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Abstract

Biomechanics – the study of the relationship between forces and function in living organisms – is 

thought to play a critical role in a significant number of ophthalmic disorders. This is not 

surprising, as the eye is a pressure vessel that requires a delicate balance of forces to maintain its 

homeostasis. Over the past few decades, basic science research in ophthalmology mostly 

confirmed that ocular biomechanics could explain in part the mechanisms involved in almost all 

major ophthalmic disorders such as optic nerve head neuropathies, angle closure, ametropia, 

presbyopia, cataract, corneal pathologies, retinal detachment, and macular degeneration. 

Translational biomechanics in ophthalmology, however, is still in its infancy. It is believed that its 

use could make significant advances in diagnosis and treatment. Several translational 
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biomechanics strategies are already emerging, such as corneal stiffening for the treatment of 

keratoconus, and more are likely to follow. This review aims to cultivate the idea that 

biomechanics plays a major role in ophthalmology and that its clinical translation, lead by 

collaborative teams of clinicians and biomedical engineers, will benefit our patients. Specifically, 

recent advances and future prospects in corneal, iris, trabecular meshwork, crystalline lens, scleral 

and lamina cribrosa biomechanics are discussed.
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Introduction

Biomechanics is the science concerned with the origin and effects of forces that act within 

and upon living organisms at the molecular, cellular, tissue, organ, and body level[1]. 

Biomechanics considerably enhances our knowledge of human physiology and 

pathophysiology, allowing us to understand and predict the alterations, remodelling, and 

failures of certain tissues and organs, and can permit the development of novel clinical and 

personalized strategies for the management, diagnosis, prognosis, and treatment of 

biomechanically-related pathologies. The fields of cardiovascular research, orthopaedics and 

rehabilitation, represent excellent examples in which biomechanics has made a translational 

impact in current healthcare systems. Biomechanical solutions in these areas are used 

routinely in clinical practice for 1) diagnosis such as arterial pulse-wave analysis for the 

diagnosis of hypertension, and 2) therapy such as stent implantation for treating 

atherosclerosis and aneurysms, prosthetic heart valves for valvular heart disease, and knee 

replacement implants for osteoarthritis.

Surprisingly, the extent of translational advances in biomechanics in the field of 

ophthalmology is relatively limited. While the eye is more commonly thought of as an 

optical rather than a mechanical system, biomechanics does indeed play a critical role in a 

significant number of ophthalmic pathologies. Despite the fact that the eye represents a 

challenge for biomechanical research due to its size, we have still witnessed, over the past 

two decades, the emergence of multiple areas of research related to ocular biomechanics. 

For instance, scleral and lamina cribrosa (LC) biomechanics contribute to our understanding 

of myopia[2] and open-angle glaucoma[3] (OAG); iris and trabecular meshwork (TM) 

biomechanics to that of angle-closure glaucoma[4, 5]; vitreous biomechanics to that of 

retinal detachment and ocular drug delivery[6]; corneal biomechanics to that of keratoconus 

[7]; and lens capsule biomechanics to that of cataract[8]. Although, the majority of these 

endeavors have been limited to basic science research, many of them may be on the cusp of 

translational impact.

This review aims to discuss how recent knowledge of ocular biomechanics could be 

translated into clinical practice for the benefit of patients. It offers a general overview of 

recent advances in corneal, iris, TM, crystalline lens, scleral and LC biomechanics and 

discusses how engineers and clinicians can collaborate to effectively bring ocular 
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biomechanics to the clinic. This review summarises the Special Interest Group session 

conducted during the 2013 annual meeting of the Association for Research in Vision and 

Ophthalmology in Seattle, USA. Ocular biomechanics is a rapidly growing field and other 

areas of ocular biomechanics (retina, choroid, lens capsule, vitreous and extra-ocular muscle 

biomechanics as well as ocular blood flow) are not covered in this review.

Corneal Biomechanics

The cornea boasts one of nature's most explicit relationships between structure and function. 

The relationship between corneal shape and retinal image quality is the basis for an entire 

field of surgical practice - keratorefractive surgery - and is the mediator of vision loss in 

disorders such as keratoconus and post-refractive surgery ectasia. The cornea's geometry is, 

in turn, a product of its constitutive elements, their mechanical properties, and a host of 

biological processes responsible for maintenance, repair, and disease. Due to this high level 

of structure-function integration and the accessibility of the tissue, the cornea provides an 

excellent medium for pursuing the goals of personalized risk assessment and treatment 

optimization through biomechanical characterization and structural simulation.

Corneal Biomechanics and Associated Disease

The normal corneal structure confers the critical optical property of transparency while 

providing the mechanical integrity required to conserve anterior corneal curvature over a 

wide range of loads and hydration levels.[9] Alterations of this structural equilibrium have 

direct visual consequences. The stroma and its anterior condensation, Bowman layer, are the 

chief collagenous layers of the cornea and provide the bulk of the cornea's strength. Within a 

matrix that is approximately 78% water by weight,[10] hundreds of collagen lamellae 

traverse the cornea. Peripheral disruption of these fibers produces an in-axis flattening effect 

responsible for the refractive effects of astigmatic keratotomy and hyperopic shift in 

photoablative keratectomy.[11] A predominantly circumferential population of fibrils in the 

corneal periphery[12] conserves limbal dimensions[13] and, when incised, leads to a more 

generalized central flattening response such as that seen after radial keratotomy. In the 

anterior stroma, more collagen interweaving[14-16] and greater numbers of transverse fiber 

elements[17, 18] lead to a logarithmic increase in elastic strength from the posterior to 

anterior stroma[17-19] that has important implications for the depth-dependent 

biomechanical response of the cornea to refractive surgery. Interlamellar cohesive strength, 

which derives in part from the presence of crossing fibers, increases as a function of age,[19] 

varies by meridian,[20] and is lowest in the inferior cornea where the corneal steepening in 

ectasia most often manifests.[20]

Findings in keratoconus explants suggest that loss of the preferred collagen orientation,[21] 

fragmentation of Bowman layer, and absence of the typical transverse collagen insertions 

into Bowman layer[22] may contribute to decreased elastic strength[23] and abnormal shear 

behavior such as lamellar “slippage.”[21, 24, 25] Similar findings have been observed in 

histological and ultrastructural studies of corneas that manifested ectasia after refractive 

surgery.[24] The current state of the art for assessing ectasia risk in refractive surgery 

candidates[26] highlights 5 readily measurable risk factors for post-LASIK ectasia: young 

age—a surrogate for corneal elastic strength, which tends to increase in an age-dependent 
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manner,[27] high myopic ablation, topographic abnormalities, and low central corneal 

residual stromal bed thickness.[26] However, such screening tools suffer from a dependence 

on retrospective regression models culled from incomplete representations of the cornea's 

complex 3-dimensional structure and equally complex surgical geometries.[28] 

Furthermore, no risk models account explicitly for corneal biomechanical properties, which 

presumably are the final common pathway for development of ectasia.[29]

In vivo Measurement of Corneal Biomechanical Properties

For the reasons summarized above, the capability to measure mechanical properties in a 

clinical setting is a major translational priority. At the time of writing, the only 

commercially available device specifically approved for measurement of corneal properties 

is the Ocular Response Analyzer (ORA, Reichert, Inc.). This modification of the 

pneumotonometry principle quantifies the dynamics of corneal deformation and recovery 

during a variable air-puff mediated deformation and provides a measure of corneal 

hysteresis (CH).[30] CH is the difference between the ingoing and outgoing applanation 

pressures and represents the energy loss due to viscous damping in the cornea and 

extracorneal structures.[31] Both CH and a closely related variable, the corneal resistance 

factor (CRF), are reduced in eyes affected by keratoconus,[30] suggesting a reduced 

capacity for viscous damping in ectatic disease. The magnitude of this decrease is correlated 

to keratoconus severity,[32] but the sensitivity and specificity of CH and CRF to 

differentiate normal eyes from those with low-grade or forme fruste keratoconus are low.

[33] Further analysis of waveform signal features and their diagnostic performance is an 

active area of current investigation that is improving the sensitivity and specificity of the 

ORA.[34-36] The CorvisST (Oculus), currently approved only for intraocular pressure 

(IOP) measurement, employs a similar deformation technique but with a non-varying 

maximum air pressure and monitors one cross-section of the deforming horizontal meridian 

with a high-speed Scheimpflug camera. Analysis of the deformation characteristics of the 

cornea from these images is ongoing and may allow for more direct inferences of 

biomechanical behavior than applanation monitoring alone. However, neither technique is 

suited for spatial characterization of properties.

Emerging techniques that have demonstrated potential for clinical implementation and the 

possibility of 3D characterization of corneal properties include supersonic shear imaging,

[37] corneal optical coherence elastography (Figure 1),[38, 39] and Brillouin light scattering 

microscopy.[40, 41] With continued development, these and other methods for non-

destructive mapping of corneal material properties are likely to significantly increase the 

sensitivity of keratoconus diagnosis by allowing detection of elastic property minima and 

other abnormalities of property distribution. Such data are also likely to enhance the fidelity 

of patient-specific predictive models and shift risk assessment and surgical planning 

paradigms from generalized empirical models to a more personalized, deterministic 

approach.

Toward Simulation-Based Treatment of Corneal Disease and Refractive Error

The finite element method has been used to simulate the effects of radial keratotomy,[42-45] 

astigmatic keratotomy,[46-48], cataract incisions[49], phototherapeutic keratectomy,[50, 51] 
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PRK[52, 53] and LASIK,[53-57] intracorneal ring segments,[58] and keratoconus[55, 59, 

60] on the corneal structure. A more recent emphasis on use of patient-specific geometries 

obtained from clinical imaging devices has begun to bridge the gap between generalized 

results and more direct clinical validation of models, an important step toward use of 

simulation in clinical practice [7, 29, 49, 54, 61].

An example of the utility of patient-specific models that could ultimately help in guiding 

interventions and improving clinical outcomes can be found in a computational study of 

collagen crosslinking in morphologically different patient-derived keratoconic geometries.

[29] With simulations of the standard broad-zone treatment parameters, observed reductions 

in curvature were similar to those reported in most clinical series. Through parametric 

variations and the simulation of smaller, cone-centered treatments, much greater reductions 

in cone steepness and higher order corneal aberrations were observed (Figure 2). Similar 

modifications are now being explored in clinical studies. In a collaboration with industry 

(Avedro, Inc. Waltham, MA), the same group has demonstrated the potential for patterned 

crosslinking to be used as a standalone procedure [62] or as an adjunct to treat astigmatism 

and other refractive errors.[63]

These are merely examples of a growing movement towards using simulation for 

understanding corneal disease mechanisms and driving rational changes to our approach to 

treatment. Advances in corneal biomechanical property measurement and patient-specific 

modeling have the potential to enhance early keratoconus diagnosis, enable personalized, 

procedure-specific ectasia risk assessment through simulation, and drive optimized 

treatment design for a variety of corneal refractive conditions.

Anterior Segment Biomechanics (Iris and Trabecular Meshwork)

Until recently, interest in the subject of anterior segment biomechanics was confined to 

cornea, with iris and TM biomechanics being rarely discussed in the literature. In recent 

years, an interest in iris biomechanics has been stimulated by a renewed appreciation the 

role of iris dynamics in the pathogenesis of angle closure[64] combined with the increasing 

burden of angle closure glaucoma (particularly coupled to the ageing population in Asia). 

Similarly, a proliferation of glaucoma surgical interventions directed at the angle, most of 

which are classified under the umbrella term of ‘micro-invasive glaucoma surgery’ (MIGS) 

has stimulated interest in TM biomechanics [65].

Iris biomechanics

Iris thickness has been found to be different among ethnicities[66] and increased iris 

thickness is associated with angle closure[67]. Changes in iris dynamics may contribute 

greater to raised IOP upon dilation in angle closure patients than in open angle patients[64]. 

The interaction of iris, lens and TM in the pathogenesis of angle closure and the long-term 

implications in relation to the development of peripheral anterior synechiae are poorly 

understood. Recent clinical imaging studies suggest that iris ‘stretch’ amplitude may be 

slower[68] and loss of iris volume less in angle closure patients upon dilation[64], indicating 

that the iris biomechanical response to physiological or pathological stimuli may contribute 

to the pathogenesis of acute or chronic episodes of angle closure.
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In vitro testing of iris biomechanics has, to date, been limited. Wyatt constructed a 

mathematical model for non-linear iris ‘stretch’ to explain “minimum wear and tear” of iris 

tissue in spite of the constant strain it undergoes with pupil dilation throughout life[69]. 

Barocas and colleagues examined porcine iris tissue using microindentation experiments and 

found that the posterior layer (pigmented epithelium, sphincter, dilator components) was 

stiffer than the anterior stromal layer indicating complex biomechanical behavior[70]. The 

‘sponge-like’ properties of the iris are presumed to account for the variability of iris volume 

amongst different pathological states[64], however this remains to be demonstrated.

Current imaging tools and computing speeds allow us to acquire a three-dimensional view of 

the iris in vivo. It is possible that further enhancement in imaging resolution and software 

modeling, will enable the measurement of iris biomechanics in vivo[4, 71]. This may have 

clinical translational impact as it may lead to an improved understanding of angle closure 

pathogenesis and furthermore may lead to improvements in materials for iris-replacement 

devices.

TM biomechanics

While glaucoma is defined as an optic neuropathy, the main pathology in accounting for 

elevated IOP is identified as TM outflow facility resistance. Further, any modification in 

IOP to slow glaucoma progression is commonly performed using medications or angle 

surgeries that target the TM. Accumulation of glycosaminoglycans in the extracellular 

matrix and thickening of TM beams with loss of trabecular spaces combined with chronic 

inflammatory changes have been found to be the hallmark in primary glaucomas[72]. These 

cytoskeletal changes can be assumed to alter biomechanical properties of this specialized 

tissue in the eye. Evidence for this is found in atomic force microscopic measurements on 

TM cells and ex-vivo uniaxial testing on TM tissues showing stiffer properties in glaucoma 

patients[73]. Alteration in the biophysical attributes of TM can contribute to outflow facility 

changes, and thus influence onset and progression of glaucoma[74].

Ethier and colleagues, studying F-actin architecture in Schlemm's canal endothelial cells, 

found that the presence or absence of these proteins depended on shear stress forces of 

aqueous humor flow and may alter the caliber of the canal, underlining the need for studying 

such forces in detail to explain pathological processes and how it can possibly be modified 

pharmacologically or mechanically[75]. Zeng and colleagues studied Young's modulus of 

cultured Schlemm's canal using magnetic pulling cytometry and finite element modeling and 

compared it with imaging studies with pressure loading on primate Schlemm's canal. They 

concluded that increasing IOP appears to increase the modulus[76]. Measurement of such 

properties in vivo can be of immense utility in examining the outflow facility and 

formulating strategies to alter glaucomatous pathological processes using appropriate 

drugs[77] or in improving angle surgical techniques. It can be envisaged that such 

measurements can be used as clinical biomarkers for pathological processes and 

prognostication of disease severity.

Limitations of anterior segment biomechanics research include accurate application of load 

to impart stress on the target tissue in vivo and lack of resolution in current imaging 

technologies to provide strain values using appropriate software modeling. Further, due to 
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the closeness of iris and TM to the surrounding tissues, it may be important to find ways to 

filter the biomechanical properties using rigorous modeling methods. Techniques such as 

ophthalmodynamometry and ultrasound are being investigated as the method of loading, 

while improvement in resolution is possible in future using e.g. micro-OCT imaging[78]. 

Recently, Kagemann and colleagues have shown that the conventional outflow pathway, 

including Schlemm's canal, can be imaged in vivo using clinically available optical 

coherence tomography (OCT) devices[79], and that the technology is sensitive enough to 

allow detection of acute effects of IOP [80].

In vivo anterior segment biomechanics research is clearly in its nascent stages, however, it is 

likely that it will become of paramount importance to push the frontiers of glaucoma 

management further.

Crystalline Lens Biomechanics

Crystalline Lens Biomechanics and Associated Disease

The primary function of the crystalline lens is focusing the light coming from an object to 

form its image on the retina. The ‘tunability’ or accommodation of the lens is a 

biomechanical process, involving the ciliary muscle that is connected to the capsule of the 

lens via the ciliary body and the zonular fibers (Figure 3a) [81]. Distance vision is achieved 

when the ciliary muscle is relaxed, which increases the tension and stretches the lens to have 

a longer focal length. For near vision, the ciliary muscle contracts, relieving the tension, and 

the lens elastically restores its intrinsic rounder shape with a shorter focal length [82].

Unfortunately, the accommodative ability of the human eye decreases continuously with 

aging. By the age of 50, almost everyone experiences the onset of presbyopia, with the 

associated difficulty in focussing on near objects [83]. Why does this occur?

From a biomechanical point of view, it has long been suspected that the ciliary muscle loses 

its contraction power with age. Although it sounds plausible, experimental data indicated 

that the function of the ciliary muscle actually remains largely intact even after the 

accommodative power has been considerably compromised [84]. The age-dependent change 

of the capsule and zonular fibers were found to be too small to account for the decrease in 

accommodation power [85, 86]. The human lens continuously grows in size with age, and 

thus its optical and mechanical properties change [87-90]. It has been widely accepted that 

the increased stiffness of the crystalline lens with age is the primary cause of presbyopia; as 

age progresses, the lens tissue loses its elasticity gradually, which restricts the 

accommodation range [91, 92] (Figure 3b).

Current methods for characterizing crystalline lens biomechanics in vivo

Several studies have demonstrated age-related stiffening of excised human and animal 

lenses by using various testing tools, such as a spinning cup [93], mechanical stretchers [91, 

94], stress-strain equipment [95, 96], and bubble-based acoustic radiation force [97]. 

Ultrasound has also been used to measure the spatial variation of packing density inside the 

lens ex vivo [98].
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However, the reported mechanical properties of the crystalline lens are highly variable. 

Indentation tests measured age-related lens hardening and found the cortex to be softer than 

the center [99]. Shear rheometry on frozen lenses revealed a massive age-related increase in 

lens modulus but found the nucleus to be softer than the cortex in young lenses [100-102]. 

Shear rheometry studies on fresh lenses found small modulus changes between the ages 20 

and 40 and high regional uniformity [103], whereas a recent spinning test indicated high 

regional variation between the cortex and nucleus [104]. It remains unclear exactly how 

much the lens stiffness changes with age and to what extent the specific spatial profile of the 

lens modulus contributes to accommodation [105].

Currently, there are no established non-invasive methods to measure the elastic properties of 

the lens in vivo. Imaging instruments, such as magnetic resonance imaging (Figure 3c) and 

OCT, can visualize the 3-dimensional shape of the lens during accommodation, but they do 

not measure the biomechanical properties of the lens. Elastography and ultrasound have low 

spatial resolution and measurement sensitivity [106]. A recently developed Brillouin 

microscopy method is a promising technique for high-resolution in vivo measurement [107, 

108]. Brillouin microscopy has revealed a dramatic age-dependent increase in the 

longitudinal modulus of the murine lens in vivo [109]. The hypersonic modulus of the 

human lens exhibits a bell-shaped axial profile (Figure 3d), with the peak modulus in the 

nucleus appearing to have little difference with age [110].

Translating crystalline lens biomechanics into clinical practice

The economic cost associated with presbyopia is significant in the modern society as the age 

of the population in the workforce steadily grows [111]. Current treatment options for 

presbyopia (e.g. monovision correction, multifocal spectacles) only improve single-distance 

vision but do not restore the active change of dioptric power of the young eye [112-114].

Improved understanding of the biomechanics of the lens is beneficial for the development of 

novel treatment strategies, such as drug-induced disruption of the chemical bonds leading to 

lens stiffening [115], laser-induced softening of the lens [116], and lens tissue replacement 

with biocompatible polymer material with the mechanical properties similar to young human 

lenses [117, 118].

Finally, the biomechanical properties of the lens may play a role in age-related nuclear 

cataracts. The pathogenesis of cataracts is not fully understood but has been linked with 

various molecular processes including the reduced transport of small molecules, such as 

anti-oxidants, in the lens, increased viscoelastic modulus [119, 120], protein crosslinking 

[121], protein-membrane binding [122]. Improved understanding of the regional variation of 

lens elasticity may provide an insight into the underlying molecular processes, such as 

protein expression and micro-structural changes.

Scleral Biomechanics

Importance of Scleral Biomechanics in Glaucoma

The hallmark of glaucoma is excavation of the optic nerve head (ONH)[123], in parallel 

with progressive loss of function due to death of retinal ganglion cells (RGC), whose axons 
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pass through the ONH. Both mean IOP[124] and IOP fluctuation[125] are closely associated 

with incident human glaucoma and its progressive worsening. The risk factor for the 

development and progression of glaucoma is the level of IOP, rather than whether or not this 

exceeds statistically ‘normal’ limits. IOP lowering slows the progressive RGC 

loss[126-128], whether baseline IOP is above normal or not.

IOP-generated stress could contribute to glaucoma injury at the ONH and is potentially 

amenable to therapeutic intervention. The evidence that scleral connective tissues mediate 

glaucoma damage is convincing. The ONH zones in which physical deformation is greatest 

are those that suffer more RGC axon injury[129]. Axial myopes are more susceptible to 

open angle glaucoma (OAG)[130], probably due to the mechanical disadvantage of larger 

globe diameter and thinner sclera. Corneal hysteresis is a risk factor for OAG 

progression[131], and scleral rigidity in OAG eyes is increased in vivo[132, 133], and in 

vitro[134].

Current Methods for Characterizing Scleral Biomechanics and its Association with Axonal 
Loss

Studies of peripapillary sclera are presently more feasible than study of the ONH itself[135]. 

Biomechanical models[136, 137] suggest that scleral behavior drives the IOP-induced 

mechanical strain transmitted to the ONH[138, 139], and scleral responses to IOP could be 

both detrimental and beneficial to RGC survival. Mouse, rat and monkey IOP elevation 

models generate data relevant to human glaucoma[140-143]. Astrocytes in the mouse ONH 

resemble the structure of the collagenous primate lamina cribrosa[144] and mouse sclera has 

similar molecular structure to human sclera[145, 146]. The sclera's extracellular 

macromolecules include predominately type 1 collagen and successive collagen lamellae 

alternate in orientation much like a basket-weave. In the peripapillary sclera, collagen and 

elastin fibrils run circumferentially around the ONH[123, 147-152]. The ONH and 

peripapillary sclera undergo dramatic stretching, deepening and widening in glaucoma.

Recently, IOP-generated stress and strain in posterior sclera have been studied in vitro in 

mouse[153], tree shrew[154], monkey[139, 155, 156], and human eyes[134, 157]. The 

greatest scleral strain is in the peripapillary region[158]. Human glaucoma eyes with RGC 

loss are measurably stiffer in peripapillary sclera than controls, as are experimental mouse 

and monkey glaucoma eyes[134]. But, we do not know whether human eyes would be more 

or less susceptible to glaucoma damage if they were stiffer at baseline.

Quigley and colleagues found that experimental glaucoma models produce more damage in 

some strains of mice than in others[159]. They identified differences in scleral structure and 

response to mouse glaucoma that are associated with susceptibility. The CD1 mice strain 

(albino) were more susceptible to RGC loss than the B6 strain[160] (black) and a mouse 

mutated in collagen 8α2 (Aca23) was even less susceptible than B6[161]. Large eye size 

alone was not the most important factor in susceptibility, since Aca23 had the biggest 

baseline axial lengths and least damage. Interestingly, resistance to damage was associated 

with reduced axial elongation after IOP elevation. Young B6 eyes increased axial length 

significantly more than older B6 and were more susceptible to RGC loss[161]. Likewise, 

young CD1 mice (which lose more RGC) increased axial length with glaucoma more than 
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young B6 mice[162]. Aca23 mutant eyes elongated less than controls and were less sensitive 

to RGC loss[161]. The less susceptible B6 mouse strain had thicker peripapillary sclera at 

baseline and did not undergo uniform scleral thinning with glaucoma as did the more 

susceptible CD1 mice. The number of fibroblast-containing and antero-posteriorly oriented 

lamellae increased in glaucoma eyes. Second harmonic generation imaging showed that the 

normal circumferential pattern of collagen fibrils in the peripapillary sclera was widened in 

significantly damaged glaucoma eyes. After glaucoma, there were more small diameter 

collagen fibrils [163].

Inflation tests of enucleated mouse eyes found the most resistant Aca23 strain had the 

stiffest sclera, while the most susceptible CD1 mice had greater meridional peripapillary 

strain than B6 and greater meridional anisotropy of the inflation response. In all strains, 

chronic IOP elevation caused steeper pressure-strain responses.

In B6, CD1, and Aca23 mice, Quigley and colleagues measured the diffusion of fluorescein 

isothiocyanate-dextran into a photo-bleached zone of excised sclera by confocal microscopy. 

Scleral diffusivity was significantly greater in Aca23 and B6 mice than in CD1 mice, 

matching their relative susceptibility to glaucoma injury. Glaucoma caused decreased 

diffusivity, with greater decreases in the vital peripapillary area than elsewhere [164]. The 

difference in thickness between fresh and fixed sclera was nearly 68% in control mice, but 

differed by only 10% between fresh and fixed glaucoma sclera. The data suggest significant 

loss of non-fibrillar, soluble components of the sclera in glaucoma.

Scleral fibroblasts of the sclera make up 15% of its thickness in histological measurements. 

In experimental glaucoma, there is an expansion of the cell layers in thickness and a 6-fold 

increase in dividing cells 1 week after IOP elevation [165]. Furthermore, labeling for α-

smooth muscle actin, actinin, thrombospondin, paxillin and integrins were increased in 

glaucoma scleral fibroblasts. Proteomic studies of sclera in glaucoma mice found increases 

in molecules important for scleral maintenance and remodeling, including thrombospondins 

1 and 4, myosins fibromodulin, and heparin sulfate proteoglycan. There was upregulation in 

canonical pathways for integrin-linked kinase and actin microskeleton signaling. This 

combined anatomical and proteomic evidence is consistent with a transition to the 

myofibroblast phenotype among scleral cells, as seen also in experimental myopia.[2, 166]. 

Thus, it is likely that therapeutic targets to alter susceptibility to glaucoma damage may exist 

in pathways related to scleral remodeling[167, 168].

Altering Scleral Biomechanics as a Potential Approach to Glaucoma Therapy

While the evidence does not definitively support a specific treatment, decreased 

susceptibility seems associated with greater stiffness at baseline, retention of scleral fibrillar 

component thickness, and resistance to elongation under elevated IOP. If we wish to 

produce eyes with a steeper stress—strain relationship, increased cross-linking of the 

collagen, as already performed in the cornea for keratoconus would be a suitable 

approach[169]. Ideally, this would be application of a cross-linking agent that does not 

require ultraviolet light activation, delivered by subconjunctival injection or sustained 

release format in an outpatient setting. Side effects would be less with local application 

compared to systemic therapy.
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Further animal research is needed to show that this proposed method would protect RGC. 

For example, reducing peripapillary scleral strain by cross-linking, instead of protecting the 

eye, might intensify the translaminar pressure gradient, making the eye less resistant to 

glaucoma damage. Second, the method must avoid off-target effects, such as damage to eye 

muscles or major ocular blood vessels that traverse the sclera, or toxic exposure of RGCs. 

Third, the precise degree of cross-linking needed may vary from person to person, requiring 

a method to estimate the extent of treatment, or multiple small treatments. Methods are 

needed to estimate the mechanical state of the sclera in the living eye, probably using 

imaging technology with induced perturbations in IOP [170-172]. If a beneficial effect on 

sclera would actually be achieved by producing a less stiff response, agents that affect 

collagens or non-collagenous elements could include enzymatic digestion with collagenase, 

elastase, chondroitinase, or hyaluronidase. The feasibility of such an approach has recently 

been demonstrated in vitro [173].

The second potential treatment area would be to modulate the scleral fibroblast response to 

glaucoma. In Marfan syndrome, the mutated site in fibrillin-1 acts by activating 

transforming growth factor β (TGFβ)[174, 175], leading to aortic dissection, ocular lens 

dislocation, and high myopia. Both gene expression and protein levels of TGFβ are elevated 

in OAG eyes in their human TM[176] and ONH[177, 178], and our proteomic analyses in 

mouse glaucoma show increases in thrombospondins, which are activators of TGFβ. A 

TGFβ antagonist, losartan, halts the clinical abnormality of the aorta in a mouse Marfan 

model[179, 180]. TGFβ is involved in scleral remodeling in experimental myopia in tree 

shrews[181]. Abnormal activation/inhibition of TGFβ in the sclera and ONH could increase 

susceptibility to IOP-induced stress and potentiate OAG damage. A losartan-type treatment 

may beneficially modulate of the scleral response in glaucoma.

A new therapeutic approach to glaucoma is proposed that involves reduction in IOP-

generated mechanical insult at the ONH through alteration of the sclera to block initial 

injury to RGC axons at the earliest stage of RGC dysfunction. This research area could 

identify candidate genes related to glaucoma damage and to myopia.

Lamina Cribrosa Biomechanics

Lamina Cribrosa Biomechanics and Associated Disease

Elevated IOP is the primary risk factor for the development and progression of glaucoma, 

and lowering IOP remains the only proven intervention to decrease the risk of vision loss.

[182] The mechanisms by which elevated IOP affects the tissues of the ONH, and the LC 

within, are poorly understood.[183] The ONH is often described as a weak spot on the 

posterior pole, mainly due to the lower density of connective tissue relative to the sclera.

[184] The LC is thought to provide structural and nutritional support to the RGC axons. 

Since the glaucomatous deterioration of RGC axons is believed to initiate at the level of the 

LC[182], the hypothesis has arisen that inadequate LC support would trigger events that 

contribute to RGC axon damage. [183] Such insufficient support would present as an altered 

LC biomechanical environment produced by an altered elevated IOP or by a highly sensitive 

“frail” LC. The difficulty of visualising the LC in vivo for experimentation has meant that 
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much of what is known about the effects of IOP on the LC has been learned indirectly 

through the use of numerical modeling and ex-vivo studies. [184]

Modeling and Ex-vivo Methods for characterizing Lamina Cribrosa Biomechanics

Modeling studies have shown that the LC and sclera are not biomechanically independent. 

Instead, they form a system in which the LC sensitivity to IOP is determined by a complex 

interaction of multiple factors, including tissue anatomy and mechanical properties.[185, 

186] These studies have shown that LC biomechanics is highly sensitive to the properties of 

the sclera, especially those of the peripapillary sclera.[137, 138, 156, 187, 188] These results 

have several implications of interest to the translation of ocular biomechanics into clinical 

practice. First, sensitivity to IOP, and perhaps susceptibility to glaucoma, is affected by 

variations in tissue properties, both anatomy and composition, that arise for example with 

aging[155] or disease[139]. Second, the complex factor interactions mean that determining 

whether a particular patient is sensitive to IOP might require measurements of multiple 

parameters, some of which may be measurable in the clinic. This, in turn, will require 

validated methods to estimate those parameters that cannot be measured directly. This has 

been done mainly through inverse modeling schemes, which have been used to estimate LC 

stiffness or the biomechanical role of the pore and beam architecture characteristic of the 

LC.[189, 190] Clinical practice could be augmented with user friendly methods that do not 

require complex simulation for characterisation of LC biomechanics [170].

The LC has also been studied ex-vivo. A common approach is the use of histomorphometry, 

often focused on measuring changes induced by acute increases in IOP (e.g., LC 

displacement),[191] or identifying LC characteristics that are abnormal in individuals with 

glaucoma (e.g., LC thickened early in the disease or thinner later on),[192] or in individuals 

at increased risk of glaucoma (e.g., a thinner LC in individuals with myopia).[193] Tissue 

sectioning for histology, while powerful, is subject to limitations and potential confounders 

(discussed in [194]). Hence, methods have also been developed to study LC biomechanics 

and architecture ex-vivo without the need to section the tissue, for example using second 

harmonic generated images[195]. These have enabled measurement of eye-specific 

displacements and deformations of the human LC induced by acute increases in IOP. The 

deformations measured were substantial and of magnitudes that have been shown to be of 

biological significance (Figure 4). Studies of LC microstructure ex-vivo have suggested that 

ocular hypertension results in remodeling of the LC, including recruitment of retrolaminar 

septae[196] and posterior migration of the LC insertion into the pia mater [197, 198].

In-vivo Measurements of Lamina Cribrosa Biomechanics and Clinical Relevance

Even though knowledge acquired through modeling and ex-vivo studies can impact clinical 

practice, widespread integration of ocular biomechanics calls for methods for in-vivo 

measurement. For many years the most detailed in vivo information on posterior pole 

biomechanics was obtained using scanning laser ophthalmoscopy (mainly the HRT), even 

though the device was incapable of measuring the LC.[183, 184]

In recent years, in-vivo study of LC structure and biomechanics has been boosted thanks to 

the advent of OCT imaging, which allows visualization deep within the ONH, including the 
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LC.[199-202] Early studies using OCT have found that acute increases in IOP do not cause 

displacement of the LC[203], whereas a more recent study has found significant anterior LC 

displacements following trabeculectomy at 1-week post-surgery[204]. These studies 

emphasize that LC mechanical behavior is still far from being understood. It is well accepted 

that to study LC biomechanics, it is necessary to image the LC, and that it can be misleading 

to solely rely on surrogate measures.[184] The LC research community is therefore now 

carefully assessing the extent to which OCT is able to image the posterior LC surface,[205] 

and to be used for mapping the in vivo deformation of the LC[171, 206]. OCT technology 

and methods continue to mature and LC morphometry is increasingly carried out this way. 

Current developments for improving the capabilities of an OCT to characterize the LC in-

vivo include adaptive optics (Figure 5),[207] swept source[200], longer wavelengths, and 

techniques for enhanced depth imaging or image compensation.[199, 205, 208] These have 

enabled another important development of recent years, namely the imaging and 

characterization of the LC microstructure in vivo, using OCT[200, 209, 210] SLO[211] or a 

combination of both[212]. Application of these tools to better assess the LC structure and 

biomechanics holds great promise to produce patient-specific knowledge that may be 

translated to the clinic and to help understand glaucomatous neuropathy.

Translating knowledge of biomechanics into clinical practice will require a much better 

understanding and characterization of the critical load-bearing tissues, such as the sclera and 

LC. Validation of the models needs to take a central place. More advanced models, as well 

as better experimental techniques will help lead to the needed improved understanding of the 

place of the individual within the population (e.g., identifying whether a particular patient 

presents with a robust or frail posterior pole and LC[213]) and how these are expected to 

vary with and without intervention. A solid understanding of the relationship between cross-

sectional and longitudinal data will help make the translation to the clinic faster and more 

effective. Integrating biomechanics into the clinic also necessitates a better understanding of 

mechanotransduction, at both the short and long time scales. It is well recognized that 

patients vary substantially in the ill effects of mechanical stimulation.[183, 184]

Conclusion

Ocular biomechanics is a rapidly growing area of research interest and one that, at a 

superficial level at least, has yet to make a substantial translational impact. In reality, the 

success of many pre-existing surgical techniques (particularly those relating to corneal 

refractive surgery and keratoconus) is greatly influenced by the biomechanics and 

remodelling of the targeted tissues. Recognizing the many different ways in which current 

clinical practice - whether it relates to refractive surgery, glaucoma management, angle 

closure, cataract surgery or presbyopia - is influenced by ocular biomechanics will help 

foster a closer collaboration between clinicians, clinician-scientists, basic scientists and 

biomedical engineers. It is this improvement in communication between different, but 

related, disciplines that will allow the valley between basic science ocular biomechanics 

research and true clinical translation to be breached.

At a simple level, the most pressing concern for those engaged in ocular biomechanics 

research is to demonstrate that biomechanical properties for individual ocular tissues are 
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measurable in vivo. With ever increasing improvements in imaging technology, as well as 

imaging processing techniques, these objectives should be realized. Achieving this will have 

the dual benefit of enabling the development of validated numerical models and allow 

biomechanical testing to become part of the battery of clinical investigations available in 

practice. This review has highlighted a number of areas in which this is close to realization 

(LC imaging, corneal imaging and iris imaging).

The Holy Grail, however, is to utilize the knowledge gleaned from biomechanical theory 

and testing to generate therapeutic strategies for multiple ophthalmic conditions. As is clear 

from this review, whatever therapeutic approach is adopted it is likely that a ‘bespoke’ 

personalized treatment will be required. The most likely area in which this will first become 

a reality is in corneal and refractive surgery. In corneal cross-linking for keratoconus, there 

is already a therapeutic treatment that directly influences the biomechanical properties of the 

cornea to retard the progression of a pathological process. In addition, laser-refractive 

procedures are already individualized in order to correct a patient's refractive error and other 

optical aberrations (if the procedure is wavefront-guided). Given the current volume of 

refractive procedures undertaken, and the costs involved, it is likely that biomechanical 

‘enhancements’ might be adopted if they could be demonstrated to improve outcomes or 

reduce the risk of complications such as ectasia. By the same token, presbyopia and high 

myopia are two conditions whose high prevalence might stimulate (and once again, this may 

be financially motivated) a more rapid crossover of biomechanics research into translational 

therapeutics. Open angle glaucoma, on the other hand, remains a little more enigmatic. This 

review has detailed a number of elegant experiments that have explained the rationale for 

proposing a protective role for the alteration of scleral biomechanics. The ability to 

clinically measure scleral and LC biomechanics in vivo will likely need to ‘catch-up’ with 

this experimental work before a serious attempt is made to pursue this as a therapeutic 

strategy in humans.

In conclusion, ocular biomechanics has an impact in many areas of ophthalmic pathology, a 

number of which have been discussed in this review. It is hoped that increased awareness 

and interest in this relatively new field of research will stimulate other scientists and 

clinicians to join and effectively push the discipline further so that it can go on to eventually 

improve the quality of life of our patients.
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Figure 1. 
Optical coherence elastograms of control and crosslinked rabbit corneas. Cooler colors 

(blues) indicate lower strains and correspond to greater relative stiffness. The uncrosslinked 

cornea (bottom) demonstrates a depth-dependent gradient of properties with greatest 

stiffness in the anterior stroma. A cornea treated with transepithelial UVA-riboflavin 

crosslinking with tetracaine as an irritative adjunct (top) shows greater stiffness than the 

control (from experiments described in [39]).
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Figure 2. 
Finite element analysis comparing the topographic effects of A) a standard 9mm collagen 

crosslinking treatment, B) a more graduated UV treatment profile with a smaller effective 

diameter, and C) a graduated treatment centered on the cone. Tangential curvature maps (D-

F) show the change from pre-to-post crosslinking state. Topographic flattening was greatest 

with the cone-centered simulation.[29]
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Figure 3. 
(a) Schematic of the eye during accommodation. (b) Scheimpflug images of 19-year-old 

(top) and 69-year-old (bottom) humans in unaccomodated (left, far vision) vs. 

accommodated (right, near vision) states. The stretching of the lens by the tension of the 

zonules is apparent in the young but not in the old lens. Images were reproduced and 

modified with permission from Koretz and Handelman, Sci. Am. 259, p.92, 1988. (c) MRI 

images of a 26-year-old vs. a 49-year-old subject in the unaccomodated state. The difference 

in size is apparent. Images were reproduced and modified with permission from Strenk et 

al., Progr. Eye Ret. Reas. 24, p.379, 2005. (d) The Brillouin frequency shift, which is 

directly related to the hypersonic longitudinal modulus, along the optics axis of a 60-year-

old normal volunteer (measured at an optical wavelength of 780 nm).
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Figure 4. 
Biomechanical effects on the LC of a 79 year old donor eye to an acute increase in IOP of 

35 mmHg (from 10 to 45 mmHg). The effects were computed analyzing second harmonic

generated images acquired ex-vivo.[195]
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Figure 5. 
C-mode section at the level of the LC through an Adaptive optics OCT scan of a 

glaucomatous eye acquired in-vivo (left). The beams (blue) and pores (green) were 

identified using a semi-automated segmentation technique (middle). Beam thickness was 

then measured at every voxel, where hotter colors represent thicker beams (right). (Courtesy 

of the Glaucoma Imaging Group, University of Pittsburgh)[207]
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