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Abstract

Corneal hysteresis is a measure of viscoelasticity of the cornea. It was first measured using the
Ocular Response Analyser (ORA); Reichert Ophthalmic Instruments, Buffalo, NY) in 2005. Since
the introduction of the ORA there has been an exponential growth in interest in CH, which is
proving to be a very useful parameter for prediction of glaucoma risk and progression. This review
sets out to describe the importance of this parameter not only as a predictor of glaucoma
development and progression, but also its relevance to corneal structure with regards to structural

diseases of the cornea and outcome predictions in corrective eye laser.
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Introduction

Together with the tear film, the cornea is the
first optical interface of the visual system and
is responsible for about 80% of the refractive
convergence power of the eye, determining
whether a person is emmetropic, myopic or
hyperopic. It also acts a barrier against
trauma and microbes. The cornea is often
described as the “window to the eye”.

Hysteresis is derived from the Greek,
meaning ‘‘lagging behind’. Hysteresis is the
physical term that describes the ability of an
elastic material to return to its natural shape
after being deformed by an external force.

The cornea is an extremely efficient and
unified structure, which provides the eye with
a clear refractive interface, tensile strength
and protection. It is made up of five layers,
the thickest being the stroma, which
constitutes 90% of the volume of the cornea.
Corneal avascularity is essential to transmit
light, but this demands oxygenation mainly
from the tears externally and from the
aqueous humour internally.

Corneal Hysteresis

The cornea has viscoelastic properties which
result in the dissipation of energy when a
stress is applied to it. Hysteresis is the energy
lost during the stress-strain cyclel. It is not an
actual intrinsic property, but a measure of
how a material responds to the loading and
unloading of a force.

In  vivo measurements of corneal
biomechanical response  first became
available with the introduction of the ORA
(Ocular Response Analyzer; Reichert
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Ophthalmic Instruments, Buffalo, NY) in
20052 (Luce DA, 2005). Prior to this, a
literature search on ‘“corneal hysteresis”
would have produced only one result®#. Since
the introduction of the ORA there has been an
exponential growth in interest in CH, which
is proving to be a very useful parameter for
prediction of glaucoma risk and progression.
An air jet generates force lasting milliseconds
on the cornea, which indents it into a slight
concavity. The cornea passes through a
second applanated state; as the pressure
decreases, while returning to its normal
convex curvature.

Energy adsorption during rapid corneal
deformation delays the occurrence of the
inward and outward applanation signal peaks,
resulting in a difference between the
applanation  pressures. The difference
between these inward and outward motion
applanation pressures is called corneal
hysteresis (CH). To distinguish between
corneal biomechanical properties and
intraocular pressure (IOP), the ORA uses a
method that eliminates the potential
interference between the 2 factors in a single
measurement. Pairs of measurements are
used because a measurement of a single
parameter cannot determine the independent
corneal properties and [IOP. The 2
measurements take place within
approximately 20 milliseconds, a time
sufficiently short to ensure that ocular pulse
effects and other variables such as eye
position do not change during the
measurement process (Figure 1). The author
of this review compared the reliability of the
ORA and Goldmann tonometer; together
with that of the Dynamic Contour Tonometer
(DCT, Pascal; Swiss Microtechnology AG,
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Port, Switzerland F software version 2.2) and
found similar reliability in all three
tonometers®. CH is measured in mmHg and
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the mean was found to be 10.24mmHg in a
separate study by this author?®.
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Fig 1: Diagrammatic representation of the air pulse and 2 applanation pressures recorded by the

ORA. Adapted from JCRS 2005; 31:156-162.

A second instrument, the Corvis ST (Oculus,
Wetzlar, Germany) was introduced in
201378 to measure “in vivo” biomechanical
properties of the cornea. It also uses a non-
contact tonometer system, but in addition has
an ultra-fast Scheimpflug camera which
gives detailed evaluation of the corneal
deformation. The Corvis ST calculates
corneal deformation parameters based on the
dynamic inspection of the corneal response.

There are novel tools, such as the Brillouin
optical  microscopy,  which  provide
information about corneal biomechanical
properties. However, most of the clinical data
is related to the biomechanical response to
non-contact tonometry, namely the ORA and
more recently the aforementioned Corvis ST.

Corneal Hysteresis and corneal disorders
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Being able to better understand the cornea’s
biomechanical behaviour with relevance to
the pre-clinical detection of disorders such as
keratoconus, or for the detection of ectasia
progression would be of great use to the
clinician. With regards to ectatic corneal
diseases, such as keratoconus and pellucid
marginal degeneration, having a better
knowledge of corneal biomechanics would
offer a significant contribution to the
diagnosis, staging, and prognosis of the
disease®. CH has already been shown to be
higher in normal than in keratoconic eyes™.

The biomechanical investigation of corneal
properties and behaviour has become
significant in the setting of refractive surgery.
It helps with the prediction of which patients
are at higher risk of developing post-op
ectasia after laser vision correction, along
with enhancing the predictability and
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efficacy of these elective procedures;
resulting in a better outcome®t112,

Although corneal ectasia is relatively rare it
is a very serious complication of laser
corrective surgery potentially requiring a
corneal graft. The elasticity and strength of
the cornea are of obvious importance when
considering the mechanics of laser corrective
surgery. In arecent meta-analysis comparing
SMILE with all the other corneal refractive
surgeries in  corneal  biomechanical
properties, it was shown that CH was higher
after SMILE than LASIK, proving that the
corneal  biomechanical  strength  was
preserved significantly better'®. This is to be
expected as the amount of tissue removed
from the cornea is less in SMILE and in fact
it has been shown that CH was significantly
reduced following LASIK surgery'*!°, One
can infer from these results that it is probably
due to a loss in viscoelasticity of the cornea
following the thinning of the corneal stroma
from the different types of laser.

Clear corneal cataract surgery has been
shown to cause an increase in CCT, but
diminished CH*®. The authors believe this to
be due to the postoperative corneal oedema,
which leads to a change in visco-elasticity of
the cornea. These findings further prove that
CH is most likely an actual measure of the
elasticity of the cornea, which is an important
physical property of the eye.

Corneal Hysteresis and glaucoma

Glaucoma is the leading cause of irreversible
blindness worldwide!”!8, It is a chronic
progressive optic neuropathy which results in
characteristic loss of visual field potentially
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resulting in traffic accidents, restricted
mobility and falls, thus affecting quality of
life'®. Intraocular pressure — IOP remains the
single modifiable risk factor for glaucoma.
Glaucoma can broadly be divided into open
and closed angle, depending on whether the
angle from where aqueous humour drains is
narrow or wide. The commonest type of
glaucoma is primary open angle glaucoma,
but there are many different types of
glaucoma, both primary and secondary to
other causes. Other known ocular risk factors
reported to predict the onset or progression of
glaucoma include worse visual field at
baseline, increased cup-to-disc ratio and
thinner central cornea?®?!. Central corneal
thickness measurement has been an integral
part of the examination of patients with
glaucoma or suspected glaucoma, but more
recent research has suggested that CH may be
a stronger indicator of glaucoma
progression?2%, In a recent study CH was
shown to account for three times as much
glaucoma progression as CCT?3,

Several studies have shown that CH is
significantly lower in glaucoma patients than
individuals with normal eyes®?°. One group
compared the two eyes of patients with
glaucoma and found that CH was
significantly lower in the worse eye of
patients with visual field asymmetry,
independent of its effect on I0OP
measurement??, In another group, CH
continued to discriminate between the
primary open angle glaucoma and the normal
group, whereas central corneal thickness did
not do so%®. CH has also been shown to be
lower in normal tension glaucoma patients
compared with normal patients?”?8, In this
type of glaucoma, the lower viscoelasticity of

http://journals.ke-i.org/index.php/mra



Francis Carbonaro. Medical Research Archives vol 8 issue 8. August 2020

the corneo-scleral structure may offer another
pathophysiological explanation as to why the
optic nerve and lamina cribrosa suffer
damage at relatively normal pressures. Other
studies showed that CH was also lower in
patients with pseudoexfoliative glaucoma,
whereas central corneal thickness did not
differ between groups®.

Some researchers have suggested that CH
may be related to certain characteristics of the
lamina cribrosa and sclera, resulting in
increased susceptibility of the optic nerve
head to glaucomatous damage®®!. Others
have suggested that CH could be associated
with the biomechanical properties of the optic
nerve head®. Prata et al. found that low CH
was associated with a greater change in cup
area, after controlling for baseline I0P and
magnitude of IOP change®, however this did
not hold true in a multivariable model. Eyes
with higher CH experienced more optic nerve
head deformation with 10OP elevation, a
process that may allow the eye to dissipate
mechanical forces and better protect the
retinal nerve fibres than an eye with lower
CH. A metanalysis by Gapsar et al, found a
significant inverse correlation between CH
and glaucoma3*.

The evidence for a relationship between
structural optic nerve damage and CH is
weak at best. When using multivariable
models, two recent studies did not show that
CH was associated with retinal nerve fibre
layer thickness®. The author of this review
conducted a study on 1754 population-based
(normal) study participants from the
TwinsUK cohort and did not find an
association between either CH or central
corneal thickness and quantitative measures
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of optic disc cupping (optic disc area, cup
area, and vertical cup-to-disc ratio)®’. The
same group did however show that CH is a
highly heritable parameter with a heritability
of 0.77°.

Congdon et al, was one of the first to show an
inverse correlation between CH and visual
field loss®®, however when axial length was
included in the model, the correlation was no
longer of significance. Medeiros et al.
conducted a prospective cohort study to
determine if baseline CH was predictive of
rate of wvisual field index decline in
glaucomatous patients. The study followed a
cohort of glaucoma patients over a period of
four years. Linear mixed models showed that
CH and baseline intraocular pressure
influenced the rate of visual field
progression. Interestingly, in a univariable
model, each 1 mmHg decrease in baseline
CH was associated with a 0.25%/year faster
rate of visual field index decline over time.
The fastest rate of decline was expected in
individuals with low CH and high intraocular
pressure. CH explained three times as much
of the variation in visual field index change
than central corneal thickness (17.4 vs. 5.2%,
respectively)®.

A retrospective study analysing serial fundus
photographs using flicker chronoscopy,
demonstrated that CH, but not central corneal
thickness or intraocular pressure, was
associated with overall structural
glaucomatous progression®®. This led the
authors to surmise that CH is directly
associated with progressive glaucomatous
optic neuropathy. De Moraes et al. concluded
that although both CH and central corneal
thickness properties are correlated with
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glaucoma progression, CH may be more
strongly associated*. This retrospective
cohort study also demonstrated that low CH
is associated with faster rates of glaucoma
progression. After multivariate analysis, CH
remained a statistically significant predictor
of visual field index change.

Conclusion

Several researchers have suggested that CH
may be related to the biomechanical
characteristics of the sclera and lamina
cribrosa®*® The cornea, sclera, and lamina
cribrosa share the same continuous collagen
and thus it is possible that similar
biomechanical characteristics and CH
represents the response of the entire eye
wall®2, rather than of the cornea alone, thus
lower CH may be related to increased
susceptibility of the optic disc to
glaucomatous damage, induced by IOP
elevation.

It has been shown using non-human primates,
that intraocular pressure elevation results in
displacement of the lamina cribrosa and
expansion of the scleral canal***°. Hysteresis
is a physical property related to the ability of
connective tissues to dampen pressure
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changes. As the deformability of the cornea
and sclera are likely to be closely related, it is
believed these changes may contribute to
glaucomatous retinal ganglion cell loss as a
result of mechanical pressure on retinal
ganglion cell axons passing through the
lamina pores, in eyes with lower
viscoelasticity. Therefore, more rigid eyes,
with lower CH, could be indicative of
susceptibility of the optic nerve head to
intraocular pressure-induced biomechanical
changes.

It is possible that eyes with a higher CH are
more able to compensate for raised
intraocular pressure and therefore do not
develop glaucomatous damage, whereas the
lamina and peripapillary sclera of eyes with
lower CH would be less able to dampen
intraocular pressure changes, potentially
exposing retinal ganglion cells to greater
mechanical strain with elevated intraocular
pressure*,

To summarise, CH is a biomechanical
behaviour and not a static physical property.
It has been shown in several well powered
studies to be lower in eyes with higher IOP
and normalizes after IOP reduction. Low CH
is associated with glaucomatous visual field
and optic nerve progression.
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