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The present study aims to assess the potential difference of biomechanical response of the optic nerve head to the same level of
trans-lamina cribrosa pressure difference (TLCPD) induced by a reduced cerebrospinal fluid pressure (CSFP) or an elevated
intraocular pressure (IOP). A finite element model of optic nerve head tissue (pre- and post-laminar neural tissue, lamina
cribrosa, sclera, and pia mater) was constructed. Computed stresses, deformations, and strains were compared at each TLCPD
step caused by reduced CSFP or elevated IOP. The results showed that elevating TLCPD increased the strain in optic nerve head,
with the largest strains occurring in the neural tissue around the sclera ring. Relative to a baseline TLCPD of 10 mmHg, at a same
TLCPD of 18 mmHg, the pre-laminar neural tissue experienced 11.10% first principal strain by reduced CSFP and 13.66% by
elevated IOP, respectively. The corresponding values for lamina cribrosa were 6.09% and 6.91%. In conclusion, TLCPD has a
significant biomechanical impact on optic nerve head tissue and, more prominently, within the pre-laminar neural tissue and
lamina cribrosa. Comparatively, reducing CSFP showed smaller strain than elevating IOP even at a same level of TLCPD on
ONH tissue, indicating a different potential role of low CSFP in the pathogenesis of glaucoma.
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INTRODUCTION

Glaucoma, a leading cause of irreversible vision loss, is
characterized by loss of retinal ganglion cells (RGC) and
their axons. The optic nerve head (ONH), lamina cribrosa

(LC) in particular, is the principal site of RGC axonal insult
in glaucoma. In addition, the LC is a discontinuity (“weak
spot”) in the corneo-scleral shell, which gives rise to stress or
strain concentrations in the mechanical system. When con-
sidering LC biomechanics, it is natural to focus on the role of
intraocular pressure (IOP), since it directly acts on the ONH
and generates an outward force (Geijssen, 1991). However,
the LC is also acted upon by the sclera, whose deformation is
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controlled not only by IOP but also by subarachnoid space
pressure which is principally determined by intracranial
cerebrospinal fluid pressure (CSFP) (Jonas et al., 2003;
Morgan et al., 2002; Liu et al., 2019).
Recognizing this fact, several investigators have suggested

that trans-lamina cribrosa pressure difference (TLCPD),
which has been defined as IOP minus CSFP, may be more
important for the pathophysiology of the ONH including the
development of glaucomatous optic neuropathy. (Morgan et
al., 2008; Berdahl et al., 2008; Ren et al., 2011; Wang et al.,
2012). For example, in our previous experiments, monkeys
with an artificially reduced CSFP and a resultant increased
TLCPD developed damages of the optic nerve (Yang et al.,
2014). We have also showed in a rat experimental model that
acute reduction in CSFP and acute rise in IOP may share
similarities with respect to the damage on the optic nerve
(Zhang et al., 2015).
Indeed, the pressure threshold of TLCPD is individually

different, which is depending on the ONH geometry and the
biomechanical properties of the tissues separating these
compartments. Anatomically, the ONH separates the eye
from the optic nerve surrounded by the subarachnoid space,
forming a barrier between these two pressure compartments.
Pressure changes in either compartment alter the pressure
distribution across the ONH and hence the axial forces and
transverse tension acting across the ONH. Previous in-
vestigation of ONH biomechanics has examined the effect of
IOP alone on axial displacement of the lamina cribrosa.
(Levy et al., 1981). However, a systematic evaluation of the
effect of CSFP on ONHmechanics has not yet been reported.
In this work, we used finite element modeling to quantify

low CSFP and high IOP-induced stresses and strains within
the ONH. Our goal was to assess whether a low CSFP and a
high IOP (especially a mild high IOP) resulting in same
TLCPD will give rise to similar or different biomechanical
responses of the optic nerve head. These results will help us
better understand if a reduction in CSFP and an evaluation of
IOP may have similar or different impact on the optic nerve
head biomechanically.

RESULTS

Awhole eye model with detailed ONH geometry was created
(Figure 1). Figure 2 shows the undeformed shape of model
(only tissue boundary lines are shown) at an IOP and CSFP
of 0 mmHg and deformed shape of model (superimposed on
the undeformed shape) at normal TLCPD of 10 mmHg and
elevated TLCPD of 18 mmHg resulting by reduced CSFP or
elevated IOP, at true scale (left) and with the deformation
exaggerated six times (right). When TLCPD increases from
10 mmHg to 18 mmHg, pre-laminar neural tissue displaced
laterally and posteriorly and LC had appreciable stretching,

leading to the pre-laminar neural tissue and LC displaced
backward and thinned. Comparatively, we observed higher
deformations occurring at elevated TLCPD of 18 mmHg
resulting by elevated IOP than by reduced CSFP.
The displacement patterns of the LC surfaces can be better

understood by plotting the computed displacements as a
function of position away from the center of the optic cup, as
shown in Figure 3. The maximum LC posterior displacement
occurred at the center of the cup, which is consistent with the
results of Sigal et al. (2004). Also, the anterior surface of LC
moved more than that of posterior surface of LC, leading to
reduced thickness of LC. Moreover, LC thinned more at
elevated IOP than by reduced CSFP. For example, at the
center of the LC, thickness decreased by 6.2% caused by
elevated IOP and 4.8% by reduced CSFP, at the same ele-
vated TLCPD of 18 mmHg. To get a general understanding
of how biomechanical response of the optic nerve head are
affected by IOP, we set CSFP to normal 10 mmHg, and al-
lowed IOP to vary from 20 mmHg to 50 mmHg. Figure 4
shows computed distributions of von Mises equivalent stress
(left column) and 1st principal strain (right column), under
an IOP varying from 20 mmHg to 50 mmHg. As IOP in-
creased, we observed higher stresses and strains. The largest
stresses were observed in the relatively stiff sclera and pia
mater, compared with the relatively soft neural and laminar
tissue. The largest strains were observed in the neural tissue
around the sclera ring, which is directly related to the ana-
tomical structure of ONH.
The nonmyelinated intraocular optic fibers traverse the

outer layers of the retina, then the choroid, and finally the
sclera and pass through the lamina cribrosa to become the
intraorbital part of the optic nerve (Kozobolis et al., 2013).
When these fibers traverse the sclera, the surrounding fibers
are in direct contact with sclera. Under elevated IOP, the
optic nerve at the level of the sclera ring bear the maximum
strain, according to the model prediction. When IOP was
elevated from 20 mmHg to 50 mmHg, both direct mechanic
injury and other complex pathophysiological mechanisms
may induce the pathological changes of axons. The max-
imum principle strains in this region suggested that the axons
may be most vulnerable to mechanical insults. This appeared
to agree with observations in the pattern of visual field de-
fects in glaucomatous optic neuropathy (Quigley et al.,
1982). The reduction of CSFP has a limited range and
therefore does not generate a range of increase in TLCPD as
large as that due to the elevation of IOP. To further assess
how strains in the ONH are affected by mild increased of
TLCPD resulted by reduced CSFP or mild elevated IOP, we
first set CSFP to 10 mmHg, and allowed IOP to vary from
22 mmHg to 28 mmHg. Then we set IOP to 20 mmHg, and
allowed CSFP to vary from 8 mmHg to 2 mmHg. We com-
pared the different strains of ONH affected by a reduction in
CSFP as well as a mild evaluation of IOP resulting in the
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same TLCPD. As shown in Figure 5, mild evaluation of IOP
had an appreciable effect on strains within the LC. The ef-
fects of CSFP also have some effect on the strains of the
ONH tissue, yet average peak strain within the lamina is
relatively more defect by reduced CSFP than by mildly
elevated IOP even at the same TLCPD.
The peak strains experienced in each region of ONH tis-

sues are also summarized in Table 1. The results showed that
reduced CSFP and elevated IOP leading to increased TLCPD
were particularly influential. As TLCPD increased from
12 mmHg to 18 mmHg resulted by reduced CSFP or ele-
vated IOP, there was a clear effect of increased TLCPD
leading to larger peak tensile and compressive strains in the
ONH tissue, including both prelamina neural tissue and la-

minar cribrosa. Also, we observed higher strains occurring at
the pre-laminar neural tissue anterior to the LC than the post-
laminar neural tissue.
More intuitive understanding of the difference between

IOP and CSFP in the deformed shape of optic nerve head can
be manifested by cup/disc (C/D) ratio. Figure 6 shows C/D
ratio at different TLCPD. The red line is varying CSFP with
IOP at 20 mmHg while the black line is varying IOP with
CSFP at 10 mmHg. The result shows that, at the same
TLCPD, low CSFP group exhibits less ONH deformation
than those of the mildly high IOP group. For example, at an
IOP of 20 mmHg, C/D averaged from 0.38 to 0.48 with re-
duced CSFP from 10 mmHg to 2 mmHg. At a CSFP of
10 mmHg, C/D averaged from 0.38 to 0.43 with elevated

Figure 1 Model geometries and meshes. Left: details of the ONH region and a typical finite element mesh formed by eight-node quadrilaterals.

Figure 2 Shape change of the ONH at different combinations of IOP and
CSFP. Left: true scale of the deformations; right: deformations exaggerated
six times.

Figure 3 Computed displacement profiles of LC surfaces. Plots of LC
displacement versus distance from center of the ONH as TLCPD increased
from 10 mmHg to 18 mmHg resulted by elevated IOP or reduced CSFP.
(Solid line) LC anterior surface; (Dash line) LC posterior surface.
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IOP from 20 mmHg to 28 mmHg. In comparison, when the
TLCPD is at 16 mmHg, C/D is 0.45 caused by elevated IOP
while C/D is 0.42 caused by reduced CSFP.

DISCUSSION

Our goal was to understand how elevations in IOP and re-
duction in CSFP altered the biomechanical environment
within the ONH, and to specifically identify the different
biomechanical response of the optic nerve under the same
TLCPD. This result is valuable for further understanding the
different mechanisms implicated in the relationship between
IOP or CSFP and the development of glaucomatous optic
neuropathy, particularly at the level of the lamina cribrosa.
The model suggests that biologically significant levels of
strain are produced within the LC as the TLCPD goes from
physiologic to elevated, even without considering the mag-
nifying effects of the lamina’s microarchitecture.

More generally, under elevated IOP conditions, ONH tis-
sue would experience strains more extreme than would occur
by reduced CSFP even at same TLCPD. IOP acts on the optic
nerve head and the sclera by two force vectors. Firstly, the
IOP is usually higher than other pressure around optic nerve
tissue, generating an inside-out force. Secondly, the IOP
generates a wall tension that pulls on the perimeter of the
nerve head (Quigley et al., 1991). The tissues at this complex
opening in the eye wall are specialized to account for these
forces. Theoretically, CSFP in the retrobulbar space have the
same effect as an increased IOP on the TLCPD. Orbital
CSFP provides a radial stress for the optic nerve sheaths, an
elevation in orbital CSFP causes an enlargement of the cer-
ebrospinal fluid space around the optic nerve due to the
principles of elasticity according to Poisson’s effect. Under
normal CSFP, the post-laminar neural is radially compressed,
and thus expands anteriorly-posteriorly to push against the
posterior LC. As CSFP decreased, the push will be dimin-
ished, resulting in an increase in strains within the lamina

Figure 4 Stress and strain distributions. Contour plots of magnitude of computed distributions of von Mises equivalent stress (left) and 1st principal strain
(right) in the ONH region at an CSFP of 10 mmHg and an IOP evaluated from 20 mmHg to 50 mmHg. The geometry is shown at true deformation scale.
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which can lead to tissue remodel (Feola et al., 2013; Majima
et al., 2003; Nagels et al., 2003). Comparatively, larger peak
strains by elevated IOP may cause more direct mechanical
injury at the tissue and cellular level and influence the cel-

lular phenotype than by decreased CSFP. Although the exact
level of strain that leads to pathophysiology in the ONH is
not known, there is some evidence that strains between 4%
and 6% may lie outside the physiological loading range for

Figure 5 Computed 1st principal strain and 3rd principal strain in ONH tissues as TLCPD is varied from 12 mmHg to 18 mmHg resulted by reduced CSFP
or elevated IOP. All other parameter values are assigned to the baseline values except IOP or CSFP. Specifically, when increase of TLCPD is resulted by
reduced CSFP, IOP is set to 20 mmHg; when increase of TLCPD is resulted by elevated IOP, CSFP is set to 10 mmHg.

Table 1 The peak strains experienced in each region of ONH tissues as TLCPD is varied from 12 mmHg to 18 mmHg resulted by reduced CSFP or elevated
IOP

Tissue Regions Peak Strain Pressure TLCPD 12 mmHg TLCPD 14 mmHg TLCPD 16 mmHg TLCPD 18 mmHg

pre-laminar neural tissue

Tension
CSFP↓

9.50 10.03 10.57 11.10

Compression −15.20 −15.61 −16.03 −16.44

Tension
IOP↑

10.14 11.35 12.50 13.66

Compression −16.47 −18.18 −19.86 −21.55

lamina cribrosa

Tension
CSFP↓

4.71 5.17 5.63 6.09

Compression −2.65 −2.93 −3.21 −3.49

Tension
IOP↑

4.91 5.61 6.25 6.91

Compression −2.75 −3.15 -3.52 −3.90

pos-tlaminar neural tissue

Tension
CSFP↓

3.37 3.14 3.10 3.18

Compression −5.75 −5.61 −5.50 −5.44

Tension
IOP↑

3.85 4.07 4.32 4.57

Compression −6.41 −6.91 −7.43 −7.94

sclera

Tension
CSFP↓

2.58 2.82 3.05 3.29

Compression −4.48 −4.90 −5.33 −5.75

Tension
IOP↑

2.70 2.88 3.29 3.63

Compression −4.67 −5.09 −5.78 −6.38
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ocular tissues and alter cellular phenotype(Beckel et al.,
2014; Downs et al., 2003; Edwards and Good, 2001; Mar-
gulies and Thibault, 1992; Triyoso and Good, 1999; Yang et
al., 2007).
Notably, under elevated IOP conditions, ONH would ex-

perience strain concentration in their neural and laminar re-
gions, especially around the sclera ring. Because when optic
nerve fibers traverse the sclera, the surrounding fibers are
directly in contact with sclera. Based on our model predic-
tion, under the action of mechanical forces caused by ele-
vated IOP, the axons in close contact with the sclera ring
would bear the maximum strain and may be the first to be
injured.
In our model, elevating IOP increased the compressive

strains experienced in the pre-laminar neural tissue and the
lamina cribrosa, which could thus possibly initiate a cellular
response in the ONH. However, reduced CSFP would cause
smaller strain increase in preliminar and LC tissue, and thus
may not induce cellular response
Band et al. (2009) suggested that the elevated IOP present

in glaucoma is adequate to significantly impact intracellular
axonal fluid flow. In the periphery of the optic nerve head,
this flow may be sufficient to disrupt the diffusion of ATP
and hence interrupt active axonal transport. A decrease in
CSF pressure can also occur clinically, giving rise to an in-
creased TLCPD. Our previous studies in a rat model have
shown that an increase in TLCPD, caused by either an in-
crease in IOP or a decrease in CSFP, could induce changes in
the levels of the axonal transport (Zhang et al., 2015). Re-
duction in CSFP and elevation in IOP resulting in same
TLCPD may induce different biomechanical responses in the
optic nerve head, but similar changes in the levels of the
axonal transport which produce a significant axial flux and
an interruption of active axonal transport (Zhang et al.,
2015).

In summary, reduction in CSFP and elevation in IOP re-
sulting in same TLCPD induce different biomechanical re-
sponses in the optic nerve head. With acutely elevated IOP,
the maximum principle strains resulted from IOP elevations
were highest within the neural and laminar regions, espe-
cially around the sclera ring, reaching potentially biologi-
cally significant levels. Therefore, acutely elevated IOP, it is
plausible that direct mechanical injury could contribute to
glaucomatous optic neuropathy. While the reduction in CSFP
lead to smaller strain increase in the optic nerve head at the
same level of TLCPD as compared to increased IOP, in-
dicating a potential role of low CSFP in the pathogenesis of
glaucoma.
Our study has several potential limitations. First, the re-

sults in this study were obtained from simplified models, and
naturally there are aspects of the biomechanics of the ONH
that are not captured. Second, the tissues were modeled as
linear-elastic and isotropic, whereas most soft biological
tissues, such as the LC, display nonlinear and viscoelastic
behavior and have a complex collagen matrix. Third, our
model does not account for central retinal vessels which may
have a mechanical effect on the deformation of the central
region of the optic disc, acting like a tent pole (Jonas et al.,
2001). Fourth, our model does not account for axoplasmic
stasis that may contribute to swelling of pre-laminar neural
tissue that is visible by OCT.

MATERIALS AND METHODS

Computational biomechanical simulation of ONH was per-
formed with the ANSYS software (ANSYS 14.5, Inc, USA).
Finite element method has been commonly applied in bio-
mechanics due to its ability to handle complex geometries.
(Roberts et al., 2010; Norman et al., 2011; Sigal, 2011). A
whole eye model with detailed ONH geometry was created.
Away from the ONH region, the sclera-corneal formed a
spherical shell with a 0.78 mm thickness and a 12 mm in-
ternal radius (Olsen et al., 1998). In the ONH region, the
sclera incorporated a tapered scleral canal, with an anterior
opening of 1.52 mm diameter. The pre-laminar neural tissue
included an optic cup and a prepapillary rim in the ONH
region. The cup was shaped so that the cup-to-disc ratio was
0.33 when measured with respect to a level at 0.05 mm be-
low the retina surface at the rim. The thickness of pia mater is
0.06 mm and the thickness of sclera varied from 0.46 mm at
its thinnest point, adjacent to the canal, to 0.8 mm at 10°
from the axis of symmetry (Sigal et al., 2004). The LC was
modeled as a section of a spherical shell, concentric to the
scleral-corneal shell, 0.3 mm thick with a 12.4 mm internal
radius. The shortest distance between the anterior surface of
the LC and the cerebrospinal fluid space was 0.39 mm and
between the anterior surface of the LC and the pia mater was

Figure 6 C/D ratios at different TLCPDs. The red line is reduced CSFP
with IOP at 20 mmHg while the black line is mildly elevated IOP with
CSFP at 10 mmHg.
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0.28 mm. The latter value is within the ranges reported by
Jonas et al (Jonas et al., 1988; Jonas and Budde, 2000; Jonas
et al., 2003). The post-laminar optic nerve extended poster-
iorly from the LC and filled most of the scleral canal.
The mechanical properties of the tissues that constitute the

ONH and surrounding structures have not been fully char-
acterized. In this study, all materials were assumed to be
linearly elastic, isotropic, and incompressible, in which case
all that was needed to characterize the tissue’s biomechanical
behavior was the modulus of elasticity (Young’s modulus).
Moduli of 3 and 0.03 MPa were chosen for sclera and neural
tissue, respectively. Mechanical modeling of the LC is
complex. It is a composite of connective tissue with pores
through which glial cells and nerve fibers pass. In this work
we treated the LC as homogeneous, which implies that
computed stresses and strains must be interpreted as mean
values over an averaging region that is larger than several LC
pores. It is expected that the LC should be stiffer than neural
tissue but more compliant than sclera. Based on experimental
tests with tissue strips, we estimated the Young’s modulus for
LC to be approximately 0.3 MPa (Edwards and Good, 2001).
Zhivoderov has reported an elasticity modulus for pia mater
between 1.44 and 4.65 MPa (Zhivoderov et al., 1983). We
assigned the pia mater a Young’s modulus of 3 MPa, the
same as for the sclera. The mechanical properties of ONH
tissue regions are summarized in Table 2.
A uniform IOP was applied to all interior surfaces of the

eye—that is, the vitreoretinal interface and sclera-cornea
anterior to the retinal termination. A range of IOPs from
10 mmHg to 50 mmHg was considered. External surfaces of
the eye were subject to a pressure of 0 mmHg (relative to the
atmospheric pressure). In addition to the IOP, the ONH is
exposed to a hydrostatic pressure from the cerebrospinal
fluid (CSFP). Specifically, CSFP was acted to the inner
surface of the dura mater and external surface of the pia
mater. We tested the effects of CSF pressures ranging from
2 mmHg to 10 mmHg. The boundary condition as that nodes
on the equator and on the axis of symmetry are displacement
constraint. The bottom margin of the model is fixed.
We used the maximum principal strain and von Mises

equivalent stress. We used a value of 0.49 for poisson’s ratio.
For incompressible material, the maximum principal strains

are nonnegative, always giving a measure of maximum ex-
tension. Von Mises equivalent stresses give an indication of
the distortion energy acting throughout the tissue, while
discounting the effects of hydrostatic pressure. Because of
the linear elasticity assumption used in this model, all
stresses and strains scale linearly with the applied loads.
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