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Abstract
Despite glaucoma being the second leading cause of blindness globally, its pathogenesis remains incompletely understood.
Although intraocular pressure (IOP) contributes to glaucoma, and reducing IOP slows progress of the disease, some
patients progress despite normal IOP (NTG). Glaucomatous damage causes characteristic cupping of the optic nerve where
it passes through the lamina cribrosa. There is evidence that cerebrospinal fluid (CSF) within the optic nerve sheath has a
different composition from CSF surrounding the brain. Furthermore, fluctuations in CSF flow into the optic nerve sheath
may be reduced by trabeculae within the sheath, and on standing intracranial pressure (ICP) within the sheath is stabilised
at around 3 mmHg due to orbital pressure. Blood pressure has been linked both to glaucoma and ICP. These facts have led
some to conclude that ICP does not play a role in glaucoma. However, according to stress formulae and Laplace’s Law,
stress within the lamina cribrosa is dependent on the forces on either side of it, (IOP and ICP), and its thickness. On lying
flat at night, ICP between the brain and optic nerve sheath should equalise. Most evidence suggests ICP is lower in
glaucoma than in control groups, and that the lamina cribrosa is thinner and more posteriorly displaced in glaucoma.
Subjects who have had ICP reduced have developed signs of glaucoma. This review finds most evidence supports a role for
low ICP in the pathogenesis of glaucoma. Caffeine, theophylline and vitamin A may increase ICP, and could be new
candidates for an oral treatment.

Methodology

PubMed was searched online using the combinations of
terms: glaucoma, intracranial pressure, cerebrospinal fluid
pressure, translaminar pressure gradient, lamina cribrosa,
and blood pressure. Abstracts were screened and articles
read if considered relevant.

Background

Glaucoma is the second leading cause of blindness globally,
but its pathogenesis remains incompletely understood [1]. The
disorder is characterised by optic nerve damage with corre-
sponding visual field loss. Lowering intraocular pressure
(IOP) can slow the course of disease but patients can progress
despite apparently well controlled IOP [2, 3]. Patients with
glaucoma but without raised IOP are said to have normal
tension glaucoma (NTG), and these comprise up to half of
cases in the United States of America, and up to 90% of cases
in Japan [4, 5]. Conversely, some patients with high IOP do
not develop glaucoma, a condition which is referred to as
ocular hypertension (OHT) [6]. Other factors, therefore, must
play a role in the development of glaucoma. These may
include blood flow at the optic nerve head, vasospasm,
autoimmune factors, and genetic predisposition [7–10].

Glaucomatous optic neuropathy has traditionally been
thought to occur due to pressure effects on the optic nerve
affecting axonal flow, resulting in retrograde retinal gang-
lion cell (RGC) damage. Pressure effects are assumed to
occur predominantly at the optic nerve head, where
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neurones turn to pass through the lamina cribrosa (LC), a
collagenous membrane with elastic properties, anchored to
the more rigid scleral wall of the eye [11]. The pressures on
each side of the LC—IOP and optic nerve sheath sub-
arachnoid space pressure (ONSP)—differ in most situa-
tions. If we assume ONSP is similar to intracranial
cerebrospinal fluid pressure (ICP), IOP tends to be higher
than ICP (14.7 ± 2.8 mmHg vs 12.9 ± 1.9 mmHg in a supine
position) [12, 13]. This difference is further pronounced
when standing, when ICP drops to −10 to 0 mmHg at eye
level because it is within a vertically oriented hydrostatic
system, whereas IOP drops by only 2–4 mmHg [14, 15].
The translaminar pressure gradient (TLPG) is calculated as
the difference in pressure across the LC over its thickness
[16]. The LC is impermeable to vitreous and CSF, other-
wise there would be no pressure gradient across it. The
TLPG will affect the distortion of the LC and the stresses
within it. It is tempting to believe that when the TLPG is
high the LC visibly bows away from the observer (glau-
comatous cupping) whereas if the TLPG is negative, such
as in raised ICP situations, the nerve appears to bow
towards the centre of the globe (papilloedema). In reality
papilloedema is due to impaired axonal transport leading to
axonal swelling in raised ICP, and glaucomatous cupping
due to loss of the glial prelaminar portion of the optic nerve
head [17]. However, there is evidence that suggests the LC
does move marginally away from the globe in glaucoma
[18–20]. The force exerted on the optic nerve as it passes
through the LC will be dependent on the gradient of the
forces across it, which may explain why nerve damage
occurs both in glaucoma and in conditions such as idio-
pathic intracranial hypertension (IIH). It should be noted,
however, that although raised ICP can occur without the
development of papilloedema, whether visual loss can occur
in that situation is not certain [21].

The pressure on the cerebral side of the LC in the optic
nerve subarachnoid space (ONS) may not be identical to
ICP. The ONS contains septa which may alter fluid flow,
and the orbital tissue pressure around the ONS may collapse
the ONS when ICP drops on standing [22]. For a
mechanical theory implicating low ICP in glaucoma to be
valid, ICP needs to be transmitted to the LC via the ONS. A
further factor addressed in this article is whether ICP is
confounded by being related to blood pressure (BP). Studies
have linked NTG to systemic hypotension, and hypotension
may lower ICP [23, 24]. If ICP is lower in glaucoma, is this
causation or simply because both are influenced by systemic
hypotension?

Multiple studies have found ICP to be lower in patients
with glaucoma or NTG than in control groups, which sup-
ports a role for low ICP in the pathogenesis of glaucoma
[13, 25–27]. This review examines the role of ICP in glau-
coma, and considers implications for disease management.

Stress forces at the lamina cribrosa

Stress is calculated as force over area applied to or within a
material. Stress causes strain, which is calculated as the
extension of the material over its length. In the LC, stress
may damage nerve fibres and blood vessels, and the resul-
tant strain is seen as deformation.

There are two main calculations required to ascertain
stress in the LC. One calculates the forces acting directly at
the LC from forces or pressures acting on either side of the
membrane (IOP and ICP). The second calculates the hoop
stress within the sclera (according to Laplace’s Law) [28].
Depending on the rigidity of the sclera, a proportion of the
hoop stress will be transferred to the LC and the structures
running through it.

The forces acting on either side of the LC can be seen in
Fig. 1. If we assume the sclera is entirely rigid, then these
are the only forces that apply.

Referencing Roark and Young, Formulas for Stress and
Strain [29], stress in the LC is proportional to the pressure
difference across the LC, times the radius squared over the
thickness squared.

σ / pr2m
t2

In other words,

LC stress ¼ IOP � ICPð ÞLC radius2=LC thickness2

However, the sclera is not entirely rigid, and therefore a
degree of hoop stress within the sclera is transmitted to the
LC. Hoop stress is calculated according to Laplace’s Law
for forces within a sphere:

Wall hoopð Þ stress ¼ internal pressure � sphere radiusð Þ
= 2 � wall thicknessð Þ

In the case of the eye,

Scleral hoop stress ¼ IOP � globe radiusð Þ
= 2 � scleral thicknessð Þ

Downs et al. believe hoop stress (largely determined by
IOP), may have a larger impact on LC stress than ICP [28].
However, though the effect of IOP is likely more significant
than ICP, multiple models of optic nerve head biomechanics
have listed ICP as an important factor contributing to stress
and biomechanics at the optic nerve head [30–32]. Tong
et al. modelled the effect of IOP and ICP on LC depth and
peak strain [32]. They found that as IOP increases, LC
depth and peak strain rise, whereas as ICP increases, LC
depth and peak strain fall. The size of the effects of IOP and
ICP on LC depth were equivalent, whereas the effect of IOP
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on LC peak strain was three times larger than that of ICP. A
stiffer sclera increased LC depth but decreased LC peak
strain, while it increased the contribution of ICP to peak
strain. Sclera stiffens with age, so ICP may play a more
important role in glaucoma in older patients.

If IOP contributes to glaucoma via a direct mechanical
effect on the optic nerve at the LC, it seems likely that ICP
also plays a role.

The optic nerve sheath subarachnoid space
and changes in CSF circulation

RGC axons of the optic nerve pass through pores in the LC
to the optic nerve subarachnoid space (ONS). The LC is a
collagenous membrane attached to the more rigid sur-
rounding sclera. On one side the LC is exposed to IOP from
the vitreous, and on the other to the pressure in the ONS,
which likely bears a close relationship to ICP.

Due to difficulties measuring the LC and ONS pressure
in humans, much evidence regarding pressure effects comes
from animal models. Hou et al. inserted pressure-sensitive
probes into the ONS of eight dogs, and shunted CSF to see
how ONS pressure varied with ICP [33]. They revealed that
ICP and ONS pressure were correlated within a certain
pressure range. Retrolaminar pressure stabilised below 3
mmHg, suggesting a mechanism by which ONS pressure is
maintained when ICP drops. This may occur due to collapse
of the ONS from surrounding orbital tissue pressure when
ICP drops on standing [16, 22]. Morgan et al. carried out a
similar experiment on anaesthetised dogs, using pressure-
sensitive micropipettes to measure IOP, retrolaminar pres-
sure, ICP and ONS pressure [34]. BP was kept stable while
IOP and ICP were varied using infusions of Krebs solution
into the anterior chamber and lateral ventricle. The TLPG
was measured directly by advancing a pipette from the
vitreous through the LC into the optic nerve. Above ICP of

1.3 ± 0.6 mmHg, retrolaminar pressure moved in line with
ICP. However, when ICP fell below 1.3 mmHg, retro-
laminar pressure remained stable. Above ICP of −0.5 ±
0.3 mmHg, ONS pressure was equivalent to ICP. The TLPG
was measured for 17 animals with varying IOP and ICP.
TLPG was then plotted against IOP− ICP. This showed a
strong correlation (r= 0.93, p < 0.01). This not only backs
up the findings of the previous study by Hou et al. that ONS
pressure is equivalent to ICP above somewhere between
−0.5 and 5 mmHg, but it also shows that the TLPG in
anaesthetised dogs is directly dependent on IOP and ICP.
Orbital tissue pressure (3 mmHg) in humans may prevent
ONS pressure falling below this level when standing.

The structure of the ONS may affect the transfer of ICP
to the LC. Killer et al. performed a histological analysis of
12 human optic nerves using electron microscopy [22].
They found a series of collagenous trabeculae and septa
within the ONS, connected by perforations. This structure
may reduce the speed of CSF flow and contribute to
homeostasis of ICP at the LC in order to stabilise the TLPG.
The observation that nerves can be affected to differing
degrees by raised ICP further supports the idea that ICP
may not be continuous across the entire subarachnoid space
[35]. Equally, optic canal size has been correlated with
nerve damage and more severe papilloedema in IIH inde-
pendently of ICP [36].

Other studies have looked at CSF inflow to the ONS.
Mathieu et al. injected a fluorescent tracer into the CSF of 2-
month old (n= 9) and 10-month old (n= 8) DBA/2J
glaucoma mice and age-matched controls (n= 16) [37].
Tracer distribution was assessed using confocal microscopy
of optic nerve cross sections. In the 10-month-old group,
CSF tracer intensity and signal distribution were sig-
nificantly decreased (p < 0.005), suggesting that glaucoma-
tous mice have reduced inflow of CSF to the ONS. Killer
et al. examined CSF exchange between the ONS and
intracranial space in 18 NTG patients and four controls
using CT cisternography [38]. Subjects underwent LP to
remove 10 ml of CSF and inject 10 ml of contrast agent
(iopamidol) before undergoing CT and measurement of
contrast levels in the ONS and basal cisterns (in Hounsfield
Units). Mean density of contrast agent in the ONS, (but not
in the basal cisterns) was significantly less in the NTG
group than the control group (p < 0.006). This study again
suggests impaired inflow of CSF to the subarachnoid space
in NTG patients. These papers assume concentration of a
contrast agent within the CSF can be used to demonstrate
distribution of CSF. It is possible that the structure of the
ONS prevents influx of contrast more significantly than it
prevents influx of CSF.

CSF entry to the ONS may be impaired both in glaucoma
and in papilloedema. Inflow of CSF to the optic nerve may
also be important for nutrient delivery and toxic metabolite

Fig. 1 Forces acting on the lamina cribrosa
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clearance. Killer et al. have described an “optic nerve sheath
compartment syndrome” in one patient with optic nerve
sheath meningioma [39]. CSF samples from the patient’s
ONS showed elevated levels of albumin, IgG, and beta-
trace protein compared with lumbar CSF, supporting the
theory that the composition of CSF in the ONS in patho-
logical states may differ to that of CSF elsewhere. However,
in this patient the sample of “CSF” may have been com-
posed of interstitial fluid originating in the optic nerve itself.
A proportion of CSF is not produced in the choroid plexus
but originates as interstitial fluid from perivascular spaces
[40]. The ONS likely has a higher proportion of this fluid
than CSF elsewhere.

On the other hand, studies have shown optic nerve sheath
diameter (ONSD) is correlated with ICP and can be used to
non-invasively detect changes in ICP with MRI or ultra-
sound [41–43]. This suggests ICP is transmitted to the
ONS. Cennamo et al. compared ONS diameter at 2–5 mm
behind the globe in 53 eyes of 27 patients with glaucoma
and compared them with 64 normal eyes of 32 controls.
ONS was measured with A-scan ultrasound. They showed
ONS was significantly smaller in glaucomatous eyes com-
pared with normal eyes (p= 0.001) [44]. Conversely, Killer
et al. found enlarged ONSD measured by CT in 38 NTG
patients undergoing CT cisternography and normal ICP
measured by LP [45]. ONSD was compared with 38 eyes of
38 controls who had had standard cranial CT performed
previously as part of a work-up for suspected stroke.
However, the control group was not a representative sample
(they were undergoing CT for suspected stroke), and they
did not undergo CT cisternography or LP. The authors
comment on the ICP in the NTG group without comparing
with their control group. This study may simply show that
CT cisternography increases ONSD.

CSF turnover approximately halves from birth to old age,
and is significantly reduced in Alzheimer’s and normal
pressure hydrocephalus (NPH) [46, 47]. This may cause a
build-up of neurotoxins. Some studies suggest patients with
these two diseases have a higher prevalence of glaucoma,
and glaucoma prevalence increases with age [48, 49].
Conversely a large longitudinal study found no increased
risk of Alzheimer’s in patients with glaucoma [50]. As in
the CSF of Alzheimer’s and NPH patients, the vitreous fluid
of patients with glaucoma contains low levels of β-amyloid
and high levels of tau [51]. While reduced CSF turnover
and build-up of neurotoxins may play a role in these three
diseases, this does not rule out the role of low ICP in the
pathogenesis of glaucoma.

The fact that the ONS is a blind-ended sheath, is lined
with perforated septa and trabeculae, and is affected by
orbital tissue pressure, likely prevents acute fluctuations in
ONS pressure. These factors may also prevent ONS pres-
sure falling below a certain level when standing. This may

have protective significance. However, ICP will be trans-
mitted to the LC, as the subarachnoid space is continuous
with the ONS. When lying flat at night, ICP in the brain
rises. Therefore, these structural factors will have less
influence on ONS pressure, and ICP measured in the lateral
decubitus position (as in the case of studies relating to ICP
measured by lumbar puncture), can be considered as similar
to ONS pressure when lying flat. There is likely, however,
to be a reduced turnover of CSF within the ONS, and this
may cause a reduction in clearance of neurotoxins, which
may contribute to the pathogenesis of glaucoma via an
entirely different mechanism than an increase in the TLPG.

The lamina cribrosa

If the TLPG contributes to glaucomatous optic neuropathy,
a thinner LC should also contribute, as it would lead to a
higher TLPG. Park et al. measured LC thickness using
enhanced depth imaging optical coherence tomography
(EDI OCT) in 137 glaucoma patients (NTG and POAG) and
49 controls [52]. They found the LC was significantly
thinner in POAG patients than controls (237.82 ± 40.23 µm
vs 348.14 ± 23.41 µm), and was significantly thinner in
NTG patients than POAG (175.11 ± 22.60 µm vs 237.82 ±
40.23 µm, all p < 0.001).

Kwun et al. compared 102 eyes of 51 NTG patients with
unilateral visual field (VF) defect and 47 eyes of 47 normal
controls [53]. Optic nerves were scanned using swept
source (SS) OCT. LC thickness was measured and corre-
lated with VF mean deviation (MD). They found mean LC
thickness of normal fellow eyes was thicker than VF-
affected eyes in NTG patients (p < 0.001), but thinner than
normal eyes (p < 0.001). In VF-affected eyes, areas of the
LC correlated with a VF defect were significantly thinner
than horizontally contralateral locations (p < 0.001).

Jonas et al. performed a histological analysis of the LC in
29 highly myopic glaucomatous eyes and 7 highly myopic
normal eyes, and compared them with a control group
composed of 42 eyes enucleated due to malignant choroidal
melanoma (non-highly myopic normal group) and 11 eyes
affected by angle-closure glaucoma (non-highly myopic
glaucomatous group) [54]. They found open angle glau-
coma, angle-closure glaucoma and myopia were sig-
nificantly associated with a thinner LC (p < 0.001). Bae
et al. found that optic nerve head radius on OCT was sig-
nificantly correlated with myopia [55]. Girkin et al. com-
pared the structure of the LC in 19 cadaveric eyes of
African descent with 45 cadaveric eyes of European descent
[56]. They found the LC in African eyes was significantly
thinner with a significantly higher radius. These studies may
explain why glaucoma is more prevalent in African-
Caribbeans and high myopes, (a thinner LC leading to
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increased TLPG, and a greater LC radius leading to
increased stress), and why in some patients parts of the optic
disc rim are more vulnerable to damage than others (cor-
responding with thinner parts of the LC) [57, 58]. A thinner
LC could also cause nerve damage via greater distortion.

The TLPG should push the LC towards the brain (IOP is
higher than ICP), so if there is some deformability in the LC
it should be more posteriorly displaced in glaucoma than in
normal subjects. Li et al. used EDI OCT to measure LC
depth in 26 high tension glaucoma (HTG), 26 NTG, and 25
normal patients [18]. LC depths were significantly greater in
HTG than in NTG eyes and in NTG than normal eyes (p <
0.05). The difference between HTG and NTG eyes suggests
non-mechanical factors may also contribute to NTG. Kim
et al. used SS OCT to compare peripheral LC depth in 90
patients with POAG to 90 age-matched controls [19]. LC
depth was significantly higher in POAG patients than in
controls (p < 0.05). Multivariate regression showed
increased LC depth was significantly associated with
increased baseline IOP and decreased VF MD (all p < 0.05).

Lee et al. performed EDI spectral domain (SD)-OCT pre
and post treatment on 100 eyes of 100 patients either newly
diagnosed with glaucoma or who had undergone trabecu-
lectomy surgery [59]. Mean IOP was reduced from 21.2 to
10.5 mmHG (p < 0.001) and mean LC depth reduced from
585 ± 161 µm to 529 ± 127 µm (p < 0.001). This fits with a
reduction in IOP causing a reduction in the TLPG and
therefore a reduction in the posterior displacement of the
LC. However, in 41% of eyes (primarily in older patients)
LC position did not reverse, suggesting structural factors
play a role in LC deformation.

Yan et al. carried out an experimental study on ten pairs
of cadaveric human eyes [60]. Ten eyes were exposed to 50
mmHg of pressure for 24 h and ten control eyes to 5 mmHg
for 24 h before being fixed. Photomicrographs were used to
analyse the shape change, and demonstrated elevated IOP
caused the LC to deflect posteriorly without changing its
thickness, suggesting dominant shear forces at the periphery
of the LC, which is in keeping with the observation of focal
rim damage in glaucoma.

Perez-Lopez et al. report a case of a 28-year-old patient
who underwent optic nerve sheath fenestration for IIH that
suggests alterations in ONS pressure can also cause dis-
placement of the LC [61]. The patient underwent EDI SD-
OCT pre op and on day 1 post op. The anterior surface of
the patient’s LC reversed its preoperative position by an
average of 137 µm post op. Morgan et al. experimentally
adjusted IOP and ICP in eight dogs, and found that
increasing IOP caused posterior LC displacement, whereas
increasing ICP caused anterior LC displacement [62].

Conversely, Hayreh argues that the LC is a firm band of
connective tissue that does not distort significantly, and that
therefore ICP does not play a significant role in glaucoma

[17]. They report that studies on enucleated human and
primate eyes demonstrated bowing back of the LC by only
15–86 µm when IOP was increased acutely to 30–60 mmHg
[60]. However, the acute situation in cadaveric human eyes
or primate eyes may not mirror reality, 86 µm may be sig-
nificant when LC thickness is 378.1 µm, and further
deformation may occur over time [63]. Regardless, refer-
encing the formula outlined earlier in this article, although
LC deformation will vary depending on its stiffness, the
stress in the LC and structures running through it will not.

According to the formula in Fig. 1, increasing LC radius
should increase stress on the LC. Equally, Sigal developed a
computational model of the eye that suggests peak tensile
strain within the LC will increase as LC radius increases,
though strain within the prelamina neural tissue may reduce
in the presence of stiff postlaminar neural tissue or com-
pliant sclera [64]. While Afro-Caribbean and myopic sub-
jects tend to have a larger LC radius and a higher risk of
glaucoma, this literature review revealed no papers that
have examined a direct correlation between LC radius and
glaucoma; this requires further investigation [55–58].

Is ICP lower in patients with glaucoma?

The most convincing studies linking low ICP with glau-
coma are two large retrospective reviews and two pro-
spective studies by two groups where LP was used to
measure ICP (Table 1) [13, 26, 27, 65]. Ren et al. pro-
spectively compared ICP in 14 NTG patients, 29 POAG
patients and 71 age-matched controls [13]. The controls
underwent LP (in the lateral decubitus position) for neuro-
logical investigation. Exclusion criteria were any factors or
disorders that could influence ICP. NTG patients had not
used glaucoma medication for at least 1 month, while the
POAG group continued on medication. TLPG was calcu-
lated as IOP− ICP. ICP was significantly lower in the NTG
group than the POAG group (9.5 ± 2.2 vs 11.7 ± 2.7 mmHg,
p= 0.01), in whom it was significantly lower than the
control group (11.7 vs 12.9 ± 1.9 mmHg, p < 0.001). In a
multivariate analysis, VF loss was significantly (p= 0.005)
associated with the TLPG, whereas the IOP and ICP alone
were not significantly associated. This suggests a correla-
tion between the TLPG and glaucoma is not due simply to
the inclusion of IOP in the formula. In the control group,
ICP was significantly correlated with systolic and mean BPs
(r= 0.24, p= 0.04) and IOP (r= 0.76, p < 0.05). The
TLPG was not significantly associated with BP (p= 0.97).
In glaucoma groups, there was no significant relationship
between IOP, ICP, and BP, or between TLPG and BP. All
groups had similar BPs. In this group there was no evidence
for the role of BP as a confounder when analysing the
relationship between glaucoma and ICP.
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Ren et al. published another prospective study correlat-
ing neuroretinal rim area measured by confocal scanning
laser tomography (HRT) with the TLPG (IOP− ICP mea-
sured by LP), in 22 patients with high-pressure glaucoma
(no washout), 13 with NTG (washed out for 1 months), and
17 with OHT [27]. It is unclear whether the glaucoma
patients in this study were also used in the previous study
by Ren et al. The OHT subjects were significantly younger
than the glaucoma subjects (p= 0.02) but TLPG was not
significantly associated with age. Neuroretinal rim area
showed a trend towards an association with age in the left
eye (p= 0.57 for right eye, p= 0.06 for left eye). ICP was
significantly higher in the OHT group (16 ± 3 vs 11 ± 3
mmHg, p < 0.001). A multivariate analysis using TLPG,
ICP, and IOP as dependent parameters revealed the neu-
roretinal rim area was significantly associated with the
TLPG (p= 0.04, unstandardised coefficient B: −0.13; 95%
CI −0.26 to −0.01).

Berdahl et al. conducted two retrospective reviews of
medical records from the Mayo Clinic. In the first of these
they examined the records of 31,786 subjects who under-
went LP (in the lateral decubitus position) between 1996
and 2007 [26]. A total of 28 patients with POAG and 49
controls were compared. All subjects had a documented eye
examination including IOP and cup-to disc ratio, and had no
medical conditions or medication known to affect ICP.
Indications for LP were similar between both groups aside
from headache (more common in control group, p < 0.05),
and radiculopathy (more common in POAG group, p <
0.05). HTN was more common in the POAG group (p <
0.05). Mean ICP was lower in the POAG group than the
normal group (9.2 ± 2.9 vs 13.0 ± 4.2 mmHg p < 0.00005).
Multivariate analysis showed that cup-to-disc ratio was
associated with lower ICP (p < 0.0001), whereas headache
as an indication for LP was associated with higher ICP (p <
0.05); ICP was not associated with VF MD or HTN. As
headache was associated with higher ICP, and headache
was more common in the control group, this could have
been a confounder.

Berdahl et al. then went on to examine a larger group of
62,468 subjects who had LP between 1985 and 2007 [65].
These included subjects from the previous study. Overall,
57 subjects with POAG, 11 with NTG, 27 with OHT, and
105 age-matched controls were analysed for a relationship
between ICP and other variables. ICP was significantly
lower in POAG compared with controls (9.1 ± 0.77 vs
11.8 ± 0.71 mmHg, p < 0.001) and NTG compared with
controls (8.7 ± 1.16 vs 11.8 ± 0.71 mmHg, p < 0.01). ICP
was higher in OHT than controls (12.6 ± 0.85 vs 10.6 ±
0.81, p < 0.05). CSF protein concentration was significantly
lower in the POAG than control groups (58.1 vs 68.1, P <
0.05), as it was in NTG than control groups (45.5 vs 68.1,
p= 0.01). The mean TLPG (IOPmax− ICP) was

significantly higher in POAG and NTG patients as com-
pared with age-matched controls (11.6 ± 11.0 mmHg vs
7.4 ± 4.8 mmHg vs 3.3 ± 4.0 mmHg, p < 0.01). The TLPG
was significantly higher in the OHT group vs age-matched
controls (11.5 ± 5.1 mmHg vs 5.2 ± 3.8 mmHg, p < 0.05).
The finding of a higher TLPG in OHT patients may have
been primarily due to a high IOP in this group, but it sug-
gests that a high TLPG is not always associated with
glaucoma. Berdahl’s group did not measure LC thickness,
which would have affected the TLPG. Absolute values for
BP were not analysed, although the prevalence of hyper-
tension was not significantly different between groups and
their controls (p ≤ 0.10). Multivariate analysis correcting for
variables predictive of ICP (including headache) found
POAG and NTG were independently associated with lower
ICP, and OHT was associated with higher ICP.

This group of studies by Ren et al. and Berdahl et al.
demonstrate a correlation between low ICP and glaucoma,
and high ICP and OHT, when ICP is measured by LP.
Absolute BP was not correlated with ICP, although BP was
only measured by Ren et al., and nocturnal BP was not
recorded. However, in their first study, Berdahl et al. found
HTN was more common in the glaucoma subjects, sug-
gesting that low BP was not responsible for low ICP in
this group.

Non-invasive methods have also been used to examine
the link between ICP and glaucoma. These studies are
generally less convincing.

Wang et al. measured ONS width (ONSW, calculated as
half the ONSD—half the optic nerve diameter) using MRI
as a surrogate for orbital CSF pressure in 18 subjects with
POAG, 21 with NTG, and 21 age-matched controls [25].
Subjects were not included if they had any medical history
or were on any medication that could influence ICP. Sys-
tolic and diastolic BP was similar across groups. The
ONSW was less in the NTG group than the POAG and
control groups at 3, 9, and 15 mm behind the globe (p=
0.002). ONSW was not significantly different between
POAG and control groups. This differs from the previously
mentioned study by Cennamo et al., which found that ONS
diameter measured by US was significantly lower in 53 eyes
of patients with POAG as compared with 64 normal control
eyes [44]. Pinto et al. compared ONSD measurement using
US at 3 mm behind the globe in 46 patients with NTG, 61
with POAG, and 42 controls from cataract clinics [66]. In
contrast to the two previously mentioned studies, they
found no significant difference in ONSD between groups.

Siaudvytyte et al. correlated ICP measured using two-
depth Transcranial Doppler with neuroretinal rim area and
retrobulbar blood flow in 40 patients with NTG [67]. Lower
ICP was correlated with decreased neuroretinal rim area on
confocal laser scanning tomography (r= 0.51, p= 0.001).
Patients with ICP < 8.3 mmHg had significantly lower
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ophthalmic artery blood flow velocities than those with ICP
> 8.3 mmHg (p < 0.04). This study suggests that low ICP is
associated with nerve damage in NTG, but also suggests
that low ICP may be linked to poor blood supply at the
nerve head. However, it is not yet conclusively shown
whether ICP can be accurately measured using Transcranial
Doppler as used in this study.

Lee et al. used a previously established formula to esti-
mate ICP in 12,743 Koreans who participated in the Korean
National Health and Nutrition Examination Survey [68].
ICP in mmHg was estimated as =0.5× BMI+ 0.16× dia-
stolic BP− (0.18 × age in years)− 1.91 [69, 70]. TLPG was
calculated as IOP− ICP. A total of 12,069 controls without
glaucoma were compared with 674 NTG subjects. The
NTG subjects were significantly older than controls (p <
0.001) and had a higher prevalence of HTN (P < 0.001).
Estimated ICP and TLPG were significantly different
between control and NTG groups (ICP 11.69 ± 0.04 vs
10.76 ± 0.16 mmHg, P < 0.001; TLPG 2.31 ± 0.06 vs
3.82 ± 0.21 mmHg, p < 0.001). This again suggests ICP is
lower in NTG and although (according to the formula), a
higher diastolic BP should give a higher ICP, ICP was
lower in NTG patients, while the prevalence of HTN
was higher. Although the NTG group was older, HTN was
still significantly associated with NTG patients with IOP
< 15 mmHg when adjusted for age and smoking status
(p < 0.001).

Jonas et al. used a similar formula to calculate ICP and
combined this with IOP measured in 4546 subjects in the
Central India Eye and Medical Study to estimate the TLPG
[71]. Patients with glaucoma were categorised as such based
on a glaucomatous appearance of the optic disc. The glau-
comatous group had a significantly higher IOP than the
non-glaucomatous group (17.2 mmHg vs 13.7 mmHg, p <
0.001), a lower estimated ICP (7.6 ± 3.8 mmHg vs 10.0 ±
3.6 mmHg, p < 0.001), and a higher TLPG (9.8 ± 8.2 mmHg
vs 3.6 ± 4.2 mmHg, p < 0.001). An obvious criticism of
papers that correlate formulas like this with glaucoma, is
that age and BP are included in the formula, and these are
independent risk factors for glaucoma, regardless of ICP.

Some work has challenged the link between ICP and
glaucoma. Loiselle et al. measured ICP non-invasively
using distortion product otoacoustic emission (DPOAE)
phase and body position in 30 controls, 17 subjects with
POAG, and 15 with NTG [72]. They found no evidence that
glaucoma subjects had a reduced ICP. However, nine
patients were removed from the between test comparisons
and this method is not a robust means of detecting ICP,
especially in such a small group. A separate study
found that DPOAE only changed significantly with large
(≥15 mmHg) changes in ICP: therefore DPOAE would not
detect the small differences in ICP between patients with
glaucoma and controls [73].

Linden et al. compared ICP and TLPG in 13 NTG
patients with 11 controls using LP and applanation reso-
nance tonometry measured both supine and sitting, with
previously published reference data from a larger control
group (40 subjects) used for a comparison for ICP in the
supine position [74]. They did not find a significant dif-
ference between ICP in NTG and control groups in any
body position. The NTG group in this study was small (n=
13), as was the initial control group (11). Had they not used
extra controls from a different study this would have been
underpowered to detect a significant difference, and con-
trols from another study may not be directly comparable.
Furthermore, if NTG is a multifactorial condition where in
some patients other factors such as optic nerve head blood
supply contribute more than ICP, a small group is unlikely
to detect a significantly lower ICP.

Pircher et al. carried out a small retrospective review of
38 patients who had progressive NTG and had undergone
LP during CT cisternography [75]. TLPG was calculated as
IOP− ICP. TLPG was compared with VF MD. Mean
opening ICP was 11.6 ± 3.7 mmHg. They found no sig-
nificant correlation between TLPG and MD. However, no
power calculation was performed, and in right eyes they did
find a trend between raised TLPG and MD (ρ= 0.22, p=
0.23). Indeed, they would have been unlikely to have found
a significant correlation between IOP and MD, although this
was not assessed. Furthermore, these were all patients in
whom optic nerve sheath compartment syndrome was sus-
pected, and therefore may have had a condition that would
have confounded results. They did not compare the TLPG
with a control group.

Finally, Igarashi et al. used LP to measure ICP in 20
idiopathic NPH patients (11 with NTG with 9 without) [76].
They found ICP was significantly higher in the NTG group
(10.8 ± 2.9 vs 8.3 ± 1.4 mmHg, p < 0.005). Although inter-
esting, this was a small study and patients with NPH (with
reduced CSF turnover) may not be representative of the
larger population.

Does reducing ICP cause glaucomatous optic
neuropathy?

Studies that suggest low ICP is a causative factor in glau-
coma, not simply a correlated finding, include those where
ICP has been reduced and this has subsequently induced
glaucomatous optic nerve changes. Gallina et al. reported
that NPH patients who receive ventriculoperitoneal (VP)
shunts (which can significantly lower ICP), have a sig-
nificantly increased risk of NTG compared with the general
population (9/22 or 41% of patients) [77]. Twenty-two
patients with NPH who had received VP shunt surgery at
least 6 months earlier were screened for NTG. A total of 9/
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22 patients were diagnosed with NTG and had an average
vertical cup-to disc ratio of 0.69 vs 0.54 in the non-NTG
group (p < 0.001). The median opening shunt valve pressure
in the patients with NTG was 6.6 mmHg, and in the non-
NTG group was 8.1 mmHg. This suggests that patients with
lower pressure valve settings were more likely to be diag-
nosed with NTG, although unfortunately the paper gives no
p-value for the difference in mean opening pressure
between these groups. Patients with NTG had their shunt
fitted an average of 5.3 years previously, whereas those
without NTG had it fitted an average of 3.4 years earlier.
This fits with the hypothesis that a lower ICP causes glau-
comatous nerve damage that increases over time. One cri-
ticism of this paper regards its diagnostic criteria for NTG.
NTG was diagnosed in patients with an IOP < 21 mmHg,
CCT ≥ 520 µm, cup-to-disc ratio > 0.5 in association with
MD ≤ 2dB and PSD > 2 dB. OCT and optic nerve head
pictures were independently evaluated by an ophthalmolo-
gist to assess concordance (figures for concordance not
given). Ideally, they should have compared the prevalence
of NTG using their diagnostic criteria in an age-matched
control group who had not been shunted, or used a more
robust definition of NTG. Furthermore, the prevalence of
glaucoma may be higher in all patients with NPH. Chang
et al. found a glaucoma prevalence of 18.1% in this group
(compared with 2–3% in the general population), using a
retrospective review of case notes [49]. However, many of
these patients had been shunted, and the paper does not state
whether glaucoma prevalence was 18.1% before shunt
placement.

Yablonski et al. examined the TLPG in cats by reducing
ICP and lowering IOP in one eye [78]. Optic nerves were
examined histologically after 3 weeks. Eyes with
unchanged IOP and lowered ICP revealed cupping and
posterior displacement of the LC. Eyes with lowered IOP
and less significant changes in TLPG did not show these
glaucomatous changes. Yang et al. inserted a lumbar-
peritoneal shunt in four monkeys to reduce ICP, and
compared these with five control monkeys, who had a
closed shunt inserted [79]. ICP was significantly different
between the intervention and control groups (2.0 ± 0.8 vs.
8.2 ± 2.6 mmHg at 6 months; P < 0.001). Monkeys were
followed up with disc OCTs and photographs for 1 year.
Retinal nerve fibre layer thickness was similar at baseline
but significantly less in the intervention than control
groups at 1 year (89.4 ± 15.0 vs. 100.9 ± 7.4 µm; p < 0.05).
One monkey in the intervention group developed a disc
haemorrhage.

Zhao et al. examined the effect of varying IOP and ICP
on the full field electroretinogram (ERG) in rat eyes [80]. A
cannula was placed in the vitreous of live rat eyes and IOP
varied using saline solution. ICP was varied and measured
using a cannula placed in the lateral ventricle. Above an

IOP of 50 mmHg, both STR (ganglion/amacrine cell func-
tion) and b-wave (bipolar cell function) amplitudes
decreased; this effect was more pronounced when ICP was
reduced (to −5 mmHg), and less pronounced when
increased (to 15 mmHg).

These observational studies suggest that reducing ICP
induces glaucomatous optic nerve changes in patients with
NPH, cats and monkeys, and reduces retinal function
in rats.

Methods of measuring ICP

ICP can be measured directly using LP, however it is
important to bear in mind that ICP varies with body posi-
tion, and therefore most figures for ICP measured by LP
will relate to a recumbent posture, as LP is usually mea-
sured in the lateral decubitus position, with the patient lying
on one side. Continuous monitoring can be performed using
intracranial catheters or micotransducers.

ONSD (measured using ultrasound, CT or MRI) has
been used as a surrogate measure for ICP. If this is a reliable
means of measuring ICP, it suggests ICP is transmitted to
the ONS [41–43, 81]. Other methods include ophthalmo-
dynamometry (measuring venous outflow pressure of the
central retinal vein), tympanic membrane displacement, and
two-depth transcranial doppler (measurement of blood flow
velocities in the intra- and extra-cranial segments of the
ophthalmic artery).

Chen et al. measured ONSD 3mm posterior to the globe
in 84 patients using US prior to and following LP [42]. US
findings were significantly associated with LP (p < 0.01).
Bäuerle et al. found that US measurement of ONSD cor-
relates well with MRI and is reliable at 3 mm behind the
globe but not at 5 mm [81].

Watanabe et al. measured ONSD before and after surgery
using T2-weighted MRI in 12 patients who underwent
craniostomy for subdural haematoma [43]. ONSD was
significantly correlated with manometer measured subdural
pressure (r= 0.879, p= 0.0036).

In contrast to the above studies, Kavi et al. did not find
a correlation between ONSD measured using CT and
invasively measured ICP in 68 patients with intracranial
injuries [82]. However, most patients had presented with
raised ICP which had been reduced medically prior to CT
scan, and nerve sheath expansions may change after
treatment.

The majority of studies show a correlation between
ONSD and ICP, suggesting ICP is transmitted to the optic
nerve sheath. Two studies found lower ONSDs in patients
with NTG and POAG compared with controls, suggesting
lower ICP in these groups [25, 44]. Conversely one study
found no difference [66].
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Confounding factors—the role of blood
pressure

Studies have linked hypotension to NTG, and suggested
that corresponding poor blood supply to the optic nerve
head may cause damage. Hypotension is associated both
with reduced ICP and with reduced IOP [23, 68]. If the
association of glaucoma with low ICP can be explained
through hypotension, then hypotension should be as sig-
nificantly linked with glaucoma as ICP, though the picture
is clouded by the diurnal variation in BP and ICP. Equally,
BP should be shown to influence the TLPG.

Various studies have shown that increasing systolic or
diastolic BP by 10 mmHg is associated with a 0.2–0.85
mmHg increase in IOP [23, 83, 84]. This suggests hyper-
tension is unlikely to be associated with significant increa-
ses in IOP. Studies have linked both hypertension and
hypotension with glaucoma. In the Blue Mountains Eye
Study (n= 3654), hypertension was significantly associated
with POAG, independently of the effect of BP on IOP [84].
Conversely, in African-descendent participants of the Bar-
bados Eye Studies (n= 3222), the relative risk of POAG
was reduced with higher BP [85].

Perhaps anti-hypertensive treatment increases glaucoma
risk. A regression analysis in the Thessaloniki Eye Study
(n= 232) found that cup area and cup-to-disk ratio were
increased in patients with a diastolic BP < 90 mmHg as a
result of anti-hypertensive treatment, as compared with
those with a diastolic BP < 90 mmHg without treatment or a
diastolic BP > 90 mmHg [86].

Hayreh et al. carried out ambulatory BP monitoring in
patients with NTG (n= 67), POAG (n= 21), and anterior
ischaemic optic neuropathy (AION) (n= 53) and found a
significantly (p= 0.003) lower nighttime mean diastolic BP
and significantly higher (p= 0.004) greater mean percen-
tage drop in diastolic BP in NTG than in AION patients
[87]. Unfortunately, there was no normal control group in
this study, and BP in AION patients is unlikely to be
representative of normal subjects.

Yilmaz et al. performed ambulatory BP testing on 35
glaucoma patients and 40 controls [88]. Mean daytime
systolic BP of glaucoma patients was significantly lower
than controls (p= 0.008). Nighttime systolic BP was also
significantly lower (p= 0.001). Night and daytime systolic
BP were risk factors for developing glaucoma in multiple
regression analysis.

Graham et al. performed ambulatory BP monitoring in
84 glaucoma patients [89]. No significant differences in BP
dips or mean day or nighttime BP values were found
between NTG and POAG groups. A total of 52 patients
who had been followed for more than 2 years and had at
least six reliable fields were categorised according to pro-
gression (n= 37) or stability (n= 15). No differences were

found between daytime BP measurements. However, at
night, BP was significantly lower in the group showing
progression.

Ren et al. found that the TLPG was not significantly
associated with BP (p= 0.97) [13]. They did, however, find
that ICP was significantly correlated with systolic and mean
BP in their control group (p= 0.04), but not in the NTG or
POAG groups. The formula used by Lee et al. suggests that
raising diastolic BP raises ICP [68].

He et al. examined ERG responses to IOP in live rats as
BP was varied pharmacologically [90]. STR and b-wave
amplitudes were significantly reduced when IOP was
increased above 40 mmHg as mean arterial pressure was
reduced from 161 to 100 to 63 mmHg (interaction p <
0.001, two-way RM ANOVA). This suggests that lower
mean arterial pressures increase the susceptibility of rat
ganglion, amacrine, and bipolar cells to increasing IOP.

The evidence relating to BP and glaucoma is mixed and
complex. Although hypotension may increase glaucoma-
tous nerve damage, this does not necessarily explain the
effect of reduced ICP on the nerve head. Nocturnal
hypotension may cause lower nocturnal ICP, and this is
the period during which differing ICP is likely to play the
greatest role on stress at the LC (due to the ICP drop on
standing and maintenance at ~3 mmHg secondary to
orbital pressure). However, studies associating ICP with
glaucoma and NTG did not measure ICP at night, so
nocturnal dips in BP are unlikely to be responsible for the
low ICP in these patients. Of the two major works cor-
relating glaucoma with ICP, Ren et al. found that BP was
only associated with ICP in the control group, but not in
groups with NTG or POAG, and Berdahl et al. did not
comment on BP [13, 65]. As studies give conflicting
results regarding the role of daytime BP in glaucoma, and
experimental studies suggest lowering ICP independent of
BP can produce glaucomatous nerve damage, it is unlikely
that the association between low daytime ICP and glau-
coma is due to low BP.

Implications for glaucoma management

If a high TLPG contributes to glaucomatous optic neuro-
pathy, this could be reduced by decreasing IOP, increasing
LC thickness, or increasing ICP. We know reducing IOP
slows VF progression in glaucoma, but we do not currently
employ strategies to increase ICP [3]. Lifestyle advice could
include advising patients with NTG to sleep with only a thin
pillow. Caution could be exercised in the use of carbonic
anhydrase inhibitors, as they reduce ICP.

Pharmacological agents which could be used to increase
ICP include vitamin A, caffeine, theophylline, and tetra-
cyclines, though caffeine may also increase IOP [91].
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Han et al. fed drinking water containing caffeine
equivalent to the standard daily consumption in humans to
rats for 3 weeks, and found a significant increase in lateral
ventricle size in 40% [92]. Cross sectional area of lateral
ventricles doubled in treated rats as compared with control
rats. Doubling the caffeine dose did not cause a further
significant increase in ventricle size. Plasma concentration
of caffeine in the 40% of treated rats with ventriculomegaly
was three times higher than in treated rats without ven-
triculomegaly. Caffeine-treated rats demonstrated a sig-
nificant increase in the production of CSF compared with
control rats (5.02 ± 0.15 versus 2.95 ± 0.12 μl/min, p <
0.01). There was a significant increase in expression of the
Na+/K+-ATPase in the choroid plexus of caffeine-treated
rats, and a significant increase in cerebral blood flow as
compared with control rats. Ten rats treated with a one-off
dose of caffeine showed a significantly reduced production
of CSF, suggesting an effect inversion in the acute effects of
caffeine. Caffeine and theophylline (a metabolite of caf-
feine) were shown to be effective for low pressure (post-
dural puncture) headaches in a Cochrane review [93]. The
mechanism of action may be increased CSF production.

Vitamin A has been proposed as a causal factor in IIH,
through an increase in intracranial pressure [94, 95].
Fraunfelder et al. retrospectively reviewed 1950 case reports
of ocular side effects from isotretinoin on spontaneous
reporting systems [94]. They found 179 reports of intra-
cranial hypertension in patients on isotretinoin. The mean
time between starting treatment and development of raised
ICP was 2.3 months. Overall, 48% of cases reported follow
up, and ICP reduced to normal within a few months in all
after stopping the isotretinoin. Six cases were re-challenged
with isotretinoin and re-developed raised ICP. Botton et al.
report on 31 children treated with all-trans-retinoic-acid and
chemotherapy for acute promyelocytic leukaemia [95].
Overall, 16% developed signs of IIH.

Jacobson et al. measured serum retinol concentrations in
16 women with IIH and 70 controls [96]. They found sig-
nificantly higher levels in the IIH group (752 vs 530 ug/L,
p < 0.001). A similar study by Tabassi et al. comparing 20
IIH patients with 20 controls found higher CSF concentra-
tions of retinol in IIH (576 vs 63 nM, p < 0.05), but only a
trend towards higher serum retinol concentrations in IIH
(1003 vs 897 nM, p= 0.1) [97].

IIH has been reported after tetracycline use [98–100].
Friedman et al. report on six patients who developed IIH
during doxycycline therapy, which resolved on stopping
treatment [98]. Gardner et al. review 37 patients with IIH
associated with tetracycline usage [99]. A total of 26/37 had
resolution of IIH on stopping the drug, and 4/37 had
recurrence on re-starting tetracycline. Chiu et al. reviewed
the notes of 12 patients who developed IIH after starting

minocycline [100]. Nine developed IIH within 8 weeks of
starting treatment. None of the patients developed recur-
rences of IIH within 1 year of stopping treatment.

While multiple agents may raise ICP, a treatment for
glaucoma would need to be safe to use for long periods of
time, and therefore caffeine, theophylline and vitamin A are
the most likely candidates.

Conclusions

The formulae for calculating stress within the LC predict that
stress on the optic nerve is dependent on ICP in addition to
IOP, though likely to a lesser extent, (a higher TLPG causing
greater stress). If this is true, patients with POAG and NTG
should generally have low ICP, and patients with OHT high
ICP. The most reliable studies performed to date have con-
firmed these associations [13, 26, 27, 65]. Studies suggesting
otherwise have been underpowered or have not measured ICP
using LP [72, 74–76]. Furthermore, if this is true, patients
with glaucoma should tend to have a thinner LC with a
greater diameter, which is displaced away from the globe
[18, 19, 52, 53]. Effective treatment should reverse LC dis-
placement [59]. Equally, changes in ICP should affect LC
displacement [61, 62]. Optic nerve damage should occur more
significantly at thinner areas of the LC [52, 53]. Patients and
animals having low ICP artificially induced independently of
BP (such as via placement of CSF shunts) should be more
prone to developing glaucomatous nerve damage [77–80].

In our review we find that the majority of research
supports these facts and, taken together, the evidence
suggesting that low ICP plays some role in the pathology
of glaucoma is convincing. Further studies looking at
glaucomatous changes in patients with low ICP (such as
those with CSF shunts) would be helpful. If NPH patients
with low ICP could be shown to develop significant thin-
ning of the neuroretinal rim as compared with NPH
patients with a normal ICP, this would support the theory
that ICP and not simply changes in CSF composition in
these diseases, plays an important role in the pathogenesis
of glaucoma.

We can look ahead to an observational study to examine
the effect of caffeine, theophylline or vitamin A on ICP in
humans, and a randomised controlled trial to analyse the
effect of one of these agents on progression in NTG.
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