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Abstract Biomechanical factors acting within the optic
nerve head (ONH) likely play a role in the loss of vision
that occurs in glaucoma. In a companion paper (Sigal et al.
2008), we quantified the biomechanical environment within
individual-specific ONH models reconstructed from human
post mortem eyes. Our goal in this manuscript was to use
finite element modeling to investigate the influence of tis-
sue material properties on ONH biomechanics in these same
individual-specific models. A sensitivity analysis was car-
ried out by simulating the effects of changing intraocular
pressure on ONH biomechanics as tissue mechanical prop-
erties were systematically varied over ranges reported in the
literature. This procedure was repeated for each individual-
specific model described in the companion paper (Sigal et al.

Ian A. Sigal now a post-doctoral research fellow at Ocular
Biomechanics Laboratory, Devers Eye Institute, Legacy Health
Research. Portland, OR, USA. (isigal@deverseye.org).

I. A. Sigal · C. R. Ethier
Department of Mechanical & Industrial Engineering,
University of Toronto, Toronto, Canada

I. A. Sigal · C. R. Ethier
Institute for Biomaterials and Biomedical Engineering,
University of Toronto, Toronto, Canada

J. G. Flanagan · I. Tertinegg · C. R. Ethier
Department of Ophthalmology and Vision Sciences,
University of Toronto, Toronto, Canada

J. G. Flanagan
School of Optometry, University of Waterloo, Waterloo, Canada

C. R. Ethier (B)
Department of Bioengineering, Imperial College London,
London SW7 2AZ, UK
e-mail: r.ethier@imperial.ac.uk

2008). The outcome measures of the analysis were first and
third principal strains, as well as the derived quantity of
maximum shear strain, in ONH tissues. Scleral stiffness had
by far the largest influence in ONH biomechanics, and this
result was remarkably consistent across ONH models. The
stiffnesses of the lamina cribrosa and pia mater were also
influential. These results are consistent with those obtained
using generic ONH models. The compressibility of the pre-
laminar neural tissue influenced compressive and shearing
strains. Overall, tissue material properties had a much greater
influence on ONH biomechanics than did tissue geometry, as
assessed by comparing results between our individual-spe-
cific models. Material properties of ONH tissues, particu-
larly of the peripapillary sclera, play a dominant role in the
mechanical response of an ONH to acute changes in IOP
and may be important in the pathogenesis of glaucoma. We
need to better understand inter-individual differences in scle-
ral biomechanical properties and whether they are clinically
important.

Keywords Biomechanics · Glaucoma · Optic nerve head ·
IOP · Finite elements · Strain · Sclera · Lamina cribrosa

1 Introduction

This paper is the second in a two-part series in which we con-
sider the biomechanics of the optic nerve head (ONH) and
its role in glaucoma. Readers are referred to the first paper
in the series (Sigal et al. 2008) for background material and
the motivation for studying ONH biomechanics.

In the first paper (Sigal et al. 2008) we used individual-
specific models constructed from post mortem human eyes to
investigate the biomechanical environment within the ONH
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100 I. A. Sigal et al.

by finite element modeling. One of the questions asked in
that paper was what effect inter-individual geometric (ana-
tomic) differences have on ONH biomechanics. This ques-
tion is important because clinical data show that patients can
have very different susceptibility to elevated IOP; the source
of this differing susceptibility is unknown. To answer this
question we used the same set of tissue mechanical proper-
ties for all ONH models, and observed only modest differ-
ences in strains within the ONH between models. In view of
this result, it is appropriate to ask if other individual-specific
factors could cause differences in the biomechanical envi-
ronment within the ONH.

In a previous study (Sigal et al. 2005a) we carried out
a sensitivity analysis, considering the relative influences of
21 input factors on ONH biomechanics. It was found that
scleral properties, particularly scleral stiffness, had a very
large influence on ONH biomechanics, suggesting that tis-
sue properties are likely an important factor driving inter-
individual differences in ONH biomechanics. However, this
previous work relied on generic (i.e. non-individual-specific)
models of the ONH, and it is important to determine if similar
conclusions would be drawn if more physiologically realistic
individual-specific models were used.

The purpose of this manuscript is to analyse the sensi-
tivity of ONH biomechanics to the mechanical properties of
the ONH tissues using individual-specific models. By com-
paring the results of this study with those in the companion
paper (Sigal et al. 2008), it was also possible to determine
whether the effects of geometry depend on the material prop-
erties, and to compare the relative influences of geometry and
material properties on ONH biomechanics.

2 Methods

A sensitivity analysis was carried out based on individual-
specific models reconstructed from ostensibly healthy human
optic nerve heads, using a finite element modeling approach
similar to that described previously for use with generic axi-
symmetric models (Sigal et al. 2005a). In brief, input factors
were systematically varied and their effects on ONH biome-
chanics were assessed through the resulting variations in a
set of “outcome measures” that quantified the biomechanical
environment in the ONH. The models were the same ones
described in the companion paper (Sigal et al. 2008). Eyes
were obtained and managed in accordance with the provi-
sions of the Declaration of Helsinki for research involving
human tissue. The details of model construction and bound-
ary condition application were identical to those described
in the companion paper (Sigal et al. 2008).

2.1 Input factors

The input factors that were varied in this analysis were the
material properties of the various ONH tissue regions. A
“baseline” combination of material properties was defined
(see below for details), and then for each model we system-
atically varied each input factor independently to determine
how the input factors influenced ONH biomechanics. All
the tissues were assumed linearly elastic and isotropic, and,
except for the pre-laminar neural tissues, also incompress-
ible. Therefore ONH biomechanical behaviour was com-
pletely defined through six input factors: the stiffness
(Young’s modulus) of each of the five tissue regions, and
the compressibility (Poisson ratio) of the pre-laminar neural
tissue. Input factor baseline values and ranges were defined
based on available literature (Sigal et al. 2005a). Unfortu-
nately, the actual range of admissible (physiologic) values
for the input factors is known only approximately for some
factors (Fig. 1). Obviously, if an input factor was allowed to
vary over an unnaturally large range, it could increase varia-
tions in the outcome measures, and the influence of the input
factor would be over-estimated. To avoid this problem we fol-
lowed an approach similar to that in Sigal et al. (2005a), in
which we allowed Young’s modulus values to vary over pro-
portionally comparable ranges, with all five moduli varying
from 1/3 to 4 times the baseline values. The compressibility
of the pre-laminar neural tissue was varied from practically
incompressible (Poisson ratio of ν = 0.49) to a relatively low
value of 0.39. Studies of brain tissue compressibility have
found it to be “nearly incompressible” (Edwards and Good
2001). The lower values of the Poisson ratio allowed in this
study are intended to model the changes in vascular volume
within the pre-laminar neural region and in axoplasmic flow
that may occur as IOP is varied.

Finite element simulations were carried out at 12 equally
spaced steps over the input range for the modulus of elasticity
of each tissue region, and 11 equally spaced steps over the
input range for the compressibility of the pre-laminar neural
tissue. This is slightly fewer steps than were used in a previ-
ous study (Sigal et al. 2005a), since the CPU time per step
was much larger. Comparison of plots of effects of outcome
measure as a function of input factor level between this study
and the one in Sigal et al. (2005a) suggests that this number
of steps was sufficient to capture the essential features of the
response.

Finite element simulations were therefore carried out for
726 cases: 10 individual-specific and one generic model,
each solved at a baseline level plus 11 variations of each of
5 material properties and 10 variations of pre-laminar neu-
ral tissue compressibility. All models were meshed accord-
ing to the results of the mesh refinement study described in
Sigal et al. (2005b). Details of the model meshes are provided
in Sigal (2006). Solutions were obtained using Ansys v8.1
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Influence of material properties on ONH biomechanics 101

Fig. 1 Summary of the
magnitude of Young’s moduli
reported in the literature for the
tissues of the ONH: pia mater
(green), sclera (orange), lamina
cribrosa (red) and neural tissue
(yellow). Each row is a literature
reference, with the reported
range of values shown by the
horizontal bars. Bars with
asterisks were cases where
Young’s modulus was not
directly reported but could be
computed from other reported
data, as described in Sigal
(2006). The species/tissues on
which the measurements were
performed are shown on the
right. Also shown are the ranges
of modulus used in this work
(vertical lines represent
minimum, baseline and
maximum levels). Note the
logarithmic scale for the
modulus. For Downs et al.
(2005), the three magnitudes
shown are for (from left to right)
equilibrium on normal eyes,
equilibrium on
early-glaucomatous eyes, and
instantaneous on both types of
eyes

(ANSYS Inc., Canonsburg, PA, USA) PCG solver with
default parameters. Each solution required approximately
40 min (wall clock time) using a dedicated desktop work-
station with Windows XP SP1, an Intel 3.0 GHz CPU and
4 GB of memory. As described in Sigal et al. (2005b, 2007b),
solutions were ported from Ansys to Amira 3.1.1 (Mercury
Computer Systems, USA) for post-processing.

2.2 Outcome measures

Changes in IOP produce complex deformations of the ONH,
where the tissues are subject concurrently to various modes
of strain. Because strain is believed to be the biomechanical
factor that influences cellular physiology in ONH tissues, we
have focussed on strain as an outcome measure. More spe-
cifically, we analyzed three modes of strain: tension (first
principal strain), compression (third principal strain) and
shear (maximum shearing strain). Maximum shear strain was

computed as the average, in absolute magnitude, of the first
and third principal strains, as described in (Sigal et al. 2007b,
2008). The distribution of the magnitude of each strain mode,
on each tissue region of each model, was computed using the
method described in Sigal et al. (2007b). From these dis-
tributions the values of the 50th and 95th percentiles were
computed, to represent the median and peak levels of the
strain mode within that tissue. A model response was there-
fore characterized by 30 outcome measures: median and peak
levels of three modes of strain within each of the five tissue
regions.

For each model, a region of interest (ROI) was defined
based on the geometry of the anterior surface of the lamina
cribrosa, as described in Sigal et al. (2007b) and in the com-
panion paper (Sigal et al. 2008). Since the ROI was defined
at the reconstructed IOP, there was no need to update the
ROI as the material properties varied. Details of the ROI for
all the models used in this study can be found in Sigal et al.
(2007b).
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Fig. 2 Schematic diagram to illustrate the definition of parameters
used to quantify the influences of geometry and material properties.
The plots show a generic outcome measure versus a generic input fac-
tor; here the input factor is scaled so that its minimum and maximum
values are −1 and +1. Each point on the left panel is a response for a
particular individual-specific model, colored according to whether the
point is the maximum (dark blue) or minimum (red) over all individ-
ual-specific models for the specific input factor level. Also shown is the
average response across all individual-specific models used to compute
the effect of material (light blue). To illustrate the response from one

individual-specific model, all responses of one eye (right eye, OD, of
donor 4) are coloured green. The grey points represent responses for
other eyes that were neither the maximum nor minimum response for
that specific factor level. The average of the geometry ranges at the
minimum (−1) and maximum (+1) levels of an input factor were then
defined as the effect of geometry. The effect of material was defined as
the variation of the average for all individual-specific models across the
range of input factor values. For clarity we also show on the right panel
lines formed by joining the maximum (dark blue line), minimum (red
line), and average (light blue line) points

2.3 Analysis of input factor influence and outcome measure
sensitivity

A systematic approach analogous to that described in Sigal
et al. (2005a) for generic models was then used to determine
the sensitivity of the 30 outcome measures to the 7 input
factors for the 726 cases studied. More specifically, we com-
puted the absolute response of an outcome measure to a sin-
gle input factor as the range (maximum−minimum) of the
outcome measure values while varying only that input fac-
tor. For each outcome measure we then summed its absolute
responses to all input factors to obtain the outcome measure’s
total response. Since all outcome measures studied here are
strain modes, their values could be compared directly and
there was no need to compute a relative response, as in Sigal
et al. (2005a). A global view of the importance of an input
factor was obtained by adding the absolute responses of a
single input factor over a set of outcome measures, which
was defined as that input factor’s total influence.

2.4 Response envelopes, effect of geometry and effect
of material

Because each of the ten individual-specific ONHs used in
this study had a different geometry, comparison between the
models gives an indication of the effects of geometry. Such
a comparison, when combined with the results of varying
tissue material properties, allowed us to evaluate the relative

importance of model geometry and material properties using
the following approach. For a given outcome measure there
were ten responses, one for each individual-specific model
at each value of an input factor (grey points in Fig. 2). From
the responses of all individual-specific models three quan-
tities were computed at each input factor level: maximum,
minimum and average (dark blue, red and light blue points,
respectively in Fig. 2). The difference between the maximum
and minimum values was named the geometry range at that
specific input factor level. The geometry range represents the
variation in the outcome measure as a result of differences
in geometry (anatomy) between models. If all individual-
specific models produced the same outcome measure at an
input factor level the geometry range for that input factor
level would be zero. The average of the geometry ranges at
the minimum (−1) and maximum (+1) levels of an input fac-
tor were then defined as the effect of geometry. Similarly, the
effect of material was defined as the variation of the aver-
age for all individual-specific models across the range of
input factor values. If variations in an input factor had no
effect on the outcome measure levels, then the lines in Fig. 2
would be horizontal and the effect of material would be zero.
When the changes in outcome measure due to variations in
an input factor were monotonic, as in Fig. 2, the highest
and lowest averages were at the extreme input factor levels
(−1 and +1).

Finally, to describe the relative influence of material
properties and geometry, we computed the ratio of effect of
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Influence of material properties on ONH biomechanics 103

Fig. 3 Sensitivity to variations in all input factors of peak tensile strain
(left), peak compressive strain (centre), and peak shearing strain (right)
within the lamina cribrosa of the model reconstructed from the right
eye of Donor 1. Input factor levels were scaled from minimum (−1) to

maximum (+1) values. See Fig. 1 for actual values and baseline levels.
All cases correspond to an increase in IOP from 5 to 50 mmHg. Steep
lines represent large factor effects on the outcome measure

material to effect of geometry for each of the 30 outcome
measures.

By comparing the outcome measure response curves from
the generic model with those from the individual-specific
models we were also able to assess the physiologic relevance
of the generic model. The response curve from a generic
model should ideally be within the maximum and minimum
outcome measure levels over all individual-specific models.

3 Results

To illustrate the effects of variations in material properties,
Fig. 3 shows the peak levels of three modes of strain within
the lamina cribrosa (LC) of one individual-specific model
as the six input factors are changed. Increases in input fac-
tors, corresponding to stiffening of the tissues for the moduli
and to a reduction in compressibility for the Poisson ratio,
always produced a decrease in the peak strain within the LC,
but the magnitude of the effect varied from one input factor to
another. The effects of material variation were larger for more
compliant materials, in agreement with results from generic
models (Sigal et al. 2005a). Variations in scleral stiffness had
the largest effect of all input factors. As discussed in detail
in Sigal et al. (2007b, 2008), the highest strains occurred in
compression, followed by shearing and finally by tension.

The absolute and total responses of all outcome measures
for the same individual-specific model to variations in all
input factors are shown in Fig. 4. The height of each bar
represents the total response of an outcome measure due to
variations in all input factors. This figure allows simulta-
neous evaluation of both the relative contribution of an input
factor to the variations in an outcome measure (the absolute
response) and the total response of the outcome measure to

independent variations in all input factors. The most influen-
tial outcome measure was the variation in scleral stiffness,
accounting for approximately half all the effects.

3.1 Comparison of responses between models

The effects of changing scleral stiffness is illustrated in Fig. 5,
which plots median strain within the pre-laminar neural tis-
sues for different models. The sensitivity of all models to
variations in scleral stiffness is surprisingly similar. Predicted
compressive strains are of a larger magnitude than tensile and
shearing strains, and all are reduced as the sclera stiffens.
Although different models overlap, the results from contra-
lateral eyes are often close to each other. Figure 5 also illus-
trates the results obtained using the generic model based on
Model 3 of Sigal et al. (2004) , which clearly shows a similar
response to that of the individual-specific models.

3.2 Ranking of input factors

The total influence of all input factors over the ten outcome
measures for each mode of strain are plotted in Fig. 6, for
all the individual-specific models and the 3D generic model.
Based on Fig. 6, the relative levels of influence were used to
rank input factors. For all three modes of strain, and for all
models, scleral stiffness was the most influential input fac-
tor, followed by laminar stiffness and the stiffness of the pia
mater. The compressibility of the pre-laminar neural tissue
had the smallest influence on tensile strains, as previously
found (Sigal et al. 2005a). However, the influence of pre-
laminar compressibility increased for shearing strains and
even further for compressive strains.
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104 I. A. Sigal et al.

Fig. 4 Response ranges of all outcome measures to variations in all
input factors for the right eye of Donor 1. Outcome measures were
grouped according to the mode of strain: first principal strain (left), third
principal strain (centre) and maximum shearing strain (right). Each col-
our corresponds to one input factor (see colour legend at lower right),
so that the height of each colour in the graph is proportional to the abso-

lute response of the outcome measure to that particular input factor. The
total bar height represents the total outcome measure variation due to
changes in all input factors. All factors are plotted; however, if their
effect on an outcome measure was small the corresponding portion of
the bar may not be easily distinguished

Fig. 5 Effects of variations in scleral stiffness on median first prin-
cipal strain (left), median third principal strain (middle) and median
maximum shearing strain (right) within the pre-laminar neural tissues

of all individual-specific models (coloured lines) and a generic model
(black line). All cases were for an increase in IOP from 5 to 50 mmHg.
OD right eye; OS left eye

Fig. 6 Total influences of all input factors computed for peak and
median tensile strain (left), compressive strain (middle) and shearing
strain (right) over all tissue regions for all models. Higher values repre-
sent larger influences of the input factor over the mode of strain for the

particular model. See Sect. 2 for the definition of the total influence of
an input factor. In this graph, the plotted quantity is obtained by sum-
ming the peak and median strains over all tissue regions. OD right eye,
OS left eye
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Influence of material properties on ONH biomechanics 105

Fig. 7 Sensitivity to variations in all input factors of six measures of
strain within the lamina cribrosa: median (top row) and peak (bottom
row) levels of first principal strain (left column), third principal strain
(centre column) and shearing strain (right column). Within each panel,
input factors were varied from the minimum (−1) to the maximum
(+1) values. Input factors refer to the stiffness of each tissue, except
pre-laminar Poisson that refers to the compressibility of the pre-lami-

nar neural tissue. A pair of lines representing the maximum (blue) and
minimum (red) value of an outcome measure at each level, computed
over all individual-specific models, are shown for each input factor and
outcome measure combination. The responses of all individual-specific
models are contained between these lines. The blue and red lines were
used to compute the effect of geometry and the effect of material, as
shown in Fig. 2

3.3 Effects of variations in geometry and materials :
response envelopes

The extrema of the strain levels within the lamina cribrosa
over all individual-specific models are shown in Fig. 7. The
distance between blue and red lines shows the range of values
due to the effect of geometry (see Fig. 2) and is larger in some
outcome measures than in others. In general, variations in an
input factor had little effect on the effect of geometry. As in
Figs. 3 and 5, the slope of a line shows the influence on the
outcome measure of variations in the input factor, which we
have referred to as effect of material (see Fig. 2).

3.4 Ratio of effects of materials to effects of geometry

The ratio of effects of materials to effects of geometry are
shown in Fig. 8. A large ratio represents an outcome mea-
sure that had larger changes due to variations in material
properties than that due to geometry. For example, variations
in scleral stiffness produce about 10 times more change in
the median compressive strain within the pre-laminar neural
tissue than differences in geometry. Generally, variations in
scleral and lamina cribrosa stiffness had a larger effect than
did changes in geometry (anatomy).

4 Discussion and conclusions

In this work we have described the results of a paramet-
ric analysis of the influences of mechanical properties and
geometry on the mechanical response of an ONH to changes
in IOP. This study is the first to consider individual-specific
models of human ONHs in a sensitivity analysis, and to eval-
uate the relative effects of geometry and material properties.
The main conclusions are that the stiffness of the sclera is the
most influential input factor in ONH biomechanics (Fig. 6),
and that differences in geometry often had a smaller effect
in ONH biomechanics than variations in material properties
(Fig. 8). These conclusions are robust in the sense that input
factor rankings were remarkably consistent from one indi-
vidual-specific model to another.

Unlike our previous work using generic models, where the
geometry of the ONH could be varied parametrically, the use
of individual-specific 3D geometries necessitated some spe-
cial considerations. Specifically, the influences of material
and geometric input factors had to be analysed separately.
While material properties could be varied continuously, the
individual-specific geometries formed a discrete, unordered
dataset that we take as representative of the larger set of phys-
iologically occurring ONHs. Hence the sensitivity to mate-
rial properties was analysed using systematic variations in
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Fig. 8 Ratio of the effect of
materials to the effect of
geometry for all input factors
and outcome measures
computed as shown in Fig. 2.
Values above 1 indicate that
variations in input factor level,
i.e. material properties, produce
larger effects than differences in
geometry between models. Each
set of three points represents the
effects of changing one input
factor (see label above points)
on a single outcome measure, as
listed in the legend at top right

the biomechanical properties (Sigal et al. 2005a), while the
sensitivity to geometry was defined by comparisons between
our discrete set of individual-specific models.

When the deformation of the ONH was modeled using
baseline material properties, the differences in predicted
response between models were minor (Sigal et al. 2008), sug-
gesting a small influence for the geometry in the ONH biome-
chanical environment. The results presented herein confirm
these results and extend the conclusions beyond the baseline
set of material properties. In particular, the variation in out-
come measure between individual-specific models was only
weakly dependent on input factor values, further confirming
the dominance of material properties over geometric features
in determining the acute response of the ONH to IOP.

For all cases other than for a very stiff sclera, the predicted
strain levels reached levels that have been shown to have bio-
logical effects on other systems. However, the exact mecha-
nisms by which strain is transduced into a physiologic effect
are not well understood and it is still unclear which modes
and magnitudes of strain are of physiologic relevance. Please
see the companion paper Sigal et al. (2008) and Sigal (2006)
for more details.

We have previously used generic (non-individual-specific
models) to analyse ONH biomechanics (Sigal et al. 2004,
2005a,b), and it is of interest to evaluate how the results of this
work compare to studies with generic models. Both our main
conclusions are in agreement with our previous predictions
using generic models (Sigal et al. 2005a). Moreover, specific

predictions obtained from the reconstructed ONH based on
the generic model [used for analyses in Sigal et al. (2005a)]
were similar to those obtained with the individual-specific
models. There were some differences: for a few outcome
measures the generic model led to over- or under- predictions
of strain (Fig. 8). It is also evident the differences between
median and peak values are less in the generic models than in
the individual-specific models (Fig. 8). One possible expla-
nation for this is insufficient refinement of the 3D generic
model. The number of elements required in the 3D models
(generic or individual-specific) was determined through the
mesh refinement analysis previously described (Sigal et al.
2005b). Insufficiently refined models appear “stiffer” and
more homogeneous, giving predicted levels of strain that
are lower and more homogeneous from one tissue region
to another (Cook 1995). A larger ROI was reconstructed for
the generic model than for the individual-specific models
[Table 2 in Sigal et al. 2008], resulting in a larger mean ele-
ment length in the generic models (Fig. 6). However, there
were no cases where the predictions from generic models
were more than a few percentage points of strain away from
the range of individual-specific models. This confirms that
many of the conclusions derived from the generic axisym-
metric models presented in Sigal et al. (2004, 2005a) extend
to individual-specific models as a good first approximation.

Previous work using generic models identified the stiff-
nesses of the lamina cribrosa and pia mater as the second and
third most influential material input factors, a result that was
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confirmed here using individual-specific models. However,
in the studies on generic models, little attention was given to
the importance of the stiffness of the pia mater and the com-
pressibility of the pre-laminar neural tissue, mostly because
they were overshadowed by the input factors related to geom-
etry. It is possible that some of the increased influence of the
pia mater that we observed in individual-specific models was
due to the pia’s enlarged volume compared with generic mod-
els. This increased volume came about through the iterative
process of model reconstruction (Sigal et al. 2005b; Sigal
2006), which was designed to produce models with a contin-
uous pia mater that retained its structural integrity, and that
when meshed could be analysed accurately using the finite
element method. This meant that the pia mater thickness in
the individual-specific models was sometimes slightly larger
than in the histological sections and in the generic models,
likely producing a non-physiologic increase in flexural rigid-
ity that amplified the influence of the pia mater.

The pia mater is relatively thin, even when compared with
other ONH structures; nonetheless, we believe that the pia
mater could play a mechanical role in the ONH similar to
that identified for the spinal cord: it increases the effective
stiffness of the neural tissues and stores elastic energy during
acute deformations, improving shape recovery. For example,
Ozawa et al. (2004) studied the effects of the pia mater on
the mechanical response of rabbit spinal cord by comparing
measurements in cords with an intact pia mater with others
where the pia mater had been incised at both sides. They
found that an intact pia mater tripled the modulus of the
spinal cord from 5 ± 2 to 16 ± 5 kPa, and that the shape
of spinal cord specimens with an intact pia mater were well
restored after removal of compression, whereas those with an
incised pia mater remained deformed. They measured a pia
mater modulus of elasticity of 2.3 MPa, about 460 times that
of the neural tissue, a property they attributed to its highly
fibrous structure. Henderson et al. (2005) and Tunturi (1978)
observed similar effects in the canine spinal cord.. Future
improvements in the simulations could model the pia mater
using shell elements, so that no artificial increase in thickness
is required, while still maintaining structural integrity.

The compressibility of the pre-laminar neural tissue was
found to be more influential in ONH biomechanics than pre-
dicted in previous studies. This was because previous studies
restricted attention to tensile strains (first principal strain),
precisely the mode of strain that we observed to be least
affected by compressibility. For compressive (third princi-
pal) and shearing strains, the influences of compressibility
were several times larger, and although still much smaller
than those of sclera, lamina and pia mater stiffness, about
as influential as neural tissue stiffness. Significant effects of
compressibility in the sensitivity of tissues to forces have
been observed before, for example in cartilage where poro-
elastic effects increased strain by up to an order of magnitude.

Note that as defined in this work, the magnitude of the max-
imum shear strain has to be intermediate between the first
and third principal strains, and is therefore not an indepen-
dent measure of strain. However, we have included plots of
this quantity for reasons described in the companion paper
(Sigal et al. 2008).

4.1 Limitations

The simulation studies described in this work were subject
to several limitations in addition to those discussed above.
The virtues and limitations of the techniques used in these
studies have been presented in detail elsewhere (Sigal et al.
2005a,b, 2007a,b; Sigal 2006). In summary, the process of
finite element analysis requires the definition of geometry,
boundary conditions and material properties. Each of these
steps necessitated approximations that could influence both
the numerical and physiological accuracy of the predictions.
The quality of model geometry was analyzed in Sigal et al.
(2005b) and Sigal (2006). The application of boundary con-
ditions, in particular the use of the same generic axisymmet-
ric shell model for all individual-specific models, also likely
plays an important role. This could be particularly impor-
tant given the large influence of scleral properties. The use
of linear material properties that do not explicitly consider
the micro-structure of the ONH, particularly the lamina crib-
rosa, are potentially relevant (Sigal et al. 2004) and could
influence the choice of acceptable ranges for the moduli of
elasticity (Sigal et al. 2005a).

As mentioned in Sect. 2, unfortunately the range of physio-
logically reasonable values is unknown. The choice of ranges
and baseline configuration could potentially influence the
results. An unnaturally large range for a tissue could make
the tissue artifactually influential and conversely make other
tissue influences artifactually modest. We tried to reduce the
arbitrariness of the results by varying the Young’s modulus
of all tissues over the same proportional ranges (one-third to
four times the baseline level). For all Young’s modulus the
effects of variations were larger for more compliant cases.
Which implies that having a higher upper limit for the mate-
rial ranges would not have had a substantial impact on the
results. This is important as experimental technique limita-
tions have led previous authors to report “upper boundary”
measures of tissue modulus (Downs et al. 2003, 2005; Spoerl
et al. 2005). Hence, it is potentially more critical to identify
the lower boundary of the measures. For a more detailed dis-
cussion on the choice of material property values and ranges,
and possible consequences on the responses predicted with
the simulations please refer to Sigal et al. (2004, 2005a) and
Sigal (2006).

All the studies on scleral mechanical properties included
in Fig. 1 have been carried out using uniaxial tests, with the
exception of Woo et al. (1972). This is important as uniaxial
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tests on soft tissue often produce moduli substantially differ-
ent to those from biaxial testing (Cook 1995). Woo’s reported
scleral modulus was 2.3 MPa well within the range consid-
ered in this study. In addition, most of the studies, including
Woo’s, were carried out at levels of strain that were more
appropriate for impact studies rather than to IOP-induced
deformations. Analytical and numerical models (Sigal et al.
2005a, 2007b; Sigal 2006) suggest that IOP-induced scle-
ral strains produced by an increase in IOP of 45 mmHg are
unlikely to exceed 3–5%. Yet experiments on scleral mechan-
ics have studied scleral properties at strain levels of 8%
(Spoerl et al. 2005), 20% (Downs et al. 2005; Friberg and
Lace 1988), and up to failure (Downs et al. 2005; Uchio
et al. 1999). If higher scleral moduli had been used in this
study, then lower scleral strains would have been predicted,
further pushing the high strain experiments outside of the rel-
evant range. At high levels of strain most studies also found
a nonlinear scleral response, where the stiffness increased
with strain. But interestingly, even at 20% strain Frieberg
and colleagues (Friberg and Lace 1988) reported a modulus
of 1.8 ± 1.1 MPa, well within the ranges of our work. This
is perhaps due to their use of uniaxial tests. Clearly there is
a large range in the reported values of scleral moduli in the
peer reviewed literature. Some of this variation is due to the
experimental technique, but some is due to inhomogeniety
between samples or between individuals. The combination
of high uncertainty with the high sensitivity suggested by
numerical models discussed above is a major problem, and
is one of the reasons we have carried out the present study.

Besides linearity, other important assumptions regarding
the mechanical properties of the ONH tissues are isotropy and
homogeneity. These assumptions likely influence the model
responses, and incorporating improved mechanical proper-
ties is at the center of our current research efforts (Eilaghi
et al. 2007; Olesen et al. 2007). Our preliminary results on
scleral inhomogeneity show that the modulus of the sclera
varies significantly over the globe, and that the sclera is
more compliant near the ONH. Some studies have reported
an anisotropic scleral response, most notably Battaglioli and
Kamm (1984), who found a sclera that is 100 times more
extensible across the shell (radially) than along the shell
(tangentially). Recent computational models have used these
results to estimate changes in globe volume due to intravitreal
injections (Kotliar et al. 2007). However, the paucity of infor-
mation regarding the mechanical behaviour of the tissues of
the ONH, and the difficulties in producing relevant experi-
mental data are not to be underestimated (Humphrey 2006).
Assuming more complex properties without reasonable esti-
mates of the true physiologic ranges makes the models more
complicated, not necessarily more realistic.

All the eyes were assumed to be healthy and
non-glaucomatous. Considering the donor ages it is possi-
ble that some had undiagnosed eye problems or conditions

not reported to the eye bank. Some studies have found a
positive correlation between scleral modulus and donor age
(Spoerl et al. 2005). Future computational studies with an
interest in incorporating individual-specific material proper-
ties might then use higher moduli, or a higher moduli range,
when modeling older eyes.

The individual-specific models used did not consider the
vascular tree within the ONH. We have previously deter-
mined that a simplified central retinal artery had limited effect
in ONH biomechanics (Sigal et al. 2004), but the effects of
more complex vasculature should be further studied.

Another limitation of the individual-specific models is
that they have not been completely validated. Comparison
of model predictions with measurements obtained with the
HRT (Sigal et al. 2004, 2005b, 2008), suggest a general agree-
ment in IOP-induced deformation of the vitreo-retinal inter-
face. However, the degree of agreement varies considerably
from eye to eye, as discussed in more detail in the companion
manuscript (Sigal et al. 2008).

5 Conclusion

Material properties of ONH tissues play a dominant role in
the mechanical response of an ONH to acute changes in IOP.
In particular, the stiffness of the sclera was found to have a
much larger influence than the stiffness of any other ONH
tissue. Also influential were the stiffnesses of the lamina crib-
rosa and pia mater. These results are consistent with those
predicted using generic models. The compressibility of the
pre-laminar neural tissue was again found to have no influ-
ence on tensile strains, but was found to influence compres-
sive and shearing strains. We remind the reader that these
results apply only to the acute response of ONH tissues (not
to long-term remodeling) and that the levels or distributions
of strain needed to induce a biological response in cells of
the ONH are unknown.
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