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Abstract

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

organisms. The cornea is a complex composite whose behavior depends on its structural 

subcomponents and their organizational motifs. A better understanding of its biomechanical 

features is essential to understand the consequences of procedures such excimer laser refractive 

surgery and corneal collagen crosslinking and to improve the detection and management of ectatic 

corneal diseases. Devices such as the Ocular Response Analyzer and the Corvis STL use an air-

puff to perturb the cornea and assess biomechanical responses. Although both devices use similar 

approaches, data produced by them cannot be used interchangeably. Moreover, current commercial 

technologies lack capabilities for regional property discrimination, which is of paramount 

importance for comprehensive biomechanical analysis. To address this gap, other methodologies 

such as optical coherence elastography and Brillouin microscopy are being developed and early in 
vivo studies show promising results. Finally, another important tool for studying complex 

structures is computational modeling using the finite element method. The cornea can be 

represented as a mesh of smaller geometric elements with specific material properties. Advances 

in this area have the potential to enhance diagnosis, enable personalized risk assessment, and 

optimize treatment design toward the goal of improving safety and outcomes for corneal and 

refractive surgery patients.

INTRODUCTION

The cornea contains the first cellular surface of the eye’s optical system and contributes 

approximately two-thirds of the optical power of the relaxed eye. As a result, miniscule 

changes in the cornea’s shape induce substantial variations in the image formation process. 

Corneal diseases such as keratoconus as well as corneal refractive surgery can generate 

significant changes in the cornea’s optical properties. An ongoing challenge is to understand 

the relationship between the mechanical and structural changes that produce those clinically 

measured optical modifications in pathological conditions and after refractive surgery and to 

understand their evolution over time. Better understanding of the biomechanics of the cornea 
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is thus essential to comprehend the consequences of modifications in the geometry of the 

cornea after excimer laser refractive surgery or non-ablative interventions such as corneal 

collagen crosslinking (CXL), to improve the diagnosis and management of ectatic corneal 

disorders such as keratoconus, and to understand the biomechanics of intraocular pressure 

(IOP).

The cornea is a complex biomechanical composite that responds to stress according to its 

structural subcomponents and their organization. The stroma and Bowman layer are the 

chief collagenous layers of the cornea and thus provide the majority of the cornea’s tensile 

strength.1–3 With regard to microstructure, around 300 collagen lamellae run across the 

corneal stroma and are stacked with angular offsets; this orientation becomes increasingly 

random in the anterior stroma, where significantly more oblique branching and interweaving 

are noted, which are also more extensive in the corneal periphery than in its center.4 

Interweaving of collagen bundles between neighboring lamellae provides a structural 

mechanism for shear (sliding) resistance, sharing of tensile loads between lamellae, and 

distribution of stress across the cornea.5 In addition, X-ray diffraction studies provide 

evidence that the collagen fibrils are preferentially oriented superior to inferior and nasal to 

temporal in the central cornea and a predominantly circumferential in the corneal periphery 

that favors conservation of limbal circumferential dimensions even in ectatic disease.6

GENERAL CONCEPTS OF BIOMECHANICS

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

and upon living organisms at the micro- and macroscopic level. The knowledge of 

biomechanical features of human tissue allows us to understand and predict the alterations in 

certain structures and organs. This may permit the development of novel strategies for the 

management, diagnosis, prognosis, and treatment of biomechanically-related. pathologies. 

Other fields in medicine are increasingly applying biomechanical concepts to clinical and 

surgical procedures, particularly in the areas of cardiovascular science, orthopedics, and 

rehabilitation.

Assessing the biomechanical response of living tissue is complex and demands knowledge 

of some basic concepts of mechanical engineering. First among these is the elastic modulus, 

or Young’s modulus, which describes how much a load (IOP) will deform the material 

(cornea) under specific conditions. The material deformation is expressed as a strain and will 

lead to an internal response within the material (stress). Young’s modulus is depicted by the 

slope of the stress-strain plot (Figure 1). The greater the slope is, the higher the modulus and 

the stiffer the material are such that greater force is required to deform a more rigid material.

Another important material property is viscoelasticity, which implies that the material 

behavior is strain rate (time) dependent and is different during loading and unloading phases. 

As opposed to the symmetric loading-unloading behavior of purely elastic materials, 

viscoelastic materials return to their pre-stress configuration via different stress-strain 

pathways that depend on loading rates. This discordance between loading and unloading 

behavior can be partially characterized by hysteresis, which represents the amount of energy 
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dissipated during the loading-unloading process, usually as thermal energy. Viscoelasticity is 

an intrinsic characteristic of every living tissue.

Therefore, the cornea does not behave as a linearly elastic structure. It is a complex 

anisotropic composite with nonlinear elastic and viscoelastic properties. It is anisotropic 

because its properties are not directionally uniform. It behaves as a composite because its 

properties are determined by the interaction of diverse materials like collagen and a 

polyanionic, hydrophilic ground substance. Understanding these concepts and how they 

apply to the cornea and the eye as a whole highlights why it is so difficult to define the 

cornea biomechanically with a single number or scale. Moreover, the distinct features found 

when the center is compared to the periphery and when the anterior cornea is compared to 

the posterior regions makes biomechanical characterization an even more challenging task.

CLINICAL MEASUREMENTS OF CORNEAL BIOMECHANICS

A common laboratory method to assess corneal biomechanics is extensiometry, in which a 

strip of tissue is fixed on both ends and pulled apart to establish a relationship between 

applied force and tissue distension. It has revealed substantial deficits in elastic tensile 

strength in keratoconus and suggests a diagnostic role for the elastic modulus in the clinical 

setting.4,7,8 Nonetheless, the impossibility of performing this test in vivo and the artifact 

resulting from testing corneal tissue outside of its native curved configuration has prompted 

accelerated efforts to develop nondestructive, noninvasive tools for clinical biomechanical 

property measurement.

Dynamic Bidirectional Applanation

The first commercially available device capable of evaluating the cornea’s biomechanical 

features was the Ocular Response Analyzer (ORA, Reichert, Inc., Depew, NY),9 which 

utilizes a high-speed air-puff to quantify the dynamics of corneal deformation and recovery 

as an indicator of corneal hysteresis (CH). Figure 2 illustrates a typical response waveform. 

CH is the difference between the ingoing and outgoing applanation pressures (P1 – P2) and 

represents the energy loss due to viscous damping in the cornea and extracorneal structures. 

This difference would be equal to zero in an isotropic material and is always positive in a 

viscoelastic tissue: as mentioned before, pressure is always greater at the first applanation 

event (“loading”) than the second (“unloading”). A higher CH indicates a greater capacity 

for absorption and dissipation of kinetic energy in the tissue. Eyes with a higher CH (i.e. 

greater viscoelastic damping) present a signal analysis which shifts the applanation peaks to 

the right, resulting in a higher P1, a lower P2, and an increased CH. The corneal resistance 

factor (CRF) is derived from the same dual-applanation signal and is proposed to be a 

measure of the overall elastic resistance of the cornea. The formula for the CRF is similar to 

CH but incorporates an empirically determined adjustment factor (k) to P2 (CRF = P1 – 

kP2). Since k = 0.7 and is less than 1, this weighting towards the first applanation event 

increases the influence of the loading pressure, P1, which emphasizes the role of the initial 

elastic deformation response, but it fundamentally remains a viscoelastic parameter due to 

the inclusion of the unloading applanation pressure, P2. The ORA also reports two IOP 

values: the Goldmann-correlated IOP (IOPG) derived from the mean of P1 and P2 and the 
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cornea-compensated IOP (IOPCC), where the latter is helpful in assessing IOP with some 

degree of compensation for atypical corneas.

Though originally designed as a tool for IOP measurement, the ORA has been actively 

investigated as a tool for characterizing biomechanical abnormalities in keratoconus and 

ectasia. Both CH and CRF are lower in eyes affected by keratoconus, and they are associated 

with keratoconus severity, suggesting that viscous damping capacity and overall corneal 

resistance are reduced in this disease.9 Nevertheless, the greater clinical challenge of 

distinguishing between normal and low-grade or forme fruste keratoconus is not resolved by 

CH or CRF alone, with studies reporting inconsistent discriminatory performance 

results.10,11

Several studies have demonstrated that CH and CRF are not changed after collagen CXL for 

keratoconus despite the common-held expectation that these indicators of biomechanical 

state should increase after treatment.12 In an effort to better understand the device’s signal 

features, investigators and the manufacturer have addressed other characteristics provided by 

the ORA beyond CH and CRF.13 The morphology of the infrared signal contains additional 

information that is not represented by CH or CRF, and significant changes in some 

waveform-derived variables (or custom variables) are noted after CXL treatment.14 As an 

example of such custom variables, hysteresis loop area (HLA) has been shown to be more 

sensitive for detecting changes after corneal CXL and in distinguishing between normal and 

keratoconus suspects than some standard variables. By analyzing the area across the entire 

loading and unloading phases, HLA approaches the classic definition of hysteresis in a more 

comprehensive way, rather than a difference in pressures at a single time point as expressed 

through the standard variable CH (Figure 3).

The Corvis STL (Oculus Optikgeräte GmbH, Wetzlar, Germany) is a non-contact tonometer 

that employs a similar air puff perturbation and has been commercially available since 2011. 

It employs an ultra high-speed Scheimpflug camera that records the deformation process at 

4330 frames/second along an 8 mm horizontal corneal cross-section during corneal 

deformation.15,16 Analysis of the images provides insight into the infrared signal behavior 

observed with the ORA, and because direct analysis of shape is possible, provides additional 

opportunities for a more direct derivation of biomechanical response.17,18 Contrary to the 

ORA, the Corvis STL does not vary the air puff pressure from measurement to 

measurement. Differences in applied force might confound attempts to directly compare 

results obtained with these two instruments.19

The ORA and Corvis share some limitations. Both measure features of the mechanical 

response that have not been related directly to corneal elastic modulus or other properties 

through experimental work. In addition, neither is specifically designed to assess spatial 

differences in corneal properties across the width and depth of the cornea, and extracorneal 

structures may have an influence on corneal measurements.20 The ORA’s variable air puff 

pressure makes it difficult to compare measurements between eyes and across time or 

interventions.21,22 Repeatability studies showed that the Corvis can produce reliable 

measurements of IOP and central corneal thickness (CCT), while the results are more 

variable when the corneal deformation and biomechanical parameters are analyzed.19,23–25 
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These limitations do not diminish the importance of measuring biomechanical behavior in 

vivo, and both devices have greatly advanced our understanding of corneal biomechanical 

behavior in many clinically relevant states. Studies that combine tomographic and 

biomechanical assessment have demonstrated enhanced refractive surgery screening 

potential26,27 and suggest that many advances are yet to come in the use of biomechanical 

measurements for diagnosis and clinical decision making.

Optical Coherence Elastography (OCE)

Optical coherence tomography (OCT) is a well-established low coherence interferometric 

imaging technique, providing great resolution and is completely noninvasive.28,29 In 

principle, elastography imaging has several ideal elements, such as high-resolution imaging, 

the application of a mechanical force to cause tissue distortion, re-imaging of the resulting 

tissue deformation response, and mathematical modeling and analysis to link the observed 

tissue response to the biomechanical properties of the tissue, e.g. the elastic modulus.

The first OCE investigations of corneal biomechanical properties utilized structural imaging 

to quantify displacements in the cornea before and after static compression. The 

heterogeneous elastic properties of the cornea were revealed from the variations in the axial 

and lateral displacements.30 This technique was also used to study the changes in normal, 

edematous, and CXL human corneas in the whole eye-globe configuration at an artificially 

controlled IOP.31 The hydration and CXL treatment showed spatially varying results in the 

ratio of the axial to lateral displacements. Furthermore, the displacement ratio had a greater 

degree of variance between the treatment conditions when measurements were made in the 

superior/inferior axis as compared to the nasal/temporal axis, revealing the mechanical 

anisotropy of the cornea. The technique has evolved, and our group is currently performing 

clinical studies to evaluate the measurement capabilities of OCE in vivo (De Stefano et al. 
In-vivo Assessment of Corneal Biomechanics using Optical Coherence Elastography. ARVO 

2017. Baltimore, MD [abstract]). Figure 4 shows an elastogram in the right eye of a healthy 

30-year-old male. It is possible to observe the distinct behavior of the anterior and posterior 

segments of the corneal stroma: even though the compression apparatus is applied to the 

anterior portion, the posterior stroma has a higher total dislocation vector. Another method 

of noncontact excitation that has been proposed is micro air-pulse stimulation. Unlike the 

ORA and the Corvis STL, which utilize a relatively long duration and large amplitude air-

puff, a short duration (≤ 1ms) micro air-pulse was used to induce highly-localized 

displacements, which then propagated as an elastic wave (“rock thrown in a pond”).32,33 The 

elastic (or shear) wave is directly related to the elastic modulus, without interference of IOP, 

thus the technique is able to assess corneal biomechanics in a straightforward fashion.34,35

It is important to observe that the techniques described are investigational; thus no device is 

commercially available yet. However, OCE is a promising method for measuring corneal 

biomechanical properties in a comprehensive fashion and with high spatial resolution 

(microns). Moreover, there are some studies describing the use of OCE to assess the 

biomechanical properties of the crystalline lens, broadening the usage of this technology to 

other clinical applications in ophthalmology.36
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Brillouin Microscopy

Brillouin microscopy is an optical approach to quantification of material properties. In 

principle, when objects are interrogated with monochromatic light, photons will experience 

a slight frequency shift that can be related to the material properties of the object and its 

density.37 This noninvasive optical technique based on analyzing the Brillouin frequency 

shift is capable of generating depth-resolved elasticity distribution maps of the cornea and 

lens with micrometer-scale spatial resolution.38–40 Brillouin microscopy has been used to 

investigate the depth-resolved Brillouin shift in human corneal buttons with and without 

keratoconus,39 in ex vivo porcine corneas before and after CXL,40 and in human eyes in 

vivo.38 Current limitations include high acquisition time and the system expense, but like 

OCE, the method is being developed for commercial translation.

COMPUTATIONAL MODELING

Pertinent goals of computational modeling in corneal imaging include understanding the 

mechanisms of keratoconus progression, as well as developing an accurate simulation 

engine for ectasia risk assessment and treatment optimization. One approach to studying 

complex structures like the cornea is the finite element (FE) method.41 The cornea and 

surrounding structures can be represented as a mesh of smaller geometric elements with 

specified material properties—ideally from patient-specific measurements—and 

interconnected at element nodes. The response to a simulated structural change is then 

obtained iteratively from node to node until a solution for the entire structure is obtained 

(Figure 5). The predictive value of any model depends on the validity of input and 

assumptions, and progress in high-resolution anterior segment imaging has enabled major 

gains in our ability to accurately measure corneal geometry for such models.

FE analysis has been used to simulate surgical results in various refractive procedures as 

well as the biomechanical alterations in keratoconus.42–45 In a more recent study of three-

dimensional modeling of the cornea using patient-specific corneal geometry from 

Scheimpflug-based tomography, Dupps and Seven performed LASIK and PRK simulations 

with varied myopic ablation profiles and flap thickness parameters across eyes from LASIK 

candidates, patients disqualified for LASIK, subjects with atypical topography, and 

keratoconus subjects in a total of 280 simulations.46 FE analysis output was then 

interrogated to extract several risk and outcome variables. Mean maximum principal strain, a 

variable that express mean strains across the anterior residual stromal bed, was effective at 

differentiating normal and at-risk eyes in ROC analyses. Strain was highly correlated to 

thickness-based risk metrics and also predicted large portions of the variance in predicted 

refractive response to surgery. The accuracy of the same modeling approach was assessed in 

a 20-eye study of myopic LASIK that demonstrated a mean error of only −0.11 ± 0.34 D (p 

= 0.2) in predicted outcome, and consideration of patient-specific difference in preoperative 

CH led to even more accurate predictions.46

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

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

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

modeling have the potential to enhance early keratoconus diagnosis, enable personalized, 
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procedure-specific ectasia risk assessment through simulation and drive optimized treatment 

design for a variety of corneal refractive conditions.

CONCLUSIONS

• The relationship between corneal micro- and macro-structure and optical 

function is at the center of the study of corneal biomechanics.

• Corneal biomechanical features are complex and cannot be fully defined by a 

single number or expression.

• Commercially available air puff-based corneal biomechanical measurement 

devices have added greatly to our understanding of corneal responses in health 

and disease but also have some limitations for distinguishing, by themselves, 

healthy from suspect corneas. Novel analyses of the corneal responses measured 

with these dvices are an active area of investigation.

• Emerging technologies such as OCT elastography and Brillouin microscopy are 

promising techniques for spatially resolved corneal biomechanical assessment.

• Computational modeling has the potential to combine information on patient-

specific tomography and biomechanics in an approach that may significantly 

enhance how patients are evaluated before and after corneal refractive 

procedures.
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Figure 1. 
Experiment illustrating the nonlinear elastic properties of a 7 mm, full-thickness horizontal 

corneal strip from a 63-year-old donor. Progressive stretching of the sample (1, 2 and 3) and 

measurement of the induced load (stress) allows calculation of the elastic (Young’s) modulus 

from the slope of the stress-strain relationship.
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Figure 2. 
Example of a graph obtained from the Ocular Response Analyzer. Both applanation events 

are indicated in the infrared signal reflection peaks measured by the device. The pressure 

values in those peaks, P1 and P2, are used to calculate the corneal hysteresis variable (CH).
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Figure 3. 
Calculation of hysteresis loop area (HLA). From each measurement by the ORA, pressure 

values of the signal output were plotted against applanation values at each time point. HLA 

represents the sum of areas 1 and 2 within the closed loop. Adapted from Hallahan KM et al. 
Discriminant Value of Custom Ocular Response Analyzer Waveform Derivatives in 

Keratoconus. Ophthalmology. 2014;121:459–468.
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Figure 4. 
Graph of force vs. displacement after optical coherence elastography (OCE) assessment in 
vivo in a normal cornea. One can observe that with the same amount of stress applied to the 

cornea, the anterior and posterior segments of the tissue behave distinctly.
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Figure 5. 
A: an example of a corneoscleral mesh. B: defined regions within the mesh for simulation of 

myopic photoablative surgery, including flap, lenticule (area to be ablated) and the residual 

stromal bed.
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