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Preface

Glaucoma is well recognized as a pressure-related disease. Although many traditional theories
have been brought up to explain the mechanism of glaucomatous optic nerve damage, such as
mechanical theory and vascular theory, none of them succeeded in revealing the whole truth
about the pathogenesis of glaucoma. More importantly, it was noticed in recent years that, in
Asia, especially in East Asia, the intraocular pressure (IOP) of 60-80% patients with open
angle glaucoma (OAG) was within the normal range. Why would the optic nerve damage still
occur even when the IOP is within the normal range? This challenging yet significant question
has remained unanswered.

In 1976, the effect of low cerebrospinal fluid pressure (CSFP) on glaucoma was, for the first
time, discussed by Volkov V.V. In 1979, Yablonski M.E., Ritch R. and Pokorny K.S. found that
chronic lowering of intracranial pressure (ICP) led to glaucomatous damage in the optic nerve
and put forward the hypothesis that low CSFP might be involved in glaucoma. Yablonski and
colleagues lowered the CSFP to 4 mmHg in the cat model. One eye of the cat was cannulated
to achieve 0 mmHg of pressure, while the other eye was the control. Three weeks later, the
non-cannulated eye developed glaucomatous neuropathy, while the fundus of the eye that was
maintained a lower pressure as similar to the CSFP remained normal. This is the first animal
model that suggested the role of the intraocular and intracranial pressure gradient in glaucoma.
About three decades later, a retrospective study by John Berdahl et al. in 2008 and a prospec-
tive study by Beijing iCOP Study Group in 2010 found that 70-80% patients with normal
tension glaucoma (NTG) had a relatively low ICP, which was the first time that the elevated
trans-lamina cribrosa pressure difference (TLPD) caused by low ICP in NTG was identified
through a clinical observational study. After this breakthrough, a series of studies based on
primate and rat models were carried out worldwide, providing growing evidence that the intra-
ocular and intracranial pressure gradient or TLPD plays an essential role in the mechanism of
optic nerve damage in OAG. However, at the same time, a number of studies have also proved
that the pressure gradient theory or TLPD theory alone cannot explain the development of all
types of glaucoma, and it only serves as a potential pathogenesis for a certain proportion of
NTG patients.

In 2016, the Beijing iCOP Study Group organized the first “Intraocular and Intracranial
Pressure Gradient Related Diseases International Summit” (IIPGD Summit) and invited top
experts in this field from all over the world to introduce and share their research results. After
candid and spirited discussion, all the speakers reached an agreement on publishing a book that
covers all the presented research results. The book reviews all the research results in this field
from the beginning to the present, summarizes the consensus built, presents different view-
points and proposes future research directions in the field.

Recently, there were several important articles on this theme published. Linda et al. used a
more accurate method to calculate the TLPD and reported that NTG patients have normal
ICP. This inconsistency between our research results was caused by difference in small sample
sizes in all studies, and racial difference should also be considered, which has inspired us that
an international cooperative study covering different ethnic groups based on a standard proto-
col would be of great interest. In addition, Gallina et al. reported that 9 out of 22 patients with
normal pressure hydrocephalus who were treated with ventriculoperitoneal shunt placement to
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lower the cerebrospinal fluid pressure developed NTG, which provides stronger evidence on
the role of CSFP in glaucomatous optic neuropathy. More recently, Sawada et al. observed
focal lamina cribrosa (LC) defect in patients with myopia. The results showed that compared
with progressive visual field defect group, non-progressive visual field defect group had more
eyes with LC defect. Meanwhile, the baseline IOP was lower in eyes with LC defect. These
findings suggested that LC defect may have contributed to the pressure balance between IOP
and CSFP, resulting in a lower TLPD and thereby protecting LC from mechanical force.
Unfortunately, all the manuscripts have already been submitted to the publisher when these
articles were published. Therefore, the results of these remarkable researches were not included
in this book.

This is a fascinating field with many possibilities to explore: Is there a non-invasive method
for TLPD measurement? Is it possible to achieve simultaneous measurement of IOP and ICP
fluctuations? Is a treatment that reduces the TLPD by appropriately increasing ICP feasible?
Can we develop a surgery that can resume the pressure balance between IOP and ICP?

The successful publication of this book would not have been possible without the input,
help and support from many. To start with, I would like to convey my sincere gratitude to all
the authors for their hard work and their incredible support. In addition, my heartfelt apprecia-
tion goes to all the members of the preparation working group (Dr. Liu Xiangxiang, Ms.
Mayinuer Yusufu, Dr. Zhang Ye) who have put a great amount of effort and time in the prepara-
tion of this book. I also thank all my family members and friends, especially my loving wife
and lovely daughter, whose moral support has been a great motivation. At the time that this
book is officially published, it will have been 3 years since the first “IIPGD Summit” was held.
According to the agreement reached at the meeting, we are about to host the second “IIPGD
Summit”. I would like to take this opportunity to invite all the readers who are interested in this
theme to attend the meeting.

Last but not least, with this book, I would like to pay the highest respect to all the research-
ers who have made their unique contribution to the advancement of this field by proposing
hypotheses and carrying out a great amount of research work!

Beijing, China Ningli Wang
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Road Map for the Pathogenesis
of Glaucomatous Optic Neuropathy

Ningli Wang

Glaucoma has been recognized for several hundred years.
Initially, it was defined as an eye disease of characteristic
structural change of optic nerves and specific visual field
change caused by increased intraocular pressure (IOP).
However, when we comprehended the development and prog-
ress of glaucoma only limiting to the perspective of the eye
itself, we could hardly interpret some problems we encoun-
tered clinically. For example, some glaucoma patients’ IOP is
in the normal range (normal-tension glaucoma); some people
have long-term IOP higher than the normal range, and there is
no pathological change of their optic nerves though; some
glaucoma patients have IOP controlled in normal range by
drugs or surgeries, while impairment of their optic nerves and
vision is still gradually worsening; and some patients with dis-
ease of the nervous system have glaucoma at the same time.
Are those phenomena occasional, or are there some correla-
tions not yet discovered? In order to answer above questions,
the ophthalmologist have started to explore the structures
beyond the eyeball per se, and proposed an innovative theory
of “trans-lamina cribrosa pressure gradient”, a concept that
defines glaucoma as ““a disease of central visual pathway” by
considering both ocular pathological changes and body fluid
circulation, which shall open a new chapter in glaucoma study.

In this article, we reviewed some milestone studies of
“trans-lamina cribrosa pressure gradient in glaucoma” to ret-
rospect the road map for the pathogenesis of glaucomatous
optic neuropathy (Fig. 1.1).

In 1976, Volkov VYV first discussed about the effect of low
CSF pressure on glaucoma [1]. In 1979, Yablonski ME,
Ritch R, and Pokorny KS found chronic lowering of intracra-
nial pressure led to glaucoma damage of the optic nerve and
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that simultaneous lowering of IOP prevented damage [2]. At
this time, the hypothesis that low cerebrospinal fluid pres-
sure (CSFp) might be involved in glaucoma was proposed.

Thirty years later, two clinical studies, a prospective study
from Tongren Hospital [3] and a retrospective study from
Duke [4], both found that cerebrospinal fluid pressure was
low in NTG patients. These are pioneer clinical studies
focusing on the role of CSFp in the pathogenesis of glau-
coma. The same study groups did some further studies based
on the concept of trans-lamina cribrosa pressure difference
(TLPD). The results suggested that the TLPD as compared to
the IOP was significantly better correlated with cup to disc
ratio, rim width, and visual field loss [5]. This may provide
some indirect evidence that the CSFp might play some role
in the pathogenesis of glaucomatous optic neuropathy.

Followed by this lead, the same study groups found that
body mass index (BMI) had a positive linear relationship
with CSFp, whereas IOP was unaffected by BMI and CSFp
[6, 7]. This finding indicated that the higher BMI may be a
protective factor for glaucoma.

In 2011, Mader et al. [8] first reported that after long-
duration space flight, optic disc edema, globe flattening, cho-
roidal folds, and hyperopic shifts were observed in astronauts.
This finding proved that zero-gravity environment may cause
CSFp elevation and a reversal TLPD. As the optic change of
the astronauts was opposite of the glaucomatous neuropathy,
we may speculate that the TLPD-related conditions existed
and breaking the balance of difference between IOP and
CSFp may cause either side of the optic neuropathy.

In practice, lumbar puncture is often used to measure the
CSFp. However, the CSFp at the lumbar area cannot repre-
sent the CSFp around the optic nerve. In addition, there’s no
indication for POAG patients to perform the lumber punc-
ture. Therefore, our team proposed a noninvasive method to
measure the orbital CSFp with MRI [9]. According to the
image, we found that CSFp around the optic nerve was
decreased in NTG patients, which further approved our for-
mer findings (Fig. 1.2).
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Advances in Visual Science and Eye Diseases 1, https://doi.org/10.1007/978-981-13-2137-5_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2137-5_1&domain=pdf
mailto:wningli@vip.163.com

N. Wang

*Dr. Volkov VV

*Yablonski ME
* Chronic lowering ICP led to glaucomatous neuropathy.

*Ningli Wang
* Prospective study , CSFP is lower in NTG.

*The first discussion on low CSFP on glaucoma. ‘ 19?6
1979 @
[ ———— i
*John Berdahl 5 o
| *Retrospective study , CSFP is lower in NTG. * 2000
2010 @
.
Thomas H. Mader ® 2011

* Zero-gravity environment may cause a reversal TLPD.

2012 #
P - L
- g::;::;;:r?tg;yi:irome Hypothesis. t 201.3
2014&
'Zheng Zhang, Ningli Wang . ) * 2015
« Elevation TLPD caused axonal transportation failure. {
2016&?

*Hanruo Liu, Ningli Wang
» Noninvasive B-ultrasound, narrower ONSASA in NTG.

#2017

20156

Fig. 1.1 Milestone studies of trans-lamina cribrosa pressure difference

At the same time, Dr. Killer et al. [10] described a com-
partment syndrome of subarachnoid space of the nerve in
glaucoma first. In the study, they found that the circulation of
CSF in the subarachnoid space of the nerve and the brain
cannot communicate with the CSF around the ventricle, so
the CSF there just keep static around the optic nerve. This is
the new hypothesis that CSF circulation may be disrupted
and a chemical toxic effect may damage the optic nerve.

Recently, our team analyzed the correlation between ICP
and IOP in normal dog models and found three different
stages of the ICP-IOP relationship [11]. There is an ICP-IOP
dependent zone where ICP and IOP change in parallel, so the
TLPD is unchanged. Right below the breakpoint, which is
the second stage, there is also an ICP-IOP independent zone,
where IOP changes no longer parallel ICP changes and lead
to an increasing TLPD. We proposed that the imbalanced
relationship between ICP and IOP may play a role in the
glaucomatous optic neuropathy in patients with lower ICP.

Beijing iCOP study group made the monkey model by
lowering of CSFp by placing the lumbar peritoneal shunt
[12]. After 1 year, we found five out of eight eyes show optic
neuropathy changes similar to glaucoma (Fig. 1.3). Then, we
did the comparative study between high IOP and low ICP
monkey model and found that nearly all the glaucomatous
optic neuropathy-related parameters showed similar changes;
however, the deformation and thinning of lamina cribrosa

*Ningli Wang
* Noninvasive MRI, narrower ONSASW in NTG.

*Diya Yang, Ningli Wang
« Choronic lowering CSFP caused glaucomatous damage in monkeys.

* Cynthia J. Roberts
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only existed in the high IOP model. Moreover, after another
year of observation, there were no any further changes or
damages in the optic nerve and nerve fiber layers in mon-
keys. Why does optic damage ceased?

The same study group used the infinite analysis method to
answer the question. In the infinite model, at the same level
of TLPD, elevated IOP caused more severe deformation than
that in reduced CSFp condition. Moreover, lower CSFp
group exhibited less cup to disc ratio change than that in the
higher IOP group.

Zhang et al. [13] used the lower CSFp rats to observe the
optic changes without the deformation of lamina cribrosa.
They found that both short-term lowering CSFp and acute ris-
ing in IOP were all associated with a disturbance of both the
orthograde and retrograde axonal transport (Fig. 1.4).
Furthermore, the results showed an accumulation of dynein IC
(intermediate chain) at the optic nerve head and retina when the
TLPD dramatically increased. Meanwhile, the kinesin HC
(heavy chain) immunoreactivity in the optic nerve fiber axons
reduced. From this study, we note that the low CSFp or mild
IOP elevation can cause the failure of axonal transport, while
high IOP cannot just cause the failure of axonal transport but
also the direct stress on laminar RGC loss. Therefore, a new
hypothesis was proposed that lower CSFp may only affect axo-
nal transport but have no effect on lamina cribrosa structure,
although TLPD increased with higher IOP or lower CSFp.
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Fig. 1.2 Oblique magnetic resonance coronal T2WI-FRFSE image
with fat suppression for demonstrating the optic nerve sheath complex
(digital field of view 4, window width 2000, window level 1000), taken
at 3 mm (a, d, g), 9 mm (b, e, h), and 15 mm (c, f, i) behind the globe.
(a—c) A 57-year-old healthy man. Note the decreasing optic nerve diam-
eter and ONSASW with increasing distance to the globe. (d-f) A
45-year-old man with high-pressure glaucoma. Note the optic nerve

15mm

3mm 9mm

diameter is smaller than in (a—c). The ONSASW relatively wide and
bright. (g-i) A 40-year-old man with normal-pressure glaucoma. Note
the faint optic nerve subarachnoid space (Reprinted with permission
from Wang N, Xie X, Yang D, Xian J, Li Y, Ren R, Peng X, Jonas JB,
Weinreb RN. Orbital cerebrospinal fluid space in glaucoma: the Beijing
intracranial and intraocular pressure (iCOP) study. Ophthalmology,
2012, 119: 2065-2073 €2061)



Fig. 1.3 (a) Optical coherence tomograms of the optic nerve head in
monkey 1 (OD) and monkey 3 (OS) after lumbar-peritoneal shunting
and reduction of cerebrospinal fluid pressure, taken at baseline (upper
row) and at 12 months of follow-up (lower row). Note reduction in neu-
roretinal rim tissue. (b) Fundus photograph at baseline (left column)
and at 12 months after lowering of cerebrospinal fluid pressure (right

REE-BM Linc

column) of monkey 1. Note decreased visibility of the retinal nerve
fiber layer (Reprinted with permission from Yang D, Fu J, Hou R, et al.
Optic neuropathy induced by experimentally reduced cerebrospinal
fluid pressure in monkeys.[J]. Invest Ophthalmol Vis Sci, 2014,
55(5):3067-3073)

= RPE-BMline

Fig. 1.4 Orthograde axonal transport of rhodamine isothiocyanate
(RITC) in the optic nerve of rats of the control group (a) and in the optic
nerve of rats with an experimental short-term (6 h) reduction in cerebro-
spinal fluid pressure (b), imaged at 1 day after baseline (Reprinted with

permission from Zhang Z, Liu D, Jonas J B, et al. Axonal Transport in
the Rat Optic Nerve Following Short-Term Reduction in Cerebrospinal
Fluid Pressure or Elevation in Intraocular Pressure.[J]. Investigative
Ophthalmology & Visual Science, 2015, 56(8):4257-66)
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Fig. 1.5 The scheme of the
pressures around the optic
nerve (Reprinted with
permission from Hou R,
Zheng Z, Yang D, et al.
Pressure balance and
imbalance in the optic nerve
chamber: The Beijing
Intracranial and Intraocular
Pressure (iICOP) Study[J].
Science China, 2016,
59(5):495-503)

So far, the pressure difference we study now is static. As we
know, IOP and ICP change with the heartbeats and respiratory
rhythm. Professor Cynthia Roberts et al. (unpublished) pro-
posed another hypothesis that ocular pulse amplitude (OPA)
that interacts with cerebral pulse amplitude (CPA) would
cause nerve damage. Of these, the sclera stiffness plays an
important risk factor. So we get the new ideas about the TLPD;
we should not only think it in static but also in dynamics.
What’s more, the optic nerve damage has not only happened in
the site of the laminar cribrosa but all along the optic nerve,
where pressure gradients exist. So the concept of “trans-lam-
ina cribrosa pressure difference” may be changed into “optic
nerve pressure gradient (ONPG)” to be more precise (Fig. 1.5).

In review of the literatures, either in the prospective study
or retrospective study, we found that not every normal-
tension glaucoma patient had lower CSFp [3, 14-17].
Besides the different ICP measurements, some other possi-
ble factors should be considered, such as the different defini-
tions of NTG and racial differences as BMI is related to the
CSFp which was mentioned before. Since all the related
studies have small sample sizes, we suggested that a further
international cooperative study among different ethnic
groups based on standard protocol is in need.

In conclusion, POAG is an entity of diseases that is caused
by various reasons but with characterized optic neuropathy.
The future directions include noninvasive measurement of
CSFp and IOP dynamics and the change of optic blood flow;
therefore, we may have the new classification or the formula
to calculate the risk factors and the technique to rebalance
the IOP and ICP.
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Time to Eliminate “Normal Tension”
in Primary Open-Angle Glaucoma

Diya Yang and Robert N. Weinreb

2.1 Introduction

Glaucoma affects more than 70 million people worldwide
with approximately 10% being bilaterally blind. It is the
leading cause of irreversible blindness in the world [1].
Primary open-angle glaucoma (POAG), perhaps the most
common type of glaucoma, is an optic neuropathy character-
ized by an accelerated loss of retinal ganglion cells [2]. There
is a characteristic excavated appearance of the optic disc
associated with visual field loss.

The biological basis of glaucoma is poorly understood,
and the factors contributing to its progression have not been
fully characterized. A recent JAMA Rational Clinical
Examination systematic review found that the risk of glau-
coma was highest when there is increased cup-disc ratio
(CDR), CDR asymmetry, disc hemorrhage, or high intraocu-
lar pressure [3].

Although intraocular pressure (IOP) is the most important
risk factor for POAG, glaucomatous optic neuropathy can
occur in individuals with IOP within “the normal” range.
Normal-tension glaucoma (NTG) is a term that has arisen to
distinguish such individuals from individuals with high
intraocular pressure [4]. However, considerable evidence has
accumulated suggesting that the term “normal-tension glau-
coma” may not be a separate clinical entity. Rather, it has
been suggested that it is a statistical construct. It is possible

D. Yang

Beijing Institute of Ophthalmology, Beijing Tongren Eye Center,
Beijing Tongren Hospital, Capital Medical University,

Beijing, China

Beijing Ophthalmology & Visual Sciences Key Laboratory,
Beijing, China

R. N. Weinreb (P)

Hamilton Glaucoma Center and the Department of Ophthalmology,
University of California, San Diego, La Jolla, CA, USA

e-mail: rweinreb@ucsd.edu

© Springer Nature Singapore Pte Ltd. 2019

that this term has done more to confuse the diagnosis
and management of POAG than it has done to enhance it.
The criteria that have been used to define NTG during the
past have been highly variable [4]. Perhaps, this term should
be abandoned [5].

2.2  Origin of Normal-Tension Glaucoma

Von Graefe in 1857 first recognized the features of excava-
tion of optic disc without high IOP and described it as
“amaurosis with excavation” [6]. However, he retracted it as
an entity, as he later acknowledged that optic nerves may
vary in their resistance to high IOP and believed that all
excavation of optic disc was due to high IOP [7]. However, it
was not until the advent of the indentation tonometer, several
decades later in 1905, that there was a reliable instrument to
measure [OP [8]. And it only was subsequently that the term
“low-tension glaucoma” [9-11] appeared. A few decades
later, a similar term “normal-tension glaucoma” [12-14]
appeared as well.

Since the IOP among subjects without glaucoma had a
mean of ~16 mmHg and a SD of 2.5 mm Hg, less than 2% of
the general population was expected to have an IOP greater
than ~21 mmHg (mean + 2 SD). It was assumed that those
whose IOP was higher than 21 mmHg either had POAG or
were likely to develop it. As those with high IOP were
“uncommon” in the general population, they were unlikely
to be “normal.” And, “uncommon” became “abnormal” [5].

However, this approach is flawed because IOP distribu-
tion in the population is non-Gaussian and skewed toward
higher pressures. Moreover, population surveys found that a
substantial number of individuals with otherwise typical
POAG had pressure that did not exceed 21 mmHg. Normal-
tension glaucoma then entered our lexicon as a new distinct
clinical entity [15].

N. Wang (ed.), Intraocular and Intracranial Pressure Gradient in Glaucoma,
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2.3  Pathogenesis of Primary Open-Angle

Glaucoma

Although the pathogenesis of POAG is not fully understood,
the elevation of IOP is clearly an important and modifiable
risk factor for POAG that is related to retinal ganglion cell
death. Higher IOP can cause mechanical stress and strain on
the sclera and the lamina cribrosa where the optic nerve
fibers (retinal ganglion cell axons) exit the eye. Thus, retinal
ganglion cell death is associated with high IOP [2].

However, there are several multifactorial disease pro-
cesses in which IOP-independent processes have a role. For
example, local ischemia-hypoxia, excessive glutamate stim-
ulation, oxidative stress and formation of free radicals,
inflammatory cytokines, and aberrant immunity might
increase the vulnerability of the retinal ganglion cells [1].
However, there is still debate on whether these processes are
primary insults along with elevated IOP or they are the result
of an initial optic nerve injury. Such factors are likely to be
different among individuals with respect to the underlying
pathophysiology.

It should be noted that the IOP is not the only pressure at
the lamina cribrosa. Posterior to the lamina, there is another
relevant pressure, the intracranial pressure (ICP). It may act
to counteract IOP. And the pressure difference between IOP
and ICP, the so-called trans-laminar pressure difference [16],
perhaps causes compression, deformation, and remodeling
of the lamina cribrosa with consequent mechanical axonal
damage and disruption of axonal transport. This would cause
a blockade of retrograde delivery of essential trophic factors
to retinal ganglion cells from their brainstem target [17].

Numerous studies have demonstrated the relationship
between ICP and POAG. Wang et al. from the Beijing iCOP
(intracranial and intraocular pressure) study group first dem-
onstrated a low ICP in glaucoma patients with IOP in the
normal range [18]. They also demonstrated by means of both
MRI and ultrasound scan that in those patients the subarach-
noid space of the optic nerve is significantly narrow or col-
lapsed in comparison with normal subjects and glaucoma
patients with high IOP [19, 20].

More importantly, Yang et al. from the iCOP group low-
ered the ICP in nonhuman primates by continuous shunting
of cerebrospinal fluid (lowering ICP) for 1 year, and observed
an appearance that mimics that of glaucomatous optic neu-
ropathy with retinal nerve fiber layer loss and neuroretinal
rim defects on the monkeys [21]. Beyond the association
between low ICP and glaucoma, this study showed a causal
relationship between them.

Most recently, studies with experimentally induced low
ICP have demonstrated blockade of both orthograde and retro-

grade axonal transport at the level of the lamina cribrosa, simi-
lar to what has been found in experimental ocular hypertension
studies [17]. Disrupted axonal transport occurs early in the
pathogenesis of experimental glaucoma with resulting disor-
ganization of microtubules in the prelaminar and postlaminar
regions. Because there also might be mitochondrial dysfunc-
tion, high levels of energy demand may not be satisfied during
periods of stress caused by either high IOP or low ICP.

Although the trans-laminar cribrosa pressure difference
has been suggested as a risk factor for glaucoma, factors like
impaired microcirculation, altered immunity, excitotoxicity,
and oxidative stress also may be related.

2.4  Genetics of POAG

The discovery of the genes that cause glaucoma may help
assess the risk for disease and develop new treatment strate-
gies. Several genes, including myocilin (MYOC, GLC1A),
optineurin (OPTN, GLCIE), and WD repeat domain 36
(GLCI1G), are identified as a monogenic, autosomal domi-
nant inheritance (Mendelian) trait for POAG. However, there
are only less than 10% cases of POAG that can be attributed
to the action of monogenic causing gene [2].

Myocilin was the first reported gene that “causes” POAG
in many juvenile pedigrees, which is usually characterized
by early onset, very high level IOP and greater resistance to
medical therapies [22]. The prevalence of myocilin muta-
tions varies from 3 to 5% in adults with POAG [22-24]. And,
it was estimated that 90% of carriers of myocilin mutations
develop glaucoma phenotype. However, little is known about
the mechanism of myocilin-related glaucoma. It appears that
mutations-altered myocilin protein may be toxic to trabecu-
lar meshwork cells and may lead to dysfunction or death of
the cells, which ultimately disrupted aqueous outflow, ele-
vated IOP [2].

In contrast to myocilin, optineurin was identified as a
glaucoma-causing gene with a pedigree of POAG with nor-
mal level of IOP [25]. Mutations in optineurin lead to mal-
function of neuroprotective role of wild-type optineurin. It
has yet to be identified if optineurin is related to the above-
mentioned trans-laminar cribrosa pressure difference in
POAG [2].

The known glaucoma-causing gene only accounts for
<10% POAG cases. The remaining are likely due to com-
bined actions of several genes and environmental factors. A
growing number of genome-wide association studies
(GWAS) find gene sequences that are statistically more com-
mon in POAG patients than in normal subjects [2]. As the
magnitudes of most quantitative traits are generally
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controlled by a number of genes, it is expected that pheno-
types like POAG with normal level of IOP or low ICP traits
can be identified by large-scale GWAS of POAG to provide
more insights into the pathophysiology of glaucoma.

2.5 Is NTG Clinically Distinguishable

from POAG?

POAG patients with “normal” pressure share the same char-
acteristics of glaucomatous optic neuropathy as those with
“high” pressure. Those patients with “normal” pressure has
been reported in some studies to present with more prevalent
disc hemorrhages and visual field defects in the central
region [10, 26, 27]. However, it is possible that these obser-
vations may be the result of biased ascertainment, as such
patients may be more likely to seek examination.

Moreover, IOP is not a static measure and may well rise
or fall on subsequent examinations. It is reported that sub-
jects in the Baltimore Eye Survey with an IOP lower than
21 mmHg on their initial examination had a 40% chance of
it being greater on their follow-up examination [28]. For
those in whom it had been higher than 21 mmHg on initial
examination, there was a 20% chance of it being lower. And,
IOP fluctuates throughout day and night [29]. IOP behavior
at specific times on a given day does not provide meaningful
information regarding IOP at the same times on other days.
For any given patient, the clinical findings and differential
diagnosis of glaucoma with low and high IOP are
indistinguishable.

In 63 articles that defined the disease entity NTG [4], the
maximum IOP values acceptable for NTG ranged from 17 to
26 mmHg. A significantly greater proportion of recent stud-
ies required maximum IOP values <21 mmHg. Inclusion
criteria based on structural characteristics of the glaucoma-
tous optic disc or on the glaucomatous visual field were pres-
entin 55 (87%) and 56 (89%) articles, respectively. So, many
of the criteria used previously to define NTG have been
highly variable.

And for the management of glaucoma, the treatment strat-
egies for glaucoma with low and high IOP are also similar.
Lowering of IOP is the only proven effective way for manag-
ing of glaucoma.

2.6  Conclusion

The so-called normal-tension glaucoma is a statistical con-
struct that obfuscates the diagnosis and management of
POAG. Measurement of the trans-laminar cribrosa pressure

difference may provide a better understanding of the physi-
ologic basis of glaucoma. More evidence, particularly the
elucidation of underlying genetics, may enhance our under-
standing of glaucoma. At present, the evidence for a distinct
entity of “normal-tension” glaucoma is limited.
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Intracranial and Intraocular
Pressure-Related Diseases

Diya Yang and Ningli Wang

3.1 Anatomy
The optic nerve is the only pair of cranial nerves that pass
through three sealing containers with pressure. First, the retinal
ganglion cell bodies and its gathering of the axons belong to the
ocular container. Then, the rest part of the axons is surrounded
by cerebrospinal fluid along its pathway, until into the third
container, the intracranial container. The connection between
the first two containers is called the laminar cribrosa, which is
the part of the sclera that is pierced by the axons. The intracra-
nial container is a bone structure without space to expand. So,
the intracranial pressure change can severely impair the neuro
structures. At the same time, the ocular container is constructed
with compact fiber tissues, also with no space to expand.
Normally, the intraocular pressure is higher than the intra-
cranial pressure (5—-11 mmHg). When the pressure changes
in the intracranial or intraocular container, the pressure dif-
ference or the pressure gradient can impose a sheared force
on the site that the two pressures meet. Thus, the laminar
cribrosa plays an important role in the pressure-related dis-
ease either from intraocular or from intracranial, as it is the
weakest point of the conjunction.

3.2 Epidemiology

Most of the neurology diseases can affect the intracranial
pressure, such as the tumor, intracranial infectious dis-
ease, trauma, cerebral hemorrhage, etc. Brain tumor is
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ranked among the top ten tumors that cause death. The
prevalence rate of the brain tumor is 130.8 every 100,000
people. It was estimated that there are two million brain
tumor patients in China. Besides the tumor, with the rapid
development of architectural industry and high-speed
vehicles, traumatic brain injury has become one of the
most important causes of death among young people (250
every 100,000 people per year). It was estimated that
among the patients with traumatic brain injury, 40% of
them are dead or disabled due to uncontrollable high
intracranial pressure. Besides the secondary intracranial
pressure change, the idiopathic intracranial hypertension
(ITH) affects more and more people with the rate of obe-
sity rising in China.

On the other hand, many diseases can lead to low intracra-
nial pressure, such as Alzheimer’s disease, idiopathic intra-
cranial hypotension, etc. For example, there are currently six
million patients suffering from Alzheimer’s disease in China,
and the number would grow up to 20 million by 2050. The
change of the intracranial pressure impairs the optic nerve
and causes irreversible vision loss.

Obviously, intraocular pressure causes optic nerve dam-
ages, like glaucoma. And with the development of ocular
surgery, more cases of ocular hypotension also have been
seen. It can be estimated that for diseases that were caused
by intracranial and intraocular pressure change, the blind-
ness rate is 10%. Therefore, in our country, nearly 30 million
people’s visions are threatened by intracranial and intraocu-
lar pressure-related diseases. And among them, 300 are
blind, which account for half of the blind population in
China.

What’s even worse is that the pressure-related optic nerve
impairment is irreversible. Hence, more actions should be
taken to study this kind of disease. It means a brighter and
better life quality for all the patients.
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IOP: A Dilemma in Glaucoma
Diagnosis and Treatment

3.3

Glaucomatous optic neuropathy is the primary cause of irre-
versible blindness worldwide. The main features of primary
open-angle glaucoma (POAG) are the excavation of optic
disk and the thinning of the rim [1]. Elevated intraocular
pressure (IOP) has long been considered responsible for the
development and progression of glaucomatous optic nerve
damage [2]. However, a relatively large number of glauco-
matous optic neuropathy have an IOP in the normal range
(<21 mmHg) [3]. In population-based Handan Eye Study, it
was found that about 80% of Chinese POAG patients had
maximum [OPs less than 21 mmHg over a 24-h period [4].
More interestingly, it was found by the Ocular Hypertension
Treatment Study Group (OHTS) that only 9.5% of ocular
hypertension patients would develop into glaucomatous
optic neuropathy during 5-year follow-up [5].

Why would NTG patients still develop into glaucoma
without high IOP? Are there factors other than IOP contrib-
uting to the pathogenesis of NTG, as the role of IOP in the
pathogenesis of POAG becomes vague and controversial?

3.4 Cerebrospinal Fluid Pressure:

The New Dangerous Factor

Other factors, like vascular dysregulation or impaired blood
flow to the optic nerve, were also hypothesized as the risk
factor for NTG [3, 6], but a purely vasogenic pathogenesis of
optic nerve damage contradicted with the optic disk appear-
ance in NTG [7].

Volkov in the 1970s [8] hypothesized that CSF-P could be
a counterpressure of IOP and may be associated with glau-
coma. Yablonsky et al. [9] also postulated that an abnormally
low CSF-P may be the reason for barotraumatically induced
glaucomatous nerve damage in NTG.

Until recently, both retrospective studies by Berdahl et al.
[10, 11] and prospective studies by iCOP study group [12, 13]
found that the CSF-P is lower in NTG. Moreover, the CSF-P
data in POAG with normal IOP from another study by Jaggi
et al. [14] also revealed a lower CSF-P. Therefore, seemingly
the lower CSF-P better resolves the dilemma of IOP, and a
classification of POAG with high IOP and POAG with low
CSF-P can be adopted.

Trans-laminar Cribrosa Pressure
Difference (TLPD): The Pathogenesis
for Glaucoma?

3.5

Mechanically, CSF-P can act as a counterpressure of IOP, so
the pressure difference between IOP and CSF-P (trans-
lamina cribrosa pressure difference, TLPD) may play an

important role in glaucoma. It is found that the TLPD is cor-
related with neuroretinal rim area (P = 0.006; correlation
coefficient = —0.38) and mean visual field defect (P = 0.008;
r = 0.38). Moreover, the correlation coefficients of rim area/
visual field defect and TLPD were higher than for the asso-
ciations between rim area/visual field defect and IOP or lum-
bar CSF-P alone. Berdahl et al. also described that TLPD
was significantly correlated with cup-to-disk (C/D) ratio
(P <0.0001; r=0.34) [15]. These evidence may suggest that
TLPD may play a stronger role than IOP or CSF-P alone in
glaucoma.

However, there is no method for assessment of the trans-
laminar cribrosa pressure difference in the clinic. A single
lumbar CSF-P measurement can be used for calculating of
TLPD, but it is not a real measurement of the CSF-P in the
retrobulbar space of the orbit. It is urgent to develop a nonin-
vasive way to get an estimate of the orbital CSF-P, since the
direct measurement of the orbital CSF-P is not applicable in
clinic. Due to the principles of elasticity according to
Poisson’s effect, the shape of optic nerve sheaths can be
changed with the change of orbital CSF-P. So, patients with
brain tumors or other diseases that elevate CSF-P can have a
widened orbital CSF space, and patients with intracranial
hypotension have a smaller orbital CSF space. Thus, measur-
ing of the optic nerve subarachnoid space width through
noninvasive imaging technologies can be a surrogate for the
orbital CSF-P. And we found a narrower orbital optic nerve
subarachnoid space in NTG patients as compared with high-
pressure glaucoma [16]. The results suggest a lower orbital
CSF-P in NTG.

3.6 Mechanisms and Clinical Implications
However, it is still hard to say whether the increase of TLPD
is the hypostasis for POAG or just a manifestation. Many
results can be provoked beyond the mechanical environment
change by an increased trans-laminar cribrosa pressure dif-
ference. For example, the increased TLPD may also increase
the strain power of the laminar pore and change the ocular
perfusion status; in addition, reduced CSF flow in the optic
nerve subarachnoid space may cause accumulation of metab-
olites and conglutination between optic nerve and its sheath.
Although Killer et al. [17] suggested compartment of sub-
arachnoid space and showed CSF composition difference in
POAG patients with normal IOP, it is still hard to say whether
the lowering of CSF-P or CSF flow in the optic nerve sub-
arachnoid space happens first or the optic nerve sheath com-
partment happens first. It is rather important in the future to
explore the downstream pathophysiology of the increased
TLPD in POAG to find the true hypostasis.

Moreover, in the context of an increased TLPD in the
pathogenesis of POAG, one may infer that the diagnostic and
therapy patterns for POAG patients may be changed. Thus, it
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seems essential to examine the TLPD in POAG patients.
However, currently, lumbar puncture for POAG patients is
controversial and not applicable in the clinic. Although some
noninvasive ways of measuring intracranial pressure have
been developed, the accuracy and efficacy of these methods
remain dim. More importantly, for TLPD, orbital CSF-P is
the key, but the invasiveness ethically restrains us from
directly measuring it. Finding a noninvasive way to measure
the orbital CSF-P seems essential and applicable. We used
the 3.0 T MRI to measure the optic nerve subarachnoid space
width (ONSASW) as a surrogate for orbital CSF-P in 72
neurological patients with lumbar CSF-P measurement
results and found the algorithms for the associations between
CSF-P and OSASW. Applying these algorithms in the inde-
pendent test group, the measured lumbar CSF-P significantly
matched with the calculated MRI-derived CSF-P. The intra-
class correlation coefficients (ICCs) for the CSF-P assess-
ment based on OSASW were 0.87 [18]. However, the
resolution of MRI and the accuracy and efficacy of this
method should be further examined. Large-scale multicenter
verification of this method should also be explored.

Meanwhile, lowering of IOP still seems the most appli-
cable way of decreasing trans-laminar cribrosa pressure dif-
ference for POAG patients. It may be of interest to see if
there is a way to increase CSF-P noninvasively. However,
surgical procedure which shunts the aqueous humor from the
eye to the optic nerve subarachnoid space can be imagined,
and actually there already have been some similar surgery
cases [19, 20].

3.7 Conclusion

Imbalance of the trans-laminar cribrosa pressure difference
may play an important role in the pathogenesis of glaucoma-
tous optic nerve damage and other intracranial and intraocu-
lar pressure-related diseases. Animal model researches are of
importance and yet to be continued to elucidate the down-
stream mechanisms of increased trans-laminar cribrosa pres-
sure difference in glaucoma optic neuropathy. Rational and
precise procedure of diagnosis and management of POAG
based on trans-laminar cribrosa pressure difference is not
applicable currently, obstacles and problems should be con-
quered, and intensive investigations should be conducted.
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Conciliation of Discrepancy

of Hypertensive Glaucoma

and Normal-Tension Glaucoma
Through Intraocular-Intracranial

Pressure Gradient

Zhigang Fan, Si‘an Liu, and Zhenni Zhao

Glaucoma is the first leading cause of irreversible blindness
worldwide. It is estimated that by the year 2020, 79.6 million
people will suffer from primary glaucoma with 11.2 million
sufferers of bilateral blindness throughout the world [1]. The
key to preventing blindness caused by glaucoma is early
diagnosis and treatment. Clarification of the definition of
glaucoma is important for guiding researches in this field.

Intraocular pressure (IOP) and optic neuropathy have
always been two of the essential core concepts about glau-
coma. As the ophthalmology community is gaining a deeper
and profounder understanding of the relationship between
IOP and glaucoma, the definition of primary glaucoma has
undergone a series of transitions.

The Historical Evolution
of the Definition of Glaucoma

4.1

The evolution of the definition of glaucoma can be classified
into three historical periods:

1. In 1745 Johann Zacharias Platner found the eyeballs of
glaucoma patients were harder than normal; in 1830
William Mackenzie highlighted the importance of ele-
vated IOP in the identification of glaucoma. In this period,
glaucoma was defined as “a disease in which IOP is
elevated.”

In 1857 Von Graefe discovered the pitting atrophy of
optic nerve head (ONH) in glaucoma patients by ophthal-
moscopy and named it “glaucomatous optic neuropathy
(GON).” Then glaucoma was defined as “optic neuropa-
thy caused by elevated IOP.”
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3. In the late twentieth century, the recognition of normal
tension glaucoma (NTG) and ocular hypertension (OHT)
suggested that elevation of IOP is not equal to glaucoma,
and researchers pointed out that the essence of glaucoma
is GON.

4.2 The Transitions of the Definition
of Primary Glaucoma in Recent
Guidelines and Expert Consensuses
4.2.1 Transitions of the Definition of Primary

Open-Angle Glaucoma (POAG)

The recognition of NTG and OHT made researchers come to
realize the complexity of the relationship between IOP and
glaucoma; thus the definition of POAG has been changed.

4.2.1.1 POAG Definition in the Expert
Consensuses in China

In 1987, the diagnostic criteria of POAG were put forward in
a Chinese expert consensus The Preliminary Proposals for
Early Diagnosis of Primary Glaucoma as follows: “Only in
the condition when the anterior chamber angle is open and
IOP >21 mmHg (measured with Goldmann applanation
tonometer) together with GON and/or glaucomatous visual
field defects can POAG be diagnosed.” Also The Preliminary
Proposals mentioned: “In the condition when GON and
visual field defects occur without known reasons, and IOP
keeps in normal range, a diagnosis of NTG can be commit-
ted. In the condition when IOP is greater than the upper limit
of normal range through multiple measurements, yet GON
and visual field defects are not detectable, a diagnosis of
OHT can be committed” [2].

The Preliminary Proposals emphasized that elevated IOP
was necessary for the diagnosis of POAG. On the one hand,
diagnostic criteria of NTG and OHT were described in the
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section titled with “POAG” in the article; on the other hand,
NTG and OHT could not meet the criteria of POAG described
in this article. Therefore, The Preliminary Proposals did not
make the relationship among NTG, OHT, and POAG clear,
which reflected the confusion of the whole glaucoma com-
munity at that time.

In 2008, The Expert Consensuses on Diagnosis and
Treatments of Primary Glaucoma in China (2008) was
published. In this article, POAG was classified into three
subtypes: (1) high-tension POAG (anterior chamber
angle stays open, IOP >21 mmHg together with GON,
and/or glaucomatous visual field defects without other
known reasons which can cause IOP elevation), (2)
NTG, and (3) OHT. The diagnostic criteria of NTG and
OHT are almost identical to those in The Preliminary
Proposals [3].

The latest version of The Expert Consensuses on
Diagnosis and Treatments of Primary Glaucoma in China
was published in 2014. It gave a definition of POAG as fol-
low: “POAG is a chronic and progressive optic neuropathy,
for which pathologically elevated IOP is an important risk
factor. The defining characteristics of POAG include the
acquired atrophy of optic nerve and the loss of retinal gan-
glion cells and their axons.” However, The Expert
Consensuses 2014 kept the same as The Expert Consensuses
2008 in regard to the classification of POAG [4].

The Expert Consensuses 2008 did not provide a defini-
tion of POAG; it implicated that both elevated IOP and
GON could be the defining feature of POAG since OHT
and NTG were both regarded as subtypes of POAG. The
Expert Consensuses 2014 defined POAG as “optic neurop-
athy” and took elevated IOP as a “risk factor,” but what
seems paradoxical is that it still regarded OHT as a subtype
of POAG.

4.2.1.2 POAG Definition by the American
Academy of Ophthalmology (AAO)

In 1996, AAO published their second version of POAG
Preferred Practice Pattern (PPP). For the first time, neither
a visual field defect nor a level of IOP was part of the defini-
tion of POAG. Instead, optic nerve or nerve fiber defects
characteristic of glaucoma were regarded sufficient for defin-
ing glaucoma. PPP 1996 went on to provide a list of pre-
sumed characteristic defects of the optic nerve or nerve fiber
layer: asymmetry, notching, thinning, progressive change,
and nerve fiber layer defects [5]. Later versions of PPP
always keep to the rule that “GON is the only defining fea-
ture of glaucoma.”

In PPP 2016, the definition of POAG is POAG is a chronic,
progressive optic neuropathy suffered by adults, in which there
are a characteristic acquired atrophy of the optic nerve and loss
of retinal ganglion cells and their axons, and this condition is

associated with an open anterior chamber angle by gonioscopy
[6]. The definition of POAG suspect is: a POAG suspect is an
individual with clinical findings and/or a constellation of risk
factors that indicate an increased likelihood of developing
POAG. Any of the following clinical findings in one or both
eyes of an individual with an open anterior chamber angle can
define a POAG suspect patient: (1) an appearance of the optic
disc or retinal nerve fiber layer (RNFL) that is suspicious for
glaucomatous damage; (2) a visual field suspicious for glauco-
matous damage in the absence of clinical signs of other optic
neuropathies; or (3) consistently elevated IOP associated with
normal appearance of the optic disc, RNFL, and visual field.
This definition excludes the angle-closure glaucoma and
known secondary causes for open-angle glaucoma, such as
pseudoexfoliation, pigment dispersion, and traumatic angle
recession [7] (Fig. 4.1).

4.2.1.3 Contrast of POAG Definitions Between
China and America

According to the classification methods proposed by AAO,

the “high-tension POAG” and “NTG” should be collectively

named “POAG,” and “OHT” should be classified as “POAG

suspect.”

The definition and classification of POAG in China put
more emphasis on the important role of IOP. Not only do
they highlight that “pathologically elevated IOP is an impor-
tant risk factor” but also they regard OHT as a subtype of
POAG.

The worry that OHT patients may develop GON and
visual field defects in a period of time is another reason why
OHT is regarded as a subtype of POAG in China. But accord-
ing to “the Ocular Hypertension Treatment Study (OHTS),”
90-95% of patients with OHT will not go on to develop
glaucoma over 5 years [8], and this suggests OHT should be
regarded as a separate diagnosis.

Although a consensus about the definition and classifica-
tion of POAG has not been reached, there is no controversy
about the treatments of the disease. It is universally accepted
that IOP reduction is the only evidence-based treatment
strategy for both POAG and POAG suspect [7, 9]. OHT
patients who are not supposed to suffer from optic injury in
a long time should also reduce their IOP, because this treat-
ment can reduce their risk of developing POAG by 9.5% to
4.5% [8].

4.2.2 Transitions of the Definition of Primary
Angle-Closure Glaucoma (PACG)

The traditional definition of PACG is “the elevation of IOP
caused by the primary closure of anterior chamber angle”
[2]. Inspired by the transitions of POAG definition,
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Fig. 4.1 Transitions of the

definition and classification of The traditional diagnostic criterion of POAG is: Anterior chamber angle is open; IOP is
POAG in America and China greater than the upper limit of normal range; and GON and/or glaucomatous visual field
defects occur, without secondary causes of glaucoma.

A

diagnostic criterion of glaucoma.

The recognition of NTG and OHT challenged the traditional definition and

Transitions of POAG definition
in America

Transitions of POAG definition
in China

A 4

In 1996, for the first time AAO
proposed that GON was the only
defining feature of glaucoma.
Neither visual field defects nor a
level of IOP was in the new
definition of POAG.

A

In PPP 2016, GON is the only
defining feature of POAG. The
disease is classified into 2
sub-types: 1) POAG suspect; 2)
POAG.

A 4

The Expert Consensuses 2008
classify POAG into 3 sub-types:

1) High tension POAG; 2) NTG; 3)
OHT. Although there is not a
clear stating, it implicate that

both GON and elevated IOP could
be the defining features of POAG.

\ 4

The Expert Consensuses 2014
takes GON as the only defining
feature and elevated IOP as a risk
factor of POAG, too. But it still
classifies POAG into high tension
POAG, NTG and OHT, which seems
paradoxical.

“QOcular-Cranial Pressure Gradient Theory”which can rationally explain the
phenomenons of NTG and OHT, is hopeful to clarify the pathogenesis of
glaucoma thoroughly and eliminate all the controversies.

researchers proposed to replace elevated IOP with GON as ISGEO defined PACS, PAC, and PACG as follows:

the defining feature of PACG.

1. PACS: Appositional contact between the peripheral iris

4.2.2.1 The Classification System

and posterior trabecular meshwork in the eye is consid-

by the International Society ered possible;

of Geographical and Epidemiological 2. PAC: An occludable drainage angle and features indicat-

Ophthalmology (ISGEO) ing that trabecular obstruction by the peripheral iris has
In 2002, ISGEO proposed a new definition and classification occurred in the eye, such as peripheral anterior syn-
system of PACG, in which the traditional PACG was classi- echiae, elevated IOP, iris whorling (distortion of the
fied into three subtypes: (1) primary angle-closure suspect radially orientated iris fibers), glaukomflecken lens
(PACS), (2) primary angle closure (PAC), and (3) primary opacities, or excessive pigment deposition on the tra-
angle-closure glaucoma (PACG). The new definition and becular surface. The optic disc does not have glaucoma-
classification highlighted “only when GON occurs can glau- tous damage.

coma be diagnosed” [10]. 3. PACG: PAC occurs together with evidence of GON [10].
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AAO accepted the ISGEO classification, and in PPP
2016, the diagnostic criteria of PACS, PAC, and PACG were
listed [11] in the following chart:

Table 1 Clinical findings that define patients seen with angle-closure

disease
PACS PAC PACG
>180°ITC Present Present Present
Elevated IOP or PAS Absent Present Present
Optic nerve damage Absent Absent Present

ITC iridotrabecular contact, PAS peripheral anterior synechiae

4.2.2.2 PACG Definition in China

The traditional definition and classification of PACG are still
adopted in China, while ISGEO definition has been proposed
for more than a decade.

The Expert Consensuses 2008 defined PACG as acute or
chronic elevation of IOP caused by primary closure of ante-
rior chamber angle with or without GON and visual field
defects. Based on clinical manifestations, it classified PACG
into acute PACG and chronic PACG. Acute PACG was
divided by the traditional approach into preclinical stage, por-
tent stage, acute episode stage, symptomatic relief stage, and
chronic stage. Chronic PACG was divided into early stage,
progressing stage, and late stage. Complete blindness was the
absolute stage [3]. Meanwhile, Chinese researchers proposed
to classify PACG into pupillary blocking type, non-pupillary
blocking type, and multi-mechanism type based on the mech-
anisms in which angle closure happens [12].

The Expert Consensuses 2014 kept the same as The
Expert Consensuses 2008 in regard to the definition and clas-
sification of PACG. But it suggested Chinese ophthalmolo-
gists to adopt ISGEO classification and advocated the
combination of ISGEO classification, classification based on
clinical manifestations, and classification based on angle-
closure mechanisms [4] (Fig. 4.2).

4.2.2.3 Contrast of PACG Definitions

and Classifications Between China

and America
The basic logic of ISGEO definition of PACG is PAC is a spe-
cial disease of anterior ocular chamber, which can increase the
risk of developing PACG but itself is not equal to PACG; only
when GON occurs can glaucoma be diagnosed [13]. This has
been supported by several researches. Surveys found that
acute, symptomatic phase occurs in only a minority of those
with PACG, while a chronic, asymptomatic form of PACG
predominates [14—17]; thus ISGEO proposed that emphasis
should be placed on optic nerve injury and visual loss rather
than symptomatic disease [10]. Other researches indicated that
as many as 60—75% of people suffering from an acute, symp-
tomatic episode of angle closure recovered without optic disc
or visual field damage at least in the short term [18, 19], which
suggests that PAC should be a separate diagnosis.

Some Chinese researchers found the ISGEO definition
disputable and pointed out that: “There is a causal relation-
ship among PAC, elevation of IOP and occurrence of GON,
although PAC cannot cause GON immediately, but the
occurrence of GON is almost inevitable. So it’s not suitable
to regard PAC as a separate diagnosis” [20]. In a cohort
study, 28.5% of PAC patients developed GON in a 5-year
time [21]. In another study, several years after suffering from
acute primary angle closure, 17.8% of subjects examined
were blind in the attack eye, and almost half had glaucoma-
tous optic nerve damage [22].

Jian Ge [23] commented: “The radical divergence
between these two definitions is whether PACS and PAC are
separate diagnoses or just the early stages in the course of
PACG. But it’s hard to get a conclusion because the studies
about the natural history of PACG are still scarce. Besides,
ISGEO definition does not reduce clinical interventions
since both PACS and PAC need to be treated too.”

ISGEO classification has its advantages because it
highlights the dynamic development in the genesis and
progression of the disease and reflects the important sig-
nificance of early screening [23]. The fundamental of
ISGEO classification is adequate early screening for glau-
coma which has been achieved in developed countries. In
China, since the early screening of glaucoma has not been
achieved adequately, researchers prefer the traditional
classification of PACG which pays more consideration to
the clinical manifestations after diagnosis of the disease.
Besides, the classification based on angle-closure mecha-
nisms is an important complement to the current classifica-
tion of PACG because different treatments should be
employed in PACG with different angle-closure mecha-
nisms [12].

4.3 New Hypotheses and Theories About
the Relationship Between Pressure

and Glaucoma

In recent years, researchers have put forward some new
hypotheses and theories trying to explain the pathogenesis of
glaucoma, such as “safe IOP hypothesis” and “ocular-cranial
pressure gradient theory” which have provided a deeper
understanding of the relationship between pressure and
glaucoma.

4.3.1 “Safe |IOP Hypothesis”

The existence of NTG and OHT has demonstrated the
falseness of defining glaucoma with a specific range of IOP
value, but some researchers came up with the “safe IOP
hypothesis” trying to keep “pathologically elevated IOP” as
the pathogenesis and defining feature of glaucoma. “Safe
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Fig. 4.2 Transitions of the
definition and classification of
POAG in America and China

Traditional definition of PACG is “the elevation of IOP caused by the primary
closure of anterior chamber angle”.

Transitions of the definition and
classification of PACG in America

Transitions of the definition and
classification of PACG in China

A 4

In 2002, ISGEO proposed a new
definition and classification system
of PACG, in which the traditional

PACG was classified into 3 sub-types:

1)PACS; 2) PAC; 3) PACG. The new
definition and classification
highlighted “only when GON occurs
can glaucoma be diagnosed”. AAO
accepted this definition and
classification system.

A 4
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The Expert Consensuses 2008
adrops the traditional definition of
PACG and classified PACG into acute
type and chronic type based on
clinical manifestations. Also

Chinese researchers proposed to
classify PACG by angle-closure
mechanisms into pupillary blocking
type, non-pupillary blocking type

and multi-mechanism type.

ISGEO definition and classification
has been implemented in developed
countries for more than a decade.
This classification has its advantages
because it highlights the dynamic
development in the genesis and
progression of the disease and
reflects the important significance of

A 4

The Expert Consensuses 2014
suggests Chinese ophthalmologists
to adopt ISGEO classification and
advocates the combination of ISGEO
classification, classification based on
clinical manifestations and
classification based on angle-closure
mechanisms.

early screening.

IOP hypothesis” says “safe IOP” is a range of IOP that will
not cause optic neuropathy in individuals, and “safe IOP” is
individualized and different from the statistically normal
IOP. The occurrence of NTG and OHT can be explained
with this hypothesis: the “safe IOP” is lower for NTG
patients than the normal population; thus statistically nor-
mal IOP can cause GON; while the “safe IOP” is higher for
OHT patients, thus GON does not occur under the high
IOP. However, relevant studies of this hypothesis are still
scarce [24].

4.3.2 “Ocular-Cranial Pressure Gradient
Theory”

The Consensuses and Suggestions on POAG Ocular-Cranial
Pressure Gradient in China (2017) says: “The optic nerve is
located in both intraocular cavity and intracranial cavity, and
the difference between IOP and intracranial pressure (ICP)
exists at the lamina cribrosa and forms a pressure gradient
along the optic nerve, which is called ocular-cranial pressure
gradient, also named ‘trans-lamina cribrosa pressure differ-
ence (TLPD)’” [25].

In conventional opinions, squeezing of ONH and degen-
eration of lamina cribrosa caused by elevated IOP are the
causes of GON. But in the opinions of TLPD theory, it is the
elevated TLPD that causes the squeezing of ONH and the
degeneration of lamina cribrosa rather than elevated IOP; not
only elevated IOP but also decreased ICP can result in an
elevated TLPD and induce GON [26]. The occurrence of
NTG and OHT can be explained rationally in this new the-
ory: when ICP is lower than normal, TLPD gets higher under
the normal IOP and causes NTG; when ICP is higher than
normal, TLPD can stay normal even if IOP is elevated; thus
OHT is caused rather than GON.

A series of researches have collected supportive evidences
for this theory. In case-control studies, ICP was lower in
POAG and NTG and elevated in OHT [27, 28]. A prospec-
tive study found that lumbar cerebrospinal fluid pressure
(CSFP) was significantly lower in the NTG group than in the
high-tension POAG group or the control group and that the
TLPD (IOP minus CSFP) was significantly higher in the
NTG group and the high-tension POAG group than in the
control group [29]. Multiple researches indicated that TLPD
was more significantly correlated with the amount of glauco-
matous optic nerve damage other than IOP and ICP alone
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[30, 31]. Another study proved that lowering CSFP could
induce glaucoma-like optic neuropathy in monkeys [32].
Ning-Li Wang et al. found that increasing TLPD by lowering
CSFP could cause axonal transport failure of optic nerve and
affect optic blood supply, which led to optic neuropathy [33].

Ning-Li Wang et al. further proposed the optic nerve is
under different pressures imposed by the surrounding tissues
and fluid along its whole length, so the optic nerve damage
not only happened in the site of lamina cribrosa but all along
the optic nerve, where pressure gradients exist. Thus they
suggested that the concept of TLPD should be expanded to a
new concept “optic nerve pressure gradient (ONPG)” [26].
Several researches on this topic have obtained inspiring
achievements [26, 34].

The blood of the retina is mainly supplied by the central
retinal artery and the posterior ciliary artery. The fluctua-
tions in TLPD not only cause the changes in retinal micro-
vascular flow and the local elastic organization beyond
their limits but also can lead to the changes in the microen-
vironment of the retina. Resulting from these facts, the axo-
plasm transport of the optic nerve will be affected, which
eventually bring about the occurrence and development of
glaucoma.

On the whole, “ocular-cranial pressure gradient theory”
not only can explain the occurrence of NTG and OHT per-
fectly but also has got many supportive evidences; thus this
new theory becomes one of the most convincing theories on
the pathogenesis of glaucoma. The former chairman of the
World Glaucoma Association, Professor Weinreb, com-
mended this theory as a “landmark” in the research field of
glaucoma [35]. Conclusively, we integrate varieties of theo-
ries that affect the pathogenesis and development of glau-
coma into a unified hypothesis of ocular-cranial pressure
gradient. Also, “ocular-cranial pressure gradient theory” has
urged the glaucoma community to rethink and pursue a
deeper understanding of the relationship between pressure
factors and glaucoma (Fig. 4.3).

44  Summary

As the ophthalmology community is gaining a deeper and
profounder understanding of glaucoma, the definition of pri-
mary glaucoma has undergone a series of transitions. We
have achieved a great progress from defining glaucoma with
only IOP values to realizing that the essence of glaucoma is
the atrophy of optic nerve and the loss of retinal ganglion
cells and their axons. However, current definition of glau-
coma might still need further refinement for lack of clear
etiology incorporated. As more and more researches on etiol-
ogy, genetics, and molecular biology of glaucoma are being
conducted or will be conducted, it is hopeful that the patho-
genesis of glaucoma will be clarified thoroughly from the
cellular and molecular level.
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Primary Open-Angle Glaucoma,
Trans-Lamina Cribrosa Pressure
Difference, and Central Nerve System

Ning Fan, Guo Liu, Xiaoguang Zhang, and Xuyang Liu

Primary open-angle glaucoma (POAG) is an optic nerve dis-
ease with elevated IOP as the main risk factor. In recent years,
with the development of interdisciplinary in the ophthalmol-
ogy and neurology, new questions about the essence of POAG
have been raised. Is POAG just an ocular disease? Is it a dis-
ease which involves the eye first and then the whole visual
pathway? Or sometimes is it an ocular manifestation of a par-
ticular central nervous system (CNS) disease? Recent experi-
mental and clinical studies have suggested that POAG patients
may have an abnormally low cerebrospinal fluid pressure
(CSFP). It was thought that trans-lamina cribrosa pressure dif-
ference (TLPD) may be associated with pathogenesis of
POAG, instead of either IOP or CSFP alone. These questions
have caused controversy in the field of ophthalmology.
Previous studies showed that POAG does not only involve the
optic nerve damage but also affects the lateral geniculate body,
the optic radiation, and the visual cortex. It is a multilevel syn-
drome throughout the visual pathway. The mechanism of
glaucomatous lesion is complex, which involves transsynaptic
damage, blood supply disorder of the visual pathway, and
blood-brain barrier abnormalities. It was hypothesized that
glaucoma might be recognized as a CNS disease.

POAG is the second leading cause of blindness in the
world after cataract. The prevalence rate of POAG is 0.21-
1.64%, and the prevalence rate of people over 40 years old is
1-2%. By 2020, the number of POAG patients worldwide
will be approximately 80 million [1]. The retinal ganglion
cell death is the major cause of retinal nerve fiber layer thin-
ning and visual field defects in POAG, and reducing IOP is
the main treatment proven to be effective. The progression of
glaucomatous damage can also sometimes be delayed by
reducing the IOP in patients with normal tension glaucoma
(NTG). However, even if the IOP is well controlled in some
patients with advanced glaucoma, the glaucomatous optic
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neuropathy is still progressing. Recent studies revealed that
some CNS degenerative diseases were similar to glaucoma in
the characteristics and mechanisms. Animal experiments and
human studies showed that POAG was more like a syndrome
of the entire visual pathway from the retina to the optic nerve,
optic chiasm, optic tract, lateral geniculate body, visual radia-
tion, and visual cortex. Morphological and functional changes
existed in all parts above, leading to a fundamental change in
the concept of glaucoma — is POAG a CNS disease?

5.1 The Relationship Between POAG

and CNS Diseases

POAG is similar to many other CNS diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), and
muscular atrophic lateral sclerosis. In general, these diseases
start with axonal transport abnormality and are then followed
by chronic neuronal degeneration with apoptosis as a com-
mon pathway. The relationship and similarity between AD
and glaucoma are some of the examples.

Tamura et al. [2] found that 41 (23.8%) of 172 AD patients
suffered from POAG, which was significantly higher than
that (9.9%) of 176 age-matched controls. It was also found
that there was no significant difference in IOP between glau-
coma patients and non-glaucoma patients in the Alzheimer’s
disease group. A retrospective study of 112 AD patients in
Germany by Bayer et al. [3] found that 29 patients of them
(25.9%) had glaucomatous visual field defects and/or the
cup-to-disc ratio is greater than 0.8. This study showed that
the morbidity rate of POAG in AD patients was ten times
higher than that in patients with non-AD. Bayer et al. [4] also
reported 12 cases (24.5%) with glaucoma visual field defec-
tion or disc ratio >0.8 out of 49 patients with AD, which was
significantly higher than that in the normal control group
(6.5%). The above studies suggest that patients with AD were
more possibly to develop glaucoma. Hence some authors pro-
posed that glaucoma was an ocular Alzheimer [5].
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This viewpoint was supported by more and more evi-
dences recently. In 2017, Chiara Criscuolo et al. [6] reviewed
the similarity between AD and POAG in terms of synaptic
dysfunction. Pathologically, the two diseases form chronic
neurological damage by characteristic synaptic dysfunction.
Both of them have protein aggregates such as the beta amy-
loid (AP) and intracellular microtubule inclusions with
hyperphosphorylated tau, which belongs to microtubule-
associated protein family. During the early phase of degen-
eration, the two diseases are characterized by synaptic
dysfunction and mitogen-activated protein kinase (MAPK)
changes.

AP plays an important role in both diseases. Ambra
Masuzzo et al. [7] reviewed the amyloidosis in retinal neuro-
degenerative diseases including age-related macular degen-
eration (AMD) and POAG comparing to AD. Among the
neurodegenerative diseases, which are related to Ap amyloi-
dosis, AD is undoubtedly the best known and the most stud-
ied. Recently, it has been recognized that Ap-related
amyloidosis also exists in POAG and AMD. The Ap-related
amyloidopathies include the increase of intra- and/or extra-
cellular Ap accumulation and deposition, in the form of
insoluble substances, such as amyloid plaques or drusens.
Most neurodegenerative diseases are associated with amy-
loidopathies. The amount of Af that exceeds normal physi-
ological level would produce cytotoxicity that might be
related to the disorders of Ap-associated modulation of syn-
aptic excitability in physiological conditions [8]. In addition,
Ap is also thought to be associated with mitochondrial dys-
function and glial activation in both visual pathway and the
whole CNS [7].

Lietal. [9] developed a therapy method targeting amyloid
B which was used to be a target of AD to treat POAG. They
demonstrated that targeting different components of the
AP formation and aggregation pathway could effectively
reduce glaucomatous RGC apoptosis in vivo, and finally,
the combined triple treatments were more effective than
monotherapy.

There are also some central nervous demyelinating
lesions, such as PD, that may be associated with POAG. Bayer
et al. [4] found that 9 out of 38 PD patients (23.7%) suffered
from POAG, which was significantly higher than the preva-
lence of glaucoma in the general population, indicating that
these two diseases may also have a certain correlation.

In 2015, Fani Tsolaki et al. [10] elucidated the putative
association between various forms of dementia, POAG, and
Helicobacter pylori (H. pylori) infection in all possible
combinations. A total of 156 patients were recruited in this
study. Then they were divided into a dementia group, a
POAG group, and two control groups. All patients were
tested by neuropsychological evaluation, POAG detection,
and H. pylori diagnostic testing. After statistical analysis,
their results suggested that there were positive correlations

between H. pylori infection and dementia, as well as H.
pylori infection and POAG. H. pylori infection was more
popular in CNS disease (dementia) group and POAG group
comparing to the control group (68.33% in patients with
dementia vs. 45.16%, p < 0.05, 68.57% in patients with
POAG vs. 45.16%, p < 0.05). Furthermore, there was a
higher rate of POAG in patients with AD and PD (16.66%
dementia vs 0% control), as well as higher frequency of
dementia (AD and frontotemporal dementia, FTD) in
patients with POAG (16.66% POAG vs. 0% control), com-
paring to the control group. They concluded that neurode-
generative diseases such as dementia and POAG were
linked to each other and to H. pylori infection.

Besides the same pathogenesis factors which can support
that CNS diseases and POAG may be a same kind of disease,
the similar manifestations can also indicate that POAG is a
type of CNS disease. Multiple sclerosis is a chronic, inflam-
matory, and demyelinating lesion of CNS. Its optic nerve
changes are very similar to POAG. It was believed that both
of them may share a similar pathogenesis, and both of them
express high level of vasoconstrictor cytokines [11].

5.2  The Relationship Between POAG

and TLPD

The two optic nerves are the only cranial nerves which pass
through the three sealing containers with pressure. Firstly,
the RGCs and its axons belong to the ocular container.
Then, the axons are surrounded by cerebrospinal fluid
along its pathway until into the third container, the intracra-
nial container. The connection between the first two con-
tainers is called the lamina cribrosa, which is the part of the
sclera tissue that is pierced by the axons. The intracranial
container is a bony structure without space to expand.
Therefore, the intracranial pressure change could severely
impair the neuro structures. Meanwhile, the ocular con-
tainer is constructed with compact fiber tissues, also with
no space to expand.

Normally, the IOP is a little bit higher than the intracra-
nial pressure, which is 5-11 mmHg. When the pressure
changes either in the intracranial or intraocular container, the
pressure gradient might impose a sheared force on the site
where the two pressures meet. The backward indentation of
the lamina cribrosa of sclera is related to the increased
IOP. The low intracranial pressure may also show the similar
effects. In addition, the changes of pressure and composition
of cerebrospinal fluid might also be associated with the glau-
comatous optic neuropathy [12].

A prospective iCOP study from the Ningli Wang and his
colleagues revealed that patients with NTG and/or high-
pressure glaucoma as well as patients with ocular hypertension
received a neurological examination of a lumbar puncture wit



5 Primary Open-Angle Glaucoma, Trans-Lamina Cribrosa Pressure Difference, and Central Nerve System 27

lumbar CSFP measurement. When compared to non-glauco-
matous control group, the patients with NTG had signifi-
cantly lower lumbar CSFP than those with high-pressure
glaucoma or those in the control group. Consequently, the
TLPD was significantly higher in both glaucoma groups than
in the control group. Patients with ocular hypertension had
significantly higher CSFP. It also confirmed that the glauco-
matous optic nerve damage, evaluated by neuroretinal rim
area and visual field defect, was related to the decrease of
CSFP and the increase of TLPD [13].

Gallina et al. [14] investigated 22 patients with normal
pressure hydrocephalus (NPH) who had undergone ventricu-
loperitoneal (VP) shunt placement. Interestingly, after more
than 6 months follow-up, they found nine of them had
NTG. The median follow-up time was 12.0 months in
patients with NTG and 18.0 months in those without
NTG. This study concluded that changes in the pressure gra-
dient between intraocular and intracranial compartments at
the lamina cribrosa level play a role in the pathogenesis of
NTG. If this is true, the decreased pressure gradient should
be beneficial to prevent the development and progression of
NTG. The study from Sawada et al. [15] supported this
hypothesis. One hundred and fifty-nine myopic eyes with
glaucomatous VFD under treatment and follow-up for
7 years were studied. The results showed that in myopic
eyes, there are specific patterns of LC defect, which can
function as a pathway to balance the pressure between the
IOP and ICP, suggesting an important role of the pressure
gradient in the pathogenesis of NTG. Imbalance of the TLPD
may play an important role in the pathogenesis of glaucoma-
tous optic nerve damage and other intracranial and intraocu-
lar pressure-related diseases.

All these suggest the association between glaucoma and
CNS diseases. It is very necessary to have further study in
this field. In another chapter of this book, the theory of intra-
cranial and intraocular pressure-related diseases is discussed
in detail.

5.3 DBA/2 Mouse Model of Glaucoma

Calkins et al. [16] pointed out that the initial lesion of POAG
was located in the midbrain instead of the eye. The DBA/2
glaucoma mouse was a rodent model which IOP increased
along with age. When cholera toxin — cholera toxin B
(CTB) — was injected into the vitreous cavity of DBA/2
mouse glaucoma model, by observing the uptake and trans-
port of CTB by RGCs, the early axonal injury could be
detected. It was thought that the first sign of glaucomatous
damage should be found in the retina. However, the results
were unexpected. The earliest site of injury was in the mid-
brain, where the end of optic nerve fibers project at. His main
findings are described below.

5.3.1 Obstruction of Axoplasmic Transport
in Glaucoma Was Developed

from the Proximal to the Distal Axon

Some of the optic nerve fibers of the DBA/2 mouse model of
glaucoma were projected to the second layer of the superior
colliculus (SC) via the third layer of SC, and the others were
projected to the optic nerve nucleus, lateral geniculate
nucleus, and ovule dome. The transportation of 3-month-old
DBA/2 mouse axons was normal, and ordinary CTB signals
could be detected in the SC. When these mice grew to
12 months old, their IOPs increased significantly, with the
CTB signal reduced in the SC. The CTB signals could not be
detected in the SC in the 14 DBA/2 mice aged 10—12 months
and could be observed in their lateral geniculate body (43%),
optic tract (29%), and optic nerve (21%), respectively. These
finds suggested that the early axoplasmic transport disorder
and axonal malnutrition in DBA/2 glaucoma mice were in
the SC — the area where the RGC cell fibers projected, not in
the eye, and the lesion developed slowly from the distal end
to the proximal end. This pathological process of peripheral
axons is very similar to some CNS diseases, such as AD, PD,
and amyotrophic lateral sclerosis [17-19].

5.3.2 Obstruction of Distal Axonal Transport
in Glaucoma Owns Characteristics
of Age-Dependent and Retinal
Localization

Calkins et al. [16] found that the CTB signal in the SC in the
5-month-old DBA/2 mice and the C57BL/6 mice was almost
at the same time, while that in the 8-month-old and 10-month-
old DBA/2 mice was decreased by 25% and 88%, respec-
tively. And the pattern of CTB signal decrease owned retinal
localization. At the same time, the authors also analyzed the
correlation between the age, the IOP, and the decrease of CTB
signal in the SC. The results were summarized below. In
DBA/2 mice aged from 3 to 10 months, the decrease of CTB
signal in the SC was significantly correlated with age.
Particularly, no significant IOP change was found in 3- to
5-month-old mice, and their CTB signal intensity showed
almost no difference. However, in mice aged from 5 to
8 months, the increase of IOP was found to be the most obvi-
ous one. But there was no significant correlation between the
IOP change and the CTB signal decrease. At last, it was found
in 8- to 12-month-old mice that the increase of IOP was rela-
tively slow, while the CTB signal expressed was decreased by
96%. The elevation of IOP in this period was significantly
related to the CTB signal change. In order to confirm the rela-
tionship among age, IOP, and the axonal terminal transport
disorder of ganglion cells, the polystyrene microspheres were
injected into the anterior chambers of two groups of DBA/2
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mice aged from 3 to 4 months and 7 to 9 months, respectively.
The IOP of mice in both groups elevated about 45% drasti-
cally. Meanwhile the same volume of saline was injected into
the anterior chambers of mice from their corresponding con-
trol groups; no IOP change was found. In CTB signal analy-
sis, it was found that there was no obvious SC CTB signal
decrease in the 3- to 4-month-old group after the IOP ele-
vated, but in the 7- to 9-month-old group, the same CTB sig-
nal was significantly weakened while the IOP was increasing.
These results indicated that the glaucomatous distal axonal
transport deficits were age related. As a highly risk factor of
glaucoma, elevated IOP was more likely to cause distal axo-
nal transport deficits in the elder group, which also suggested
that glaucoma was similar to the other age-related neurode-
generative diseases, such as AD and PD.

5.3.3 The Axonal Structure of RGC Cells
in Glaucoma Is Still Preserved After
the Obstruction of Axonal Transport

Calkins chose two specific antibodies to mark the estrogen-
related receptor and the glutamate vesicle transporter 2,
respectively. The former can show the fibers of the whole
RGC, and the latter can specifically show the synapse of
RGCs. The results showed that the number of distal axons
and proximal axons in DBA/2 mice decreased with the
increase of age and the number of distal axons always
decreased more obviously, which indicated that axonal dam-
age also developed from the distal end to the proximal end.
In 18-month-old DBA/2 mice, distal axonal transport was
impaired, and CTB signals were not seen in the SC, but the
anti-ERR staining results showed that there was no signifi-
cant difference comparing to the 3-month-old DBA/2 mice.
Moreover, in those 17-month-old DBA/2 mice, some of them
might not observe the SC CTB signal, but both the anti-ERR
and anti-VGIuT2 staining results of them showed almost
100% stained, which indicates that the structures of the
RGC:s axons are still present for a certain period of time after
the axonal transport is impaired in glaucoma.

5.4 The Visual Pathway Damage Induced

by POAG

The axons of the retinal ganglion cells converge into the brain
and form the optic nerve. Ninety percent of the fibers reach
the lateral geniculate body. And the optic radiation projects
to the occipital visual cortex. The other 10% of the fibers
project to the superior colliculus and the pretectal area. The
DBAs/2 glaucoma first showed the axoplasmic transport bar-
rier in the peripheral axles of RGC cells, which is a typical
lesion of senile dementia and amyotrophic lateral sclerosis.

According to the transsynaptic mechanism of nerve injury,
the damage of neurons causes secondary degeneration of
neurons that are anatomically or functionally linked to it; in
other words, the retrogression of RGCs can lead to damage
to the lateral geniculate body, visual radiation, and visual
cortex; meanwhile degeneration also retrogrades damage to
RGC cells. The mechanisms may be oxidative damage and
glutamate excitatory toxicity. Yucel et al. [20] have observed
the obvious protective effects of retinal ganglion cells and lat-
eral geniculate cells on glaucoma model of rhesus monkey by
blocking N-methyl-D-aspartate receptor.

5.4.1 The Damage of the Anterior Visual

Pathway of POAG

Sasaoka et al. [21] used a monkey laser-induced high intraocu-
lar pressure (IOP) model and observed that the diameter of the
optic nerve was reduced and the optic chiasm became thin after
16 weeks after laser. In human studies, Kashiwagi et al. [22]
performed MRI examination on 31 POAG patients and 23 nor-
mal controls. It was found that the optic nerve diameter and the
thickness of optic chiasm in glaucoma patients were signifi-
cantly smaller than those in normal controls and were posi-
tively correlated with the degree of visual field defect and the
enlargement of cup-disc ratio. Garaci et al. [23] used NMR dif-
fusion tensor imaging (DTI) and showed that the partial anisot-
ropy ratio of optic nerve in POAG patients was reduced, the
average diffusion rate was increased, and the range of change
was related to the course of POAG. In the autopsy of POAG
patients, it was also found that the diameter of the optic nerve
was significantly reduced, the intraorbital pial meninges of the
optic nerve were thickened, and the number of subarachnoid
meningeal cell nests was obviously increased [24, 25].

5.4.2 The Damage of Posterior Visual
Pathway in POAG

The lateral geniculate body is an important transit point for the
visual system. It is divided into six layers. The cross fibers
from two eyes terminate in the first, fourth, and sixth layer of
the opposite side, and the non-cross fibers end in the ipsilateral
layer of second, third, and fifth. The monocular glaucoma
models of crab monkey and rhesus monkey were both con-
firmed that the replacement neurons in layers 1, 4, and 6 of the
contralateral geniculate body and the ipsilateral layers 2, 3,
and 5 of the ipsilateral geniculate body were obviously
reduced, the large cell neurons and small cell neurons were
both involved, and the denaturation degree of small cell neu-
rons was significantly higher than that of large cell neurons
[26]. The degeneration of neurons was accompanied with the
proliferation of glial cells [27]. Postmortem [23] and MRI
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results [28] also verified that the lateral geniculate body of
POAG patients was significantly smaller than that of age-
matched normal persons. The decrease in the number and
function of neurons in the lateral geniculate body caused by
POAG is bound to correspond to the changes of visual radia-
tion and the visual cortex. Chan et al. [29] found that the ratio
of choline/creatine in the visual cortex metabolites of chronic
glaucoma mice was significantly lower than that in the normal
control group by using magnetic resonance spectroscopy.
Choline was involved in the synthesis of some neurotransmit-
ters and acetylcholine, and it was also involved in cell mem-
brane synthesis and cell regeneration, which may be related to
the decreased activity of visual cortex cells. The decrease of
the ratio of choline/creatine may be related to the decrease in
the activity of visual cortex cells. Magnetic resonance imaging
(MRI) on human body showed that visual radiation and injury
to the visual cortex were confirmed. By using magnetic reso-
nance diffusion imaging, Garaci et al. [23] found the decreas-
ing of the anisotropy ratio of visual radiation and the increasing
of the average diffusion rate in POAG patients and then proved
the damage of visual radiation fiber. At the same time, Kitsos
et al. [30] found that the white matter of the cerebrum of alive
patients with POAG was higher than that of the normal control
group in MRI results. Magnetization transfer imaging showed
that the magnetization transfer rate of gray matter and white
matter in POAG patients was lower than that in normal con-
trols. Human autopsy provides strong evidence too that com-
paring with normal people, POAG patients manifested an
obvious atrophy — visual cortex gray matter was thinner, and
cerebral gyrus was shallower [25].

5.4.3 Other Glaucomatous Damage in CNS

Chiquet et al. [31] found that in the mouse glaucoma model,
except the damage of the whole optic pathway, damage of
the suprachiasmatic nucleus, which is related to the synchro-
nization of the circadian rhythm, also exists. This may be
initiated from the synaptic damage caused by the death of the
retinal ganglion cells in the nucleus. Animal experiments
showed that both acute and chronic high IOP could damage
the melanopsin-containing retinal ganglion cells which were
related to the regulation of the circadian rhythm [32], indi-
cating that glaucoma could also damage the non-shape sensi-
tive conduction pathway.

5.5 Mechanism of Action (MOA) Study

of CNS Damage in Glaucoma

Besides the damaged RGCs, high IOP which blocks the axo-
nal transportation and the secondary demyelination of nerve
fibers may also contribute to the glaucomatous damage and

dysfunction of the optic nerve fiber. Downs et al. [33] using
the three-dimensional tissue measurement techniques recon-
structed the optic disc of the monkey glaucoma model. It was
found that the nerve tube and the subarachnoid structure in
the beginning of the optic disc were obviously deformed.
The optic nerve is part of the CNS, but the anterior vessels of
the optic nerve sieve do not have the function of the blood-
brain barrier and thus lack the barrier to the harmful sub-
stances. In the glaucoma patients, the barrier function is
more obvious, which may also be one of the causes of the
optic nerve damage. The CNS lesion of POAG is closely
related to extensive cerebral blood supply deficiency. In 15
cases of POAG, Siesky et al. [34] found that the visual acu-
ity, contrast sensitivity, mean central visual field defect, and
the amplitude of electroretinogram of these subjects were
closely related to the mean blood flow rate of the middle
cerebral artery.

Neuronal damage caused secondary degeneration of its
anatomic or functional contacted neuron, which is known as
transsynaptic damage and is a typical lesion of AD and amy-
otrophic lateral sclerosis. The lateral geniculate body and
visual cortex damage caused by glaucoma belong to the cat-
egory of transsynaptic damage. Both of the anterograde and
retrograde cross-synaptic damages exist in this kind of
lesion. The mechanism may be oxidative damage and excit-
atory toxicity of glutamate. Reactive oxygen species which
accumulated in the oxidative stress state reacting with nitrous
oxide formed pernitrite. Thereby the intracellular environ-
ment was altered, and cell death was conducted. Pernitrite
can turn protein into nitrotyrosine, and it is a marker of vari-
ous neurodegenerative diseases. Some researchers found
nitrotyrosine in the lateral geniculate parenchyma and vascu-
lar endothelium of glaucomatous animal models which indi-
cates the mechanism of oxidative damage in glaucoma.
Glutamate excitatory toxicity is also one of the causes of
many central degenerative diseases. Blocking the N-methyl-
D-aspartate (NMDA) receptor can effectively protect the
retinal ganglion cells and lateral geniculate bodies from
lesion which is caused by glaucoma in Macaca rhesus [20].
Sposato et al. [35] found that the expression of nerve growth
factor and its receptor in the lateral geniculate body and
visual cortex is downregulated significantly in the glaucoma
mouse model. It is considered that the regulation of cyto-
kines and its receptors plays a very important role in glauco-
matous damage. Neurochemical changes in the lateral
geniculate nucleus and primary optic cortex were studied by
Crawford et al. [36] in the glaucoma monkey model, which
confirmed that the cytochrome oxidase activity in the lateral
geniculate nucleus and the visual cortex was significantly
reduced, suggesting that the cytochrome system also played
arole in the pathogenesis of glaucoma. The ratio of choline/
creatine in the visual cortex metabolites of mice with chronic
glaucoma was significantly lower than that in the normal
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control group by using magnetic resonance spectroscopy
[25]. It was believed that the magnetic resonance spectros-
copy technique has the potential to study the pathogenesis of
glaucoma. The spectrum analysis of the ratio of choline/cre-
atine in the cortex can be used to judge the central damage of
glaucoma.

Interestingly, the possible MOA of that Helicobacter
pylori infection increases the incidence rate of both CNS dis-
eases such as AD, PD, etc., and POAG was discussed by
some literatures. They may share same pathogenesis under
the same H. pylori infection stress. Sergio C Sacca et al. [37]
reviewed 152 literatures which related to the relationship
between H. pylori infection and eye diseases, most of which
were POAG from 1998 to 2014. In particular, the pathoge-
netic researches were focused on oxidative damage. H. pylori
infection can accumulate the reactive oxygen species (ROS)
production, and then, mitochondrial function declined, mito-
chondrial DNA mutations accumulated under this condition.
The level of oxidative damage to DNA, proteins, and lipids
increased, while the capacity to degrade oxidatively dam-
aged proteins and other macromolecules decreased. At last,
RGC apoptosis is initiated, and glaucoma is formed.

In CNS diseases, ROS increase after H. pylori infection
also played a very important role. Giulia Nesi et al. [38]
reviewed the relationship between ROS and AD. They
showed that an increasing body of evidence reveals that both
mitochondrial abnormalities and metal accumulations syner-
gistically act as major producers of ROS, thus contributing to
neuronal toxicity.

Additionally, more pathogenesis factors under other con-
ditions such as microglia reaction were reported contributing
to both of CNS diseases and POAG. Ana I. Ramirez et al.
[39] reviewed the same role of microglial played in the AD,
PD, and POAG. After the literature analysis, they found
microglial activation had been reported in AD, PD, and
POAG in relation to protein aggregates and degenerated neu-
rons. The activated microglia could release pro-inflammatory
cytokines which could aggravate and propagate neuro-
inflammation, thereby degenerating neurons and impairing
brain as well as retinal function.

Furthermore, same therapy which works for both CNS
disease and POAG can also indicate they are same kind of
disease. Mead et al. [40] introduced a method of dental pulp
stem cell therapy, which can repair CNS damage, including
recent findings on RGC neuroprotection and regeneration in
optic nerve injury and glaucoma.

It was proved that trans-lamina cribrosa pressure differ-
ence (TLPD) may be the pathogenesis for glaucoma, not the
elevated IOP or the reduced CSFP alone. It is still hard to say
whether increase of TLPD is the hypostasis for POAG or just
a manifestation. Many results can be provoked beyond the
mechanical environment change by an increased trans-
lamina cribrosa pressure difference. For example, the

increased TLPD may also increase the strain power of the
laminar pore and change the ocular perfusion status; in addi-
tion, reduced CSF flow in the optic nerve subarachnoid space
may cause accumulation of metabolites and conglutination
between optic nerve and its sheath. Killer et al. [41] sug-
gested compartment of subarachnoid space and showed CSF
composition difference in POAG patients with normal IOP;
it is still hard to say whether the lowering of CSFP or CSF
flow in the optic nerve subarachnoid space happens first or
the optic nerve sheath compartment happens first. In the
future, it is important to explore the downstream pathophysi-
ology of the increased trans-lamina cribrosa pressure differ-
ence in POAG to find the true hypostasis.

The orbital CSFP as counterpressure against IOP is a
determinant of the TLPD and is important for the pathophysi-
ology of the pressure-related diseases originating at the optic
nerve head, such as glaucoma. Taking the physiological trian-
gular relationships between IOP, CSFP, and BP into account,
glaucoma may be described as a misbalance between IOP,
CSFP, and BP, finally leading to an increase in TLPD.

Since the central retinal vein passes through the orbital
CSF space, the orbital CSFP is of importance for the pres-
sure in the retinal veins and potentially for the development
of retinal vein occlusions. In a similar manner, since the reti-
nal venous pressure influences the retinal capillary pressure,
the orbital CSFP may influence the development and severity
of diabetic retinopathy. Similarly, since the choroid drains
through the vortex veins into the superior ophthalmic vein
and cavernous sinus intracranial, higher CSFP may be asso-
ciated with a thicker choroid. But it remains unexplored
about the body position-dependent and time-dependent
changes in TLPD. Some experimental studies suggested that
dorsomedial and perifornical hypothalamic neurons may be
involved in the regulation of both IOP and CSFP [13].

5.6 Summary

In summary, it is believed that POAG may be a special CNS
disease, because it not only shares similarities with some
degenerative diseases of the CNS but also exhibits the func-
tional and structural changes of the whole optic pathway.
Additionally, imbalance of the TLPD may play an important
role in the pathogenesis of glaucomatous optic nerve damage
and other intracranial and intraocular pressure-related
diseases.

Therefore, POAG should not only be considered as an
ocular disease but a CNS disease that begins with the dys-
function of the axonal transport of RGC cells. On the other
hand, it should be pointed out that lowering IOP only is not
enough to treat POAG; neuroprotective therapy is also very
important, for not only protecting the optical nerve but also
the optic pathway and, furthermore, the CNS.
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The Role of CSFP in Glaucoma:
A View in Retrospect

David Fleischman and R. Rand Allingham

Glaucoma is well-recognized as a pressure-related disease.
Intraocular pressure has been known as a major contributor
to glaucomatous pathogenesis for over a century. Blood pres-
sure and glaucoma have been investigated closely over sev-
eral decades. More recent studies have reignited an interest
in cerebrospinal fluid pressure as an important contributor.

Perhaps one of the most important risk factors for primary
open-angle glaucoma (POAG) is the intraocular pressure.
However, it is not uncommon for POAG patients to present
with normal IOP at diagnosis. This has been reported by
many investigators that have described that the prevalence of
normal-tension glaucoma in some populations could be as
high as 70-90% of open-angle glaucoma cases [1].

Blood pressure has been measured in population-based
studies, with evidence supporting that reduced blood pres-
sure may increase risk for POAG. Several studies have shown
that lower diastolic perfusion pressure, in particular,
increased risk for the development of POAG. This is still a
topic of debate, however, since other population-based stud-
ies have found different relationships between systolic and
diastolic blood pressure and its effect on the prevalence of
open-angle glaucoma [2-6].

The lamina cribrosa is the anatomic landmark that sepa-
rates two differentially pressurized circulating fluid com-
partments—the intraocular space and the subarachnoid
space (Fig. 6.1). This is also the tissue through which the
axons from the retinal ganglion cells exit the eye and have
been implicated as the site of injury in glaucomatous optic
neuropathy. However, it was believed that mechanistically
there was an insufficient pressure difference between the
two fluid compartments to elicit a net force across the lam-
ina cribrosa.

D. Fleischman (<)
Department of Ophthalmology, University of North Carolina
at Chapel Hill, Chapel Hill, NC, USA

R. Rand Allingham
Duke University Eye Center, Durham, NC, USA

© Springer Nature Singapore Pte Ltd. 2019

Similar to today, in the early 1900s, intraocular pressure
and blood pressure did not satisfy ophthalmologists to
explain glaucoma, especially normal-tension glaucoma—
whose existence as a form of glaucoma was questioned. In
the quest to identify what else, one pioneering clinician-
scientist began to think beyond the two obvious pressures.
Kasmir Noishevsky, MD, an ophthalmologist of Polish ori-
gin, perhaps pondered some extreme cases in ophthalmol-
ogy. For example, in the case of ocular hypotony, the optic
nerve can become edematous. On the other hand, an increased
intracranial pressure with normal intraocular pressures could
result in a similar appearance to the nerve. Therefore, with
these two examples, Professor Noishevsky must have sus-
pected that the optic nerve head is a region subject to a push-
and-pull between two pressurized compartments. The case
of normal pressure glaucoma was particularly confusing, and
therefore, a model such as this would explain how this condi-
tion could arise, and further, the reason why reduction of IOP
even at low pressures could be beneficial. In a lecture to the
Conference of the Military Medical Academy in St.
Petersburg, on December 15, 1908, Professor Noishevsky
raised the question:

Could it be the cause of depression papilla of the optic nerve [is]

a simple ... difference between the pressure inside the eye and

the inside of the skull, on the assumption that the intraocular

pressure, remaining within the normal range, is still more than
the intracranial pressure.

Noishevsky set out to investigate this. In the laboratory of
Ivan Pavlov, on January 20, 1910, assistant professor B. P.
Babkin performed a cranial trephination through the frontal
bone in a large, black dog by the name of “Gypsy.” One
month later, the dog developed glaucomatous excavation of
the optic nerves [7]. Noishevsky presented the histological
sections at the Ophthalmological Society meeting in St.
Petersburg on January 27, 1911. The leading ophthalmolo-
gists of the time were not particularly convinced as the
prevailing theories pointed toward a vascular etiology for
normal-pressure glaucoma. Noishevsky also hypothesized
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Fig. 6.1 Cross section of the
optic nerve head, highlighting
the lamina cribrosa (red) and
the subarachnoid space (blue)
(Reprinted with permission
from Fleischman D,
Allingham R R. The role of
cerebrospinal fluid pressure in
glaucoma and other
ophthalmic diseases: A review
[J]. Saudi Journal of
Ophthalmology Official
Journal of the Saudi
Ophthalmological Society,
2013, 27(2):97)

that the pulsation of the retinal vessel is dependent on the
relation of intraocular and intracranial pressure. His belief
was that if the pressure in the eye was higher than the intra-
cranial pressure, blood would only traverse the arteries dur-
ing systole. He supposed that the venous pulse meant that the
intracranial pressure was higher than the intraocular
pressure.

Szymanski and Wladyczko, Polish doctors, carried out a
similar experiment reported in 1925 [8]. They reported cup-
ping of the optic nerves in a dog whose intracranial pressures
were suddenly lowered. Noishevsky had, 2 years earlier,
reformed the Polish Ophthalmological Society. Although we
are unaware of the details of these meetings and its member-
ship, it is probably not out of the realm of speculation that
this investigation was possibly conceived from a discussion
with Noishevsky. Regardless, 1 year later, Kirschmann in
Germany was not able to confirm this finding in a repeat
experiment performed on six dogs and followed for up to
9 months [9].

In 1940, the German ophthalmologist Klar would be the
first to perform lumbar puncture in humans for the investi-
gation of low-tension glaucoma [10]. His theory was that a
low intracranial pressure might be expected to divert blood
away from the optic nerve. Three cases revealed intracranial
pressures in the lower end of normal. This satisfied his sus-
picion that carotid sclerosis was the cause of low-tension
glaucoma. G. Miranda, in 1945, reviewed the few cases in
the literature up to that point and presented one case of his
own in which the CSFP was within normal limits in a nor-
mal-pressure glaucoma patient [11]. Matteuci, in 1949,
reported that low intracranial pressure was not found in low-

vitreal cavity

tension glaucoma [12, 13]. J. Stajduhar, in 1951, found a
low cerebrospinal fluid pressure in one of two low-tension
glaucoma patients [14]. John Primrose, in 1964, reported
two cases of low-tension glaucoma with low intracranial
pressures (85 [mm] H,O and 95 [mm] H,O [6.25 mm Hg
and 6.99 mm Hg]) [15].

V. V. Volkov and students reintroduced the concept of
the translaminar pressure difference as the potential etiol-
ogy of normal-tension glaucoma [16]. Volkov was on fac-
ulty at the same institution where Noishevsky had
presented much of his work nearly 55 years earlier. An
important and oft-cited ARVO abstract from 1979, by
Yablonski, Ritch, and Pokorny, discussed a cat model
whose CSFP was lowered to —4 mm Hg [17]. One eye was
cannulated to produce a pressure of 0 mm Hg, while the
other eye was unchanged and maintained at a normal pres-
sure. After 3 weeks, the uncannulated eye developed optic
nerve damage consistent with glaucomatous optic neurop-
athy. The eye that was cannulated and maintained at a low
pressure similar to the CSF pressure did not develop optic
neuropathy. This study design, with an intereye compari-
son, strongly suggested the importance of the translaminar
pressure differential in glaucoma. Many of these works
were summarized by Ralph Z. Levene in his 1980 Survey
of Ophthalmology review [18].

The next important series of studies regarding the trans-
laminar pressure differential would not come about for
another 15 years. William Morgan in 1995 produced the first
of several landmark studies suggesting the importance of ret-
robulbar pressure compartments [19]. Morgan and his
coworkers conducted experiments that demonstrated
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posterior laminar movement using dog models [20]. This
group, using a dog model, measured the pressure with a
direct cannulation technique. They continuously measured
pressure from the intraocular space (IOP) and then pene-
trated the lamina cribrosa using an intraocular approach and
ultimately gained entry into the subarachnoid space to mea-
sure the CSF pressure. They reported that approximately
85% of the pressure drop occurred in the first 400 pm of the
lamina cribrosa and concluded that the CSF pressure was the
major determinant of post-laminar pressure and the biome-
chanical effect of CSF pressure variation on the lamina
cribrosa was essentially equivalent to IOP. Further, he
revealed that there is fluid conductivity between the cerebral
ventricles and the perioptic subarachnoid space in the dog
[19]. He characterized this in greater detail in a 1998 study
that revealed that this conductivity met its limit when the
intracranial pressures were lowered to —0.5 mm Hg [21].
Recently, Dr. Jonas showed that decrease in thickness of the
lamina cribrosa was observed in patients with glaucoma and
clearly stated that the lamina cribrosa separated these two
pressurized compartments [22, 23].

In 2008, nearly 100 years after Noishevsky first pro-
posed and tested this theory, Berdahl and colleagues car-
ried out a retrospective study on the examination data of
patients who had received a lumbar puncture and an eye
exam at the Mayo Clinic [24]. The initial study reviewed
31,786 patients. Twenty-eight patients with primary open-
angle glaucoma versus 49 control patients were analyzed.
CSFP measured by lumbar puncture was significantly lower
in POAG patients compared with non-glaucomatous con-
trols (13.0 mmHg = 4.2, vs. 9.2 mmHg + 2.9, p < 0.001).
A follow-up study encompassing a longer period of time
identified more POAG patients, as well as normal-tension
glaucoma, ocular hypertension, and a new control group
[25]. Apart from confirming the prior study’s POAG CSFP
relationship, they reported that normal-tension glaucoma
patients had lower CSFP than POAG with IOP greater than
normal. Further they found that patients with CSFP in ocu-
lar hypertensive patients were higher than the control group.
These data support the hypothesis that the translaminar
pressure gradient difference is an important contributing
factor mediating the risk for glaucomatous optic neuropa-
thy. In an important investigation soon thereafter, Ren and
colleagues performed the first controlled prospective stud-
ies and confirmed these findings [26, 27]. This validated the
retrospective studies but importantly demonstrated that this
relationship was conserved in two vastly different population
groups—the largely European population of the Mayo Clinic
and the Chinese Asian population.

This naturally raises the question, if CSFP is important in
glaucoma, are there trends in CSFP that explain POAG risk?
A study by Pasquale et al. showed that higher BMI was a
protective factor for glaucoma in women but not in men [28].

A study from Asrani et al. revealed that patients with normal-
tension glaucoma were thinner and had lower BMI [29]. A
study on CSF pressure and BMI data from 4235 subjects in
the Mayo dataset revealed a clear linear relationship between
CSF pressure and BMI that was consistent with findings of
Pasquale and Asrani [30-32].

It is well-known that the prevalence of POAG is low under
the age of 40 and increases rapidly after age 50. Population-
based studies support this observation in all races and eth-
nicities studied to date. In a study by Fleischman and
coworkers, over 30,000 records from the Mayo Clinic of
patients with a history of lumbar puncture were analyzed
[32]. After accounting for all entry requirements, 12,118
were analyzed for age and CSF pressure trends. The results
showed that the CSF pressure was consistent among patients
up to age 50 years. After age 50 a steady reduction of CSF
pressure to as low as 30% reduction was observed through
age group 90-95 years. There were no significant trends of
CSF pressure in diseases associated with glaucoma [33]. The
observed reduction in CSF pressure (3—4 mmHg) was coin-
cident with a similar increase in mean IOP increase that has
been observed in patients with POAG and a rise in preva-
lence of glaucoma. As shown in the graph below, the age-
related decrease in mean CSF pressure that is observed at
about age 50 occurs at a similar time point with the rise in
POAG prevalence (Fig. 6.2).

Hanspeter Killer has proposed that in addition to or
instead of a biomechanical effect of the translaminar pres-
sure differential on the axons within lamina cribrosa, there
may be other factors that contribute to glaucomatous injury.
Due to the small space afforded by the optic canal, the peri-
optic subarachnoid space may be compartmentalized in
patients with glaucoma. Therefore, a lack of CSF flow may
cause an increase in neurotoxic factors adjacent to the lamina
that would otherwise be cleared from this region. According
to Killer, the CSF pressure in this space, therefore, may not
be important and quite possibly not even uniform as there
may be differentially pressurized compartments within the
trabeculations of the subarachnoid space surrounding the
optic nerve itself [34-39].

The theory based on the translaminar pressure differ-
ence was recently reexamined as a function of papilledema
and increased intracranial pressure. A few observations
exist on cases of papilledema that were unmasked after [OP
reduction induced by filtration surgery [40—42]. We sug-
gested that perhaps an increase in IOP would result in sup-
pression of edema of the optic nerve [43]. However, a
retrospective study examining the translaminar pressure
gradient in terms of papilledema severity did not find a sta-
tistically significant relationship [44]. There is clearly more
at play than just intracranial pressure and intraocular pres-
sure in papilledema and glaucoma. This is an exciting ave-
nue for future research.
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Age and CSF Pressure, POAG Prevalence
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Fig. 6.2 Averaged data of Friedman’s meta-analysis of prevalence
studies of primary open-angle glaucoma in the United States, with the
age-related decrease in cerebrospinal fluid pressure superimposed. Data
shown are from Caucasian patients, which constitute the principal
group contained within the Mayo Clinic population (Reprinted with

In summary, evidence derived from retrospective analy-
sis of clinical databases supports the hypothesis that CSF
pressure contributes to POAG risk. CSF pressure was lower
in POAG and NTG and higher in patients with non-
glaucomatous ocular hypertension. CSF pressure varies or
is associated with BMI and age in some way which may
lead to a change in POAG risk. These data also support the
hypothesis that the translaminar pressure gradient is an
important factor in the pathogenesis of glaucoma. In regard
to retrospective studies, large EMR databases have proven
to be very powerful. It had power to identify multiple factors
related to disease pathology simultaneously. As EMR data-
bases grow in patient numbers, test data, and inclusive of
more diverse populations, we can anticipate a rapid rise in
discovery. We have investigated the role of IOP and CSF
pressure as well as their impact on optic nerve for patients
with glaucoma. However, there remains an enormous
amount of information for further exploration and
identification.

Acknowledgments Much of the information, papers, and historical
records pertaining to Professor Kasmir Noishevsky were provided by
Vladimir Reituzuv, MD, of the Medical Military Institute in St.
Petersburg, Russia. Edward Gamm, MD, from St. Petersburg, was
instrumental in reintroducing the work of Professor Noishevsky.

25-29 30-34 35-39 40-49 50-54 55-59 60-64 65-69 70-74 75-79 >80

-@®- Mean CSFP
—%—POAG Prevalence

permission from Fleischman D, Allingham R R. The role of cerebrospi-
nal fluid pressure in glaucoma and other ophthalmic diseases: A review
[J]. Saudi Journal of Ophthalmology Official Journal of the Saudi
Ophthalmological Society, 2013, 27(2):97)

References

1. Suzuki Y, Iwase A, Araie M, Yamamoto T, Abe H, Shirato S, et al.
Risk factors for open-angle glaucoma in a Japanese population: the
Tajimi study. Ophthalmology. 2006;113(9):1613-7.

2. Bonomi L, Marchini G, Marraffa M, Bernardi P, Morbio R, Varotto
A. Vascular risk factors for primary open angle glaucoma: the
Egna-Neumarkt study. Ophthalmology. 2000;107(7):1287-93.

3. Dielemans I, Vingerling JR, Algra D, Hofman A, Grobbee DE, de
Jong PT. Primary open-angle glaucoma, intraocular pressure, and
systemic blood pressure in the general elderly population. The
Rotterdam Study. Ophthalmology. 1995;102(1):54-60.

4. Leske MC, Wu SY, Hennis A, Honkanen R, Nemesure B. Risk fac-
tors for incident open-angle glaucoma: the Barbados eye studies.
Ophthalmology. 2008;115(1):85-93.

5. Leske MC, Wu SY, Nemesure B, Hennis A. Incident open-angle
glaucoma and blood pressure. Archiv Ophthalmol (Chicago, Ill:
1960). 2002;120(7):954-9.

6. Leske MC, Wu SY, Nemesure B, Hennis A. Incident open-angle
glaucoma and ocular perfusion pressure. Invest Ophthalmol Vis
Sci. 2011;52(11):7943.

7. Noishevsky K. Glaucoma, its etiology and treatment. 1915.

8. Szymanski JW, S. Jaska prosta doswiadeczalna. Klin Ocz.
1925;3:145-50.

9. Kirschmann JS. Frage des aetiologie der glaukoms. Klin Monatshl
Augenheilkd. 1926;77:256.

10. Klar J. Uber die entsehung des glaukom ohne hochdruck. Ber Dtsch
Ophthalmol Gesell. 1940;52:162-5.



The Role of CSFP in Glaucoma: A View in Retrospect

37

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Miranda G. Glaucoma sin hipertension. Arch Soc Oftalmol

Hisp-Am. 1945;5:579-99.

Matteuci P. Considerazioni sul glaucoma senza ipertensione. Atti
37 Con Soc Oftalmol Ital. 1948;10:168-9.

Matteuci PK, G. Dati clinicosperimentali sui rapporti tra escavazi-
one glaucomatosa, ipertonia oculari e pressione liquorale. . Atti 37
Con Soc Oftalmol Ital. 1948;10:559.

Stajduhar J. Contribution to the aetiology of pseudo-glaucoma;
pseudoglaucoma and hypotension of the intra-cranial fluid.
Ophthalmol J Int. 1951;122(3):129-42.

Primrose J. Mechanism of production of papilloedema. Br J
Ophthalmol. 1964;48:19-29.

Volkov V. Essential element of the glaucomatous process neglected
in clinical practice. Oftalmol Zh. 1976;31:500—4.

Yablonsky MR, Pokorny KS. Effect of decreased intracranial pres-
sure on optic disc. Invest Ophthalmol Vis Sci. 1979;18 [Suppl]:165.
Levene RZ. Low tension glaucoma: a critical review and new mate-
rial. Surv Ophthalmol. 1980;24(6):621-64.

Morgan WH, Yu DY, Cooper RL, Alder VA, Cringle SJ, Constable
1J. The influence of cerebrospinal fluid pressure on the lamina
cribrosa tissue pressure gradient. Invest Ophthalmol Vis Sci.
1995;36(6):1163-72.

Morgan WH, Chauhan BC, Yu DY, Cringle SJ, Alder VA,
House PH. Optic disc movement with variations in intraocu-
lar and cerebrospinal fluid pressure. Invest Ophthalmol Vis Sci.
2002;43(10):3236-42.

Morgan WH, Yu DY, Alder VA, Cringle SJ, Cooper RL, House
PH, et al. The correlation between cerebrospinal fluid pres-
sure and retrolaminar tissue pressure. Invest Ophthalmol Vis Sci.
1998;39(8):1419-28.

Jonas JB, Berenshtein E, Holbach L. Anatomic relationship
between lamina cribrosa, intraocular space, and cerebrospinal fluid
space. Invest Ophthalmol Vis Sci. 2003;44(12):5189-95.

Jonas JB, Berenshtein E, Holbach L. Lamina cribrosa thickness
and spatial relationships between intraocular space and cerebrospi-
nal fluid space in highly myopic eyes. Invest Ophthalmol Vis Sci.
2004;45(8):2660-5.

Berdahl JP, Allingham RR, Johnson DH. Cerebrospinal fluid pres-
sure is decreased in primary open-angle glaucoma. Ophthalmology.
2008;115(5):763-8.

Berdahl JP, Fautsch MP, Stinnett SS, Allingham RR. Intracranial
pressure in primary open angle glaucoma, normal tension glau-
coma, and ocular hypertension: a case-control study. Invest
Ophthalmol Vis Sci. 2008;49(12):5412-8.

Ren R, Jonas JB, Tian G, Zhen Y, Ma K, Li S, et al. Cerebrospinal
fluid pressure in glaucoma: a prospective study. Ophthalmology.
20105117(2):259-66.

Ren R, Zhang X, Wang N, Li B, Tian G, Jonas JB. Cerebrospinal
fluid pressure in ocular hypertension. Acta Ophthalmol.
2011;89(2):e142-8.

Pasquale LR, Willett WC, Rosner BA, Kang JH. Anthropometric
measures and their relation to incident primary open-angle glau-
coma. Ophthalmology. 2010;117(8):1521-9.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Asrani S, Samuels B, Thakur M, Santiago C, Kuchibhatla
M. Clinical profiles of primary open angle glaucoma versus nor-
mal tension glaucoma patients: a pilot study. Curr Eye Res.
2011;36(5):429-35.

Berdahl JP, Fleischman D, Zaydlarova J, Stinnett S, Allingham
RR, Fautsch MP. Body mass index has a linear relationship
with cerebrospinal fluid pressure. Invest Ophthalmol Vis Sci.
2012:53(3):1422-7.

Fleischman D, Allingham RR, Berdahl J, Fautsch M. Body mass,
spinal fluid, and glaucoma. Ophthalmology. 2011;118(6):1225-6.
author reply 6

Fleischman D, Berdahl JP, Zaydlarova J, Stinnett S, Fautsch MP,
Allingham RR. Cerebrospinal fluid pressure decreases with older
age. PLoS One. 2012;7(12):e52664.

Fleischman D, Berdahl J, Stinnett SS, Fautsch MP, Allingham
RR. Cerebrospinal fluid pressure trends in diseases associ-
ated with primary open-angle glaucoma. Acta Ophthalmol.
2015;93(3):e234-6.

Killer HE. Production and circulation of cerebrospinal fluid with
respect to the subarachnoid space of the optic nerve. J Glaucoma.
2013;22(Suppl 5):S8-10.

Killer HE. Compartment syndromes of the optic nerve and open-
angle glaucoma. J Glaucoma. 2013;22(Suppl 5):S19-20.

Killer HE, Jaggi GP, Miller NR. Optic nerve compartment syn-
drome. Acta ophthalmologica. 2011;89(5):e472; author reply e-3.
Killer HE, Jaggi GP, Miller NR, Huber AR, Landolt H, Mironov A,
et al. Cerebrospinal fluid dynamics between the basal cisterns and
the subarachnoid space of the optic nerve in patients with papilloe-
dema. Br J Ophthalmol. 2011;95(6):822-7.

Killer HE, Miller NR, Flammer J, Meyer P, Weinreb RN, Remonda
L, et al. Cerebrospinal fluid exchange in the optic nerve in normal-
tension glaucoma. Br J Ophthalmol. 2012;96(4):544-8.

Killer HE, Subramanian PS. Compartmentalized cerebrospinal
fluid. Int Ophthalmol Clin. 2014;54(1):95-102.

Abegg M, Fleischhauver J, Landau K. Unilateral papilledema
after trabeculectomy in a patient with intracranial hypertension.
Klinische Monatsblatter fur Augenheilkunde. 2008;225(5):441-2.
Greenfield DS, Wanichwecharungruang B, Liebmann JM, Ritch
R. Pseudotumor cerebri appearing with unilateral papilledema after
trabeculectomy. Archives of ophthalmology (Chicago, Il : 1960).
1997;115(3):423-6.

Kawasaki A, Purvin V. Unilateral optic disc edema following trab-
eculectomy. J Neuro-ophthalmol. 1998;18(2):121-3.

Fleischman D, Berdahl JP, Fautsch MP, Chesnutt DA, Allingham
RR. Increasing intraocular pressure as treatment for papilledema.
Exp Eye Res. 2013;115:278.

Fleischman D, Perry JT, Rand Allingham R, Stinnett SS, Fleischman
GM, Givre SJ, et al. Retrospective analysis of translaminar, demo-
graphic, and physiologic parameters in relation to papilledema
severity. Canad J Ophthalmol. 2017;52(1):26-9.



®

Check for
updates

Intracranial and Intraocular Pressure
Gradient and Glaucoma:
A Retrospective Point of View

Xiangxiang Liu, Diya Yang, and Ningli Wang

7.1 Introduction
Glaucoma is one of the most ancient diseases. It was first
described as “glaykoseis” in the era of Hippocrates in the
fourth century B. C. with the symptoms of the seawater-like
“greenish gray” appearing in the eyes and no vision [1]. In
China, the Sheng Nong’s Herbal Classic recorded “‘green
vision disorder” and “green vision impairment” back to Qin
and Han dynasty [2]. However, doctors back then gave the
diagnosis merely by judging the vision loss and change of the
color of the eye; thus, other diseases, such as cataract, were
also included, and the doctors could not distinguish them from
glaucoma. In 1622, a British physician, Banister, recorded a
patient whose vision wasn’t improved after cataract removal
and the eyeball showed a hard state, which was the first docu-
ment to relate intraocular pressure (IOP) to glaucoma [3].
Nowadays, it is commonly known that glaucoma is a mul-
tifactorial disease, which results in progressive loss of retinal
nerve ganglion cells (RGCs). However, the etiology of glau-
coma remains unclear. Ischemia, abnormal immune response,
and glial cell activation may all contribute to primary open-
angle glaucoma (POAG) [4]. Various studies documented
that the elevated IOP was a significant factor in the pathogen-
esis of glaucoma. However, as the optic nerve is surrounded
by cerebrospinal fluid in the subarachnoid space, it is exposed
to not only IOP but also intracranial pressure (ICP).
Therefore, apart from the IOP and ICP, focusing on the rela-
tionship between IOP and ICP and how these two forces con-
tribute to glaucomatous neuropathy by creating a trans-lamina
cribrosa pressure difference (TLCPD) is very important.
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This article reviews the discovery and recent studies of the
glaucoma-related pressures in order to better understand the
pathology and progression of glaucoma.

7.2 Intracranial Pressure

7.2.1 Historical Perspective

The ventricles and cerebrospinal fluid (CSF) were first
described by Edwin Smith in the seventeenth century. The
Greek famous physician Galen described the anatomy of
the ventricles and described CSF as a clear liquid based on
the animal dissections [5]. In 1510, Leonardo da Vinci
documented an accurate representation of human ventricu-
lar anatomy based on human dissection [6]. Though there
were many different opinions about the anatomy and phys-
iology of the CSF system, it was not until 1875 that the
first definitive article was published. Ernst Key and Magnus
Retzius proved that CSF was produced by the choroid
plexus, flowed through the ventricular system, and was
reabsorbed back into the venous system at the arachnoid
granulations [7].

7.2.2 CSF Physiology

Approximately 400-600 mL volumes of CSF are produced
by the choroid plexuses daily. While the extracellular fluid
and cerebral capillaries also play a role in the CSF produc-
tion as an extra-choroidal secretion, the circulating volume
of the CSF is only 100-160 mL, with 25% in the ventricles
and 75% in the subarachnoid spaces [8].

CSF is secreted into the lateral ventricles first, then flows
to the third ventricle, then passes through the cerebral aque-
duct to the forth ventricle, and finally runs into the cisterna
magna, where the CSF pathway divides. It can circulate in
the cranial subarachnoid space or in the spinal subarachnoid
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space or pass through the central canal of the spinal cord.
Finally, the arachnoid granulations reabsorb CSF into the
venous outflow system [8].

The brain weight reduced about 50 g for it is buoyant
within the CSF. This may protect the brain from the blunt
trauma for it buffers the acceleration. Besides, the CSF also
plays an important role in metabolism. Some micronutrients
including folate and vitamin C and hormones like thyroid
hormones are transported from blood into CSF and taken up
by brain cells, for they cannot enter the brain directly through
the blood-brain barrier (BBB) like glucose and amino acids.
Meanwhile the CSF also helps to transport waste products
from the intercellular space to the systemic circulation [9].

7.2.3 CSF Pressure

Intracranial pressure (ICP) is the pressure within the skull
vault, which recorded the tension on the brain by CSF and
blood. CSF pressure (CSFP) is defined as the ICP in the hori-
zontal position. It also represents the dynamic balance
between secretion and absorption of the CSF. The value of
the CSFP is measured by the manometer after a lumbar
puncture. The normal CSFP is 70-180 mmH,O, which
equals 5.1-15 mmHg.

ICP fluctuates through the day, and it undergoes pulsatile
with the cardiac and respiratory cycles. Some postures such
as bending over and lying down, and certain maneuvers like
sneezing and coughing, will influence the ICP. Besides,
venous pressure also plays a role in the ICP fluctuation [9].

7.3 Intraocular Pressure

7.3.1 Discovery of Aqueous Dynamics

Aristotle first recorded the watery contents in the eyeball,
which played an important role in the shape and function of
the eye. It was not until the seventeenth century that attention
was paid to the aqueous production and elimination when
Anton Nuck discovered the inguinal “canal of Nuck” by
injecting ducts and blood vessels with dyes. He believed
there were two tubular systems for aqueous circulation, one
for flowing into the eye and the other out. However, these
were not confirmed by other researchers [1].

With the invention of the diagnostic instruments like oph-
thalmoscope, the ophthalmology began to flourish in the
eighteenth century. Theodor Leber [10] measured the
osmotic pressure, the manometric intraocular pressure (IOP),
and the rate of aqueous flow [11]. Leber believed that the
production and elimination of the aqueous were the result of
filtration which was caused by the pressure differential.

Later, with the advances in knowledge on the nature of cells,
the Duke-Elder’s dialysis theory proved that aqueous humor
was secreted by the ciliary epithelium and then entered the
posterior chamber. Meanwhile, three people were histori-
cally important to the outflow of aqueous who were Hans
Virchow, Friedrich Schlemm, and Karl Ascher. Virchow
described the structure of the trabecular meshwork, Schlemm
discovered the drainage channel and named it by his name,
and Ascher recorded the aqueous veins [1].

The abnormal symptom of “hardened eyeball” was
recorded constantly in the entire eighteenth and nineteenth
century. It was not until in 1832 Sir William Lawrence, for
the first time, described the symptoms of glaucoma and
defined this condition as “glaucoma” in his ophthalmic
works. In 1864, Littell described the disease more accurately
as “a condition of decreased vision similar to amaurosis,
with greenish gray eyeball” and added “hardness of eyeball”
to the description of the disease. McKenzie, a Scottish oph-
thalmologist, performed fluid drainage by puncturing at the
eyeball to release IOP, which marked the beginning of glau-
coma treatment [3].

7.3.2 Aqueous Humor and IOP

Aqueous humor circulation generates IOP. Aqueous humor
is produced by an active secretion of the epithelial layer of
the ciliary body and passes from the posterior chamber
through the pupil into the anterior chamber [12]. The aque-
ous humor outflows via two pathways. In the trabecular out-
flow pathway, the aqueous humor flows through the
trabecular meshwork, juxtacanalicular tissue (JCT),
Schlemm’s canal, and radial collector channels into the epi-
scleral veins [13]. In the uveoscleral outflow pathway, aque-
ous humor passes through the interstitial spaces of the ciliary
body into the capillaries of the ciliary body [14]. It’s essen-
tial for a balance among the production, circulation, and
drainage of aqueous humor to maintain a steady level of
IOP. Besides, IOP fluctuates through the day, and habitual
24-h 10P can be changed by posture, circadian time, and
glaucoma medications.

7.3.3 I0OP and Glaucoma

Elevated intraocular pressure (IOP) has long been consid-
ered as the major risk factor for the development and pro-
gression of glaucoma [15]. However, in Handan Eye Study,
statistics showed that about 80% of Chinese POAG patients
identified in this population-based study had maximum IOPs
of 21 mmHg or less over a 24-h period [16]. Meanwhile, the
Ocular Hypertension Treatment Study Group (OHTS) found
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only 9.5% of ocular hypertension patients would develop
into glaucomatous optic neuropathy during 5-year follow-up
[17]. Why would NTG patients still develop into glaucoma
without high IOP? Are there factors other than IOP contrib-
uting to the pathogenesis of NTG as the role of IOP in the
pathogenesis of POAG becomes vague and controversial?

Trans-lamina Cribrosa Pressure
Difference (TLPD)

7.4

Intracranial and intraocular pressures are interrelated and
relatively independent pressure systems; however, the
forces of IOP and CSFP meet at the lamina cribrosa, which
becomes a barrier between the posterior force of the IOP
and the anterior force of the CSFP. Physiologically, IOP is
slightly higher than intracranial pressure; therefore, the
pressure difference is formed across the lamina cribrosa,
also known as the TLPD (TLPD = IOP-CSFP). Many
important structures that pass through the lamina cribrosa
are influenced by these two pressures and the pressure dif-
ference, such as the retinal ganglion cell axons, the central
retinal artery, and the central retinal vein. Increased TLPD
could cause the deformation of the lamina cribrosa which
may damage the optic nerve ganglion cells due to the
mechanical efforts or ischemia as the vessels pass through
the lamina cribrosa as well [18].

7.4.1 TLPD and Glaucoma
In 1976, Volkov VV first discussed about the effect of low
CSF pressure on glaucoma [19]. Yablonski and colleagues
then reported that CSFP may play a role in glaucomatous
neuropathy. They lowered the CSFP to —4 mmHg in the cat
model. One eye of the cat was cannulated to achieve 0 mmHg
of pressure, while the other eye was the control. Three weeks
later, the non-cannulated eye developed glaucomatous neu-
ropathy. The fundus of the eye that has maintained a lower
pressure as similar to the CSFP remained normal. This study
strongly suggested the effect of the TLPD in glaucoma [20].
There was no related study regarding the TLPD until
William Morgan and his co-workers performed several
related studies suggesting the relationship between TLPD
and pathogenies of glaucoma. His team used cannulation
technique to measure the IOP and CSFP directly in the dog
model and found that both IOP and CSFP variation had the
equivalent effects on the TLPD and lamina cribrosa, which
are also correlated with the optic disc surface movement [21,
22]. These studies have provided new views on the patho-
physiology of the glaucoma and have opened new chapter of
the research.

7.4.2 Clinical Studies

Berdahl and colleagues performed a retrospective study on
clinical chart data analysis of patients who had received lum-
bar puncture CSFP measurement and eye exam at the Mayo
Clinic [23]. Out of 31,789 patients, the author selected 28
POAG patients and 49 patients without glaucomatous optic
neuropathy as the control group to analyze. It turned out that
the lumbar CSFP was significantly lower in POAG patients
than in the control group. And then a follow-up study showed
that patients with NTG had lower CSFP than hypertension
glaucoma patients. They also found that CSFP in ocular
hypertensive patients was higher than that in the control
group [24].

At the same time, the first controlled prospective study
from Beijing iCOP study group observed NTG patients,
high-pressure glaucoma patients, as well as ocular hyperten-
sion patients who underwent lumbar puncture for various
reasons. Comparing with non-glaucomatous control group,
they found that patients with NTG had significantly lower
lumbar CSFP than those with high-pressure glaucoma or the
control group and ocular hypertension patients had signifi-
cantly higher CSFP. Consequently, in both glaucoma groups,
the TLPD was significantly higher than in the control group.
These studies support the hypothesis that TLPD is an impor-
tant influence factor contributing to the glaucomatous optic
neuropathy [25].

After that, much more attention paid on the role of TLPD
in glaucoma; therefore, many clinical studies focusing on the
relationship between TLPD and glaucoma-related parame-
ters had been done. Beijing iCOP study group did some clin-
ical observation studies and found that the TLPD as compared
to the IOP was significantly better correlated with cup to disc
ratio, rim width, and visual field loss [26]. This may provide
some indirect evidence that the TLPD might play some role
in the pathogenesis of glaucomatous optic neuropathy.

Considering the potential association between CSFP and
glaucomatous optic neuropathy, one needs to emphasize that
it is the orbital CSFP not the intracranial CSFP which deter-
mines the TLPD. However, it’s difficult to measure the
orbital CSFP directly or to perform lumbar puncture in every
glaucoma patient. In order to noninvasively estimate orbital
CSFP, Wang et al. from Beijing iCOP study group used MRI
to measure the width of the orbital CSF space [27]. This
group found that in NTG patients, the orbital CSF space was
significantly narrower than in the hypertension glaucoma
patients or control group. They also found the correlation
between the orbital CSF space width and lumbar CSFP mea-
surement, which revealed that the almost collapsed orbital
CSF space was associated with an abnormally low CSFP in
NTG patients [28]. The former studies reported that higher
CSFP was associated with higher BMI, higher diastolic
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blood pressure, and younger age [25, 29-31]. Therefore, this
group developed an algorithm to obtain CSFP values based
on these three parameters (estimated CSFP [mmHg] = 0.44
body mass index [kg/m?] +0.16 x diastolic blood pressure
[mmHg]—0.18 x age [years]—1.91) [28].

In a recent study, the same group reported an improved
method to measure the area of the optic nerve subarachnoid
space in patients with NTG, POAG, and controls. They used
B-scan ultrasound to measure 3—7 mm posterior to the globe
to obtain the “area of the optic nerve subarachnoid space,”
which was significantly reduced in NTG patients compared
with the normal controls [32]. This study supports their prior
work that optic nerve sheath was narrower in NTG patients.
As a corollary, lower CSFP has been associated with NTG.

An optic nerve compartment syndrome had been pro-
posed by Killer and colleagues [33]. They focused on the
CSF dynamics around the optic nerve. Their study showed
the compartmentalization was found in NTG patients.
Reduced CSF turnover results in decreased CSF exchange
between the orbital CSF space and basal intracranial cisterns
which leads to accumulation of toxic substances and causes
optic nerve damage. Although the mechanism leading to
compartmentalization remains unknown, this theory adds
more evidence for the role of CSF circulation and its toxicity
effect on glaucomatous optic neuropathy.

However, there are some opposite results of TLPD in
patients with NTG. Linda et al. published their study recently
that NTG patients had normal ICP compared to the control
group using a modified ICP monitor and measured the pres-
sure in different body positions [34]. The authors measured
the ICP at the auditory meatus and adjusted for hydrostatic
gradients between the auditory meatus and the lamina
cribrosa to get the TLPD. Getting the ICP at auditory meatus
is preciser than that at lumbar level. Therefore, improving
the measurement method may help us to understand the role
of TLPD in glaucoma better.

7.4.3 Experimental Studies

Yang et al. from Beijing iCOP study group conducted a
lower CSFP monkey model to explore the potential associa-
tion between lower CSFP and glaucomatous neuropathy. In
this study, nine monkeys underwent implantation of a
lumbar-peritoneal CSF shunt. The shunts of four monkeys
were opened to achieve approximately 40 mm H,O of CSFP
as the study group, while the shunt remained closed in the
rest of the monkeys as the control group. Follow-up ophthal-
mological examinations including measurement of IOP and
CSFP, optical coherence tomographic and photographic
images of the optic nerve head, and retinal nerve fiber layer
(RNFL) were performed. As the result, in the study group,
four eyes of two monkeys had a continuous loss of RNFL,

and one eye of the third monkey developed a splinter-like
disc hemorrhage, while there was no change in the fourth
monkey in the study group, nor was in the control group. It
was concluded that experimental and chronic reduction in
CSF led to optic neuropathy in some monkeys [35].

Jaggi and colleagues put a silicone band around one optic
nerve of seven sheep and compressed to block the CSF flow
around the optic nerve without compressing the optic nerve.
After 4 or 21 days, all eyes with compression had loss of
optic nerve fibers. The authors concluded that blocking the
CSF flow in the orbital CSF space that led to severe optic
nerve damage within 4 days revealed the severity of CSF
flow and composition change on optic nerve damage [36].

Zhang et al. experimentally reduced CSFP and elevated
IOP in rats to observe the change of axonal motor proteins in
retinal ganglion cells. In this study, the authors found that
short-term lowering of CSFP and short-term increasing of
IOP were all associated with a disturbance of both the ortho-
grade and retrograde axonal transport. Additionally, when
the TLPD dramatically increased, an accumulation of dynein
intermediate chain was noticed, while the kinesin heavy
chain immunoreactivity reduced in the optic nerve fiber
axons. They concluded that experimental models with acute
CSFP reduction and an acute IOP elevation can cause the
failure of axonal transport and show similar morphologic
changes in the optic nerve fiber axons. It supports the hypoth-
esis that these two changes of pressures may share similari-
ties in the process of optic nerve damage [37].

Hou et al. analyzed the correlation between ICP and IOP
in normal dog models and found three different stages of the
ICP-IOP relationship. There is ICP-IOP dependent zone
where ICP and IOP change in parallel, so the TLPD was
unchanged. Right below the breakpoint, which is the second
stage, there is also an ICP-IOP independent zone, where IOP
changes are no longer parallel to ICP changes and lead to an
increasing TLPD. Hou et al. proposed that the imbalanced
relationship between ICP and IOP may play a role in the
glaucomatous optic neuropathy in patients with lower ICP
[38]. What’s more, the optic nerve damage not only hap-
pened in the site of laminar cribrosa but all along the optic
nerve, where pressure gradients exist. So the concept of
“trans-lamina cribrosa pressure difference” may be changed
into “optic nerve pressure gradient (ONPG)” to be more pre-
cise [38].

7.5 Conclusion

In conclusion, most evidence derived from retrospective and
prospective studies of clinical databases and experimental
studies of different emphasis supports the hypothesis that
lower CSFP contributes to glaucomatous optic neuropathy.
As a corollary, increased TLPD is an important influence
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factor in the pathogenesis of glaucoma. However, all the
related studies had small sample sizes and limited methods
to measure the real orbital CSFP. Therefore, future studies
should further develop noninvasive measurement of CSFP,
and an international cooperative study covering different eth-
nic groups based on standard protocol would be of interest in
the field.
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Anatomy and Physiology of Optic

Nerve Head

Xiaoxia Li and Ningli Wang

The optic nerve is a unique structure as it is only surrounded
by cerebrospinal fluid in the nervous system (Fig. 8.1). The
functions of cerebrospinal fluid (CSF) include nutrition sup-
ply, strength to intraocular pressure, taking away metabolic
waste, etc. However, the functions and mechanism are not
clear yet.

Optic nerve contains 1.2 million axons, in human which
originate from retinal ganglion cells, goes through the lateral
geniculate nucleus (LGN) or superior colliculus (SC), and
ends at visual cortex.

Fig. 8.1 In the glial lamina in rat, which is named optic nerve head
(ONH) in human or primate animal, there are pre—/post-glial lamina
tissue, glial lamina, optic nerve, and the subarachnoid space (SAS) in
the retrobulbar optic nerve
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Human brain oxygen consumption accounts for 20% of
the total, and the most is consumed in the retina. Except CSF
surrounding the optic nerve (ON), the other tissues, such as
the retinal ganglion cell axons, vessels, and glial cells, also
present unique anatomic characteristics.

This chapter reviews the anatomy and physiology of the
optic nerve head (ONH), the optic nerve (ON), and the CSF.

8.1 The Anatomy and Physiology
of Retina
8.1.1 The Anatomy and Physiology

of Ganglion Cells

The thickness of the retina is uneven, and the border of the
optic nerve head is the thickest [1]. The diameters of retinal
ganglion cell (RGC) axons vary in size at different regions
with special varicosity morphology, even in peripapillary
area and on the much thinner nerve fibers [2] (Fig. 8.2).
There are plenty of mitochondria in these varicosities.
Between axons, there is a mount of fibers (Fig. 8.2b) and the
intercellular junctions in axon-axon and axon-glial cell. The
exact functions of these junctions are unknown; thus, we
proposed that they may be functional sites that are related to
energy demand or signal transfer. Except that, the bulb whose
constitution is not clear can be absorbed by axon through
endocytosis (Fig. 8.2c¢).

8.1.1.1 Hypothesis: Varicosity-Like Morphology
as a IOP Buffer System

In clinic, we can see that higher IOP will not cause branch
retinal vein occlusion (BRVO) or central retinal artery
occlusion (CRAO). Apart from the vessel’s characteristics
that resist the pressure, there may be other buffer system in
the retina. We proposed that the intraretinal ganglion cell
varicosities are mitochondria-rich as its special energy
demand (Fig. 8.2b). Between the varicosities, the axon is
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Fig. 8.2 The RGC axons in normal rat retina. (a) The diameters of
intraretinal ganglion cell axons vary significantly between different
axons. (b) The intercellular tight junction in axon-axon and axon-glial

thinner; thus we propose this morphological structure
maybe unique buffer system. If the IOP is elevated, mild, or
moderate, this buffer system can resist the pressure until it
returns to normal. Otherwise the varicosities diminish if the
IOP elevation is severe and sustains for a long time and the
varicosities are replaced by the strengthened glial cell pro-
cesses (Fig. 8.2d).

8.1.1.2 Hypothesis: Neuron-Glial Cell

Transcellular Transfer Theory
Intraretinal ganglion cell axons are predominantly varicose
fibers in both human and nonhuman primates, and the vari-
cosities are mitochondria-rich. Therefore, the varicosities
can be considered as plenty energy demand sites and may
take part in other functions. And we can see that there are
glial cells around axons (Fig. 8.2b). It had been reported
that neuron axon can release damaged mitochondria to
transcellular degenerated by astrocytes in the RGC and
brain [3]. More interestingly, astrocytes also can transfer
health mitochondria to neurons after stroke which depends
on CD38, Ca?*, and cADPR [4]. The relationship between
neuron and glial cells is very important; thus, we propose

cells. (¢) Axon absorbs extracellular bulb through endocytosis. (d) The
ganglion cell varicosities are replaced by the strengthened glial cells
processes

other cell components can also be transferred except mito-
chondria (Fig. 8.2¢).

8.1.2 Muller Cells

The vertebrate retina contains four types of glial cells, and
each exhibits distinct morphological, developmental, and
molecular antigenic characteristics. Muller cells are the pre-
dominant, which compose 90% of all the glial cells, followed
by astrocytes, microglial cells, and oligodendrocyte, which
only exist in few species such as rabbit and are associated
with myelinated ganglion cell axons.

Muller cells are radially oriented cells that transverse the
retina from its inner border to the distal end of the outer
nuclear layer (Fig. 8.3). Some research reported Muller cells
are the last post-mitotic cells [5]. Muller cells involve many
functions. For instance, it is supposed to be a scaffold which
is rich in ion channels and which acts as the mechanosensors
that maintain ion and water homeostasis in the retina.

Muller cells play a prominent role in the water handling
in the retina and osmotically driving water flux to the vitre-
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Fig. 8.3 Retina Muller cell
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Fig. 8.4 The pattern diagram of aquaporin protein

ous body and vessels rather than to the subretinal space
which may be because of its aquaporin (AQP) (Fig. 8.4),
especially AQP4. The water flux through AQP4 is involved
in the rapid volume regulation of the retina and maintains
the water homeostasis in some diseases that induce retinal
edema such as diabetes mellitus, glaucoma, and others.
Muller cells also maintain the integrity of the blood-retina
barrier and clear metabolic waste by regulating extracellular
pH and K+ ions [6].

8.2 The Anatomy and Physiology of Optic
Nerve Head
8.2.1 The Anatomy and Physiology of ONH

The morphology of rat ONH is quite unique, which is very
different from human ONH that without lamina cribrosa
(LC) instead of glial lamina [7], the RGC axons run through
and which is also vulnerable. There are some buffer systems
in ONH. We will discuss the morphological characteristics
and underlying functions.

8.2.1.1 ONH Sheath

In rodent and primate animal, there are sheaths around the
ONH surrounding, which may act as buffer system to the
pressure change, increase or decrease (Fig. 8.5). In rat ONH,
the vessels are in the basal of ONH, which is very different
from primate’s ONH in which the vessels including central
artery/vein are in the ONH center (Fig. 8.5a). The sheath is
mainly composed of collagen fibers and elastic fibers, which
are hydrophilic as it is rich in proteoglycan (Fig. 8.5b) [8, 9].
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Fig. 8.5 The morphology of rat ONH. (a) The shape of rat ONH; the

retinal central vein (V) and retinal central artery (A) are in the basal of

ONH. The sheath wraps up the whole ONH (red: glial fibrillary acidic

protein, GFAP). (b) The magnification photo of sheath, in which the
main component is collagen fibers and elastic fibers. Sk sheath, Fa forti-
fied astrocytes, V vessel, A artery

Fig. 8.6 (a) The ganglion cell axons in rat ONH and the axons of different sizes can be seen. (b) In 40 mmHg IOP 6 h acute IOP1 rat model, the
axon are destroyed and thus are diminishing, and the bare space can be seen. Arrow: destroyed axons

The sheath is surrounded by SAS which is filled with cere-
brospinal fluid (CSF). CSF pressure fluctuation is consistent
with the heartbeat and fluctuates over time. We propose the
sheath is the first barrier to CSF pressure fluctuation and pro-
tects the axons.

8.2.1.2 Ganglion Cell Axons in ONH

In rat ONH, the ganglion cell axons have various shapes such
as round, oval, or irregular which are close to each other
(Fig. 8.6a). Between axons, there are a mount of astrocytes
processes which separate axons and have important func-
tions. If the axons are damaged, it will shrink and diminish

which will be replaced by fibrous connective tissue. In acute
higher IOP rat model, the axons are damaged and shrink with
increased electron dense, and with the shrinking of axons, the
bald spaces are left without scar tissue filling in (Fig. 8.6b).

Hypothesis: Ganglion Cell Axons in ONH

With the same circumference, round has the largest area.
Some reported demonstrated axons are damaged earlier than
ganglion cell body [10]. We proposed that, in some pathologi-
cal conditions, the axons can swell and become much more
round according to the morphologic characteristics without
deterioration, even when the axons are arranged closely.
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8.2.1.3 Fortified Astrocytes (FASTSs)

There is a kind of special astrocytes in ONH named fortified
astrocytes (FASTs); the FAST processes are scattered in
axon intervals and closed tightly, of which functions we will
discuss in the other chapter.

Geoffrey Raisman and his colleagues think FASTs have a
close relationship with Muller cells or have the same origin
with Muller cell (Fig. 8.7). In this conception, the FAST ven-
tral side is cognate with Muller cell’s outer part, and the dor-
sal surface is cognate with Muller cell end feet [11]. The
dorsal side is vulnerable to damage and sensitive to pressure.
When IOP is increased, the tiny feet from FAST dorsal part
shrink and atrophy with bald space left (Fig. 8.7a, b). In our
recent study, we found both the dorsal tiny feet and the ven-
tral tiny feet are sensitive. We found the same phenomenon
has occurred in the basal of FASTs.

Except that, we can see that in the tiny feet from FASTs,
there are mount of pinocytotic vesicles (Fig. 8.7c) [11]. The

particular functions of these pinocytotic vesicles are not clear.
We proposed that these pinocytotic vesicles may maintain
microenvironment stability through shallow water, metabolic
waste, or other tissue fragments from all kinds of pressure.

8.3  The Anatomy and Physiology
of Optic Nerve
8.3.1 ON Sheath

ON sheath is very similar to ONH sheath, which is mainly
composed of a mount of elastic fibers and collagen fibers that
wrap the sheath in different patterns such as vertically and
horizontally. ON sheath is surrounded by CSF, and the elastic
fibers and collagen fibers have good hydroscopicity. Therefore,
the sheath may be able to keep ON in the balance of pressures
and maintain tissue microenvironmental stabilization.

Fig. 8.7 (a) Rat morphology of ONH, the ventral and dorsal cleft of
FASTs. (b) The tiny foot of FASTs dorsal. (¢): The pinocytotic vesicles
of FAST processes (arrow) (Reprinted with permission from Li 'Y, Li D,
Ying X, et al. An energy theory of glaucoma[J]. (Reprinted with per-

mission from LiY, Li D, Ying X, et al. An energy theory of glaucomalJ].
Glia, 2015, 63(9):1537-1552). Sh sheath, Fa fortified astrocytes,
vs ventral side, ds dorsal side, V vein, A artery, FaD Fa degenerating,
dt dorsal terminal
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8.3.2 Aquaporin 4in ON Astrocytes

Similar to Muller cell, there are AQP4 located in ON astro-
cytes. AQP4 maintain the water balance between the outer
and inner membrane. Astrocytes are scattered in ON to main-
tain the homeostasis.

8.4  Retro-ocular Buffer System: CSF
The translaminar pressure gradient (TLPD) is strongly cor-
related to the difference between IOP and CSFp [12-21].
The retro-ocular CSFp depends on the intracranial CSF [22].
Some research reported that under a key point, the CSFp in
retro-ocular is little influenced by intracranial CSFp and is
relatively stable to resist the forward pressure from IOP. If
we destroy the anatomy in orbital, this relative stability to
resist [OP will be destroyed, and the axon will degenerate
gradually.

In our study we found after the acute reduction of CSFp,
the retinal axon flow can be obstructed and the axon motor
protein transport also blocked [19-21].

8.5 Vessels

8.5.1 Retinal Vessels

According to the mentioned above, we proposed that in these
damaged vessels, elevated IOP is relatively higher than in
other capillaries. When IOP is elevated, the vessel is com-
pressed and returned with IOP decreased. If the pressure
decreased rapidly and exceeded the limit of these vessel buf-
fers, the capillaries will be destroyed and bleed. Thus, we
usually see the clamp hemorrhage in glaucoma patients’ pos-
terior fundus with severe IOP elevation, without peripheral
retina as capillary tension is relatively lower.

8.5.2 Hypothesis: Why the Central Retinal
Artery/Vein Is Located in ON Center?

We are wondering why central retinal artery/vein is located
in ON center in human and other mammalian or rodent ani-
mals. In human, the central retinal artery/vein is located in
ONH center too but not in the rodents. We proposed that the
central vessels are located in the core of tension balance from
subarachnoid space (SAS), dura, and subarachnoid.
According to this, we concluded that the CSF pressure influ-
ences ON indirectly. What’s more, only the fluid produces
pressure homogeneously. Maybe the pressure in the center of
ON is zoned, and the pressure to the center vascular wall in
360° is quite balance.

8.5.3 Hypothesis—Why the Central Retinal
Artery/Vein Enters into ON Tilted at
a Certain

Comparing with posterior ciliary artery which vertically enters
into tissue, the central retinal artery/vein gets into retro-ocular
ON at a certain angle, and the artery angle is much bigger than
the vein which is very different to the micro-small vessel espe-
cially posterior ciliary artery that vertically enters into ON for
nutrition supply. We propose that the vessel pressures are the
causes for these angles. The artery pressure is much bigger
than the vein, so it can better resist the horizontal pressure
from axon fluid dynamics. We further proposed that the axon
microenvironment fluid flow including introgradient and ret-
rograde brings some kind of pressure obviously.

8.5.4 Hypothesis: Why Does ONH Micro-
Artery Return to ON with Axon?

It is very interesting that the retro-ocular ON blood supply is
from the return branch of posterior ciliary artery (PCA) in
ONH (Fig. 8.8). Except in this region, there is almost no
other tissue blood supply like this. As the anatomic charac-
teristics, we can see that there is a SAS chamber between the
dura mater and retro-ocular ON, so it is impossible that the
posterior ciliary artery (PCA) supplies ON directly.
Besides, maybe the forward axonal flow also influences
the blood supply of ONH. We proposed that the IOP, SAS, or
tissue pressure may also impede the backward blood supply
which may accelerate tissue energy metabolism following

Fig. 8.8 Blood supply of ONH. OA ophthalmic artery, PCA posterior
ciliary artery
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axon transport. However, the hemodynamics of ONH will be
devastated if the pressure balance is destroyed.

It may explain why the IOP returned to normal; however,

the neuronal damage continued. We further proposed that the
pressure in these damaged vessels because of IOP elevation
is relatively higher than the capillary.
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The New Concepts of Cerebrospinal

Fluid Physiology

Jiawei Wang and Ningli Wang

9.1 The History of Cerebrospinal Fluid

The description of cerebrospinal fluid first appeared in the
17th century BC [1]. An antique dealer named Edwin Smith
bought a surgical papyrus which described the watery fluid
around the brain. In 1747, Albrecht von Haller, a Swiss anat-
omist and physiologist, first described the existence of CSF
systematically [2]. Subsequently, Cotugno, an Italian anato-
mist from Naples, observed the presence of water (“liquor
cotunnii”’) around the ventricles and the spinal cord by con-
ducting 20 autopsies [3]. Also, he found that the brain gets
smaller in size and the volume of watery fluid around the
ventricles and the spinal cord increases with age increase.
His notable observations were published in Latin in 1764 in
Naples and in English in 1775 in London. The term cerebro-
spinal fluid in published literature is “le liquid cérébrospi-
nal” in a French document by Magendie in 1842 [4].

9.2 The Classical Concept of CSF

Physiology

In 1875, Key published a very famous paper in which he dem-
onstrated the CSF is absorbed by the arachnoid granulation or
villi [5]. A long period of time after that, it is widely accepted
that the CSF is absorbed by the arachnoid granulation or villi.
Key’s article has been cited by many classic textbooks. In
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1913, Dandy published his extremely famous experiment in
JAMA. He blocked the foramen of Monro of dogs, then
excised the choroid plexus from the lateral ventricle, and pre-
served the choroid plexus from the contralateral lateral ven-
tricle. The result of the experiment shows that ventricular
dilatation does not occur in the choroid plexus excised side
but occurs in the choroid plexus preserved side [6]. This
experimental result demonstrated that the CSF is produced by
choroid plexus. In 1926, Cushing, the American pioneering
brain surgeon, introduced the concept of the “third circula-
tion” which asserts CSF is produced by the choroid plexus
and circulates unidirectional from the ventricles to the sub-
arachnoid space to be absorbed by the arachnoid villi [7].

9.3 The New Concept of CSF Physiology
During 100 years, after Dany demonstrated that the choroid
plexus is the site of CSF production, many scientists found
that the CSF is also produced by structures other than the
choroid plexus. Some articles sought out the brain itself as
the site of CSF production [8], whereas others claimed CSF
production from the cerebral superficial subarachnoid space
[9], the perivascular system [10], or the pial artery [11].
Moreover, a study suggested its production by the spinal
cord [12], and another has shown the presence of ependymal
fluid secretion from the ependyma of the spinal cord central
canal [13]. The hypothesis of Oreskovic and Klarica is the
mostly accepted now. It asserts that the CSF is formed every-
where and resorbed everywhere in the brain [14]. Also it
introduced the term of Virchow-Robin space (VRS), also
known as the pericapillary space, in which the CSF was pro-
duced and resorbed.

In 1992, Agre discovered that red blood cells contain a
membrane protein of high water permeability [15]. This
protein, later called aquaporin-1 (AQP-1), turned out to be a
member of a large family of water channel proteins that
allow bidirectional transport of water across the phospholipid
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bilayer of the plasma membrane. In 2014, Nakada demon-
strated that it was AQP-4 that regulated water influx into
CSF [16]. In this experiment, he chose wild-type AQP-1
knockout and AQP-4 knockout mice. This experiment inves-
tigates water flux into CSF in wild-type AQP-1 knockout
and AQP-4 knockout mice utilizing '"O-labeled water and JJ
vicuna coupling proton exchange (JJVCPE) MRI. This
experiment supports the hypothesis that water movement
within the Virchow-Robin space is critical for CSF volume.
The result clearly demonstrated that water influx into CSF is
regulated by AQP-4, known to be responsible for water
homeostasis of the pericapillary space [17], and not by
AQP-1 found in the choroid plexus. At the same time, this
experiment strongly supports the Oreskovic and Klarica
hypothesis.

The “third circulation,” also known as the bulk flow the-
ory of CSF introduced by Cushing in 1926, was recently
replaced by the “cardiac cycle-dependent systolic-diastolic
to-and-fro cranio-spinal CSF movements” [18]. This new
concepts of CSF movement are based on three main factors.
The first one is physiological oscillations of arterial and
venous blood during cranio-spinal blood circulation. The
second one is respiratory activity, and body activity and pos-
ture is the last one. The CSF movement hypothesis is now
widely accepted benefits from the advancements in neuroim-
aging [19].

9.4 The Function of CSF
The CSF is very important for the brain to survive and func-
tion. The function of CSF includes five parts [20]:

1. Buoyancy: the CSF can provide partial buoyancy for the
brain helping to prevent the brain from being impaired by
its own weight. The actual mass of the human brain is
about 1400 g. However, the net weight of the brain sus-
pended in the CSF is about 25 g. The brain therefore
exists in neutral buoyancy, which allows the brain to
maintain its density without being impaired by its own
weight, which would cut off blood supply and kill neu-
rons in the lower sections without CSF.

2. Protection: when head hit occurs, the CSF may cushion
the brain within the skull.

3. Chemical stability: the CSF exchanges components with
interstitial fluid to maintain the chemical stability.

4. Prevention of brain ischemia: the CSF can act as a means
to compensate for the changes in blood volume within the
skull during the cardiac cycle.

5. Clearing waste: the CSF could take away the waste prod-
ucts from the brain.

9.5 Intracranial Hypertension

The normal intracranial pressure ranges from 5 to 15 mmHg
(in the supine position) in adults. The signs of intracranial
hypertension involve headache (diffuse and persistent, most
severe in the morning), nausea and vomiting (typically in the
morning—paroxysmal dry heaves), as well as papilledema.
The common cause of intracranial hypertension includes (a)
idiopathic intracranial hypertension, (b) intracranial mass
lesion, (c) traumatic brain injury, (d) ischemic stroke, (e)
nontraumatic intracranial hemorrhage, (f) intracranial infec-
tion, (g) hydrocephalus, (h) impaired venous outflow from
the brain, (i) hypoxemia/hypercarbia (causes cerebral vaso-
dilation), and (j) drugs and metabolic [21]. The classic radio-
logic findings of intracranial hypertension include empty
sella, downward brain herniation, dilation of the optic nerve
sheaths, flattening of the posterior globe, optic nerve head
protrusion, and venous stenosis at the distal portion of the
transverse sinuses.

9.6 Intracranial Hypotension

Intracranial hypotension refers to the intracranial pressure
lower than 60 mmH,0O, and the clinical manifestations
involve orthostatic headache, posterior neck pain, nausea,
vomiting, photophobia, tinnitus, decreased level of con-
sciousness, and coma. The CSF leakage through a dural
defect is the main cause of this. The causes of CSF leakage
vary from the secondary causes such as lumbar puncture,
cranial or spinal surgery, head or spine trauma to the primary
causes like actual or underlying dural defect, and connective
disorders (meningeal diverticula, Frank holes, Marfan syn-
drome, etc.). The classic radiologic findings of intracranial
hypotension include pachymeningeal enhancement, venous
engorgement, dural thickening, pituitary fossa enlargement,
and herniation of the hindbrain.
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Idiopathic intracranial hypertension (IIH) is a disease char-
acterized by abnormal high intracranial pressure (ICP) with
unknown etiology. Factors such as obesity and stenosis of
the venous sinus are potentially linked. Symptoms mainly
include persistent associated headache, pulsatile tinnitus,
vomiting, cranial nerve palsies, and visual disturbances such
as photophobia. Response to medical or surgical treatment is
variable by patient.

Therefore, the research question is whether response to
treatment can be predicted/customized by measuring cere-
brospinal fluid pressure (CSFP) response to change in CSF
volume during diagnostic lumbar puncture (LP). The first
step is to characterize the relationship between CSFP and
change in CSF volume. We prospectively enrolled 12 sub-
jects who presented with signs and symptoms of IIH based
on the modified Dandy criteria. Standard ophthalmic evalua-
tion was done by an experienced neuro-ophthalmologist,
including visual acuity, slit lamp exam, fundoscopy, and
Humphrey visual fields. Intraocular pressure (IOP) and ocu-
lar pulse amplitude (OPA) were measured by Pascal dynamic
contour tonometer (Ziemer Ophthalmic Systems, Port,
Switzerland) in the clinic setting and a Model 30
Pneumatonometer  (Reichert  Technologies, = Depew,
New York, USA) during the LP. We used electronic measure-
ment of CSFP during LP (Fig. 10.1) with ultrasound guid-
ance (Fig. 10.2) for spinal needle placement. During the LP,
CSFP waveforms were measured as CSF was incrementally
drained (Fig. 10.3), and IOP and OPA were measured pre-
and post-LP.
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Figure 10.4 shows a series of CSFP signals, recorded from
a single patient during the LP. The blue waveform on the top
represents the opening pressure CSFP waveform with a mean
value that was very high and a pulse amplitude that was also
quite large. As CSF was drained, we measured the waveform at
multiple discreet time points during the procedure. The CSFP
was reduced gradually to the value of approximately 17 mmHg,
with greatly reduced pulse amplitude with a morphology dis-
tinct from the waveforms recorded at high pressures.

To Spinal Needle

/’

Plugged into A
Standard Monitor

=

Transducer

To Pressurized
Fluid Reservoir

Fig. 10.1 Electronic transducer used to measure cerebrospinal fluid
pressure during a lumbar puncture

Fig.10.2 Ultrasonic image of the spine showing lumbar vertebrae, L4
and L5, as well as sacrum, S1
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All subjects showed a similar pattern of rapidly changing
CSFP with fluid removal at higher pressures, followed by
slower changing CSFP with fluid removal at lower pressures.
This is shown in Fig. 10.5 for all 12 subjects.

Figure 10.6 shows the technique used for processing
waveforms according to Lofgren [1]. Region 1 (blue line) is
characterized by low compliance and high pressure, in which
smaller changes in fluid volume cause larger changes in pres-
sure. Region 2 (red line) is characterized by high compliance
and low pressure, in which larger changes in volume cause
smaller changes in pressure. The low pressure region may be

Fig. 10.3 Monitor displaying both cerebrospinal fluid pressure wave-
form in white with mean value of 22 mmHg and pulse oximetry signal
in green

Fig. 10.4 Series of
cerebrospinal fluid pressure
waveforms recorded from a
single subject as fluid was
drained during a lumbar
puncture
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associated with intracranial pressure (ICP) in glaucoma.
Interestingly, fluid volume can be changed within a larger
range, yet pressure is changed minimally.

Table 10.1 shows the significant reduction in CSFP and
significant increase in both cerebrospinal pressure pulse
amplitude (CPA) and cerebral perfusion pressure (CPP). The
strong relationship between mean CSFP and CPA is illus-
trated in Fig. 10.7.

Interestingly, a very similar relationship was shown
between the mean CSFP values and the CPA in all subjects.
Through both the low compliance and the high compliance
regions, we found a very strong linear relationship by indi-
vidual patient with a characteristic slope. Therefore, each of
the different colors represents a different subject. The R
square of each regression was greater than 0.9 (Fig. 10.7).

A sample set of ocular pressure waveforms from one of
the subjects is shown in Fig. 10.8. The pre-LP waveform is in
red and the post-LP waveform is in blue. The reduction of
IOP and OPA can be seen from the figure. The only differ-
ence between these two recordings was a relatively large
reduction in CSFP. However, our n is too low to be conclu-
sive. Therefore, it is clear that the interaction between intra-
cranial pressure (ICP) and IOP is complex.

Consequently, we can conclude that it is feasible to mea-
sure the cerebrospinal system compliance in IIH during the
diagnostic LP. High CSFP is associated with low compliance
and high pulse amplitude. Furthermore, future studies will
investigate the connections between cerebrospinal compli-
ance and response to treatment in ITH.

The CSFP Waveform of Subject 12

Time(s)
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The Volume Pressure Response in IIH Subjects
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Fig. 10.5 Pressure-volume curves of 12 analyzed subjects

Based on our understanding of the relationship between
mean CSFP and CPA from our study of IIH, as well as the
relationship between CSFP and compliance, the translami-
nar pressure gradient (TLPG) in glaucoma is the next focus.
As is known, both IOP and ICP are pulsatile in nature. It is
important to also understand the spatial effect of IOP and
ICP. IOP is distributed over the entire eye, so changes in
volume/pressure will result in a change in the diameter of
the eye with each pulsation. Also, IOP is measureable on the
cornea. With each beat of the heart, the eyes become larger.
If it is assumed that the heart rate is 60 bpm, this translates
into over 31 million beats per year. Inevitably, across a life-
time, there is small magnitude and repetitive stretching of
the eyes and the lamina cribrosa. ICP is present only behind
and around the lamina cribrosa; thus it potentially buttresses
the lamina and protects it from the action of the OPA
(Fig. 10.9).

Therefore, since it was shown that normal to high intra-
cranial pressure (ICP) leads to greater cerebral pulse ampli-
tude (CPA), it is hypothesized that this buttresses the lamina
cribrosa and protects it from the action of ocular pulse ampli-
tude (OPA). Lower intracranial pressure and lower cerebral
pulse amplitude in glaucoma make the lamina exposed to the
action of ocular pulse.

This is consistent with the work reported from Dr. Lesk’s
laboratory, who explored the motion of fundus pulse ampli-
tude (FPA). They found that there was no difference between
normal and glaucoma eyes in the axial direction (Fig. 10.10).
However, there was a significant difference in lateral motion
between glaucoma and normal eyes (Fig. 10.10).
Glaucomatous eyes showed greater motion in the nasal
direction than the normal eyes [3].

We initially started our study to test this new hypothesis
several years ago. The target is 120 subjects, including 30
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Fig. 10.6 Sample of how

The Volume Pressure Response in one IIH Subject - Subject 11
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Table 10.1 Pre and post-lumbar puncture measurements with compli-
ance during LP

Measurement N Pre-LP Post-LP P value
(pre—/post-LP)
CSFP (mmHg) n=12 [32.6+6.0 13.4+25 0.0001
(Range: (Range:
20-42) 10-17)
CPA (mmHg) n=6 |57+32 1.3+0.5 0.02
(Range: (Range:
1.8-10.4) 0.79-1.79)
CPP (mmHg) n=9 [50.7+135 105+ 10.8 4.7e-06
(Range: (Range:
30-65) 90-114)
Measurement N (R1) (R2) P value
(during LP)
Compliance n=12 [0.8+0.3 35+2.0 0.0010
(mL/mmHg) (Range: (Range:
0.43-1.3) 1.6-9.1)

primary open-angle glaucoma (POAG), 15 ocular hyperten-
sion glaucoma (OHT), 15 normal tension glaucoma (NTG),
and 60 normal subjects (NRM). Fifty-three subjects have
been recruited thus far. The study is approved and monitored
by the Institutional Review Board (IRB) and funded by the
Ann Ellis Fund of the Columbus Foundation.

We measured IOP with multiple technologies. Goldmann
applanation tonometry (GAT), as the most common device
used for IOP estimation by ophthalmologists, will be used
for comparison with other IOP measurements, despite the
limitations in its accuracy [4]. Ocular response analyzer
(ORA) produces a measurement of the viscoelastic corneal
response to an air puff, which is referred to as corneal hyster-
esis (CH) and has been shown to correlate to glaucomatous

damage. It also produces a more accurate assessment of IOP,
known as corneal compensated IOP (IOPcc). We will also
measure OPA using dynamic contour tonometry (DCT) in
the sitting position and using pneumatonometry in the sit-
ting, supine, and lateral decubitus position during a lumbar
puncture (LP).

The CorVis ST is a new device, which measures corneal
deformation characteristics. It functions by capturing high-
speed images of the cornea deforming under an air puff,
enabling measurement of deformation characteristics as
indicators of the elastic properties of the cornea. We will
compare [OP using multiple technologies and positions, to
CSFP obtained during the LP. Blood pressure and heart rate
were recorded with an automated sphygmomanometer.

For the anterior segment and optic nerve assessment, cor-
neal tomography (Galilei or Pentacam anterior segment
biometry) will be used for anterior chamber volume (ACV)
and pachymetry. From ACV, IOP, and OPA, an estimate of
ocular rigidity can be obtained. The cup-to-disk ratio from
slit lamp examination is one of our structural estimates of
glaucoma severity. This will be determined by our glaucoma
specialists. The mean deviation (MD) from Humphrey visual
fields will be used as a functional measurement of glaucoma
severity.

Optical coherence tomography (OCT) provides a cross-
sectional image of the nerve fiber layer thickness around the
optic nerve head, which will serve as an additional structural
indicator of glaucoma severity. The Heidelberg retinal
tomography (HRT) provides a map of the surface topogra-
phy of the nerve head, as well as a myriad of structural indi-
ces that relate to severity of glaucoma.
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Fig. 10.9 Illustration of the repetitive action of the ocular pulse Adapted from Reference [2]

We use a newly developed technique for the LP. Specifically,
electronic measurement of the CSFP waveform is recorded
with a small needle gauge to minimize the risk of post-dural
puncture headache and guided by ultrasound to minimize the
risk of nerve injury. A 27-gauge needle can be used since it is
not necessary to withdraw CSF. Also, a pencil point tip, rather
than cutting tip commonly used for spinal needle, is used, and
a single highly experienced anesthesiologist is approved by the
IRB to perform this procedure for research purposes at OSU.

A standard monitor is used to record the electrocardiogram.
The pulse oximetry waveform is also recorded. The ocular pres-
sure waveform is recorded before the procedure, sitting and
supine, as well as during the procedure using Reichert Model 30
Pneumatonometer, currently interfaced to patient monitor.

The study is ongoing. However, examples can be shown of
data collected thus far. Figure 10.11 shows examples of recorded
waveforms from two subjects, one normal subject (green sig-
nals) and one with glaucoma (red signals). The ocular pressure
signals are shown within the globe on the left with quantitative
relationships maintained between the two, and the CSFP signals
are shown on the right within the space between the optic nerve
and optic sheath, again with the quantitative relationships
between the two maintained. The static translaminar pressure
gradient is greater in the normal eye (green) than in the glauco-
matous eye (red), but the difference in pulse amplitude is greater
in the glaucomatous eye than the normal eye.

IOP and CSFP waveforms were measured simultaneously
in a subset of subjects in our study. Figure 10.12 shows some
sample waveforms to illustrate that the TLPG can either be pul-
satile or relatively flat, depending on the pulse amplitudes of
both the ocular pressure and CSFP waveforms, as well as any
potential phase lag in between the two signals. The ocular pres-
sure signal is measured transcorneally, and the CSFP is mea-
sured at the level of lumbar spine. Therefore, these signals do
not represent the true phase lag or pulse amplitude experienced
across the lamina cribrosa (LC). Howeyver, they are representa-
tive of the different morphologies that might be experienced by
the LC. Different subjects have different IOP and ICP levels
and different OPA and CPA. Therefore, the TLPG is also dif-
ferent by subjects, most of whom have positive TLPG.

Distinctly, the path length of pulsatile blood flow to ocu-
lar vessels is different from that of pulsatile blood flow to
cerebral vessels, and therefore is likely a variable in different
patients. However, it is not currently possible to measure
pressures at the level of the lamina cribrosa in vivo.

An important question is whether pulsations are baffled
by structures within the optic nerve sheath, such that ICP
within the sheath is static. Padayachy L et al. used ultra-
sound to measure nerve sheath motion [5]. They found that
when ICP was less than 20 cm H,O, nerve sheath motion
was asymmetric, and when ICP was more than 20 cm H,O,
nerve sheath motion became symmetric (Fig. 10.13). This
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demonstrates that the pulsatile nature of the ICP is present
within the nerve sheath, near the lamina cribrosa.

The effect of pulsations on the axons traversing the lamina
cribrosa is repeated strain generated by the lamina cribrosa of
varying patterns, depending on the microstructure. Thus the
impact on the individual pores should be explored. Voorhees
AP et al. revealed that the heterogeneous strain experienced
by the neural tissue would be quite variable based on the
microstructure of the lamina cribrosa (Fig. 10.14) [6].

Our research has some limitations. The CSFP is used to
represent ICP but was measured in the lumbar region.

Hou et al. showed a difference in lumbar CSFP, ICP, and
pressure in the optic nerve sheath in dogs [7]. Hence, CSFP
in the optic sheath may be lower than the actual measured
value, and ICP may be greater than the actual measured
value.

In conclusion, mean CSFP is strongly correlated with
CPA in IIH patients [8]. It is likely that CSFP pulsations
penetrate trabeculae within the nerve sheath to the lamina
cribrosa, which is different by patient. The pulsatile com-
ponent of the TLPD may be linked to glaucomatous
damage.
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Lamina
Cribrosa

Static pressure gradient is greater in the normal eye
(green signals).
Ocular pulsations are greater in the glaucomatous eye
(red signals).

Space between optic nerve and optic
sheath filled with cerebrospinal fluid

Fig. 10.11 Examples of ocular pressure waveforms in normal (solid green) and glaucomatous (solid red) subjects, compared to their similar
cerebrospinal fluid waveforms (dotted red and dotted green). Adapted from Reference [2]

Fig. 10.12 Two example
subjects in which the ocular
pressure waveform (blue) was
recorded simultaneously with
the cerebrospinal fluid
pressure waveform (orange)
during a lumbar puncture. The
translaminar pressure gradient
waveform (gray) is generated
by the subtraction, IOP minus
CSFP. One subject showed
larger pulse amplitude in the
subtracted signal (TOP) than
the other subject, where it was
relatively flat (BOTTOM)
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Fig. 10.13 Pulsations of the nerve sheath
have been reported, with lower intracranial
pressure showing asymmetric pulsations
(LEFT) and higher intracranial pressure
showing symmetric pulsations (RIGHT).
Figure adapted with permission from
Reference [4]
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Pressure and Velocity:
An Inseparable Couple

H. E. Killer

Pressure is probably the most frequent association with
glaucoma. The effect of pressure—intraocular pressure
(IOP)—however became under question when larger studies
in patients with glaucomatous disc excavation and glauco-
matous visual defects demonstrated that this clinical mani-
festations can also be present in patients with “normal”
IOP. This is true for at least 30% of patients with primary
open-angle glaucoma in the western hemisphere and for up
to 90% of open-angle glaucoma patients in the Far East [1,
2]. Such observations stimulated the research for alternative
mechanisms that could help to explain glaucomatous dam-
age to the optic nerve. One direction of research focused on
vascular dysregulation [3]. The current research topics are
the concept of the translaminar pressure gradient defined as
intraocular pressure (IOP)—intracranial pressure (ICP) [4—
7]. The intraorbital optic nerve is located within the sub-
arachnoid space (SAS) of the optic nerve (ON) and therefore
completely surrounded with cerebrospinal fluid (CSF). The
SAS itself is confined by the meninges (dura, arachnoid on
one side, and the pia mater on the other side) (Fig. 11.1).
CSF enters the orbital SAS from the pituitary cistern via
the optic canal and fills the SAS up to the lamina cribrosa.
The lamina is therefore located between two pressure cham-
bers, CSF pressure on one side and the intraocular pressure
on the other side. According to the work of Morgan, [4] there
is also a third force that needs to be taken into account,
namely, the intraorbital tissue pressure (Figs. 11.2 and 11.3).
Pressure is defined as a scalar force over an area.
P = F/A. In order for an accurate calculation to be done, the
area and the force need to be known. CSF pressure is usu-
ally measured during lumbar puncture, a site quite remote
from the region of interest, namely, the lamina cribrosa.
IOP was measured in most studies with the Goldmann
tonometer. There is no data of orbital tissue pressure in
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humans so far. The only data available was gathered during
animal experiments [4]. The data available for ICP are
pressures measured during lumbar puncture which serve as
a surrogate for the SAS pressure in the SAS of the optic
nerve. Due to technical difficulties, local measurements in
the SAS of the ON are, to say the least, problematic. One
possibility to get around this difficulty is to use the optic
nerve sheath diameter (ONSD) as a surrogate for the local
pressure [8]. A newly evolving technique is the noninvasive
two-depth TCD device that is developed in Lithuania. First
results seem to provide good results [9]. The system is cur-
rently evaluated in the neurosurgical department of
Kantonsspital Aarau, Switzerland (private communication
with Prof. Dr. J. Fandino).

In order to establish a model that is appropriate for the
Bernoulli equation, there are some major problems in a

Fig. 11.1 Optic nerve with heavily trabeculated subarachnoid space.
Pia mater (arrow), arachnoid layer (asterisk), and dura mater (dia-
mond). Due to trabeculation CSF flow is in no way laminar
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Orbital tissue pressure

SAS pressure

Fig. 11.2 Schematic picture of the orbit including the arrangement of
all forces that influence the optic nerve and the lamina cribrosa

Fig. 11.3 Cross section through the optic nerve. Note that the
subarachnoid space is segmented into many subunits. The area in
question for the translaminar pressure is not the area of a circle but has
an annular configuration

physiological setting. One of them is the composition of the
fluid (CSF) as well as the nature of the subarachnoid space.
Unlike a Bernoulli pipe, the SAS is not an empty but con-
tains a complex system of trabeculae and septae that are
suspended between the arachnoid and the pia layer
(Fig. 11.1) [10]. This arrangement has a major effect onto

the flow characteristics and flow dynamics of CSF. The
bridging structures in the SAS divide the whole SAS into
small units, each with their own volume, compliances, and
flow behaviors. CSF as already noted is no homogenous
frictionless Newtonian fluid. CSF sampling during optic
nerve sheath fenestration demonstrated large concentration
gradients of L-PGDS between lumbar CSF and CSF from
the local SAS [11].

PGDS is the most frequent protein in CSF with a molecu-
lar weight of 29,000 Da. The concentration of this compound
as well as of other proteins in CSF influences the viscosity of
the fluid. This is expressed in the Navier-Stokes equation.
p(ov/ot + Vv) = — Vp + VT + f, where p represents viscosity.
All the pathophysiological considerations in glaucoma so far
were basically focused on the effect of pressure damage to
intraocular retinal axons and ganglion cells by elevated
IOP. As it becomes an evident form, the Bernoulli formula
pressure however cannot be viewed in isolation if we want to
apply it in a closed circuit system.

P+ phg +—pv? = c. This equation shows that pressure
and velocity are interdependently coupled. Isolating one
term means a violation of a physical law. Changing one of
them will affect the other. High pressure is therefore com-
bined with low velocity and vice versa.

What are the consequences of this functional duality for the
pathophysiology of glaucoma? CSF, just as blood, is a trans-
port medium. It transports nutrition for neurons and axons
within the central nervous system. It also works as a waste
removal system that helps to maintain CNS functional.
Accumulation of certain substances such as beta-amyloid, tau
protein, and alpha-synuclein has been associated with the
pathogenesis of neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease [12—15].

Several studies propose that a reduced CSF turnover is
associated with neurodegeneration via toxic agents in stag-
nant CSF [13].

Where now is the link to glaucoma? Unlike other cra-
nial nerves, the optic nerve is not a mere nerve but a white
matter tract of the brain located in the orbital socket.
Another peculiarity of the optic “nerve” is its location
within CSF on its entire length. CSF is the link that con-
nects the brain and the optic nerve. Just as the brain (neu-
ron, axons, and glial cells) depends on CSF cleaning, the
ON (axons and glial cells) depends on it. CSF turnover in
the brain is fairly well understood. While it is easy to see
how CSF enters the SAS of the ON, it is far more compli-
cated to understand how CSF can exit the SAS against the
large-volume gradient that points from intracranial to the
SAS of the ON. In the Navier-Stokes equation, this force is
represented by f (p(ut + (u,V)u) = n/\u — Vp + f). So far
three possible outflow routes have been described for the
CSF surrounding the ON. A is the lymphatic system in the
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dura, B is the meningothelial cells of the arachnoid and the
pia mater, and C the glymphatic pathway [14, 16, 17].

P+phg+5pv2 = c¢. The Bernoulli equation links
pressure to velocity. The concept of the translaminar pres-

sure so far only considers one part of this equation and
neglects the consequences for the fluid dynamics that is
related to fluid velocity. The translaminar pressure gradient
concept so far focuses only on the mechanical force.
Alzheimer’s disease, the most common neurodegenerative
disease however is not caused by simple mechanical forces
but by a biochemical process mediated by toxic compounds.
It therefore seems rational to postulate that at least a part of
glaucomatous damage may be due to reduced CSF clearance
in the SAS of the ON by reduced CSF velocity and turnover,
thereby taking into account also the other part of Bernoulli’s
equation. In order to advance and improve the concept of the
translaminar pressure, gradient reliable local pressure mea-
surements (SAS of the ON) need to be advanced. VitaMed is
such an option that demonstrated a high correlation between
noninvasive and invasive ICP measurements (private conver-
sation with Prof. Dr. J Fandino, head of neurosurgery
Kantonsspital Aarau, Switzerland). As local measurements
were not yet performed in larger series of patients with nor-
mal-tension glaucoma, the width of optic nerve sheath diam-
eter could serve as a surrogate [8].

The results in different studies on the optic nerve sheath
diameter however are not uniform. Some studies, most of
them performed in Asia the ONSD was found to be narrow,
while studies in Caucasians populations showed normal or
enlarged ONSD [18, 19].

This difference might be based on genetic components
between different populations as well as to different measur-
ing techniques. The enlargement of the optic nerve sheath in
the Caucasian group might be due to a higher local pressure
similar to patients with elevated intracranial pressure.

Unlike in a normal population, CSF was found to be
sequestered between the intracranial CSF spaces and the
SAS of the ON (Killer). This finding may explain the conflict
between a low CSF pressure at the lumbar site and elevated
pressure in the SAS. Interesting enough a recent study dem-
onstrated narrower optic canals in normal-tension glaucoma
patients, a finding that helps to explain the formation of an
optic nerve sheath compartment [20].

11.1  Conclusion

Normal-tension glaucoma is still a poorly understood entity.
In addition to the intraocular pressure, the lamina cribrosa
pressure gradient might play a role for the mechanical compo-
nent of optic nerve damage in these patients. Linked to pres-

sure in a closed system is however the velocity of the fluid in
question. As the pressure and velocity are constant according
to Bernoulli’s equation, they influence each other. Higher
pressure results in lower velocity and therefore in a decreased
CSF — dynamics and reduced CSF turnover. Considering that
normal-tension glaucoma shares clear characteristics of a neu-
rodegenerative disease, the link to Alzheimer’s disease via
reduced CSF clearance seems likely [21].

When researching the pathophysiology of normal-tension
glaucoma, it is time to include the partner of pressure, the
velocity.
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In a strict sense, the term “optic nerve” is not correct, since the
optic nerve is part of the central nervous system and is not simi-
lar to a peripheral nerve or other cranial nerves, such as the
trigeminal nerve. As part of the central nervous system, the
optic nerve is surrounded by the meninges and surrounded by
cerebrospinal fluid (CSF). Since the optic nerve as a cerebral
neural fascicle leaves the intracranial space, the CSF space
extends from the intracranial compartment through the tiny
optic canal into the orbit and ends anteriorly at the back of the
globe. The tissue pressure in the orbital part of the optic nerve
is therefore not equal to the tissue pressure in the orbit (about
2 mmHg [1, 2]) but is at least as high as the pressure in the
orbital CSF space or the orbital CSF pressure (CSFP) [3-15].
These anatomic relationships may be of profound importance
for the physiology and pathophysiology of the optic nerve head
(optic disc), which acts as the pressure barrier between the
intraocular compartment and the retrobulbar compartment.
The term “intraocular pressure” (IOP) is also a misnomer,
since the IOP is really the transcorneal pressure difference,
measured by corneal applanation or indentation [7]
(Fig. 12.1). The physically true “intraocular pressure” is the
pressure in the anterior chamber plus the pressure external to
the eye, which usually equals the atmospheric pressure. It
explains why the physical pressure in an eye with an “IOP”
of 40 mmHg is just 2.5% higher than the physical pressure in
an eye with an IOP of 20 mmHg. An IOP of 40 mmHg trans-
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lates into a physical pressure of an external atmospheric
pressure of 760 mmHg plus 40 mmHg (800 mmHg) com-
pared to a physical pressure of 760 mmHg plus 20 mmHg
(780 mmHg) in the eye with an IOP of 20 mmHg.
Correspondingly, diving in water to a depth of 100 meters
increases the physical pressure in the eye by a factor of 11 or
about 11 times atmospheric pressure. Although the physical
pressure in the intraocular compartment is markedly ele-
vated, it does not lead to acute glaucoma situation, since the
transcorneal pressure difference remains unchanged. As a
corollary, an acute glaucoma attack due to intraocular rea-
sons may be present in a patient on the top of Mount Everest,
although the physical pressure in this eye is about only 50%
of the pressure at sea level. Its transcorneal pressure differ-
ence (i.e., IOP), however, can be markedly elevated due to
intraocular changes. The transcorneal pressure difference, or
so-called IOP, is only of partial importance for the physiol-
ogy and pathophysiology of the optic nerve head, since the
latter forms the border between the intraocular space and the
retrobulbar compartment. For the optic nerve head, the trans-
lamina cribrosa pressure difference (TLPD) plays a direct
role, since the TLPD is the difference between the IOP and
the retrobulbar pressure [7] (Fig. 12.1). The latter is either
the optic nerve tissue pressure in the case of a very low
orbital CSFP, or it is equal to the orbital CSFP, if the latter is
higher than a threshold value of about 4 mmHg, as revealed
by an experimental study in dogs [10]. The latter study had
the limitation that dogs as compared to humans have a com-
pletely different body posture and thus a different relation-
ship between height of the brain and height of the spine. The
value of 4 mmHg may therefore be specific for dogs and may
not directly be transferred onto the human situation. It gener-
ally shows however that the IOP as only one of the two deter-
minants of the TLPD does not fully explain the pressure
situation at the optic nerve head. Optic nerve diseases which
originate at the optic nerve head and which are influenced by
the pressure situation at the optic nerve head can theoreti-
cally thus be influenced by an abnormal IOP and/or by an
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Fig. 12.1 A globe showing the transcorneal pressure relationship
(green arrows), the trans-lamina cribrosa pressure relationship (between
white arrow and blue arrow), the central retinal vessel trunk in the ret-
robulbar optic nerve (red arrow), and the orbital optic nerve dura mater
(black arrows) with the adjacent orbital cerebrospinal fluid space

abnormal orbital CSFP. This anatomical and physiological
fact was the basis for the theory that some patients with so
called normal-pressure glaucoma (NPG) could have an
abnormally low orbital CSFP leading to an abnormally high
TLPD, analogous to the situation as if the IOP were to be
slightly elevated and the orbital CSFP normal [7, 9-16].

Although the TLPD is the counter-pressure against the IOP,
one has to take into account that, from a practical point of
view, the TLPD is still also a misnomer, since studies address-
ing the TLPD have so far measured the CSFP only at the lum-
bar level and not in the orbital space. The TLPD has thus not
yet been measured. What has partially been addressed so far is
the CSFP taken during lumbar puncture, a site that is more
than 100 cm away from the lamina cribrosa. The assumption
that the pressure in this location equals the pressure behind the
lamina cribrosa is speculative. A study by Lenfeldt and col-
leagues [17] compared the lumbar CSFP with the parenchy-
mal brain pressure but not with the CSFP in the subarachnoid
space of the optic nerve. Lenfeldt et al. included in their study
patients with normal-tension hydrocephalus, but not normal
subjects. They concluded that the CSFP in the lumbar region
was the same as that in the brain given an open pathway for the
CSE. It may clearly show that even if the lumbar CSFP equals
the ventricular CSFP, the pressure in the orbital portion of the
subarachnoid space will not be known.

In considering the orbital CSFP as counter-pressure
against the IOP across the lamina cribrosa (LC), one must
also take into account that the subarachnoid pressure behind
the lamina cribrosa is not constant for various reasons. One
of these are the pulse-synchronous changes of the intracra-
nial CSFP, which will likely be forwarded through the open
optic nerve canal into the orbital CSF space. Another reason

for the orbital CSFP changes are movements of the optic
nerve, which is almost constantly moving due to the
movements of the globe. Since the changes in the orbital
CSFP do not occur at the same time and for the same amount
as the changes in IOP, the TLPD varies. The amount and
exact timing of these TLPD changes have remained unex-
plored yet, however, may be of high importance for the phys-
iology and pathophysiology of the optic nerve.

Besides the TLPD as the difference of IOP minus orbital
CSFP, the CSFP may have additional importance for ocular
physiology and pathophysiology, since the central retinal
vein passes from the optic nerve head through the optic nerve
and the orbital CSF space and then drains into the superior
orbital vein, which eventually runs back into the intracranial
compartment. One may postulate that the pressure in the
central retinal vein should be at least as high as the orbital
CSFP plus a pressure value due to a hypothetical trans-
lamina cribrosa outflow resistance. A trans-lamina cribrosa
outflow resistance may be defined as resistance to the pas-
sage of venous blood through the lamina cribrosa, perhaps in
a parallel manner to the resistance to the passage of the
orthograde axoplasmic flow across the lamina cribrosa, with
the latter mechanism necessitating a higher IOP than orbital
CSFP. The trans-lamina cribrosa outflow resistance to the
venous efflux may be increased in eyes with glaucomatous
optic neuropathy due to glaucoma-associated changes in the
lamina cribrosa. These changes include thinning or conden-
sation of the lamina cribrosa as shown histomorphometri-
cally in human eyes with advanced glaucoma [18, 19]. The
potentially increased trans-lamina cribrosa outflow resis-
tance in glaucomatous eyes could explain the finding of
decreased retinal artery diameters, but mostly unchanged
retinal vein diameters in eyes with advanced glaucoma [8,
20, 21], and the observation of elevated retinal venous pres-
sure as determined by ophthalmodynamometry [22]. The
anatomic relationship between the retinal vein and the orbital
CSFP space opens the possibility to estimate the CSFP by
determination of the central retinal venous pressure with
ophthalmodynamometry [23-29]. However, the ophthalmo-
dynamometer as a potentially noninvasive CSFP measuring
device has so far not found general approval nor has it gener-
ally been considered to be reliable.

Also, the choroidal blood drains through the vortex veins
to the superior orbital vein and indirectly back into the intra-
cranial compartment. Based on this anatomic fact, one may
postulate that the venous blood pressure (BP) in the choroid
may be influenced by intracranial CSFP [30].

In a similar manner, the episcleral veins, which take up
the aqueous humor and which directly influence the IOP,
drain through the superior orbital vein into the intracranial
system. The episcleral vein pressure may thus depend on the
intracranial CSFP [5].

Besides these considerations of the static aspects of the
intracranial and orbital CSFP, the TLPD, and the IOP,
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specifics of the dynamics of the CSFP and IOP may need to
be taken into account [31] if their role in the physiology and
pathophysiology of the eye in general and the optic nerve
head in particular is discussed [31-34].

Finally, it may be taken into account that the CSF and
aqueous humor share many similarities, as both are produced
by carbonic anhydrase-catalyzed reactions, generally repre-
sent an ultrafiltrate of blood, and have nearly identical chem-
ical composition, with more proteins and less ascorbate in
the CSF than in the aqueous humor. Normal intracranial
CSFP has generally been considered to be approximately
5-15 mmHg in healthy supine adults, 3-7 mmHg in chil-
dren, and 1.5-6 mmHg in infants [35]. Physiologically, IOP
and CSFP are dynamic parameters; both have circadian vari-
ations and similar response to changes in posture and intra-
abdominal or intrathoracic pressures [36]. Correspondingly,
studies have suggested a positive correlation between the
CSFP and IOP [37, 38]. While the circadian cycle of IOP is
quite well known [39], the circadian pattern of the CSFP is
less clear, suggesting a nocturnal elevation in CSFP [40]. It
is another similarity between IOP and CSFP, since both
increase at night in the supine position.

12.1 Anatomy of the Optic Nerve Head

and Orbital CSF Space

The optic nerve head or optic disc is the region located nasally
close to the posterior pole and through which retinal ganglion
cell axons and the central retinal vein exit and the central reti-
nal artery enters. It simultaneously keeps the eye wall suffi-
ciently watertight to prevent a major drop in IOP by a major
outflow of intraocular fluid. For that purpose, the bottom of
the optic nerve head is formed by the LC as a sievelike struc-
ture. The LC is the continuation of the peripapillary scleral
flange which forms the anterior roof of the orbital CSF space
and which is the continuation of the inner layer of the poste-
rior sclera ([41, 42];) (Fig. 12.2). This inner scleral layer com-
prises approximately 50% of the posterior scleral thickness.
The outer layer of the posterior sclera merges with the dura
mater of the optic nerve. The LC is composed of several lay-
ers and shows pores of variable size [43]. The largest pores
are located close to the inferior and superior poles of the optic
disc. The pores of the layers of the LC are not completely
congruent to each other but can deviate between the layers.
This can lead to a splitting up of the retinal ganglion cell axon
bundles during their passage through the LC.

Previous studies reported that the LC is not completely
watertight but allows diffusion of fluid from the vitreous cav-
ity into the retrobulbar CSF space [44—47]. This may be the
reason for the clinical observation that after pars plana vitrec-
tomy, pigment particles can settle at the bottom of the cup,
with the LC potentially serving like a sieve. Similarly, it may
be one reason why triamcinolone acetonide crystals accumu-
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Fig. 12.2 Photohistograph of a normal optic nerve head, with the lamina
cribrosa (white arrows), the peripapillary scleral flange (black arrows),

the posterior sclera (red arrows), the dura mater of the optic nerve (green
arrows), and the orbital cerebrospinal fluid space (black stars)

Fig. 12.3 Fundus photograph of an eye shortly after an intravitreal
injection of crystalline triamcinolone acetonide, with the crystals (black
arrows) accumulated at the optic nerve head

late close to the optic nerve head after a recent intravitreal
injection (Fig. 12.3). The diffusion of intraocular fluid through
the LC may also lead to a change in the composition of the
orbital CSF. It has not yet been determined whether the trans-
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Fig. 12.4 Photohistograph of a glaucomatous optic nerve head. The
peripheral posterior surface of the lamina cribrosa (between black
arrows) is (no longer) covered by the solid optic nerve but, due to the
shrinkage of the optic nerve, directly exposed to the retrobulbar cere-
brospinal fluid space (black stars)

lamina cribrosa fluid flow reduces IOP and by which factors
it is influenced. Considerations based on anatomy and physi-
ology may make one assume that a higher amount of trans-
lamina cribrosa fluid flow may be related with a higher TLPD,
a larger optic disc, a larger optic cup, a smaller neuroretinal
rim, and a vitreous-free zone in the region of the optic nerve
head to allow the fluid free access to the optic disc surface. A
higher TLPD may be able to press more fluid through the
optic nerve head into the orbital CSF space. A larger optic
disc surface and a larger optic cup surface may give more
space for the trans-lamina fluid flow. A smaller neuroretinal
rim associated with a larger optic cup may lead to the same
result. Finally, a vitreous-free zone in front of the optic disc
may allow the fluid free access to the optic nerve head. Since
the central part of the posterior LC surface continues into the
trunk of the optic nerve, one may assume that the trans-lam-
ina cribrosa fluid flow may take place predominantly through
the peripheral region of the LC. It may in particular be the
case if the peripheral posterior surface of the LC is not, or is
no longer (as in the case of optic nerve atrophy) (Figs. 12.4
and 12.5), covered by the optic nerve tissue but directly
exposed to the orbital CSF space [18, 19].

Besides the description of the laminar anatomy as it
appears in enucleated fixed specimens, one should note that
the LC in vivo is in continuous movement. Due to pulse-
synchronous changes in the TLPD, the LC moves back and
forth in a sagittal direction in a frequency synchronous with
the pulse. The amplitude of these sagittal laminar move-
ments may depend on the height of the TLPD, on the pulse-
synchronous changes in the TLPD, and on biomechanical
properties of the LC, the peripapillary scleral flange, and the
optic nerve tissue. The optic nerve tissues buffer the back-
ward movement of the LC and mechanically limit the move-
ments of the LC.

Fig. 12.5 Photohistograph of a glaucomatous optic nerve head, with
the very thin lamina cribrosa (black arrows), the pia mater of the optic
nerve (yellow arrows), the dura mater of the optic nerve (green arrows),
the peripapillary arterial circle of Zinn-Haller (red arrow), the end of
Bruch’s membrane (blue arrow), and the orbital cerebrospinal fluid
space (black stars)

In addition to the sagittal movements of the LC, the tissue
in the vicinity of the LC, and possibly also in the LC, under-
goes movements in the coronary plane, i.e., in the vertical
and horizontal directions. About 80% to 90% of normal eyes
spontaneously show pulsations of the central retinal vein
[48]. The vein pulsations lead to a pulse-synchronous com-
pression and decompression of the tissue in the coronary
plane. The degree of these coronary movements may depend
on the amplitude of the central retinal vein pulsation and
again on the biomechanical properties of the LC and its adja-
cent tissues. It remains unclear how far the central retinal
vein pulsations detectable upon ophthalmoscopy in the pre-
laminar region extend into the LC itself.

The physiological importance of the LC movements
remains unclear. One may hypothesize that the movements
are helpful to allow the orthograde axoplasmic flow to enter
the eye and the retrograde axoplasmic flow to leave it [31,
33, 49, 50]. It may perhaps be a bit similar to a “massage” of
the axons. Since the LC movements presumably are physio-
logically important, any factor changing them will have
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pathophysiological meaning. Since the TLPD as external
counter-pressure against the IOP influences the sagittal lam-
ina cribrosa movements, and since the orbital CSFP deter-
mines the central retinal vein pressure and thus the amplitude
of the spontaneous central retinal vein pulsations, the CSFP
may be of indirect or direct importance for both types of LC
movements.

12.2 Associations of CSFP and IOP
and Dynamics of CSFP and IOP

12.2.1 Associations with IOP and Blood
Pressure

Recent studies suggest a correlation between a higher CSFP
and higher IOP in patients without major neurological abnor-
malities and without a markedly elevated IOP [13, 38, 51—
54]. Sheeran and colleagues’ study on 22 neurosurgical
patients demonstrated a significant correlation between IOP
and CSFP and simultaneously concluded that changes in
IOP were a poor predictor of changes in CSFP. In other stud-
ies, a correlation between IOP and CSFP was not found
[55-57]. The reason for the discrepancies between the
studies may be that the association between IOP and CSFP is
valid only under mostly physiological conditions. If IOP is
markedly changed (such as in angle-closure glaucoma or
ocular hypotony due to an overactive filtering bleb) or if

Fig. 12.6 Scheme illustrating

CSFP is markedly changed (as in the case of cerebral
tumors), the relationship between IOP and CSFP may no
longer be valid. In addition, a significant variability in IOP
and in CSFP may prevent a clinically valid use of IOP as sur-
rogate for CSFP and vice versa [53].

An association between IOP and CSFP, which also share
similarities in their composition, in their physiological pres-
sure range, and in their response to changes of intraabdomi-
nal and intrathoracic pressure, has also been found
experimentally (Fig. 12.6). In rhesus monkeys, acutely raised
CSFP caused an acute increase in IOP, though it plateaued
thereafter [58]. The authors explained the fast changes in
IOP and CSFP by a probable alteration of intraocular and
intracranial blood volumes. In another animal study, CSFP
and IOP changed in parallel during respiratory acidosis and
alkalosis [59]. The causes for a physiological association
between IOP and CSFP have so far remained elusive. One
may consider that the CSFP in a retrograde manner influ-
ences the pressure in the superior ophthalmic vein and thus
in the episcleral vein, the pressure of which directly and lin-
early influences the IOP.

Interestingly, CSFP is related to BP (Fig. 12.6) [13, 60].
There is an association between higher BP and higher IOP
[61, 62]. One may assume a physiological association
between IOP, CSFP, BP, and IOP, potentially with the BP
(and the heart) as the driving force. The mechanism behind
such a triangular relationship has thus far remained unclear.
In a recent experimental study, chemical stimulation of the
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dorsomedial/perifornical hypothalamic region evoked sub-
stantial increases in IOP, CSFP, TLPD, heart rate, and mean
arterial blood pressure in rats [63]. The authors postulated
that the dorsomedial and perifornical hypothalamic neurons
may be a key effector pathway for circadian regulation of the
autonomic tone by the suprachiasmatic nucleus.

Morgan and colleagues have shown that the pressure
wave starting at the heart at the beginning of systole arrives
first in the brain and orbital CSF space before leading to a
pulse-synchronous IOP increase [33, 64]. This means that
the TLPD is not constant but fluctuates due to the difference
in the arrival time first of the pressure wave in the orbital
CSF and then the pressure wave in the intraocular compart-
ment. During an early and brief period of the pulse phase, the
orbital CSFP increases in relation to the IOP, so that the
TLPD decreases. If, for this short fraction of the pulse phase,
the orbital CSFP may actually become higher than the IOP,
the TLPD could be briefly reversed. Whether the orbital
CSFP may shortly get higher than the IOP is a matter of dis-
cussion and will depend on the body posture. A short period
of higher orbital CSF pressure than intraocular pressure may
occur after lying down when due to hydrostatic reasons, the
CSFP is elevated at once after lying down; however, the IOP
may need some more time to elevate. In a recent study by
Jasien and colleagues (own data), the IOP in head-down
yoga positions took about 1 minute to get elevated. The
pulse-synchronous swinging of the TLPD may be physiolog-
ically important for retrograde axoplasmic flow, which
would have difficulty entering the eye against an otherwise
marked pressure gradient [31, 33]. If that is the case, any
change in the timing of the arrival of the pressure wave in the
orbital CSF space compared to the IOP compartment may
result in an altered variation of the TLPD and thus in patho-
physiological consequences for the axoplasmic flow. An
impeded axoplasmic flow has been discussed in association
with the pathogenesis of glaucomatous optic neuropathy.

In the discussion about the dynamics of the CSFP and
IOP, one may also wonder how exactly the LC moves and
how it is related to the biomechanical properties of the sclera
and optic nerve head. One may imagine that the sagittal
movements of the LC occur a bit similar to the door wings of
a saloon, with the door hinge in the region of the peripapil-
lary scleral flange. Histological studies have revealed that in
eyes with an axial length greater than 26.5 mm, the peripapil-
lary scleral flange markedly thins with increasing axial
length. In highly myopic eyes, the flange can be increased to
ten times its normal length and decreased to 10% of its nor-
mal thickness [65, 66]. One may infer that the sagittal move-
ments of the lamina cribrosa differ markedly between highly
myopic eyes and non-highly myopic eyes. An additional
possibility can be that in highly myopic eyes, the very thin
peripapillary scleral flange itself moves back and forth by the
undulation of the pressure difference, since the peripapillary

scleral flange is, similar to the lamina cribrosa, the border
tissue between the intraocular compartment and the orbital
CSF space.

Another question is what the basis is for the IOP fluctua-
tions. In a study by Kaufmann and colleagues applying
dynamic contour tonometry, higher ocular pulse readings
were associated with higher IOP and shorter axial length
[67]. The authors discussed that, according to a previous
investigation by Wegner in 1930, systole-associated filling of
the orbital vessels causes a pulsatile protrusion of the whole
globe, allowing for pressure wave recordings even from enu-
cleated eye sockets [68]. Real intraocular reasons for the
ocular pulse are mostly the systole-associated filling of the
choroidal vessels [69]. This could explain the positive asso-
ciation between the ocular pulse amplitude and IOP in
Kaufmann’s study. The negative correlation between the
ocular pulse amplitude and longer axial length can be attrib-
uted to the larger intraocular volume of eyes with longer
axial length so that a given inflow of blood represented a
smaller relative volume change in myopic eyes than in hyper-
opic eyes [67, 70]. Another factor influencing the ocular
pulse amplitude may be the expansibility of the ocular coats
accommodating for the systole-associated increase in cho-
roidal volume. Since myopia is associated with thinning of
the sclera, with presumably less resistance to expansion in
the posterior half of the globe, it may be another mechanism
leading to lower ocular pulse amplitude in myopic eyes.
Other parameters which may play a role are the relationship
between blood pressure and pulse pressure amplitude and
how this relation is dependent on intraocular volume or what
in general is the relation between intraocular volume and
IOP. Addressing the latter question, several population-based
studies have revealed that IOP increases with longer axial
length (Jonas et al. [71]).

In addition to the pulse-synchronous changes in CSFP,
IOP, and TLPD, both IOP and CSFP also change in relation-
ship to body position. In the supine position compared to the
standing position, or even more marked in a headstand, both
IOP and CSFP increase [72-81]. Questions remain as to
whether body position-dependent changes in the pressure on
both sides of the lamina cribrosa (i.e., [OP and orbital CSFP)
occur at the same amount and at the same time, so that it
remains unclear whether and how the TLPD depends on
body position. One may assume that, due to hydrostatic rea-
sons and the principle of communicating tubes assumedly
present in the circulatory system of the CSF, the CSFP rap-
idly changes with any change in body position. In contrast,
the IOP, which is not directly associated with hydrostatic
body position-dependent changes, may take longer to adapt
to new body positions. This adaptation may occur through
changes in the episcleral venous pressure, choroidal blood
pressure, and other factors. The time lag between an immedi-
ate adaptation of the CSFP and a later occurring adaptation
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of the IOP on new body positions leads to body position-
dependent changes in the TLPD. If these TLPD changes are
prolonged, optic nerve damage may result. As an example, if
a person lies down to sleep, the CSFP increases immediately,
and the IOP lags behind. In the first minutes after lying down,
the TLPD is reduced. If the person gets up, the CSFP drops
immediately, while the reaction of the IOP again lags behind.
It leads to an increase in the TLPD. If this high-TLPD phase
takes longer than physiologically allowed, optic nerve dam-
age will develop, even if IOP, CSFP, and TLPD would be
normal at measurements performed during daytime or dur-
ing sleeping.

The changes in pressure occurring in both the intraocular
compartment (i.e., IOP) and the orbital CSF compartment
(i.e., orbital CSFP) are supplemented by changes in the
orbital CSFP due to the continuous movements of the optic
nerve. It remains unclear how much this unilateral change in
pressure (i.e., only the orbital CSFP) affects the TLPD. In
that context one may additionally argue that any movement
of the globe also leads to changes in IOP, due to the pull on
the external ocular muscles and the pressure thus exerted
onto the globe.

12.2.2 Associations with Changes
in Thoracic Pressure

Besides changes in body position, changes in thoracic pres-
sure influence CSFP and IOP [82]. IOP increases during
horn blowing [83]. In players of high-resistance instruments,
Schuman and colleagues observed an IOP elevation depen-
dent on the force of blowing and uveal thickening associated
with IOP elevation. The magnitude of IOP elevation was
dependent on the amount of expiratory resistance provided
by the particular instrument. Schuman and colleagues con-
cluded that high- and low-resistance wind musicians experi-
enced a transient rise in their IOP while playing their
instruments as a result least in part of uveal engorgement.
They also observed that cumulative lifetime hours of high-
resistance wind instrument playing had a marginally signifi-
cant (P = 0.03) relationship to visual field loss and corrected
pattern standard deviation (CPSD) scores (P = 0.007) in uni-
variate logistic regression and univariate linear regression,
respectively. One may also argue that the rise in IOP observed
in Schuman’s study was due to an elevation of the episcleral
venous pressure, which increased due to an increase in CSFP,
which increased due to the elevation in jugular venous pres-
sure. In a similar manner, the potential increase in CSFP
might have caused choroidal thickening, which then was an
additional factor for the increase in IOP. An association
between subfoveal choroidal thickness and estimated CSFP
has been discussed in a recent study [30]. It remains unclear
whether the timing of the horn blowing-associated rise in

IOP differs from the timing of the rise in CSFP, so that the
TLPD may be changed. It may be of importance in counsel-
ing glaucoma patients playing high-resistance wind
instruments.

Finally, if changes in body position are not associated
with changes in IOP and CSFP, as in the case of astronauts
spending several months in space, the TLPD is markedly
changed for a long period of time. Recent studies have sug-
gested that the majority of astronauts spending more than
6 months in the space laboratory develop optic disc edema
with retinal nerve fiber layer loss [84—86]. Investigations are
ongoing on how the optic nerve damage due to the zero
gravity-induced change in the relationship of IOP to CSFP
can be prevented. It may perhaps be a possibility yet unex-
plored whether an induced rise in IOP by topical applications
of steroids could counteract the indirect rise in orbital CSFP
caused by the zero gravity.

12.3 Methods for Estimating
or Measuring CSFP

CSFP has usually been measured by direct lumbar puncture
or, more recently, by a pressure sensor implanted into the
cerebral ventricles or spinal canal [17, 87, 88]. Since these
direct methods are invasive and harbor the risk of infections
and lesions to the brain and spine [89, 90], noninvasive
technologies are needed. Methods applied for noninvasive
estimation of CSFP have been transcranial Doppler ultraso-
nography, tympanic membrane displacement, ophthalmody-
namometry, measurement of the orbital CSFP space around
the optic nerve, two-depth transcranial Doppler technology,
and others [23, 91-100].

Transcranial Doppler ultrasonography measures blood
flow velocity in the middle cerebral artery. Klingerhofer
and coworkers described that the flow patterns in the mid-
dle cerebral artery measured by transcranial Doppler ultra-
sonography were related to changes in CSFP [101]. These
were findings of a pilot study on patients with dissociated
brain death and may thus not be very helpful to measure
CSFP under normal conditions. Other investigators
reported that the pulsatility index (difference between sys-
tolic and diastolic flow velocities, divided by mean flow
velocity) of the middle cerebral artery was associated with
CSFP [102]. Others, however, did not find a significant
relationship between the pulsatility index and CSFP [103—
105]. Reasons may have been the intra-observer and
interobserver variation of the technique that the method
cannot be applied in about 10-15% of patients and that the
pulsatility index depends on a multitude of parameters
including arterial pressure pulsatility, pulse, cerebral per-
fusion pressure, arterial carbon dioxide concentration, and
others [106].
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Estimation of CSFP by tympanic membrane displace-
ment technique requires a patent cochlear aqueduct, normal
middle ear pressure, and an intact stapedial reflex. According
to studies by Reid, Lang, and others, stimulation of the sta-
pedial reflex causes movement of the tympanic membrane,
the amplitude of which correlates with CSFP [107, 108].
Shimbles and collaborators reported on an association
between the CSFP measured by the tympanic membrane dis-
placement method and direct lumbar CSFP measurements
[109]. Due to a high intersubject variability, however, the
diagnostic precision was too low for a practical and valid
use. In addition, the perilymphatic duct becomes permeable
with older age, further decreasing the practicality in elderly
individuals.

Ophthalmodynamometry is a noninvasive technique to
estimate the BP in the central retinal artery and central reti-
nal vein [5, 6, 22-24, 110-115]. The application of ophthal-
modynamometry for the estimation of CSFP is based on the
anatomic consideration that the central retinal vein passes
through the optic nerve head and the first 10 mm of the ante-
rior portion of the optic nerve before it pierces through the
orbital CSF space and the optic nerve meninges. The pres-
sure in the central retinal vein on the surface of the optic
nerve head should therefore be at least as high as the orbital
CSFP, plus a hypothetical pressure caused by trans-lamina
cribrosa outflow resistance [25-27]. In a first step, the optic
nerve head is examined ophthalmoscopically with a noncon-
tact ophthalmoscopic lens. In 80 to 90% of all normal sub-
jects, a spontaneous pulsation of the central retinal vein can
be observed [48, 116]. If there is no spontaneous vein pulsa-
tion, a Goldmann contact lens with a pressure sensor in its
holding grip is put onto the cornea, and a slight pressure is
applied until the vein (or the artery) shows early pulsations.
At that point, the pressure applied onto the contact lens plus
the IOP at baseline gives the diastolic central retinal vein
(and artery) pressure. In studies by Motschmann and
Firsching and colleagues, the pressure measured by ophthal-
modynamometry correlated linearly with the CSFP [24, 117,
118]. Firsching and collaborators reported that an increased
pressure of the central retinal vein indicated an elevated
CSFP in 84% of patients with increased intracranial pres-
sure, whereas a normal pressure of the central retinal vein
indicated a normal CSFP in 93% of subjects with normal
brain pressure [24]. Ophthalmodynamometry can thus be a
valid and noninvasive tool to estimate elevated CSFP. It is,
however, usually not possible to detect an abnormally low
CSFP, since the technique can be applied only if there are no
spontaneous pulsations of the central retinal vein. In addi-
tion, glaucomatous changes of the lamina cribrosa may
increase the trans-lamina cribrosa outflow resistance so that
the central retinal vein pressure is no longer directly corre-
lated with the orbital CSFP [18, 19]. It remains unclear
whether and how much an increased trans-lamina cribrosa

outflow resistance, caused by glaucomatous changes in the
LC, such as thinning and condensation of the LC tissue,
influences the central retinal vein pressure.

Assuming free communication of fluid between the
intracranial compartment and the orbit through the optic
nerve canal, the width of the orbital CSFP space has been
considered to correlate with the lumbar
CSFP. Correspondingly, sonographic studies revealed that
an enlarged optic nerve sheath diameter as measured by
ultrasound correlated with elevated CSFP [91, 119-127].
Using sonography, Pinto et al. did not detect a significant
difference in optic nerve sheath diameter between patients
with NPG, patients with high-pressure glaucoma, and
healthy controls [128]. That finding contradicted the
hypothesis of an abnormally low CSFP in some patients
with NPG. Besides a relatively poor reliability of the sono-
graphic measurement of the optic nerve sheath diameter
[127], a major limiting factor of the technique is that the
diameter of the optic nerve influences the optic nerve sheath
diameter. In patients with optic atrophy and a reduced optic
nerve diameter, a normal sheath diameter could be associ-
ated with an elevated CSFP. Using computerized tomogra-
phy, Jaggi et al. measured the widest intraorbital optic
nerve sheath diameter in 18 patients with NPG and 17 age-
and gender-matched patients without optic nerve or intra-
cranial disease [129]. They found that patients with NPG as
compared with the individuals of the control group had a
significantly (P < 0.001) larger optic nerve sheath diameter
(right side, 7.9 = 0.9 mm; left, 8.0 + 1.1 mm, versus right
side, 6.3 + 0.5 mm; left side, 6.1 + 0.6 mm). Although men-
tioning that an increased optic nerve sheath diameter is
generally considered to be associated with an increased
CSFP, Jaggi and Killer concluded that the increased optic
nerve sheath diameter in the patients with NPG might have
been due to an optic nerve sheath compartmentation or due
to the thinning of the optic nerve in the study with group
with NPG [129]. These examples show that there may be
other features which are not currently understood concern-
ing optic nerve sheath dimensions and CSFP.

Magnetic resonance imaging (MRI) may overcome the
limitations of sonography and computed tomography with
respect to the dependence of the optic nerve sheath diameter
on the optic nerve diameter. Using MRI, Wang and col-
leagues measured the orbital subarachnoid space width by
subtracting the optic nerve diameter from the optic nerve
sheath diameter, with both diameters measured on the MRI
images [16]. They found significantly smaller measurements
of the orbital cerebrospinal fluid compartment width in
Chinese patients with NPG compared to Chinese patients
with high-pressure glaucoma or normal Chinese subjects. In
another study, Xie et al. showed a linear relationship between
the orbital CSF space width determined by MRI and direct
lumbar CSFP measurements [99].
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Using the data obtained in Xie et al.’s study [99], Jonas and
colleagues from the same study team calculated a formula to
estimate the CSFP of a normal population [130]. Xie’s study
included 74 patients with a mean age of 42.0 + 13.4 years and
a CSFP of 12.6 + 4.8 mm Hg. The final diagnosis of the
patients included diseases such as peripheral neuropathy,
multiple sclerosis, unilateral ischemic optic neuropathy, and
unilateral optic neuritis, in which it was unlikely that the neu-
rological disease was associated with an abnormal CSFP. Out
of the total group, a training group was randomly formed con-
sisting of 32 patients and a testing group including the remain-
ing 42 patients. Due to randomization, the training group and
testing group did not differ significantly in age, gender, body
height and weight, body mass index, intraocular pressure,
retinal nerve fiber layer thickness, and arterial blood pressure
(all P> 0.10). Performing a multivariate analysis in the train-
ing group with the lumbar CSFP measurements as dependent
variable and age, body mass index, and blood pressure as
independent variables revealed that estimated CSFP was best
described by the formula of estimated CSFP [mmHg] = 0.44
x body mass index [kg/m?*] + 0.16 x diastolic blood pressure
[mmHg] — 0.18 x age [years] - 1.91. The correlation coeffi-
cient was r = 0.55. The association between higher CSFP and
younger age, higher body mass index, and higher blood pres-
sure had also been found in other previous investigations
[131, 132]. The calculated formula was then tested in the test-
ing group. In this testing group, the measured lumbar CSFP
(12.6 + 4.8 mm Hg) did not differ significantly (P = 0.29)
from the calculated CSFP (13.3 + 3.2 mm Hg). The coeffi-
cient for the correlation between the calculated CSFP value
and the measured lumbar CSFP was r = 0.59. The Durbin-
Watson value was 2.08. Durbin-Watson values falling into the
acceptable range of 1.5 to 2.5 indicated a nonsignificant auto-
correlation for the residuals in the multiple regression mod-
els. The intra-class correlation coefficient was 0.71. The
Bland-Altman analysis revealed that 36 out of 42 measure-
ments were within the 95% limits of agreement, which were
+/—4.98 mmHg. This value of 4.98 mmHg was the 1.96-fold
of the standard deviation of the mean absolute error for pre-
diction (2.54 mmHg). Since the algorithm for the estimation
of CSFP was based on largely normal (non-ophthalmic con-
dition affected) patients, the algorithm cannot be applied to
patients with CSFP-altering diseases or patients with intra-
ocular pressure-altering diseases.

The two-depth transcranial Doppler technology uses the
ophthalmic artery as a natural intracranial pressure sensor
[95, 96]. The method measures simultaneously the blood
flow velocities in the intracranial segments and extracranial
segments of the ophthalmic artery. The principle is based on
the idea of noninvasive arterial BP measurement, where
externally applied pressure to a segment of an artery is used
to find a balance point when the external pressure is equal to
the arterial pressure measure of interest. Blood flow

parameters in both segments of the ophthalmic artery are
simultaneously monitored, and the two-depth transcranial
Doppler technology device is used as an indicator of the
pressure balance point, at which the CSFP is equal to the
pressure externally applied to the non-compressible tissues
of the orbit surrounding the extracranial segment of the oph-
thalmic artery. The pressure balance point is reached when
the blood flow velocity pulsations in both segments of the
ophthalmic artery are approximately equal. In a study with
57 simultaneous invasive and noninvasive CSFP measure-
ments (with a CSFP range from 3 to 37 mmHg), the Bland-
Altman plot of the differences between simultaneous invasive
and noninvasive CSFP measurements showed a mean differ-
ence of 0.94 mmHg with a standard deviation of 6.2 mmHg.
In a study of 62 neurologic patients by the same study team,
good accuracy for the noninvasive method was found, as
indicated by a confidence level of 0.80 mmHg of the abso-
lute error delta in the Bland-Altman analysis. Mean CSFP
measured with noninvasive two-depth TCD transcranial
Doppler technology was 12.8 + 3.3 mmHg (range 4.0-
23.7 mmHg) compared to the mean direct CSFP measure-
ment of 13.2 + 3.0 mmHg (range 4.4-24.3 mmHg). The 95%
limit of agreement was +/— 4 mmHg [96]. In another study,
the two-depth transcranial Doppler technology compared to
the sonographic measurement of the optic nerve sheath
diameter showed a higher reliability in determining the
CSFP in neurological patients [97]. Ragauskas and col-
leagues described the two-depth transcranial Doppler tech-
nology as suitable for 96% or more of patients with normal
ophthalmic artery anatomy (i.e., the ophthalmic artery is a
branch of internal carotid artery and has an intracranial seg-
ment which is influenced by the intracranial CSFP). The
technique additionally depends on a free communication
between the intracranial compartment to the orbital portion
of the CSF space. The method may thus not be applicable if
the optic nerve canal is blocked, e.g., due to a parasellar
tumor obstructing the inner aperture of the optic nerve canal,
due to adhesions after tuberculous basal meningitis, or due to
an intracanalicular ophthalmic artery aneurysm.

12.4 CSFP,TLPD, and IOP in Relationship
to Glaucomatous Optic Neuropathy

12.4.1 Morphological Particularities
of Glaucomatous Optic Neuropathy
Versus Vascular Optic Nerve
Neuropathy

In the discussion of a potential role of low CSFP in the
pathogenesis of glaucomatous optic neuropathy, one may
differentiate between anatomical facts and hypothetical
speculations. The anatomical facts are:
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(1) A loss of neuroretinal rim as is typical for glaucoma can
also be found only in eyes after giant cell arteritis-
induced anterior ischemic optic neuropathy [133]. All
other vascular optic neuropathies do not develop loss of
rim or deepening of the optic cup [134, 135].

(2) Parapapillary atrophy can be differentiated into four

zones [8, 65, 66, 136]. Alpha zone is characterized by

irregular pigmentation and is present in almost all eyes.

Its histologic equivalent consists of irregular structured

retinal pigment epithelium cells resting on Bruch’s

membrane. Beta zone shows ophthalmoscopically a vis-
ible sclera and visible large choroidal vessels and is his-
tologically characterized by complete loss of retinal
pigment epithelium cells and a present but superficially

denuded Bruch’s membrane. Gamma zone represents a

region in which Bruch’s membrane is not present. Delta

zone is an elongated gamma zone in highly myopic eyes
with a stretched and thinned peripapillary scleral flange.

Histologic and clinical studies have revealed that beta

zone correlates mostly with glaucoma but not with axial

myopia, while gamma zone is associated mostly with
axial myopia but not with glaucoma [136, 137]. Presence
and enlargement of beta zone is almost pathognomonic
for glaucoma and is not associated with any vascular

optic neuropathy [138-142].

Glaucomatous optic neuropathy is associated with the

thinning of the retinal arteries, and at a first glance, it

has been assumed that this could be evidence for a vas-
cular pathogenesis of glaucomatous optic nerve damage

[8, 21]. However, thinning of retinal arteries can be

found in eyes with any optic nerve damage, so that the

finding is not pathognomonic for glaucoma and is at
least partially secondary to loss of retinal tissue and thus
less blood demand in the retina [8, 143]. A recent longi-
tudinal evaluation of the Blue Mountain Eye Study
however reported that retinal arteriolar narrowing,
quantitatively measured from retinal photographs, was
associated with long-term risk of open-angle glaucoma

[144]. It supported the concept that early vascular

changes were involved in the pathogenesis of optic

nerve damage in open-angle glaucoma.

Localized retinal nerve fiber layer defects which for-

merly were thought to be typical for NPG in contrast to

high-pressure glaucoma can be found in both groups,
so that both groups do not differ in this prominent

defect [145].

(5) Eyes with either high-pressure glaucoma or NPG can
have a strikingly similar optic nerve head appearance,
both groups showing deepening of the optic cup, loss of
neuroretinal rim, and increased prevalence and enlarge-
ment of the beta zone of parapapillary atrophy [134]. In
both high-pressure glaucoma and NPG, a segmental
deepening of the optic cup is associated with a spatially

3)

“)

correlated greater loss of visual field [146]. These exam-
ples show that eyes with both NPG and high-pressure
glaucoma, despite marked differences in IOP, do not pro-
foundly differ in optic nerve head morphology. One has
also to take into account that the finding of morphologi-
cal similarities between high-pressure glaucoma and
NPG could also be taken as an argument that not only
NPG but also high-pressure glaucoma is generally to a
large degree pressure-independent and that increased
IOP could be an epiphenomenon. An argument against
this hypothesis would be that IOP-lowering therapy has
been proven to be helpful to prevent or slow down the
progression of glaucomatous optic neuropathy in patients
with high-pressure glaucoma as well as with NPG.

(6) Correspondingly, studies on monkeys with experimental
high-pressure glaucoma revealed loss of rim, deepening
of the optic cup, development of parapapillary beta zone,
and occurrence of localized retinal nerve fiber layer
defects as is found in patients with both NPG and high-
pressure glaucoma [147, 148]. In contrast, monkeys with
typical vascular optic nerve damage due to temporary
clamping of the retrobulbar central retinal artery did not
develop optic disc upping or parapapillary beta zone
[149-151]. Similar observations have been made in
patients with typical vascular optic nerve damage, such
as in diabetic retinopathy, after non-arteritic anterior
ischemic optic neuropathy or after a central retinal artery
occlusion [152].

12.4.2 Clinical Studies

Discussions about the importance of the CSFP for the optic
nerve head and in particular about its potential role in the
pathogenesis of glaucomatous optic neuropathy started over
four decades ago with studies by Volkov [14], Hayreh [153,
154], Morgan et al. [9-12, 33, 155], and others [4, 7, 13, 43,
77, 156-165].

In dependence on the body posture [78, 79], the average
IOP is physiologically higher than the average ICP, resulting
in a posteriorly directed trans-lamina cribrosa difference
[166]. Normal IOP combined with low CSFP leads to the
same pressure differential across the LC as elevated IOP in
combination with normal CSFP [167]. The pressure gradient
across the LC can then be defined as the pressure difference
in relation to the distance between the intraocular compart-
ment and the retrobulbar compartment, i.e., the thickness of
the LC [18, 19]. It was reported that the LC is thinner in axi-
ally highly myopic eyes than in emmetropic eyes and that the
LC gets thinner in eyes with glaucomatous optic nerve dam-
age [19]. The thinner LC determines a higher or steeper
trans-lamina cribrosa pressure gradient that may have an
influence of the orthograde and retrograde axoplasmic flow.
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Interestingly, experimental studies revealed that the LC
thickens at an early stage of glaucoma [168]. Changes in the
TLPD may lead to abnormal function and optic nerve dam-
age due to changes in axonal transportation, deformation of
the LC, altered blood flow, or a combination thereof.

Berdahl and colleagues performed a retrospective clinical
chart analysis on patients who had undergone lumbar CSFP
measurements for a variety of reasons [169, 170]. Out of
more than 30,000 charts of patients who had undergone lum-
bar puncture for a variety of reasons, the authors selected the
charts of patients with primary open-angle glaucoma and
with no glaucomatous optic neuropathy. The lumbar CSFP
was highly significantly lower in the glaucoma group than in
the non-glaucomatous group. As a corollary, patients with
ocular hypertension had significantly higher lumbar CSFP
measurements than the control group and the glaucoma
group. Although the study had limitations such as the design
as a retrospective investigation selecting a small proportion of
patients out of a very large number of patients, it was inferred
that NPG may be associated with low CSFP, while ocular
hypertension was associated with high CSFP [169, 170].

In a prospective study from the iCOP study group, patients
with NPG and patients with high-pressure glaucoma as well
as patients with ocular hypertension underwent for various
reasons a neurological examination including a lumbar punc-
ture with lumbar CSFP measurement [13, 159, 160]. They
were compared with individuals of a non-glaucomatous con-
trol group. For all study participants, the final neurological
diagnosis made it unlikely that the clinical symptoms leading
to the examination had influenced the CSFP [13, 132, 159,
160]. The patients with NPG had significantly lower lumbar
CSFP measurements than those with high-pressure glau-
coma or those in the control group. Consequently, the TLPD
was significantly higher in both glaucoma groups than in the
control group. Patients with ocular hypertension had signifi-
cantly higher CSFP. It was also shown that the amount of
glaucomatous optic nerve damage as measured by neuroreti-
nal rim area and visual field defect correlated with lower
CSFP and with higher TLPD.

Interestingly in the control group, higher CSFP was rela-
tively strongly correlated with higher IOP as well as with
higher diastolic BP, higher BMI, and younger age [13, 132].
The association between CSFP and IOP confirmed previous
studies by Lashutka et al., Li et al., Sajjadi et al., Spentzas
et al., and others [38, 51, 52, 54].

In an attempt to estimate orbital CSFP noninvasively,
Wang and colleagues from the iCOP study group then mea-
sured the width of the orbital CSF space by MRI [16]. After
adjusting the amount of optic nerve damage as determined
by perimetry or measurement of neuroretinal rim area, they
found that the orbital CSF space width was significantly nar-
rower in patients with NPG than in patients with high-
pressure glaucoma or normal subjects. In another study, the

same group showed that the orbital CSF space width corre-
lated with lumbar CSFP measurements [99]. It strengthened
the notion that the almost collapsed orbital CSF space in the
patients with NPG was associated with an abnormally low
predicted CSFP.

The studies described above had shown that higher CSFP
in the individuals of the control groups was associated with
higher diastolic BP, higher BMI, and younger age [13, 60,
131, 132]. One then divided the study population into a sub-
group to calculate an algorithm for determination of the
CSFP based on the three parameters of diastolic BP, BMI,
and age and then tested the formula in the remaining second
subgroup of individuals by comparing the calculated CSFP
values with the direct CSFP measurements. We applied the

SJormula (estimated CSFP [mmHg] = 0.44 x body mass

index [kg/m2] + 0.16 x diastolic blood pressure [mmHg|—
0.18 x age [years]-1.91) [99].

The formula was then used by the iCOP study group to
calculate the CSFP and the TLPD for the participants of
three population-based studies, the Beijing Eye Study, the
Handan Eye Study, and the Central India Eye and Medical
Study [30, 37, 130, 171-174]. All three study populations,
although markedly differing in geography, educational level,
socioeconomic background, BMI, and lifestyle, showed a
Gaussian distribution of predicted CSFP and predicted TLPD
and that the predicted CSFP was correlated with IOP. This
finding concurred with the results of the clinical study in
which higher measured CSFP was correlated with higher
IOP. In addition, prevalence and amount of glaucomatous
optic nerve damage in patients with open-angle glaucoma
were more strongly correlated with TLPD than with IOP. In
contrast, optic nerve damage in patients with angle-closure
glaucoma was associated with IOP but not with TLPD [171,
174]. Also, individuals with ocular hypertension had signifi-
cantly higher estimated CSFP values than normal individuals
[130]. These findings supported the notion of an abnormally
low CSFP playing a role in the pathogenesis of NPG. The
potential association between a low CSFP and glaucomatous
optic neuropathy is further corroborated by indirect findings.
In the Beijing Eye Study and in the Central India Eye and
Medical Study, smaller neuroretinal rim area was associated
with lower BMI [175, 176]. Taking the BMI as a surrogate
for CSFP, these findings support the notion of an association
between a low CSFP and a small neuroretinal rim.

In a clinical study on more than 500 patients with parasel-
lar, intrasellar, or suprasellar benign tumors, glaucoma-like
optic discs with abnormally thin neuroretinal rim and abnor-
mally large beta zone of parapapillary atrophy were abnor-
mally frequent suggesting that slowly growing tumors in this
location may have an association with a glaucoma-like disc
cupping and parapapillary beta zone [177, 178]. It supported
the speculation that these tumors, in addition to compressing
the optic nerve and leading to non-glaucomatous optic nerve
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damage, might have obstructed the internal opening of the
optic nerve canal so that the CSF might no longer have had
access to the orbital CSF space. It would reduce the orbital
CSFP and increase the TLPD.

Taking into account the physiological associations
between higher BP, higher CSFP, and higher IOP, glaucoma
may be described as a misbalance between IOP, CSFP, and
BP. Either IOP is elevated (as in angle-closure glaucoma),
while CSFP and BP are normal, the cause is intraocular. Or,
IOP is normal, and BP and intracranial CSFP are normal;
however, the orbital CSFP is abnormally low, e.g., due to
obstruction of the optic nerve canal by a parasellar meningi-
oma occluding the inner aperture of the optic nerve canal,
due to an intracanalicular ophthalmic artery aneurysm, or
due to circular adhesions in the optic nerve canal after basal
meningitis. In that situation, TLPD is elevated, although IOP,
BP, and intracranial CSFP are normal. Or, patients have low
BP, and due to the association between BP and CSFP and
between BP and IOP, they also have low CSFP and low
IOP. If unfortunately, the low BP-induced reduction in CSFP
is more marked than the low BP-induced reduction in IOP,
the TLPD increases, leading to barotraumatic damage to the
optic nerve. One may hypothesize that the latter situation
may be valid in some patients with NPG, typically women in
their 40s or 50s, who are slim and jogging, and with low
blood pressure, cold hands and feet, and decreased thirst,
showing vasospastic symptoms [179].

The relatively low BMI may be another hint for a low
CSFP, due to the correlation between CSFP and BMI. This
hypothesis fits with the observation of a higher prevalence
of NPG in Japan than in the USA [180, 181]. Japanese
patients with NPG are not only elderly (as one of the factors
for alow CSFP), but they are, in contrast to patients in North
America, additionally rather slim (as another factor for a
low CSFP). The hypothesis also fits with the observation of
the occurrence of NPG in patients with chronic intracranial
hypotension [182, 183]. If a low BMI is confirmed as a risk
factor for NPG, it might be useful to recommend patients
(moderately) increasing in weight. Additionally, systemi-
cally applied carbonic anhydrase inhibitors may be avoided,
since they lower the pressure on both sides of the LC. The
involvement of the carbonic anhydrase in the production of
aqueous humor as well as CSF shows another similarity
between IOP and CSFP.

In the considerations of a potential association between
CSFP and glaucomatous optic neuropathy, it has to be taken
into account that it is the orbital, not the intracranial, CSFP
which determines the TLPD. It has remained unclear
whether the lumbar CSFP is directly related to the orbital
CSFP. The orbital CSF communicates with the intracranial
CSF at the site of the chiasmatic cistern [184]. Any oblitera-
tion in that region or in the region of the optic nerve canal or
any space occupying lesion in the CSF compartment could

limit the free flow of CSF. Jaggi and colleagues reported a
patient with an optic nerve sheath meningioma, unilateral
optic disc swelling, and a difference in the CSF composition
between the lumbar CSF and the orbital CSF (as aspirated
from the subarachnoid space of the affected optic nerve)
[185]. They suggested an optic nerve sheath compartment
syndrome with a marked concentration gradient of albumin,
immune globulin G, and beta-trace proteins between the
CSF in the orbital CSF space of the affected optic nerve and
the CSF in the spinal canal. In a separate study, Jaggi and
colleagues detected that the optic nerve sheath diameter as
measured by computerized tomography was significantly
(P <0.001) larger in patients with NPG than in individuals
of a control group [129]. They assumed that the increased
optic nerve sheath diameter in the patients with NPG might
have been due to an optic nerve sheath compartmentation or
due to the thinning of the optic nerve in the study with group
with NPG. An optic nerve compartment syndrome had pre-
viously been described by Killer and associates [186]. Killer
also described that the CSF turnover in the orbital CSF
space of the optic nerve was reduced in patients with papill-
edema from various causes and that the composition of the
CSF differed between the spinal CSF and the orbital CSF
[187]. It has remained unclear whether an optic nerve com-
partment syndrome may also be associated with a difference
in orbital CSFP and intracranial CSFP or lumbar
CSFP. Moreover, the termination of the orbital CSF space
around the optic nerve contains atypical meningeal tissue
with lymphoid characteristics [188, 189]. Meningothelial
cells have been discussed to be associated with the drainage
of the CSF and to react under exposure to elevated pressure
under experimental conditions with a significant cellular
proliferation and a marked decrease in endocytotic activity.
In a similar manner, mild oxidative stress reduced the endo-
cytosis of meningothelial cells [190].

In an experimental study by Jaggi and colleagues, a sili-
cone band was placed around one optic nerve of seven sheep
to compress the subarachnoid space surrounding the nerve,
thus blocking the flow of CSF without compressing the optic
nerve itself [191]. After 4 or 21 days, all treated optic nerves
showed a marked loss of optic nerve fibers, destruction of
myelin, and swelling of meningoepithelial cells, most pro-
nounced in the proximal optic nerve adjacent to the globe at
the location most distant to the ligature. There was no signifi-
cant difference in histological findings between the optic
nerves that were ligated for 4 days and those with 21 days of
ligature. The authors concluded that segregation of CSF in
the orbital CSF space by blocking the orbital CSF space led
within 4 days to severe optic nerve damage. The finding that
the severity of these changes increased with a longer distance
from the site of the ligature was considered to argue against
a simple pressure- or microperfusion-dependent effect and to
support the hypothesis that interruption of CSF flow in the
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subarachnoidal space of the optic nerve could produce optic
nerve damage due to a change of CSF flow and composition.
Another or an additional mechanism could have been that the
CSFP just behind the globe, distant to the site of the orbital
CSF space compression, was low leading to an increased
TLPD. It has remained unclear whether the CSF once in the
orbital CSF space completely returns to the intracranial
compartment or whether it is partially absorbed in the orbit
[182—184]. In the latter case, the composition of the CSF
could be different in the orbital compartment compared to
the intracranial compartment or the compartment of the
spine. Killer and colleagues discussed whether there may be
reduced CSF exchange between the basal intracranial cis-
terns and the orbital CSF space in patients with NPG, leading
to reduced CSF turnover in the CSF space of the optic nerve
in these patients [155, 192-195]. A lower intracranial CSFP
in patients with NPG could explain the reduced density of
the contrast-loaded CSF in the orbital CSF space [195].
Interestingly, experimental studies showed that the orbital
CSFP was identical to the intracranial CSFP at the same ver-
tical level [196, 197].

12.4.3 Experimental Studies

Yang et al. conducted an experimental investigation in mon-
keys to further explore a potential association between an
abnormally low CSFP and glaucomatous optic nerve dam-
age [198]. Four monkeys received a lumbar-peritoneal shunt
to reduce the CSFP, while five control monkeys underwent
the same procedure but with the shunt remaining closed.
Follow-up examinations included regular measurements of
IOP and CSFP, confocal laser scanning tomography of the
optic nerve head and retinal nerve fiber layer, and fundus
photography. Four eyes of two study-group monkeys devel-
oped a continuous loss of retinal nerve fiber layer, and one
eye of a third monkey showed a splinter-like disc hemor-
rhage during the follow-up. The other three eyes of the study
group and all eyes of the monkeys of the control group
remained unchanged. It was concluded that the chronic
reduction of CSFP led to an optic nerve damage in some
monkeys with experimental and chronic reduction in
CSFP. It remained unclear whether the optic nerve damage
was glaucoma-like.

12.5 CSFP in Relationship to Retinal Vein
Pressure and Retinal Vein Occlusions

Since the central retinal vein passes through the optic nerve
head, the retrobulbar optic nerve, and the orbital CSF space
before it joins the superior ophthalmic vein and drains into
the intracranial cavernous sinus, the pressure in the central

retinal vein should be at least as high as is the orbital or intra-
cranial CSFP (Fig. 12.6). This relationship has been used in
ophthalmodynamometry to estimate the CSFP by measuring
the central retinal vein pressure. Subsequently, one may pos-
tulate that the diameter of the retinal veins depends on the
CSFP and, potentially, that retinal vein occlusions may be
correlated with a higher CSFP.

Estimating the CSFP in the longitudinal Beijing Eye Study
and assessing the 10-year incidence of retinal vein occlusions
showed that higher estimated CSFP was associated with a
higher incidence of CRVOs (P = 0.004) in a multivariate anal-
ysis [199]. In a similar manner, a higher incidence of retinal
vein occlusions in general or a higher incidence of CRVOs
together with a higher incidence of branch retinal vein occlu-
sions originating at the optic nerve head was significantly
associated with higher estimated CSFP (P = 0.002) after
adjusting for older age. It supported the notion that the CSFP
may have an influence on the retinal vein pressure and thus on
the occurrence of retinal vein occlusions (originating at the
optic nerve head). This hypothesis was further supported by
other findings. The amount of macular edema in patients with
retinal vein occlusions shows diurnal changes with thicker
values at 7 am than at 7 pm, as has also been described for
choroidal thickness [200-205]. Since both, the central retinal
vein and the vortex veins with the choroidal blood partially
drain via the superior orbital vein into the brain, the findings
of diurnal changes in macular edema in patients with retinal
vein occlusions and in choroidal thickness point to a potential
role, the CSFP may play for retinal vein occlusions and
potentially other conditions. Due to postural and hydrostatic
reasons, the CSFP is higher at night and in the early morning
than during daytime. Correspondingly, also for choroidal
thickness, a positive association with CSFP has been found
[30]. It has to be taken into account, however, that the supe-
rior orbital vein also has anastomotic connections to the angu-
lar vein which drains to the surface of the face. Also, the
superior orbital vein does not drain into the brain tissue
proper. It has therefore remained elusive whether the posture-
dependent increase in macula edema in eyes with retinal vein
occlusions is due to a posture-associated increase in CSFP or
a posture-related general increase in the venous pressure in
the head. One may therefore not categorically state that ele-
vated CSFP definitely increases the superior orbital venous
pressure, particularly in individuals who may have predomi-
nantly an anterior outflow into the angular vein.

In the discussion of the application of the formula for the
estimation of CSFP, one has to take into account the limita-
tions of this approach, in particular from the point of view of
the explanatory parameters which the formula relies upon,
namely, body mass index, blood pressure, and age. Since
these three parameters taken separately are also associated
with the prevalence of retinal vein occlusions, hypertensive
retinopathy, and diabetic retinopathy and with choroidal
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thickness, they may potentially be statistical confounders
when the algorithm including all of them is correlated against
the other parameters such as diabetic retinopathy and hyper-
tensive retinopathy. Future studies may therefore address
whether the observed associations between the estimated
CSFP and diseases such as retinal vein occlusions mean that
retinal vein occlusions are associated with higher blood pres-
sure (in the algorithm) and/or with the degree of obesity and
how one could separate those two factors from CSFP, to cite
an example.

12.6 CSFP in Relationship to Hypertensive
Retinopathy

Since retinal microvascular abnormalities associated with
hypertensive retinopathy include widening of retinal veins
and an increase in the retinal vein-to-artery diameter ratio, it
has been assessed whether the widening of the retinal veins in
arterial hypertensive patients is related to CSFP (Fig. 12.6)
[172]. In a multivariate analysis in the Beijing Eye Study,
larger retinal vein diameters and higher vein-to-artery diam-
eter ratios were significantly associated with higher estimated
CSFP (P =0.001). In contrast, retinal arterial diameters were
not significantly associated with estimated CSFP nor were
other microvascular abnormalities such as arteriovenous
crossing signs. In a reverse manner, higher estimated CSFP
was correlated with wider retinal veins and higher vein-to-
artery diameter ratio, but not with retinal artery diameters or
other retinal microvascular abnormalities. Before including
the CSFP into the consideration on the pathogenesis of hyper-
tensive retinopathy, it had been difficult to explain why a
pressure elevation on the arterial side could lead to a wider
retinal vein diameter, in particular since the retinal arterial
diameter decreased. Including however the CSFP into the
considerations and taking into account the dependence of the
CSFP ion, the arterial BP then explained that elevated arterial
BP, through the deviation of an increased CSFP, could indi-
rectly lead to a widening of the retinal vein diameters.

12.7 CSFP in Relationship to Diabetic
Retinopathy

In the Beijing Eye Study, a higher 10-year incidence of dia-
betic retinopathy was significantly associated with higher
estimated CSFP (P = 0.04; odds ratio, 1.10; 95% CI, 1.01,
1.22) after adjusting for a higher HbA1c value, longer dura-
tion of diabetes mellitus, higher serum concentration of cre-
atinine, lower educational level, and shorter axial length
(Fig. 12.6) (Jon asset al. 2014d). Correspondingly, the
Wisconsin Epidemiologic Study of Diabetic Retinopathy
revealed that independently of the severity level of diabetic

retinopathy, glycemic control, and other factors, widening of
retinal venular caliber but not of arteriolar diameter was
associated with subsequent incidence and progression of dia-
betic retinopathy [206—-208]. The reason for these associa-
tions may be that an elevated retinal venous pressure in
patients with higher CSFP may be associated with a higher
retinal capillary blood pressure, potentially explaining the
increased incidence and prevalence of retinal hemorrhages,
edema, and lipid exudates as part of diabetic retinopathy.

As recently suggested by Stodtmeister and colleagues, an
elevated retinal venous pressure due to an increased CSFP
may additionally decrease the ocular perfusion pressure
defined as the difference between the retinal arterial BP and
the retinal venous BP [113, 209]. A decrease in the ocular
perfusion pressure leads to an increase in the risk for isch-
emic retinopathies such as diabetic retinopathy. If the asso-
ciation between higher CSFP and diabetic retinopathy is
further examined in future studies, one may address the
question whether lowering of CSFP by drugs such as sys-
temic carbonic anhydrase inhibitors may have a therapeuti-
cally positive effect on the development of diabetic
retinopathy. A therapeutic effect systemically administered
acetazolamide has been discussed as early as in 1988 [210].
The association between higher estimated CSFP and diabetic
retinopathy may also explain the dilatation of retinal veins
and their increased tortuosity as hallmarks of diabetic reti-
nopathy. An increased arterial BP alone may not explain why
on the venous side of the vascular bed the vessels get wider.

It remains unclear whether diabetes mellitus in general is
associated with an elevated CSFP, independently of the asso-
ciation of CSFP with blood pressure and body mass index.
Some studies suggested that diabetic ketoacidosis can be
associated with increased CSFP [211-214].

12.8 CSFP and Choroidal Thickness

Thicker subfoveal choroidal thickness was associated with
higher estimated CSFP (P = 0.009) after adjusting for lower
age, shorter axial length, lower BMI, and higher corneal cur-
vature radius [37]. In univariate analysis, subfoveal choroi-
dal thickness increased by 9.2 pm (95% confidence interval,
8.3, 10.1) for each mmHg increase in estimated CSFP. In a
reverse manner, estimated CSFP was significantly associated
with thicker subfoveal choroidal thickness (P < 0.001) in a
multivariate analysis.

12.9 Future Directions

Future studies may further develop techniques for noninvasive
measurement of CSFP, including studies on the associations of
CSFP with other parameters, so that refined formulas may be
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used to estimate the CSFP in neurologically normal subjects.
Future investigations may also address the dynamic aspects of
CSFP, such as pulse-synchronous changes and daytime-asso-
ciated changes of the CSFP, in addition to the dependence of
the CSFP on body posture. The latter may also be of impor-
tance for yoga performance, since it remains undetermined
whether a headstand-associated increase in IOP is fully com-
pensated by an increase in CSFP so that the TLPD may or may
not be affected. A direct consequence would be whether yoga
can or cannot be recommended for patients with glaucoma.
Examinations of dynamic aspects of the relationship of CSFP
to IOP include investigations whether a change in IOP due to
a change in the body position takes longer or shorter than the
corresponding change in CSFP. It could have importance for
glaucoma. Let us assume that after lying down, the rise in IOP
takes longer time to occur than the immediate, hydrostatically
explained rise in CSFP; the first minutes (or longer) after lying
down would result in a lower TLPD and could, theoretically,
be helpful for the glaucomatous optic nerve. If, however, after
rising from a supine position, the drop in CSFP occurred much
earlier than the drop in IOP, rising out of a supine position
would result in an increase in TLPD and could thus be of risk
for glaucomatous damage.

Future studies may examine the physiological flow of CSF
from the brain to the orbit and questionably back to the brain.
These studies indirectly address the questions whether the
composition of the CSF differs between various regions of
the central nervous system. If, in the example given, the com-
position of the orbital CSF may be important for susceptibil-
ity to NPG, patients with the disease could be recommended
to maintain body positions in which likely the composition of
the orbital CSF would be altered or unaltered. Similar ques-
tions may be addressed whether patients with glaucoma
should sleep with their head elevated or flat or in a downward
position, depending on studies which examined the changes
in IOP and in CSFP associated with a change in body position
and with reflection on the TLPD. It would be desirable to
summarize the relationship between the orbital CSFP and the
IOP in a mathematical formula; however, the data accumu-
lated so far may not yet be sufficient for a clear mathematical
model. Issues, which have not been sufficiently addressed,
are among others whether the decrease in pressure across the
lamina cribrosa occurs continuously or in a stepwise manner;
whether the differences in the timing of the pulse-synchro-
nous pressure wave in the CSF space and the intraocular com-
partment lead to pulse-synchronous changes in the TLPD;
whether anatomical parameters such as thickness and length
of the lamina cribrosa and its anchoring in the peripapillary
scleral flange influence the parameters of the TLPD; and
whether the amount of optic nerve damage and shrinkage,
leading to an enlarged area of the posterior lamina cribrosa
surface directly exposed to the orbital CSF space, are of
importance for the TLPD.

Other points are quantitative data on the relationship
between intracranial CSFP and orbital CSFP (and also lum-
bar CSFP), the relationship with the body posture, and the
timing of changes in CSFP and in IOP in relationship to
changes of body posture and associated changes in blood
pressure. Some of these issues are now going to be examined
in astronauts spending several months in orbit [84-86]. It has
also remained unclear whether CSFP has an impact on the
retinal arterial blood pressure, a parameter which would
additionally influence a mathematical formulation of the
association between CSF, IOP, TLPD, and arterial and
venous blood pressure in the retina (and optic nerve head). If
more hints were gathered that a low orbital CSFP is associ-
ated with glaucomatous optic neuropathy, therapeutic
modalities may be developed to increase the CSFP, not only
by elevating arterial BP or by avoiding systemic carbonic
anhydrase inhibitors, but by drugs specifically increasing the
CSF production or decreasing the CSF absorption from the
central nervous system.

12.10 Conclusions

The orbital CSFP as counter-pressure against IOP is a
determinant of the TLPD and is important for the physiol-
ogy and pathophysiology of the optic nerve head and pres-
sure-related diseases originating at the optic nerve head,
such as glaucomatous optic neuropathy. Taking into
account the physiological triangular relationships between
IOP, CSFP, and BP, glaucoma may be described as a mis-
balance between IOP, CSFP, and BP, finally leading to an
increase in TLPD. Potentially, since the central retinal vein
passes through the orbital CSF space, the orbital CSFP is
of importance for the pressure in the retinal veins, for their
diameters, and potentially for the development of retinal
vein occlusions. Since the retinal venous pressure influ-
ences the retinal capillary pressure, the orbital CSFP may
have an influence on the development and severity of signs
of diabetic retinopathy. In a similar manner, the retinal
perfusion pressure may be reduced in patients with an
increased orbital CSFP and secondarily increased retinal
venous pressure. Since the choroid drains through the vor-
tex veins into the superior ophthalmic vein and cavernous
sinus intracranial, higher CSFP may be associated with a
thicker choroid, fitting with the observation of a thicker
choroid in the morning than in the evening. Changes in
body position influence, potentially, in different amount
and in a different time frame, IOP, CSFP, and regional
BP. Resulting body position-dependent and time-depen-
dent changes in TLPD remain unexplored. Experimental
studies have suggested that dorsomedial and perifornical
hypothalamic neurons may be involved in the regulation of
both IOP and CSFP.
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Energy Theory of Glaucoma

Xiaoxia Li and Ningli Wang

Glaucoma is the leading cause of irreversible blindness [1],
and it is a major public health issue. The pathological mecha-
nism of glaucoma is not fully understood yet. In this chapter,
we mainly focus on the glia cells which take part in the
underlying mechanism of glaucoma.

Glia cells tile throughout the whole central nervous sys-
tem (CNS). Glia cells are at least equal to or exceed neurons
in numbers, and 20-40% of total glia cells in mammalian
brains cells are specialized glia cells named astrocytes [2].
But the studies of astrocytes functions are lagged relatively.
Unlike the brain, the main retinal glial cell is Miiller cell,
which is composed of 90% total retinal glia cells, followed
by astrocytes and microglial cells. In most rodent optic nerve
head (ONH), a very important region that has to deal with
continuous intraocular pressure (IOP) and cerebrospinal
fluid pressure (CSFp) fluctuation, the glial lamina is formed
by a kind of special astrocytes named fortified astrocytes
(FASTs) which occupies 50% in volume.

Glia cells play important roles in neuronal development, in
microenvironmental stability, and especially in neuronal circuit
function [3]. Glia cells have two opposite effects on neurons; in
normal condition, astrocytes or other glial cells protect neurons
and maintain their functions, but in pathological condition,
they may damage neurons by releasing deteriorate factors.

Mitochondria play an important role in the intracellular
core function for energy supply and viability. In recent
research, Nicholas Marsh-Armstrong reported that neurons
can transcellularly release damaged mitochondria to astro-
cytes for disposal and recycling at ONH [4, 5]. Interestingly,
Lo Eng H. demonstrated that in cerebral ischemia model, neu-
roglial may transcellularly transfer healthy mitochondrial par-
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ticles from astrocytes to damaged neurons after stroke through
CD38 and cADPR which are Ca** dependent in supporting
cell viability and recovery [6] (Fig. 13.1). We proposed this
phenomenon as “astrocytes-mitochondria-neuron circle.”

In the following part, we will explore the potential cross
talk between neuron, mitochondria, and glia cells in ONH of
high-IOP rat model.

13.1 Morphology of Astrocytes in ONH

In ONH, there is a special type of astrocytes named FASTsS;
they account for almost 50% astrocytes in volume as its spe-
cial functions. In human and nonhuman primates, the ONH
is traversed by a dense meshwork of tough connective tissue
which transfers damaging mechanical forces to the ganglion
axons. Here, we mainly discuss the glial cells reaction in rat
ONH. It is well known unlike human lamina cribrosa (LC),
most of rodent animals lack of LC, instead of glial lamina
formed by a mount of FASTs.

In rat ONH, the very tiny processes of FASTs are scat-
tered in the intervals of axons and tightly close to axons
(Fig. 13.2a). These axons are circled completely, and some
axons are half circled by FASTs tiny processes.

The FASTs and axons bind together to avoid relative
motion and further sustain the pressure fluctuation from IOP
and CSF. For another reason, the close relationship between
axons and FASTs makes it easy for nutrients and metabolic
waste exchange. What’s more, except these small materials,
the much more bigger organelle can also be transcellularly
disposed and recycled in ONH [4, 5].

In pathological conditions, tiny processes from FASTs
shrink or diminish, accompanied by axon shrinking or dimin-
ishing (Fig. 13.2b), and it is hard to verify which one is influ-
enced at first. But it is clear that, in the early stage of damage,
the diminished axons and processes left bald space and the
glial lamina is much more vulnerable. At the last stage, the
bald space is filled by scar connective tissue.
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Fig. 13.1 In ONH the axon p
mitochondria can be 3
transcellularly disposed and
recycled by astrocytes, and
astrocytes may release healthy
mitochondrial particles to
damaged neurons for its
recovery

astrocyte

mitochondria

neuron

Fig.13.2 (a) Axons and FASTs tiny processes in ONH; (b) the bald space formed as axons and tiny processes diminished

13.2 Energy Theory of High-IOP Model In research report, there are a lot of pinocytotic vesicles

in the FASTs tiny processes. Davis et al. proposed that these
It is quite different with retina that there is a complete absence  pinocytotic vesicles may take part in the origin of glauco-
of aquaporins from the ONH [7]. It is well known in the retina  matous process, when the maintained high IOP outstrip the
the differential distribution of aquaporin-4(AQP4) along the energy needed to maintain the extracellular fluid buffer in
radial axis of the Miiller cell membranes, and transport water  the rim of the ONH [4, 5]. Raisman and his colleague pro-
away from the subretinal space toward the vitreous or vessels.  posed that the initial damage occurred in the peripheral of
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Fig. 13.3 The energy theory
of glaucoma: overload water
in ONH (Reprinted with
permission from [8])

M muller cell; F fortified
astrocyte; ast astrocytes; d
dura mater; a subarachnoid
space; s sheath; b bubles; ret
retinal; cho choroid; scl sclera

u

=

i

lllI" [

ONH and the glial lamina is gradually destroyed, until it
deformed significantly with motion (Fig. 13.3).

However, in our recent acute high-IOP rat model, we also
found the peripheral of ONH is vulnerable which is similar to
the above research. However, we found these axons of half cir-
cled or un-circled by FASTSs processes is vulnerable too, even if
it is not in the peripheral of ONHs. After the recue stem cell was
injected in ONH, the axons are survival (Fig. 13.4) [9]. We pro-
pose that except the pressure, there are other factors involved.

13.3 Astrocytes-Mitochondria-Axons Circle

13.3.1 Transcellular Disposal of Astrocytes
Degrading Mitochondria by
Transmitophagy

In the recent report, in ONH, astrocytes can transcellularly dis-
pose damaged or unhealthy axonal mitochondria, and this pro-
cedure can be seen as a kind of natural mitophagy [4, 5]. And
mitochondria are the only energy supply organelle, which is
very important for cell survival and development. The retinal
ganglion cells (RGC) axons, from RGC bodies afferent to lat-
eral geniculate nucleus (LGN) or superior colliculus (SC).
Little is known about how neurons with long axons degrade
mitochondria. Degrading mitochondria can be transcellularly

Fig. 13.4 Olfactory ensheathing cells (OEC) rescue dying axon (come
from [9]). (Reprinted with permission from [8])

disposed by astrocytes in ONH and can be transmitophagy by
cerebral cortex in young wild-type mice, although at a relative
lower density than at ONH [5]. This ability to exchange mito-
chondria may represent a potential mode of cell-to-cell signal-
ing in the central nervous system and peripheral optic nerve
system. Except that, research has reported that bone marrow-
derived astrocytes may transfer mitochondria into pulmonary
alveoli to rescue acute lung injury [10].
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13.3.2 Astrocytes May Release Healthy
Mitochondrial Particles to Damaged
Neurons

Although the damage/injury signals that initiate mitochon-
drial transfer have yet to be identified, it is plausible that the
intracellular energy storage condition may play an important
role in directing one cell to transfer mitochondria to another.
It had been proved that this procedure is highly sensitive to
cytosolic Ca2+, cADPR, and sometimes to CD38 [6, 11].
This transcellular mitochondria transfer is mainly focused on
mesenchymal stem cell, and there is no research that had
been reported in optic nerve system yet.

Similar to high IOP, our recent study demonstrated selec-
tive glial reactivity in visual system in reduced cerebrospinal
fluid pressure, which accompanied with damaged neurons
(data not shown).
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Xiaobin Xie, April Peszel, Feras Kamel Rizeq, Chenyu Sun,
Diya Yang, and Ningli Wang

14.1 Background

As a part of the central nervous system, the optic nerve goes
through the comparatively independent intraocular and ret-
robulbar pressurized cerebrospinal fluid cavity. Additionally,
the central retinal vein and artery pass from the optic nerve
head through the optic nerve and the orbital cerebrospinal
fluid (CSF) space. The CSF pressure, as the counter pressure
against intraocular pressure (IOP) from the opposite side of
the lamina cribrosa, may have pathophysiologic importance
for several intracranial and intraocular pressure gradient-
related ophthalmic disorders, such as glaucomatous optic
neuropathy associated with CSF pressure dysregulation [1—
12], optic neuropathy secondary to idiopathic intracranial
hypertension [13—19], visual impairment syndrome in space
[20-22], and retinal vein occlusion [23].

The role of intracranial and intraocular gradients in the
pathogenesis of glaucoma is increasingly drawing the atten-
tion of scholars. Techniques of IOP measurement are now
relatively mature. Till now, continuous IOP measurements
can be realized in a habitual posture over a 24-h period with
commercial devices in clinical practice [24]. The advance-
ments in measurements of intracranial pressure (ICP), which
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is the pressure of the cerebrospinal fluid and also an impor-
tant component of intracranial and intraocular gradients, will
be discussed in detail in this chapter.

14.2 Advances in ICP Monitoring
Techniques

There are several different ICP monitoring techniques. These
methods have gone from being an invasive procedure to
more of a noninvasive approach. While there are several
things to consider, the most important initial task is to address
the central considerations of this technology.

First and foremost, the most fundamental issue for doc-
tors to address is precision. The ANSI/AAMI has set a cer-
tain criterion for ICP monitoring devices. Based on their
standards for this technology, the ICP monitoring equip-
ment’s scope of pressure must be between 0 and 100 mmHg.
It must also have a reliability of at least 2 mmHg in the scope
of 0-20 mmHg, while the highest inaccuracy should not vary
more than 10% between the values from 20 to 100 mmHg.
Secondly, compared with transient ICP monitoring, continu-
ous monitoring divulges the complete array of ICP fluctua-
tions during a state of awareness, various sleep stages,
changes in the position of the patient, and other activities.
Thirdly, problems can occur during the procedure and hinder
the analysis. Some of these complications that can possibly
alter the analysis include but are not limited to bleeding, con-
tamination, sensor malfunction, drift, and imprecise arrange-
ment of the device. These hindrances not only affect the ICP
readings but also may cause further harm to the patient’s
brain. Another key factor needing to be addressed is the cost
of this technology and infrastructure which should be
evaluated. Last but not the least, portability and field deploy-
ability should be considered [25].
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14.2.1 Direct or Invasive ICP Monitoring

Direct or invasive ICP monitoring provides direct signals
from distinctive intracranial structural positions, namely,
intraventricular, intraparenchymal, epidural, subdural, and
subarachnoidal spaces. Furthermore, lumbar punctures may
assist in measuring the ICP in patients that have communi-
cating CSF pathways. Invasive ICP measurement via a brain
ventriculostomy, intraparenchymal systems, or by lumbar
puncture in patients with free CSF circulation is the most
reliable method for ICP measurement [26-28].

14.2.1.1 External Ventricular Drain (EVD)
Placement

EVD is also known as an intraventricular catheter or ven-
triculostomy. ICP monitoring by EVD was described in the
report by Guillaume and Janny in 1951 [29]. Moreover, EVD
is a very common neurosurgical procedure in the emergency
room and intensive care unit. The EVD technique is the most
accurate system for ICP measurements, hence why it is the
preferred method by the American Brain Trauma Foundation
and remains the gold standard [27, 28, 30].

Fluid-filled tubing is used to attach an intraventricular
catheter to an external pressure transducer. The most com-
mon entry points are Kocher’s point and the forehead
(Fig. 14.1) [31]. Placement of the intraventricular catheter
requires its penetration through the skull, dura mater, and
brain in such a way that the ventricle of the brain is accessed.

By far, EVD, a safe and effective method, is considered to
be the “gold standard” of ICP measurement. This method of
measuring global ICP has advantages in the following
aspects: in vivo calibration at a relatively low cost, therapeu-
tic drainage of cerebrospinal fluid, and administration of
drugs, all the while keeping measurements uninfluenced by
eventual pressure gradients in the brain parenchyma.
Generally, the complication rate of EVD is approximately
16.1%, with an infection rate of 10.2%, catheter malalign-
ment rate of 2.2%, and a bleeding rate of 3.6%. The degree
of severity of the complications is contingent upon the abili-
ties of the surgeon [32]. The other disadvantages include
inaccuracies of the pressure measurements when the fluid
column gets obstructed or leaks and the necessity to maintain
the transducer at a fixed reference point relative to the
patient’s head, etc.

Neuronavigation techniques using computed tomogra-
phy, magnetic resonance imaging, stereotaxy, endoscopy, or
ultrasound for catheter placements are superior to freehand
techniques. An efficient image-guidance system may
improve patient safety and the surgeon’s ability to success-
fully target the ventricles [33, 34].

It is necessary for EVDs to be zero-balanced consistently
to ensure precision. This is due to the fact that they can
become obstructed by cerebral tissues or clots in the blood.

Fig. 14.1 External ventricular drain placement at the entry points of
forehead

This can happen whenever a patient becomes repositioned,
any changes in the drain level, or if the reading does not cor-
respond to the patient’s clinical situation.

14.2.1.2 Implantable Microtransducer ICP
Monitoring Devices

The implantable microtransducer ICP monitoring devices
allow measurement of absolute ICP levels and identification
and analysis of high-resolution ICP waveforms. As with
EVDs, microtransducers can reduce the infection rate and
the risk of hemorrhages. The devices can be classified as
fiber optic devices, piezoelectric strain gauge devices, and
pneumatic sensors.

Types of Implantable Microtransducer ICP

Monitoring

Fiber optic devices enable light to be transferred by cables
to a displaceable mirror. The mirror becomes displaced by
variations in ICP, and thus the changes of light refraction are
deciphered into an ICP value. As an example, Camino ICP
Monitor (Camino Laboratories, San Diego, California, USA)
can provide a continuous display of the ICP waveform [35].
A continuous record of mean pressure over the most recent
24-h period is stored in memory. Intraventricular or intrapa-
renchymal Camino sensors have shown an average drift of
up to 3.2 mmHg per day [36]. Epidural Camino sensor con-
siderably overestimated ICP with a mean of about 9 mmHg
but extending to almost 30 mmHg [37]. Mechanical compli-
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cations included breakage of the optical fiber, dislocations of
the fixation screw or the probe, and failure of ICP recording
for unknown reasons [38]. Fiber optic monitors have a lower
risk of infection, ranging from 0% to 1.7%.

Piezoelectric strain gauge devices have a miniaturized
strain gauge located on the side of the catheter near the distal
tip. Changes in the position of the diaphragm cause changes
in the electrical resistance that is recorded and transformed,
and ICP values can be calculated. The Codman MicroSensor
(Codman, Johnson & Johnson, Raynham, MA, USA) [39],
the Raumedic Neurovent-P ICP sensor (Raumedic AG + CO,
Raumedic, Germany) [40], and the Pressio sensor (Sophysa
Ltd., Orsay, France) [41] are piezoelectric strain gauge
devices.

Pneumatic sensors recognize variations in pressure with
small balloons located at the far end of the catheter. The mea-
sured ICP is conveyed through the delicate pouch, which is
partitioned to the volume of air in the pouch. An electric sig-
nal is produced by converting the signal by a pressure trans-
ducer. The ICP monitor zeroes automatically once per hour.
The Spiegelberg Air-Pouch System is a kind of low-cost
pneumatic device. In a clinical study, the Spiegelberg 3-PN
sensor (Spiegelberg KG, Hamburg, Germany) was inserted
into five patients. The patients’ intraventricular pressure was
analyzed concurrently and compared to either the intraparen-
chymal or subdural Spiegelberg 3-PN pressure. The con-
trasts between the Spiegelberg reading were fewer than
+3 mmHg in 99.6% and fewer than 2 mmHg in 91.3% of
interpretations [42].

Location of devices

The microtransducer systems can be positioned directly in
the intraventricular, intraparenchymal, epidural, subdural, or
subarachnoid cavity, as shown in the Fig. 14.2. The micro-
transducers’ ideal placement is determined by incorporating
key aspects, such as the interval or length of monitoring, a
satisfactory drift, accuracy within the limits, and any benefits
that the patient may receive. Taking accuracy into consider-
ation, the ideal placement of the microtransducer probe in
descending order is firstly intraventricular, followed by intra-
parenchymal, then subarachnoid, and finally epidural. There
are other options apart from ventricular catheters in cases
where patients have severe brain damage that leads to swell-
ing. Some of the other options, which could be considered,
are alternatives such as epidural and subdural catheters and
subarachnoid bolts which are all surface monitors. The
downside to these surface monitors is that they are error
prone and can be misplaced, and a baseline drift can occur
during uninterrupted usage over the span of a few days [43—
45]. ICP tends to be underestimated with the use of sub-
arachnoid screws, bolts, or catheters [43, 46]. The opposite is
true of epidural methods which overestimate ICP values
[37]. Although epidural monitoring is not a reliable method

Sa v Ip

Fig.14.2 Sites for intracranial pressure measurement. Ed epidural, Sa
subarachnoid space, Iv intraventricular, Ip intraparenchymal, Sd
subdural

to evaluate ICP, it can be used in other areas such as defining
waveform parameters seen in the amplitude of pulse pres-
sures and the mean amplitudes of the ICP wave [47]. The
reason behind this discrepancy is due to the relatively inelas-
ticity of the dura tissues which get relayed from the CSF to
the sensor [27]. Due to these inaccuracies, intraparenchymal
probes are seen as a paramount substitute.

The microtransducer sensors are a type of robust ICP
measuring technology. They can be placed directly in sev-
eral intracranial locations and have lower complication rates
than EVD, such as lower risk of infection and hemorrhage
rate [48, 49]. They also do not require any adjustments of
the patient’s position and can be easily transported. However,
all surgical procedures are associated with a risk of hemor-
rhage. The degree of hemorrhage differs based on the type
of technology used. Monitors that are placed subdurally are
linked with nearly a 5% rate of hemorrhage; however lower
risks of 4% and 1.1% are seen with intraparenchymal and
ventricular catheters, correspondingly [46]. The microtrans-
ducer systems that measure ICP are possibly not the best
representation of global pressure, as transtentorial and inter-
hemispheric pressure gradients may be present. High costs
are associated with an ICP sensor’s implantation procedure.
The high cost is reflected by the need for a monitor which
costs thousands of dollars and a transducers which costs at
least $400-$600 a piece, not to mention the ongoing costs
of preserving and changing out broken parts [50]. Technical
malfunctions can lead to inaccurate readings, for example,
fiber optic transducers can be easily marred by unwarranted
twisting or folding [46]. The absence of constant calibration
can produce an inaccurate ICP reading. Considerable zero
drift can sometimes occur in long-term monitoring and
when in vivo recalibration is not possible [51].
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14.2.1.3 Lumbar Cerebrospinal Fluid Pressure
Measurement

Following certain conditions, lumbar punctures are another
route where ICP can be measured, as long as the cerebral spi-
nal fluid is free of any blockages that may hinder the flow of
fluid. This is a precise method to establish ICP in patients
with communicating cerebral spinal fluid systems. A clinical
study conducted by Lenfeldt N and colleagues showed that
lumbar cerebrospinal fluid pressure correlated exceptionally
to ICP in brain tissue, which was determined by a mean dif-
ference in measurement of 10 mm H,O (0.75 mmHg) and a
regression coefficient of 0.98 [26]. Lumbar cerebrospinal
fluid pressure amplitude measurement is an alternative to ICP
recording. Intracranial pulsations measurement via lumbar
puncture in an alternative clinical analysis had marginally
dampened amplitudes. These amplitude values should be
understood as raised amplitudes that require correction [52].

Lumbar punctures require a sterile setting. The needle is
inserted into the subarachnoid space, most commonly
between the third and fourth lumbar vertebrae in order to
circumvent the spinal cord. Cerebral spinal fluid is then
removed with the needle and analyzed.

In the event where increased intracranial pressure is ques-
tioned, a lumbar puncture should certainly not be done due to
dangerous consequences such as brain herniation and conse-
quently death. Some circumstances may be due to conditions
such as a cancerous growth or a brain hemorrhage.
Approximately 1/3 of patients experiences a headache fol-
lowing a lumbar puncture [53].

Generally, direct or invasive methods of ICP monitoring
are the most accurate ways to measure ICP by far. The most
reliable methods of ICP monitoring are the use of ventricular
catheters; closely followed by microtransducers, which mea-
sure ICP almost just as accurately; and then lumbar puncture
under certain circumstances with non-obstructed pathways
of cerebral spinal fluid flow.

However, in practice, direct or invasive ICP monitoring is
not widely performed in many patients because of the fol-
lowing reasons: first, the invasiveness of the monitoring
methods adds risk of intracranial infection, hemorrhage, or
even cerebral herniation [46, 48]. Second, the insertion of a
catheter or transducer is traditionally done only by trained
personnel, i.e., a neurosurgeon, in a specialized facility.
Third, economically, the high price of microtransducers pre-
vents many clinical centers from using this microtransducer-
based ICP monitor [50, 54].

14.2.2 Noninvasive ICP Monitoring
Since the use of invasive ICP measuring techniques has

many limitations, noninvasive methods have been developed
and proposed to evaluate ICP via related physiological vari-

ables [55]. In this chapter we will focus on the most common
noninvasive techniques available [56]. The predominant
methodologies to assess noninvasive ICP ground their basis
on the knowledge that the anatomical structures play an intri-
cate part of the physiology that governs ICP.

Methods that Infer ICP
from Intracranial Structures

14.2.2.1

Ultrasound Time-of-Flight Techniques

Ultrasound “time-of-flight” method can be used for noninva-
sive ICP assessment and is predominantly constructed on a
theory that fluctuations in ICP can change the physical
dimensions and/or acoustic properties of the intracranial
structure components, including CSF, brain parenchyma tis-
sue, and blood [57, 58]. As shown in Fig. 14.3, the changes
of signal’s oscillation period and time of flight are seen to be
linear under the physiologically limited volume changes in
the intracranial component (i.e., 8 mL) [58]. The changes of
time of light and oscillation period range from 6 to 20 ns and
0.12 to 0.5 ns, respectively, per 8 mL changes of craniospinal
volume [59]. The increased craniospinal volume led by the
volume changes of +8 ml intracranial components can cause
ICP to raise to the critical level of 25 mmHg [58].

The disadvantage to this method is that it singly measures
relative variations of ICP. The variations are compared to an
absolute baseline measurement of ICP. To obtain an accurate
reading, ultrasounds should be calibrated between patients
and compared to invasive techniques. Another area that
remains uncharted is how intracranial masses can change the
measurements. Consequently, for clinical practice, this
method may not be sufficiently precise [56].

Transcranial Doppler Ultrasonography (TCD)
ICP can be continuously estimated from the TCD measure-
ments because some TCD-derived parameters change during
an increase of ICP, such as the form of cerebral blood flow
velocity pulse waveform or pulsatility index. Techniques
have been categorized and established on the basis of the fol-
lowing categories: TCD pulsatility index, noninvasive
approximation of intracranial perfusion pressure, and model-
based methods. The extrapolation of TCD velocity to zero
flow velocity [60], the brain biomechanics coupled with
TCD [61], and using TCD spectral waveform properties [62]
are all new methods to estimate ICP according to
TCD. Previously published studies presented with dissimilar
accuracies, more specifically with prediction capabilities for
recognizing ICP >20 mmHg ranging from 0.62 to 0.92 [63].
TCD consists of many of the beneficial factors that are
shared with noninvasive ICP techniques, namely, uninter-
rupted monitoring, comparatively low expense, free from
complications, straightforwardly accessible, transportable,
high temporal resolution, ability to be duplicated, and
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appropriate in the emergency and ambulatory settings. Still
though, TCD presents some inherent drawbacks, which can
adversely impact its accuracy. Some of the drawbacks are
mostly characterized by signal conduction attenuation trans-
mitted through the cranial bones. Additionally, TCD mea-
surements may be specifically challenging in an undeniable
proportion of the population (up to 8%). Unfortunately, this
does not present an acceptable acoustic window for artery
insonation [63, 64].

Pulsed Phase Lock Loop (PPLL) Technique

PPLL was originally invented to accurately measure bolt ten-
sioning for critical applications by the National Aeronautics
and Space Administration [65, 66]. The PPLL device records
skull movement associated with ICP pulsations. Briefly, a
500-kHz ultrasonic wave is transmitted by the PPLL device,
and it passes through the cranium by a transducer placed on
the temporal area. The ultrasonic tone burst passes through
the brain, reflects off the inner surface of cranium, and is
received by the same transducer.

Once locating the inner surface of the cranium, the ultra-
sonic phases between emitted and received signals are com-
pared using PPLL device. A change of cranial diameter leads
to a phase shift between these two signals, and then the out-
put voltage of PPLL is changed in proportion to the cranial
pulsation diameter. Only approximately 0.5 ms is needed for
this ultrasonic distance measurement to be complete.
Therefore, the recording of cranial diameter pulsation is con-
tinuously provided via the measurement of PPLL output
voltage. PPLL output represents ICP waveforms in both fre-
quency and time domains. PPLL technology allows for the
noninvasive assessment of ICP dynamics in vivo and can
obtain uninterrupted ICP waveforms during spaceflight since
it is both inherently compact and noninvasive [67].

Electroencephalography (EEG)

An EEG is often used to record the spontaneous electrical
activity of the cerebral cortex according to the electrodes
placed on the scalp. Recently, Chen et al. reported the use of
the EEG power spectrum analysis as a novel technique [68].
A power spectral analysis over time allows for a graphical
representation of an EEG reading. The intracranial pressure
index (IPI) is obtained through the power spectrum analysis
of the EEG, and this is then associated with the measure-
ments of ICP. Meanwhile, a correlation between ICP and IPI
was also proposed.

Unsatisfactorily, it is still too early to apply an EEG power
spectrum analysis to clinical ICP measurements as EEGs are
affected by many factors except for ICP, including disease
itself, acid-base and electrolyte imbalances, temperature, and
drugs that affect brain activity. Furthermore, additional studies
also confirmed this clinical utility, and this method has been
improved with a wireless and portable EEG system [68].

Near-Infrared Spectroscopy (NIRS)

Transcranial NIRS is a well-known method to assess the
regional changes in cerebral blood flow, regional oxygen
saturation index (rSO2) of cerebral blood, and cerebral blood
volume (CBV) [69]. The infrared spectrum of light, 700-
1000 nm, has the property of low absorption which permits
it to penetrate through the skin and bone easily and permeate
to the deep tissue. Thus, this infrared spectrum of light is
chosen as the NIRS work wavelength, and it can be scattered
and absorbed when it passes through the brain tissue.
Different objects have various absorption properties of the
infrared light; thus the changes in oxyhemoglobin and
deoxyhemoglobin concentration can be detected. The rSO2
values were significantly different in severe traumatic brain
injury (TBI) patients with raised and normal ICP [70]. The
cerebral oxygenation changes are well correlated with ICP
slow waves in TBI and CSF infusion studies [71]. NIRS has
been used to calculate certain indices that are related with the
pressure reactivity of the cerebrovascular system in TBI
patients [72]. However, NIRS does not provide an absolute
ICP estimation [73]. Besides, the use of NIRS is limited by
the specialized equipment, and the required indices also take
extended time to be obtained [72].

Fontanometry for Infants

In infants, ICP is commonly assessed using pneumatic appla-
nation fontanometer [74, 75], which consists of a tambour
placed on the anterior fontanelle. Before declining, the pul-
sation increases to its maximum with the increases of exter-
nal pressure applied in a tambour. The pulsation amplitude is
up to the peak when the pressure of the tambour is equal to
the pressure inside the cranium. Noninvasive anterior font-
anometry can satisfactorily reflect the changes in ICP using
a variety of sensors on the baby and newborn whose anterior
fontanel is not closed. This method is of great significance in
the diagnosis of early intracranial hypertension. But nonin-
vasive technologies can only reflect the ICP indirectly and
are vulnerable to extracranial factors and other physiological
factors. Flattening of the anterior fontanelle reduces the cra-
nial cavity volume to a certain extent, resulting in a higher
measured ICP, which is a limitation for accurate ICP
measurements.

Impedance Mismatch [76]
The impedance mismatches between cerebral vessels and
carotid arteries can be detected through the carotid pressure
waveform reflection using a pressure sensor placed on the pal-
pable carotid artery. The ICP can be calculated according to the
analysis of this reflection, and then the result will be compared
with the previous reported cerebral vasculature data [77].

The arterial pulse is commonly palpated on the common
carotid arteries in the neck, which are the main vessels sup-
plying blood for the brain. The pressure waves of the carotid
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arteries are transferred to the brain and are reflected by strik-
ing the smaller diameter to a certain extent. The carotid pres-
sure waveform shape is influenced by this reflection. An
increase of ICP in the brain can lead to compressed cerebral
vasculature and a decrease in the compliance of these ves-
sels. Afterward, the impedance mismatch between the cere-
bral vessels and carotid arteries is increased owing to this
reduction of cerebral vascular compliance. The impedance
mismatch extent between cerebral vascular bed and carotid
arteries is manifested by the waveform strength of carotid
pressure contributed by the reflection of pressure wave [78].

However, as the physiological and pathological states of
the brain are different with time, the physiological states
corresponding to the impedance of each frequency are also
different. This feature affects the accuracy of ICP measure-
ments and is not conducive to continuous real-time ICP
monitoring.

14.2.2.2 Methods that Infer ICP
from Extracranial Structures

Optic Nerve Sheath Diameter (ONSD)/Orbital
Subarachnoid Space Width (OSASW)

From an embryological perspective, the optic nerve origi-
nates from the central nervous system and is bordered by
each of the meningeal tissue layers (dura, arachnoid, and pia
mater). A connection exists within the orbital subarachnoid
space that surrounds the optic nerve with the cranial sub-
arachnoid space. The pressure that exists in this space is
associated with the ICP [79]. A strong connection between
the changes of optic nerve sheath diameter (ONSD) and ICP
has been demonstrated by several previous studies [80-84].
The breadth of the optic nerve sheath has been associated
with being a reliable predictor of raised intracranial pressure
[85]. The cutoff value of ONSD is suggested to range from
4.1 t0 5.9 mm in an adult, and an increase of ICP is delimited
to vary from 14.7 to 30 mmHg [83]. The changes of ONSD
can be visualized on a magnetic transorbital ultrasound
(Fig. 14.4), CT scan, and resonance imaging (MRI).

The advantages of sonographic ONSD assessment include
allowing for bedside assessment, avoidance of patient trans-
port for imaging, transportability of equipment, speed of
implementation, reasonably low price, and circumvention of
ionizing radiation. In order to obtain a defined location for
the optic nerve sheath borders, smaller footprint ultrasound
probes and higher frequencies are adopted during ONSD
measurements [86]. However, this method still has its draw-
backs, mainly including inter-rater variability, hyperechoic
artifacts, different cutoff values of the optic nerve sheath,
submillimetric measurements, and the heterogeneity of
patient population.
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Fig. 14.4 Transorbital ultrasound sonography of the optic nerve sheath
taken with a 13 MHz linear probe (Philips iU22 L12-5) from a normal
person. (Reprinted with permission from Liu H, Yang D, Ma T, Shi W,
Zhu Q, Kang J, et al. Measurement and Associations of the Optic Nerve
Subarachnoid Space in Normal Tension and Primary Open-Angle
Glaucoma. Am J Ophthalmol. 2018;186:128-37)

The main disadvantage of the CT remains that a better
image quality needs a higher dose of ionizing radiation. The
radiation that it emits may be harmful and is therefore not
recommended, especially for pregnant women.

An image of the orbital subarachnoid space of the optic
nerve can be demonstrated by incorporating the use of a
T2-weighted MRI with a fat-suppressed sequence [87, 88]
(Fig. 14.5). The main advantages of MRI scans are as fol-
lows: advantageousness for displaying soft tissues; they have
a higher spatial resolution and thus can provide good cerebro-
spinal fluid imaging; they can image the entire stretch of optic
nerve in the orbit; they have shown acceptable scan-rescan
reproducibility and acceptable observer agreement; because
there is no radiation emitted, susceptible subjects, like women
who are pregnant and small children, can safely use these
machines. However, MRIs can be costly, time-consuming,
improper for the patients with claustrophobia, and affected by
movement, and it does not allow for bedside assessments.

Because the optic nerve diameter can be affected by the
change of the ICP similar to ONSD [89], orbital subarach-
noid space width of the optic nerve (optic nerve sheath
diameter minus optic nerve diameter) is considered to be a
more reliable parameter which can reflect ICP. As for the
noninvasive ICP assessment based on MRI-measured
OSASW, Xie et al. [88] have carried out the preliminary
exploration and application (this is described in detail in
Sect. 14.4).
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Fig. 14.5 Transversal section of 3.0 Tesla MRI scan of the whole
length of optic nerve in the orbit with T2-weighted MRI with a fat-
suppressed sequence (digital field of view = 8, window width = 2000,
window level = 1000). (Signa HDx; General Electric Medical System,
Milwaukee, WI, USA)

ONSD/OSASW measurement is considered to be one of
the promising means to evaluate ICP. However, continuous
monitoring can’t be achieved by this method.

Venous Ophthalmodynamometry
Under normal physiological circumstances, the pressure in
the central retinal vein is equal to or higher than the ICP. This
is due to the fact that the cerebrospinal fluid passes by the
optic nerve sheath prior to emptying into the cavernous
sinus. The venous ophthalmodynamometry method is uti-
lized to assess ICP by manually increasing intraocular ten-
sion (IOT) above the baseline IOP, until a collapse is observed
in central retinal vein [90-93]. The venous outflow pressure
of the central retinal vein is made up from this outside pres-
sure that is added to the baseline IOP. The resulting value is
correlated to the ICP [92]. The value of ICP is obtained from
a linear transformation for the applied force (gms) to the
change of IOT (mm Hg) using the published nomogram or
based on the calibrated patient data. The venous outflow
pressure detected using venous ophthalmodynamometry has
alinear relationship with ICP (r=0.87 based on the Pearson’s
coefficient of linear correlation) according to a previous
study that reported ICP predictability using this method [94].
Ophthalmodynamometry is advantageous for transitory
ICP evaluations as it is simple to repeat and can be adopted
whenever an elevated ICP is suspected in hydrocephalus and
brain tumors or after a head injury [90, 92]. However, the
downfall of this method could be that it may only be applied
in the patients with elevated ICP without papilledema [95]. It
is not suitable for continuous ICP monitoring [90, 92].

Flash Visual Evoked Potential (F-VEP)

In the early 1980s, York et al. identified a strong relationship
between the second latency of negative-going latency (N2)
in F-VEP and ICP in young adults with head trauma and
children with hydrocephalus [96, 97]. The correlation
between a latency period of prolonged N2 and raised ICP
values has also been demonstrated in children [98]. However,
F-VEP has a wide range of latency, amplitude, and wave-
forms across normal subjects. A high intersubject variability,
demonstrated in a recent study, might limit the ability to reli-
ably predict ICP [99].

Papilledema

Identification of papilledema on fundoscopy is a useful
method to detect increased ICP [100]. There is a positive cor-
relation between the volume and height of the optic nerve
head with ICP [101]. Spectral domain OCT (SD-OCT) pro-
vides high-quality imaging, which can reliably and repro-
ducibly demonstrate alterations in the optic nerve head and
the retinal nerve fiber layer (RNFL) in patients with idio-
pathic intracranial hypertension (ITH) [102-105].

However, restrictions exist for it in clinical medicine.
This method can only screen increased ICP or half quantita-
tive judge elevated ICP but cannot quantitatively and reli-
ably estimate the ICP of a wider range: during severe disc
edema, collapse of systematized algorithms, and decreases
in the RNFL thickness. Although papilledema does not
essentially characterize progress in the reduction of edema,
it can on the other hand characterize deterioration of the
optic nerve [102, 106].

Tympanic Membrane Displacement (TMD)

Vibrations in the form of sound are transferred via the tym-
panic membrane to the cochlea across the ossicles in the
middle ear. The contraction of tensor tympani muscles and
stapedius is known to be followed by a quite small but mea-
surable displacement of tympanic membrane from its origi-
nal position. Because the CSF and perilymph communicate
through the cochlear aqueduct, an increase of ICP is directly
transmitted to the stapes footplate, causing magnitude and
directional changes of the TMD.

The tympanic membrane movement caused by the stimu-
lation of the stapedial reflex is influenced by raised ICP, and
the movement in turn indicates the change of ICP, namely,
inward displacement manifests high ICP while outward dis-
placement manifests low or normal ICP [107]. However, the
assessment of TMD is only used for detecting an increase of
ICP to provide qualitative ICP data owing to its limited accu-
racy [108, 109]. The TMD is usually influenced and limited
by other factors, including the cochlear aqueduct patency,
tympanic membrane integrity and acoustic reflex strength,
and poor intersubject reproducibility [110].
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14.2.2.3 Some Other Noninvasive ICP
Monitoring Methods

Recent publications on the recognition of intracranial hyper-
tension propose that measuring IOP may have a clinical
advantage in the recognition of intracranial hypertension
[111, 112]; conversely, preceding studies fail to support it
[113-115]. According to the results of our own study, a
highly significant positive association between ICP and the
IOP has been revealed (P < 0.001). However, while using
IOP as a measurement to envisage the ICP, the accuracy was
65.4% [116]. This means that IOP is a poor predictor of ICP.

Recently, Jonas et al. generated a regression model (ICP
was calculated as ICP [mmHg] = 0.44 x body mass index
[kg/m(®)]+0.16xdiastolic blood pressure [mmHg]—0.18 x age
[years]—1.91) and attempted to use it to estimate ICP in dif-
ferent large-scale population [23, 117, 118]. This model was
derived from the same dataset from which another weighting
function of noninvasive ICP evaluation is mainly based on.
This is the manner in which the orbital subarachnoid space
width was developed (This is described in detail in Sect. 14.4)
[88]. While body mass index and diastolic blood pressure
indeed contribute to the ICP evaluation, the whole weighting
function can only explain about 80% of the ICP variation.
Both body mass index and diastolic blood pressure only
account for about 30%, and the orbital subarachnoid space
width accounts for about 50% [119]. Therefore, the regres-
sion model derived from body mass index and diastolic blood
pressure may be insufficient to predict a reliable ICP value.

To sum up, procedures that are noninvasive are advan-
tageous in terms of entirely circumventing the complica-
tions that are frequently seen with the more invasive
methods. However, at present, none of the abovemen-
tioned methods are accurate enough to replace the inva-
sive techniques.

14.2.3 Continuous ICP Monitoring

Compared with transient ICP monitoring, uninterrupted
monitoring discloses the complete range in variations of ICP
throughout attentiveness, slumber, changes in bodily posi-
tions, and movements. Recently, implantation of a wireless
IOP transducer in the human eye was reported [120, 121].
For patients suffering from the intracranial and intraocular
pressure gradient-related ophthalmic disorders, continuous
ICP monitoring is significantly more meaningful.

Currently, some implantable, wireless methods for long-
term monitoring of ICP can be realized by installing a micro-
transducer ICP monitoring device in the brain.

In a prospective study, the ICP value of 22 patients was
continually monitored with the intraparenchymal Codman
MicroSensor system and ventriculostomy simultaneously on
average 7.2 + 0.4 days per patient. A positive association was

seen amid ICP measured by using the Codman MicroSensor
system and by the ventriculostomy (P < 0.0001, r = 0.79).
The average ICP that was measured with the ventriculos-
tomy was 18.3 + 0.3 mmHg, while the average ICP with the
Codman MicroSensor system was 19.0 = 0.2 mmHg. The
drift from zero was 0.9 + 0.2 mmHg. There were few compli-
cations. Scarcely, some small hematomas were recognized.
Infections were not straightforwardly associated to the
devices used [122].

An electronic implant was designed for eventual use in
humans, containing a Codman MicroSensor system located
in the ventricles, a two-axis acceleration sensor, a microcon-
troller, a communication chip, and a battery for the energy
source. ICP dynamics and 2D acceleration data were concur-
rently documented in five pigs for approximately 2 weeks.
The acceleration, compared to amplitudes, frequently had a
larger effect on the physiological ICP features [123].

A new telemetric ICP measurement device, Raumedic’s
NEUROVENT(®) P-Tel/S-Tel, was evaluated over periods of
up to 12 months in nine minipigs and proved to provide reli-
able data [124, 125]. Intraparenchymal placement was more
favored [124].

Installing a microtransducer ICP monitoring device in the
brain is less invasive; however, it is still a surgical
procedure.

14.3 The Phase Relationship Between
the Circadian Rhythms of ICP and IOP
in Glaucoma

Every healthy individual has his own 24-h circadian fluc-
tuation in IOP [126-128]. In general, there are three IOP
circadian patterns, nocturnal peak pattern (52%), diurnal
peak pattern (17%), and no evident pattern (31%) [129]. It
is widely accepted that the circadian pattern of IOP plays
an important role in the pathophysiology of glaucoma
[130-132]. Lowering IOP and controlling its fluctuation
are still the only available option for treating patients with
glaucoma [133].

It is worth noting that the circadian fluctuation pattern of
a 24-h ICP reading and its phase relationship with IOP
should be seen as an independent risk factor and be taken
into consideration for the pathogenesis of glaucoma [134].
Research on the phase relationship of circadian fluctuation
patterns between the ICP and IOP might be of vital signifi-
cance to explore the relationship of the intracranial and intra-
ocular pressure gradient fluctuations in glaucoma. This may
also be potentially useful to find a new target of treatment.
We hypothesize that, when the phase relationship between
the circadian fluctuation of IOP and ICP is in an inconsistent
state, especially when heterodromous directions of the ICP
and IOP circadian pattern exist, the enlarged intracranial and
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intraocular pressure disparity possibly plays a role in the
development of glaucomatous optic neuropathy. For exam-
ple, Fig. 14.6 shows the aforementioned idea in the condition
of nocturnal peak pattern of IOP circadian fluctuation.

Till now, the variations throughout the nychthemeron (the
full 24-h period of a night and a day) of IOP can be measured
continuously in a habitual posture over a 24-h time frame
with implantable devices as well as a 24-h contact lens sen-
sor [24]. The continuous ICP monitoring technology is rec-
ommended to guide the exploring of the pathogenesis of
primary open angle glaucoma, therapeutic interventions, and
prognosis assessment.

14.4 Estimation of ICP and Translaminar
Cribrosa Pressure Difference
in Tongren Eye Center

In close collaboration with the departments of neurology,
radiology, and biostatistics, we explored a noninvasive quan-
titative assessment method of ICP and translaminar cribrosa
pressure difference by MRI-assisted orbital subarachnoid
space width (OSASW), which has primarily been applied in
the clinic in Tongren Eye Center [88].
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14.4.1 Standard Operation Procedure

14.4.1.1 Measurement of IOP

IOP is measured using a calibrated Goldmann applanation
tonometer in the sitting position within 1 hour before the
orbital MRI examination.

14.4.1.2 Orbital MRI Examination [88]

The ideal method to visualize optic nerve sheath, more spe-
cifically, the orbital segment, is in the supine position using a
Tesla MRI 3.0 full-length 8-channel phased-array head coil
(Signa HDx; General Electric Medical System, Milwaukee,
WI, USA). The subject’s eye is positioned to fixate on an
object that is directly in the primary line of sight and the MRI
machine’s gantry in order to circumvent any inaccuracies
caused by eye movement. Both the subject’s eyes are exam-
ined with the same method.

A fast recovery fast spin echo sequence (FRFSE) is
used to obtain an accurate measurement of the optic nerve/
sheath complex. The ideal placement of the head was
optimized by the use of transverse and oblique sagittal
plane scout images. Quantification relies on oblique coro-
nal scout scans. Two rudimentary FRFSE sequences are
employed:

8 9 10 11 12 13 14 15 16 17 18

I I I I I I I I I I I I 1
19 20 21 22 23 24 1 2 3 4 5 6 7

Hours

Fig. 14.6 Schematic diagram shows the heterodromous against direction of the ICP against IOP nocturnal peak pattern
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* One being a T2-weighted fast recovery fast spin echo
sequence (T2WI-FRFSE). This sequence is done due to
the detailed distinction of soft tissues and other
morphological features (TR = 2760 ms; TE = 120 ms;
number of excitations = 2; echo train length = 18; band-
width = 41.67 Hz/pixel; field of view = 16 cm X 16 cm;
matrix = 512 x 256; slice thickness = 3 mm; slice
gap = 0.3 mm; leading to a nominal spatial resolution of
0.2 mm x 0.2 mm) [88]. This specific series undergoes
two rounds with 12 adjacent slices in each sagittal and
transverse direction (Fig. 14.7).

e The second is a T2ZWI-FRFSE with fat suppression. This
technique enhances morphological quantification
(TR = 6000 ms; TE = 245 ms; number of excitations = 2;
echo train length = 60; bandwidth = 20.83 Hz/pixel; field
of view = 16 cm X 16 cm; matrix = 320 x 320; nominal
spatial resolution = 0.5 mm x 0.5 mm; slice thick-
ness = 3 mm; slice gap = 0) [88].

14.4.1.3 Measurement of Optic Nerve/Sheath
Complex [88]

To obtain a better quality of the image, the T2WI-FRFSE

scans are interposed to a superior size of 1024 x 1024 matri-

ces, creating a pixel dimension of 0.16 mm x 0.16 mm.

Seven oblique coronal MR images of uninterrupted pictures

are taken at a right angle in relation to the optic nerve. The

Fig. 14.7 Example of MRI scan of the retrobulbar optic nerve ([a]
transversal section and [b] oblique sagittal section) T2WI-FRFSE of
the retrobulbar optic nerve (digital field of view = 8, window
width = 2000, window level = 1000). These images were used to plan
the position of three slices at 3, 9, and 15 mm behind the globe of

initial slice is subsequent to the globe. Measurements are
taken for each eye individually (Fig. 14.7). Looking at the
resulting oblique coronal scans, the CSF is seen as an intense
white signal while the optic nerve parenchyma is portrayed
as a dark black signal (Fig. 14.8). Three oblique coronal
slices at a right angle to the optic nerve are captured at the
positions of 3, 9, and 15 mm posterior to the globe. These
slices are analyzed using Image J 1.46r software (National
Institutes of Health, USA; available at https://imagej.nih.
gov/ij/). These images are then zoomed to 300x. An elec-
tronic caliper is used to gauge the horizontal and vertical
spans of the optic nerve including the optic nerve sheath.
The mean is then taken from these measurements and com-
puted. Another calculation is done of the orbital subarach-
noid space width (OSASW). It is assessed by subtracting
the dimensions of the mean optic nerve value from the
dimensions of the mean optic nerve sheath value and divid-
ing that number by 2.

14.4.1.4 Acquisition Anthropometric Data

Body mass index (BMI) is a well-known calculation, mea-
sured by taking the subject’s weight (in kilograms) and
dividing it by the height squared (in meters). Mean arterial
blood pressure (MAP) is calculated by taking the systolic
and diastolic blood pressures while the patient is laying
supine and calculating it by adding 1/3 of the systolic blood
pressure to 2/3 of the diastolic blood pressure.

3mm 9mm 15mm

T2WI-FRFSE fat-suppressed sequences to measure the optic nerve
diameter, optic nerve sheath diameter, and width of the orbital sub-
arachnoid space at 3, 9, and 15 mm behind the globe. (Reprinted with
permission from [88])
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Vertical OND

Vertical ONSD

CSF rim

Horizontal OND

Optic nerve parenchyma

[ ]
T

Orbital fat

Fig. 14.8 Scheme to demonstrate the optic nerve/sheath complex.
(a) Oblique coronal T2-weighted fast recovery fast spin echo
sequence (T2WI-FRFSE) image with fat suppression for demon-
strating the optic nerve/sheath complex taken at 3 mm behind the
globe perpendicular to the optic nerve axis (digital field of view = 4,
window width = 2000, window level = 1000). (b) Schematic draw-

14.4.1.5 Calculation of ICP and Translaminar
Cribrosa Pressure Difference

Estimated ICP [mmHg] = 16.95 x OSASW (in mm at 9 mm

behind the globe) + 0.39 x BMI [kg/m?] + 0.14 x MAP

[mmHg]—20.90.

Estimated translaminar cribrosa pressure difference
(mmHg) = IOP—estimated ICP. The following is an exam-
ple of a report sheet of noninvasive quantitative ICP and
translaminar cribrosa pressure difference (Fig. 14.9):

When the noninvasive OSASW-assisted method of ICP
assessment was applied, it revealed that patients with normal-
pressure glaucoma had an atypically narrow orbital sub-
arachnoid space width when examined by MRI as compared
with patients with high-pressure glaucoma and normal con-
trol subjects [135]. We noninvasively compared the OSASW
and estimated ICP derived from OSASW in ocular hyperten-
sive subjects and controls. The result showed that the mean
OSASW was significantly wider in ocular hypertensive sub-

| Horizontal ONSD

ing of the optic nerve/sheath complex including the optic nerve (the
black area represents optic nerve), surrounding cerebrospinal fluid
space (white rim area), and the optic nerve sheath (at the conjunc-
tion of the cerebrospinal fluid space rim and the orbital fat). OND
optic nerve diameter, ONSD optic nerve sheath diameter (Reprinted
with permission from [88])

jects than in the controls and the MRI-derived ICP value in
ocular hypertension was considerably greater than in the nor-
mal group (our own data has been recently submitted and is
under review) (Fig. 14.10).

14.5 Conclusion

In conclusion, the latest research has shown that an abnor-
mal intracranial and intraocular gradient could lead to
glaucomatous damage and other intracranial and intraocu-
lar pressure gradient-related disorders. If the detection of
the ICP’s biological rhythm and volatility can be realized
in the same manner as a “Holter monitor,” when combined
with IOP, it may shed light on the pathogenesis, disease
process, and drawing up of individualized therapeutic
plans. Therefore, the development of such ICP monitoring
techniques represents a promising direction for future
research.
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Medical and Health Organization:

a

Noninvasive cerebrospinal Fluid Pressure and
Translaminar Pressure Difference based on MRI

Patient name: Gender:

Medical record No:

Age:

Oblique sagittal scan of right retrobulbar optic nerve

Oblique sagittal scan of left retrobulbar optic nerve

Oblique coronal image of the optic nerve/sheath
complex at 3 mm behind the right eye

Oblique coronal image of the optic nerve/sheath
complex at 3 mm behind the left eye

ONSD: mm; OND:
OSASW=1/2(ONSD-OND):

ONSD: mm; OND:
OSASW=1/2(ONSD-OND):

Fig. 14.9 (a) Report sheet example of noninvasive quantitative ICP
and translaminar cribrosa pressure difference assessment by MRI-
assisted orbital subarachnoid space width [A;, A,] transversal and [B,,
B.] oblique sagittal T2ZWI-FRFSE scan of the right and left retrobulbar
optic nerve. [C,, C,] Oblique coronal T2-weighted fast recovery fast
spin echo sequence (T2WI-FRFSE) image with fat suppression for
demonstrating the right and left optic nerve/sheath complex taken at
3 mm behind the globe perpendicular to the optic nerve axis. (b) Report
sheet example of noninvasive quantitative ICP and translaminar cribrosa
pressure difference assessment by MRI-assisted orbital subarachnoid
space width [D;, D,] Oblique coronal T2-weighted fast recovery fast
spin echo sequence (T2WI-FRFSE) image with fat suppression for

demonstrating the right and left optic nerve/sheath complex taken at
9 mm behind the globe perpendicular to the optic nerve axis. [E;, E;]
Oblique coronal T2-weighted fast recovery fast spin echo sequence
(T2WI-FRFSE) image with fat suppression for demonstrating the right
and left optic nerve/sheath complex taken at 15 mm behind the globe
perpendicular to the optic nerve axis. (¢) Report sheet example of non-
invasive quantitative ICP and translaminar cribrosa pressure difference
assessment by MRI-assisted orbital subarachnoid space width. The con-
version relationship among the MRI-assisted orbital subarachnoid
space width (OSASW), estimated ICP, and disease categories are
shown, the same as the normal reference value of optic nerve/sheath
complex at 3, 9, and 15 mm behind the globe
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b

Fig. 14.9 (continued)

Medical and Health Organization:

Noninvasive Cerebrospinal Fluid Pressure and
Translaminar Pressure Difference based on MRI

Patient name: Gender:

Age: Medical record No:

Oblique coronal image of the optic nerve/sheath
complex at 9 mm behind the right eye

Oblique coronal image of the optic nerve/sheath
complex at 9 mm behind the left eye

ONSD: mm ; OND: mm
OSASW=1/2(ONSD-OND): ____mm

Oblique coronal image of the optic nerve/sheath
complex at 15 mm behind the right eye

ONSD: mm ; OND: mm

OSASW=1/2(ONSD-OND): ____ mm

Oblique coronal image of the optic nerve/sheath
complex at 15 mm behind the left eye

ONSD: mm;OND: ____ mm ONSD: mm;OND:____ mm
OSASW=1/2(ONSD-OND): ____mm OSASW=1/2(ONSD-OND): ____mm
10P= mm Hg

Non-invasive CSF-P = 16.95 x SASW9+0.39 x BMI+0.14MAP-20.90= ____ mm Hg

(—— mmH20) (1 mm Hg = 13.6 mm H20)

Non-invasive TLPD = IOP-Non-invasive CSF-P=

mm Hg

X. Xie et al.
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Medical and Health Organization:

Noninvasive Cerebrospinal Fluid Pressure and
Translaminar Pressure Difference based on MRI

Patient name: Gender: Age: Medical record No:

Table 1 Conversion Table of Cerebrospinal Fluid Space Width and Cerebrospinal Fluid Pressure

Very High Moderate Middle Moderate Low Very
High High Low Low

OSASW3 | >1.85 | 1.85~1.46 | 1.46~1.07 | 1.07~0.83 | 0.83~0.77 | 0.77~0.51 | <0.51

OSASW9 | >1.38 | 1.38~0.92 | 0.92~0.76 | 0.76~0.64 | 0.64~0.62 | 0.62~0.46 | <0.46

ONSASW15| >1.23 | 1.23~0.79 | 0.79~0.73 | 0.73~0.63 | 0.63~0.47 0.47~0.39 | <0.39

CSFP | .355 | 355-225 | 225-195 | 195-160 | 160-140 | 140-100 | <100
mmH,0
2
g\?nFHZ >26.1 | 26.1~16.5 16.5~14.3 14.3~11.8 | 11.8~10.3 10.3~7.4 <7.4
Normal-Pressure Glaucoma
Normal Subjects
Ocular Hypertension
Idiopathic Intracranial
Hypertension
table 2 Reference value of oblique coronal
scan of the normal optic nerve/sheath complex
Measurement index 3mm behind the globe 9mm behind the globe ~ 15mm behind the globe
ONSD (mm) 3.29 + 0.31 2.89 +0.21 2,67 +0.17
OND (mm) 5.08 +0.35 422 +0.22 3.89+0.26
OSASW (mm) 0.87 +0.15 0.67 £ 0.07 0.61 +0.07
Annotation

Non-invasive CSF-P: Non-invasive Cerebralspinal Fluid Pressure

ONSD 3-5: the optic nerve sheath diameter at 3 mm, 9 mm and 15 mm behind the globe
OND 3-5: the optic nerve diameter at 3 mm, 9 mm and 15 mm behind the globe

OSASW 3-5: the orbital subarachnoid space width at 3 mm, 9 mm and 15 mm behind the
globe

MAP: Mean arterial blood pressure

BMI: Body mass index

Non-invasive CSFP: Non-invasive cerebrospinal fluid pressure

Non-invasive TLPD: Non-invasive trans-laminar pressure difference

Patient name: Report time:

Fig. 14.9 (continued)
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Healthy person

Hight-pressure
glaucoma

Normal-pressure
glaucoma

Ocular
hypertension

Intracranial
hypotension

Intracranial
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hypertension ‘
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Fig. 14.10 Oblique magnetic resonance coronal T2WI-FRFSE image
with fat suppression for demonstrating the optic nerve/sheath complex,
taken at 3 mm (A1-F1), at 9 mm (A2-F2), and at 15 mm (A3-F3)
behind the globe. (a) A1-A3 Healthy person. Note: optic nerve sub-
arachnoid space width relatively wide and bright. (b) B1-B3: High-
pressure glaucoma. Note: though optic nerve diameter narrower than
healthy person in A1-A3, optic nerve subarachnoid space width is simi-

O
F

X. Xie et al.

15mm

9mm

3mm

.

-

lar with healthy person. (¢) C1-C3: Normal tension glaucoma. Note:
orbital subarachnoid space is relatively narrow and faint. (d) D1-D3:
Ocular hypertension. Note: orbital subarachnoid space is comparatively
wide and bright. (e) E1-E3: A patient with spontaneous intracranial
hypotension; lumbar cerebrospinal fluid opening pressure is 3.7 mmHg.
(f) F1-F3: A patient with benign intracranial hypertension; lumbar
cerebrospinal fluid opening pressure is 24.3 mmHg
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Junfang Xian and Ningli Wang

Glaucoma is a worldwide leading cause of irreversible vision
loss, with primary open-angle glaucoma (POAG) as its most
common form. Although the pathogenesis of POAG is still
not fully understood, it has been highlighted over the past
few years that increased trans-lamina cribrosa pressure
(TLCP) can lead to POAG [1]. As low cerebrospinal fluid
pressure (CSF-P) is responsible for TLCP decrease, it is nec-
essary to find a proper way to measure CSF-P of POAG
patients. Lumbar puncture is the conventional method for
CSF-P measurement. However, the adoption of invasive
method for glaucoma screening is not acceptable. Currently,
calculated CSF-P with detected ONSASW by MRI is gradu-
ally becoming a substitute for the conventional method [2].

Prior studies imply that the width of optic nerve subarach-
noid space (ONSAS) is an important parameter to evaluate
the CSF-P [3]. T2-weighted imaging (T2WI) has an advan-
tage in cerebrospinal fluid imaging; however, routine T2WI
without fat suppression is not the appropriate choice because
of its low spatial resolution and chemical shift artifact. Thus,
we employed fast recovery fast spin echo T2-weighted imag-
ing (FRFSE T2WI) sequence, three-dimensional fast spin
echo (3D-FSE-Cube) T2WI, and single-shot fast spin echo
(SSFSE) T2WI to detect the ONSAS, in order to find the best
way for ONSAS measurement.

Magnetic resonance imaging data was acquired using a GE
Signa HDxt 3.0 T MRI scanner (General Electric Medical
Systems, Milwaukee, WI, USA). For the scans, subjects were
instructed simply to rest with their eyes closed, to relax but not

J. Xian
Department of Radiology, Beijing Tongren Hospital, Capital
Medical University, Beijing, China

N. Wang (<)

Beijing Institute of Ophthalmology, Beijing Tongren Eye Center,
Beijing Tongren Hosptial, Capital Medical University,

Beijing, China

Beijing Ophthalmology & Visual Sciences Key Laboratory,
Beijing, China

e-mail: wningli@vip.163.com

© Springer Nature Singapore Pte Ltd. 2019

to fall asleep. Head movements were prevented by a custom-
built head holder. T2WI with fat suppression was used to sepa-
rate the ONSAS and surrounding fat. As 2D images and 3D
images have their own edges, both 2D T2WI and 3D T2WI
were employed. To measure the width of ONSAS, the images
which were vertical to the optic nerve at 3 mm, 9 mm, and
15 mm behind the globe were selected (Figs. 15.1 and 15.2).

15.1 FRFSET2WI
After scanning the axial and oblique sagittal images of orbit,
the oblique coronal images were positioned. The parameters
of FRFSE T2WI were as follows: TR = 6000 ms,
TE = 245 ms, and spatial resolution = 0.2 x 0.2 mm.
FRFSE T2WI could show the edge of ONSAS clearly,
providing great support in increasing the accuracy and
repeatability of ONSAS measurement. However, it also has
its drawbacks. As the location of vertical sections of optic
nerve was determined by fixed slice space (Fig. 15.1), when
the optic nerve was tortuous, the sections were inaccurate
(Fig. 15.3a). Besides, FRFSE T2WI took about 1 min and
18 s, so that some patients found it difficult to control their
eye movement. In addition, obvious motion artifact severely
impacted the accuracy of measurement (Fig. 15.3b).

15.2 3D Cube T2WI

3D cube was less influenced by the morphology of optic
nerve. Once scanned, the data could be reconstructed in any
direction (Figs. 15.4 and 15.5); therefore, it was less influ-
enced by tortuous optic nerve. The parameters were as fol-
lows: TR = 3000 ms, TE = min, slice thickness = 1 mm, and
spatial resolution = 0.7 x 0.7 mm.

Compared with FRFSE T2WI, the resolution of recon-
structed image of 3D cube was lower, and the edge of
ONSAS was more obscure. Besides, 3D cube took more than
6 min. Hence, it was neither clear enough nor fast enough.
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3mm 9mm 15mm

Fig. 15.1 Location images of FRFSE T2WI. (a, b) showed that the scanning baseline was vertical to the optic nerve and the oblique coronal
planes which were used for ONSAS measurement were located at 3, 9, and 15 mm after the eyeball (Reprinted with permission from [2])

Fig.15.2 (a—c) showed the cross sections of ONSAS at 3, 9, and 15 mm after the eyeball. The white ring was ONSAS. The spatial resolution was
0.16 x 0.16 mm (Reprinted with permission from [2])

15.3 SSFSET2WI

SSFSE T2WI can solve some problems of FRFSE T2WI and
3D cube. It is not only faster but more clear with less artifact.
Before SSFSE T2WI, we scanned axial plane and oblique
sagittal plane of orbit for localization (Fig. 15.6). On the
basis of these images, we positioned SSFSE T2WI. It had
only two slices, with one slice set at the posterior pole of
eyeball and the other set at 3 mm, 9 mm, and 15 mm, respec-
tively (Fig. 15.7). It took only 2 s for each slice. The param-
eters were as follows: TR = 4000 ms, TE = 250 ms, slice
thickness = 3 mm, and spatial resolution = 0.35 x 0.4 mm.

In conclusion, TCPD is important for normal-tension
glaucoma. The ONSASW could be a surrogate for lumbar
puncture, and the measurement of ONSASW based on MRI
could provide clinical evidence for POAG diagnosis. The
resolution of FRFSE T2WI and SSFSE T2WTI is better than
3D cube, and SSFSE T2WI takes less time than FRFSE
T2WI. Therefore, it is obvious that SSFSE T2WI is the best
sequence to measure ONSAS. Nowadays, many researchers
have posited that POAG is a neurodegenerative disease. Is
increased ONSASW an effective parameter for neurodegen-
erative diseases or brain alteration? Larger sample study is
still needed to verify the value of MRI.
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Fig. 15.3 (a) was a patient with tortuous optic nerve. It was difficult to localize the vertical sections of optic nerve. (b) showed the motion
artifact
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Fig. 15.4 3D cube images and reconstruction of optic nerve
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Fig. 15.6 Location images of SSFSE T2WI
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Fig. 15.7 (a—c) shows the cross sections of ONSAS at 3, 9, and 15 mm after the eyeball

the Beijing intracranial and intraocular pressure (iCOP) study.
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Glaucoma is an important irreversible blinding eye disease
[1]. For primary open-angle glaucoma (POAG), intraocular
pressure (IOP) is a known pathogenic factor. Other factors are
also associated with morbidity, including low body mass index
(BMI), ocular perfusion pressure, migraine, cardiovascular
disease, and vasospastic disorders [2—6]. Intracranial pressure
(ICP) has been receiving attention in recent years [7], espe-
cially in normal pressure glaucoma. At present, it is believed
that the trans-lamina cribrosa pressure difference (TLCPD) of
normal-tension glaucoma (NTG) is affected by the low cere-
brospinal fluid pressure (CSFP) in the subarachnoid space.

In order to study the role of ICP in normal pressure glau-
coma, it needs to be measured, but currently there is a lack of
available noninvasive measurement method of CSFP, espe-
cially in the optic nerve subarachnoid space (ONSAS).
Lumbar puncture is a common method of CSFP measure-
ment, but it is an invasive examination, and it is not measuring
the CSFP in the optic nerve subarachnoid space [8]. There is
a need for new CSFP noninvasive measurement techniques
for glaucoma studies. Studies have found that increased
orbital CSFP leads to an increase in the ONSAS [9, 10]. The
literature of neurosurgical also reported that increased ICP
leads to widening of the ONSAS and that intracranial hypo-
tension is associated with decreased ONSAS [10]. Moreover,
Wang and colleagues proposed measuring the mean width of
ONSAS at 3, 9, and 15 mm behind the globe on magnetic
resonance images and found the mean width of ONSAS
(ONSASW) in the NTG group was smaller than in control
groups or primary open-angle glaucoma patient groups [11].

We believed that measuring the area of the ONSASA is a
more powerful surrogate measure than measuring the width
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in three different locations. If the cerebrospinal fluid pressure
is lower in NTG and the optic nerve subarachnoid space is an
alternative for the CSFP, then the optic nerve subarachnoid
space should be smaller in normal-tension glaucoma as com-
pared to POAG and controls. In order to test this hypothesis,
we compared the measurements of the ONSASA in normal-
tension glaucoma group with primary open-angle glaucoma
group and the control group and studied its associations.

The study protocol was approved by the Medical Ethics
Committee of the Beijing Tongren Hospital. The study
was a randomized, double-masked, controlled clinical
trial, conducted according to the Declaration of Helsinki.
All subjects signed a written informed consent. The study
was registered at http://www.chictr.org.cn (Study No.
ChiCTR-INR-16010398).

The study participants were divided into three groups: 40
patients with NTG, 42 patients with POAG, and 45 healthy
control subjects. All glaucoma patients were selected from
the glaucoma clinic at Beijing Tongren Eye Center. The
control group included healthy subjects recruited from local
communities through advertisements. The ages of the con-
trol group and the study group were required to match.

The diagnosis of open-angle glaucoma patients was based
on the presence of glaucomatous abnormalities of the optic
nerve head, visual field defects in glaucoma, and an open
angle on gonioscopy. Complete ophthalmic examinations
were performed in both groups of glaucoma patients, includ-
ing refraction, best-corrected visual acuity, slit-lamp biomi-
croscopy, applanation tonometry, gonioscopy using anterior
segment optical coherence tomography (Casia ss-1000;
Tomey Corporation, Nagoya, Japan), dilated optic disc and
fundus examination, measurement of central corneal thick-
ness, automated perimetry (central 30-2 full-threshold pro-
gram; Humphrey Field Analyzer; Zeiss Meditec AG, Jena,
Germany), photography of the optic nerve head and fundus
(fundus camera EOS D60; Canon Co, Utsunomiyashi,
Tochigiken, Japan), and spectral-domain optical coherence
tomography (Spectralis; Heidelberg Engineering GmbH,
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Heidelberg, Germany). All optic disc photographs were
independently examined in a masked manner by two glau-
coma experts (N.W. and H.-W.). If the two experts have dif-
ferent opinions, the patient will be excluded. NTG and
POAG were distinguished by IOP. All subjects in both
groups used the Goldmann applanation tonometer to mea-
sure intraocular pressure at 2 a.m., 6 a.m., 8§ a.m., 10 a.m.,
2 p.m., 6 p.m., and 10 p.m. Subjects with at least two IOP
measurements >21 mmHg were included in the POAG
group, and subjects with each untreated IOP measurement
<21 mmHg were included in the NTG group. Patients with
NTG must have never used antiglaucomatous medication or
have stopped taking any antiglaucomatous medication at
least 6 weeks prior to inclusion in the study. In POAG sub-
jects, the IOP was controlled within the normal range at the
time of ultrasound examination.

The control group received the same examination as the
glaucoma patients. Two glaucoma experts examined the
optic disc and fundus to confirm that there was no evidence
of glaucoma or other ocular diseases. Patients with a family
history of glaucoma, patients with an IOP > 21 mmHg, and
other subjects who met the exclusion criteria were excluded.

Exclusion criteria for all participants included those with
refractive error of >8 diopters, participants with any history or
discovery of eye disease other than glaucoma that may affect
IOP or vision, participants with any neurological disease that

Fig. 16.1 Ultrasound
measurements. A clear barrier
was placed over the patient’s
eyelid, followed by
application of ultrasound gel
(a). The fellow eye focused
on a distant point (b). The
optic nerve complex is seen as
a sharply defined hypoechoic
stripe in the echogenic
retrobulbar fat (¢). The optic
nerve sheath was measured at
adepthof 1, 3,5, and 7 mm
behind the orbit in the zoom
mode (Reprinted with
permission from Liu H, Yang
D, Ma T, Shi W, Zhu Q, Kang
J, et al. Measurement and
Associations of the Optic
Nerve Subarachnoid Space in
Normal Tension and Primary
Open-Angle Glaucoma. Am J
Ophthalmol.
2018;186:128-37)
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may affect intracranial pressure, those with a history of brain
surgery or traumatic brain injury, patients with drugs such as
carbonic anhydrase inhibitors, and those who had undergone
a lumbar puncture previously at any time.

The collection of experimental data includes ultrasound
data and other parameters. Ultrasound data collection used a
12.5-MHz linear array probe (L15-7io0; Philips, Bothell,
Washington, USA). An experienced investigator (T.M.) used
the ultrasound probe to acquire ultrasound images of all par-
ticipants’ eyes. Ultrasound provides a transverse view of the
globe and the structures in the retrobulbar area (Fig. 16.1).
After the image was stored, it was analyzed off-line by two
experienced observers (Y.C. and J.D.) in a masked manner.
The patient was required to lie supine during data collection.
A clear barrier covered the lid of the eye being examined
while the fellow eye focused on a fixation target. The eyelid
is covered with coupling gel, and the ultrasound probe was
placed over the upper eyelid in an axial plane.

The acquired ultrasound photographs can be used to
measure the axial length and establish ONSASA. The axial
length can be measured by measuring the optic nerve diam-
eter (OND) and optic nerve sheath diameter (ONSD) at 1, 3,
5, and 7 mm from the optic nerve head. ONASW (width of
both sides of the ONSAS) at these positions can be obtained
by calculating ONSD and OND. The establishment of
ONSASA requires the Image] 1.5le analysis software

1mm
3mm
5mm

7mm
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(available in the public domain at http://rsbweb.nih.gov/ij/)
[12]. We can use this software to sketch and measure the
entire ONSAS between 3 and 7 mm. If needed, an aver-
age width can be calculated as the determined ONSASA/
axial length of the captured region, which in this case is
4 mm. In all cases, images were captured when the ONSAS
width was maximal. For each ultrasound photograph, we
can calibrate the measurement using the scale at the base of
the photograph that comes with the ultrasound system. The
study calculated interobserver and intra-observer reliability.
In order to assess intra-observer reliability, all images were
remeasured after 1 month.

Other parameters collected included gender, age, height,
weight, BMI, waist circumference, head circumference, and
mean arterial pressure (MABP). Mean arterial blood pres-
sure (MABP) was calculated as 1/3 x systolic pres-
sure + 2/3 x diastolic pressure. Systolic blood pressure (SBP)
and diastolic blood pressure (DBP) measurements were
taken using a standardized mercury sphygmomanometer
after the subject assumed a sitting position for 5 min.

Statistical testing in this study was all performed using
SPSS (SPSS for Mac, v. 24.0; IBM-SPSS, Chicago, Illinois,
USA). Data are presented as mean values + standard devia-
tion. Homogeneity of the variance was checked with the
Levene test, and normal distribution of data was checked
with the Shapiro-Wilk W test. Weight and BMI did not
show homogeneity of variance, whereas the diastolic and
systolic blood pressure, sex, and refractive error were not
normally distributed. These parameters between the three
groups which the variables are not conforming to the nor-
mal distribution are compared using the Kruskal-Wallis test
with post hoc Dunn multiple comparisons. One-way analy-
sis of variance with post hoc least significant difference
analysis was performed to assess significant differences

between diagnostic groups with the variables conforming
to the normal distribution. ONSD, OND, and ONSASW
were analyzed using two-way repeated measure ANOVA
with three groups as the between-subject factor and the dif-
ferent location as within-subject factor.

Comparing the mean deviation between the NTG and
POAG groups can be applied to t-tests for analysis of
unpaired samples. Correlation between variables was studied
using Spearman correlation. Significance tests were two-
sided, and P < 0.05 was considered statistically significant.

A linear regression analysis was performed to assess the
association between ONSASA and mean IOP in NTG group.
The inter- and intra-observer reliability was assessed by the
internal correlation coefficient (ICC).

The results of the study showed that demographic param-
eters were not statistically different among the three groups
of the study population. The average and highest IOP were
significantly lower in normal-tension glaucoma group and
control group than in primary open-angle glaucoma group.

From the results obtained by the ultrasound examination,
both OND and ONSD were similar in the three groups at
1 mm behind the globe. At 3, 5, and 7 mm behind the globe,
the OND was similar in the two glaucoma groups but signifi-
cantly smaller than in the control group. The ONSD of NTG
group was significantly smaller than that of POAG group.
The ONSD of both glaucoma groups was smaller than that of
control group. At I mm behind the globe, the ONSASW was
also similar in the three groups. At 3, 5, and 7 mm behind the
globe, the ONSASW of NTG group was significantly smaller
than that of POAG group and control group, and there was no
difference between POAG group and control group
(Fig. 16.2).

The ONSASA between 3 and 7 mm in normal-tension
glaucoma group was less than in primary open-angle
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glaucoma group. The ONSASA was similar in primary
open-angle glaucoma group and control group. In normal-
tension glaucoma group, there was a positive correlation
between the mean IOP and normal-tension glaucoma.
Other parameters were not associated with ONSASA in
any of the groups (Fig. 16.3).

Assessing whether the optic nerve subarachnoid space
measurement in glaucoma subjects is an appropriate indirect
tool for predicting ICP and determining how this correlates
with clinical observations in these subjects are the main pur-
pose of this study. We found that indirect measurement of
CSFP using the ONSD ultrasound-based assessment at 3 mm
behind the globe is an effective way to predict ICP [13, 14].
The subarachnoid space of NTG subjects was significantly
smaller than that of POAG subjects. The main limiting factor
of this technique is the change of the optic nerve diameter in
some cases. For example, patients with optic atrophy present
a reduced optic nerve diameter, but their sheath diameter is
similar to healthy individuals [15]. This may affect ONSD.

The progress of ultrasound technology has helped this
study. We used a 12.5-MHz probe to generate high-resolution
images of the optic nerve subarachnoid space and use it to
measure the optic nerve sheath diameter and optic nerve
diameter in more detail. This improves the reliability of
image capture and measurements with the subarachnoid
space and consequently increased power to predict ICP. It
will overcome differences that may occur owing to individ-
ual anatomy and pathologic influence. However, there are
still some factors that we need to consider, for example,
changes of ICP can cause changes in shear stress on the optic
nerve sheath wall, altered distribution of cerebrospinal fluid,
the nonlinear properties of optic nerve sheath stiffness,
abnormal responses to external stimuli, and/or even a differ-
ent retrobulbar remodeling in NTG patients [16]. Therefore,
we need to reduce the impact of deformation on the predic-
tion of ICP, obtain measurements at multiple points rather
than a single site, create more robust anatomical images, and
reduce abnormalities. In this study, we used ONSAS as a
substitute for the optic nerve subarachnoid space volume.
This design helps offset the errors caused by the deformation

Highest recorded IOP (mmHg)

and provides a more reflective assessment of ONSAS
changes under different clinical scenarios. The estimated
ONSAS volume can be derived from ONSASA data, but the
two would always correlate and would not account for asym-
metric deformations. Capturing images in multiple planes
and performing 3D modeling can further enhance prediction
capabilities. However, at present, the method of this study is
an improvement over existing methods. ONSASA is an
effective substitute to the volume change of ONSAS.

ONSASA is a cross-sectional two-dimensional area of a
single ultrasound image calculated between 3 and 7 mm
behind the globe. The selection of this range has a reliable
theoretical basis. Because the thickness of the dura of ONS
is 0.35-0.5 mm, with its thickest section close to the sclera,
there was no difference between any groups at the 1 mm
measurement point [17]. And the optic nerve sheath edge
was difficult to identify at the 9 mm measurement point (data
not shown). Between 3 and 7 mm positions posterior to the
globe, the optic nerve sheath structure may expand more eas-
ily. At this point, expansion owing to ICP would cause an
increase in sheath thickness in that retrobulbar segment of
the optic nerve. Measuring the optic nerve sheath between 3
and 7 mm posterior to the globe is the best choice for predict-
ing ICP. This view was supported by some studies using the
cadaveric optic nerves as an experimental model [18]. The
findings from these studies suggested that after gelatin-
induced subarachnoid expansion, the mean diameter
increased by 60% at 3 mm posterior to the globe but only by
35% at 10 mm posterior to the globe. In addition, previous
studies using ultrasound to measure ONSDs have commonly
used a site 3 mm behind the globe as a reference point to
make correlations with ICP [19, 20].

In our study, the ONSASW in the NTG group was narrow,
indicating that normal-tension glaucoma is associated with
abnormally low CSFP, consistent with previous experimen-
tal and clinical studies (Fig. 16.4) [21-24]. Previous ONSD-
related studies have also supported this result [11]. There
have been also studies showing a good correlation between
ultrasound and magnetic resonance imaging of the ONS
[25]. However, there have been still different results reported
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Fig. 16.4 The representative example of area of optic nerve subarach-
noid space (ONSASA) sonography of healthy, NTG, and POAG
(Reprinted with permission from Liu H, Yang D, Ma T, Shi W, Zhu Q,

with ONSD-related studies using computed tomography
[26] and ultrasound [27]. Jaggi and colleagues [26] found
that the ONSD in NTG patients was higher than in the con-
trol group, whereas Abegago Pinto and colleagues [27] found
no difference in ONSD between these groups. The reason
why the results of these studies differ from ours may be due
to a variety of factors.

The study of Jaggi and colleagues. First, their sample size
is smaller than our study [26]. More subjects can reduce indi-
vidual differences and improve statistical power. Second, the
current study established measurements at defined distances
behind the globe, while Jaggi and colleagues [26] measured
the maximum diameter of the optic nerve sheath. In addition,
Jaggi and colleagues [26] capture image in a prone position.
In our study, patients were in a supine position. It has been
confirmed that the prone position affects the distribution of
CSF in the central nervous system and allows the effects of
gravity to be considered.

The study of Abegao Pinto and colleagues [27]. First, they
used a 7.5 MHz B-scan ultrasound probe (Antares ecograph
device; Siemens, Munich, Germany). The resolution of this
probe was lower than the 12.5 MHz probe used in our studys; it
may also cause artifacts that affect the accuracy of the optic
nerve sheath diameter measurement. The transbulbar sound
direction and the incidence of the ultrasound beam on the lam-
ina cribrosa [28] or the dura mater may produce acoustic shad-
ows behind the globe. These artifacts are more likely to occur
for probes with frequency <7.5 MHz. The 12.5 MHz probe in
our study can reduce these artifacts. Second, the refractive
state of the patient may introduce bias because their properties
of the sclera are different from hyperopic to myopic patients.

It is also important to point out that the difference in optic
nerve diameter between the study groups may affect the cal-
culation of the optic nerve subarachnoid space, especially
because of glaucomatous loss of optic nerve fibers or optic

Kang J, et al. Measurement and Associations of the Optic Nerve
Subarachnoid Space in Normal Tension and Primary Open-Angle
Glaucoma. Am J Ophthalmol. 2018;186:128-37)

nerve atrophy caused by glaucoma. The data shows that in the
current study, the optic nerve diameters in the NTG group and
the POAG group were significantly smaller than the control
groupat 3,5, and 7 mm posterior to the globe. Correspondingly,
the optic nerve sheath diameters at 3, 5, and 7 mm posterior
to the globe in the two glaucoma groups were significantly
smaller than those of the healthy group. These phenomena
need to be explained by the optic nerve subarachnoid space
anatomy and sheath ultrastructure. The optic nerve sheath has
aunique tissue structure consisting of flexible dural tissue and
radially oriented trabecular fibers that pass through the sub-
arachnoid space and connect the pia mater of the nerve with
the innermost arachnoid layer of the sheath [29, 30]. The tra-
becular fibers and the sheath collagen structure are the main
structures that maintain the stability of the spatial structure.
Moreover, there was no significant difference in optic nerve
diameter between the two groups of glaucoma patients. The
amount of glaucomatous mean defect and RNFL thickness
also showed no significant difference between the two glau-
coma groups. Therefore, we can exclude glaucoma-related
differences in optic nerve diameter as a component for the
calculation of the subarachnoid space. In addition, a multi-
variate analysis adjusting the ONSASA for optic nerve diam-
eter and visual field defect showed that ONSAS reduction
was associated with the NTG group and was not related to the
severity of visual field defects.

There is also a very interesting finding that the ONSASA
measurement is positively correlated with the mean IOP of
subjects with NTG; but this is not present in the healthy con-
trol group. Similar results have also appeared in the study of
Abegao Pinto and associates [27]. This may be because the
intraocular pressure measured by Goldmann applanation
tonometer does not affect the forces acting in the retro-
lamina cribrosa space, but the forces may affect IOP, which
we believe is related to aqueous humor drainage. ICP may
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affect ocular venous drainage of the eye to influence aqueous
humor drainage [31]. As the volume of cerebrospinal fluid
changes, intracranial blood volume also changes, so a change
in the volume of cerebrospinal fluid may affect the intracra-
nial venous sinus flow and influence the drainage of the
superior ophthalmic veins. The superior ophthalmic veins
are responsible for the anterior ciliary vein drainage, thus
affecting the aqueous humor drainage [32]. Because of this,
ICP changes will affect the intraocular pressure. Therefore,
any unknown structural defect or changes in the NTG
patient’s drainage pathway just mentioned would weaken the
buffer capacity, resulting in changes in aqueous humor drain-
age. There is evidence that for NTG patients, their peripheral
blood vessels differ in diameter and stiffness, and the preva-
lence of spontaneous venous phenomena is reduced. In
future studies, the potential mechanism and the degree of the
impact of this vascular venous dysregulation on IOP will
become a hot issue. One hypothesis is that if there is a greater
upstream obstruction in the trabecular meshwork or other
drainage pathway components of a POAG patient, it may
interfere with the superior ophthalmic vein drainage, explain-
ing why this ONSD would not have correlated with IOP.

Our study still has some limitations. First, although the
differences between the study groups are statistically signifi-
cant, the number of patients was still relatively small. More
research is needed, and a more extensive and comprehensive
study of each group will be conducted, to further evaluate the
correlation between NTG and ONSAS. Second, the control
subjects did not perform a comprehensive neurological
examination, and patients with undiagnosed neurological
disease in the control group could not be ruled out.

In a word, in patients with normal open-angle glaucoma, the
optic nerve subarachnoid space is narrower than that in high-
pressure patients, indicating that normal-tension glaucoma
patients have lower orbital CSFP. Ultrasound-based noninva-
sive ONSD assessment may provide further insights into the
forces acting behind the lamina cribrosa. The interesting rela-
tionship between ICP and optic nerve still needs more research,
whose significance may be of particular importance in NTG
patients and have clinical and pathologic importance, implying
that the trans-lamina cribrosa pressure difference might be
abnormally higher in the NTG group than in controls.
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Translamina Cribrosa Pressure
Difference-Related Animal Models

Jing Li and Ningli Wang

17.1 Introduction

Glaucoma is a progressive optic neuropathy that leads to
structural changes in retinal nerve fiber layer (RNFL) and
optic nerve head (ONH), as well as characterized changes in
the visual field (VF) which may result in irreversible visual
impairment and blindness [1]. Intraocular pressure (IOP) is
always thought to be a major factor in the pathogenesis of
glaucoma. Animal model, as a vital method, plays an irre-
placeable part in studying the mechanisms of disease pro-
gression and developing therapeutic strategies to control the
progression of various kinds of diseases including glaucoma.
Over the years, high IOP animal models have been estab-
lished by many researchers, in order to study the etiology,
pathogenesis, diagnosis, treatment, and prognosis of glau-
coma. Recently, more and more researchers have found that
low orbital cerebrospinal fluid pressure (CSFP) may have a
role similar to an elevated IOP in the pathogenesis of glauco-
matous optic neuropathy [2-5]. The concept of translamina
cribrosa pressure difference, which means the difference
between IOP and ICP, has recently been accepted. Thus, not
only high/low IOP but also high/low CSFP animal models
were more frequently studied in recent years.

Besides rodent and mammal animal models which are
commonly used, the nonhuman primate (NHP) experimental
glaucoma (EG) model has been well established for more
than 40 years. As we all know, NHP is the optimal choice for
animal model. First, NHP’s anatomy of whole visual path-
way is quite similar to that of human beings. Second, the
NHP model provides a way of investigating the earliest
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visual pathway responses to the change of IOP/ICP. However,
NHP has some limitations when used for animal models,
including the high cost, large number of animals needed, and
rare spontaneous glaucoma.

The purpose of this article is to summarize the current
research progress in translamina cribrosa pressure difference-
related animal models with different methods and shed a
light on the future research directions.

17.2 10P-Related Animal Models

Over the years, high IOP animal models of rodent animals
and NHPs have been established by many researchers, in
order to investigate the mechanisms, diagnosis, and treat-
ment (such as laser photocoagulation, anterior chamber
injection, and episcleral vein cauterization) of glaucomatous
optic neuropathy.

17.2.1 Rodent Animal Models

Glaucoma is a series of chronic neurodegenerative condi-
tions with unclear pathogenesis and insufficient therapeutic
strategies. Therefore, inexpensive, effective, repeatable,
available, and relatively low-cost animal models are needed
urgently, including mice and rats. The methods of establish-
ing glaucoma models are various, including spontaneous
animal models, episcleral vein injection of hypertonic saline,
laser photocoagulation, episcleral vein cauterization, and
anterior chamber injection. Every method has its own
strengths and weaknesses.

17.2.1.1 Spontaneous Animal Models

Till now, various kinds of transgenic models have been estab-
lished to change the structure of anterior segment or RGC of
the eye in order to investigate the characteristics of glaucoma-
tous optic neuropathy. Myocilin (MYOC/GLC1A) and opti-
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neurin (OPTN/GLCIE) are found to be related to the
pathogenesis of primary open-angle glaucoma (POAG) [6-8].
DBA/2] mouse is another vital and popular secondary
glaucoma model in establishing chronic IOP elevation model,
which has two mutational genes including Tyrpl and Gpnmb.
These mice presented defects of iris with pigment blocking
the outflow of aqueous and eventually resulting in high level
of IOP. However, high individual variability and the difficulty
of introducing genetic mutations limit their application and
popularization. Wilson et al. found this kind of mouse model
of glaucoma before IOP elevation or axonal degeneration
showed early pro-inflammatory cytokine elevations [9].

17.2.1.2 Episcleral Vein Injection of Hypertonic
Saline

Some researchers induced ocular hypertension in rodent
animals by means of injecting a hypertonic saline solution
into the episcleral veins, which results in the sclerosis of
the trabecular meshwork. This method can induce rela-
tively long ocular hypertension and can also lead to both
progressive RGC loss and optic nerve degeneration. Jia L
et al. studied the patterns of IOP elevation of this model and
found that IOP was most likely increased during the dark
phase than the light, which can be explained by the circa-
dian rhythm of aqueous humor production [10]. Tezel et al.
found that inflammatory responses of astrocytes in this
model included upregulation of TNF-o/TNFR signaling,
nuclear factor kappa-B (NF-kB) activation, autophagy reg-
ulation, and inflammasome assembly, supporting the astro-
cyte-related treatment strategy for glaucoma [11]. However,
IOP varies significantly in different animals, and repeated
injections are required if IOP stops increasing after the first
injection.

17.2.1.3 Laser Photocoagulation

Laser photocoagulation of the trabecular meshwork is the
most common method of inducing IOP elevation, RGC loss,
and eventually glaucomatous optic neuropathy. Salinas-
Navarro M et al. found that laser photocoagulation-induced
ocular hypertension leads to a lack of retrograde axonal
transport in most RGCs in albino Swiss mice [12]. However,
all of these laser-induced models showed inflammation in
the anterior chamber and large interanimal variability.

17.2.1.4 Episcleral Vein Cauterization

Another method commonly used to elevate IOP is cauteriz-
ing the episcleral vein to affect the drainage of aqueous
humor. The level of IOP mainly depends on the number of
episcleral veins that are cauterized. This method constitutes
a reliable, economic, and reproducible animal model [13].
One study found that Akt was activated via insulin/IGF-1
receptor in the retina of Sprague-Dawley rats with episcleral
vein cauterization [14].

17.2.1.5 Intraocular Injection
Intraocular injection is a common method to establish acute
IOP elevation animal model, which mainly include anterior
chamber injection and vitreous cavity injection. Various
materials have been used, including methyl cellulose, normal
saline, sodium hyaluronate, a-chymotrypsin, etc. [15-18].
Repeated injection is needed to maintain the high IOP level.
Experimenter should pay attention to the control of the con-
centration of drugs, site, angle, and dose of injection.
Recently, Ito et al. established a novel method of using
magnetic microbead to induce ocular hypertension-
dependent glaucoma in mice. They injected magnetic micro-
beads into the anterior chamber by a modified microneedle
with a facetted bevel, which led to a steady high level of
intraocular pressure and then the loss of retinal ganglion
cells. Therefore, they concluded this method as a powerful
tool to research on the progression of glaucoma [19].

17.2.2 Nonhuman Primate (NHP)
Animal Models

Compared to the rodent animals, NHPs share almost the
same ocular structures as human beings, for which NHP
is the most ideal animal to establish animal models.
However, the price of NHP is very high, which is still a
main limitation.

17.2.2.1 Laser Photocoagulation

In 1974, Gasterland and Kupfer first reported a model of
chronic, laser-induced IOP elevation, which has become the
most commonly used method of establishing the primate
glaucoma model to mimic human glaucoma [20]. Ocular
blood flow of optic nerve head is decreased to variable
extents depending on the different level of IOP [21].
Repeated laser photocoagulation is often needed to obtain a
sustained IOP.

Retinal nerve fiber layer (RNFL) degeneration and
apoptosis of retinal ganglion cells (RGCs) in this model
have been corroborated by optical coherence tomography
(OCT) and histological examination. However, the features
of cone function on long-duration elevated IOP in the pri-
mate model are unclear. Kegao Liu et al. recently studied
full-field cone ERG responses in chronic ocular hyperten-
sion monkeys induced by laser to verify the hypothesis that
long-duration elevated IOP caused cone response dysfunc-
tion and found that mean amplitude of the photopic nega-
tive response (PhNR) and mean R-cone were obviously
lower in the lasered eye, and no difference of S-cone were
found between the two eyes. Therefore, they made a con-
clusion that long-duration ocular hypertension induced by
laser photocoagulation affects the function of cone photo-
receptor in monkeys [22].
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17.2.2.2 Anterior Chamber Injection

Till now, many kinds of agents were adopted to inject into
the anterior chamber of NHPs to induce acute experimental
glaucoma including alpha-chymotrypsin and red blood cells
[23, 24]. However, all were abandoned because IOP elevated
by these methods is all hard to control and sustains only
shortly and usually influences the observation of fundus.

17.3 Intracranial Pressure (ICP)-Related

Animal Models

Recent researches have showed that low orbital cerebrospi-
nal fluid pressure (CSFP) may have an important part in the
pathogenesis of glaucomatous optic neuropathy. Thus, both
low and high CSFP animal models gained popularity rap-
idly in recent years.

17.3.1 Rodent Animal Models

Dr. Zheng Zhang and coauthors of Beijing iCOP study
group recently reported the experimental rat models with an
acute CSFP reduction. In details, transparent dura mater
was firstly exposed, and then a taper glass capillary tube was
inserted into the cisterna magna to aspirate the cerebrospi-
nal fluid from the cistern magna (Fig. 17.1). Then, they
tested the efficiency of the acute low CSFP model by using
a 1.6F pressure catheter (Scisense Inc., London, Canada)
which was inserted into the brain parenchyma and measured

Fig.17.1 Preparation of the
cerebrospinal fluid fistulation.
(a) A taper glass capillary tube
was inserted into the cisterna
magna. (b) After measuring
the baseline CSFP by the burr
hole 0.8 mm caudal and

1.5 mm lateral to the bregma
(blue circle), cerebrospinal
fluid was drained from
cisterna magna (arrow)
(Reprinted with permission
from Zhang et al. [5])

Cerebellum

the CSFP using BIOPAC Systems MP150 workstation
(BIOPAC Systems, Gleeta, CA, USA) [5].

Interestingly and illuminatingly, Zheng Zhang et al. found
that experimental models with an acute IOP elevation or
CSFP reduction showed similar morphologic changes in the
axons of RGCs and similar immunohistochemical features in
the axonal motor proteins including both kinesin HC and
dynein IC, indicating they share similarities in the distur-
bance of both the orthograde and retrograde axonal transport
and supporting the hypothesis of the relationship between
low CSFP and glaucomatous optic neuropathy [5].

17.3.2 Nonhuman Primate (NHP) Animal
Models

Dr. Yang and coauthors of Beijing iCOP study group recently
reported that they established a chronic CSF reduction mon-
key model by the method of lumbar-peritoneal shunt. The
CSFP was measured by the cerebral microsensor to make
sure that the CSFP was lowered to the target pressure. The
ICP of four monkeys was successfully lowered from the nor-
mal level of 89 mmHg to the level of 3 mmHg for more than
5 years (Fig. 17.2) [4].

The result was that two of the four NHPs showed diffuse
RNFL and optic nerve rim thinning. A third NHP developed
a single nerve fiber hemorrhage, without other changes. The
model was very vital and creative because the hypothesis
that primary CSF reduction was an important risk factor for
RGC axon loss and glaucoma-like optic neuropathy was




138

J.Liand N. Wang

Fig. 17.2 Photographs
showing the method of
preparation and insertion of
cerebrospinal fluid pressure-
measuring sensor (Reprinted
with permission from Yang

etal. [4])

confirmed for the first time in NHP eyes. It also further
proved that translaminar cribrosa pressure difference may be
a true risk factor for glaucoma [4].

Bang V. Bui from University of Melbourne recently cre-
ated a new method to change the level of CSFP. Intracranial
pressure was measured by a custom-made dual cannula
inserted into the lateral ventricle on the side ipsilateral to the
eye cannula (Fig. 17.3). To make sure accurate ICP control
over a long time, a dual-lumen needle cannula was devel-
oped, which infuses saline via a syringe pump (Model 22,
Harvard Apparatus, Holliston, MA) and measures pressure in
the same lateral ventricle at the same time. Infusion pressure
and ICP were continuously measured by two precalibrated
pressure transducers (Fig. 17.3a, Transpac, Abbott Critical
Care System, Iligo, IRE) connected to a Powerlab system
(Bridge Amp ML110, Amplifier ML 785, Powerlab/8SP,
ADInstruments, Colorado Springs, Colorado) and recorded
on LabChartTM (Lab Chart 7, ADInstruments) [25].

17.4 Future Directions

17.4.1 Development of New Experimental
Animals

Tree shrew owns a perfect visual system, with cone cells
accounting for 96% of photosensory cells. Our country is
rich in resources of tree shrew, which is proved to be ideal for

r

animal model studying ocular diseases by comparative medi-
cine. Some researches have found that optic nerves of tree
shrews aged between 4 weeks and 5 years were similar in
many aspects including cellular morphology, extracellular
matrix, and especially the structure of lamina cribrosa [26].
Therefore, tree shrews would be a good choice for research
on the pathogenesis of glaucoma.

Besides tree shrew, zebrafish is becoming another popu-
lar option for animal model by virtue of its small size, strong
breeding ability, and fast-growing characteristic. In addi-
tion, it has gained wide attention because of high gene con-
servation and similarity in the eye. Link et al. established
the method of measuring IOP of zebrafish and found that
IOP varied in obvious genetic zebrafish, which provided a
benchmark of IOP to measure the mutants of zebrafish [27].
Therefore, zebrafish is a good choice to study the mecha-
nisms of glaucoma in genetic perspective. However, the
research on zebrafish is urgently needed to be standardized.

17.4.2 Establishment of Mild IOP Elevation
Animal Model

Establishment of mild IOP elevation animal model was
important for us to further study the relationship between
CSFP and glaucoma. However, so far, no literature has
reported the successful establishment of mild IOP elevation
animal model.
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Pressure
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Reservoir

Syringe Pressure

pump transducer
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[ —]
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Fig. 17.3 Intraocular and intracranial pressure elevation methodology.
(a) IOP and ICP elevation was achieved by inserting a needle to the
vitreous chamber (VC) and a dual-lumen needle to the ipsilateral lateral
ventricle (LV). A saline reservoir was connected to the vitreous cham-
ber needle, whereas a syringe pump was connected to the lateral ven-
tricle cannula. (b) A custom-made dual-lumen needle with infusion
(inner needle) and measurement ports (outer needle) was used in order
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Glaucoma is a group of optic nerve lesions characterized
by progressive loss of retinal ganglion cells (RGCs) and
their axons and primarily manifested by progressive optic
nerve damage, atrophy, and visual field defects, with
increased intraocular pressure (IOP) being the main risk
factor [1]. Generally, glaucoma is classified into two
types: primary angle-closure glaucoma (PACG) and pri-
mary open-angle glaucoma (POAG). PACG is mainly a
result of optic nerve damage caused by blockage of aque-
ous humor outflow and elevated intraocular pressure due
to mechanical angle closure, and its pathogenesis has
been clearly known. Along with the economic develop-
ment and lifestyle changes in the country, the disease pro-
files have changed greatly. Currently, primary open-angle
glaucoma (POAG) has become the most common irrevers-
ible eye disease that results in blindness and disability,
accounting for 74% of the patients with glaucoma, with
its pathogenesis yet remaining unknown so far [2].

It is traditionally believed that high intraocular pressure
(IOP) is a high-risk factor for optic nerve damage associ-
ated with glaucoma. However, in the Handan Eye Study, we
discovered that about 83% of patients with POAG suffered
normal-tension glaucoma (NTG) [3]. Clinically, we also
observed that the majority of patients with POAG were
NTG patients. Why would NTG patients with intraocular
pressure levels within the normal range suffer IOP-related
optic nerve damage like patients with high-tension
glaucoma?
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18.1 Establishment of the Theory
of Increased Translamina-Pressure
Difference Leading to POAG

For these clinical questions, we conducted analysis from
the anatomical structure of the lamina: the laminar anterior
tissue bears the action of intraocular pressure (IOP), which
produces a backward force on the lamina, while the laminar
posterior tissue bears the action of cerebrospinal fluid pres-
sure in the subarachnoid space of the optic nerve, which
produces a forward force on the lamina; a difference exists
between the laminar anterior IOP and the cerebrospinal
fluid pressure in the subarachnoid space of the optic nerve,
and this difference is called “translamina-pressure differ-
ence” (TLPD). Would TLPD be a direct cause of POAG if
IOP is not?

With this question, the research team of professor Wang
Ningli with Beijing Institute of Ophthalmology conducted
retrospective and prospective clinical studies, finding that
patients with normal-tension glaucoma (NTG) had lower
intracranial pressure values than patients with high-tension
glaucoma and healthy subjects in the control group.
Meanwhile, the research team also found that patients with
NTG had an obviously narrow subarachnoid space of the
optic nerve than patients with high-tension glaucoma and
the non-glaucoma control group [4], which also has proved
that the cerebrospinal fluid pressure measured by lumbar
puncture (LP) is consistent to cerebrospinal fluid pressure
in the subarachnoid space of the optic nerve. Therefore, we
conjectured that this relatively low intracranial pressure in
NTG patients may result in decreased cerebrospinal fluid
pressure in the subarachnoid space of the optic nerve,
causing relatively high anterior IOP of the lamina and
increased translamina-pressure difference, thus resulting
in IOP-related optic nerve damage in glaucoma. On this
basis, macaque models of chronic low intracranial pres-
sure with increased translamina-pressure difference were
constructed for observation on optic nerve lesions in the

141

N. Wang (ed.), Intraocular and Intracranial Pressure Gradient in Glaucoma,
Advances in Visual Science and Eye Diseases 1, https://doi.org/10.1007/978-981-13-2137-5_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2137-5_18&domain=pdf
mailto:wningli@vip.163.com

142

W. Chen and N. Wang

macaques. The results showed that during 3-8 months
after successful induction of chronic low intracranial pres-
sure, the macaques developed signs of glaucomatous optic
nerve damage, including expansion of optic cup, narrow-
ing of disk edges, thinning of retinal nerve fiber layer, and
bleeding along the disk edges. This study demonstrated
from the perspective of large animal model that increased
translamina-pressure difference associated with low intra-
cranial pressure has a causal relationship with optic nerve
damage.

Then, it comes the question “Why would increased
translamina-pressure difference result in glaucomatous
optic nerve damage?” Currently, the mainstream theories
on how primary open-angle glaucoma (POAG) causes optic
nerve damage are “mechanical damage theory” [5, 6] and
“vascular ischemia theory” [7]. However, neither of the
theories can fully and thoroughly explain how increased
translamina-pressure difference causes glaucomatous optic
nerve damage. Recently, Band [8] and other scholars per-
formed mathematical modeling for translamina-pressure
difference and optic axons, in which the values of various
parameters of the eyeball (including radius of axon, radius
of optic nerve, axoplasmic coefficient of viscosity, axon
length, etc.) were all determined depending on actual con-
ditions. Upon calculation, the authors concluded that pres-
sure difference between IOP and intracranial pressure
would cause fluids outside the axon to permeate into the
axon to form one passive neuronal intracellular fluid flux
(PNIFF), which, when large enough, will wash away ATP
gathering around the axon to produce an ATP flow void
effect. Hence, we conjectured that this ATP deficiency
would result in local energy deficiency to interfere with
normal transport of axoplasmic flow and ultimately causes
apoptosis of RGCs because the axons are unable to main-
tain mass and information transfer between RGCs and their
axon terminals.

In the rat models of acute intracranial pressure decrease
established using cerebrospinal fluid drainage, Wang Ningli’s
research team used RITC intravitreal injection to detect the
transport of forward axoplasmic flow in rats in the low intra-
cranial pressure group, and fluoro-gold (FG) (Biotium Inc.,
Hayward, CA, USA) injected into the superior colliculus as
the tracer to detect the transport of reverse axoplasmic flow
in rats in the low intracranial pressure group, and made com-
parisons with the high IOP group. The study results showed
that both acute intracranial pressure decrease and acute IOP
elevation would affect the transport of forward and reverse
axoplasmic flows in RGCs. Therefore, we conjecture that
axoplasmic flow transport disorder is one of the important
causes of POAG caused by translamina-pressure difference
(TLPD) [9].

18.2 Outlook on Treatment of POAG Based
on the Theory of Translamina-
Pressure Difference

It was previously believed that the only effective approach to
the treatment of POAG is IOP-lowering therapy. The estab-
lishment and improvement of the theory of POAG caused by
translamina-pressure difference provide more possibilities
for POAG treatment.

18.3 Strategy of Increasing Intracranial
Pressure Within the Safe Range

18.3.1 Belly Band Compression

Research shows that intracranial pressure is positively cor-
related with intra-abdominal venous pressure, probably
because a high abdominal pressure causes the intra-
abdominal venous pressure to increase, resulting in a rela-
tively high intracranial pressure [10]. A relatively high
intracranial pressure makes it more difficult for increased
translamina-pressure difference to happen. Based on the
above ground, we conjectured that the strategy of increasing
abdominal pressure to a certain degree by compressing the
abdomen with belly band to increase intra-abdominal venous
pressure and ultimately the intracranial pressure may possi-
bly produce a therapeutic effect on POAG. However, intra-
abdominal pressure could be a double-edged sword for the
elevation of intracranial pressure in a way that a too high
intra-abdominal pressure may cause irreversible damage to
the blood-brain barrier [11]. Therefore, how to perform belly
band compression appropriately yet requires further study.

18.3.2 Treatment with Drugs That Increase
Intracranial Pressure

Some drugs that may elevate intracranial pressure may also
be effective in the treatment of POAG, such as glucocorti-
coids [12], vitamin A, etc. [13—-15], but further exploration is
still required regarding dose control of the drugs to ensure
elevation of intracranial pressure within the safe range.

18.3.3 Dietary adjustment to increase BMI

Body mass index (BMI) is a protective factor for glaucoma.
People with a high BMI are not susceptible to POAG, and we
certainly do not recommend increasing BMI for all patients
with POAG. However, for patients with a relatively low
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BMI, particularly patients with normal-tension glaucoma,
appropriate dietary adjustment to increase the BMI is
conducive to the treatment of the disease from the perspec-
tive of TLPD theory [16-18].

18.4 Neuroprotective Drugs
for Axoplasmic Flow Transport
Function

Optic nerve protection therapy for glaucoma has always
remained the focus of glaucoma research, but currently there
are no commercially available drugs with recognized effi-
cacy. In either the previous theory of increased intraocular
pressure causing glaucoma or the recent theory of increased
translamina-pressure difference causing glaucoma, axoplas-
mic flow transport disorder of the optic nerve is the core fac-
tor. Therefore, we conjecture that the development of drugs
able to regulate the axoplasmic flow transport function might
be an important direction toward research on optic nerve pro-
tection in glaucoma.

18.5 Summary

To sum up, considering glaucoma as a disorder of axoplas-
mic flow transport associated with translamina-pressure dif-
ference opens a new gate to the treatment of this disease. For
the treatment of glaucoma in future, we should also pay
attention to changes of intracranial pressure and maintenance
of normal axoplasmic flow transport function while using the
conventional IOP-lowering therapy.
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19.1 Gross Anatomy of Rat Optic

Nerve Head

The rat optic nerve head (ONH) is a segment about 250 pm
in length extending from the funnel-shaped region where
the optic nerve fibres (retinal ganglion cell axons, RGC)
converge on the optic disc rostrally to the transition to the
optic nerve (ON) caudally (Fig. 19.1a). The ONH has a
characteristic kidney shape, some 500 pm wide and
300 pm dorsoventrally, with the ‘hilus’ of the kidney
always at the midventral pole and occupied by two large
vessels, the ophthalmic vein dorsally and the ophthalmic
artery ventral to this (Fig. 19.1b). For complete orientation
of the cross sections in space, therefore, it is only neces-
sary to mark the medial and lateral edges at the time when
the tissue is removed. The rat ONH contains only three
tissue components—totally unmyelinated RGC axons,
specialised astrocytes, and the endothelial cells of the
microvessels which penetrate from the ventral to the dorsal
surfaces (Fig. 19.1d, f, g). Unlike the human lamina
cribrosa, there is no connective tissue, collagenous
strengthening of the perivascular spaces. Since raised
intraocular pressure causes RGC axon damage in the ONH
of the rat, this indicates that the injurious effects of pres-
sure transduction can be exerted in the absence of a con-
nective tissue lamina cribrosa (Fig. 19.1c). Both structural
integrity and function of axon are supported by astrocytes
and microvessels. Astrocytes play the key role in the inter-
actions of axons and microvessels. Rat ONH is a good
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model to understand the relationship of axon, astrocyte
and microvessel in human lamina cribrosa (Fig. 19.1).

19.2 Fortified Astrocytes

The organisation of the ONH consists of a simple radiating
array of astrocytes with stout end feet anchored around the
midventral, ‘hilar’ surface facing the ophthalmic vessels
(Fig. 19.2a, b). As the astrocytic processes radiate out
towards the overarching cap of the dorsal surface, they
break up into finer and finer processes, which are either
closely apposed to each other or separated by longitudinal
channels containing unmyelinated RGC axons (Fig. 19.2a,
f, g). The radial processes ultimately terminate in complex
delicate branches at the dorsal surface. As they approach
the dorsal circumference the radial processes converge into
an axon free pre-terminal layer where they branch into fine
parallel segments devoid of cytoskeleton and with a ten-
dency to separate (Fig. 19.2c, d).The perinuclear regions of
the cell bodies generally lie more or less midway along this
trajectory. Longitudinal sections show that the perikarya
are packed immediately adjacent to each other in longitudi-
nal rows.

Morphologically the radial astrocytes of the ONH are a
unimodal population, the direct descendants of the radial glia
of the developing optic stalk. Their ventral, end foot surface
is the former pial surface of the optic stalk, and their expanded
dorsal circumference is the former ventricular surface which,
as in the case of the retina itself, becomes massively
expanded. Unlike the retina, however, this former ventricular
surface is not fused with an overlying pigment cell layer but
is totally denuded of optic stalk cells and apposed directly to
a collagen-containing extracellular space. It shows the conti-
nuity between this surface and the pigment cell layer of the
retina, with the pigment cells ceasing as the ONH is reached.

The ONH astrocytes have a unique cellular composi-
tion. In marked contrast to the highly pale cytoplasm of
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Fig. 19.1 (a) Longitudinal section across the ONH from the retina to
the junction with the OpN, showing the characteristic longitudinal rows
of astrocytic cell bodies. The thick sheath of the ONH (black arrows) is
continuous rostrally with the sclera (s) and caudally with the dural
sheath of the optic nerve (d). Asterisk, CSF containing subarachnoid
space; v, ophthalmic vein; white arrow, arachnoid villus. (b) Cross sec-
tion of ONH showing radial astrocytes and associated microvessels.
Stout astrocytic basal processes (stained dark) are anchored on the mid-
ventral surface, which is invaginated by the ophthalmic vein (v). (c)
Line drawing (based on A) showing how the attachments of the thick
sheath of the ONH to the sclera (scl) and the dura concentrate the force
of raised IOP (arrows) into the ONH at right angles to its radial array of
astrocytes. The arachnoid villus (white arrow in Fig. 19.1a above) acts
as a drain that would lower the local CSF pressure (down arrow), thus

astrocytes in virtually every other location (including the
retina and the ON) (Fig. 19.2e), the cytoplasm of the ONH
astrocytes is highly and uniformly electron dense through-
out all the cell processes (Fig. 19.2a, b, i, f). The striking
feature of the astrocytic processes is their massive
‘strengthening” of longitudinal massed filaments and
tubules. We consider this the structural basis of the pres-
sure transduction which gives the ONH its mechanical

increasing the pressure gradient across the ONH. OpN, optic nerve. (d)
Cross section showing the thick sheath (s) of the ONH separated by the
CSF containing subarachnoid space (¥) from the dural sheath (d) of the
optic nerve. (e—i) Cross sections contrasting the ONH (d, f, g) with the
OpN (e, h, i). The ONH has a thick vascular outer sheath and is tra-
versed by darkly stained “fortified” astrocytes that are anchored by
thick bases to the deep ventromedian indentation and which radiate out
to terminate in thin processes attached to the overarching dorsal sur-
face. The OpN has random arrangement of pale astrocytes and no con-
nective tissue sheath, and the circular outline is not indented. Resin
sections (1.5 pm thick) stained with methylene blue and Azur II (a, b,
d, e). Cryostat sections: GFAP (green) for astrocytes (f, h), combined
with TUJ (red) for axons (g, i). Scale bars: 100 pm (Reproduced with
permission from [1]

strength and makes it vulnerable to the distorting effects of
raised intraocular pressure (IOP and probably raised CSF
pressure). This opinion is supported by our finding that the
first effect of raised IOP is a localised tearing away of the
fine astrocytic branches from the overlying circumferential
surface of the dorsal dome of the ONH. For this reason we
refer to these uniquely specialised cells as ‘fortified
astrocytes (Fig. 19.2).



19 Fortified Astrocyte: The Target of Pathological Intraocular Hypertension 149

Fig. 19.2 Electron micrographs: (a) stout basal foot (BF) of a fortified
ONH astrocyte firmly anchored into the collagenous sheath (c) by fine,
straight villus projections (v) deeply invaginated into the cell cytoplasm.
White arrow heads, cytoplasmic swirls of strengthening cytoskeletal
filaments and tubules. R, radial processes separated by channels filled
with RGC axons; f, fibroblast. (b) Enlarged view of astrocytic basal end
foot (BF) with straight villi (v) invested with thickened basal lamina. (c)
Enlarged in (d) dorsal terminations of radial glial processes (dt) in a
massive cap of complex, interdigitating curved villous processes
invested with thickened basal lamina (white arrow heads). (e) Segment
of the surface of the OpN. In contrast to the ONH where the surface
consists of a mass of electron dense villous processes, the surface of the
OpN consists of a simple overlay of electron pale astrocytic processes
(ap), devoid of villi, and forming the same glia-pial array as found at
surface of the rest of the CNS. C, collagen of sheath; M, myelinated
RGC axons. (f, g) The lateral 