


Figure 1

Key anatomical features of the optic nerve and eye in relation to the optic nerve subarachnoid space demonstrating the path to the

intracranial cavity. The variation in trabeculae is shown and adapted from Killer et al[2]. Glial lamina cribrosa (G) and scleral (collagenous) lamina

cribrosa (S) are shown. Central retinal artery is omitted for clarity.

presence of significantly large trabeculae, resembling fenestrated
sheets along the ONSAS pathway (figure 1)*° and that in some
conditions, such as normal tension glaucoma and others, there is
relative stasis of CSF flow along this pathway.”” They may alter

Figure 2 The relationship of key pressures (+SEM) to intracranial
cerebrospinal fluid pressure (CSFP) in the dog. A strong linear
relationship is seen between optic nerve subarachnoid space pressure
(ONSASP ), retrolaminar tissue pressure (RLTP ), venous pulsation
pressure (VPP) by ophthalmodynamometry ( ) and intracranial
cerebrospinal fluid pressure (CSFP — —) above certain levels. Below
these CSFP levels the pressures are constant. VPP is the minimum
intraocular pressure (I0OP) required to induce retinal vein pulsation.
Lines of best fit are included. The difference between ONSAS and RLTP
occurs across the pia mater (pia) and the difference between
intracranial CSFP and ONSAS pressure is probably due to orbital
pressure (orbit).

fluid flow along the ONSAS although the flexibility of the septae
may not impede pressure transmittance. However, significant tra-
becular changes such as following meningitis or other diseases
may effectively block CSF flow and cause a disruption of pressure
transmittance. In the normal situation we tend to assume that the
ONSAS pressure is equivalent to intracranial pressure, however,
another factor must be considered and this is the orbital tissue
pressure found to be 2.6-4.4 mm Hg in the supine position using
needles inserted into the orbit.”® 2° Tissue pressure measurement
using needle insertion tends to give a slightly higher value than
when less invasive micropipette techniques are used,*® so true
orbital tissue pressure may be lower than these values. When a
person is sitting or standing and the intracranial pressure falls to
zero or below at eye level, this is likely to be transmitted along
the ONSAS. If orbital tissue pressure is greater than the intracra-
nial pressure then it will tend to compress and, hence, collapse
the ONSAS and force CSF fluid back into the intracranial com-
partment. It may also compress regions of the ONSAS causing
loculation with lack of pressure transmission. This presumed
influence of orbital tissue pressure is supported by experimental
data (figure 2) in the dog where below CSFP 0 mm Hg the
ONSAS pressure remains at 0 mm Hg.

THE OPTIC NERVE RETROLAMINAR TISSUE PRESSURE

The retrolaminar tissue pressure (RLIP) is the interstitial pres-
sure within the optic nerve neural tissue just posterior to the
lamina cribrosa. It is not always equivalent to ONSAS pressure
with a variable pressure difference occurring across the pia
mater indicating some pial elastic effect upon the RLTR*® When
there is a low external pressure the elasticity of the pia mater
tends to elevate RLTP and this has been demonstrated experi-
mentally whereby at ONSAS pressures of 0 mm Hg in the dog,
the retrolaminar pressure is 3 mm Hg and remains at this level
until the ONSAS and intracranial pressures rise to 3 mm Hg or
above (figure 2).%° Above this pressure, the tension exerted by
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the pia mater reduces and the RLTP tends to equilibrate directly
with the ONSAS. When the intracranial pressure is low there
are likely to be two mechanisms that buffer the RLTP: the
orbital tissue pressure tending to compress the ONSAS and the
elasticity of the pia mater.

PRESSURE DIFFERENCE AND PRESSURE GRADIENT
ACROSS THE LAMINA CRIBROSA
Tissue pressure measurements across the optic nerve into the
retrolaminar region demonstrate a pressure gradient across the
lamina cribrosa (figure 3).*° 3! In the dog, having an IOP of
15 mm Hg and RLIP of 3 mm Hg at CSFP 0 mm Hg with a
lamina thickness of 531 pum, the average translaminar pressure
gradient (TLPG) is 23 mm Hg/mm tissue and this doubles to 47
mm Hg/mm tissue and this doubles to 47 mm Hg/mm tissue as
the TOP rises to 28 mm Hg.>* In the human, the posterior (col-
lagenous) lamina thickness measures mean 341 um compared
with 539 um for the combined glial and collagenous lamina.
The normal human TLPG is estimated at being between 20
mm Hg/mm and 33 mm Hg/mm tissue, with the true value
likely being closer to 33 mm Hg/mm given indirect evidence
that the gradient exists across the collagenous lamina.?*
Forces which act upon tissues are caused directly by pressure
gradients and so the magnitude of force and its effect upon a
tissue can be minimised by reducing the gradient.>* Practically
speaking this means that a thicker lamina cribrosa can spread
out the gradient over a greater distance and hence reduce the
shear stress acting across this tissue. The corollary is that a
thinner lamina cribrosa amplifies the pressure gradient. Patients
with established glaucoma have lamina thinning and tend to
progress at a greater rate for a given IOR*?

PHYSIOLOGICAL FUNCTIONS ALTERED BY PRESSURE
GRADIENTS

In primate models of raised IOP and CSFR orthograde axonal
transport and retrograde axonal transport are inhibited at the
level of the lamina cribrosa with accumulation of intracellular
material including mitochondria and other vesicles. Axonal
transport accumulation occurs mainly at the posterior lamina
region in animal glancoma models, *® and is inhibited in rabbit
vagus nerve when the pressure difference exceeds 30 mm Hg
and the gradient exceeds 45 mm Hg/mm.?” It has not been
shown experimentally whether the pressure difference or gradi-
ent has greatest effect upon axonal transport.

When the IOP is raised leading to an elevated translaminar
pressure gradient, significant neurofilament changes occur within
several hours followed by changes in the microtubules which are
structures vital for axonal transport conductance.*® 3° These
cytoskeletal changes are likely to be fundamental to the cause of
the axonal transport changes. Cytochrome oxidase activity also
increases in the collagenous lamina region with increased TLPG
indicating increased metabolic requirements in this region.*’

The central retinal vein traverses the lamina cribrosa and is
subject to the translaminar pressure gradient particularly
because the venous transmural pressure is close to zero,*' **
meaning that the surrounding tissue pressure generally affects
the pressure within the vessel lumen. It is likely that the pressure
gradient falls along the central retinal vein as it traverses the
lamina cribrosa. Assuming such, a gradient of 33 mm Hg/mm is
much higher than the typical 0.7 mm Hg/mm found in
venules.** Venous endothelial cells within the posterior (collage-
nous) laminar region are closer, morphologically speaking, to
arterial endothelial cells than to other venous endothelial cells
(figure 4), demonstrating that they are subject to higher sheer

stresses as a result of the pressure gradient.>® ** It is possible
that these sheer stresses and morphological changes are exacer-
bated when the pressure gradient is increased in glaucoma.

INTERACTIONS WITHIN THIS REGION

IOP and CSFP are pulsatile, being influenced by the cardiac
cycle with CSFP having an additional influence from the respira-
tory cycle (figure 3). IOP and CSFP pulsatility affect optic nerve
tissue pressure pulsatility (figure 3).>! One important clinical
observation is the phenomenon of spontaneous venous pulsa-
tion close to the central retinal vein exit into the optic nerve,
found in 95% of normal subjects. We have found that venous
pulsation phase is in time with the IOP and CSFP phase."”
Classical theories had taught that pulsation would be counter
phase to IOP and that the systolic peak of IOP that would lead
to venous compression,*® *° however recent work suggests that
CSFP pulse drives venous pulse timing and so has a more dom-
inant effect upon key venous haemodynamic properties.'* The
reasons for spontaneous venous pulsation are complicated and
probably relate largely to the eye resembling a Starling resis-
tor.*” Monkey and dog experiments demonstrate that an
average 8 mm Hg pressure difference between IOP and CSFP is
required for the induction of venous pulsation.*s~°

ABNORMAL ANATOMY

Enlargement of the ONSAS

The ONSAS width is increased in many patients with raised
CSFP This is a significant relationship and has been used to esti-
mate intracranial pressure non-invasively with several algorithms
being published.’' ** However, enlargement of the ONSAS may
be due to other factors such as loculation of CSF within the
ONSAS. These may be part of the explanation for the observa-
tion that ONSAS width is increased in some patients with
normal tension glaucoma.

Myopia

Persons with high myopia tend to have a thin lamina cribrosa
(207 wm) compared with a normal 458 pm. Lamina thickness
decreases in patients with moderately advanced glaucoma
(201 wm) and patients with myopic glaucoma (78 pm).>* Such
reductions in laminar thickness will double or quadruple the gra-
dient effect of the pressure difference. This is likely to influence
progression rates of glaucoma and may explain why patients with
severe glaucoma and myopia tend to progress even at lower IOP
levels.?® °* 3% Persons with myopia also have an increased width
of the ONSAS termination and a thin posterior sclera. Recent
optical coherence tomography (OCT) scanning using swept
source demonstrates that the posterior staphylomata frequently
seen in persons with high myopia tend to overlie the region of
the enlarged ONSAS termination (figure 5).>¢ The presumed
reason for the staphyloma is the pressure difference across the
thinned sclera between the IOP compartment and the ONSAS
compartment leading to posterior distortion of the sclera just as
posterior distortion of the lamina cribrosa occurs in glaucoma.
The smaller degrees of optic disc excavation seen in persons with
myopia with glaucoma may in part be due to the fact that the gra-
dient is occurring across and causing distortion of the sclera and
lamina cribrosa.

Possible septal changes in ONSAS

In patients with idiopathic intracranial hypertension and normal
tension glaucoma it has been observed that there is a lower flow
of CSF from the intracranial compartment along the ONSAS
and this may be due to thickened trabeculae leading to increased
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Figure 3 Micropipette tissue pressure
measurements in dog (B) as the
micropipette is passed from the
vitreous region, the prelaminar region,
the lamina and into the retrolaminar
optic nerve. Oscillations from the
respiratory and cardiac cycles can be
seen. Intraocular pressure (A),
cerebrospinal fluid pressure (C) and
blood pressure (D). Lamina cribrosa
was from 558 um to 919 um.
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flow resistance along the ONSAS.?” °7 This reduced flow may
have metabolic consequences by leading to stagnation and
reduced removal of toxic metabolites as well as reduced delivery
of necessary metabolites to regions, particularly near the termin-
ation of the ONSAS. It also may impact upon functioning of the
lymphatic and neural tissues within this region.

Raised translaminar pressure gradient

The TLPG is most simply described by the difference between
IOP and RLTP divided by the distance between the two pressure
compartments. Physiologically speaking this means the
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difference between IOP and ONSAS pressure, allowing for the
buffering effects of orbital pressure and the pia mater and
divided by the lamina cribrosa thickness. One must also take
into account changes in posture if one is using CSFP measure-
ments from the lumbar spine. The caveats concerning general
assumptions that the pressures are equivalent between the intra-
cranial compartment, lumbar spine and ONSAS must be consid-
ered and weighed carefully at each set of observations. So, an
increased TLPG can theoretically be caused by increased IOP
and reduced CSFP and also by reduced buffering, that is, a
lower orbital tissue pressure and reduced elasticity of the pia
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Figure 4 Central retinal arterial (CRA) (A-C) and central retinal venous (CRV) (D-G) endothelial morphology. Confocal microscope images and
schematic outlines demonstrate endothelial morphology in the prelaminar, anterior lamina cribrosa, posterior lamina cribrosa and retrolaminar
regions. In the posterior lamina cribrosa region, venous endothelial cells (F) appeared similar to the arterial endothelium displaying spindle-shaped

morphology. Scale bar, 50 pm.

74 Morgan WH, et al. Br J Ophthalmol 2016;100:71-77. doi:10.1136/bjophthalmol-2015-306705

“ybuAdoo Aq parosroid 1sanb Aq 0z0z ‘8T Jaquiardas uo jwod’fwg olg//:dny woly papeojumoq 'STOZ [Mdy GT uo G0290E-ST0Z-lowreyiydolg/oeTT 0T Se payslgnd 1sii ;jowreyiydo r g


http://bjo.bmj.com/

1000 um

1000 um
L]

Figure 5 Swept source OCT of eye with mild glaucoma (A) having a
collagenous lamina cribrosa (LC) thickness approximating 300 pm.
Some retrolaminar tissue (RLT) is shown. The choroid (C) and sclera (S)
are well developed. In the highly myopic eye the sclera (S) is thin,
particularly under the posterior staphyloma region, which overlies the
large optic nerve subarachnoid space (ONSAS). One trabecula (T) is
clearly seen. The collagenous LC is very thin and the RLT is clearly
seen. Scale bars shown.

mater leading to greater transmittance of low pressures from the
orbit and ONSAS directly to the retrolaminar optic nerve. The
classic example of raised TLPG is that of standard glaucoma
when IOP is elevated.® However, much recent work has shown
that compared with normal subjects, CSFP is reduced in
primary open angle glaucoma especially in normal tension glau-
coma.’® ** Additionally, recent work using a chronic low CSFP
monkey model demonstrates glaucoma-like changes to the nerve
fibre layer with disk rim haemorrhage.®°

As one ages the IOP tends to rise gradually and CSFP tends
to drop slightly. Orbital tissues tend to atrophy with age leading
to a sunken orbital appearance in many subjects and pia mater
changes may occur leading to reduced pressure buffering prop-
erties around the optic nerve, all of which would tend to lower
the RLTP and exacerbate the TLPG. It is of some concern that
prostaglandin analogues appear to hasten orbital fat atrophy.®!
It should be clearly stated and understood that the pressures
within the orbit and the changes of orbital pressure and pia
mater are poorly understood at present.

Reduced or reversed translaminar pressure gradient
Idiopathic intracranial hypertension and other disorders that
lead to a rise in CSFP are well known causes of papilloedema

comprising anterior optic nerve swelling with an anterior shift
of the lamina cribrosa along with retinal vein engorgement and
tortuosity. Most of these features can be understood by consid-
ering the effect of raised CSFP and subsequent raised RLTP
leading to a reversed pressure gradient with inhibition of ortho-
grade axonal transport and stasis predominantly within prelami-
nar and anterior (glial) laminar regions but also in the posterior
(scleral) laminar and retrolaminar regions.®* > The neural swel-
ling is associated with compression of the central retinal and
other veins, which is compounded by the direct effect of the
raised CSFP causing elevated intraocular venous pressure.®*
This is thought to account for the venous engorgement, and
probably results in some reduced anterior optic nerve perfusion
leading to further damage to the ganglion cell axons. Idiopathic
intracranial hypertension can be an aggressive disease® but
tends to respond well to treatments leading to a reduction in
overall intracranial pressure or local ONSAS pressure through
either optic nerve sheath fenestration or ventricular peritoneal
shunting procedures.®® The relative place of these therapies is
still somewhat controversial although optic nerve sheath fenes-
tration may be effective in patients with less trabecular obstruc-
tion to the ONSAS fluid flow pathway but may not reduce
intracranial pressure and headache.®® This may account for the
observation that a single optic nerve sheath fenestration helps
preserve vision in both eyes of just some subjects.

Multivariate models for estimating CSFP suggest that CSFP
elevation may be a risk factor for diabetic retinopathy
development.**

Prolonged space flight

Prolonged space flight by astronauts in space for more than
6 months frequently (20%) leads to a clinical syndrome bearing
marked similarities to idiopathic intracranial hypertension with
papilloedema, also some cotton wool spots as well as choroidal
folds and a hyperopic refractive shift.” MRI scans show ele-
vated optic disks with an anteriorly shifted macula and dilated
ONSAS.®® These subjects have increased intracranial pressure,
which persists for months and years after their return to earth.
The explanation for this phenomenon is likely to involve the
fact that in microgravity there is a cephalad fluid shift with
increased venous pressures and impaired lymphatic flow around
the head.®” 7° Both factors may conspire to impede CSF
outflow and lead to an increased average CSFD which is not
reduced or ameliorated by postural changes, that is, by standing.
It is difficult to explain why the elevated CSFP persists for so
long upon returning to earth but the most likely explanation
involves a permanent change in the outflow system, either
involving the arachnoidal granulations or the lymphatic outflow
apparatus around the olfactory bulb, optic nerve and other
regions. It is possible that in space with CSF stagnation along
the ONSAS, toxic changes are occurring within the anterior
optic nerve involving lymphatics leading to some permanent
change in CSF outflow in this region.

CONCLUSION

We hope to have demonstrated that the influence of CSFP upon
the eye and in particular the anterior optic nerve is significant
and relevant to common ocular diseases. There is a rapidly
growing body of literature reporting significant effects of CSFP
upon glaucoma as well as diseases causing papilloedema and
other disorders like diabetes. A simplistic understanding incorp-
orating only CSFP and IOP without considering lamina cribrosa
properties, orbital tissue, pia mater and subarachnoid space
properties is unlikely to give a complete understanding of these
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