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Abstract

Many algorithms exist for the topographic/tomographic detection of corneas at risk for post-

refractive surgery ectasia. It is proposed that the reason for the difficulty to find a universal 

screening tool based on corneal morphologic features is that curvature, elevation, and pachymetric 

changes are all secondary signs of keratoconus and post-refractive surgery ectasia and that the 

primary abnormality is in the biomechanical properties. It is further proposed that the 

biomechanical modification is focal in nature, rather than a uniform generalized weakening, and 

that the focal reduction in elastic modulus precipitates a cycle of biomechanical decompensation 

that is driven by asymmetry in the biomechanical properties. This initiates a repeating cycle of 

increased strain, stress redistribution, and subsequent focal steepening and thinning. Various 

interventions are described in terms of how this cycle of biomechanical decompensation is 

interrupted, such as intrastromal corneal ring segments, which redistribute the corneal stress, and 

collagen crosslinking, which modifies the basic structural properties.

Ectasias are characterized by progressive distortion of corneal curvature, which is thought to 

be associated with a “weaker” cornea. Conceptual models of keratoconus pathogenesis have 

evolved considerably in recent years and have postulated that keratocyte apoptosis1 and 

abnormal regulation of collagenase, protease, and tissue inhibitors of matrix 

metalloproteinases-1 and-32 may play roles in the development of stromal ultrastructural 

abnormalities such as aberrant collagen organization,3 loss of anchoring collagen fibrils near 

Bowman layer,4 and stromal thinning. At the clinical level, rapid evolution of corneal 
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imaging technology has led to progress in the geometric characterization of keratoconus. 

However, the biomechanical features of keratoconus, which must comprise the final 

common pathway between molecular, genetic, and environmental factors and the clinical 

shape changes that lead to visual disability, have garnered little attention until recently. 

Studies of corneal tissue isolated from keratoconus patients in the 1970s and early 1980s 

revealed bulk abnormalities in mechanical strength and extracellular matrix constituents,5–8 

but progress in relating biomechanical properties to the clinical condition and its diagnosis 

or treatment has been limited by the lack of tools for measuring biomechanical properties in 

a clinical setting.

ECTASIA DEVELOPMENT AND DETECTION

The etiology of ectasia after excimer laser ablation is thought to be a loss of structural 

integrity of the cornea due to excess tissue removal leading to low residual stromal bed 

(RSB) thickness or, alternatively, the presence of undetected subclinical keratoconus 

preoperatively with the cornea in a weakened state prior to tissue removal. The earliest 

report of ectasia after laser in situ keratomileusis (LASIK) was in 1998, and it was 

postulated that corneas with forme fruste keratoconus might have altered biomechanical 

properties compared with normal corneas, along with a discussion of the importance of RSB 

in the etiology of ectasia.9 A subsequent study confirmed the importance of the RSB, as well 

as attempted correction, as factors that may contribute to the occurrence of post-LASIK 

ectasia in a small series of patients.10 However, without the ability to measure 

biomechanical properties directly, algorithm development for preoperative evaluation had to 

rely on available data. Classic methods for screening eyes for the presence of keratoconus 

preoperatively were based on anterior surface curvature irregularity from Placido 

topography11–14 and were introduced early in the evolution of refractive surgery, including 

sophisticated neural network approaches fed with Placido-derived data.15 Early reports of 

postoperative ectasia with clinical data such as level of myopia, total corneal thickness, and 

predicted RSB thickness16 led to recommended preoperative screening for at risk corneas, in 

combination with anterior surface data.17–21 The development of new scanning-slit and 

Scheimpflug tomographic devices allowed the addition of anterior and posterior elevation 

data to preoperative screening parameters,22–25 as well as pachymetric profiles and 

volumetric data.26,27 Corneal wavefront aberrations have been suggested,28 as well as high-

frequency ultrasound epithelial thickness mapping.29 Various combinations of clinical 

findings, anterior curvature irregularity, thin pachymetry, atypical pachymetry profile, as 

well as posterior surface elevation anomalies, have been tried, but none has been totally 

effective in differentiating mildly pathologic corneas from those that are normal in a robust 

fashion. In fact, post-refractive-surgery ectasia has been reported in cases of apparently 

adequate corneal thickness, unremarkable curvature patterns, posterior surface elevation 

patterns within normal limits, and low amounts of ablation.30,31

We propose that the reason for the failure to find a universal screening tool based on corneal 

geometric features is that curvature, elevation, and pachymetric changes are secondary signs 

of keratoconus and that the earliest initiating changes occur in the biomechanical properties. 

We further propose that the initial biomechanical modification is focal in nature, rather than 

a uniform global weakening, and that the focal reduction in elastic modulus precipitates a 
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cycle of biomechanical decompensation. Although bulk viscoelastic biomechanical 

parameters have been proposed as an adjunct to both clinical findings and topographic/

tomographic parameters in detecting corneas at risk for ectasia,32 there is substantial overlap 

between normal corneas and keratoconic corneas in these parameters,33,34 and they have not 

been as effective as anticipated. We hypothesize that bulk biomechanical assessment may 

not be sufficient to fully characterize an asymmetric disease. Spatial location of focal 

weakening in the cornea may be necessary to detect the disease at its earliest stages as well 

as fully characterize the progression.

BIOMECHANICAL CYCLE OF DECOMPENSATION IN ECTASIA

Biomechanical stress is represented as a force per unit area, and biomechanical strain is 

defined as deformation or stretching that can be expressed as percentage change in length. 

The elastic modulus of a material can be expressed as the slope of its stress–strain 

relationship. Therefore, a material that has a lower elastic modulus will deform or stretch 

more under the same load than a stiffer material with a higher elastic modulus. This is 

illustrated in the schematic stress–strain diagram in Figure 1 for a nonlinearly elastic 

material such as the cornea. Changes in geometry also affect the distribution of stress in the 

cornea. Thinner and flatter areas are associated with higher stress than thicker areas with 

greater curvature. If the cornea has a weak area, characterized by a lower elastic modulus 

that is surrounded by tissue with a higher elastic modulus, the weak area will deform to a 

greater extent when loaded by the intraocular pressure (Figure 2). This greater deformation 

can result in thinning of the tissue as it stretches in much the same way that a rubber band 

will thin as it stretches, as described by a material property known as the Poisson ratio. 

Biological responses to the changes in stress distribution may also contribute to thinning and 

localized reduction in elastic strength. As the cornea thins, the stress distribution becomes 

more asymmetric and the cornea deforms in the thinner higher stress region in a 

compensatory fashion to reduce the local stress by increasing the curvature. This results in 

further thinning, further modulation of the stress distribution, and further deformation, 

especially if the weak region becomes even weaker. This cyclic cascade of biomechanical 

decompensation results in clinical disease progression (Figure 3); ie, it is the disparity in 

biomechanical properties that likely drives the biomechanical progression in keratoconus 

rather than overall weakening. The bulk reduction in elastic modulus is probably 

characterized by disparity in the spatial distribution of biomechanical properties with a 

minimum in the area of the cone.

The question of whether keratoconus represents a true ectasia (involving stretching of tissue) 

as opposed to a warpage condition (with conservation of surface area) has been raised. In a 

study using surface area derivations based on Placido-based topography, Smolek and 

Klyce35 found no significant differences in anterior corneal surface area in comparisons of 

normal post-photorefractive keratectomy (PRK) eyes and keratoconic eyes. While the lack 

of a significant difference between normal eyes and mild to moderate keratoconus argues for 

a relative large-scale conservation of surface area outside of advanced disease, it does not 

preclude the presence of local microstrain in a focally weak area that is not readily detected 

in a whole-surface analysis subject to the statistical limitations of sample size and variance. 

In serial finite element modeling simulations of ectasia progression that are not limited by 
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measurement variation, small but detectable increases in overall surface area that result from 

larger strains in the area of lowest elastic strength have been shown.36 Keratoconus therefore 

most likely cannot be explained by rigid categorization into either ectasia or warpage; it 

probably represents both a local ectatic process with microstrain in areas of lower elastic 

strength and a relative macro-conservation of surface area that allows compensatory 

flattening of the extraconal cornea.

What could be the cause of focal weakening in the cornea? Perhaps pathologic tissue 

changes are initiated in a particular region of the cornea via a genetic predisposition. Perhaps 

an environmental factor is required to induce an abnormal phenotypical expression in the 

presence of a genetic lesion. It may be that repeated eye rubbing produces a focal area of 

weakening due to mechanical fatigue, similar to the repeated twisting of a paper clip leading 

to deformation and breakage, or it may be that eye rubbing acts as a trigger that alters gene 

expression. More research is needed to answer these questions. However, from a mechanical 

point of view, asymmetric thickness and curvature changes are easily explained by an 

asymmetric biomechanical property distribution and are difficult to explain otherwise.

FINITE ELEMENT BIOMECHANICAL MODELING OF ECTASIA

Theoretical analysis with finite element models of the corneal response to thinning and 

reduction of elastic modulus support the hypothesis of focal weakening. An early finite 

element model of keratoconus investigated thinning alone and found greater forward 

displacement with greater thinning, as well as an asymmetric response with a decentered 

thin region.37 A later corneal finite element model of keratoconus investigated the loading 

response to a combination of thinning and reduction in elastic modulus.38 The introduction 

of eccentric thinning was required to produce asymmetric displacement and an eccentric 

peak in dioptric curvature value if a normal elastic modulus was used. However, thinning 

alone was insufficient to cause dioptric values consistent with clinical cases of keratoconus 

with similar geometry. When eccentric thinning and reduced modulus were combined, the 

greatest forward displacement and peak dioptric values were produced, and it was concluded 

that both are involved in a complex relationship in the pathogenesis of keratoconus. From 

this type of modeling, however, it is not possible to determine whether corneal thinning or 

the reduction in elastic modulus occurs first and there was no attempt to model disease 

progression.

A whole-eye finite element model has been developed39,40 that was modified to study 

keratoconus using corneal tomographic data from clinical cases (Figure 4).36 To investigate 

the role of focal material weakness in the genesis of ectatic disease and its progression, the 

geometry of a topographically normal eye of a keratoconic subject with manifest 

keratoconus in the other eye was modeled. To simulate progression, the elastic modulus was 

reduced focally in an incremental manner to the same extent measured in extensiometric 

testing by Andreassen et al.7 Curvature increased nonlinearly in the zone of material 

weakness from 44.0 diopters (D) to 52.0 D with a 45% decrease in modulus and resulted in 

focal steepening similar to that present in the more affected eye36 (Figure 5). The results of 

this study are consistent with the hypothesis presented and demonstrated that progressive 
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reductions in elastic modulus were sufficient—without accompanying reductions in 

thickness—to reproduce the clinical topographic phenotype of keratoconus.

FOCAL WEAKENING IN ECTASIA: EXPERIMENTAL EVIDENCE

Does evidence of an asymmetric pattern of biomechanical properties in keratoconus exist 

other than the theoretical explanation and supporting finite element models? In a previously 

unpublished experiment, the authors investigated the spatial biomechanical properties of a 

keratoconic corneal button. The button had been removed during penetrating keratoplasty 

procedures and frozen for later analysis. Each button was marked with an identification 

number to allow it to be matched to the preoperative topography. The buttons were gradually 

thawed to room temperature in dextran prior to preliminary experiments. A Barron artificial 

anterior chamber was modified to hold an 8.0 mm corneal button, as shown in Figure 6, A. 

The region of exposed corneal tissue was 6.0 mm in diameter. The buttons were mounted 

securely in the chamber and pressurized to 10 mm Hg. The spatially resolved strain response 

of these buttons was measured using optical coherence elastography.41 This system allows 

strain visualization across the 3-dimensional volume of the cornea. Figure 6, B and C show 

the preoperative corneal mires and the corresponding mires measured on the 8.0 mm button, 

respectively. Figure 7 shows the resulting strain map through the meridian containing the 

cone, which highlights a weaker area with reduced elastic modulus in the area of the 

topographic cone. In a series of experiments in human donor corneoscleral explants, Hong et 

al.42 demonstrated that focal stromal weakening with collagenase produced mean increases 

in curvature and higher-order aberrations with morphology similar to keratoconus; in the 

same report, they showed that subsequent collagen crosslinking (CXL) produced opposite 

effects. These studies strongly support the hypothesis that keratoconus is dependent on an 

asymmetric distribution of corneal biomechanical properties. Validation in clinical 

keratoconus is an important impetus for rapid development of tools for clinical 

characterization of spatial properties.

The histopathological and ultrastructural differences between post-LASIK ectasia, post-PRK 

ectasia, and keratoconic corneas have been described based on the analysis of donor corneas 

for post-LASIK and post-PRK ectasia and corneal buttons after penetrating keratoplasty for 

keratoconus.43 Similar features were found in all 3 ectasias in terms of fewer and thinner 

than normal lamellae in the region of ectasia. However, these changes were only present in 

the stress-bearing areas of the corneas with post-refractive surgery ectasia, which includes 

only the RSB in post-LASIK corneas and through the whole cornea depth after PRK. The 

breaks in Bowman layer seen in the keratoconic corneas were not relevant in eyes after 

refractive surgery, since this layer is nonexistent after PRK and within the low-stress bearing 

flap after LASIK. The cohesive tensile strength in corneas with keratoconus showed an area 

of focal weakening corresponding to the area of ectasia and located in the posterior two-

thirds of the cornea. Other corneal depths in keratoconus were similar to normal corneas in 

their response. The ectatic corneas after refractive surgery could not be evaluated for 

cohesive tensile strength due to preservation prior to the study.43 However, it is important to 

remember that the thinning seen in post-LASIK and post-PRK ectasia is, at least in part, due 

to tissue removal that has not occurred in keratoconus. This points to a structural difference 

despite similarities in the appearance of the lamellae themselves and surface topography. In 
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addition, in post-LASIK and post-PRK states, the anterior corneal stroma has been ablated, 

which represents the strongest region of the central cornea in terms of depth.44 Therefore, 

biomechanically, these ectasias are all distinct and would not be expected to respond 

similarly to biomechanical treatments, such as intrastromal corneal ring segments (ICRS) 

placement and/or CXL.

BIOMECHANICAL TREATMENT OF ECTASIA

Topographic similarities and ultrastructural similarities between the ectasias do not 

necessarily imply biomechanical response similarities. One might expect the postrefractive-

surgery ectasias to have greater variability in response to a biomechanical treatment than 

keratoconus due to the variability in width, depth, and the presence or absence of a flap in 

the excimer ablation procedures that were initially performed. This greater variability in 

response to treatment has been reported45 as has a difference in thickness recovery time after 

CXL, with post-refractive surgery ectasia being more rapid than keratoconus.46 Recognition 

of the biomechanical disparity in ectasia may lead to more effective treatment protocols. For 

example, CXL has been described to stiffen the keratoconic cornea by instilling riboflavin in 

combination with exposure to an ultraviolet-A light source.47 The procedure was originally 

designed to halt progression of keratoconus, but has also been shown to improve visual 

acuity and reduce the magnitude of the maximum corneal curvature.45 Corneal CXL 

currently involves the all-over treatment of an 8 to 9 mm diameter region of the cornea. 

However, if biomechanical disparity is characteristic of keratoconus, a nonuniform treatment 

might strengthen the cone to a greater extent than the surrounding areas of the cornea, thus 

reducing the proposed disparity. This would involve a targeted treatment in the area of the 

cone, with lesser treatment of the remaining corneal regions. This might allow even greater 

viscoelastic drift toward a more regular corneal shape over time. Simulation of this concept 

and the results of various corneal CXL patterns in a whole-eye finite element model has 

demonstrated a differential response depending on the location of the cone, the depth of 

simulated treatment, and the distribution of stiffening treatment relative to the cone 

location.36 Specifically, greater magnitudes of flattening were achieved with focal increases 

in elastic modulus. Greater research is needed to optimize the biomechanical protocol, 

including the possibility of modeling the result prior to clinical treatment.

How do ICRS or targeted laser ablations interrupt the cycle of biomechanical 

decompensation? Intrastromal corneal ring segments will immediately redistribute the 

corneal stress by shortening lamellae and changing corneal shape without altering intrinsic 

properties.48 This alters the cycle and pattern of progressive decompensation and allows 

viscoelastic drift toward a more regular corneal shape over time.49 Corneal ablation also 

serves to immediately redistribute the stress, provided it is done in the thicker regions 

displaced from the cone. Topography-guided ablation in keratoconus has been reported50 

with reduction in surface irregularity over 2 years after treatment while the fellow eye 

continued to progress.51 Ablation over the cone would be biomechanically detrimental and 

potentially increase the rate of progression. However, ablation in the thicker and flatter 

regions, while protecting the cone, has the potential to interrupt the cycle of 

decompensation. The ablated regions would strain or deform more, becoming steeper, and 

generate a more regular corneal shape. This biomechanical approach is opposite to the 
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shape–subtraction model that is the basis of standard ablation profiles. In a shape–

subtraction approach, ablating in the central area of greater curvature causes central 

flattening and corresponding peripheral steepening. In a biomechanical approach, ablating in 

the flatter regions causes local steepening with corresponding flattening in the nonablated 

areas of greater curvature. Combined treatments of ICRS implantation plus corneal CXL52 

or, alternatively, biomechanically targeted ablation plus corneal CXL53–56 would link 

redistributing stress via ICRS or ablation with changing biomechanical properties via CXL. 

These combined treatments have the potential to provide even greater improvement in 

corneal shape over time, as the biomechanical cycle of decompensation is not only 

interrupted, but potentially reversed.

THE FUTURE

If a detection system to measure nonuniformity in biomechanical properties across the 

cornea and localize focal weakening could be developed, clinical evidence could be acquired 

to test the hypothesis presented. In addition, irregular curvature that is the result of 

pathology could be differentiated from an irregular curvature pattern that is a variant of 

normal in biomechanically normal corneas. This would be ideal in the effort to screen for at-

risk patients to reduce the incidence of post-refractive-surgery ectasia, as well as to allow 

surgery to be performed in candidates with no underlying biomechanical pathology who 

might previously have been turned away because of topographic irregularity. It would also 

allow targeting of the weakest areas for customized targeted treatment in diagnosed 

keratoconus to reduce the proposed asymmetry in biomechanical properties. The authors are 

encouraged by the recent acceleration of research and development efforts in this important 

area.
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Synopsis

The basics of biomechanical properties are described, along with proposed sources for 

biomechanical progression in various ectasias, including how progression might be 

interrupted with interventions such as crosslinking and intrastromal rings.
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Figure 1. 
Stress (σ) on the y-axis is defined as force over cross-sectional area and strain (ε) on the x-

axis is defined as percent change in length. A constant stress horizontal dashed line is 

shown. A higher elastic modulus material (black) will have less strain or less deformation 

than a lower elastic modulus material (red) at the same stress, as shown by the vertical 

dashed lines.
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Figure 2. 
Cornea with a focally weak area of lower elastic modulus (red) surrounded by areas of 

higher elastic modulus (black) will strain to a greater extent when placed under the same 

intraocular pressure load. Greater deformation occurs in the weaker region, which is 

exaggerated for illustration.
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Figure 3. 
Proposed schematic for a biomechanical cycle of decompensation in ectasia. The cycle is 

initiated by asymmetry in the distribution of biomechanical properties, which causes the 

cornea to thin, which causes an increase in stress, which causes the cornea to deform or 

redistribute curvature in a compensatory fashion.
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Figure 4. 
Example of mesh from a 3-dimensional whole-eye finite element model that has been 

modified to evaluate progression in keratoconus.
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Figure 5. 
Finite element model-generated tangential curvature maps of the anterior corneal surface of 

the less affected eye of an asymmetric keratoconus patient after elastic modulus reductions 

of (A) 10%, (B) 30%, and (C) 45%. D to F: Associated tangential curvature difference maps 

for each elastic modulus decrement (Reprinted with permission of Investigative 

Ophthalmology & Visual Science36)
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Figure 6. 
A: Modified artificial anterior chamber to hold 8 mm corneal button with 6 mm of exposed 

tissue. B: Preoperative topographic mires measured with Keratron. C: Topographic mires of 

thawed keratoconic button of same patient in mount for cone localization with pressure of 10 

mm Hg measured with a Keratron Scout.
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Figure 7. 
Axial stretch ratio under a change in pressure of 10 mm Hg. The tissue above the label A 

was identified as the cone on the Keratron scout and the optical coherence tomography 

images. Portions of the stroma and tissue with low cross-correlation coefficients are not 

shown. The cone demonstrates the highest concentration of strain and the lowest resistance 

to deformation.
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