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SUMMARY

Ocular dimensions are widely recognised as key variants of refractive error. Previously,
accurate depiction of eye shape in vivo was largely restricted by limitations in the imaging
techniques available. This thesis describes unique applications of the recently introduced 3-
dimensional magnetic resonance imaging (MRI) approach to evaluate human eye shape in a
group of young adult subjects (n=76) with a range of ametropia (MSE= -19.76 to +4.38D).
Specific MRI derived parameters of ocular shape are then correlated with measures of visual
function.

Key findings include the significant homogeneity of ocular volume in the anterior eye for a
range of refractive errors, whilst significant volume changes occur in the posterior eye as a
function of ametropia. Anterior vs. posterior eye differences have also been shown through
evaluations of equivalent spherical radius; the posterior 25% cap of the eye was shown to be
relatively steeper in myopes compared to emmetropes. Further analyses showed differences
in retinal quadrant profiles; assessments of the maximum distance from the retinal surface to
the presumed visual axes showed exaggerated growth of the temporal quadrant in myopic
eyes. Comparisons of retinal contour values derived from transformation of peripheral
refraction data were made with MRI; flatter retinal curvature values were noted when using
the MRI technique.

A distinctive feature of this work is the evaluation of the relationship between ocular
structure and visual function. Multiple aspects of visual function were evaluated through
several vehicles: multifocal electroretinogram testing, visual field sensitivity testing, and the
use of psychophysical methods to determine ganglion cell density.

The results show that many quadrantic structural and functional variations exist. In general,
the data could not demonstrate a significant correlation between visual function and
associated measures of ocular conformation either within or between myopic and
emmetropic groups.

Key words: Ocular shape, Peripheral refraction, Visual fields, Multifocal
Electroretinography, Ganglion cell density
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1 INTRODUCTION

Myopia is a refractive, and in some cases, pathological condition of the eye. Its prevalence
IS widespread; in America an estimated 33.1% of the population have myopic refractive
errors (Vitale et al.2008) and in the Far East the figures are much greater with approximately
70% of Chinese adults affected (Edwards & Lam 2004). The worldwide prevalence of
myopia, the rapid increase in incidence over the past three decades (Bar et al. 2005; Vitale et
al. 2009), and its association with potential ocular morbidity and reduced quality of life, has
rightfully justified myopia as a key research topic in vision science, optometry, and
ophthalmology. In recent years myopia research has focused on identifying causes of
myopic development; subsequently specific types of ocular shape have been recognised as
possible precipitants of myopic development.

Higher levels of myopia are closely associated with a larger eye size. The expansion of the
eye can lead to adverse effects on the retinal tissue through tissue stretch and thinning. These

events may lead to reduced visual function, and less frequently, ocular morbidity.

Previously, imaging the eye has been limited to 2-dimensional approaches. The introduction
of 3-dimensional (3D) MR imaging permits a more accurate depiction of eye shape. The 3D
MRI provides a unique insight into previously inaccessible ocular areas, analysis of which
can be used to construct more comprehensive models of eye shape in myopia. Use of these
models can help further explain the processes by which ocular shape may cause or be

affected by myopic development.

The generation of myopic models, developed through ocular imaging, can also assist in
exploring theories of myopic ocular stretch and reduced visual function (Chen et al. 2006a;
Chui et al. 2005). Light sensitivity investigated through visual field testing has shown that
myopia as little as 2 dioptres (D) is capable of producing a significant reduction in sensitivity
compared with emmetropic (control) subjects (Martin-Boglind, 1991). Furthermore, reduced
responses in electrophysiological testing, more specifically mfERG have been noted in

myopic subjects (Chen et al. 2006a).

Although a strong association between reduced visual function and the presence of myopia
exists, the actual aspect of myopia causing the reduction remains equivocal. One possible
cause, and of particular interest to this study, is the theory that myopic ocular expansion

causes retinal stretch which leads to either retinal cell damage or reduced cell density and
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subsequently a reduction in visual sensitivity. It has been predicted that approximately 15D
of refractive error leads to twice the spacing between retinal neurons compared to that found
in an emmetrope (Chui et al. 2005).

In this study the functional responses from different retinal layers are evaluated through
measurements obtained from various investigative techniques. Findings are then compared
with specific indices of ocular shape obtained through 3-dimensional MR imaging. One of
the principal aims of the present study is to correlate localised areas of retinal shape with
tests of visual functionality in myopic and emmetropic subjects. It is envisaged that this type
of investigation will help determine whether retinal shape affects the visual function of the

eye.

This thesis is comprised of two main sections; the first part describes investigations of
ocular shape through use of 3-dimensional MRI, peripheral refraction, and further biometric
measurements taken through use of commercially available instruments such as the Zeiss
IOL Master and Oculus Pentacam. The second part of the thesis focuses on aspects of visual
function determined by visual field tests, multifocal electroretinograms, and ganglion cell
density. The tests of visual function are then correlated with specific indices of ocular shape

as derived through MR imaging.

The thesis concludes by outlining the principal findings and discusses their relevance to
clinical practice. Scope for further research is provided with explanations of how the current

data set could be expanded to investigate further parameters of ocular structure and function.
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2 OCULAR SHAPE IN MYOPIA

Myopia is well established as a refractive and structural defect of the eye. An excessively
long vitreous chamber depth relative to the corneal and lenticular refracting properties
renders the eye myopic. Expansion of the eye in myopia is not, however, limited to the axial
meridian; both the width and height of the eye have been reported to increase in size
(Atchison et al. 2005). Accurate representation of eye shape is the centrepiece to
understanding myopia, as shape can provide clues to the course of ocular expansion taken by
the myopic eye, the possible effects on visual function, and facilitate the development of

therapies against myopia.

2.1 Factors influencing eye growth

The eye is a unique organ; both its physical and sensory development is dependent on visual
experience, albeit to differing amounts. In a similar way to many bodily organs, the eye has
reportedly shown a subtle form of homeostatic control with regards to ametropic
development, (Wallman & Winawer, 2004). The control, however, is defective because in

many cases ametropia still develops.

Animal studies in general have shown that in the developing eyes of neonate animals,
myopic defocus produced by the introduction of positive power spectacle lenses can inhibit
the natural elongation of the eye, or promote excessive elongation with negative lenses (i.e.
hyperopic defocus). Positive lenses have been found to elicit a much more powerful
response than negative lenses. The choroid is known to thicken transiently with the
introduction of positive lenses and choroidal thinning occurs with negative lenses (Wallman
&Winawer, 2004; Zhu et al. 2005). The exact mechanisms by which the eye recognises the
defocus is unknown, although it appears that a trial and error method is unlikely (Zhu et al.
2005). A parallel can be drawn with form deprivation studies in animals, where depriving
the eye of visual experience, fully or partially, can cause the globe to expand. Similar
findings have also been reported in human subjects in whom congenital defects such as
ptosis or corneal defects have created a barrier to visual input (Twomey et al. 1990; O’Leary
& Millodot, 1970). There is no definitive answer to the question of why form deprivation
causes such excessive growth. One idea used to explain growth during form deprivation is
that the fovea recognises there is no visible image anterior to it and so the only other possible

location is posterior; and thus in an attempt to achieve a focused image the eye elongates. In
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effect the eye is ‘searching’ for the image’ (Wallman & Winawer, 2004). Alongside the
reported increase in ametropia with form deprivation, runs the theory that a peripheral
refractive error which is more hyperopic than the central refraction, may precipitate axial
growth (see 3.1).

The fact that visual experience could influence development of ametropia is significant to
development of therapies in myopia prevention. The refractive status of the peripheral and
central visual fields could be manipulated by the use of optical corrections such as custom
made contact lenses; minimising the relative peripheral hyperopia. The prospect of
pharmacological therapies to prevent myopia has also been studied in depth (Bartlett et al.
2003; Gilmartin, 2004; McBrien et al. 2008; Siatkowski et al. 2004).

2.2 Ocular biometric studies

In addition to the differences in global eye shape and size, characteristics of internal ocular
refractive components have been associated with myopia. One of the most influential ocular
biometric studies was that of Stenstrom (1948), he concluded that axial length was the
principal cause of all refractive error. Many others went on to reanalyse Stenstrém’s classic
data set and of particular significance is Van Alphen’s analysis (1961). Van Alphen
concluded that the myopic eye had a longer axial length and could also be associated with
increased corneal curvature and a flatter crystalline lens. Sorshy, (Benjamin et al. 1957;
Sorsby & Leary 1969) disputed these reports, arguing that only myopic error greater than
4D could be solely attributable to excessive axial elongation. Sorsby believed that myopia

less than 4D could be due to any individual refracting component.

Axial length measurements can be made through numerous methods; currently one of the
most popular techniques is the non invasive partial coherence interferometry (PCI) method
employed by the Zeiss IOL Master (see 7.3).

2.3 Axial length in myopia

There is a plethora of research suggesting increased longitudinal axial length is the main
structural correlate of myopia (see Figure 1). The ocular region which contributes most to
the increase in axial length is the vitreous chamber (Garner et al. 2006; Goss et al. 1997;
McBrien & Millodot 1987). Excessively long axial length appears to be the main structural

correlate for both early and late onset myopia (Jiang & Woessner, 1996; McBrien & Adams
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1997; McBrien & Millodot 1987). However, it has been shown that lower levels of myopia
exist with a range of axial lengths, many of which may fall within ‘normal’ limits for that of
an emmetrope. Myopia in these cases may not be purely axial in nature but instead there is a

mismatch of principal refracting components: the cornea, crystalline lens, and axial length.

N
©

€
S
E
<
=)
c
@
E 10
>< 1J
< 17
-15 -10 -5 0 5 10 15
y =-0.3434x + 23.617
MSE in (D) R2=0.7932

Figure 1 Demonstrates the strong correlation between a longer axial length and myopia (axial
length measured using the Zeiss IOL Master and Mean Spherical Error (MSE) with the Shin
Nippon SRW 5000 autorefractor, n=71, p=<0.01, r =-0.891). Data from subject dataset

2.3.1 Axial length variables

Genetics

High myopia is generally thought to be hereditary (Farbrother et al. 2004; Wojciechowski et
al. 2005). There is evidence for a link between parent and child eye size, more specifically
axial length, predisposing the child to myopia (Liang et al. 2004; Zadnik et al. 1994). In
children (aged seven years) of a Chinese ethnicity, the prevalence of myopia, is estimated to
be three times greater in children who have one myopic parent compared to children who
have two non-myopic parents. If both parents are myopic the prevalence is approximately
six times greater than children with two non-myopic parents (Yap et al. 1993). Twins have
also shown a hereditary link for specific biometric components such as axial length (Dirani
et al. 2006).

Pruett (1988) discussed the possibility of an inherited biomechanical weakness of the sclera;
specifically, a weakened sclera when exposed to elevated levels of intraocular pressure,

which may be associated with accommodation and convergence. A weakened sclera may be
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vulnerable to ocular expansion, (Pruett, 1988). With the identification of genes that cause
myopia, the mechanisms causing growth may be identified and effective treatment options
developed, (Young et al. 2007).

Gender

Gender differences in axial length have been observed in both children and adults. A large
scale study on Australian school children found boys to have longer axial length than girls
by approximately 2.45% (Ojaimi et al. 2005); similar results have been noted in young adults
where average female axial length was approximately 1.97% shorter than males (Logan et al.
2005).

Accommodation

Axial length is thought to increase when accommodation is active, conflicting evidence
exists as to whether this increase in axial length is more prominent in myopic or emmetropic
subjects (Mallen et al. 2006; O' Donoghue et al. 2005). For near objects convergence is
closely associated with accommodation. The isolation of convergence, with little active

accommodation, has also shown increases in axial length (Bayramlar et al. 1999).

Diurnal variations

There have been reports of diurnal variations in the axial lengths of both humans and
animals (Liu & Farid 1998; Stone & Flitcroft 2004). These fluctuations are thought to be
small, between 15-40um, and present on an irregular basis. In some subjects the diurnal
fluctuations may not occur at all.  Diurnal variations in axial length may occur due to

disruptions in normal light levels or as part of a hormone/neurotransmitter related response.

Intraocular pressure (10P)

In general it has been agreed that a higher IOP may be associated with longer axial lengths,
(Tomlinson & Phillips 1970; Tomlinson & Phillips 1972; Tsutsui et al. 2003). This claim is
not supported in children, suggesting the 10P-axial length association may only be present in
subjects with fully developed eyes (Lee et al. 1999).

Stature

Saw et al. examined the link between height and its relationship with refractive error and

ocular biometry in Singaporean Chinese children (aged 7-9 years old), (Saw et al. 2002).

They found girls who were taller had longer axial lengths, deeper vitreous chambers, flatter
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corneas and their refractions tended to be more myopic. It was also found that boys who
were heavier in weight tended to be slightly more hyperopic and have shorter vitreous
chambers.

Orbit size

Atchison et al. suggested that the growth of the eye was limited by orbit size. They
suggested the excessive growth in the axial meridian was a consequence of less restriction by
the orbit in the posterior section of the eye, (Atchison et al. 2004). The claims are contrary
to the findings of a study examining Chinese myopic eyes using MR imaging, where no
association was found between ocular and orbit size (Chau et al. 2004). Notably ethnic
variations in eye shape have previously been reported (Logan et al. 2004). Thus far no large

scale study has examined the relationship between ocular and orbit size in any other ethnic

group.

2.4 Cornea and myopia

The cornea is an avascular and transparent structure covering part of the anterior eye. The
typical corneal diameter is approximately 12.89+0.60 mm (Martin & Holden 1982) and
typical central thickness readings by ultrasound pachymetry have been reported as 542+33
um (Marsich & Bullimore 2000). The typical corneal power in an adult eye is 43D, and
accounts for approximately two thirds of the eye’s total refractive power. Corneal power is
related to its curvature. A steeper radius of curvature corresponds to a more myopic corneal
power; this is most commonly expressed in millimetres (mm) or dioptres (D). Average
corneal curvature is 7.80mm in an adult eye. The cornea is the source of most astigmatic

error, although some astigmatism may infrequently originate from the crystalline lens.

Corneal curvature

The cornea in myopia is often studied in reference to the axial length. Grosvenor suggested
the presence of a relationship known as the Axial Length: Corneal Radius ratio (AL:CR
ratio) (Grosvenor 1988). This method of analysis has subsequently been used in several
studies that followed (Goss et al. 1997; Grosvenor & Goss 1998). Grosvenor suggested that
a high level AL:CR (i.e. greater than 3) was a risk factor for myopic development in
emmetropic youths (see Figure 2). In children a higher AL:CR is also believed to be a risk
factor for developing myopia, however, for adult onset myopia AL:CR has not proved to be

significantly different to emmetropes, (McBrien & Adams 1997).
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Figure 2 Graphical representation of the AL:CR ratio as calculated from readings taken with
the Zeiss IOL Master (n=66). Data presented from subject dataset

Grosvenor and Goss reported that longer eyes tended to have flatter corneas, this finding has
been reconfirmed by more recent work, (Chang et al. 2001). However, myopic eyes have
been found to have steeper corneas than those of emmetropes (Garner et al. 2006; Goss et al
1997). In particular it has been reported that in myopes the vertical meridian is steeper than
the horizontal, (Goss & Erickson 1990). This finding may help elucidate the direction in

which myopic stretch takes place.

Further differences in corneal curvature are noted when examining measurements with
reference to ethnicity. Ethnicity differences in corneal curvature have been reported in both
adults (Logan et al. 2005) and in children (Twelker et al. 2009). Additionally, gender
differences in the corneal curvature of children have also been noted; females have been

reported as having significantly steeper corneas compared to males (Gwiazda et al. 2002).
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Figure 3 Graphical representation of the average keratometry reading as measured with the
Zeiss IOL Master against MSE (n=66). Data presented from subject dataset

Evaluation of the corneal topography has also produced interesting findings; increasing
myopia shows a tendency for the cornea to flatten less rapidly as it approaches the corneal
periphery. This is particularly the case for myopic error greater than approximately -4.00D,
(Carney et al. 1997; Zadnik et al. 1999). A reduction in the flattening of the corneal
periphery has been noted with increasing vitreous depth (Carney et al. 1997).

Corneal thickness

The average corneal thickness in humans is approximately 542+33um. There are many
variables for corneal thickness; race, gender, and diurnal variations are all evident (Hamilton
et al. 2007). Further physical changes of the cornea, on a cellular level, have shown
endothelial cell density to be reduced in myopic subjects. Chang et al. indicate that the
corneal endothelium is able to operate with very low cell density, therefore a significant
effect on visual function is unlikely (Chang et al. 2001).

2.5 Anterior chamber depth and myopia

The average anterior chamber depth is 3.33£0.61mm as measured with the Zeiss IOL Master
(Reddy et al. 2004), this value gradually decreases with age. Both the Zeiss IOL Master and
the Oculus Pentacam allow for rapid non-contact measurements of the anterior chamber (see
7.2 and 7.5).
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In general the anterior chamber depth in myopes has been found to be deeper than
emmetropes (Bullimore et al. 1992; Garner et al. 2006; Logan et al. 2005). It has been
proposed that the thinning of the crystalline lens may contribute to the increased depth of the
anterior chamber (Garner et al. 2006), or it may be a consequence of the ocular stretch which
is synonymous with increasing myopia. Figure 4 shows the anterior chamber depth

measured using the Zeiss IOL Master in subjects who formed part of the cohort of the

current study.
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Figure 4 Graphical representation of anterior chamber depth (as measured with the Zeiss IOL
Master) with MSE n=69 (p= <0.01. r= 0.427). Data presented from subject dataset

2.6 Eye shape and retinal contour in myopia

There is widespread agreement that the average size of the eye in myopia is generally larger
than that of an emmetrope or hyperope (Atchison et al. 2004; Atchison et al. 2005;
Gilmartin, 2004; Logan et al. 2005; Singh et al. 2006). There is also general agreement that
the increase in axial length is the most pronounced of all the changes in the size of the
myopic eye. Differences of opinions exist when considering other parameters such as retinal
contour, height and width of the eye in myopia. These uncertainties exist largely due to
limitations in ocular imaging techniques (Stone & Flitcroft 2004). Many previously
employed techniques measured along the axial dimension only, and measures such as retinal

contour were inferred rather than directly measured.

Through peripheral refraction studies the myopic eye has typically been found to be prolate
or less oblate in shape than emmetropic and hyperopic eyes (Logan et al. 2004). Previous

work has also shown that myopes tend to have hyperopic peripheral refractions relative to
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the central refraction, (Schmid, 2003; Seidemann et al. 2002), relative hyperopia has also
been noted in children (Schmid, 2003). This finding has prompted speculation that the
hyperopic periphery stimulates central axial growth (Wallman & Winawer 2004). Other
investigators have hypothesised that the expansion of the retina is dictated by the orbit size;
as the posterior section of the eye has least restraint from the orbital walls it continues to

grow larger than all other parameters (Atchison et al. 2005).

Recent work using 3-dimensional MR imaging has reaffirmed findings of the relatively
prolate shape found in myopic eyes (Singh et al. 2006). An attempt was made as part of the
current project to quantify the orbit size-eye size relationship using 3-dimensional MRI;

however, low resolution has not allowed accurate estimations of orbit size to be made.

In addition to differences found between refractive groups, previous studies have reported
ethnicity to be a significant variable in eye shape. In a peripheral refraction study of
anisomyopic subjects, nasal-temporal asymmetry in the eyes of white Caucasian subjects has
been found, but not in Taiwanese-Chinese subjects, (Logan et al. 2004; Stone & Flitcroft
2004). The CLEERE study also showed ethnic differences; Asian American children were
found to have longer axial lengths and based on measurements of peripheral refraction, a
relatively more prolate eye shape was noted compared to their African American and
Caucasian counterparts (Mutti et al. 2005).

2.7 MRI use in ocular imaging

There have been a handful of studies that have attempted to image the eye through use of
MR imaging. The main advantage of MRI is that measurements are independent of the
refractive properties of ocular components. A drawback of MR techniques used prior to the
introduction of 3-dimensional MR imaging was the thickness of image slices and the 2-
dimensional aspect of the data. Nonetheless findings from 2-dimensional MR studies are of

direct relevance to the current study and will be discussed further.

One of the earliest investigations using MR imaging to examine ocular shape was by Cheng
et al. (1992). The cohort’s refractive errors ranged from +2.50D to -9.50D (MSE). Subjects
were placed into one of the three main refractive groups; hyperopes, emmetropes, or
myopes. Apart from a few exceptions the investigators reported similar eye shape for all

refractive groups, but eye size was significantly larger in myopes, suggesting a global
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expansion model of the myopic eye. The study also measured sclera and choroidal thickness

which were uniformly thinner across the globes of the myopic eyes.

Miller et al. carried out MRI scans of seventy-eight subjects using a 1.5 tesla MR scanner. A
difference in axial length between the hyperopic and myopic eyes was reported. To a lesser
extent, equatorial distances of myopic eyes were noted as larger compared to hyperopic eyes
(Miller et al. 2004). In a similar study Atchison et al. (2004) scanned eighty-eight young
adult subjects using a 1.5 tesla MR scanner. Specifically differences between emmetropic
and myopic eye sizes was investigated; refractive errors ranged from +0.75 to -12D MSE.
Notably the number of emmetropes was fewer than myopes; 22 and 66 respectively. The
scans were analysed by measuring the width and height in millimetres. Measurements of
length were taken from the posterior pole (P) to the anterior cornea (A), measurements of
width were taken from the widest regions from nasal (N) to temporal (T) retina, and

measurements of height were taken from the superior (S) to inferior (I) retina (see Figure 5).

Figure 5 (a) The height and (b) the width measurements taken from MR images (from Atchison
et al. 2004)

Myopic eyes were found to be larger in all three meridians. The heights and widths of
emmetropic eyes were not significantly different. In myopes the heights were noted to be
longer than the widths. Atchison et al. went on to mathematically analyse data on retinal
shape for the same subject group through fitting of ellipsoids using specialised software;
from this work it was reported that the shape of a myopic eye was less oblate than that of an

emmetropic eye.

The aforementioned studies have provided valuable data; however, they have all been

limited by producing only a 2-dimensional view of the eye (see Figure 5). Furthermore, the
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data are limited in the number of MR slices taken. If we assume an axial length of 21mm, a
3mm size slice would equate to seven slices in the axial meridian, thus missing
approximately two thirds of the data. Further work by Singh et al. (2006) has developed 3-
dimensional MR scanning with smaller MR slices and thus a more accurate depiction of
ocular shape, (see section 7.6). In brief, the method involves the use of a 3 tesla Siemens
whole body MR scanner. Previous MR ocular imaging studies have in general used T1
weighted images; the 3D MR technique uses T2 weighted images. The contrast of the T2
images is optimised to distinguish the fluid filled ocular structures from the bony orbit. The
3-dimensional aspect is achieved through use of a modified version of freeware software
MRi3dx. The program allows the eye to be shaded with 1mm?3 voxels, which are assigned
X,y coordinates so data can be plotted graphically. Various parameters are generated by the
program for example ocular volume (Gilmartin et al. 2008), surface area and radius of

curvature (see 9.5).

Since the introduction of 3-dimensional ocular MRI there has been a recent attempt at
imaging the eye using a 7 tesla scanner, which enables the production of higher resolution
images. The use of higher field strengths does, however, make the image more prone to
motion artefacts; in the case of ocular imaging small eye movements may be problematic.
Additionally it is more difficult to ascertain specific absorption rate (SAR) safety levels;
scanning at higher field strength can create discomfort for subjects. The 3 tesla field strength
used for ocular imaging is sufficient for examining ocular volume (Richdale et al. 2009), but
for smaller structures such as the cillary body or crystalline lens a higher field strength

would be more appropriate.

2.8 Summary

Imaging the eye in vivo has proven problematic; the most widely available technique to
derive eye shape appears to be through transformation of peripheral refraction data.
Peripheral refraction is often achieved by laboratories customising existing autorefractors.
Although peripheral refraction is flexible and relatively inexpensive there is a lack of
standardisation and the extent of the field measured is limited by factors such as pupil size.
Further evaluations of eye shape have been made through 2-dimensional (2D) MR imaging,
however this technique has also demonstrated limitations in accessibility and data analysis.
3-dimensional (3D) MRI, which is used in the current study, overcomes limitations imposed

by both 2D MR imaging and peripheral refraction. 3D MRI has shown the ability to
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calculate ocular surface curvature and volume, it is envisaged that further biometric
parameters will also be analysed using this technique. It is acknowledged that whilst 3D
ocular MRI is an invaluable tool for assessing more global parameters such as ocular volume
and eye size, higher resolutions are required to detect smaller internal ocular structures. This
thesis will attempt to evaluate more global measures of ocular shape in the context of

different refractive groups.
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3 PERIPHERAL REFRACTIVE ERROR AND OCULAR SHAPE

3.1 Introduction

Off axis refractive error has been used for several decades to evaluate peripheral aberrations
and infer retinal contour. Of particular interest to the field of myopia is the investigation of
the theory that relative to the central refractive error a hyperopic peripheral refraction may
precipitate axial growth of the eye, which in turn leads to myopic ametropia (Smith et al.
2007; Wallman & Winawer 2004).

3.2 Peripheral refraction techniques

Peripheral refractive error may be measured through objective or subjective techniques.
Earlier studies tended to use a combination of retinoscopy and subjective refraction, similar
to standard on-axis refraction. Retinoscopy is an objective, flexible and widely available
technique; however, as the angle of eccentricity from the fovea increases there is a
concurrent increase in oblique off axis astigmatism making retinoscopy more challenging
and prone to errors. Furthermore, retinoscopy is not practical for examining large cohorts
due to the time and proficiency required to obtain accurate measurements. Owing to poor
peripheral acuity the standard subjective refraction which often follows retinoscopy, in a
normal clinical eye test, can be difficult for subjects when attempted away from the visual

axis.

Earlier peripheral refraction studies used manual optometers, but their lack of reproducibility
and high levels of peripheral aberrations has led to a decline in their usage (Fedtke et al.
2009). More recent peripheral refraction work has made use of commercially available
autorefractors which require modifications by investigators in order to present targets off
axis. Autorefractors allow an objective measure of refractive error and measurements are
free from both practitioner and subject bias. There are, however, a number of limitations:
autorefractors are rarely able to measure further than 30-40° eccentricity, additionally they
have been shown to overestimate myopia due to the accommodative effort exerted by the
subject as he or she becomes aware of the fixation target’s proximity to the eye. Use of
cycloplegic drugs can temporarily paralyse the accommodative effort and overcome
instrument myopia; additionally the mydriatic effect facilitates the measurement of
peripheral readings. There are several binocular open view autorefractors available, which

can also help reduce levels of instrument myopia.
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3.3 Peripheral astigmatism

Obliquely incident light rays from objects positioned in the peripheral visual field are limited
by the pupil size, consequently they are refracted asymmetrically into two mutually
perpendicular planes; tangential and sagittal, giving rise to oblique astigmatism. The

tangential meridian contains the optic axis and corresponding meridional ray.

The difference between the tangential and sagittal focal lines; the interval of Sturm,
represents the magnitude of astigmatic error. Light leaving the eye and into the object plane
is also susceptible to oblique astigmatism; this is equal and opposite to the value of oblique
astigmatism for light entering the eye. For a given eccentricity the oblique astigmatism
value for light leaving the eye is equal to the refractive error of the eye. The difference
between oblique astigmatism from the object plane and the oblique astigmatism from the
image plane can be used to calculate peripheral astigmatism. As the angle of eccentricity
increases the sagittal image shell falls further away from the retina, becoming increasingly
hyperopic. The tangential image shell becomes more myopic with increasing eccentricity
(Dunne 1995). The peripheral astigmatism values therefore increase with increasing

eccentricity.

Figure 6 The effect of a steeper retina (R) on the tangential (T) and sagittal (S) image shells
(Dunne, 1995)
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Figure 7 The effect of a flatter retina on the tangential and sagittal image shells (Dunne, 1995)

3.3.1 Peripheral astigmatism and refractive error

Thomas Young (1801) is often attributed as being the first to note the presence of oblique
aberrations in the form of peripheral astigmatism. Young’s early attempts at modelling the
sagittal and tangential image shell curvatures have been confirmed since by investigations on

both human and schematic eyes.

In 1931, Ferree, Rand, and Hardy sought to classify peripheral astigmatism. A Zeiss parallax
optometer was used to examine peripheral refraction of 21 eyes at 5° intervals in the
horizontal meridian up to a maximum of 60°. 18 of the eyes fell into one of two categories,
labelled Type A and Type B. The remaining 3 eyes showed disparity between the nasal and
temporal meridians and were classified as a separate entity.

Subjects classed as Type A were shown to be relatively myopic as the angle of eccentricity
increased, and the vertical meridian more hyperopic. Type B subjects were shown to be less
myopic with increasing eccentricity and more hyperopic in the vertical meridian (Ferree et
al. 1931).

Millodot (1981) sought to further examine the inter refractive group variability. Using a
cohort of 62 eyes, Millodot measured peripheral refraction with a Topcon refractometer at
10° intervals along the horizontal meridian up to a maximum of 60°. Millodot found the
peripheral astigmatic error to increase with increasing eccentricity in 91% of the eyes tested.

Three main refractive groups were examined; myopes, hyperopes and near emmetropes. He
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noted significant differences in the type of astigmatism between each refractive group, but

the magnitude of astigmatism was not significantly different.

Lotmar and Lotmar (1974) analysed results from an earlier study by Rempt et al. which had
examined 363 subjects using retinoscopy. Through calculation of values for the interval of
Sturm, using Gullstrand’s schematic model eye, Lotmar and Lotmar sought to classify the
eyes into the two sub types (A and B) as proposed by Ferree et al. They concluded that a

clear distinction into Type A or Type B eyes could not be made.

An insightful method of evaluating peripheral astigmatism by Seidemann et al. plotted the
average peripheral astigmatic axis in the central 44° for the three main refractive groups (see
Figure 8). The two eyes displayed a ‘mirror effect’ in their axis orientation and degree of
astigmatic error (shown in Figure 8). Interestingly, levels of astigmatism were noted to be
smaller in the nasal retina compared to the temporal retina and also the fovea. Larger
astigmatic error in the temporal retina was also noted by a previous study by Dunne and
Barnes (1987). Seidemann et al. noted that their results showed unusually high cylindrical
errors and thus the mean spherical errors were more myopic in comparison to previous

studies.
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Figure 8 Plot showing the average astigmatic axis direction and magnitude in the central 44°
for each of the three main refractive groups (from Seidemann et al. 2002)

3.4  Computational approach to deriving retinal contour

Dunne (1995) utilised the properties of peripheral astigmatism to devise a computer program
aimed at profiling retinal contour. The program is based upon the positions of the tangential
and sagittal image shells. The fact that a change in retinal contour brings about a change in
the two image shells is exploited by the program.

An approximate schematic model is used in which the sagittal image shell travels towards
becoming more myopic, and tangential towards a more hyperopic dioptric distance. The two
image shells then move towards each other at an equal rate; this process enables the mean

spherical error to be calculated, diminishing the effect of peripheral astigmatism.
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Corneal asphericity is adjusted so that the peripheral astigmatism matches the measured data.
Retinal curvature is then adjusted, and the sagittal and tangential refractive errors calculated.
The retinal contour coordinates can be used to estimate values of apical radii and conic
constants. These are inputted into further equations to eventually derive values of x and y

which can be plotted graphically (see 11.7).

3.5 Retinal profile and peripheral refraction

Ferree, Rand and Hardy’s work into peripheral astigmatism served as a basis for the theory
that the differences noted on the skiagrams they plotted may originate from changes in the
retinal shape (Ferree & Rand, 1933). Certainly for years axial length had been known to be
a major structural correlate of central refractive error, however as previously mentioned,
peripheral refractive measures may not be directly indicative of axial length. To date, few
studies have investigated axial length at peripheral retinal points and correlated it with mean
spherical error. Schmid (2003) examined axial length and refractive error in a large cohort
of children, at an eccentricity of 30° only. Mallen and Kashyap (2007) investigated the
effect in a small group of adults, for the central 80°. A significant correlation between mean
spherical error and axial length was noted in both studies. However factors such as lens tilt
and curvature may confound off-axis readings and there may be adverse effects from corneal

curvature and pupil diameter (Atchison 2004).

In the early 1970s, Rempt, Hoogerheide, and Hoogenboom carried out a series of peripheral
refraction studies which triggered tremendous amounts of interest regarding the relationship
between progression of myopia and peripheral refraction. A widely cited study (Hoogerheide
et al. 1971) investigated the reasons why trainee pilots who were initially emmetropic went
on to develop myopia whereas others, who were exposed to the same environmental
conditions, did not. Amongst other refractive and functional measures, the investigators
used retinoscopy to measure peripheral refractive error. The pilots who went on to develop
myopia were generally found to be relatively hyperopic in the periphery. It has since been
widely hypothesised that a relatively hyperopic periphery may encourage axial growth and
thus myopia (e.g. Chen et al. 2010, Smith et al. 2007; Wallman and Winawer 2004).

The theory that the peripheral retinal shape or refractive error may influence central growth
has received further support from studies on infant rhesus monkeys (Macaca mulatta).

Elimination of central foveal contributions through foveal ablation have shown ocular
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growth and emmetropisation processes to be unaffected; leading to the assumption that

peripheral vision may independently mediate central growth (Smith et al. 2007).

Studies have examined peripheral refraction with reference to various parameters such as

central refraction, ethnicity, age and gender (Logan et al. 2004; Multti et al. 2000)

Logan et al. advanced previous findings by measuring peripheral refraction and using it to
determine retinal contour in a group of 56 young adult subjects (Logan et al. 2004). Subjects
were sub divided by ethnicity; Caucasian or Taiwanese-Chinese and then by type of myopia;
anisometropia or isomyopia (see Figure 9). Cycloplegic peripheral refractions were taken
using a Canon R-1 infra red open field autorefractor, in the horizontal meridian at 5°
intervals to a maximum eccentricity of 35£5°. Axial length and corneal curvature measures
were also taken using commercially available equipment at the time, along with A scan
ultrasonography and fundus photography. Logan et al, transformed peripheral refractive
data to represent retinal contours by use of a computational approach (Logan et al 1995;
Dunne et al. 1995).

Figure 9 (a) The uniform expansion of a myopic eye shown in Taiwanese - Chinese eyes (b) the
asymmetrical expansion of the nasal aspect shown in Caucasian subjects (from Logan et al.
2004).
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Although globe enlargement was noted in both ethnic groups with increasing myopia,
asymmetries between the nasal and temporal quadrants were noted in the Caucasian subjects
only. Greater expansion was inferred from the nasal retinal periphery. In contrast,
Taiwanese-Chinese subjects displayed greater homogeneity between nasal-temporal retinal
contours.  Nasal-temporal differences have subsequently been noted in many later studies
(e.g. Atchison et al. 2006; Mallen and Kashyap, 2007; Pardhan and Rae, 2009). The
temporal peripheral refractive errors have been shown to correlate with central refractive
error better than nasal (r = -0.633, p= <0.001) (Pardhan and Rae, 2009).

The general consensus is that myopic eyes tend to be relatively hyperopic in the periphery
and hyperopic and emmetropic eyes relatively myopic (Chen et al. 2010). One exception is a
study by Seidemann et al., who found all three main refractive groups to be relatively
myopic in the periphery. They did, however, acknowledge that their measurements showed
unusually large astigmatic errors, which would contribute to a more myopic spherical
equivalent. The relative increase in myopia in the periphery of myopes was reported to be

less when compared to emmetropic and hyperopic subjects.

The effect of a relatively hyperopic periphery in myopes and the opposite in hyperopes and
emmetropes has been reported to be present in younger age groups. Large cohort studies in
children (n=822 ) aged 5-14 years, have shown through cycloplegic retinoscopy that myopic
children show hyperopic shifts at 30° eccentricity relative to the centre, by an average of
+0.80 £ 1.29 D, (Zadnik et al. 1999).

3.5.1 Vertical peripheral refraction
Very few studies have collected data on vertical peripheral refraction; this is largely due to

instrumental limitations in obtaining measurements in this meridian.

Seidemann et al. (2002) used a double pass technique and Powerrefractor to measure
horizontal peripheral refraction of the three main refractive groups; emmetropic, myopic and
hyperopic. The spherical equivalent refraction was found to be more myopic in the superior
retina than the inferior by an average of 0.17D for every 10 degrees increase in eccentricity.
The results are in line with more recent findings reported by Mallen and Kashyap (2007),
who describe a technique to estimate retinal contour using a modified Zeiss IOL Master.
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The results showed the superior field (inferior retina) in myopic eyes to be relatively

hyperopic compared with inferior field.

Atchison et al. (2006) compared peripheral refractive error in young adult (18-35 year old)
myopic (up to -12D) and emmetropic subjects. Measurements were taken using the Shin
Nippon SRW 5000 autorefractor at 5° intervals up to 35° in the horizontal (n=116 eyes) and
vertical meridians (n=43 eyes). In the horizontal meridians the temporal spherical
equivalent error was significantly affected by central refractive error at eccentricities of 20-
25° and beyond, in the nasal aspect these changes occurred much sooner at 5° and beyond.
In the vertical meridian all refractive groups were found to have a relatively myopic shift,

but not as a function of central myopic error.

3.6  Summary

The retinal area measured by peripheral refractive error is limited by pupil size; few
investigators manage to take readings beyond 30-40° eccentricity. Additionally, areas of the
retina are missed due to measurements being taken at 5-10° intervals only. Further
limitations can arise from refractive component misalignment, and curvature changes with

increasing eccentricity from the visual axis.

Despite the limitations, peripheral refractive error is a useful tool in the study of myopia.
The technique is non invasive and can be used with other biometric parameters to infer
retinal shape. Several attempts have been made to evaluate eye shape through peripheral
refractive error, and the results have been reasonably consistent. Myopic eyes tend to be
more hyperopic in the periphery than emmetropic and hyperopic eyes. Although data on
vertical peripheral refractive error is limited, current work indicates greater myopia in the

superior retina.

Further validity of peripheral refraction as an indicator of eye shape can be established
through correlation of measurements with the recently introduced 3-dimensional ocular
MRI. Experimental data regarding the peripheral refraction vs. 3D MR derived ocular shape

are detailed in section 11.7.
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4 VISUAL FIELDS AND AMETROPIA

4.1 Definition

The term monocular visual field, is best described as ‘all the space that one eye can see at
any given instant’’ (Tate and Lynn, 1977). The human visual field, for each eye, extends
approximately 60 degrees superiorly; 75 degrees inferiorly; 100 degrees temporally, and 60
degrees nasally (Choplin and Edwards, 1998).

In humans the two monocular visual fields overlap to produce a binocular stereoscopic zone
extending approximately 120 degrees horizontally. Anatomical constraints such as the
bridge of the nose, upper lid ptosis, or a prominent brow, may affect the expanse of the

visual field.

Visual functionality, quantified though light sensitivity, varies across the visual field.
Sensitivity is highest centrally at the point representing the foveal response, and declines
towards the periphery. There are notable differences in light sensitivity between the nasal
and temporal fields, similarly there are discrepancies between the light sensitivity in the
superior and inferior fields. The asymmetry, both spatial and sensory, is perhaps most easily
visualised by Traquair’s infamous depiction of the visual field when he described the visual

field like an ‘island of vision surrounded by a sea of blindness’, (Traquair, 1924).

60°

100°

15°

Figure 10 Diagram representing Traquair's depiction of the island of vision (right eye)
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The physiological blind spot is located approximately 15.5 degrees temporal to fixation, and
on average extends 5.5° in width and 7.5° in height (Choplin and Edwards, 1998). The
blind spot represents the retinal optic nerve head (see Figure 10).

4.2 Perimetry
Perimetry is the assessment of visual field function and may be achieved through both static

and kinetic methods.

Kinetic perimetry requires the subject to fixate accurately on a centrally located target while
a stimulus of known size and luminance is moved from a non-seeing location (i.e. outside
the extent of the visual field) to a location where it is first detected by the subject. Once
several directions have been tested with stimuli of equal sensitivity, the points may be joined
together to form a map akin to a hill or island of vision. A more comprehensive test may be
achieved by using stimuli of different sizes and intensities, allowing the practitioner to retain

control over the test by checking areas of decreased sensitivity in more detail.

Although practitioner control and manual manipulation are advantageous, there are several
disadvantages of kinetic perimetry: the variations in background conditions, luminance, and
stimulus velocity, may all contribute to inaccurate recordings. Furthermore, Kinetic
perimetry can produce inaccurate recordings as the target is moving and therefore more

likely to be detected peripherally rather than centrally due to spatial summation (see 4.3.1).

A more widely used alternative to kinetic perimetry is static perimetry. Automated static
perimetry requires the subject to fixate on a centrally located target, while static stimuli are
presented in the visual field. The subject confirms the detection of the stimulus through a
button buzzer system. The stimulus size remains constant, but the light intensity will vary

with each presentation.

A full threshold program will calculate the minimum light intensity detectable at each
location in the visual field, normally presented in terms of light sensitivity, which is the
reciprocal of light threshold.

4.2.1 Reliability indices in automated perimetry

To ensure accurate recordings it is imperative for the subject to maintain fixation on the

central target. The simplest method to monitor fixation is to check repeatedly through use of
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a fixation camera and monitor. A more sophisticated technique is the Heijl-Krakau method
(Heijl & Krakau, 1975), which entails the automated presentation of a stimulus into the
presumed region of the physiological blind spot. If the subject responds to the stimulus, it is
believed that the subject is not fixating and a fixation loss is recorded by the perimeter. If

fixation losses exceed 20% then accuracy is compromised and the test is deemed unreliable.

In addition to monitoring fixation, reliability can also be checked via assessment of false
positive and false negative responses. If a point on the perimeter bowl is retested at a much
greater luminance than previously required to elicit a response and the subject fails to
respond, a false negative response is recorded. The opposite is true for a false positive
response when a subject responds in the absence of stimuli. If the number of false negatives

or false positives exceeds 33% then the test results are deemed inaccurate.

Visual field testing has established that there are variations in the sensitivity of different
retinal regions. The repeatability of automated perimetry in the superior and nasal quadrants
is reported to decrease with increasing eccentricity from the fovea; the temporal quadrant is

believed to be the most repeatable (Young et al. 1990).

4.2.2 Refractive correction

Optimal refractive correction must be worn during perimetry and ideally correct both
spherical and cylindrical ametropia. Small amounts of refractive defocus are capable of
causing a reduction in retinal sensitivity; particularly in the central 6 degrees around the
fovea (Weinreb & Perlman 1986). Contact lenses are preferable particularly in the cases of
highly ametropic subjects, particularly myopes (Koller et al. 2001). Contact lenses help
counteract the effects of image magnification or minification produced by spectacles.
During automated perimetry heat inside the perimeter’s bowl may cause soft contact lenses
to dehydrate and cause discomfort and defocus which could potentially lead to inaccurate
recordings. Subjects wearing coloured aperture contact lenses may find a pinhole effect is
created by the lens, preventing the full extent of the visual field to be tested. When clear
contact lenses are not used, full aperture trial lenses are required; the larger aperture

minimises the risk of artefacts often produced by frame rims of reduced aperture lenses.
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4.3 Visual pathway

The response to light stimuli originates primarily from the photoreceptor cells in the outer
retina. There are two main types of photosensitive cells: rod cells and cone cells. Rod cells
are most sensitive in scotopic (low light level) conditions and cone cells in photopic
conditions. A third, more recently discovered photosensitive ganglion cell (pRGC) is located
in the inner retina (Zaidi et al. 2007). The pRGC is believed to have little involvement with
visual field function. Largely, it is the cone pathway that gives rise to the light sensitivity

response recorded during a visual fields test.

Cone cells can be broadly classified into three types, short (S), medium (M), and long (L)
wavelength cells or red, green and blue cone cells. Each type of cone cell contains
photopigments sensitive to particular wavelengths of light. Photons are absorbed by the
retinal photoreceptors and light energy converted into electrical signals by
‘phototransduction’, a process mediated by the opsin protein molecule contained within the
cell. Due to the directional sensitivity of the cone cells, light rays entering the pupil at an

oblique angle are less effective at stimulating the cones.

The response from the temporal aspect of the visual field originates from the nasal retina of
the right eye and temporal retina of the left eye, i.e. the retinal position is contralateral to that
of the field (see Figure 11). Therefore, the optic nerve head which is located approximately
15° nasally on the retina produces a blind spot (or scotoma) in the visual field” temporally.
Characteristics from visual field defects can often be used to isolate the retinal or

neurological location at which pathological change may have occurred.
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Figure 11 Diagram showing the human visual pathway (LGN denotes the position of the lateral
geniculate nucleus). The diagram shows the crossover of the nasal fibres (temporal field) to the
contralateral side. The messages are relayed through the LGN and onto the primary visual
cortex located in the occipital lobe of the brain.

4.3.1 Distribution of retinal photoreceptors

The outer retinal layer accommodates approximately 4.6 million cones and 92 million rods
(Curcio et al. 1990). The distribution of rods and cones across the retina is not uniform.
Peak cone density occurs at the fovea (approximately 199,000 cones/mm?), and there is a
decline in cone density with increasing eccentricity. Conversely, rod density is minimal at
the fovea. An area extending 0.350mm? around the fovea is completely devoid of rods
(Curcio et al. 1990). The peak density of rods occurs in the mid-peripheral retina within an
elliptical ring shaped arrangement situated approximately 3-5mm away from the foveola
(Curcio et al. 1990; Jonas et al. 1992). The distribution of photoreceptors may help explain

the phenomenon of spatial summation

Differences in cone density can be described further by examining each retinal quadrant. The
cone density in the nasal meridian is 40-45% higher than the equivalent eccentricity in the

temporal meridian (Curcio et al. 1990; Jonas et al. 1990). Cone density in the inferior mid-
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peripheral retina has been found to be greater than its superior counterpart (Curcio et al.
1990).

4.3.2 Photoreceptor function in ametropia
Refractive error may affect visual field recordings in several ways: refractive blur can cause
a reduction in light sensitivity, image magnification and minification can lead to inaccurate

recordings, axial length may affect luminance levels.

An increase in myopic refractive error and the concurrent enlargement of the eye, principally
the vitreous chamber depth, have been well documented. The increase in axial length is
believed to cause retinal stretch and subsequently reduced density of retinal cells. Several
studies have reported cone receptor density to be significantly lower in myopia than
emmetropia (Chui et al. 2008; Kitaguchi et al 2007). Cone density is thought to decrease as

a function of increasing axial myopia.

If a mechanical increase in globe size causes reduced density of photoreceptors then it is
possible the photoreceptor cells themselves may be damaged or misaligned. Misalignment is
particularly important as photoreceptor cells are direction specific, i.e. they respond to light

when aligned a specific way only.

4.4  Visual fields and ametropia

Using both automated static perimetry and manual kinetic perimetry a significant loss in
threshold sensitivity for moderate and high levels of axial myopia (-4 to -5D) has been noted
(Martin-Boglind, 1991; Aung et al. 2001; Rudnicka & Edgar 1995; Rudnicka & Edgar
1996). One study, using automated static perimetry, noted deterioration in response at much
lower levels of myopia -2D +1D (Czepita & Chmielewska 2004).

Increased axial length is closely associated with a higher level of myopia; axial length
greater than 26mm and myopia greater than 5D is reported to be significantly correlated with
a decline in visual field sensitivity (Rudnicka & Edgar, 1995). Decline in the superior
hemifield (inferior retina), particularly the superior temporal field (inferior nasal retina) is
reportedly greater than other quadrants (Rudnicka & Edgar, 1996).

Several explanations have been put forward to explain the visual field sensitivity reduction
in myopia: decreased retinal luminance due to a longer axial length, sensory changes in the
49



photoreceptor cells, decreased photoreceptor density as a consequence of ocular expansion in
myopia (see 4.3.2) (Rudnicka & Edgar, 1995), and misdirection or misalignment of
photoreceptors caused by an increase in axial length hindering their sensitivity to light.
Optic disc tilt is also a commonly reported anomaly noted in myopic individuals; perimetric
studies have shown disc tilt to alter visual field sensitivity by lowering of the mean defect
(the mean deviation between expected ‘normal’ values and the measured values), (Tay et al.
2005). Of particular interest to the current study is the notion that ocular expansion may

affect visual field sensitivity.

45 Summary

Visual field testing provides a measure of visual function. Ocular expansion which is often a
feature of myopia can potentially damage or misdirect retinal cells. Photoreceptor cells are
direction specific; if misaligned their functional ability may be hindered. Additionally,
myopic eyes may display reduced visual field sensitivity due to the longer distance the light
has to travel to reach the retina, increasing the risk of light scatter and absorption by ocular
structures. This thesis will aim to address whether ocular shape is correlated with visual
field sensitivity using the Humphrey Visual Fields Analyser and specific indices of ocular

shape derived from MR imaging.

Further information on the type of perimeter used in this thesis is detailed in section 7.4.
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5 ELECTROPHYSIOLOGY AND MYOPIA

5.1 Introduction

Electrophysiological testing allows objective measurement of ocular function through
assessment of the retinal electrical responses to a light stimulus. The electrical response from
the eye is received by electrodes, which are attached to the subject; the responses are

amplified and converted to waveforms.

Electrophysiological testing is widely used as a diagnostic tool in ophthalmology, through
several different variants. Two of these variants will be discussed in the context of this

thesis; the electroretinogram (ERG) and the multifocal electroretinogram (mfERG).

5.2 The electroretinogram

The electroretinogram (ERG) tests the accumulative electrical retinal cell response to light.
The test can be manipulated to examine several different retinal cell types. Electrodes are
typically placed on a dormant site such as the forehead, referred to as the reference electrode,
and on the cornea to receive the signal; the active electrode. The potential difference
between the two electrodes is the response (in nV).

The stimuli are presented using the Ganzfeld method to ensure a uniform luminance across
the retina. The patient fixates on a central target, with pupils fully dilated to allow for
maximal response from the peripheral retinal areas. The electrical response is amplified and
displayed as a waveform, which is interpreted with reference to the characteristics of its
amplitude and time course. The response can be contaminated by background electrical
interference, subject blinking, and also by facial muscular action such as jaw clenching;
therefore each reading should be repeated to allow for an average of two readings to be

calculated.

The waveform comprises two components; a negative ‘a’ wave followed by a positive ‘b’
wave. The negative ‘a’ wave response is thought to derive from the hyperpolarisation of the
photoreceptors, and the positive ‘b> wave is thought to represent the polarisation of the

Miller and ON-bipolar cells.
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A weak light stimulus is insufficient to stimulate photoreceptors and produce an ‘a’ wave, in
such situations only a ‘b’ wave will be produced. Conversely if the light stimulus is too

bright only an ‘a” wave will be produced.

b wave

awave

Figure 12 Typical ERG waveform

The amplitudes of the a and b waves are recorded. The time from response onset to the
trough of the a and peak of the b wave, known as the implicit times are also recorded (see
Figure 12).

Although the ERG is still in clinical use today it does have several shortcomings, in
particular its lack of sensitivity to localised focal loss of function.  Subsequently
improvements to the design have been made, namely the multifocal ERG.

5.3 The multifocal electroretinogram (mfERG)

In 1992 the multifocal ERG (mfERG) was introduced by Sutter and Tran (1992). The
MfERG allows multiple locations of the retina to be tested simultaneously, providing a
topographical representation of electrical activity. Until the introduction of the mfERG,
ERGs were often used. The main problem with the ERG was the lack of specificity to a
particular area of the retina, and conditions affecting smaller retinal areas could have been
left undetected. The mfERG can be described as an ERG of multiple retinal areas

(depending on the mfERG paradigm used).
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The mfERG stimulates the central 50° of the retina. Stimuli consist of a series of 61, 103 or
241 hexagons; each one may be thought of as independent stimuli stimulating individual
retinal areas (Hood et al. 2003). The hexagons are response density scaled to account for the
decreasing density of cone cells with increasing eccentricity from the fovea, whereby smaller
hexagons are presented in the central regions and larger hexagons are presented in the
periphery (see Figure 13). Each hexagon flashes either on (white) or off (black), typically
changing every 13.3 milliseconds (Hood 2000). Only half the hexagons are presented at any
one time therefore the mean luminance presented is kept constant. The International Society
for Clinical Electrophysiology in Vision (ISCEV) guidelines suggest luminance levels of the
white hexagons to be between 100-200cd/m2 (Marmor et al. 2003). The flashing and non
flashing of the hexagons may appear to occur randomly, however each hexagon is governed
by a pseudo-random binary sequence; an m-sequence. The m sequence assumes two states 0
(no flash), or 1 (flash). At the beginning of a recording each hexagon is in a different phase
of the sequence. Each recording takes 4-7 minutes and is often broken down into 15-30
second segments. Longer test durations are associated with decreased subject compliance
through blinking and losing fixation of the central target. The response from each
presentation is extracted by use of mathematical algorithms to produce an average response
for the respective area stimulated. The responses from many hexagons can be grouped

together to investigate specific retinal regions.

The interval between flashes can be changed to produce different mfERG recording
paradigms. Increasing the interval between flashes produces a waveform response akin to
the full field ERG waveform.

Figure 13 Hexagon stimulus used in mfERG testing (from Marmor et al. ISCEV guidelines
2003)
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5.3.1 Firstand second order kernels
The mfERG waveform bears some similarity to an ERG wave, however instead of an ‘a’ or
‘D> waves as with the ERG , the mfERG wave is comprised of positive and negative

components; referred to as P and N respectively.

Figure 14 Typical waveform response from the mfERG (from Marmor et al. ISCEV guidelines,
2003).

The most commonly analysed component of the mfERG is the first order kernel; this is
obtained by adding all the recordings following a flash (white) stimulus, in a particular
hexagon, and subtracting all the recordings following a non flash (black) stimulus, for the
same hexagon. It comprises a negative deflection (N1) followed by a positive peak (P1).
The second order kernel assesses the effect of the preceding stimulus, which may or may not
be a flash stimulus; therefore the second order kernel response is not a true response itself
but a calculation based on the first order kernel (see Figure 14). The cellular origins of the

second order response have been attributed to the inner retina, but evidence is equivocal.

5.3.2 Tools for mfERG analysis

The Visual Evoked Response Imaging System (VERIS) for mfERG recordings has multiple
tools which can facilitate analysis. A widely used tool is the averaging of responses. Spatial
averaging helps reduce noise from each hexagon, smoothing the waveform (Hood et al.
2008). The averaging tool collates the responses for each of the hexagons and divides by the
root mean square. As is the case with all averaging, there is the potential to lose small

changes in response. The Edit groups function within the VERIS program allows
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calculation of the average response from specific areas e.g. concentric rings, quadrants,
hemifields. The separation into distinct retinal areas is particularly useful for this thesis;
mfERG quadrant responses can be investigated with reference to specific indices of ocular

shape for each retinal quadrant as derived by 3D MR imaging.

The VERIS program also allows 3-dimensional topography maps to be generated, by

dividing the response amplitude by the area of the hexagon (see Figure 15).

Field View

Figure 15 3-dimensional topography plot of mfERG response (figure taken from subject data
set, left eye)

5.4 Cellular origins of response

The mfERG response is believed to originate predominately from the bipolar cells with
smaller contributions from the photoreceptor (mainly cone) and amacrine cells. The
contributions from ganglion cells are thought to be minimal or absent (Hiid et al. 2002).

To evaluate the contributions from various cells, studies on rhesus monkeys have shown that
after injection with the chemical tetrodotoxin, TTX, the mfERG response closely resembled
that of a human. Using pharmacological agents to further manipulate responses it was

concluded that the N1 response was derived from the OFF bipolar cells and in general there

55



was only a small contribution from the photoreceptors except in the central 6° where the
contribution is greater. It was also found that the P1 response originated from the
depolarisation of the ON cells and recovery of the OFF cells (Hood et al. 2002). The origin
of the N2 response is still uncertain (Hood et al. 2002). There is thought to be little
contribution from the ganglion cells to the mfERG response (Hood et al. 2003).

The mfERG has been used successfully to diagnose and investigate a multitude of
pathological disorders including retinitis pigmentosa, cone dystrophies, glaucoma and
myopia (Chen et al. 2006a;b).

The diagram below (Figure 16) shows the model developed by Hood et al (2002) outlining
the relative contributions of cells to the mfERG response wave. Damage to, or before, the
bipolar cells would cause reduction of the waveform amplitude, (Hood et al. 2003). Damage
to the ganglion cells (the inner retina) would not cause a reduction in amplitude (see Table
1).

Figure 16 Cellular responses in mfERG (after Hood et al. 2002)
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) P1 (‘b wave of’) mfERG
Damage to Mechanism Amplitude Implicit time
Outer segment Smaller Moderate delay
Cone Receptor damage or cell
loss Smaller Normal
Outer plexiform | Altered synaptic
o Can be normal or larger Large delay
layer transmission
ON bipolar cells Cell loss Smaller Moderate delay
OFF bipolar )
Cell loss Larger Slightly faster?
cells
) Altered synaptic
Inner plexiform o Approx. Normal (waveform Small delay
transmission OR
layer changes) (<3ms)
cell loss
Ganglion cells Cell loss Approx. Normal Approx. Normal

Table 1 The site of retinal damage and its consequence for the mfERG response waveform
(after Hood, 2002)

5.5 Myopia and electrophysiology findings

A reduction in electrophysiological retinal response with increasing myopia has been
reported. The results appear to be inconsistent in the type of response which is reduced i.e.
amplitudes, implicit times, or both. Furthermore there is some dispute as to whether it is the

level of myopia that causes the reduction or the associated increase in the axial length.

Due to differences in the cellular origins of ERG and mfERG responses the data from each
type of test is only related, not the same. Consequently ERG and mfERG responses must be

considered separately.

55.1 Myopiaand ERG

A reduction in ERG responses associated with myopia or axial length has been reported
(Blach et al. 1966; Perlman et al. 1984; Westall et al. 2001). Blach et al. (1966) carried out
scotopic ERG recordings (thus eliciting a rod dominated response) on highly myopic
subjects with myopia ranging from -9D to -26D. They found both ‘a’ and ‘b’ waves to be
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affected; a large variation in ERG responses was also noted which they believed to relate to

retinal myopic degenerative changes.

Westall et al. (2001) carried out standard ERGs on 60 young adult subjects, with refractive
errors ranging from +0.75D to -14.50D and axial lengths ranging from 22.2mm to 30.0mm.
They found the implicit times were not affected by either myopia or axial length. A
significant relationship between reduced amplitude and a longer axial length was noted.
Westall et al. suggested that should myopia be of lenticular or corneal origin and not
associated with increased axial length then theoretically ERG response should not be
affected at all.

55.2 MTfERG and myopia

Kawabata and chi-Usami (1997), examined the first order kernel responses on thirty young
adult subjects (mean age 26.1 years). The subjects were placed into one of three groups
according to refractive error: emmetropia/low myopia (MSE = sd = -0.78+0.89D), medium
myopia (-4.30+£0.81D), and high myopia (-10.33+3.38D). The purpose of the investigation
was to evaluate functional changes in myopic eyes. Myopia was believed to be principally
of axial origin and not corneal or lenticular. In addition to the more typical mfERG analysis,
examining all traces and concentric ring averages, the readings were also divided into
quadrants: superior temporal, superior nasal, inferior temporal and inferior nasal (see Figure
18).
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Figure 17 Diagrammatical representation of the concentric ring averages analysed, note ring 1
denotes the presumed foveal response.
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Figure 18 Diagrammatical representation of the quadrant average analysis undertaken by
Kawabata and chi-Usami 1997. N.B the horizontal and vertical meridians have been omitted,
presumably to ensure equal hexagonal responses from each quadrant and also to exclude the

optic nerve head

Results showed a decrease in amplitude and an increase in implicit times as myopia
increased; N1 amplitudes r=0.713, and for P1 r=0.772, p=<0.0001 for both cases. Implicit
times increased with greater levels of myopia: the first latency r=0.603 p=<0.0004, and the
second r=0.731 p=<0.0001. Amplitudes from the peripheral regions were affected to a
greater degree than central regions. Implicit times were delayed more in the inferior regions
than superior. Kawabata and chi-Usami (1997) concluded that a reduction in cone cell

function in myopia was responsible for the reduced responses noted through mfERG testing.

In a separate study looking at ring responses (Chan and Mohidin, 2003), first order response
amplitudes were reportedly affected by increasing axial length, as were paracentral (ring 3)
responses. Second order response amplitudes were not affected in the central region,
however, the paracentral and peripheral regions showed a reduction in amplitude with
increasing axial length (rings 2 to 5). Overall the average of the responses measured showed
a decrease in amplitude of 6-10% with every 1mm increase in axial length.

The central response amplitude (P1) originates from the photoreceptors and Chan and
Mohidin (2003) suggested the reduced amplitude may relate to central retinal stretch. The
first slice of the second order response waveform is believed to originate from the outer
plexiform layer (Hood, 2000) and Chan and Mohidin believed that this somehow attributed

to the paracentral deterioration in responses.
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To elicit whether the main contributory factor to reduced mfERG responses is myopia or
axial length Chen et al. (2006) carried out a series of mfERG studies using various recording
paradigms. In a group of 30 young adult subjects P1 amplitudes and implicit times of
standard mfERG recordings were examined with respect to their axial lengths and refractive
error. Subjects comprised of 10 emmetropes and 20 myopes, myopic subjects were further
classified into stable or progressing myopes. Refractive error ranged from plano to -9.75D.
Using ANCOVA statistical analysis the authors accounted for axial length as a covariate of
myopia and vice versa. A longer axial length correlated with a longer implicit time and a
refractive group effect was also noted. The myopic group was noted to have a longer
implicit time of 1.3-3.1ms compared with the emmetropic controls, and as noted by
Kawabata and chi-Usami. the delays were greatest in the periphery. Notably, Chen et al.
(2006) reported statistical differences between the emmetropic and progressing myopia
groups only. 15% of the variance in implicit time results was explained through axial length,
27% by refractive error and the remaining believed to be due to inter subject variability.
Unlike previous investigations, a detrimental effect of myopia or increased axial length was

not noted for the response amplitude.

Further work by the same group using different mfERG recording paradigms has led to the
suggestion that the changes are a consequence of myopia and not a precipitating factor of
myopia (Chen et al. 2006a;b;c;d). Additionally, the authors found the responses which
originated from photoreceptors were not affected by myopia. Most recently, the group has
examined oscillatory potentials of mfERG recordings and noted significant differences
between stable and progressing myopes (Chen et al. 2006b), which is suggestive of inner

retinal contributions to myopic development.

In children mfERG changes (using standard paradigms) have been shown to correlate with

greater myopic progression (Luu et al. 2007).

In summary, changes in mfERG readings suggest a greater level of myopia or axial length
may produce reduced amplitudes and/or longer implicit times. From previous work
examining mMfERG responses in adults, it can be hypothesised that the outer retinal layers are

affected by myopia, but it is the inner retinal layers which may precipitate myopia.
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5.5.3 Reasons for reduced electrical response in myopia

Ocular resistance

Perlman found an inverse relationship between the b wave response of an ERG and a longer
axial length (Perlman et al. 1984). It was believed that increased ocular resistance, that is
resistance to the electrical signal by ocular tissues and structures, caused the reduction in
ERG response. Perlman believed resistance was more likely to reduce the signal than
reduced sampling density or reduced receptor function although a number of studies have
disagreed with this proposal (Chen et al. 2006; Kawabata & chi-Usami 1997).

Eye size and shape

Westall et al. 2001 suggest that the increase in axial length and not the level of myopia, acts
as a causative factor for reduced ERG responses. The group postulated that myopia of
lenticular or corneal origin would not produce differences in ERG responses (Westall et al.
2001). Chan and Mohidin examined the link between axial length and the mfERG and also
attributed the reduction in responses to morphological changes associated with increased
axial length.

Furthermore, there is a proposal that the retinal cells of highly myopic eyes may be either
inherently dissimilar to emmetropic eyes or different as a consequence of myopic damage
(Chen et al. 1992). Kawabata and chi-Usami believed the reduction in mfERG responses

with myopia was due to cone loss, possibly associated with ocular expansion.

Dopamine

Dopamine in the human eye is produced in specific amacrine cells within the retina. The
role of dopamine is multiplex, it is involved in accommodation, blink rate, iris aperture
control and ganglion cell activity (Yeung et al.2001; Spiers, 1969). Recently, it has been
suggested that perhaps altered levels of dopamine may influence the human mfERG
response (Chen et al. 2006a). Through work conducted largely on animals, depleted levels
of the hormone dopamine have been noted in cases of induced myopia (McCarthy et al.
2007). A recent study of myopic development in children noted that sunlight aided the
production of dopamine, and reported that although dopamine levels were not measured in
the subject group, lower myopic refractive error was noted in children who spent more time
outdoors (Rose et al. 2008).
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5.6 Summary

Electrophysiological testing provides an objective measure of ocular function. The ERG
test provides a generalised summed response of ocular function, whilst the mfERG provides
a topographical representation of ocular functions. Previous studies have identified reduced
responses in both ERG and mfERG with either longer axial length or higher refractive levels
of myopia. The effects of higher refractive levels of myopia and axial length are difficult to
differentiate as they invariably correlate.

There are many possible explanations for reduced electrical responses in myopic or longer
eyes. Often decreased retinal cell density as a result of retinal myopic stretch is attributed
with the reduction in response. Many studies have identified loss in paracentral and
peripheral regions, whereas others have noted losses to be more central. Thus far most
studies have relied upon axial length as a measure of eye size, however this technique is
limited. Axial length alone does not indicate eye shape and so is only useful if considering
the central hexagon response. The recent development of 3-dimensional ocular MRI enables
the comparisons between mfERG responses and individual ocular shape. The findings of
this study would help answer the question of whether it is myopia or eye shape that causes
the reduction in mfERG response. The thesis addresses correlations of mfERG testing and

ocular shape in Chapter 13.
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6 GANGLION CELL DENSITY AND OCULAR SHAPE

6.1 Introduction

Ganglion cells reside in the ganglion cell layer in close proximity to the inner retina. The
primary function of ganglion cells is the transmission of information as action potentials
between the photoreceptors, via horizontal, bipolar and amacrine cells, to the rest of the
visual pathway. Ganglion cell axons form the optic nerve, which projects to the occipital
cerebral region, specifically the visual cortex.

A single ganglion cell can receive and transmit data from numerous photoreceptors; this
process is termed convergence. The ratio of retinal ganglion cells to cone cells in the central
foveal region is approximately 2; this ratio declines to approximately 0.5 for retinal regions
beyond the central 19° around the fovea, thus there is a greater need for convergence in the
peripheral retina (Sjostrand et al. 1999). The convergence process helps balance the spatial
resolution required to detect objects peripherally while still retaining the high level of
resolution required to distinguish finer details of objects in the central field. Without
convergence a greater number of ganglion cells would be necessary to transmit information
to the visual cortex, thus the need for a larger optic nerve head which would in turn produce
an intolerably large blind spot in the visual field.

6.2 Distribution of ganglion cells

There are approximately 32000-38000 ganglion cells per mm? in the retina; their distribution
across the retina is non homogenous (Curcio & Allen 1990; Hebel & Hollander 1983). The
cells are arranged in an elliptical ring shape surrounding the fovea, (Curcio et al. 1990).
Quadrantic differences in the distribution of ganglion cells have also been noted; a
histological study reported nasal density to be 300% greater than that of the temporal retina.
The same study noted a greater density of ganglion cells in the superior retina by 60%
compared to that of the inferior retina (Curcio et al. 1990). In addition to histological
studies, ganglion cell density in humans may also be inferred from psychophysical
techniques (Anderson et al. 1992; Anderson et al. 1995; Chui et al. 2008).
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6.3 Receptive fields
All retinal ganglion cells have a base firing rate which describes the level of spontaneous
discharge from the cell in the absence of stimulation. Stimulation in the form of photons

(units of light) can increase or decrease the firing rate of the cell.

Studies on mammalian retina, mainly cats, have shown ganglion cells to possess non
homogenous circular receptive fields. Two zones arranged in concentric circles have been
identified, each with their own stimulation and response characteristics. Stimulation of the
central zone has been found to elicit a separate and opposite response to the stimulation of
the periphery. A central excitatory region surrounded by a peripheral inhibitory ring is
termed an on-centre cell; conversely, a cell with a central inhibitory and peripheral excitatory

configuration is termed an off-centre cell (Kuffler, 1953).

The notion of concentric receptive fields in ganglion cells was explored further by use of
sinusoidal grating stimuli (Enroth-Cugell & Robson 1966). Two further cell subtypes were
identified; X and Y cells. X cell responses were found to increase when an on-centre cell
was exposed to light stimuli in the central ring and dark stimuli in the peripheral ring (Figure
19). When the central stimulus was darker than the peripheral, a decline in response was
shown. If the sinusoidal grating was positioned to produce a similar stimulus at both the
centre and periphery there was no change in the cells response. The X cells were said to
show linear spatial summation. Conversely, Y cells responded at the onset of stimulus; the

response was unrelated to the stimulus sinusoidal grating phase.

Figure 19 On-centre ganglion cells and sinusoidal grating

The X cell response varied with sinusoidal grating phase changes and therefore responded to

motion. Y cells, did not respond to movement. It should be noted that the size of ganglion
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cell receptive fields is not uniform across the retina; cells located peripherally have larger

receptive fields than those located centrally.

6.3.1 Magnocellular and Parvocellular cells

Receptive fields in primate retinal ganglion cells follow a similar structure to X and Y cells
found in cats. The primate ganglion cells can be broadly divided into two groups;
Magnocellular (M) and Parvocellular (P), the names correspond to the cerebral streams
followed by each cell type. Although primate ganglion cells resemble cat ganglion cells in
many ways, their distribution and properties vary.

Each concentric region of the P cell receptive field possesses an affinity for a particular
wavelength of light (De Monasterio & Gouras 1975). This characteristic response to colour
is known as colour opponency. Conversely, M cells do not display colour opponency

therefore they are often referred to as ‘broadband’ cells,

Earlier studies indicated that M cells showed the ability to respond to motion; however,
recent work on humans has demonstrated that P cells can also detect motion at specific
retinal eccentricities (Anderson et al. 1995; Galvin et al. 1996).

Further characteristics of M and P cells are listed in Table 2

M cells P cells
Thicker axons Thinner axons
Phasic/transient response Sustained/tonic response
Large cells Small cells
Broadband Colour opponency properties
Higher contrast sensitivity Lower contrast sensitivity
Larger receptive fields with increasing eccentricity from the fovea

Table 2 Magno- and Parvocellular differences
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In addition to M and P cells, a third group of ganglion cells, known as K cells (or
Koniocellular, originally termed ‘rarely encountered cells’) have been found in primates
(Schiller & Malpeli 1977). K cells also display non-linear spatial summation characteristics

similar to M cells but at a much slower conduction velocity.

6.4 Sampling theorem, aliasing and the Nyquist limit

In vivo ganglion cell sampling through psychophysical methods exploit the on/off centre
arrangement of ganglion cell receptive fields and the sampling theorem. The sampling
theorem can be used to describe the limitations placed upon the visual system by the
sampling frequency. Assuming ganglion cells are regularly distributed in a given retinal
region, the sampling theorem dictates that for a sinusoidal grating to be detected in order to
reconstruct the signal accurately, a minimum of two sampling points per cycle are required
i.e. one sampling point for the peak of the wave and one for the trough. The limit of the
sampling frequency is referred to as the Nyquist limit.  If performance falls below the
Nyquist limit, (when responses are correct less than 50% of the time); this would produce
aliasing or misrepresentation of the signal. In the central foveal region visual optics act as a
filter to limit frequencies outside the limits of the bandwidth imposed by the distribution of
the foveal cones, to prevent aliasing. High spatial frequency laser interference fringes are

independent of the eye’s optics and can be used to induce foveal aliasing.

6.5 Peripheral visual function

Beyond the foveal region, cone density cannot be relied upon to indicate potential visual
acuity due to the decline in cone receptors and the increased amount of signal convergence
that takes place. Hence, ganglion cell density is of particular interest in the peripheral retinal

regions.

The neural limitations placed upon the visual system in the peripheral retina by ganglion
cells are believed to be directly associated with reduced visual resolution (Thibos et al.
1987). However, other factors may also play a role in image degradation: the presence of

peripheral aberrations, stimulus contrast and correction of peripheral refractive error.

A study using histological samples found beyond 11-20° eccentricity from the fovea, the
relationship between minimum angle of resolution (MAR), receptive fields and retinal

ganglion cells to be non linear. The non linearity has been explained by the lack of
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differentiation between ganglion cell subtypes in sampling studies (Sjostrand et al. 1999).
Conversely, other studies have noted the relationship of ganglion cell density and visual
resolution to be well correlated (Anderson et al. 1992). One study determined ganglion cell
density by use of psychophysical techniques in several different retinal locations referencing
findings to previously published histological data (Anderson et al. 1992; Curcio & Allen
1990). At an eccentricity of 25°, the greatest resolution acuity was found to be in the nasal
quadrant (see Figure 20). This finding correlates well with the increased density of ganglion
cells noted in this region (Curcio et al. 1990). Nasal-temporal asymmetries in sensitivity had
previously been noted by Anderson et al. (1991); at eccentricities of 25-55° the nasal retina
was shown to be more sensitive than the temporal. Investigations of the vertical meridian

(examining superior-inferior asymmetries) did not find such hemifield differences.

Figure 20 Visual resolution limit in cycles per degree at an eccentricity of 25°, at radial
locations around the retina (Anderson et al. 1992)

6.6 Myopia, eye size and peripheral ganglion cell function

Of particular interest to the current study is the evidence showing the peripheral retina to be
structurally dissimilar between different refractive groups (Atchsion et al. 2005). In myopia
as the globe expands concurrent retinal expansion and subsequently retinal stretch is

believed to take place (Vera-Diaz et al. 2005). As a consequence, retinal receptors may be
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misaligned, misdirected, damaged, or decreased in density. Investigation of ganglion cell
density in myopic subjects may therefore help clarify the effects of shape and refractive error

on peripheral retinal function.

Specifically, ganglion cell density has been found to be reduced in myopes (Chui et al. 2002)
and consequently visual resolution believed to be sampling limited (Chui et al. 2005) in

direct proportion to the number of ganglion cells (Popovic & Sjostrand 2005).

One study investigating aliasing at the fovea estimated the Nyquist limit of an emmetropic
eye to be 56 cycles per degree (expressed in object space/visual field); the value was
calculated by assuming that firstly the maximum foveal proximity of cone receptors is 3um
and secondly that 1° of retina corresponds to 0.29mm. Using this value, a prediction may be
made regarding the potential effects of myopia on retinal spacing and thus sampling limits.
Strang et al. (1998) proposed three models of myopic growth; equatorial stretch, global
stretch and posterior pole stretch (see Figure 21).

Figure 21 (a) Equatorial stretching (b) Global expansion (c) Posterior Pole (after Strang et al.
1998)

Strang et al. made predictions of resolution ability with reference to each myopic model
(Strang et al. 1998). The predictions were based upon the parameters set by Williams et al.
(Williams, 1985). Eyes which followed the equatorial stretch model were expected to have
optical rather than neural limitations affecting the resolution. For the posterior pole stretch
model, neural resolution was predicted to fall at approximately 5D of myopia, and in the
global expansion model resolution was predicted to fall beyond 15D of myopia (see Figure
22). Thirty-four subjects with refractive errors ranging from plano to -14D were examined.
The predictions were not confirmed by their findings. This may be due to the models being

overly simplistic as it is likely that subjects’ eyes were a combination of two or more of the
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stretch models. The study failed to explain the reduction in visual resolution through retinal

sampling; however, a reduction in visual acuity in some highly myopic subjects was noted.

Thus far it is difficult to ascertain whether eye shape or myopic refractive error has a bearing

on ganglion cell density or function.

Figure 22 Graph showing the predicted decline in resolution with increasing myopia for each of
the three myopic models, (optical cut-off is marked at 45 cpd, represents the optical limit of the
eye) (after Strang et al. 1998)

6.7 Summary

Ganglion cell density can be measured in vivo through psychophysical techniques by
exploiting the sampling theorem. It has been hypothesised that ganglion cell density may be
reduced in myopic subjects due to the retinal expansion and stretch which is synonymous
with myopia. Only a limited number of investigations have been able to show the decline in

density for myopic subjects; optical factors may also play a role in limiting peripheral acuity.

Retinal expansion and stretch, not myopia, are often cited as the causative factors in a
hypothetical decline of ganglion cell density, therefore ganglion cell density should be
investigated with reference to eye shape; this thesis describes correlations of ganglion cell

density with MR derived ocular shape (see 14.4).
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7 INSTRUMENTATION

7.1 Introduction

Approximately 17 subjects for the MRI study had been recruited prior to October 2006
(before the PhD studentship began); for the majority of these subjects a range of ocular
biometry measurements were obtained by Dr Nicola Logan, Professor Bernard Gilmartin,

Professor Krish Singh and Elizabeth Wilkinson.

Subjects were recruited predominantly from the Optometry undergraduate and postgraduate
programs at Aston University. A total of 76 subjects were scanned however only 73 are
included in the main data set; subjects with refractive error greater than 15D were excluded
from general analyses. Ages for the main subject data set ranged from 18 years to 40 years.
Subjects were predominantly of White or British Asian ethnicities. Ethical approval was
acquired for all experiments and informed consent obtained from subjects.

The range of data collection comprised MR scanning, ocular biometric measures using the
Zeiss IOL Master and Oculus Pentacam, visual fields testing with the Humphrey Visual
Fields Analyser, multifocal ERG VERIS recordings, ganglion cell density, peripheral
refraction measurements with the Shin Nippon autorefractor, and the issuing of a

questionnaire.

7.2 Shin Nippon Autorefractor

The Shin Nippon SRW 5000 (Japan) is a wide field binocular open view IR autorefractor
allowing objective measurement of refractive error. The instrument has been used widely in
research (Chat & Edwards, 2001; Logan et al. 2005).

Refractive readings by the S-N SRW 5000 have shown high repeatability and high validity
which have been established through correlations with subjective refraction in both adults
(Mallen et al. 2001) and children (Chat & Edwards 2001).

The subject is positioned by use of an adjustable chin and fixed head rest. The practitioner is
able to view the anterior eye on a small black and white monitor, and through use of a
joystick can align and focus the centre of a ring shaped (necklace) mire with the eye. To

obtain a reading a minimum pupil size of 2.9mm is recommended by the manufacturer.
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Once the subjects’ eye is aligned, the practitioner presses the release button in order to take a
measurement. Results may be printed and stored; the option to produce electronic copies
through connection to a computer also exists, however, this method was not used in the

present study.

The instrument is able to measure a wide range of refractive errors; £22D spherical
component and £10D cylindrical component. The values are given to the nearest 0.125D

and the cylindrical axis expressed in 1° increments.

Shin Nippon autorefractors have been used to study accommodation and peripheral
refraction. The extensive use of the Shin Nippon range for peripheral refraction has been
reviewed (Fedtke et al. 2009) and compared to other techniques and is cited as the principal

instrument of choice.

In order to take peripheral refraction measurements with an autorefractor the presentation of
the target normally requires a degree of modification. In the current study an attachment was
fitted to the Shin Nippon autorefractor casing; the attachment was marked at 5° intervals up
to a maximum of 30° right and left from the visual axis (0°). The peripheral refraction
attachment had been made for previous studies using the Shin Nippon by Dr Leon Davies
and Dr Edward Mallen; a fixation target was attached to the autorefractor arm at a viewing

distance of 1m.

Prior to obtaining autorefraction readings all subjects were dilated with 1% tropicamide
ophthalmic solution (Minims®, Bausch and Lomb, Surrey, U.K); this ensured maximum
pupil size which enabled the acquisition of more peripheral measurements, additionally
tropicamide induced a cycloplegic effect which helped to minimise any active
accommodation. Prior to the instillation of tropicamide intra-ocular pressure (IOP) readings
were obtained using standard commercially available non-contact tonometers, 10P readings
were repeated post dilation and advice on possible adverse effects of tropicamide was given.

7.3 Zeiss IOL Master

The Zeiss I0L Master is a non-contact device used for measuring ocular biometric
parameters. Measurements possible include axial length, corneal radii, anterior chamber
depth, and horizontal iris diameter. The IOL Master is used extensively in hospitals for

calculation of the required intraocular lens power pre cataract surgery.
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The operation of the 1OL Master is much like that of an autorefractor; the subject rests
his/her head on the head rest and chin on the adjustable chin rest. The subject fixates upon a
target located within the instrument, the practitioner then uses the joystick to adjust the
positioning of the unit and focus the mires. Each type of measurement requires the
refocusing and realignment of mires, i.e. there are separate sets of mires for keratometry,

axial length and anterior chamber depth.

Axial length measurements

The 10L Master measures axial length through an adaptation of partial coherence
interferometry. A Michelson interferometer splits an infra red light beam (A =780nm) into a
dual beam comprising two partial beams (which reduces any longitudinal eye movements
affecting the recording). On entering the eye the dual beam is reflected at two surfaces; the
anterior corneal surface and the pigment epithelium. If the path between the partial beams is
smaller than the coherence length; an interference signal is detected, (Drexler et al. 1998;
Goel et al. 2004). This condition is met through the movement of one of the mirrors within
the system. The interference is detected by a photodetector and measured relative to its

positioning from the interferometer mirror.

Prior to the introduction of the IOL Master axial length measurements were predominantly
taken using A-Scan ultrasound. A distinct disadvantage of ultrasound biometry is the higher
likelihood of cross infection between subjects owing to the use of a contact probe.

Keratometry

Keratometry is the measurement of the corneal radius of curvature and readings can be used
to estimate the degree of corneal cylindrical error. The measurements obtained through the
IOL Master are comparable to those made by commercially available instruments used in
clinical practice, such as the Javal-Schiotz keratometer (Santadomingo et al. 2002; Nemeth
et al. 2003).

Anterior Chamber Depth (ACD)

The anterior chamber depth describes the distance along the optic axis from the posterior
corneal surface to the anterior crystalline lens surface. The repeatability of ACD
measurements with the 1OL Master have been queried (Lam et al. 2001). Furthermore
comparison of ACD measurements from the IOL Master with other commercially available

instruments have found equivocal results, with some studies reporting comparable results
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between instruments (Lackner et al. 2005) and others finding significant differences
(Hashemi et al. 2005).

In summary, previous reports suggest that the Zeiss 10L Master has good repeatability, for
keratometry and axial length measurements, and is a valid instrument of choice for a range
of ocular biometric measurement. Results are not, however, interchangeable with those from

other ocular biometric instruments.

7.4  Zeiss Humphrey Visual Fields Analyser

The Zeiss Humphrey Visual Fields Analyser (HVFA) is a well established and widely used
automated perimeter in both research and clinical settings; it is generally accepted as the
gold standard instrument for automated visual fields testing. In clinical settings the HVFA is
often recommended for use in glaucoma patients, i.e. individuals who may have subtle visual

field changes.

During the test subject ametropia is fully corrected by use of full aperture trial lenses or by
contact lenses. Subjects are positioned by use of adjustable chin and forehead rests, and are

required to fixate on a target inside the perimeter bowl.

A push switch is given to a subject, which during the test the subject uses to indicate the
presence of a stimulus. The stimulus for most HVFA programs is target size 11l (4mm?);
however other sizes may be used to detect more subtle or gross defects. The stimulus will
vary in intensity; from 0.8 to 10,000 apostilb (asb), in order to determine the minimum light
detected by the subject; known as the differential light threshold. The background
luminance within the perimeter will however stay constant at 31.5 asb (Wani et al 2005).

As mentioned previously, the HVFA has extensive software to run various different types of
visual field tests. Each test may differ from another by the area of the field covered, number
of points tested, or by the way in which the light threshold is determined. The HFVA allows
use of the Swedish Interactive Threshold Algorithm (SITA) to determine threshold values.
The use of SITA reduces the test time which helps reduce the effect of fatigue associated

with longer testing times, thus producing more reliable results.

There are several types of SITA tests; SITA Standard, SITA Fast and FASTPAC. SITA
Standard is often used as a replacement for full threshold fields as it is faster and shown to

have good repeatability (Chandra et al. 2000). The HVFA provides several reliability
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indices as a measure of how valid the test is, these include: fixation losses, false positives

and false negatives, (see section 4.2.1).

The Humphrey Visual Field Analyser provides reliable measurements of light sensitivity for
the central visual field. In myopic individuals these measurements are a valuable source of
information as they can provide information about subtle functional changes. Although
studies of automated visual fields in myopia have been previously reported, the approach
taken by the current study is unique as it investigates the previously unreported relationship

between ocular shape and visual field sensitivity.

7.5 Oculus Pentacam

The Oculus Pentacam (Oculus Optikgerate GmbH, Wetzlar, Germany) is a relatively new
device; it was introduced approximately five years ago. The Pentacam is able to take
numerous measurements of the anterior eye, in particular measurements of the cornea (see
Figure 23). The Pentacam provides a vast amount of information: corneal pachymetry,
corneal volume, higher order aberration maps, and refractive power topographies. The
Pentacam is reported to have high repeatability in particular for pachymetry measurements
(Khoramnia et al. 2007). The use of the Pentacam has been widely advocated by refractive

surgery clinics and hospital services alike.
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Corneal Thickness
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Figure 23 An example of a Pentacam output. The output shows the corneal thickness for an
emmetropic subject (MSE: +0.50D). Further outputs are given for parameters such as corneal
curvature and aberrations.

The instrument uses a rotating slit beam camera which is based upon the Scheimpflug
principle to take measurements at 25,000 locations within the anterior eye. The Scheimpflug
principle describes the relationship between the image plane, object plane and the orientation

of the camera lens, required to achieve a focused cross sectional image.

7.6 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging, MRI, is a method of imaging used to examine soft internal
tissues in humans. MRI is widely used in the field of neurology. The technique works on
the basis of an extremely strong magnetic field and exploits the properties on hydrogen
atoms which are abundant in the human body. The responses from the magnetic fields are

detected by radio waves which are then presented as images.

In the present study a Siemens 3-tesla (Siemens, Erlangen, Germany) whole body scanner
was used to scan both eyes. The MRI scanning protocol allowed images to be obtained in
five minutes and forty seconds (Singh et al. 2006). To explain how the MRI works it is

essential to understand some of the associated background physics.
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An atom is a structure constituting a central nucleus which contains both positively charged
protons, and neutrons which do not have an electrical charge. The nucleus is surrounded by
negatively charged electrons (Westbrook and Kaut, 2003). The atom is electrically stable if
the number of protons and electrons is equal. If there is a surplus of either, the atom is

electrically unstable and termed an ion.

There are three types of movement within the atom; electrons spinning on their own axis;
electrons orbiting the nucleus; and most important for MRI is the spinning of the nucleus on
its own axis (Bharatah, 2009). The nucleus of biological tissues contains specific MR
sensitive nuclei; these are hydrogen atoms. In general the protons in the hydrogen atom
nuclei are randomly aligned. In the presence of a strong magnetic field, such as that
introduced by the MR scanner, the orientation of the protons is aligned with the new
magnetic field. The protons generally spin around their own axis, however, in the presence
of the strong magnetic field they also spin in a rotary pattern about their own axis know as
the precessional path. The speed at which this path is followed is known as the precessional
frequency, also referred to as the Larmor frequency as it is governed by the Larmor equation
(Westbrook and Kaut, 2003). The precessional frequency of hydrogen varies with different
magnetic field strengths; a higher field strength of 1.5 tesla would produce a greater

frequency than 1.0 tesla.

A pulse of radio frequency waves is applied at the precessional frequency; this causes
resonance to occur. The protons gain energy and their orientation is changed, the magnitude
of change is termed the flip angle and is usually 90° i.e. the opposite direction to the
magnetic field. The radio frequency receiver coil detects the changes in the magnetic field
and is able to record from this the MR signal. The receiver coil may be a small localised coil
e.g. an ocular coil, or a larger full body coil. A localised coil will provide a higher signal to

noise ratio. In this particular study an eight channel phased array head coil was used.

As the radio frequency waves are removed, the energy of the protons is diminished until they
realign orientation with the magnetic fields. The loss of radio frequency emitted is termed
T1 or T2 decay (Westbrook and Kaut, 2003). T2 weighted images were used in the present
study as they optimise organs that are predominantly water based, such as the eye. Each MR
slice had a thickness of Imm and voxel size was 1.0 x 1.0 x 1.0mm. An earlier protocol
used 0.5 x 0.5 x 1.0mm voxels (Singh et al. 2006). Further details of how the images were

processed and analysed are provided in Chapter 9.
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As the MR scanner is the centre of a strong magnetic field it is critical that all metallic
objects are removed from the room and from the subjects. In depth screening takes place
prior to any scan, and subjects must speak to the radiographer before the procedure.

The scanner comprises a tunnel like chamber and is accessed by the subject through lying on
a sliding table. In the current study subjects were asked to fixate on a distant LED target
during scans. The images are prone to artefacts therefore movement of the eyes, and other

general bodily movement, can cause blurring of the images.

Inside the scanner the environment can be quite noisy owing to changes in the magnetic field
strength; referred to as gradients (McRobbie et al. 2003). Ear plugs were provided for all

subjects to reduce the loud audio effects of the MR scanner.

7.7 Summary

A number of different techniques are used to assess ocular shape and function as part of the
experiments which comprise this thesis. The high validity and repeatability of each
instrument or technique has previously been reported, therefore no studies of repeatability or
validity have been carried out. Calibration of all lab instruments was maintained throughout

the study.
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8 SUMMARY OF AIMS AND OBJECTIVES

The principal aim of this thesis is to evaluate the relationship between ocular shape and

visual function.

Several reports demonstrating reduced visual function in myopia have suggested increased
ocular size as a possible causative factor. The increase in ocular size is thought to cause a
concurrent decrease in retinal receptor density and subsequently lead to impaired visual
function (Chen et al. 2006; Chui et al. 2005). Previously limitations in ocular shape imaging
restricted the testing of this hypothesis. Since the introduction of 3-dimensional MR imaging
a more comprehensive model of eye shape may be constructed and subsequently correlated
with tests of visual function (Singh et al. 2006).

3-dimensional ocular MR imaging allows shape parameters from specific areas of the eye to
be evaluated; it is envisaged that evaluations of shape and function will be drawn from
specific retinal quartiles. Tests of visual function will include visual field sensitivity testing,
multifocal electroretinogram testing, and estimates of ganglion cell density. Previously these

tests of have demonstrated reduced responses in myopic eyes.

In order to further evaluate ocular structural aspects, a comparison between peripheral
refraction based retinal contours and MRI based retinal contours is envisaged. As peripheral
refraction is a more accessible and more widely used technique than 3-dimensional ocular
MRI, it is of particular interest to determine whether these two techniques produce
comparable and interchangeable results.

Based on previous literature, it is hypothesised that a detrimental effect on visual function

will be correlated with the increase in ocular size which is synonymous with myopia.
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9 DEPICTION OF OCULAR SHAPE AS DERIVED FROM 3-DIMENSIONAL
MAGNETIC RESONANCE IMAGING (MRI)

9.1 Introduction

In vivo ocular imaging has proven to be problematic for investigators owing to both optical
and anatomical constraints. Two of the most widely used techniques in recent years have
been peripheral refraction and 2-dimensional MRI (Atchison et al. 2004; 2005; Logan et al.
2004). Both these methods suffer from relatively large areas of the retina being inaccessible
for measurement, and thus assumptions of eye shape in those areas have been made.
Peripheral refraction measurements are usually taken over the central 30-40° at 5° intervals;
thus not accounting for data from approximately 57% of the area examined. Peripheral
refractive studies generally focus on the horizontal meridian; there is limited data for the
vertical meridian. Due to difficulties in measurements, information regarding the oblique
meridians is rarely acquired. Thus information is missed due to large measurement angles
and is also limited to a maximum of two meridians. Furthermore, aberrations created by the
eye’s optics limit the validity of more peripheral readings. Conversely MRI measurements
are independent of the eyes optics; additionally MRI is not limited by pupil size, allowing
measurements of the whole eye. Until recently all ocular MRI work was limited to 2-
dimensional (2D) methods (Atchison et al. 2005; 2004). Measurements of the height, width
and length of the eye were made using MR data (Cheng et al. 1992; Atchison et al. 2004;
2005). Although 2D MR data can provide valuable information on eye size, it has failed
accurately to quantify the changes in ocular shape. 2D MR imaging is limited by a number
of factors; namely the image slice sizes and methods of data analysis. Despite their relative
limitations both techniques, peripheral refraction and MRI, appear to produce similar results;
reporting myopic eyes to be relatively prolate or less oblate in the posterior retinal regions
compared to emmetropes and hyperopes who tend to be more oblate. 3-dimensional ocular
MR imaging bears many advantages over the 2D method. 3D MRI can provide a more
comprehensive data set providing information on ocular shape, retinal contour, ocular

volume and help to model the shape characteristics of each retinal quadrant.

9.2 3 Dimensional MRI
The acquisition of the MR data is described in more detail in the Instrumentation chapter. In

brief, subjects are required meet a strict set of criteria before consideration for MR imaging.
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Information regarding the procedure, the prerequisites to scanning, and the possible adverse
effects, was supplied through both written and verbal formats prior to scanning. In the
current study the information sheets, one of which was an exclusion criteria questionnaire,
were read again on the day of the scan. Before committing to the experiment, subjects were
briefed again by the registered radiographer present and any positive responses on the
questionnaire discussed; positive responses may be regarding issues such as dental work or
tattoos. Prior to entering the scanning room all metallic objects were removed from the
subjects due to the strong magnetic fields within the room; subjects were asked to either
change into hospital gowns or bring a change of clothing which was free of metallic zips and
buttons to wear during the procedure. Subjects were then provided with ear plugs to reduce
the noise of the scanner before scanning began.

The scan required the subject to assume a supine position on a stretcher bed inside the
scanner (see Figure 24). Subjects were asked to fixate on a distant red LED target (located
in the MR control room) through use of an inclined mirror system, this target helped to

minimise eye movements which could lead to poor MR images.

The scan itself lasts approximately 5 minutes and 40 seconds with an additional 5-10
minutes to set up the subjects and to give the subjects breaks. Throughout the procedure

subjects were able to communicate with the radiographer via a two way intercom system.

Figure 24 The MR scanner and head coil (c/o Aston University Day Hospital)
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Post scanning, a set of Digital Imaging and Communications in Medicine (DICOM) files
were generated. DICOM MRI files were converted to image files through use of PC based
software MRIcro. These image files were then accessed using MAC based freeware

software mri3dX.
Mri3dX

The Mri3dX program shows images in three planes; coronal, axial and sagittal. The program
allows the user to proceed successively through the image slices, while simultaneously

viewing images in the three plane formats (see Figure 25).

The images generated were optimised to show the fluid filled chambers of the eyes at much
higher contrast than the surrounding bony orbit (Gilmartin et al. 2008). In the 3D ocular
imaging technique images of the two eyes are shaded with 1mm? voxels, through use of a
flood-filling algorithm. There is a considerable amount of overspill with the automatic
shading function therefore manual manipulation is required. Shading manipulation requires
careful examination of each MR image slice and it must be ensured that shading is contained
within the ocular regions only; any overspill is subsequently corrected. The image slices are
Imm in thickness, therefore there are approximately the same number of slices as
millimetres of axial length. Separate shades are used for the right and left eyes to help
differentiate the data.

Sagittal

Figure 25 The three different views presented in mri3dX. Each view shows one slice

9.2.1 Ocular Volume
For obtaining ocular volume measurements the mri3dX program calculates the number of

voxels used to shade each eye and automatically produces a value in mms3. As the flood
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filling algorithm shades the fluid ocular areas only; structures such as the lens must be

manually shaded to generate volume measurements.

In previous work the described procedure has been used in the calculation of anterior,
posterior, and total ocular volumes (see Figure 26). A previous report defined anterior
volume as the region from the anterior corneal pole to the posterior lens, and posterior
volume to be from the posterior lens to the retinal surface; the sum of these two values was

taken as the total ocular volume (Gilmartin et al. 2008).

Figure 26 The division of anterior and posterior volume measurements is shown by the dashed
line (after Gilmartin et al. 2008)

9.2.2 Generation of quadrant and radius band values

To produce a 3D model using the shaded MR images, a marker within the software is used to
manually locate the anterior corneal pole. Although many of the measurements are
independent of this manual intervention; the axial length measurement is not. Importantly
the positioning of the marker does not have a significant effect on the generation of eye
shape through the shrink wrap process (see Figure 27). It is envisaged that subsequent

versions of the technique will automate this element of the process.

The marker movements are limited to 1Imm increments; therefore in some cases it is only
possible to either place the marker too far anterior or too far posterior off the cornea. Using
PCI axial length (derived using the Zeiss IOLMaster) as gold standard, a maximum error of
approximately 1mm (either side of the cornea) is expected. For consistency in this study
where there has been doubt over the positioning of the marker the more posterior point has

been selected each time.
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Following the location of the corneal pole the mri3dX program then produces a spherical
mesh which comprises of 32,768 equally distributed triangular polygons. The purpose of the
mesh is to completely encapsulate the shaded eye. The sphere diameter is 30mm which
ensures even eyes with large axial lengths will be encapsulated by the sphere. The sphere
then undergoes a shrink wrap process whereby each of the 32,768 polygons regress towards
the geometric centre of the sphere. The point at which the polygon vertices make contact
with the shaded voxels is deemed to be the surface of the eye; the polygons are resized and
redistributed. 3D vector coordinates are assigned to each of the polygons allowing the
position of each to be tracked. The structure produced by the polygons has a corrugated
surface; the model then undergoes smoothing by 20 iterations producing a smooth surface
model of the eye (see Figure 27). Text files providing data on various parameters, such as

radius of curvature and quadrant data are generated and saved.

Figure 27 Graphic depicting the 3-dimensional MRI process. The first image shows the raw T2
weighted MR image. The second image shows the same scan once shaded using the mri 3dX
program. The third image is a representation of the eye once the polygonal envelope has
collapsed around the shaded voxels producing a rough corrugated model of the eye (Singh,
Logan, & Gilmartin 2006). The final two pictures illustrate 3 dimensional models post
smoothing; radius bands (as described in Methods) are visible in the final picture.

83



Radius bands

The mri3dX program calculates coronal ‘radius bands’ at each 1% increment along the
geometric axis. These radius bands are in fact not the true radius of the eye but the
equivalent spherical radius i.e. the closest spherical radius fit at that point along the axis
referenced to the geometric centre.  Radius bands are calculated using the constant sphere

relationship below.

A

27h
Where r = radius of the sphere

A=Surface area of the segment corresponding to segment width h
h= Segment width (in mm equating to 1% of the axial length)

The radius data text files are imported into Microsoft Excel software; data is expressed at
each 1% increment of the axial length therefore producing one hundred x and y coordinate
data points.

Quadrant data

Data for each quadrant is produced by collapsing the 32,768 data points around the coronal
axes which bisect the geometric centre of the eye. This process disregards the difference
between the optic and visual axes (see section titled angle a). Each ocular quadrant thus

comprises approximately 8000 points (see Figure 28).

Figure 28 The direction in which data points are collapsed to generate data for the XQ. The
same methodology was applied to the +Q
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The text files are imported into Microsoft Excel software in which the quadrant data is
reduced from ~8000 points to ~800 points through use of a macro based spreadsheet created
by Dr Robert Cubbidge. The purpose of data reduction to ~800 points is to aid data

management.

The text files contain data for each quadrant of the eye; the distance along the geometric axis

and the distance from the geometric axis to the retinal surface (see Figure 29).

There are two sets of quadrant measurements generated by the program; superior, inferior,
nasal and temporal, referred to in this thesis as XQ. The second set is the superior-temporal,

superior-nasal, inferior-temporal and inferior-nasal quadrants, referred to as +Q.

Distance along axis

Distance from axis
*
2
14

Figure 29 The diagram shows the conversion of 3D data to 2D. Figure provided c/o Professor
Bernard Gilmartin

9.23 Anglea

The 3-dimensional MRI technique detailed above produces quadrant and radius band outputs
with reference to the nominal geometric axis of the eye. The difference between the
geometric (optic) axis and the visual axis is known as angle a. There is both a horizontal and

to a lesser extent, a vertical element to angle a.

Angle alpha may be measured through ophthalmophakometry, which is a technique
exploiting the positioning of the Purkinje images formed by the cornea and crystalline lens.
Horizontally, angle a is believed to be approximately 5+1.2° (Dunne et al. 1993) and
vertically approximately 2-3° (Tscherning, 1924), however, estimates do vary considerably.

Angle a is difficult to measure and account for exactly. In this study to increase the validity
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of measurements a correction was applied to all data; whereby the reference point was
shifted from the geometric axis to an adjacent and parallel axis originating from the most
posterior location on the retina. Through the period of this study alternative techniques were
attempted to derive angle a prior to the methodology described above being selected.
Estimates of angle alpha were made mathematically using data from the Oculus Pentacam,
the MRI data sheets and from simple trigonometry. The calculated values showed large
variations between techniques; these techniques were rejected in favour of a differentiation
method using the second order polynomial coefficients. The data was referenced to the axis

running from the most posterior retinal location of the eye.

9.2.4 Previous reports using the Aston University MR scanning protocol

In 2006 Singh et al. detailed their patented technique for obtaining 3-dimensional ocular
images and data (International Patent Application number PCT/GB2005/004577: Method
and Apparatus for Imaging the Eye). Validity of surface measurements was established
through use of phantoms, and internal measurements by correlations of MRI derived axial
length with PCI derived axial length. In addition to describing the methodology, the paper
focused on findings with reference to refractive error. A total of seven subjects underwent
the MR imaging; MSE ranged from +4.00D to -16.25D MSE. A chief finding was the high
level of inter subject variability. Furthermore nasal and temporal quadrant asymmetries
were also noted in some individuals; the temporal quadrant was shown to be more bulbous
than the nasal. The same protocol was used in a subsequent series of ARVO Abstracts to
describe the radius bands in a cohort of 20 subjects (Gilmartin et al. 2007). The radius bands
were subdivided into quartiles along the axial length. The anterior aspect of the eye did not
show significant differences; the significant change in shape between refractive groups took
place at the cusp of the 3" and 4™ quartiles. The posterior 25% appeared to steepen in
myopic subjects and flatten in less myopic or emmetropic/hyperopic subjects. This finding
is particularly important as it indicates that although the anterior region of the eye may
contribute to the development of myopia, it appears relatively unaffected by myopia itself.
The findings were reinforced through examination of ocular volume; whereby anterior
ocular volumes were not found to be significantly different amongst refractive groups,
however, posterior volume showed larger volumes in myopic subjects and relatively smaller
volumes in emmetropic subjects (Gilmartin et al. 2008). The original program had allowed
only +Q data to be generated; a later software amendment allowed generation of XQ data.

To further evaluate nasal vs. temporal asymmetry, the data were used to assess differences in
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the curvature of XQ and differences in the maximum distance from the presumed visual axis
to the ocular surface (Nagra et al. 2009). The data were plotted graphically for each
quadrant and fitted with second order polynomials; the x? coefficient was taken to be an
indicator of curvature or bulbosity. Maximum distance from the presumed visual axis was
derived through differentiation of the polynomial coefficients. Due to previous reports of
differences in 4™ quartile ocular shape between refractive groups, this region was examined
separately. The chief finding was the relative expansion of the temporal quadrant in the
intermediate region of the eye; on average the temporal quadrant was larger in myopic

subjects by 0.82mm.

The protocol used for original recordings varied slightly from the protocol used in the
current study; initially the voxel size was set at 0.5 x 0.5 x 1.0mm (prior to Oct 2006), this
was subsequently amended to 1.0 x 1.0 x 1.0mm to produce more congruent isotropic voxel

dimensions.

In summary, the 3-dimensional MR imaging technique provides data on previously
inaccessible areas of the eye. Thus far, data have shown significant inter refractive group
differences particularly in the posterior 25% of the eye; inter quadrant differences have also
been reported. Expansion of cohorts and a wider range of refractive errors will allow

accurate ocular models to be constructed for each refractive group.
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9.3 Purpose
To evaluate and develop models of eye shape with reference to refractive error using the 3-
dimensional ocular MRI techniques developed at Aston University.

9.4 Hypothesis

Based on previous literature it is predicted that myopes will have a larger eye size and
myopic eyes will display a prolate or less oblate shape. Posterior ocular volume is
hypothesised to increase as a factor of increasing myopia. The calculations of eye size are
predicted to be larger in the myopic eyes and exhibit quadrantic differences. Based on
previous analysis of a smaller cohort using the same technique it is predicted that the

temporal quadrant may show increased stretch in myopic eyes.

9.5 Methods

A total of 76 subjects underwent MR scanning. Subject ages ranged from 18 to 47;
approximately 30 males and 46 females. The majority of subjects were of White or British
Asian origin; two subjects were East Asian and a further two subjects were of African origin.

Mean Spherical Error (MSE) ranged from -19.76 to +4.38D and refractive error
measurements were obtained under cycloplegia using the Shin Nippon SRW-5000. Three
subjects were excluded on the basis that their myopia was greater than 15D and therefore
were atypical myopes. One of the excluded subjects was under hospital review for possible
Marfan’s syndrome and another had a known posterior staphyloma. PCI axial length
measurements were measured using the Zeiss IOLMaster (Carl Zeiss, Germany) and ranged
from 21.75 to 28.12mm. Data were analysed with reference to MSE; refractive groups were

divided as follows:

High Myopes: Myopia greater than or equal to 6D

Low Myopes: Myopia less than 6D but greater than or equal to 0.75D
Emmetropes: -0.5D to 1.5D

Hyperopes: Hyperopia greater than 1.5D

There were a relatively small number of hyperopes therefore not all analyses include the
hyperopic subject group.
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Refractive group (n) Mean MSE * SD
High myopes (18) -8.14+1.44
Low myopes (22) -2.93+1.65
Emmetropes (26) +0.06£0.40

Hyperopes (7) +2.86+1.18

Table 3 The distribution of refractive error within the cohort

Several different aspects of the MR data were investigated; the methodology for each is
detailed below.

9.5.1 Radius bands

The original data collated by Gilmartin et al. 2007 on radius bands was expanded from 20 to
73 subjects. Data were analysed as a function of refractive group. The previous protocol of
examining by quartiles was repeated (see Figure 30).

Figure 30 Diagrammatical representation of the various parameters of ocular shape measured
as part of this study.
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9.5.2 Ocular volumes
The original data set of 39 subjects presented by Gilmartin et al. 2008 was expanded upon to
73 subjects, both right and left eye volumes were measured. Data for the anterior, posterior

and total volume were calculated and analysed (see Figure 26).

Ocular volume for the posterior 25% could not be obtained via the shading technique as
there were no definite reference points defining the posterior 25% in the raw MR images. A
calculation of the posterior 25% volume was made through graphically plotting the data for
each pair of quadrants (nasal-temporal and superior-inferior) for the posterior 25% region,
the data were then fitted with a second order polynomial, the curve was integrated and
rotated, a total ocular volume for the posterior 25% derived by the addition of the two

volume values.

9.5.3 Quadrant data

The quadrant data for the right eye (normally the dominant eye) of each individual were
plotted graphically; data for the distance along the optic axis was plotted against the data
from the axis to the retinal surface. To evaluate the quadrant differences the distance of the
chord from the retinal surface to the optic axis was subtracted from the equivalent chord for
the opposite quadrant i.e. N-T, S-I, SN-IT, and ST-IN (see Figure 43). For additional details
regarding each of the quadrants, the maximum distance from the presumed visual axis to the
retinal surface was evaluated. Previous work had shown large refractive group differences in
the maximum distances of temporal quadrants; the temporal quadrant was therefore of

particular interest (Nagra et al. 2009).

Further evaluations were carried out through fitting data with second order polynomials (see
Figure 31). The x? coefficient was taken to be an index of curvature or bulbosity and
evaluated using a mixed repeated measures ANOVA for both the XQ and the +Q. Subsets
of data were plotted from the distance 25%-75% along the presumed visual axis for each
quadrant. The data were then plotted for just the posterior 25% of the eye and similarly
evaluated. In addition to investigating inter-quadrant, differences between refractive groups

with respect to quadrants were made.

To aid analysis of quadrant data a macro based template was developed by Professor
Bernard Gilmartin; data was processed via this template and then extracted for various

analyses.
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Figure 31 Data plotted for the region 15-100% along the axis. 2" order polynomial fitted for
the region 25-75%.

9.5.4 Stretch index

To further examine the consequences of myopic growth, a stretch index was calculated as
the ratio of the width of the eye at a given point versus the axial length. This technique was
used for examining specific retinal locations; in this thesis the technique was used to

evaluate the point 40° temporal to the presumed foveal position (see 14.4).

9.5.,5 Interval Variation (1V)

As a further measure of shape variation the standard deviations of the data comprising the
25-75% region of the eye and separately the posterior 25% of the eye, were derived and
interval variance calculated by multiplying standard deviations by a value of 1.96. Interval
variation was examined at every 5% increment along the axial length for the 25-75% region
and every 2.5% increment in the posterior 25%. The IVs were examined with reference to
refractive group and quadrants. The IV values helped evaluate the shape variance across

sections of the eye.
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9.5.6 Surface areas

The surface area for the posterior 25% of each quadrant was calculated through use of a
formula developed by Dr Brian Cox and Professor Bernard Gilmartin, (see chapters 12 and
13 for details).

9.5.7 Inter eye differences

A subset of 18 eyes were examined for inter eye differences; both XQ and +Q were
investigated. The data depicting the distance along the axis vs. distance to the retinal surface
were examined. Also comparisons between ocular volumes were made between right and

left eyes.

9.6 Results

9.6.1 Radius bands

The radius bands were plotted graphically; they detailed the equivalent radius of curvature in
1% increments along the geometric axis. For the region approximately 25% along the axis
to 75% along the axis, the low myopic and emmetropic groups showed a relatively constant
spherical shape. The radius data for the high myopes were flatter compared to other
refractive groups, but also maintained a spherical shape in this central region. The
hyperopes, although limited in number, showed steeper radius of curvature data compared to
other refractive groups in this central region (see Figure 32). A repeated measures ANOVA
evaluating the four quarters (0-25%, 25-50%, 50-75%, and 75-92%), showed no significant
differences between the 25-50 and 50-75% regions (p>0.05). There were significant
differences between the posterior 75-92% region and the 25-50 and 50-75% regions
(p>0.001). The only refractive group difference to reach significance was between

hyperopic group vs. emmetropic, low myopic, and also high myopic groups.

Posterior eye data were noisy due to eye movements and edge effect artefacts. Previous work
at Aston University involved a subject undergoing MR scanning 9 times; these data was used
to check repeatability using an ANOVA analysis (p>0.05) (Gilmartin et al. 2007).
Examination of the standard deviations for each of the refractive groups showed increased
values around the 92% point (the distance 92% along the axis); based on these previous

findings all data beyond the 92% region was omitted.
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In the posterior region of the eye high myopes and low myopes showed relative steepening
of curvature; in contrast the emmetropic subjects showed relative flattening of curvature.
The hyperopic group comprised a limited number of subjects; results from the hyperopic
group showed relative flattening in the posterior region. Standard deviations were much
greater in the anterior 15% of the eye and fell sharply beyond this point. On average the
standard deviations in the anterior 15% for emmetropes, low myopes, high myopes and
hyperopes were £2.92, 2.69, 2.96, and 3.65mm respectively. The standard deviations fell to
+0.61, 0.61, 0.86, and 0.87mm for the region beyond 15% along the axis.
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Figure 32 The equivalent radius of curvature by refractive group. Each data set is fitted with a
moving average trendline; averaging every second point
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Figure 33 Shows the standard deviation error bars for the emmetropic refractive group in the
region 15-92% along the axis
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Figure 34 Shows the standard deviation error bars for the low myopic refractive group in the
region 15-92% along the axis
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Figure 35 Shows the standard deviation error bars for the highly myopic refractive group in
the region 15-92% along the axis
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Figure 36 Shows the standard deviation error bars for the hyperopic refractive group in the
region 15-92% along the axis

To evaluate further the apparent sphericity noted in the central region (~25-75% region) in
all refractive groups, each set of data was fitted with higher order polynomials (6" order).
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Although each refractive group showed a region of sphericity for some part of the central
region, variations were evident following through fitting of higher order polynomial curves.
The region of sphericity began at a distance approximately 40% along the axis, unlike the
previously proposed 25% mark (see 9.6.1). The total region of sphericity was largest for the
high myopes and hyperopes. The emmetropes and low myopes showed the greatest amount

of variation.
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Figure 37 The equivalent radius data fitted with 6™ order polynomials to expose subtle changes
in shape

9.6.2 Ocular volumes

Anterior vs. Posterior volumes

Ocular volumes were calculated using the same methodology as previously reported by

Gilmartin et al. 2008. Ocular volume for the posterior 25% could not be obtained via the
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shading technique due to limitations in determining the reference points defining the
posterior 25%; therefore a calculation through integration was used to derive volume in this

region.

Subject data for the posterior and anterior volumes was plotted as a function of refractive
error. The results supported earlier findings which showed the anterior volume was constant
across all refractive groups, and posterior volume increased linearly as a function of
increasing myopia. Gilmartin et al. (2008) reported R? values for posterior volume vs. MSE
of 0.53 and 0.01 for anterior volume vs. MSE. The current study showed similar values (see
Figure 38). A Pearson’s one tailed correlation coefficient showed the posterior volume
correlation with MSE to be significant (p=<0.01, r = -0.676), and as expected there was no
significant relationship between anterior volumes and MSE (p>0.05, r = 0.121) or between
anterior volume and posterior volume (p>0.05). The overall total volume was significantly
correlated with MSE (p=<0.01).
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Figure 38 The anterior volumes (below in grey) and posterior volumes (above in black) plotted
as a function of MSE. Data is shown for RE only (n=73).
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Posterior 25% cap volume (calculated through integration of polynomial curves)

The posterior 25% volumes showed an increase in volume which corresponded with an
increase in myopia.
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Figure 39 The volume for the posterior 25% plotted as a function of MSE

The volume for the posterior 25% cap of the eye was then subtracted from the posterior
volume defined earlier as the region between the retinal surface and the posterior crystalline
lens. The results showed that the posterior 25% volume made little difference to the

posterior volume vs. MSE relationship (see Figure 40).
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Figure 40 The posterior volume minus the posterior 25% volume

In order to investigate the ocular volume further, corneal volumes were measured using the
Oculus Pentacam on a subset of 42 subjects, mean MSE -2.05+3.69D (see Figure 41).
Corneal volume did not show a significant correlation with MSE, which reaffirms the notion

that the volume of the anterior eye is not affected by ocular shape changes present in
myopia.
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Figure 41 Corneal volume (via the Oculus Pentacam) vs. MSE (D) (p>0.05, r =-0.173)

9.6.3 Quadrant data

The data for different quadrants was examined using several methods. The simplest
qualitative tool used was plotting the distance along the presumed visual axis against the
distance to the retinal surface. The graphs were plotted for each of the meridians; nasal vs.
temporal (N-T), superior vs. inferior (S-1), superior-nasal vs. inferior-temporal (SN-IT) and
superior-temporal vs. inferior-nasal (ST-IN). Sections of these graphs were then evaluated
through polynomial curve fitting and chord measurements. Visual inspection of the graphs
for each meridian clearly showed the highly myopic eyes to be largest posteriorly, and
hyperopes to be smallest. In general, the plots for the myopic subjects could be described as
showing equatorial stretch. Interestingly, the anterior regions showed some overlap between
refractive groups, however, discrepancies between the presumed and actual visual axis may
have affected the results. It is difficult to quantify how much the discrepancy, angle a,
would have affected the results, but based on previous literature it is expected to be a

relatively small amount.
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Figure 42 A graphical representation of the retinal contours by quadrant
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Chord differences

To evaluate quadrant differences, the chord distances between two parallel quadrants or
meridians i.e. N-T, S-1, SN-IT, and ST-IN, were calculated and plotted graphically (see
Figure 43).
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Figure 43 Nasal and temporal chord distances. Temporal chord distances were subtracted from
nasal and plotted graphically. The same methodology was used for S-1, SN-IT and ST-IN
guadrants.

Quadrants: X0

The N-T chord differences appeared to follow the same basic pattern for all refractive groups
for the region ~15-75% along the optic axis. Interestingly the N-T chord differences in the
posterior region appeared to be at similar levels for all refractive groups at approximately
75% along the axis, the difference values between nasal and temporal chords at this cross
over point ranged from approximately 0.1-0.05mm. In general the nasal chord was larger
than that of the temporal up to the ~75% mark; beyond this point the hyperopes and
emmetropes showed the temporal chord to be larger than the nasal (hence the negative
values when the temporal chord value is subtracted from the nasal). A repeated measures
ANOVA was carried out to compare chord differences up to the 76.25% mark and then
beyond the 76.25% mark; 76.25% was selected as it was the closest point to 75% for which
values had been derived. For chord differences up to the 76.25% mark results showed
significant differences between all refractive groups (p<0.001). Chord differences beyond
the 76.25% mark showed significant refractive group differences between all groups
(p<0.05) bar the high myopes vs. low myopes, low myopes vs. emmetropes, and emmetropes

vs. hyperopes.
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Figure 44 Differences between the nasal and temporal chords in each refractive group

A repeated measures ANOVA for superior-inferior chord differences up to the 76.25% mark
showed significant refractive group differences between all groups (p<0.05) bar the low
myopic vs. hyperopic group. In the posterior region significant refractive group differences
were noted for all groups (p<0.05) bar the high myopic vs. low myopic and high myopic vs.

emmetropic groups.
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Figure 45 Differences between the superior and inferior chords in each refractive group

Examination of standard deviations showed variance to be highest in the anterior and
posterior regions of the eyes. Standard deviations were at a minimum at approximately 80%

along the presumed visual axis.
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Figure 46 Standard deviations for each refractive group, nasal-temporal quadrants
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Figure 47 Standard deviations for each refractive group, superior-inferior quadrants
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Quadrants: +O

A repeated measures ANOVA for the region 17.5-76.25% showed significant refractive
group differences between all groups (p<0.05), bar the high myopic vs. low myopic and
highly myopic vs. hyperopic groups. Results for the region posterior to the 76.25% mark
showed significant refractive group differences for the hyperopic vs. emmetropic, high
myopic and low myopic refractive groups. Significant refractive group differences in this

region were also noted between the low myopic and emmetropic groups

In general the SN chord appeared to be larger than the IT; however in the posterior region of
the eye the SN chord was noticeably smaller than the IT for the hyperopic group.
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Figure 48 The differences between the SN and IT chords for each refractive group
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Figure 49 The differences between the ST and IN chords for each refractive group. NB scaling
differences of y axis compared to SN-IT chord differences graph

The ST-IN chords showed the IN to be larger than the ST, but again changes were noted
beyond ~75% (see Figure 49). For the region 17.5-76.25% along the presumed visual axis, a
significant refractive group difference was noted for all groups (p<0.01). Beyond the

76.25% mark, refractive group differences failed to reach significance (p>0.05)

The standard deviations were plotted for both ST-IN and SN-IT chord differences. Unlike
the XQ, the standard deviations for the chord differences did not appear to follow a strict
pattern, however for each refractive group at around 80-85% along the presumed axis the

standard deviations for chord differences appeared to be at their lowest.
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Figure 50 Standard deviations for each of the refractive groups SN-IT quadrants
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Figure 51 Standard deviations for each of the refractive groups ST-IN quadrants
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Maximum distances

The maximum distance from the presumed visual axis to the retinal surface was calculated at
5% increments along the axis from 17.5% to 72.5%, and 2.5% increments thereafter. Values
were generated for each type of quadrant, XQ and +Q. The maximal values appeared to
occur at approximately 47.5-52.5% along the axis.

Quadrants: X0

Table 4 below lists the position along the axis at which the maximal points were noted.

Nasal Temp Sup Inf

High Myopes 525 52.5 52.5 475
Low Myopes 47.5 57.5 57.5 52.5
Emmetropes 52.5 52.5 52.5 52.5
Hyperopes 47.5 52.5 52.5 52.5

Table 4 The mean percentage along the axis at which the maximal point was noted
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Figure 52 The maximum distance values at 5% or 2.5% increments along the presumed visual
axis
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Figure 54 The maximum distance values at 5% or 2.5% increments along the presumed visual
axis
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A repeated measures ANOVA showed a significant refractive group, and separately, a
significant quadrant effect was noted (p<0.01). The maximum distances were largest in the
highly myopic subjects and declined as a function of decreasing myopia. The largest
maximal distance was noted in the superior quadrant for each refractive group. The smallest
maximum distance was noted in the nasal quadrant, this was also the same for each
refractive group. All quadrant differences were significant (p<0.05) bar the nasal vs. inferior
comparison (p>0.05). Refractive group differences were significant between the hyperopic

group vs. all other refractive groups (p<0.05).

To further describe the differences between refractive groups the mean maximal values
between individual quadrants were examined. Of particular interest were the differences
between high myopes vs. other refractive groups. In line with the previous experiment, the
maximum distances of the highly myopic group exceeded other refractive groups for all
quadrants; the differences were particularly marked for the temporal quadrant. Comparisons
of the mean maximum distances for high myopes with other refractive groups revealed that
on average the increases in ascending order were: superior = 0.58+0.47mm, inferior =
0.58+0.46mm, nasal = 0.60+£0.45mm, and temporal = 0.77£0.46mm. The results mirror
those of an earlier study conducted using the same techniques where emmetropic and
myopic subjects were compared (Nagra et al. 2009). A difference in temporal quadrant
maximum distances was also noted in comparisons between the low myopic vs. emmetropic
group, and between low myopic and hyperopic groups. One anomaly to this pattern was the

emmetropic vs. hyperopic comparison.

Nasal max (;s:]) Temp max (;s:]) Sup max (;s:]) Inf max (;srﬂ)

High Myopes 12.85 +0.71 13.86 +0.68 13.88 +0.68 12.95 +0.63
Low Myopes 12.59 +0.67 13.44 +0.64 13.59 +0.55 12.67 +0.43
Emmetropes 12.41 +0.54 13.26 +0.54 13.56 +0.46 12.60 +0.46
Hyperopes 11.74 +0.77 12.56 +0.88 12.76 +0.75 11.84 +0.56

Table 5 Mean maximum distance for each quadrant by refractive group. SD indicates the
standard deviation of the maximum distance values for each refractive group
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Quadrants: +O

The results showed a significant refractive group effect, and separately, a significant
quadrant effect (p<0.05). All quadrants showed significant differences (p<0.05) except the
ST vs. IT comparison. Refractive group differences were significant for all refractive group

vs. the hyperopic group, and the highly myopic vs. emmetropic groups (p<0.05).

The table below shows the position at which maximal distances were noted for each of the

quadrants by refractive group.

ST IN SN IT
High Myopes 52.5 52.5 52.5 52.5
Low Myopes 52.5 475 52.5 52.5
Emmetropes 52.5 47.5 52.5 52.5
Hyperopes 52.5 47.5 52.5 52.5

Table 6 Lists the distance in mean percentage along the axis at which the maximal point was
noted
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Figure 57 Maximum distance values at 5% or 2.5% increments along the presumed visual axis
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Figure 58 Maximum distance values at 5% or 2.5% increments along the presumed visual axis
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Figure 59 Maximum distance values at 5% or 2.5% increments along the presumed visual axis
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Figure 60 Maximum distance values at 5% or 2.5% increments along the presumed visual axis
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Figure 61 Maximal distance from the presumed visual axis to the retinal surface for each
guadrant

All refractive groups showed the maximum values in the ST quadrant to be largest and IN to
be the smallest (see Figure 61). Comparisons of maximum distance between high myopes
and other refractive groups showed the largest differences in the ST quadrants. Using
average maximum distance values the ST quadrant was larger in high myopes compared
with other refractive groups by 0.68+0.45mm; in comparison the IT quadrant was larger by
0.64+0.44mm, IN by 0.58+0.45mm, and SN by 0.58+0.45mm. Maximum distance in low
myopes minus maximum distance in hyperopes also showed the ST quadrant differences to
be largest. In contrast, other refractive group combinations (i.e. low myopes minus

emmetropes, emmetropes minus hyperopes) did not show any clear pattern.

*sd IN max *sd SN max *sd IT max *sd
(mm) (mm)

ST max (mm) (mm)

High Myopes | 14.06 +0.64 12.73 +0.66 13.32 +0.65 13.34 +0.64

Low Myopes 13.71 +0.55 12.45 +0.54 12.96 +0.33 13.03 +0.52

Emmetropes 13.56 +0.42 12.36 +0.38 13.00 +0.44 12.86 +0.41

Hyperopes 12.87 +0.77 11.63 +0.54 12.24 +0.75 12.19 +0.96

Table 7 Showing the maximum distance for each quadrant by refractive group. SD indicates
the standard deviation
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Polynomial equations

Data for each quadrant was plotted for the region 25-75% along the presumed visual axis;
data were fitted with second order polynomials using Microsoft Excel and the x? coefficient

of the polynomial equation analysed in order to assess bulbosity.

Quadrants: X0

The x? coefficients for each of the quadrants were examined with reference to refractive
group. A 2-way mixed repeated measures ANOVA showed that although the between-
subject effects of refractive error were significant (p<0.01) and the differences in quadrants
within subjects were also significant (p<0.01), the quadrant: refractive group interaction was
not significant (p>0.05). The significant refractive group differences were principally
differences between the hyperopic group and other refractive groups (p<0.01). Within-
subject quadrant effects showed all interactions bar the nasal vs. superior (0.229) and inferior

vs. temporal (p = 0.279) to be significant (p<0.01).

Visual inspection of the graphs showed that in general the inferior quadrant appeared to be
most bulbous; however in hyperopic subjects the superior quadrant was most bulbous. The
least bulbous quadrant varied depending on refractive group; the emmetropes and low
myopes showed the least bulbous quadrant to be the nasal quadrant; the high myopes and

hyperopes showed the least bulbous quadrant to be the temporal quadrant.
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Figure 62 The mean x2 coefficient values for each quadrant divided further by refractive group

The x? coefficient corresponding to data comprising the posterior 25% cap of the eye was
examined for the N-T meridian and the S-1 meridian. Visual inspection of the data showed
the N-T meridian to be more bulbous than the I-N for all refractive groups, bar the high

myopes.

S:1 ON:T
| | | | ]
_|
[ | | | | Hyperopes
|_|_' | | | | Emmetropes
|:| | | | | Low Myopes
— High Myopes
T T T T
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0

x"2 coefficient for the posterior 25% polynomial

Figure 63 The mean x2 coefficient values for the polynomial curves fitted to data representing
the posterior 25% cap of the eye. Data are separated by refractive group
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A repeated measures ANOVA showed the meridian differences were not significant
(p=0.072). Furthermore the meridian: refractive group difference was also not significant
(p=0.457). A significant between-subjects refractive error effect was noted (p =0.011); post
hoc tests revealed the refractive group differences to lie between the high myopes and

emmetropes (p = <0.01).

Quadrants: +O

The x? coefficient for +Q was then examined using the same methodology described above.
Unlike the XQ, a 2-way mixed repeated measures ANOVA showed the between subjects

effect of refractive error was not significant.

Similar to the XQ the quadrant: refractive group interaction was not significant whilst the

within subjects quadrant effect was significant (p<0.01).

Quadrant pairwise interaction were significant for all combinations except the ST vs. SN and
IN vs. IT. The results for the 25-75% along the axis region showed the least bulbous
quadrant to be the IN; this was the case for all refractive groups. There was no clear pattern
regarding which was the most bulbous quadrant.
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Figure 64 The mean x2 coefficient values for each quadrant divided further by refractive group
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For the posterior 25%, the meridians SN-IT were compared with the ST-IN. Each refractive
group showed the SN-IT meridian to be more bulbous than the ST-IN. A repeated measures
ANOVA showed a significant meridian effect (p=<0.01) and also a significant refractive
group effect (p=0.036), however the meridian: refractive group interaction was not
significant (p=0.916). The refractive group differences lay between the high myopic and

emmetropic groups, which was in line with the results for the XQ.
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Figure 65 The mean x2 coefficient values for the polynomial curves fitted to data representing
the posterior 25% cap of the eye. Data are separated by refractive group

Interval Variation (1V)

Interval variance in the XQ

The interval variations were calculated for the region 25-75% along the presumed visual axis
by quadrant, and then for the posterior 25% cap. A 2 way mixed repeated measures
ANOVA showed a significant within subjects effect for IV (p=<0.01) and also a significant
between subjects refractive group interaction (p=<0.01). The IV:refractive group effect

failed to reach significance (p=0.078).

The significant refractive group differences appeared to exist between the hyperopic groups
and other refractive groups (p<0.016). The quadrant differences were significant for all
combinations (p=<0.01) bar the temporal vs. superior (p=0.435) and inferior vs. superior
quadrants (p=0.093).

121



The results showed the IV for the nasal quadrant was smallest in all refractive groups; the
largest quadrant was the temporal in all subjects bar the high myopes who showed the
superior quadrant to be marginally greater than the temporal (by 0.01mm).
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Figure 66 The mean Interval Variance (1V) shown for the XQ

Results for the posterior 25% were calculated in the N-T meridian and the S-1 meridian. A
repeated measures ANOVA showed the meridian effect to be significant (p=0.021). The
meridian: refractive group interaction and between subjects refractive group effects were not
significant (p=<0.01). Overall the results indicated that although there were significant

quadrant differences they were largely unaffected by refractive group.
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Figure 67 The mean Interval Variance (1V) for the XQ meridians

Interval variance in the +Q

The IV values were then generated for the +Q. A mixed repeated measures ANOVA did not
show a significant within subjects effect for quadrants, quadrant: refractive group, or a
between subjects effect for refractive error (p= <0.05). Visual inspection of the graphs
showed that in general the ST quadrant was the most bulbous for all refractive groups bar the

low myopes. The least bulbous appeared to be the IN quadrant except in the emmetropic

group.
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Figure 68 The mean Interval Variance (1V) for the +Q in the 25-75% region

The meridians SN-IT and ST-IN in the posterior 25% did not show significant differences

for meridian or refractive group effects (p= >0.05). Similarly, the meridian: refractive group
interaction was not significant (p=0.923).

Overall, unlike the XQ, the +Q showed little difference between quadrants; refractive group
differences were not noted either.
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Figure 69 The mean Interval Variance (1V) for +Q meridians

9.6.4 Inter eye differences

The differences between the right and left eyes of 18 subjects were evaluated; all subjects

had anisometropia of less than or equal to 1D between eyes except one subject with

anisometropia of 1.38D. The selection of subjects was based upon subjects who had taken

part in the multifocal electroretinogram study, thus analysis of left MR data had been carried

out and also this group of 18 subjects was known to comprise of a similar number of

emmetropes and hyperopes.

refractive error: emmetropic or myopic.

The subjects were divided into two groups according to

MSE in D Axial length in mm % standard
Eye and refractive group, + standard deviation deviation
RE Myopes 4.99+3.16D 25.60+1.15
LE Myopes 5.20+3.31D 25.85+1.38
RE Emmetropes 0.06+0.38D 23.87+0.76
LE Emmetropes 0.02+0.32D 24.24+1.00

Table 8 The refractive errors of the 18 subjects for whom right and left eyes were compared.
Axial length are taken from MR data
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Quadrants: XO

The inter eye differences in distance to the retinal surface from the presumed visual axis
were calculated for both emmetropic and myopic eyes by quadrant. The differences in
values were plotted against the distance along the presumed visual axis. Results for the nasal
and temporal quadrants showed that the right and left eyes differed most in the anterior
region of the eye. The superior and inferior quadrants showed dissimilar patterns of inter
eye differences between the refractive groups unlike the nasal and temporal quadrants where
patterns were largely similar between both quadrants and refractive groups. In general, nasal
and temporal inter eye differences were larger than the superior and inferior. In order to
reduce the effects of angle alpha, statistical analysis was carried out for the N-T and S-I
meridians rather than individual quadrants. Both the emmetropic and myopic refractive
groups showed significant inter eye differences for the N-T meridians (p<0.01). For the

superior-inferior regions only myopic eyes showed significant inter eye differences (p<0.01).

The graphs which follow show differences of left eyes values minus right eyes values.
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Figure 70 The mean differences between the right and left eyes of emmetropic and myopic
refractive groups for the nasal and temporal quadrants.
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Figure 71 The mean difference between the right and left eyes of emmetropic and myopic

refractive groups for the superior and inferior quadrants
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Figure 72 Standard deviations (SD) for the nasal and temporal inter eye differences
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Figure 73 Standard deviations (SD) for the superior and inferior inter eye differences

Quadrants: +O

Statistical analysis showed significant inter eye differences for both the myopic and
emmetropic groups (p<0.01) for the SN-IT and ST-IN meridians. Visual inspection of the
graphs showed differences between the right and left eyes to be generally larger in the more
anterior aspects of the eye, but gradually decreasing up to the mid section of the eye

(approximately 50-70% along the axis), before gradually increasing again.
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Figure 74 The mean difference between the right and left eyes of emmetropic and myopic

refractive groups for the SN and IT quadrants
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Figure 75 The mean difference between the right and left eyes of emmetropic and myopic

refractive groups for the ST and IN quadrants
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Figure 76 Standard deviations (SD) for the SN and IT inter eye differences
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Figure 77 Standard deviations (SD) for the ST and IN inter eye differences
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Anterior eye changes

To further investigate the changes noted in the anterior region of the eye pachymetry data
collected using the Oculus Pentacam was examined. Pachymetry measurements at a
distance of 3mm from the central cornea for the XQ were examined, and separately, central
corneal pachymetry values were also examined. Pachymetry values were plotted as a
function of MSE (see Figure 78).
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Figure 78 Central corneal thickness versus MSE (in D) as measured by the Oculus Pentacam
(n=42). All subjects from the MRI subject group were invited for Pentacam readings to be
taken, results are shown for subjects who responded (p= 0.051, r=-0.262).

Results showed an increase in central corneal thickness with increasing myopia, although
this relationship was not significant (p=0.051). Examination of the corneal thickness for the
XQ also showed interesting results, although the change in thickness with refractive error
was not significant for any of the quadrants (p<0.05); there were marked differences in the
thickness of each quadrant (p<0.01). The superior cornea was thickest and the temporal the
thinnest.  Further evidence for characterising anterior vs. posterior myopic growth can be
sought from examining maximum distances; comparisons of emmetropic and myopic eyes
showed the temporal retina to be most affected by myopic growth and the superior quadrant

to be least affected.
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Figure 79 Corneal thickness values (in microns) for the XQ, obtained using the Oculus
Pentacam (n=40)

9.7 Discussion and conclusions

Initially the findings placed focus on the inter-refractive group differences in the posterior
25% of the eye. The myopes showed gradual steepening of radius of curvature in the
posterior regions; in contrast both emmetropes and hyperopes displayed relative flattening.
The shape characteristics noted in the posterior eye agree with previous reports of a more
prolate, or less oblate, eye shape in myopes compared to emmetropes (Atchison et al. 2005;
2004; Logan et al. 2004). Of particular note is the area preceding the posterior changes,
where a more spherical shape was found. Greater irregularity in eye shape was also noted in
both low myope and emmetrope subject groups compared to high myopes. Irregularities in
eye shape have been previously noted in data collected using peripheral refraction
techniques (Tabernero & Schaeffel 2009).

The anterior eye was found to be similar between refractive groups in terms of radius of
curvature and ocular volume. The ocular volume results mirrored those of an earlier study
carried out using the same technique (Gilmartin et al. 2008). Corneal volume was measured

using the Oculus Pentacam and was also found to be similar between refractive groups.

To examine ocular shape in further detail, retinal quadrant shape differences were evaluated.
Initially chord differences between quadrants were examined. The results showed a great

deal of asymmetry in the anterior regions of the eye; a region which had thus far been
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regarded as homogenous across refractive groups. Anteriorly, the nasal chord was larger
than the temporal (at a position approximately 15% along the distance of the presumed
visual axis). The quadrant asymmetries reduced up to the 75% mark, beyond which
increased disparity between quadrant chord lengths recommenced. In the vertical meridian
the inferior chord, in general, was larger than the superior. At the 75% mark there was a
larger dissimilarity between the superior and inferior chords for both myopic and hyperopic
eyes. These findings would suggest that despite the presence of many inter refractive group
similarities for the anterior ocular shape, pronounced