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Abstract

The evaluation of the corneal biomechanical behaviour has important clinical applications. To
name a few, the accuracy of the intraocular pressure measurement, the study of corneal ectatic
diseases and the assessment and optimisation of corneal surgical procedures are all highly
influenced by corneal biomechanics. Over the last 45 years different ex-vivo methods were
developed to study corneal biomechanical behaviour. Different tissue maintenance, support,
loading systems, as well as different monitoring strategies of corneal deformations were
employed. In this review, the most important and commonly used methods are outlined, including
strip extensiometry, inflation, compression, indentation and tissue separation testing. Their
particularities, applications, pros and cons and main applications are discussed.

1. Introduction

The biomechanical behaviour of the cornea is important to a number of clinical applications
including the planning of refractive surgery procedures, the selection of corneal rings, following
up keratoconus progression, optimisation of the cross-linking treatment and the measurement of
intraocular pressure (IOP), to name but a few. Recognition of the importance of corneal
biomechanics and the role it can play in these and other applications can be traced back to
publications in the 1970s [1]. Efforts to characterise corneal biomechanics started with ex-vivo
tests that grew in complexity with the appreciation that the tests needed to approximate the
organ’s physiologic conditions for the results to be meaningful. Over the last forty years,
significant progress has been made in the way tissue is maintained, supported and loaded and in
how the tissue’s deformation was monitored, recorded and used to estimate the biomechanical
properties. Much has also been achieved in estimating the cornea’s stiffening with age [2, 3] and
diseases such as diabetes [4], and softening with keratoconus [5, 6].

The cornea is a structurally complex, viscoelastic membrane with regionally different and
anisotropic biomechanical properties. Up to now, strip extensometry has remained the most
commonly-used method to evaluate corneal biomechanics due to its simple process and low cost
— despite its several drawbacks. However, due to these drawbacks, other methods have been
introduced including: inflation, compression, indentation, lamellae separation, shear and other
testing methods [7]. This paper presents a review of the methods used to derive the cornea’s
biomechanical properties, their pros and cons, and the applications each method would be
suitable for.

2. Strip extensometry testing

Strip extensometry is probably the simplest and most commonly used ex-vivo testing method to
determine the stress-strain behaviour of corneal tissue [8]. The method involves separation of a
rectangular strip of tissue, with constant width, and subjecting it to uniaxial tension while
monitoring its elongation, Figure 1. The experimental results, namely the applied load, P, and the
resulting elongation, o, are converted into stress and strain, respectively, by dividing the load by
the specimen’s cross-sectional area, and dividing the elongation by the initial, unloaded,
specimen length. This simple analysis yields the stress-strain behaviour depicting the material
behaviour, which is intended to be independent of the specimen’s length, thickness or width. The
tangent to the stress-strain relationship at any stress or strain then produces the tangent
modulus, which is considered the best measure of stiffness at that particular stress or strain.
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Figure 1 Setup and main components of a strip test rig — preservation medium is not shown in
picture

The test method involves several inherent deficiencies, which should be considered carefully [9].
Two of the deficiencies originate from the fact that the strip specimen is originally part of the 3D
curved surface of the cornea. As a result, the length of the specimen along its longitudinal
centreline is longer than its length along the edges. This variation in specimen length inevitably
leads to a non-uniform strain distribution across the width of the specimen with the centreline
undergoing lower strains than the specimen edges, Figure 2. For a cornea with an anterior
central radius of curvature of 7.8 mm, anterior shape factor of 0.8, central corneal thickness of
0.55 mm, peripheral corneal thickness of 0.70 mm and rotational symmetry, the difference in
length between the centreline and the edge of a 2 mm wide specimen that extends the full
cornea width (limbus to limbus) is 1.7%, which will affect the distribution of strain and stress
across the specimen width.
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Figure 2 Strain distribution under axial load is not uniform due to variation in specimen length
from maximum along the centreline to minimum along the edges

The second deficiency is caused by the flattening of the initial curved specimen as it produces
tensile strains, and stresses, on the posterior side and compressive strains on the anterior side,
Figure 3 [9]. These initial strains could be considerable even if corneal thickness is considered
small in relation to the other dimensions. For the example cornea mentioned above, the strain
caused by the tissue flattening would be around 1.9% at both the anterior and posterior surfaces.
As a result, the initial compressive and tensile strains generated respectively during flattening on
the anterior and posterior sides will lead to a non-uniform stress distribution under the applied
tension load.
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Figure 3 Strain distribution caused by straightening the initially curved corneal strip specimen

A further complication could arise due to the use of mechanical clamps at specimen ends and
the low shear cohesion between the cornea’s stromal lamellae. It has been suggested that the
clamping effect could be stronger at the outer lamellae, allowing the internal lamellae to slip
relative to the clamps and leading to further effect on the uniformity of stress distribution under
the applied tensions loads [10].

The literature also shows that the analysis method of the test results usually considers the
central corneal thickness or the average specimen thickness in deriving the material stress—
strain behaviour [11, 12]. While this practice leads to a very simple analysis method, it ignores
the fact that corneal thickness is not constant, but varies from a minimum at or near the apex and
increases gradually towards the limbus, Figure 4. The thickness profile is even more complex in
ectatic corneas where local thinning is expected at the area of pathology. An attempt to resolve
this issue, and hence improve the stress calculations was presented in an earlier study [9]:
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Figure 4 Variation of specimen’s cross-sectional area from a minimum at the midpoint to a
maximum at the endpoints
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where T is the applied tension force, L specimen length, | half specimen length, & specimen
elongation, Al cross-sectional area at specimen mid-point, t1 and t2 specimen thickness at
midpoint and endpoint, respectively. Note that the first term (L T/d A;) in Equation (1) represents
the value of E when assuming constant cross-sectional area, A;, while the second term (tl/(t2 -

tl)) [In(t, 1) — In(t, )] is a correction factor to take account of an assumed linear change in
thickness from t; at midpoint to t, at endpoints.

On a microstructure level, the preparation of a strip specimen inevitably entails severing of
collagen fibrils that cross the specimen edges. The resulting disruption of the tissue’s
microstructure, which controls its biomechanical behaviour, is therefore likely to affect the
reliability of the measured mechanical properties of the tissue.

These deficiencies have contributed to the perception that strip extensometry testing was a less
reliable procedure to determine the cornea’s material properties than inflation testing [13-15].



However, their relative simplicity and low cost encouraged the use of strip tests in several studies
from the 1980s until present [16]. While it is appreciated that the technique was not reliable in
estimating the material’'s stress-strain behaviour, it was thought to remain adequate for
comparative studies in which the focus is on the effect of certain parameters on material
behaviour. Example applications include estimating the deterioration in corneal stiffness with
keratoconus [5, 17], the increase in stiffness with the cross-linking treatment [18], the effect of
biomechanical anisotropy [19, 20] and the effect of viscoelasticity [21, 22].

Attempts to improve unidirectional strip testing are described below and included biaxial tension
tests in which square tissue specimens are dissected and loaded in tension in two orthogonal
directions. This technique is more compatible with the anisotropic nature of corneal tissue but still
suffers from most of the drawbacks of unidirectional testing including those caused by flattening
the initially curved specimens and severing collagen fibrils along specimen ends. The technique
is also significantly more expensive than unidirectional testing — a feature that led to its rare use
in previous research studies [23, 24].

3. Inflation testing

Awareness of the deficiencies of strip testing has led to increased use of inflation testing despite
the large difference in cost. Inflation testing keeps the tissue intact and loads it with an internal
pressure that simulates the intraocular pressure, Figure 5. The pressure is applied through fluid
injection using a water column or a syringe pump that can be computer-controlled in a closed
loop with the aid of a pressure transducer feedback signal measurement. In tests involving the
cornea, specimens are connected to clamps along their rings of scleral tissue. Similarly, in tests
of the sclera, the specimens are clamped along the limbus and the anterior part of the tissue.
Both cornea and sclera tests involve dissecting the tissue and using non-physiologic supporting
conditions. For this reason, there has been a move towards whole globe testing to avoid the
negative effects of the supports on specimen behaviour [25]. In that case, the internal pressure is
applied through a hypodermic needle inserted into the anterior chamber or, more commonly, the
posterior ocular cavity.
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Figure 5 Layout of a simple inflation test setup (top), design of a cornea clamp (bottom left), and
images of a human sclera connected to a pressure chamber (bottom middle) and being
subjected to an internal pressure simulating intraocular pressure (bottom right)

The deformation of the specimens that results from changing the internal pressure is measured
by a system of high-resolution, digital cameras that are spatially distributed around the specimen
[25, 26]. The camera images, taken under different internal pressures, are analysed using digital
image correlation (DIC) systems to quantify the displacement distribution across the surface of
the specimens. Other imaging methods that have been used with success include the
Scheimpflug camera technology (the Pentacam video keratographer) and the optical coherence
tomography (OCT) [27-29]. Laser beams are also used to measure the displacement at specific
locations, including corneal apex, the posterior pole or points on the limbus, Figure 5 [3]. Due to
the higher accuracy of the laser beams, relative to DIC and other imaging systems, laser beam
measurements have also been used to check and validate the output of other systems.

The initial specimen dimensions, the applied pressure and the measured deformations could be
analysed using shell analysis to determine the stress-strain behaviour of the tissue [2, 26],
Figure 6. The analysis starts with the initial conditions where the cornea’s median surface is
assumed to be spherical with an initial radius of R,? = R;® + (R, — Hy)? or R, = (R;® + H,?)/(2 Hy),
where R; is the limbal radius and H, is the initial corneal height. With the first pressure application, p,
the initial corneal height (H,) increases by the apical rise recorded experimentally: H; = H, + r; and
the corresponding radius becomes: R, = (R;® + H;%)/(2 Hy).
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Figure 6 Schematic cross-sectional view of the cornea under inflation with the main dimensions

Assuming the tissue is incompressible, leading to no change in volume with loading, the new average
tissue thickness becomes t; = (R, H, t,)/(R; H;), and the angle h becomes h; = sin"!(R;/R;). With
these values calculated at the first pressure application, the corresponding tangent modulus is
obtained as:

R;? _
E, = zlrl o (1-v) {1 — e PM cos(Bhy)} 2
The corresponding strain is then calculated as:
R —
g = zpé—ltll (1-v) {1 —vePhrcos(Bh,)} (3)

and the corresponding stress: 6; = E; €;. This process is then repeated for every pressure increase to
derive the stress-strain relationship of the tissue and the tangent modulus at each stress or strain.

Now, more commonly, the stress-strain behaviour of the tissue is obtained using the finite
element based inverse analysis process. This process avoids the inherent simplifications of the
shell analysis including, most notably, the assumption that the cornea has a spherical shape. In
inverse analysis, the initial camera images taken under zero internal pressure (or low pressure



just enough to maintain an inflated specimen shape) are used to construct a numerical model of
the specimen that adopts its outside geometry and thickness distribution. The model is then
subjected to a trial and error process (called inverse analysis) while changing the tissue’s
material behaviour until a close match is achieved between the model's deformation predictions
and the experimental measurements. This method has higher accuracy than the shell analysis
described above as it does not require any assumptions in tissue thickness distribution,
supporting conditions or corneal geometry. The inverse analysis method further enables dividing
the test specimen into segments, each with its unique material constitutive model. However, as a
trial and error process, the reliability of inverse analysis in producing unique estimations of the
material behaviour reduces with more constitutive models considered.

A further advantage of inflation testing over strip extensometry is their respective response to
preconditioning. Preconditioning is a process, by which specimens are subjected to cycles of
loading and unloading up to the maximum load/pressure intended in the actual tests, and using
the same load/pressure application rate, in order to reach a stage of stable behaviour. In strip
extensometry, and with the flattening of the tissue and severance of collagen fibrils along the
specimen edges, preconditioning results in successive permanent deformations due to the
gradual realignment of the fibrils. These deformations affect the resulting estimated behaviour of
the specimen and adds another element of uncertainty to a long list of strip extensometry
deficiencies. Inflation testing, on the other hand, does not suffer the same drawback as the
loading simulates closely the intraocular pressure and therefore preconditioning does not entail
significant behaviour changes.

Inflation testing was used in numerous studies to determine the material biomechanical
properties of healthy, diseased and treated eyes and how the properties change with age and
certain treatments. Examples include studies on the age-related stiffening of corneal tissue [2,
30-32] and scleral tissue [33, 34]. Inflation testing was also used to evaluate if Bunsen-Roscoe
law was applicable in corneal cross-linking (CXL), and showed evidence that the effect of CXL in
stiffening the tissue decreased with reducing the irradiance duration [35]. Besides, it was used to
investigate the biomechanical effects of Travoprost and Tafluprost on the rabbit cornea, and
demonstrated significant reductions in tangent modulus with both forms of PGF2a [9]. The
stiffness-reduction effect of fluorometholone on the rabbit cornea was also reported previously
using inflation testing [36], and diabetes was shown to induce significant increases in
biomechanical stiffness as evidenced by increases in tangent modulus [4].

4. Compression testing

Compression tests can be performed with the tissue specimen being either confined or
unconfined (Figure 7). Confined compression testing measures the capacity of a specimen to
withstand a surface compressive force while not allowing in-plane expansion — perpendicular to
the force. These tests are usually performed on biphasic materials, such as those with
poroelastic properties. The unconfined compression test, on the other hand, is usually known as
the uniaxial compression test. In this case, the applied force causes a compressive stress across
the thickness, and this stress causes both reduction in thickness and in-plane expansion to
preserve tissue volume. This test is usually employed to characterize the biomechanical
properties of biological tissues under compression.

Tissue specimen Compression

Storage medium y force

! !Fluid flow Fluid flow

Figure 7 Confined (left) and unconfined (right) compression test setups
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Unconfined compression testing has been conducted in the past using displacement-controlled
test rigs, although load-control could also be used [37-40]. Cornea disc specimens were kept in a
bathing solution of preservation medium and subjected to a compression force across the
thickness. The pressure-displacement behaviour recorded was fitted to a linear transversely
isotropic biphasic model, in which the cornea was considered as a mixture of an incompressible
solid phase (collagen lamellae, proteoglycans, and keratocytes) and an incompressible fluid
phase (interstitial fluids, and ions) [40]. However, the analysis could still be done simply by
dividing the applied force by the specimen surface area to determine the applied stress, and
dividing the tissue thinning by the specimen’s initial thickness to calculate the corresponding
strain.

Indentation testing

This form of mechanical testing is one of the simplest and easiest to implement. It involves
pushing an indenter with a spherical [41] or a flat tip [42] against the cornea while monitoring
both the indentation force and the tissue’s deformation, Figure 8. Indenters with a wide range of
diameter, between 1.7mm and 5.4mm, were used. The test method was used on whole eye
globes, usually ex-vivo, although it can be used on separated corneas or smaller tissues, and
can also be implemented in-vivo while following a process similar to that followed with the
Goldmann Applanation Tonometer.

A A ;; A A A

Figure 8 Indentation tests using indenters with a flat tip or a spherical tip

Analysis of the experimental force and deformation results was carried out while following
different methods. In the case with a spherical indenter [42], the tangent modulus of the tissue,
E;, was estimated as:

3F (1-v?)
Be = o “)

where F is the indentation force, X the resulting specimen displacement under the indenter, v
Poisson's ratio of the tissue and R the radius of the indenter. This equation lacks reference to the
tissue’s thickness, which undoubtedly has a significant effect on behaviour under indentation. It
also refers to an analytical method developed for plane surface under indentation, and hence
ignores the effect of the cornea’s curvature [43].

For the case with flat tip indenters [44], the tissue’s tangent modulus was estimated using:
__a(R-t/2)V1-v2 dF

Elop=——5— g5lop ®)

Where F is the indentation force, delta the indentation depth, v Poisson’s ratio, R anterior corneal
radius of curvature, t the central corneal thickness and a is a geometry constant which can be
determined from the parameter



a=0.0349 u3 — 0.1034 u? — 0.0291 u + 0.434 (6)
where

12 (1-v2) 11/4

W=To |z ()

and r, is the radius of the indenter.

While these equations present a simple method to calculate the tangent modulus, they embody
simplifications related to the thickness variation and corneal curvature — both assumed to be
constant. An alternative method that can avoid these simplifications is based on inverse analysis,
similar to what has been presented for inflation testing.

5. Lamellae separation tests
This form of testing has been little used to assess the interlamellar adhesive strength in corneal
tissue [45]. Strips of tissue are removed from cornea specimens and their ends slit to separate
the anterior and posterior stromal layers. The two ends are then connected to a uniaxial testing
machine to apply forces leading to the gradual tear in the tissue and progress of the separation
between the layers, Figure 9.

Figure 9 Strip specimen used in a lamellae separation test

The technique was used in a recent study to determine the cohesive tensile strength within the
corneal stroma [46]. The study found that the anterior 40% of the central stroma had the highest
cohesive strength, whereas the posterior 60% of the stroma was weaker by more than 50%.
Another study used the technique to measure the cohesive tensile strength of human LASIK
corneal wounds and found that corneal stroma typically heals after LASIK in a limited and
incomplete fashion, resulting in a weak, central and paracentral stromal scar that averaged 2.4%
as strong as normal corneal stroma [47].

Overall, it is difficult to control the load rate or the elongation rate applied in separation tests as
they are sensitive to the direction of the fibrils of the test tissue. As the tearing progresses, it also
becomes impossible to keep a right angle between the peeling force and the specimen’s
separation line.

Shear testing

This form of testing is used to measure the transverse shear stiffness of the corneal stroma and
its variation through the tissue thickness [48, 49]. Shear testing takes two different forms
subjecting the tissue to in-plane torsion in rheology testing [48], or direct in-plane shear forces
[50], Figure 10. The results of both set ups confirmed the hypothesis that the shear stiffness was
greater in the anterior third of the stroma compared with the remainder of the tissue thickness
due to the increased interweaving of anterior lamellae. The results further reported shear moduli
that were two to three orders of magnitude lower than what would be estimated for isotropic
materials, for which the shear modulus, G was equivalent to E/(1 - v). This finding was
compatible with the observation of stromal lamellae easily sliding against each other [51, 52].
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Figure 10 Main components of a rheology shear test setup (left), and a direct shear test setup
(right)

6. Discussion

Biomechanical testing of ex-vivo corneal tissue has contributed much to our understanding of
corneal biomechanics. The quantification of the age-related stiffening of the tissue, the stiffening
caused by diabetes and the softening caused by keratoconus are outcomes of ex-vivo testing.
The testing has also helped characterise the regional variation of biomechanical behaviour, the
tissue’s viscoelasticity and anisotropy, the stromal shear stiffness and the epithelium’s
contribution to corneal biomechanics. These results have improved in accuracy as the test
methodologies matched closer the tissue’s physiologic conditions including how it was supported
and loaded.

However, despite the improvements in ex-vivo testing, difficulties remained in translating tissue
behaviour obtained in ex-vivo experiments into behaviour of in-vivo corneas [53] due to possible
tissue degradation and the wide variation in behaviour between individual eyes. This has led to a
growing interest in in-vivo measurement of corneal biomechanics, in particular over the last two
decades. This point is discussed in detail in our accompanying paper reviewing the development
of in-vivo corneal test methods. However, as interest in corneal biomechanics and the role it can
play in the customisation of treatments and the follow up of disease progression, it is expected
that ex-vivo testing will maintain its importance and continue to offer insight into tissue behaviour
especially in disease and under treatment.

The difficulty in obtaining human tissue specimens at the required numbers made it necessary in
some cases to rely on animal models, primarily porcine and rabbit tissue. Evidence has shown
that these models provided similar behaviour to human tissue and were therefore useful in
preliminary studies. However, over the years evidence based on human tissue tests has
accumulated and provided clear pictures of the human cornea’s hyperelasticity, viscoelasticity
and anisotropy, reducing the need for animal models.

Recognition of the dependence of corneal biomechanics on the tissue’s microstructure has
enabled the development of detailed understanding of tissue behaviour that has been impossible
in the past. The parallel progress of microstructure research and biomechanics characterisation
is expected to accelerate in the future leading to unprecedented ability to customise treatments
and take clinical practice into the domain of multi-scale numerical modelling.

The ex-vivo evaluation of corneal biomechanical properties — especially in cases where in-vivo
assessment is not possible — could provide useful information to optimize several treatments of
corneal conditions. Applications could include customization of collagen cross-linking (CXL) to
focus on areas of pathology, selection of implants used to improve visual acuity in eyes with
irregular corneas, and improving risk profiling to reduce likelihood of ectasia post refractive
surgery.

Different specimen maintenance, support and loading systems, as well as different monitoring
strategies of corneal deformation, have been developed with successively improved matching of
the cornea’s physiologic conditions and hence improved prediction of corneal biomechanics.
Strip extensometry testing has advantages in terms of simplicity, low cost and ability to provide a
quick, quantitative measure of stiffness. However, its drawbacks made it suitable only for



comparative studies such as assessing the effect of specific treatments on behavior, and less
reliable for quantifying the stress-strain performance of the tissue. The drawbacks also made it
necessary to develop other methods, most notably inflation testing, to keep the cornea intact and
simulate its complex physiologic conditions. Other methods have also been developed to
estimate specific biomechanical properties of corneal tissue including the compression, shear
and lamellae cohesion tests. Combinations of these tests are usually required to derive the
corneal properties needed for specific applications.

While successes are being achieved in the in-vivo determination of corneal biomechanics, ex-
vivo testing remains essential for understanding tissue behavior and the effect of disease
progression and treatment on performance. Despite the advances made over the last few
decades to make ex-vivo testing more representative of the tissue’s physiologic conditions,
progress is still needed to streamline the currently expensive test protocols and improve the
accuracy of the estimated material parameters.
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