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Abstract

Glaucomatous optic neuropathy may be in part due to an altered biomechanical environment within the optic nerve head (ONH) produced by an
elevated intraocular pressure (IOP). Previous work has characterized the magnitude of the IOP-induced deformation of ONH tissues but has not
focused specifically on the mode of deformation (strain), i.e. whether the ONH tissues and cells are stretched, compressed or sheared. Circum-
stantial evidence indicates that the mode of deformation has biological consequences. Here we use computational models to study the different
modes of deformation that occur in an ONH as a result of an increase in IOP. One generic and three individual-specific 3D models of the human
ONH were reconstructed as previously described. Each model consisted of five tissue regions: pre and post-laminar neural tissue, lamina cri-
brosa, sclera and pia mater. Finite element methods were then used to predict the biomechanical response to changes in IOP. For each model we
computed six local measures of strain, including the magnitude and direction of maximum stretching, maximum compression and maximum
shearing strain. We compared the spatial and population distributions of the various measures of strain by using semi-quantitative (contour plots)
and quantitative (histograms) methods. For all models, as IOP increased, the tissues of the ONH were subjected simultaneously to various modes
of strain, including compression, extension and shearing. The highest magnitudes of all modes of strain occurred within the neural tissue regions.
There were substantial differences in the magnitudes of the various modes of strain, with the largest strains being in compression, followed by
shearing and finally by extension. The biomechanical response of an individual-specific ONH to changes in IOP is complex and cannot be fully
captured by one measure of deformation. We predict that cells within the ONH are subjected to very different modes of deformation as IOP
increases. The largest deformations are compressive, followed by shearing and stretching. Models of IOP-induced RGC damage need to be fur-
ther refined by characterizing the cellular response to these different modes of strain.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: glaucoma; optic nerve head; biomechanics; finite elements; strain; compression

1. Introduction pressure (IOP) has been identified as a primary risk factor for
the development and progression of glaucomatous optic neu-

The causes of retinal ganglion cell (RGC) degeneration in ropathy. A biomechanical theory of glaucoma proposes that
glaucoma are still poorly understood, but elevated intraocular mechanical effects on the tissues of the optic nerve head
(ONH) are, at least in part, responsible for the damaging

- effects of IOP. Consistent with this theory, it is generally
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in high levels of mechanical strain (Burgoyne et al., 2005;
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which strain could lead to tissue degeneration and the ultra-
structural changes of the ONH observed in glaucoma have
been proposed, and are supported by evidence about the ef-
fects of strain and stress on the load-bearing connective fibres
(Hernandez, 1992; Morrison et al., 1990; Quigley et al.,
1991a,b), capillaries and on the axons of the RGCs, astrocytes
and endothelial cells (Hernandez et al., 1989; Morrison et al.,
1990), as recently reviewed by Burgoyne et al. (2005).

Mechanical strain is a measure of deformation, and can be
interpreted as the change in length of a material region (e.g.
a cell) divided by the resting length of that region. Studies
have shown that strain is an important mechanobiological fac-
tor that causes effects in many cell types (Bandak, 1995; Ed-
wards et al., 2001; LaPlaca et al., 2005; Pedersen and Swartz,
2005; Tan et al., 2006; Triyoso and Good, 1999; Vossoughi
and Bandak, 1995; Wang and Thampatty, 2006). Strain is usu-
ally reported as a single value, e.g. “the cells were strained by
5% . The situation is more complex than this simple descrip-
tion would imply, however. Cells and tissues can deform in
different ways, or “modes”, such as extension, compression
or shearing, although these modes of strain are not indepen-
dent of one another, as described in more detail in the Appen-
dix. This is not merely a matter of semantics, as it has been
established that the mechanobiologic response of tissues
(Bain and Meaney, 2000; Edwards et al., 2001) and cells
(LaPlaca et al., 2005; Morrison et al., 2005; Pedersen and
Swartz, 2005; Tan et al., 2006; Wang and Thampatty, 2006)
depends on the mode of deformation (extension, compression
or shearing), as well as the magnitude and temporal profile of
the stimulus, and the type of tissue or cell and its biological
state. It is therefore of interest to determine which modes of
strain the tissues of the ONH are exposed to as IOP is elevated.

As IOP changes, different regions of the ONH deform by
different amounts and therefore experience different amounts
of strain. Even within a single tissue region (e.g. the lamina
cribrosa), the strain can vary substantially from location to lo-
cation. Previously, our group (Sigal et al., 2004, 2005a,b) and
others (Bellezza et al., 2000) have simply used mean and peak
values of strain to describe the distribution of strain. These
quantities, while useful, do not fully describe the strain distri-
bution, and there is a need to better characterize how strains
are distributed in various tissue regions.

Strain does not occur within tissues without accompanying
stress, which is a measure of the force being carried by the
tissue. More specifically, stress is the force in a tissue region
divided by the cross-sectional area over which that force
acts, and high levels of stress can lead to mechanical failure
(tearing) of connective tissue components. For example, Bur-
goyne has suggested that elevated stresses might cause colla-
gen fibrils in the lamina cribrosa to fail, thereby contributing
to optic nerve head remodelling in glaucoma (Burgoyne
et al., 2005). It is therefore of interest to quantify the stress dis-
tribution in ONH tissues. As is the case for strain, there are
different modes of stress, and we will examine the relative
magnitudes of these modes throughout the ONH.

The objective of this work was to analyze this previously
overlooked aspect of the biomechanical response of an ONH

to increases in IOP: the spatial and volumetric distribution
of different modes of strain. We found that compressive strains
were the dominant mode of strain found in the lamina
cribrosa.

2. Materials and methods

Experimental measurements of the biomechanical environ-
ment of the ONH are extremely challenging. We therefore em-
ploy a standard engineering technique known as finite element
modeling (FEM) that allows the biomechanics of the ONH to
be simulated while accounting for the geometric complexity of
the relevant tissue regions (Meakin et al., 2003; Stay et al.,
2005; Viceconti et al., 2006).

2.1. The models

We used finite element methods to predict strains in indi-
vidual-specific and generic models of human ONHs. The
methodology for reconstructing 3D individual-specific models
of human ONHs suitable for finite element modeling has been
previously reported (Sigal et al., 2005b). Briefly, model geom-
etry was based on serial histologic sections through the ONH
of donor eyes fixed at either 5 or 50 mmHg. From each of
three donors, one eye was randomly selected for reconstruc-
tion. Donor information is provided in Table 1. Eyes were ob-
tained and managed in accordance with the provisions of the
declaration of Helsinki for research involving human tissue.
Sagittal sections through the ONH were stained and photo-
graphed, and then aligned using fiducial markers. Through
manual segmentation in Amira 3.1.1 (Mercury Computer Sys-
tems Inc, USA) five tissue regions were defined on each sec-
tion: lamina cribrosa (LC), pre and post-laminar neural
tissue, pia mater and peripapillary sclera, and 3D surfaces de-
limiting each of the tissue regions were constructed (Table 1).
The interiors of the regions were volume-meshed and the
models ported to Ansys v8.1 (Ansys Inc. Canonsburg, PA,
USA) for finite element modeling (Fig. 1). Initially the models
were formed by linear 4-node tetrahedral elements (SOLID45
in Ansys), but upon importing into the finite element software
the elements were converted into quadratic 10-node tetrahe-
dral elements (SOLID92) and midside nodes added. To ensure
mesh independence, all models were meshed to the level of re-
finement identified as suitable in a previous study (Sigal et al.,
2005b).

For comparison, a generic axisymmetric model was also
used. This generic model was similar to that described previ-
ously (Sigal et al., 2005b), but instead of being based on
Model 1 was based on Model 3 (both described in detail in
Sigal et al., 2004). Model 3 improves upon Model 1 in that
it incorporates the pia mater and more detailed geometry for
the cup, the scleral canal and the peripapillary sclera. ““Virtual
histologic sections” were generated from the known geometry
of Model 3 and segmented to create this generic model, which
was solved and analyzed identically to the individual-specific
models.
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Table 1

Summary of donor and model properties
Donor/Model 1 2 3 Generic
Eye oS OD OD —
Age (years) 83 79 91 -
Gender M M M -
Time to enucleation (h) 2 2 10 —
Time to imaging (h) 17 23.5 29 —
Fixation pressure (mmHg) 5 5 50 -

Volume (ul) Pia mater 1.05 1.41 1.61 0.35
Pre-laminar neural tissue 2.73 2.21 2.80 2.07
Post-laminar neural tissue 5.49 4.99 5.72 4.03
Sclera 1.54 1.76 1.97 1.52
Lamina cribrosa 0.62 0.49 1.08 0.88
Region of interest 11.42 11.86 13.19 8.85
Total reconstructed 15.87 15.23 18.60 30.18

Region of interest (ROI) LC centroid X (pum) 72.6 -27.3 20.2 23.9
LC centroid Y (um) —2304 —223.0 —227.1 95.5
LC centroid Z (um) —-7.8 —-92.8 2.7 3.7
Area LC-Ret (mm?) 2.75 3.13 4.05 2.86
Area LC-ON (mm?) 3.59 3.60 4.62 3.72
Equivalent radius r, (um) 935 998 1136 954
ROI radius ry, (um) 1403 1497 1703 1431

Eyes were randomly selected to be fixed at low (5 mmHg) or high (50 mmHg) IOP. All models were simulated for a change in IOP of 45 mmHg. Tissue volumes
are within the region of interest, except total volume that corresponds to the whole reconstructed volume. The LC centroid location is with respect to the axis of
symmetry of the model used for boundary conditions. The axis of symmetry corresponds to the Y axis, in the anterior-posterior direction. Also shown are the areas
of the anterior LC surfaces (LC-Ret) used to compute the equivalent radii, and the posterior LC surfaces (LC-ON) that provide an idea of the variability in the
measures and the shape of the LC.
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Fig. 1. Example model reconstructed from the OD of Donor 2. The top two panels show the geometry viewed from the anterior (left) and posterior (right); in the
bottom panel the model has been cut sagittally through the center of mass to show the interior. The pre-laminar neural tissue includes the retina. The post-laminar
neural tissue forms the optic nerve. The lamina cribrosa spans the scleral canal opening and is visible posterior to the cup. S — Superior, I — Inferior, T — Temporal
and N — Nasal.
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In all models, only the ONH region was reconstructed, and
it was therefore necessary to apply boundary conditions to the
edges of the models. This was accomplished by embedding the
individual-specific models into a generic spherical shell,
which was generated by rotating the 2D version of Model 3
around its axis of symmetry (Sigal et al., 2004). Displacements
computed from this shell were applied to the edges of the
ONH region model. IOP was applied as a force acting on
the surfaces of the elements exposed to the interior of the
eye. Boundary conditions (displacements on the model edges
and the forces representing IOP) were adjusted such that
models reconstructed from eyes fixed at 5 mmHg were in-
flated, i.e. experienced a simulated increase in IOP to
50 mmHg, while those models from eyes fixed at 50 mmHg
were ‘‘deflated”, i.e. experienced a simulated decrease in
IOP to 5 mmHg. No other forces or displacements were ap-
plied to the models, although the IOP-induced deformations
predicted for the axisymmetric model used for boundary con-
ditions were zeroed on the vitreo-retinal interface 5° from the
axis of symmetry, as described previously (Sigal et al., 2004,
2005a,b).

Tissue mechanical properties were assigned as for the base-
line models (Sigal et al., 2005a). All tissues were modeled as ho-
mogeneous, isotropic, and virtually incompressible (v = 0.49),
with a Young’s modulus of 3 MPa for the sclera and pia mater,
0.3 MPa for the lamina cribrosa and 0.03 MPa for the pre and
post-laminar neural tissues. These assumptions are considerable
simplifications, the implications of which will be examined in
the Section 4.

Solutions were obtained using ANSYS v8.1 PCG solver
with default parameters, typically requiring less than one
hour of CPU time on a desktop workstation with Windows
XP SP1, an Intel 3.0 GHz CPU and 4 GB of memory.

2.2. Post-processing

The presentation of all results was standardized to show the
effects of an increase in IOP from 5 to 50 mmHg, which sim-
plified comparison between eyes. Solutions were exported
from ANSYS to Amira using custom scripts, and Amira’s
node-based plotting was used to yield smooth contour plots
(Sigal, 2006). The ANSYS finite element software computed
the three principal strains and the three principal stresses, at
each node and at the centroid of each element. The principal
strains completely describe the magnitude of the strain field
at every location in the tissue, while the principal stresses de-
scribe the stress field (Cook, 1995). Physically, ¢, the first
principal strain, represents the maximum stretching that a tis-
sue element will experience, while &3, the third principal
strain, represents the maximum compression that a tissue ele-
ment will experience. Analogously, the first principal stress
represents the maximum extensional force the tissue is sub-
jected to, while the third principal stress represents the maxi-
mum compressive force the tissue is subjected to.

From the principal strains, we computed the maximum
shear strain:

1
8shear:§ & — & .

where ¢ and &5 are the first and third principal strains. To sim-
plify comparison between the various modes of stress and be-
tween the various modes of strain, the absolute value of the
measure was used in the plots described in the following sub-
sections. However, the use of the absolute value was limited to
the display, and all calculations were done using the actual
values. To help interpret the plots, it is useful to recall that
for an incompressible, or nearly incompressible, material,
the first principal strain is positive (extensile) and the third
principal strain is negative (compressive).

2.3. Finding percentiles

A combination of standard and custom routines was used to
compute the distribution of each strain mode in each tissue re-
gion, and from these distributions the 50th and 95th percentile
values were computed, representing the median and peak. De-
fining the peak value as the 95th percentile limited the effects
of outliers that could be due to numerical effects (e.g. mesh-
ing), or due to approximations introduced during model geom-
etry reconstruction, and which might not represent physiologic
effects. Note that this is slightly different from the approach
used previously (Sigal et al., 2005a), due to technical differ-
ences in the software packages used. Herein the distributions
were computed based on the volume exposed to a given level
of strain, rather than on the number of elements.

2.4. Defining a region of interest (ROI)

The size of histologic sections from which the ONH model
was created and the length of the optic nerve varied from eye
to eye. To fairly compare results between models it was nec-
essary to reduce variation as much as possible. We therefore
defined a region of interest (ROI) whose volume was adjusted
to the LC of each ONH model at 5 mmHg (Table 1), using the
methodology described in Fig. 2. Only elements within the
ROI (as defined by their centroidal position) were considered
for the analysis of distributions (median and peak values) of
the strain fields. Elements outside the ROI were not deleted
in order to make illustrations clearer.

3. Results

Different measures of strain and stress were plotted on
cross sections through an individual-specific model (Fig. 3)
and a generic model of the ONH (Fig. 4). For all models, there
were substantial differences in the magnitudes and distribution
of the various modes of strain. Considering the modes of strain
that have a simple physical interpretation, the largest strain
magnitudes occurred in compression (third principal strain),
followed by shear and finally by extension (first principal
strain). The middle (second principal) strain was much smaller
than other modes of strain. As expected the stresses were of
a smaller magnitude within the more compliant tissues, and
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Fig. 2. Diagram of the process for defining the region of interest (ROI). (A) An en face view of the LC of the OS of Donor 1 is shown in purple, from which the
center of mass (centroid) of the LC was determined (green dot). The axis of symmetry used for boundary conditions corresponds to the Y axis, not necessarily
passing through the LC centroid. (B) The area of the interface between the LC and the pre-laminar neural region was computed, and a disc with the same surface
area (equivalent radius, r,) was overlain on the LC (green line). The radius of the ROI (r,) was then defined as one and a half times r,, and also overlain on the LC
(orange line). (C) An en face view of the full model of the OS of Donor 1, with the circle defining the ROI boundary shown in orange. (D) Same view as in panel C,
but with only the ROI elements shown. (E) Same view as D, but with the pre-laminar neural tissue removed to show sclera (pink), the opening of the scleral canal
and the LC behind. (F) Oblique view of the full model, cut sagittally through the center of mass. Elements outside the ROI are grey, those inside are: the pre-
laminar neural tissue in yellow, the LC in purple, the post-laminar neural tissue in red, the pia mater in cyan, and the sclera in pink. The posterior limit to the
ROl is a plane 1.5 mm posterior to the center of mass of the LC.
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Fig. 3. Comparison of four measures of strain and three measures of stress for one eye. All images are the same sagittal cross section through the center of the OD
eye of Donor 2, differing only in the measure represented in the contour levels. The plotted strains and stresses were the result of an increase in IOP from 5 to
50 mmHg. The three principal strains/stresses are the elements of the diagonal of diagonalized strain/stress tensor, ordered from most positive (first), to most neg-
ative (third). The shear strain is derived from the principal strains. Clearly visible are the differences in magnitude between the different modes and the non-sym-
metrical distributions. The magnitude of the stresses varies over several orders of magnitude, hence we used a non-linear (logarithmic) scale for stress, expressed as
a multiple of the imposed IOP. To simplify comparison between modes, the absolute value of the measure is shown. The outlines of the tissue regions are shown in
black. A — Anterior, P — Posterior, S — Superior, I — Inferior.

Please cite this article in press as: Ian A. Sigal et al., Predicted extension, compression and shearing of optic nerve head tissues, Exp. Eye. Res. (2007),
doi:10.1016/j.exer.2007.05.005




6 L.A. Sigal et al. | Experimental Eye Research xx (2007) 1—11

Generic

Shear

Strain [%]

First Principal

. w wm oy

Second Principal

Third Principal 0

Fig. 4. Comparison of four measures of strain, analogous to those shown in Fig. 3, but for the Generic Model, a 3D reconstruction of the model used for boundary
conditions and as the baseline for the parametric and sensitivity analysis previously described (Sigal et al., 2005a). As in the individual-specific model of Fig. 3, the
various strain measures differed in their magnitude, but not surprisingly, for this model were highly symmetrical. To simplify comparison between modes of strain
the absolute value of the measure is shown. The outlines of the tissue regions are shown in black. A — Anterior, P — Posterior.

larger for relatively stiff regions, with stresses being particu-
larly large in the scleral and pial regions directly adjacent to
the LC.

A better understanding of the spatial distribution can be ob-
tained from a series of parallel cross sections (Fig. 5) rather

Donor 3

First Principal

Strain (%)
[ B |
0 5 10 s

%

Nasal side

M B M

k!

I |

Temporal side

Fig. 5. Spatial distribution of first principal strain on a model reconstructed
from the OD of Donor 3. On the top right is an external view of the model.
White lines are the locations of the sagittal cross sections shown below, which
progress from the nasal (top left) to the temporal side (bottom right). The sec-
tions were equally separated with their location determined from the overall
size of the ONH models, based on the dimensions of a box that completely
enclosed the model. Sections were then taken at 10%, 20%, ... 50% (the cen-
tral section), ... 80%, and 90% from one side to the other. On the sagittal sec-
tions the inferior side is on the right. S — Superior, I — Inferior, T — Temporal,
N — Nasal.

than the single sections shown in Figs. 3 and 4. Regions of
higher strain were present in the laminar and neural tissue,
as was seen in the single sagittal section. However, looking
at the changes in contour levels from one section to another,
we notice the complexity of the mechanical response of an
ONH to an increase in IOP, such as the concentration of strains
in the peripheral post-laminar neural tissue near the LC, the
pia mater and the sclera. Each individual-specific geometry
could potentially produce completely different strain fields.
This will be further analyzed (Sigal, 2006).

Quantitative analyses of the distribution of strain in an in-
dividual-specific model are shown in Figs. 6 and 7. These fig-
ures discard the spatial information in favour of aggregated
measures of the tissue volume subjected to a given level of
strain. The volume integral distribution plots (Fig. 6, right col-
umn) reveal that the volume of post-laminar neural tissues
subjected to high strain (above 10% compression) was about
the same as of laminar tissue. However, the relative fraction
plots (Fig. 6, left column) show that a smaller fraction of
post-laminar neural tissue than of laminar tissue was subjected
to high strain. Surprisingly, there was much more neural than
laminar tissue — both in absolute volume and in fraction —
subjected to high levels of compressive and shearing strains.

A “‘strain histogram” for the LC is shown in Fig. 7, which
describes the volume of tissue subjected to a given level of
strain. Since the three curves are from the same LC, the area
under the lines is the same (the volume of the LC), but differ-
ences in distribution between the various strain modes are
clearly seen. Specifically, there are higher median and peak
values (arrows on the X axis) for the third principal strain
(compression) when compared with the first principal strain
(extension) and the maximum shearing strain (shear). Similar
results were obtained for other models. This indicates that the
most “‘extreme’ strains that LC tissue experiences are com-
pressive, followed by shear and then extension.

4. Discussion and conclusions

Three main results have been obtained from this work:
First, elevation of IOP causes the tissues of the ONH to be sub-
jected to a complex strain environment, characterized by

doi:10.1016/j.exer.2007.05.005
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Fig. 6. Cumulative volume distributions of first principal strain (extension; top), third principal strain (compression; middle) and maximum shear strain (bottom)
within the ONH tissues of the OS of Donor 1. In the right column, the curves show the volume of tissue that has a strain level greater than or equal to the value on
the X axis. The volume of each region is therefore the intersect of the tissue line with the Y axis (strain level = 0). The left column shows similar plots, where the
Y-axis values have been scaled by the volume of the tissue they represent. These graphs therefore show the fraction of tissue that has a level of strain greater than or

equal to the value on the X axis.

multiple modes of strain (extension, compression and shear-
ing) whose magnitude and distribution vary through the
ONH. Second, the highest magnitudes of all modes of strain
occurred within the neural tissue regions, not within the lam-
ina cribrosa. Third, the largest strain magnitudes were in com-
pression, followed by shearing and finally by extension. The
fact that maximum shearing strain has magnitude intermediate
between that of first and third principal strains is a consequence
of the definition for shearing strain, but nonetheless if of inter-
est since shearing strain has frequently been mentioned in the
literature as being potentially very important in retinal gan-
glion cell loss in glaucoma (Burgoyne et al., 2005; Edwards
et al., 2001; Hernandez, 2000; Levy and Crapps, 1984; Yan
et al., 1994). Since the stresses are linearly related to strains

(although with a different constant of proportionality — i.e.
Young’s modulus — in each tissue region), the relative propor-
tions of the principal strains in each tissue region match the
relative proportions of the stresses in that region.

What is the biological significance of these results? Exper-
iments on neurons and astrocytes have established that me-
chanical stimulation of a cell has different effects depending
on the mode, magnitude and temporal profile of the stimulus
(Ellis et al., 1995; Hernandez, 2000; Morgan, 2000; Neufeld
et al.,, 1999; Ostrow et al., 2000). Most in vitro systems for
mechanostimulation of astrocytes and neural tissues have
subjected cells to stretching (Kirwan et al., 2005). Our work
suggests that more refined models are needed that investigate
how different strain modes affect biological function of ONH

doi:10.1016/j.exer.2007.05.005
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Fig. 7. Distribution of three modes of strain within the lamina cribrosa of the
OS eye of Donor 1. The plotted quantity is the volume of LC tissue that ex-
periences the level of strain shown on the X axis. The arrows on the X axis
point to the median and peak levels (50th and 95th percentiles) of each distri-
bution. The differences in distribution between the three strain modes are ev-
ident. In particular, the distributions of the different modes are clearly not just
a scaling up or down of one another. The three curves represent frequencies in
the LC of the same eye, and therefore the area below the curve is the same for
all: the volume of the LC.

cells. Only when such data are available will it be possible to
unequivocally determine whether predicted levels of IOP-
induced strain are physiologically relevant.

The complex strain environment within the ONH was in
part an outcome of the material properties assumed for the tis-
sues: when effectively incompressible materials are extended
in one direction, they must compress in another direction,
and vice versa. This effect has been observed in other organs,
for example in the spinal cord (Henderson et al., 2005), and
has been used to subject cells cultured on a flat plate to 3D de-
formation (Morrison et al., 2006). For compressible materials
the effects of a deformation in one direction on other direc-
tions are somewhat dampened, but still occur. Nevertheless,
compressibility is not the only mode of transfer of deforma-
tions from one direction onto others, as this might still occur
due to the structure of the material, as in fibrous tissues
(Pedersen and Swartz, 2005).

The existence of simultaneous modes of strain on the ONH
tissues was not as surprising as the relative magnitudes of the
modes of strain. In the case of an thin-walled elastic sphere in-
flated by a uniform pressure, it can be shown (under certain
assumptions (Timoshenko and Goodier, 1970)) that the first
and second principal strains are positive and have the same
magnitude, while the third principal strain is negative and
has double the magnitude of the other two principal strains.
The situation within the ONH is quite different, with a state
known as plane strain being approximated, in which one prin-
cipal strain is negligible (Timoshenko and Goodier, 1970).
This shows that the biomechanical environment in the ONH
is complex, due to the geometry of the different tissue regions
and their differences in material properties, and that it can be
difficult to predict the biomechanics of this tissue region by
analogy with the biomechanics of a spherical shell.

In our previous analyses of ONH biomechanics we had se-
lected the maximum principal strain (stretching) as the mea-
sure of deformation in response to changes in IOP, arguing
that it would be a good representation of the deformation
that could lead to physiological responses (Sigal et al., 2004,
2005a,b). Others have chosen to compute the principal vector
magnitude or the von Mises strain (Bellezza et al., 2000; Bel-
lezza, 2002; Burgoyne et al., 2005; Downs et al., 2004). All
these approaches have substantial limitations because they dis-
card information about the true complexity of the strain field,
although they are still more informative than literature reports
that neglect to describe the type of strain considered, or that
confuse one mode with another.

By considering a homogeneous LC, the models presented
here cannot account for the effects of the laminar micro-
structure. The complex geometry of the lamina trabeculae
has been hypothesized to amplify the levels of strain, so that
the cells attached to the matrix of the LC could be subject
to strains several orders of magnitude larger than those of
the larger scale structure (Burgoyne et al., 2005). This hypoth-
esis has received support from initial numerical models that
considered the laminar micro-structure (Downs et al., 2004),
and studies of load transfer in fibrous materials (Pedersen
and Swartz, 2005). This could be an explanation as to why
the damage to the RGCs seems to occur in the LC, as proposed
in glaucoma (Quigley, 2005; Shields, 1997), even though the
highest magnitudes of strain were predicted in the neural tis-
sue regions. It is also possible that the RGC axons are not
equally sensitive to, or equally capable of recovering from, me-
chanical stimulation in all regions of the ONH. However, it is
also possible that the large differences in stiffness between
load-bearing and non-load-bearing (RGC axons and astrocytes
for example) tissues have the opposite effect, and instead shield
the laminar astrocytes from the large strains of the ECM.
Whether the in vivo situation is one of amplification or shield-
ing, or a combination, depends on the composition and micro-
architecture of the LC. Studies that consider in detail a realistic
laminar micro-structure are necessary to find the answer.

The results presented here are subject to several limitations
arising from the process of reconstructing the models, and how
IOP increase was simulated and its effects analyzed. Issues re-
garding the process of reconstructing the models have been
discussed previously (Sigal et al., 2005b). For simulation, im-
portant assumptions were made about the mechanical proper-
ties of the tissues modeled, namely that they were linearly
elastic, incompressible, homogeneous and isotropic. Evidence
suggests that these are only approximations, and that the me-
chanical response of the tissues is non-linear (Downs et al.,
2005; Spoerl et al., 2005; Woo et al., 1972). Certainly, the tis-
sues are non-homogeneous, being composed in a large fraction
by load-bearing collagenous tissues. However, the mechanical
properties of the tissues of the ONH are not completely
known, and although some recent studies have added to our
knowledge of the properties of the ONH tissues (Downs
et al., 2003, 2005; Spoerl et al., 2005), we believe that assum-
ing linear material properties provides a reasonable first ap-
proximation that allows an improved understanding of ONH
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biomechanics. Finally, we recognize that all of the human eyes
that we have used were, by necessity, post mortem tissue, and
we cannot exclude the possibility of some necrotic changes. In
particular, since the sclera is the major determinant of ONH
biomechanics, one should be most concerned about scleral
changes. There is data that suggests that mechanical properties
of the sclera do not change up to 72 h post mortem, at least in
rabbit eyes (Girard et al., 2004). This would suggest that
scleral geometry would also not change 17—29 h post mortem
(the range of post mortem times used in this study), and we
therefore feel that the use of post mortem human eyes is rea-
sonable for purposes of this study.

It has been suggested that differences in ONH geometry be-
tween individuals could lead to differences in the ONH biome-
chanical response and sensitivity to elevated IOP (Burgoyne
et al., 2005; Jonas et al., 2003, 2004; Quigley and Addicks,
1981; Quigley et al., 1981, 1990). Although there were differ-
ences between the predicted responses to changes in IOP be-
tween the models used in this work, all four models led to
the same conclusions. The effects of differences in ONH ge-
ometry on ONH biomechanics are described in detail else-
where (Sigal, 2006).

Finally, a region of interest (ROI) was defined for each
model based on the area of the anterior surface of the LC. Al-
though reasonable, this selection was arbitrary and it is possi-
ble that future comparisons between models will require
a different definition.

Even considering these limitations, the questions raised by
this work remain: what modes of strain have physiologic rel-
evance in each tissue? What distribution analysis is useful to
assess the physiologic relevance? How meaningful are the me-
dian and peak values? Do we need to know the fraction of tis-
sue that is subject to a certain mode of strain or is it necessary
to determine the absolute size of the region that is above a cer-
tain threshold? How can we properly compare the mechanical
response of two ONHs? We suggest that, while these questions
are being answered, the best alternative is to track several
measures of strain. In this way, when in the future our under-
standing of these questions improves, the predictions from
these studies will still be relevant.

Considering all possible modes of strain, however, adds sig-
nificant complexity to the analysis, and ideally a subset of the
strain measures shown here would suffice. We suggest focus-
ing attention on the three measures with a clear physical inter-
pretation: first (maximum) principal strain, third (minimum)
principal strain, and maximum shearing strain. The second
(middle) principal strain is also potentially interesting, how-
ever as it was found to be generally of a much smaller magni-
tude than the first and third principal strains. Other quantities
derived from the strain tensor, like the von Mises equivalent
strain or the principal vector magnitude, do not have a clear
physical interpretation, and therefore are not recommended.
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Appendix A

Here we provide a brief overview of the engineering concept
of strain. Interested readers are referred to (Humphrey, 2006;
Timoshenko and Goodier, 1970) for more details. Strain is
a measure of deformation, and is defined as the fractional elon-
gation of a small line-shaped tissue element, i.e. the change in
length divided by the original length of that tissue line. A posi-
tive strain represents an increase in length, or extension; and
anegative strain represents a decrease in length, or compression.

Unfortunately, this simple definition hides a significant
complication: in a real-life situation, the magnitude of the
elongation of the line-shaped tissue element depends on the
orientation of this line, and the direction of elongation may
not coincide with the original orientation of the element
(Fig. A1). This shows that the strain actually depends on ori-
entation of the tissue line element under consideration. Luck-
ily, it is always possible to identify a set of preferred, or
principal directions, such that tissue lines oriented in these di-
rections undergo only a pure elongation or a pure compres-
sion. The strains that are identified for such line elements
are known as the principal strains. For a three-dimensional ob-
ject, there are in general three such principal strains: ¢y, €5, and
3. By definition, &¢; > &, > &3. In an incompressible or nearly
incompressible material, the first principal strain ¢, must be
greater than zero and therefore represents an extension, while
the third principal strain €3 must be less than zero and there-
fore represents a compression.

d f— c

Fig. Al. Schematic illustration of tissue straining in two dimensions. The top
row shows an originally square tissue region abcd deformed by forces, repre-
sented by the black arrows. Two lines placed on the tissue (see centre of tissue
region) elongate or contract, depending on their orientation. This shows that
the strain experienced by a line element of tissue depends on the orientation
of that line. Superimposed on the square tissue region is a circle that deforms
with the tissue. In the bottom row, the same tissue region is sheared. However,
this tissue region is also undergoing extension and compression, as can be ver-
ified by noting how the length of the imaginary lines ac and bd change. In fact,
the ellipses in the final panels of each row are identical, showing that shearing
is present in the deformation shown in the top row and elongation/compression
is present in the deformation shown in the bottom row.
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In addition to extension and compression a material can
also undergo shearing. Shearing is the deformation of a tissue
line element in a direction other than along the axis of the line
(Fig. Al). However, as can be appreciated from Fig. Al, a de-
formation that appears at first glance to consist of a pure exten-
sion in one direction and a pure compression in the orthogonal
direction, can actually be interpreted as including a shearing
deformation. Similarly, a shearing deformation can be inter-
preted as including extension and compression. This shows
that the modes of strain are not independent of one another,
a fact which becomes clearer when we re-examine the defini-
tion of the maximum shear strain, which is in fact expressed in
terms of principal strains, &gpear = ¥2(e1—¢3). It is for this rea-
son that we have focussed on the principal strains in this paper,
since they are a fundamental representation of the strain field
from which the magnitude of other strain measures can be
computed.

The reader may therefore ask: why bother reporting the
maximum shearing strain? Even though this quantity is directly
derived from the first and third principal strains, we include
plots of &gear to avoid readers having to mentally compute
shearing strain distributions from plots of first and third princi-
pal strains, and because researchers in the field of glaucoma
have an intuitive understanding of shearing strain that is
reflected in many discussions of the possible pathologic role
of this quantity in mechanically insulting retinal ganglion cell
axons in the lamina cribrosa (Burgoyne et al., 2005; Edwards
et al., 2001; Hernandez, 2000; Levy and Crapps, 1984; Yan
et al., 1994).
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