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Preface

The association between myopia and glaucoma has been the subject of many
clinical trials and population-based studies. Most have suggested that moderate to
high myopia is associated with increased risk of primary open-angle glaucoma
(POAG) and normal-tension glaucoma. Diagnosis of glaucoma involves several
factors, including the level of intraocular pressure, characteristics of structural
changes in the optic disc and retinal nerve fiber layer or inner retina, and functional
deterioration, i.e., visual field defects. However, the clinical diagnosis of glaucoma
in highly myopic eyes may be difficult.

The optic discs of myopic patients are notoriously difficult to assess, especially
those coexistent with tilted discs. The discs frequently appear glaucomatous with
larger diameters, greater cup-to-disc ratios, and larger and shallower optic cups.
With regard to visual field defects, myopic retinal degeneration, which is common
in high myopias, may cause defects that mimic glaucomatous visual field defects. It
is possible that such cases of high myopia may be misclassified or misdiagnosed as
POAG. Myopia, especially in moderate to high myopia, tends to present with a thin
retina and choroid as the elongation of the eyeball leads to stretching of the
structures, causing them to appear thinner than normal. Despite new imaging
technologies with reasonable sensitivity and specificity for detecting glaucoma,
each technology has some challenges associated with it when assessing
myopic eyes.

We hope that this book will provide good guidance to all clinicians for diagnosing
and monitoring the progression of glaucoma in myopia, especially in high myopias.
It is not only a review. Our aim is to create a reference book on how to understand
myopia and glaucoma better by presenting our experts’ long experience, and it thus
includes many of our actual clinical studies. Research findings presented here may
help in understanding the mechanisms or pathogenesis of myopic glaucoma. From
clinical epidemiology studies of myopia, we knew that myopia is a growing public
health problem, and its prevalence and severity are increasing in various parts of the
world, particularly in Asia. Epidemiological studies have suggested that there is an
“epidemic” of myopia in Asia. Numerous case series, case controls, and large
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population-based studies support the conclusion that there is an association between
high myopia and POAG. We predict that there will be ongoing discussion and
interest in this field among experts.

The course of disease in POAG with high myopia can be seen in long-term follow-
ups, and common clinical features between them can be delineated only by ana-
lyzing a sufficient volume of patient data. In this book we would like to share our
valuable experience through our clinical studies. This knowledge will narrow the
vague area between high myopia and glaucoma for clinicians and researchers.
This book will be beneficial to all ophthalmologists both in medical school and in
research centers of universities as well as in private or government hospitals and
clinics. The book is written not only for ophthalmologists, however, but also will be
a valuable resource for ophthalmic researchers, postgraduate students, and optom-
etrists or certified orthoptists.

Kanazawa, Japan Kazuhisa Sugiyama
Kyoto, Japan Nagahisa Yoshimura
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Chapter 1
An Epidemiologic Perspective

Aiko Iwase

Abstract The prevalence rates of primary open-angle glaucoma (POAG) and
myopia are reported in many population-based studies. The association between
myopia and POAG was discussed based on the results of population-based studies,
and the importance of myopia as a strong risk factor for POAG was emphasized. A
recent increase in the prevalence rate of myopia likely will lead to a future increase
in the prevalence rate of POAG.

Keywords Primary open-angle glaucoma ¢« Myopia * Prevalence rates

1.1 Introduction

Myopia, which affects about 1.6 billion people worldwide, is expected to affect 2.5
billion people by 2020 [1] and is associated with many vision-threatening eye
diseases [2]. In addition to severe impairment of visual acuity associated with
excessive pathologic myopia [2], the myopic refractive error, if uncorrected, also
can cause visual impairment by itself, while correction of the refractive error with
spectacles, contact lenses, or refractive surgery may impose a considerable socio-
economic burden on individuals and society. The association of myopia and
glaucoma has long been discussed, and myopia has been identified as an indepen-
dent and strong risk factor for primary open-angle glaucoma (POAG) [3].

Myopic eyes have longer axial lengths and vitreous chamber depths, and it
seems reasonable that these eyes tend to have a more deformed lamina cribrosa
contributing to higher susceptibility to mechanical damage [4—6]. The association
or relationship between myopia and POAG has long been a subject of numerous
hospital-based observational studies. While that study design can highlight a
particular aspect of this association, those studies are prone to selection bias,
which may obscure some important causal relationships between the pathologies.
In this entry, the relationship between myopia and POAG is discussed based on the
results of population-based studies.

A. Iwase, M.D., Ph.D. (IX)
Tajimi Iwase Eye Clinic, 3-101-1, Honmachi, Tajimi, Gifu 507-0033, Japan
e-mail: aiko-gif@umin.net
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4 A. Iwase
1.2 Prevalence of Myopia

The prevalence rates of myopia have been reported to differ among ethnic groups.
For example, Chinese and Japanese populations have higher prevalence rates of
myopia than Caucasian, black, or Hispanic populations (Table 1.1). However, the
prevalence rates of myopia also differ among the Asian countries. Both genetic and
environmental factors have been implicated in the etiology of myopia [7, 8], and
variations in genetic and environmental factors combined among ethnic groups
should be mainly responsible for differences in the prevalence rates of myopia
among countries. It is noteworthy that the prevalence rates of myopia and high
myopia in Japanese are the highest in the world [9].

1.3 Prevalence of POAG

The prevalence rates of POAG reported in various countries are summarized in
Table 1.2. The prevalence rates of POAG, which seem to be much less dependent
on environmental factors than myopia, also differ among ethnic groups, i.e.,
African-American populations have the highest prevalence rates followed by His-
panic and Japanese populations. The prevalence rates of POAG generally are
relatively low in Caucasians.

1.4 Relationship Between Intraocular Pressure
and Refraction

Needless to say, high intraocular pressure (IOP) is a definitive risk factor for POAG.
As summarized in Table 1.3, the distribution of IOP values also differs among
ethnic groups with African-American and Caucasian populations having relatively
higher mean values. Unexpectedly, there is a paucity of information on the rela-
tionship between refraction and IOP. In two population-based studies performed by
the Japan Glaucoma Society (Tajimi Study and Kumejima Study), higher myopia
was associated significantly with higher IOP [10, 11], which also agreed with the
results reported in a large Japanese study [12] and a population-based study
performed in Northern China (Beijing Eye Study) [13].

This significant correlation between IOP, the most important risk factor for
POAG, and myopic refraction, another important risk factor for POAG, highlights
the importance of refractive status in managing patients with POAG in Japan.
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Table 1.2 Prevalence of OAG and NTG: summary data from previous population-based studies

Age Prevalence |NTG/ |Prevalence
range |of OAG OAG |of NTG
Ethnicity Country Project (years) | (crude) (%) (%) (crude)
Caucasian | UK (Hollows and 40-74 |04 35.0 0.2
Graham) [52]
Caucasian Ireland Roscommon 50 < 1.9 36.6 0.7
Glaucoma Survey
[53]
Caucasian | USA Baltimore Eye 40 < 1.4
Survey [54]
Caucasian | USA Beaver Dam Eye |[43-86 |2.1 32.0
Study [55]
Caucasian | Australia Blue Mountain 59 < 3.0
Eye Study [56]
Caucasian | The Rotterdam Study | 55-95 |1.1 390 |04
Netherlands | [57]
Caucasian | Italy Casteldaccia Eye |40 < 1.2 38.5
Study [58]
Caucasian | Italy Egna-Neumarkt 40 < 2.0 28.6 0.6
Study [59]
Caucasian | Australia Melbourne Visual |40 < 1.8 1.4
Impairment Pro-
ject [60]
Mongolian | Mongolia (Hovsgol) [61] 40 < 0.4
Mongolian | Mongolia Kailu [62] 40 < 1.4 64.0 0.9
Japanese Japan Japan nationwide |40 < 25 79.0 2.0
[12]
Japanese Japan Tajimi Study [63] |40 < 39 92.3 3.6
Japanese Japan Kumejima Study |40 < 4.0 82.1 33
[64]
Korean Korea Namil Study [65] |50 < 3.6 77.8 2.8
Chinese China Beijing Eye Study |40- 2.5
[66] 101
Chinese China Handan Eye 30 < 1.2 90.0 1.0
Study [67]
Chinese China Liwan Study [68] | 50— 2.1 85.0 1.8
102
Chinese Singapore Tanjong Pagar 40-79 |1.2
Study [69]
Malay Singapore Singapore Malay | 40-80 |2.5 84.6 2.7
Eye Survey [70]
Bengalese | Bangladesh | Bangladesh Study |35 < 1.2
[71]
Thai Thailand (Rom Klao) [72] |50 < 2.3
Indian India Aravind Compre- |40 < 1.2 75.0 |09

hensive Eye Sur-
vey [73]

(continued)
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Table 1.2 (continued)
Age Prevalence |NTG/ |Prevalence
range |of OAG OAG |of NTG
Ethnicity Country Project (years) | (crude) (%) (%) (crude)
Indian India Andhra Pradesh 40 < 1.6 63.0 1.0
Eye Disease Study
(rural) [14]
Indian India West Bengal 50 < 34
Glaucoma Study
[74]
Indian India Chennai Glau- 40 < 1.6 67.2 1.1
coma Study
(rural) [75]
Indian India Chennai Glau- 40 < 3.5 82.0 2.9
coma Study
(urban) [75]
Indian Singapore Singapore Indian | 40 1.3 82.6 1.1
Eye Study [76]
Burmese Myanmar Meiktila Eye 50 < 2.0
Study [77]
Hispanic USA Proyecto VER 40 < 2.0 80.0 1.6
[78]
Hispanic USA Los Angeles 40 < 4.7 820 |39
Latino Eye Study
[79]
Hispanic Spain Segovia Study 40-79 |2.0
[80]
Multiethnic | South Africa | (Western Cape) 40 < 1.5
[81]
Multiethnic | West Indies | Barbados Eye 40-84 |7.1
Study [82]
Black West Indies | (St Lucia) [83] 30 < 8.8 36.0
Black USA Baltimore Eye 40 < 4.2
Survey [54]
Black Tanzania (Kongwa District) |40 < 3.1 75.0
[84]
Black South Africa | (KwaZulu-Natal) |40 < 2.8 57.1 1.6

[85]

1.5 Mpyopia and POAG

Previous population-based studies have not always yielded consistent results
regarding the relationship between myopia and POAG, while those performed in
Asian countries including Japan have consistently found a significant association
between myopia and POAG [14-20]. Marcus et al. [3] reported in a meta-analysis
that the pooled odds ratio (OR) of the association between myopia and POAG was
1.92 (95 % confidence interval [CI], 1.54-2.38) based on 11 population-based
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Table 1.3 IOP: summary of previous population-based studies
Age range
Ethnicity Country Study (years) 10P
Caucasian | United (Hollows and Graham) [52] 40-74 15.9
Kingdom
Caucasian | Ireland Roscommon Glaucoma Survey [53] 50 < 14.6
Caucasian | USA Baltimore Eye Survey [86] 40 < 17.2
Caucasian | USA Beaver Dam Eye Study [87] 43-86 15.3
Caucasian | Australia Blue Mountain Eye Study [88] 59 < 16
Caucasian | The Rotterdam Study [89] 55-95 14.7
Netherlands

Caucasian Italy Casteldaccia Eye Study [58] 40 < 15.1
Caucasian | Italy The Egna-Neumarkt Study [59] 40 < 15.1
Caucasian | Australia The Melbourne Visual Impairment Pro- |40 < 14.3

ject [60]
Mongolian | Mongolia (Hovsgol) [61] 40 < 15.9
Mongolian | Mongolia Kailu [62] 40 < 15.0
Japanese Japan Japan nationwide [12] 40 < 13.1
Japanese Japan Tajimi Study [63] 40 < 14.6
Japanese Japan Kumejima Study [11] 40 < 14.8
Korean Korea Namil Study [65] 50 < 13.5
Chinese China Beijing Eye Study [66] 40-101 16.1
Chinese China Handan Eye Study [90] 30 < 15.0
Chinese China Liwan Study [91] 50-102 15.2
Chinese Singapore Tanjong Pagar Study [92] 40-79 15.3
Malaysian | Singapore Singapore Malay Eye Survey [93] 40-80 15.5
Bengalese | Bangladesh Bangladesh Study [71] 35 < 15
Thai Thailand (Rom Klao) [72] 50 < 13.4
Indian India Aravind Comprehensive Eye Survey [73] |40 < 15.4
Indian India Andhra Pradesh Eye Disease Study 40 < 14.5

(rural) [14]
Indian India West Bengal Glaucoma Study [74] 50 < 13.8
Indian India Chennai Glaucoma Study (rural) [75] 40 < 14.3
Indian India Chennai Glaucoma Study (urban) [75] 40 < 16.2
Indian Singapore Singapore Indian Eye Study (SINDI) 40- 15.6

[76]
Burmese Myanmar Meiktila Eye Study 50 < 14.5
Hispanic USA Proyecto VER [94] 40 < 15.6
Hispanic USA Los Angeles Latino Eye Study [95] 40 < 14.5
Hispanic Spain Segovia Study [80] 40-79 14.3
Multiethnic | South Africa (Western Cape) [81] 40 < 17
Multiethnic | West Indies Barbados Eye Study [96] 40-84 18.1
Black West Indies (St Lucia) [83] 30 < 17.7
Black USA Baltimore Eye Survey [86] 40 < 16
Black Tanzania (Kongwa District) [84] 40 < 15.7
Black South Africa (KwaZulu-Natal) [85] 40 < 14.2

All participants or normal right eyes (male)
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studies, and the pooled ORs of the association between low myopia ( > —3.0
diopters) and moderate to high myopia ( < —3.0 diopters) were 1.65 (CI, 1.26-2.17)
and 2.46 (CI, 1.93-3.15), respectively, based on seven population-based studies.
The pooled ORs for low and moderate to high myopia were similar to those in the
Tajimi Study, i.e., 1.85 (CI, 1.03-3.31) and 2.60 (CI, 1.56-4.35), respectively
[16]. A significant relationship between myopia and POAG in Japanese patients
also was confirmed by the Kumejima Study [11], in which the mean refraction was
much less myopic than that in the Tajimi Study [20]. A large Swedish study [21]
reported that the correlation between the prevalence rate of myopia and that of
POAG was more evident in a subpopulation with IOP less than 15 mmHg, which
suggested that the association between myopia and POAG would be more evident
in the eyes with a normal IOP (normal-tension glaucoma [NTG]). A similar
tendency also is seen in Fig. 1.1 where the prevalence rates of myopia reported in
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population-based studies are plotted separately against those of POAG and NTG
(POAG with IOP < 22 mmHg at screening).

The prevalence of myopia has been increasing gradually worldwide. For exam-
ple, the prevalence of myopia in US citizens aged 12-54 years was significantly
(P <0.001 for all comparisons) higher in 1999-2004 than in 1971-1972 (41.6 %
vs. 25.0 %, respectively), in Caucasians (43.0 % vs. 26.3 %) and in African-
Americans (33.5 % vs. 13.0 %) [22]. Further, the prevalence of myopia is higher
in younger than older generations, which indicates that the prevalence of myopia in
adult populations will increase further in the future [3, 9]. Since myopia is a strong
risk factor for POAG, the increased prevalence of myopia should result in an
increased prevalence of POAG in the future. POAG contributes to global blindness
to a degree that is second only to cataract [23]. These facts clearly indicate the
importance of determining in future studies the underlying pathology associated
with myopia and POAG.
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Chapter 2
Clinical Features in Myopic Glaucoma

Koji Nitta and Kazuhisa Sugiyama

Abstract Optical coherence tomography (OCT) imaging of optic nerve head and
macula has been widely used in recent years to detect and monitor glaucoma.
However, there are many cases with myopic glaucoma in which both myopic
changes and glaucomatous changes are thought to be present, and it is often difficult
to clearly distinguish the two types of changes. Myopic glaucoma often demon-
strates thinning of the macular ganglion cell complex (i.e., retinal nerve fiber layer
+retinal ganglion cell layer +inner plexiform layer) in the papillomacular bundle
using OCT. In addition, myopic glaucoma patients seem to be susceptible to visual
field defects near the fixation point. The rate of visual field loss progression in
patients with general enlargement type was significantly faster than those with
myopic type. Using OCT imaging, myopic disc changes often showed deformation
of lamina cribrosa due to elongation of peripapillary sclera in the X-Y direction.
However, structural changes in non-myopic glaucomatous eyes are thought to occur
due to pressing force on the lamina cribrosa in the Z direction. A significantly lower
incidence of disc hemorrhage in myopic glaucomatous eyes was reported as
compared with non-myopic glaucomatous eyes. The difference in structural
changes in lamina cribrosa between myopic and non-myopic glaucoma may affect
the frequency of disc hemorrhage and visual field deterioration. Peripapillary
gamma zone was related to myopic conus, and beta zone was correlated with
glaucomatous peripapillary chorioretinal atrophy.

Keywords Myopic optic neuropathy  Peripapillary chorioretinal atrophy ¢ Optical
coherence tomography ¢ Disc hemorrhage
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2.1 Introduction

Myopic glaucoma is considered to be a disease composed of “myopic optic
neuropathy” and “glaucomatous optic neuropathy,” which are often difficult to
clearly differentiate. Previously, myopia and glaucoma were discussed as separate
entities. However, optical coherence tomography (OCT) enabled detailed structural
analysis of the optic disc and its surroundings, with various new findings being
reported. The possible influences of myopia on glaucomatous optic disc and its
surrounding structures including peripapillary chorioretinal atrophy have been
discussed. A qualitative image of the optic disc and its surrounding morphology
would therefore be useful for clinical research into myopic glaucoma, so clinical
features of myopic glaucoma are described in this section.

2.2 “Myopic Neuropathy” and Visual Field Defects

In myopic eyes, the optic disc becomes tilted as the axial length elongates in early
adulthood. When posterior staphyloma develops in early middle age, optic disc
structural changes usually occur as well. These changes result in the fragility of the
supporting tissue in the /amina cribrosa and in dynamic imbalance due to structural
changes in the surroundings of the optic nerve head. Even if there are no typical
fundus findings of pathological myopia (such as myopic chorioretinal atrophy), a
visual field defect can develop due to these morphological changes. Rudnicka and
Edgar used standard automatic perimetry (SAP) and found that if patients had
myopia of more than —5D and axial lengths above 26 mm, the mean deviation
(MD) and mean sensitivity decreased as the axial length elongated [1]. The authors
examined the correlation between the axial length and retinal sensitivity in normal
eyes using the Humphrey Visual Field Analyzer. In 25 of 52 total test points, short
wavelength automatic perimetry showed a significant decrease in retinal sensitivity
as the axial length enlarged. SAP showed 13 such test points [2]. Ohno-Matsui
et al. examined patients with high myopia (i.e., refractive error < —8D or axial
length > 26.5 mm) with a follow-up of at least 10 years. They found that 13.2 % of
the patients developed new visual field defects, and the progression of visual field
defects was observed in over 60 % of patients. The scleral curvature temporal to the
optic disc was the only factor significantly associated with the progression of the
visual field defects [3]. This scleral curvature corresponded to types VII and IX in
the classification of posterior staphyloma proposed by Curtin [4]. An independent
disease concept has been proposed to establish this disease as “myopic optic
neuropathy.”

OCT enables high penetration imaging of structural changes of the optic nerve
and its surroundings. Using swept-source OCT, Ohno-Matsui et al. observed that
the subarachnoid space around the optic nerve was enlarged in highly myopic eyes
compared with that in emmetropic eyes. In addition, highly myopic eyes had
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thinner sclera in the subarachnoid space and shorter distances between the vitreous
space and cerebrospinal space [5]. In 16.2 % of highly myopic eyes, peripapillary
pits (disc pits or conus pits) were found at the border of the optic disc or in the
scleral crescent adjacent to the disc [6]. In these types of myopic eyes, structural
changes might be causing the visual field defect. Akagi et al. found that when
nonglaucomatous myopic eyes had more severe scleral bending in the area with
peripapillary chorioretinal atrophy, there was significant thinning of the retinal
nerve fiber layer in the same area. In addition, when nonglaucomatous myopic
eyes had more severe scleral bending, the visual field defect was significantly more
severe [7].

Kiumehr et al. reported that a focal lamina cribrosa defect was observed in 34 %
of eyes diagnosed with glaucoma [8]. Park et al. examined the presence or absence
of focal lamina cribrosa defects in glaucomatous eyes using OCT. The results
showed that the frequency of disc hemorrhage was the greatest risk factor for
focal lamina cribrosa defects [9]. OCT imaging of the retinal nerve fiber layer
around the optic disc and macula has been widely used in recent years to detect and
monitor glaucoma. However, there are many myopic glaucoma cases in which
myopic changes and glaucomatous changes are both thought to be present, and it is
often difficult to clearly distinguish the two types of changes.

2.3 Morphological Characteristics of the Myopic
Optic Disc

Glaucomatous optic discs can be classified into four types by disc morphology
[10]. Focal ischemic type is characterized by disc rim notching. Myopic type is
characterized by temporal tilting of the disc. Senile sclerotic type is characterized
by peripapillary chorioretinal atrophy with shallow cupping. The general enlarge-
ment type is characterized by concentric deep cupping. Nakazawa et al. examined
normal-tension glaucoma (NTG) patients and grouped them using this classifica-
tion. The results indicated that the visual field defect progressed most rapidly in
patients with the general enlargement type, and the rate of progression differed
significantly between the general enlargement type and the myopic type [11]. In
some myopic discs, structural changes were caused by axonopathy associated with
lamina cribrosa deformation, occurring since a young age due to myopia. If these
patients were managed as myopic glaucoma, the structural changes might have
slowed or stopped.
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2.4 Myopic Glaucoma May Develop Visual Field Defects
Near the Fixation Point at an Early Stage

Nakazawa et al. examined the relationship between advanced glaucoma and disc
morphology. They found that a significantly high proportion of patients with a
myopic type disc had a worse visual acuity of 0.3 or less [12]. Myopic glaucoma
might be associated with early development of a central field defect. Glaucoma
usually causes visual field defects such as the Bjerrum area defect and nasal steps.
In the natural history of glaucoma, these defects enlarge, combine with each other,
and gradually extend to the central area. The common type of visual field defect
progression pattern often occurs over a long period of time from the onset of
glaucoma until the development of the central visual field defect.

Progression of central visual field defects lead to a decrease in the quality of
vision (QOV). Thus, when patients develop scotoma near the fixation point in the
early stages, the central 10-2 and 30-2 threshold tests should be used alternately
during the follow-ups. Thinning of the macular ganglion cell complex (i.e., retinal
nerve fiber layer+retinal ganglion cell layer+inner plexiform layer) is often
observed in the papillomacular bundle using OCT. Such patients will be susceptible
to a visual field defect near the fixation point. Kimura et al. observed an early retinal
nerve fiber layer defect (RNFLD) at the papillomacular bundle region in over 40 %
of highly myopic glaucomatous eyes. This percentage was significantly higher than
non-myopic glaucomatous eyes [13]. Structural changes observed by OCT often
precede functional changes determined by perimetry. If myopic glaucomatous eyes
have an RNFLD in the papillomacular bundle, they could be more susceptible to a
visual field defect near the fixation point. Therefore, ophthalmologists should
manage myopic glaucoma patients at an early stage, before the development of
impaired visual acuity and central visual field defects.

2.5 Mpyopic Glaucoma and Disc Hemorrhage (DH)

The greatest risk factor of glaucoma progression is the presence of DH in the
surroundings of the optic disc. The Collaborative Normal-Tension Glaucoma
Study Group reported that the hazard ratio for the progression of visual field defects
was 2.72 in patients with DH [14]. Ishida et al. examined the relationship between
disc hemorrhage in NTG eyes and the progression of visual field defects. The
results showed that the 5 year cumulative probability of visual field loss progression
was significantly greater in eyes with DH (89 %) than in eyes without (40 %). There
was a significant relationship between the location of DH and the area of the
progression of the visual field [15]. Moreover, De Moraes et al. divided the
perimetry test results into six sectors based on Garway-Heath mapping, correspond-
ingly divided the optic nerve into six areas, and examined the changes in visual field
progression before and after DH. The mean deviation slope of visual field
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progression for the corresponding DH sector were —2.0 4= 1.0 dB/year before DH
and —3.7 4 3.6 dB/year after DH (p < 0.01), indicating a rapid increase in rate after
DH. The visual field sector with the fastest progression rate was the location of the
future DH in 85 % of the cases. The sector with the fastest progression rate
corresponded to the region of DH in 92 % of the cases [16].

However, significantly lower DH incidences as well as lower progression rates
of visual field loss in myopic glaucomatous eyes were reported as compared to
non-myopic glaucomatous eyes during follow-ups [17], as well as lower progres-
sion rates of visual field loss [18, 19]. The reason for the difference in DH
occurrence and visual field loss progression between the myopic and non-myopic
glaucomatous eyes might be due to the difference in mechanism of glaucoma
development and progression. Using OCT imaging, myopic disc changes often
showed deformation of lamina cribrosa due to the elongation of peripapillary sclera
in the X-Y direction [20, 21]. In non-myopic glaucomatous eyes, structural changes
are thought to occur due to the pressing force on the lamina cribrosa in the Z
direction. The pressing force is mainly directing a pressing force from the intraoc-
ular pressure and the pressure gradient between the intraocular pressure and cere-
brospinal pressure.

The cause of DH has not yet been established. However, it is speculated that the
following process causes DH. As retinal nerve fiber bundles are lost and the lamina
cribrosa moves posteriorly, capillaries of the anterior lamina cribrosa become very
stretched to maintain the connection with the anterior portion in the retina near the
disc. Consequently, capillaries become occluded and subsequently become
atrophied. A portion of the stretched capillaries ruptures, resulting in
DH. Therefore, DH is thought to be caused by mechanical damage of capillaries
due to structural changes such as those of the lamina cribrosa [22]. The differences
of structural changes in the optic disc, including lamina cribrosa and its surrounding
between myopic and non-myopic glaucomatous eyes, may affect the frequency of
disc hemorrhage and deterioration rate of visual field loss.

2.6 Differences Between Myopic Conus and Peripapillary
Chorioretinal Atrophy (PPA)

An elongated axial length stretches the choroid and retina laterally. As a result,
the myopic optic disc tends to develop tilted discs with crescent conus (Fig. 2.1)
(Kim et al. [23]). A significant correlation between the enlarged area of the PPA
and visual field defect progression has been reported [24]. Glaucomatous PPA
and myopic conus are often confused as different or the same entities. Jonas
et al. proposed that they can be differentiated based on histological examination
[25]. They found that only retinal nerve fiber layers existed in the area of myopic
conus, and no overlying choroid, Bruch’s membrane, or deep retinal layers
remained. This region was defined as a gamma zone (Fig. 2.2). A beta zone was
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Fig. 2.1 Disc photograph of a 16-year-old male patient with crescent-type peripapillary
chorioretinal atrophy (PPA) who was followed-up for 6 years. (a) Baseline disc photograph
shows a small area of PPA and a large disc. (b) Two years later, an enlarged PPA and disc tilt
were observed. Cilioretinal vessels in the 8 o’clock sector (arrowhead) remained at the prior disc
margin. (a) Six years later, a larger area of PPA and more prominent disc tilt were observed. Note
the progressive nasalization and the nasal rotation of the central retinal vessel trunk [23]

no choroid, no Bruch’s membrane
and no deep retinal layers

HD { 5/5 } Fine Chomoa=

Fig. 2.2 Gamma zone PPA, spectral domain optical coherence tomography images. In the gamma
zone, only the retinal nerve fiber layer bundle and the underlying scleral tissues are apparent, with
very short terminal fragments of retinal layers and choroidal tissues observed just inside the
gamma zone margin (white arrows)

defined as a region of PPA in which retinal layers and Bruch’s membrane remained,
except the retinal pigment epithelium (Fig. 2.3). In some cases, the gamma zone and
beta zone cannot be differentiated by the color tone of the atrophic area in fundus
photographs (Fig. 2.4). In highly myopic eyes, morphology of myopic conus
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complete loss of RPE cells and almost
complete loss of photoreceptors and
closure of the choriocapillaris

Fig. 2.3 Beta zone PPA, spectral domain optical coherence tomography images. In the beta zone,
thin choroidal tissues are visible up to the disc margin (arrowhead). Retinal layers also extend to
the disc margin in a tapering configuration across the limits of the PPA (arrows)

PPA with deep retinal layers and
Bruch’s membrane and choroid.
This atrophy is beta zone.

Fig. 2.4 Hard differentiation by the color tone of the PPA area in fundus photographs. Although
this disc photograph appears as gamma zone PPA, the OCT image suggests the PPA is beta zone,
with deep retinal layers and Bruch’s membrane and choro
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manifested as high incidences of RPE loss and photoreceptor loss [26]. Hayashi
et al. found that a high percentage of myopic eyes lacked Bruch’s membrane in the
PPA area, and a high percentage of glaucomatous eyes had curved Bruch’s mem-
brane in this same area [27]. The peripapillary gamma zone was strongly related to
axial globe elongation and myopic conus [28]. The beta zone was correlated with
glaucomatous PPA and not with globe elongation. Thus, the myopic conus lacks
Bruch’s membrane corresponding to the gamma zone, and glaucomatous PPA
histologically has Bruch’s membrane corresponding to the beta zone. These
zones can be clearly distinguished by OCT (Figs. 2.2 and 2.3).

2.7 Conclusions

There are many myopic glaucoma cases where both myopic changes and
glaucomatous changes are thought to be present. Ophthalmologists should manage
myopic glaucoma patients during relatively early stages before the development of
impaired visual acuity and central visual field defects. The difference in structural
changes in the optic disc, including lamina cribrosa and its surroundings, between
myopic and non-myopic glaucomatous eyes may affect the frequency of disc
hemorrhage and deterioration rate of the visual field loss. The myopic conus
lacks Bruch’s membrane corresponding to the gamma zone, and glaucomatous
PPA has Bruch’s membrane corresponding to the beta zone.
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Chapter 3
Glaucoma Diagnosis in Myopic Eyes

Masanori Hangai

Abstract This chapter discusses on several difficulties for early glaucoma diag-
nosis in myopic eyes. Varying deformation of the myopic optic disc and large
peripapillary atrophy makes glaucoma diagnosis difficult. A large part of spectral-
domain optical coherence tomography (SD-OCT) devices do not include normative
database for high myopia. Measurement of circumpapillary retinal nerve fiber layer
sometimes fails due to the steep peripapillary scleral slope and large peripapillary
atrophy. The difference in retinal nerve fiber layer profiles between highly myopic
and non-highly myopic (normative database) causes false-positive errors. To help
glaucoma diagnosis in myopic eyes, this chapter also discusses on the usefulness of
macular layer structure. Macular shape is less affected by the myopic changes of the
fundus. Macular layer shape is vertically symmetrical, which remains with aging.
Recent speckle noise-free spectral-domain OCT images allow us to observe and
measure individual retinal layers in the macula. These advantages characteristic to
the macula greatly enhance our ability to detect early glaucomatous structural
changes in myopia. Thus, it is crucial to understand the characteristics of the fundus
structure that underlie the current problems in glaucoma diagnosis in high myopes.

Keywords Tilted disc « Peripapillary atrophy ¢« Macula « Ganglion cell layer °
Retinal nerve fiber layer

3.1 Introduction

Glaucoma is a progressive disease in which the number of retinal ganglion cells
(RGCs) decreases faster and more focal than in normal physiological loss with
aging. It is thought that glaucomatous RGC loss results from damage to RGC axons
at the level of the optic disc lamina cribrosa. This RGC loss, called glaucomatous
optic neuropathy (GON), presents clinically as progressive visual field (VF) defects
associated with structural changes on biomicroscopic appearance, such as optic disc
neuroretinal rim loss and retinal nerve fiber layer (RNFL) defects, which are the
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conventional indicators of GON. It is known that such detectable structural changes
precede the detection of VF defects with standard automated perimetry (SAP) 24-2
or 30-2 [1-7]. This early stage is called preperimetric glaucoma and can be
explained by the fact that histological and empirical studies show considerable
loss of RGCs (>50 %) occurring before VF defects are detectable [§—10]. There-
fore, investigators have focused on the development of reproducible and accurate
methods to detect glaucomatous structural changes.

Myopia affects approximately 1.6 billion people worldwide and is expected to
increase in prevalence, particularly in East Asia [11-14], to 2.5 billion by the year
2020 [11, 12]. Myopia, especially high myopia, is a risk factor for developing
glaucoma [15]. Glaucomatous VF defects in patients with high myopia are more
likely to threaten fixation, even in early glaucoma [16—18]. Thus, because the
myopic population is at greater risk of decreased quality of vision, early detection
of glaucoma is necessary, particularly for myopic patients. However, it is often
difficult to evaluate the myopic optic disc, which shows variably deformed shapes,
comprising tilting, cyclotorsion, pale appearance, shallow and/or large cups,
extremely large or small disc, and large areas of peripapillary atrophy (PPA) [19-
22]. To enhance our ability to accurately detect glaucomatous structural changes in
myopic eyes, we need another structural diagnostic marker, one which is also
damaged in GON.

Glaucomatous loss of RGCs leads to thinning of the RNFL due to RGC axon loss
and thinning of the ganglion cell layer (GCL) due to RGC soma loss. The advent of
spectral-domain optical coherence tomography (SD-OCT) technology has opened
new avenues to direct assessment of glaucomatous damage to macular retinal
layers. The technique has allowed thickness parameters, such as those of the
circumpapillary RNFL (cpRNFL), and the combined macular inner retinal layer,
which comprises the RNFL and ganglion cell layer (GCL), to be established.
Multiple B-scan averaging, a noise reduction method, successfully generated a B-
scan with improved visualization of each retinal layer, which is the current standard
for B-scan images [23, 24]. We will now consider whether these macular retinal
layers can be a structural diagnostic marker for glaucoma diagnosis that is less
affected by myopia.

This chapter focuses on the anatomical peculiarities of myopic eyes that cause
difficulties in glaucoma diagnosis and explores promising indicators of GON in
myopia.

3.2 Why Is It Difficult to Detect Glaucoma in Highly
Myopic Eyes?

Glaucoma diagnosis is evaluated on the basis of optic disc appearance and VF
defects. Common features of the glaucomatous optic disc are localized or diffuse
thinning of the neuroretinal rim and a difference greater than 0.2 or 0.3 between the
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vertical cup/disc ratios of paired eyes. However, the inter-eye vertical cup/disc ratio
is not a definitive criterion because there is variation between individuals in the size
of the optic disc [25, 26]. RNFL defects can be a useful indicator of glaucomatous
damage only when other diseases that lead to such defects can be ruled out.
Importantly, glaucoma can be confirmed when these structural findings correspond
with VF defects. However, this is not the case for preperimetric glaucoma.

Occasionally, VF defects cannot be detected in SAP 24-2 or 30-2 tested eyes that
have undergone examination with the Humphrey Visual Field Analyzer (Carl Zeiss
Meditec, Dublin, CA), utilizing the 24-2 Swedish interactive threshold algorithm
(SITA) standard program, despite an evident glaucomatous appearance in the optic
disc, or RNFL defects [27]. The diagnosis of such early glaucoma (termed
preperimetric glaucoma) cases depends on the evaluation of glaucomatous struc-
tural abnormalities alone.

Although optic disc evaluation is so critically important, it is often difficult to
evaluate optic disc appearance in highly myopic eyes, because the optic disc shape
and peripapillary structures are highly deformed by myopic elongation of the
eyeball; this deformation is generally more severe with higher myopia and shows
highly variable patterns: extremely large or small disc, varying tilting, varying
cyclotorsion, and varying peripapillary atrophy (PPA; Fig. 3.1) [19-22]. The
problem for glaucoma diagnosis in these patients is the difficulty in distinguishing

Fig. 3.1 Variable deformation of the optic disc and peripapillary appearance in highly myopic
eyes (Nakano et al. [28])
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Fig. 3.2 Progressive tilting and formation of peripapillary atrophy in children who exhibited
myopic shift. (a—c) Color disc photographs (a) at 12 years, (b) 14 years, and (c¢) 18 years old. (d and
e) Spectral-domain optical coherence tomography images of the optic disc in (¢) (Kim et al. [29])

glaucomatous changes from the variable optic disc deformations that result from
myopia.

Recently, it has been shown that tilting of the optic disc and enlargement of PPA
are acquired features that are progressive in children who exhibit myopic shift
(Fig. 3.2) [29]. Thus, variable myopic deformation of the optic disc may be
acquired from peripapillary scleral stretching associated with myopic eyeball
elongation [29]. Furthermore, excessive myopic shift does not appear to affect
only the optic disc and peripapillary structure, but it also causes lamina cribrosa
(LC) abnormalities, such as LC thinning [30], greater LC pore area [31], horizontal
LC tilting [32], and a higher incidence of LC defects [33, 34].

PPA has been found to be more complicated in structure than previously
thought. A study using SD-OCT revealed that PPA is comprised of two compo-
nents: aging-related RPE atrophy with intact Bruch’s membrane (BM) and a gap
between the scleral ring and BM termination resulting from scleral stretching
associated with myopic elongation of the globe in children (Fig. 3.3) [35, 36].

These optic disc and peripapillary deformations not only make GON diagnosis
difficult but also are themselves associated with glaucomatous damage. Optic disc
tilt and cyclotorsion have been found in several studies to be highly prevalent in
normal-tension glaucoma (NTG) patients with myopia. In addition, the direction of
optic disc cyclotorsion was associated with the location of VF defects [37, 38].
Moreover, the presence of LC defects, which have recently been shown to be
related to glaucomatous damage [39] and glaucomatous VF progression [40], has
been associated with myopic optic disc morphology in primary open-angle glau-
coma (POAG) eyes with high myopia [34]. The rate of RNFL thinning was faster
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RPE atrophy Scleral-BM gap

Fig. 3.3 Peripapillary atrophy is comprised of two component: aging-related retinal pigment
epithelium (RPE) atrophy, including intact Bruch’s membrane (BM), and a gap between scleral
ring and BM termination resulting from scleral stretching associated with myopic elongation of the
globe (Nonaka et al. [35])
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Fig. 3.4 Highly myopic eyes are more susceptible to papillomacular bundle defects in early
glaucoma. *P < 0.01 (chi-square test). The number of eyes in which the nearest retinal nerve fiber
layer defect was detected within the corresponding range was plotted for each angular location
(Kimura et al. [18])

for eyes with B-zone PPA and an intact BM than for eyes without -zone PPA or
with -zone PPA devoid of BM [41].

Higher myopia has been associated with a significantly higher incidence of
cecocentral scotomas located just temporal and inferior to the fixation point in
advanced glaucoma [16, 17]. Additionally, highly myopic eyes are more suscepti-
ble to papillomacular bundle defects, even in early glaucoma (Fig. 3.4) [18]. These
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Fig. 3.5 Retinal nerve fiber layer (RNFL) defects involving the papillomacular bundle observed
in highly myopic eyes. (a—d) Red-free imaging using HRA?2 (Heidelberg Engineering, Heidelberg,
Germany); (e~h) Humphrey Visual Field Analyzer (Carl Zeiss Meditec, Dublin, CA) with the 24-2
Swedish interactive threshold algorithm (SITA) standard program. Multiple RNFL defects can be
seen. Although the locations of the paracentral scotomas varied (at P < 0.01), they included the
temporal paracentral test points in all four cases (Kimura et al. [18])

defects are characterized by multiple narrow defects (Fig. 3.5) [18, 42]. It remains
unknown whether the myopic deformation of the optic disc is related to this atypical
glaucomatous damage. It should be noted that the narrow papillomacular bundle
defects are not as easily found because the background RNFL reflection is weaker
in the macula than in the superotemporal and inferotemporal double-hump regions.
Also, early damage to the papillomacular bundles is often undetectable by SAP 24-
2 or 30-2 [43]. Detection of early RNFL damage causing paracentral VF defects is
also important for glaucoma diagnosis in high myopia.

3.3 Limitations in Glaucoma Detection by Inter-person
Comparison with a Normative Database

SD-OCT allows the reproducible and accurate measurement of several thickness
parameters, including circumpapillary RNFL (cpRNFL), and macular thickness
parameters, one of which is the ganglion cell complex (GCC; RNFL + ganglion
cell layer [GCL] + inner plexiform layer [IPL]) thickness, and another is the GCIPL
(Carl Zeiss Meditec)/GCL + (Topcon, Tokyo, Japan) (GCL +IPL) thickness. To
determine if the thickness parameters in each eye are abnormally diminished, they
are statistically compared, by using confidence intervals (CIs), with the parameters
of a normative database of the corresponding age range and gender. Abnormal
thinning (red color) is defined as falling below the lower 99th percentile of the CI
limit of the normative database, and borderline thinning (colored with yellow) as
between the lower 95th and 99th percentile CI limits (Fig. 3.6). Such a method,
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based on comparison of measurements, has the following three limitations that
lower the ability to identify glaucoma:

1. A large overlap exists between normal and early glaucomatous eyes.

The range of thickness is quite large in healthy eyes. Such variation in the
human body is useful for survival of humans as a species against the environ-
mental change encountered in nature, but it makes it difficult to discriminate an
abnormal structure from normal one. There is a significant overlap in the
thickness distribution of retinal layers between normal and early diseased eyes,
even if age, gender, and refractive errors match [44-55]. This holds true even in
eyes with early VF defects. It is difficult to statistically distinguish two groups
with a wide overlap. For example, Tan et al. measured macular GCC thicknesses
(mean =+ SD) of 76.6-119.0 (94.8 £ 7.58) pm, 68.6—114.6 (87.0 +=9.37) pm, and
53.6-99.1 (79.4 £ 10.4) pm for normal eyes, eyes with preperimetric glaucoma,
and eyes with early glaucoma, respectively [44]. When the CIs of the study
subjects are compared to those of the normative database, it is evident that a
large number of early diseased eyes were classified as normal (false-negative;
Fig. 3.7). This is a limitation originating from the inherent variability of the



M. Hangai

human race, and therefore it cannot be resolved by the development of more
accurate measurement technologies. It follows therefore that inter-person com-
parison is not a suitable strategy for discriminating between normal and
glaucomatous eyes.

. The averaging of measurements within a fixed area results in an underestimation
of results.

It is difficult in practice to compare each of numerous OCT A-scans with that
of the normative database. Therefore, the measurements of all the A-scans on a
circumpapillary (cp) circle around the optic disc are averaged to generate the
cpRNFL parameter and those within a circle of 6-mm diameter over the macula
to generate the macular thickness parameters (total thickness, GCC, and GCIPL/
GCL+). This averaging causes an underestimation of the degree of retinal layer
thinning, because early glaucomatous damage is often localized within a smaller
segment of the measurement area. For example, even if a circle area of 2-mm
diameter within the macula of 6-mm diameter is thinned by 100 %, this amounts
to a total loss in thickness of only 6 % within the macula. Thus, when averaged
within an area, the healthy or less affected areas render the measured degree of
thinning less severe. To avoid this underestimation, sector analysis has been
developed. In this, the cpRNFL circle is divided into 6-36 sectors, and the
macular circle of 6-mm diameter is divided into either superior and inferior
semicircles, Early Treatment Diabetic Retinopathy Study (ETDRS) sectors, or
glaucoma chart sectors (ETDRS sectors rotated by 45°). Sector analysis appears
to effectively detect local damage in early glaucoma. However, the location of
RGC damage, which differs among patients, is not necessarily limited to one
sector, but often spans 2—4 sectors. As a result, the glaucomatous damage is often
localized even within the sectors.

. The effects of myopia are not considered in current normative databases.

Prior studies have shown that decreased average cpRNFL thickness is a strong
indicator of glaucoma [56-62]. Unfortunately, cpRNFL thickness is not as
effective as a diagnostic marker in highly myopic eyes [63—66]. This discrep-
ancy has been attributed to the somewhat abnormal cpRNFL profiles in highly
myopic eyes, which include thinning [64, 67-69] and differences in
peripapillary thickness distribution [70-72] in comparison with non-highly
myopic eyes. Abnormalities in the cpRNFL profile become more prominent
with increases in the degree of myopia [64, 68, 69, 72], axial length [64, 65, 69,
72], and optic disc tilting [70, 71]. Regardless of the strong effects of high
myopia on cpRNFL thickness, current normative databases, except that of the
RS-3000 Advance (Nidek, Gamagori, Japan), do not include data specific to
refractive errors greater than -6 diopters. Similarly, although the glaucoma
diagnostic software in these SD-OCT instruments uses Cls from age- and
gender-matched eyes for identifying abnormal thinning, none of them compare
measurements with CIs from a normative database of eyes with corresponding
refractive errors.
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The first and second limitations addressed above hold true regardless of the
presence, absence, or severity of myopia. In particular, a large overlap between
normal and early diseased eyes due to the wide distribution of normal thickness
values clearly indicates the difficulty in perfectly discriminating normal from early
glaucomatous eyes. Underestimation resulting from area averaging further
decreases the ability to discriminate for all the thickness parameters, as does the
third limitation mentioned, which is specific to myopic eyes. Thus, we need to
interpret the results of statistical comparisons with CIs from normative databases
with these limitations in mind.

3.4 Segmental Errors Caused by Deformation
of the Peripapillary Structure

Myopic deformation of peripapillary structures leads to failures in cpRNFL thick-
ness measurement in some highly myopic eyes (7.1 %) [28]. Specifically, two types
of deformation are responsible for cpRNFL segmentation (software generation of
boundary lines) failure: steep peripapillary scleral slope and large PPA. The
cpRNFL varies in height in eyes with high myopia, being most commonly highest
in the nasal quadrant and lowest in the temporal quadrant, giving the structure a
dome-like appearance in cpRNFL B-scan (Fig. 3.8) [28]. The temporal-most
portion of the cpRNFL (the bottom of the dome-like appearance) appears in the
inferior half of the image acquisition frame and generally shows low signal
intensity [28]. This is due to the fact that signal intensity decays with deeper axial

Fig. 3.8 Segmental errors caused by deformation of the peripapillary structure. There are two
reasons why segmentation error occurs in the circumpapillary retinal nerve fiber layer (cpRNFL)
measurement but not in the macular ganglion cell complex measurement. The left-hand images
indicate cpRNFL segmentation errors caused by signal intensity decays stemming from deeper
axial distance. The right-hand images show extensive PPA (Nakano et al. [28])
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distance, a disadvantage of SD-OCT technology [73]. In eyes with an inferiorly
tilted disc, the inferior peripapillary portion is much lower than superior one, which
results in a sigmoid appearance. Consequently, the signal intensity of the inferior
cpRNFL is rendered very low. Such low signal intensity can result in segmentation
algorithms being unable to recognize the RNFL boundaries, straying instead into
the deeper retina (Fig. 3.8) [28]. Another common cause of segmentation failure in
highly myopic eyes is inclusion of PPA on the circumpapillary circle scan. In this
case, the segmentation algorithm appears to be pulled away from the cpRNFL
boundaries by the high scleral reflectivity within the PPA (Fig. 3.8) [28].

3.5 Differing Effects of Higher Myopia on Glaucoma
Discriminating Power

We now understand that highly myopic eyes often have structural limitations, such
as abnormal profiles of the cpRNFL and peripapillary steep slope. These limitations
may be responsible for inaccuracies in cpRNFL measurements to detect glaucoma.
A receiver operating characteristic (ROC) regression analysis [74, 75] was
conducted in the following model considering the modeling covariates age, sex,
visual field mean deviation (MD), axial length, and signal strength index:

Receiver operating characteristic (t) = @ [x0 + al ® — 1(t) + a2Age + a3Sex
+o4MD + aSAL + a6SSI]

where © = probit function, MD = visual field mean deviation, AL = axial length,
and SSI =signal strength index.

This model revealed that the effects of longer axial length on glaucoma diag-
nostic performance differ depending on specific thickness parameters used. Using
cpRNFL thickness, a longer axial length was likely to be associated with a poorer
diagnostic performance, whereas this was not the case when macular GCC thick-
ness was used [28].

3.6 The Usefulness of the Deviation Map in Detecting
Glaucomatous Abnormalities, and Its Limitations
in High Myopia

A deviation map is a display of abnormally and borderline-thinned areas on the
OCT projection fundus image (Fig. 3.9). Thickness measurements are performed on
each A-scan. When the measurement of each A-scan, or the average measurement
of several neighboring A-points (the “superpixel”), is below the lower 99th per-
centile of the CI limit of the normative database, and between the lower 95th and
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Fig. 3.9 The deviation map is accurate in detecting retinal nerve fiber layer defect in early
glaucoma (Jeoung and Park [76])
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Fig. 3.10 The deviation map is an accurate indicator of glaucoma progression (Leung et al. [77])

|

99th percentile CI limits, it is exhibited in red (abnormal) and yellow (borderline),
respectively. In the deviation map, glaucomatous RNFL damage often appears as a
pattern of RNFL defects (Figs. 3.9 and 3.10) [76, 78]. These defects occur along the
retinal nerve fibers that arise from the optic disc and extend radially or in an arcuate
shape. Because false-positive A-scans or superpixels are rarely arranged in this
unique pattern, an RNFL defect-like abnormal area in the deviation map is an
excellent indicator of glaucomatous damage and its progression (Figs. 3.9 and 3.10)
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Fig. 3.11 RNFL thickness maps (left-hand panel) and RNFL thickness deviation maps (right-
hand panel) of two healthy myopic eyes with spherical equivalent of (a) —6.75 D and (b) —2.00 D
imaged by the Cirrus HD-OCT (Carl Zeiss Meditec). The superotemporal and inferotemporal
regions become false-positive for glaucoma in highly myopic eyes when compared with a
commercially available normative database (Leung et al. [79])

[76, 78]. However, we need to note that this pattern also often gives rise to false-
positives in high myopia.

Compared to non-highly myopic eyes, in eyes with high myopia, the
superotemporal and inferotemporal arcuate regions with the thickest RNFL (the
double hump) are shifted temporally. The RNFL double-hump angle decreases by
approximately 3.38° for every 1-mm increase in axial length [79]. In contrast,
normative databases in commercially available SD-OCT devices often primarily
contain data from non-highly myopic eyes. For this reason, superotemporal and
inferotemporal regions where double humps (thickest RNFL) are located in non-
highly myopic eyes are classified as abnormal thinning in highly myopic eyes
(Fig. 3.11) when compared with a normative database. The abnormally thinned
area has a typical RNFL pattern. However, this finding is a false-positive resulting
from the application of a normative database without refractive matching. Thus, we
need to exercise care in interpreting deviation maps from eyes with high myopia in
OCT devices where a normative database for the condition is not available.
Currently, to the best of our knowledge, such a database is only available in the
RS-3000 Advance (Nidek).

3.7 From Measurement Alone to Observation of Anatomy

It is not only in SD-OCT that average measurements have been compared with
normative databases, it is also a standard practice for images from the Heidelberg
Retina Tomograph (HRT) confocal laser scanning ophthalmoscope (Heidelberg
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Engineering, Heidelberg, Germany), the GDx-VCC scanning laser polarimeter
(Carl Zeiss Meditec), and the Stratus time-domain OCT (Carl Zeiss Meditec).
SD-OCT has higher axial resolution than these conventional imaging devices and
much higher imaging speed than time-domain OCT. These advantages of SD-OCT
are useful for increasing measurement accuracy and reproducibility [80], but not in
resolving the three limitations mentioned above. Speckle noise-free B-scans, which
are currently standard B-scans in all SD-OCT instruments, allow observation of
single retinal layers, including the GCL, and peripapillary structures, involving
optic disc margin anatomy. Because resolution is thus drastically improved in SD-
OCT technologies, we should develop further diagnostic strategies based on direct
observation of GON-related structural changes, rather than statistical inter-person
comparison alone.

3.8 Symmetrical Macular Shape Remains with Aging

Individual macular retinal layers, including the RNFL and GCL, are highly sym-
metrical between superior and inferior hemispheres [27, 81]. Although each of the
macular retinal layers decays with aging, the symmetrical shape remains with aging
(Fig. 3.12) [81]. Macular GCL thickness increases rapidly to a peak around 1 mm
superior and inferior to the foveal center (Figs. 3.13 and 3.14) [27] and gradually
decreases with greater distance from the fovea (Figs. 3.13 and 3.14). Furthermore,
the macular GCL is slightly thinner on the temporal than on the nasal side
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Fig. 3.12 Mean thickness maps of 80 subjects aged 20-39 years (left), 83 subjects aged 40—
59 years (middle), and 93 subjects aged 60 years and older (right) for the nerve fiber layer (NFL),
ganglion cell layer (GCL), and inner plexiform layer (IPL). Right, nasal; left, temporal. Each of the
layers thins with age, but remains vertically symmetrical (Ooto et al. [81])
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Fig. 3.13 Horizontal (a) and vertical (b) spectral-domain optical coherence tomography B-scan
images Each image was generated by averaging 100 B-scans obtained by the eye-tracking SD-
OCT system (Spectralis, Heidelberg Engineering, Heidelberg, Germany) (Nakano et al. [27])
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Fig. 3.14 Retinal ganglion cell density and ganglion cell layer thickness are identical in the
macula (Retinal ganglion cell density graphs are from the following paper: Curcio and Allen [82].
Ganglion cell layer thickness graphs are from: Nakano et al. [27])

(Fig. 3.14) [27]. As a result, the GCL thickness map generated from three-dimen-
sional macular raster scans shows a Landolt ring-like shape (Fig. 3.12) [81].
Importantly, this characteristic GCL structure is almost identical to the RGC
density topography that has been obtained from enucleated human eyes
(Fig. 3.14) [82].
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Fig. 3.15 The symmetrical ganglion cell layer structure is apparently diminished in a location
corresponding to the visual field defects, optic disc neuroretinal rim thinning, and retinal nerve
fiber layer defects. (a) Color disc photo, (b) pattern deviation map from standard automated
perimetry 24-2, (c) vertical scan of spectral-domain optical coherence tomography through the
fovea as shown in the infrared image

3.9 Macular Retinal Layer Thinning Seen
on Glaucomatous Optic Neuropathy

In glaucoma, the symmetric GCL structure is apparently diminished in the locations
of the corresponding VF defects and optic disc neuroretinal rim thinning/RNFL
defects (Fig. 3.15) [28]. Thinning of the GCL is even seen in a large part of eyes
with preperimetric glaucoma (Fig. 3.16) [27]. At this early stage, GCL thinning
appears to be localized and abrupt.

3.10 Macular Shape Is Less Affected by the Myopic
Changes of the Fundus

The photographic appearance of the optic disc, including disc size, tilting,
cyclotorsion, and shape, was highly variable in highly myopic eyes, regardless of
VF defect severity (Fig. 3.17) [19-22, 28]. The area of PPA also varied in size and
circumference (Figs. 3.2, 3.3, and 3.4). In non-glaucomatous highly myopic eyes,
macular layer structure is uniform regardless of the highly variable myopia-related
optic disc deformation, which includes tilting, cyclotorsion, and PPA (Fig. 3.17)
[28]. Importantly, the uniform layer structure has highly symmetrical shapes in
vertical scans, even in highly myopic eyes [28]. The macula lies centrally along the
globe’s optical axis, whereas the optic disc is nasally shifted from the optical axis.
The fact that the macula is less affected by myopic globe elongation than both the
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Fig. 3.16 Appearance of the macula on spectral-domain optical coherence serial vertical scans in
an eye with preperimetric glaucoma

optic disc and the peripapillary sclera is probably due to this difference in position.
Excessive myopic globe elongation leads to abnormal scleral extension in the
macula, which causes posterior staphyloma. Posterior staphyloma in these eyes
mainly shows Curtin classification type I [83], in which the macular layer symmetry
remains [28]. In rare cases of type V (inferior staphyloma), type VI/VII (combined
staphyloma), and type IX (septal staphyloma), the macular structure may be highly
affected. Eyes with such asymmetrical deformation of posterior eye globe often
have an extremely long axial length (~30 mm and sometimes more). Such cases
may be better classified as pathological myopia. In the glaucoma service, highly
myopic glaucomatous eyes usually have an axial length of 28 mm and less and often
have symmetrical macular layer structures.
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Fig. 3.17 Appearance of the optic disc and spectral-domain optical coherence tomography (SD-
OCT) vertical macular scans in highly myopic eyes. The optic disc appearance and peripapillary
atrophy are variable regardless of VF defect severity. In contrast, the macular appearance in SD-
OCT vertical scans is uniformly symmetrical in eyes without VF defects. The retinal nerve fiber
and ganglion cell layers are thinned in locations corresponding to the visual field defects

3.11 Subjective Evaluation of Macular Retinal Layers

Subjective evaluation of structural optic disc abnormalities is not favored in the
field of glaucoma diagnosis research. This is because interobserver reproducibility
for evaluation of the optic disc appearance is poor. However, in clinical practice,
optic disc evaluation has been a gold standard criterion for glaucoma diagnosis. The
advent of SD-OCT has allowed clear observation of each macular layer, including
the RNFL and GCL. This has reintroduced the possibility that subjective evaluation
of cross-sectional RNFL and GCL images may be a useful method for glaucoma
diagnosis [27]. As discussed above, variable deformation of the optic disc makes it
difficult to detect early glaucomatous changes in the optic disc, particularly in high
myopia. Because the macula is highly uniform in size and shape regardless of the
highly variable myopic changes of the optic disc, evaluation of the cross-sectional
macular retinal layers may now be reproducible and accurate. To test this hypoth-
esis, we asked well-trained glaucoma specialists to evaluate optic disc photos and
serial vertical SD-OCT B-scans and found that in non-highly myopic eyes,
interobserver agreement was excellent for both optic disc photos and SD-OCT B-
scans, whereas in highly myopic eyes, interobserver agreement was poor for optic
disc photos but excellent for SD-OCT B-scans [28]. In addition, in non-highly
myopic eyes, classification of glaucomatous and non-glaucomatous eyes was
almost perfect for both optic disc photos and SD-OCT B-scans, while in highly
myopic eyes, photographic classification was less accurate than SD-OCT classifi-
cation. Thus, subjective assessment of SD-OCT macular serial vertical scans may
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be useful for supporting glaucoma diagnoses made using photographic disc assess-
ment and software analysis in highly myopic eyes.

3.12 Detection of Damage Causing Paracentral Visual
Field Defects

Glaucoma patients who have paracentral scotomas are at high risk of visual acuity
loss [84, 85]. Moreover, paracentral VF defects can occur even in the early stages of
the disease [18, 86—88]. Oversight or delay in detection of such defects causes
physicians to underestimate the severity of glaucoma and progression of central
vision loss. Risk factors for developing paracentral scotomas are normal-tension
glaucoma (NTG) [89, 90], low maximum untreated intraocular pressures (IOPs)
[91], frequent disc hemorrhage [91], systemic factors [91], and high myopia [16, 17,
42, 92, 93]. In advanced glaucoma, high myopia has been associated with signif-
icantly higher frequencies of cecocentral scotomas located just temporal and
inferior to the fixation point [16, 17]. Atypical RNFL defects, including
papillomacular bundle defects, are found in highly myopic eyes with primarily
moderate-to-severe VF defects [42]. In this report, longer axial length, larger optic
disc, and normal-tension glaucoma are risk factors for papillomacular bundle
defects. Importantly, high myopia is a significant risk factor for papillomacular
bundle defects and inferotemporal paracentral VF defects, even in early glaucoma
[18]. Thus, it is of paramount importance to detect paracentral scotomas as early as
possible, particularly in highly myopic eyes. That said, evaluation of optic disc
appearance to predict paracentral VF defects is difficult, even in non-highly myopic
eyes. This is much more the case in highly myopic eyes.

Unfortunately, routine SAP 24-2 or 30-2 VF testing also performs poorly in
detecting early paracentral VF defects. SAP cannot detect small VF defects around
5° from a fixation point, which are detectable with SAP 10-2 [43]. This is partly
because there are only five test points placed within 5° of the fixation in the SITA
24-2 or 30-2 program. In these cases, SD-OCT allows visualization of evident
RNFL and GCL thinning near the fovea, which in turn motivates physicians to use
the SITA 10-2 program to find VF defects at or near fixation. The macular structural
parameters defined on the significance and deviation maps of retinal inner layers as
measured with SD-OCT discriminated between paracentral and other VF defects
better than did the cpRNFL parameters. Hence, they are potentially a predictor of
paracentral VF defects [94, 95].
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3.13 Intra-eye Comparison of Measurements May
Outperform Inter-eye Comparison

In the subjective assessment of macular shape on serial vertical B-scans, the
observers focused on symmetry between the superior and inferior hemispheres in
non-glaucomatous eyes and disruption of this symmetry, caused, for example, by
localized thinning of the RNFL and GCL, in glaucomatous eyes. This intra-eye
comparison is justified by the fact that the human body varies widely between
people. Comparison between the right and left eyes, that is, intra-person compar-
ison, would be also free of inter-person variation. Developing intra-eye disease
markers would be an effective strategy for early glaucoma diagnosis.

We developed the asymmetry index based on a logarithmic ratio of upper to
lower thickness as follows [96]: We used ten vertical B-scan lines for defining the
index. A horizontal line passing through the fovea and perpendicular to the direc-
tion of the horizontal scanning was used as the axis of symmetry. To compare upper
(U) and lower (L) hemiretinal thickness values, we first calculated “A,” the
asymmetry in the thicknesses of each of eight pairs of 0.5-mm segments (x) in
the upper (U) and lower (L) retinal hemispheres. We used the following equation,
where Ux and Lx are the thicknesses of each parameter (RNFL, GCL, GCC, and
total retina) within the xth segment from the symmetry axis in the upper (U) and
lower (L) hemispheres in a single scan:

A (asymmetry for selected scan of selected retinal layer for segment x)
= [log;o(Ux/Lx)|.

Then, we calculated the asymmetry index (AI) for the eight segments on each of the
nasal (An 1~5) and temporal (At 1 ~5) macular scans as follows:

~ Jlogyo(U1/L1) |+[log10(U2/L2) |+ - -+ log10(U8/L8)|

Al for each scan <n1~5/t1~5) 3

Finally, we calculated the asymmetry index (Al) for each eye by using the follow-
ing equation:

Anl + An2 + An3 + An4 + An5 + Atl + A2 + At3 + Atd + AtS

Al f h =
or each eye 0

By this definition, in an eye with completely symmetrical upper and lower hemi-
spheres, the value of Al is zero, and as asymmetry in thickness between the upper
and lower hemispheres increases, the asymmetry index increases.

We found the asymmetry index had unique and favorable characteristics as an
indicator of early glaucomatous damage [96]. For each retinal layer, the asymmetry
indices tended to show less overlap between normal and glaucomatous eyes than
did retinal layer thickness parameters (Fig. 3.18). Moreover, unlike retinal layer
thickness parameters, the asymmetry indices had weak or no correlation with visual



44 M. Hangai

Ganglion cell layer

Number of Eyes
Frarers. 18 3
Number of Eyes

]

30-38 I

]

g & 5 &8 & = @& 2 3% ®w 2 w 2 » -
$§3 3338337368 A O A A O
GCL Asymmetry Index GCL Thickness
Retinal nerve fiber layer
20 20
18 12
s i
3 T
E 8 2
£ E ¢
H : = ;
L] L]
iiiiji::3¢ A O A -
5 § § ¢ 5 35 §
RNFL Asymmetry Index RNFL Thickness

Ganglion cell complex

Number of Eyes
emramERERE

Number of eyes
cnusawSREaRl

g 8 2 & & &5 8 &8 7 & ®? 8 8 § § & 2 2 =2 B
iiiii1§ii° SRS iR
GCC Asymmetry Index GCC Thickness
Total retina

Number of Eyes
e L ]
Number of Eyes
enacmdnEna S

5 £ % 8 838 8 3 3§ 8 2 $ %8 8 § § % £ 8 %
EERERERE N EEREREEE
TR Asymmetry Index TR Thickness
B Normal Eyes M Preperimetric Glaucoma

Perimetric Glaucoma (> -6 dB) M Perimetric Glaucoma (< -6 dB)

Fig. 3.18 Histograms showing the distribution of the asymmetry indices (/eft) and thicknesses
(right) of macular retinal layers as measured using spectral-domain optical coherence tomography
(Yamada et al. [96])
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field MD and had good glaucoma discriminating ability (as assessed by area under
the ROC curve) for each stage of glaucoma. The GCL asymmetry index in
particular almost perfectly discriminated between normal eyes and eyes with
glaucoma, regardless of glaucoma severity, outperforming all thickness measure-
ments, and other asymmetry indices (Fig. 3.19). Furthermore, the GCL asymmetry
index showed minimal overlap between normal and glaucomatous eyes and corre-
lated only weakly with visual field mean deviation, which is likely to make it a
better indicator of preperimetric glaucoma. This would not be expected when inter-
person comparison is used.

3.14 Concluding Remarks

The optic disc and sensory retina are parts of the human body, and we need to
consider the nature of human body if we are to understand the differences in the
abilities of the various techniques described above to discriminate between healthy
and diseased eyes. The reasons for these differences can be summarized as follows:

1. The sizes of tissues and organs vary widely. This can lead to a large overlap
between healthy and early diseased eyes. Inter-person comparison is limited by
this inter-person variation.

2. Almost all human motility and sensory organs exist as a symmetrical pair.
Probably, because of the three-dimensionally symmetry of human vision, and
the nasal shift of optic disc, retinal structures are highly vertically symmetrical.
Such symmetry allows intra-person comparison.

In addition to the nature of the human body, we also need to focus on the
characteristics specific to high myopia, which are as follows:

1. Myopic elongation of eye globe leads to variable deformation of the optic disc
and peripapillary structures, but much less deformation in the macula. This is
because the optic disc is nasally shifted, and the macula is central along the
optical axis in higher primates.

2. Profiles of the cpRNFL and macular layer structures are affected by myopia and
its severity. Therefore, we need to compare OCT measurements with a norma-
tive database of corresponding axial lengths/refractive errors.

These common and specific biological natures underlie the current problems in
glaucoma diagnosis in high myopes. Careful consideration of these natures is
essential if we are to improve the diagnosis of glaucomatous optic neuropathy in
high myopia.
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MD < -6 dB, right) (Yamada et al. [96])
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Chapter 4

High Myopia and Myopic Glaucoma:
Findings in the Peripapillary Retina
and Choroid in Highly Myopic Eyes

Yasushi Ikuno

Abstract Because increasing evidence indicates that there is a close relationship
between glaucoma and myopia, we hypothesized that conformational changes
around the optic disc and axial elongation may biomechanically stress the optic
nerve and increase the susceptibility of the lamina cribrosa to intraocular pressure.
The area has a unique appearance, including the shape of the disc, an enlarged area
of peripapillary atrophy, and nasal elevation with temporal flattening of the disc.
These signs potentiality result from stretching of the posterior ocular wall and
oblique insertion of the optic nerve, and investigators are expecting to find the
key to the pathogenesis of glaucoma. Moreover, recent advances in imaging
technologies are enabling visualization of the deep structural characteristics. This
chapter reviews the morphologic and histologic changes in the peripapillary area in
highly myopic eyes and addresses the underlying mechanism of glaucoma.

Keywords Myopia * Optic nerve head ¢ Optic disc tilting ¢ Optical coherence
tomography ¢ Choroid « Peripapillary atrophy

4.1 Introduction

Recent investigations have shed light on a relationship between myopia and
glaucoma. The detailed mechanism is not fully understood; however, it is believed
to result from increased susceptibility to intraocular pressure (IOP) in highly
myopic eyes due to deformation of the eye wall at or around the optic disc area
resulting from axial length elongation. The details of this relationship remain
unclear because of difficulties observing the deep structures around the myopic
disc in vivo. Recent advances in imaging modalities have enabled visualization of
these tissues and fostered an understanding of the underlying pathologies stemming
from deformity of the posterior wall. This chapter reviews the currently recognized
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optic nerve and peripapillary tissue changes in high myopia and discusses a possible
relationship with glaucoma.

4.2 General Morphology of the Myopic Optic Disc

4.2.1 Ophthalmoscopic Appearance

The myopic nerve head is often vertically ovoid along the long axis and appears
oblique, i.e., the so-called tilted disc (Fig. 4.1). In non-myopic eyes, the nerve
running into the eye usually courses at almost a right angle to the ocular surface.
However, in myopic eyes, the course of the nerve axis is more oblique toward the
temporal side as a result of posterior ocular wall protrusion (Fig. 4.2). This causes
conformational changes in the disc surface that flatten the temporal side and elevate
the nasal side [1]. Other characteristics are a secondary enlarged macrodisc,
shallow disc cupping, and decreased contrast between the color of the neuroretinal
rim and the color of the optic cup (Fig. 4.3). These features result from stretching of
the posterior ocular structures because of the myopic shift.

A histomorphometric study reported that high myopic disc is about 1.5 times
larger than non-myopic in absolute glaucoma [2], and fundus photographs show a
substantially larger, and shallower disc in primary open-angle glaucoma with high
myopia [3]. A large population study of Asian individuals reported that the disc area
in myopic eyes is about 2—3 times larger than in emmetropic eyes and that the disc
area is associated significantly with the degree of myopia. Interestingly, a graph of
disc sizes showed a steep curve in high myopia, but the curve was relatively

Fig. 4.1 Typical myopic
disc with tilting on fundus
photograph. The disc
appears oval with the
maximal diameter along the
vertical axis
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Fig. 4.2 The schema of PPA Enlargement |

oblique insertion and disc lc

tilting in high myopia. The . . JEEESEC
optic nerve runs oblique to Tilted Disc —

the eye wall, resulting in
flattening of the temporal
side and elevating of the

nasal side

Nasal elevation

Temporal flattening

Oblique Insertion

Fig. 4.3 A typical myopic
macrodisc. The disc is not
tilted, and unlike that in
Fig. 4.1, this disc is flat with
shallow cupping

horizontal in moderate myopia, suggesting that the highly myopic disc has specific
features among the different degrees of myopia [4].

4.3 Peripapillary Atrophy

4.3.1 Definition

The myopic temporal crescent, sometimes referred to as beta-zone peripapillary
atrophy (PPA) and conus myopicus (myopic conus), is a white, sharply defined area
on the temporal side of the optic disc where the inner scleral surface is directly
observable (Fig. 4.4). The myopic temporal crescent results from displacement of
the choroid and retinal pigment epithelium (RPE) because of protrusion of the
posterior pole [1]. A larger area of PPA and a higher refractive error are highly
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Fig. 4.4 The typical
appearance of beta-
peripapillary atrophy in
high myopia. A whitish
lesion with a well-defined
border is seen that normally
develops inferotemporal or
temporal to the optic disc

correlated, and steep myopic increases exceeding —7 to —8 diopters have been
reported [5], indicating that a large area of PPA is a hallmark of high myopia. There
are two types of PPA. The first is a peripheral zone (alpha zone) characterized by
irregular hypopigmentation and hyperpigmentation by fundus observation that is
adjacent to the retina on the outer side; the second is the beta zone on the inner side,
which is characterized by visible sclera and large choroidal vessels [6]. The myopic
crescent normally presents temporal or inferotemporal to the disc and must be
differentiated from the congenital tilted disc, which normally occurs inferiorly [7].

4.3.2 Histological Observation

Histologically, the alpha zone corresponds to irregularities in the RPE, while the
beta zones is characterized by complete loss of RPE cells and almost complete loss
of photoreceptors and closure of the choriocapillaris [8].

Recently, gamma and delta zones also have been proposed based on the results
of a histologic study of myopic eyes [9]. The gamma zone is between the end of
Bruch’s membrane and the edge of the optic nerve head and was found predomi-
nantly in eyes with an axial length exceeding 26.5 mm, suggesting that the zone is
specific to high myopia. The delta zone is part of the gamma zone in which blood
vessels were not present. Interestingly, the length of the beta zone was not associ-
ated with high myopia but with glaucoma, while the lengths of the gamma and delta
zones were associated with high myopia but not with glaucoma. We hypothesized
that these proportional changes in the PPA zone may be associated with the
susceptibility of the IOP in highly myopic eyes and may be why glaucoma develops
in certain highly myopic eyes.
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4.3.3 Optical Coherence Tomographic Findings

Some unique features within the area of PPA are specific to myopia or glaucoma.
Spectral-domain optic coherence tomography (OCT) has shown that Bruch’s mem-
brane is often absent within the beta-PPA area in highly myopic eyes. The scleral
bed configurations within the PPA can be classified into three types based on OCT
findings: straight, a downward curving Bruch’s membrane, or a downward bending
slope without Bruch’s membrane. Only the last is associated significantly with the
myopic refractive error, and interestingly, the second is associated significantly
with glaucoma [10]. This fact suggests that the configuration of the scleral bed
within the PPA is related closely to myopic glaucoma, which partly agrees with
histologic observations [9].

New imaging modalities including SD-OCT provide detailed information about
the anatomic relationships among the disc edge, Bruch’s membrane, and RPE.
Observation using these new modalities has resulted in an argument that the beta-
PPA should be redefined based on the findings using the latest generation of
imaging tools. SD-OCT studies have found that the RPE was within the beta-PPA
area in many cases, which is contrary to the initial definition based on histologic
studies without RPE cells [11, 12].

4.3.4 Progression

The area of PPA enlarges over time with myopic progression (Fig. 4.5). The
congenital crescent that normally does not enlarge must be ruled out. The myopic
disc shifts nasally with axial length elongation, which induces myopic crescent
development temporally. A follow-up study found a significant correlation between
optic disc deviation and myopic progression [13].

Serial disc photographs also showed progressive tilting of the optic nerve head
with development or enlargement of the area of PPA in myopic children. In the
group with changes in the optic nerve head and area of PPA, the mean horizontal-
to-vertical disc diameter ratio decreased from 0.92 to 0.86, and the mean maximal
PPA width-to-vertical disc diameter ratio increased from 0.08 to 0.20 during a mean
follow-up period of 38.1 months. These changes were most marked in children
between 7 and 9 years of age and were associated with a greater myopic shift
[14]. Thus, a myopic shift induces disc tilting and consequent PPA enlargement in
myopic eyes.
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Fig. 4.5 Enlargement of
peripapillary atrophy (PPA)
over years. The same
patient at baseline (/eft) and
10 years later (right);
enlargement of PPA and
increased disc tilting are
seen (white dashed lines).
The axial length has
elongated from 28.67 mm to
29.03 mm

4.4 Tilted Disc

4.4.1 Ophthalmoscopic Appearance

Tilting is one of the most common features of a myopic disc; the nasal margin
typically becomes elevated relative to the temporal margin. Angulation of the optic
cup axis inferonasally is also common. Myopic discs with acquired crescents and
congenital tilted discs can be difficult to distinguish because both have a severely
attenuated RPE, Bruch’s membrane, and choroid close to the disc.

4.4.2 Relation to Myopia

Several studies have reported a positive association between tilted discs and long
axial lengths. One study found that 55 of 150 myopic eyes had markedly tilted optic
discs, with a cut-off value of the disc index less than 0.8. In addition, smaller disc
ovality was observed in more highly myopic eyes with a longer axial length
[15]. The relationship between optic disc tilt and myopia also has been reported
in pediatric patients. Schoolchildren with tilted discs have significantly longer axial
lengths and greater myopic refractive errors [16].

4.4.3 Conventional Indices for Tilted Discs

Because the maximal angle of the disc tilting cannot be measured directly, it is
estimated by the degree of disc ovality (Fig. 4.6). When viewed along the visual
axis, the less perpendicular the optic nerve is when it enters the globe, the greater
the elliptical appearance is. The papillary index, defined by the shortest axis/longest
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Fig. 4.6 Measurement of
disc tilting. The disc is
regarded as an ellipsoid and
the maximal and minimal
diameters crossing
perpendicularly at the
center of the optic nerve
head are obtained. The
index is the ratio of the
minimal/maximal
diameters. The angle
between the maximal
diameter and the vertical
line is expressed as the

degree of torsion S

hortest axis ©
e

axis on fundus photographs, has been used as the gold standard to represent the
degree of disc tilting [17]. The threshold to define the tilted disc often is lower than
0.8-0.75. Non-myopic discs are minimally oval with the vertical diameter slightly
longer than the horizontal, and the index is close to 1.0.

The second geometric variable in tilted discs is rotation around the sagittal axis
of the optic nerve (Fig. 4.6), which is referred to optic disc torsion. The longest
diameter usually falls within 15° of the vertical meridian; axes beyond 15° are
commonly defined as “torted.”

4.4.4 Peripapillary Tilting Index

Because tilted discs associated with myopia occur as a result of posterior confor-
mational changes from axial elongation, the morphologic changes at the
peripapillary area are supposed to be related closely to the direction and degree
of disc tilting. Measuring the disparity between the maximal and minimal surface
elevations of the disc is an indirect way to measure the angle of the optic nerve as it
enters the eye. The greater the elevation is in surface levels against the opposite
side, the greater the tilting is assumed to be.

We developed a new system to measure this disparity in the 360° of the disc. We
use a circular peripapillary scan with the average RPE height as the reference plane.
The RPE line is divided into 24 sectors and the heights in all sectors is averaged.
The difference in height from the average value is referred to as the peripapillary
tilting index (PTI) (Fig. 4.7). This value does not exactly represent the degree of
disc oblique insertion, but the degree of tilting in each direction around the disc.
Another advantage of this system is that it identifies the direction in which the disc
is most tilted. The minimal PTI value agreed well with the disc ovality index. We
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Fig. 4.7 Measurement of the peripapillary tilting index. The average position of the retinal
pigment epithelium in 24 sectors in a peripapillary circular scan is obtained, and the difference
from the average value is measured in each sector. This shows the degree of tilting in a particular
direction

found that the minimal PTI was in the inferotemporal direction in myopic discs,
indicating that myopic discs predominantly tilt in that direction. We currently are
investigating the relationship with myopic normal tension glaucoma (NTG).

4.5 Peripapillary Choroidal Thickness

4.5.1 Choroidal Thickness in Normal Eyes

There is wide interindividual variability in choroidal thickness with age, refractive
error, and axial length. The choroid in myopic eyes is thinner because of stretching
of the posterior eye. For example, the mean subfoveal choroidal thickness ranges
from 250 to 350 pm in emmetropic eyes, while in high myopia it is about 100 pum,
depending on the degree of myopia [18, 19]. A histologic study reported that the
loss of capillaries and fibrous tissue replacement are evident in highly myopic
eyes [20].

Choroidal thinning is disproportional at the macula [18, 19]. In highly myopic
eyes, the inferior and nasal sectors are thinner, and the temporal and superior
sectors are relatively thicker. The subfovea is the thickest in non-myopic eyes.
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Thus, the stretching affects each locations differently in highly myopic eyes. In the
peripapillary area, the inferior sector is significantly thinner than other sectors in the
peripapillary lesions of non-myopic normal eyes [21].

4.5.2 Glaucoma and Choroidal Thickness

The mechanism of NTG in myopic eyes is puzzling. We hypothesized that this
might depend on the posterior eye wall configuration and conducted a study to
measure the choroidal thickness in eyes with myopic glaucoma. The study included
12 eyes of eight patients under 45 years of age who had NTG with refractive errors
between —6 and —12 diopters and axial lengths exceeding 26.5 mm and 12 eyes of
matched healthy volunteers with a similar degree of myopia. The mean choroidal
thickness in the NTG group was significantly thinner at the fovea and superior,
superotemporal, temporal, and inferotemporal to the optic nerve head (Fig. 4.8).

Fig. 4.8 The mean
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This suggested that choroidal thinning is related to highly myopic NTG and the
indices may be a useful diagnostic parameter for myopic NTG.

4.5.3 Controversies in Glaucoma and Choroidal Thicknesses

However, a controversy remains. Many studies have reported that there is no
significant difference in the choroidal thickness between normal and glaucomatous
eyes, such as those with primary open angle glaucoma [22]. However, others have
reported that NTG is associated with significant thinning inferonasal, inferior, and
inferotemporal to the optic nerve head [23]. Interestingly, the choroidal thickness
varies based on the damage to the optic nerve, and the sclerotic type was associated
with a significantly thinner choroid than compared with the diffuse and focal types
and even healthy controls [24]. Thus, the choroidal thickness may not differ in most
types of glaucoma but may differ in some specific conditions such as high myopia
or in eyes with peripapillary thinning.

4.6 Summary

High myopia is a disease of morphologic changes of the posterior ocular wall that
causes mechanical stress on the deep structures, such as the optic nerve,
peripapillary choroid or sclera, and the lamina cribrosa. The peripapillary region
in highly myopic eyes is markedly deformed due to axial length elongation and
seems to contribute greatly to the high glaucoma risk. However, its relationship is
not totally understood. Modern imaging technologies such as OCT may reveal the
underlying mechanism of the stress around the disc area. This field has come under
intense scrutiny in the last 10 years, and hopefully the predictive factors and risks
will be determined in the near future.
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Chapter 5
Visual Field Damage in Myopic Glaucoma

Makoto Araie

Abstract This chapter summarizes findings on visual field damage in myopic
glaucoma. Population-based studies have demonstrated that irrespective of myopic
power, myopia is a risk factor for primary open angle glaucoma (POAG). Although
it is relatively rare, otherwise normal myopic eyes, especially highly myopic eyes,
may have a higher risk of glaucoma-like visual field (VF) damage in the superior
temporal subfield. High myopia in otherwise normal eyes is also associated with a
generalized diffuse reduction in VF sensitivity. In POAG, the strength of myopia is
significantly and positively correlated with the extent of VF damage in the lower
cecocentral subfield, although there is no such correlation in late-stage POAG with
normal intraocular pressure (IOP). Although the exact mechanism of this phenom-
enon remains unknown, stronger myopia is correlated with less damage in the
superior paracentral subfield in both normal- and elevated-IOP POAG with mild
to moderate VF damage. Additionally, any degree of myopia is a risk factor for
further progression of VF damage in eyes without ocular hypotensive treatment,
and high myopia is a risk factor for further progression in both treated and untreated
POAG eyes. On the other hand, stronger myopia is associated with a slower rate of
progression in non-high-myopic eyes with ocular hypotensive therapy.

Keywords Myopia ¢ Open angle glaucoma ¢ Visual field damage ¢ Progression

5.1 Introduction

Population-based studies, including studies carried out in Japan, have consistently
demonstrated that myopia is a risk factor for primary open angle glaucoma
(POAG), with an odds ratio of about 2.0 for all types of myopia [1, 2]. According
to Grgdum et al., who screened approximately 33,000 individuals aged between
57 and 79 years, the correlation between the prevalence of glaucoma and myopic
power was more evident at lower intraocular pressure (IOP) levels and weakened
gradually with increasing IOP level [3]. This suggests that the importance of
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myopia as a risk factor for POAG is especially clinically relevant in POAG patients
with normal IOP (i.e., those with normal tension glaucoma; NTG). In Japan, the
prevalence of myopia is among the highest in the world [4, 5], a section of the
population that also has an especially high prevalence of NTG [6]. Therefore, the
relationship between myopia and the clinical features of glaucoma-induced visual
field (VF) damage is of special clinical concern in Japan.

Myopic eyes frequently present a characteristic appearance: the optic nerve head
(ONH) is tilted and oval-shaped, with a temporal crescent-shaped area of
peripapillary chorioretinal atrophy (PPA), to which the structural vulnerability of
the myopic ONH has been attributed [7-10]. Such structural vulnerability is
compatible with the above-mentioned clinical findings that the correlation between
myopic refraction and the prevalence of glaucoma is stronger in NTG patients
[3]. The appearance of the glaucomatous optic disc has been shown to have several
distinct types: generalized enlargement (GE) of cupping, focal glaucomatous (FG),
myopic glaucomatous (MG), and senile sclerotic (SS), each having a different
clinical association and/or prognosis [11-17]. In this chapter, however, myopic
glaucoma will refer to POAG with myopic refraction of <—1.0 or 0.5 diopters,
rather than POAG with an MG optic disc.

5.2 Pattern of Visual Field Damage in Otherwise Normal
Myopic Eyes

Otherwise normal myopic eyes, especially those with high myopia, may show VF
damage that occurs mainly in the superior temporal subfield [18-21], as well as
apparent cleavage of the retinal nerve fiber layer [22] and a relative loss of
sensitivity in the short wavelength-sensitive cones (S-cones). These conditions
are associated with increased axial length [23]. One study reported that a significant
proportion of subjects with high myopia (spherical equivalent of <—6.0 diopters)
and VF and ONH findings suggestive of glaucoma did not show any functional and
structural progression over a 7 year period, suggesting that in at least some cases,
high myopia is associated with non-progressive glaucoma-like VF damage [24]. On
the other hand, later studies reported that otherwise normal myopic eyes were only
rarely associated with VF damage as detected by standard white-on-white auto-
mated perimetry, although a diffuse loss of sensitivity of about 0.2 dB/diopter was
seen in myopic eyes with a spherical equivalent refraction of —4.0 diopters or worse
[25, 26]. According to Aung et al. [26], 4 % of otherwise normal myopic eyes with
spherical equivalent refraction of —4.0 diopters or worse showed VF damage when
tested with trial frame lenses for optical correction, but not with contact lenses. An
additional 2 % of the eyes showed VF damage when tested with contact lenses, but
not when tested with trial frame lenses. Only 1 % of the eyes showed reproducible
VF damage when tested with both methods of optical correction.
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5.3 Pattern of Visual Field Damage in Myopic Glaucoma

Previously, VF damage in myopic POAG eyes has been studied with kinetic
perimetry, revealing that such eyes are more likely to have cecocentral VF damage,
especially in the lower cecocentral subfield, or sectoral damage in the temporal VF
[27-29]. Current VF testing is performed with static automated perimetry (SAP),
which examines the central 30° of the VF with a grid of test points that is centered
on the fixation (fovea) and has an inter-test point distance of 6° (a common example
is the central 30-2 test program of the Humphrey Visual Field Analyzer, Carl Zeiss
Meditec, Dublin, CA, USA). In studies of the influence of myopic refraction on the
SAP-measured VF, some subjects with high myopia must use high-power trial
frame lenses for optical correction during testing and cannot readily use contact
lenses instead because they do not normally use them. Thus, prismatic deviation in
extra-axial test points must be taken into consideration, particularly in VF testing of
peripheral test points in patients wearing high-power glass lenses, because the ray
from an off-axis object entering a minus power lens is bent closer to the optic axis of
the lens. Computer calculations using ray tracing and Gullstrand’s model eye
indicate that the angle of the discharging ray to a test point 30° outward from the
optic axis is 23°, instead of 30°, when a — 10 diopter lens is placed 12 mm in front of
the corneal apex [30]. Thus, it is difficult to directly compare VF test results for
peripheral test points between eyes with strongly differing refractive statuses. On
the other hand, test points 10° outward from the optic axis suffer a prismatic
deviation of 2° with the use of a —10 diopter lens, a relatively small deviation,
especially in comparison with the 6° inter-test point distance. Thus, it must be noted
that the effects of highly myopic refraction on the VF in POAG can be more
accurately studied in the central 10° of the VF than in the mid-peripheral VF.

Previously, we studied the effects of myopic refraction by examining total
deviation (TD) values at each test point of the central 30-2 test program of the
Humphrey visual field analyzer. Our study compared POAG eyes with elevated IOP
and those with normal IOP (i.e., those with normal tension glaucoma; NTG) that
had an average mean deviation (MD) value of about —12 dB, using the following
formula [31]:

TD; = A x (myopic power in diopters) +B x MD + C (5.1)

Where TD; is the TD value at the i-th test point, A and B are regression coefficients,
and C is a regression constant. The extent of age-corrected damage at a questioned
i-th test point, TD;, was thought to be significantly influenced by myopic refraction
when the regression coefficient, A, was significantly different from zero (P < 0.05)
after correcting for the influence of overall glaucomatous damage (i.e., the stage of
the disease), that is, B x MD. The background of the subjects and our results are
summarized in Table 5.1 and Fig. 5.1. We obtained similar results in both types of
POAG: the extent of VF damage in the lower cecocentral subfield was positively
correlated with myopic power (i.e., higher myopia was associated with more VF



68 M. Araie

Table 5.1 Background data of patients with mild to moderate glaucomatous damage

POAG with elevated IOP POAG with normal IOP
Number of cases (eyes) 138 (197) 86 (120)
Age (years) 499+11.7 482+9.4
Refraction (diopters) —4.1+£3.6 —3.8+326
Mean deviation (dB) —12.4+9.0 —11.8+7.2

Figures are mean &+ SD
POAG primary open angle glaucoma, /OP intraocular pressure
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Fig. 5.1 (a) Correlation of total deviation values and myopic power in POAG eyes with elevated
IOP and mild to moderate damage. POAG: primary open angle glaucoma, IOP: intraocular
pressure. (b) Correlation of total deviation values and myopic power in POAG eyes with normal
IOP and mild to moderate damage. POAG primary open angle glaucoma, /OP intraocular pressure

damage), while damage in the upper paracentral subfield was negatively correlated
with myopic power (i.e., higher myopia was associated with less VF damage). The
influence of myopic refraction on VF is apparently different in POAG eyes than in
otherwise normal highly myopic eyes, in which it has been reported that the
superior temporal subfield is mainly affected [18-21]. This indicates that the
interaction between co-existing myopic changes and glaucoma exacerbates damage
in the area of the ONH corresponding to the lower cecocentral visual subfield. In the
superior paracentral subfield, higher myopia was found to be associated with less
damage. Although this finding is rather unexpected, it is possible that anatomical
changes induced in and around the ONH as myopia progresses can lessen its
susceptibility resistance to some of the pathogenic factors of POAG. The degree
of optic disc torsion induced by myopia may be at least partly related to this
characteristic pattern of VF damage in myopic POAG [32].

The influence of myopia on VF damage in POAG may be glaucoma stage-
dependent, although most existing studies have included only eyes with mild to
moderate glaucomatous damage, and few of the study participants listed in
Table 5.1 were in the late stage of the disease (MD < —15 dB). Thus, we carried
out a second study including only late-stage POAG patients (MD < —15 dB) [30]
(Table 5.2). We found that the lower cecocentral subfield was as likely to be
damaged in late-stage POAG with elevated IOP as it was in the earlier stage of
the disease [30, 31] (Fig. 5.2). Interestingly, this was not the case in late-stage NTG
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Table 5.2 Background data of patients with advanced glaucomatous damage

POAG with elevated IOP POAG with normal IOP
Number of cases (eyes) 176 (176) 137 (137)
Age (years) 56.9+12.1 5794123
Refraction (diopters) —24+36 —24+35
Mean deviation (dB) —-219+44 20.7+3.6

POAG primary open angle glaucoma, /OP intraocular pressure
Figures are mean & SD
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Fig. 5.2 (a) Test points in which total deviation values were positively correlated with myopic
power in POAG eyes with elevated IOP. POAG primary open angle glaucoma, /OP intraocular
pressure. (b) Test points in which total deviation values were negatively correlated with myopic
power in POAG eyes with normal IOP. POAG primary open angle glaucoma, /OP intraocular
pressure

eyes. The superior paracentral subfield was more likely to be relatively preserved in
late-stage NTG eyes with higher myopic power (Fig. 5.2). This disease stage-
dependent difference in the pattern of myopia-related influence on glaucomatous
VF damage in POAG eyes with elevated IOP and those with normal IOP, i.e., NTG,
suggests that IOP-dependent pathomechanisms may interact with myopia-induced
changes in and around the ONH as glaucomatous damage progresses. The lower
cecocentral subfield is usually preserved until the late stages of glaucoma [33, 34]
and has the greatest functional importance in vision-related quality of life
[35]. These results suggest that myopic patients with POAG and elevated 10OP,
especially those with high myopia, may be more likely to lose their central vision in
the late stages of glaucoma (Fig. 5.3), and therefore need more careful clinical
follow-up and IOP control.

In addition to the above results, we also found that a higher myopic power also
had a deleterious effect on central visual acuity in POAG eyes with advanced
damage. In a separate group of late-stage POAG eyes, we used a multiple linear
regression analysis to study the effects of myopic power on central visual acuity
(Table 5.3), with best-corrected visual acuity (log MAR) as the response variable,
and age, overall VF damage (in MD), myopic power (in diopters), IOP (POAG with
normal IOP vs. POAG with elevated IOP), and the more damaged hemifield (upper
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Fig. 5.3 (a) Visual field simulation of highly myopic (—10.0 diopters) POAG eyes with elevated
IOP and mean deviation values of —30 dB, based on the results of multiple regression analysis. (b)
Visual field simulation of emmetropic POAG eyes with normal IOP and mean deviation values of
—30 dB, based on the results of multiple regression analysis

Table 5.3 Background data

of patients in analysis of Number of cases (eyes) 83 (104)
relationship between best- POAG with elevated IOP 57 (71)
corrected visual acuity and POAG with normal IOP 26 (33)
myopic refraction Age (years) 55.6+£12.7
Refraction (diopters) —4.0+4.5
Mean deviation (dB) —23.6+£3.0
Best corrected visual acuity® 0.02~1.2

Figures are mean £ SD
POAG primary open angle glaucoma, /OP intraocular pressure
“Decimal visual acuity

vs. lower hemifield) as the explanatory variables. We found that best-corrected
visual acuity was associated with higher myopic power (P < 0.001) and higher IOP
(POAG with elevated IOP) (P =0.035), a finding that agreed with those we
obtained for the central VF.

Our findings on increasing myopia in POAG are compatible with the structural
finding that highly myopic eyes are more susceptible to papillo-macular nerve fiber
layer defects [36, 37]. In addition, many previous histological studies have
suggested that myopia-associated structural changes in the ONH make the optic
nerve fibers more vulnerable to various insults [7—10].

5.4 Visual Field Damage Progression in Myopic Glaucoma

Since myopia is a definite risk factor for POAG [1, 2], it is easy to speculate that VF
damage is more likely to progress in eyes with myopic glaucoma than in those with
non-myopic glaucoma. Indeed, previous studies have observed VF damage more
frequently in myopic patients with untreated ocular hypertension [38, 39],
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supporting the view that myopia is a risk factor for more rapid progression of the
disease, and have also found that myopia is a significant risk factor for the initial
development of POAG [40, 41]. Further, several studies agreed that high myopia
was a risk factor for the progression of VF damage even with medical treatment
[42—45]. On the other hand, as far as medically treated POAG eyes with mild to
moderate myopia are concerned, there is evidence that mild to moderate myopia is
not a significant risk factor for further progression of VF damage [44, 46—49]. For
example, Sohn et al. carried out a retrospective observational study in which they
observed the progression of VF damage over 5 or more years in 4 subgroups of
NTG patients, all receiving treatment: non-myopic, mild myopic, moderate myo-
pic, and high myopic. They found that the rate of progression was around —1.0 dB
of MD change/year in all 4 subgroups, with no significant inter-group differences
[49]. We also carried out a retrospective observational study, in which we analyzed,
over an 8 year period, the VF test results of non-high-myopic NTG patients
undergoing medical treatment. We found that the progress of VF damage was
slow but statistically significant, with an average MD change/year of —0.16 dB
[50]. Additionally, a subfield-based analysis of the time-course change in VF
damage showed that stronger myopia was a significant positive prognostic factor
for VF damage progression in the superior paracentral subfield, i.e., progression
was more likely in the less myopic eyes. These findings were compatible with the
results of our previous cross-sectional studies, in which we found that in POAG
eyes with normal IOP, TD values in the superior paracentral subfield were nega-
tively, significantly correlated with myopic power, and that higher myopia was
associated with less damage in the superior paracentral subfield [30, 31]. Further,
this result was reproduced in a prospective cohort study. We prospectively
followed, for 3 years, 146 eyes of patients with POAG and normal IOP. The patients
had a mean untreated IOP of 14 mmHg, mild to moderate visual field damage and
mean spherical equivalent refraction of —3.5 diopters under topical nipradilol or
timolol [51]. The IOP after treatment averaged 13.2 mmHg, and an analysis using
the Cox proportional hazards model revealed that optic disc hemorrhage (hazard
ratio [HR] 4.00, p < 0.001) and weaker myopia (per diopter, HR 1.15, p =0.013)
were significant risk factors, when progression was defined by VF damage progres-
sion and/or deterioration of disc appearance. When progression was solely defined
by VF damage progression, weaker myopia was again a significant risk factor, and
stronger myopia was associated with slower progression (HR 1.17, p =0.038).

As regards VF damage progression in myopic glaucoma, it may be assumed that
in eyes without ocular hypotensive treatment, any degree of myopia is a risk factor
for further VF damage progression, that high myopia is a risk factor for further VF
damage progression irrespective of ocular hypotensive treatment, and that stronger
myopia is associated with slower progression in non-high-myopic eyes under ocular
hypotensive therapy. It is not clear whether the difference between high myopia and
non-high myopia in their effect on progression is related to interactions between the
extent of myopic changes in and around the ONH and the partial relief of
IOP-dependent insults by ocular hypotensive therapy.
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Chapter 6
Myopic Optic Neuropathy

Kyoko Ohno-Matsui

Abstract It is well known that the visual field (VF) defects are not uncommon in
eyes with pathologic myopia. It has not been clear if such VF defects which are not
explained by myopic chorioretinal lesions are due to glaucoma or some other causes
especially in extremely myopic eyes, because it is difficult to properly diagnose
glaucoma due to the deformity of the optic disc. The recent advance in ocular
imaging, especially optical coherence tomography (OCT), has enabled us to visu-
alize the deep structures on and around the optic nerve. By using swept-source OCT
and 3D MRI, various findings which are considered to be caused by mechanical
stretching around the optic nerve in eyes with pathologic myopia have been
identified. This chapter describes how the papillary and peripapillary regions are
mechanically altered in eyes with pathologic myopia and how such abnormalities
could possibly relate to the VF defects.

Keywords Pathologic myopia ¢« Myopic optic neuropathy e Acquired pit ¢
Subarachnoid space ¢ Intrachoroidal cavitation

6.1 Introduction

It is well known that the visual field (VF) defects are not uncommon in eyes with
pathologic myopia. These VF defects can be divided into two types: those that are
the result of the chorioretinal lesions commonly found in highly myopic eyes, and
those that are not associated with these lesions and have no identifiable causes. VF
defects that could not be explained by the observed fundus lesions were detected in
as much as 13 % of highly myopic eyes and were progressive [1].

It has not been clear if such VF defects which are not explained by myopic
chorioretinal lesions are due to glaucoma or some other causes especially in
extremely myopic eyes, because it is difficult to properly diagnose glaucoma due
to the deformity of the optic disc. The optic discs in highly myopic eyes are tilted
and deformed, and they show various appearances (Fig. 6.1). In eyes with extreme
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Fig. 6.1 Various appearance of optic disc in eyes with pathologic myopia. (a and b) Optic disc
area is enlarged and shows ‘megalodisc’ appearance. (¢ and d) Optic disc is small and tilted

tilting of the optic disc, it is even impossible to observe most parts of the optic disc
by funduscopic evaluation. Also, a presence of large conus and chorioretinal
atrophy makes the interpretation of VF results rather difficult.

The recent advance in ocular imaging, especially optical coherence tomography
(OCT), has enabled us to visualize the deep structures on and around the optic
nerve. By using swept-source OCT and 3D MRI, we identified various findings
which are considered to be caused by mechanical stretching around the optic nerve
in eyes with pathologic myopia. These results prompted us to consider that at least
in some patients, a mechanical damage on and around the papillary region might
play an important role in developing the VF damage in highly myopic eyes. Thus,
there might be a condition which should be called as “myopic optic neuropathy”
[1]. This chapter describes how the papillary and peripapillary regions are
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mechanically altered in eyes with pathologic myopia and how such abnormalities
could possibly relate to the VF defects.

6.2 Optical Coherence Tomography (OCT) Findings
of Papillary and Peripapillary Region of Eyes
with Pathologic Myopia

6.2.1 Dilation of Perioptic Subarachnoid Space (SAS)
and Thinning of Peripapillary Sclera

Recently, due to an advancement of OCT, like enhanced depth imagin (EDI)-OCT
and swept-source OCT, it has been possible to visualize the deep structure in the
optic nerve.

Park et al. [2] used EDI-OCT and observed the SAS around the optic nerve in
25 of the 139 glaucomatous eyes (18 %). Most of the 25 eyes had high myopia and
extensive parapapillary atrophy. We [3] used swept-source OCT and found that
SAS was found in 124 of 133 highly myopic eyes (93.2 %) but not in the
emmetropic eyes. The SAS appeared to be dilated in highly myopic eyes. In the
B-scan images, the SAS was triangular, with the base toward the eye surrounding
the optic nerve in the region of the scleral flange (Fig. 6.2). There was a change in
the scleral curvature at the attachment of the dura mater of the SAS to the
peripapillary sclera. This shows that the distance between the point which the sclera
was divided into the dura mater and the optic nerve increased in highly myopic
eyes, as suggested by Okisaka [4] based on his histological evaluations. Only the
nerve fiber layer and the scleral flange were observed on the SAS, consistent with a
histological study by Jonas et al. [5]. The width of the SAS ranged from 263 to
1850 pm in our study. Jonas et al. [5] reported that the mean length of the scleral
flange was 1.67 £0.74 mm in histological evaluation of 36 human globes with an
axial length longer than 26.5 mm. In our study using swept-source OCT, the
shortest distance between the inner surface of lamina cribrosa and SAS was
252.44110.9 pm, and the thinnest region of peripapillary sclera above SAS
(scleral flange thickness) was 190.6 &=51.2 pm [3]. Jonas [6] reported that the
shortest distance between inner lamina cribrosa surface and SAS in non-highly
myopic eyes without glaucoma was 557.9 & 172.1 pm in histological evaluation.

The expanded area of exposure to CSF pressure along with thinning of the
posterior eye wall may influence staphyloma formation and the way in which
certain diseases, such as glaucoma, are manifested. In one of our myopic patients,
there appeared to be a direct communication between the intraocular cavity and
SAS through pit-like pores (Fig. 6.3). The clinical significance of a direct commu-
nication between intraocular space and SAS is not clear. This communication could
cause a disrupted integrity of peripapillary sclera and changes of concentrations of
materials in intraocular space and SAS. However, the translaminar pressure
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Fig. 6.2 Swept-source OCT images of subarachnoid space (SAS) around the retrobulbar optic
nerve. (a) Large conus is found around the myopic optic disc. (b). Swept-source OCT slice
scanned along the green line in (a) shows the SAS as a hyporeflective space along both the
upper and lower borders of the ON. The SAS is triangular, with the base toward the eye. The
peripapillary sclera is continuous with the pia mater along the inner boundary of the SAS (red
arrowheads). The SAS protrudes toward the ON at the transition point of the peripapillary sclera
and the pia mater (arrow). The peripapillary sclera is also continuous with the dura mater along the
outer boundary of the SAS (blue arrowheads). The arachnoid trabeculae are seen as wide, linear
streaks within the SAS (Reproduced from reference number [3] with permission)

Fig. 6.3 Fundus photograph and swept-source OCT images showing direct communication
between the intraocular space and the SAS. (a) Color fundus photograph of the optic disc showing
a large annular conus. (b).On OCT section across green line in (a) shows that vitreous cavity is
continuous with SAS through pitlike pores (arrow) (Reproduced from reference number [3] with
permission)

becomes theoretically zero, which might act favorably for the progression of VF
defects.

These OCT findings are compatible with earlier histological observations. Curtin
[7] described that a dilation of perioptic subarachnoid space (SAS), eversion of the
inner aspect of the scleral canal, anterior displacement of the lamina cribrosa, and
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marked degrees of supertraction are especially specific to the highly myopic globe.
Compared with the normal disc anatomy, staphyloma development has produced a
marked thinning of the posterior sclera. The involvement of the innermost scleral
fibers of the posterior foramen in the distention process causes the lamina cribrosa
to advance toward the retinal surface. Okisaka [8] reported that in emmetropic eyes
the perioptic SAS was narrow and the SAS blindly ended at the level of lamina
cribrosa. The dura of the SAS was attached to the peripapillary sclera just around
the lamina cribrosa. In contrary, in highly myopic eyes, the perioptic SAS was
enlarged together with an increase of the axial length. In a cross section of the optic
nerve, the SAS showed an inversely triangular shape whose base was toward the
eye. In parallel to the dilation of SAS, the dura attachment site was markedly away
from the optic nerve margin.

6.2.2 Formation of Acquired Pits in the Optic Disc Area
and in the Conus Area

By using swept-source OCT, Ohno-Matsui et al. found that the optic nerve pits were
not uncommon in highly myopic eyes [9]. Pit-like clefts were found at the outer
border of the optic nerve or within the adjacent scleral crescent in 32 of 198 highly
myopic eyes (16.2 %) but in none of the emmetropic eyes. The pits were located in
the optic disc area (optic disc pits) in 11 of 32 eyes and in the area of the conus
outside the optic disc (conus pits) in 22 of 32 eyes. The optic disc pits existed at the
inferior or superior edge of the optic disc (Fig. 6.4). Conus pits were observed in
eyes with type IX staphyloma and were present nasal to the scleral ridge or outside

Fig. 6.4 Deeply excavated pit-like structures in the optic disc area. Bar; 1 mm. (a) Photograph of
the left fundus shows horizontally oval optic disc and surrounding conus. The green line shows the
area scanned by swept source OCT for the images shown in c. (b) En face view of the optic disc
reconstructed from three-dimensional swept source OCT images shows one large pit at the
superonasal edge of the optic disc (arrow) and one small pit at the superior edge of the optic
disc (arrowhead). (c¢) B-scan image of OCT across the scanned line in Fig.6.4a shows an oval-
shaped, deeply excavated pit (arrow) at the superonasal part of the optic disc with a wide opening.
The depth of the pit from its opening was 1,071 pm. The nerve fibers overlying the pit are
discontinuous and the lamina is torn off from the peripapillary sclera at the site of the pit
(Reproduced from reference number [9] with permission)
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Fig. 6.5 Conus pits present on the temporal side of the scleral ridge in an eye with type IX
staphyloma (Curtin’s classification). Bar, 1 mm. (a) Photograph of right fundus of 64-year-old
woman shows an oval disc with a large annular conus. A scleral ridge is shown by arrowheads. The
green lines show the area scanned by swept-source optical coherence tomography (swept-source
OCT) for the images shown in Figures d and e. (b) En face image of the optic disc area reconstructed
from three-dimensional swept-source OCT images shows multiple pits on the slope inside the ridge
at approximately same distance from the optic disc margin (arrowheads). (c) Magnified view of
Figure b shows a collection of pits just temporal to the scleral ridge. (d) B-scan swept-source OCT
image shows that the pit is present on the inner slope of the ridge (arrow). The peripapillary sclera
and overlying nerve fiber tissue is discontinuous at the pit site. (e) Another pit can be seen
inferotemporal to the optic disc (Reproduced with permission from reference number [9])

the ridge temporal to the nerve (Fig. 6.5). The optic disc pits were associated with
discontinuities of the lamina cribrosa, whereas the conus pits appeared to develop
from a scleral stretch-associated schisis or to emissary openings for the short
posterior ciliary arteries in the sclera. The nerve fiber tissue overlying the pits
was discontinuous at the site of the pits, and this discontinuity might be related to
VF loss of highly myopic patients.

6.2.3 ICC (Intrachoroidal Cavitation)

Peripapillary ICC is observed as yellowish-orange lesion inferior to the optic disc
along the inferior margin of the myopic conus funduscopically (Fig. 6.6). By using
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Fig. 6.6 Fundus images of
peripapillary intrachoroidal
cavitation (peripapillary
ICC). ICC is observed as
yellowish orange lesion
around the myopic conus
(arrowheads)

OCT, Freund et al. reported that this lesion was a localized detachment of the retinal
pigment epithelium, however, the observation using more recent OCT showed that
this lesion was located within the choroid and called as ‘ICC’. Shimada
et al. reported that ICC was found in 4.9 % of highly myopic eyes, and interestingly,
70 % of the patients with ICC had glaucomatous visual field defects. By using
EDI-OCT and swept-source OCT, Spaide et al. showed that ICC developed fol-
lowing the disrupted integrity of border tissue of Jacoby around the optic nerve, and
the scleral curvature was bowed posteriorly at the area of ICC. Spaide also reported
that the inner retina was herniated into the ICC space and in some cases, the defect
of full-thickness of neural retina was observed along the border of ICC. Subsequent
to the full thickness retinal defect, it is expected that the visual field defects develop
in the area of the entire course of retinal nerve fiber layer which traverse the site of
retinal defect. Spade also showed that the tissue separation was seen in the
suprachoroid at least in some cases. The development of ICC (or suprachoroidal
separation?) and subsequent defect of herniated inner retina is considered an
important cause of visual field defects in eyes with pathologic myopia.

Recently, Yeh et al. reported that ICC was found not only in highly myopic eyes
but also in mildly myopic eyes, emmetropic eyes, and even in hyperopic eyes as
well. This is considered to be because the degree of optic disc tilting is not always
parallel to the axial length. These suggest that ICC might be related to the
glaucomatous visual field defects in non-myopic eyes as well.
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6.3 Separation of Circle of Zinn-Haller from the Optic
Nerve

Medial and lateral paraoptic short PCAs converge towards the optic disc and form
an elliptical anastomotic circle, the so-called circle of Haller and Zinn, through the
formation of superior and inferior perioptic optic nerve arteriolar anastomoses
[10]. The Zinn-Haller arterial ring is the main vascular supply of the lamina
cribrosa which is the major insult site of optic nerve damage in eyes with glaucoma.
Because of its intrascleral location, it had been difficult to observe the circle of
Zinn-Haller in situ. Thus, most of the studies of the circle of Zinn-Haller have been
done using histological sections [11, 12] or vascular castings with methyl methac-
rylate [10, 13, 14] of human cadaver eyes. In earlier in situ studies, the Zinn-Haller
arterial ring of human eyes was observed by fluorescein fundus angiography and
indocyanine green (ICG) angiography in eyes with pathologic myopia with a large
peripapillary atrophy [15-20]. We performed ICG angiography on 382 highly
myopic eyes and found that the circle of Zinn-Haller was visible in 206 of
382 eyes (53.9 %) [18]. Zinn-Haller was seen to almost completely surround the
optic nerve head.

EDI-OCT showed cross sections of the vessels that were identified in the ICG
angiography images to make up the circle of Zinn-Haller (Fig. 6.7). An intrascleral
course of the Zinn-Haller ring was clearly observed in serial adjacent OCT sections.
In the ICG angiographic images, the filling of the Zinn-Haller ring was seen to be
continuous from the filling of the short posterior ciliary arteries, and OCT also
showed the continuous course from the retrobulbar short posterior ciliary arteries to
the circle of Zinn-Haller. Centripetal branches that ran toward the optic nerve from

Fig. 6.7 Rhomboid shaped-Zinn Haller arterial ring in eyes with pathologic myopia. (a) Fundus
photograph of /eft eye shows a large annular conus. Blood vessels suggesting the Zinn-Haller ring
are seen within the conus (arrowheads). (b) ICG angiographic finding at 1 min after the dye
injection showing a rhomboid-shaped Zinn-Haller ring surrounding the optic disc. Medial and
lateral short posterior ciliary arteries enter the Zinn-Haller ring at the points shown by arrows. (¢)
Schematic drawing of ICG angiographic finding. The Zinn-Haller arterial ring is drawn in red and
has a horizontally long rhomboid shape. The medial and lateral short posterior ciliary arteries enter
the Zinn-Haller ring at the most horizontally protruded point (arrows). Centripetal branches
running toward the optic nerve from Zinn-Haller ring are shown (Reproduced with permission
from reference number [18])
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the Zinn-Haller ring were observed in 20 eyes by ICG angiography and were
confirmed by OCT. In highly myopic eyes with large conus, the circle of Zinn-
Haller had a horizontally long rhomboid shape (Fig. 6.6), and the entry point of the
lateral and/or medial short posterior ciliary arteries was at the most distant point
from the optic disc margin.

Jonas [21] found that the arterial circle of Zinn-Haller was found to exist
peripheral to the outer margin of the scleral flange (show Fig. 6.4 of Jonas article)
in his histological study. Jonas [21] suggested that in addition to the thinning of the
peripapillary scleral flange, the increased distance between the peripapillary arterial
circle of Zinn-Haller and the optic disc border in highly myopic eyes may be an
additional factor for the increased glaucoma susceptibility in highly myopic eyes.

6.4 Others

Park and colleagues [22] reported an interesting case with ‘tight orbit syndrome’
due to a large globe due to progressive high axial myopia. Different from thyroid
ophthalmopathy, the proptosis was not prominent in their patient because the tight
eye lid made the eyeball to be stuck in the bony orbit. Large globe with tight lid may
cause the eyeball to be compressed with elevation of episcleral venous pressure
[23]. Tight orbit syndrome has been reported to be an unrecognized cause of open-
angle glaucoma [24]. In their patient, the orbital decompression may be effective in
relieving the compression pressure on the globe, decreasing the episcleral venous
pressure, and normalization of IOP. They concluded that the orbital decompression
may be the surgical choice in patients with tight orbit syndrome because of high
myopia who presents progressive intractable glaucoma.

At this point, it is not certain if VF defects in some highly myopic eyes are due to
‘tight orbit syndrome’. However, in the cases with very big globe, this syndrome
may also explain the mechanism of optic nerve damage in some patients.

6.5 Pattern of Visual Field Defects in Eyes with Pathologic
Myopia

Considering the above changes, two major factors are suggested as causes of
developing VF defects in pathologic myopia. One is a disrupted continuity of
retinal nerve fibers caused by acquired pit formation and a formation of inner
retinal defect along the peripapillary ICC. This kind of mechanical disruption of
retinal nerve fiber might be specific to highly myopic eyes. In this case, the VF
examination shows a scotoma which corresponds to the entire course of retinal
nerve fiber layer which disrupted at the pit or along the edge of ICC. This part is
considered to be specific to pathologic myopia.
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The second factor is an increased susceptibility of developing glaucoma, and this
factor makes the differential diagnosis between glaucoma and myopic optic neu-
ropathy a little complicated. As Jonas [6] reported, the lamina cribrosa as well as
peripapillary sclera is thinned in highly myopic eyes. When the perioptic SAS is
enlarged, the area of peripapillary sclera directly on the SAS is also enlarged.
However, the pit formation also disrupts the integrity of peripapillary sclera and
also causes a dissociation of lamina cribrosa from peripapillary sclera at their
junction. Thus, a pit formation also causes an increased susceptibility of developing
glaucoma in highly myopic eyes. Thus, simply mechanical disruption of retinal
nerve fibers and an increased susceptibility of developing glaucoma are mixed in a
complicated fashion in eyes with pathologic myopia.

6.6 Underlying Pathologies Related to the Optic Nerve
Damage

6.6.1 Staphyloma Type

In highly myopic patients who showed VF defects which are not explained by
myopic fundus lesions, we performed multiple regression analyses to determine the
correlations between the visual field score and 6 possible factors; age at the initial
examination, age at the last examination, axial length, initial IOP, mean IOP during
the follow-up, Mx/Mn ratio of the optic disc, and the presence of an abrupt change
of scleral curvature temporal to the optic disc [1]. The presence of an abrupt change
of scleral curvature temporal to the optic disc was defined as having type VII or type
IX staphyloma. The results showed that the presence of an abrupt change of scleral
curvature temporal to the optic disc was the only factor which correlated with a
progression of visual field defects in highly myopic patients. Conus pits in highly
myopic eyes almost always occur in eyes with type IX staphyloma [9], suggesting
that conus pits partly explain why eyes with type IX staphyloma have VF defects
significantly more frequently. Also, the retinal nerve fiber is bent and thinned at the
ridge of type IX staphyloma. The bending of retinal nerve fiber layer could impair
the axonal flow, and such bending and thinning of the retinal nerve fiber might be
one of the causes of VF defects.

6.6.2 Eye Deformity

We recently analyzed the shape of the human eye by using 3D MRI [25]. The ocular
shape viewed from the inferior was divided into four distinct types; nasally
distorted type, temporally distorted type, cylindric type, and barrel type. Statistical
comparisons between the eyes with different ocular shapes showed that the eyes
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with significant VF defects were found significantly more frequently in eyes with a
temporally distorted shape. When we identified the area where the optic nerve was
attached to the globe, the optic nerve was found to attach at the nasal edge of a
temporal protrusion. This showed the presence of a change of the ocular shape just
temporal to the optic disc. This corresponds to the stereoscopic fundus observation
that eyes with a ridge-like protrusion just temporal to the optic disc tend to have VF
defects significantly more frequently than eyes without the temporal ridge [1]. The
3D MRI results support our earlier observations, and all of the data suggest that an
asymmetric stretching of the eye around the optic disc and the retinal nerve fiber
layer might cause a deformation of lamina cribrosa that could then disturb
axonal flow.

6.6.3 Irregular Scleral Shape

We also analyzed the shape of sclera by using swept-source OCT [26]. The entire
thickness of the sclera was observed in highly myopic eyes by using swept-source
OCT. The curvatures of the inner scleral surface of highly myopic eyes could be
divided into curvatures that sloped toward the optic nerve, those that were sym-
metrical and centered on the fovea, those that were asymmetrical, and those that
were irregular. Patients with irregular curvature were significantly older and had
significantly longer axial lengths than those with other curvatures. Also, the
subfoveal scleral thickness was significantly thinner in eyes with irregular curvature
(average; 189.1 £60.9 pm) than the eyes with other curvatures. Myopic fundus
lesions as well as VF defects were present significantly more frequently in the eyes
with irregular curvature. By comparison between OCT images and 3D MRI images,
all of the eyes with temporally dislocated shape by 3D MRI had irregular curvature
by swept-source OCT.

Combining these studies, the eye shape shown as temporally dislocated type by
3D MRI, irregular curvature by swept-source OCT, and type IX by stereoscopic
fundus observation may be the same. Irregular stretching around the optic nerve
(especially temporal to the optic nerve) is a common feature and these suggest that
these eye shape might be a terminal eye deformity in highly myopic eyes and
irregular stretching temporal to the optic nerve might be a key contributing factor
causing myopic optic neuropathy.

6.7 Closing Remarks

Although it has not been fully clarified about why VF defects occur in highly
myopic eyes, the advance in OCT technologies showed that structural alterations on
and around the optic nerve might be a cause of VF defects in the patients with
pathologic myopia at least to some extent. These suggest that there is a condition
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which is different from glaucoma and should be called as ‘myopic optic neuropa-
thy’. Because of the high incidence of VF defects and the progression of the VF
defects, we suggest that high myopia be considered a high risk group of VF defects
and should be monitored carefully. Careful observation on and around the optic
nerve by using OCT as well as periodic VF examinations are considered helpful to
diagnose the presence of myopic optic neuropathy. Also, these alterations which
were found in eyes with pathologic myopia might also relate to glaucomatous optic
nerve damage seen in eyes with mild to moderate myopia. Based on these new
findings, new treatment modalities are expected to be established.
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Chapter 7
High Myopia and Myopic Glaucoma:
Anterior Segment Features

Takanori Kameda and Yasuo Kurimoto

Abstract High myopia is generally associated with an enlargement of the globe.
The mechanical stretch forces responsible for enlarging the eyes induce morpho-
logical changes in the sclera. Many pathological myopia studies have documented
fundus findings that include tigroid fundus, lacquer cracks, atrophy of the retinal
pigment epithelium and choroid, posterior staphyloma, choroidal neovascu-
larization, and the myopic configuration of the optic nerve head. In general, it is
thought that a few changes occur in the anterior segment of myopic eyes. In recent
years, however, new imaging technologies that are able to analyze the anterior
segment of the eye have been introduced. This chapter summarizes changes that do
occur in the anterior segment in high myopic eyes and discusses possible influential
factors on the assessment and management of glaucoma.

Keywords Anterior segment « Cornea * Ciliary body

7.1 Myopic Ocular Morphological Changes

In 1977, Wiesel and Raviola reported an experimental animal model of myopia that
was created by the lid fusion of monkey eyes. Lid fusion induces elongation of eyes,
which causes myopia. Eyes in this model are characterized by distension of the
postequatorial hemisphere and thinning of the posterior sclera [1]. However, these
eyes do not expand symmetrically. Moreover, in contrast to the observed axial
elongation and changes in the posterior sclera, no significant changes occur in the
anterior segment of the eye (Fig. 7.1). These changes are accompanied by a general
loss of collagen and proteoglycans in the sclera. Similar to that seen in animal
models of myopia, human myopic eyes also exhibit expansion of the posterior
sclera and the vitreous cavity. However, the scleral location where the ocular
expansion occurs varies between individuals. The classification of myopic eyes is
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Fig. 7.1 Experimental
myopia induced by
monocular lid fusion of
monkey eyes demonstrates
the distension of the
postequatorial hemisphere
of the eye [1]

10 mm

based on where the myopic changes actually occur and have been defined as axial
elongation (which includes both equatorial stretching and posterior pole elonga-
tion) and global expansion. Magnetic resonance imaging (MRI) has proven to be a
very useful tool when evaluating the shapes of the eye. Atchison et al. examined
88 participants and used MRI to measure the length, width, and height of both
emmetropic and myopic eyes [2]. Their findings showed that as myopia worsened,
the length increased more than the height, while the height increased more than the
width. Based on the height and length dimensions, they found that 25 % of the
myopic eyes fit the global expansion model, while 29 % fit the axial expansion
model. When based on width and length dimensions, 17 % of the myopic eyes fit
the global expansion model, while 39 % fit the axial elongation model. More
recently, Moriyama et al. used high resolution 3D MRI and volume rendering to
assess the ocular shapes of highly myopic eyes. Their findings demonstrated the
presence of characteristic ocular shapes in the posterior segment of the myopic eyes
[3]. Thus, the changes associated with myopia occur mostly behind the equator and
few gross changes, if any, occur in the anterior segment of myopic eyes.



7 High Myopia and Myopic Glaucoma: Anterior Segment Features 91
7.2 Myopic Changes in Cornea

Intraocular pressure (IOP) is the most important parameter used in determining
glaucoma development and progression. However, measured IOP values can be
influenced by various factors including central corneal thickness (CCT), corneal
rigidity, Valsalva’s maneuver, astigmatism, corneal curvature, and inappropriate
amount of fluorescein. Among the techniques used to estimate IOP, Goldmann
applanation tonometry (GAT) is the most commonly used device worldwide. GAT
estimates IOP by flattening the corneal apex to a given area and then assessing the
force needed. With this device, a flattened area with a diameter of 3.06 mm is
empirically chosen to offset the surface tension of the tear film and both the corneal
and ocular rigidity. GAT is designed to estimate IOP using the assumption that the
CCT is 500 pm. However, it is has been shown that the CCT actually varies among
individuals. The IOP will be overestimated in eyes having a thicker cornea, while it
will be underestimated in eyes with a thinner cornea [4-7]. Meanwhile, thinner
CCTs have been identified as a risk factor for both the development of primary
open-angle glaucoma (POAG) in eyes with ocular hypertension [8] and for the
observation of advanced glaucomatous damage at initial examinations
[9]. According to the Ocular Hypertension Treatment Study, subjects with a corneal
thickness of 555 pm or less had a threefold greater risk of developing POAG
compared with subjects who had a corneal thickness of more than 588 pm. It has
not been completely determined whether this increased risk of developing POAG is
due to underestimating actual IOP in eyes with a thinner cornea or whether thinner
corneas are a risk factor independent of IOP measurement. Furthermore, the corneal
mechanical properties, such as elasticity, are known to have a greater effect on the
tonometric IOP measurement errors than either the corneal curvature or thickness.

Several previous studies have examined the relationships between CCT and AL
or myopic refractive error. Al-Mezaine et al. demonstrated that the AL was not
correlated with the CCT in myopic eyes [10]. Fam et al. also found that there was no
correlation between the degree of myopia and CCT in Singaporean Chinese sub-
jects [11]. On the other hand, a significant correlation was found between CCT and
refraction in a normal Japanese population [12].

The Ocular Response Analyzer (ORA) is a non-contact tonometer that is used to
measure intraocular pressure and is the only instrument that can measure corneal
hysteresis (CH), which is one of the biomechanical properties of cornea and a
parameter of the viscoelastic properties of the cornea. The IOP will be
overestimated in eyes having a stiffer cornea. The ORA determines the CH during
the rapid motion of the cornea that occurs in response to a rapid air impulse. The air
impulse causes deformation of the cornea, which is monitored by an electro-optical
system. It has been previously reported that CH is lower in keratoconus, Fuchs’
dystrophy, post-laser in situ keratomileusis (LASIK), and glaucoma [13-15].

Shen et al. demonstrated that the CH was significantly lower in high myopic eyes
(spherical equivalent (SE) lower than —9.00 D) compared with subjects having a
SE between —3.00 and O [16]. Moreover, CH was positively correlated with
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refraction, while the refraction was negatively correlated with the IOP. Thus,
mechanical strength in the anterior segment is compromised in high myopia
[17]. Congdon et al. showed that the CH measured by the ORA was correlated
with the CCT and was an independent risk factor for worsening of the glaucomatous
visual field [14]. Therefore, the measurement of CH is important for high myopic
eyes with glaucoma. In order to assess glaucoma risk and its clinical course, it will
be important that detailed measurements of the physiological properties of the
cornea be performed in high myopia.

7.3 Myopic Changes in Anterior Chamber

The anterior chamber depth (ACD) has been reported to be deeper in myopic eyes
than emmetropic or hypertropic eyes [18, 19]. Use of anterior segment optical
coherence tomography (ASOCT) makes it possible to determine measurements of
novel parameters, including the anterior chamber width (ACW) and lens vault.
ACW is defined as the horizontal scleral spur-to-spur distance. Nongpiur et al. [20]
studied 1465 community-based subjects and 111 subjects with narrow angle in
Singapore. They found that ACW and ACD were significantly correlated with the
axial length (AL) and that shallow ACD and shorter AL were correlated with
narrow angles. Lens vault is another parameter measured from the ASOCT images.
Lens vault is defined as the perpendicular distance between the anterior pole of the
crystalline lens and the horizontal line joining the two scleral spurs. Tan
et al. showed that lens vault was negatively correlated with the axial length
[21]. They found that greater lens vault was associated with narrow angles.

Established risk factors for primary angle closure include shallow ACD, thick
and anteriorly displaced lens (increased lens vault), and short AL. In spite of these
risk factors, some eyes with high myopia have been shown to have angle closure. In
one retrospective study, 6 (1.9 %) out of 322 primary angle closure cases occurred
in myopic eyes [22]. Barkana et al. additionally examined 17,938 patients with
myopia of spherical equivalent (SE) of more than —6.0 diopters and reported
finding nine cases of primary pupillary block and three cases of plateau iris
configuration and syndrome [23].

7.4 Myopic Changes in Aqueous Humor Dynamics

The aqueous humor leaves the eye through two major pathways that include the
trabecular or conventional pathway (via the trabecular meshwork, Schlemm’s
canal, collector channels, and aqueous veins into the episcleral veins) and the
uveoscleral or unconventional pathway (via the iris root, uveal meshwork, anterior
surface of the ciliary muscle, connective tissue between muscle bundles,
suprachoroidal space, and finally through the sclera).
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The coefficient of outflow (C) is determined by measuring increases of intraoc-
ular pressure caused by indentation with a tonometer, though the increase of
intraocular pressure is influenced by ocular volume and rigidity. Tonographical
data demonstrated lower outflow facility in high myopic eyes. In high myopic eyes,
the increased ocular volume reduces the IOP elevation caused by the tonometer
indentation. Thus, the tonographic data in high myopic eyes should be calculated
with a correction for ocular rigidity. Only a limited number of studies demonstrated
tonographic data in high myopic eyes. Study by Honmura found a decrease in the
value of C in myopic eyes and a negative correlation between the value of C and the
AL [24]. In the same study, Honmura also found there was lower aqueous produc-
tion in the myopic eyes. Muto et al. compared hyperopic, emmetropic, and mild and
high myopic eyes and found there was a reduced value of C in the high myopic eyes
(—6.25 D to —20 D) [25].

7.5 Myopic Changes in Ciliary Body

The uveoscleral outflow pathway passes from the anterior chamber through the CB
to the sclera. Prostaglandin analogues induce the expression of metalloproteinases
and may reduce the extracellular matrix within the CB, iris root, and sclera, thereby
increasing the uveoscleral outflow. The prostaglandin analogues are also involved
in CB muscle relaxation, cell shape changes, and cytoskeletal alterations [26]. The
proposed site of action of these prostaglandin analogues demonstrates the impor-
tance of the CB in IOP control. However, only a limited number of studies
examining ciliary muscle morphology have been carried out in vivo due to its
position posterior to the iris.

Several reports have used ultrasound biomicroscopy (UBM) or ASOCT to show
that the ciliary muscle is thicker in myopic eyes [27-30]. Oliviera et al. reported
that CB thickness measured with UBM was negatively correlated with the refrac-
tive error and positively correlated with the AL [30]. Thus, they postulated that a
greater CB thickness might lead to a better response to the prostaglandin analogues.

7.6 Pigment Dispersion Syndrome

Pigment dispersion syndrome (PDS) is a disorder in which the pigment granules are
released from the iris pigment epithelium. The diagnostic triad of clinical features
consists of slit-like, mid-peripheral iris transillumination defects; diffuse and dense
pigmentation on the trabecular meshwork; and pigment granules on the corneal
endothelium (Krukenberg spindle). It is thought that pigmentary glaucoma is
triggered by a progressive loading of pigment in the trabecular meshwork. Camp-
bell observed a consistency between iris transillumination defects and the location
of the zonular bundles. Therefore, the author proposed that posterior bowing of the
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iris led to the contact and friction between the posterior pigmented iris epithelium
and the zonular bundles [31]. In PDS, posterior insertion of the iris root into the
ciliary body (CB) occurs. This anatomical variation predisposes the iridozonular
contact and zonular pigment dispersion [32].

While PDS is frequently associated with myopia, pigmentary glaucoma eyes are
more myopic than eyes with PDS. It has been reported that a higher degree of
myopia is a risk factor for an earlier onset of pigmentary glaucoma [33]. In addition,
posterior bowing of the iris can also occur in myopic eyes without PDS.

7.7 Recent Advances in Anterior Segment Visualization
with ASOCT

Development of high-frequency UBM has made it possible for direct visualization
of Schlemm’s canal in vivo. Irshad et al. performed an in vivo UBM study of
Schlemm’s canal and reported that the average diameter of Schlemm’s canal in
44 myopic eyes (122 45 um) was significantly smaller than that observed in six
hyperopic eyes (180 £69 um) [34]. They also reported that the location of the
Schlemm’s canal in black patients (659 £ 92 um) was posterior from the limbus as
compared to white patients (624 473 um), which indicates that there are potential
differences in the position of Schlemm’s canal depending upon the race of the
patient.

Although limitations of visualization remain, recent advances of ASOCT tech-
nology have made it possible to perform more increasingly precise visualizations of
the conventional outflow pathway [35-37]. Hong et al. used ASOCT and demon-
strated that the area of the Schlemm’s canal of POAG eyes was smaller than that
observed in normal eyes [38]. However, the specific structural characteristics of
eyes with high myopia, with or without glaucoma, have yet to be elucidated. As this
new technology continues to develop, we will be able to collect further knowledge
of these various structures that may ultimately deepen our understanding of the
pathophysiology of myopic glaucoma.
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Chapter 8
Ocular Blood Flow in Myopic Glaucoma

Yu Yokoyama and Toru Nakazawa

Abstract Among various risk factors for the pathogenesis of glaucoma, intraocular
pressure has been identified as playing a causative role in the process of axonal
degeneration, and at present, it remains the only risk factor considered in glaucoma
treatment. However, epidemiology studies have also shown that myopia is a risk
factor for glaucoma, especially for normal tension glaucoma. Myopia is more
common in Asia than in Western countries, and normal tension glaucoma is the
most common type of open angle glaucoma in Asia. Normal tension glaucoma
often causes central visual field loss, which can directly influence quality of life in
patients.

In myopia, the axial length of the eye becomes elongated, which induces
structural changes that are characteristic of myopia. These changes, which are
particularly evident in patients with high myopia, include progressive temporal
tilting of the optic nerve head and deformation of the lamina cribrosa. The resulting
mechanical stress on the axons of the retinal ganglion cells leads to compromised
ocular blood flow and ocular ischemia. Research on ocular circulation has produced
a large body of evidence that decreased ocular blood flow in myopic eyes is
associated with glaucoma.

Keywords Glaucoma * Myopia ¢ Blood flow

8.1 Introduction

Data from population-based studies shows that the number of glaucoma patients
over 40 years old has exceeded 60 million worldwide and will reach 80 million by
2020. Glaucoma is now the second leading cause of blindness, disproportionately
affecting women and Asians [1]. Currently, the only standard treatment to prevent
progression of the most common form of the disease, primary open angle glaucoma
(POAG), is maintenance of low intraocular pressure (IOP) with the use of medica-
tion. However, although IOP is generally recognized as a major risk factor for
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glaucoma [2], it is well known that the progression of glaucoma is related to
multiple factors. Furthermore, previous investigations have revealed that reducing
IOP does not halt glaucoma progression in all patients, including those with normal
IOP [3, 4]. This has prompted investigation into factors independent of IOP that
may be involved in the pathogenesis of glaucoma. These risk factors have been
identified as myopia, family history, migraine, decreased perfusion pressure, race,
and age [5-9]. In this chapter, the relationship between various morphological
aspects of myopic change and the accompanying changes in ocular circulation
and glaucoma are described with reference to current research.

8.2 Myopia as a Risk Factor for Glaucoma

A number of studies have investigated the role of myopia in the pathogenesis of
glaucoma. The Blue Mountain Eye Study, a population study, identified a relation-
ship between glaucoma and low myopia (between —1.0 and —3.0 diopters), finding
that the odds ratio (OR) was 2.3 after adjusting for known glaucoma risk factors
[7]. That study also found that eyes with moderate to high myopia had a higher risk
(OR: 3.3).

Another population study, the Beijing Eye Study found that the prevalence of
glaucoma did not vary significantly between a highly myopic group and a group
with marked myopia. In both groups, however, glaucoma was more frequent (OR:
7.56) than in an emmetropic group [8]. In addition, they reported that there was a
correlation between retinal nerve fiber layer thickness (RNFLT) and refractive
error. An increase in myopia of one diopter correlated with a decrease in 1 pm of
average RNFLT [10].

The role of myopia in the pathogenesis of glaucoma is not yet completely
understood. However, eyes with myopia have a longer axial length than eyes with
emmetropia, and structural changes in the eye caused by this elongation are
regarded as an important element in the pathogenesis of myopia-associated glau-
coma (Fig. 8.1) [11]. As myopia increases in severity, it is associated with progres-
sive increases in cup to disc ratio, retinal nerve fiber layer loss, deformation of the
lamina cribrosa, and susceptibility to glaucomatous damage [12].

8.3 Systemic Blood Flow and Glaucoma

Newman-Casey et al. reported that hypertension (hazard ratio, HR: 1.17) and
diabetes (HR: 1.35) were risk factors for OAG in a large cohort epidemiological
study that ran from 2001 to 2007 [13]. Their findings have since been reinforced
[14—17], although the identification of conditions associated with metabolic syn-
drome, such as hypertension and diabetes, as risk factors for glaucoma remains
controversial [18-20]. Additionally, low systemic blood pressure has been reported
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Fig. 8.1 Morphological
changes in the optic nerve
head with progression of
myopia. (a) Fundus
photograph of a myopic eye
in a 14-year-old male
patient. (b) Fundus
photograph of the same eye
when the patient was

19 years old. The
enlargement of the area of
crescent peripapillary
atrophy (white arrow),
straightening of the vessels,
and distinctly visible
choroidal vessels (tigroid
fundus) are evident. The
origin of the retinal artery is
obscured by the rim because
of the steeply tilted disc
(black arrow)

to be a major risk factor for glaucoma [4, 19, 17]. Individuals who experience
nightly dips in systemic blood pressure and fluctuation in systemic blood pressure
are thought to be particularly vulnerable [21-23]. These irregularities in blood
pressure can result in low ocular perfusion pressure and insufficient ocular blood
supply [24, 25].

8.4 Ocular Blood Supply

The ophthalmic artery is the major vascular vessel providing blood to the inner
retina and optic nerve. The central retinal artery, which branches off the ophthalmic
artery and enters the optic nerve approximately 12 mm posterior to the globe,
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supplies blood to the retinal ganglion cell bodies in the inner retina and nerve fibers.
The central retinal artery also provides partial perfusion to the superficial optic disc.
The pre-laminar region and lamina cribrosa are mainly supplied from branches of
the posterior ciliary arteries (PCA), branching off from the ophthalmic artery and
also from other vessels originating from the arterial circle of Zinn-Haller (ZHAC).
In addition, fine centripetal branches from the peripapillary choroid provide blood
to the pre-laminar region [26-28]. The blood supply in this region is sectorial in
nature, similar to distribution of the PCA circulation. These branches from the PCA
pierce the sclero-optic junction and enter the lamina cribrosa through the border
tissue of Elschnig at the choroid [29]. It is generally assumed that microvessels
throughout the optic nerve have characteristics of the blood-brain barrier (BBB),
since tracers such as peroxidase do not pass out of the optic nerve capillaries
[30]. However, a study of immunohistochemistry using non-BBB markers showed
that microvessels in the pre-laminar region of the optic nerve head (ONH) lack
typical BBB characteristics and display nonspecific permeability [31], possibly
mediated by vesicular transport.

8.4.1 Devices to Measure Ocular Circulation

The identification of a relationship between ocular blood flow and the pathogenesis
of glaucoma has inspired much recent research. Accurate methods to measure
ocular blood flow are critical to these investigations, and various quantitative and
qualitative techniques have been introduced to achieve the necessary accuracy
[32, 33]. These include fluorescein angiography, laser or ultrasound Doppler
shift, and devices based on the laser speckle phenomenon. These techniques each
have characteristic advantages in measuring glaucoma-related tissues, such as the
retinal vessels, optic nerve, short PCA, the ZHAC, ocular artery, and choroid, and
their complementary use allows an overall understanding of ocular blood flow.
Here, we provide an outline of the major techniques currently used in ophthalmo-
logical research to measure ocular blood flow.

8.4.1.1 Angiography

Fluorescein angiography allows for the visualization of morphological structures
passing a fluorescent dye through them. The mean circulation time is used as a
measure of blood velocity. However, the relationship between retinal blood flow
and transit time in fluorescein angiography is weak [34]. Angiography can be used
to evaluate the perfusion of microvascular beds and to identify the failure of vessels,
which is indicated by hyperfluorescence, defects in fluorescence, and leakage
[35]. A scanning laser ophthalmoscope can also be used to quantify macular
blood flow velocity by tracking hyperfluorescent and hypofluorescent dots as they
pass through the perifoveal capillaries [36]. This approach, does, however, require
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excellent image quality, because otherwise these hyperfluorescent and
hypofluorescent dots cannot be identified unequivocally in consecutive images
[32]. Angiography with indocyanin green (ICG) has a peak spectral absorption at
about 800 nm and is often used to assess choroidal vessels and circulation. The
major advantages of ICG-based methods for the assessment of choroidal blood flow
are superior penetration of near infrared light into pigmented ocular structures and
improved binding to plasma proteins, which prevents marked leakage from vessels
to the surrounding tissue [33].

8.4.1.2 Laser Doppler Velocimetry

Laser Doppler velocimetry (LDV) is used to determine the velocity of blood cells in
the larger retinal vessels [37]. This technique uses the optical Doppler shift of light,
which is directly proportional to the velocity of blood cells. LDV combined with
measurements of vessel diameter at the same site enables the determination of
volumetric flow rate in the major retinal vessels. However, LDV cannot be used to
measure ONH blood flow [33].

8.4.1.3 Color Doppler Imaging

Color Doppler imaging (CDI) is used to assess blood velocity, especially in the
retrobulbar vessels, including the ophthalmic artery, central retinal artery, and short
posterior ciliary arteries. CDI facilitates the determination of blood flow velocity by
color-coding the Doppler frequency shift of ultrasonic waves and super imposing
the resulting color map on a B-scan image [38]. The measurement parameters of
CDI are peak systolic velocity (PSV), end diastolic velocity (EDV), and mean
velocity. The resistive index (RI) can also be calculated with the following formula:
RI=(PSV — EDV)/PSV. However, the usefulness of the RI as an indicator of
vessel resistance in the central retinal artery remains controversial [39]. CDI pro-
duces highly reproducible measurements of blood velocity in the ophthalmic artery,
but in narrower vessels, such as the short PCA, measurement values tend to
fluctuate [40].

8.4.1.4 Laser Doppler Flowmetry

Laser Doppler flowmetry (LDF) is based on the scattering effect of light in tissue
and can measure both relative blood velocity and blood flow. This technique uses a
laser beam to illuminate a small volume of tissue that does contain any large visible
vessels. Some of the light scattered by the tissue and moving red blood cells is then
detected by a photo detector [41], and based on the scattering effect, relative



102 Y. Yokoyama and T. Nakazawa

measurements of the mean velocity of the erythrocytes and the volume of blood can
be obtained. A relative value for blood flow can then be determined by calculating
the product of the velocity and volume measurements. However, the tissues which
have influence on the light scattering vary considerably between individuals.
Therefore, when comparing interindividually, this character of LDF should be
taken into account.

8.4.1.5 Laser Speckle Flowgraphy

Laser speckle flowgraphy (LSFG) uses the laser speckle phenomenon. This phe-
nomenon occurs when surfaces are illuminated by coherent laser light. When the
ocular fundus is illuminated by laser light, the scattering of the light by the tissue
gives rise to a speckle pattern. Changes in the velocity of blood flow cause blurring
of the speckle pattern, and this blurring can be quantified by specialized software.
The main measurement parameter of LSFG is mean blur rate, an arbitrary unit
calculated from the light intensity of the speckle pattern on a point-by-point basis.

8.4.1.6 Pulsatile Ocular Blood Flow

Pneumotonometric methods are used to estimate pulsatile ocular blood flow
(POBF) on the basis of changes in measurement of IOP during the cardiac cycle
[42]. This provides a non-invasive, continuous measurement of IOP, which, when
compared to the rate of change of IOP, can be used to estimate the pulsatile
component of ocular blood flow [43]. POBF analysis includes the determination
of fundus pulsation amplitude and pulse amplitude. The main limitation of this
technique arises from the lack of information it provides on the non-pulsatile
component of ocular blood flow [32].

8.5 Ocular Circulation as a Risk Factor for Glaucoma

Population-based studies have revealed that low blood pressure and low ocular
perfusion pressure (OPP) increase the prevalence of glaucoma. Adequate irrigation
of ocular tissues can only be ensured by adequate OPP, which depends on a
complex regulation process to balance BP and IOP. The vascular hypothesis of
glaucoma pathogenesis is thus based on the premise that abnormal perfusion, with
the subsequent deterioration in ONH circulation, plays a major role in the patho-
physiology of damage in glaucoma. Many studies performed with a variety of
techniques have found that glaucoma is associated with altered ocular blood flow,
particularly ocular blood flow in the posterior pole of the eye [44—48]. In eyes with
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glaucomatous visual field deterioration, retrobulbar blood velocity decreases sig-
nificantly, and the resistance of the vessels increases significantly [45-49]. In severe
glaucoma, deterioration of ocular circulation also increases with the progression of
glaucoma and visual field loss [50]. In glaucoma patients with asymmetric visual
field loss, the more affected eye also has lower blood velocity in the central retinal
artery than the less affected eye [51]. CDI data shows that retrobulbar blood
velocity in eyes with glaucoma is significantly correlated with mean blood pressure
[52]. In comparison, healthy eyes show a lower, although still significant, correla-
tion. This implies that the vascular autoregulation system in ocular arteries, which
acts in response to changes in perfusion pressure [53], is compromised in eyes with
glaucoma. LSFG studies of pre-laminar tissue in the ONH of eyes with glaucoma
have shown that blood flow in this area is significantly lower than normal and that it
correlates to the severity of glaucoma. This is consistent with histological studies,
indicating that dropout of the capillaries within the pre-laminar and laminar lesions
in the ONH may be occurring.

8.6 Ocular Circulation Studies in Myopia

In myopic eyes, elongation of the axial length leads to stretching of the sclera, and
the optic disc becoming elliptical and tilted temporally, changes which are associ-
ated with enlarged crescent PPA [54]. Temporal crescent PPA is a common
consequence of scleral stretching [55]. Furthermore, there is evidence that myopia
leads to the deterioration of ocular circulation. With myopic change, the diameter of
the retinal arteries becomes smaller and retinal blood flow in the retinal arteries
decreases [56-58]. Retrobulbar blood flow and choroidal circulation also decrease
in severe myopia [58, 59].

This leads to the question of whether there is an association between glaucoma
and myopic changes in ocular circulation. Nicolela’s classification system of ONH
morphology categorizes elliptical ONHs with temporal crescent PPA as the “myo-
pic glaucomatous type” [60, 61]. Myopic eyes with glaucoma tend to significantly
younger at the time of diagnosis, with the central vision frequently threatened by
glaucomatous scotoma. There are also a higher number of patients of Asian origin.
Moreover, in the four glaucomatous optic disc types, retrobulbar circulation in the
myopic glaucomatous type shows lower PSV, determined by CDI, in the ophthal-
mic artery than the focal ischemic type [62]. In the LSFG, tissue circulation in the
optic nerve area in myopic glaucoma has also been reported to decrease, in
correlation with visual field defects [63]. Figure 8.2 shows the difference in blood
circulation between a glaucomatous ONH with myopic deformation and one with
focal rim notch. Changes in ocular circulation in myopic eyes thus appear to be one
of the mechanisms of glaucoma pathogenesis.
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Fig. 8.2 (a) Blood flow in optic nerve head of a patient with asymmetric refractive error (color-
coded map, laser speckle flowgraphy: LSFG). (b) Fundus photograph of right eye with normal
refractive error (0.15 diopters). (¢) Color-coded LSFG map of right eye. Warmer colors indicate
higher mean blur rate (MBR: arbitrary unit used by LSFG). (d) Fundus photograph of left eye with
high refractive error (—3.38 diopters). (e) Color-coded LSFG map of left eye. The proportion of
warm colors in the optic nerve head is lower than in the right eye (b)

8.6.1 Retinal Circulation in Myopic Eyes

Quigley and Cohen showed that perfusion pressure in the retinal artery becomes
attenuated with elongation of the axial length, a finding that arose from the
observation that the frequency of diabetic retinopathy is lower in myopic eyes
than emmetropic eyes [64]. The attenuation of perfusion pressure in arteriole
segments is measured by the pressure attenuation index (PAI), which is propor-
tional to the length and inversely proportional to the diameter of the segment. There
is a positive correlation between PAI and axial length. The protective effect of
myopia against diabetic retinopathy thus seems to arise from axial elongation
causing pressure attenuation in the retinal artery. However, decreased perfusion
pressure in the retinal arteries may also eventually lead to glaucomatous damage,
because the retinal artery feeds the inner retina, including the ganglion cells and
their axons [65, 66]. In addition, as myopia progresses, the diameter of the retinal
arteries becomes smaller [57]. Measurement of retinal arterial velocity and the
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diameter of major superotemporal or inferotemporal arteries indicate that retinal
blood flow decreases in high myopia, mainly due to the narrowing of the retinal
vessel diameter [56]. This structural change in myopia may have a negative effect
on retinal irrigation.

8.6.2 Hemodynamics of the Choroid in Myopia

Choroidal circulation, especially in the peripapillary area, is important to the study
of POAG because the blood supply of the pre-laminar section of the ONH depends
on the peripapillary choroid [67]. The elongated axial length of highly myopic eyes
causes stretching of the sclera between the disc and the posterior pole, often leading
to thinning of the peripapillary choroid. Although it is difficult to directly measure
choroidal circulation, choroidal thinning is thought to indicate reduced choroidal
circulation [68]. Disturbances in choroidal circulation and stretching of the sclera in
highly myopic eyes are also thought to be associated with enlarged areas of
peripapillary atrophy [69]. The vascular/hemodynamic theory may also help in
understanding choroidal hemodynamics in myopia, as it describes glaucomatous
optic neuropathy as an ischemic injury resulting in reduced ocular blood flow at the
level of the lamina cribrosa [70].

A number of studies have investigated the association between choroidal hemo-
dynamics and the pathogenesis of glaucoma. Histologic studies have found only an
inconsistent association between glaucoma and choroidal thickness [71]. In vivo
studies of choroidal thickness with optical coherence tomography (OCT) have also
had conflicting results. Hirooka et al. reported that peripapillary choroidal thickness
was associated with glaucoma, and Usui et al. reported that highly myopic eyes
with normal tension glaucoma had greater thinning of the choroid than controls
matched for age, spherical equivalent refractive error, and axial length [72]. In
contrast, Mwanza et al. reported that there was no association between glaucoma
and choroidal thickness, in a study that used enhanced-depth imaging techniques
and spectral domain OCT [73]. These conflicting results may be due to differences
between the studies in measurement location, the distribution of subjects, and the
incidence in the subjects of different types of glaucoma, especially myopic glau-
coma. In addition, despite the considerable improvements in ocular posterior
segment imaging offered by OCT, in vivo assessment of the choroid remains
difficult. Data in support of the association between choroidal blood flow and
glaucoma is also available from an eye bank histological study showing that eyes
with advanced glaucoma have lower capillary density in the choriocapillaris of the
macula, temporal peripapillary, and equatorial choroid than control eyes [74]. This
may reflect the fact that the pre-laminar region of the ONH is fed by the
peripapillary choroid [26-28].
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8.6.3 Circulation in the Posterior Ciliary Arteries
and the Arterial Circle of Zinn-Haller in Myopic Eyes

The PCAs are the main vessels supplying the ONH and are particularly important
sources of circulation supplying the pre-laminar tissue and lamina cribrosa. The
status of the PCAs is thus an important indicator of blood flow in glaucoma. CDI
data shows that blood velocity in the PCAs is decreased in highly myopic eyes
[58]. The occlusion of the para-optic branches of the short PCAs could induce time-
dependent deterioration in the area of anoxic segmental degeneration. Thus, the
circulation of PCAs is important for understanding the pathogenesis of
glaucoma [75].

The peripapillary ZHAC which is fed by the PCAs branches into the intra-
laminar region of the ONH and is the major arterial contributor to the vascular
system in the lamina cribrosa [28, 76]. In high myopia, the ZHAC is located within
the myopic crescent, with the vessels appearing as a hyporeflective circle within the
peripapillary sclera. The ZHAC usually has a rhomboid configuration [77].

In a histomorphometric study, the distance of the ZHAC from the peripapillary
ring (located at the optic disc border) was found to increase significantly with axial
elongation and other related parameters [78, 79]. The distance of the ZHAC from
the lamina cribrosa, for which it is the main source of arterial blood, would thus also
increase. Although the relationship of alterations to the ZHAC caused by axial
elongation and glaucoma is thus not yet fully understood, it is possible that these
changes affect the blood supply to the ONH and could serve as an indicator of the
onset of glaucoma.

8.7 Impact of Ischemia on Retinal Ganglion Cells

The results of many studies show that ischemia has multiple detrimental effects on
the retinal ganglion cells (RGCs) and their axons [80-82]. Mechanisms implicated
in RGC death include hypoxia-induced reactive oxygen species (ROS) [83],
excitotoxicity, nitric oxide (NO) [84, 85], and the inflammation reaction
[86]. There is strong evidence that chronic retinal ischemia also results in a variety
of harmful intra-retinal events.

Ischemia and reperfusion induce ROS generation in three phases: in the first
phase, mitochondria generate ROS; in the second phase, xanthine oxidase is
activated; and in the third phase, Ca2+- dependent ROS generation begins
[87]. Investigations of ischemia in RGCs have included ROS generation and
cytotoxicity [83] and NO [88]. NO, synthesized by nitric oxide synthase (NOS),
has been shown to have neuroprotective and neurotoxic roles [89], and some
experiments have shown that NO production contributes to cytotoxicity resulting
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in cell death [84, 85]. Excitatory amino acids have been also reported to play an
important role in the development of hypoxic-ischemic retinal injury [90, 91]. Glu-
tamate excitotoxicity may also facilitate primary and/or secondary degeneration of
the RGCs in glaucoma [92, 93].

Ischemia causes increased permeability of the blood-retinal barrier due to
vascular endothelial growth factor, NO, free radicals, and aquaporin-4 protein
expression resulting in serum leakage into retinal tissue [94]. The compression
induced by tissue edema is thought to occur secondarily and to also be a cause of
RGC degeneration [95].

8.8 Conclusion

Glaucoma is a multifactorial disease with a pathogenesis that remains unclear.
However, myopia is known to be a major risk factor for glaucoma, and an
understanding of myopia’s role in glaucoma is important. A number of studies
have reported that there is an association between ocular circulation deterioration
and myopic morphological change. Elucidation of the effect of myopia on ocular
circulation might lead to improved knowledge of the pathogenesis of myopic
glaucoma (Fig. 8.3, the summary of this chapter).

q . *Elongation of axial length
Myopic morphOIOglcal *Stretch of sclera and choroid

Change *Tilted disc to the temporal
Deformation of lamina cribrosa
*Decrease of choroidal thickness
Change of the vessels ~ “Narrowing vessels
g (retinal arteries, choroid capillary and retrobulbar vessels)

*Dislocation of vessels

Deterioration of the ) -Decrease of retrobulbar blood flow
Decrease of retinal perfusion

Decrease of ONH circulation

ocular circulations

4

Ganglion cell death

*Ischemic damage
*Ischemia-induced ROS, NO and excitotoxicity

Fig. 8.3 Summary of this chapter: Ocular blood flow in myopic glaucoma
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