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PURPOSE. The laminar region of the optic nerve head (ONH), thought to be the site of
damage to the retinal ganglion cell axons in glaucoma, is continuously loaded on its
anterior and posterior surfaces by dynamic intraocular pressure (IOP) and orbital cere-
brospinal fluid pressure (CSFP), respectively. Thus, translaminar pressure (TLP; TLP =
IOP-CSFP) has been proposed as a glaucoma risk factor.

METHODS. Three eye-specific finite element models of the posterior human eye were
constructed, including full 3D microstructures of the load-bearing lamina cribrosa (LC)
with interspersed laminar neural tissues (NTs), and heterogeneous, anisotropic, hyper-
elastic material formulations for the surrounding peripapillary sclera and adjacent pia.
ONH biomechanical responses were simulated using three combinations of IOP and
CSFP loadings consistent with posture change from sitting to supine.

RESULTS. Results show that tensile, compressive, and shear stresses and strains in the
ONH were higher in the supine position compared to the sitting position (P < 0.05).
In addition, LC beams bear three to five times more TLP-driven stress than interspersed
laminar NT, whereas laminar NT exhibit three to five times greater strain than support-
ing LC (P < 0.05). Compared with CSFP, IOP drove approximately four times greater
stress and strain in the LC, NT, and peripapillary sclera, normalized per mm Hg pressure
change. In addition, IOP drove approximately three-fold greater scleral canal expansion
and anterior-posterior laminar deformation than CSFP per mm Hg (P < 0.05).

CONCLUSIONS. Whereas TLP has been hypothesized to play a prominent role in ONH
biomechanics, the IOP and CSFP effects are not equivalent, as IOP-driven stress, strain,
and deformation play a more dominant role than CSFP effects.

Keywords: posture, intraocular pressure (IOP), cerebrospinal fluid pressure (CSFP), optic
nerve head (ONH), finite element, ocular biomechanics

I ntraocular pressure (IOP) elevation is one of the primary
risk factors for primary open-angle glaucoma.1,2 Although

the mechanisms underlying how IOP leads to the loss of
retinal ganglion cell function in glaucoma is not completely
understood, it has been proposed that biomechanical, vascu-
lar, and cellular pathways in the optic nerve head (ONH)
region are involved.3–5 IOP induces biomechanical strain
in the load-bearing lamina cribrosa (LC) and interspersed
laminar neural tissues (NTs; resident glial cells and the reti-
nal ganglion cell axons), and it has been hypothesized that
increased strain, as well as its downstream vascular and
cellular effects, leads to apoptosis of the ganglion cells and
subsequent loss of vision.3,4,6–8 Emerging evidence suggests
that cerebrospinal fluid pressure (CSFP) may also play a
role in glaucoma pathogenesis and progression, with several
retrospective clinical studies indicating that patients with
elevated CSFP are less likely to develop glaucoma, and
patients with low CSFP are more likely to suffer glau-

coma damage,9,10 although some studies have suggested
otherwise.11 A recent prospective study confirmed these
findings,12–14 which has also been suggested by an optic
neuropathy induced by CSFP-lowering in the nonhuman
primate (NHP).15 Many investigators have hypothesized that
IOP and CSFP combine to influence ONH biomechanics,
and that biomechanics is the pathway through which these
pressures contribute to glaucoma. The relationship between
IOP and glaucoma has been studied extensively because
it can be measured in patients noninvasively, but less is
known about CSFP because there is no accurate noninva-
sive measurement technique. In addition, whereas it has
been assumed in these studies that IOP and CSFP are
controlled independently, recent experimental studies indi-
cate that IOP and CSFP are positively coupled via neural
pathways, which could complicate the interpretation of prior
published results if this finding translates to humans.16

Several reviews have outlined the evidence supporting the
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view that CSFP is important in glaucoma, in addition to
IOP.17–20

The LC forms a barrier between the intraocular and the
retrobulbar optic nerve tissue compartments,21–23 and has
been identified as the likely site of damage to the retinal
ganglion cell axons in glaucoma.7,24,25 Mechanical strain has
been implicated in the potential damage processes in both
axons and astrocytes in the ONH.26–29 IOP acts on the LC
and ONH from inside the eye (anterior) and CSFP coun-
teracts IOP from the posterior LC through the translaminar
pressure (TLP; TLP = IOP-CSFP).5,19,21–23,30,31 It is important
to note that whereas IOP acts directly on the entire globe,
and hence the LC and sclera, CSFP envelops the retrobul-
bar optic nerve and only counteracts IOP at the LC. Hence,
the TLP generates mechanical force and deformation in the
neural and connective tissues and central retinal vessels in
the laminar region.32–34 The retrolaminar tissue compart-
ment is constrained by the load-bearing pia mater around
the optic nerve, resulting in significant positive retrolaminar
tissue pressure that is similar to the surrounding CSFP in the
subarachnoid space.30

It has been well documented that TLP varies with postu-
ral transition from the sitting to the supine position.35–41 In
these studies, postural change elicited a greater change in
CSFP compared with IOP. The role of simultaneous changes
in IOP and CSFP42–48 on ONH biomechanics has been stud-
ied both experimentally and computationally.49–54 However,
these studies considered the neural and connective tissues in
the laminar region as a single homogenous material. Hence,
little is known about how TLP alteration with change in body
position affects the biomechanics of the LC beams them-
selves and the interspersed laminar NT. Experimental stud-
ies23,48,55,56 investigating the ONH biomechanical environ-
ment and response due to TLP and the TLP gradient have
greatly contributed in our understanding of ONH biome-
chanics. However, either most of these studies considered
the IOP and/or CSFP separately,23,55 or experimental limita-
tions prevented the measurement of strains in the LC beams
and NT separately.48,56 Separating the stresses and strains
in the LC beams from that of the contained axons is criti-
cal, as these strains likely drive remodeling of LC morphol-
ogy and mechanical properties8,57–59 and could damage the
interspersed retinal ganglion cell axons.60,61 This is crucial
for understanding how IOP- and CSFP-related stresses and
strains influence the changes in structural support for the
retinal ganglion cell axons in the laminar region.

The impact of simultaneous IOP and CSFP elevation
on both the LC beam and laminar NT stresses and strains
remain unknown due to the limitations of prior approaches.
In this study, three eye-specific finite element (FE) models
that included the full 3D LC and NT microstructures were
constructed62; circumferential, radial, and planar isotropic
cable elements were distributed in the sclera and pia to
represent the directional stiffness imparted by anisotropic
collagen fibril orientation in those tissues. The cable
elements were coupled with the solid scleral and pia
matrixes using a fully coupled mesh-free, penalty-based
beam-in-solid material-modeling algorithm.63 Three differ-
ent IOP and CSFP load boundaries were applied to the FE
models: the physiologic case in which both IOP and CSFP
varies due to changes in body position, and two cases in
which either IOP or CSFP was held constant to separate the
independent biomechanical contributions of IOP and CSFP
to TLP change. The results were interpreted in terms of the
tensile, compressive, and shear stresses and strains in the

LC beams and laminar NT, as well as scleral canal expansion
and laminar deformation.

MATERIALS AND METHODS

3D Eye-Specific FE Model of the Human Optic
Nerve Head

In this study, we used eye-specific FE models of the poste-
rior pole derived from high-fidelity 3D reconstructions of
a human donor eye62–65 to simulate the role of the body
position on the resultant stresses and strains within the
individual ONH connective tissues. The construction of the
models has been fully described in our previous publica-
tions.62–65 In brief, the ONH and peripapillary is defined by
3D delineation of anatomic tissue surfaces within a high-
resolution, histologic, fluorescent 3D reconstruction of the
posterior eye and ONH obtained from three human donor
eyes intravitreally and immersion fixed while maintaining
an IOP of 10 mm Hg and CSFP of 0 mm Hg.66 Donors
118 (female, 40 years old), 119 (male, 79 years old), and
129 (female, 34 years old) were of European descent with
ocular normality confirmed by ophthalmic clinical record
review. Manually delineated 3D surfaces of the eye-specific
geometries of the ONH and peripapillary sclera (PPScl)
were then fit into a larger generic posterior scleral shell
with anatomic shape and thickness.62 The Border Tissues
of Elschnig and Jacoby are faithfully represented in the
3D geometries that are the basis of our models, and are
meshed and modeled as part of the scleral solid. We are
not aware of any studies reporting that the border tissues
possess different mechanical properties than the adjacent
sclera, and so they were assigned the same material param-
eters as the sclera. Finally, a parameterized, anatomic surface
defining the anterior surface of the prelaminar NT and retina
was added; note the choroid was neglected, because it
was collapsed in the reconstructed enucleated eyes62 (Figs.
1a, 1b). The LC microstructure was segmented into a binary
image volume from the original 12-bit grayscale images of
the laminar region using an automated segmentation algo-
rithm designed for this purpose, as described previously.67

The segmented LC was then meshed with eight-noded hexa-
hedral elements using a custom Matlab (Mathworks, Natick,
MA, USA) script that creates the mesh directly from the
binary LC image volume, as described in our recent publi-
cation.62 The final volume mesh of the LC beams and inter-
spersed NT were incorporated into the human ONH model,
as shown in Figure 1b and described previously.62

The heterogeneous anisotropic collagen fibril orienta-
tions that impart directional stiffness to the peripapillary
sclera68 and pia mater were represented with discrete, linear
elastic cable elements embedded in the sclera (circum-
ferential, radial, and planar isotropic) and pia (planar
isotropic) using a custom MatLab code, as described in our
recent publication63 and shown in Figure 1c. The collagen
fibers/cable elements were embedded in the solid matrix of
the sclera and pia using a fully coupled mesh-free penalty-
based beam-in-solid algorithm wherein the solid elements
can be highly deformed by the 3D adaptive Element-
Free-Galerkin solid formulation.69–73 A Gaussian function
was used to smooth the directional transition between the
circumferential, radial, and isotropic fiber/cable element
regions in the peripapillary sclera, which results in smooth
stress and strain patterns. The material parameters of all
three eye-specific FE models are listed in Table 1. The solid
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FIGURE 1. Details of the eye models from human donors 118, 119, 129 showing (a) posterior view of the model, (b) nasal-temporal section of
the posterior eye FE model through the ONH, (c) directional distribution of the embedded cable elements representing the inhomogeneous
anisotropic collagen fibril orientation in the sclera (circumferential, radial, and planar isotropic) and pia (planar isotropic), (d) top view of
the cable element orientation in the sclera only, and (e) close-up views of the lamina cribrosa and laminar neural tissue microstructural FE
models.

matrix of the connective tissues was modeled as hyperelas-
tic neo-Hookean material, whereas the cable elements that
represent the directional stiffness imparted by anisotropic
collagen fibril orientation were modeled as elastic material.

A custom MatLab script was used to detect the load surface,
equivalence the nodes at the components’ interfaces, define
the materials’ sections, define the element sets, and write
the final LS-Dyna (Ansys/LS-DYNA, Canonsburg, PA, USA)
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TABLE 1. The Material Parameters of the Eye-Specific FE Models of Donors 118, 119, and 129

Tissue Shear Modulus, μ (MPa) Elastic Modulus, E (MPa) Density, ρ (kg/m3)

Retina62 0.01 – 1100
Sclera62 1.64 – 1243
Lamina cribrosa62 0.40 – 1243
Neural tissue62 0.01 – 1100
Pia62 1.64 – 1100
Optic nerve62 0.01 – 1100
Sclera fibers69 – 600 1100
Pia fibers69 – 600 1100

The bulk modulus was set to κ = 100 μ, where μ = shear modulus for all tissues.62,69 The solid matrix was modeled as a neo-Hookean
hyperelastic material model and the directional stiffness imparted by anisotropic collagen fibers were simulated using discrete cable elements
embedded in the solid matrix. The scleral solid matrix and cable element properties were fit from experimental data, and the lamina cribrosa
properties were fit from experimental displacement data as specified in the referenced study.69 The pia mater matrix and cable element
properties were assumed to be the same as the sclera, as they have similar composition. The neural tissues were assumed to be a very soft,
nearly incompressible solid as is done in most ONH biomechanics studies.62

FIGURE 2. Dynamic time course of the IOP and CSFP load cases applied to the eye FE models, representing the sitting (0 to 250 ms) and
supine body positions (250 to 500 ms), including (a) IOP and CSFP variable, (b) IOP variable; CSFP constant, and (c) IOP constant; CSFP
variable. Note that these load cases were designed to isolate the relative independent contributions of IOP and CSFP to TLP change with
postural transition.

input file.64,74 The final FE models from donors 118, 119, and
129 consist of 3,462,772/3,813,732; 2,488,608/2,749,153;
and 3,079,555/3,418,278 elements/nodes, respectively, with
a minimum and maximum element edge lengths in the
LC and NT of 5 and 12 μm, respectively. To assess scleral
canal deformations, a custom MatLab script was written to
calculate the diameters of the anterior scleral canal open-
ing (ASCO), posterior scleral canal opening (PSCO), ante-
rior laminar insertion (ALI), and posterior laminar insertion
(PLI) based on nodal deformation, as described previously.63

To evaluate the effects of the mesh density on the results, the
models were simulated and the results compared in terms
of the average radial displacement of the scleral canal at the
ALI, PLI, and PSCO, average depth of the anterior laminar
surface, volumetric average first principal strain in the LC,
and maximum von Mises stress in the LC, as described in
our recent publication.64 The models, assessed in terms of
the resultant stresses and strains, as well as the radial expan-
sion of the scleral canal, were all converged as explained in
our prior publication.64

To prevent rigid body motion of the FE models, the nodes
of the sclera and retina along the cut face of the globe at the
equator were selected and constrained to Z = constant (Ux
= Uy = URz = 0), which permits only radial displacement
(globe expansion) in the equatorial plane. IOP and CSFP
load boundaries were applied on the inner surface of the
retina and outer surface of the pia, respectively. To isolate the

roles of IOP and/or CSFP elevations on the resultant stresses
and strains in the LC beams and NT, three different load cases
were specified: (1) IOP (↑3.8 mm Hg) and CSFP (↑11.3 mm
Hg) variable, (2) IOP variable (↑3.8 mm Hg); CSFP constant
(−4.7 mm Hg), and (3) IOP constant (15.1 mm Hg); CSFP
variable (↑11.3 mm Hg; Fig. 2). The pressures were applied
in two continuous steps from zero load to the sitting position
(0 to 250 ms) and from sitting to the supine position (250
to 500 ms).40 A computer with a 10-core Intel Xeon CPU
running at 3.30 GHz with 256 GB RAM was used to run the
simulations in LS-DYNA. The simulation was conducted with
quasi-static IOP and CSFP change occurring over 500 ms in
total, with a time step of 10 ms (50 time steps) using the
Implicit solver. This loading time and rate is typical of the
time required to move from the sitting to supine positions,
and is well within the physiologic range.41,75 The simulations
for donors 118, 119, and 129 took 51, 38, and 45 hours,
respectively, to run on our workstation.

Statistical Analysis

The resultant stresses and strains, including the first prin-
cipal, third principal, and maximum shear, from the simu-
lation of three eye-specific FE models were determined to
be normally distributed using descriptive statistics module
in IBM SPSS (IBM, Armonk, NY, USA). The statistical
significance of the difference between model results were
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evaluated using a randomized 1-way analysis of variance
(ANOVA). When indicated by a significant F statistic after
a 1-way ANOVA, post hoc comparisons with the Scheffe
method76 were used to determine the individual levels of
significant differences among the resultant stresses, strains,
and deformations under different combinations of IOP and
CSFP loading conditions. The criterion chosen to discard the
null hypothesis was P < 0.05.

RESULTS

The first principal stresses and strains in the ONH FE models
in the sitting and supine body postures are shown in Figure
3 for the nasal-temporal cross section through the ONH.
The first principal stresses and strains in the LC beams only,
and laminar NT only, are shown in Figure 4 for the sitting
and supine positions. The movies showing the progres-
sion in the first principal strain in both the nasal-temporal
section through the ONH and posterior laminar surface, as
donor 118 transitions from the sitting to supine position, are
attached as Movie 1 and Movie 2.

The third principal stresses and strains in the ONH FE
models in the sitting and supine body postures are shown
in Supplementary Figure S1 for the nasal-temporal cross
section. The third principal stresses and strains in the LC
beams only, and laminar NT only, are shown in Supplemen-
tary Figure S2 for the sitting and supine positions. The maxi-
mum shear stresses and strains in the ONH FE models in the
sitting and supine body postures are shown in Supplemen-
tary Figure S3 for the nasal-temporal cross section. The maxi-
mum shear principal stresses and strains in the LC beams
only, and laminar NT only, are shown in Supplementary
Figure S4 for the sitting and supine positions.

The anterior and posterior views of the axial force in the
circumferential, radial, and planar isotropic cable elements
embedded in the peripapillary sclera in the sitting and
supine positions are shown in Figure 5.

Figure 6 shows the contour maps of the tissue pressure
in the nasal-temporal cross section through the ONH in 2
eye models from donor 118, for which CSFP in the sitting
position was assigned as either -4.7 mm Hg40 or +2 mm
Hg.30 Volumetric average pressures for the LC beams and
laminar NT are shown for both CSFP boundary conditions.

The volumetric average first principal, third principal, and
maximum shear stresses and strains in the LC beam, NT,
and peripapillary sclera, as well as average axial force in the
peripapillary scleral cable elements that represent the colla-
gen fibers, are summarized in Table 2 for a postural change
from sitting to supine. The volumetric average first princi-
pal and maximum shear stresses and strains in the LC beam,
NT, and PPScl due to change in body posture, normalized
per mm Hg in TLP, IOP, or CSFP change, are summarized
in Table 3 for a postural change from sitting to supine. In
addition, the average IOP- and CSFP-driven radial expan-
sion of the scleral canal at the ASCO, PSCO, ALI, and PLI, as
well as the average and maximum anterior laminar surface
depth, is reported in Table 4 for a postural change from
sitting to supine. Finally, the average IOP- and CSFP-driven
radial expansion in the ASCO, PSCO, ALI, and PLI, as well
as the average and maximum anterior laminar surface depth
(ALSD), normalized per mm Hg change in TLP, IOP, and
CSFP, are listed in Table 5 for a postural change from sitting
to supine.

FIGURE 3. Contour maps of the first principal (tensile). (a) Stress
and (b) strain in the eye FE models in the sitting and supine body
positions are shown for the nasal-temporal section.

DISCUSSION

An increased TLP, whether due to decreased CSFP,9,10,12,14

increased IOP,12,77 or a combination of both, may be impor-
tant in primary open-angle glaucoma, especially when it
occurs at IOPs that are in the normal range. Several
studies have suggested that TLP alteration is potentially
a greater risk factor for glaucoma than elevated IOP
alone.9,10,12–14,78,79 Whereas IOP and CSFP may have direct
effects on cells, they are mechanical pressures, and so under-
standing the role of the TLP change in ONH biomechanics
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FIGURE 4. Contour maps of the first principal (tensile) stress in the (a) LC only and (b) NT only, as well as contour maps of the first principal
strain in the (c) LC only and (d) NT only, in the sitting and supine body positions for all three human eye models.

may help determine if specific patients are more vulnera-
ble to glaucomatous damage or are likely to progress more
rapidly. Better understanding of the TLP-driven stresses
and strains in the ONH connective and neural tissues
may contribute to developing more effective treatments.80

However, experimental imaging studies have been unable
to provide comprehensive stress and strain estimation
for the LC beam and laminar NT microstructures due to
insufficient imaging resolution, limited penetration depth,
and shadowing by overlying blood vessels and pigmented
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FIGURE 5. Anterior and posterior views of the axial force in the peripapillary scleral cable elements that represent the anisotropic collagen
fiber stiffness in the sitting and supine body positions for the eye models of human eye donors (a) 118, (b) 119, and (c) 129.

FIGURE 6. Contour maps of pressure in the donor 118 FE model in sitting body position for the nasal-temporal section under (a) negative
4.7 mm Hg CSFP and (b) positive 2 mm Hg CSFP load boundary conditions (BCs).

membranes.81,82 Computational simulations can fill that
gap by estimating the full 3D biomechanical response of
the ONH and the laminar connective and neural tissue
microstructures. Herein, we constructed three eye-specific
FE models that included both the full LC beam and NT
microstructures,62 as well as cable elements that represent
the directional stiffness imparted by anisotropic collagen
fibers in the peripapillary sclera and pia63 (see Fig. 1). Three

different load cases representing a postural change from
sitting to supine were applied to the models as (1) IOP and
CSFP variable (physiologic), (2) IOP variable; CSFP constant,
and (3) IOP constant; CSFP variable (see Fig. 2) to calculate
the relative independent contributions of IOP and CSFP to
the biomechanical response of the ONH.

In all three donor eye models, tensile and shear stresses
and all strain components were significantly increased in all
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TABLE 2. Volumetric Average Stresses and Strains in the Lamina Cribrosa (LC), Laminar Neural Tissue (NT), Peripapillary Sclera (PPScl), and
the Average Axial Force in the Cable Elements in the PPScl Region Due to Change in Body Posture

Simulations Tissues

First Principal

Stress (kPa)

First Principal

Strain (%)

Third

Principal

Stress (kPa)

Third

Principal

Strain (%)

Max Shear

Stress (kPa)

Max Shear

Strain (%)

Axial

Force (N)

118-IOP and CSFP variable LC 6.97 0.58 −2.60 −0.61 4.79 0.59 –

NT 1.75 2.27 0.79 −2.59 0.48 2.43 –

LC + NT 4.42 1.47 −1.59 −1.55 2.52 1.70 –

PPScl 39.44 0.72 −3.61 −0.58 21.53 0.65 –

Cable element – – – – – – 16.40e-5

118-IOP variable; CSFP constant LC 8.21 0.65 −2.41 −0.67 5.31 0.66 –

NT 2.29 2.50 1.23 −2.83 0.53 2.67 –

LC + NT 5.11 1.48 −1.29 −1.65 2.88 1.55 –

PPScl 40.62 0.75 −3.34 −0.58 21.98 0.67 –

Cable Element – – – – – – 16.67e-5

118-IOP constant; CSFP variable LC 6.65 0.55 −2.38 −0.57 4.52 0.56 –

NT 1.73 2.15 0.82 −2.44 0.45 2.30 –

LC + NT 4.12 1.29 −1.52 −1.44 2.38 1.49 –

PPScl 37.35 0.68 −3.20 −0.55 20.27 0.61 –

Cable element – – – – – – 15.13e-5

119-IOP and CSFP variable LC 5.00 0.43 −1.99 −0.44 3.50 0.43 –

NT 0.99 1.46 0.40 −1.59 0.29 1.49 –

LC + NT 2.88 0.95 −1.09 −0.92 1.74 1.04 –

PPScl 28.28 0.50 −2.75 −0.44 15.53 0.47 –

Cable element – – – – – – 8.89e-5

119-IOP variable; CSFP constant LC 6.65 0.49 −1.41 −0.51 4.03 0.51 –

NT 1.91 1.70 1.20 −1.89 0.35 1.79 –

LC + NT 4.29 1.08 −1.10 −1.18 2.15 1.11 –

PPScl 28.64 0.51 −2.62 −0.44 15.63 0.47 –

Cable element – – – – – – 8.92e-5

119-IOP constant; CSFP variable LC 4.6 0.39 −1.82 −0.40 3.21 0.40 –

NT 0.94 1.29 0.40 −1.45 0.27 1.37 –

LC + NT 2.78 0.86 −1.06 −0.95 1.69 0.95 –

PPScl 26.39 0.46 −2.45 −0.40 14.42 0.43 –

Cable element – – – – – – 8.01e-5

129-IOP and CSFP variable LC 6.68 0.53 −1.75 −0.51 4.21 0.52 –

NT 1.32 1.82 0.55 −2.02 0.38 1.92 –

LC + NT 3.88 1.05 −1.03 −1.31 2.32 1.26 –

PPScl 37.99 0.70 −3.13 −0.54 20.56 0.62 –

Cable element – – – – – – 14.95e-5

129-IOP variable; CSFP constant LC 7.62 0.57 −1.40 −0.54 4.51 0.56 –

NT 1.84 2.02 1.00 −2.20 0.41 2.11 –

LC + NT 4.66 1.12 −0.81 −1.21 2.23 1.20 –

PPScl 39.08 0.73 −3.12 −0.54 21.10 0.63 –

Cable element – – – – – – 15.19e-5

129-IOP constant; CSFP variable LC 6.42 0.51 −1.55 −0.48 3.99 0.49 –

NT 1.34 1.73 0.62 −1.91 0.36 1.82 –

LC + NT 3.77 1.15 −0.98 −1.05 2.09 1.16 –

PPScl 36.27 0.67 −2.64 −0.51 19.45 0.59 –

Cable element – – – – – – 13.85e-5

All values of the first principal stress, max shear stress, and all values of strain were statistically different from sitting (P < 0.05), indicative
of significant change with body position.

tissues when transitioning from the sitting to supine body
positions (P < 0.05; see Tables 2, 3; Figs. 3, 4). Compressive
stress in the laminar NT and PPScl also followed this trend,
and the lone exception to this finding was the compres-
sive stress in the LC beams and LC + NT together, which
was larger with CSFP change than IOP change. Compres-
sive stress could be affected by the initial loading of nega-

tive 4.7 mmHg CSFP in the sitting position, which transitions
to positive 6.6 mm Hg CSFP in the supine position.40 One
may assume that a negative CSFP would affect the retro-
laminar tissue pressure, but our simulations estimate that
retrolaminar tissue pressure is positive even when CSFP in
the adjacent subarachnoid space is negative (see Fig. 6).
To investigate this further, we changed the sitting CSFP to
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TABLE 3. Volumetric Average Stresses and Strains in the Lamina Cribrosa (LC), Neural Tissue (NT), and Peripapillary Sclera (PPScl) Due to
Change in Body Posture, Normalized Per mmHg of IOP, CSFP and TLP Change

Simulations Tissues
First Principal Stress

(kPa/mm Hg)
First Principal

Strain (%/mm Hg)
Max Shear Stress
(kPa/mm Hg)

Max Shear Strain
(%/mm Hg)

118-IOP and CSFP variable LC 0.92 0.07 0.63 0.07
NT 0.23 0.30 0.06 0.32

LC + NT 0.58 0.19 0.33 0.22
PPScl 5.25 0.09 2.87 0.08

118-IOP variable; CSFP constant LC 2.16 0.17 1.39 0.17
NT 0.60 0.65 0.13 0.70

LC + NT 1.34 0.38 0.75 0.40
PPScl 10.68 0.19 5.78 0.17

118-IOP constant; CSFP variable LC 0.58 0.04 0.40 0.04
NT 0.15 0.19 0.03 0.20

LC + NT 0.36 0.11 0.21 0.13
PPScl 3.30 0.06 1.79 0.05

119-IOP and CSFP variable LC 0.66 0.05 0.46 0.05
NT 0.13 0.19 0.03 0.19

LC + NT 0.38 0.12 0.23 0.13
PPScl 3.77 0.06 2.07 0.06

119-IOP variable; CSFP constant LC 1.75 0.12 1.06 0.13
NT 0.50 0.44 0.09 0.47

LC + NT 1.127 0.28 0.56 0.29
PPScl 7.53 0.13 4.11 0.12

119-IOP constant; CSFP variable LC 0.40 0.03 0.28 0.03
NT 0.08 0.11 0.02 0.12

LC + NT 0.24 0.07 0.14 0.08
PPScl 2.33 0.04 1.27 0.03

129-IOP and CSFP variable LC 0.89 0.07 0.56 0.06
NT 0.17 0.24 0.05 0.25

LC + NT 0.51 0.14 0.30 0.16
PPScl 5.06 0.09 2.74 0.082

129-IOP variable; CSFP constant LC 2.00 0.15 1.18 0.14
NT 0.48 0.53 0.10 0.55

LC + NT 1.22 0.29 0.58 0.31
PPScl 10.28 0.19 5.55 0.16

129-IOP constant; CSFP variable LC 0.56 0.04 0.35 0.04
NT 0.11 0.15 0.03 0.16

LC + NT 0.33 0.10 0.18 0.10
PPScl 3.20 0.05 1.72 0.05

All values were statistically different from sitting (P < 0.05), indicative of significant change with body position.

TABLE 4. Average Radial Expansion of the Scleral Canal at the Anterior Scleral Canal Opening (ASCO), Posterior Scleral Canal Opening
(PSCO), Anterior Laminar Insertion (ALI), and Posterior Laminar Insertion (PLI), Along With the Average and Maximum Anterior Laminar
Surface Depth (ALSD) Due to IOP, CSFP, and TLP Change With Transition From the Sitting to Supine Body Position

Simulations ASCO (μm) PSCO (μm) ALI (μm) PLI (μm) Average ALSD (μm) Max ALSD (μm)

118-IOP and CSFP variable 22 18 18 11 2 6
118-IOP variable; CSFP constant 19 21 17 20 3 8
118-IOP constant; CSFP variable 21 17 16 14 3 6
119-IOP and CSFP variable 10 7 10 7 5 13
119-IOP variable; CSFP constant 9 8 10 8 2 7
119-IOP constant; CSFP variable 9 7 9 7 5 12
129-IOP and CSFP variable 20 12 17 12 7 15
129-IOP variable; CSFP constant 19 13 17 13 3 11
129-IOP constant; CSFP variable 19 11 16 11 6 14

+2 mm Hg, an alternative condition supported by experi-
mental measurements in the dog,23,30 which also resulted in
a positive retrolaminar neural tissue pressure that was not
substantially different from the negative CSFP loading case,
and had negligible effects on the LC and NT tissue pressures
(see Fig. 6).

In general, the highest strains, the physical manifestation
of stress, in the LC beams and laminar NT were observed
in the inferotemporal sector, where damage to the reti-
nal ganglion cell axons is known to be most prominent in
glaucoma83 (see Figs. 4, Supplementary Figs. S2, S4). Shear
strains were also found to be larger in the peripheral lamina
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TABLE 5. Average Radial Expansion of the Scleral Canal at the Anterior Scleral Canal Opening (ASCO), Posterior Scleral Canal Opening
(PSCO), Anterior Laminar Insertion (ALI), and Posterior Laminar Insertion (PLI), Along With the Average and Maximum Anterior Laminar
Surface Depth (ALSD) Due to IOP, CSFP, and TLP Change With Transition From the Sitting to Supine Body Position

Simulations
ASCO

(μm/mm Hg)
PSCO

(μm/mm Hg)
ALI

(μm/mm Hg)
PLI

(μm/mm Hg)
Average

ALSD (μm/mm Hg)
Max ALSD

(μm/mm Hg)

118-IOP and CSFP variable 2.93 2.40 2.40 1.46 0.26 0.80
118-IOP variable; CSFP constant 5 5.52 4.47 5.26 0.78 2.10
118-IOP constant; CSFP variable 1.85 1.50 1.41 1.23 0.26 0.53
119-IOP and CSFP variable 1.33 0.93 1.33 0.93 0.67 1.73
119-IOP variable; CSFP constant 2.36 2.10 2.63 2.10 0.52 1.84
119-IOP constant; CSFP variable 0.79 0.62 0.79 0.62 0.44 1.06
129-IOP and CSFP variable 2.67 1.60 2.26 1.60 0.93 2
129-IOP variable; CSFP constant 5 3.42 4.47 3.42 0.78 2.89
129-IOP constant; CSFP variable 1.68 0.97 1.41 0.97 0.53 1.23

compared to the center,84 and the maximum shear strain was
the highest at the boundary with the considerably stiffer
sclera.85 Herein, a larger shear strain was observed in the
peripheral regions compared to the central region, and the
shear strain was the highest in the peripheral lamina of
donor eye 119 that had the thickest PPScl compared with
donors 118 and 129. Moreover, our models showed a lower
shear strain in the PPScl compared to the central LC regions
(see Supplementary Fig. S3) that is in good agreement with
Midgett et al.84

Tensile (first principal), compressive (third principal),
and maximum shear stresses and strains showed interesting
patterns with the three loading cases, which, again, were
designed to separate out the relative independent contribu-
tions of IOP and CSFP change to TLP-driven biomechanical
effects with the transition from the sitting to supine posi-
tion. In all simulations (IOP increase alone, CSFP increase
alone, and both IOP and CSFP increase simultaneously; see
Fig. 2) all components of stress and strain were greater in
the LC beam, laminar NT, and PPScl in the supine position
compared to the sitting position (see Table 2). With body
position change from sitting to supine, the LC beams in all
three models showed three to five times greater stress and
three to five times lower strain than the interspersed laminar
NT, which exhibited much lower stresses and higher tensile
strains. This result illustrates the important structural role
of the LC beams in protecting the delicate retinal ganglion
cells axons that weave through the LC pores in the laminar
region.62 It also shows the relatively high strains in the lami-
nar NT, which may be important in glaucoma pathogenesis
and progression.

Keeping in mind that CSFP provides a counterpressure
to IOP, but only at the ONH itself, interesting patterns
emerge when comparing the stress and strain in the ONH
tissues across the three load cases. Interestingly, although
IOP changed less (3.8 mm Hg) with body position than
CSFP (11.3 mm Hg), it had a larger effect on laminar tissue
(LC, NT, and LC + NT) stress and strain than CSFP. This
is likely due to the scleral canal expansion associated with
IOP change, which also affects the laminar tissues because
they are inserted into the scleral canal wall and therefore
stretch/relax when the canal expands/contracts.20,86 This is
the case in these simulations as shown in Table 4, wherein
the scleral canal expansion at the ALI and PLI into the scle-
ral canal wall were larger with IOP change, which acts on
the full scleral shell, compared to CSFP change alone, which
acts primarily on the laminar tissues, even though the CSFP
change is much larger.

Although TLP = IOP-CSFP, it is clear from the data
presented in Tables 2 and 4 that the effects of IOP and
CSFP are not similar or additive in terms of their effects
on the stress, strain, and deformations of the ONH tissues.
IOP changes much less than CSFP with postural transi-
tion from sitting to supine, but IOP drives a larger biome-
chanical change in all parameters and all tissues compared
to CSFP. To quantify these pressure effects more clearly,
stresses, strains, and deformations were normalized per mm
Hg change in IOP and CSFP in Tables 3 and 5. This approach
shows that IOP drives stress, strain and deformation in the
ONH tissues at two to four times the rate of CSFP per mm Hg
when both are changing simultaneously with postural tran-
sition. This is an important result, as it shows that whereas
CSFP should provide a direct, one-to-one counterpressure to
IOP at the ONH and across the LC, it is much less impactful
than the TLP equation above would suggest. This result is in
line with the findings of computational studies by Hua and
Mao, who used simplified axisymmetric parametric models
with homogenous, elastic material properties to show that
IOP had a larger effect (approximately 2 times) per mm
Hg than CSFP on stress and strain in homogenized lami-
nar tissues (LC + NT considered as one bulk material).53,87

Results presented herein extend those findings to the PPScl
and the LC beams and laminar NT microstructures, in eye-
specific models with realistic geometries and inhomoge-
neous, anisotropic, hyperelastic material properties that can
better mimic in vivo behavior. Further, our models predict
that the IOP effects are up to four-fold larger per mm Hg
than CSFP, which is approximately double that predicted by
prior studies.

Most clinical and experimental studies assessing ONH
biomechanics in vivo with optical coherence tomography
(OCT) imaging use Bruch’s Membrane opening (BMO) as the
reference for LC position measurements with OCT because it
is readily visible in OCT images and the scleral canal is often
shadowed by overlying structures.88 Bruch’s Membrane is
not present in our models, and so we used the ALI as the
reference for LC position calculation in this study. Slight
changes in the anterior-to-posterior position of BMO with
IOP or CSFP change could affect our ability to make direct
comparisons between the modeling results herein to prior
work. In addition, there have been several studies that report
the LC and PPScl strains with IOP, CSFP or TLP change
quantified using OCT imaging methods, which are directly
compared with our modeling results below, with some
caveats. Note that visibility of the PPScl, scleral canal wall,
peripheral/posterior LC, and retrolaminar optic nerve with
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OCT is both difficult and eye specific due to image attenu-
ation with depth and shadowing by overlying structures, so
the most valid comparisons are with central LC strains. In
addition, in vivo strain imaging studies cannot distinguish
between the LC and NT microstructures, so results should
be compared to the LC + NT strains listed in Tables 3 and 4.

Prior studies have assessed the stress, strain, and defor-
mation of the ONH with IOP and CSFP change. Fazio and
co-workers measured maximum shear strain in the ONH of
a single glaucoma eye in a living brain-dead organ donor via
OCT, and reported IOP-driven strain change as 0.06%/mm
Hg in the LC and 0.16%/mm Hg in the PPScl, respec-
tively.48 CSFP-driven shear strain change was reported as
−0.14%/mm Hg globally for a decrease in CSFP (supine
to sitting).48 Our modeling results yielded an average IOP-
driven shear strain change of 0.33%/mm Hg in the LC and
0.15%/mm Hg for the PPScl, and the CSFP-driven shear
strain change as 0.10%/mm Hg for the LC and 0.04%/mm
Hg for an increase in CSFP. Although our simulation results
match the IOP-related shear strain change the PPScl, our
estimates of LC strains were much higher than the Fazio
study.48 This could be due to much greater backpressure
against IOP acting through a cupped and remodeling glau-
comatous LC in the Fazio study, both of which may have
affected their results. CSFP was estimated at 14 and 24 mm
Hg in the sitting and supine positions, respectively, due to
brain damage in the donor, which is much larger than the
−4.7 mm Hg we assumed in the models for the sitting posi-
tion. In addition, their in vivo strain measurements were
taken in a single glaucoma eye, which have much differ-
ent biomechanical behavior and morphology than healthy
controls. Girard and colleagues reported that glaucoma eyes
exhibited approximately eight times greater LC strain relief
than healthy controls after IOP lowering in an OCT-based
in vivo strain study.56 However, this study did not evaluate
the impact of CSFP on LC strain. They also reported rela-
tively small strain decreases in the laminar region and PPScl
after IOP lowering in healthy controls that were similar in
magnitude to our results.

Prior studies have also assessed the stress, strain, and
deformation of the ONHwith TLP change (simultaneous IOP
and CSFP elevation). Valsalva is known to increase both IOP
by approximately 5 mm Hg in upright normal patients89,90

and CSFP by approximately 10.5 mm Hg in neurological
patients in the lateral decubitus position89; these pressure
changes are very similar to the IOP and CSFP increases
associated with transition from a sitting to supine position
used in this study. Kim colleagues assessed maximum LC
displacement (equivalent to Max ALSD in Tables 4 and 5)
via OCT imaging in human patients before and during
Valsalva maneuver.90 In young patients less than 50 years
old, Max ALSD decreased (LC moved anteriorly) significantly
by approximately 35 μm, but only slight non-significant
changes (−5 to +3 μm) were seen in older patients like
those used in this study, in which our models also predicted
similar, small maximum LC deformations of 6 to 15 μm.
Note that IOP change was slightly smaller with the postu-
ral change modeled herein (3.9 mm Hg) compared with
Valsalva (approximately 5 mm Hg), which could explain this
slight discrepancy since IOP elevation tends to increase scle-
ral canal diameter and hence pulls the LC taut (anteriorly).86

Moreover, a study by Kedar and co-workers91 in both human
subjects and pigs, failed to detect any change in LC position
via OCT with even relatively large changes in CSFP (3–26
mm Hg in humans and 5–35 mm Hg in pigs), suggesting

that both LC deformation and strains are small in response
to CSFP change. Laminar deformations can be difficult to
discern with OCT due to limited axial resolution, and there
was a large variability in the LC response to CSFP perturba-
tion in this study (see figure 3 in Ref. 91).

Several groups have reported ONH strain and deforma-
tions with IOP and CSFP manipulation in more invasive
studies that can be done in animal models. In a particu-
larly relevant study, Zhu and co-workers reported the LC
deformation in NHPs subjected to independent manometric
manipulation of IOP and CSFP.92 They reported that CSFP
elevation displaced the LC anteriorly by 10 μm at baseline
IOP but the LC displaced 7 μm posteriorly at high IOP;
these results are somewhat counterintuitive, although the
relatively small changes were of the same magnitude as
those we report herein. Similar magnitude LC deformations
results were reported for IOP elevations at baseline and
elevated CSFP. The discrepancy between our results, which
show that both IOP and CSFP elevations induce small poste-
rior LC deformations, may be due to the large CSFP (10–40
mm Hg) and IOP (10–50) elevations used in the NHP study,
which are much larger than the relatively small, low-level
changes in IOP and CSFP we used herein. In addition, results
could be affected by the more structurally compliant sclera
in the NHP, which is much thinner93,94 and more compli-
ant compared to human sclera.95 Recall that a more compli-
ant PPScl, such as NHPs, tends to affect LC displacement
to a greater degree through scleral canal expansion than in
eyes with stiffer sclera (human), although other factors are at
play.86 In our simulations, donor eye 119 had a much thicker
sclera, and exhibited scleral canal expansion with IOP and
CSFP elevation that was only approximately 50% as large as
that estimated for donors 118 and 129, although LC defor-
mations were similar in all donor eye models. Our models
predict that CSFP elevation results in PPScl and LC + NT
tensile strains of 0.6% and 1.1% with posture change (see
Table 2), respectively, which is in good agreement with that
of 0.5–1% and 1–1.5% strains for the PPScl and LC reported
by Feola et al. in enucleated pig eyes subjected to IOP and
CSFP elevations.49

Computational studies have shown that the direction
and magnitude of LC displacement are significantly influ-
enced by the mechanical response of the sclera,47,96 with a
stiffer sclera causing less canal expansion and more poste-
rior deformation in the LC, although this basic relation can
be complex and dependent on other factors.86 In this study,
the sclera in all three FE models were assigned the same
mechanical properties for the solid matrix and the embed-
ded cable elements (see Table 1) with the only difference
being the scleral geometry. The cable elements represent-
ing the collagen fibers exhibited greater axial force in the
supine position compared to the sitting body position (see
Supplementary Fig. S4). The highest axial force occurred
when only IOP was varied, whereas the lowest axial force
when only CSFP was varied (see Table 2), indicating that IOP
affects the PPScl much more than CSFP as seen in prior stud-
ies. In all three donor eye models, scleral canal expansion
and change in ALSD were driven primarily by IOP eleva-
tion rather than CSFP change (P < 0.05; see Tables 4, 5),
which is in good agreement with Feola et al.52 Model 119
due to a thicker PPScl showed a lower canal expansion
(see Tables 4, 5). ALSD is one of the key biomarkers of glau-
comatous optic neuropathy97 because experimental studies
have shown that LC displacement occurs at an early stage
of the disease,98,99 and may precede the retinal nerve fiber
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layer change as detected by OCT.100 CSFP and IOP elevation
increased the average and maximum ALSD by 4.67 μm and
11.30 μm, respectively, that is in good agreement with in
vivo measurements in monkeys (7 μm).54

Retrobulbar CSFP is not known for humans in the sitting
position, and there is some disagreement in the litera-
ture; published values range from 4.4 mm Hg17,101,102 to
−4.7 mm Hg, derived from calculated measures based on
either intracranial pressure or CSFP in the lumbar spine.40

To complicate matters further, direct retrolaminar pressure
measurements in dogs suggest that while intracranial CSFP
(ICP) can be negative as the Eklund study estimates,40 the
actual retrobulbar CSFP cannot fall below the orbital tissue
pressure of 0 to 2 mm Hg because the dural sheath around
the optic nerve is not rigid and hence cannot sustain a
negative pressure.30 To assess the possibility that our results
could be affected by positive or negative CSFP loading at
the sitting position, the volumetric average pressures in the
LC and NT were calculated for CSFP loadings of −4.7 and
2 mm Hg in the sitting position in donor 118. The results
of this simulation are plotted in Figure 6, which shows that
retrolaminar tissue pressure remains positive immediately
posterior to the LC in both cases, and LC and NT pressures
are unaffected by positive or negative CSFP load boundary.
Future studies will investigate the effects of the optic nerve
loading and boundary conditions, which prior studies have
suggested is important in modeling the ONH biomechanical
response.53

Limitations

This study is limited by the following considerations. First,
there is no validated gold standard measurement of the
material properties of the LC that we can use as a refer-
ence for the deformations, stresses, and strains presented
herein. As a result, the stress and strain values reported for
the various tissues may not reflect the in vivo condition,
although the regional distributions and relative contribution
of IOP and CSFP to the stress and strain patterns that are the
focus of the manuscript should be valid. Similarly, there are
no experimental data on the stresses and strains in the LC
beams and laminar NT in the sitting and supine body posi-
tions that we could use to validate our results. Hence, we
assumed that the LC material properties were consistent with
these models from our prior work62,63 in which LC proper-
ties were assigned based on matching the LC deformations
to the range reported in the literature.33,85,103,104

Second, although the 3D reconstruction methodology
that forms the morphological basis for the LC microstruc-
ture, sclera, and pia geometries is consistent with the tissue
morphology in vivo,105 there is some artifact due to tissue
processing, fixation, and embedding for histologic recon-
struction.105

Third, the vascular trunk in the laminar region might
influence the mechanics of the ONH in vivo. Although we
include the central retinal vessel trunks in our ONH FE
models, they are not pressurized with blood, which will
be addressed in future studies in which hydrostatic pres-
sure and compressive strain mapping will be incorporated
as surrogates for capillary and vessel perfusion.

Fourth, although the original images of the LC beams
had a pixel size of approximately 1.5 μm, the element edge
length of the LC and NT in the FE model was set to approx-
imately 5 to 12 μm. Whereas the remeshing led to slight
alterations in the area and volume of the LC in the ONH FE

model, our published comparative analyses exhibited negli-
gible effects on LC stresses and strains.62

Fifth, although the loading boundary was quasi-static in
LS-DYNA, the material parameters did not include viscoelas-
ticity that perhaps are important over extended time periods
in ocular tissues.106,107 Loading was imposed over 500 ms
to reflect the physiologic condition, which could benefit
from including the viscoelastic effects in the material model
in future studies. Future analyses will include a viscoelas-
tic solid matrix material formulation in cases in which
the time course of the loading is longer and thus likely
to involve viscoelasticity. In addition, the scleral and pial
material formulation does not model collagen fibril crimp
explicitly, although it accurately captures the heterogeneous
anisotropic hyperelastic behavior of these tissues that are
the physical manifestations of fibril anisotropy and crimp.
It will be important to model the collagen crimp directly in
future studies in which crimping parameters are important
outcome variables.

Sixth, the same material properties were assigned to
all three models and the models were solved under the
same boundary and loading conditions. The only difference
between the models was the geometry, which allowed us
to analyze the effects of morphological variability indepen-
dent of the material properties and loading and boundary
conditions.

Seventh, our 3D ONH reconstructions upon which the
models are based were done of eyes that were pressurized
to mimic IOP, but no pressure was applied in the subarach-
noid space. Hence, the delineations do not include a patent
subarachnoid space, and the input geometries do not repre-
sent the in vivo state in terms of the amount of posterior
sclera exposed to CSFP. We are not aware of studies that
have measured this area, but it is likely to be small given
that the pia and dural sheaths split to form the subarach-
noid space at the optic nerve insertion, resulting in a sharp
point at the anterior most aspect of the subarachnoid space
in most eyes, and leaving very little posterior scleral area
exposed to CSFP. In addition, the strain in the dura from the
approximately 11 mm Hg change in CSFP simulated herein
is likely to be very small, and because soft membranous
fibrillar tissues have little resistance to bending, the rota-
tional forces transferred to the posterior scleral flange due
to dural sheath expansion are likely to be negligible. Inclu-
sion of the dura would be important if we were simulat-
ing ocular motion in which the optic nerve, pia and dura
would “pull” or tether the posterior globe at their insertion,
but we are only modeling pressure changes with no eye
motion. It should be noted that prior modeling studies have
shown stress and strain concentrations at the dural sheath
insertions into the peripapillary sclera, and that dural sheath
modulus has some effect on scleral canal expansion, but this
is likely due to their use of linear elastic properties that have
an artificially high resistance to bending that is not present
in the dural sheath in vivo. In this study, we assign hypere-
lastic anisotropic properties to the load bearing tissues, and
whereas this is an improvement over prior approaches, it
cannot account for the artificially high resistance to bend-
ing present in this material formulation (or others) should
we have elected to include the dural sheath. On balance, we
believe that including the dural sheath in our models would
introduce more artifacts to the results than not including
it. In addition, the dura inserts well away from the laminar
region of the ONH that is the focus of the work, and so its
presence (or lack thereof) is not likely to alter the findings
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in this study. Even parametric studies and modeling studies
using simplified geometries and linear elastic materials have
indicated that dural sheath mechanics do not play a large
role in laminar deformation, stress, or strain.53

Eighth, our models do not include the choroid, which
is known to change thickness/volume with changes in body
position. Choroidal volume change is unlikely to affect ONH
biomechanics directly, however, as it is most likely to mani-
fest as a transient change in ocular volume and hence IOP,
which is modeled explicitly in this study as a pressure
applied directly to the retinal surface (see Fig. 1b). It will be
important to include the choroid in future modeling stud-
ies where the biomechanics of the retina, prelaminar neural
tissues, Bruch’s membrane, or RPE are important outcome
variables.

Ninth, we modeled the IOP change with body position,
as reported in the most recent experimental/clinical study
in humans.40 Although there is a range of values in the liter-
ature, the bulk of the results reported in the current study
hinge on deformations, stresses, and strains that are normal-
ized per mm Hg pressure change, which negates any issues
arising from small, subject-specific, differences in IOP, or
CSFP change with body position.

Finally, this study included models of only three eyes
from three human donors, which are not likely to represent
the full range of biomechanical responses in the population,
although a wide range of scleral thicknesses are represented
in this small sample. Even with our small sample, it was
sufficient to achieve statistically significant differences in our
outcome variables. Future studies elucidating the contribu-
tions of age, race, sex, and disease state are necessary to
investigate these factors.

CONCLUSIONS

Computational modeling of the biomechanical effects of
body posture on the laminar beams and interspersed neural
tissues has revealed greater tensile, compressive, and shear
stresses and strains in the LC beams and laminar NT due to
postural changes. Larger axial forces in the cable elements
representing collagen fibers in the PPScl were also asso-
ciated with the supine position. Stresses in the LC beams
were three to five times larger than interspersed laminar
NT, confirming that the LC provides structural support to
the axons in the ONH. Conversely, strains in the laminar NT
were three to five times larger than the adjacent LC beams.
Most importantly, IOP drives stress, strain, and deforma-
tion in the ONH tissues at two to four times the magnitude
of CSFP per mm Hg when both are changing simultane-
ously with postural transition (P < 0.05). Hence, whereas
CSFP should provide a direct, one-to-one counterpressure
to IOP at the ONH and across the LC, it is three- to four-
fold less effective at doing so than the simple TLP = IOP-
CSFP relationship would suggest. These findings have impli-
cations for understanding of the stresses and strains in the
ONH connective tissues due to different body postures and
may provide insight into potential therapeutic pathways
designed to alter various aspects of the ONH biomechanical
response.
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