Modelling the
elastic properties of
the anterior eye and
their contribution to
maintenance of
image quality: the
role of the limbus

Abstract

Purpose The elastic moduli of the cornea,
sclera, and limbus for different corneal eccen-
tricities (e) and varying levels of intraocular
pressure (IOP) were modelled in order to
determine how the rheological properties,
especially those of the limbus, need to alter to
maintain optical image quality when the eye is
subjected to small variations in IOP.

Methods Finite element analysis (FEA) was
used to construct eyeball models with four
different corneal eccentricities (e =0, 0.33, 0.5,
0.65). Three values for Young’s modulus of the
cornea were tested in all models (0.2
megapascal (MPa), 1.2 and 10 MPa). For each
corneal modulus, scleral moduli of 3, 4, 5, 7,
and 10 times that of the corneal modulus were
selected. The limbal modulus was varied to
optimise image quality of the eye model
subjected to IOP variations of +0.8 mmHg for
three different levels of IOP (8, 16, and
32mmHg).

Results The elastic modulus of the limbal
ring increases with an increase in corneal
modulus and rises to a peak when the ratio of
scleral to corneal moduli is between 5 and 7
depending on corneal eccentricity. Different
levels of IOP produce only slight differences
in the relative moduli required to maintain
optical image quality.

Conclusions The significance of a peak in the
value of Young’s modulus of the limbus is not
clear but suggests that there may be an optimal
limbal modulus that must be balanced with
the moduli of cornea and sclera for
preservation of image quality.
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Introduction

The quality of the image that falls on the retina
depends on the integrity of the optics of the eye:
transparency of the media and refractive
characteristics of the lens and cornea. Optical
integrity depends in part on rheological factors:
how the ocular tissues (cornea, sclera, and lens)
deform in response to force applied. The ratio of
force, or stress, to deformation, or strain, is
termed the elastic (Young’s) modulus. The
importance of these properties is becoming
more evident as findings indicate that the outer
coat of the eye is more malleable than had
previously been thought. Studies have found
that accommodation of the lens can induce
slight but measurable changes in the central
corneal radius of curvature.' Subsequent studies
have supported this® while others have shown
that accommodation can produce changes in the
shape and size of the globe.>* Perhaps the most
evident manifestation of ocular pliability
throughout life is the development of myopia
that is increasingly found to occur in adults.>®
This is most likely to be attributable to
accommodative effort but may also involve a
second growth spurt in adult life.
Accommodation is not the only factor that
may influence the shape and size of the globe in
adult life. A change in intraocular pressure
(IOP), if significant enough, has the potential to
alter eyeball length and corneal shape.
Elevations in the IOP can produce characteristic
signs and symptoms that help to provide a
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diagnostic picture of glaucoma. However, IOP can also
increase with no obvious ocular or visual disturbances.
Any pressure-induced changes to the eyeball and/or its
components should alter the optics of the eye, yet the
quality of the retinal image appears, in some cases of
raised IOP, to be undisturbed. This suggests that there
may be a compensating mechanism that adjusts the
optics of the eye to prevent changes in the IOP from
disturbing image quality.

Any adjustment of ocular optics in response to a
change in IOP requires an appropriate balance of elastic
moduli of the cornea, sclera, and limbus. An elastic
modulus of the cornea that is relatively low and easily
deformable would lead to rapid and excessive shape
changes with consequent detrimental effects on visual
imagery. Conversely, a high corneal stress to strain ratio
would render the eyeball rigid and unable to adjust to
any pressure whether internal (IOP) or external (such as
the shape change on which successful orthokeratology
depends). In the eyeball, which has sufficient elasticity
for shape adjustment yet which is required to maintain
optical quality, a structural feature that provides some
restraint and helps to control corneal curvature may be
expected. Such a role has been ascribed to the limbal
region by Maurice® who speculated that the limbus forms
a rigid ring that supports the curvature of the cornea.
Some support for this notion was provided by studies on
bovine tissue'” and there is anatomical evidence for the
existence of such a ring based on the preferential
orientation of collagen fibres in the limbal region.'*?
on the distribution of epithelial stem cells.”®> Hjortdal**
disputed the notion of perfect rigidity but acknowledged
that the limbus may function as a reinforcing structure in
the circumferential direction. Asejczyk-Widlicka et al'®
further proposed that the limbus may act to adjust for
IOP-induced shape changes in the cornea in order to
maintain image quality on the retina.

and

This paper presents the results of modelling the elastic
moduli of the cornea, sclera, and limbus to determine
whether there may be an optimum set of rheological
values required for maintenance of ocular image quality
when the eye is subjected to small variations in IOP.

Method

The eye model was created using COSMOS/M Finite
Element Analysis (v. 1.75, Structural Research & Analysis
Corporation) with three defined rheological regions for
the outer shell, representing the cornea, sclera, and
limbal ring. The cornea and sclera were constructed from
288 elements of the 20-node solid 3D type and the limbal
ring from eight rod type elements. Figure 1 shows a
half-globe model. The posterior hemisphere of the sclera
was fixed inside the orbit, to mimic the constraint on

Eye

Figure 1 Finite element model of the globe of the eye, showing
cornea, sclera, and limbus.

Table 1 The parameters of the eyeball model

Parameters used in the finite element model

Parameter Value

Axial radius of anterior corneal curvature R,=7.86mm

Axial radius of posterior corneal curvature R,=6.76mm

Central corneal thickness d.=0.52mm

Peripheral corneal thickness adjacent to d,=0.65mm
limbus

Diameter of the cornea 11.5mm

Average corneal refractive index n,=1.3771

Average refractive index of aqueous n=1.336
humour and vitreous body

Refractive power of lens P,,s=~22.07D

Poisson ratio v=045

Values are taken from the literature.’®'®

elongation in the posterior direction. Nodes, which lie on
the symmetry plane, have freedom of displacement only
in this plane. The eye was maintained in the
unaccommodated state. Parameters of the model are
shown in Table 1.1 Poisson’s ratio is taken as 0.45'

The anterior and posterior corneal curvatures are
approximated by a conic section:'®

,ﬁ[ R%—f—xz(ez—l)—Ro} (1)



where ¢ denotes the eccentricity and R, is the mean axial
radius of curvature (R, =7.86 mm for the anterior surface
and 6.76 mm for the posterior surface).

The refractive power of the eye (P,.) is given by:

Peye = Pcornea + Plens - % (2)
where P omea is the power of the cornea, Piens is the power
of the lens, d is the distance between the secondary
principal plane of the cornea and the primary principal
plane of the lens, 1 is the refractive index of the ocular
media (aqueous and vitreous =1.336) and the focal
length of the eye is:

n
f=p. )

The change in the axial length of the eyeball Al
induced by slight variations in IOP (+0.8 mmHg) is
defined as:

Al = ) + AS}, (4)
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where 4, is the displacement of the limbus, ASy' is the
change in distance between secondary principal plane of
the eye (H. in Figure 2 and that of the lens (H/' in
Figure 2)

The quantity 4, is obtained from finite element analysis
(FEA) while Sy is given by:

P
Gl — j-comea 5
H Peye ( )

A change in the position of the limbus in response to a
variation in IOP will affect the retinal image.'” Defocus
can therefore be described as a function of IOP:

B(p) = Al(p) — Af(p) (6)

where B(p) is the axial displacement of the focal point as
a function of IOP (p), p is the IOP normalised to a
dimensionless variable acting as a multiplier of the
nominal pressure (8 mmHg is denoted by p=0.5;

16 mmHg is denoted by p=1; 32mmHg by p=2). The

retina
n= 1.336 F
f=l

JAf

//4—»//

f S

' o

F

______________________________________________ N

— | |—-—

D(p)

Figure2 The reduced optical system of the eye model. H. and H, are first and second principal planes of the eye; (H,, H.) and (H;, HY)
are first and second principal planes of cornea and lens, respectively; 1, is the refractive index of ambient air; # is refractive index of
aqueous humour and vitreous body; d is the distance between the second principal plane of the cornea and the first principal plane of
the lens; a. is the displacement of the corneal vertex affected by variations in IOP; Al is the displacement of the second principal plane
of the eye (H,') after a change in IOP; g, is the displacement of the limbus; Sy is the distance from the second principal plane of the eye
to the second principal plane of the lens; f, f are the focal lengths of the eye before and after IOP change, respectively; Af is the change

in the focal length of the eye.
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variation in IOP applied to the models is Ap = +0.05
(£0.8 mmHg) at each level of IOP.

For maintenance of optimal image quality the
following criterion must be met:

dB

ap Y (7)
This is achieved by adjusting Young’s modulus of the
limbal ring to a value that supports the necessary change
in corneal curvature required to compensate for the
change in axial length of the eye.'® The procedure was
applied to models with different corneal eccentricities,

varying moduli of the cornea and sclera and for three
levels of IOP.

Results

Three values of Young’s modulus for the cornea: 0.2, 1.2,
and 10 MPa, sampling the wide range of values reported
in the literature, were selected.?®?® The scleral modulus
was taken as greater than that of the cornea” by 3,4, 5, 7,
and 10 times (Esciera/ Ecornea =3, 4, 5, 7, and 10). Models
were created for four different corneal eccentricities: e =0
(circle), e=0.33, e=0.5, and e=0.65 and calculations
made for three levels of IOP representing 8, 16, and
32mmHg.

The results are shown in Figures 3-6. In all figures, the
limbal modulus is plotted against that of the sclera for
each of three values of IOP. Figure 3 applies to a spherical
cornea (e =0) and in all cases the limbal modulus rises to
a peak when the ratio Eqera/ Ecorea i around five at
which point it is about half the value of the scleral
modulus. For corneal moduli of 0.2 and 1.2 (Figure 3a
and b, respectively) there is little variation for the
different values of IOP. For a corneal modulus of 10 MPa
(Figure 3c) the peak value is higher for IOP =32 mmHg
than for lower levels of IOP.

For ¢=0.33 (Figure 4), the curves are similar in shape
to those in Figure 3. Again there is a peak in limbal
modulus value and this occurs when Egqera/ Ecornea 1S
around 5-6. At this point the limbal modulus is about
two-thirds that of the scleral modulus and there is little
variation for different values of IOP. For a corneal
modulus of 0.2 MPa (Figure 4a), the limbal modulus is
slightly higher for IOP =32 mmHg than for the other two
IOP values.

In Figure 5 (e=0.5) the curves are less symmetrical
than those in Figures 3 and 4. Again there is a peak value
for the limbal modulus, which is reached when E g,/
Ecomea is around 6-7, and at this point it is slightly higher
than that of the sclera. There are only slight variations for
different levels of IOP.

Eye

0.6 T T
a
E_ omea=0.2 [MPa]
—&— /IOP=8 mmHg
—ll— /OP=16 mmHg
0.5 — —&— IOP=32 mmHg
@©
o
=
u \
0.4 \
Esclera [Mpa]
0.3 } }
0 0.5 1 15 2 2.
3.0 T T
b E ornea=1.2 [MPa]
2.8
26+ 3 \
o
= \
24 4 Wy \
2.2
| ]
E sclera [MPa]
2.0 | |
0 3 6 9 12 1
T T
c /A\ E cormea=10 [MPa]
28.0
240 &
=,
w
20.0 ‘
E sclera [MPa]
16.0 !
0 20 40 60 80 100 120

Figure 3 Young's modulus of the limbal ring (E,) plotted as a
function of scleral modulus (E,) for corneal moduli (E.) of (a)
0.2MPa; (b) 1.2MPa; and (c) 10 MPa and for three levels of IOP
(8, 16, 32 mmHg). Corneal eccentricity (e) =0.

For e=0.65 (Figure 6), the peak limbal modulus is
reached when E.era/ Ecomea 1S around 6-7 and at this
point it is around 3—4 times higher than the scleral
modulus. For a corneal modulus of 0.2 MPa (Figure 6a),
the limbal modulus is higher when IOP =32 mmHg
compared to the other values of IOP.
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Figure 4 Young’s modulus of the limbal ring (E,) plotted as a
function of scleral modulus (E;) for corneal moduli (E.) of (a)
0.2MPa; (b) 1.2MPa; and (c) 10 MPa and for three levels of IOP
(8, 16, 32 mmHg). Corneal eccentricity (e) = 0.33.

Discussion

The significance of ocular mechanics to optics of the eye
has important implications for postsurgical changes to
material properties that may alter the refractive power, as
well as for understanding the dynamics of a healthy eye
that needs to maintain ocular image quality. Liu and
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Figure 5 Young’s modulus of the limbal ring (E,) plotted as a
function of scleral modulus (E,) for corneal moduli (E.) of (a)
0.2MPa; (b) 1.2 MPa; and (c¢) 10 MPa and for three levels of IOP
(8, 16, 32 mmHg). Corneal eccentricity (e) =0.5.

Roberts*® have modelled the rheological properties of the
cornea and found that these may have a greater influence
on the measurement of IOP than the corneal shape or
thickness. Obtaining accurate values for Young’s moduli
of the cornea, sclera, and limbal region is, however,
frustrated by difficulties in methodology.

Eye
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Figure 6 Young's modulus of the limbal ring (E,) plotted as a
function of scleral modulus (E,) for corneal moduli (E.) of (a)
0.2MPa; (b) 1.2MPa; and (c¢) 10 MPa and for three levels of IOP
(8, 16, 32 mmHg). Corneal eccentricity (e) =0.65.

Measurements of material properties have produced a
large number of inconsistencies with reported values of
Young’s modulus for the in vivo cornea varying from
0.026*° to 9.03 MPa.?* In vitro results have shown even

Eye

greater variations: Andreassen et al*! reported an elastic
modulus value of 57 MPa for corneal strips. This is not
surprising given the wide range of experimental
techniques and conditions, extent of post-mortem
changes (for in vitro samples), as well as variations in
tissue preparation and levels of hydration at the time of
measurement. Indeed, some of the results may not be
relevant to the physiological state of the tissue. In
particular any procedure that involves dissection and/or
freezing and thawing can significantly alter structural
properties. Furthermore, tissue that is formed into a
curved structure in vivo, as are the cornea and sclera, may
undergo some alteration to its material properties when
it is straightened. Measurements of corneal and scleral
elasticity are further complicated by the organisation of
their fibrillar structure: fibres are oriented in different
directions and these directions vary across layers’ and
with progression from the centre to the periphery.''"

Hijortdal'* has addressed some of these points in a very
elegant study on 18 human corneae in which he
measured the elastic moduli of the different parts of the
cornea in both meridional and circumferential directions.
He found that in the limbal region, Young’s modulus is
highest in the circumferential but lowest in the
meridional directions and that the highest modulus of all
regions and directions was the circumferential limbal
value. Differences between circumferential and
meridional values were only significant in the
paracentral and limbal regions with the latter showing
the greatest differences. These results suggest that, with
increase in IOP, the limbus is least likely to expand its
diameter but may have more flexibility to expand in
thickness. It can therefore not only provide support to the
corneal curvature, as suggested by Maurice,” it can help
to regulate and restrict any shape change that may occur
with changes in IOP.

To act as a supporting and adjusting structure for the
cornea, Young’s modulus of the limbus needs to be
carefully balanced with those of the cornea and sclera. If
the limbal modulus were much greater than the moduli
of the cornea and sclera, the relative rigidity of the
limbus could cause disproportionate distensions in the
cornea and/or sclera with change in IOP or even with
ciliary muscle action during accommodation. Conversely,
a relatively low limbal modulus would not offer
sufficient support to the cornea, and could result in
significant shape change with alterations in IOP. The
models tested in this work indicate that the limbal
modulus required to maintain a corneal shape for
optimal image quality, varies in such a way that there is a
peak value which is reached when the ratio of scleral to
corneal moduli, Eqera/ Ecomeas 18 around 5-6 for lower
corneal eccentricities (¢e=0 and 0.33) and 6-7 for e=0.5
and 0.65.



The significance of a peak in limbal modulus at a ratio,
Esclera/ Ecornea in the range of 5-7 is not clear. The only
comparative finding in the literature is that of Woo et al*”
who reported, from experimental findings, a value of 5
for the ratio of scleral to stromal (corneal) moduli for low
levels of effective strain.

Without knowing the values for corneal and scleral
moduli, it is not possible to conclude what the optimal
modulus value of the limbus may be. However, as the
limbus is not composed of tissue that differs from those
of the cornea or sclera, its modulus could not be
excessively larger or smaller that of the cornea or sclera.
If it is to maintain the corneal shape, it should be more
rigid that the bulk of the cornea and is more likely to be
closer to that of the sclera. This condition is best met for
e=0.5; at this eccentricity, the peak limbal modulus is
closest to that of the sclera for all tested values of the
corneal modulus. An eccentricity of 0.5 was also found to
be the optimum value for minimising spherical
aberration and enhancing retinal image quality’® and it
concurs with the findings of Kiely et al*® for mean corneal
shape.

From the modelling studies of Liu and Roberts,*®
within the list of corneal variables for which predicted
IOP values coincide with real measurements, a value of
0.19 MPa for the corneal modulus of elasticity is cited.
This is close to the value of 0.2 MPa in this study. The
peak limbal modulus for a corneal modulus of 0.2 MPa
and for e=0.5 is around 1.6 MPa (slightly higher for
IOP =32 mmHg). The scleral modulus at this point is
around 1.2-1.3 Mpa, which is close to the reported values
of scleral moduli measured from strips of human sclera
(1.8 MPa: posterior sclera and 2.9 MPa: anterior sclera).*

The models were tested for what is considered a
normal, healthy IOP (16 mmHg) as well for low and
excessively high IOP values. In the clinical situation, an
IOP of 32 mmHg would arouse suspicion of glaucoma
but even at a level which is considered pathological,
vision may be unaffected suggesting that some self-
adjustment of the eyeball may occur. From the models
used in this study, the limbal modulus required for
preservation of image quality does not vary much with
IOP. This indicates that the relationship between stress
and strain for the limbal region is linear, over the range of
IOP values tested. If corneal curvature is indeed
supported by the limbus, this requires the limbus to
maintain its elasticity. Nonlinearity in the stress/strain
relationship could indicate that the elastic limit of the
limbus had been overreached and this could result in
corneal deformation with higher IOP.

In some of the figures, the limbal modulus is higher for
IOP =32mmHg and this is particularly marked for the
model with a spherical cornea (e =0) when
Ecornea =10 MPa (Figure 3c). It is not clear why this high

The role of the limbus in image quality maintenance
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peak value occurs but it does so when the corneal
modulus and the IOP are set at extreme values. This may
indicate that maintenance of a spherical cornea at such
high IOP and corneal moduli values, may be reaching the
limits of what is considered physiologically normal.

In the absence of absolute values, the relative moduli
of the cornea, sclera, and limbus provide an important
guideline for how the material properties of these tissues
relate to one another. Young’s modulus of the limbal ring
needs to be sufficiently strong to maintain corneal shape
and yet also flexible enough to permit small adjustments
to be made in response to processes that could affect
corneal shape and axial length. Further experimental
studies are needed to measure the elastic properties of
the limbus and to confirm how these may relate to the
cornea and sclera. Rheological parameters should be
considered in future surgical procedures, particularly
those that involve incisions in the limbal area, with the
aim of minimising postoperative changes to corneal
shape which may adversely affect the refractive status of
the eye.

Conclusion

The eyeball is subjected to small daily variations in IOP
and, these processes will exert forces on the outer coat of
the eyeball and on the cornea, causing subtle changes in
axial length and corneal shape. Such changes must be
controlled in order to preserve image quality on the
retina. This requires a balance between the rheological
properties of the cornea and sclera as well as a stabilising
feature that can maintain the corneal shape and help to
adjust it in response to IOP changes. Such a role has
previously been ascribed to the limbus. This study has
found that for maintenance of image quality, there is a
peak value for the modulus of elasticity in the limbal
region that occurs when the scleral modulus is 5-7 times
that of the corneal. The value of the limbal modulus is
closest to that of the sclera for a corneal eccentricity of
0.5. This eccentricity has been found to be the optimum
for enhancing retinal image quality.
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