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Abstract—The biomechanical environment within the optic
nerve head, important in glaucoma, depends strongly on
scleral biomechanical properties. Here we use a range of
measured nonlinear scleral stress—strain relationships in a
finite element (FE) model of the eye to compute the
biomechanical environment in the optic nerve head at three
levels of intraocular pressure (IOP). Three stress—strain
relationships consistent with the 5th, 50th and 95th percen-
tiles of measured human scleral stiffness were selected from a
pool of 30 scleral samples taken from 10 eyes and imple-
mented in a generic FE model of the eye using a hyperelastic
five-parameter Mooney-Rivlin material model. Computed
strains within optic nerve head tissues depended strongly on
scleral properties, with most of this difference occurring
between the compliant and median scenarios. Also, the
magnitudes of strains were found to be substantial even at
normal IOP (up to 5.25% in the lamina cribrosa at
15 mmHg), being larger than previously reported values
even at normal levels of IOP. We conclude that scleras that
are “weak”, but still within the physiologic range, will result
in appreciably increased optic nerve head strains and could
represent a risk factor for glaucomatous optic neuropathy.
Estimations of the deformation at the optic nerve head
region, particularly at elevated IOP, should take into account
the nonlinear nature of scleral stiffness.

Keywords—Finite element modeling, Sclera, Optic nerve
head, Glaucoma.

INTRODUCTION

Glaucoma is a group of potentially blinding ocular
diseases characterized by gradual and progressive
damage to the optic nerve, and is usually associated
with elevated intraocular pressure (IOP)." The cause of
vision loss in glaucoma is damage to the axons of the
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retinal ganglion cells (the retinal nerve fibers) at the
optic nerve head (ONH, see Fig. 1 and the related
caption for anatomic description). Because IOP is
generally acknowledged to be the major risk factor for
the initiation and development of glaucoma,’ and
because lowering of IOP is currently the only effica-
cious treatment for this disease,'* IOP-related biome-
chanical factors are hypothesized to play a key role in
the glaucomatous damage process. There is, therefore,
considerable interest in studying the effects of IOP on
ONH biomechanics.***

The biomechanics of the optic nerve head are
complex due to the presence of various mechanically
different tissues interacting with each other,’ as well as
the considerable inter-individual variability in the
geometry of this region.'”> ONH tissues undergo mul-
tiple modes of strain®® in response to changes in IOP.
Bellezza et al.? studied IOP-related stresses within the
ONH using finite element (FE) modeling and found
scleral canal size and shape and scleral thickness to be
the most important geometrical factors affecting ONH
stresses in human eyes. Sigal ef al. established FE
models of the human ONH using generic’® and indi-
vidual-specific**?” geometries. Sensitivity analysis
using their models showed that the stiffness of the
sclera had the largest effect on ONH strains.?**” These
studies show that ONH biomechanics are strongly
influenced by scleral stiffness and thickness, high-
lighting the importance of implementing realistic
models of scleral properties for studying ONH bio-
mechanics.

The above studies assumed that the sclera was
linearly elastic. However, there is evidence that the
stress—strain behavior of the sclera is nonlinear.”!*
Also, scleral stiffness at low IOP (<10 mmHg) can be
substantially lower than stiffnesses previously used
in finite element models”'' and may vary amongst
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Sclera

FIGURE 1. Left panel: cross-sectional overview through a human eye. The boxed region is the optic nerve head area, and is

shown magnified in the middle panel'%:

Overview of the major anatomical features of the optic nerve head. Symbols: LC, Lamina

Cribrosa; PCA, Posterior ciliary arteries; C, choroid; R, retina; S, sclera. Right panel: en face view of the lamina cribrosa, showing
connective tissue elements only.'” The pores, through which the nerve fibers pass, can be clearly seen.?

individuals. In the current research we used measured
stress—strain relationships for human scleral samples,
representative of stiff, median and compliant scleras,
and implemented these nonlinear material properties in
a generic finite element model of the human eye to
compute the biomechanical environment in the ONH
at three levels of IOP.

METHODS

The results of biaxial extensional testing on scleral
samples taken from ten ostensibly normal eyes from
five human donors (age 55.4 & 3.5 years, mean =+
standard deviation) were used as input for this
research. The stress—strain data, based on samples
taken from the sclera approximately 3 mm from the
center of the optic nerve, showed nonlinear and near-
isotropic behavior.” As described in detail elsewhere,’
the data were fit to the 4-parameter Fung model

W=c(? 1), Q=cE},+aE,+2:E1E (1)
ow

S = 2

Y OEy @

where W, ¢’s, E; and S;; are the Fung strain energy
function, material parameters, Green strains and
Kirchoff stresses, respectively.

When ¢3 is small (which it was for our data), and
when the strain is small, the products ¢*c; and c*c»
can be interpreted as measures of stiffness of a sample
in directions 1 and 2, respectively; in our tests the “1”
and “2” directions were polar (azimuthal) and cir-
cumferential, respectively. The samples were ordered
according to the value of c¢*(¢; + ¢»)/2, as a single
measure of stiffness, and 5th, 50th and 95th percentile
values of the resulting distribution were calculated.

Stress (MPa)

0 0.01 0.02 0.03 0.04
Strain

FIGURE 2. Variation in biaxial stiffness of sclera. The raw
data is shown as gray dots in the background (30 samples).
Samples were sorted according to their measures of stiff-
ness,” and three samples that were closest to the 5th, 50th
and 95th percentile values of the stiffness distribution were
selected as the compliant, median and stiff scenarios,
respectively, as described in the text.

Samples which were closest to those values were
selected as “‘compliant”, “median” and “‘stiff”” sam-
ples for the finite element modeling work described
below (Fig. 2).

A previously reported axisymmetric generic human
eye geometry>*?’ was used for all finite element mod-
eling (Fig. 3). The ONH is represented in more detail
than the rest of the eye in this model, and includes five
tissues: the prelaminar neural tissue (PNT), which
includes all neural tissue anterior to the lamina cribrosa
within 15° of the axis of symmetry; the lamina cribrosa
(LC); the retrolaminar neural tissue (RNT); the pia
mater (PM); and the peripapillary sclera (PPS), defined
to be scleral tissue within 15° of the axis of symmetry.
Further than 15° away from the axis of symmetry, the
corneo-scleral shell (SS) was assumed to be a spherical
shell of uniform thickness. Retinal shell tissue (RS)
extended anteriorly to 105° from the center of the
ONH.
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FIGURE 3. Axisymmetric model geometry used for finite
element computations in this study, based on Sigal et al.?®
The scleral shell (SS) is shown in dark gray, with a magnified
view of the ONH region shown as an inset. The scleral tissue
was divided into two parts: the peripapillary sclera (PPS,
including the sclera from the wall of the scleral canal) to 15°
from the axis of symmetry, and the scleral shell (SS) which
includes the rest of the corneo-scleral shell. The prelaminar
neural tissue (PNT) also includes the neural tissue anterior to
the LC and retina anterior to the peripapillary sclera. (Sym-
bols: SS, scleral shell; RS, retinal shell; PPS, peripapillary
sclera; PNT, prelaminar neural tissue; LC, lamina cribrosa;
RNT, retrolaminar neural tissue; PM, pia mater.)

The measured stress—strain behaviors of the sclera
(Fig. 2) were implemented in the commercial finite
element modeling package ANSYS 11.0 (ANSYS Inc.,
Canonsburg, PA) as a S5-parameter Mooney-Rivlin
model. The other tissues in the model were assumed to
be isotropic and linearly elastic (Table 1). This
approach was selected based on several factors: sclera
is the stiffest tissue in the ONH region so that the
deformation of the ONH tissues depends strongly on
scleral deformation’; and the paucity of mechanical
testing data for other ONH tissues.*

Uniform intraocular pressures of 15, 25, and
50 mmHg were applied to all interior surfaces of the
eye. Nodes on the axis of symmetry at the anterior pole

of the eye were fixed in all directions, while nodes on
the symmetry axis at the posterior pole of eye (the
center of the ONH region) were constrained to deform
along this axis of symmetry. Eight node elements
(PLANES?2 in ANSYS) were used throughout. A mesh
refinement analysis was performed to ensure that the
models were sufficiently resolved. The final models had
6,644 elements and 20,911 nodes.

The outcomes of our computations are presented in
terms of principal strains, since there is evidence to
suggest that cellular behavior is controlled by strain
(deformation) rather than directly by stress.”' For each
tissue region and for each principal strain, the 50th and
95th percentiles of nodal strain values were calculated
as a measure of median and peak strains, respectively.
The reason for using the 95th percentile value is to
eliminate the influence of possible outliers and to thus
provide more realistic values of the peak principal
strains. It is important to note that 50th and 95th
percentiles of nodal principal strain values should not
be interpreted as the average and peak deformation
state in the tissue region because the spatial direction
for the principal strains will in general vary from point
to point. However, these metrics provide an indication
of the cellular-level mechanical insult that a cell may
undergo in each tissue region.

RESULTS

Our results show that as IOP is increased, peripap-
illary sclera (PPS) and lamina cribrosa (LC) displace
posteriorly while the scleral canal expands (Fig. 4a),
consistent with previous finding.* The overall effect is
to create appreciable levels of strain and a complex
strain field in the LC and PPS (Fig. 4b).

Regardless of scleral properties, the magnitudes of
the third principal strain were higher than the first
principal strain in all optic nerve head tissues, sug-
gesting that these tissues undergo more compression

TABLE 1. Summary of the mechanical properties of the ONH tissues used in our models.

Material parameters

ONH tissue Material model Type Cio Co1 Cqq Cso Coo

Sclera Hyperelasatic and Incompressible s® 3.26E+2 —3.25E+2 —3.41E+7 1.74E+7 1.67E+7
MP 5.45E+1 —5.41E+1 —1.05E+6 5.45E+5 5.07E+5
c° 6.78 —6.73 —1.13E+5 5.85E+4 5.43E+4

Lamina cribrosa Linearly elastic and incompressible
Retina Linearly elastic and incompressible
Pia mater Linearly elastic and incompressible

Elastic Modulus = 0.3 MPa, Poisson’s Ratio = 0.492%:26
Elastic Modulus = 0.03 MPa, Poisson’s Ratio = 0.492%2¢
Elastic Modulus = 3 MPa, Poisson’s Ratio = 0.49%5:2¢

aStiff scenario.
PMedian scenario.
°Compliant scenario.
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(a) Displacement in X
1 mm
I
Y
Compliant
Model
X
mm [
X Displacement -0.01 0 0.01 0.02
Y Displacement -0.46 -0.48 -0.50 -0.52

(b) Stiff

First

Principal

Strain

Second

Principal

Strain

Third

Principal

Strain

_
-0.015 0 0.015 0.0. 0.045

o
= .

Displacement in Y

0.03 0.04 0.05 0.06 0.07 0.08
-0.54 -0.56 -0.58 -0.60 -0.62 -0.64
Median Compliant

0.075 0.09 0.105  0.12 0.135

FIGURE 4. (a) Computed displacement in X and Y directions for the compliant scleral stiffness scenario, measured with respect
to the zero pressure configuration. As IOP increased, optic nerve head tissues (including peripapillary sclera and lamina cribrosa)
displaced posteriorly (i.e. in the negative Y direction) while the scleral canal expanded (X direction). Note the difference between
contour levels of panels. (b) Computed principal strain distributions in ONH and peripapillary tissues at an IOP of 25 mmHg, for
three different sets of scleral mechanical properties: stiff sclera, median sclera and compliant sclera (see Fig. 3). See text for
further description of different models. The absolute value of the third principal strain is shown to facilitate comparison.

than extension (Fig. 4), as previously observed.”® The
peak magnitudes of the first and third principal strains
were greatest in the neural tissues (PNT and RNT) and
were slightly larger than values computed in the LC
(Fig. 5). However, the LC showed the highest level of
median strain and greatest homogeneity in the strain
amongst the ONH tissues. The patterns of the princi-
pal strains and displacement distribution in ONH tis-
sues (Fig. 4) suggest that as scleral properties changed,
both compressive (third) and extensional (first) prin-
cipal strains substantially increased in two regions: 1)
The optic cup, which in our classification (Fig. 3) is
part of the prelaminar neural tissue (PNT) region, and
2) the peripheral part of the retrolaminar neural
(RNT) tissue where this tissue attaches to the peri-
papillary sclera and LC. The above comments hold at
all three IOP levels.

Even at normal IOPs, the magnitudes of strains
were found to be substantial. For example, at an IOP
of 15 mmHg with the compliant sclera scenario, the
third principal strain magnitudes were 5.3, 5.8 and
6.2% in the LC, prelaminar and retrolaminar neural
tissues, respectively. At an IOP of 50 mmHg, these
values increased to 8.8, 10.4 and 9.6%, respectively.

The magnitudes of principal strains differed signifi-
cantly (Fig. 5) between models with different scleral
material properties. As expected, the differences
between models were greatest in the scleral tissues (SS
and PPS regions in Fig. 3); however, there were also
large differences in both compressive and extensive
modes of strain in other optic nerve head tissues,
namely the prelaminar neural tissue, LC and retrola-
minar neural tissue. For example, at an IOP of
25 mmHg the peak value of the first principal strain in
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Median (50lh Percentile)  [J Peak (95”‘ Percentile)

Second Principal Strain (%) First Principal Strain (%)

Third Principal Strain (%)

SMC SMC SMC SMC SMC SMC SMC
PNT LC RNT PPS RS SS PM

Tissue Type

FIGURE 5. The effects of scleral mechanical properties on
median (50th percentile) and peak (95th percentile) principal
strains within tissues of the optic nerve head, retinal and
scleral shells at 25 mmHg. The absolute value of the third
principal strain is shown to facilitate comparison. S, M and C
refer to models with stiff, median and compliant scleral
mechanical properties, respectively. See legend of Fig. 2 for
further nomenclature.

the peripapillary sclera (PPS) differed by 457%
between the stiff and compliant scenarios, with corre-
sponding strain differences of 82% in the PNT, 98% in
the LC and 221% in the RNT. The differences in
magnitudes of the third principal strain between
models with stiff and compliant sclera were even
higher. For example, when comparing the models with
compliant and stiff scleras, the peak magnitude of the
third principal strain differed by 126% in the PNT,
151% in the LC and 197% in the RNT (Fig. 5).
Generally speaking, the median scenario resulted in
strains that were reasonably close to the stiff scenario,
i.e., the majority of the change in going from a com-
pliant to a stiff sclera occurred in the change from
compliant to median scenarios.

Increasing IOP had different effects in models with
different scleral stiffness (Fig. 6). As one would expect,
the stiffer sclera resulted in lower deformation of all
ONH tissues. However, in models with stiffer scleral
material properties, the magnitudes of the principal

15 mmHg

[] 25 mmHg

50 mmHg

Third Principal Strain (%) Second Principal Strain (%) First Principal Strain (%)

SMC SMC
PPS RS
Tissue Type

FIGURE 6. The effects of changing IOP on median (50th
percentile) principal strains within tissues of the optic nerve
head, retinal and scleral shells. S, M and C refer to models
with stiff, median and compliant scleral mechanical proper-
ties, respectively. The absolute value of the third principal
strain is shown to facilitate comparison. See legend of Fig. 3
for further nomenclature.

strains increased at a higher rate as IOP was increased
than was the case in more compliant models. For
example, as a result of doubling the IOP from 25 to
50 mmHg the median first principal strain increased by
70% in models with stiff sclera but by only 25% in
models with compliant sclera (averaged amongst all 7
tissues). Interestingly, the maximum proportional
increase in strains due to increasing IOP occurred in
the LC. For example, when IOP increased from 25 to
50 mmHg, the peak values of the first principal strain
in the LC increased by 114% in the model with a stiff
sclera but by only 24% in the model with a compliant
sclera. Similarly, the peak magnitudes of the third
principal strain in the LC increased by 98% in the
model with a stiff sclera and by only 35% in the model
with a compliant sclera.

DISCUSSION

These data suggest that a compliant (but nonethe-
less apparently physiologic) sclera leads to substantial
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strains in the tissues of the ONH; for example, the
third principal strain was as high as 10% at an elevated
IOP of 50 mmHg in the compliant sclera scenario.
There is evidence from in vitro experiments that strains
of 5-8% induce a wide range of biological effects in
neural cells.*'%!'*'® Considering that the model with
median scleral stiffness properties showed an ONH
biomechanical environment closer to the stiff scenario
than to the compliant scenario (Figs. 4-6), we con-
clude that IOP-induced deformation dramatically
increases in eyes that belong to the lower range of
physiologic scleral stiffness (‘“weak’ scleras). Such eyes
may be at increased risk of glaucomatous visual field
loss at a given level of IOP. Thus, these results con-
tinue to support the idea that scleral mechanical
properties strongly affect optic nerve head biome-
chanics, including the biomechanical environment
within the lamina cribrosa.

The scleral stress—strains relationships used in this
study were obtained from a pool of eyes that were
ostensibly free of disease and were representative of the
broader population as far as we are aware. It is of
interest to consider individuals suffering from disor-
ders that weaken connective tissues (e.g., Marfan’s
syndrome, osteogenesis imperfecta, Ehlers-Danlos
syndrome), who might be expected to show behavior
close to, or even more compliant than, our compliant
scenario. Such eyes would be expected to experience a
high level of deformation at the optic nerve head re-
gion and could be at increased risk of glaucomatous
optic neuropathy. Marfan’s patients show ocular
abnormalities including increased axial length'® and
enlarged globes that may indirectly contribute to the
risk of glaucomatous damage,'> but have not been
directly linked to retinal ganglion cell death. It appears
that little is known about the natural history of glau-
coma in these (relatively rare) connective tissue disor-
ders, and it would be of interest to further investigate
this issue.

On the other hand, stiffening the scleral matrix,
through for example promoting collagen cross-link-
ing,*?*3! will decrease scleral deformation especially
at physiologically meaningful (i.e. lower) loads. This is
expected to diminish the IOP-induced strain in the
ONH region. Our results predict that this could have
some neuroprotective benefit, at least in patients with
“weak” scleras.

Our models suggested that as IOP increased, peri-
papillary sclera (PPS) and lamina cribrosa (LC) dis-
placed posteriorly (Fig. 4b) and simultancously the
scleral canal expanded (displaced in X direction)
consistent with previous findings.* In practice, scleral
canal expansion may oppose and limit the posterior
displacement of LC however substantial levels of strain
will be induced in LC and PPS accordingly.

Increasing IOP from 15 to 25 mmHg and further to
50 mmHg highlighted the important effect of the
nonlinearity in scleral stiffness. As a result of this
nonlinearity, the rate of ONH deformation decreased
as IOP increased. Interestingly, the model with a
compliant sclera showed the lowest rate of increase in
principal strains as a result of increasing IOP from 15
to 50 mmHg. The nonlinear stress-strain behavior in
scleral stiffness was apparent at relatively low levels of
IOP, consistent with Girard ef al.'' and Eilaghi’ This
highlights the importance of taking into account the
nonlinear pattern of scleral stiffness for computing the
biomechanical environment of the optic nerve head
region, particularly at elevated IOPs.

The models used in this study have limitations and
involve assumptions which should be considered when
interpreting the results derived from them. These
include: (1) The finite element models were based on a
simplified and generic geometry. (2) The material
properties of the tissues other than sclera were assumed
to be linearly elastic. (3) Our models computed the
mean-field strain values in a tissue, without accounting
for local tissue architecture. In the case of the lamina
cribrosa the tissue micro-architecture can lead to local
amplification of mean-field strains, increasing the
actual strain experienced by the cells by up to an order of
magnitude.’ (4) The sclera was modeled as a nonlinear
isotropic material based on previous measurements’
on scleral samples taken from a subset of entire sclera
away from the optic nerve and muscle attachments.
However, some level of anisotropy may exist in the
unmeasured regions, e.g., due to preferred fiber ori-
entation.””** Further work should characterize a
greater proportion of the human sclera and use this
more complete data set in finite element models.
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