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Primary open-angle glaucoma (POAG) is a leading cause
for irreversible blindness in the world. The risk factor most
frequently associated with POAG is increased intraocular
pressure (IOP), for a long time considered to be the sole
cause for glaucomatous optic nerve damage. It was thought
that pressure, a non-directional scalar force, causes direct
mechanical damage to the retinal ganglion cells and their
axons, leading to cupping of the optic disc and visual field
loss.

The concept of raised IOP as the single cause for optic
disc excavation and visual field loss came under scrutiny
when larger studies on glaucoma patients found glauco-
matous disc excavation and glaucomatous visual field
defects also in patients with a “statistically” normal IOP. A
new term, normal tension glaucoma (NTG), is now used to
describe this condition. Once hardly recognized, glauco-
matous optic disc changes are found in up to 40% of POAG
patients with IOP <21 mmHg in the western hemisphere [1]
and for up to 90% of POAG in the Far East [2].

Such observations have stimulated researchers to find
alternative pathophysiological mechanisms that could
explain glaucomatous ON damage in patients with “nor-
mal” IOP [3]. One direction of the research focused on a

vascular component [4]. In some patients vascular dysre-
gulation was indeed demonstrated to be present in NTG [4].
Recent research has brought pressure back into the ball park
by postulating a disbalance between IOP and intracranial
cerebrospinal fluid pressure (ICP) at the level of the lamina
cribrosa. The so-called trans-lamina cribrosa pressure dif-
ference (TLCPD) is defined as the intraocular minus the
intracranial pressure (IOP− ICP) [5]. The advocates of this
concept suggest that this pressure gradient causes shearing
forces at the lamina cribrosa that damage the axons at that
site due to an abnormally high-pressure gradient between
the intraocular and the retrobulbar “chambers” [5].

Intraocular pressure results from aqueous humor (AH) in
the anterior chamber just as pressure in the brain and the
pressure in the spinal cord, and in the subarachnoid space of
the optic nerve results from cerebrospinal fluid (CSF).
Recent research of CSF composition and CSF flow
dynamics in patients with NTG has demonstrated impaired
CSF turnover in the orbital subarachnoid space is most
pronounced in the bulbar segment of the optic nerve por-
tion, the region right behind the lamina cribrosa [6]. This
constellation is now referred to as “optic nerve sheath
compartment syndrome” [7]. It has been described in a
subgroup of patients with papilledema, as well as in patients
with NTG [6, 8].

Granted that the ICP is elevated in patients with papil-
ledema and that the CSF pathway from intracranial to
orbital CSF space is patent, papilledema evolves due to
blockage of axoplasmic transport caused by pressure ele-
vation. At the same time, the velocity of CSF is reduced
according to Bernoullis equation ρ v2

2 þ p ¼ c (where ρ is
the density of the fluid, v velocity of the fluid, p pressure,
and c constant). Reduced CSF velocity results in the
reduced CSF turnover in the subarachnoid space of the optic
nerve, which consequently diminishes clearance of peptides
and proteins in the environment surrounding the optic
nerve. Sampling of a CSF specific protein, L-PGDS (pros-
taglandin synthase) demonstrated high locally elevated
concentrations in the subarachnoid space surrounding the
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optic nerve in patients with papilledema, and to some extent
in patients with NTG [9]. Elevated L-PGD concentrations in
CSF resulted in a reduction of astrocyte proliferation and in
a markedly reduced adenosine triphosphate production [10].
Further, studies using computer-assisted cisternography
demonstrated reduced contrast density in the orbital portion
of patients with elevated ICP [8], as well as in patients with
NTG [6]. In addition, reduced CSF velocity in the sub-
arachnoid space of optic nerves in patients with NTG was
confirmed with a Stejskal–Tanner monopolar diffusion
sequence on MRI, a new noninvasive method for the study
of CSF dynamics [11]. As local pressure measurements in
the subarachnoid space of the optic nerve are not possible in
a clinical setting, the diameter of the optic nerve sheath can
serve as an indicator of pressure. Watanabe [12] showed
that the optic nerve sheath diameter increases with
increasing ICP. Studies of the optic nerve sheath diameter in
NTG patients rendered conflicting results between a Chi-
nese and a European population. While the optic nerve
sheath diameter was reduced in the Chinese population [13],
it was enlarged in the European cohort [14, 15]. Both
findings, however, indicate a disturbance of CSF dynamics
in the orbital subarachnoid space. The disparity might be
explained by genetic differences or by the fact that the
European population consisted of more advanced glaucoma
cases. From the latter point of view, it has been suggested
that a conversion of the orbital CSF pressure from low to
high may occur during the disease process of NTG. During
the early stages of NTG, before the development of com-
partmentation, CSF may communicate freely between the
intracranial subarachnoid space and the subarachnoid space
of the optic nerve. At this stage, the low lumbar
CSF pressure reported in NTG patients may correspond
to a low orbital CSF pressure, resulting in a narrower
orbital optic nerve subarachnoid space [16]. In more
advanced stages of NTG, the CSF pressure in the
subarachnoid space of the optic nerve may convert to high
CSF pressure due to compartmentation and the absence of
free communication between the intracranial subarachnoid
space and the subarachnoid space of the optic
nerve. Interestingly, in accordance with this view, Killer
and Jaggi [15] noted that the NTG patients in their study
represented end-stage glaucoma with progressive loss of
visual field.

Unlike the subarachnoid space of the optic nerve that can
undergo compartmentation, the fluid-filled chambers of the
eye, like the anterior and posterior chambers and the vitr-
eous chamber, are a priori quasi compartments due to their
anatomical structure and function. The anterior and pos-
terior chambers are filled with AH, a clear fluid that is
constantly produced by the ciliary body with a production
rate of 2.5 μl/min [17]. From the ciliary body AH is secreted
into the posterior chamber, from where it flows into the

anterior chamber, as well as in the direction of the vitreous
cavity. AH is essential for maintaining a stable anterior
chamber and IOP [18]. Its composition has a similarity to
blood serum [19]. AH provides nutrition for the corneal
endothelium and the lens. It also works as a transport
medium that clears potentially harmful metabolic compo-
nents from the anterior chamber [20]. Proteomic studies
have allowed the identification of 676 proteins in the AH;
among them signaling proteins, catalytic proteins, comple-
ment, enzymes, transport proteins, and structural proteins
were identified [21].

The main outflow route of AH from the anterior chamber
is directed toward the trabecular meshwork, from there into
Schlemms canal, and then into collector channels that are
connected to the intrascleral venous plexus [22]. The ante-
rior chamber, however, is not a completely isolated fluid
compartment, as AH can flow into the posterior chamber
and from there into the vitreous cavity, reaching the retinal
axons and ganglion cells.

Pressure and velocity—an inseparable
couple in fluids

Pressure is a scalar— and therefore nondirectional force
(P= F/A, where P is the pressure, F force, and A area). The
force in the equation is caused by the amount of AH in the
anterior chamber and by the constant influx of newly pro-
duced AH from the ciliary body. It becomes somehow more
complicated when we consider pressure in fluids. It is evi-
dent from the Bernoulli and the Navier–Stokes equation that
pressure cannot be viewed in isolation when considering a
closed-circuit fluid system.

∂p=∂t þ ∇ pvð Þ ¼ 0: Therefore : ρð∂v=∂t þ ∇vÞ ¼ �∇p
þ∇T þ f

where mi, V, p, C, mo, Ro, and Peare variables, V is the speed
of flow, ρ density, T stress tensor, p pressure, f body force,
and ∇ Nabla operator.

Relationship between volume and pressure

C= dV/dp. Description of a single-fluid compartment: C(p)
dp/dt= 1/ρ [mi(t) –mo(t)]=mass flow, ρ= fluid density

344 H. E. Killer et al.



(incompressible). If influx is constant (mi), then outflux is
mo= 1/Ro [p(t) – pe(t)]

Pþ phgþ 1
2
pv2 ¼ c: ρ

v2

2
þ p ¼ c

where v is the fluid flow speed at a point on a streamline, g
acceleration due to gravity, z elevation of the point above a
reference plane, with the positive z-direction pointing
upward—so in the direction opposite to the gravitational
acceleration, p pressure at the chosen point, and ρ density of
the fluid at all points in the fluid.

These equations show that pressure and velocity are
coupled, as a part of one equation. Pressure and velocity are
interdependent. Focusing on one term distorts the assertion
of the formula. Changing the pressure will affect the velo-
city and vice versa. A high pressure therefore results in a
lower velocity and vice versa.

Several studies propose that a reduced CSF turnover is
associated with neurodegenerative diseases due to toxic
agents in a stagnant CSF [23]. Accumulation of certain
substances such as beta-amyloid, tau protein, and alpha-
synuclein is associated with the pathogenesis of neuro-
degenerative diseases such as Alzheimer’s and Parkin-
son’s disease [23, 24]. Amyloid-beta and tau protein,
however, are not limited to CSF and brain tissue as sev-
eral studies have demonstrated amyloid-beta and tau
protein in the vitreous body [25]. Its role there is still
unknown.

AH, like CSF, needs to be recycled in order to keep the
microenvironment of the optic nerve, the anterior chamber,
as well as the vitreous cavity intact. Elevated IOP therefore
not only harms retinal ganglion cells and axons via a
mechanical damage, but also reduces AH clearing. Low-
ering IOP therefore means likewise improving AH circu-
lation, thereby acting neuroprotectively.

Conclusion

Blood, CSF, and AH undergo constant renewal and clearing
processes. Stasis of these fluids leads to malfunction of the
tissues supplied by them. Elevated pressure is coupled with
reduced velocity and thereby diminished fluid dynamics.
Besides causing mechanical damage to tissue, elevated IOP
might act as a primary messenger that initiates a reduced
AH clearance that can cause toxic damage. Lowering IOP
therefore helps to improve AH dynamics.
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