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Abstract

The characterization of corneal biomechanical properties has important implications for the
management of ocular disease and prediction of surgical responses. Corneal refractive surgery
outcomes, progression or stabilization of ectatic disease, and intraocular pressure determination
are just examples of the many key clinical problems that depend highly upon corneal
biomechanical characteristics. However, to date there is no gold standard measurement technique.
Since the advent of a 1-dimensional (1D) air-puff based technique for measuring the corneal
surface response in 2005, advances in clinical imaging technology have yielded increasingly
sophisticated approaches to characterizing the biomechanical properties of the cornea. Novel
analyses of 1D responses are expanding the clinical utility of commercially-available air-puff-
based instruments, and other imaging modalities—including optical coherence elastography
(OCE), Brillouin microscopy and phase-decorrelation ocular coherence tomography (PhD-OCT)
—offer new opportunities for probing local biomechanical behavior in 3-dimensional space and
drawing new inferences about the relationships between corneal structure, mechanical behavior,
and corneal refractive function. These advances are likely to drive greater clinical adoption of in
vivo biomechanical analysis and to support more personalized medical and surgical decision-
making.

1. Introduction

The cornea, together with its overlying tear film, is the primary refractive surface of the eye,
responsible for approximately 2/3 of its optical power. Given that miniscule alterations in
corneal shape and regularity can dramatically impact image formation, it is important to
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better understand and predict corneal shape behavior in patients across a variety of clinical
conditions.

Corneal biomechanical properties have repercussions for the characterization of the
physiologically normal cornea, for the diagnosis and management of glaucoma (Liu, 2005;
Susanna, 2019), and for informing the pathogenesis, prevention and management of ectatic
disease (Ambrésio, 2017; Roy and Dupps, 2011). Better characterization of these properties
would, moreover, inform the development and refinement of structural models that may
support greater predictability for interventions such as corneal crosslinking (Roy and Dupps,
2011), intrastromal ring segment implantation (Lago, 2015; Kling, 2013b; Seven, 2019) and
all forms of incisional and laser refractive surgery (Dorronsoro, 2012; Dupps and Wilson,
2006; Seven, 2016, 2020). However, given the cornea’s complex microstructure and
sensitivity to both load and hydration (Ford, 2014; Hatami-Marbini, 2013; Kling, 2013c;
Klyce, 1979; Seiler, 2018; Shao, 2018), among other conditions, corneal biomechanical
measurement remains a challenging problem, and approaches to in vivo characterization of
the cornea’s constitutive mechanical composition remain in evolution (De Stefano, 2017).

To contextualize this discussion, it is helpful to introduce some basic concepts and
terminology. The description of biomechanical properties typically centers on Young’s
modulus, a representation of tissue elasticity that relates the force (stress) required to
generate a certain fractional deformation (strain). It is expressed mathematically as a slope
fit to the relevant portion of a stress-strain curve for a given material, with higher modulus
values indicating a stiffer material (Figure 1A). Several computational modeling studies
suggest that Young’s modulus is highly useful for describing the spectrum of material
property alterations that drive the corneal shape response in keratoconus progression and
corneal crosslinking (Roy and Dupps, 2011) and following laser refractive surgery (Roy and
Dupps, 2009; Dupps and Seven, 2016).

Living tissues are not perfectly elastic; in response to increased application of force, folded
collagen fibrils are recruited sequentially, providing greater tensile strength in a non-linear
fashion with increased load (Viidik, 1973). This phenomenon is illustrated by the stress-
strain curve of the cornea, which is composed of a “toe region” in which fibril recruitment is
ongoing, and a linear portion corresponding to the condition in which all fibrils are in
tension (Figure 1A). Given this imperfectly elastic character of corneal tissue, it can also be
useful to describe its behavior in terms of viscoelasticity, a descriptor of materials that
exhibit a time-dependent response to perturbation (Figure 1B) and whose deformation in
response to an applied force (loading) differs from its response to the removal of that force
(unloading). The viscoelastic behavior of corneal tissue can be quantified in terms of
hysteresis, a materials science property that entered the ophthalmology vocabulary to
describe the deviation between the loading and unloading curves in response to air-puff
deformation (Figure 2) (Dupps, 2007).

It is also important in the context of biomechanical measurement to note that the structure of
the cornea is spatially /nhomogenous with respect to lateral span and depth and is
directionally anisotropic in its response to loading. Collagen fibrils are predominantly
oriented along the superior-inferior and the nasal-temporal meridians centrally and are
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circumferentially oriented in the periphery (Meek, 2009). These properties are of great
consequence for meridional strength differences (Smolek, 1990, 1993), for the directionally
specific flattening response attributed to circumferentially oriented astigmatic keratotomy
incisions (which transect parallel bundles of fibers along a specific meridian), and for the
more global flattening response induced by radial keratotomy incisions (which are oriented
perpendicular to the circumferential fiber populations). These properties are of less but still
considerable significance in laser ablative procedures and can produce unanticipated
spherical or astigmatic shape responses (Dupps and Roberts, 2001).

In addition to these important differences in the lateral dimension, collagen fibrils exhibit
greater interconnectivity in the anterior third of the corneal stroma than in the posterior
stroma (Komai and Ushiki, 1991) that result in a nonuniform axial strength distribution
through the corneal depth (Randleman, 2008; Winkler, 2011). Moreover, the ground
substance of the cornea is composed of a diversity of materials with variable charge and
chemical interactivity. These components are distributed inhomogeneously such that the
more hydrophilic glycosaminoglycans are found in the deep stroma and promote
nonuniform swelling and viscous behaviors. These regional and directional variations in
microstructural and macrostructural organization directly influence the cornea’s
biomechanical behavior and highlight both the challenge and the importance of spatially
sensitive biomechanical characterization.

Early efforts to characterize corneal biomechanical properties relied on destructive ex vivo
testing. However, with varying measurement techniques and disparate controls for
experimental conditions such as hydration and loading regimes, these studies yielded highly
variable measures of the corneal Young’s modulus with a range spanning orders of
magnitude (Dias, 2015, Elsheikh, 2008, Mikula, 2015, Zeng, 2001). Inflational whole-eye
tissue models provided more representative measures by preserving the cornea’s natural
mechanical boundary conditions (Lari, 2012; Whitford, 2016). Efforts have therefore shifted
toward non-destructive in vivo measurement to more accurately describe the behavior of
living corneal tissue /n7 situand under physiological conditions germane to the clinical
applications the field seeks to impact.

For the purposes of this discussion, therefore, we will limit our focus to in vivo techniques
for assessment of corneal biomechanical properties. Scientific and commercial efforts over
the past 15 years have led to several promising methods for in vivo characterization of
biomechanical properties. Techniques currently available and in development can be broadly
divided between perturbatory and non-perturbatory techniques; the former measuring
response to an external load and the latter sampling innate properties of corneal tissue. Table
1 provides an overview of methods discussed in this review.

2. Perturbatory Methods of Biomechanical Assessment

2.1 High-Magnitude, High-Speed Perturbation

Two commercially available instruments for in vivo assessment of corneal biomechanical
properties measure bulk corneal responses to a high-velocity axial air puff. These techniques
monitor bidirectional deformation of the cornea through two applanation points during
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loading and unloading, with measurable differences in the behavior of the cornea attributable
to viscoelastic properties of the tissue. Although sharing a common mechanism for external
load, these techniques differ in the applied force and approach to analysis and are therefore
not necessarily interchangeable.

2.1.1 Ocular Response Analyzer—The Ocular Response Analyzer (ORA; Reichert
Ophthalmic Instruments, Buffalo, NY) was the first commercially available tool for explicit
in vivo corneal biomechanical testing (Luce, 2005). This instrument records a reflected
infrared signal to monitor relative flattening of the central cornea, thus providing an infrared
signal peak at 2 applanation events along with simultaneously recorded plenum pressure.
When the cornea deforms inwardly and reaches the first applanation endpoint, the air puff
driver is deactivated. This results in a variable air puff pressure that depends on the
deformation characteristics of each measurement sequence. After deforming into concavity
then recovering to its unperturbed geometry, the measurement sequence results in 2 distinct
applanation pressures: P1 during loading and P2 during unloading (Luce, 2005). An
example of ORA output is seen in Figure 2.

The ORA natively reports 2 corneal mechanical properties derived from these applanation
pressures, corneal hysteresis (CH) and corneal resistance factor (CRF). Both are descriptors
of viscoelastic properties, derived from the difference in loading and unloading pressures
captured at the time of deforming applanation and recovery applanation. CH measures the
pressure difference directly (P1 — P2). Since energy is always lost in a viscoelastic system,
P2 is lower than P1, and this difference represents the dissipation of energy during the
loading/unloading response (aka CH). CRF employs a modified form of this equation that
reduces the value of P2 and therefore biases CRF toward the pressure at the first applanation
event and to initial elastic resistance to deformation (Dupps, 2007).

The utility of the ORA varies depending on clinical application. As an explicit measure of
corneal biomechanical properties, CH and CRF have limitations due their unclear
relationship to classic constitutive properties such as elastic modulus (which limits their
applicability to informing computational models) and their inability to resolve spatial
differences within the tissue (which limits their sensitivity and specificity for detecting early
regional property changes in keratoconus, for example). (Kling, 2013a). Modulation of the
air puff pressure in response to corneal deformation also introduces inter-measurement
variability, which limits comparison even between measurements of the same eye over time
(Roberts, 2014). Moreover, although both CH and CRF are reduced in keratoconic eyes,
these metrics have less predictive value for ectasia and fail to reflect the biomechanical
changes associated with crosslinking (Galletti Jonatan, 2015; Goldich, 2012; Hallahan,
2014b; Luz, 2016; Saad, 2010; Spoerl, 2011; Ventura, 2013).

A few studies have responded to these limitations by defining novel metrics derived from
ORA pressure/infrared sequence data that capture specific temporal and spatial aspects of
deformation response (Kerautret, 2008; Hallahan, 2014a; Spoerl, 2011). Among these
metrics is the hysteresis loop area (HLA), which expands on the concept of CH by analyzing
the pressure and infrared displacement data across the entire response curve rather than
merely at the 2 applanation endpoints (Hallahan, 2014a). HLA and other custom variables
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have demonstrated greater sensitivity and specificity for detecting keratoconus (Hallahan
2014a) and capturing the stiffening effects of corneal crosslinking (Hallahan, 2014a; Spoerl,
2011). Combing static tomographic metrics and dynamic ORA variables has shown
additional promise for detection of earlier ectatic disease (Luz, 2016).

The utility of the ORA is not limited to corneal assessment, however. Initially designed with
the intent of providing more accurate measures of IOP in eyes with altered corneal
biomechanics, the ORA reports a corneal-compensated IOP (I0Pcc), which utilizes the
measured biomechanical properties to report an 10P value that is less affected by thickness
and property changes associated with LASIK and other refractive surgeries (Luce, 2005).
This metric is particularly useful following refractive surgery, when reduced corneal
stiffness and thickness yield a falsely low measured 10P by standard Goldmann tonometry
(Mazzeo, 2018). Although air-puff based measurements are obtained by monitoring the
corneal response, they reflect whole-eye contributions to this response as suggested earlier
and are sensitive to abnormalities of the sclera and optic nerve head region (Nguyen, 2020;
Kling 2013a). Low CH has been shown to be an important independent risk factor for
progression of glaucomatous visual field loss (Congdon, 2006) that likely reflect posterior
abnormalities in glaucoma such as hyper-deformability of the lamina cribrosa (Wong, 2020)

2.1.2 Corvis ST—Corvis ST (Oculus, Wetzlar, Germany) is similar to the ORA in its
reliance on air puff perturbation but offers several potential advantages. The high-speed
Scheimpflug technology enables 2-dimensional imaging through a horizontal corneal cross-
section for more-complete characterization of the effect of deformation. Moreover, the
Corvis ST is capable of isolating corneal deflection from whole-eye motion. Finally, unlike
the variable air pulse pressure of the ORA, which results in a non-standard load, the
CorvisST produces a consistent air puff pressure between measurements (Roberts, 2014).

Although undoubtably an advantage, the numerous diverse metrics derived from these
dynamic 2-dimensional images presents the problem of identifying which are most useful to
the clinician. Whereas early single parameters, such as the deformation amplitude (DA), did
not demonstrate improved diagnostic ability for keratoconus over the ORA, the past 5 years
have seen the development of new and combined metrics that improve the usefulness of
Corvis ST data (Ali 2014; Steinberg 2016; Vinciguerra 2016).

Chief among these newer metrics are the corneal biomechanical index (CBI) and
tomographic biomechanical index (TBI). CBI, derived from a combination of pachymetric
features and corneal deformation parameters, was found in early studies to distinguish
keratoconic from normal eyes with 98.2% sensitivity and 100% specificity (Herber, 2019;
Sedaghat, 2018; Vinciguerra, 2016). TBI, an artificial intelligence-generated composite
metric derived from Corvis ST parameters and tomographic data, has reportedly identified
keratoconus in 90.4% of ectatic fellow eyes with normal tomographic maps with 96%
specificity. However, subsequent validation studies have shown lower sensitivity and
specificity (Ambrosio, 2017; Chan, 2018; Ferreira-Mendes, 2019; Kataria, 2019; Koc, 2019;
Koh, 2019; Sedaghat, 2018). An example Corvis ST display demonstrating these newer
metrics is shown in Figure 3.
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More recently, the stress-strain index (SSI) algorithm was developed to generate a material
stiffness parameter using Corvis ST data. The SSI builds a stress-strain curve for a given
cornea based on finite element modeling and generates a property that is largely independent
of I0P and corneal thickness, two confounders of biomechanical property measurement
(Eliasy, 2019). The CorvisST is currently limited to an analysis of a single (axial)
component of bulk corneal behavior with no depth-dependent biomechanical resolution.

Finally, like the ORA, the Corvis ST evolved from tonometry, and to that end a
biomechanically compensated 10P (blOP) reading is available which yields results
comparable to true IOP in ex vivo tests (Joda, 2016; Eliasy, 2018). Similar to IOPcc, case
reports have illustrated the value of such devices in assessing IOP in post-refractive surgery
eyes; one report described a pressure elevation masked by biomechanical change on
traditional applanation tonometry for which a bIOP greater than 60 was measured (Mazzeo
2018). A related metric, the SP-A1, is a marker of stiffness generated by dividing the
loading pressure (air pressure minus blOP) by the displacement of the corneal apex at the
time of first applanation. High SP-AL1 is associated with a stiffer cornea and has shown
clinical utility in confirming increased biomechanical stiffness in post-crosslinking eyes
(Shen 2019, Lopes 2014, Hashemi 2019). Additionally, a promising new composite metric,
the Dresden biomechanical glaucoma factor (DBGF), has been introduced which weighs
bIOP and pachymetry data alongside several Corvis ST-derived single-parameter metrics of
corneal biomechanics to improve early detection of normal tension glaucoma (Pillunat,
2019).

2.1.3. Air-puff OCT—Advances in ocular coherence tomography (OCT) imaging speed
and resolution have enabled the use of high-speed OCT as an alternative to high-speed
Scheimpflug imaging for monitoring air puff perturbations. Marcos and colleagues
demonstrated this approach in porcine globes as well as human subjects and demonstrated
the ability to distinguish UV/riboflavin cross-linked corneas (Dorronsoro, 2012).

2.2 Low-Magnitude, Low-Speed Perturbation: Optical Coherence Elastography (OCE)

While advances in measurement of air-puff deformations have contributed significantly to
the characterization of bulk corneal properties, the mechanical implications of the cornea’s
structural heterogeneity cannot be well-resolved with these techniques. Given that ectatic
corneas manifest nonuniform changes in corneal biomechanical properties, this shortcoming
may account in part for the limited sensitivity and specificity of such techniques in the
detection of early keratoconus (Morshige, 2007).

To this end, techniques for corneal elastography—mapping of the elastic properties of tissue
—have emerged with the goal of better characterizing local differences in biomechanical
properties. The paradigm for elastography was first introduced by Ophir et al. (1991) using
ultrasonographic sampling and was extended to OCT by Schmitt (1998). For the cornea, the
rapid scan rate, micron-level resolution, and lack of need for a coupling gel with OCT afford
important advantages over ultrasound.

The basic principle of OCT elastography, or optical coherence elastography (OCE), is that a
force (preferably a known force, unless only relative properties are desired) is applied to the
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cornea causing tissue deformation which can be recorded by OCT. This process is achieved
as shown in Figure 4. In this system, a transparent glass plate mounted to a computer-
controlled linear actuator stage provides repeatable, controlled compressive stress with a
2mm range over 2.3 seconds. During compression, OCT images are acquired across the
horizontal meridian while two force sensors detect axial force generated in response to the
cornea’s contact with the compression plate (De Stefano, 2018).

With an optically clear perturbation interface that allows simultaneous swept-source OCT
imaging of the cornea, a low-velocity displacement delivered by a linear actuator has been
used to track lateral displacements (in plane with corneal collagen lamellae) in human donor
globes (Ford, 2014). These studies demonstrated lower relative lateral stiffness in edematous
corneas and higher stiffness in post-crosslinking corneas than in normo-hydrated corneas in
serial experiments (Ford, 2014). A clinical system was developed with force transducers
arranged in parallel with the perturbation surface, and live human studies focused on the
axial displacement component of the response were performed in normal and KC eyes
(DeStefano, 2018; De Stefano, 2020; Suzuki, 1980). These studies confirmed a depth-
dependent gradient of axial stromal stiffness consistent with greater structural interweaving
from transverse fibers in the anterior stroma (DeStefano, 2018). Also, for the first time in
live KC subjects, OCE demonstrated direct evidence of a preferentially weakened anterior
stroma (De Stefano, 2020; Suzuki, 1980) that correlates well with microstructural evidence
of selective loss of transverse collagen fibrils at the level of Bowman layer in KC corneas
(Morishige, 2007). These findings highlight potential diagnostic targets for early diagnosis
of KC with spatially sensitive elasticity imaging methods. They also suggest the need for
individual assessment of spatial corneal properties in refractive surgery screening to detect
at-risk corneas and inform rationale selection of refractive procedures such as PRK, LASIK
and SMILE (small incision lenticule extraction) that differ significantly in their depth-
dependent structural impact (Dupps 2018).

Larin and colleagues have applied the OCE concept to microscale air pulse stimulation of
the cornea to monitor the resultant elastic wave as it propagates through tissue. The pulse
duration is short (<1 msec), low-force (20-60 Pascal) and localized (150 um) and has the
advantage of not requiring physical contact (Lan, 2020). Wave propagation is assessed with
an analytical model modified from the Rayleigh Lamb wave model to yield an
approximation of Young’s modulus and viscosity under physiologic conditions (Han, 2017),
and the technique has very recently been applied in human subjects (Lan, 2020). Due to the
slow speed and long wavelength of the acoustic impulse, depth resolution is limited in the
human cornea, but the flexibility of the technique is an advantage and study in this area is
very active.

3. Non-perturbatory Methods of Biomechanical Assessment

Recently, imaging techniques have emerged to evaluate corneal biomechanical properties by
leveraging endogenous forces, independent of applied perturbation. These are based on
innate corneal thermodynamic properties that translate to structural and mechanical
characteristics.
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3.1 Brillouin Imaging

Brillouin imaging, like OCT elastography, arose from the need to better-characterize the 3-
dimensional mechanical properties of living tissue, and carries the added advantage of
obviating the need for an applied force (Scarcelli, 2013).

The technique is based on the principle of Brillouin scattering. Intrinsic in any medium are
thermodynamic fluctuations that give rise to minute changes in local density and pressure
and, by extension, to changes in refractive index that propagate in a manner analogous to
acoustic vibration (Scarcelli, 2018). The frequency shift of incident light scattered as a result
of these thermodynamic fluctuations can be precisely related to the longitudinal modulus of
a given tissue (Scarcelli 2012a). The results are considered intrinsic biomechanical
properties in the in vivo system, independent of applied pressure (Scarcelli 2012a, 2012b).
Ex vivo models have demonstrated a linear logarithmic relationship between the longitudinal
modulus as derived from Brillouin microscopy and the shear modulus calculated from
rheometry, suggesting a mathematical relationship to Young’s modulus in corneal tissue
(Scarcelli, 2018).

Although previously limited by acquisition time, newer Brillouin imaging technology with
increased speed is promising for the commercial utility of the technique (Scarcelli, 2018).
Currently, in vivo Brillouin systems utilize a laser-scanning confocal microscope as a light
source, a 2-stage near-infrared spectrometer for detection, and a modified slit lamp that
serves as the patient interface (Scarcelli, 2012b). Chief among potential clinical applications
for such in vivo systems is the monitoring the effects of cross linking, where the technique
has yielded valuable information about depth of penetration in epithelium-on versus
conventional techniques (Scarcelli, 2012a, 2013). Figure 6 shows Brillouin images
illustrating the effect of crosslinking on porcine corneas, including the depth-dependent
effects of treatment.

Brillouin microscopy enables characterization of local biomechanical properties, which have
are known to be spatially heterogeneous in normal and in abnormal corneas (Scarcelli
2012a, 2012b). In an 11-subject in vivo study, Brillouin shifts were lower in KC in the area
of the cone but were not reported as a function of depth and demonstrated lower predictive
value for disease discrimination than the standard tomographic indicators (maximum corneal
curvature and corneal thickness) (Scarcelli, 2015). A subsequent study similarly reported
lateral differences in Brillouin spectroscopy values in normal and KC subjects, and variables
based on differences in regional Brillouin properties between the corneal center and the
periphery showed more promise as a discriminative variable for KC (Shao 2019). Brillouin
microscopy can resolve all 3 spatial dimensions but provides a 1 vector-component (axial)
biomechanical measure along a given scan line, which limits the ability to probe non-axial
stiffness properties.

3.2 Phase-decorrelation OCT (PhD-OCT)

Recently, Blackburn et al. described a technique for an OCT-based non-perturbatory
assessment of biomechanical properties. Phase-decorrelation OCT (PhD-OCT), like
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Brillouin microscopy, relies upon the scattering behavior of incident light to assess
properties of biological tissues (Blackburn, 2019).

Whereas Brillouin microscopy relies upon Brillouin light scattering, PhD-OCT relies upon
the principle of dynamic light scattering (DLS) by particles in a fluid. Image acquisition is
achieved using 2 spectral-domain OCT devices with different central wavelengths. An M-B
scan pattern is used, with M scans captured over 10ms (500 A-lines) before moving on to
construct the desired cross-sectional B scan. With such a system, a range of 10mm can be
scanned in under 3 seconds. Post-acquisition processing is performed by Fourier transform.
The amplitude and phase of light scattered by particles undergoing Brownian motion will
decay at a stable rate, which can be recorded. The resultant decay constant, I is
mathematically associated with viscosity and is hypothesized to be inversely related to the
degree of collagen confinement, and therefore to stiffness. This hypothesis was supported by
findings that I" decreased in corneas after cross-linking was performed, as shown in Figure 7
(Blackburn, 2019).

PhD-OCT as it is currently performed utilizes spectral-domain OCT (SD-OCT), with the
advantage of rapid acquisition of large quantities of data (500 M-scans at a single location
over a 10ms period translated across cross-sectional B scans). This feature allows both for a
high degree of spatial resolution with minimal motion artifact and for minimal patient
discomfort in the course of testing (Blackburn 2019). Moreover, SD-OCT is already widely
commercially available, allowing the possibility of rapid, widespread adoption of PhD-OCT.
PhD OCT is capable of generating 3-dimensional spatial datasets but measures only 1 vector
component (axial) properties. Pilot human studies have demonstrated differences in
decorrelation properties between normal and KC eyes, and larger scale studies are underway.

4. Conclusion

Corneal biomechanical measurement is an area of active development, and in vivo human
data is increasingly becoming available. Commercially available air-puff based methods lack
spatial resolution for detection of local disparities in corneal biomechanical properties that
are important for refractive surgery screening and detecting early KC. Methods offering 3-
dimensional spatial resolution and 1 or more vector components of corneal biomechanical
properties are likely to enhance our capability to detect local changes in biomechanical
properties, not only for early detection and intervention of KC, but also for more accurate
refractive surgery risk assessment and customization of surgical planning. Advances in
speed, resolution, and analytic methods for corneal elasticity imaging are contributing to
significant progress in this area.
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Corneal biomechanical behavior is a complex product of multiscale structural
motifs that directly impact disease pathogenesis and structural responses to
surgery

Current clinical tools allow for characterization of only the axial component
of corneal biomechanical response and do not probe key depth-dependent
differences or other spatial differences arising from the cornea’s complex
structure

Emerging approaches offer new opportunities to characterize properties
across 3-dimensional space with differing degrees of sensitivity to multi-
directional responses, furthering the goal of identifying markers of early
disease and predictors of patient-specific responses to interventions
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Figure 1:
A. Stress-strain curve derived from measured displacement over variable load (1,2,3) in a

horizontal strip of donor cornea. This process allows for ex vivo calculation of Young’s
modulus. B. Viscoelastic stress relaxation in donor corneal tissue in which load is applied
(4) and removed (5). Adapted from Dupps and Wilson 2006.
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Figure 2:
Example of a graph obtained from the ORA. Infrared signal peaks represent inward an

d

outward applanation points. The corresponding points on the air pressure curve, P; and P,

are used to calculate CH and CRF.
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Figure 3:
Example of the Ambrosio, Roberts & Vinciguerra (ARV) Display of an ectatic eye obtained

on the Corvis ST and Pentacam devices. Pentacam Axial and Pachymetry maps and the
Belin-Ambrosio display are shown on the right. Corvis ST variables Stiffness Parameter
(SP-A1), Ambrésio Relational Thickness (ARTh), Integrated Radius and Deformation
Amplitude (DA) Radius are shown on the upper left. Images of the cornea at inward (Al)
and outward (A2) applanation and at the point of highest concavity (HC) can be displayed
on the lower left. Bottom bars represent the Corneal Biomechanical Index (CBI), Total
Biomechanical Index (TBI) and Belin-Ambrésio display (BAD) D values for the cornea
under study. The BAD D score is a morphological metric based on static Scheimpflug
tomography that increases in value as ectasia risk increases, CBI is a dynamic metric based
on air puff response variables that increases with ectasia risk, and TBI is a machine-learning
derived variable that incorporates multiple static and dynamic in a single measure of ectasia
risk.
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Figure 4:
Example set up for OCE, with schematic displayed on the left and prototype to the right.

From De Stefano 2018.
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Example data from Applanation OCE. A Two-dimensional OCT image at the point of
maximum compression, with anterior (blue) and posterior (red) regions of interest identified.
B Force versus displacement plot demonstrating differences in axial stiffness between
anterior (blue) and posterior (red) stromal regions. Steeper slopes correspond to stiffer
behavior. C Map of cumulative displacement in the central cornea (um). D Plot of depth-
dependent cumulative displacement of the central cornea (laterally averaged over 100 um
band). E Elastography map overlaid on (A), representing local values for the slope of the
force v. displacement curves as represented in (B). Cooler colors represent less
displacement, corresponding to higher slope values and greater stiffness behavior. F Plot of
depth-dependent k values, representative of local stiffness behavior (laterally averaged over
100um band). Adapted from De Stefano, 2018.
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Figure 6:
Example data from Brillouin microscopy. Sample Brillouin images from normal (a) and

cross-linked (b) porcine corneas with warmer colors representing a greater shift and
increased stiffness. ¢ Plot of depth-dependent Brillouin shift in cross-linked versus untreated
control corneas. d Comparison of mean Brillouin modulus for the anterior, central and
posterior cornea in crosslinked versus untreated control corneas.
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Figure 7:
Example PhD-OCT data cross-linked (A) versus sham-treated (B) porcine corneas, with the

anterior third of the cornea demarcated by the black dotted line. Note the CXL demarcation
line visible on the OCT reflectance in A post-CXL. C Comparison of average change in " in
the anterior third of sham-treated versus post-CXL corneas. D Three representative eyes
demonstrating change in I" during CXL at 10-minute intervals over a 30-minute period of
UV irradiation.
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Table 1:

A summary of in vivo methods for corneal biomechanical analysis.
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Method Loading Type Spatial Temporal Spatial Spatial Mechanical
Regime Regime (s) Resolution Resolution Dimensionality
Sampled Depth (um) Lateral (um)
(mm)
ORA (Luce 2005) Air Puff 2.9 05 - -- 1
Corvis ST (Hong 2013) Air Puff 5 0.1 - -- 1
Air puff OCE Air Puff -- 0.001 -- - 1
(Dorronsoro, 2012)
Shear Wave OCE Air Puff 5 0.001 100 ~200 1-2
(Wang 2014)
Applanation OCE Plate 4 0.1 12 ~400 2-3
(Ford 2014, DeStefano Applanation
2019)
Brillouin Microscopy None 1076 1079 0.8-1.3 0.8-1.3 1
(Scarcelli 2012, Caponi
2020)
PhD-OCT (Blackburn None 1075 0.01 40 40 1
2019)
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