoma in Zulus: A population-based cross-sectional survey in a rural district in South Africa. Arch. Ophthalmol. 2002, 120, 471–478. [Google Scholar] [CrossRef]

	



Seol, B.R.; Kim, S.; Kim, D.M.; Park, K.H.; Jeoung, J.W.; Kim, S.H. Influence of intraocular pressure reduction on progression of normal-tension glaucoma with myopic tilted disc and associated risk factors. Jpn. J. Ophthalmol. 2017, 61, 230–236. [Google Scholar] [CrossRef]

	



Tseng, V.L.; Kim, C.H.; Romero, P.T.; Yu, F.; Robertson-Brown, K.W.; Phung, L.; Raygoza, D.; Caprioli, J.; Coleman, A.L. Risk factors and long-term outcomes in patients with low intraocular pressure after trabeculectomy. Ophthalmology 2017, 124, 1457–1465. [Google Scholar] [CrossRef]

	



Siaudvytyte, L.; Januleviciene, I.; Ragauskas, A.; Bartusis, L.; Siesky, B.; Harris, A. Update in intracranial pressure evaluation methods and translaminar pressure gradient role in glaucoma. Acta Ophthalmol. 2015, 93, 9–15. [Google Scholar] [CrossRef]

	



Jonas, J.B.; Yang, D.; Wang, N. Intracranial pressure and glaucoma. J. Glaucoma 2013, 22, S13–S14. [Google Scholar] [CrossRef] [PubMed]

	



Berdahl, J.P.; Fautsch, M.P.; Stinnett, S.S.; Allingham, R.R. Intracranial pressure in primary open angle glaucoma, normal tension glaucoma, and ocular hypertension: A case–control study. Investig. Ophthalmol. Vis. Sci. 2008, 49, 5412–5418. [Google Scholar] [CrossRef] [PubMed]

	



Berdahl, J.P.; Allingham, R.R. Intracranial pressure and glaucoma. Curr. Opin. Ophthalmol. 2010, 21, 106–111. [Google Scholar] [CrossRef] [PubMed]

	



Gramer, G.; Weber, B.H.; Gramer, E. Migraine and vasospasm in glaucoma: Age-related evaluation of 2027 patients with glaucoma or ocular hypertension. Investig. Ophthalmol. Vis. Sci. 2015, 56, 7999–8007. [Google Scholar] [CrossRef] [PubMed]

	



Pircher, A.; Remonda, L.; Weinreb, R.N.; Killer, H.E. Translaminar pressure in Caucasian normal tension glaucoma patients. Acta Ophthalmol. 2017, 95, e524–e531. [Google Scholar] [CrossRef] [PubMed]

	



Lindén, C.; Qvarlander, S.; Jóhannesson, G.; Johansson, E.; Östlund, F.; Malm, J.; Eklund, A. Normal-tension glaucoma has normal intracranial pressure: A prospective study of intracranial pressure and intraocular pressure in different body positions. Ophthalmology 2018, 125, 361–368. [Google Scholar] [CrossRef] [PubMed]

	



Fortune, B. Pulling and tugging on the retina: Mechanical impact of glaucoma beyond the optic nerve head. Investig. Ophthalmol. Vis. Sci. 2019, 60, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.X.; Jiang, R.; Wang, N.L.; Xu, L.; Jonas, J.B. Acute peripapillary retinal pigment epithelium changes associated with acute intraocular pressure elevation. Ophthalmology 2015, 122, 2022–2028. [Google Scholar] [CrossRef]

	



Hong, S.; Yang, H.; Gardiner, S.K.; Luo, H.; Sharpe, G.P.; Caprioli, J.; Demirel, S.; Girkin, C.A.; Mardin, C.Y.; Quigley, H.A.; et al. OCT optic nerve head morphology in myopia III: The exposed neural canal region in healthy eyes–implications for high myopia. Am. J. Ophthalmol. 2024, 258, 55–75. [Google Scholar] [CrossRef]

	



Pijanka, J.K.; Spang, M.T.; Sorensen, T.; Liu, J.; Nguyen, T.D.; Quigley, H.A.; Boote, C. Depth-dependent changes in collagen organization in the human peripapillary sclera. PLoS ONE 2015, 10, e0118648. [Google Scholar] [CrossRef] [PubMed]

	



Coudrillier, B.; Boote, C.; Quigley, H.A.; Nguyen, T.D. Scleral anisotropy and its effects on the mechanical response of the optic nerve head. Biomech. Model. Mechanobiol. 2013, 12, 941–963. [Google Scholar] [CrossRef] [PubMed]

	



Eilaghi, A.; Flanagan, J.G.; Tertinegg, I.; Simmons, C.A.; Brodland, G.W.; Ethier, C.R. Biaxial mechanical testing of human sclera. J. Biomech. 2010, 43, 1696–1701. [Google Scholar] [CrossRef] [PubMed]

	



Shin, A.; Park, J.; Le, A.; Poukens, V.; Demer, J.L. Bilaminar mechanics of the human optic nerve sheath. Curr. Eye Res. 2020, 45, 854–863. [Google Scholar] [CrossRef]

	



Jafari, S.; Demer, J.L. Finite element model (FEM) of the effect of optic nerve (ON) sheath anisotropy on ocular loading during horizontal duction. In Proceedings of the ARVO 2024 Annual Meeting, Seattle, WA, USA, 5–9 May 2024. Abstract number 5173. [Google Scholar]

	



Grytz, R.; Downs, J.C. A forward incremental prestressing method with application to inverse parameter estimations and eye-specific simulations of posterior scleral shells. Comput. Methods Biomech. Biomed. Eng. 2013, 16, 768–780. [Google Scholar] [CrossRef]

	



Schoemaker, I.; Hoefnagel, P.P.; Mastenbroek, T.J.; Kolff, C.F.; Schutte, S.; van der Helm, F.C.; Picken, S.J.; Gerritsen, A.F.; Wielopolski, P.A.; Spekreijse, H.; et al. Elasticity, viscosity, and deformation of orbital fat. Investig. Ophthalmol. Vis. Sci. 2006, 47, 4819–4826. [Google Scholar] [CrossRef]








[image: Bioengineering 11 00452 g002] 





Figure 2. Sample preparation. (a) Globe was sutured to fixation ring, and infusion cannula inserted in anterior sclera over the pars plana. (b) Speckles of cast iron dust were randomly applied to the surface by using a pneumatic applicator. (c) Speckle pattern on the sclera permitted optical tracking of local scleral deformation. 
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Figure 3. Setup for 3D-DIC. (a) Overall system, including the whole eye warmed and humidified via the white air tube, cameras, and curve guide for the gripper holding the distal ON. (b) Close-up of imaging system. (c) Magnified image of an eye in its ring holder, with the ON gripper at the upper left. 
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Figure 4. Schematic diagram for geometric computation. (a,b) Diagram demonstrating equivalence between rotation of eye versus shifting the ON gripper along its supporting arc. Colored arrow arcs indicate rotations. In these two panels, r is the globe radius and ϕ the azimuth of the ON junction. The gripper location can be specified by the distance R and the incremental angle χ, where θ indicates the angle of eye rotation and ψ the angular arc of travel for the gripper. The blue and red lines correspond to the ON path at the initial and deformed configuration. (c) Globe in eye holder with superimposed virtual orbital apex. Because of the offset between the globe center and the ON junction, the alignment of the ON and the clamp vary slightly from collinearity. (d) Extension proportion of the ON length during incremental adduction. Angles are exaggerated in panels b and d for diagrammatic clarity. 
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Figure 5. Verification systems for 3D-DIC. (a) Cylindrical standard to calibrate 3D coordinates. (b) Linear translation of pattern on vernier mount. (c) Measured displacement magnitudes by 3D-DIC correspond closely to actual. (d) Surface area ratios remained at nominal unity for normal and tangential translation up to at least 2 mm. (e) Repeatability of surface area testing of the same eye by 3D-DIC. 
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Figure 6. Propagation of changes in scleral strip surface area measured by DIC. (a) Three strips were analyzed. (b) IOP elevation from 15 to 30 mmHg. (c) Adduction by 6° changed surface area within 1.2 mm of the nasal edge of the ON sheath. Significance is by two-way ANOVA. SD—standard deviation. 
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Figure 7. Relative changes in regional scleral surface area measured by DIC. (a) Diagram of scleral regions analyzed. Heat maps for the surface area ratio of a representative eye loaded by (b) IOP elevation from 15 to 30 mmHg and (c) adduction from 26° to 32°. Mean change in surface area ratios for all eyes during loading by (d) IOP elevation from 15 to 30 mmHg and (e) adduction from 26° to 32°. (f) Effect of moderate and extreme IOP elevation from 15 to 30 and 45 mmHg in scleral regions within 1 mm from the ON sheath (N = 2 eyes). Significance is by two-way ANOVA. SD—standard deviation. 
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Figure 8. Individual (gray) and average (black) engineering tensile stress–strain curves for 11 human scleras, ONs, and ON sheaths: (a) linear scale and (b) log scale. Note that the ordinate range is larger in the top than lower rows. 
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Figure 9. Surface area ratios from eye-specific FEMs. (a) Adduction without 5% pre-stretch. (b) Adduction with 5% pre-stretch. (c) IOP elevation from 15 to 30 mmHg. (d) Adduction loading was predicted to compress the surface area ratios in the nasal region within 1 mm of the ON sheath, but was significant only with pre-stretch of the ON and ON sheath. (e) Visualization of largest modulus principal strains for adduction with 5% pre-stretch for the eye in the first row in Table 1. SD—standard deviation. Paired t-tests and two-way ANOVA. 
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Figure 10. Correlation of observed changes, and changes predicted by individualized FEMs, in posterior scleral surface area caused by incremental adduction from 26° to 32° (11 eyes). FEMs incorporated 5% pre-stretch in the ON and ON sheath. Each symbol represents a nasal or temporal scleral region, 1 mm from the ON sheath border. Solid and dotted lines represent linear regressions. 
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Table 1. Specimens tested.
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	No.
	Axial Length (mm)
	Transverse Diameter (mm)
	ON Length (mm)
	ON Sheath Outer Radius (mm)
	Enucleation to Delivery Time (h)





	1
	23.7
	23.2
	14.4
	3.65
	38



	2
	25.9
	24.3
	22.0
	3.12
	28



	3
	25.7
	24.5
	17.2
	2.85
	28



	4
	24.2
	23.9
	15.1
	3.05
	65



	5
	24.5
	24.2
	13.4
	3.12
	65



	6
	24.5
	23.1
	19.9
	3.25
	31



	7
	24.5
	23.0
	18.1
	2.81
	31



	8
	25.0
	25.6
	23.5
	3.21
	31



	9
	25.1
	24.7
	16.0
	3.03
	42



	10
	25.9
	25.9
	17.4
	2.86
	32



	11
	25.8
	25.8
	17.7
	3.51
	32







ON—optic nerve.













 





Table 2. Surface area ratio mean absolute difference from unity.
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	IOP Elevation

15 to 30 mmHg
	Adduction

26° to 32°





	1 mm nasal
	0.0057
	0.0228



	1 mm superior
	0.0019
	0.0062



	1 mm temporal
	0.0062
	0.0072



	2 mm nasal
	0.0032
	0.0071



	2 mm superior
	0.0019
	0.0033



	2 mm temporal
	0.0061
	0.0064
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