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FOREWORD

It is a pleasure to be asked to write a foreword to a new book written by European, Far
Eastern and US colleagues who are currently at the forefront of their area of interest. I
consider it a compliment to have been asked to do so having been in love with the enigma of
glaucomas and its managment for over half a century.

It is an even a greater pleasure when the book deals with the controversies in the treatment
of glaucoma. Without such controversy there would be no progress only stagnation.
Controversy arises when traditional thoughts and practices are questioned or when new
concepts are challenged. The lack of understanding of the causes, pathogenesis and often the
natural history of the diseases underlies what seems controversial. Research generating new
knowledge then resolves most these controversies.

Controversy in the treatment of glaucoma can also arise when reputable investigators
claiming to do similar studies obtain different results and arrive at different conclusions. A
good example of this occurred when timolol the then ‘magic glaucoma potion’ was found, in
almost identical studies, to favourably influence glaucomatous progression by some and yet
not by others in spite of the excellent pressure reduction in all of the studies.The natural
history of the disease nor its risk factors were not known at that time nor was the concept that
there maybe individuals who have a pressure dependent glaucoma while others have a similar
clinical picture which is much less dependent, or even totally independent, of intraocular
pressure. It might easily have happened that 60% pressure sensitive individuals were
recruited by chance in one study and only 40% of such individuals in the other which would
have resulted in the controversy. Now that the natural history of the chronic glaucomas is
better understood the likely causes of the controversy can be easily explained and understood.

I am impressed by many of the authors who were chosen to highlight the new and old
controversies in the book. I look forward to reading what they have to say.

Stephen M Drance OC
Vancouver, BC
Canada
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.
ALTERATIONS OF THE OPTIC NERVE IN
GLAUCOMA

Selim Orgiil

Introduction

Historically, the term glaucoma has been used to describe conditions associated with
increased intraocular pressure (IOP) leading to optic nerve and visual field damage. Today,
because not all patients with increased IOP suffer from neuronal damage, and not all patients
with glaucomatous optic neuropathy have an increased IOP, the term glaucoma refers to a
syndrome of retinal ganglion cell loss manifested as retinal nerve fiber bundle loss and
excavation of the optic nerve head with corresponding visual function defects. Morphological
alterations of the optic nerve in glaucoma have long been described. Today, because of the
perspective to identify the disease or the progression thereof earlier than by means of

functional loss assessment,1 major efforts are being invested into the development of

techniques that can quantify the clinical alterations of the optic nerve in glaucoma.2_10 Even
more vivid is the research in the field exploring the pathway leading to the observed changes.
A higher awareness of these mechanisms may enhance our understanding of the
pathophysiology of glaucomatous optic neuropathy and foster the development of new
therapeutic modalities.

Clinical changes

The various clinical alterations at the glaucomatous optic nerve head (ONH) can be appraised
by quantitative methods, such as vertical cupping and neuroretinal rim loss, or qualitatively,
for example by vessel baring, notching, retinal nerve fiber layer (RNFL) loss and disc
hemorrhage. Clinical experience teaches that, without the help of sophisticated technical
means, qualitative morphological criteria have a higher diagnostic power compared to
quantitative criteria.

The essence of glaucoma is a chronic loss of ganglion cell axons.'! This loss must be

distinguished from a physiologic decrease in nerve fibers with advancing age.1 Physiologic
loss of retinal nerve fibers does not seem to alter markedly the aspect of the ONH

cupping.lz*14 Based on clinical features of the ONH in glaucoma, four major types of disc
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damage have been defined: the focal ischemic disc, the senile sclerotic disc, the myopic disc,

and the disc with a generally enlarged cup.l—5

Peripapillary atrophy

As well as ONH alterations, peripapillary changes have been described in glaucoma, but

seem not to occur in other optic neuropathies.E Peripapillary atrophy is characterized by a
region of atrophy of the retinal pigment epithelium, centrally, adjacent to the scleral ring, the
beta zone, and a region of pigment mottling, lying more peripherally, the alpha zone (Figure
1.1). Many studies have confirmed that peripapillary atrophy, especially the beta zone, can

increase in glaucomatous optic neuropathyH and that peripapillary alterations may even
1819 1¢

may also be helpful in differentiating normal-tension glaucoma from glaucoma-like discs.2

Even in experimental glaucoma, the development of peripapillary atrophy has been

precede functional loss in patients with ocular hypertension converting to glaucoma.

described.2! Careful scrutiny of the published figures in the latter study suggests, however,
that the zone where peripapillary atrophy develops can already be outlined on baseline
pictures. A possible interpretation hereto is that peripapillary atrophy

Figure 1.1 Peripapillary atrophy is characterized by a central region of total atrophy of the retinal
pigment epithelium (the beta zone), and a peripheral zone of pigment mottling (the alpha
zone). 1=optic cup, 2=rim of the optic disc; 3=beta zone, 4=alpha zone; 5=scleral ring.
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does not develop, but is unveiled during glaucomatous atrophy. This is in line with the
observation that histological evidence for peripapillary Bruch’s membrane devoid of RPE

(atrophy) can be seen in nearly 90% of non-glaucoma eyes 2 Furthermore, Curcio et al could
not find any evidence that atrophy of the choriocapillaris may precede peripapillary atrophy

of the retinal pigment epithelium.2 These observations suggest that peripapillary atrophy
simply reflects neuronal atrophy and connective tissue alterations in glaucoma, unveiling
pre-existing atrophy of the retinal pigment epithelium. With atrophy of the axons,
pre-existing atrophy of the retinal pigment epithelium becomes visible. Interestingly, such an
exposure of pre-existing atrophy of the retinal pigment epithelium seems not to occur in
non-glaucomatous optic neuropathies, suggesting that part of the unveiling process is also
due to structural alterations at the level of the connective tissue.

Optic disc hemorrhage

Optic disc hemorrhages (Figure 1.2) are detected in around 4-7%2324 10 20% of eyes with

glaucoma often herald progression in damage,=> 26,27

and indicate faster progression of
damage compared to eyes without disc hemorrhage 8 Sucha development appears to be

independent of the absolute level of 10P.2 Optrc disc hemorrhages are signs of
microvascular damage. Close associations between optic disc hemorrhages, retinal vein




Figure 1.2 Optic disc hemorrhages accompanying a glaucomatous atrophy.
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occlusions, and glaucoma,29 between optic disc hemorrhages and high systemic blood

pressure,3 0 and between optic disc hemorrhages and generalized vascular disease>! have been

described. A small size of the neuroretinal rim of the ONH seems to be the only clinically
identifiable morphologic predictive factor for the development of optic disc

hemorrhages.3 2,33 The pathogenesis of this feature remains, however, unclear. In some cases,

disc hemorrhages seem to precede a rise in IOP.2 A likely pathway of optic disc hemorrhage

is endothelial damage/dysfunction.3 4

Peripapillary arteriolar narrowing of retinal vessels

Although not exclusive to glaucomatous eyes, a peripapillary focal arteriolar narrowing of
retinal vessels>> is seen in nearly half of the affected eyes, where it locates in 90% of the

cases to the disc sector with the greatest (:upping,3 % and correlates in 90% with the presence
of a visual field defect in the corresponding superior or inferior hemifield. Although the

degree of constriction does not necessarily correlate with the severity of visual field defect,>’
an increasing narrowness of retinal peripapillary focal arteriolar constriction appears to

indicate progressive glaucomatous optic nerve damage.38 Consequently, this feature may,
independently of whether these vascular changes occur primarily or secondarily to
glaucomatous damage, be a potential marker of progression.

Alterations of the lamina cribrosa in glaucoma

Alterations in a glaucomatous ONH are not limited to neural elements, but also include the
surrounding connective tissue, especially the lamina cribrosa. The mechanical properties of
the macromolecules of the extracellular matrix of the lamina cribrosa may make this tissue

compliant and sensitive to intraocular pressure.3 ? The cribriform plates of the lamina cribrosa
consist of a core of elastin fibers and collagen type III, coated with collagen type IV and
laminin. The insertion of the lamina cribrosa in the sclera demonstrates concentric,
circumferential elastin fibers that surround the lamina cribrosa and are continuous with the
elastin in the cribriform plates. In eyes with glaucomatous optic neuropathy, these
characteristics change markedly, including an upregulation of the synthesis of extracellular

matrix components such as collagen, proteoglycans, and adhesion molecules. 2053

Histological features of connective tissue in a glaucomatous optic nerve impress, as they
would have been caused by direct mechanical compression, for example at the level of the
cribriform plates (Figure 1.3). The latter show a disorganized and compressed arrangement

and a backward bowing.5 4 When translaminar pressure is, however, measured at different
levels of IOP in dog eyes, no change of the path along which the pressure gradient drops to
retrolaminar pressure levels is observed, suggesting an



Figure 1.3 The lamina cribrosa in glaucomatous eyes, compared to a normal eye impresses
mechanical compression has distorted the cribriform plates.

invariable thickness of laminar tissue when IOP is increased acutely.ﬁ’s—6 Consequently,
rather than due to mechanic compression, the alterations in connective tissue observed in
glaucoma are likely to be initiated in response to the local stress, leading to local tissue

remodeling. The observation of similar changes in glaucomatous eyes without increased IOP

validates this view.>/

The tissue remodeling in glaucomatous optic neuropathy results in physical alterations
influencing plastic and elastic properties of the connective tissue. In early-glaucoma eyes of
monkeys fixed at an IOP of 0 mm Hg, a posterior displacement and thickening of the lamina
cribrosa as well as an enlargement of the scleral canal at the level of Bruch’s membrane and

at the anterior laminar insertion can be observed.>® These modifications seem to be
independent of the distensibility of the local tissue. Due to intrinsic distensibility of the
lamina cribrosa, some posterior displacement of the lamina cribrosa, but no change in laminar
thickness or scleral canal diameter, can be observed in normal eyes, confirming earlier
findings in dog eyes. In contrast to this normal compliance. eyes with early glaucoma

demonstrate a noticeably more marked distensibility, what Bellezza et al have called a

hypercompliant deformation.”®

The observed alterations are thought to be largely brought about by activated glial cells

(Figure 1.4).252@ The alterations seem to be specific to the chronic stress conditions in
glaucoma and not secondary to axonal loss. Upregulated matrix metalloproteinases (MMPs),
proteolytic enzymes capable of degrading components of the extracellular matrix, may

represent the link between glial cell reactivation and remodeling of the lamina cribrosa.2%:01

Remarkably’ these changes occur without the formation of a scar tissue. A possible modulator
hereof may be tenascin, a large extracellular matrix glycoprotein synthesized by astrocytes
during development and wound healing, forming barriers and affecting neurite outgrowth. In
human glaucomatous optic nerve heads there is an upregulation of tenascin mRNA and
protein in reactive astrocytes. Tenascin may participate in forming a boundary to prevent
migration of blood-borne cells or humoral inflammatory mediators into the optic nerve tissue
during glaucoma and, thus, prevent scar tissue formation.
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Figure 1.4 In glaucomatous optic neuropathy, astrocytes play a major role in the remodeling of the
extracellular matrix of the optic nerve head (adapted from Hernandez MR, Pena JDO. The
optic nerve head in glaucomatous optic neuropathy. Arch Ophthalmol 7997; 115:389).
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Axonal transport in glaucoma

Similar to the central nervous system, a bidirectional axonal flow can be demonstrated in
optic nerve axons. An anterograde transport system carries material from the cell body to the
axonal terminal, and a retrograde transport system carries material in the opposite direction.
The anterograde axonal flow has one fast and one slow component. The materials that are
rapidly transported are those involved in synaptic function, while high-molecular-weight
proteins and particulate substances that participate in structural maintenance and axonal
growth are transported slowly. The velocity of retrograde axonal transport is variable, but it is
generally slower than that of the fast component of the anterograde transport. The material
that is transported through this system is similar to that transported by the anterograde
system. In addition, the retrograde system transports proteins and small molecules that have
been picked up at the axonal terminals. Axoplasmic flow is typically altered in glaucoma,

leading to accumulation of cellular organelles at the level of the lamina cribrosa.%3:04

Ultrastructural alterations in axons exposed to high intraocular pressure seem also to be most

marked at the level of the lamina cribrosa sclerae,65 but axonal alterations can even be seen

in the optic chiasm.®

The pathway leading to blockage of axonal flow in glaucoma has not yet been clarified.®’

The selective location of axoplasmic stasis at the level of the lamina cribrosa indicates an
anatomic or a physiologic boundary. The lamina cribrosa delineates the peripheral edge of
the subarachnoid space surrounding the optic nerve, and separates anatomically this
compartment from the intraocular cavity. Because the two compartments exhibit different
levels of pressure, alterations in the pressure gradient around the lamina cribrosa may
represent a physical obstacle promoting local accumulation of intracellular elements. On the
other hand, the level of the lamina cribrosa coincides with the zone of abrupt decrease of

axonal density of mitochondria in the optic nerve, compared to the retina.2%%9 The inverse
relationship between myelination and mitochondrial distribution in optic nerve axons
indicates that cellular elements may accumulate at the level of the lamina cribrosa in case of
lack of oxygen.

Comparably to direct damage to the optic nerve inducing retrograde degeneration and
apoptosis of the retinal ganglion cell bodies in mammals, chronic hindrance of axonal flow
such as that occurring in glaucoma also leads to retinal ganglion cell death. The mechanisms

that mediate the response of the neuronal cells to the axonal injury are still unknown.

Antagonizing axon guidance molecules opposing axonal flow’? or replacing neurotrophins71

normally conveyed to the ganglion cell bodies favorably influence the fate of agonizing
retinal ganglion cells. However, the observation of the chronology of events in rat eyes with
increased IOP suggests that glial responses precede blockage of axonal flow, and that the
hindrance of supply with neurotrophic factors is not the primary driving mechanism in

glaucomatous atrophy.n’73
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Apoptosis in glaucoma

Apoptosis is a form of genetically programmed cell death that can be induced by a variety of
different stimuli. It is often referred to as a form of cellular suicide. Typically, apoptosis is
characterized by the condensation and shrinkage of the cellular nucleus and cytoplasm,
followed by the complete fragmentation of the cell and subsequent phagocytosis of the debris

by surrounding cells. Important during development and for the maintenance of homeostasis

in some adult tissues, apoptosis is also associated with disease processes such as glaucoma.74

The goal of research in cell death mechanisms is to identify pharmacological means to
protect retinal ganglion cells from degeneration regardless of the elevated IOP. Various
approaches of pharmacological neuroprotection can be envisaged including supplying
neurotrophic factors, inhibiting apoptosis, antagonizing excitotoxicity, and inhibiting the

generation of neurotoxic molecules.”75-81 A further approach might be boosting a

protective, controlled autoimmune reaction.®2 The clinical value of neuroprotective
therapeutic strategies in human glaucoma needs still to be ascertained in clinical trials.
However, an unquestionable prerequisite for such studies warrants adequate methods to

evaluate progression of damage.83 84

A potential trigger for apoptotic retinal ganglion cell death in glaucoma could be an
autoimmune reaction. Arguments in favor include the following: astrocytes, which express

MHC class II antigens, may function as antigen-presenting cells;®? elevated serum antibodies

against retinal heat shock proteins can be measured in glaucoma patients;%_88 expression of

heat shock proteins is increased in neuronal and glial elements of the retina and optic nerve of

89,90

glaucomatous eyes; exogenously applied heat shock proteins at concentrations similar to

those found in glaucoma patients facilitate apoptotic cell death.”! These studies suggest that,
somehow, heat shock proteins, which normally serve to protect cells from damage, may

become immune targets involved in the progression of the disease. These alterations have

been claimed to be amenable to neuroprotection.g2

Reactivation of glial cells

Recent evidence suggests that glial cells may participate in damaging neurons in glaucoma.
During the development and maintenance of the nervous system, glial cells are structurally

and functionally linked to neuronal tissues, including in the lamina cribrosa.”> Glial cells
control the extracellular environment of the axons and scavenge toxins. In the optic nerve,
glial cells include astrocytes, oligodendrocytes (behind the lamina cribrosa), and microglia,
while, in the retina, there are mainly Miiller cells and astrocytes. In glaucoma, pathologic

mechanisms within the anterior optic nerve include glial cell activation.”*-97

The suspected primary injury site in glaucoma is the ONH. However, the observation of
secondary degeneration of retinal ganglion cells in glaucoma, with widespread
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neuronal damage occurring beyond the initial injury site or even beyond the eye,gg*1 02 makes
the delineation of the primary injury site uncertain. Indeed, glial cells in human eyes undergo

an activation process in glaucoma not only in the ONH,®3 but also in the retina.l%4:105

A potential mediator of glial cell reactivation and of extracellular matrix remodeling in the

lamina cribrosa of glaucomatous eyes may be transforming growth factor beta.[06:107 A

further possible candidate may be endothelin-1 7,108 A study using cultured ONH astrocytes
demonstrated an increased migratory ability in response to elevated hydrostatic pressure, and
that the migration of ONH astrocytes is accompanied by proteolytic degradation of the

environing tissue.1?? Possibly, activation of glial cells in glaucomatous eyes occurs primarily

as a supportive mechanism for neuronal function. 110 Likely enhanced mechanisms are
regulation of extracellular amino acids and toxins, as well as supply of metabolites or growth
factors to the neuronal tissue. However, at some point, under the prolonged stress conditions
of glaucoma, a shift seems to occur from supporting functions to the development of noxious
effects on neuronal tissue by mechanical injury as well as by changes to the

microenvironment.2Z111 In addition, activated astrocytes are known to produce neurotoxic

substances such as nitric oxide3%112-115 and TNF-alpha.60’1 16,117 An alternative hypothesis

is that the supporting ability of the glial cells may be exhausted with time. 118,119

Conclusions

In summary, the presented evidence suggests that

1. Astrocyte activation is the key-factor in glaucomatous optic nerve remodeling.

2. Withdrawal of neurotrophic support may not be the only determinant of retinal ganglion
cell apoptosis in glaucoma.

3. Mechanical compression alone cannot explain the observed alterations at the level of the
ONH in glaucoma.

These findings have clearly influenced our appraisal of glaucomatous disease, although
therapeutic approaches often still remain limited to the lowering of IOP. However, one step
following another, it can be anticipated that newer therapeutic modalities will emerge in a not
so far future.
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2.
THE MECHANISMS OF INTRAOCULAR
PRESSURE INCREASE IN PRIMARY
OPEN-ANGLE GLAUCOMA

Ernst R Tamm

Introduction

Intraocular pressure (IOP) at a level that is too high for the health of the optic nerve head is

the major and most critical risk factor for glaucoma.1 IOP is higher in the eye than in its
surrounding tissues in order to maintain the overall shape and the refractive properties of the
visual organ. The actual rate of IOP depends on the circulation of aqueous humor. Aqueous
humor is actively secreted by the ciliary epithelium into the posterior chamber. It passes
through the pupil to the anterior chamber to leave the eye via the trabecular meshwork into
Schlemm’s canal, which connects by collector channels to the aqueous veins that carry
aqueous humor to the episcleral veins on the surface of the eye. The trabecular meshwork
provides a resistance to aqueous humor outflow and IOP builds up in response to this
resistance until it is high enough to drive aqueous humor across the trabecular meshwork into
Schlemm’s canal. Aqueous humor passes through the trabecular meshwork as bulk flow
driven by the pressure gradient; any active transport is not involved as neither metabolic

poisons nor temperature affect this flow.23 An alternative pathway exists by which aqueous
humor exits the eye through the ciliary muscle, the supraciliary and suprachoroidal spaces
and finally through the sclera into the episceral tissue, or through reabsorption by vortex
veins or uveal vessels.*~2 This unconventional or uveoscleral outflow accounts for only 10%

of the total outflow in the human eye10 and is generally regarded as pressure-insensitive. U
primary open-angle glaucoma (POAG), IOP is elevated because the resistance to aqueous

humor outflow in the trabecular meshwork is abnormally high. 12

The structure of the trabecular meshwork

The trabecular meshwork consists of three regions that differ in structure: the inner uveal
meshwork, the deeper corneoscleral meshwork and the juxtacanalicular tissue or cribriform
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region that is localized directly adjacent to the inner wall endothelium of Schlemm’s canal.
The uveal meshwork is an irregularly arranged porous structure that consists of one to three
layers of trabecular beams or lamellae. Each lamella has a core, which is formed by
extracellular collagenous and elastic fibers and which is covered by flat trabecular cells
resting on a basal lamina. Comparable lamellae that extend from the scleral spur to the cornea
are found in the corneoscleral meshwork (Figure 2.1). Here, the lamellae form several
interconnected layers. The cribriform region does not form lamellae or connective tissue
beams, but rather appears as a typical loose connective tissue with relatively Free cells that
are embedded in a loosely arranged fibrillar extracellular matrix (Figure 2.1). Cribriform cells

are not in contact with a basal lamina.' The cribriform cells form elongate processes by
which they attach to one other, to extracellular matrix fibrils or to the inner endothelial cells
of Schlemm’s canal. The lumen of Schlemm’s canal is lined by vascular endothelial cells that
form at its inner side a barrier with very high hydraulic conductivity (Figure 2.1). Based on
the aqueous humor flow rate and a pressure drop of approximately 5 mm Hg, the hydraulic
conductivity of the inner wall endothelium is the highest of any endothelium in the body,

including fenestrated structures such as the renal glomerulus. 1 Compared with

non-fenestrated endothelia, the inner wall endothelium has a hydraulic conductivity that is at
least 100 times larger. To allow this high hydraulic conductivity, the inner wall endothelium
is specialized by the formation of large pores that range in size from 0.1 um to 3 um, with an

average diameter of a little less than 1 um.14 Most of the pores appear to be intracellular
openings, but a significant number of intercellular pores have been observed that may form a

paracellular pathway across the inner wall. 15,16 pores are often associated with structures
called giant vacuoles, which are outpouchings or invaginations of inner wall cells that extend

into the lumen of the canal.l>18 It is generally agreed that giant vacuoles form passively due
to the pressure drop across the inner wall, since the number of these invaginations increases

in parallel to a rise in IOP. 19

Localization of outflow resistance

The openings between the network of the lamellae in the uveal and corneoscleral trabecular

meshwork are too large in size and number to contribute to outflow resistance. ..

Accordingly, cutting of the proximal parts of the trabecular meshwork does not affect outflow

resistance.. There is also considerable evidence that the endothelial lining of Schlemm’s
canal does not significantly contribute to aqueous humor outflow resistance. The size and
number of pores in the inner wall endothelium appear to be high (between 1000 and 2000

pores/mmz) and more than adequate to allow unhindered flow of aqueous humor.12:20

Indeed, by using scanning electron microscopy and hydrodynamic calculations, Bill and

Svedbergh concluded that inner wall pores would generate, at most, 10% of the observed

20

aqueous humor outflow resistance,= a result that has been confirmed in independent

studies.2122 A recent report challenged this point of view by showing that the
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Schlemm's Canal

Comeoscleral TM

Figure 2.1 Schematic drawing of the outer parts of the trabecular meshwork (TM) in normal eyes
and in those with POAG. Aqueous humor enters the cribriform region through the large
openings between the lamellae of the corneoscleral TM. It passes the extracellular
pathways of the cribriform region and flows into Schlemm’s canal through pores in the
endothelial lining that are often associated with giant vacuoles (arrows). In POAG, the
pathways for aqueous humor in the cribriform region become smaller, as there is an
increase in extracellular ‘plaque material’ that mainly derives from the thickened sheaths
of cribriform elastic fibers (asterisks).

characteristics of inner wall pores depend on fixation conditions. The density of inner wall

pores increases with the volume of fixative perfused through the outflow pathway and

decreases with post-mortem time. >

Nevertheless, there is also other exp erimental evidence that argues for the presence of
pores and against Schlemm’s canal endothelium as the major site of outflow resistance.
Johnson and coworkers perfused enucleated human eyes with 0.18-um microspheres and
found that approximately 50% of microspheres successfully passed through the outflow

pathways.24 There was no indication of a build-up of microspheres near the inner wall



endothelium. It is hard to understand how such a high fraction of particulates could
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successfully pass through the outflow pathway, except through pores. This leaves the
juxtacanalicular meshwork or cribriform meshwork as the most likely site of trabecular
outflow resistance. This assumption is supported by experimental studies reported by Méepea
and Bill, who measured pressure at different locations in the cribriform region of monkeys

with a micropipette ‘[ip.25 They found that most of the outflow resistance is located in the
cribriform region, at a distance of approximately 7 to 14 um from the inner wall endothelium.
Moreover, in monkey eyes a positive correlation has been observed between resting facility

and the area of optically empty spaces in the cribriform meshwork, which should serve as

pathways for aqueous humor.2

Still, theoretical calculations of the resistance in the cribriform flow passages as viewed
using conventional electron microscopy (EM) indicated that the cribriform region could not
generate a significant outflow resistance, unless the assumption is being made that areas
which appear optically empty are filled with extracellular material that is poorly visualized or

is lost during the embedding procedures that are required for EM.27:28 Indeed, experimental
evidence for the role of the extracellular material in generating outflow resistance comes
from studies in perfused human anterior segment organ cultures. Bradley and coworkers
showed that perfusion with matrix metalloproteinases, enzymes that degrade extracellular

matrix moieties, causes a significant decrease in outflow resistance.”” In a more recent study,
however, the trabecular meshwork and the inner wall of Schlemm’s canal were examined
using quick-freeze deep-etch EM. This technique should preserve extracellular moieties that

are lost by conventional EM. Although significantly more extracellular matrix was
observed in the cribriform region using quick-freeze deepetch EM than by conventional EM,
some micron-sized open spaces were still present immediately beneath the inner wall of
Schlemm’s canal. In conclusion, as of today, specific components that account for normal
outflow resistance in the cribriform region and their specific location within this region have
not been identified.

Structural changes with POAG

The two major structural changes that occur in eyes with POAG are a loss of trabecular
meshwork (TM) cells>'32 and a significant increase in extracellular material in the

cribriform region of the TM.33-35 The predominant component of the extracellular material
that is increased in POAG has been termed ‘plaque material’ and derives from thickened
sheaths of elastic fibers in the cribriform TM (Figure 2.1). Plaque material consists of banded

fibrillar elements that are embedded in different glycoproteins.%’37 The molecular nature of
plaque material is unclear, but there is some evidence that collagen type VI is associated with

it.>® The increase of plaque material in POAG correlates with the degree of axonal damage in

the optic nerve head.>? Still, eyes with ocular hypertension or early glaucoma do not show a
substantial increase in this material, indicating that plaque material is rather a symptom than a

cause of increased outflow resistance in POAG.>>
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Other components of the extracellular matrix that have been reported to be present in

higher amounts in the TM of eyes with POAG are collagen type IV, laminin and

fibronectin, *>4! but again it is far from clear whether this increase causes elevated TM
outflow resistance. An extracellular molecule that might act more specifically on TM outflow
resistance in patients with POAG is myocilin, a secreted glycoprotein of the olfactomedin

family, which is expressed in very high amounts in the trabecular meshwork.*2 Mutations in
myocilin cause some forms of POAG that are often associated with high pressure.43 The
immunoreactivity for myocilin has been found to be increased in the TM of eyes with
POAG.** Moreover, perfusion of human anterior segment organ cultures with recombinant

myocilin made in bacteria increased the resistance of trabecular outflow.*> Still, these results
need to be interpreted with caution, since proteins made in bacteria do often differ
substantially from that made in eukaryotic cells. Bacteria lack an endoplasmic reticulum and
all its control mechanisms that facilitate protein folding, which is required to obtain the
proper three-dimensional structure of proteins. Indeed, in a more recent study on organ
cultures that were perfused with a myocilin fragment, which contained the critical
olfactomedin domain and was purified from a eukaryotic non-bacterial expression system, no

significant effects on outflow resistance were observed.*0

The factors that control extracellular matrix turnover in the normal TM and its increase in
POAG are largely unclear. In other tissues and disorders, for example in pulmonary or
hepatic fibrosis, systemic sclerosis, glomerulosclerosis in the kidney or in dermal scarring,
there is considerable evidence that transforming growth factors-f1 and 2 (TGF-B1 and 2)
mediate a pathological increase in extracellular matrix deposition and the development of

tissue fibrosis.*” 42 A similar role for the increase in TM extracellular matrix in POAG has

been proposed forTGF-fs in the eye.18’50 Human TM cells in culture have been shown to

secrete TGF- and to express mRNA of TGF-3 receptors.5 ! Treatment of TM cells with
TGF-B in vitro causes an increase in fibronectin synthesis and a substantial cross-linking of

fibronectin by the action of tissue transglutaminase.5 2,53 Moreover, elevated amounts of

TGF-B2 have been found in the aqueous humor of patients with POAG.2455

The role of the TM cytoskeleton and contractility

While the quality and quantity of the extracellular matrix are certainly critical for the major
function of the TM, which is to provide optimal conditions for aqueous humor outflow, the
TM by no means acts like a passive filter. As with any other connective tissue, there is
certainly a constant remodeling of the extracellular matrix, a process that requires active de
novo synthesis of extracellular matrix compounds and continuous degradation of those by the
action of matrix metalloproteinases and other enzymes that contribute to extracellular matrix
turnover. It also appears to be very likely that the TM extracellular matrix is organized and
sensed by TM cells via integrins, which are membrane-spanning
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heterodimeric receptors that mediate communication between the extracellular matrix and
cells in connective tissues. Integrins in cell-matrix adhesions transmit information in a
bidirectional manner between extracellular matrix, cytoplasm and cytoskeleton, which

become dynamically linked and are able to interact continuously with each other.2%37
Indeed, agents that interfere with the TM cytoskeleton can induce dramatic changes in TM

structure and outflow resistance.”® In addition, considerable and convincing evidence has
been accumulated in recent years that TM cells have smooth muscle-like properties and are

able to actively contract.>? Contraction of TM cells appears to modify the outflow pathways
in a way that increases outflow resistance, while relaxation appears to do the opposite. These
mechanisms do certainly provide highly interesting pathways for novel therapeutic
approaches that may lower IOP in patients with POAG. Still, so far there is no evidence that
lack of TM contractility or changes in the cytoskeletal organization of TM cells causes or
contributes to the increase of IOP in POAG.
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3.
PATHOGENESIS OF GLAUCOMATOUS OPTIC
NEUROPATHY

Josef Flammer

Introduction

Glaucomatous optic neuropathy (GON) has been known clinically for more than 150 years as
optic nerve head excavation. We are, however, only beginning to understand the
corresponding changes at the cellular and molecular levels. More information can be
expected in the next few years from studies using immunohistochemistry and in situ
hybridization. The main problems are the difficulty of obtaining fresh human material and the
lack of good animal models, especially for normal-tension glaucoma.

This chapter summarizes both present knowledge and its application to the pathogenesis of
GON in primary open-angle glaucoma (POAG), including normal-tension glaucoma (NTG).

In order to understand a disease at least three steps are usually considered: the risk factors,
the pathomechanism, and the damage (Figure 3.1). In some diseases there is a fourth step, the
recovery. Before discussing the pathophysiology of GON the present knowledge of the
damage and the risk factors involved will be described. The pathomechanisms leading to
increased intraocular pressure (IOP) will not be delineated, but rather the mechanisms leading
to GON will be focused on.

GLAUCOMATOUS
DAMAGE

RISK FACTORS
Mechanism of diseasa

i.e., factors that increase the i

probability that glaucomatous
damage will appear or progress

i.e., the damage pathway

Lo vision impalrment

e, loss of nerve cells and finally

Figure 3.1 A4 disease is characterized by its risk factors, by the pathomechanism, and by the damage
(from Hernandez,2 with permission).
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The phenomenology of GON

Whereas the ophthalmologist sees the optic nerve head (ONH) excavation (Figure 3.2a), the
pathologist sees, besides a loss of neural tissue, an elongation, stretching and collapse of the
lamina beans and their posterial displacement (bowing) (Figure 3.2b). The damage is
demonstrated schematically in Figure 3.2¢c and summarized in Table 3.1. The loss of retinal
ganglion cells is non-specific and occurs in a number of other retinal and optic nerve diseases
as well. What is specific for glaucoma, however, is the tissue remodeling leading to
excavation. Therefore a concept of pathogenesis of GON needs to explain tissue remodeling
as well. The optional changes listed in Table 3.1 are also non-specific, but clearly occur in
glaucoma patients more often than in healthy controls.

In addition to these local changes in the eye a number of systemic symptoms and signs are
found, again not specific but occurring more often in glaucoma than in healthy controls
(Table 3.2). Most consistent are ocular hemodynamic changes, often accompanied by
systemic vascular dysregulation. For a detailed description, refer to the review by Flammer et

al.l

Risk factors for GON

From a scientific point of view the true risk factors are separated from risk indicators. In
practice this is often not easy. As an example: increased optic nerve head excavation is

Figure 3.2 Glaucomatous optic nerve atrophy: (a) through an ophthalmoscope; (b) the histological
picture; (c) a schematic presentation of GON (from Hernandez, 2 with permssion).

Table 3.1 Morphology of GON

Obligatory changes Optional changes
Retinal ganglion cell loss Splinter hemorrhages
decrease in neuroretinal rim Peripapillary atrophy

thinning of the retina Reduced blood-brain barrier



loss of axons Arteriole constrictions
Tissue remodeling Gliosis-like alterations
excavation Central vein occlusion

stretching and of beans
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Table 3.2 Optional systemic findings in glucoma

Hemodynamic alterations
Autoimmunity

Leukocyte activation

Autonomous nervous dysfunction
Endocrinological dysfunction
Neurodegenerative diseases
Psychological instability

Infections with helicobacter pylori
Increased plasma level of endothelin-1
Increased level of MMP-9

associated with an increased probability of further progression. This could mean that an
excavation is a risk factor in itself—in other words, if the optic nerve head is excavated its
vulnerability increases. However, it could also mean that a patient who has acquired damage
in the past (due to whatever risk factors) obviously has a higher probability of progressing in
the future (unless the relevant risk factors have been eliminated meanwhile). As a clear
separation is often not possible, the term risk factors is used in a broad sense to mean factors
that are statistically associated with the occurrence or with the progression of GON (Table
3.3). Of clinical relevance, however, is the question of whether or not a risk factor can be
influenced.

Three risk factors will be considered: IOP, vascular dysregulation, and blood pressure
(Figure 3.3). According to the author’s experience, these three factors are the most important
ones and can, at least partially, be influenced.

Pathomechanism of GON

It must be emphasized that the mechanisms leading to the damage are not yet fully
understood.The current concept will be summarized. Although there is a complex interplay of

Table 3.3 Factors associated with progression of GON

Cannot be influenced May be influenced
Ethnic background 10P

Gender Vascular dysregulation
Age Blood pressure
Refraction

Morphology of the optic nerve head (including hemorrhages)



Autoimmune diseases
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QP

increase

vascular -"‘"ff, OMH
. hanical damage/ischemia damage
dysregulation \,‘ b
_—

decreate in
blood pressure

Figure 3.3 The three most important and influenceable risk factors for GON.

different factors, for didactic purposes we will discuss it step by step, artificially breaking it
down to a number of different aspects.

The concept of cell stress

A disease (including glaucoma) is based on functional and structural damage to cells. In
general a number of factors can damage cells, including hypoxia, toxins, ionizing radiation,
bacteria, viruses, immune processes, etc. These factors often also damage the cells via an
increase in production of free radicals.

A cell has a limited repertoire to response to injury. If the stress is high, the cell dies either
by necrosis or apoptosis. If the stress is less intensive, the cell survives, but changes
temporally its gene expression. This may lead, for example, to an increased production of the
so-called heat shock proteins. A repeated or chronic cell stress leads to a chronic ‘response to
injury’ which, depending on the tissue involved, manifests as metaplasia, dysplasia, or tissue
remodeling, for example. These changes are often accompanied by some cell loss.

It has been demonstrated in vitro that mechanical and ischemic stress induce in astrocytes
very much the same response (Table 3.4). These changes are also the ones that can be

observed in human GON.2

In the past two theories for the pathogenesis of GON were presented, the mechanical and
the vascular. The mechanical theory supposed that GON is a direct consequence of IOP
damaging the lamina cribrosa and the neural axons. The vascular theory considered GON as a
consequence of insufficient blood supply due to either increased IOP or other

Table 3.4 Upregulated genes in astrocytes

* NOS-2
* COX-2
* TNFa

MHC-1I



* MMPs
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factors reducing ocular blood flow. In the early 1980s the author proposed that both the
mechanical and vascular theories might be correct and that in most cases the two mechanisms

might act synergistically.3 The above described activation of astrocytes supports such an
assumption.

Is GON an ischemic lesion?

Research supports the view that ocular blood flow is indeed reduced in the majority of

glaucoma patients.1 Reduction was found in all ocular tissues tested so far, but specially in
the choroid, the optic nerve head, and the peripapillary retina. It is known that a marked
reduction in blood flow leads to infarction. Such a marked reduction in the ONH blood flow
leads to ONH infarction and as a consequence to a ‘simple’ ONH atrophy. Although such an
anterior ischemic neuropathy (AION) occurs more often in patients with increased IOP than
in normals, an atrophy after AION (Figure 3.4a) is distinctly different from a glaucomatous
atrophy (Figure 3.4b).

If reduced blood flow is involved in both conditions how can the differences be explained?
Hypothetically there are three possibilities:

* [schemia may only lead to GON together with damaging IOP. The occurrence of NTG,
however, makes such an explanation unlikely.

* A chronic ischemic lesion may lead to a different type of damage compared to the acute
ischemic lesion. The fact that ocular ischemic syndrome (as seen in patients with occlusive
carotid artery disease, for example) does not lead to GON makes this hypothesis also

unlikely.

* The damage may rather be a consequence of a reperfusion injury than of a pure ischemia

GON as a consequence of repeated reperfusion damage

It has been known for a long time that IOP fluctuations are more damaging than a steady
increase in IOP. Likewise blood pressure fluctuations are more damaging than a steady hypo-
or hypertension. Furthermore, a constant reduction in blood flow by arteriosclerosis is only
weakly related to GON, whereas blood flow fluctuations in patients with vascular
dysregulations are highly related to GON. Such fluctuations of ocular perfusion



|

Figure 3.4 ONH atrophy (a) after AION; (b) in glaucoma.
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do occur if autoregulation is disturbed and therefore compensation for IOP and blood
pressure fluctuation is insufficient. It has been clearly shown that autoregulation is indeed
disturbed in patients with progressive GON. To explain these observations the author has
suggested that the relevant mechanism of damage in glaucoma is not the hypoxia but rather

the reperfusion injury.1 Reperfusion leads to an increased production of free oxygen radicals,
especially in the mitochondria.

The role of oxidative damage

Oxygen, ironically the molecule on which we depend for our life, is also the molecule that
can harm us. A free radical is defined as a chemical species that has an odd number of
electrons and that is therefore thermodynamically instable and highly reactive. Free radicals
seek to combine with other molecules to pair off their free electron. They are produced in
cells by various mechanisms including reperfusion. Most of the free radical production
occurs in the mitochondria, explaining why many of the naturally occurring defense
mechanisms are concentrated about or in the mitochondria. The net damage done is the result
of several factors such as the type of free radical, the rate of production, the structural
integrity of the cells and their compartments, and the activity of the antioxidant defense
system. There are many indications (including the activation of lymphocytes) that oxidative
stress is indeed involved in the pathogenesis of GON. An increased production of NO in the
astrocytes is the consequence of chronic cell stress. If at the same time a reperfusion injury
leads to increased production of superoxide anions in the mitochondria of the axons the very

damaging peroxynitrate (Figure 3.5) is produced.5



Figure 3.5 Hypothesis for tion caused by NO (from Hernandez, 2 with permission).
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Is GON a mitochondriopathy?

It has been suggested by some authors that normal-tension glaucoma might be a

mitochondriopathy.6 This hypothesis was formulated on the basis of the observation that a
known mitochondriopathy like Morbus Leber or dominant optic atrophy leads to GON-like
atrophy.

The energy consumption in the optic nerve head is indeed extremely high and therefore the
mitochondria are crowded in the axons of this part of the nerve. Mitochondria are also the
organelles that produce most of the free radicals during the reperfusion stage and are
damaged themselves, especially if the balance between production and repair is shifted
towards production. It is, however, unlikely that glaucoma is a result of a not yet detected
mutation of the mitochondrial DNA. Nevertheless, it can be assumed that the mitochondria
do play a major role in the pathogenesis of GON. The mitochondria, including the
mitochondrial DNA, may be damaged by free radicals and such damage may cumulate over
time, especially if the repair systems are no longer working properly.

The role of endothelin-1

A number of studies have shown that in the majority of glaucoma patients endothelin-1 is

slightly increased.” Such an upregulation can also be explained by reperfusion damage which
in glaucoma patients obviously does occur not just in the optic nerve head but (subclinically)
in many organs. Can the increased level of endothelin in itself lead to GON? Although the
increased level of endothelin is an interesting sign of involvement of the vascular system and
although endothelin-1 reduces OBF and renders the vessels more sensitive to other
vasoconstrictive factors like angiotensin II or catecholamines, the increased level in itself
does not explain GON. The reason for this is that endothelin is even more increased in a

number of systemic diseases such as multiple sclerosis,® rheumatoid arthritis” or

ﬁbromyalgia,10 and Susac syndrome,11 diseases in which a pale ONH is often seen, but GON

not significantly more often than in an average population. It is, however, also increased in

patients with giant cell arteritis,'~ which can lead to some excavation.'>

The role of MMP-9

MMP-9 expression in the lymphocytes of glaucoma patients is increased.# Such an increase
can also be explained by reperfusion damage. This increase of MMPs in the lymphocytes
corresponds to the local increased expression in astrocytes in the optic nerve head.

Furthermore, MMP-9 is involved in apoptosis of retinal ganglion cells. 15 1n MMP-9
knockout-mice apoptosis of retinal ganglion cells is inhibited. The increase in MMP-9

furthermore may at least partially explain the reduced blood-brain barrier,© the tissue
remodeling leading to excavation, and finally the thinning of the cornea in NTG.

The role of optic nerve head hemorrhages

It has been suggested that the hemorrhages might be a consequence of IOP. This is unlikely,



however, as it occurs more often in normal-tension glaucoma than in high-tension glaucoma.
It has also been suggested that it might be a sign of a local microinfarction.The fact, however,
that the corresponding visual defects normally occur weeks after
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the hemorrhage is a clear sign that the hemorrhages precede the axonal loss. It can be
assumed that these hemorrhages originate from small venoles as a consequence of
dysregulation of the blood—brain barrier. Dysregulation of the barrier might be another sign

of a generalized vascular dysregulation] ! and may also be a consequence of increased
activity of MMPs and of PGE,. A hemorrhage may, in turn, lead to local vasoconstriction

and thereby to a small infarction. 18

The present concept

Based on the facts described above it is assumed that [OP may damage both mechanically
and by inducing hypoxia. Increased IOP or decreased blood pressure is especially damaging
if it is not compensated for by a sufficient autoregulation. This leads to a fluctuating oxygen
tension and therefore to repeated reperfusion injury, which leads to oxidative stress of both

the local astrocytes and the circulating lymphocytes.lg’20 Whereas the astrocytes are directly
involved in the pathogenesis of GON, the changes in the lymphocytes might be used for
diagnostic purposes. Reperfusion leads to an increase in MMPs, which in turn are involved in
the apoptosis of the retinal ganglion cells, in the disruption of the blood—brain barrier, and in
tissue remodeling leading to GON. This concept is summarized in Figure 3.6.

Risk factors Pathomechanism Damage

mechanical damage
%

. /
fluctuation "\_____i cessatian of
\ axoplasmatic flow
/,,/' T GON:
disturbed fluctuating oxygen g « cell death
autoregulation \‘ tension » tissue remodeling
reperfusion
blood pressure #
fluctuation i tian
oxidative stress of astrocytes
activation

of lymphocytes



Figure 3.6 Present concept of the pathogenesis of GON.
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Conclusion

GON is characterized by the loss of retinal ganglion cells and their axons combined with a
specific tissue remodeling. Both mechanical stress and repeated ischemia lead to activation of
astrocytes. A reperfusion injury leads furthermore to an increased production of superoxide
anions in the mitochondria of the axons and to an upregulation of MMPs. This cell stress can
also be observed in the lymphocytes, which in glaucoma patients change their gene
expression pattern. The examination of lymphocytes gives insight into the pathogenesis and
might be helpful for diagnostic purposes.

The cause of the reperfusion damage is the fluctuating oxygen tension, which in turn is due
to fluctuating IOP and fluctuating blood pressure, not sufficiently compensated for by

autoregulation.21 The autoregulation is obviously disturbed in patients with a primary
generalized vasospastic syndrome.
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4.
GLAUCOMA: THE FORGOTTEN MASSES

Ghada Ibrahim and Tarek Shaarawy

Introduction

The World Health Organization (WHO) states that nine out of ten blind people live in the
developing world and that more than two thirds of blindness can be avoided if the right
mechanisms are in place to do so. It is now without a doubt that glaucoma is the second

leading cause of blindness after cataract.. Quigley’s= extensive review in 1996 revealed the
number of people with primary glaucoma to be 66.8 million, while the WHO put the total
number of suspect cases of glaucoma at around 105 million. The number of people suffering
from bilateral blindness as a result of primary glaucomas alone has been estimated to be 6.7

million. A more recent article,> with updated calculations, shows that the number of people
bilaterally blind from the two glaucomas, open-angle (OAG) and angle-closure (ACG), has

increased to 7.6 million, while Goldberg,4 in 2000, estimated the burden of bilateral blindness
(including secondary glaucoma) to be 9.1 million individuals. According to the WHO more
than 80% of blind and suspect cases of glaucoma live in the developing world. Even so,
glaucoma is not included in the 5-year program of the vision 2020 initiative.The WHO
exclusion of glaucoma from its 2020 initiative is based on the feasibility and affordability of
glaucoma interventions. It is a fact that, after decades of glaucoma research, we possess
neither cost-effective screening nor early diagnostic tools and the majority of glaucoma
therapies, available to us as glaucoma specialists, are not affordable to the majority of our
patients. In this chapter we will discuss the magnitude of the problem, the limitations of our
resources, and the possible means of tackling the situation.

The magnitude of the problem

The study and analysis of glaucoma epidemiology is fundamental in order for relevant, timely
and efficient therapy to be realized. Proper screening is still hampered by inadequate methods
for both detecting and treating the disease and a lack of a consensus on well-defined
standardized diagnostic screening criteria. Once established, the generation
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of additional, sufficient data would offer more comprehensive, tangible results for prevention
and treatment of this visually threatening disease. The incidence of disease would be more
accurately foreseen and risk factors delineated.

Glaucoma is a disease whose manifestations encompass a large number of conditions

united by the common end result of characteristic damage to the optic nerve.> Traditionally,
glaucoma referred to mechanisms that cause an elevation in intraocular pressure (IOP),

however there is a current bias to ignore IOP as a causative factor.* Glaucoma forms are now
divided, according to the mechanism of damage to the optic nerve, into open-angle glaucoma
(OAG) and angle-closure glaucoma (ACG), and further divided according to whether the

cause is primary or secondary.5 Open-angle glaucoma is a slowly progressive atrophy of the
optic nerve, characterized by loss of peripheral visual function and an excavated appearance

of the optic disc.® Foster’? defines it for epidemiological research as ‘end-organ damage’:
characteristic optic neuropathy of structural abnormality combined with a significant visual
field defect. Even though the causes of OAG are not known, IOP seems to be a major risk
factor. The iris (unlike with ACG) does not occlude the trabecular meshwork, the site of
impediment to outflow.

Because, hitherto, the main emphasis has been on the form most commonly found in
European and North American populations, namely primary open-angle glaucoma (POAG),
there has been limited research on primary angle-closure glaucoma (PACG). It is now more
widely recognized that PACG may affect more people because of its higher prevalence in the
populous regions of Southeast Asia. The definition and classification of PACG are still
currently being assessed.

PACG, unless in its acute form, is often an asymptomatic disorder. It refers to conditions in
which the iris occludes the trabecular meshwork, thus impeding outflow. Case definition
depends on gonioscopic identification of occludable drainage angles together with either
elevated IOP or glaucomatous optic neuropathy. Damage to the optic nerve in ACG often
results from extreme elevations in IOP. The presence of primary angle closure (PAC) confers
an increased risk of developing glaucomatous optic neuropathy, in the same way as raised

IOP does.” The distinction between PAC and PACG should be noted when considering
public health initiatives aimed at reducing blindness from PACG, even though both require

treatment. People with trabecular obstruction and glaucomatous damage to the optic nerve

have primary angle closure glaucoma, with closure of the angle being the primary discase.”

By definition, for screening purposes, early glaucoma has no associated visual field loss.
Instead, the presence of characteristic glaucomatous field loss automatically makes glaucoma

of at least moderate severity.5 Optic nerve changes precede visual field damage in the

majority of patients with glaucoma.10 The definitions and terminology used in glaucoma
have changed in the recent past and are likely to change again in the next few years. The

implication of new definitions is that the rates of glaucoma reported in population studies
must be reassessed.

Different populations tend to suffer from different types of glaucoma. Quigley,2 in 1996,
reviewed and analyzed a vast compilation of published data to determine a rela-
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tionship of POAG and PACG with age in people of European, African and Asian origin, with
a comparison estimated for the year 2000. Quigley set forth design features that are required
for a proper analysis: random selection, a high rate of examination, and a clear definition of
glaucoma, including either optic disc examination or a visual field test. Elevated IOP or low
visual acuity alone were not criteria for definitive examination. Evaluation of age-specific
POAG and PACG prevalence was performed and a best-fit equation used to generate a model
of age specific and ethnic group specific prevalence to estimate global numbers of people
with glaucoma. In individuals of European derivation, the best fit of POAG prevalence
related to age is exponential (Figure 4.1). There seemed to be no consistent sex difference
with regards to POAG where the mean age adjusted prevalence for people above 40 years of
age was 2.42% (SD 2.10%). In contrast, that of PACG was 0.20% (SD 0.20%); 11.4 times
lower than the POAG prevalence in the same reports. Further analysis of the effect of sex
difference could not be carried out as the sample size was too small.

In people of African descent, POAG prevalence/age relation is linear (Figure 4.1). PACG

has been shown to be relatively rare, ' at half the European rate. POAG was the most
common form of glaucoma in Ghana, while PACG was the second most common and
pseudoexfoliation and pseudoexfoliation-associated glaucoma were not present in the
population tested.12 In the Temba glaucoma study of South Africa,2 the age and gender
adjusted prevalence of glaucoma of all types was 5.3%. POAG was also the most common

20 7
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Figure 4.1 Prevalence of POAG in people of African, Asian and European descent by age.
(Reproduced with permission from Quigley HA. Number of people with glaucoma
worldwide. Br J Ophthalmol 7996, 80:389-393).
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form with an adjusted prevalence of 2.9%; secondary glaucoma occurred with an adjusted
prevalence of 2.0% and pseudoexfoliative glaucoma was responsible for 16% of all glaucoma
cases. The prevalence of PACG was 0.5% of subjects with POAG; 87% were previously
undiagnosed.

There are clear differences in the number of people affected by glaucoma due to variations
in age distribution. For example, because of the early onset of disease and the high proportion
of young people in the African population, screening would be most effective at 30 years of
age, whereas for those of European descent, 50 years of age is the target starting point. In
general, people of African heritage and Asians are more inclined to develop glaucoma and to

lose their sight than Caucasians. Leske and coworkers!? measured the incidence of POAG in
a black population in Barbados and their results substantiate the high POAG risk in the
population of African origin. In Asian people, the age specific data suggest a linear relation
of POAG to age. POAG has the lowest rate of severe uniocular visual loss, while the rates for
PACG are higher, with secondary glaucoma being the most visually destructive when

considering loss of vision in one eye.§ PACG appears more common among Chinese people
than in any other ethnic group (Figure 4.2) Their ratio of PACG to POAG approaches 3:1.

PACG is the most common type of glaucoma in the Sino-Mongoloid population.l—5 Dandona

and others, %17 working in Andhra Pradesh in Southern India, assessed the prevalence and

features of PACG and POAG. They showed that the prevalence of POAG is as high as that
reported from white populations in developed countries. With both forms, glaucoma was
undiagnosed and a large proportion of those with definite glaucoma already had severe
glaucomatous damage.

Lnclassified

glaucoma (5%)

glaucoma (15%)

R
v s

Figure 4.2 Frequency of different types of glaucoma leading to optic neuropathy in Chinese
Singaporeans. (Reproduced with permission from Goldberg I. In: Weinreb RN, Kitazawa Y,



Krieglstein GK, eds. Glaucoma in the 21 st Century. Harcourt Health Communications,
Mosby Int: London 2000:4-8.)
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Glaucoma prevalence in the Middle East and Latin America is unfortunately

spe<:ulatiV62’18’19 (Table4.1). PACG is seen to be more common and is estimated at five
times the rate of that in the European derived group, whereas POAG appears to show similar
rates to the Europeans. A study addressing the leading causes of blindness and visual
impairment in a population-based sample of people of Hispanic origin in the United States

showed POAG to be the primary cause. 22!

In all cases, age is a risk factor for the development of both forms of glaucoma, with older
individuals more susceptible than younger cohort groups. It would seem that the number of

children with glaucoma is quite small as compared to adults,?2 but there is also a lack of data

to back that assumption. Comparatively few studies describe secondary glaucoma23 24 asa

separate entity, as it has not yet been properly defined. Quigley2’3’6 considers that people

with pigmentary and pseudoexfoliation (or capsular) glaucoma have POAG. The contribution
of secondary glaucomas to the world’s glaucoma burden is relatively small, about 20% of

that for OAG.? In a review of a number of studies including European, African and Asian
people, Quigley2 calculated the mean prevalence for secondary glaucoma to be 0.44% (SD
0.36%) or 18% of the mean OAG prevalence in Europeans. Of concern in glaucoma
epidemiology is the lack of an adequate number of studies that consider the incidence in
diagnosed versus newly discovered disease. Most data are from studies in people of European
origin25 and it would be likely that the number of known cases versus undiagnosed cases is
lower in developing countries.

To treat or not to treat

An estimate of the number of people expected to be blind from glaucoma is of great
importance. The WHO sets a blindness standard of <20/400 (3/60). Glaucoma blindness rates
are probably higher in developing countries than in Europe or the United States, assuming
that most people in developed countries are under therapy and that treatment is more
effective. Table 4.1 shows an estimate of the number of people affected by OAG

Table 4.1 The prevalance of POAG and PACG in Different Populations1

Group Angle—closure (million) Open-angle (million)

China 22.3 7.4
India 5.6 5.6
South Asia 42 4.2
Europe 0.6 6.9
Africa 0.05 7.0
Latin America 0.5 1.3

Near East 0.3 0.7



Total 33.55 33.1
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and ACG in relation to the total population and suggests that 66.8 million people have OAG
and ACG in nearly equal numbers; it is estimated that an additional 6.8 million people have
secondary glaucoma and 6.7 million suffer from bilateral blindness. ACG is more prevalent
in Asia, whereas OAG is more equally distributed. Table 4.2 shows another estimate from a
more recently published source that reports significantly greater number of people affected
by primary glaucoma worldwide.

The clear implication of the studies on disease progression is that not every patient with

glaucoma, however defined, may require treatment. Quigley2 demonstrated that most patients
may not go blind even at a high rate of progression and that many patients may die before
they have visual field loss. However, glaucoma is a progressively debilitating disease,
impaired vision having a severe impact on the quality of life. It would seem prudent,
therefore, not to overlook this serious consideration when defining treatment criteria. Current
standards of care call for the treatment of all patients who have glaucoma. All patients with or
who are susceptible to PACG should be treated, given the natural history of those without

treatment.>

Because OAG is asymptomatic before blindness, patients are unaware of the disease.
Acute cases of ACG are more likely to be presented for care, therefore statistics tend to
overestimate the proportion of ACG to OAG. Because most people tend to wait for blindness
to occur, believing erroneously that it can be reversed, awareness raising and educational
efforts in blindness prevention must target high-risk populations with this information and
may lead to the desired early detection.

The wisest approach would seem to have to be highly specific in targeting high-risk
populations, sensitive enough to find those with moderate to severe glaucoma damage,
thereby decreasing the burden of multiple examinations and consequently gaining ready
consent for therapy. Mass glaucoma screening is not warranted however, there should be an

emphasis on early detection.2® For example, simple and effective therapy could be
administered for the asymptomatic form of PACG, thereby removing the need for more
rigorous attention on the advanced stage.

Table 4.2 Estimated number (in millions) of people affected by primary glucoma worldwide

Open—angle glaucoma Angle—closure glaucoma  Population
China 22.5 224 1300
India 5.6 5.6 1450
Souft Asia 4.2 4.2 770
Europe 6.9 0.6 1150
Africa 7.0 0.0 524
Latin 13 0.5 510
Middle East 0.6 0.3 330

Total 40.1 33.65 6234
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Our limited resources

Glaucoma, as a subspeciality among ophthalmologists, is not novel; nevertheless, the
majority of glaucoma specialists reside and practice in developed countries. There is a
significant deficiency in glaucoma specialists and well-trained ophthalmologists in glaucoma,
even relative to the overall scarcity of ophthalmologists in developing countries. Egypt has
about one ophthalmologist per 20 000 people, while the ratio in India is one per 100 000
people. The situation is more dire in many African countries, where the ratio jumps to one
ophthalmologist per 1 million people, if not more, and although 80% of Africans live in rural
areas, eye care services are almost entirely situated in the capital cities and large provincial
towns. This schism exists not only in resources and availability of medical care, but also in
thoughts and ideas. The vast majority of research in glaucoma is aimed at either identifying

pathophysiological disease pathways or the development of medical therapies.27 These are of
course important fields of research, but unfortunately do not address the immediate needs of
the vast majority of glaucoma patients.

We are currently not in possession of any cost-effective and reliable tools for the accurate
diagnosis of glaucoma, which complicates the task. Furthermore, glaucoma surgery, which is
virtually the only therapy option for the majority of our patients, has not taken the
comparable great leaps forward that cataract surgery has taken during the past 30 years.

Trabeculectomy remains the golden standard.?® If ophthalmic nurses and assistants are
successfully trained to perform intracapsular cataract extraction in rural areas of Africa, it is
quite possible that they can also be trained to perform trabeculectomy. Unfortunately, unlike
cataract extraction, trabeculectomy requires exhaustive follow-up, and the postoperative
period is a cornerstone of its success.

Non-penetrating surgery, namely deep sclerectomy29 or Viscocanalostomy,30 is
unquestionably a more costly, more complicated surgery compared to trabeculectomy, and

has, undeniably, a long learning curve. 2! It is probably not the answer to the prayers of
glaucoma patients in the developing world.

Practical approaches

It is of paramount importance to realize that the great schism that separates the developed
from the developing world entails clearly different pragmatic approaches. In the developed
world the major challenge remains the vast number of undiagnosed cases. Even among highly
industrialized societies and among well-educated individuals, the awareness of glaucoma is

certainly lacking.3 2 Moreover, screening programs are not covered by medical insurance.
Most screening programs consist of fundus biomicroscopy examination by an experienced
observer and IOP measurement. If glaucoma is suspected, automated perimetry usually
follows. More sophisticated technologies have not been demonstrated to be superior to
experienced ophthalmologists in terms of sensitivity and
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specificity. Arguably, automated methods might have the advantage of speed, but their wide
use is still hindered by cost and logistics.
There is certainly a wider spectrum of glaucoma therapy available to both the

ophthalmologist and the patient in the developed world. However, much to our dismay, we

still lack applicable and proven concepts of therapy beyond decreasing intraocular pressure.3 2

In recent years, the availability of large multicentric studies has substantiated the

2833

protective value of lowering IOP in glaucomatous and ocular hypotensive

individuals,>*33 but at the same time it is probably now clearer than ever before that other

therapeutic concepts are needed. Tackling vascular dysregulati0n36 and neuroprotection3 740

may offer tremendous advantages in glaucoma management, if proven effective.

More efforts aimed at elevating public awareness are under way through multiple
non-governmental foundations in the developed world. National and international glaucoma
societies as well as glaucoma departments in specialized centers have contributed extensively
through the media, especially through internet websites aimed at educating the general
population as well as glaucoma patients.

In developing countries approaches should be considerably different, focusing on
costeffectiveness and the impact on target populations. In the authors’ personal experience
there are two major shortcomings with health-related strategies for many countries in the
developing world, with a clear demarcation between those who can afford something and
those who can afford nothing. Often, limited resources are misdirected in the pursuit of
advanced technologies that are high maintenance and lacking in cost-effectiveness. There are
ophthalmology centers in the developing countries that have retinal tomographs and no
applanation tonometers. In the more financially distraught countries, a lack of what is
considered basic in developed countries, such as slit-lamps and tonometers, is evident.
Therefore extensive screening for early stages of glaucoma may not be the soundest
approach. Overstretched financial resources can be better used to treat established glaucoma
cases.

The main problems of glaucoma management in developing countries are the lack of
well-trained ophthalmologists, limitations of medications, poor compliance, and inadequate
follow-up of therapy. The use of present day medical glaucoma therapy in developing
countries is therefore impractical. In many developing countries ocular hypotensive
medications are not constantly available, and if available the means to purchase them are
definitely not. It is important to note that many ocular hypotensive medications currently
available such as Xalatan (Pharmacia, Kalamazoo, MI), Betoptic (Alcon, Fort Worth, TX)

and Trusopt (Merck and Co, West Point, PA) cost about one dollar per day,41 when half the
world population, nearly three billion people, live on less than two dollars per day, and 30%
of the world population live on less than one dollar per day. In some subSaharan African
countries university professors cannot even afford ocular hypotensive medications, as they
have to survive on official salaries of as little as 10 dollars per month.

Local small-scale manufacture of ocular hypotensive eye drops, for example, could help
considerably, but the magnitude of the problem and the logistical difficulties involved would
probably render this an invalid solution. Research should concentrate on produc-
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ing longer-acting drugs with a higher degree of IOP lowering. Devices or drugs that would be

implantable or injectable to treat glaucoma once per year, such as was attempted with

ethacrynic acid into the anterior chamber,*2 would be future prospects.

At the present time, there is general agreement that the surgical approach is the most likely
to be implementable and the most efficacious. Methods to both decrease complications and
simplify the procedures are needed. Research is also warranted to test whether the rates of
expected success and complications that are seen in developed countries can be compared to
those of the developing world, with its different patient base, surgical setting and skills.
Glaucoma surgery has benefited from the addition of antimetabolites, which can be applied
pre-, intra-, or postoperatively to decrease scarring, but safer agents in this class are needed.
Simple ‘plug-in’ devices are being studied that could make rapid glaucoma filtering surgery

possible.43 Cyclodestructive surgery has promise, although the optimal energy levels to
achieve satisfactory IOP lowering with minimal complications have not yet been sufficiently
tested in representative populations.

Where cataract is common and where cataract surgical programs are being conducted,
combined cataract/glaucoma surgery represents an initial approach that needs to be tested and
evaluated. It is recognized that the success of combined cataract/glaucoma surgery may be
lower than that of glaucoma surgery alone with respect to IOP control, but the combined
surgery would be expected to eliminate the frequent progression of cataract after glaucoma
surgery alone, which would either ruin the value of the procedure or necessitate a second
procedure.

Human development will be the cornerstone of any solution. Skill transfer programs
between developed and developing countries would, if well organized, have considerable
impact. Two examples of these programs are the VISION FOR ALL (www.visionforall.ch)
and the Pro Addis Ababa Foundation (proaddisabeba@bluewin.ch). Both foundations
concentrate on skill transfer, in the form of surgical training for local ophthalmologists, in
India, the Congo, Ethiopia, and Zambia (Figures 4.3 and 4.4). Once again, the schism
between developed and developing countries accounts for less than optimal collaboration. It
is often the case that developing world surgeons need to learn a skill that has become
obsolete in developed countries, therefore a reasonable scenario would be skill transfer
between developing countries. Continental, or preferably regional, centers could be set up to
provide specific well-focused skill transfer programs. Some centers do exist and should be
strengthened. Good examples are the CBM ophthalmic training center for central Africa
(kincbm@jic.cd). and the SADC ophthalmic training program, Malawi College of Health
Sciences (mchs@malawi.net).

Research attitude changes

The worldwide glaucoma problem is closely associated with the global efforts of preventing
blindness. In a world where one person goes blind every 5 seconds, and a child goes
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Figures 4.3 and 4.4 VISION FOR ALL skill transfer program in the Democratic Republic of Congo.
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blind every minute,44 the ophthalmological community believes that the case for the
prevention of blindness is justified on economic and, more importantly, humanitarian
grounds. Blindness is a hundred times more common in rural, underdeveloped areas of the

world rather than urban, developed settings.3 In these locations, it is not a quality of life
issue, but a life or death one. In fact, the mortality rate for the blind in Africa is four times
that for the sighted. At present, this is poorly appreciated by many ministries of health in the

developing world,**45 where preventing blindness has a low priority, competing with major
health issues such as malaria, tuberculosis, and AIDS. Of lower priority still, on the almost
neglected issue of blindness prevention, is glaucoma. Despite the fact that it is now
recognized, without a doubt, as the second leading cause of blindness worldwide, as stated
earlier, it has not been included in the first 5-year plan of the 2020 vision initiative of the
WHO.

The responsibility of glaucoma specialists is two-fold: first, to continue to lobby for
glaucoma, presenting well-researched and reasoned arguments to politicians and policy
makers; second, and probably more important, is to realize that the situation demands that
we, at least slightly, shift research directions from focusing on pathophysiology, medical
therapies, and laser imaging, to possibly cost-effective diagnostic technologies, and simpler,
safer and effective surgical modalities.

The plight of millions of glaucoma patients should be well addressed. The solution should
come, if it comes, from glaucoma specialists recognizing the global impact of their
profession, and striving to put their efforts where they are most likely to make a real
difference.
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5.
INDICATIONS FOR INTRAOCULAR PRESSURE
REDUCTION AND TARGET INTRAOCULAR
PRESSURE

Alain Bron

Introduction

Glaucoma is the second major cause of blindness worldwide.! In contrast to cataract, the
prevalence and blindness of glaucoma are not ‘economy dependent’ and Western and

developing countries share the same sight threatening burden.

Following the revolution of the introduction of topical beta blockers in the 1970s, the
treatment of glaucoma has been greatly improved in the last few years by the availability of
new classes of topical drugs. Ophthalmologists and their patients can now benefit from
carbonic anhydrase inhibitors, o,-adrenergic agonists, prostaglandin analogues and
prostamides. Laser procedures and new approaches to glaucoma surgery such as

antimetabolites and non-penetrating surge:ry3 have been developed to increase the efficacy
and safety of our surgical armamentarium.

However, this exponential increase in available antiglaucomatous drugs and surgical
improvements contrasts dramatically with areas of uncertainty in our knowledge:

* Is IOP reduction of benefit in glaucoma?

* Does IOP reduction avoid the progression to glaucoma in ocular hypertensive patients?
* If yes, what is the correct magnitude of IOP reduction?

* Can we identify the patients at risk?

The following sentence by Luca Rossetti is a good example of the lack of evidence linking
glaucoma and IOP that prevailed a decade ago: ‘Practicing ophthalmologists should be aware
that the effectiveness of pressure-lowering agents in the treatment of primary open angle

glaucoma is still to be determined and that the vast majority of published trials are not

appropriate to guide clinical practice’.4

Nowadays ophthalmologists and their patients are fortunate because most of the answers to
these questions are solved and constitute the main pieces of the dazzling puzzle of main
glaucoma enigmas. These pieces are the great and well-performed clinical trials published
over the last few years that constitute our modern knowledge about the
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relationship between glaucoma, ocular hypertension (OHT) and the most appropriate way to
modulate IOP reduction according to the type of clinical condition.

This chapter will summarize the principal clinical trials and emphasize how they could
modify our management of OHT and glaucomatous patients in our daily practice.

General presentation

The clinical studies are all well designed and performed and they share the following positive
characteristics, being:

 Multicentric, randomized, prospective.
* Long term with a large number of patients.
* Reading centers for visual fields and optic disks with masked readers.

However, some weaknesses can be found such as follows:

* Selection bias due to inclusion and exclusion criteria.

» Well-educated, clean patients who do not reflect real practice.

* Each study has its own rating score for visual field progression that is not fully comparable
to others; i.e. lack of standardization.

These clinical trials have investigated the full spectrum of glaucoma from the OHT (OHTS),
through early glaucoma (EMGTS, CIGTS) to advanced glaucoma (AGIS, NTGS).

OHTS (Ocular Hypertension Treatment Study)

Aim

* To evaluate the safety and efficacy of topical ocular hypotensive medications in delaying or
preventing the development of primary open-angle glaucoma (POAGQG) in individuals with

elevated intraocular pressure (IOP).5
* To identify baseline demographic and clinical factors that predict which participants will

develop POAG.

Design

From 1994 to 1996, 1836 individuals fulfilling inclusion and exclusion criteria were
randomized to medical treatment or to observation and followed for more than 6 years (25%
were African American). Briefly, participants were between 40 and 80 years, with untreated
IOP between 24 and 32 mm Hg in the qualifying eye, and with normal optic disk appearance
and normal standard automated perimetry (SAP).
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In the treated group, investigators were asked to reach a 20% reduction of IOP with any
available drug on the market.

Endpoints

Progression was judged on CPSD (corrected pattern standard deviation), with a 5% threshold
probability and a GHT (glaucoma hemifield test) outside normal limits. Three visual fields
(VF) were required to conclude a definitive progression. It is interesting; to note that among

all these changes, 85.9% were not observed in subsequent fields.” Progression was also
estimated on optic disk changes such as pallor, neuro-retinal rim area notching or thinning,
and cup/disk ratio.

Results

At 5 years, the cumulative probability of developing POAG was 4.4% in the treated group
versus 9.5% in the observation group. It was thus concluded that ocular hypotensive therapy
was effective in delaying or preventing the onset of glaucoma in OHT patients with a 20%
reduction of baseline 10P.

The global local and systemic safety of medications was acceptable; however, a slight
increase in cataract surgery and in psychiatric and genitourinary adverse events among the
medication group was noted.

Prognostic factors leading to glaucoma in this population were identified in multi-variate
analyses as follows: increasing age, larger cup-to-disk ratios, higher IOPs, greater pattern
standard deviation with Humphrey perimetry, and thinner central corneal thickness (CCT).
Actually the risk of progression to glaucoma was highly variable (from 2% to 36%) among
individuals. For the first time CCT was recognized as a risk factor; however, this term is not
appropriate and the wording ‘confounding factor’ is certainly more accurate since a thicker

cornea may falsely lead to higher IOP and conversely.8
It could be speculated whether a greater magnitude of IOP reduction would have led to a

smaller rate of progression, since when combined with other studies there seems to be a

dose-response relationship between IOP and the risk of glaucoma progression.g

CIGTS (Collaborative Initial Treatment Glaucoma Study)

Aim
* To compare initial treatment with medication versus filtering surgery in patients with newly
diagnosed early open-angle glaucoma. 10

* To assess the quality of life in participants.l 1
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Design

Investigators from 14 centers included a total of 607 patients with newly diagnosed early
open-angle glaucoma from 1993 to 1997. The main inclusion criteria were age between 25
and 75, POAG, and exfoliative and pigmentary glaucoma with an IOP>20 mm Hg. All
patients were naive to previous treatment.

The medical group (n=307) received a B-blocker as initial therapy, followed by adjunctive
medical therapies if necessary. In case of failure to reach the target pressure (TIOP), argon
laser trabeculoplasty (ALT) was the next procedure, then trabeculectomy. In the surgical
group (n=300) a trabeculectomy was performed first with or without antimetabolites. ALT
was used as the next strategy in case of failure, then medication was tried.

Endpoints

A target IOP was set for every patient with the following formula:
TIOP = [1—(P1Oref + CVscore)/ 100[*P10rel

were PIOref was the average of six measurements and CVscore was an especially designed
score to assess visual field damage and progression with a scale from 0 to 20. The quality of
life was evaluated with a questionnaire designed for the CIGTS.

Results

Baseline IOP was decreased by 38% in the medical group and by 45% in the surgical group.
The requirement for ALT at 1 year was 23.6% in the medical group versus 11.8% in the
surgery group, and at 4 years the values were 27.9% and 20.8%, respectively. In the medical
group, 8.5% went on to ALT and surgery, while 8.3% went on to ALT and medicine in the
surgery group.

Visual field and visual acuity losses were greater in the surgery group for the first 3 years,
but these differences were not seen at 5 years. After 5 years, the visual field did not
deteriorate as a whole in both groups, however visual loss occurred in 10.7% of medical eyes
and in 13.5% of surgery eyes, while significant visual acuity loss was noted in 3.9% of
medical eyes and in 7.2% of surgery eyes. Cataract surgery was needed in 19% of the
surgical group and in 8% of the medical group at 5 years.

The findings of this study showing the equivalent ability of medicine and surgery to
maintain a good visual field, although a different magnitude in IOP reduction, were in

contrast to the well established superiority of primary surgery in POAG.!2 However, the
groups and the methods of evaluation of visual field damage are certainly different, and the
IOP-lowering effect of new drugs is greater than observed with medications which were
available in the 1990s.
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EMGT (Early Manifest Glaucoma Trial)

Aim

* To evaluate the efficacy and safety of IOP reduction in patients with newly diagnosed early

open-angle glaucoma.]3

* To identify risk factors for glaucoma progression.14

Design

One center in Malmo, Sweden, selected from a population-based glaucoma screening 255
patients presenting with newly diagnosed early open-angle glaucoma. The randomization
period took place between 1993 and 1997. The median follow-up was 6 years and patients
with POAG, PEX and normal-tension glaucoma (NTG) were included, with IOP ranging
from 13 to 30 mm Hg. The age of the patients was between 50 and 80 years and the median
mean deviation was —4 dB. One group was assigned to a 25% IOP reduction with betaxolol
0.5% twice a day and ALT (n=129) and the other group was left untreated (n=126).

Endpoints

Optic disk changes and visual field progression were evaluated by a special scoring system
based on glaucoma change probability, an event analysis available in the Statpac 2 of the
Humphrey perimeter.

Results

In the treatment group IOP was decreased from 20.6 mm Hg at baseline to 15.5 mm Hg
throughout follow-up. In fact, IOP reduction was greater for baseline [IOP>21 mm than for
[0OP<21 mm (29% and 18%, respectively). In the control group, baseline IOP (20.9 mm Hg)
was almost unchanged.

As defined in this study, glaucoma progression was greater in the observation group than
in treated patients (62% and 45%, respectively); this difference was statistically significant.
Treatment delayed glaucoma progression by 18 months (48 months versus 66 months in the
observation group). Safety was acceptable in the treated patients in spite of a statistically
significant increase in nuclear opacities.

Factors for glaucoma progression were identified as higher baseline IOP, exfoliation,
having both eyes eligible in this study, and disk hemorrhages during follow-up. It was
estimated that 1 mm Hg IOP reduction leads to a 10% decrease in risk of progression. The
magnitude of IOP reduction at the 3 months’ visit and mean IOP during follow-up were
related to progression with a relative risk ratio of 1.1.
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AGIS (Advanced Glaucoma Intervention Study)

Aim

* To evaluate the safety and the efficacy of two treatment sequences in advanced glaucoma
with maximal medical tolerated treatment.

AGIS is a vast and quite complicated trial with a lot of information that has been reported in

more than 12 papers.]s’]6

Design

From 1988 to 1992, 591 patients (789 eyes) with POAG poorly controlled with medical
treatment were recruited. Black people were highly represented (n=451 eyes) compared with
white people (n=325 eyes) and others (n=1 3 eyes) and baseline IOP was greater than 22 mm
Hg in 75%. The goal of the treatments was to decrease IOP below 18 mm Hg.

Patients were allocated to the following sequences:

* ATT: ALT then trabeculectomy and trabeculectomy if failure.
* TAT: trabeculectomy first then ALT and trabeculectomy if failure.

Endpoints

Progression was based on a sophisticated scoring system ranging from 0 to 20. A difference
of 3 then 4 points was required to identify a true change in visual fields. The AGIS VF score

was less sensitive than the CIGTS score, which was able to show progression much more

frequently, but in a very different population.17

Results

The role of ethnic origin

The sequence ATT worked better than the TAT in black people than in whites, without any
satistying explanation.

1IOP reduction and visual field progression

Two different analyses have shown than the larger the IOP reduction, the better the final
outcome. Patients with a mean IOP of 12.3 mm Hg, which satisfied the criterion of an IOP
below 18 mm Hg at all visits during follow-up, did not have deterioration in their visual field,
while those with higher mean IOPs, even below 18 mm Hg, had a less favorable figure.
However, progression was relatively slow in most treated patients.

IOP control



Argon laser trabeculoplasty (ALT) controlled IOP in 55% of black patients and in 50% of
white patients for 7 years, but it did not reduce medication needs. Trabeculectomy without
antimetabolites, as it was done in the AGIS study, achieved IOP control and stable perimetric

sensitivities in 75% of black people and 85% of whites. As for ALT, many eyes needed
medications again.
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Trabeculectomy and cataract

After 7 years, 45% of operated eyes developed cataract; 47% more often than in the ALT
group when surgery was uncomplicated, and 104% more often when severe inflammation or
a shallow/flat anterior chamber was observed. Cataract extraction improved visual field
sensitivity modestly by 2 dB.

CNTGS (Collaborative Normal Tension Glaucoma Study)

Aim
* To determine whether IOP reduction is beneficial in the management of normal tension

glaucoma (NTG).1 8-20

Design

Twenty-four centers enrolled patients with NTG (230 eyes). Patients were between 20 and 90
years old and, after a complete wash-out of their medications, the median of ten IOP readings
had to be 20 mmHg or less and no measurement above 24 mm Hg. Patients were included if
they showed progression or a threat to fixation; 145 patients (145 eyes) were in this situation,
but five withdrew before IOP stabilization. A 30% IOP reduction was obtained in the
treatment group (n=61) with medication and/or surgery while 79 eyes were left untreated.

Endpoints

Progression was evaluated on stereo slides of the optic disk and on visual fields (Humphrey
30-2), again with a specific method. Progression was confirmed when four of five
consecutive VFs showed progression to baseline fields.

Results

The mean IOP was 16 mm Hg and 10.6 mm Hg during follow-up in the control group and in
the treated group, respectively. Treatment delayed further glaucoma progression by
approximately 3 years. In the control group 35% of the eyes progressed versus 12% in the
treated group (p<0.001). However, when an intent-to-treat analysis (including the 145 eyes)

was undertaken this difference was no longer observed. 19 Cataract occurrence was
statistically seen more often in the treated group (38%) than in the control group (14%),
which was due to glaucoma surgery. The deleterious effect of cataract on visual fields was
indicated by the fact that after censoring data when cataract affected visual acuity, the
difference of glaucoma progression was again statistically significant.

Additional information was retrieved from the observation of patients who were enrolled in
the study but not randomized because they did not show glaucoma progression.
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They were not treated but followed for 7 years and constituted a good cohort with ‘a natural

history’.zo Actually in this group only half showed localized progression within 5 to 7 years.
The VF losses were very variable, ranging from —0.2 to 2 dB per year.

Conclusion

When considering these studies as a whole it seems reasonable to see a sort of dose-response
curve to IOP reduction and glaucoma progression. It also appears that, without being the
cause but only a risk factor of glaucoma, IOP has to be placed in the first line in our

management of glaucoma; Paul Lichter uses a nice definition to illustrate that point; he

advocates an ‘intraocular-sensitive optic neuropathy’.21

Other short take-home messages can be found in the literature:

* Corneal thickness assessment is mandatory to evaluate the risk of ocular hypertensive
patients of developing glaucoma, and then the appropriate decision ‘to treat or not to treat’
must be made.

* In early glaucoma we have to decrease IOP more than previously thought; a 20% IOP

reduction, as recommended in most countries, is certainly not sufficient.?2

* In advanced glaucoma it is desirable to reach low IOPs of around 12 mm Hg. However, this
aim does only apply to advanced glaucoma and not to all cases of glaucoma. Moreover,
‘the price to pay’ may be quite high since antimetabolites needed to reach such low
pressures may lead to severe complications.

* In NTG, observation is a good approach until progression is documented and IOP reduction
seems beneficial.

* An individual target IOP based on personal risk factors has to be estimated for every patient

and modified according to VF progression and optic disk changes.23

As for the ‘Good Book’ or other holy books, it will take time to extract all information
relevant to glaucoma management. Moreover, we have to inform our patients of these new
findings and this will be time consuming as well.
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6.
LIPIDS AND GLAUCOMA

Juergen Drewe

Introduction

Elevated intraocular pressure (IOP) is a major risk factor for optic nerve damage and loss of
visual field in patients with glaucoma and ocular hypertension.1 In addition to B-adrenergic
antagonists, carbonic anhydrase inhibitors, and cholinergic agonists, prostaglandin
derivatives are a proven therapeutic option to reduce 1OP.

Prostaglandins (PGs) are built in many tissues, including the eye, from their precursor
arachidonic acid (Figure 6.1). PG receptors are G-protein coupled and bind predominantly
selected PGs: prostaglandin D, (PGD,) binds to DP receptors, prostaglandin E, (PGE,)
binds to EPy, EP, EP3 and EPy4 receptors, prostaglandin Fy, (PGF,,) binds to FP receptors,
prostaglandin I, (PGI,) binds to IP receptors and thromboxane A, (TXA,) and prostaglandin
H, (PGH,) bind to TP receptors. In the eye, PGs have miotic effects and are involved in
inflammatory processes. Although there are a lot of experimental data in animals that PGD,
as well as PGE, reduces IOP, in humans only contradicting results have
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Figure 6.1 Metabolic pathway of arachidonic acid. COX 1/2=cyclooxygenase isoforms 1 and 2.
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been obtained and irritating adverse effects observed. Specific effects have only been shown

for PGF,, or its derivative, which showed a consistent decrease in 10P.23

Clinically investigated prostaglandin analogs

The clinical use of naturally occurring PGs has not been successful: although the
administration of PGF,,, as such, or in esterified form as PGF,,-isopropyl ester (PGF,,-1E),
showed a clear reduction of IOP in humans, it was accompanied by moderate superficial
irritation and conjunctival hyperemia, foreign body sensations and ocular pain as well as

headache.®> Only very low doses could be used in order to prevent these adverse events.
Therefore, other analogs with better tolerability had to be developed (Figure 6.2), with
maintained or even improved activity at the FP receptor. These PGF,, analogs are isopropyl
unoprostone (a modified metabolite of PGF,,), latanoprost, travoprost, and bimatoprost.
Their potency (ECsg) or that of their active metabolites (bimatoprost) at the FP receptor is

bimatoprost=trav0prost>PGF2a>1atanopr0st>un0prostone.6 All of these analogs have been
shown to be effective in the treatment of glaucoma or ocular hypertension. Travoprost has

been equally effective as or superior to latanoprost and superior to timolol in the treatment of

patients with open-angle glaucoma or ocular hypertension.1
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Figure 6.2 Prostaglandin F, analogs. Prostamid bimatoprost is displayed for comparison. PGF ,,,
-IE=PGF,, -isopropyl ester.
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Although bimatoprost shows some structural similarities with PGF,, (Figure 6.2), it was

reported not to bind to the FP receptor and its mode of action is not fully understood.” It is
chemically related to prostamide F, a naturally occurring substance which is derived from the
endogenous cannabinoid receptor agonist anandamide (arachidonyle-thanolamide, AEA; see
Figure 6.3) by the contribution of cyclooxygenase-2. The prostamide F receptor has not yet

been identified. However, recent reports show that bimatoprost and its free acid replaced
[3H]-PGF2a from the FP receptor and mobilized intracellular calcium via cloned human FP

receptors expressed in human embryonic kidney cells.® This effect could be blocked by an FP
receptor antagonist. In the same line of evidence, further studies of bimatoprost metabolism
in corneal tissue showed that bimatoprost is converted in vitro to 17-phenyl-18, 19, 20-trinor
prostaglandin F,,, which is identical to the free acid of latanoprost with the exception of a

double, rather than a single bond at the 13—14 position.9 If this occurs in vivo as well this
finding may explain the IOP-reducing effect of bimatoprost. The onset of the IOP-reducing
effect is about 3 to 4 hours after administration for all of these analogs; the maximum effect,
achieved after 8 to 12 hours, is maintained over 24 hours.

The most extensive information on mechanisms of effect and clinical use is available
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Figure 6.3 Endogenous and exogenous phytocannabinoids and analogs. FAAH=fatty acid amide
hydroxylase.
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for latanoprost, but may be at least in part representative of the other analogs as well.
Latanoprost is a prodrug of PGF,,,. It is even more selective for the FP receptor than PGF,,,

itself and has only marginal affinity for the other PG receptors.] O This may be an explanation
of the improved tolerability of latanoprost. Latanoprost and unoprostone show a strong
increase in the uveoscleral outflow of aqueous humor through the ciliary muscle region to the

suprachoroidal space and the episcleral veins. 10-12 Latanoprost has a strong IOP-reducing

effect when given alone>~20 or in combination with other drugs.ZI_23 The latter adds to the

increase in uveoscleral outflow and the inhibition of the humoral inflow by B-adrenergic
inhibitors or carbonic anhydrase inhibitors.2* This additive effect was also observed in

patients resistant to other maximally tolerated pharmacological therapy.25
Latanoprost pharmacokinetics after topical administration were investigated in healthy

volunteers.z* Latanoprost was rapidly hydrolyzed in the cornea and in blood. The maximum
concentration of the active metabolite, latanprost free acid, was detected in aqueous humor 1
to 2 hours after topical administration and amounted to 15-30 ng/ml. The half-life in humor
was 2 to 3 hours. In the systemic circulation, maximum concentrations were of 53 pg/ml,

measured 5 minutes after topical administration, and displayed a half-life of 17 minutes.2°

The optimal dose of latanoprost is 0.005% given topically in the evening.24

Safety of PGF ,, analogs analogs

Latanoprost, unoprostone, travoprost, and the prostamide bimatoprost cause increased

pigmentation of the iris in some of the patients.6 These changes appear to be permanent or
slowly reversible. The incidence was reported to be less than 5% during 2 years of treatment,
but it increased in patients with blue-brown heterochromatic eye color (20%) and further
increased to 50% in patients with yellow-brown or green-brown eye color at 1 year of

treatment.2’ Other than melanocyte stimulation no pathological changes have been observed
in histology. It was demonstrated in vitro that PGF,, analogs have a proliferating effect on

corneal tissue.2® However, this has not yet been confirmed in clinical studies.

Cannabinoids and intraocular pressure

Prostaglandins have a close structural relationship to endogenous cannabinoids (Figure 6.3),
such as arachidonylethanolamide (anandamide) and 2-arachidonylglycerol (2-AG). Both
classes are linked by metabolism: anandamide is hydrolyzed to arachidonic acid and
ethanolamine by fatty acid amide hydroxylase (FAAH). Both endogenous cannabinoids
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AEA and 2-AG have been found in bovine and rat retina.2” The expression of CB1 and CB2

cannabinoid receptors was demonstrated in ocular tissue.22~32 Both belong to the

super-family of G-protein-coupled receptors. In 1971, first reports showed that marijuana

smoking reduced I0P.23 However, this beneficial effect was accompanied by undesired
adverse effects such as psychotropic effects, conjunctival hyperemia, 50% decreased

lacrimation, and postural hypo‘[ension.3 4,3 > In subsequent years, intravenous and oral

administration of various cannabinoids, including A°-THC and A®-THC, was shown to

reduce IOP in animals and humans.2%39 In order to separate the IOP reduction from
psychotropic effects, topical administrations were developed.

Cannabinoids have poor water solubility, which limits their use in topical formulations. To
overcome this, a number of galenical preparations including microemulsion (Muchtar 1992),

sesame oil,40 and mineral 0il>’ have been prepared. The latter worked best but was
sometimes locally irritating.41 More recently, formulations of polvethylene glycol,42 Tween

80 and (:yclodextrin44 (Jarho 1998) and prodrug approaches using a water-soluble ester of a
maleate salt of A9-THC have been applied, which has facilitated the preparation of topical

dosage forms. In addition, non-classical cannabinoids (such as CP-55, 9404 ) or
aminoalkylindoles (such as WIN-55, 212—246) have been used successfully to reduce IOP.

Conclusions

Lipid-derived prostaglandins and endogenous or naturally occurring phytocannabinoids and
their analogs appear to be useful therapeutic alternatives to the classical pharmacological
treatment of glaucoma and ocular hypertension.
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7.
LATANOPROST: A NOVEL AGENT FOR THE
TREATMENT OF GLAUCOMA

Thom J.Zimmerman, M.D., Ph.D.

Introduction

Lowering intraocular pressure (IOP) is the only proven method currently available to reduce
the risk for glaucomatous visual field loss. In recent years significant advances have been
achieved in the development of topical glaucoma medications. These medications are being
used more commonly as there is an increasing trend by ophthalmologists to aggressively
lower IOP. Among the currently utilized IOP lowering agents, prostaglandin analogs (that is,

latanoprost, bimatoprost, and travoprost) are the most potent.l Topical administration of
latanoprost 0.005%, bimatoprost 0.03%, and travoprost 0.004% solutions is as or more
effective in lowering IOP than the traditional first-line agent and reference standard, timolol

0.5%.26

Latanoprost (Xalatan®) is approved in the United States, Europe, and Japan as a topically
applied first-line treatment in patients with open-angle glaucoma or ocular hypertension.
Studies have confirmed that a single drop of latanoprost 0.005% solution (approximately 1.5
ng) administered topically once daily effectively reduces diurnal IOP by 20% to 40%. The
IOP-lowering effects of a single dose of latanoprost last up to 24 hours thereby allowing for a
convenient once-daily dosing regimen. Numerous studies have evaluated the
pharmacodynamics, pharmacokinetics, clinical efficacy, tolerability, and safety of latanoprost
as monotherapy or adjunctive therapy in patients with open-angle glaucoma or ocular
hypertension.

Pharmacodynamics

Mechanism of action
Latanoprost, the ester prodrug analog of prostaglandin F,, has a high selectivity for the FP

subtype of prostanoid receptors found in ciliary muscles.”8 Although the precise mechanism
by which latanoprost and other prostaglandins decrease IOP is unclear, they
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are believed to act by increasing aqueous humor outflow through both the trabecular route

(via Schlemm’s canal and the episcleral veins) and the uveoscleral (ciliary muscle)

pathway. 9-20

Ocular effects

A single topical dose of latanoprost 0.005% or 0.006% produces maximal IOP reduction
within 8 to 12 hours when administered to healthy volunteers or patients with ocular

hypertension or open-angle glaucoma.1 1.21-23 JOP remains below pretreatment levels for at

least 24 hours following latanoprost administration.11:21-23 Latanoprost provides a steady
reduction of the IOP during both daytime and nighttime hours, with minimal circadian

fluctuation observed.!121-26 A single dose of latanoprost 0.005% administered to healthy
volunteers results in a significant reduction in IOP that is maintained for 24 hours, with a less

pronounced but still present IOP-lowering effect observed after 48 hours.?2 IOP returns to

pretreatment levels generally within 2 weeks of latanoprost discontinuation.?’ The
[IOP-reducing effectiveness of latanoprost is greater with once-daily compared to twice-daily

administration, an effect possibly attributable to receptor subsensitivity.zg*30

Pharmacokinetics

The pharmacokinetic properties of latanoprost following instillation into the eye have been
confirmed in healthy volunteers using 3 H-latanoprost and radio-immunoassay, and in patients

undergoing cataract surgery using radio-immunoassay.3l In both populations, the hydrolysis
of latanoprost to its primary metabolite, latanoprost acid, occurs rapidly following topical
instillation in the eye.

In a study of four healthy volunteers who received topical administration of latanoprost (30
ul of a 50 (ng/ml solution), the peak plasma concentration of latanoprost acid (Cp,,5)
appeared 5 minutes following instillation, reached a level of 53 pg/ml, and exhibited an

elimination half-life (tl/z) of 17 minutes.>! The latanoprost area under the plasma

concentration time curve was 34 ng.h/1 and the volume of distribution was 0.36 17kg.31
Among patients undergoing cataract surgery, a single 30 pl drop of latanoprost 50 (ng/ml

produced a C,,,,, in the aqueous humor of 32.6 pg/l approximately 2.5 hours following

instillation, with a latanoprost acid aqueous humor elimination 2 6f 2.5 hours: the

concentration of latanoprost 24 hours following administration was<0.2 pg/ 1.3 Latanoprost

undergoes extensive first-pass metabolism in the liver via B-oxidation prior to being

eliminated primarily in the urine (88%) and the feces.>!

Similar to latanoprost, other members of the prostaglandin analog class of agents,
bimatoprost and travoprost, are also prodrugs that undergo hydrolysis to their acid form

following ocular administration.>2-3¢
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Clinical efficacy

Open-angle glaucoma or ocular hypertension

Latanoprost is indicated as first-line treatment in patients with open-angle glaucoma or ocular
hypertension. In addition, latanoprost effectively reduces IOP when administered as
adjunctive therapy in patients who have not achieved optimal IOP control with their current
glaucoma treatment regimen. Selected latanoprost efficacy studies are summarized in Table
7.1

Monotherapy

Compared with timolol

In well-controlled randomized, comparative, clinical trials of patients with open-angle or
ocular hypertension, monotherapy with latanoprost reduced IOP levels by between 20% and
40% during the 1 to 12 months of treatment. The majority of comparator studies were

double-blind, including all of those performed with timolol as the comparat01r.2_4’37’38

Latanoprost 0.005% once daily was significantly more effective than timolol 0.5% twice
daily for 3 or 6 months in four out of five studies performed in the United States,>

3738

Scandinavia, and Asia and was comparable to timolol treatment in a study performed in

the United Kingdom4 (Table 7.1). Overall, latanoprost reduced mean baseline diurnal IOP by
6.2 to 11.1 mm Hg (27% to 39%) compared to reductions of 4.4 to 9.1 mm Hg with timolol
(19% to 33%). In 1- and 2-year extensions of these clinical trials patients did not exhibit any
signs of diminishing IOP-lowering efficacy, confirming that the efficacy of latanoprost is

sustained with long-term treatment.32 42

The IOP-lowering effects of latanoprost are greater and more consistent between day-time
and nighttime hours as compared to timolol. Randomized, 4-week, crossover trials of
latanoprost and timolol (solution and gel-forming solution) found significantly greater mean

reductions in IOP during the daytime and nighttime hours with latanoprost (p§0.05)23»26 as

well as at study completion (p<0.001).26 Unlike timolol, which reduced IOP to a significantly
greater extent during the daytime compared to nighttime (p=0.04), there were no significant

differences between daytime and nighttime IOP-lowering efficacy with 1:/,1tanoprost.26

The ability of latanoprost to reduce IOP is consistent in a heterogeneous global population.
In a study of 1389 African-American, Asian, Caucasian, and Mexican patients with glaucoma
or ocular hypertension, latanoprost 0.005% once daily (n=737) produced a 7.9 mm Hg
reduction in mean diurnal IOP compared to a 6.4 mm Hg reduction in those treated with

timolol (7=652).%3

Compared with dorzolamide

In a non-blinded study, latanoprost 0.005% once daily was significantly more effective than



dorzolamide 2% three times daily (mean IOP reduction from baseline 8.5 mm Hg versus 5.6

mm Hg, respectively; p<0.001).44 The percentage of patients achieving an
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Table 7.1 Summary of prospective, randomized clinical trials compairing the intraocular
pressure (IOP)-lowering efficacy of topical latanoprost (L) monotherapy with other
topical pressure-lowering agents in paitents with open-angle glucoma or ocular

hypertension
Reference No of Treatment I0OP (mm Hg; PBaseline Reduction
(study evaluated  regimes mean)? from
design)? patientsb baseline
%)
Compared with
timolol (T)
Alm et al,> db 89 L 0.005% od 248 86
mamt oy
94 L0.005%0d 255 73
mime
84 T 0.5% bidx6 ~ 24.6 6.7
mo (27)*
Aquino and 28 L 0.005% odx3 29.3 11.1
Lat-Luna,>’ db mo (39)**T
29 T 0.05% bidx3  29.3 91
mo (32)**
Camras et al,> db 118 L 0.005% odx6 25 6.7
mo (27)ﬁ
130 T 0.5% bidx6 25 4.9 (20)
mo
Mishima et al,*® 80° L0.005%o0d  231f 62
db amx3 mo (27)7"%‘
83° T 0.5% bid 231f 4.4(19)
amx3 mo
Watson et al,# db 86 L 0.005% odx6 25.2 85
mo 3 4)**
79 T 0.5% bidx6 ~ 25.4 83
mo (33)**
Compared with
dorzolamide (D)
O’Donoghue,44 109 L 0.005% odx3 27.2 85
nb, me mo & 1)1‘7‘
107 D 2% tidx3mo 27.2 5.6 (21)



Compared with
brimonidine (BR)

Camras,*® nb, me 152 (total)
DuBiner et al,49 61°
db, me

64°

L 0.005% odx6 245 57

BR 0.2% bidx6 24.8 3.3 (13)
mo

L 0.005% 0dx3 o4 {f 6.5(27)
mo

BR 0.2% bidx3 o4 5 6.8 (28)
mo



Kampik et al,47 nb, mc

1’46

Stewart et al,— db, co, mc

Compared with bimatoprost (B)

DuBiner et al,50 db, mc

Gandolfi et al,5 I sb, mc

Walters et al,52 sb, mc

Noecker et al,5 2 sb, mc

1’53

Parrish et al,> sb, mc

Compared with travoprost (TR)

Netland et al,6 db, mc

1’53

Parrish et al,= sb, mc

Compared with unoprostone (U)

Aung et al,56 db, co

Jampe et al,57 nb, mc

187
192
33 (total)

22
21
21
113
119
38
38
136
133
136
136

193
202
197
136
138

56° (total)

84
81

L 0.005% odx6 mo
BR 0.2% bid*x6 mo
L 0.005% odx6 wk
BR 0.2% bidx6 wk

L 0.005% odx1 mo
B 0.3% odx1 mo
PL odx1 mo

L 0.005% od*3 mo
B 0.3% 0d*3 mo

L 0.005% odx1 mo
B 0.3% odx1 mo

L 0.005% odx6 mo
B 0.03% odx6 mo
L 0.005% odx12 wk
B 0.03% odx12 wk

L 0.005% odx12 mo
TR 0.0015% odx12 mo
TR 0.004% od*12 mo
L 0.005% odx12 wk
TR 0.004% odx12 wk

L 0.005% odx1 mo
U 0.12% bidx1 mo
L 0.005% odx8 wk
U 0.15% bidx8 wk
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25.1 7.1 (28)*1
249 520"
198 4.4 22yt
198 22 1™

252" 7.6 30)™
2568 831"
25.87 1.7.(7)
25.77 7.8 30)"
257" 82(32)"
23.6" 7.5(32)

24.1f 8.2 (34)
2575 6.0 (24)

25.0f 7.5(30)
257" 8.6 (33)
257 8.7(34)

26.9" 7.5(28)
26.4" 7.0 (27)
26.8F 7.1(26)

25.7f 8.6(33)
2550 8.0(32)

223 61 (27)**T
232 428"

253 79 (28)TT
25.5 3.9(15)
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Reference  No of
(study evaluated

design)a  patients”

26
Susanna et 52¢
al,>? db

53¢

Compared with timolol
(T)+dorzolamide (D)8

Anon,60 nb 80

75

Ernmerich,61 85

nb, mc

90
Garcia 77
Sémchez,62 nb,
mc

79

Honrubia et 113

63

at,” nb, me

113

Polo et al,(’4 18
me, nb

17

Treatment  IOP (mm Hg,

regimen® mean)?

Saito 26

et al,5 8
nb

U0.12%bid 227 33

odx6 wk (1'5)*
L 0.005% 241 g7
0dx2 mo (28)**H
U 0.12% 241 34
bidx2 mo (14)**
L 0.005% 235 6.1
0dx3 mo (26)**T
T.O.S% . 23.0 47
oo
L 0.005% 222 45
0dx3 mo (20)**
bidiD 29, 2244
bidx3 mo 20)

L 0.005% 230 59
0dx3 mo (23)**7
bid.D 2% BTa0,
bidx3 mo 17

L 0.005% 232 43
0dx3 mo (19)**
T.O.OS%0 23.1 40
O
L 0.005% 221 5
0dx3 mo (23)**
T 0.05% 24 34
bid+D 2% (18)**

bidx3 mo

Baseline Reduction

L 0.005%
odx6 wk

from

baseline

(%)

22.9

6
26)""



Compared with timolol (T) 1

pilocarpine (P)8
Bucci,65 sb, 46
me

37

45
Nordman et 102
al,66 sb, me

95

L 0.005%
0dx6 mo

T 0.05%
bid+P 2%
tidx6 mo

T 0.05%
bid+L
0.005% odx6
mo

L 0.005%
odx6 wk

T 0.5%+P 2%
bid'x6 wk

21.5h

2230

21.5"

243

24.2

5.5
4.2

6.1

54

4.9
(20)**
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Compared with B —blocker+other agents®
Pullunat et a7k nb, me 348 L 0.005% odx6 mo 17.8 0.26

114 g plocker plus other agents’ 17.6 0.37

a. In general, patients were 218 years of age or older with a baseline IOP of 2:22 mm Hg with or without
pre-existing glaucoma therapy, unless otherwise specified, Exclusion criteria included angle-closure
glaucoma, previous ocular surgery (including laser treatment within prior 6 months) or ocular trauma, contact
lens use, severe dry eye syndrome, ocular inflammation within the prior 3 months, use of concomitant
medications known to affect IOP, and any condition that prevented reliable applanation tonometry. The
primary efficacy endpoint was the mean reduction in IOP from baseline. Comparative trials involving
glaucoma medications requiring twice-daily administration were double-dummy in design,

b. Patients were either treatment-naive or had withdrawn from other pressure-lowering therapy (with no more
than two other agents) prior to the trial; the percentage of treatment-naive versus previously treated patients
was not provided except where indicated.

c. L was administered as a single drop to the eye in the evening unless otherwise specified,

d. Assessment of changes in diurnal IOP was calculated from the mean of two or three measurements taken
between 8:00 am and 6:00 pm (unless otherwise indicated),

e. Percentage of treatment-naive patients was 47% and 46% of L and T groups,38 77% of all patients,5 6 14%
and 15% of L and U recipients,59 and 48% and 39% of L and BR recipients.50
f. Measured in the morning before drug application (trough),3 8 between 9:00 am and 11:00 am,>? and at 8:00

am, the time of peak effect for patients administered drug in the evening.6’50’5 1,33,55

g. All patients underwent a 2- to 4-week run-in period with T before switching to L or continuing with T and
adding D or P.

h. Baseline values estimated from graph,

i. Compared with timolol plus pilocarpine only,

j- Fixed combination,

k. At baseline, patients with well-controlled glaucoma were receiving dual therapy of B-blocker plus one other
medication and had IOP <21 mm Hg.

I. Adjunctive treatment to B-blocker therapy included dorzolamide, pilocarpine, brimonidine, clonidine, and
dipivefrine.

bid = twice daily; co=crossover; db=double-blind; me=multicenter; nb=non-blind; od=once daily;
PL=placebo; sb=single-blind (investigator masked).

0.05; **p<0.001 vs baseline; Tp<0.005; TTp<0.001 vs comparator drug.
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I0P reduction of =30% was nearly 4-fold higher in those treated with
latanoprostcompared to those treated with dorzolamide (52% versus 14%).

Compared with brimonidine

A meta-analysis of nine comparative studies found that treatment with latanoprost produced
significantly greater reductions in IOP from baseline compared with brimonidine after 3
months (—8.4 versus —6.5 mm Hg; p=0.004) and 6 months (—8.0 versus —6.2 mm Hg;

p=0.0045).45 In three more recently published trials (one masked and two unmasked),
once-daily latanoprost produced significantly greater reductions in diurnal IOP compared

with twice-daily brimonidine 0.2% when administered for 6 weeks?® or 6 months 748 The
mean [OP reductions from baseline with latanoprost ranged from 4.4 to 7.1 mm Hg (22% to
28%) compared to a range of 2.2 to 5.2 mm Hg (11% to 21%) in those treated with
brimonidine. One 3-month trial found a comparable IOP-lowering efficacy of latanoprost and
brimonidine (mean IOP reduction from baseline 6.5 mm Hg versus 6.8 mm Hg measured at

8:00 am, the time of peak drug effect following evening administration) s

Compared with other prostanglandins

Trials comparing latanoprost 0.005% with bimatoprost 0.03%2-53 0.03%335 or travoprost

0.0015% and 0.004%%53:54 have, in general, found no clinically significant difference in
IOP-lowering ability of these agents at 8:00 am, the time of peak effect (Table 7.1).
In the first trial to simultaneously compare the IOP-lowering efficacy of latanoprost,

bimatoprost, and travoprost, Parrish and colleagues5 3 reported comparable efficacy among
the agents. The study was designed as a 12-week, masked-evaluator, multi-center US study in
which patients with open-angle glaucoma or ocular hypertension were randomized to
once-daily treatment with latanoprost 0.005%, bimatoprost 0.03%, or travoprost 0.004%

ophthalmic solutions.>> Baseline mean 8:00 am IOP values were similar among the treatment
groups with significant (p<0.001) reductions from baseline IOP observed with each treatment
at week 12. The reductions in mean IOP at 8:00 am, 12 noon, 4:00 pm, and 8:00 pm after 12
weeks of treatment were similar among the treatment groups. However, fewer
latanoprost-treated patients reported ocular adverse events and hyperemia as well as lower
average hyperemia scores compared to bimatoprost-treated patients (p<0.001).

In earlier studies, the IOP-lowering efficacy of latanoprost 0.005% was comparable to that

of bimatoprost 0.03% and consistent with the findings of Parrish,5 3 with few
exceptions.49’51 2 These studies found latanoprost and bimatoprost to have similar effects on

mean [OP reduction at 8:00 am and throughout the diurnal cy(:le.49’5 152 However, the
IOP-lowering efficacy tended to be more consistent during the day with bimatoprost,

although statistically significant differences at all time points were not observed #%:3!

Gandolfi and colleagues,5 Lina post hoc analysis that did not take into account confounding

differences in baseline IOP between the two treatment groups at 12 noon and 4:00 pm, found



significantly (»p<0.05) lower mean IOPs in those treated with bimatoprost (= 17.1 and =
17.2 mm Hg) compared to those treated with latanoprost (= 18.1 and
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=17.9 mm Hg) at these two time points. Walters et al>2 found that a greater proportion of
bimatoprost compared to latanoprost-treated patients achieved an IOP<15 mm Hg.
One exception to the generally consistent and comparable IOP-lowering efficacy results

found in studies of latanoprost and bimatoprost was reported by Noecker et al>> whoina
6-month study reported a significantly greater mean IOP reduction in patients treated with
bimatoprost compared to latanoprost. Unfortunately, the investigators did not adjust for
significant differences between the groups in 12 noon baseline IOP, nor did they report
standard deviations or 95% confidence intervals for estimates of differences in IOP reduction
after baseline, thus limiting the ability to compare and contrast their findings with those of
other investigations.

In one large 12-month study, the IOP-lowering efficacy of latanoprost was generally

similar to travoprost administered as a single daily dose of 0.001 5% or 0.004%.% At study
completion, the mean IOP at 8:00 am, 10:00 am, or 4:00 pm was similar in patients receiving
latanoprost or either dose of travoprost. The percentage of patients considered responders
(=30% reduction in IOP or a final IOP of<17mm Hg) was comparable in the latanoprost,
travoprost 0.0015%, and travoprost 0.004% treatment groups (49.6%, 49.3%, and 54.7%,
respectively; p=0.043 latanoprost versus travoprost 0.004%).

In contrast, several trials comparing latanoprost with unoprostone 0.15% twice daily for 1

to 2 months have demonstrated superiority with latanoprost.5 6-59

Compared with p-blocker combination therapy
Latanoprost monotherapy is at least as effective as and often more effective than dual therapy
with timolol and dorzolamide or timolol and pilocarpine60*67(Table 7.1). Overall, mean
diurnal IOP was reduced by 19% to 26% in those treated with lfcl‘[anoprost,60_64 by 17% to

21% in those treated with timolol and dorzolamide for 3 mon‘[hs,(’O’62 and by 19% to 20% in

those treated with timolol and pilocarpine for 6 weeks or 6 months.%:00

Adjunctive therapy

Latanoprost and timolol fixed combination

The fixed combination of latanoprost 0.005% plus timolol 0.5% is significantly more
effective at lowering IOP than monotherapy with either component or as compared to the

combination of timolol and dorzolamide, and is sustained with long-term treatment.2870 In

the US study performed by Higginbotham and colleagues,68 diurnal IOP levels after 26 and
52 weeks of treatment were 19.4 mm Hg and 18.9 mm Hg, respectively, in those treated with
the latanoprost plus timolol combination, compared with 20.1 mm Hg and 20.1 mm Hg in
those treated with latanoprost monotherapy, and 21.6 mm Hg and 19.3 mm Hg in those

treated with timolol. In the European study by Pfeiffer®” the mean diurnal IOP levels
observed after 26 weeks of latanoprost plus timolol treatment (18.5 mm Hg) were sustained



after an additional 26 weeks of non-blinded treatment (18.2 mm Hg).

Adjunct to timolol or other [-blocker therapy
Latanoprost is an effective IOP-lowering adjunct to timolol therapy, with studies
demonstrating further reductions in IOP as compared to continued timolol

treatmentz’”(Table 7.2). The
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effectiveness of the latanoprost plus timolol combination is comparable regardless of which
agent is initially used as monotherapy.72 The addition of once-daily latanoprost 0.005% to
the patient’s current timolol 0.5% twice-daily regimen produced significantly greater

reductions in IOP compared with the addition of pilocarpine 2% three times daily65 13 or

dorzolamide 2% twice daily.74 When added to existing topical B-blocker monotherapy other
than timolol, latanoprost 0.005% once daily and brimonidine 0.2% twice daily were

comparable in lowering IOP at peak effect’> (Table 7.2).
Latanoprost has significant additive IOP-lowering effects when given as an adjunct to
orally administered acetazolamide’® or topically administered dorzolamide,’’ dipivefrine

combination,’® or pilocarpine therapy.79’80 The addition of latanoprost to unoprostone

therapy resulted in a significant reduction in IOP, but not vice versa, suggestive of a greater

IOP lowering potency with latanoprost.5 8

Adjunct therapy with at least two other glaucoma agents

Latanoprost 0.005% once daily for 1 month or 1 year produces an additional 16% to 18%
reduction in IOP when administered as adjunct therapy to patients with persistently elevated

IOP despite treatment with two or more IOP-lowering medications®! -84 (Table 7.3). The
effects of latanoprost add-on therapy were observed after only 1 week of treatment in a
non-comparative trial.32 Ina comparative randomized trial of patients with an uncontrolled
IOP despite non-selective B-blocker and dorzolamide or pilocarpine treatment, adjunctive
therapy with either latanoprost 0.005% once daily or brimonidine 0.2% twice daily produced

a similar overall mean reduction in IOP.3!

Angle-closure and other types of glaucoma

In two double-blind clinical trials of patients with persistently elevated IOP despite iridotomy
and/or iridectomy, latanoprost 0.005% once daily produced significantly greater reductions in
IOP compared with timolol after 2 weeks (—8.8 mm Hg and —5.7 mm Hg, p=0.04) and after

12 weeks (—8.2 mm Hg and —5.2 mm Hg, p=0.04).85 80 When administered as adjunct
therapy to patients following iridectomy and receiving treatment with -blockers and
pilocarpine with or without oral carbonic anhydrase inhibitors, latanoprost produced a rapid
(within one week) and significant decrease in mean IOP (21% reduction from baseline,

p<0.005) that was sustained after 3 months (25%) and 1 year (36%).87
In randomized studies of patients with normal-tension or steroid-induced glaucoma, the
IOP-lowering efficacy of latanoprost 0.005% once daily was similar to that of timolol 0.5%

twice daily.g&89 In a 12-month study of patients with pigmentary glaucoma, treatment with
latanoprost 0.005% once daily produced a significantly greater reduction in IOP (—=5.9 mm

Hg) compared to timolol 0.5% bid (4.6 mm Hg).90



Table 7.2 Summary of results ofn prospective, randomised clinical trials evaluating the
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IPO-lowering efficacy of latanoprost in combunation with timololor other B-blockers

Reference No of
(study evaluated
design) patients

Adjunct therapy with timolol

Monotherapy Adjunct

therapy” Baseline

Alm et al,z db, 25 T 0.5% bid L 0.006%
mc (ongoing) odx2 wk
25 T 0.5% bid L 0.006%
(ongoing) bidx12 wk
db, mc Wk 0d><6 Wk
16 T05%o0dx2 T
wk monotherapy
continued X6
wk
Rulo et al.”2 10 L 0.006% T 0.5%
sb ’ bidx1 wk bidx1 wk
10 T 0.05% L 0.006%
bidx1 wk bidx1 wk
Adjunct therapy with timotol-comparator trials
Bucci,65 sb, 45 T 0.5% bid L 0.005%
mc 24 wk 0dx6 mo
37 T 0.5% bid P 2% tidx6
2-4 wk mo
Diestelhorst,73 120" T 0.5% bid L 0.005%
nb, mc 24 wk 0dx6 mo
560247 120f T 0.5% bid P 2% tidx6
2-4 wk mo
Petounis et T 0.5%bid L 0.005% 22.2
74 2-4 wk 0dx3 mo
al,~ nb, mc
75 T 0.5%bid D 2% bidx3 22.5
24 wk mo
Simmons and 538 B-Blocker L 0.005%
Earl,”> db mc (ongoing) 0d*3 mo
54 B-blocker BR 0.2%
(ongoing) bidx3 mo

24.8

249

NR

NR

28.5

24.2

21.5¢

23.3°

233

23.0

213"

2140

IOP (mm Hg, mean)®

On

On

monotherapy combination

23.2°¢

24.2¢

19.6

18.3

therapy

15.7

18

17.5¢

23.8°

17

15.7
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L=latanoprost, T=timolol, P=pilocarpine, D=dorzolamide, BR=bromonidine.

a. L was administered as a single drop to the eye in the evening.

b. Mean of two or three recordings taken at different times of day between 8:00 am and 5:00 pm (unless
otherwise indicated).

c. Recorded at 9:00 am.

d. Compared to monotherapy value.

e. Baseline estimated from graph.

f. Intent-to-treat analysis: four patients receiving Land 35 receiving P did not complete the study (p < 0.001).
g. Only patients who achieved a > 15% reduction in IOP after 1 month of treatment were included in the
3-month IOP analysis (43 of 53 patients receiving Land 44 of 54 patientsreceiving BR).

h. Measured at 10:00 am (peak drug effect for both Land BR).

bid=twice daily; co=crossover; db=double-blind; mc=multicenter; nb=non-blind; od=once daily; PL=placebo;
sb=single-blind (investigator masked).

*p<0.05; **p<0.001 versus baseline; Jf<p<0.005; TT<p<0.001 versus comparator drug
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Table 7.3 Efficacy of latanoprost as adjunct in patients receiving at least two otherglucoma

medications
Reference, No of Baseline Added I0P at 10P
study design patients therapy treatment baseline reduction
evaluated (mm Heg)? (%)?
Patelska, et al®> 160 Various L 0.005% 233 4.1 (18)*
odx1 mo
Shin et a134 61 Various L 0.005% 23.5 39 (17)***
odx12 mo
Simmons and 20 B-blocker+tD L 0.005% NR 3.43 (17
or P odx1 mo
Samuelson,®! 1, 20 B-blocker+D B 0.25% NR 4.6 (23)**
sb, mc orP bidx1 mo
Susanna et al$2 47 T 0.05%+D L 0.005% 19.3 31 (16)***
2% odx1 mo

a. Where stated, this was measured at peak effect,

b. Percentage of patients achieving a >15%8 or >20%°2 reduction in IOP.
B=brimonidine; bid=twice daily; D=dorzolamide; [OP=intraocular pressure; me=multicenter;
nc=non-comparative; od=once daily; P=pilocarpine; r=randomized;

kkk

sb=single-blind (investigator masked); *p<0.01, **p<0.001, p<0.0002 versus baseline.
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Tolerability/safety

Data from numerous clinical trials confirm the tolerability as well as the ocular and systemic
safety of latanoprost when used as first-line monotherapy or adjunctive therapy with other

IOP-lowering agents in patients with open-angle glaucoma or ocular

hypertension.5:44:4647.49.56,57,59.71,72,76,7891

Overall, adverse events reported with latanoprost therapy are mild and reversible upon
treatment discontinuation. In comparative studies with timolol, the ocular tolerability profiles
were comparable, with 90% or more of patients having no or a minimal detectable increase in

conjunctival hyperemia.92’93The incidence of ocular adverse events was similar in short-term

trials comparing latanoprost with bima‘[oprost5 0 or unoprostone.5 6,59 Both bimatoprost and
travoprost produced substantially higher rates of ocular adverse events (for example

conjuctival hyperemia) compared to 1atan0prost.6’51 In the study by Parrish and colleagues,5 3

latanoprost exhibited greater ocular tolerability compared to bimatoprost, including
significantly fewer reported ocular adverse events (p<0.001), fewer reported cases of
hyperemia (p=0.001), and lower average hyperemia scores after 12 weeks of treatment
(p=0.001). Iridial darkening has been reported in 5% to 25% of those treated with
latanoprost, particularly in those with hazel eyes, with no marked pathological changes

observed in iris specimens.%’95

Systemic adverse events are infrequent with latanoprost therapy, an effect much different

to that of timolol.22 Gandolfi®! found significantly more increased eyelash growth in those
who received bimatoprost compared to latanoprost, although headache was reported more
frequently in latanoprost- compared with bimatoprost-treated patients. Respiratory disorders,

which may be aggravated by B-blocker therapy,96 are unlikely with selective prostaglandin
F,, therapies such as latanoprost. Clinical studies of latanoprost found no significant effects
on peak expiratory flow, forced expiratory volume in 1 second, forced ventilatory capacity,

asthma symptoms, or asthma medication requirements.%’97 In clinical trials of latanoprost,
upper respiratory tract infection/cold/flu was the most common systemic adverse event,
occurring at a rate of approximately 4%. Other systemic events, each with an incidence of

less than 2%, included chest pain/angina, muscle/joint/back pain and rash/allergic skin

reaction.>>

Supportive evidence for the tolerability of latanoprost comes from three retrospective
studies of US managed care or pharmacy claims data that assessed medication persistency in

treatment-naive patients with glaucoma receiving monotherapy.gg‘101 Patients receiving

latanoprost were significantly less likely to discontinue treatment compared to those given

timolol (risk ratio 1.36) or brimonidine (risk ratio 1.54) 101 and, of those who did discontinue

treatment, the length of therapy was significantly longer with latanoprost (216 days)
compared to timolol or brimonidine (183 days and 184 days, respectively, p<0.001 for each

comparison).99 Patients treated with B-blockers, carbonic anhydrase inhibitors, or



brimonidine, were 24%, 122%, and 141% more likely to discontinue or change their

treatment as compared to those treated with latanoprost. 100 A1m!%2 found that 380 of 519
(73%) patients with open-angle glaucoma enrolled in a 3-year study of latanoprost
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0.005% once daily as adjunct therapy continued in a 2-year extension trial. During the 5-year
period, IOP in approximately 72% of these patients was well controlled without treatment
modification or surgery.

Conclusion

Elevated IOP is the most important risk factor for irreversible blindness in patients with
glaucoma; therefore, the aggressive treatment of IOP is warranted. The prostaglandin
analogues such as latanoprost are a highly effective and safe mode of first-line monotherapy
as well as adjunctive therapy in patients who fail to achieve optimal IOP control with other
classes of glaucoma agents. This offers clinicians the opportunity to tailor treatment strategies
that optimize IOP lowering. Studies confirm that once-daily topical instillation of latanoprost
0.005% solution produces a robust and sustained IOP reduction of between 20% and 40% in
adults with open-angle glaucoma or ocular hypertension. Latanoprost is well tolerated with
minimal to no adverse ocular or systemic effects.
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8.
BIMATOPROST

Stefano A Gandolfi

Introduction

According to the European Agency for Evaluation of Medicinal Products (EMEA),1

‘Bimatoprost is a potent ocular hypotensive agent. It is a synthetic prostamide, structurally
related to prostaglandin F,, (PGF,,), that does not act through any known prostaglandin
receptors. Bimatoprost selectively mimics the effects of newly discovered biosynthesised
substances called prostamides. The prostamide receptor, however, has not yet been
structurally identified. The mechanism of action by which bimatoprost reduces intraocular
pressure (IOP) in man is by increasing aqueous humour outflow through the trabecular
meshwork and enhancing uveoscleral outflow. Reduction of the intraocular pressure starts
approximately 4 hours after the first administration and maximum effect is reached within
approximately 8 to 12 hours. The duration of effect is maintained for at least 24 hours.’

On the basis of the results of the phase III and IV studies so far available, we will ascertain
how bimatoprost can address the most commonly encountered glaucoma and glaucoma-like
situations in everyday life. For a more comprehensive review on the pharmacology and the

safety profile of bimatoprost, the reader is referred to previous reviews.2 >

Bimatoprost and ocular hypertension

The Ocular Hypertension Treatment Study (OHTS) has shown that, in eyes affected by ocular
hypertension, a planned 20% IOP reduction can reduce by up to 50% the 5-year incidence of

conversion to open-angle glaucoma.6 The baseline IOP of the OHTS population was in the
mid twenties range (approximately 25-26 mm Hg). If we try to estimate the IOP in the
OHTS-treated group (that is, 20% less than 25-26 mm Hg), we end with a ‘target IOP’ of 20
mm Hg. However, after a proper analysis, the actual incidence of conversion in the untreated
group ranged from 2—17% (mean baseline IOP=22.2 mm Hg) to 6—36% (mean baseline

IOP=27.9 mm Hg).6 Therefore, we may assume that a target IOP of 18 mm Hg (that is, 20%
less than the lowest baseline IOP upon enrolment) could be considered to be a more
reasonable target.
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One drop of bimatoprost 0.03%, given once daily in eyes with high IOP, facilitated a target

IOP<18 mm Hg in 69.2-78% of the treated population.L10 Therefore, a monotherapy with
bimatoprost is likely to be an effective schedule in the majority of eyes affected by ocular
hypertension.

Early glaucoma treatment

The 5-year interim analysis of the Collaborative Initial Glaucoma Treatment Study (CIGTS)
has shown that, by dissecting a proper target [OP in each individual glaucomatous patient,
either early surgery or a proper treatment with medication is effective in slowing progression

of glaucomatous visual field damage. U1 Treatment with medication seemed to be associated
with an overall better outcome in terms of quality of life. Interestingly, the drop in IOP,
observed upon medical treatment, ranged between 8 and 9 mm Hg.

One drop of bimatoprost 0.03%, given once daily in eyes with high IOP, could lead to a

mean [OP drop of 9.2 mm Hg after 3 months. 12 Therefore, a monotherapy with bimatoprost
is likely to be an effective first-line option in newly diagnosed glaucomatous eyes.

Advanced glaucoma

The Advanced Glaucoma Intervention Study (AGIS) was designed to compare the
risk-benefit profile of argon laser trabeculoplasty and trabeculectomy as a further option in
advanced stage glaucoma. The report number 7 of AGIS offers an interesting post-hoc
analysis of the data collected in the study. According to this analysis, a possible correlation
between the rate of progression of the glaucomatous damage and the IOP measured through

the long-term follow-up has been traced.> In particular, a relative stability of the visual field
defect(s) has been observed in those eyes showing an IOP<18 mm Hg at every scheduled
visit. Interestingly, the mean IOP observed in this study subgroup proved to lie between 12
and 13 mm Hg. Moreover, the mean IOP, measured during the first 18 months of the study,
seemed associated with preservation of the visual field; in fact, the best outcome was
observed in those eyes showing a mean IOP<14 mm Hg during the first three 6-month visits.
One drop of bimatoprost 0.03%, given once daily in eyes with high IOP, facilitated an

I0P<14 mm Hg in 20.7-30% of the studied population.7_10 Therefore, a monotherapy with
bimatoprost is likely to be an effective schedule even in severe glaucoma.
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Normal-tension glaucoma

The Collaborative Normal Tension Glaucoma Study (CNTGS), after censoring for cataract,
has shown that a 30% IOP reduction can offer some protection from further visual field

deterioration in normal-tension glaucoma.14 These data are consistent with a previous report
by Bandhari and coworkers, who showed that surgery was associated with a better outcome

than no treatment in those NTG eyes showing at least a 25% IOP reduction over baseline.>

Thus far, prostaglandin derivatives are the only drugs with a reported efficacy in lowering

IOP in eyes affected by normal-tension glaucoma.16

Bimatoprost ‘face-to-face’ in comparison with PGF2a isopropyl esther raised fierce
debate. Four randomized multicenter prospective clinical trials are so far available. In no case
was bimatoprost reported as less effective than PGF,, isopropyl esther. One trial showed

comparable efficacy of both drugs on IOP. 7 Two trials showed some improved efficacy of

bimatoprost at selected time points on the daily curve.”>18 The fourth, among those trials
directly comparing bimatoprost with PGF,,, isopropyl esther, showed bimatoprost to be more

effective at every time point on the daily curve. ! Interestingly, a short course of bimatoprost

0.03% once daily can significantly decrease IOP in normal subj ects.”? Taken together, the
results of these trials show that bimatoprost is likely to offer ‘at least’ the same efficacy
profile, if not better, than PGF, isopropyl esther; therefore, bimatoprost can be offered as a
potentially successful option in normal-tension glaucoma.

Eyes non-responders to prostaglandins

Prostaglandin derivatives are potent IOP-reducing agents. However, a significant number of
patients can show poor response upon treatment with PGF,,, isopropyl esther eye -drops. The
actual prevalence of non-responders to prostaglandins among the glaucoma population is still
a matter of debate. The reported numbers can greatly vary according to (a) the treatment
schedule (i.e. monotherapy or multitherapy), and to (b) the more-or-less conservative
definition of non-responder. Therefore, the measured prevalence of non-reponders can range

from 4 to 50% of the studied patients.20»25 Dealing with patients who show a poor response
to PGF,,, 1sopropyl esther may then be rather difficult.
Due to its supposed mechanism of action, bimatoprost has been repeatedly tested in eyes

showing poor response to PGF,,, isopropyl esther.2%27 In a randomized controlled
prospective crossover clinical trial, non-reponders to PGF,, isopropyl esther have been

exposed to bimatoprost and the vast majority of them showed a clinically relevant IOP

drop.26 Therefore, bimatoprost can be effective in eyes where the PGF,, isopropyl esther 1s
not at all effective.
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Conclusions

In summary, a monotherapy with 0.03% bimatoprost can be offered as an effective option in:

* Ocular hypertension

* Early treatment in open-angle glaucoma

* Advaced glaucoma

* Normal-tension glaucoma

* Non-responders to PGF,, isopropyl esther.

Considering the unquestionable advantage of therapy with just a single agent, bimatoprost is
likely to represent a promising option in terms of (a) cost-efficacy profile and (b) quality of
life.
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9.
TRAVOPROST (TRAVATAN®)

John Thygesen

Introduction

Glaucoma therapy
The goals of glaucoma treatment are to halt the progress of the disease and to preserve vision.

According to a number of published randomized clinical trials,)~7 mean IOP should be
reduced by at least 30% or to less than 18 mm Hg at all visits, and diurnal IOP fluctuation

should be minimized throughout the day.8

First medical glaucoma treatment

For most patients, single drug therapy is adequate to reach a desirable IOP. In many patients
B-blockers have been used as the first line of therapy since they are effective and usually
topically well tolerated. Caution must be exercised if the patient suffers from a systemic
condition such as bronchopulmonary disease or cardiac arrhythmia, since the systemic
absorption of these drugs may cause relevant adverse systemic effects.

Over the past few years there has been a gradual shift in the choice of first line medical
therapy. Prostaglandin analogues (such as latanoprost, travoprost) and prostamides
(bimatoprost) have, in the hands of many ophthalmolgists, superceded p-blockers as the first
choice. Latanoprost has already received approval by the European health authorities
(EMEA) as first-line treatment, but applications were also made for travoprost and
bimatoprost. There is an ongoing debate regarding the different prostaglandins and
prostamides which has not yet been settled in the scientific community.

First treatment
First line treatment
A drug approved by an official controlling body for initial IOP lowering therapy.
First choice treatment
A drug that a physician prefers to use as initial IOP lowering therapy.
EGS Guidelines
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Glaucoma medications

Topical ocular medical treatment is currently the method of choice for glaucoma.
Medications that are available in topical preparations include a,-adrenergics, B-adrenergic
blockers, carbonic anhydrase inhibitors, parasympathomimetics and prostaglandin
analogues/prostamides. Prior to 1978, only three classes of medications were available for the
treatment of chronic glaucoma. These were topical miotics, topical non-selective
sympathomimetics and oral carbonic anhydrase inhibitors. Topical miotics were generally
effective but often poorly tolerated because of induced myopia, poor night vision, fluctuating
vision or headache. Topical epinephrine or its analogues was useful, but frequently associated
with tachycardia, nervousness and unsightly rebound hyperaemia. Oral carbonic anhydrase
inhibitors were also quite effective but often exacted a major price in systemic side-effects
such as lethargy, depression, gastrointestinal disturbances and renal lithiasis.
Stevens—Johnson syndrome and aplastic anaemia were rare but devastating problems.

We are fortunate today in having many new alternative medications with which to treat
chronic glaucoma. We may now individualize initial therapy to suit the medical, social and
psychological status of each patient.

From 1978 topical B-blocking agents revolutionized the medical therapy of glaucoma. For
the first time, a topical medication was available that had few visual or ocular side-effects.
Systemic side-effects also seemed few and mild, at least in the healthier volunteers reported

on in the initial studies.” Beta-blockers are still among the most popular antiglaucoma agents
and they have far surpassed any of their predecessors as the first therapy of choice in
open-angle glaucoma. However, the initial hope of a side-effect-free class of drugs has
proven illusory. Although the topical side-effects were few, the long-term systemic
side-effects of the B-blocking agents have been shown to be many, often profound and, yet,
frequently subtle. Exacerbation of asthma and chronic obstructive pulmonary disease due to
induced bronchospasm are well known side-effects; therefore, these agents are usually

avoided in those patients with a history of bronchospastic disorders.!? The potential for
bradycardia, hypotension and bronchoconstriction restricts the use of B-blocking agents in a
large number of patients. In addition, tachyphylaxis is common with timolol and up to 50%

of patients require additional drugs within 2 years.1 1-15

Selective ay-adrenergic agonists both decrease aqueous humour production and enhance
outflow. Examples of this class include apraclonidine and brimonidine. Brimonidine is used
both alone and as adjunctive therapy. Apraclonidine is less often used because of frequent
occurrence of tachyphylaxis and follicular conjunctivitis.

Topical carbonic anhydrase inhibitors, such as dorzolamide and brinzolamide, decrease the
production of aqueous humour. Because they are not as effective as timolol, they are less
frequently used as monotherapy.

Prostaglandin analogues and prostamides

Since 1994 a new class of topical agents for the medical treatment of glaucoma has appeared:
the prostaglandin analogues/prostamides. The prostaglandin analogues include
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latanoprost, travoprost and unoprostone. The prostamides include bimatoprost. This new
class has added significantly to our ability to manage glaucoma and has widened the choice
of initial and continuing therapy. Latanoprost (Xalatan [Pfizer]) and its chemical cousins,
unoprostone isopropyl (Rescula [Novartis]), travoprost (Travatan [Alcon]) and bimatoprost
(Lumigan [Allergan]) are prostaglandin-related, prostaglandin-like or, as may be the case
with bimatoprost, prostamide medications (Figure 9.1.). These drugs appear to lower
intraocular pressure by stimulating the release of metalloproteases that degrade the
extra-cellular matrix of the cells along the uveoscleral outflow pathways. This in turn
promotes the outflow of aqueous humour and the reduction of IOP, although not all of these
drugs may work via the same receptor systems.

Latanoprost 0.005% was the first available prostaglandin analogue introduced for
glaucoma therapy in 1996. The reduction of IOP by PGF,, is largely caused by increased

uveoscleral outflow of aqueous.] 6-18 When used once daily, this medication has been
demonstrated to have equivalent or, in some patients, superior efficacy when compared to
timolol. Generally, IOP reductions of 25% to 35% may be expected.

The prostaglandin-related analogue unoprostone has low affinity for prostaglandin
receptors and may be considered a docosonoid derivative. In addition to lowering the IOP,
this agent may inhibit the activity of endothelin-1 and may improve ocular blood flow.
However, a beneficial effect on human ocular blood flow remains unproven. Unoprostone has
been in use in Japan since 1994. It appears to be safe but not as effective in lowering
intraocular pressure as latanoprost or the other agents in this class. Unoprostone may even be
additive to latanoprost. Unoprostone is less likely to change iris colour. This medication
requires twice daily therapy and appears to have more modest efficacy related to latanoprost
and timolol. As best as can be determined, it is useful as a first-line drug only in those cases
that do not need large pressure reduction.
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Figure 9.1 Chemical structure of prostaglandin derivatives and PGF ,, isopropyl ester.
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Travoprost is a new prostaglandin F,, analogue introduced in 2001. The efficacy and
side-effects will be described in this chapter.

Bimatoprost was also introduced in 2001 and derived from cell-membrane-bound lipids.
However, this agent has no demonstrable binding to any of the known prostaglandin
receptors and is derived from anandamide rather than arachidonic acid, from which typical
prostaglandins such as latanoprost are derived. This agent may, therefore, represent a new
class of compounds that have been termed prostamides. Bimatoprost does not seem to
activate the same receptors as latanoprost but does act to improve both pressure-sensitive and

pressure-insensitive outflow and is at least as potent as lat:»,lnoprost.lg’20 Bimatoprost once a

day is more potent than timolol twice a day and seems to maintain a flatter diurnal curve. 2122

Latanoprost, bimatoprost and travoprost have all been shown to be at least as effective as
timolol when used as monotherapy. In addition, because they work by a different mechanism
to the B-adrenergic blocking agents, prostaglandin analogues would seem to be ideal agents
to use as adjunctive therapy (Table 9.1).

Travoprost

Travoprost (Figure 9.2) is a member of a relatively new family of drugs, the prostaglandin
analogues and the prostamides. These drugs, that include latanoprost, travoprost, unoprostone
and bimatoprost, have been proven effective for the treatment of glaucoma. Prostaglandin
analogues reduce intraocular pressure by increasing uveoscleral aqueous humour outflow.
Prostaglandin analogues have fewer cardiovascular and respiratory side-effects than
B-blockers. For these reasons, great interest has evolved for developing new prostaglandin
analogues for the primary or adjunctive therapy of glaucoma.

Indication for travoprost

Travatan® ophthalmic solution is indicated for the reduction of elevated IOP in patients with
open-angle glaucoma or ocular hypertension who are intolerant of other intraocular pressure
lowering medications or insufficiently responsive (failed to achieve target IOP determined
after multiple measurements over time) to another intraocular pressure

Table 9.1 Prostagandin derivatives and prostamides

Generic name  Latanoprost Travoprost Bimatoprost Unoprostone
Brand name Xalatan® Travatan® Lumigan® Rescula®
Drug family Prostaglandin Prostaglandin Prostamide Docosanoid
Formulation 0.005% 0.004% 0.03% 0.15%

Preservative BACO0.2mg/ml BACO0.15mg/ml  BAC 0.05 mg/ml BAC 0.1 mg/ml
Dosage Once daily Once daily Once daily Twice daily
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Figure 9.2 Travoprost: the chemical structure.

lowering medication. Travoprost may be used alone, or as adjunctive therapy. Application for
travoprost as first-line treatment has been made to the European health authorities (EMEA).

Travoprost pharmacokinetics and pharmacodynamics

Travoprost (Travatan, Alcon Research, Fort Worth, Texas) is a synthetic prostaglandin F
(PGF),,, analogue that is highly selective for the prostaglandin F (FP) receptor. This
highly-selective characteristic of travoprost makes it less likely to produce side-effects (such
as pain, itching and hyperaemia) that are mediated by other prostanoid and non-prostanoid
receptors. Travoprost is a potent, full agonist at the FP receptor and has a higher affinity for

the FP receptor than do the other prostaglandin e1nalo,guesz3_25 (Figures 9.3-9.5).
Travoprost is a lipophilic prodrug that readily penetrates the cornea. Esterases in the
cornea metabolize the prodrug to the active free acid, whereupon it is absorbed into the eye.
The travoprost free acid then binds to FP receptors on the ciliary muscle and trabecular
meshwork cells. This binding stimulates the release of matrix metalloproteinases (MMPs)

that degrade the extracellular matrix material of the uveoscleral outflow pathway. Aqueous

humour outflow increases, thereby decreasing 10P .25

Topical ocular travoprost has been studied in animals and humans in concentrations
ranging from 0.0001% to 0.006%. Ocular pharmacokinetic data are lacking from humans, but
data from rabbits suggest that travoprost reaches maximum concentration in the aqueous

humour within 1 to 2 hours after topical application.24 The aqueous humour concentrations

decreased with a half-life of 1.5 hours. 2% In humans, topical ocular administration of one
drop in each eye of 0.0015% or 0.004% travoprost showed that peak plasma concentrations
were reached within 30 minutes after dosing. By 1 hour post-dose, plasma levels were not
measurable. As expected from these results, travoprost did not accumulate after 1 week of
daily dosing.26

In humans, travoprost probably disappears rapidly from the aqueous humour, as it does in
rabbits. However, its effect is prolonged. Trials in human populations show that IOP begins

to fall about 2 hours after corneal administration. The maximum decrease in IOP occurs after

12 hours and reduction is maintained for at least 24 hours.%’

The high selectivity and affinity for the FP receptor explain travoprost’s effectiveness.
Conversely, the low affinity for other prostaglandin receptors explains its profile of few
ocular and systemic side-effects. The absence of systemic side-effects may also be a result of
the low plasma concentrations and short plasma half-life that occur after topical ocular
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Figure 9.3 Functional activity of travoprost and other FP agonists. Travoprost was found to achieve
greater FP receptor efficacy and higher potency at lower molar concentrations, compared
with bimatoprost and latanoprost free acids.

Compound Receptor Binding Affinity (Ki, nM)
FP EPy
Travoprost (acid) 5242 9,540
Bimatoprost (acid) 83+2 95
Latanprost (acid) 92+14 2000
PGF2a 129+12 600
Unoprostone (acid) 5,649+893 12,000

Note: Lower number implies higher affinity

Figure 9.4 The chemical structure binding affinity of FP agonists at prostaglandin receptors.
(Adapted from Hellberg M, Sallee V, McLaughlin M et al. Preclinical efficacy of
travoprost, a potent and selective FP prostaglandin receptor agonist. ] Ocul Pharmacol
Therap 2001; 17:421-432 and Sharif NA et al. Eur J Pharmacol 2001; 432:211-213.)
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Figure 9.5 The chemical structure functional activity of travoprost and other FP agonists. The level
of FP receptor response was measured in vitro as a percentage of maximum potential
response. Due to its unique full-agonist property, travoprost was found to achieve greater
FP receptor efficacy and higher potency at lower molar concentrations, compared with
bimatoprost and latanoprost free acids. (Adapted from Hellberg M, Sallee V, McLaughlin
M et al. Preclinical efficacy of travoprost, a potent and selective FP prostaglandin receptor
agonist. J Ocul Pharmacol Ther 2001, 17: 421-432; Sharif NA et al. Eur J Pharmacol
2001; 432:211-213; Griffin BW et al. J Pharmacol Exp Ther 1997, 281:845-854.)

dosing. Finally, travoprost’s lasting effect on IOP may be a product of its mechanism of
action, namely the release of MMPs. Proteolytic degradation of the extracellular matrix in the
trabecular pathway may persist, enhancing aqueous humour outflow for up to a full day.

Clinical efficacy of travoprost

Two randomized, double-masked, placebo-controlled dose-ranging studies were conducted
early in development. In one trial, a single dose of travoprost 0.0001%, 0.001%, or 0.002%

was given at 8:00 am.?8 In the other, a single dose of 0.001%, 0.002%, 0.004%, or 0.006%



was given at 8:00 pm.29 The reduction in IOP was dose-dependent at the lower
concentrations, with the 0.004% concentration producing the maximum effect. IOP decreased
by 28.1% to 30.7% (6.8 to 8.3 mm Hg.) Whether travoprost was
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given in the morning or evening was immaterial, with both dosing times producing
comparable reductions.

Clinical trials

Travoprost concentrations of 0.0015% and 0.004% were used for further investigation. More
than 2400 patients were involved in four large studies which will be discussed.

(1) In a 6-month, masked, multicentre trial a comparison of travoprost 0.0015% and
0.004% with timolol 0.5% in patients with elevated IOP travoprost once daily produced a

lower mean IOP than timolol 0.5% twice daily. 30 The difference in mean IOP reduction
ranged from 0.9 to 1.8 mm Hg for the 0.0015% dose and from 0.9 to 2.4 mm Hg for the
0.004% dose. The maximum IOP reduction for both concentrations occurred in the second
week and the effect was maintained for the entire 6 months of the study.

(2) In a 9-month international multicentre pivotal study, with a similar design and using the
same drug concentrations, a comparison of topical travoprost eyedrops given once daily and
timolol 0.5% given twice daily in patients with open-angle glaucoma or ocular hypertension

was performed. 3 The study showed that travoprost produced a greater mean reduction from
baseline IOP than did timolol (range —8 to —8.9 mm Hg and —6.3 to —7.9 mm Hg,
respectively.)

(3) In a 12-month US multicentre pivotal study, travoprost 0.0015% and 0.004% were

compared to latanoprost 0.005%, another prostaglandin analogue, and to timolol 0.5%.22
Both travoprost and latanoprost were given once daily in the evening and timolol 0.5% was
given morning and evening. Travoprost was superior to or equal to latanoprost and superior
to timolol throughout the 1-year study period (Figures 9.6-9.8). The mean IOP values in the
four groups were: travoprost 0.004%, 17.7 to 19.1 mm Hg; travoprost 0.0015%, 17.9 to 19.1
mm Hg; latanoprost 0.005%, 18.5 to 19.2 mm Hg; and timolol 0.5%, 19.4 to 20.3 mm Hg.
This study produced two other interesting results. First, travoprost controlled IOP throughout
the day, producing a flat diurnal IOP curve. Second, a subgroup analysis suggested that
travoprost lowered IOP more effectively in African-Americans than either latanoprost or
timolol. African-Americans are affected more severely by glaucoma than the rest of the
population.

(4) In a 6-month study travoprost was used as adjunctive therapy.33 Patients who did not
respond adequately to 3 weeks of therapy with timolol 0.5% twice daily were started on
either travoprost 0.0015%, travoprost 0.004% or placebo. Compared with placebo, both
concentrations of travoprost produced additional IOP reductions of approximately 5 to 7 mm
Hg more than the reduction obtained with timolol alone. These findings suggest that
travoprost is useful as adjunctive therapy, at least in patients who do not respond to
monotherapy with timolol (Figure 9.9).

In a new three-way study, latanoprost, bimatoprost and travoprost were cornpared.34 The
12-week, randomized, parallel-group study was intended to compare the IOP-lowering effect
and safety of latanoprost, bimatoprost and travoprost in patients with open-angle glaucoma or
ocular hypertension. The study was conducted at 45 sites in the US. Between 130 and 140
subjects were randomly assigned to each of these prostaglandin
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Figure 9.6 Responder analyses for travoprost, latanoprost and timolol. The responder analyses were
based on percentage IOP reduction (30% or greater) or mean IOP (17 mm Hg or less). The
differences between travoprost 0.004% compared with latanoprost 0.005% and timolol
0.5% were statistically significant (p=0.0430 and 0.0001 or less, respectively). (Reprinted
with permission from Elsevier Science Inc, from Netland PA, Landry T, Sullivan EK et al
and The Travoprost Study Group. Travoprost compared with latanoprost and timolol in
patients with open-angle glaucoma or ocular hypertension. Am J Ophthalmol 2001;

132:472—484.)

analogues. At 3 months, the change in pressure achieved with each drug was virtually the
same within 0.3 mm Hg, so that they were statistically indistinguishable.

Clinical safety of travoprost

Clinical safety in prostaglandin derivatives

The most common side-effects associated with PG analogues are ocular hyperaemia,

increased eyelash growth, eyelid skin darkening, and change in iris pigmentation.35_37 of

some concern is the ability of these agents to cause an increase in the melanin granule
population of melanocytes in the iris stroma, resulting in permanent iris colour changes.
Although no cellular proliferation or other dangerous sequelae of this effect have been seen,
long-term consequences of prostaglandin use, especially in young patients, are of concern.
Certainly, these agents should be avoided if possible in young patients who need unilateral
treatment because of the risk of increased iris pigmentation and its increased recognizability
when used in only one eye. Prostaglandin derivatives should also be avoided in pregnant



women because prostaglandins are known to induce labour; although there are no reports of
premature labour associated with the use of prostaglandin derivatives, it seems prudent at this
time to refrain from its use during pregnancy.

The use of prostaglandin derivatives has been reported to be associated with exacerbation
of uveitis and cystoid macular oedema, but these associations have not been proven
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Figure 9.7 Mean intraocular pressure following travoprost 0.0015%, travoprost 0.004% and
latanoprost 0.005% at different time points (8:00 am, 10:00 am and 4:00 pm), pooled from
all visits. The baseline values were not significantly different for the travoprost 0.004% and
the latanoprost 0.005% groups. The asterisk indicates that the mean I0P was significantly
lower at the 4:00 pm time point for travoprost 0.004% compared with latanoprost 0.005%
(p=0.0191). IOP =intraocular pressure. (Reprinted with permission from Elsevier Science
Inc, from Netland PA, Landry T, Sullivan EK et al and The Travoprost Study Group.
Travoprost compared with latanoprost and timolol in patients with open-angle glaucoma or
ocular hypertension. Am J Ophthalmol 2001; 132:472—484.)

to be causal,2®3? thus their use may be contraindicated in those patients with a history of
uveitis or recent complicated ocular surgery. More significant but uncommon side-effects
include herpes simplex or herpes simplex-like keratopathy, muscle aches and flu-like

symptoms 2043

Clinical safety in travoprost

At any of the concentrations studied, travoprost was safe and well tolerated.2%33 Fewer than
5% of patients withdrew from a study because of an adverse event. Perhaps most importantly
for practitioners, the undesirable effects of B-blockers (for example, changes in pulse or blood
pressure) did not occur with travoprost. Hyperaemia, the most common side-effect, occurred
in all the studies. However, the hyperaemia was generally mild to moderate (less than 1 on a
3-point scale), and resolved without treatment. The frequency of hyperaemia appeared to be
dose-dependent, occurring more often in patients receiving the 0.004% concentration than in
those receiving 0.0015%. Hyperaemia was reported in up to 42% of patients receiving
travoprost. By comparison, in one study, hyperaemia occurred in 1.6% of timolol patients,
and in another study, hyperaemia occurred in 28% of latanoprost patients.
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Figure 9.8 Travoprost vs latanoprost, US 12-month study, all patients, mean IOP at 4 pm. (Adapted
from Netland PA, Landry T, Sullivan EK et al and The Travoprost Study Group. Travoprost
compared with latanoprost and timolol in patients with open-angle glaucoma or ocular
hypertension. Am J Ophthalmol 2001, 132:472—484.)
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Figure 9.9 The efficacy of travoprost as adjunctive therapy to a S-blocker was demonstrated in the
US 6-month adjunctive study involving more than 400 patients. In this study, the addition of
travoprost 0.004% dosed once daily in patients whose open-angle glaucoma or ocular
hypertension was insufficiently controlled with timolol 0.5% dosed twice daily further
reduced IOP by up to 7 mm Hg. (Adapted from Orengo-Nania S, Landry T, Von Tress M et



al. Evaluation of travoprost as adjunctive therapy in patients with uncontrolled intraocular
pressure while using timolol 0.5%. Am J Ophthalmol 2001; 132:860-868.)
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Changes to eyelashes (colour, length, density and thickness) occurred in the longer studies.
Eyelash growth occurred in more than 50% of patients. However, fewer than 1% of patients
complained about eyelash changes. Iris hyperpigmentation occurred in 1% of patients who
were treated with the 0.004% concentration. The incidence of iris hyper-pigmentation
increased with length of exposure to travoprost 0.004%, occurring in 3.6% of patients treated
for 1 year.

Patient acceptance and compliance

Travoprost has some compliance advantages. Unlike timolol, which is usually given twice a
day, travoprost may be given once daily in the evening. This should be more convenient for
patients, and should increase compliance. Unlike latanoprost, which has to be stored in a
dark, cool location, travoprost is stable in light and can be stored at room temperature.

Travoprost has a higher frequency of hyperaemia that timolol or latanoprost. However, the
hyperaemia is usually mild and resolves without treatment. It is unlikely that hyperaemia
alone would preclude the use of travoprost.

Travatan®, the marketed formulation of travoprost, comes in a polypropylene bottle that
dispenses a uniform drop size, ensuring proper dosing. This bottle is sealed in a pouch that
inhibits evaporation of water, thereby increasing product shelf life.

Conclusions

Travoprost is a highly selective prostaglandin analogue that reduces IOP more effectively
than timolol, and at least as well as latanoprost. Like latanoprost, travoprost can be given
once daily and produces a flat diurnal IOP curve. Travoprost also provides additional [OP
decreases when used as an adjunct to timolol. Interestingly, travoprost may provide greater
IOP reduction than other drugs in African-American patients. Unlike timolol and other
B-blocking agents, it has no cardiovascular or respiratory side-effects, and tachyphylaxis
apparently does not occur. Other than mild hyperaemia, travoprost has few side-effects.
Travoprost’s stability and packaging provide for accurate dosing and convenience.
Travoprost is a valuable addition to the modern medical treatment of glaucoma.
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10.
PROS AND CONS OF OCULAR HYPOTENSIVE
LIPIDS

Norbert Pfeiffer and Jochen Wahl

Introduction

For various reasons, medical treatment of glaucoma has become more complicated lately;
until 1995, only three large groups of topical glaucoma medications were available, namely
cholinergic drugs, sympathomimetic drugs and B-blockers. In a very few countries, only
ap-agonists such as clonidine were also available. With the advent of the topical carbonic
anhydrase inhibitors in 1995, the armamentarium of the glaucoma specialist grew richer, soon
followed by brimonidine, another a,-agonist, and a whole new class of substances, heralded
by latanoprost. Until 1995, the ophthalmologist faced simple choices: if the patient did not
like the narrow pupil, he avoided pilocarpin; and if he suffered from asthma or second degree
atrioventricular block, he avoided B-blockers. Now, we can treat such a patient successfully,
even if he has both or even more contraindications, but we also face the agony of choice. This
is particularly true for the group of drugs often referred to as the prostaglandins. At first
glance they appear to have fairly similar properties, but this is heavily disputed by their
manufacturers and distributors. Thus, this chapter is divided into three parts. The first part
will explain some of the similarities and differences of the various prostaglandins. The
second part will look into advantages and disadvantages of this group, and in the third part,
the chapter will try to give recommendations for the selection of a specific drug for a specific
patient.

Description of ocular hypotensive lipids

Prostaglandins are naturally occurring substances which are abundant in the eye. They were
first extracted from the iris, a process that coined the German term ‘irine’ as a description for
this group of substances. Later, it was discovered that these irines, then according to their
structure called prostaglandins, occur virtually everywhere in the body. They are produced
topically, trigger one or several of now well-described prostaglandin receptors and are
degraded locally, before they can be distributed systemically to the rest of the body. Five
different types of prostaglandin receptors have been described, namely
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the FP, EP;, EP,, EP3, and EPy, IP, TP and DP receptors. The number of natural occurring
prostaglandins is very high. The substances are degraded rapidly, but their metabolites may
also have prostaglandin activity at the same receptors, or often at other receptors.

Almost as soon as prostaglandins were detected in the eye and their role as mediators of
inflammation became clear, it was also apparent that they might serve as IOP-lowering
agents: for a long time, it had been observed that in an acutely inflamed uveitic eye, the
intraocular pressure was often lower and not higher than in the other, not inflamed eye. Thus,
there was a keen search for prostaglandins which lowered intraocular pressure. However,
most substances were not appropriate, because they carried with them a rather strong
inflammatory reaction.

Latanoprost (trade name Xalatan, Pharmacia/Pfizer) was the first substance to exhibit a
very high IOP-lowering activity while being almost devoid of inflammatory activity. Its
clinical profile has been well described in many previous papers. At about the same time,
Ueno synthesized unoprostone (trade name Rescula, Novartis), which still bears the name of
its inventor. It also has a prostaglandin structure, but has two carbon atoms fewer than

prostaglandin.1 It shows a weaker IOP-lowering activity than latanoprost and must be given
twice daily rather than once. It also has a much lower activity at the FP receptor when
compared to latanoprost, and its mechanism of action may be an increase of trabecular
outflow as opposed to latanoprost, which increases the uveoscleral outflow. Thus, it was
concluded that it might not be a prostaglandin and the term docosanoid was coined for
unoprostone.

The case was more straightforward for travoprost (trade name Travatan, Allergan). This
substance is structurally very similar to latanoprost and it is also clinically similar in terms of

mechanism of action, strength, duration and side-effects.2 Thus, both manufacturers and users
were happy to call it a prostaglandin.

The case became more complicated with the advent of bimatoprost (trade name Lumigan,
Allergan). Again, this substance has a typical prostaglandin-like chemical structure.
However, it was proposed that activity at the FP receptor was almost absent. However, in a
human ciliary body cloned cell, agonist activity was shown for bimatoprost, travoprost,
latanoprost, unoprostone isopropyl ester and other prostaglandin analogues at the cloned

human body FP prostaglandin receptor.3 Bimatroprost lowers intraocular pressure to about
the same extent as latanoprost and travoprost when given once daily, yet it was discovered

that the mechanism of action is an increase of trabecular outflow and uveal 0utﬂ0w,4 rather
than an increase of uveoscleral outflow, only. Thus, it was concluded that, since it behaved
differently from the well-known prostaglandin latanoprost, it was not a prostaglandin, and the
term prostanoid was invented. Given the variety of naturally occurring prostaglandins, there
would not necessarily be a need to find new terms for the relatively slight variation in
chemical structure or clinical behaviour of substances. However, the argument was also
overshadowed by a lawsuit between the manufacturers of latanoprost and bimatoprost,
Pharmacia and Allergan, respectively. Pharmacia claimed that Allergan had infringed a
number of their patents referring to IOP-lowering prostaglandins. Eventually, the companies
agreed that Allergan would dismiss challenges
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to the validity of Pharmacia’s patents for latanoprost, while Pharmacia agreed to withdraw a
challenge to Allergan’s patent for Lumigan. However, this history should be kept in mind

when referring to the four prostaglandin-like substances. More hypotensive lipids are

currently under evaluation.>

The common denominator of all these substances is that they are lipids. While this term
cannot be used to infringe on anybody’s rights or beliefs about the specificity of a specific
substance, it is an extremely broad term which can be appreciated by everybody. A more
specific description would call these substances phospholipids. Both terms are now used to
avoid dispute. However, from a scientific point of view, it is exactly this dispute which
should help us to understand more clearly whether these substances lower intraocular
pressure because they are prostaglandins or despite the fact that they are prostaglandins, or,
perhaps, for some other, still unknown reason.

Pros and cons of hypotensive lipids

There is no doubt that hypotensive lipids have enriched the armamentarium of modern
glaucoma therapy. Many patients, who up until recently have not been treated adequately
with medical therapy, can now be kept satisfactorily on topical agents. Also, the latest studies

such as CNTGS,2 AGIS” or EMGS have suggested that low intraocular pressures are
necessary to stop the progression of glaucomatous diseases. Thus, agents with stronger
IOP-lowering activity than previously available are warranted as much as agents that can be
combined with previously available substances for even stronger combination therapy. In
ocular hypertension lowering of IOP may prevent conversion to glaucoma as indicated by

data from several groups.&10

IOP-lowering activity

In all studies latanoprost,1 1-13 travoprost13 and bimatoprostma15 showed at least equal and

usually higher IOP-lowering activity than timolol, which has been the gold standard of
glaucoma therapy so far. While timolol rendered about 25% IOP-lowering activity, the three
hypotensive lipids showed higher activity which was mostly statistically and often clinically
significantly different from timolol. That is not true for unoprostone, which in most studies

showed lower IOP reducing activity than timolol. 16,17 Unoprostone also has weaker

IOP-lowering activity than latanoprost.16 As mentioned above, target pressures are set
towards lower values; thus, any drug with a high IOP-lowering activity has an inherent
advantage.

Administration once daily

Latanoprost, travoprost and bimatoprost need only be administered once daily.
Administration both at night and in the evening has been tested and has led to different IOP
control over daytime of the following day. Yet application once daily is sufficient with
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both regimes. Once daily administration is acceptable by patients and doctors alike; it
interferes minimally with daily routine and must be perceived as a great advantage over
twice, thrice or even four times a day application of other drugs.

All ocular hypotensive lipids show very good IOP control over 24 hours, including
unoprostone when given twice daily. Thus, the IOP curve is flattened out. This can be seen as

an advantage over other drugs. 18

Combination therapy

Prostaglandins have a mechanism of action which is unique, since it increases uveoscleral
outflow. This seems to be less true for bimatoprost and unoprostone. Latanoprost and
travoprost can be regarded as an additive to other IOP lowering drugs. There are, however,

restrictions: the contractive force of pilocarpin and other parasympathomimetics reduces

uveoscleral outflow, therefore they reduce the maximum effect of, for example, latanoprost.19

The additive effect of outflow-increasing drugs (both conventional or uveoscleral outflow)
can be combined with inflow-reducing drugs such as -blockers or carbonic anhydrase
inhibitors. Additive effects were shown for all four drugs, although the effect in some of the
studies was less pronounced than expected. For this reason, Xalacom—a combination of
latanoprost and timolol—has been released in Europe but not yet in the United States, since
the combined effect of both drugs showed not enough advantage over the single drug to
convince the FDA of its superiority over the administration of the respective single drugs or

concomitant administration of latanoprost and timolol.202!

Arguments against the use of ocular hypotensive lipids

As is always the case with a new drug, in the beginning there is relatively little experience
with the new drug or, in this case, new class of drugs. The lack of experience is usually
linked to the occurrence of systemic or topical side-effects.

Systemic side-effects

Within the clinical evaluation of the four ocular hypotensive lipids, a number of systemic

side-effects have been described.?2 However, none of them could be definitely linked to the
administration of the topical hypotensive lipid. The most likely reason for this is that, as for
all prostaglandins, these substances are degraded very quickly. Prostaglandins, exogenous as
much as endogenous forms, are degraded quickly because there is a rich choir of enzymes
which degrade naturally occurring prostaglandins not far from the place where they are
produced and released or, in the case of eye drops, applied to the conjunctival sac. Although
there is a number of systemic contraindications, it appears that hypotensive lipids show an
extremely good systemic risk profile. Consideration of side-effects is particularly important
in the application of products.
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Topical side-effects

Red eye

Prostaglandins are mediators of topical inflammation in the eye. Thus, it is not surprising that
synthetic prostaglandins or hypotensive lipids can also induce inflammatory reactions. In
addition to the intrinsic properties of substances in relation to their prostaglandin nature,
these substances can be irritating by themselves. The topical preservatives may also cause
irritating reactions. All hypotensive lipids irritate the eye more than a B-blocker, at least
unless given as a suspension. The order of tolerability from good to worse appears to be

latanoprost, travoprost and bima‘[oprost.23 This is supported by a study by Parrish et al,2*

who compared these three substances in a double-masked clinical trial. However, differences
were relatively small. The author has not enough personal experience to comment on the
tolerability of unoprostone in comparison with the other hypotensive lipids.

Cystoid macular oedema (CME)

Following widespread use of latanoprost, cystoid macula oedema was reported in a number
of cases. All studies so far have failed to quantify the exact risk of developing cystoid
macular oedema following the administration of latanoprost. However, it appears that the risk
is only increased if either the natural lens is missing or there is destruction of the posterior
capsule of the eye. Although this is still a matter of dispute, the author of this chapter, along
with many others, recommends caution in the use of latanoprost in cases of a missing natural
lens or destruction of the posterior capsule of the eye. However, it appears that cystoid
macular oedema in connection with latanoprost also resolves after discontinuation of the
prostaglandin. Thus, cystoid macular oedema seems to be only a transient effect. Because of
the low incidence the use of hypotensive lipids appears to be justified to some authors, even

in high risk eyes.25

Reactivation of herpes simplex virus keratitis

Several cases have been reported in which herpes simplex keratitis or kerato-uveitis has been

reactivated after treatment with latanoprost or birnatoprost.26 The nature of this process is not
yet completely understood. It has also been claimed that unoprostone will not induce these

reinfections, although it binds to receptors similar to those for latanoprost.27 In all, there are
very few case reports of recurrence of herpes keratitis but, nevertheless, this should be a
consideration when choosing one of the drugs.

Increased length of eyelashes

This is probably the most minimal and possibly also the most wanted side-effect of
prostaglandins. It was reported that patients using topical latanoprost developed longer and

also stronger lashes, that also became curly at times.23 This does not appear to bother any
patient. On the contrary, some would like to use latanoprost in the not affected eye to



stimulate growth of relatively short and thin lashes.

Iris pigmentation changes

Iris pigmentation has been one of the most intriguing side-effects. Fairly soon after initiating
clinical studies, it was discovered that unilateral treatment with latanoprost led to
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darkening of the iris on that side. The risk is higher in irides of mixed colour than in totally

blue, grey or brown irides. The incidence was found to be as high as 69.7%.22 Clinical data
suggest so far that the darkening of the iris is irreversible. Two histologic, prospective studies

have investigated this pehnomenon, both by Pfeiffer and collaborators: the Mainz I study3 0

and the Mainz II study.31 Both studies suggest the darkening of the eye to be due to an
increased content of melanin but not to cell proliferation. Thus, the worst fears that malignant
melanoma might be induced do not appear to be justified in the light of these studies. The
strength of both studies was their well-controlled design. However, they looked at
iridectomies of patients who had been treated with latanoprost for 3 or 6 months only and not
for longer periods. Thus, the effects of continued treatment with hypotensive lipids need to be

investigated.3 2

In summary, hypotensive lipids carry a minimal risk of systemic side-effects. They are,
however, accompanied by previously unknown topical side-effects which underline their
nature as a very new and special group of substances.

Is there a best drug for a specific patient?

Until recently all hypotensive lipids were labelled for the lowering of increased IOP if first
line drugs, usually B-blockers, were ineffective. Thus, in theory, their use was relatively
limited. Current sales figures suggest that many ophthalmologists deviate from that
recommendation and are using hypotensive lipids more liberally than previously. Quite
obviously, latanoprost has the largest share in this market. Rescula is available, but only in a
few countries and it plays a minor role. Travoprost and bimatoprost have smaller but

enlarging shares in the market.>> Recently, latanoprost has received the labelling ‘first-line
drug’ both in Europe and the USA, which is likely to support its share in the market.
However, Travatan is also to receive that labelling. Is there any scientific evidence to favour
one or the other drug?

Unoprostone has undisputedly the lowest IOP-lowering activity.16 Thus, it appears to be
inferior in its ability to stabilize pressure-induced loss of visual function. However, it might
be indicated in patients not responsive to other hypotensive lipids, because a differential
response was shown when it was compared to latanoprost. Further differences include its
postulated mechanism of action, which appears to be directed towards an increase in
conventional outflow more than uveoscleral outflow. Whether a possible stimulating effect
on ocular blood flow influences the clinical course of glaucoma needs to be shown.

A comparison is more difficult to make for the three other hypotensive lipids. Two studies
compared IOP-lowering activity of latanoprost and bimatoprost and found no or minimal

difference.>*33 A study by Parrish and collaborators2 compared latanoprost, travoprost and
bimatoprost in a masked parallel prospective study of 3 months’ duration. So far, this is the
only study to make a parallel comparison of these three hypotensive lipids. IOPs were taken
at 8 am., 12 p.m., 4 p.m. and 8 p.m. at baseline and at 12 weeks and
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mean diurnal IOPs (the means of the three measurements) were compared. There was no
statistically significant difference in mean IOP reductions at 8 a.m., being 8.6+0.3 mm Hg for
latanoprost, 8.0+0.3 mm Hg for travoprost and 8.7+0.3 mm Hg for bimatoprost. These
findings are in line with those of previous studies. The mean reductions from baseline to
week 12 at noon, 4 p.m. and 8 p.m. were not statistically significantly different either. Thus,
there is no statistically significant difference, although latanoprost and bimatoprost faired
slightly better in this study as compared to travoprost. However, there were differences
concerning side-effects. Fewer latanoprost-treated patients (53.7%) reported ocular adverse
events compared with bimatoprost (73.7%) or travoprost (64.5%), which was a statistically
significant difference between latanoprost and bimatoprost. Also, fewer patients treated with
latanoprost reported hyperaemia (47.1%) than with bimatoprost (68.6%) or travoprost
(58.0%). In addition, the severity of the hyperaemia was generally lower in the latanoprost
group as compared to the two other groups. However, generally the hyperaemia scores were
low, 0.4 to 0.6 on a scale from 0 to 3.

Conclusion

The author’s general recommendation is as follows: if high IOP-lowering activity is of great
importance, bimatoprost and latanoprost may be slightly superior to travoprost, although the
clinical importance of this small difference is questionable. Latanoprost and travoprost may
be more tolerable to the sensitive patient than bimatoprost. Unoprostone is inferior in
IOP-lowering activity and is only recommended as adjunctive therapy or if better tolerable
than the other hypotensive lipids. If one hypotensive lipid fails to show an adequate response,

one of the other hypotensive lipids may, nevertheless, show adequate activity.3 6,37 They

may, in rare cases, even be additive.23 Costs of treatment vary from country to coun‘[ry.39
However, hypotensive lipids, although relatively expensive, may contribute to better [OP
control and subsequently less change in therapy, which has been shown to be associated with
higher costs in medical glaucoma treatment.
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11.
COSOPT® VERSUS XALATAN®

Ann Hoste

Two strong risk factors in the development of glaucoma have currently been identified:
increased intraocular pressure (IOP) on the one hand,! and reduced blood flow in the back of
the eye on the other.23 For this reason, each glaucoma medication should be evaluated for its
potential to lower IOP, and for its possible vasoactivity in the posterior eye.

Cosopt is a fixed combination of timolol maleate 0.5% and dorzolamide 2%. In this

chapter, an overview of the characteristics of both compounds is given, after which the
IOP-lowering capacity and vasoactivity of Cosopt are compared to those of Xalatan.

Timolol

Timolol was the first B-blocker available in an ophthalmic solution. It was introduced on the
market in 1978 and has since become the standard B-blocker in ophthalmology.

Mode of action in lowering intraocular pressure

The drug is a non-selective B-blocker with powerful ;- and B,-adrenoceptor binding
capacity. The physiological basis for timolol to decrease IOP has not been unquestionably

demonstrated. Timolol has no effect on outflow facility.d'_6 It is generally believed that IOP

reduction is achieved via decreased aqueous humor production, mainly through interaction
with (3,-adrenoceptors in the ciliary processes and inhibition of the B-adrenergic stimulated

synthesis of cAMP (that is, reduction of adenyl cyclase activity).7_9 In addition, timolol
might act on B,-adrenoceptors in the ciliary arteries' to induce vasoconstriction, which in
turn could contribute to the reduction in aqueous humor production. The B,-adrenoceptor
binding capacity of B-blockers however, may, not completely account for their therapeutic
efficacy, as the B;-selective blocker betaxolol is an effective IOP-lowering agent as well.
Because calcium-channel blockers have been shown to have IOP lowering effects, 1 the
calcium-channel blocking activity of B-blockers]2 might also be considered from this aspect.

It is also possible that serotonin receptors are partly involved. 13,14

Clinical efficacy

Timolol exerts most of its IOP-lowering effects within 2 weeks of initiation of therapy,15 -17



although further minor decreases in IOP can be observed at 3 months. 117
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The average percentage reduction in IOP induced by timolol 0.5% twice daily varies

between clinical trials and is between 19% and 29%.1%19 A meta-analysis of 11 randomized
controlled trials revealed that the mean percentage reduction in IOP from baseline produced

by timolol was 26.9% (SE: 3.4%) at 3 months.2
The non-responder’s rate is another matter of interest. If patients are considered to be
non-responders when IOP reduction achieved by timolol is less than 6 mm Hg, or measured

IOP remains above 20 mm Hg with timolol, the non-responder’s rate is about 20%.17
The efficacy of timolol has not been surpassed by other B-blockers in ophthalmic solutions.

Timolol is as effective in reducing IOP as the other non-selective B-blockers

levobunolol,zl_23 carteolol,24’25 and metipranolol.26 It is more potent than the B;-selective

drug betaxolol in most studies,?’ although in some the two drugs were comparable with

regard to efficacy in lowering [op.12:28

Long-term drift, that is an increase in IOP after long-term application of timolol, may in

part be attributable to progression of the glaucomatous disease.?2 On the other hand, a small
loss of efficacy may be partly responsible for this phenomenon, as aqueous humor flow is

somewhat higher after a year’s treatment than it was after a week’s treatment.>? In general,
however, IOP control with timolol can be regarded as well maintained over several years.
If timolol is discontinued after long-term application, its effects will remain for at least 2

weeks.223132 Discontinuation for up to 4 weeks may be required for complete disappearance

of the timolol effect.22 Timolol can be detected in the aqueous humor up to 5 days after

133

withdrawal,>> and even 42 days after withdrawal the drug can still be present in pigmented

ocular tissues.>>

Timolol can be less efficacious in patients on concomitant systemic 3-blockers, because

systemic administration of B-blockers lowers IOP as well >

Safety profile

Timolol is generally well tolerated. It is the glaucoma medication with which we have had
the most experience. In the 1980s, it was estimated that the use of topical timolol had

increased to account for 70% of all glaucoma medications used>? and its use may not have
diminished significantly until the arrival of new glaucoma medications. This yields the
important advantage over newly developed medications in that side-effects have long been
identified and consequently can mostly be avoided by careful patient selection. Chronic
obstructive airways disease and cardiac conduction defects, in particular, are important
contraindications for timolol that are related to its ,- and ;-adrenoceptor-blocking activity,

respec‘[ively.3 6-38

Congestive heart failure is currently still seen as another contraindication related to its

By-adrenoceptor blocking effects.> However, this clearly needs reconsideration. Contrary to
long-held beliefs, systemic administration of B-blockers does not aggravate heart failure and



is even beneficial in the treatment of this disease.>>4045 Beta-blockers have recently been
shown to reduce morbidity and mortality in patients with mild, moderate and advanced heart
failure. Patients with chronic heart failure have increased sympathetic
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nervous system activity that contributes to deterioration of cardiovascular function over time.
Long-term B-blocker therapy prevents such deterioration through inhibition of this
neurohormonal pathway. The impressive survival data collected from several large studies
have made B-blockers a component of standard heart failure therapy.

Timolol should be used with caution by pregnant women, as fetal bradycardia and cardiac

arrhythmia have been reported.46 Furthermore, much higher concentrations of timolol can be

retrieved in the milk of nursing mothers than in blood plasma.47

Depression, fatigue, anxiety, confusion, worsening of Raynaud’s phenomenon or
claudication, sexual dysfunction, unawareness or prolonged hypoglycemia in
non-insulin-dependent diabetes, and impaired neuromuscular transmission have occasionally

been re:por‘[e:d,36’48 and have been associated with the f-adrenoceptor blocking activity of

timolol. However, an evidence-based assessment could not identify studies supporting the
development of most of these adverse events, neither with systemic nor with topically applied

B-blockers.38 According to this study, wide acceptance of such traditionally purported

side-effects has been largely due to propagation of isolated case reports and short series.>S

Timolol may decrease high-density lipoprotein (HDL) cholesterol levels in plasma,24’25

although there are currently no indications that this affects the clinical outcome of the patient.

There are no important local side-effects arising with timolol. Punctate keratitis>® and allergic
reactions occur rarely.

Vascular effects in the posterior eye

In most vessels, B,-adrenoceptor stimulation causes vasodilatation, whereas a;-adrenoceptor
stimulation causes vasoconstriction. Beta-blockers can generally be expected to induce
vasoconstriction, as during ,-adrenoceptor blockade o;-mediated effects of
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Figure 11.1 The vessel myograph, isolation procedure. A ring segment of a posterior ocular vessel
(such as retinal artery, shown here) is dissected free under a microscope. Subsequently, the
segment is threaded on two thin wires, and the whole preparation is transported to an
organ bath.
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Figure 11.2 The vessel myograph, top view of the organ bath. The isolated ring segment (see Figure
11.1) is mounted with the wires on two specimen holders. Because these holders are kept at
a fixed position, the smooth muscle cells are not allowed to shorten when they contract and
they develop force instead. Connection to a force transducer allows precise measurement of
this force development. Thus it is possible to directly observe and quantify in a highly
precise manner the effects of drugs added to the physiological salt solution in the organ
bath.

endogenous adrenergics are no longer opposed. Whether timolol and other -blockers
actually exert such vasoconstrictor action in the back of the eye depends on whether or not
functional B-adrenoceptors are present in the posterior ocular arteries. This is suitably

investigated with the vessel myograph,ﬂ where drugs are added directly to isolated segments
of these arteries in an organ bath (Figures 11.1 and 11.2). This technique facilitates highly
precise measurements, under controlled conditions, of functional responses of posterior
ocular arteries to the drug under investigation. To investigate the presence of
B-adrenoceptors, the effects of f-adrenergic agonists (such as isoproterenol or isoprenaline)
have been studied. These agonists have failed to induce significant relaxation (i.e.

vasodilatation) in all studies of retinal 1%:49:50 choroidal 1° longﬂ and short'’ posterior

ciliary and ophthalmicmﬂ artery alike. Some experiments were performed on human short

posterior ciliary arteries,& which confirmed results obtained from various animal species

such as cow, 249,50 pigﬂ and cat.>2 Thus, B-blockers (such as timolol) cannot have adverse
vasoconstrictor effects in the back of the eye through their B-adrenoceptor blocking activity,

because such receptors are too few in number in all posterior ocular artery types to affect

vascular tone.>>

On the other hand, it has been shown in various studies that B-blockers can act as

vasodilators in retinall 23356 and posterior ciliary artery.ﬂ’ﬂ This has nothing to do with

their B-adrenoceptor binding capacity, but is rather a direct effect on the Ca" channels in the



smooth muscle cell membrane.'233-59 In other words, B-blockers have Ca’" channel
blocking activity that underlies their vasodilator effects. Although this activity appears to be a
more general property of B-blockers, each specific B-blocker can have it to a
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greater or lesser extent. Propranolol (the standard B-blocker in pharmacology) and betaxolol
both have significant Ca®" channel blocking activity that is more powerful than that of

timolol.12:31:53-56,59 For this reason, it is uncertain whether the latter drug could have any
clinically relevant vasodilator effects in the patient.

Dorzolamide

Dorzolamide was the first carbonic anhydrase (CA) inhibitor available in an ophthalmic
solution. It was introduced into the market in 1995 and was originally conceived as an
alternative for oral carbonic anhydrase inhibitors (mainly acetazolamide) that are not well
tolerated when administered chronically.

Mode of action in lowering ocular pressure
The reduction in IOP by dorzolamide is achieved exclusively via decreased aqueous humor

inflow.2%0! Dorzolamide 2% is, however, less effective as a suppressor of aqueous humor

flow than systemically administered acetazolamide®? or topical timolol 0.5%.%1 Dorzolamide
is a CA inhibitor with powerful effects on isoenzyme II, and to a lesser extent on isoenzyme

V.52 Isoenzyme II is present in the epithelium of the ciliary processes and plays a key role in
aqueous humor production. Isoenzyme IV probably is not critical for aqueous humor
production, as it was not observed to be present in human ciliary processes, although this

issue has not been resolved unequivocally.(’2 All CA isoenzymes catalyze the transformation
of water and carbon dioxide into bicarbonate through the following chemical reaction:

H,0 + CO, ¢ H,CO, & H* + HCO,"

This reaction is a necessary step in the transportation of Na* and water across the ciliary
epithelial cell into the posterior chamber.

Clinical efficacy

The effects of dorzolamide are fully established after 2 weeks of treatment, as no significant

further IOP decreases are observed at 3 months.%> The mean reduction in IOP after 3 months
of application of dorzolamide 2% three times daily is 15.5% at morning trough (before drug

instillation) and 19.8% at morning peak (2 hours postdose).63 Dorzolamide maintained an
adequate reduction of IOP in 55% of patients after one year of treatment®® in one long-term

study, and in a comparable 53.9% after 2 years of treatment in another study.65 Most patients
who required add-on therapy did so within the first 6 months of initiating dorzolamide

therapy.65
The effect on IOP of dorzolamide 2% three times a day has not been surpassed by the only
other topical CA inhibitor available, brinzolamide 1% at a regimen of two times a
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day.66 Dorzolamide has no additive effects in patients on concomitant systemic CA

inhibitors.%”

Safety profile

Dorzolamide is generally well tolerated systemically. Since the drug is a sulfonamide,®2 any
hypersensitivity against sulfonamides represents an absolute contraindication as this may lead
to lethal blood dyscrasia (aplastic anemia, thrombocytopenia, and agranulocytosis). This has
been reported with systemic CA inhibitors, although fortunately not with topical ones so far.
Since dorzolamide is excreted in urine,? caution is required in patients with severe renal
impairment. Nausea, indigestion, fatigue, headache, and paresthesia are side-effects
commonly observed with systemic CA inhibitor treatment, but they are quite rare with
dorzolamide.®2 There are no adequate studies on pregnant and nursing women.

The most important causes of discontinuation of dorzolamide therapy are its local
side-effects. These comprise bitter or abnormal taste related to the CA inhibitor activity,

ocular stinging, burning, or other discomfort and allergic reactions.®2%5 In a long-term study,
drug-related adverse events occurred more frequently during the first year (29.7%) than
during the second one (13.8%).65

Dorzolamide inhibits CA isoenzymes II and IV in the corneal endothelium where these
enzymes are involved in fluid transport and thus determine corneal hydration.68 Though
dorzolamide has no significant effects on corneal thickness and endothelial cell loss in

69,70

healthy eyes up to one year of treatment, caution is required in a subset of glaucoma

patients with severe corneal endothelial compromise.ﬂ /2 Dorzolamide might cause

irreversible corneal edema in these patients.ﬂ

Vascular effects in the posterior eye

As mentioned above, CA catalyzes the transformation of water, and carbon dioxide, into
bicarbonate. Inhibition of this enzyme results in accumulation of carbon dioxide (CO,),

which is a well-known and potent vasodilator.”>-79 Thus, the standard CA inhibitor

acetazolamide is a well-known powerful vasodilator of, among others, cerebral blood
vessels.”888 The drug is used routinely in neurology and neurosurgery to measure the
so-called ‘cerebrovascular reserve capacity’ in patients with cerebrovascular

disease.”®79:83-88 That is, the ability of cerebral vessels to lower their resistance in response
to decreases in cerebral perfusion pressure, expressed as change in cerebral blood flow from
baseline under a maximum vasodilatory stimulus. As cerebral arteries are closely related to
the ocular ones, acetazolamide can be expected to act as a vasodilator in ocular arteries as

well. The drug has indeed been shown to increase blood flow in the ophthalmic artery,gl

d81’89

choroi and retina.”? The ophthalmic and central retinal arteries, however, appear less



responsive than the middle cerebral artery to acetazolamide.”!
Other CA inhibitors such as dorzolamide can be expected to have similar vasodilator
properties. Moreover, experiments on rabbits do provide evidence that dorzolamide gets to

the back of the eye after topical application.&’92 Furthermore, CA isoenzyme II was
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observed to be present in the human retina.”> More specifically, CA isoenzyme II activity

was observed in Muller cells, cones, and pigmented epi‘[helium.93 Various in vivo studies of
ocular blood flow have been undertaken to demonstrate vasodilator effects of dorzolamide in
the human posterior eye. The non-invasive methods used include scanning laser
ophthalmoscopy after fluorescein dye injection, color Doppler ultrasound imaging, laser
Doppler velocimetry and flowmetry, and ocular pulse amplitude. Dorzolamide decreased the

retinal arteriovenous passage time of injected fluorescein dye in the retinal vasculature?4-97

and accelerated capillary dye transit in the macula and optic nerve head as well.”” Increases
in blood velocity at these various locations suggest, but do not prove, that topically applied
dorzolamide was enhancing perfusion. In another study, however, such increases could not be

confirmed.?® In the aforementioned papers the drug left unaltered blood velocity or resistance

index in the retrobulbar vessels (posterior ciliary, central retinal, and ophthalmic

arteries)95 27.98 a5 analyzed by color Doppler imaging. In contrast, others reported that the

resistance index was significantly lower in the ophthalmic and central retinal arteries after
topical application of dorzolamide.”” Optic nerve head circulation seemed not to be affected

by dorzolamide as assessed by laser Doppler flowmetry. 100 Utilizing a similar technique,

others have reported that dorzolamide failed to alter retinal blood flow, ! although the drug

may not have had sufficient time to reach the retina as only a single drop of dorzolamide was
applied. Dorzolamide increased ocular pulse amplitude, which primarily reflects increases in

choroidal blood flow.1%2 It remains to be determined, however, whether this effect is related
to increases of ocular perfusion pressure secondary to the fall of intraocular pressure or a
vasodilator effect of the drug, or both.

Thus, while there is unquestionably a pharmacological rationale to indicate that CA
inhibitors can increase blood flow, dorzolamide was observed to increase ocular blood flow
in some studies, but not all. Conflicting findings point to a limited accuracy of currently used
in vivo techniques to assess drug effects on blood flow, and to the multitude of uncontrolled
parameters that can affect results. This makes the studies of oxygen tension in the vitreous
next to the optic disc in the pig all the more important. In these studies, dorzolamide was
found to increase oxygen tension at the optic nerve head after intravenous administration,

while intraocular pressure was kept constant.193:104

In the author’s own laboratory, we investigated the vasoactivity of dorzolamide under in
vitro conditions, by using the vessel myograph described above (Figures 11.1 and 11.2).
Dorzolamide could affect vascular tone through two distinct mechanisms. First, dorzolamide
might cause accumulation of (the potent vasodilator) carbon dioxide in the retinal tissues
surrounding the vessels, thus indirectly acting as a vasodilator. Alternatively, or in addition,
the drug might have direct vascular effects, either through accumulation of carbon dioxide
within the vessel wall or through a yet unknown mechanism of action. In order to investigate
the latter direct vascular effect of dorzolamide, we (as usual) added the drug to isolated
retinal arteries that were carefully dissected free of all surrounding retinal tissue. It appeared
that dorzolamide had no pronounced effects under these conditions as only a minor, although
statistically significant, relaxation (vasodilatation) was observed at the highest doses used



(Figure 11.3). Vasoconstriction was never observed. In
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Figure 11.3 Direct effects of dorzolamide on isolated bovine retinal arteries that were carefully

dissected free of all surrounding retinal tissue (n=6). Arteries were precontracted with K *
120 mM to allow demonstration of relaxant effects of dorzo lamide. Increasing doses of dorzolamide

were added after the K -induced contraction had stabilized. Control (tone=100%) was
K -induced tone (or force) prior to dorzolamide application. The small relaxation observed
during dorzolamide 3 x 1 07> M was statistically different from time control experiments.

order to study the indirect vascular effects of the drug we repeated the same experiment, this
time with the surrounding retinal tissues still adherent to the arteries, allowing for carbon
dioxide accumulation in these tissues. Under these conditions we again observed a small
(although statistically significant) relaxation at the highest doses of dorzolamide used (Figure
11.4). This confirmed the minor direct relaxing effect we observed earlier, but we were
unable to demonstrate any additive indirect effects, through carbon dioxide accumulation in
the surrounding retinal tissue. Again, vasoconstriction was never observed.

Although we cannot attribute any clinical implications to the minor vasodilator effects we
observed, our experiments do not at all exclude the possibility that carbon dioxide does
accumulate in the retina in the in vivo situation and significantly increases blood flow in the
glaucoma patient. The specific in vitro conditions used may have impeded vasodilator
responses that may only be demonstrated under the in vivo condition. It is, for example,
conceivable that carbon dioxide, which is a gas, diffused rapidly out of the organ bath before
it had the chance to exert its vasodilator action. However, our experiments are reassuring in
that we were able to demonstrate with certainty that dorzolamide has no vasoconstrictor
effects.
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Figure 11.4 Experiments to study the indirect effects of dorzolamide on isolated bovine retinal
arteries with adherent retinal tissue (n=6). Arteries were precontracted with K 120 mM to
allow demonstration of relaxant effects of dorzolamide. Increasing doses of dorzolamide
were added after the K -induced contraction had stabilized. Control (tone=100%) was K
-induced tone (or force) prior to dorzolamide application. The small relaxation observed

during dorzolamide 3 %1 0°M was statistically different from time control experiments, and
comparable with the one shown in Figure 11.3.

Cosopt

Timolol and dorzolamide are almost completely additive in their effects on aqueous humor
flow, despite the fact that both drugs act by decreased aqueous humor production.61’105
Consistent effects were observed in the 1980s with timolol and the oral CA inhibitor

acetazolamide. % The timolol—dorzolamide combination appears to be more effective in
this respect than the betaxolol—brinzolamide one.'%” Thus timolol and dorzolamide have

additive effects on IOP as well.23:105,108,109 A fier 3 months of treatment, the mean reduction
in IOP was 22.2% for timolol alone, 15.5% for dorzolamide alone, and 27.4% for the

combination, at morning trough (that is, just before drug instillation)63 . At morning peak (i.e.
2 hours after drug application), IOP reduction was 22.6%, 19.8% and 32.7% for timolol,

dorzolamide, and the combination, respectively.63 The addition of dorzolamide to timolol



induced a further significant IOP reduction of 10% to 19%. 105,108 I contrast, the addition of
timolol to dorzolamide induced a further intraocular pressure reduction at peak and afternoon
trough of 34% and 28%, respectively, after 1 week 110 The IOP-lowering effect of Cosopt
(the fixed dorzolamide-timolol combination) twice
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daily is comparable to that of dorzolamide three times daily plus timolol twice daily.1 1 No

long-term drift is observed after a 1-year treatment period.1 1
Cosopt is generally well tolerated and there were no further safety issues with Cosopt

versus the concomitant therapy with each of its components,63’109’1 1 while compliance is

improved. The proportion of discontinuation of the combination therapy is comparable with
that of dorzolamide, and is greater than that of timolol, as more patients receiving the

combination report ocular burning, stinging, or a tearing eye.63 109

Cosopt versus Xalatan

Overall, Xalatan and Cosopt provide equal intraocular pressure reduction. L12 The vascular
effects of these medications differ significantly, however. Cosopt is unquestionably a safe
drug where preservation of ocular blood flow is concerned. As described above, the
possibility that timolol or dorzolamide has vasoconstrictor effects in the posterior ocular
vessels can be excluded with certainty. In contrast, this obviously is not the case for
latanoprost (Xalatan).

It may seem to the clinician that latanoprost is a vasodilator, because the drug clinically

causes conjunctival-scleral hyperemia. This hyperemia, however, is probably mediated by

branches of the sensory trigeminal nerve,- 13 and thus occurs specifically in the ocular surface

structures. The direct vascular effects of the drug are definitely of another kind. Latanoprost
is a derivative of prostaglandin F,, (PGF,,), which is a well-known vasoconstrictor of

various extraocular arteries, such as the cerebral,1 14-116 pulmonary,] 17 iliac, 118

coronary,1 19-121 renal,121 mesenteric,12 I uterine, 22 and carotid 22 arteries and the aorta.

Both the author’s and others’ studies with the vessel myograph (Figures 11.1 and 11.2) have
130

1 119

shown that PGF2* also acts as a vasoconstrictor in the retinal, 123-129 anterior2” and

132,133 arteries. In most of these papers

posterior ciliary,13 L choroidal®! and ophthalmic
PGF,, has not been the drug under investigation, but it has been used routinely as a
contractile (i.e. vasoconstrictor) agent in these studies of physiopharmacological
characteristics of posterior ocular vessels. These observations with the prototype drug PGF,,,
were pointed out in an ophthalmic journal soon after the introduction of latanoprost into the
market, in 1997. 134 1¢ was, however, impossible at that time to investigate the in vitro effects
of latanoprost itself because the active substance, latanoprost free acid, was not yet
commercially available, the latanoprost in the ophthalmic solution being an inactive prodrug
that needs activation by the ocular tissues. The first study of an ocular artery with the vessel

myograph was conducted in 1998 by the manufacturer.'>> This study showed that, as could
be expected, latanoprost free acid acted as a vasoconstrictor in bovine posterior ciliary artery.

This was confirmed by other investigators in the pig.136 The author’s group characterized the
vasoconstrictor effects of PGF,, and latanoprost free acid on bovine retinal and choroidal

arteries.'>/ We found that the vasoconstriction induced by either compound is
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probably mediated by the TP prostanoid receptor, as it was significantly blocked in both
retinal and choroidal arteries by a TP-receptor antagonist (Figure 11.5).

The latanoprost concentrations required for vasoconstriction are higher than the ones that
are believed to reduce intraocular pressure, but on the other hand they are lower than the

concentrations in the ophthalmic solution. 13% Thus, while it might well be that latanoprost is
unable to exert its vasoconstrictor action in patients with glaucoma, the possibility that it
(sometimes) does, cannot be dismissed on purely theoretical grounds. A thorough theoretical

discussion was held soon after the introduction of the drug into the market. 134 The only way
to enlighten our understanding was to measure vascular responses in the in vivo situation,
after topical application of the latanoprost ophthalmic solution. Such studies have since

tended to reassure us, 28144 because not a single one showed any adverse effects with
latanoprost. In the studies specifically referred to here, blood flow even increased. These are
all studies of pulsatile ocular blood flow, which is an

BOVINE RETINAL ARTERY

LATANOPROST FREE ACID LATANOPROST FREE ACID

Figure 11.5 Representative tracing showing the vasoconstrictor effects of latanoprost. Increasing
doses of the active form of latanoprost, latanoprost free acid, were added to an isolated
ring segment of bovine retinal artery. Latanoprost free acid induced a marked

dose-dependent contraction, in this specimen from doses of 1 0 M onward, although in

other specimens contraction could be observed from doses of 10"°M onward. After
washout of latanoprost free acid and subsequent full relaxation of the latanoprost free acid
induced contraction, the selective TP receptor blocker ICI-192.605 was added. Increasing



doses of latanoprost free acid, added in the presence of the TP receptor blocker, failed to
induce any vasoconstriction, indicating that the TP prostanoid receptor mediates the
latanoprost-induced contraction.
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estimate of total ocular blood flow. In view of our findings that latanoprost has
vasoconstrictor activity, the most plausible explanation is that in fact increases of ocular
perfusion pressure secondary to the fall of intraocular pressure were being measured, instead

of direct vascular effects. Some authors of these studies came to similar

conclusions. 33139144 If the observed effects are sustained after long-term application of
latanoprost, they could optimistically be regarded as beneficial. However, it should be noted
that this overall effect on total ocular blood flow might mask focal choroidal
vasoconstriction, for example due to (not inconceivable) local differences in the latanoprost
diffusion rate. Even massive retinal vasoconstriction could go undetected by this technique,

as the contribution of retinal blood flow to pulsatile ocular blood flow is merely 2 to 5%. 145
Another remark on the in vivo data is that they were obtained from intact eyes. Reports of

cystoid macular edema with latanoprost in eyes that underwent cataract surgery146 show that
at least in this subpopulation of patients, diffusion of latanoprost was accelerated to such an
extent as to induce pronounced biological effects in the posterior pole.

On balance, there is currently no experimental evidence that latanoprost will exert its
vasoconstrictor effects in the in vivo situation. Still, it is hoped that future improvements in
techniques to measure ocular blood flow will allow conclusive determination of whether
long-term application of latanoprost is unable to impair ocular blood flow in all
subpopulations of patients with glaucoma. There is no doubt that the direct vascular effects of
latanoprost have no add-on value in the treatment of glaucoma.
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12.
INFLUENCE OF INTRAOCULAR PRESSURE
LOWERING MEDICATION ON VASCULAR
SUPPLY

Gabor Hollo

Introduction

Impairment of blood supply to the optic nerve head, retina and peripapillary choroid due to

vascular dysregulation is considered an important cause of the progression of glaucoma. 1.2

Pathological segmental vasoconstiction (ischaemia) followed by vasorelaxation (reperfusion
damage) in the branches of the ciliary and the retinal arterioles represents the insufficiency of
autoregulation. This, in addition to the fluctuation of the ocular perfusion pressure due to
either intraocular pressure (IOP) spikes or transient decreases of the effective arterial pressure
in the ophthalmic artery is considered a significant risk factor in glaucoma. In clinical
practice, treatment of vascular dysregulation in the eye can-not be separated from the
IOP-lowering medication, since no evidence-based special ocular vascular treatment is
available at present. However, several of the IOP-lowering drugs do show vascular effects
(beneficial or potentially dangerous for the glaucomatous eye) in in-vitro and in-vivo animal
models. Knowledge of vascular effects of eye drops approved for IOP lowering in glaucoma
has been increasing in the last years, although the published findings are sometimes
contradictory, and some of the clinical techniques used to measure ocular blood flow require
further development.

It is important to understand that great care is necessary to derive direct treatment
conclusions from experimental studies on the vascular effects of the drugs used to reduce
IOP, since most of the information necessary for such a decision is still missing. First of all a
molecule with proven in-vitro vasoactive property may only exert its vascular effect in the
human eye, if the molecule is delivered to the potential target tissues (retina, optic nerve
head, peripapillary choroid, optic nerve) in a sufficiently high concentration, but without
reaching a toxic systemic level. This concentration must be maintained in the target tissues
for 24 hours a day, since a pathological vascular reaction may develop at any time. Until now
very few systematic studies have addressed these fundamental questions, which means that
the human ocular concentrations of most of the potentially vasoactive glaucoma medications
are still unknown (Table 12.1). Since a part of the vasoactive molecule is bound to the cell
membrane or to melanin in the target tissues, the
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Table 12.1 Drugs approved for decreasing IPO in glucoma, and their influence on occular
blood flow

I0P-lowering Concentration in human Clinicalo studies Clinical studies

molecule retina, choroid and suggesting suggesting
optic nerve head potentially potentially
during chronic beneficial effect deleterious
administration in on human ocular effect on human
clinical dosage perfusion ocular perfusion
Betaxolol Measured: sufficient for Yes/No No
vasorelaxation”
Carteolol Yes/No Yes/No
Levobunolol Unknown
Timolol
Acetazolamide Yes No
Brinzolamide Unknown
Dorzolamide
Unoprostone Unknown Yes No
Latanoprost Unknown No No
Bimatoprost Unknown No information No information
Clonidine Unknown No Yes
Apraclonidine Unknown No Yes/No
Bromonidine ~ Only vitreal concentration is No No

measured: sufficient to
stimulate o, receptors but not

high enough to a receptors in
the retina"

* . . . . . .
When the in-vitro effective concentrationrange is considered the reference value.

concentration of the unbound, pharmacologically active molecule remains unknown. The
animal models are not necessarily informative for the human concentrations, since different
species have different receptor profiles, different drug delivery systems with undetermined
capacities, different metabolic activity and the body weight of the experimental animals
including primates is considerably smaller than that of the human patients. Since a potential
increase in the ocular perfusion pressure due to the drug-induced IOP decrease might always
be a possible reason for any measured perfusion change in in-vivo or clinical studies on
IOP-lowering drugs, and because of the limits of some non-invasive clinical blood flow
measurement techniques, it is not always easy to separate the true vascular effects from the
artefacts related to the measurement technique. On the other hand, an accelerated perfusion of
the whole eye or the whole retina does not necessarily mean that the blood flow in the
precapillaries and capillaries of the optic nerve head is improved. Since several topical



IOP-lowering drugs (especially some non-selective B-receptor blockers®* and clonidine6)
have a clinically significant negative influence on
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systemic perfusion, their direct effects on ocular perfusion might be compromised by their
systemic cardiovascular effects. Finally, perfusion measurements during long-term studies
may be influenced by modification of the topical and systemic medication, or the
development of novel ocular and systemic diseases, which influence ocular perfusion or
progression of glaucoma.

Topical p-receptor blockers

A selective B;-receptor blocker: betaxolol

Betaxolol is a highly lipophilic B-receptor blocker, which is relatively selective for the 3,
receptors.7 In addition, the molecule has a special Ca”" channel blocking property for the
voltage-dependent (L-type) Ca”" channels, which is independent from the B-receptor

blocking propelrty.7 By blocking the Ca?" channels betaxolol diminishes the Ca>" influx,

which leads to a decreased intracellular Ca%" concentration.” 2 Since vasoconstriction is

mediated by an increased Ca”" concentration in the vascular smooth muscle cells and the

pericytes, betaxolol has a vasorelaxing property on the contracted vessels.” 14 Vasorelaxation
can be evaluated by measuring the decrease in the vessel wall stretch and the increase in the
vessel diameter on precontracted vessels in vitro. The vasorelaxing property of betaxolol was

verified on both K precontracted vessel segments and on vessels exposed to 10°M
endothelin-1 (ET—I).13 This latter finding is especially important, since ET-1 is considered a

polypeptide with an important role in vascular dysregulation of the glaucomatous eye.1 The
in-vitro vasorelaxing property of betaxolol seems to be a general feature found on many

different arteries of several different mammalian species, including the human retinal

arteries.. Betaxolol-induced vasorelaxation was significant on preconstricted isolated retinal

0—12 13

vessels from 1 M a betaxolol concentration.

Because of the vasorelaxant potential of this molecule, extensive research has been
performed in order to evaluate systematically the concentration of topically applied beta xolol
in the eye. Betaxolol 0.25% ophthalmic suspension was instilled into one eye per animal at a
clinical dosage (bid) in chronic experiments. The in-vivo studies were performed on

pigmented rabbits and cynomolgus monkeys.15 In a later study, ocular betaxolol
concentration was evaluated on enucleated eyes of glaucoma patients who had been treated
with bid 0.25% betaxolol suspension for at least one month. Since the enucleated human eyes
had no previous vitrectomy, trauma or ocular tumour this investigation provided unique

information on the ocular distribution of a topically applied antiglaucoma drug.16’17 The
concentration distribution of betaxolol was uniform in all studies; the plasma concentration
was of magnitudes lower than the different ocular concentrations (Figures 12.1 and 12.2;

Table 12.2), which suggests an accumulation of the lipophilic betaxolol molecule in the
retina, optic nerve head, optic nerve and choroid. The concentration of betaxolol in these
tissues (including the human samples) was magnitudes higher than the minimum



concentration necessary for vasorelaxation in vitro. In the study
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Figure 12.1 Betaxolol concentrations of the plasma, choroid, and retina plotted against time elapsed
from the last instillation after a 7-day bid treatment with 0.25% betaxolol suspension, in the
rabbit. One eye per animal was treated, and the fellow eye remained untreated. Different
animals were used for the different time periods (Alcon, data on file, with permission).

on glaucoma patients the interindividual difference in betaxolol concentration was small for
each human ocular tissue (Table 12.2), which suggests that the measured values probably
represent concentrations typical for the glaucomatous human eye. In the animal studies the
untreated fellow eyes also showed relatively high betaxolol concentrations, which suggests
that one of the major transport routes is the circulating blood plasma, which delivers topically
applied betaxolol after its systemic absorption. The low plasma betaxolol concentration is in
accord with the results of the human studies on systemic B-receptor occupancy of topically

applied betaxolol compared to that of topically applied non-selective B-receptor

blockers.13-20

It is important to recognize that in the experiment on rabbits, in which betaxolol
concentrations of the different ocular tissues were plotted against time elapsed from the last
instillation, the ocular concentrations remained stable for at least 24 hours, while the plasma
betaxolol concentration decreased rapidly (Figure 12.1 and 12.2). This suggests a local
accumulation of the drug, which allows a continuous supply to the posterior ocular layers.

The possibility for the formation of such a pool was shown in a human study,21 in which
B-receptor blocker concentrations of human trabeculectomy specimens obtained from eyes



chronically instilled with timolol or betaxolol were measured. The high concentrations found
suggest that these molecules may be distributed along the orbital septa to the posterior pole of
the eye, and may penetrate into the eye there. Transcorneal pene-
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Figure 12.2 Betaxolol concentrations of the plasma, optic nerve head, and optic nerve plotted against
time elapsed from the last ins