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Preface

Modern System of Ophthalmology (MSO) series comprises separate volumes on different
 subspecialities of ophthalmology. Each volume is planned with a very specific aim to cater

to the needs of postgraduate students in ophthalmology.

Salient Features of MSO Series
• Each volume is edited by different editors, yet the layout and organization has been kept similar

for all the volumes.
• Editors of different volumes are masters in their subspeciality with an uncanny knack of picking

up the right perspectives.
• Text matter is designed to meet the needs of residents in ophthalmology with a comprehensive

coverage in a concise manner. Text is complete and up-to-date with recent advances incorporated.
• Text is organized in such a way that the students can easily understand, retain and reproduce it.

Various levels of headings, subheadings, bold face and italics given in the text will be helpful for
a quick revision of the subject.

Principles and Practice of Glaucoma. This volume of Modern System of Ophthalmology is
devoted to Glaucoma, the second most common cause of blindness world over. Over the years,
the text on glaucoma diagnostics, therapeutics and surgical management has witnessed an
exponential growth. Presently glaucoma has emerged as an important subspecialty of
ophthalmology. Consequently a number of very good books are available on this subject.
However, still there is paucity of books which can provide tailor-made material for the needs
of residents in ophthalmology. An effort has been made in this volume to provide information
on principles and practice of glaucoma keeping in view the needs of trainee ophthalmologists,
in a more easily understood form. In a trial to simplify the text, at places the description looks
more dogmatic than is warranted by the facts.

Text matter of this volume has been arranged in four sections:
Section I. Glaucoma: Introduction, Basics and Epidemiology, introduces the subject with a workable
classification of glaucoma. Basic and applied aspects of the related anatomy and physiology have
been highlighted. Pathophysiology of glaucomatous damage and epidemiological aspects have
also been covered briefly in this section.
Section II. Glaucoma Diagnostics: Clinical Evaluation and Investigations, covers from history taking
to the most recent diagnostic tests developed over the years for an early diagnosis of glaucoma.
Section III. Glaucoma: The Clinical Entities, is devoted to common clinical types of glaucoma with
recent concepts about their understanding, diagnosis and management.
Section IV. Glaucoma: Management, describes medical, laser and surgical therapy of different types
of glaucoma in depth and, comprehensively yet concisely.

Editorial team of this volume comprises ophthalmologists dedicated to the cause of glaucoma.
The Honorary Editors, Prof Tanuj Dada from Dr RP Centre for Ophthalmic Sciences, AIIMS, New
Delhi and Dr Sushmita Kaushik, Associate Prof, Advanced Eye Centre, PGIMER Chandigarh,
are internationally renowned faculty on glaucoma. Associate Editor, Dr Parul Ichhpujani,
Assistant Prof Ophthalmology at GMCH, Chandigarh, is a well-known name in the field of
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typical cupping of the disc and/or visual field
defects associated with a normal or low IOP.

GLAUCOMA AND IOP

•Level of IOP is unimportant for the diagnosis
of glaucoma, although in equivocal cases an
abnormal IOP makes the diagnosis more
certain.

•IOP contributes significantly to the development
and progression of glaucoma.

•Non-IOP factors also contribute to the aetiology
of glaucoma and must be considered.

•IOP is the only modality, we currently have
available to reduce the risk of glaucoma even
in the presence of non-IOP contributing factors.

GLAUCOMA AND OPTIC NEUROPATHY

Glaucoma has a characteristic pattern of damage
to the optic nerve head; prominently recognised
at the superior and inferior poles of the optic
disc. The vertical cup:disc ratio (VCDR) has been
used as an index of glaucomatous loss of the
neuroretinal rim. But it should be kept in mind
that just like intraocular pressure, VCDR is a
continuous variable within the population.

VCDR  is not a very robust defining feature
for glaucoma as there exists variation in the size
of the optic disc between individuals, variation
in the number of axons in the optic nerve, from
a minimum of 8,16,000 to a maximum of
15,02,000 (mean 11,59,000 plus or minus
1,96,000) and the observation that larger optic
nerves have a larger neuroretinal rim area and
contain more axons. Hence, correction for
variation in disc size when assessing the VCDR
has been suggested.

GLAUCOMA AND VISUAL FIELD DEFECTS

For all practical purposes, for a visual field defect
to be labelled as glaucomatous, the glaucoma
hemifield test must be graded “outside normal
limits” along with a cluster of three contiguous
points at the 5% level on the pattern deviation
plot, using the threshold test strategy with the
24-2 test pattern of the Zeiss-Humphrey field
analyser 2. We do not  imply that this device is
the only acceptable tool for field analysis but we
consider it the standard as most centres in India
and across the globe use this device.

GLAUCOMA: PREDISPOSING AND RISK FACTORS

Everyone should be concerned about glaucoma
and its effects. It is important for each of us, from
infants to senior citizens, to have our eyes
checked regularly, because early detection and
treatment of glaucoma are the only way to
prevent vision impairment and blindness.

Primary open-angle glaucoma (POAG)

1.Heredity. POAG has a polygenic inheritance.
The approximate risk of getting disease is 10%
in the siblings, and 4% in the offspring of
patients with POAG.

2.Age. The risk increases with increasing age.
The POAG is more commonly seen in elderly
between 5th and 7th decades.

3.Race. POAG is significantly more common,
develops earlier and is more severe in black
people than in white.

4.Myopes are more predisposed than the
normals.

5.Diabetics have a higher prevalence of POAG
than non-diabetics.

6.Cigarette smoking is also thought to increase
its risk.

7.High blood pressure is not the cause of rise in
IOP, however, the prevalence of POAG is
more in hypertensives than the normoten-
sives.

8.Thyrotoxicosis is also not the cause of rise in
IOP, but the prevalence of POAG is more in
patients suffering from Graves’ ophthalmic
disease than the normals.

Primary angle-closure glaucoma (PACG)

Predisposing factors for PACG can be divided
into anatomical and general factors:
I.  Anatomical factors. Eyes anatomically
predisposed to develop primary angle-closure
glaucoma (PACG) include:
•Hypermetropic eyes with shallow anterior

chamber.
•Eyes in which iris–lens diaphragm is placed

anteriorly.
•Eyes with narrow angle of anterior chamber,

which may be due to: small eyeball, relatively
large size of the lens and smaller diameter of
the cornea or bigger size of the ciliary body.

•Plateau iris configuration.
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II. General factors include:
• Age. PACG is comparatively more common

in 5th decade of life.
• Sex. Females are more prone to get PACG than

males (male to female ratio is 1 : 4)
• Type of personality. It is more common in

nervous individuals with unstable vasomotor
system.

• Season. Peak incidence is reported in rainy
season.

• Family history. The potential for PACG is
generally believed to be inherited.

• Race. In Caucasians, PACG accounts for about
6% of all glaucomas and presents in sixth to
seventh decades. It is more common in South-
East Asians, Chinese and Eskimos but
uncommon in Blacks. In Asians, it presents in
the 5th to 6th decades and accounts for 50%
of primary adult glaucomas in this ethnic
group.

CLASSIFICATION OF GLAUCOMA

Glaucoma can be classified variously, but all
classification schemes are considered arbitrary
and limited. However, till the complete
understanding, it will be worthwhile to stick to
the traditional clinico-etiological classification,
which is as below.

A. DEVELOPMENTAL GLAUCOMAS

I. Primary developmental glaucomas (without
associated anomalies)
• Newborn glaucoma (true congenital glaucoma)
• Infantile glaucoma
• Juvenile glaucoma

II. Developmental glaucoma associated with
ocular abnormalities

III. Developmental glaucoma associated with
systemic abnormalities

B. PRIMARY ACQUIRED GLAUCOMAS

I. Primary open-angle glaucoma (POAG)
• Classical POAG with IOP, higher than normal

range, and
• Normal tension glaucoma (NTG) with IOPs

within normal range

II. Primary angle-closure disease
Stages based on natural history
• Primary angle-closure suspect (PACS)
• Primary angle-closure (PAC), and
• Primary angle-closure glaucoma (PACG)

Types based on mechanism of angle-closure
• Pupillary block,
• Plateau iris syndrome, and
• Phacomorphic mechanism.

C. SECONDARY GLAUCOMAS

I. Depending upon the mechanism of rise in
IOP
1. Secondary open-angle glaucomas in which
aqueous outflow may be blocked by:
• Pretrabecular membrane
• Trabecular clogging
• Oedema and scarring, or
• Elevated episcleral venous pressure.
2. Secondary angle-closure glaucoma which may
or may not be associated with pupil block.
• Anterior ‘pulling mechanism’: The iris is

pulled forward by some process in the angle,
often by the contraction of a membrane or
peripheral anterior synechiae.

• Posterior ‘pushing mechanism’: The iris is
pushed forward by some condition in the
posterior segment. Often the ciliary body is
rotated anteriorly, allowing the lens to come
forward also.

II. Depending upon the causative primary
disease, secondary glaucomas are named as
follows:
1. Lens-induced (phacogenic) glaucomas.
2. Inflammatory glaucoma (glaucoma due to

intraocular inflammation).
3. Pigmentary glaucoma.
4. Neovascular glaucoma.
5. Glaucomas associated with iridocorneal

endothelial syndromes.
6. Pseudoexfoliative glaucoma.
7. Glaucomas associated with intraocular

haemorrhage.
8. Steroid-induced glaucoma.
9. Traumatic glaucoma.

10. Glaucoma-in-aphakia.
11. Glaucoma associated with intraocular

tumours.
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1. Supraciliary lamina. It is the outermost
condensed part of stroma and consists of
pigmented collagen fibres. Posteriorly, it is a
continuation of the suprachoroidal lamina and
anteriorly it becomes continuous with the
anterior limiting membrane of the iris.
2. Stroma of the ciliary body. It consists of
connective tissue of collagen and fibroblasts.
Embedded in the stroma are ciliary muscle,
vascular stroma, nerves, pigment cells and other
cells.

Ciliary muscle. It is non-striated muscle which
occupies most of the outer part of the ciliary
body. In cut section, it is triangular in shape. It
consists of three parts:

• The longitudinal or meridional fibres take origin
largely by tendinous fibres from the scleral
spur and adjacent trabeculae and run
posteriorly to insert into the suprachoroidal
lamina as far back as equator or even beyond.

• The circular fibres occupy the anterior and inner
portion of the ciliary body and run parallel to
the limbus. These fibres lie nearest to the lens.

• Radial fibres are described as the obliquely
placed fibres which become continuous with
the circular fibres.

Actions: Main action of all the parts of the ciliary
muscle is to slacken the suspensory ligaments
of the lens and thus help in accommodation.
Circular fibres act directly as a sphincter.

Fig. 2.1 Showing region of the pars plana and pars plicata: (A) As seen in the axial section of the eyeball; (B) As seen from
inside the eyeball posteriorly
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Radial fibres also act in the same way.
Longitudinal fibres’ mode of action is disputed.
Some say these act by drawing the choroid
forward. Due to their attachment to the scleral
spur, these fibres also help in aqueous outflow.

Nerve supply. The ciliary muscle is innervated
by the parasympathetic fibres from ciliary
ganglion which reach the eyeball along the short
ciliary nerves.

Vascular stroma of the ciliary body. The major
arterial circle lies in the connective tissue stroma
of ciliary body just in front of the circular fibres
of the muscle. It is formed by anastomosis
between the long posterior ciliary artery and
anterior ciliary arteries and sends branches to
the iris and ciliary body.

Vascular stroma forming ciliary processes is
described separately.
3. Layer of pigmented epithelium. It is a forward
continuation of the retinal pigment epithelium.
Anteriorly, it is continuous with the anterior
pigmented epithelium of the iris.
4. Layer of non-pigmented epithelium. It consists
mainly of low columnar or cuboidal cells, and
is a forward continuation of the sensory retina

which stops at the ora serrata. It continues
anteriorly with the posterior (internal) pigmented
epithelium of the iris.
5. Internal limiting membrane. It lines the non-
pigmented epithelium and is the forward
continuations of the internal limiting membrane
of the retina.

Ciliary processes

Ciliary processes are whitish finger-like
projections from the pars plicata part of the ciliary
body. They are about 70–80 in number and form
the site of aqueous production. Each process is
about 2 mm long and 0.5 mm in diameter.

Ultrastructure of the ciliary process

Each ciliary process is composed of three basic
components: the network of capillaries, stroma
and two layers of the epithelium (Fig. 2.3).
1.The network of capillaries occupies the centre
of each process. Each capillary consists of a very
thin endothelium with fenestrae or false pores
(the site of increased permeability) which is
lined by a basement membrane. Mural cells or
pericytes are present within the basement
membrane.

Fig. 2.2Microscopic structure of iris and ciliary body
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vein is most posterior (8 mm behind the equator)
and inferior temporal is most anterior (5.5 mm
behind the equator).

At their choroidal end, the vortex veins have
an ampulliform dilatation. Venae verticosae
drain blood from:
•Whole of the choroid
•Receive small veins from optic nerve head
•Sometimes small veins from retina also join it
•Anterior tributaries come from the iris, ciliary

processes, ciliary muscle and anterior part of
the choroid. There is no major venous circle
corresponding to major arterial circle.
The oblique scleral canals through which the

vortex veins pass are about 4 mm long and
directed posteriorly in such a way that the four
veins appear to converge towards the apex of
the orbit.

The two superior vortex veins open into the
superior ophthalmic vein directly or through its
muscular or lacrimal tributaries. The two
inferior vortex veins open into the inferior
ophthalmic veins.

POSTERIOR AND ANTERIOR CHAMBERS

Posterior chamber

Posterior chamber is a triangular space
containing about 0.06 ml of aqueous humour.
The freshly formed aqueous humour from the
ciliary processes is poured into this space.
Posterior chamber is bounded anteriorly by the
posterior surface of the iris and part of ciliary
body, posteriorly by the crystalline lens and
its zonules, and laterally by the ciliary body
(Fig. 2.2). It can be divided into the following
three compartments.
1.Prezonular space. It lies between the posterior
surface of the iris and anterior surface of the
zonular fibres.
2.Zonular space. It is also known as circumlental
or ciliolental space. It is bounded centrally by
equator of the lens, peripherally by the ciliary
processes, anteriorly by the posterior surface of
anterior zonular fibres and posteriorly by the
anterior surface of posterior zonular fibres.
3.Retrozonular space. It lies between the
posterior surface of zonules and the peripheral
part of anterior vitreous face.

Anterior chamber

Anterior chamber is bounded anteriorly by the
back of cornea and posteriorly by the anterior
surface of iris and part of ciliary body (Fig. 2.2).
Anterior chamber is about 3 mm deep in the
centre in normal adults. It is comparatively
shallow in very young children and old people.
Its depth is determined genetically with a
dominant inheritance. It contains about 0.25 ml
of the aqueous humour. Through pupil, it
communicates with the posterior chamber. Its
peripheral recess is called angle of the anterior
chamber, which is mainly formed by the
trabecular meshwork.

ANGLE OF THE ANTERIOR CHAMBER

Structures forming angle recess

Angle of the anterior chamber plays an
important role in the process of aqueous
drainage. Clinically, the angle structures can be
visualized by gonioscopic examination. Starting
from posterior to anterior, the angle recess is
formed by following structures (Fig. 2.6).
1.Ciliary body band.It is the most posterior
landmark in the angle recess. It is formed by the
anterior most part of the ciliary body between
its attachment to the scleral spur and insertion
of iris. Therefore, its width depends upon the
level of iris insertion, and tends to be wider in
myopes and narrow in hypermetropes. Usually,
it appears as a grey or dark brown band.

2. Scleral spur.It is the posterior portion of the
scleral sulcus which usually appears as a
prominent white line on gonioscopy. On it are
attached ciliary body posteriorly and corneo-
scleral meshwork anteriorly.

3. Trabecular meshwork.It is seen as a band just
anterior to the scleral spur. Its appearance varies
considerably, since it has no pigment at birth
and develops pigment with increasing age;
therefore, with age its colour varies from faint
tan to dark brown.

4. Schwalbe’s line.It is a fine ridge seen just in
front of the trabecular meshwork. It is formed
by the prominent end of the Descemet’s
membrane of the cornea. It marks the anterior
limit of the structures forming the angle of the
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anterior chamber. It usually lies in the plane of
the posterior corneal surface, but in 15–20% of
normal subjects, it may be variably hyper-
trophied and project as a delicate, glistening
ridge into the anterior chamber (posterior
embryotoxon).

Gonioscopic grading of the angle width

Various systems have been suggested to grade
the angle width. The most commonly used is
modified Shaffer’s system of grading. The
grading of angle width is given in Table 2.1 and
is shown diagrammatically in Fig. 2.6.

Fig. 2.6 Depiction of various angle structures as seen in different grades of angle width (Shaffer’s grading system): (A)
Structures forming angle recess; (B) configuration of the angle in cross-section of anterior chamber; (C) Gonioscopic view.
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Schlemm’s canal

It is an endothelial lined oval channel present
circumferentially in the scleral sulcus. The
endothelial cells of its inner wall are irregular,
spindle-shaped and contain giant vacuoles.

The endothelial cells lining the outer wall of
the Schlemm’s canal are smooth and flat. The
outer wall of the canal contains numerous
openings of the collector channels. Torus or lip-
like thickenings have been observed around the
openings of the outlet (collector) channel and
septa have been noted to extend from these
openings to the inner wall of Schlemm’s canal,
which presumably help to keep the canal open.

Collector channels

Collector channels, also called intrascleral
aqueous vessels, are about 25–35 in number and
leave the Schlemm’s canal at oblique angles to
terminate ultimately into episcleral veins. They
are lined by vascular endothelium similar to that
of the outer wall of Schlemm’s canal. They are
relatively wide at their origin (20–90 μm), but
taper towards their anas-tomoses with the
venous channels. No valves are present in the
collector channels. These intrascleral aqueous
vessels can be divided into two systems:
1. Direct system. It is formed by about eight
larger vessels which run a short intrascleral
course and terminate directly into the episcleral
veins. On slit-lamp examination, they appear as
clear vessels with aqueous and have been called
aqueous veins by Ascher. Since these aqueous
vessels terminate into episcleral and conjunctival
veins in a laminated junction, these are also
referred to as the laminated veins of Goldmann.
2. Indirect system. It is constituted by numerous
finer collector channels which drain into three
interconnecting venous plexuses—the deep
intrascleral plexus, mid-intrascleral plexus and
the episcleral venous plexus—before eventually
going into the episcleral veins.

Episcleral veins

Most of the aqueous vessels drain into the
episcleral veins. The episcleral veins ultimately
drain into the cavernous sinus via the anterior
ciliary and superior ophthalmic veins.

Innervation of aqueous outflow system

Many workers now believe that both para-
sympathetic and adrenergic autonomic fibres
and sensory fibres innervate the aqueous
outflow system. Both myelinated and non-
myelinated nerve fibres have been demonstrated
in the trabecular meshwork and Schlemm’s
canal. Although, it is tempting to designate a
role for such innervation in the homeostasis of
intraocular pressure, however, no such function
has been established till date.

Nerve endings with structural characteristics
of mechanoreceptors have also been reported to
exist in the human scleral spur. Following
functions have been hypothesized for these
presumed mechanoreceptors:
• They might be acting as proprioceptive tendon

organs for the ciliary muscle fibres inserted
on the scleral spur.

• They might be influencing the contraction
of the myofibroblastic scleral spur cells.
They might perform a baroreceptor function
in response to changes in intraocular
pressure.

PHYSIOLOGICAL CONSIDERATIONS

FUNCTIONS, PROPERTIES AND COMPOSITION

OF AQUEOUS HUMOUR

FUNCTIONS OF AQUEOUS HUMOUR

Aqueous humour is a clear, colourless, watery
solution, continuously circulated from the
posterior chamber of the eye throughout the
anterior chamber. This continuous circulation
results from a dynamic equilibrium. The
aqueous humour serves following functions:
1. Maintenance of intraocular pressure. It is the
primary function of the aqueous. By virtue of
this, the aqueous humour helps in maintaining
the shape and internal structural arrangement of
the eye.
2. Metabolic role. In addition to its role in main-
taining a proper intraocular pressure, it also
plays an important metabolic role by providing
substrates and removing metabolites from the
avascular ocular structures as follows:
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aqueous humour is similar in its broad outlines
to that of plasma, careful review reveals some
striking differences that are inconsistent with
aqueous being simply a filtrate. For example, the
concentrations of ascorbate (vitamin C),
pyruvate and lactate are much higher than in
plasma, while those of urea and glucose are
much less.

Inulin and steroid. These hormones are also
present and enter the aqueous humour by
simple diffusion.

Prostaglandins. They appear to be actively
released into the aqueous by the iris.

Cyclic AMP. It has been detected in the aqueous
at a level about the same as found in serum.

Composition of aqueous humour of the

anterior and posterior chambers

The composition of aqueous humour in anterior
chamber differs from that of the aqueous
humour in posterior chamber because it
depends not only on the nature of production,
but also on the constant metabolic interchange
that occurs throughout its intraocular course.
Diffusional exchange across the iris is a

significant factor in changing the composition,
since iris vessels are permeable to anions and
non-electrolytes. Composition of aqueous
humour of anterior vis-à-vis posterior chamber
and plasma as studied by Kinsey and Reddy are
shown in Table 2.3. The striking differences are
as follows:
•The bicarbonate concentration in posterior

chamber aqueous is higher than in the
anterior. This is because the freshly secreted
fluid has a much higher concentration than in
the plasma, but due to diffusion into the
vitreous and into the blood from iris and
decomposition by the acids formed by the lens
and cornea metabolism, its level decreases in
the anterior aqueous.

•The chloride concentration in the newly
formed aqueous of posterior chamber is lower
than the plasma. Diffusion of chloride from
the blood raises the chloride levels of anterior
chamber aqueous.

•Ascorbate concentration in posterior aqueous
is much higher than the plasma. The gradient
of diffusion for ascorbic acid from the anterior
chamber to the blood reduces the concentration
of ascorbic acid in the anterior aqueous.

Factors affecting composition

of the aqueous humour

1.Blood–ocular barrier

By virtue of blood–ocular barrier, the protein
and other large molecular size substances are
largely prevented from entering the cavities
(anterior chamber, posterior chamber and in tear
cavity) of the eyes. This mechanism is essential
to maintain the clarity of the media of the eye.

Blood–ocular barrier consists of two parts—
the posterior blood–retinal barrier and the
anterior blood–aqueous barrier.

Blood–retinal barrier in turn consists of two
parts—the inner and the outer. The inner blood–
retinal barrier is composed of the tight junction
of retinal capillaries, endothelial cells and the
outer blood–retinal barrier consists of tight
junctional complexes (zonula occludens and
zonula adherens) which are located between
adjacent RPE cells (Fig. 2.9).

Table 2.3. Composition of plasma and aqueous humour
of the anterior and posterior chambers of rabbits

Substancemmol/kg water

AnteriorPosteriorPlasma
aqueous aqueous

Inorganic constituents
Sodium146.5144.5146
Potassium4.7—4.8
Chloride105.1100.0111.8
Bicarbonate27.734.124
Phosphate0.890.521.49
Hydrogen ion (pH)7.67.577.4

Organic constituents
Ascorbate0.961.300.02
Lactate12.111.28.2
Glucose6.77.18.3
Non-protein nitrogen13.413.517.6
Urea6.35.87.3

(Source: Kinsey VE, Reddy DVN. In: Prince JH (ed). The
Rabbit in Eye Research, Springfield, III, Charles Thomas
1966).
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Blood–aqueous barrier is formed by the tight
junctions (zonula occludens and zonula
adherens) between the cells of the inner non-
pigmented epithelium of the ciliary body
(Fig. 2.4) and the non-fenestrated endothelium
of the iris capillaries. However, the endothelial
cells of iris capillaries are not joined by tight
junctions and in inflammatory conditions they
become leaky, causing an aqueous flare.

The blood–ocular barrier is not absolute.
Medium-sized, water-soluble substances may
penetrate it but at much slower rate than their
transit across capillary walls. Examples of such
substances include urea creatinine and some
sugars. Further, lipid solubility greatly facilitates
the ability of a substance to penetrate the blood–
ocular barrier.

Clinical applications of blood–ocular barrier

i.Hyperosmotic agents, like mannitol, penetrate
the eye poorly because of the blood–ocular
barrier, but are distributed fairly widely in the
extracellular spaces of the body. Thus, water is
drawn from the cells and the ocular fluids
(vitreous more than the aqueous), resulting in a
fall in the intraocular pressure.
ii.Ocular penetration of systemically administered
antibiotics. Only low molecular weight drugs,
such as chloramphenicol, cephalothin and
ampicillin can cross the blood–aqueous barrier.
Very poor passage is allowed to large-sized
molecules, such as penicillin, methicillin and
erythromycin. Out of the borderline molecular
weight drugs, those with high lipid solubility

can pass easily, e.g. sulfonamides have the same
molecular weight as sucrose but are 16 times
more permeable due to their lipid solubility.

Breakdown of the blood–aqueous barrier

Factors interrupting blood–aqueous barrier. The
blood–aqueous barrier is rather fragile. Certain
conditions which can disturb the blood–aqueous
barrier are listed below:
I. Ocular trauma
1. Mechanical

i.Paracentesis
ii.Corneal abrasion

iii.Intraocular surgery
iv.Stroking iris

2.Physical
i.X-rays

ii.Atomic radiation

3. Chemical
i.Alkali

ii.Irritants, e.g. nitrogen mustard

II.Pathophysiologic
1.Vascular dilatation

i.Histamine
ii.Sympathectomy

2.Corneal and intraocular infections
3.Intraocular inflammations
4.Prostaglandins
5.Anterior segment ischaemia

III.Pharmacologic
1.Melanocyte-stimulating hormone (MSH)
2.Nitrogen mustard
3.Cholinesterase inhibitors
4.Cholinergic drugs
5.Plasma hyperosmolality

Effect of breakdown of blood–aqueous
barrier on aqueous humour composition

•With the breakdown of blood–aqueous
barrier, substances, such as proteins that are
normally almost completely excluded from
penetration, appear in the aqueous humour
in measurable amounts. Thus, proteins and
antibodies in the aqueous equilibrate with

Fig. 2.9Blood–retinal barrier
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Ultrafiltration accounts for 20% and osmosis
10%. The various constituents of the aqueous
humour reach the posterior chamber from the
plasma within the capillary network of ciliary
processes as follows:

1. Formation of stromal pool

It is the first step in the formation of aqueous.
By ultrafiltration, most substances pass easily
from the capillaries of the ciliary processes,
across the stroma and between the pigmented
epithelium cells before accumulating behind the
tight junctions of the non-pigmented epithelium.
Protein is to be expected in the filtrate because
of the fenestrated nature of the ciliary capillaries.

2. Active transport of stromal filtrates

The tight junctions between the non-pigmented
epithelial cells create part of blood–aqueous
barrier. Evidence of active transport occurring
across these non-pigmented epithelial cells,
especially in the cell membrane of the lateral
interdigitations, comes from observations of the
following in these areas:
• Abundant Na+–K+-active ATPase,
• Presence of more mitochondria,
• Higher adenyl cyclase activity,
• Higher specific activity for glycolytic

enzymes, and
• Preferential incorporation of labelled sulphate

into macromolecules (primarily glycolipids
and glycoproteins).
Until recently, active aqueous secretion was

thought to be carried out solely by the mito-
chondria rich non-pigmented epithelium as
described above. However, recent studies have
shown that the pigmented epithelium also plays
an active role in the aqueous production. The
basolateral membranes of the pigmented
epithelial cells contain numerous Na+ ion
dependent cotransporters and exchangers
(Fig. 2.12) and carbonic anhydrase activity is also
present in these cells. The net effect of these ion
transport systems is a low level of Na+ in both
epithelial layers (facilitated by numerous gap
junctions between the pigmented and non-
pigmented cells), a high level of ascorbate and
K+, and control of intracellular pH.

Following substances from the stromal filtrate
are actively transported across epithelial cells:
• Sodium: Approximately 70% of the sodium

found in the posterior chamber is actively
transported by a specific secretory pump.
Remaining 30% enters the posterior chamber
by diffusion or ultrafiltration. The active
transport of sodium is ATPase-dependent but
does not appear to be related to the
concentration of sodium in plasma.
Whether carbonic anhydrase works on the
sodium pump as a facilitator, as a catalyst or
as part of a parallel but related process remains
to be demonstrated. It is possible that carbonic
anhydrase acts to maintain the proper pH for
the Na+–K+-ATPase system.

• Chloride: A smaller percentage of the chloride
ion is actively transported and this appears to
be dependent upon the presence of sodium
as well as pH. The remaining amount of Cl–

enters into lateral intercellular space by
diffusion.

• Potassium is transported by secretion and
diffusion.

• Ascorbic acid is secreted against a large
concentration gradient.

• Amino acids are secreted by at least three
carriers, one each for acidic, basic and neutral
molecules.

• Bicarbonate: Its formation is catalysed by
carbonic anhydrase. The rapid interconver-
sion between bicarbonate and CO2 makes it
difficult to determine the relative proportions
of these two substances. It influences fluid
transport through its effect on sodium,
possibly by regulating the pH for optimum
active transport of sodium.

3. Passive transport across

non-pigmented ciliary epithelium

Active transport of the substances as described
above, across the non-pigmented ciliary
epithelium results in an osmotic and electrical
gradient. To maintain the balance of osmotic and
electrical forces, water, chloride and other small
plasma constituents move into the posterior
chamber by ultrafiltration and diffusion; sodium
is primarily responsible for movement of water
into the posterior chamber and its secretion is a
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major factor in the formation of aqueous. Some
authors have suggested that the primary event
in the aqueous formation is the production of
hydroxyl ions, which depends upon the catalytic
action of carbonic anhydrase. However, much
of the evidences accumulated till now indicate
that the secretion of sodium into the posterior
chamber is the key event in aqueous formation.
The following evidences support this view:
• Presence of large concentration of Na–K+-

activated ATPase especially at the lateral
interdigitations of the non-pigmented
epithelium.

• Ouabain which is an inhibitor of Na+–K+-
activated ATPase effectively reduces aqueous
formation.

• Shrinkage of ciliary processes is inhibited by
ouabain.

• Sodium accumulates in the posterior chamber
after parenteral administration of radioactive
sodium.

RATE OF AQUEOUS HUMOUR PRODUCTION

Normal values

The rate of aqueous humour formation in the
human varies somewhat according to the
measurement technique used. However, a figure
of 2 µl/min is generally used. The correspon-
ding figures in rabbits are about 3–4 μl/min.
Fluorophotometric studies which may provide
the most reliable estimates, give a value of
approximately 2.5 μl/min in the undisturbed
human eye.

Fig. 2.12 Mechanism of aqueous humour formation
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the trabecular meshwork in the angle of anterior
chamber up to juxtacanalicular tissue, which
along with the inner wall of the Schlemm’s canal,
appears to provide some resistance to the
outflow.

The process of aqueous transport across the
trabecular meshwork cells and the inner wall of
Schlemm’s canal is partially understood. Before
reviewing the suggested mechanisms of
aqueous transport, it will be worthwhile to
review the salient features of trabecular mesh-
work cells and Schlemm’s canal endothelial
cells.

Trabecular meshwork cells and

Schlemm’s canal cells

Trabecular meshwork cells line the aqueous
channels and their activities promote aqueous
outflow. Trabecular meshwork endothelial cells
have special characteristics, namely active
phagocytic properties, high levels of cytoskeletal
actin (which in cultured cells are particularly
sensitive to cytochalasin B) and lower levels of
microtubules (which appear to be relatively
nonresponsive to colchicine). These cells also
contain vimentin and desmin, thus showing
some similarity to smooth muscle cells. Taken
together, these findings suggest that trabecular
meshwork endothelial cells are specialized both
for endocytic transport of water and solutes and
contractility. Actin mobilization appears to be
mediated via adrenergic receptors, probably of
the β2 type which are highly responsive to
epinephrine. Energy metabolism in the trabecular
meshwork endothelium is predominantly
glycolytic rather than oxidative, although both
enzyme systems are present and functional.
Transport of water may be achieved not merely
by passive transportation of H2O packets but by
activation of a water channel protein, aquaporin
1 (AQPO l), found in corneal endothelial cells.

Metabolic labelling studies have shown that
most of the matrix components in the trabecular
meshwork are synthesized and degraded by the
endothelial cells. In addition, these cells have
high levels of surface tissue plasminogen
activator (tPA), higher even than in vascular
endothelial cells, and this is likely to play a role
in maintaining patency and reducing the

resistance of the outflow passages. Phagocytic
activity of trabecular meshwork cells is
associated with several other enzymatic
activities, such as GAG-degrading enzymes and
acid phosphatase.

Trabecular meshwork cells have receptors for
a variety of agents including epinephrine (β2
adrenergic receptors, decrease phagocytosis)
and glucocorticoids. Both steroids and oxidative
damage induce the expression of the trabecular
meshwork inducible glucocorticoid response
(TIGR) protein. Mutations in the TIGR gene have
been found in patients with glaucoma. In
addition, TGF-β appears to be involved in the
glucocorticoid cell response and in the
production of trabecular meshwork extracellular
material. Steroids inhibit prostaglandin
production by trabecular meshwork cells at
concentrations as low as 10–8 M. Prostaglandin
synthesis by trabecular meshwork accounts for
a significant proportion of its arachidonic acid
metabolism (70% compared with less than 5%
in other cells) suggesting that prostaglandins
play a major role in trabecular meshwork cell
physiology. In addition to substantial amounts
of PGE and PGF2α, leukotriene B4 appears to
be produced in high amounts.

Trabecular meshwork cells contain the free
radical and hydrogen peroxide detoxifying
enzyme systems present in other tissues, such
as the ciliary body. Both a catalase and a
glutathione-dependent system are active in
handling hydrogen peroxide, which can reach
levels as high as 25 mmol/L in the aqueous
humour.

Various mechanisms of aqueous transport

across inner wall of Schlemm's canal

Based on the above description of trabecular
meshwork and canal of Schlemm’s endothelial
cells. Various theories have been put forward
from time to time, to explain the flow of aqueous
humour across the inner wall of Schlemm’s
canal. These theories can be grasped as below:

I.Passive filter mechanisms

Earlier it was believed that from the juxta-
canalicular space, the aqueous enters the
Schlemm’s canal against slight resistance.

27 Anatomy and Physiology of Aqueous Humour Dynamics and Intraocular Pressure

Following mechanisms were postulated which
are now discarded and have become part of
historical interest only:
•Leaky endothelial cells: Some workers have

suggested that the leaky endothelial cells
might allowing aqueous drainage. However,
it has not been substantiated by evidence.

•Sonderman's channels: These have been described
as small tubules. It was suggested that
channels help aqueous to flow from inner
trabecular spaces of the corneoscleral
trabecular mesh into the lumen of Schlemm’s
canal. But importance and exact role in the
aqueous outflow have not been substantiated.

•Contractile microfilaments: These have been
described by some workers to be present in
the inner wall endothelium of Schlemm’s
canal and also in the endothelial lining of
trabeculae. Their disruption by EDTA has
been reported to result in decrease in the
resistance to outflow. However, the exact role
of microfilaments in the aqueous drainage is
not yet clear.

•Pores in endothelial cells: Bill and Svedbergh
have shown that the endothelial cells have a

total of 20,000 pores with diameter up to 3 µ
and that calculations based on this reveal that
the pores could be responsible for all the bulk
aqueous flow. Perhaps these pores might be
part of pores and vacuoles of transcellular
system of aqueous outflow as described by
Tripathi.

•Vacuolation theory (pores and giant vacuole
system): Vesicles and larger vacuoles are
frequently seen in the endothelium. Tripathi
has suggested that these vacuoles open and
close intermittenty to transport aqueous from
the juxtacanalicular tissue to Schlemm’s canal
(Fig. 2.13). Whether process is active or passive
is still controversy. But at present majority of
the workers believe it be a pressure-dependent
passive transport.

II.Aqueous outflow active pump mechanism

Aqueous outflow through the aqueous outflow
system has long been considered a passive filter
mechanism against the pressure gradient as
described above. However, recently it has been
reported that aqueous outflow system acts as
biomechanical pump as described below:

Fig. 2.13Vacuolation theory of aqueous transport across the inner wall of Schlemm’s canal: 1. Non-vacuolated state; 2.
Stage of early infolding of basal surface of the endothelial cell; 3. Stage of macrovacuolar structure formation; 4. Stage of
vacuolar transcellular channel formation; 5. Stage of occlusion of the basal infolding
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perfusion studies are independent of the ocular
rigidity and corneal curvature.

Sources of error in perfusion method
• A significant artefact is produced by introduc-

tion of cannula into the anterior chamber of
the eye.

• Deepening of the anterior chamber by the
extra fluid injected also produces significant
artefact.

• Postmortem tissue changes (in the enucleated
eyes), such as lack of blood flow and alteration
of aqueous secretion, affect the values.

2. Tonography

Tonography is a non-invasive technique for
determining the facility of aqueous outflow, and
is thus, the most commonly used method in
clinical practice.

Technique

C-value is estimated by placing Schiotz
tonometer on the eye for 4 minutes. For a graphic
record, the electronic Schiotz tonometer is used.
P0 is determined from the initial scale reading
and a standard calibration table. P0 and the
change in scale reading over a few minutes (ΔR)
are then used to obtain the C-value from the
special tonographic tables.

Sources of error in addition to those discussed
under the errors of indentation tonometry
(which will also apply here, page 64) are as
follows:
• Variations in line voltage may produce an

apparent drift in the IOP measurements which
can be minimized with line voltage stabilizers
and by avoiding magnetic fields.

• Consensual pressure drop. The IOP may drop
by 1 mm Hg in the fellow eye. It has been
reported to result from evaporation which
occurs when the eye is kept open for fixation
during the 4 minutes test.

• Patient relaxation effect. The IOP is reported to
fall as the patient relaxes during first 15 to 20
seconds, after the tonometer is placed on the
cornea. Therefore, 4 minutes tracing should
be taken after 30 seconds.

• Other patient-related factors, such as blinking,
squeezing or lack of fixation during the test,
can also lead to poor tonographic record.

• Operator errors including improper cleaning,
calibration or positioning of the instrument,
as well as improper calculation of the tracing
can also lead to inaccurate results.

Normal versus abnormal C-value

• The average C-value is 0.28 ± 0.05 µl/min/
mm Hg.

• About 97.5% of the population have values
higher than 0.18 and 99.9 to greater than 0.13.

• Most glaucoma patients have C-values less
than 0.17.

• A low C-value with a normal P0 may be due
to a sticky tonometer, low ocular rigidity and
hyposecretion.

• A high C-value with elevated P0 may be due
to an artificially elevated P0, high ocular
rigidity, elevated episcleral venous pressure
and angle closure glaucoma (the force of the
tonometer may open the angle).

Clinical value of tonography

There was a time when C-value was considered
extremely important for the diagnosis of
glaucoma. Presently, C-value is being consi-
dered to play not much role in the diagnosis and
management of glaucoma.

However, under following conditions,
tonography is felt by some physicians to have a
clinical value:
• As an adjunct in the diagnosis of borderline

glaucoma, C-value has very limited role.
Though the abnormal tonometric and
tonographic results do not make the diagnosis
of glaucoma, but do alert the ophthalmologist
to follow the patient more closely.

• In angle-closure glaucoma, once an acute attack
is broken, a C-value of 0.10 or less suggests
that a peripheral iridectomy alone may not be
sufficient.

• As an adjunct in the diagnosis of myasthenia
gravis.

• As an adjunct in the diagnosis of carotid
insufficiency.

• May help to assess therapy of glaucoma.
• Evaluation of drug mechanism and study of

abnormalities of the various influences on
aqueous humour dynamics.
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3. Suction cup method

This method is no better than tonography and
so not used clinically. In this technique, a suction
cup is applied to the perilimbal area, which
occludes the episcleral vein and thus, trabecular
outflow from the eye, and results in rise of IOP.
After the suction cup is removed, the rate of
return to normal IOP is noted. The faster the
return to baseline IOP, the greater the outflow
facility; and conversely, the slower the return
to baseline, the lower the outflow facility.

INTRAOCULAR PRESSURE

GENERAL CONSIDERATIONS

Features of normal intraocular pressure

Intraocular pressure refers to the pressure
exerted by intraocular contents on the coats of
the eyeball. The normal level of IOP is essentially
maintained by a dynamic equilibrium between
the aqueous humour formation, aqueous
humour outflow, and episcleral venous
pressure. IOP is distributed evenly throughout
the eye, so that the pressure is always the same
in the posterior vitreous as it is in the aqueous
humour. The intraocular pressure is important
in maintaining the shape of the eyeball and thus
also the optical integrity.
• Normal IOP varies between 10.5 and 20.5 mm

Hg with a mean pressure of 15.5 ± 2.57 mm
Hg.

• IOP is created by aqueous formation which
has two components: First, a hydrostatic
component from the arterial blood pressure
and ciliary body tissue pressure, and second,
an osmotic pressure induced by the active
secretion of sodium and other ions by the
ciliary epithelium.

• IOP serves as the tissue pressure of the
vascularized internal structures of the eye, and
is thus, much higher than the tissue pressure
elsewhere in the body (5 mm Hg).

• Normal IOP is pulsatile, reflecting in part its
vascular origin and the effects of blood flow
on the internal ocular structures.
The IOP is a dynamic function. Any single

measurement of IOP is just a momentary sample

and may or may not reflect the average pressure
for the patient in that hour, day or week.

Frequency distribution of IOP in the population

Several population-based studies have been
done to comment upon the frequency distribu-
tion of the normal IOP. Despite the use of
different instruments and differing ethnic
groups, the studies show remarkably close
correlation. The most frequently cited
population study is that of Leydhecker and
associates, in which 10,000 persons with no
known eye disease were tested with Schiotz
tonometer. The conclusions drawn from the
study regarding frequency distribution of IOP
in the population are as follows:
• The distribution of pressures observed

resembled a Gaussian curve, but was skewed
towards the right (Fig. 2.16).

• It has been assumed that perhaps two different
population groups account for the skewed
distribution: a large ‘normal’ group (having a
true Gaussian-shaped curve) and a smaller
group that was felt to be glaucomatous
without optic nerve head damage (causing a
long tail on the right hand side of the
distribution curve).

• The mean IOP of normal group was 15.5 ± 2.57
mm Hg.

• 95% of the population had an IOP between
10.5 and 20.5 mm Hg.

• If one chooses a point 2 SD above the mean as
the upper limit of normal (about 20.5 mm Hg),

Fig. 2.16 Distribution of intraocular pressure in non-
glaucomatous (N) and glaucoma (G) populations, showing
overlap between the two groups (dotted lines represent
uncertainty of extreme value in both populations
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pressure and rotation of eyes in divergent
position.

iv. In general, once the patient is under the effect of
general anaesthesia, the IOP is decreased. This
effect occurs regardless of the type of
anaesthetic. Possible mechanisms for the
decreased IOP include muscle relaxation,
decreased pressure, increased carbon dioxide
levels in the blood, and/or direct effect of
anaesthetic agent.

10. Effects of drugs on IOP. In addition to the
well-established antiglaucoma drugs and effect
of general anaesthetic agents as discussed, many
other drugs also affect the IOP. Alcohol, heroin,
and systemic vasodilators have been reported
to lower the IOP. While tobacco smoking,
caffeine, LSD, and corticosteroids may raise the
IOP.
11. Blockage of the circulation of aqueous has a
profound effect in raising the intraocular
pressure. Such a block may occur at two places:

i. At the pupil where the flow of fluid from the
posterior to the anterior chamber may be
impeded, and

ii. At the angle of the anterior chamber.

CONTROL OF INTRAOCULAR PRESSURE

Although there are minor physiological
variations of IOP, there exists more or less a
constant steady level of IOP, in spite of the fact
that there is continuous drainage of the aqueous
humour or in other words there is continuous
leakage from the eye. As already discussed, this
steady level of IOP is the result of a dynamic
equilibrium between the aqueous humour
formation, the normal resistance offered by the
drainage channels for the outflow of fluid from
the eye and the episcleral venous pressure. The
homeostatic mechanisms locally help in
maintaining the steady state level of IOP. For
example, when IOP rises, there occurs a decrease
in the aqueous inflow (pseudo-facility)
maintaining the equilibrium.

It is now being assumed that there exists some
central controlling mechanisms that tend to
maintain pressure homeostasis within the eye.
The nature of location(s) of such a centre have
still not been delineated. However, the
evidences have accumulated which suggest that

the controlling centre operates through the
sympathetic, parasympathetic and diencephalic
influences. The above conclusions are based on
the following observations of various workers:
• Pressure sensitive afferent fibres have been found

in the long posterior and short ciliary nerves.
• Diencephalon’s stimulation has been reported

to cause a fall or rise in IOP, depending upon
the area stimulated.

• Cervical sympathetic ganglion’s stimulation
produces a drop in IOP due to diminished
aqueous secretion.

• Beta-adrenergic stimulation causes inhibition of
aqueous secretion and alpha-adrenergic
stimulation causes an improvement in
aqueous outflow facility.

• Parasympathetic system stimulation decreases
IOP by an increase in aqueous outflow facility.

MEASUREMENT OF INTRAOCULAR PRESSURE

Measurement of intraocular pressure has been
described in Chapter 6.
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•Upper temporal and lower temporal quadrant
•Most medial quadrant
•Upper nasal and lower nasal quadrant

(thickest)

Clinical significance of distribution and thickness

of nerve fibres at the optic disc margin

•Papilloedema appears first of all in the thickest
quadrant (upper nasal and lower nasal) and
last of all in the thinnest quadrant (most
lateral).

•Arcuate nerve fibres which occupy the
superior temporal and inferior temporal
quadrants of optic nerve head are most
sensitive to glaucomatous damage, accounting
for an early loss in corresponding regions of
visual field.

•Macular fibres occupying the lateral quadrant
are most resistant to glaucomatous damage
and explain the retention of the central vision
till end.

OPTIC NERVE HEAD

Gross anatomy

Optic nerve head was also known as “papilla”;
the term “papilla” was coined based on an
impression that the normal optic nerve head was
elevated like a papilla. But it is a misnomer.
Similarly, the term “optic disc” is also a
misnomer as disc refers to a two-dimensional
structure but on the contrary optic nerve head
is a three-dimensional structure. The optic nerve
head may be defined as the intraocular portion
of the optic nerve. It extends anteriorly from the
retinal surface to the myelinated portion of the
optic nerve that begins just behind the sclera,
posterior to the lamina cribrosa. It is also the site
of entry and exit of the retinal vessels.

The borders of the optic nerve head include:
•Anteriorly: Vitreous humour
•Peripherally: Retina and sclera
•Posteriorly: Pia, arachnoid and dura maters

with cerebrospinal fluid present between the
arachnoid and dura meninges.

•Diameter of optic nerve head varies from 1.66
to 1.92 mm horizontally and 1.57 to 1.76 mm
vertically.

•Area of the nerve head may range from
0.68 to 4.42 mm2.
In the context of a discussion on glaucoma,

the optic nerve head is defined as the distal
portion of the optic nerve that is directly
susceptible to intraocular pressure elevation.

In comparison to the rest of retina, the optic
disc appears white due to lamina cribrosa and
medullated nerve fibres behind it and absence
of vascular choroid. In the centre, where the
nerve fibres are thinnest, the white lamina shines
more brightly. The grey spots in the lamina,
when they are seen, are due to the non-
medullated nerve fibres reflecting less light than
the white connective tissue fibres.

The physiological cup of the optic disc is a
depression seen in it. The central retinal vessels
emerge through the centre of this cup. The cup
varies in size, shape, position and depth in
different eyes. Sometimes there is scarcely any
physiological cup, in which case the disc is more
uniformly pink and the central vessels may have
already divided before they come to the surface.
Increase in the size of the cup and/or difference
in the size of cup of two eyes should be watched
with suspicion and investigated to exclude
glaucoma.

Microscopic anatomy

The optic nerve head may be arbitrarily divided
into four portions from anterior to posterior as
defined by light microscopy, scanning electron
microscopy and immunohistochemistry (Fig. 3.4).
1.Surface nerve fibre layer. This part is
essentially composed of axonal bundles, i.e.
nerve fibres originating from ganglion cell layer
of the retina (94%) which converge on the optic
disc and astrocytes (5%). The optic disc is
covered by a thin layer of astrocytes, the internal
limiting membrane of Elschnig, which separates it

Fig. 3.3Arrangement of nerve fibres at the optic nerve head
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from the vitreous and is continuous with the
internal limiting membrane of the retina. When
the central portion of this membrane is
thickened, it is referred to as the central meniscus
of Kuhnt.

All the layers of retina, apart from nerve fibre
layer, near the optic nerve, are separated from
it by a partial rim of glial tissue called inter-
mediate tissue of Kuhnt.
2. Prelaminar region. The predominant
structures at this level are neurons and a
significantly increased quantity of astroglial
tissue. The type 1B astrocytes segregate RGC
axons into fascicles (also called bundles). Each
fascicle consists of approximately 1000 axons.
The border tissue of Jcoby (a cuff of astrocytes)
separates the nerve from the choroid.
3. Lamina cribrosa. It is a fibrillar sieve-like
structure made up of fenestrated sheets of scleral
connective tissue lined by glial tissue. It bridges
the posterior scleral foramina or the scleral canal.
The bundles of optic nerve fibres leave the eye
through these fenestrations. A rim of collagenous
connective tissue with some admixture of glial
cells which intervenes between the choroid and
sclera and optic nerve fibers is called border tissue
of Elschnig. The lamina cribrosa gets its rich
blood supply from the circle of Zinn.

4. Retrolaminar region. This area is charac-
terized by a decrease in astrocytes and the
acquisition of myelin that is supplied by
oligodendrocytes. The addition of myelin sheath
nearly doubles the diameter of the optic nerve
(from 1.5 to 3.0 mm) as it passes through the
sclera. The axonal bundles are surrounded by
connective tissue septa. The posterior extent of
the retrolaminar region is not clearly defined.

Blood supply of optic nerve head

Arterial supply

Posterior ciliary artery circulation is the main
source of blood supply to the optic nerve head,
except for the nerve fibre layer which is supplied
by the retinal circulation. The blood supply in
the optic nerve head has a sectoral distribution
(Fig. 3.5).
•The surface nerve fibre layer is mainly supplied

by the arterioles derived from central retinal
artery, which anastomose with vessels of the
prelaminar region and are continuous with the
peripapillary retinal and long radial peri-
papillary capillaries. Occasionally, a ciliary-
derived vessel from the prelaminar region
may enlarge to form the cilioretinal artery.

•The prelaminar region is supplied by vessels of
ciliary region. There is lack of agreement as to

Fig. 3.4Schematic drawing of optic nerve head
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Fig. 3.6 Mechanism involved in RGC apoptosis secondary to elevated IOP

resulting in NTG and progression of damage in
patients with POAG.
iv. Other factors, such as acute blood loss and
abnormal coagulability profile, have also been
associated with NTG.
Mechanism involved in RGC apoptosis secondary to
vascular dysregulation is summarized in Fig. 3.7.

The observed differences in glaucomatous
visual field defects between patients with low-
tension and high-tension glaucomas have led to
the suggestion that ischaemia may be the
predominant factor in those glaucomas at the
lower end of the IOP scale, whereas a more
direct mechanical effect of the pressure may
prevail in cases with higher IOP.

Fig. 3.7 Mechanism involved in RGC apoptosis secondary to vascular dysregulation

B. Secondary insults (excitotoxicity theory)

Neuronal degeneration is believed to be driven
by toxic factors, such as glutamate (excitatory
toxin), oxygen free radicals, or nitric oxide which
are released when RGCs undergo death due to
primary insults as described above. In this
way, the secondary insult leads to continued
apoptosis, even after the primary insult has been
controlled.

Role of glutamate. Upon exposure to hypoxic
conditions, retinal cells are known to release
glutamate. Concentrations of glutamate higher
than the physiological concentration are toxic
to neurons depending upon the duration and
extent of increase in concentration. Glutamate-
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Fig. 3.8 Interplay of primary and secondary factors leading to RGC apoptosis

induced excitotoxicity is primarily mediated by
ionotropic NMDA subtype receptors. NMDA
receptor activation leads to opening of
associated ion channels and the entry of
extracellular Ca++ and Na+ into the neurons.
Glutamate-mediated neuronal toxicity is
dependent on the influx of extracellular Ca+,
which in turn acts as second messenger to
activate downstream signaling pathways finally
leading to cell death.

In the past, calcium channel blockers were
suggested to provide neuroprotection by
improving the optic nerve head blood flow. But
there were concerns that these agents reduce the
systemic blood pressure and might worsen the
optic nerve head ischaemia by reducing the
perfusion pressure.

Role of nitric oxide. Nitric oxide synthase (NOS)
produces NO by oxidation of L-arginine and has
been detected in three isoforms. NOS-2 is the
inducible form of the enzyme (iNOS), which
produces excessive quantities of NO under
diverse conditions, such as exposure to
cytokines and pressure. The excess of NO thus
produced enters freely into the cells after
diffusion through the local microenvironment.

It is a free radical of moderate reactivity and after
entering the cell leads to the production of
highly reactive free radicals, such as peroxy-
nitrite after combining with superoxide (a
product of mitochondrial metabolism). These
highly reactive free radicals cause massive
destruction of cell components and macro-
molecules.

The primary factors responsible for apoptotic
cell death in glaucoma include elevated IOP and
vascular dysregulation. The molecular mecha-
nisms involved include glutamate excitotoxicity,
increased MMP expression, TNF-α upregulation,
increased NOS-2 expression and oxidative
stress.

Interplay of primary and secondary factors leading
to RGC apoptosis is summarized in Fig. 3.8.

Summary

It seems that the glaucomatous optic neuropathy
is multifactorial, and at different times and in
different eyes, may involve:
• Genetic susceptibility factors
• Mechanical factors including concept of

translaminar pressure
• Loss of neuropathic factors, and neurotoxicity,

and
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Prevalence

The term disease prevalence refers specifically
to ‘all current cases (old and new) existing at a
given point in time, or over a period of time in a
given population’. It is given by the formula:

 Number of all current cases
(old and new) of a specified disease

 existing at a given point in time
Prevalence =  × 100

Estimated population at 
the same point in time

Relationship between

incidence and prevalence

Given the assumption that the population is
stable, and incidence and duration are
unchanging, the relationship between incidence
and prevalence can be expressed as:

P = I × D

EPIDEMIOLOGICAL STUDIES

Epidemiological studies can be classified as
observational studies and experimental studies
with further subdivisions:
1.Observational studies

•Descriptive studies
•Analytical studies

2.Experimental studies
•Randomised control trials
•Field trials
•Community trials

Descriptive epidemiology

These studies are concerned with observing the
distribution of disease or health-related
characteristics in human populations and
identifying the characteristics with which the
disease in question seems to be associated. These
describe the occurrence and distribution of
disease by time, place and person.
•Time distribution. The pattern of disease may

be described by the time of its occurrence and
fluctuations which can be short-term, periodic
or long-term (Figs 4.1 and 4.2).

•Place distribution. It studies the distribution
and occurrence of a specific disease in various
geographical areas (Fig. 4.3).

•Person distribution. It defines the persons who
develop the disease by age, sex, occupation,
marital status, habits, social class and other
host factors (Fig. 4.4).

Analytical epidemiology

Case control study

Often called ‘retrospective study’, this method
has three distinct features:
•Both exposure and outcome have occurred

before the start of the study,
•The study proceeds backwards from effect to

cause, and
•It uses a control group to support or refute an

inference.

Cohort study

It is usually undertaken to obtain additional
evidence to refute or support the existence of
an association between suspected cause and
disease. It is known by a variety of names:
prospective study, longitudinal study, incidence
study and forward looking study. The
distinguishing features of cohort studies are:
•The cohorts are identified prior to the

appearance of the disease under investigation.
•The study groups are observed over a period

of time to determine the frequency of disease
among them.

Fig. 4.1 Diurnal variation in IOP (an example of time
distribution)
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•The study proceeds forwards from cause to
effect.

Risk factor, relative risk and attributable risk

Risk factor

Risk factor is an attribute or determinant that is
significantly associated with the development
of a disease.

Relative risk

It is the ratio of the incidence of the disease among
exposed and the incidence among non-exposed.

Attributable risk

It is the difference in incidence rates of disease
between an exposed group and non-exposed
group.

Fig. 4.2Average intraocular pressure (IOP) over a 5-year period from 2006 to 2010

Fig. 4.3Prevalence of glaucoma in different countries (an example of place distribution)
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aqueous humour is similar in its broad outlines
to that of plasma, careful review reveals some
striking differences that are inconsistent with
aqueous being simply a filtrate. For example, the
concentrations of ascorbate (vitamin C),
pyruvate and lactate are much higher than in
plasma, while those of urea and glucose are
much less.

Inulin and steroid. These hormones are also
present and enter the aqueous humour by
simple diffusion.

Prostaglandins. They appear to be actively
released into the aqueous by the iris.

Cyclic AMP. It has been detected in the aqueous
at a level about the same as found in serum.

Composition of aqueous humour of the

anterior and posterior chambers

The composition of aqueous humour in anterior
chamber differs from that of the aqueous
humour in posterior chamber because it
depends not only on the nature of production,
but also on the constant metabolic interchange
that occurs throughout its intraocular course.
Diffusional exchange across the iris is a

significant factor in changing the composition,
since iris vessels are permeable to anions and
non-electrolytes. Composition of aqueous
humour of anterior vis-à-vis posterior chamber
and plasma as studied by Kinsey and Reddy are
shown in Table 2.3. The striking differences are
as follows:
•The bicarbonate concentration in posterior

chamber aqueous is higher than in the
anterior. This is because the freshly secreted
fluid has a much higher concentration than in
the plasma, but due to diffusion into the
vitreous and into the blood from iris and
decomposition by the acids formed by the lens
and cornea metabolism, its level decreases in
the anterior aqueous.

•The chloride concentration in the newly
formed aqueous of posterior chamber is lower
than the plasma. Diffusion of chloride from
the blood raises the chloride levels of anterior
chamber aqueous.

•Ascorbate concentration in posterior aqueous
is much higher than the plasma. The gradient
of diffusion for ascorbic acid from the anterior
chamber to the blood reduces the concentration
of ascorbic acid in the anterior aqueous.

Factors affecting composition

of the aqueous humour

1.Blood–ocular barrier

By virtue of blood–ocular barrier, the protein
and other large molecular size substances are
largely prevented from entering the cavities
(anterior chamber, posterior chamber and in tear
cavity) of the eyes. This mechanism is essential
to maintain the clarity of the media of the eye.

Blood–ocular barrier consists of two parts—
the posterior blood–retinal barrier and the
anterior blood–aqueous barrier.

Blood–retinal barrier in turn consists of two
parts—the inner and the outer. The inner blood–
retinal barrier is composed of the tight junction
of retinal capillaries, endothelial cells and the
outer blood–retinal barrier consists of tight
junctional complexes (zonula occludens and
zonula adherens) which are located between
adjacent RPE cells (Fig. 2.9).

Table 2.3. Composition of plasma and aqueous humour
of the anterior and posterior chambers of rabbits

Substancemmol/kg water

AnteriorPosteriorPlasma
aqueous aqueous

Inorganic constituents
Sodium146.5144.5146
Potassium4.7—4.8
Chloride105.1100.0111.8
Bicarbonate27.734.124
Phosphate0.890.521.49
Hydrogen ion (pH)7.67.577.4

Organic constituents
Ascorbate0.961.300.02
Lactate12.111.28.2
Glucose6.77.18.3
Non-protein nitrogen13.413.517.6
Urea6.35.87.3

(Source: Kinsey VE, Reddy DVN. In: Prince JH (ed). The
Rabbit in Eye Research, Springfield, III, Charles Thomas
1966).
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Blood–aqueous barrier is formed by the tight
junctions (zonula occludens and zonula
adherens) between the cells of the inner non-
pigmented epithelium of the ciliary body
(Fig. 2.4) and the non-fenestrated endothelium
of the iris capillaries. However, the endothelial
cells of iris capillaries are not joined by tight
junctions and in inflammatory conditions they
become leaky, causing an aqueous flare.

The blood–ocular barrier is not absolute.
Medium-sized, water-soluble substances may
penetrate it but at much slower rate than their
transit across capillary walls. Examples of such
substances include urea creatinine and some
sugars. Further, lipid solubility greatly facilitates
the ability of a substance to penetrate the blood–
ocular barrier.

Clinical applications of blood–ocular barrier

i.Hyperosmotic agents, like mannitol, penetrate
the eye poorly because of the blood–ocular
barrier, but are distributed fairly widely in the
extracellular spaces of the body. Thus, water is
drawn from the cells and the ocular fluids
(vitreous more than the aqueous), resulting in a
fall in the intraocular pressure.
ii.Ocular penetration of systemically administered
antibiotics. Only low molecular weight drugs,
such as chloramphenicol, cephalothin and
ampicillin can cross the blood–aqueous barrier.
Very poor passage is allowed to large-sized
molecules, such as penicillin, methicillin and
erythromycin. Out of the borderline molecular
weight drugs, those with high lipid solubility

can pass easily, e.g. sulfonamides have the same
molecular weight as sucrose but are 16 times
more permeable due to their lipid solubility.

Breakdown of the blood–aqueous barrier

Factors interrupting blood–aqueous barrier. The
blood–aqueous barrier is rather fragile. Certain
conditions which can disturb the blood–aqueous
barrier are listed below:
I. Ocular trauma
1. Mechanical

i.Paracentesis
ii.Corneal abrasion

iii.Intraocular surgery
iv.Stroking iris

2.Physical
i.X-rays

ii.Atomic radiation

3. Chemical
i.Alkali

ii.Irritants, e.g. nitrogen mustard

II.Pathophysiologic
1.Vascular dilatation

i.Histamine
ii.Sympathectomy

2.Corneal and intraocular infections
3.Intraocular inflammations
4.Prostaglandins
5.Anterior segment ischaemia

III.Pharmacologic
1.Melanocyte-stimulating hormone (MSH)
2.Nitrogen mustard
3.Cholinesterase inhibitors
4.Cholinergic drugs
5.Plasma hyperosmolality

Effect of breakdown of blood–aqueous
barrier on aqueous humour composition

•With the breakdown of blood–aqueous
barrier, substances, such as proteins that are
normally almost completely excluded from
penetration, appear in the aqueous humour
in measurable amounts. Thus, proteins and
antibodies in the aqueous equilibrate with

Fig. 2.9Blood–retinal barrier
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Ultrafiltration accounts for 20% and osmosis
10%. The various constituents of the aqueous
humour reach the posterior chamber from the
plasma within the capillary network of ciliary
processes as follows:

1. Formation of stromal pool

It is the first step in the formation of aqueous.
By ultrafiltration, most substances pass easily
from the capillaries of the ciliary processes,
across the stroma and between the pigmented
epithelium cells before accumulating behind the
tight junctions of the non-pigmented epithelium.
Protein is to be expected in the filtrate because
of the fenestrated nature of the ciliary capillaries.

2. Active transport of stromal filtrates

The tight junctions between the non-pigmented
epithelial cells create part of blood–aqueous
barrier. Evidence of active transport occurring
across these non-pigmented epithelial cells,
especially in the cell membrane of the lateral
interdigitations, comes from observations of the
following in these areas:
• Abundant Na+–K+-active ATPase,
• Presence of more mitochondria,
• Higher adenyl cyclase activity,
• Higher specific activity for glycolytic

enzymes, and
• Preferential incorporation of labelled sulphate

into macromolecules (primarily glycolipids
and glycoproteins).
Until recently, active aqueous secretion was

thought to be carried out solely by the mito-
chondria rich non-pigmented epithelium as
described above. However, recent studies have
shown that the pigmented epithelium also plays
an active role in the aqueous production. The
basolateral membranes of the pigmented
epithelial cells contain numerous Na+ ion
dependent cotransporters and exchangers
(Fig. 2.12) and carbonic anhydrase activity is also
present in these cells. The net effect of these ion
transport systems is a low level of Na+ in both
epithelial layers (facilitated by numerous gap
junctions between the pigmented and non-
pigmented cells), a high level of ascorbate and
K+, and control of intracellular pH.

Following substances from the stromal filtrate
are actively transported across epithelial cells:
• Sodium: Approximately 70% of the sodium

found in the posterior chamber is actively
transported by a specific secretory pump.
Remaining 30% enters the posterior chamber
by diffusion or ultrafiltration. The active
transport of sodium is ATPase-dependent but
does not appear to be related to the
concentration of sodium in plasma.
Whether carbonic anhydrase works on the
sodium pump as a facilitator, as a catalyst or
as part of a parallel but related process remains
to be demonstrated. It is possible that carbonic
anhydrase acts to maintain the proper pH for
the Na+–K+-ATPase system.

• Chloride: A smaller percentage of the chloride
ion is actively transported and this appears to
be dependent upon the presence of sodium
as well as pH. The remaining amount of Cl–

enters into lateral intercellular space by
diffusion.

• Potassium is transported by secretion and
diffusion.

• Ascorbic acid is secreted against a large
concentration gradient.

• Amino acids are secreted by at least three
carriers, one each for acidic, basic and neutral
molecules.

• Bicarbonate: Its formation is catalysed by
carbonic anhydrase. The rapid interconver-
sion between bicarbonate and CO2 makes it
difficult to determine the relative proportions
of these two substances. It influences fluid
transport through its effect on sodium,
possibly by regulating the pH for optimum
active transport of sodium.

3. Passive transport across

non-pigmented ciliary epithelium

Active transport of the substances as described
above, across the non-pigmented ciliary
epithelium results in an osmotic and electrical
gradient. To maintain the balance of osmotic and
electrical forces, water, chloride and other small
plasma constituents move into the posterior
chamber by ultrafiltration and diffusion; sodium
is primarily responsible for movement of water
into the posterior chamber and its secretion is a

23Anatomy and Physiology of Aqueous Humour Dynamics and Intraocular Pressure

major factor in the formation of aqueous. Some
authors have suggested that the primary event
in the aqueous formation is the production of
hydroxyl ions, which depends upon the catalytic
action of carbonic anhydrase. However, much
of the evidences accumulated till now indicate
that the secretion of sodium into the posterior
chamber is the key event in aqueous formation.
The following evidences support this view:
• Presence of large concentration of Na–K+-

activated ATPase especially at the lateral
interdigitations of the non-pigmented
epithelium.

• Ouabain which is an inhibitor of Na+–K+-
activated ATPase effectively reduces aqueous
formation.

• Shrinkage of ciliary processes is inhibited by
ouabain.

• Sodium accumulates in the posterior chamber
after parenteral administration of radioactive
sodium.

RATE OF AQUEOUS HUMOUR PRODUCTION

Normal values

The rate of aqueous humour formation in the
human varies somewhat according to the
measurement technique used. However, a figure
of 2 µl/min is generally used. The correspon-
ding figures in rabbits are about 3–4 μl/min.
Fluorophotometric studies which may provide
the most reliable estimates, give a value of
approximately 2.5 μl/min in the undisturbed
human eye.

Fig. 2.12 Mechanism of aqueous humour formation
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the trabecular meshwork in the angle of anterior
chamber up to juxtacanalicular tissue, which
along with the inner wall of the Schlemm’s canal,
appears to provide some resistance to the
outflow.

The process of aqueous transport across the
trabecular meshwork cells and the inner wall of
Schlemm’s canal is partially understood. Before
reviewing the suggested mechanisms of
aqueous transport, it will be worthwhile to
review the salient features of trabecular mesh-
work cells and Schlemm’s canal endothelial
cells.

Trabecular meshwork cells and

Schlemm’s canal cells

Trabecular meshwork cells line the aqueous
channels and their activities promote aqueous
outflow. Trabecular meshwork endothelial cells
have special characteristics, namely active
phagocytic properties, high levels of cytoskeletal
actin (which in cultured cells are particularly
sensitive to cytochalasin B) and lower levels of
microtubules (which appear to be relatively
nonresponsive to colchicine). These cells also
contain vimentin and desmin, thus showing
some similarity to smooth muscle cells. Taken
together, these findings suggest that trabecular
meshwork endothelial cells are specialized both
for endocytic transport of water and solutes and
contractility. Actin mobilization appears to be
mediated via adrenergic receptors, probably of
the β2 type which are highly responsive to
epinephrine. Energy metabolism in the trabecular
meshwork endothelium is predominantly
glycolytic rather than oxidative, although both
enzyme systems are present and functional.
Transport of water may be achieved not merely
by passive transportation of H2O packets but by
activation of a water channel protein, aquaporin
1 (AQPO l), found in corneal endothelial cells.

Metabolic labelling studies have shown that
most of the matrix components in the trabecular
meshwork are synthesized and degraded by the
endothelial cells. In addition, these cells have
high levels of surface tissue plasminogen
activator (tPA), higher even than in vascular
endothelial cells, and this is likely to play a role
in maintaining patency and reducing the

resistance of the outflow passages. Phagocytic
activity of trabecular meshwork cells is
associated with several other enzymatic
activities, such as GAG-degrading enzymes and
acid phosphatase.

Trabecular meshwork cells have receptors for
a variety of agents including epinephrine (β2
adrenergic receptors, decrease phagocytosis)
and glucocorticoids. Both steroids and oxidative
damage induce the expression of the trabecular
meshwork inducible glucocorticoid response
(TIGR) protein. Mutations in the TIGR gene have
been found in patients with glaucoma. In
addition, TGF-β appears to be involved in the
glucocorticoid cell response and in the
production of trabecular meshwork extracellular
material. Steroids inhibit prostaglandin
production by trabecular meshwork cells at
concentrations as low as 10–8 M. Prostaglandin
synthesis by trabecular meshwork accounts for
a significant proportion of its arachidonic acid
metabolism (70% compared with less than 5%
in other cells) suggesting that prostaglandins
play a major role in trabecular meshwork cell
physiology. In addition to substantial amounts
of PGE and PGF2α, leukotriene B4 appears to
be produced in high amounts.

Trabecular meshwork cells contain the free
radical and hydrogen peroxide detoxifying
enzyme systems present in other tissues, such
as the ciliary body. Both a catalase and a
glutathione-dependent system are active in
handling hydrogen peroxide, which can reach
levels as high as 25 mmol/L in the aqueous
humour.

Various mechanisms of aqueous transport

across inner wall of Schlemm's canal

Based on the above description of trabecular
meshwork and canal of Schlemm’s endothelial
cells. Various theories have been put forward
from time to time, to explain the flow of aqueous
humour across the inner wall of Schlemm’s
canal. These theories can be grasped as below:

I.Passive filter mechanisms

Earlier it was believed that from the juxta-
canalicular space, the aqueous enters the
Schlemm’s canal against slight resistance.
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Following mechanisms were postulated which
are now discarded and have become part of
historical interest only:
•Leaky endothelial cells: Some workers have

suggested that the leaky endothelial cells
might allowing aqueous drainage. However,
it has not been substantiated by evidence.

•Sonderman's channels: These have been described
as small tubules. It was suggested that
channels help aqueous to flow from inner
trabecular spaces of the corneoscleral
trabecular mesh into the lumen of Schlemm’s
canal. But importance and exact role in the
aqueous outflow have not been substantiated.

•Contractile microfilaments: These have been
described by some workers to be present in
the inner wall endothelium of Schlemm’s
canal and also in the endothelial lining of
trabeculae. Their disruption by EDTA has
been reported to result in decrease in the
resistance to outflow. However, the exact role
of microfilaments in the aqueous drainage is
not yet clear.

•Pores in endothelial cells: Bill and Svedbergh
have shown that the endothelial cells have a

total of 20,000 pores with diameter up to 3 µ
and that calculations based on this reveal that
the pores could be responsible for all the bulk
aqueous flow. Perhaps these pores might be
part of pores and vacuoles of transcellular
system of aqueous outflow as described by
Tripathi.

•Vacuolation theory (pores and giant vacuole
system): Vesicles and larger vacuoles are
frequently seen in the endothelium. Tripathi
has suggested that these vacuoles open and
close intermittenty to transport aqueous from
the juxtacanalicular tissue to Schlemm’s canal
(Fig. 2.13). Whether process is active or passive
is still controversy. But at present majority of
the workers believe it be a pressure-dependent
passive transport.

II.Aqueous outflow active pump mechanism

Aqueous outflow through the aqueous outflow
system has long been considered a passive filter
mechanism against the pressure gradient as
described above. However, recently it has been
reported that aqueous outflow system acts as
biomechanical pump as described below:

Fig. 2.13Vacuolation theory of aqueous transport across the inner wall of Schlemm’s canal: 1. Non-vacuolated state; 2.
Stage of early infolding of basal surface of the endothelial cell; 3. Stage of macrovacuolar structure formation; 4. Stage of
vacuolar transcellular channel formation; 5. Stage of occlusion of the basal infolding
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perfusion studies are independent of the ocular
rigidity and corneal curvature.

Sources of error in perfusion method
• A significant artefact is produced by introduc-

tion of cannula into the anterior chamber of
the eye.

• Deepening of the anterior chamber by the
extra fluid injected also produces significant
artefact.

• Postmortem tissue changes (in the enucleated
eyes), such as lack of blood flow and alteration
of aqueous secretion, affect the values.

2. Tonography

Tonography is a non-invasive technique for
determining the facility of aqueous outflow, and
is thus, the most commonly used method in
clinical practice.

Technique

C-value is estimated by placing Schiotz
tonometer on the eye for 4 minutes. For a graphic
record, the electronic Schiotz tonometer is used.
P0 is determined from the initial scale reading
and a standard calibration table. P0 and the
change in scale reading over a few minutes (ΔR)
are then used to obtain the C-value from the
special tonographic tables.

Sources of error in addition to those discussed
under the errors of indentation tonometry
(which will also apply here, page 64) are as
follows:
• Variations in line voltage may produce an

apparent drift in the IOP measurements which
can be minimized with line voltage stabilizers
and by avoiding magnetic fields.

• Consensual pressure drop. The IOP may drop
by 1 mm Hg in the fellow eye. It has been
reported to result from evaporation which
occurs when the eye is kept open for fixation
during the 4 minutes test.

• Patient relaxation effect. The IOP is reported to
fall as the patient relaxes during first 15 to 20
seconds, after the tonometer is placed on the
cornea. Therefore, 4 minutes tracing should
be taken after 30 seconds.

• Other patient-related factors, such as blinking,
squeezing or lack of fixation during the test,
can also lead to poor tonographic record.

• Operator errors including improper cleaning,
calibration or positioning of the instrument,
as well as improper calculation of the tracing
can also lead to inaccurate results.

Normal versus abnormal C-value

• The average C-value is 0.28 ± 0.05 µl/min/
mm Hg.

• About 97.5% of the population have values
higher than 0.18 and 99.9 to greater than 0.13.

• Most glaucoma patients have C-values less
than 0.17.

• A low C-value with a normal P0 may be due
to a sticky tonometer, low ocular rigidity and
hyposecretion.

• A high C-value with elevated P0 may be due
to an artificially elevated P0, high ocular
rigidity, elevated episcleral venous pressure
and angle closure glaucoma (the force of the
tonometer may open the angle).

Clinical value of tonography

There was a time when C-value was considered
extremely important for the diagnosis of
glaucoma. Presently, C-value is being consi-
dered to play not much role in the diagnosis and
management of glaucoma.

However, under following conditions,
tonography is felt by some physicians to have a
clinical value:
• As an adjunct in the diagnosis of borderline

glaucoma, C-value has very limited role.
Though the abnormal tonometric and
tonographic results do not make the diagnosis
of glaucoma, but do alert the ophthalmologist
to follow the patient more closely.

• In angle-closure glaucoma, once an acute attack
is broken, a C-value of 0.10 or less suggests
that a peripheral iridectomy alone may not be
sufficient.

• As an adjunct in the diagnosis of myasthenia
gravis.

• As an adjunct in the diagnosis of carotid
insufficiency.

• May help to assess therapy of glaucoma.
• Evaluation of drug mechanism and study of

abnormalities of the various influences on
aqueous humour dynamics.
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3. Suction cup method

This method is no better than tonography and
so not used clinically. In this technique, a suction
cup is applied to the perilimbal area, which
occludes the episcleral vein and thus, trabecular
outflow from the eye, and results in rise of IOP.
After the suction cup is removed, the rate of
return to normal IOP is noted. The faster the
return to baseline IOP, the greater the outflow
facility; and conversely, the slower the return
to baseline, the lower the outflow facility.

INTRAOCULAR PRESSURE

GENERAL CONSIDERATIONS

Features of normal intraocular pressure

Intraocular pressure refers to the pressure
exerted by intraocular contents on the coats of
the eyeball. The normal level of IOP is essentially
maintained by a dynamic equilibrium between
the aqueous humour formation, aqueous
humour outflow, and episcleral venous
pressure. IOP is distributed evenly throughout
the eye, so that the pressure is always the same
in the posterior vitreous as it is in the aqueous
humour. The intraocular pressure is important
in maintaining the shape of the eyeball and thus
also the optical integrity.
• Normal IOP varies between 10.5 and 20.5 mm

Hg with a mean pressure of 15.5 ± 2.57 mm
Hg.

• IOP is created by aqueous formation which
has two components: First, a hydrostatic
component from the arterial blood pressure
and ciliary body tissue pressure, and second,
an osmotic pressure induced by the active
secretion of sodium and other ions by the
ciliary epithelium.

• IOP serves as the tissue pressure of the
vascularized internal structures of the eye, and
is thus, much higher than the tissue pressure
elsewhere in the body (5 mm Hg).

• Normal IOP is pulsatile, reflecting in part its
vascular origin and the effects of blood flow
on the internal ocular structures.
The IOP is a dynamic function. Any single

measurement of IOP is just a momentary sample

and may or may not reflect the average pressure
for the patient in that hour, day or week.

Frequency distribution of IOP in the population

Several population-based studies have been
done to comment upon the frequency distribu-
tion of the normal IOP. Despite the use of
different instruments and differing ethnic
groups, the studies show remarkably close
correlation. The most frequently cited
population study is that of Leydhecker and
associates, in which 10,000 persons with no
known eye disease were tested with Schiotz
tonometer. The conclusions drawn from the
study regarding frequency distribution of IOP
in the population are as follows:
• The distribution of pressures observed

resembled a Gaussian curve, but was skewed
towards the right (Fig. 2.16).

• It has been assumed that perhaps two different
population groups account for the skewed
distribution: a large ‘normal’ group (having a
true Gaussian-shaped curve) and a smaller
group that was felt to be glaucomatous
without optic nerve head damage (causing a
long tail on the right hand side of the
distribution curve).

• The mean IOP of normal group was 15.5 ± 2.57
mm Hg.

• 95% of the population had an IOP between
10.5 and 20.5 mm Hg.

• If one chooses a point 2 SD above the mean as
the upper limit of normal (about 20.5 mm Hg),

Fig. 2.16 Distribution of intraocular pressure in non-
glaucomatous (N) and glaucoma (G) populations, showing
overlap between the two groups (dotted lines represent
uncertainty of extreme value in both populations
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pressure and rotation of eyes in divergent
position.

iv. In general, once the patient is under the effect of
general anaesthesia, the IOP is decreased. This
effect occurs regardless of the type of
anaesthetic. Possible mechanisms for the
decreased IOP include muscle relaxation,
decreased pressure, increased carbon dioxide
levels in the blood, and/or direct effect of
anaesthetic agent.

10. Effects of drugs on IOP. In addition to the
well-established antiglaucoma drugs and effect
of general anaesthetic agents as discussed, many
other drugs also affect the IOP. Alcohol, heroin,
and systemic vasodilators have been reported
to lower the IOP. While tobacco smoking,
caffeine, LSD, and corticosteroids may raise the
IOP.
11. Blockage of the circulation of aqueous has a
profound effect in raising the intraocular
pressure. Such a block may occur at two places:

i. At the pupil where the flow of fluid from the
posterior to the anterior chamber may be
impeded, and

ii. At the angle of the anterior chamber.

CONTROL OF INTRAOCULAR PRESSURE

Although there are minor physiological
variations of IOP, there exists more or less a
constant steady level of IOP, in spite of the fact
that there is continuous drainage of the aqueous
humour or in other words there is continuous
leakage from the eye. As already discussed, this
steady level of IOP is the result of a dynamic
equilibrium between the aqueous humour
formation, the normal resistance offered by the
drainage channels for the outflow of fluid from
the eye and the episcleral venous pressure. The
homeostatic mechanisms locally help in
maintaining the steady state level of IOP. For
example, when IOP rises, there occurs a decrease
in the aqueous inflow (pseudo-facility)
maintaining the equilibrium.

It is now being assumed that there exists some
central controlling mechanisms that tend to
maintain pressure homeostasis within the eye.
The nature of location(s) of such a centre have
still not been delineated. However, the
evidences have accumulated which suggest that

the controlling centre operates through the
sympathetic, parasympathetic and diencephalic
influences. The above conclusions are based on
the following observations of various workers:
• Pressure sensitive afferent fibres have been found

in the long posterior and short ciliary nerves.
• Diencephalon’s stimulation has been reported

to cause a fall or rise in IOP, depending upon
the area stimulated.

• Cervical sympathetic ganglion’s stimulation
produces a drop in IOP due to diminished
aqueous secretion.

• Beta-adrenergic stimulation causes inhibition of
aqueous secretion and alpha-adrenergic
stimulation causes an improvement in
aqueous outflow facility.

• Parasympathetic system stimulation decreases
IOP by an increase in aqueous outflow facility.

MEASUREMENT OF INTRAOCULAR PRESSURE

Measurement of intraocular pressure has been
described in Chapter 6.
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•Upper temporal and lower temporal quadrant
•Most medial quadrant
•Upper nasal and lower nasal quadrant

(thickest)

Clinical significance of distribution and thickness

of nerve fibres at the optic disc margin

•Papilloedema appears first of all in the thickest
quadrant (upper nasal and lower nasal) and
last of all in the thinnest quadrant (most
lateral).

•Arcuate nerve fibres which occupy the
superior temporal and inferior temporal
quadrants of optic nerve head are most
sensitive to glaucomatous damage, accounting
for an early loss in corresponding regions of
visual field.

•Macular fibres occupying the lateral quadrant
are most resistant to glaucomatous damage
and explain the retention of the central vision
till end.

OPTIC NERVE HEAD

Gross anatomy

Optic nerve head was also known as “papilla”;
the term “papilla” was coined based on an
impression that the normal optic nerve head was
elevated like a papilla. But it is a misnomer.
Similarly, the term “optic disc” is also a
misnomer as disc refers to a two-dimensional
structure but on the contrary optic nerve head
is a three-dimensional structure. The optic nerve
head may be defined as the intraocular portion
of the optic nerve. It extends anteriorly from the
retinal surface to the myelinated portion of the
optic nerve that begins just behind the sclera,
posterior to the lamina cribrosa. It is also the site
of entry and exit of the retinal vessels.

The borders of the optic nerve head include:
•Anteriorly: Vitreous humour
•Peripherally: Retina and sclera
•Posteriorly: Pia, arachnoid and dura maters

with cerebrospinal fluid present between the
arachnoid and dura meninges.

•Diameter of optic nerve head varies from 1.66
to 1.92 mm horizontally and 1.57 to 1.76 mm
vertically.

•Area of the nerve head may range from
0.68 to 4.42 mm2.
In the context of a discussion on glaucoma,

the optic nerve head is defined as the distal
portion of the optic nerve that is directly
susceptible to intraocular pressure elevation.

In comparison to the rest of retina, the optic
disc appears white due to lamina cribrosa and
medullated nerve fibres behind it and absence
of vascular choroid. In the centre, where the
nerve fibres are thinnest, the white lamina shines
more brightly. The grey spots in the lamina,
when they are seen, are due to the non-
medullated nerve fibres reflecting less light than
the white connective tissue fibres.

The physiological cup of the optic disc is a
depression seen in it. The central retinal vessels
emerge through the centre of this cup. The cup
varies in size, shape, position and depth in
different eyes. Sometimes there is scarcely any
physiological cup, in which case the disc is more
uniformly pink and the central vessels may have
already divided before they come to the surface.
Increase in the size of the cup and/or difference
in the size of cup of two eyes should be watched
with suspicion and investigated to exclude
glaucoma.

Microscopic anatomy

The optic nerve head may be arbitrarily divided
into four portions from anterior to posterior as
defined by light microscopy, scanning electron
microscopy and immunohistochemistry (Fig. 3.4).
1.Surface nerve fibre layer. This part is
essentially composed of axonal bundles, i.e.
nerve fibres originating from ganglion cell layer
of the retina (94%) which converge on the optic
disc and astrocytes (5%). The optic disc is
covered by a thin layer of astrocytes, the internal
limiting membrane of Elschnig, which separates it

Fig. 3.3Arrangement of nerve fibres at the optic nerve head
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from the vitreous and is continuous with the
internal limiting membrane of the retina. When
the central portion of this membrane is
thickened, it is referred to as the central meniscus
of Kuhnt.

All the layers of retina, apart from nerve fibre
layer, near the optic nerve, are separated from
it by a partial rim of glial tissue called inter-
mediate tissue of Kuhnt.
2. Prelaminar region. The predominant
structures at this level are neurons and a
significantly increased quantity of astroglial
tissue. The type 1B astrocytes segregate RGC
axons into fascicles (also called bundles). Each
fascicle consists of approximately 1000 axons.
The border tissue of Jcoby (a cuff of astrocytes)
separates the nerve from the choroid.
3. Lamina cribrosa. It is a fibrillar sieve-like
structure made up of fenestrated sheets of scleral
connective tissue lined by glial tissue. It bridges
the posterior scleral foramina or the scleral canal.
The bundles of optic nerve fibres leave the eye
through these fenestrations. A rim of collagenous
connective tissue with some admixture of glial
cells which intervenes between the choroid and
sclera and optic nerve fibers is called border tissue
of Elschnig. The lamina cribrosa gets its rich
blood supply from the circle of Zinn.

4. Retrolaminar region. This area is charac-
terized by a decrease in astrocytes and the
acquisition of myelin that is supplied by
oligodendrocytes. The addition of myelin sheath
nearly doubles the diameter of the optic nerve
(from 1.5 to 3.0 mm) as it passes through the
sclera. The axonal bundles are surrounded by
connective tissue septa. The posterior extent of
the retrolaminar region is not clearly defined.

Blood supply of optic nerve head

Arterial supply

Posterior ciliary artery circulation is the main
source of blood supply to the optic nerve head,
except for the nerve fibre layer which is supplied
by the retinal circulation. The blood supply in
the optic nerve head has a sectoral distribution
(Fig. 3.5).
•The surface nerve fibre layer is mainly supplied

by the arterioles derived from central retinal
artery, which anastomose with vessels of the
prelaminar region and are continuous with the
peripapillary retinal and long radial peri-
papillary capillaries. Occasionally, a ciliary-
derived vessel from the prelaminar region
may enlarge to form the cilioretinal artery.

•The prelaminar region is supplied by vessels of
ciliary region. There is lack of agreement as to

Fig. 3.4Schematic drawing of optic nerve head
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Fig. 3.6 Mechanism involved in RGC apoptosis secondary to elevated IOP

resulting in NTG and progression of damage in
patients with POAG.
iv. Other factors, such as acute blood loss and
abnormal coagulability profile, have also been
associated with NTG.
Mechanism involved in RGC apoptosis secondary to
vascular dysregulation is summarized in Fig. 3.7.

The observed differences in glaucomatous
visual field defects between patients with low-
tension and high-tension glaucomas have led to
the suggestion that ischaemia may be the
predominant factor in those glaucomas at the
lower end of the IOP scale, whereas a more
direct mechanical effect of the pressure may
prevail in cases with higher IOP.

Fig. 3.7 Mechanism involved in RGC apoptosis secondary to vascular dysregulation

B. Secondary insults (excitotoxicity theory)

Neuronal degeneration is believed to be driven
by toxic factors, such as glutamate (excitatory
toxin), oxygen free radicals, or nitric oxide which
are released when RGCs undergo death due to
primary insults as described above. In this
way, the secondary insult leads to continued
apoptosis, even after the primary insult has been
controlled.

Role of glutamate. Upon exposure to hypoxic
conditions, retinal cells are known to release
glutamate. Concentrations of glutamate higher
than the physiological concentration are toxic
to neurons depending upon the duration and
extent of increase in concentration. Glutamate-
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Fig. 3.8 Interplay of primary and secondary factors leading to RGC apoptosis

induced excitotoxicity is primarily mediated by
ionotropic NMDA subtype receptors. NMDA
receptor activation leads to opening of
associated ion channels and the entry of
extracellular Ca++ and Na+ into the neurons.
Glutamate-mediated neuronal toxicity is
dependent on the influx of extracellular Ca+,
which in turn acts as second messenger to
activate downstream signaling pathways finally
leading to cell death.

In the past, calcium channel blockers were
suggested to provide neuroprotection by
improving the optic nerve head blood flow. But
there were concerns that these agents reduce the
systemic blood pressure and might worsen the
optic nerve head ischaemia by reducing the
perfusion pressure.

Role of nitric oxide. Nitric oxide synthase (NOS)
produces NO by oxidation of L-arginine and has
been detected in three isoforms. NOS-2 is the
inducible form of the enzyme (iNOS), which
produces excessive quantities of NO under
diverse conditions, such as exposure to
cytokines and pressure. The excess of NO thus
produced enters freely into the cells after
diffusion through the local microenvironment.

It is a free radical of moderate reactivity and after
entering the cell leads to the production of
highly reactive free radicals, such as peroxy-
nitrite after combining with superoxide (a
product of mitochondrial metabolism). These
highly reactive free radicals cause massive
destruction of cell components and macro-
molecules.

The primary factors responsible for apoptotic
cell death in glaucoma include elevated IOP and
vascular dysregulation. The molecular mecha-
nisms involved include glutamate excitotoxicity,
increased MMP expression, TNF-α upregulation,
increased NOS-2 expression and oxidative
stress.

Interplay of primary and secondary factors leading
to RGC apoptosis is summarized in Fig. 3.8.

Summary

It seems that the glaucomatous optic neuropathy
is multifactorial, and at different times and in
different eyes, may involve:
• Genetic susceptibility factors
• Mechanical factors including concept of

translaminar pressure
• Loss of neuropathic factors, and neurotoxicity,

and
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Prevalence

The term disease prevalence refers specifically
to ‘all current cases (old and new) existing at a
given point in time, or over a period of time in a
given population’. It is given by the formula:

 Number of all current cases
(old and new) of a specified disease

 existing at a given point in time
Prevalence =  × 100

Estimated population at 
the same point in time

Relationship between

incidence and prevalence

Given the assumption that the population is
stable, and incidence and duration are
unchanging, the relationship between incidence
and prevalence can be expressed as:

P = I × D

EPIDEMIOLOGICAL STUDIES

Epidemiological studies can be classified as
observational studies and experimental studies
with further subdivisions:
1.Observational studies

•Descriptive studies
•Analytical studies

2.Experimental studies
•Randomised control trials
•Field trials
•Community trials

Descriptive epidemiology

These studies are concerned with observing the
distribution of disease or health-related
characteristics in human populations and
identifying the characteristics with which the
disease in question seems to be associated. These
describe the occurrence and distribution of
disease by time, place and person.
•Time distribution. The pattern of disease may

be described by the time of its occurrence and
fluctuations which can be short-term, periodic
or long-term (Figs 4.1 and 4.2).

•Place distribution. It studies the distribution
and occurrence of a specific disease in various
geographical areas (Fig. 4.3).

•Person distribution. It defines the persons who
develop the disease by age, sex, occupation,
marital status, habits, social class and other
host factors (Fig. 4.4).

Analytical epidemiology

Case control study

Often called ‘retrospective study’, this method
has three distinct features:
•Both exposure and outcome have occurred

before the start of the study,
•The study proceeds backwards from effect to

cause, and
•It uses a control group to support or refute an

inference.

Cohort study

It is usually undertaken to obtain additional
evidence to refute or support the existence of
an association between suspected cause and
disease. It is known by a variety of names:
prospective study, longitudinal study, incidence
study and forward looking study. The
distinguishing features of cohort studies are:
•The cohorts are identified prior to the

appearance of the disease under investigation.
•The study groups are observed over a period

of time to determine the frequency of disease
among them.

Fig. 4.1 Diurnal variation in IOP (an example of time
distribution)
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•The study proceeds forwards from cause to
effect.

Risk factor, relative risk and attributable risk

Risk factor

Risk factor is an attribute or determinant that is
significantly associated with the development
of a disease.

Relative risk

It is the ratio of the incidence of the disease among
exposed and the incidence among non-exposed.

Attributable risk

It is the difference in incidence rates of disease
between an exposed group and non-exposed
group.

Fig. 4.2Average intraocular pressure (IOP) over a 5-year period from 2006 to 2010

Fig. 4.3Prevalence of glaucoma in different countries (an example of place distribution)
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i. Cornea takes glucose and oxygen from the
aqueous and releases lactic acid and carbon
dioxide into the aqueous.
ii. Lens uses oxygen, glucose, amino acids and
potassium from the aqueous and releases lactate,
pyruvate and sodium into the aqueous.
iii. Vitreous and retinal metabolism also
appears to be associated with the aqueous
humour in that substances, such as amino acids
and glucose, pass into the vitreous from the
aqueous.
3. Optical function. Under normal conditions,
aqueous is optically clear. The cornea–aqueous
interface acts as a diverging lens of low power.
4. Clearing function. The aqueous humour
serves as a mechanism to clear blood,
macrophages, remnants of lens matter and
products of inflammation from the anterior
chamber of the eye.

PHYSICOCHEMICAL PROPERTIES

1. Volume of the aqueous is about 0.31 ml (0.25
ml in anterior chamber and about 0.06 ml in
the posterior chamber).

2. Refractive index of the aqueous is 1.336, slightly
lower than that of the cornea, so there is a
slight divergence of the light rays as they pass
the cornea–aqueous interface.

3. Density of the normal aqueous is slightly
greater than that of water. Relative to water,
its viscosity is 1.025 to 1.040.

4. Osmotic pressure. Aqueous is slightly
hyperosmotic to plasma by 3 to 5 mOsm/L.

5. pH: Aqueous is acidic with a pH of 7.2 in the
anterior chamber.

6. Rate of formation. The normal aqueous
production rate is 2.3 µl/min (about 1% of the
anterior chamber volume/min).

BIOCHEMICAL COMPOSITION

Chemical analysis of the aqueous humour has
revealed many important facts. For many years,
Leber’s theory, that the aqueous was formed by
simple filtration from the blood, was generally
accepted. However, study of biochemical
composition of the aqueous has revealed that
such a simple hypothesis cannot explain the
facts. In addition to it, many other facts have

surfaced which will be discussed after knowing
the constituents of the aqueous humour which
are as follows:

Water. It constitutes about 99.9% of the normal
aqueous humour.

Proteins (colloid content). The most obvious
chemical difference between aqueous humour
and blood plasma is in the level of protein
content of the two fluids. In the plasma, it is of
the order of 6–7 g/100 ml, whereas in the
aqueous humour, it is only 5–16 mg/100 ml in
human (i.e. about 1/500 that of plasma, protein
level) and some 50 mg/100 ml in the rabbit
(Table 2.2). This is because of the blood–aqueous
barrier; and any disruption of this barrier will
increase protein influx. The albumin/globulin
ratio is the same as in plasma, although there
are less gammaglobulins.

Human aqueous has been found to contain
IgG and IgM but no IgD and IgA. Plasminogen
and its proactivator are present, but none of their
inhibitors or other clotting factors are detectable
in the aqueous. Numerous growth factors
including FGF, TGF-B and insulin-like growth
factor I have also been demonstrated in the
aqueous.

Amino acids. The relative concentration of free
amino acids in human aqueous varies with
aqueous/plasma concentrations ranging from
0.08 to 3.14 supporting the concept of active
transport of amino acids.

Non-colloidal constituents. Non-colloids are the
dissolved solids that give an absolutely clear
solution—one in which a beam of light would
not be seen. The non-colloid content of the rabbit
aqueous humour, compared to plasma, is given
in Table 2.3. Although cursory inspection shows
that the non-colloidal composition of the

Table 2.2. Comparison of protein content of plasma and
aqueous humour for human and rabbit

Protein levels

Species Plasma Aqueous humour

Human 7 g/100 ml 5–16 mg/100 ml
Rabbit 6–7 g/100 ml 50 mg/100 ml

(Source: After Darson H (ed). The Eye, vol. 1, New York,
Academic Press) (1969).
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those in plasma to form plasmoid aqueous
(secondary aqueous). Increased protein in the
slit-lamp microscope as a pronounced Tyndall
beam.

• The ionic composition of the aqueous
approaches that of simple dialysate of plasma.

• The rates of penetration of the smaller
molecules, such as sucrose or p-amino-
hippurate (which were previously partly
blocked from aqueous), are increased greatly.
In fact, the rapid rate of entry into aqueous of
such substances as fluorescein and Evans blue
dye can be used as diagnostic indicators of
barrier breakdown.

• Fibrinogen appears in the aqueous, which
may allow the aqueous actually to clot.

2. Haemodynamic factors

influencing stromal pool

Formation of plasma filtrate in the stroma of
ciliary processes (stromal pool) is the first step
in the production of aqueous humour. Thus, the
haemodynamic factors will affect the
ultrafiltration at the level of ciliary epithelium.

3. Diffusional exchange across the iris

Diffusional exchange across the iris is a
significant factor in changing the composition
of aqueous humour, since iris vessels are
permeable to anions and non-electrolytes.

4. Metabolites

The metabolic processes ongoing in the cornea,
lens, vitreous and retina can also modify the
composition of aqueous humour.

5. Rate of aqueous drainage

Since the steady state levels of the different
constituents of aqueous humour are maintained
at a dynamic equilibrium between aqueous
formation and aqueous drainage, therefore,
decrease or increase in the rate of aqueous
drainage will influence the aqueous composition.

6. Quality of aqueous

The formation process and factors (neurohor-
monal and others) regulating this process also
influences the aqueous humour composition.

FORMATION OF AQUEOUS HUMOUR

The ciliary processes are the site of aqueous
production. The aqueous humour is primarily
derived from the plasma within the capillary
network of the ciliary processes. The Leber’s
theory (which was generally accepted for many
years) that aqueous is a simple filtrate from the
blood does not hold true any more. Presently,
by and large, it is agreed that three mechanisms
namely, diffusion, ultrafiltration and secretion
play a part in aqueous production at different
levels. Salient features of these processes and the
steps involved in the production of aqueous
humour are discussed below.

FORMATION PROCESSES

The various constituents of the aqueous humour
have to traverse the three tissue layers of the
ciliary processes, viz. the capillary wall, the
stroma and two layers of the epithelium. The
various substances appear to pass through these
layers by following processes.

1. Diffusion

Diffusion is a biophysical process by which
molecules of a gas or solution distribute
themselves uniformly throughout the space in
which they are contained, by motion of its
particles (Fig. 2.10). In this process, there occurs
a net flux of the particles from areas of high
concentration to areas of low concentration.

Diffusion also occurs across a semipermeable
membrane. Quantitatively, the net movement of
a substance across a semipermeable membrane
where only diffusion is occurring is expressed
by Fick’s law of diffusion as follows:

Rate of movement = K (C1–C2)
C1 = Concentration of substance on side with

higher concentration.
C2 = Concentration of substance on side with

lower concentration.
   K = Constant which depends on nature and

permeability of membrane, nature of
solute and solvent, and the temperature.

In the process of aqueous production, the
lipid-soluble substances are transported by
diffusion through the lipid portions of the cell
membrane of the ciliary processes, propor-
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tional to a concentration gradient across the
membrane.

2.Ultrafiltration

Dialysis: When a solution of protein and salt is
separated from plain water or a less concen-
trated salt solution by a membrane permeable
to salt and water and not to proteins, there will
be a net movement of water on the protein side
by diffusion and a movement of the salt away
from the protein side. This process is called
dialysis (Fig. 2.11A).

Ultrafiltration refers to occurrence of dialysis
under hydrostatic pressure (Fig. 2.11B).

In the process of aqueous formation, water
and water-soluble substances (limited by size
and charge) flow through the theoretical
micropores in the protein part of the cell
membrane in response to osmotic gradient or
hydrostatic pressure.

3.Secretion (active transfer)

Secretion implies an active process that
selectively transports some substances across
the cell membrane. Since energy is consumed,
substances can be moved across a concentration
gradient in a direction opposite to what would
be expected by passive mechanism alone. In the
process of aqueous formation, water-soluble

substances of larger size or greater charge are
actively transported across the cell membrane.
This mechanism is believed to be mediated by
globular proteins in the membrane and requires
the expenditure of energy.

STEPS OF AQUEOUS FORMATION

The major factor in aqueous production
(approximately 70%) is active secretion.

Fig. 2.10Diffusion phenomenon through a membrane (M),
permeable to NaCI and H2O. Note a net flux of particles from
areas of high concentration to areas of low concentration

Fig. 2.11(A) Phenomenon of dialysis: Note a net movement
of water molecules (small solid circles) on the proteins
(large circles) side and that of soft molecules (triangles)
away from the protein; (B) Phenomenon of ultrafiltration:
Note that the hydrostatic pressure increases the rate of net
movement of water and salt molecules across the
semipermeable membrane (c.f. dialysis—Fig. 2.11A). The
final equilibrium concentrations on either side of the
membrane are the same as in dialysis
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Methods of measurement

The methods of measuring rate of aqueous
humour production are all indirect and can be
divided into two:

Class 1 methods

These are based on measuring a chemical
substance’s rate of appearance in or disappea-
rance from the aqueous and include the
following:
1. Fluorescein techniques. These involve
instillation of fluorescein into the anterior
chamber by iontophoresis through cornea with
subsequent measurement of either the flow of
unstained aqueous from the posterior to anterior
chamber using photographic methods or the
change in concentration of fluorescein in the
anterior chamber by photofluorometry.
2. Radioactive labelled isotopes can be used to
measure inflow in animals by observing either
the accumulation of the isotope in the anterior
chamber or the decay rate of the intracamerally
injected isotopes.
3. Techniques employing intravenous ion of
para-aminohippurate (PAH) or fluorescein.
Either of the above agents is injected intra-
venously and the rate of fresh aqueous
formation can be calculated by measuring the
declining concentration either by sampling the
aqueous first in one eye then later in the second
eye, as in the case of PAH as by optical means
or in the case of fluorescein.

Class 2 methods

These methods involve physical measurements
and depend upon the following equation:

Flow = C (P0–Pv)
P0  = Intraocular pressure
Pv  = Episcleral venous pressure
C  = Facility of outflow

A few class 2 methods are as follows:
1.Perfusion of eyes at a constant pressure can be

used to determine the inflow in experimental
animals.

2.Tonography can also be used to determine the
rate of aqueous flow.

3.Perilimbal suction cup method: The perilimbal
suction cup theoretically occludes the outflow

channels of the eye, and intraocular pressure
then rises. The rate of aqueous formation can
be estimated from the rate of increase in
intraocular pressure.

CONTROL OF AQUEOUS FORMATION

The role of various endogenous factors which
control the aqueous formation is yet to be clearly
understood. The diurnal variation in IOP
certainly indicates that some endogenous factors
do influence the aqueous formation. These
factors may be neural or neurohumoral in nature
and include the following:
1. Adrenergic innervations. The ciliary epithelium
does not show presence of nerve supply but the
vessels of ciliary processes have a dense
adrenergic innervation which may influence the
aqueous formation by influencing the
permeability of these vessels.
2. Role of vasopressin: The pituitary vasopressin
at physiological level supports the active
transport of Na+ ions across ciliary epithelium
and thereby an increase in aqueous formation.
The levels of vasopressin in plasma depend
upon the total body hydration. Increased body
hydration would reduce plasma osmolarity
which would result in increased water influx
through ciliary epithelium. But at the same time
the reduced plasma osmolarity would cause a
reduction in pituitary vasopressin production
and now vasopressin level will reduce the Na+

transport across the ciliary epithelium.
3. Role of adenylcyclase: Adenylcyclase activity
has been demonstrated on the tips of ciliary
processes. Catecholamines cause increased
formation of cAMP by stimulating adenyl-
cyclase. Adrenergic receptors have also been
demonstrated in ciliary processes. cAMP
activates a specific protein kinase and thereby
results in specific protein phosphorylation which
affects aqueous formation. Another view is that
this protein kinase activity induced by cAMP
may cause a change permeability of non-
pigmentary ciliary epithelium (NPCE). It has also
been suggested that the activated Na/K-ATPase
and adenylcyclase may not be coupled in series.
The Na/K-ATPase may regulate the extraction of
Na from stroma and PCE while the adenylcyclase
regulates the secretory activity in NPCE.
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Adrenergic receptors regulate IOP via adenylate
cyclase. The majority of receptors in the ciliary
body are α2, while more than 90% of β-receptors
are β2. Stimulation of α2-receptors lowers the
intraocular pressure via a reduction in aqueous
humour production through inhibition of
adenylate cyclase. Epinephrine, a preferential α
adrenergic agonist, stimulates prostaglandin
synthesis, particularly that of PGE2 and PGF2α,
the latter having potent ocular hypotensive
activity.

Stimulation of β-receptors, particularly β2-
receptors, leads to an increase in aqueous
secretion via activation of adenylate cyclase.

The dual control of aqueous secretion through
activation (β) or inhibition of adenylate cyclase
(α) is mediated by their respective stimulatory
and inhibitor G proteins. Thus, IOP can be
lowered by β2 agonists (e.g. clonidine) or β2
antagonists (β-blockers, e.g. timolol). α2-
receptors are also linked to vasoactive intestinal
peptide receptors, which are costimulated and
lead to a reduction in cAMP levels, which in
itself may also lower IOP. β antagonists have
no effect on aqueous flow when aqueous
production is at its lowest I level, whereas α2
agonists and carbonic anhydrase inhibitors do.

The mechanisms whereby changes in intra-
cellular cAMP levels alter aqueous secretion are
not known but appear to involve transport of
the HCO3

– ion across the cells. In addition, a
number of other components appear to be
involved in aqueous secretion, such as protein
kinase C, which is linked to adenylate cyclase
activation and thus may act as a bridge between
the two main second messenger systems.

4. Ultrafiltration and diffusion. The passive
mechanisms of aqueous formation are
dependent upon the level of blood pressure in
the ciliary capillaries, the plasma osmotic
pressure and the level of intraocular pressure.

AQUEOUS HUMOUR DYANMICS

Aqueous humor dynamics includes aqueous
inflow (i.e. formation) and outflow (i.e. drainage).
Aqueous production remains constant till IOP
is raised to 50 mm Hg and over. Aqueous
humour flows from the posterior chamber into

the anterior chamber through the pupil against
slight physiologic resistance. In the anterior
chamber, there exists convection (thermal)
current which results from a temperature
gradient between the anterior and posterior
parts of the anterior chamber. The anterior part
of the anterior chamber is cooler (since
evaporation of tears from the corneal surface
causes cooling of the cornea, which being
avascular is already cooler) than the posterior
part (which is closer to the warm vascular iris).
Due to the effect of convection current, the
aqueous in posterior part of the anterior
chamber moves up along the warmer iris and
in the anterior part moves down along the cooler
cornea.

From the anterior chamber, the aqueous is
drained out by two routes: uveoscleral
(unconventional) outflow and the trabecular
(conventional) outflow.

1. UVEOSCLERAL (UNCONVENTIONAL) OUTFLOW

The uveoscleral outflow is responsible for some
10–25 per cent of the total aqueous outflow.
Aqueous passes across the ciliary body into the
suprachoroidal space and is drained by the
venous circulation in the ciliary body, choroid,
sclera and into the orbital tissues. Uveoscleral
outflow is approximately 0.3 μl/min and is
surprisingly independent of intraocular
pressure changes.

The localization of matrix metalloproteinases-1
(MMP-1) suggests a role for this enzyme in
uveoscleral outflow. Uveoscleral drainage is
possible owing to the fact that the pressure in
the suprachoroid is 2–4 mm Hg lower than in
the anterior chamber; this can be reversed after
trabeculectomy and can lead to choroidal
effusion. This pressure differential is also less
with age, leading to greater risk of choroidal
effusion in such patients. Prostaglandins may
decrease the intraocular pressure by increasing
the uveoscleral outflow.

2. TRABECULAR (CONVENTIONAL) OUTFLOW

Trabecular outflow is the main outlet for
aqueous from the anterior chamber. Approxi-
mately, 75 to 90% of the total aqueous is drained
via this route. Free flow of aqueous occurs from
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• Oscillatory pressure transients, caused by the
ocular pulse, blinking and eye movement,
forms the operating force for the biochemical
pump.

• Trabecular meshwork actively moves outward
and recoils back in response to the oscillatory
pressure transients. Thus, trabecular meshwork
flexibility is essential for aqueous outflow
pump mechanism.

• Aqueous valve mechanism has been reported to
operate at the level of inner wall of Schlemm’s
canal (SC). These valves are oriented circum-
ferentially in SC and their lumen is continuous
with the juxtacanalicular space. These valves
allow one way passage of aqueous humour
from the juxtacanalicular space to inside the
SC and not vice versa.

Working of aqueous outflow pump

The aqueous outflow system is a part of vascular
circulatory loop as explained below:
i. Flow of aqueous humour from juxtacanalicular

space to inside the Schlemm’s canal as shown in
Fig. 2.14A, during cardiac diastole, the IOP is
slightly decreased due to less blood flow to
choroidal vasculature. As a consequence, the
trabecular meshwork is retracted inward
leading to a negative pressure inside the
Schlemm’s canal and opening of the aqueous
valves. This is followed by flow of aqueous
inside the SC.

ii. Aqueous humour flow from SC to collector’s
channels and episcleral veins as shown in
Fig. 2.14B, during cardiac systole, the

Fig. 2.14 Aqueous outflow pump mechanism, a part of mascular circulatory loop: (A) during diastole; (B) during systole (for
explanation, see text)
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choroidal vasculature expansion leads to
transient rise in IOP. The aqueous pulse wave
distends the trabecular meshwork (TM)
forcing it outward against the SC. As a
consequence of this pressure push, the
aqueous valves close and the aqueous from
SC is pushed through the collector channels
in its outer wall into the aqueous veins. From
aqueous veins, the aqueous is pushed into the
episcleral veins by the same mechanism. The
pressure gradient between IOP (12–16 mm  Hg
+ 2.5 mm Hg) and episcleral venous pressure
(about 10 mm Hg) also facilitates this
unidirectional pulsatile flow of aqueous
humour.

Pulsatile aqueous outflow. From the above, it
is clear that during diastole aqueous enters into
the SC and during systole flows out of it. Thus,
Schlemm’s canal is the origin of pulsatile
aqueous flow. Aqueous pulse wave then enters
the aqueous veins through the collector
channels. During diastole, the episcleral venous
pressure (EVP) is slightly higher than collector
channels. During AVP, this causes episcleral
venous blood to move toward or even into the
aqueous mixing veins (Fig. 2.14A). During next
systole, the AVP is transiently raised and the
aqueous flows into the episcleral veins (Fig. 2.14B).

Summary of aqueous humour outflow

The drainage of aqueous humour is summarised
in Fig. 2.15.

Does aqueous contain components that contribute
to flow resistance?

Although aqueous has the same viscosity as
isotonic saline, its passage through microporous
filters in vitro is slower than that of saline. This
effect can be abolished by proteolytic agents and
detergents, but not by hyaluronidase. It has,
therefore, been suggested that some forms of
glaucoma may be caused by a build up of a
surfactant-like material with age.

FACILITY OF AQUEOUS OUTFLOW

The facility of aqueous outflow (C-value) is
expressed as aqueous outflow in microlitres per
minute per millimetre of mercury (µl/min/mm

Hg). It (C-value) represents a quantitative
approximation of the state of the aqueous
drainage system.

MEASUREMENT OF C-VALUE

The C-value can be measured by three methods:
perfusion method, tonography and suction cup
method.

1.Perfusion method

This method is not suited for clinical practice
but is useful in the laboratory studies with
enucleated human eye, or in the animal
experiments. In this technique, the eye is
cannulated and known volume of fluid is
injected at a known pressure (p1). The outflow
facility is then calculated from the following
equation:

C = Flow rate/P1 – P0

In an enucleated eye, P0 (initial baseline IOP)
is 0 mm Hg.

The average C-value obtained by perfusion
method in human enucleated eye is 0.28 µl/
min/mm Hg, which matches the C-value
obtained by perfusion studies in vivo, tono-
graphy technique and suction cup method. The

Fig. 2.15Flowchart depicting summary of aqueous humour
drainage
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arterial blood pressure; however, sudden large
swings may affect the IOP accordingly. For
example, ligating one carotid can cause a fall in
IOP on the ipsilateral side (due to decreased
blood flow) and an increase in IOP on the
contralateral side (due to increased blood flow).
2. Systemic venous pressure (SVP). Changes in
SVP can cause a profound effect on IOP by
affecting ipsilateral venous pressure, for about
1 mm Hg rise in episcleral venous pressure
(EVP) raises the IOP by 0.8 mm Hg. Common
clinical conditions in which EVP is raised
include external pressure of jugular veins,
compression of superior vena cava by tumour
(thoracic outlet syndrome), cavernous sinus
thrombosis and neoplasms, inflammatory or
dysthyroid changes at the apex of the orbit. The
Valsalva manoeuvre also increases the IOP by
raising the EVP. Postural variations in IOP when
going from sitting or upright position to the
supine position and also the changes in IOP
during coughing, straining are related to
changes in EVP.
3. Mechanical pressure on the globe from outside
initially raises the IOP by indentation but after
some time due to acceleration of aqueous
outflow the IOP returns to normal and by
prolonged pressure decreases below the initial
levels. This forms the basis of ocular massage to
lower the IOP. Transient rise due to external
pressure on the globe is associated with
conditions, like forced eyelid closure,
mechanical pull on the restricted extraocular
muscle and simultaneous contraction of
extraocular muscles in conditions, like Duane’s
syndrome.
4. Plasma osmolarity. Plasma osmolarity affects
the IOP profoundly. When the total concentra-
tion of solute molecules in the blood exceeds,
the water from the eye (vitreous and perhaps
aqueous also) is withdrawn, lowering the IOP.
This effect is used clinically to lower the IOP by
use of hyperosmotic agents, like mannitol.

Conversely, when the concentration of solutes
in plasma is lower than the ocular fluids, the
water will enter the eye from plasma and raise
the IOP. This forms the basis of water drinking
test used as provocative test for glaucoma. A fall
in IOP noted after prolonged exercise, such as

then 2.5% of the normal will be included as
“abnormal”. However, if one chooses 2.5 SD
above the mean as the upper limit of normal
(about 24 mm Hg), then less than 1% of normal
population will be included as “abnormal”.
Some of the important conclusions drawn

from the other population-based studies are as
follows:
•A slight increase of mean IOP in each decade

over 40 years.
•A slightly higher pressure exists in women

than men in population above 40 years of age.
•IOP difference between right and left eye

rarely exceeds 4 mm Hg.
•Level of IOP is inherited as a polygenic

multifactorial trait.

FACTORS INFLUENCING THE

INTRAOCULAR PRESSURE

A. Factors causing long-term changes in IOP

In addition to the glaucoma, the following
factors cause long-term influence on IOP:
1. Heredity. Relations of patients with primary
open-angle glaucoma tend to have higher IOP.
Heredity influences IOP, possibly by multi-
factorial modes.
2. Age. After the age of 40, there occurs a slight
increase in the mean IOP and standard deviation
after each decade. This probably occurs due to
age-related reduction in aqueous outflow
facility, despite a concomitant reduction in the
aqueous production.
3. Sex. IOP is equal between the sexes in ages of
20–40 years. In older age group, increase in mean
IOP with age is greater in females than males.
4. Race. Though population-based studies in
different ethnic groups do not show significant
difference in mean IOP, the race may occa-
sionally influence IOP distribution. For example,
full blood Indians in a New Mexican tribe were
found to have significantly lower mean IOP than
a control population.
5. Refractive error. Myopes tend to have slightly
higher IOP as compared to emmetropes.

B.Factors causing short-term changes in

intraocular pressure

1. Arterial blood pressure. The IOP is generally
not affected by physiological changes in the
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running or bicycling, has been attributed to
increased serum osmolarity and metabolic
acidosis.
5. Blood pH. Systemic acidosis lowers the IOP.
Bietti has postulated that it is the metabolic
acidosis induced by carbonic anhydrase
inhibition that is responsible for their pressure
lowering effect.
6. Diurnal variation in IOP. Like many other
biological parameters, the IOP also fluctuates
cyclically throughout the day. The most
common pattern is for the pressure to be highest
in the early morning and lowest in the late
evening (Fig. 2.17). The mean amplitude of daily
fluctuation is usually less than 5 mm Hg in
normal individual. A diurnal variation in IOP
of more than 8 mm Hg is considered pathogno-
monic of glaucoma. The exact mechanism of
diurnal IOP variation is uncertain, however, it
has been related to a diurnal variation in the
level of plasma cortisol.
7. Seasonal variation in IOP has also been
described with the highest pressure recorded in
winter and lowest in summer.
8. Systemic hyperthermia has been shown to
cause an increased IOP in rabbits. Similarly, a
drop in body temperature will cause a decrease
in the IOP, probably by inhibition of aqueous
secretion.
9. Effect of general anaesthesia on IOP has been
widely studied. Intraocular pressure (IOP) may
be affected under general anaesthesia by
premedication, induction agents, muscle
relaxants, inhalation anaesthetics and other

drugs administered during preoperative period.
Apart from drugs, venous congestion or
increased venous pressure, hypertension and
changes in blood gas tension also affect the IOP.
These changes in IOP basically occur due to
alteration of physiological determinants of in-
traocular pressure which include the following:
•Aqueous humour dynamics
•Vitreous volume
•Extraocular muscle tone, and
•Choroidal blood volume.

Some of the facts about effect of general anaes-
thesia on IOP are as below:

i.Acute changes in the volume of blood present in
the eye due to increase in venous pressure
as a result of coughing, retching, vomiting
and bucking on endotracheal tube cause a
serious increase in IOP and is a factor of
cardinal importance to anaesthetist.
Hypertension occurring during laryngoscopy
and intubation under general anaesthesia for
the same reason may cause a temporary
increase in IOP.

ii.Hypercapnia and hypoxia during general
anaesthesia produce an increase in IOP,
while hypocapnia and hyperoxia produce a
decrease in IOP due to changes in volume of
blood in the eye.

iii.Drugs used in general anaesthesia produce a
decrease in IOP provided haemodynamic
parameters and blood gases are kept in their
normal limits. Premedicants, such as
diazepam, morphine, pethidine, penta-
zocine, fentanyl, buprenorphine, produce a
decrease in IOP. Thiopentone sodium, an
induction agent, reduces IOP and so do most
of the gaseous and volatile anaesthetic agents
with the possible exception of nitrous oxide.
Ketamine, a dissociative agent, has little
effect on IOP when given intramuscularly
and may transiently raise the IOP when given
intravenously. Parenteral use of atropine
does not cause a significant rise in IOP, even
in the predisposed eye. Suxamethonium is a
notorious drug and cause rise in IOP, which
can be clinically important. The eyeball is
compressed by the extraocular muscles. The
other possible mechanisms include a rise in
arterial pressure, sharp increase in venous Fig. 2.17Diurnal variation of intraocular pressure
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ANATOMICAL CONSIDERATIONS

NERVE FIBRE LAYER OF RETINA

Features of nerve fibre layer

Nerve fibre layer consists of the unmyelinated
axons of the ganglion cells which converge at
the optic nerve head, pass through lamina
cribrosa and become ensheathed by myelin
posterior to lamina. In addition to axons of the
ganglion cells (centripetal nerve fibres), this layer
also contains the following:
•Centrifugal nerve fibres, which are thicker than

the centripetal nerve fibres. Their exact origin
and termination is not known.

•Processes of Müller’s cells, which interweave
with the axons of the ganglion cells.

•The neuroglial cells that are present in the nerve
fibre layer are categorized as macroglia and
microglia. Macroglia are constituted by two
types of astrocytes (fibrous and protoplasmic)
derived from the neural crest. Microglia are
small cells that are derived from the meso-
dermal invasion of the retina at the time of
vascularization. Macroglia have a structural

role in the retina while microglial cells take
the role of wandering tissue histiocytes in
response to tissue injury and phagocytose
debris which is carried to the vasculature for
removal from the retina.

•Retinal vessels lie in the nerve fibre layer but
as a rule do not project on the surface of retina.
A rich bed of superficial capillary network is
present in this layer (Fig. 3.1).

Characteristics of nerve fibre layer. The nerve
fibres vary in their thickness from 0.5 to 2 µm
and are non-myelinated. The cytoplasm of the
axons contains microtubules, fine fibrils,
mitochondria and occasional vesicles.

Arrangement of nerve fibres

Retina. In contrast to the remaining fibres of the
sensory retina, which course perpendicular to
the surface of the retina, the fibres within the
nerve fibre layer course parallel to the surface
in the following manner (Fig. 3.2):
•Fibres from the nasal half of the retina come

directly to the optic disc as superior and
inferior radiating fibres (srf and irf).

PATHOPHYSIOLOGY OF GLAUCOMATOUS
OPTIC NEUROPATHY

Pathogenesis of retinal ganglion cell death
Etiological factors
•Primary insults

–Raised IOP
–Pressure independent factors

•Secondary insults
Summary
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• Fibres from the macular region pass straight in
the temporal part of the disc as papillomacular
bundle (pmb).

• Fibres from the temporal retina arch above and
below the macular and papillomacular bundle
as superior and inferior arcuate fibres (saf and
iaf) with a horizontal median raphe in
between.

Optic nerve head. Fibres from the peripheral
part of the retina lie deep in the retina but occupy
the most peripheral (superficial) part of the optic
disc. While the fibres originating closer to the
optic nerve head lie superficially in the retina
and occupy a more central (deep) portion of the
disc (Fig. 3.3).

Thickness of nerve fibre layer at the optic disc

Thickness of the nerve fibre layer around the
different quadrants of the optic disc margin
progressively increases in the following order:
• Most lateral quadrant (thinnest)

Fig. 3.1 Arrangement of retinal capillaries

Fig. 3.2 Arrangement of nerve fibres in the retina
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whether these vessels are derived primarily
from the peripapillary choroidal system or
from separate branches of the short posterior
ciliary arteries.

• The lamina cribrosa region is also supplied by
the ciliary vessels which are derived from the
short posterior ciliary arteries and arterial
circle of Zinn-Haller.

• The retrolaminar region is supplied by both the
ciliary and retinal circulations with the former
coming from recurrent pial vessels. The central
retinal artery provides centripetal branches
from the pial plexus and also centrifugal
branches.

Capillaries

Although derived from both the retinal and
ciliary circulations, the capillaries of the optic
nerve head resemble more closely the features
of retinal capillaries than of the choriocapillaries.
These characteristics include:
• Tight junctions,
• Abundant pericytes, and
• Non-fenestrated endothelium

They represent a blood–nerve barrier. The
capillaries decrease in number posterior to the
lamina, especially along the margins of the
larger vessels.

The rich capillary beds of each of the 4 anatomic
regions within the anterior optic nerve are
anatomically confluent.

Venous drainage

The venous drainage from the optic nerve head
is almost entirely through the central retinal
vein, although a small portion may occur
through the choroidal system. Occasionally,
these communications are enlarged as
retinociliary veins, which drain from the retina
to the choroidal circulation, or cilio-optic veins,
which drain from the choroid to the central
retinal vein.

PATHOPHYSIOLOGY OF

GLAUCOMATOUS OPTIC NEUROPATHY

The pathogenesis of glaucomatous optic atrophy
has remained a matter of controversy since the
mid-19th century. In 1858, Müller proposed that
the elevated IOP led to direct compression and
death of the neurons. The same year, von Jaeger
suggested that a vascular abnormality was the
underlying cause of the optic atrophy. In 1892,
Schnabel proposed another concept in the
pathogenesis, suggesting that atrophy of neural

Fig. 3.5 Blood supply of the optic nerve head
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elements created empty spaces, which pulled
the nerve head posteriorly (Schnabel cavernous
atrophy).

It has now been recognized that progressive
optic neuropathy results from the death of
retinal ganglion cells (RGCs) in a typical pattern
which results in characteristic optic disc
appearance and specific visual field defects.

PATHOGENESIS OF RETINAL GANGLION CELL DEATH

Retinal ganglion cell (RGC) death is initiated
when some pathologic event blocks the
transport of growth factors (neurotrophins) from
the brain to the RGCs.

The blockage of these neurotrophins initiates
a damaging cascade, and the cell is unable to
maintain its normal function. The RGCs losing
their ability to maintain normal function
undergo apoptosis and also trigger apoptosis of
adjacent cells. Apoptosis is a genetically
controlled cell suicide programme whereby
irreversibly damaged cells die, and are sub-
sequently engulfed by neighbouring cells,
without eliciting any inflammatory response.

Retinal ganglion cell death is, of course,
associated with loss of retinal nerve fibres. As
the loss of nerve fibres extends beyond the
normal physiological overlap of functional
zones, the characteristic optic disc changes and
specific visual field defects become apparent
over the time.

Etiological factors

Factors involved in the etiology of retinal
ganglion cell death and thus causing glauco-
matous optic neuropathy can be grouped as
below.

A. Primary insults

1.Raised intraocular pressure (mechanical
theory) Raised intraocular pressure causes
mechanical stretch on the lamina cribrosa
leading to axonal deformation and ischaemia by
altering capillary blood flow. As a result of this,
neurotrophins (growth factors) are not able to
reach the retinal ganglion cell bodies in sufficient
amount needed for their survival.

Concept of translaminar pressure. The mechanical
theory stresses on the effect of raised IOP on

lamina cribrosa, which is considered the
initiating site of glaucomatous optic nerve
damage. Now the stress is being laid on the
concept of translaminar pressure. The lamina
separates the higher IOP space anteriorly from
the lower subarachnoid pressure space
posteriorly. The pressure difference between the
two spaces is called translaminar pressure, it has
been suggested that this pressure accounts for
the damage to the ganglion cells’ axons at the
level of lamina. In this context, a reduced CSF
pressure in the subarachnoid space would exert
the same effect as raised IOP. A low CSF
pressure has been reported in patients with
POAG as well as NTG as compared to control.
This data, although preliminary, suggest that the
dynamic interplay between these fluid spaces
may explain why some individuals with normal
IOP may develop glaucoma and others with
elevated IOP may not.

Mechanism involved in RGC apoptosis secondary
to elevated IOP is summarized in Fig. 3.6.

2. Pressure-independent factors (vascular
insufficiency theory) Factors affecting vascular
perfusion of optic nerve head in the absence of
raised IOP have been implicated in the
glaucomatous optic neuropathy in patients with
normal tension glaucoma (NTG). However,
these may be the additional factors in cases of
raised IOP as well. These factors include:
i.Failure of autoregulatory mechanism of blood flow.
The retina and optic nerve share a peculiar
mechanism of autoregulation of blood flow with
rest of the central nervous system. Once the
autoregulatory mechanisms are compromised,
blood flow may not be adequate beyond some
critical range of IOP (which may be raised or in
normal range).
ii. Vasospasm is another mechanism affecting
vascular perfusion of optic nerve head. This
hypothesis gets credence from the convincing
association between NTG and vasospastic
disorders (migranous headache and Raynaud’s
phenomenon).
iii. Systemic hypotension particularly nocturnal
dips in patients with night time administration
of antihypertensive drugs has been implicated
for low vascular perfusion of optic nerve head
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•Inability of the astroglial cells to prevent or
repair injury to the ganglion cells or its
extracellular matrix regardless of the source
of initial insult.
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INTRODUCTION

EPIDEMIOLOGICAL TERMS

Before studying the epidemiology of glaucoma,
it will be worthwhile to be familiar with some
important epidemiological terms.

Epidemiology

Epidemiology has been defined as ‘the study of
the distribution and determinants of health-
related states or events in specified populations,
and the application of this study to the control
of health problems’.

Tools of measurement

The epidemiologist usually expresses disease
magnitude as a rate, ratio or proportion. A clear
understanding of the term is required for proper
interpretation of epidemiological data. The basic
tools of measurement in epidemiology are:
• Rate measures the occurrence of some

particular event (development of disease or
the occurrence of death) in a population

EPIDEMIOLOGY OF
GLAUCOMA

EPIDEMIOLOGY OF
GLAUCOMA

during a given time period. It is expressed per
thousand or some other round figure (10,000;
1,00,000) selected according to convenience or
convention to avoid fractions.

• Ratio expresses a relation in size between two
random quantities. The numerator is not a
component of the denominator.

• Proportion is a ratio which indicates the
relation in magnitude of a part of the whole.
The numerator is always included in the
denominator. It is usually expressed as a
percentage.

Incidence

Incidence rate is defined as ‘the number of new
cases occurring in a defined population during
a specified period of time’. It is given by the
formula:

  Number of new cases of specific
disease during a given time period

Incidence = × 1000
Population at risk during that period

It is expressed per 1000 per year.
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EPIDEMIOLOGY OF GLAUCOMA: AN

OVERVIEW

EPIDEMIOLOGY OF GLAUCOMA:

GLOBAL SCENARIO

• Globally, glaucoma is a significant cause of
visionloss that disproportionately affects
women and Asians. It is the most common
cause of irreversible blindness in the world.

• Second most frequent cause of blindness, after
cataract, in the world is glaucoma.

• Number of glaucoma blinds in 2002 were 37
million worldwide which is estimated to
become almost 80 million by the year 2020.

• Bilateral blindness from glaucoma is projected
to affect greater than 11 million individuals
worldwide by 2020.

Primary open-angle glaucoma

• Worldwide around 4.5 million people are
bilaterally blind because of POAG.

• Prevalence ratio of POAG versus PACG  reported
for different ethnic groups is as below:
Ethnic group POAG : PACG

Europian, African and 5 : 1
Hispanics
Indian 1 : 1
Urban Chinese 1 : 2
Mongolian 1 : 3

• Most common single form of glaucoma world-
wide is POAG. More than two million people
develop the disease each year.

• Prevalence in general population older than 40
years worldwide is between 1 and 2% in the
most studies. However, reports vary consi-
derably according to the population studied,
the diagnostic criteria and screening
techniques used.

• Prevalence increases with increasing age, i.e. from
1–2% in above 40 years to 11% in those above
80 years.

• Prevalence of POAG in blacks is three times the
prevalence in whites.

• Prevalence of congenital glaucoma. In contrast to
a prevalence of 1:10,000 in the West,
prevalence is as high as 1:1250 among the
Romany population of Slovakia, and 1:2500
in the Middle East, suggesting a genetic
etiology. In the Indian state of Andhra
Pradesh, the prevalence is 1:3300, and the
disease accounts for 4.2% of all childhood
blindness.

Primary angle-closure glaucoma

• Prevalence of PACG is 0.5% worldwide.
• Current estimates of the number of persons

who are blind worldwide because of PACG is
3.9 million.

• Highest rates have been reported among
Eskimos (Inuits).

• High prevalence has also been reported from
China, Mongolia, South-East Asia and India.

EPIDEMIOLOGY OF GLAUCOMA:

ASIAN SCENARIO

Prevalence of glaucoma

Primary angle-closure glaucoma (PACG) is
more prevalent than primary open-angle glaucoma
(POAG) in East Asian population. A reverse
trend is reported in European and African
derived peoples. Asians are expected to
represent 47% of those with glaucoma and 87%
of those with ACG.
Incidence of acute angle-closure (cases/1,00,000
persons/year for the population aged 30 years
and over) reported are as below:
• Europe (Finland): 4.7
• Chinese Singaporeans: 15.5
• Malaya and Indian Singaporeans: 6.0
Glaucomatous optic neuropathy (GON) is
reported to be most prevalent among people of

Fig. 4.4 Prevalence rates of glaucoma in USA (2010) in
different races (an example of person distribution)
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