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Abstract Glaucoma, the second most common cause of
blindness worldwide, is an ocular disease characterized by
progressive loss of retinal ganglion cell (RGC) axons. Biomechanical factors are thought to play a central role in RGC loss,
but the specific mechanism underlying this disease remains
unknown. Our goal was to characterize the biomechanical
environment in the optic nerve head (ONH)—the region
where RGC damage occurs—in human eyes. Post mortem
human eyes were imaged, fixed at either 5 or 50 mmHg pressure and processed histologically to acquire serial sections
through the ONH. Three-dimensional models of the ONH
region were reconstructed from these sections and embedded
in a generic scleral shell to create a model of an entire eye.
We used finite element simulations to quantify the effects of
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an acute change in intraocular pressure from 5 to 50 mmHg
on the ONH biomechanical environment. Computed strains
varied substantially within the ONH, with the pre-laminar
neural tissue and the lamina cribrosa showing the greatest
strains. The mode of strain having the largest magnitude
was third principal strain (compression), reaching 12–15%
in both the lamina cribrosa and the pre-laminar neural tissue. Shear strains were also substantial. The distribution of
strains in all ONH tissues was remarkably similar between
eyes. Inter-individual variations in ONH geometry (anatomy)
have only modest effects on ONH biomechanics, and may not
explain inter-individual susceptibility to elevated intraocular pressure. Consistent with previous results using generic
ONH models, the displacements of the vitreo-retinal interface and the anterior surface of the lamina cribrosa can differ substantially, suggesting that currently available optical
imaging methods do not provide information of the acute
deformations within ONH tissues. Predicted strains within
ONH tissues are potentially biologically significant and support the hypothesis that biomechanical factors contribute to
the initial insult that leads to RGC loss in glaucoma.
Keywords Biomechanics · Glaucoma · Optic nerve head ·
IOP · Finite elements · Strain · Sclera · Lamina cribrosa

1 Introduction
Glaucoma is an ocular disease that is the second most common cause of blindness worldwide. It is projected that glaucoma will affect approximately 50 million people worldwide
in 2010, rising to 80 million in 2020 (Quigley and Broman
2006). Glaucoma is an optic neuropathy, in which retinal
ganglion cells—responsible for transmission of information
from the retina to the lateral geniculate nucleus, enroute
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Fig. 1 Schematic cross-section through a human eye. Light enters
the eye through the cornea, passes through the pupil, lens and vitreous humour and strikes the retina. Retinal nerve fibres transmit visual
information to the brain. These fibres converge at the optic nerve head
region, exit the eye through the scleral canal, and form the optic nerve.
The lamina cribrosa is a porous structure that spans the scleral canal.
The vitreous chamber is filled with the vitreous humor, which exerts
a pressure on the surface of the retina (the pre-laminar neural tissue).
Adapted from a diagram by the National Eye Institute

to the visual cortex—become dysfunctional and eventually
undergo apoptosis or possibly other modes of programmed
self-destruction (Whitmore et al. 2005). Clinically, this process results in a characteristic pattern of visual field loss and
changes in the shape and appearance of the optic nerve head
(ONH), the site in the eye where retinal ganglion cell axons
converge before leaving the posterior eye through the scleral
canal (see Fig. 1 for ocular anatomy).
The primary risk factor for the development of glaucomatous optic neuropathy is elevated intraocular pressure (IOP),
and significant, sustained IOP reduction is known to preserve vision (Heijl et al. 2002). This clinical observation,
in conjunction with many others (Burgoyne et al. 2005),
strongly suggests that biomechanical factors acting within
the ONH contribute to the pathogenesis of glaucomatous
optic neuropathy (Ethier et al. 2004). In this regard, significant attention has been focussed on the biomechanics of the
lamina cribrosa (LC), a porous connective tissue spanning the
scleral canal through which retinal ganglion cell axons pass
as they exit the eye (Bellezza 2002, Burgoyne et al. 2004,
2005, Downs 2002, Edwards et al. 2001, Ethier et al. 2004,
Hernandez 2000, Levy et al. 1981, Levy and Crapps 1984,
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Morgan et al. 1995, 2002). It is hypothesized that extension,
compression or shearing of retinal ganglion cells axons, or
of the astrocytes within the lamina cribrosa, contribute to
the loss of neural function in glaucoma (Sigal et al. 2007,
2008).
Unfortunately, the relationship between IOP and the risk
of developing glaucoma is not straightforward, since the level
of IOP that leads to glaucomatous optic neuropathy varies
between individuals. The reason for this range of sensitivity to IOP is unclear, but may stem from inter-individual
differences in optic nerve head biomechanics, possibly due
to variations in geometry (anatomy) and material properties
between ONHs. Unfortunately, since the ONH is difficult
to access directly, a full characterization of the influence
of geometry and material properties on the biomechanical
response of the ONH to changes in IOP has remained elusive.
We previously studied the influence of various factors,
including geometric factors such as scleral thickness and
ONH size, on the biomechanics of the ONH (Sigal et al.
2005a). However, that study had several limitations. First, the
models were generic and axisymmetric, and therefore did not
represent the complex 3D architecture of a real ONH. Second, the geometric factors studied were varied independently
over ranges determined from the literature. It is possible
that there are interactions between the geometric factors, and
although a meta-study (Sigal et al. 2005a) on the influence
of factor range suggested a modest effect, it is still possible
that the choice of factor ranges biased the results. Third, only
the maximum tissue extension (the first principal strain) was
considered during the analysis of the mechanical response.
However, in (Sigal et al. 2007, 2008) it was shown that other
modes of strain in the ONH frequently have larger magnitude
than the first principal strain, and therefore maximum tissue
compression (third principal strain), and maximum shearing
strain should also be examined.
This study addresses these limitations using finite element
modeling (FEM) to study the biomechanics of individualspecific human optic nerve heads and by considering more
complete characterizations of strain distributions than have
been previously presented.

2 Methods
2.1 Model construction and simulations
2.1.1 Geometry
Ten eyes from six donors were used (Table 1) to construct
ONH models, including three models that were previously
used (Sigal et al. 2007, 2008). Eyes were obtained from
the Eye Bank of Canada (Ontario division, Toronto) and
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Table 1 Summary of donor information and model properties
Donor/model

1

1

2

3

4

4

5

5

6

6

Generic

Age (years)

83

79

91

76

84

70

−

Gender

M

M

M

M

M

M

−

Time to enucleation (Hrs)

2

2

10

3

7

7

−

Time to imaging (Hrs)

17

19

24

−

23.5

29

Eye

OD

OS

OD

OD

OD

OS

OD

OS

OD

16
OS

Axial length (mm)

24.5

24.5

23.2

24.4

23.7

23.8

24.7

25.0

24.0

24.0

25.2

Fixation pressure (mmHg)

50

5

5

50

5

50

5

50

5

50

–

Area LC-Ret (mm2 )

3.0

2.7

3.1

4.0

3.6

3.3

4.3

4.3

3.6

3.6

2.9

Area LC-ON (mm2 )

3.7

3.6

3.6

4.6

4.0

3.3

4.8

4.7

4.4

4.4

3.7

Equivalent radius rb (µm)

978

935

998

1136

1066

1033

1173

1166

1075

1073

954

−

Mean LC thickness (µm)

196

188

142

203

264

219

203

203

246

272

260

Mean peripapillary sclera thickness (µm)

400

380

440

430

480

470

510

490

550

540

440

Total

13.2

15.9

15.2

18.6

22.2

21.5

24.5

26.0

22.9

19.1

30.2

ROI

10.9

11.4

11.9

13.2

12. 6

15.4

14.6

15.0

14.6

14.3

8.8

Volume (µl)

Pre-laminar

2.6

2.7

2.2

2.8

2.5

3.4

2.5

3.2

3.1

2.3

2.1

Post-laminar

4.9

5.5

6.0

5.7

5. 6

6.3

6.6

6.5

6.3

7.1

4.0

Sclera

1.5

1.5

1.8

2.0

1.8

3.0

2.6

2.6

2.6

2.4

1.5

Lamina

0.68

0.62

0.49

1.08

0.74

0.96

0.97

1.02

1.15

0.89

0.88

Pia

1.1

1.0

1.4

1.6

2.0

1.8

1.9

1.6

1.5

1.6

0.3

Eyes were randomly selected to be fixed at low (5 mmHg) or high (50 mmHg) IOP. All simulations were carried out for a change in IOP of 45 mmHg
(5 to 50 mmHg, or vice versa). Tissue volumes are reported for tissue within the region of interest (ROI), except for total volume, which corresponds
to the reconstructed volume of the entire ONH model. Also shown are the surface areas of the anterior (LC-Ret), and the posterior (LC-ON) LC
surfaces to provide a sense of the shape of the LC. O S left eye; O D right eye. For details on how the LC and peripapillary sclera thickness were
measured please see Sigal (2006)

managed in accordance with the provisions of the declaration of Helsinki for research involving human tissue. When
a pair was available, one eye was randomly chosen to be
fixed and reconstructed at a relatively low 5 mmHg while
the contralateral eye was fixed and reconstructed at a relatively high 50 mmHg. Eyes were fixed at these pressures for
another aspect of the study that is not considered herein, but
that is discussed in more detail in Sigal (2006). A detailed
description of the model construction technique has been
presented in Sigal et al. (2005b), and refined in Sigal et al.
(2007, 2008). In brief, photographs from stained serial sections were loaded into Amira v3.1.1 (Mercury computer systems, USA) and manually segmented to define five tissue
regions: sclera, lamina cribrosa, pre and post-laminar neural
tissue and pia mater. Segmented sections were then used to
build a 3D reconstruction of the individual ONH.
In addition to the individual-specific models described
above, we also carried out simulations with a generic (nonpatient-specific) model of the optic nerve head. This model
has been previously used (Sigal et al. 2004, 2005a,b), and
provides a convenient reference for the individual-specific
models.

2.1.2 Material properties
Material properties were assigned as for the baseline models
in Sigal et al. (2004, 2005a). All tissues were assumed to be
homogeneous, practically incompressible (ν = 0.49), and
linearly elastic, with Young’s moduli based on direct (sclera:
3 MPa; neural tissue, both pre and post-laminar: 30 kPa) or
indirect (lamina cribrosa: 300 kPa; pia mater: 3 MPa) measurements in the literature. A detailed justification of the
choice of parameters is given in (Sigal 2006). We acknowledge the fundamental importance of the parameter selection
and therefore have also carried out a sensitivity study on
the influence of the choice of these parameters on the predictions made with individual-specific models. The results from
this study are presented in the companion paper (Sigal et al.
2008).
2.1.3 Boundary conditions
Since only the ONH region was reconstructed, all models
were embedded into a generic spherical shell, as described
in more detail in Sigal et al. (2005b) and Sigal (2006). Our
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intention was for the generic shell to provide boundary
conditions that were as realistic as possible, yet equivalent for
all the individual-specific models. Because previous work.
(Sigal et al. 2004, 2005a) has shown the importance of scleral geometric properties on ONH biomechanics, we thought
it important to optimize the match in the sclera between
individual-specific ONHs and a generic shell. Hence when
embedding the individual-specific ONH models into the
generic shells we focussed first on the best possible match of
the anterior surfraces of the peripapillary sclera between the
shell and the ONH; second on matching the locations of the
scleral canal walls; and finally on matching the anterior and
posterior surface locations of the LC itself.
We tested the embedding procedure by randomly selecting
one eye, and repeating the embedding on three occasions at
least 1 week apart. Each embedded ONH was then exposed
to a simulated increase in IOP as for all the other models.
There were slight differences in relative location and orientation of the LC between the two embeddings. Differences in
location were smaller than 20 µm (smaller than 5 µm in the
anterior-posterior direction), while differences in orientation
were smaller than 1.5 deg. More importantly, the differences
in predicted biomechanical response to an increase in IOP
between both embeddings were much smaller than between
predictions from models from different eyes.
In some cases the individual-specific model was not completely enclosed in space by the generic model. In such cases
the displacement boundary conditions from the generic shell
were spatially extrapolated. The accuracy of the extrapolations was tested by making “padded” models of the generic
shell, in which a material nine orders of magnitude more
compliant than the sclera was added to both the interior and
exterior of the sclera, effectively increasing the scleral shell
thickness without altering its compliance. These models were
solved by forcing the entire sclera to deform as in a nonpadded case. The differences in predicted IOP-induced displacements between extrapolations and padded models were
less than 10−6 µm implying that the mismatch between individual-specific models and the generic shell, and the consequent boundary condition extrapolations, were unlikely to
introduce errors beyond those involved in using a generic
simplified shell, as described above. We conclude that the
embedding procedure was sufficiently robust and repeatable.
The effects of IOP were modelled as a homogeneous force
acting on the element faces exposed to the interior of the eye.
Boundary conditions (displacements from the spherical shell,
and forces representing IOP) were adjusted such that models
reconstructed from eyes fixed at 5 mmHg were “inflated”,
i.e. experienced a simulated increase in IOP to 50 mmHg
by applying a positive force—outwards, while those models
from eyes fixed at 50 mmHg were “deflated”, i.e. experienced a simulated decrease in IOP to 5 mmHg by applying
a negative force—inwards. This simple change in boundary
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conditions is applicable thanks to the assumption of linear
elasticity. No other forces were applied on the models.
2.1.4 Mesh and solution
All models were meshed according to the results of the mesh
refinement study described in (Sigal et al. 2005b). A typical mesh was formed by 600,000 nodes, 400,000 10-node
tetrahedral elements (Solid92 in Ansys, Ansys Inc., Canonsburg, PA, USA), and 1.7 million degrees of freedom. Details
of each mesh can be found in (Sigal 2006). Solutions were
obtained using Ansys (Ansys Inc. Canonsburg, PA, USA)
v8.1 PCG solver with default parameters, typically requiring
less than 1 h of CPU time on a desktop workstation with MS
Windows XP SP1 (Microsoft, Redmond, WA, USA), and an
Intel 3.0 GHz CPU with 4 GB of memory.
2.2 Analysis
Changes in IOP produce complex deformations of the ONH
(Sigal et al. 2007, 2008). Therefore, the response of an ONH
model to changes in IOP was characterized by the displacement field (the displacement in the X , Y and Z directions
of each node), and the three strain modes, namely maximum
extension and compression (first and third principal strains),
and maximum shearing. As described in Sigal et al. (2007,
2008), we computed the maximum shear strain as the magnitude of the mean of the first and third principal strains. Using
custom scripts, ONH response files were ported from Ansys
to Amira for visualization and post-processing. Amira is limited to linear elements and therefore FEM results obtained
on 10-node tetrahedra were mapped onto 4-node tetrahedra
to allow for analysis in Amira.
The presentation of all results was standardized so that all
solutions represented the effects of an increase in IOP, which
simplified comparison. All displacements reported here
incorporate a zeroing of the anterior–posterior displacement
at the vitreo-retinal interface 5◦ from the axis of symmetry,
and therefore are local displacements relative to this ring.
This corresponds to the way that displacements are determined experimentally by confocal laser scanning imaging
(see below).
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 reduce variation as much as possible, and to
allow fair comparison of results between models, we defined
a region of interest (ROI), as described in Sigal et al. (2007,
2008). Briefly, the area of the interface between the LC and
the pre-laminar neural region was computed. The radius of a
disc with the same surface area was calculated (ra ). The ROI
was then defined as a circular cylinder of radius rb = 1.5×ra ,
with longitudinal axis through the center of mass of the LC
and parallel to the axis of symmetry of the shell used for
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boundary conditions. The posterior limit to the ROI was a
plane 1.5 mm posterior to the center of mass of the LC. Data
on the radius of the ROI and the laminar areas from which
they were computed are provided in Table 1 for each model.
The distribution of the magnitude of each strain mode,
in each tissue region of each model, was computed using
the method described in Sigal (2006) and Sigal et al. (2007,
2008). From these distributions we computed the 50th and
95th percentiles, representing the median and peak of the
measure for the tissue region and model.
2.3 Comparison of predictions and experiments
Although it is not possible to measure the biomechanical
environment within the ONH, it is possible to measure the
deformations of the anterior surface of the ONH as IOP is
changed. To do so, eyes were imaged with a scanning laser
tomographer (Heidelberg Retinal Tomograph, HRT v2) to
measure the topography of the vitreo-retinal interface prior to
preparation for histology, as described in Sigal et al. (2005b).
Briefly: the eyes were placed in a custom chamber filled with
physiological saline, whose temperature was maintained at
37◦ C. By adjusting the level of a saline reservoir connected
by a cannula to the interior of the eye the IOP was sequentially
set to 5, 15, 22, 30, 40 and 50 mmHg above chamber pressure.
At each pressure, after allowing the eye to equilibrate (viscoelastically relax), a series of 256 × 256 pixel images, with
a 10◦ field of view centered on the ONH, were acquired.
After imaging the IOP was set to the final level, perfusion
fixed and prepared for model reconstruction. Axial length
was measured using callipers, on the whole eye after cleaning and before dissection. The measurement was from the
apex of the cornea to the exterior sclera at the macula.
The HRT’s own glaucoma progression analysis routines
were then used on the series of images at different IOPs to
determine an experimental measure of IOP-induced vitreoretinal interface displacement. ASCII dumps of the difference maps were ported from the HRT software to Amira
using custom loading and scaling routines.

3 Results
3.1 Vitreo-retinal and laminar surface deformations
Figure 2 shows the anterior surfaces of the LC from models reconstructed from the eyes of Donors 2 and 3, coloured
according to the contour levels of total (U ) or radial (anterior–posterior, U y ) displacements of the LC. The anterior–
posterior displacements are small everywhere, whereas the
total displacements are only small at the centre, implying that
the tangential (Ux z ) displacements induced by an increase in
IOP from 5 to 50 mmHg are relatively large on the laminar
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periphery. This is in contrast to the predicted displacements
of the vitreo-retinal interface also shown in Fig. 2. Predicted
displacements of the vitreo-retinal interface were generally
larger in magnitude than those of the anterior surface of the
LC, except at the bottom of the cup of some models (OD of
Donor 3 being the clearest), where both laminar and surface
displacements were small. For the vitreo-retinal interface the
similarity between U y and U implies that the tangential displacements are small. Also shown in Fig. 2 are reflectivity images and experimental measurements of displacement
obtained from the eyes before preparation for model reconstruction. The reflectivity images are useful in identifying
the ONH structures visible through the pupil, like the vascular tree and the optic cup. Comparison of the predicted
and measured displacements of the vitreo-retinal interface
shows a similar pattern. Both predicted and measured displacements are clearly not axisymmetric, being larger on
the nasal side than on the temporal. Displacements on the
inferior side are slightly larger than on the superior side.
However, this agreement between computed and measured
displacement was not observed in all eyes: in some of the
eyes, very little deformation was measured with the HRT
(sometimes only marginally larger than signal noise) which
naturally resulted in no clear pattern of deformation. In contrast, the simulations always produced plots with clearly visible deformations.

3.2 Deformation cross sections
Figure 3 shows cross-sections through the center of the
models, coloured according to the magnitude of the radial
(U y ), tangential (Ux z ) or total (U ) displacements. The cross
sections show details that are not clearly visible on the coronal views, such as how the small displacements of the central
LC extend anteriorly to the pre-laminar neural tissue. The
zeroing of the anterior–posterior displacement at 5◦ from
the axis of symmetry appears clearly in the middle row as
a dark blue region. From the plots of radial displacement
in Fig. 2 (third row) it would have been possible to interpret that there are large displacements over the entire interior of the ONH. Surprisingly, the cross-sections in Fig. 3
show that anterior–posterior displacements are mostly superficial. Other regions that are posteriorly displaced are the
posterior peripapillary sclera and the central optic nerve.
The cross-sections also clearly show how the limited tangential displacement visible on the surface is not representative of the internal situation. These results are consistent
with the decoupling of the displacements of the vitreo-retinal interface and lamina cribrosa described in Sigal et al.
(2005a), and the results of Sigal et al. (2005a) are therefore
likely not an artifact of the use of a generic axisymmetric
geometry.
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 Fig. 2

Predicted and measured deformations of the lamina cribrosa and the vitreo-retinal interface due to an increase in IOP from 5 to
50 mmHg. Shown are en-face (coronal) views of model surfaces at the
reconstructed IOP coloured according to the magnitude of the anterior–posterior (radial, U y ) or total (U ) IOP-induced displacements. The
first two rows show the geometry of the anterior surface of the LC.
The third and fourth rows show the anterior surface of the model, i.e.
the vitreo-retinal (VR) interface. The fifth row is the experimentally
measured IOP-induced deformation of the vitreo-retinal interface for
the same change in IOP of 45 mmHg, on the same eyes prior to preparation for reconstruction. Deformation was computed using the HRT’s
own glaucoma progression analysis routines. The last row is a reflectivity image acquired with the HRT during topography scanning. Predicted
displacements are computed with respect to a reference ring on the vitreo-retinal interface 5◦ from the axis of symmetry, consistent with a 10◦
field-of-view scan. S Superior, I Inferior, N Nasal, T Temporal, O D
Right eye, O S Left eye

(Geijssen 1991), IOP-induced displacements are generally
smaller than 100µm. As IOP increases, individual-specific
models undergo complex deformations in 3D. Displacements
normal to the cross section are responsible for some aspects
of the more drastic changes, such as the shape of the cup in
the eye of Donor 2.
Another interesting feature of the IOP-induced deformation visible in Fig. 3 is the combined effect of the lateral
displacements transmitted into the ONH tissues by the peripapillary sclera, and the steep walls of the cup of the eye of
Donor 3. The result is that a substantial amount of the deformation of the cup is a lateral enlargement, with very little
change in depth. This kind of deformation is a challenge for
the algorithms that compute deformation and remodeling of
ONH tissues from sequential topography scans, like those
of the HRT. We believe that better understanding of the displacements of the ONH induced by acute changes in IOP
could improve analysis and evaluation of HRT scans.
3.4 Strain fields induced by an increase in IOP

3.3 Vector plots of displacement and deformed geometries
The direction of displacement and the change in geometry produced by the increase in IOP are better understood
through the vector plots of the fourth row of Fig. 3. Even for
a physiologically large increase in IOP from 5 to 50 mmHg
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Predicted strain fields on cross sections through the center of
four individual-specific models as a result of an IOP increase
from 5 to 50 mmHg are shown in Fig. 4. The pre-laminar
neural tissue region had the highest peak levels of all three
measures of strain. While the lamina cribrosa regions did not
reach levels quite as high, the distribution of strain was more
homogeneous, making the lamina the region with the highest median levels of strain. There were also some regions
of high strain in the post-laminar neural tissue region (the
optic nerve), generally in the periphery near the meeting
point of the lamina cribrosa, the pia mater, the sclera and
the optic nerve. However, the large volume of post-laminar
neural tissue leads to a low median level of strain compared
with the laminar or pre-laminar regions. The scleral tissue
had the most homogeneous distribution of strain, whereas
the pia mater had some high strains near the boundary with
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ences between the distributions of the various modes of strain
within a model, on the same mode of strain between models,
and even in models from contralateral eyes. There are also
some similarities in the strain distributions between different
models, such as a high-compression region directly anterior
to the center of the LC, and another smaller high-compression region posterior to the peripheral LC.
Previous parametric studies (Sigal et al. 2005a) identified globe size, lamina cribrosa thickness and peripapillary
scleral thickness as having important influences on ONH biomechanics. As can be seen from Table 1, previous generic
models used values of these parameters that fell within the
measured range from individual-specific models, except that
the peripapillary sclera tended to be slightly thinner in the
generic eye than in the individual-specific models. Nonetheless, this did not lead to a generic model with higher ONH
strains than the individual-specific models, likely because the
thinner peripapillary sclera in the generic eye occurred only
in the region immediately adjacent to the canal. More generally, we were unable to observe any clear systematic relationship between laminar or scleral thicknesses and level of
stress or strain in the ONH for the individual-specific models.
Because morphometry in 3D is very complex, and because
there are potentially many geometric factors that could influence ONH biomechanics in individual-specific models, it
was outside the scope of this paper to systematiccally look
for quantitative correlations between geometric factors and
ONH biomechanics in our individual-specific models.
Fig. 3 Sagittal cross-sections through the center of the models reconstructed from the eyes of Donors 2 and 3. The top three rows are coloured
according to the magnitude of predicted deformation for an increase in
IOP from 5 to 50 mmHg. The three first rows differ in the component of the deformation coded in colour: the total magnitude of the
displacement (U ), the radial (U y , anterior–posterior) component, or the
tangential (Ux z , the vector magnitude of the superior-inferior Ux , and
nasal-temporal Uz ). Note the large tangential displacements internal to
the ONH, which are often not visible from the surface. The fourth row
shows the displacement vectors at the point of origin of the vector. The
vectors were computed in 3D, with their 2D projections shown. Vector
lengths are proportional to the magnitude of the total displacement, with
the scale exaggerated for clarity. In the first four rows the black lines are
the outlines of the tissues (smooth lines) or the region of interest (jagged lines). The bottom row shows outlines of the models at 5 mmHg
(thin purple line), and at 50 mmHg (thick black line). Deformations are
exaggerated fivefold for clarity. Visible are effects such as the rotation
of the sclera, the flattening of the cup, the thinning of the LC and prelaminar neural tissues and the anterior movement of the central regions
of the optic nerve relative to the LC. Also clearly visible are the zeroing
of the anterior-posterior displacement 5◦ from the axis of symmetry. S
Superior, I Inferior

the sclera, but elsewhere the strain was low. Consistent with
previous results (Sigal et al. 2007, 2008), the largest predicted strain levels occur in compression, followed by shear
and finally in extension. All three modes of strain shown
reach relatively high levels within the neural and laminar
regions. From the figures it is clear that there are differ-

3.5 Median and peak levels of strain
Figure 5 compares the distributions of three modes of strain,
across the 11 models (10 individual-specific and 1 3D generic
model). There was no clear pairing of the distributions from
models of paired eyes. The median and peak values of each
mode of strain within each tissue region of each model are
presented in Fig. 6.
Compared to other ONH tissues, the sclera is stiff, resulting in low and homogeneous strains, as can be seen by the relatively constant and low level of the median and peak values
for all eyes and strain modes (bottom row of Fig. 6). For the
more compliant tissues, the strain levels are higher and less
homogeneous. The post laminar neural tissue median levels
are not higher than in the sclera, but the peak values are much
higher and much more variable, revealing concentrations of
high strain. The large differences between median and peak
strain are even larger in the pre-laminar neural region, where
not only are the median levels high, but the peak levels are
the highest within the ONH (for all eyes, except the generic
model, as will be discussed below). Although the pre-laminar
neural tissue regions reach higher strain levels, the median
strain is substantially higher within the LC than in the prelaminar neural tissue region.
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Fig. 4 Contour plots of three
modes of strain predicted for
several individual-specific
models for an increase in IOP
from 5 to 50 mmHg. For each
eye all sections are the same
sagittal section through the
center of the model, differing
only in the contoured quantity.
S Superior; I Inferior;
A Anterior; P Posterior.
Extension and compression are
the first and third principal
strains, respectively

When comparing the distributions of strain in Fig. 5, and
the median and peak levels of strain in Fig. 6 with the contour
plots of Fig. 4, it is important to remember that the contour
plots are shown only on one sagittal cross-section through
the center of the models, and distributions, median and peak
values are computed over the whole ROI, so that regions
that appear identical in area in a contour plot could represent
very different volumes. An effect similar to that discussed in
Sigal et al. (2004, 2005a) for axisymmetric generic models
is taking place: regions near the axis of symmetry represent
relatively small volumes, whereas those further from the axis
represent much larger volumes. Concentrations of strain on
the bottom of the cup occur on a small volume, and therefore
may have more effect on the peak than on the median values.
Conversely, apparently modest increases in strain in peripheral regions could have a substantial effect on the median
without much effect on the peak values.

4 Discussion and conclusions
4.1 Summary and main results
Although not numerous compared with the over 500 models considered in Sigal et al. (2005a), the 10 individual-specific models considered in this work are a very important set;
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namely a group of real ONHs, which represent an advance
over generic models. Use of individual-specific geometries
corresponds to varying collectively all the geometric parameters that change from one individual to another, whether the
relationships between geometric input factors are known or
not, and therefore allows us to assess the importance of geometric factors on ONH biomechanics in a physiologically
meaningful way.
4.1.1 The models differ little in median predicted strain
and only slightly in peak predicted strain
Our main conclusion is that the geometry of an ONH has
only a modest effect on the median and peak levels of the
three measures of strain in ONH tissues. As will be seen
from the companion paper, material properties have a much
larger effect on ONH strains (Sigal et al. 2008). Overall
the levels of strain predicted for the pre and post-laminar
and laminar tissue were potentially biologically significant,
but as discussed in Sigal et al. (2007, 2008), to the best
of our knowledge, the levels and modes of strain that have
physiologic relevance in each tissue are still unknown, as is
whether the physiologically relevant measure is the median
or the peak. Downs et al. (2003) proposed that levels of
strain above 3.5% could be pathophysiologic. Slightly higher
strain levels (5–6%) were sufficient to induce a wide range
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 Fig. 5

Comparison of the distribution of first principal strain (top),
third principal strain (middle), and maximum shearing strain (bottom)
within the lamina cribrosa of all individual-specific models plus the
Generic Model. Each curve represents the fraction of lamina cribrosa
tissue volume (y axis) that has a level of strain below a certain level (x
axis). From curves like these we computed the median (50th percentile)
and peak (95th percentile) levels. Models with homogeneous distributions of a measure would have a steep curve, with similar median and
peak levels. As the distribution becomes less homogeneous the curve
becomes more horizontal, and the median and peak levels separate.
While the distributions of first principal strain (extension) for all models are quite similar and are difficult to tell apart in the plot, those of
third principal strain (compression) have some clear differences. The
curves for the Generic Model reveal higher levels of third principal
strain than in the individual-specific models. Lines from the eyes of the
same donor do not appear to pair; see for example the blue lines from
Donor 5, which bracket all others in the middle plot

of biological effects in neuronal cells in in vitro models
(Edwards et al. 2001, Triyoso and Good 1999). The same
threshold for axonal injury was observed by Margulies and
Thibault (1992). Using adult guinea pig optic nerves Bain
and Meaney (2000) estimated a Lagrangian strain threshold
of 21% for morphological axonal injury, and 18% for deterioration of nerve function. Several mechanisms by which
strain could be transduced into physiologic effects have been
proposed, including distruptions in cell adhesion, transmembrane transport and RNA processing (Ellis et al. 1995, Hernandez 2000), or in laminar astrocytes due to microtubule
loss from transient stretch injury (Jafari et al. 1997). The
peak levels of strain predicted by our models exceed most of
the threshold values quoted above, and this is without considering the micro-structure of the LC that could “amplify”
strain as it is transferred from the extracellular matrix (ECM)
to the mechanically sensitive structures (RGC axons or LC
astrocytes, for example)!
It is still unclear which variations in geometry between
models lead to the differences in predicted mechanical
response to IOP. All models have been solved using the same
material properties, and assigned boundary conditions from
the same generic axisymmetric model. Nevertheless, the predictions for the models are not identical and the origins of
these differences must be the geometry of the ONH. This
shows that ONH geometry does have an effect on ONH biomechanics, albeit a modest one. However, the causal link
between a specific geometric feature and the resulting
mechanical response is still unclear.
We recognize that as defined in this work, the maximum
shear strain has a magnitude intermediate between that of
the first and third principal strains, and is therefore not an
independent strain measure. Nonetheless, we have included
plots of this quantity to avoid readers having to mentally
compute shearing strain distributions from plots of first and
third principal strains, and because researchers in the ocular biomechanics area have an intuitive understanding of
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Fig. 6 Comparison of median
(50th percentile, bars) and peak
(95th percentile, lines) over the
five tissue regions for all ten
individual-specific models and
the generic model 3. Three
measures of strain are displayed:
first principal strain (extension),
third principal strain
(compression) and maximum
shearing strain (shear). For the
neural and laminar tissues the
strain reaches potentially
biologically significant levels
(Kirwan et al. 2005). Generally,
differences between models are
relatively small for the peak
values, and even smaller for the
median values. The difference
between the median and peak
levels of a measure for a tissue
region provides a rough measure
of the level of homogeneity of
the measure within the tissue

shearing strain that is reflected in many discussions of the
possible pathologic role of this quantity in mechanically
insulting the 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).
4.1.2 Predicted deformations have both tangential and
radial displacements, with substantial differences
between the retinal and laminar surfaces
Due to the difficulties in accessing the ONH directly, studies
of ONH biomechanics often use the vitreo-retinal interface
as a surrogate for the ONH interior. To assess this assumption
we compared the predicted IOP-induced displacements at the
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vitreo-retinal interface with those in the internal ONH, and
more specifically, with the anterior surface of the lamina cribrosa. Our data show substantial differences in IOP-induced
displacements at these two locations. It is sometimes thought
that the anterior surface of the lamina cribrosa can be seen in
optic disc photographs, which is probably what has encouraged some researchers to suggest that the displacements of
the vitreo-retinal interface they measure with an HRT correspond to those of the anterior surface of the lamina (Maeda
et al. 1999, Miller and Quigley 1988). Although intuitively
reasonable, the results from the present study clearly indicate
that such arguments can lead to erroneous conclusions. Only
at the bottom of the cup of highly cupped eyes did our models
predict similar displacements for the vitreo-retinal interface
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and the anterior lamina cribrosa. For example, while displacements of the vitreo-retinal interface are mostly anterior–
posterior, those of the anterior lamina surface are tangential
(nasal–temporal and superior–inferior). Tangential LC displacements are also the result of deformation transmitted to
the LC by the peripapillary sclera, and exhibit the importance
of boundary conditions in ONH biomechanics. Most models
predict a very small displacement of the central lamina cribrosa, with the periphery displacing mostly tangentially (in the
superior–inferior and nasal–temporal direction). However, it
is important to consider that our models simulate an acute
increase in IOP, and do not consider the remodeling process
in glaucoma, where the displacements of the vitreo-retinal
interface and the anterior laminar surface could match better.
The above is not meant to imply that current imaging technology is not clinically relevant (it is), but rather to evaluate
whether current imaging methods capture the fundamental
aspects of ONH biomechanics. Our results suggest that they
do not. Our intention here is twofold: to encourage further
development of imaging technologies and techniques, and
to promote the analysis and evaluation of the ONH from a
biomechanical perspective that considers the limitations of
current imaging. Our conclusions based on individual-specific models agree with previous findings from axisymmetric
models.
In general, differences between individual-specific models and the generic axisymmetric model were not much larger
than differences between any two individual-specific models,
consistent with observations described in Sigal et al. (2005b,
2007, 2008). This suggests that the conclusions derived using
generic axisymmetric models presented in Sigal et al. (2004,
2005a) likely extend to individual-specific models, as a good
first approximation. An obvious exception to this comment
is that the response of individual-specific models was asymmetric.
4.2 Limitations
The limitations of the process of reconstruction and finite
element modeling of individual-specific optic nerve heads
have been discussed in length in Sigal et al. (2005b, 2007,
2008). These include the material properties, resolution and
general quality of the reconstruction, model meshing, solution methods, boundary conditions, analysis and others. It is
not our intention to discuss them at length again. Instead we
focus below on limitations and considerations particular to
this work.
4.2.1 All individual-specific models are embedded
in the same generic shell for boundary conditions
Previous studies on axisymmetric models (Sigal et al. 2004,
2005a) have suggested that ONH biomechanics are strongly
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influenced by the properties of the peripapillary sclera
(including its thickness, its stiffness, the radius of the ocular
shell and to a lesser degree the scleral shape directly adjacent
to the canal). Thus, fitting all individual-specific models to
the same generic model shell might reduce the differences
that eye anatomy could have on the mechanical response of
an ONH. Still, the objective of this work was to study the
effects of differences in ONH anatomy, not of whole eye
anatomy in ONH biomechanics. Using the same boundary
conditions for all models we were able to “level the field”
and do a fair comparison between the ONH models. The relatively large role of scleral geometry identified in previous
work suggests that extending the individual-specific models
to include scleral shell thickness could increase inter-individual variations in predicted ONH biomechanics and help
uncover the origin of differences in susceptibility to IOP.
The relatively good agreement between generic and
individual-specific lamina cribrosa geometry, location and
orientation presented in Sigal (2006) suggests that the ONH
geometry of the generic model used for boundary conditions is likely adequate in the sense defined in Sigal et al.
(2005b), and that the relative orientation of the individualspecific models and the generic shell was acceptable.
The loading applied to the ONH was somewhat simplified in this study. We have previously considered more complex boundary conditions, for example including the forces
exerted by the cerebro-spinal fluid pressure (CSFp), extending the post-laminar neural tissue, or inserting a simplified
blood vessel (Sigal et al. 2004, Sigal 2006). None of these
had substantial effects on predictions obtained using generic
axisymmetric models. The small effects of CSFp were likely
due to a combination of effects: First, because IOP acts on a
much larger surface than CSFp, and therefore the effects of
IOP on the ONH have the two contributions discussed in the
manuscript: the direct effect of IOP on the ONH, and the
indirect effects of IOP transmitted to the ONH through
the scleral shell. Second, the LC is concave as seen from
the interior of the eye, which provides a more stable shape
to forces from the exterior of the eye than from the interior.
Finally, although both IOP and CSFp vary, CSFp is usually
much lower than IOP.
The optic nerve adopts a sinuous form, where the nerve
is neither in significant tension or compression (Bain and
Meaney 2000). The forces transmitted to the eyeball through
the optic nerve have been studied and found to be much
smaller than those of other forces acting on the eye
(Cirovic et al. 2005, 2006, Schutte et al. 2006, Schoemaker et
al. 2006), and it is therefore acceptable to ignore the effects
of nerve tension.
Recall also that the measurements obtained using the HRT
on the donor eyes did not include CSFp, since the optic nerve
was cut a few mm behind the LC, and the blood vessels
were not pressurized. Therefore to allow a fair comparison
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with the experiments we decided not to include any of these
effects in the simulations shown in this work. Nevertheless
we acknowledge that in studies in dogs where CSFp has been
artificially raised to very high levels while using an HRT to
track the topography of the ONH significant changes have
been measured, suggestive of anterior displacements of the
LC as CSFp increases (Morgan et al. 2002).
All the eyes were assumed to be healthy; however, considering the donors ages we cannot exclude the possibility
that some eyes had pre-existing optic neuropathy that was
not notified to the eye bank.
4.2.2 Arbitrariness of the ROI
To allow comparison between individual-specific models,
and to reduce the effects of the arbitrariness in the location of
the boundaries of the individual-specific ONHs, a region
of interest (ROI) was defined for each model. The definition
of the ROI based on the area of the anterior lamina cribrosa
was intended to focus on the anatomy of the lamina cribrosa,
and although reasonable, it was still arbitrary. It is possible
that in the future this definition of the ROI will have to be
revised. The ROI contains the full LC, but only partial volumes of all other tissues, and therefore a larger ROI decreases
the median and peak levels of strain within all regions except
the LC.
4.2.3 Differences between predicted and measured
vitreo-retinal interface IOP-induced displacement
Predicted vitreo-retinal interface displacements agreed well
with measured displacements for some eyes, and less well for
others. More specifically, when a clear pattern of deformation
was measured with the HRT, which was the case in about onethird of the eyes, the numerical simulations reproduced the
deformation pattern reasonably well, albeit sometimes at a
slightly different magnitude (Fig. 2). However, in some eyes,
experiments showed no discernible effect of increased IOP,
while the finite element models still predicted some displacement.1 These differences could be, in part, because contour
plots from simulations are not obscured by the noise present
in HRT measurements, which could make patterns more easily discernible in the models than in the experiments. They
could also be due to the assumed material properties of the
tissues, as discussed in Sigal et al. (2005b, 2007, 2008). But
there are also potential problems with the way in which the
HRTs glaucoma progression analysis routines identify deformation, as discussed more fully in Sigal (2006). We believe
1

“No discernable effect of IOP” meant that the measured displacement
was smaller than the noise in the HRT-measured topography, where
noise magnitude was estimated from the roughness of smooth regions
surrounding the ONH.
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that cases where discrepancy exists between experiments and
computations may be due to inter-individual differences in
material properties, as discussed in more detail in the companion paper (Sigal et al. 2008).
4.2.4 Material properties
The adequacy of the tissue material properties used in this
study is a very important issue that has been discussed in
detail elsewhere (Sigal et al. 2004, 2005a, Sigal 2006). All
the individual-specific models in this study were assigned and
solved with the same material properties, namely, the baseline values used in the parametric and sensitivity analysis of
Sigal et al. (2005a). A sensitivity analysis of the effects of
variations in material properties on individual-specific models is presented in the companion paper (Sigal et al. 2008).
Important in this context are the Poisson ratios of the constituent tissues, since these may affect compressive strains.
Little data exist for these Poisson ratios, except for several
measurements in the literature that show that the sclera is
nearly incompressible (Battaglioli and Kamm 1984, Stitzel
et al. 2002, Uchio et al. 1999). Soft tissues composed mostly
of water are generally regarded as incompressible; however,
over long time scales (such as those relevant in glaucoma),
water content can change due to effects such as interstitial
fluid movement, altered blood perfusion, or axoplasmic flow.
In the companion paper we investigate the sensitivity of our
results to changes in the Poisson ratio of the pre-laminar
tissue. Recent work on poroelastic properties of the scleral
tissue may eventually help characterize the time scales associated with fluid displacement and volume changes within
the sclera and ONHtissues (Simon et al. 2006, Vande Geest
et al. 2007), and this issue should be re-examined when better
data becomes available.
When discussing material properties, it is particularly
interesting to consider the refractive status of the eye. There
is evidence from animal models that there is an association
between refractive status and scleral properties, including
some aspects of scleral mechanics (Norton and Rada 1995,
Rada et al. 2006, Siegwart and Norton 1999). This is of interest since scleral mechanical properties have been shown to be
important in ONH biomechanics (Sigal et al. 2005a). Unfortunately we did not have information about the refractive
status of the donors eyes in this study, as this is almost never
available to the eye bank. We have instead included information about the axial length as an indirect proxy for refractive
status (Table 1). We did not observe any relationship between
axial length and ONH biomechanical response, but this issue
should be examined in further studies.
Although the results presented here were computed for
an acute increase in IOP from 5 to 50 mmHg, responses to
any change in IOP can be readily estimated by linear interpolation. This could be useful, for example, when studying
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the most common type of glaucoma (chronic glaucoma), in
which moderate elevations in IOP are sustained for years.
4.3 Relevance
These results show that the levels of strain predicted for
ONHs with different anatomies are relatively consistent.
However, the results should not be understood as suggesting that differences in anatomy could not play any role in
explaining the wide range of susceptibilities to IOP that is
seen clinically. For example, small differences in strain, if
sustained over many years, could be sufficient to produce
a range of effects. Nonetheless, these data suggest that factors other than inter-individual differences in ONH anatomy
should be investigated to explain differing susceptibilities to
elevated IOP.
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