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ABSTRACT 

AN INVESTIGATION OF THE RELATIONSHIP BETWEEN THE STRUCTURE 

AND FUNCTION OF THE MYOPIC EYE  

ASIEH EHSAEI 

Keywords: Myopia, emmetropia, visual performance, ocular biometry, peripheral 
refraction.  

The increasing prevalence of myopia over the past few decades and its association 

with potential ocular complications make myopia an important research topic. The 

present work is concerned with the structural and functional characteristics of a group 

of myopic and emmetropic individuals.  

The technical experiments in this work investigated firstly the effect of instrument 

alignment on peripheral refraction measurements and revealed that the corneal vertex 

was an acceptable alignment position of the Shin-Nippon NVision-K 5001 autorefractor, 

allowing consistent alignment with other instruments used in this research. Secondly, 

spectacles could be used to provide comparable vision to contact lenses in the visual 

performance studies. 

In the main experimental parts of this work, visual performance and multiple aspects of 

ocular structure were assessed across a wide range of eccentricities along the 

horizontal and vertical meridians within the same eyes. The structural properties of the 

myopic eye were measured through central and peripheral autorefraction, and through 

cornea to retina dimensions using non-contact biometry. In addition, the central and 

peripheral resolution acuities of myopic and emmetropic eyes for high and low contrast 

levels were investigated. Our structural and functional measurements revealed 

relatively prolate myopic eyes with reduced high contrast resolution acuity, compared 

to emmetropic eyes. 

Moreover, multiple regression analyses were performed at the fovea and outermost 

retinal eccentricities common to all core experiments but revealed no strong 

relationship between the structure and function of the myopic eye. Finally, regarding 

asymmetry, the nasal and superior retinae were found to be longer and to perform 

better in comparison to the temporal and superior retinae respectively.  
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PREFACE 

Myopia, with its high prevalence and potentially serious ocular complications, occupies 

a significant position in vision research laboratories and has been identified as a 

research priority in global eye health. In this project, the structural properties of the 

myopic eye were inferred through axial and peripheral measurements obtained with the 

Shin-Nippon autorefractor and the Zeiss IOLMaster biometer. The data were further 

complemented by investigating the functional responses of the myopic eye with the 

help of the modified contrast acuity assessment (CAA) test, in a large group of subjects 

who had completed all experiments. One aim of this project was to investigate the 

relationship between the findings of these sub-studies. By comparing the structure and 

function of the myopic eye at the fovea and at a wider range of parafoveal retinal 

locations than previous studies had, our results allowed formulation of a model for the 

variations in eye size, shape and function and the way in which these might vary 

between myopic and emmetropic eyes. Additionally, a particular emphasis of this work 

was on the study of the nature of asymmetry in ocular structure and function. 

Thesis structure 

This thesis is composed of nine chapters, three of which are published in peer-

reviewed journals (Chapters 3, 4 & 5, see also Appendix 8 for supporting publications): 
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Chapter 1 provides an introduction to the project, with a thorough review of the 

literature relating to myopia. It also discusses the on-axis structural properties of the 

myopic eye and the relevant anatomy of the retina, which is a prerequisite in 

understanding the visual performance of the eye. An individual introduction is also 

given at the beginning of each experimental chapter to review the relevant literature 

and to set the scope and aims for each experiment. 

Chapter 2 sets out the study population. This is followed by a description of the 

instrumentation and methods employed in the present work, including modifications 

made to the instrumentation to enable data collection. 

Chapter 3 presents a technical experiment on the effect of autorefraction alignment on 

peripheral refraction measurements. The aim of this experiment was to investigate the 

accuracy and precision of the Shin-Nippon NVision-K 5001 automated refraction 

measurements when the open-field device was moved away from alignment with the 

corneal reflex towards the pupil margins and to determine the optimum alignment 

position for peripheral refraction measurements. The outcome of this chapter informed 

the choice of the best possible alignment position for the peripheral refraction 

experiment detailed in Chapter 5. 

Chapter 4 details an experiment to assess the effect of different forms of refractive 

correction on central and peripheral visual performance. The outcome of this chapter 

informed the choice of optical correction for the main psychophysical experiment 

detailed in Chapter 7. 

Chapters 5 & 6 investigate the structural differences between emmetropic and myopic 

eyes on the basis of the transformation of peripheral refraction data and through 

biometric measurements taken with the Zeiss IOLMaster. Chapter 5 also includes a 

novel cross-sectional study of peripheral refractive errors in four meridians. 
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Chapter 7 focuses on aspects of central and peripheral visual performance in 

emmetropes and myopes, which was examined using a modified version of the 

contrast acuity assessment test. 

Chapter 8 considers whether the structural changes seen in the myopic eye affect 

visual performance. This is discussed in the context of the published literature, along 

with a consideration of the limitations of the current work. 

Finally, Chapter 9 draws some major conclusions from the whole thesis and highlights 

some possible areas of future work. 

 



1 8  

 

Chapter 1  

Introduction 

1.1 Definition of myopia 

Myopia is the most common refractive error (Saw et al., 1996) and involves the image 

of a distant object being brought into focus anterior to the retina, resulting in a blurred 

retinal image. Myopia results from incongruity between the axial length and power of 

the optical elements of the eye (cornea and/or crystalline lens). Myopia has been 

internationally recognised as a major cause of visual impairment (Tielsch et al., 1990, 

Dandona and Dandona, 2001) and results in considerable socioeconomic 

complications in many countries (Saw et al., 1996). It is easily correctable by different 

forms of optical correction (e.g. spectacles, contact lenses) or refractive surgery. 

1.2 Classification of myopia  

Various classification systems for myopia have been described in the literature: 

physiological versus pathological, refractive versus axial, environmental versus 

hereditary. Other systems classify myopia according to the rate of its progression (i.e., 

stationary, temporary or permanently progressive), degree (i.e., low, medium, or high), 
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or to the age of onset (congenital, youth-onset, early adult-onset and late adult-onset). 

The most commonly used classification systems are summarised in Table 1.1. 

              Table 1.1 Some of the most commonly used classification systems for myopia 

Classification system Reference 

Rate of myopic progression 

 Stationary 

 Temporarily progressive 

 Permanently progressive 

(Donders, 1864) 

Simple and degenerative (Duke-Elder, 1949) 

Degree 

 Alpha (Low) 

 Beta (Moderate) 

 Gamma (High) 

(Hirsch, 1950a) 

Anatomical feature 

 Axial 

 Refractive (Index, Curvature changes in 

cornea/lens, Anterior chamber) 

(Emsley, 1952) 

Degree and age of onset 

 Low myopia 

 Late myopia 

 High myopia 

(Goldschmidt, 1968) 

Etiology, degree and time of onset 

 Physiological myopia 

 Intermediate myopia 

 Pathological myopia 

(Curtin, 1985) 

Age of onset 

 Congenital 

 Youth-onset 

 Early adult-onset 

 Late adult-onset 

(Grosvenor, 1987b) 

1.2.1 Classification of myopia based on the age of onset 

The classification of myopia (Grosvenor, 1987b) according to the age of onset is one of 

the most popular systems for classifying myopia and is therefore described in detail 

below: 
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 Congenital myopia is present at birth and remains throughout life. The prevalence 

of this kind of myopia is about 2% of the total population (Grosvenor, 1987b). 

Authors have suggested a hereditary basis for this kind of myopia, which is usually 

of high degree and does not normally progress throughout the life of the individual 

(Hirsch, 1950b). 

 Youth-onset or juvenile-onset myopia is the most common form of myopia and 

typically begins between 6 and 14 years of age. This form of myopia increases in 

prevalence from 2% at the age of 6 to approximately 20% in the early twenties. The 

main cause of juvenile-onset myopia is failure to compensate sufficiently for the 

axial elongation of the eye by the flattening of the cornea and crystalline lens 

(Grosvenor, 1987b). Several studies have linked the development of this kind of 

myopia to a positive family history (Pacella et al., 1999, Rabsilber et al., 2003), but 

the amount of near work activity can modulate the eventual level of myopia (Wu 

and Edwards, 1999). This type of myopia increases rapidly until the early twenties 

(McBrien and Millodot, 1987) and has been reported as a risk factor for high 

myopia (Fledelius, 1995). 

 Late-onset myopia (early adult-onset) occurs typically in the early twenties and 

does not progress as much as the youth-onset type (Grosvenor, 1987b). It is 

strongly believed that this kind of myopia is induced by environmental factors such 

as extensive clinical microscopy work (McBrien and Adams, 1997), rather than an 

inherent genetic or ethnic predisposition (Goss and Winkler, 1983, Morgan and 

Rose, 2005). The main structural correlate is an increase in the vitreous chamber 

length (Grosvenor and Scott, 1991, Gonzalez Blanco et al., 2008). Usually, late-

onset myopia develops over a relatively short period, seldom reaching high dioptric 

powers and affecting a smaller proportion of the population than does juvenile-

onset myopia (McBrien and Millodot, 1987). 
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 Late adult-onset myopia occurs after 40 years of age. The prevalence of this kind of 

myopia increases in later life (Grosvenor, 1987b). The major cause of this type of 

myopia is an increase with increasing age in lens nucleus sclerosis and hence the 

refractive index of the crystalline lens (Pointer and Gilmartin, 2011). 

1.2.2 Classification of myopia based on degree 

Another system used to classify myopia, in epidemiological studies in particular, is 

based on the degree of refractive error. High myopia definitions vary across the 

literature, but are mostly defined as a spherical equivalent refraction of at least -5 D 

(Pan et al., 2011b), -6 D (Younan et al., 2002) or -8 D (Xu et al., 2010). The prevalence 

of high myopia in the general population has been reported to be approximately 3.0% 

(Attebo et al., 1999); however, the prevalence is as high as 16% in certain East Asian 

populations (see section 1.3 below) (Lin et al., 1999). Individuals with high myopia may 

be more susceptible to sight-threatening pathological complications such as cataract, 

glaucoma, posterior vitreous detachment, myopic macular degeneration and retinal 

detachment (Saw et al., 2005a). The increased prevalence of retinal disease, as one of 

the most important clinical manifestation of high myopia, is largely attributable to the 

increased forces on the retina of the enlarging eye, which has been supported by 

animal models of induced myopia (Hirata and Negi, 1998). 

1.3 Prevalence of myopia 

Several large studies have been concerned with the prevalence rate of myopia in 

different populations (Wensor et al., 1999, Wong et al., 2000, Rahi et al., 2010). Myopia 

affects a significant proportion of white individuals in Western countries. In the 1970s a 

prevalence of 25% was reported in the National Health and Nutrition Examination 

Survey of the United States among individuals aged 12 to 54 years (Sperduto et al., 

1983). In later surveys in the same country (studies population > 40 years old), the 
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prevalence of myopia was estimated as 22.7% by the Baltimore Eye Survey (Katz et 

al., 1997) and as 26.2% by the Beaver Dam Study (Wang et al., 1994b). Rahi et al. 

(2010) reported a prevalence of 49% for myopia among 2487 44-year-old British 

individuals. They attributed their high prevalence of myopia compared to ethnically 

similar populations (Kempen et al., 2004), to a different definition of myopia (threshold 

of -0.75 D). Additionally, Vitale, Sperduto and their co-workers demonstrated a 

dramatic increase in the rate of myopia in the USA than in earlier decades; then, using 

the same methodology and definition of myopia over a wide age range (12 to 54 years) 

as they had used in their 1983 study (Sperduto et al., 1983), they noted a value of 

41.6% prevalence of myopia in 1999-2004 compared to 25% in 1971-1972 (Vitale et 

al., 2009). Although the direct comparison of prevalence studies is limited by a number 

of factors, including non-uniformity in the definition of myopia, variation in age grouping 

and different refraction techniques (e.g., subjective versus objective methods, 

cycloplegic versus non-cycloplegic refractions), the prevalence of myopia is 

nevertheless reported to be highest and continuing to increase, in East Asian countries 

(Chew et al., 1988, Hosaka, 1988, Saw et al., 1996, Seet et al., 2001, Wu et al., 2001, 

Zhao et al., 2002). A high prevalence of myopia (65%) in East Asia was first reported in 

the 1930s in China (Rasmussen, 1936). Since then, many reports have confirmed the 

prevalence of myopia as more than 50% in this ethnic group. For instance, Lin et al. 

(1988) reported a prevalence of over 70% in a national survey of children during their 

school years in Taiwan in 1986. Repeating the same nationwide survey a few years 

later (1995), the prevalence of myopia had risen to 84% (Lin et al., 1999). Lin and 

colleagues attributed the increasing prevalence of myopia in Taiwan to the greater 

uptake of formal education. In another series of studies in Singapore, the prevalence of 

myopia was estimated as 24.9% in 10-year-old children (Ling et al., 1987), as 82.2% 

for young adults between the age of 17 and 19 years (Wu et al., 2001) and as more 

than 85% in medical students aged 19-23 years (Chow et al., 1990, Woo et al., 2004).  
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1.4 Risk factors for myopia 

Numerous risk factors have been proposed for myopia, with many studies focusing on 

the idea that the condition is multifactorial in origin (Mutti et al., 1996); both 

environmental factors and genetic mechanisms appear to play important roles in 

myopia development and progression (Saw et al., 1996, Gonzalez Blanco et al., 2008). 

A genetic basis for myopia susceptibility has been suggested by many studies (Goss et 

al., 1988, Hammond et al., 2001), but geographical differences in the prevalence of 

myopia among individuals of the same ethnic group imply a strong environmental 

influence (Wu et al., 2001). Some of the most important risk factors for myopia reported 

in literature are considered below. 

1.4.1 Near work 

Near work is the most commonly investigated risk factor for myopia (Rosenfield and 

Gilmartin, 1998). Several studies have shown that individuals undertaking extensive 

near work activities in visually demanding occupations are myopic more often than 

others (Adams and McBrien, 1992, McBrien and Adams, 1997). Saw et al. (2000), 

however, did not find this to be the case among schoolchildren. 

Sustained accommodation with a high lag during prolonged near work shifts the image 

plane behind the retina (Angle and Wissmann, 1978). It has been proposed that this 

hyperopic retinal blur stimulates retinal neurons to release growth promoting factors 

which increase scleral growth, which in genetically susceptible individuals can provoke 

elongation of the eyeball axially and induce myopia (Angle and Wissmann, 1980, 

Wallman and Winawer, 2004). This theory has been supported by animal experiments 

looking at the effect of imposed hyperopic defocus on eye growth (Irving et al., 1991). 

A longitudinal study investigating the association of near work and myopia showed that 

the progression rate of myopia was faster in children participating in more near work 

activities such as reading (Parssinen and Lyyra, 1993). It has been proposed that the 
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progression of myopia in schoolchildren is slower during summer breaks (Deng et al., 

2010). A longitudinal study of Singapore school children, however, found no significant 

correlation between total near work hours and myopia progression (Saw et al., 2000). A 

number of factors may contribute to the disagreement in these studies, including 

differences in study design, definitions of near work and myopia, children‟s ages and 

ethnicity and the accuracy of the self- or parent-reported near work activity times. 

Another study of ocular refraction found that male teenagers educated in Jewish 

Orthodox schools were, on average, 2.40 D more myopic than boys from a similar 

racial and family background who attended general school (mean refractive error: 

−2.90 and −0.50 D for Orthodox and general school respectively) (Zylbermann et al., 

1993). In contrast, the distribution of refractive error was found to be similar between 

girls educated in Orthodox and general schools (mean refractive error: −0.90 D in both 

groups). Orthodox boys are separated from girls in school, with boys‟ schools 

emphasizing the intense and continuous study of religious texts set in small type, for up 

to 16 hours a day. The authors suggest that the intensive visual demand associated 

with the religious education of Orthodox males is probably responsible for higher rates 

of myopia in this community. 

1.4.2 Education 

Myopia has been associated with higher intelligence, level of academic achievement 

and higher socio-economic status (Saw et al., 2004, Williams et al., 2008). For 

instance, Fuchs et al. (1988) showed that the prevalence rates of myopia increased 

from 10% in young adults with lower IQ levels to around 30% in the group with the 

highest IQ levels. Myopia was also found in several studies to increase markedly with 

higher levels of education (Teasdale et al., 1988, Wong et al., 2000), suggesting that 

prolonged near work and the associated accommodative demand in school may play a 

role in myopia development (Saw et al., 2002a). This is supported by a study which 

examined years of education and intelligence level in a relatively large sample; Rosner 
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and Belkin (1987) found that both factors appeared to be equally important in the 

development of myopia. Tay et al. (1992) investigated the relationship between the 

prevalence of myopia and educational attainment among Singaporean males aged 15 

to 25. They reported a prevalence of 15.4% in individuals without formal education and 

65.2% among those with an intermediate education level. 

1.4.3 Ethnicity 

Published studies indicate a higher prevalence of myopia among certain ethnic groups 

such as East Asian populations (Saw et al., 2005b) than among white inhabitants of 

Western countries (O'Donoghue et al., 2010) (see section 1.3). It is believed that the 

genetic characteristics of this specific population predispose them to the development 

of myopia, in particular when they are exposed to an environmental trigger such as 

prolonged close-up use of the eyes (Saw, 2003). 

1.4.4 Genetics 

A family history of myopia is another risk factor for myopia development. In a series of 

studies looking at the relationship between myopia in children and parental history, 

Zadnik et al. (1994) reported that children with myopic parents tend to have longer 

eyes than do children with non-myopic parents, even before they become myopic. In 

another study, Ip et al. (2007b) reported a greater prevalence and degree of myopia in 

children with myopic parents. They interpreted these findings as evidence of a genetic 

predisposition to develop myopia. These correlations are well-established in both East 

Asian and Caucasian populations (Pacella et al., 1999, Wu and Edwards, 1999). The 

importance of genetic effects in myopia development has also been demonstrated in 

twin studies (Hammond et al., 2001). 
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1.4.5 Other risk factors 

Another consistent finding across studies has been the higher prevalence of myopia in 

urban residents than in rural residents. This has been attributed to increased exposure 

to environmental factors, which act as risk factors for myopia development such as 

higher educational level (Mutti et al., 2002), increased near work (Saw et al., 2002a) 

and lack of outdoor activities (Rose et al., 2008). Other risk factors for myopia 

previously discussed are the season of birth (Mandel et al., 2008, McMahon et al., 

2009), prematurity (Graham and Gray, 1963), higher intraocular pressure (Pruett, 

1988), diet (Lim et al., 2010) and light exposure (Prepas, 2008, Smith et al., 2012). 

1.5 Structural correlates of myopia 

The dimensions of ocular biometric components in myopic eyes have been discussed 

in numerous biometric studies (Wong et al., 2001b, Wickremasinghe et al., 2004, 

Logan et al., 2005). The following section provides a brief explanation of the biometric 

components of the myopic eye, with particular focus on the axial length which is used 

as the proxy for structure in this thesis (Chapter 6). 

1.5.1 Axial length  

Axial length is the combination of anterior chamber depth (including the corneal 

thickness), lens thickness and the vitreous chamber depth of the eye (Meng et al., 

2011). Axial length elongation is known as the principal structural predictor associated 

with both early onset (Goss et al., 1990) and late onset myopia (McBrien and Millodot, 

1987). The axial length of the myopic eye is generally greater than eyes of similar 

optical power in emmetropic individuals (Stenstrom and Woolf, 1948, Larsen, 1971, 

Logan et al., 2005). Emmetropia, however, can be associated with a range of axial 

lengths which overlaps the range of axial lengths in myopic eyes, in particular when the 

degree of myopia is low. Longitudinal studies have shown that axial length increases 
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as myopia progresses (Grosvenor and Scott, 1993). Excessive axial length growth 

relative to the optical power of the eye could be responsible for pathological 

consequences in myopic individuals (Saw et al., 2005a). 

The exact nature of the mechanism by which myopic eyes undergo axial elongation is 

not clear, although several theories have been suggested: the structural layers of the 

myopic globe are mechanically weaker than they are in non-myopes; extra forces are 

exerted on the posterior pole of the eyeball as opposed to other areas of the myopic 

eye; or a combination of these two factors (Greene, 1980). 

It is believed that a longer than average axial length is a useful predictor for myopia, 

two to four years before the age of onset. The rate of axial length change is faster 

preceding the onset of myopia but the rate of change slows after onset (Mutti et al., 

2007). Table 1.2 summarises some of the biometric studies considering axial length 

and corresponding refractive errors in different populations. 
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Table 1.2 Overview of axial length data and spherical equivalent refraction obtained by different studies and their measurement techniques. 

Study Country Variable Sample size Technique Age (years) 
Axial length 
(mm)

 
Refractive 
error (D) 

McBrien and 
Millodot (1987) 

England 

 

Type of 
refractive 
error 

15 (hyperopia) 

30 (emmetropia) 

30 (late-onset myopia) 

15 (early-onset myopia) 

A-scan Ultrasound 

 

Not specifically 
stated 

23.03 ± 1.13
a 

23.76 ± 0.65 

24.58 ± 0.87 

25.87 ± 0.72 

+1.77 ± 1.22 

+0.17 ± 0.26 

-1.29 ± 0.75 

-5.39 ± 1.86 

Wong et al. 
(2001b) 

Singapore Gender 
457 (male) 

547 (female) 
A-scan Ultrasound > 40 

23.54 ± 1.10 

22.98 ± 1.16 

-0.40 ± 2.41 

-0.56 ± 2.89 

Carkeet et al. 
(2004) 

Singapore Instrument 37 
A-scan Ultrasound 
IOLMaster 

10.7 ± 0.5 
24.14 ± 1.06 

24.00 ± 1.05 
-1.64 ± 1.89 

Logan et al. 
(2005) 

England Ethnicity 
145 (White) 

216 (British Asian) 
IOLMaster 19.5 ± 2.99 

23.91 ± 1.18 

24.09 ± 1.24 

-1.01 ± 2.19 

-1.40 ± 2.57 

Mallen et al. 
(2005) 

Jordan  1093 A-scan Ultrasound 27.39 ± 6.45 23.13 ± 1.00 -0.87 ± 1.70 

Ip et al. (2007a) Australia Ethnicity 
1508 (White) 

355 (East Asian) 
IOLMaster All 12 years old 

23.86 ± 1.07 

23.23 ± 0.75 

-0.69 ± 1.92 

+0.83 ± 1.00 

Jorge et al. (2007) Portugal  143 A-scan Ultrasound 20.6 ± 2.3 23.39 ± 0.93 +0.04 ± 1.49 
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Table 1.2 Continued. 

Study Country Variable Sample size Technique Age (years) 
Axial length 
(mm)

 
Refractive 
error (D) 

Olsen et al. (2007) Denmark Gender 
325 (male) 

398 (female) 
A-scan Ultrasound 56.2 ± 11.5 

23.74 ±1.01 

23.20 ± 0.98 

+1.05 ± 2.19 

+1.28 ± 2.12 

Cheung et al. 
(2009) 

China Cycloplegia 
31 (before cycloplegia) 

31 (after cycloplegia) 
IOLMaster 10.5 ± 1.8 

23.86 ± 1.20 

23.86 ± 1.21 
-0.98 ± 2.84 

Cruysberg et al. 
(2010) 

Netherlands Instrument 38 
Lenstar 

IOLMaster 
25.9 ± 8.6 

23.92 ± 1.23 

23.90 ± 1.22 
-1.73 ± 1.32 

Fotedar et al. 
(2010) 

Australia Age 

226 

603 

422 

70 

IOLMaster 

59-64 

65-74 

75-84 

85+ 

23.45 - 23.76 

23.35 - 23.52 

23.30 - 23.48 

22.96 - 23.49 

+0.09 

+0.75 

+1.09 

+0.59 

Park et al. (2010) Korea  291 IOLMaster 41.56 ± 15.70 24.35 ± 1.49 -2.71 ± 3.17 

Nonaka et al. 
(2011) 

Japan  48 A-scan Ultrasound 21 to 74 27.10 ± 1.10 ≥ -6.00 

Lam et al. (2012) Hong Kong  2651 IOLMaster 8.92 ± 1.77 23.56 ± 1.03 -1.02 ± 1.70  

a
 Mean ± Standard deviation  

b 
The age distribution for this study applies to the whole sample. 
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1.5.1.1 Axial length variables 

1.5.1.1.1 Age 

Axial length grows at its greatest rate during the earliest years of life and reaches adult 

levels before puberty (Gordon and Donzis, 1985). Larsen (1971) reported that axial 

length increased from 16.59 mm in new-borns to reach around 23.00 mm (the size of 

the adult emmetropic axial length), by the age of 13 years. 

Controversies exist regarding the effect of age on axial length in adults. Some cross-

sectional studies have demonstrated that axial length decreases with increasing age 

(Grosvenor, 1987a, Park et al., 2010), while, in other studies, this relationship was not 

seen (Wickremasinghe et al., 2004, He et al., 2009). For example, Wong et al. (2001b) 

found that in the Chinese population older participants were likely to have shorter axial 

lengths than younger people. They attributed this age-related hyperopic shift to 

changes in axial length and vitreous chamber depth in the 40 to 59 year old population 

and relatively more myopic shift to changes in lens thickness in those aged 60 years 

and more. Warrier et al. (2008), found decrease in axial length with age, however, they 

suggested that this finding probably related to cohort effects (differences in rates of 

myopia and hyperopia between younger and older population), with higher education 

levels in the younger population. 

1.5.1.1.2 Gender 

There is consensus on gender differences in axial length in both children and adults. A 

large study on Australian schoolchildren found statistically significant gender 

differences with a longer axial length in boys than girls (Ojaimi et al., 2005), a finding 

supported by a recent published study in East Asian schoolchildren (Lam et al., 2012). 

Similar results have been observed in a university student population where average 

axial length (24.27 ± 1.13 mm) in males was longer than in females (23.79 ± 1.22 mm) 

(Logan et al., 2005).  
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1.5.1.1.3 Height 

In a study by Wong et al. (2001a) in Singapore Chinese adults, taller people were 

found to have eyes with longer axial lengths, deeper anterior chambers and flatter 

corneas. These associations have been confirmed on the basis of both longitudinal 

(Wang et al., 2011) and cross-sectional (Saw et al., 2002b) studies in East Asian 

children. The latter study also found a tendency toward more myopic refractive error in 

taller individuals. 

1.5.1.1.4 Intraocular pressure  

It has been hypothesised that the eye‟s intraocular pressure (IOP) acts as a 

mechanical factor which could induce scleral stress, resulting in scleral stretch and 

axial elongation (Pruett, 1988, McMonnies, 2008). This idea is supported by many 

studies investigating the relationship between IOP and myopia in a range of different 

animal species (Mohan et al., 1977, Papastergiou et al., 1998). However, the possibility 

of  association between the IOP and axial elongation in human subjects is controversial 

(Tomlinson and Phillips, 1970, Nomura et al., 2004, Read et al., 2011); Lee et al. 

(2004) claimed that elevated IOP may not be related to myopia in Chinese children, 

suggesting that this association may be present only in fully developed eyes. 

Additionally, studies which used ocular hypotensive agents (e.g. timolol maleate) as 

potential myopia control treatments have generally produced negative results (Jensen, 

1988, Schmid et al., 2000). 

1.5.1.1.5 Quality of the retinal image 

There is reasonable agreement that the quality of the retinal image can influence the 

axial growth of the eye. A number of animal studies have confirmed this idea by 

altering visual experience through the use of lid sutures (Wiesel and Raviola, 1977), 

translucent occluders (Wallman et al., 1978) or imposed defocus (Hung et al., 1995). 

Hyperopic defocus through the introduction of concave (negative-power) lenses (image 
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plane posterior to the retina) leads to a thinning of the choroid and promotes the rate of 

scleral growth, which ultimately results in posterior movement of the retina and axial 

elongation (Wallman et al., 1995). Zhu et al. (2005) suggested these changes can 

occur after a few minutes of exposure to the defocus and Wallman and Adams (1987) 

in another study illustrated that the eye can recover as soon as normal vision is 

restored.  

Studies of experimentally-induced visual deprivation in humans are not ethically 

possible but similar conclusions to the animal studies can be derived from studies 

looking at the various ocular conditions that cause disruption in retinal image quality, 

such as ptosis (O'Leary and Millodot, 1979), corneal opacity (Gee and Tabbara, 1988) 

or congenital cataract (Von Noorden and Lewis, 1987). In addition, a recent 

investigation illustrated that, after 60 minutes of exposure to ±3 D spherical defocus 

lenses, the axial length of the healthy human eye undergoes tiny but measurable 

changes to compensate for imposed defocus (Read et al., 2010a). These ocular 

responses were consistently observed in both myopic and emmetropic eyes, with 

movements of the retina toward the direction of the image plane. 

1.5.1.1.6 Accommodation 

It has been well documented that during accommodation to near objects, the anterior 

eye dimensions undergo a number of changes, including steepening of the anterior and 

posterior crystalline lens surface curvatures (Garner and Yap, 1997), an increase in 

crystalline lens axial thickness and a decrease in the depth of the anterior chamber 

(Bolz et al., 2007). 

Although changes in anterior eye dimensions and crystalline lens are most noticeable 

following accommodation, changes in the accommodative state of the eye have been 

also found to be correlated with changes in axial length (Drexler et al., 1998b, Uozato 

et al., 2003, Mallen et al., 2006, Read et al., 2010b). All these studies consistently 

found an axial elongation following accommodation, although the amount of elongation 
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varied and inconsistencies were reported regarding the relative differences in axial 

elongation between myopes and emmetropes; while Mallen et al. (2006) found greater 

effects in myopes than in emmetropes, Drexler et al. (1998b) found the opposite and 

Read et al. (2010b) did not find a significant difference between their refractive groups. 

However, another recently published study observed trends comparable to those 

reported by Mallen et al. (2006), although smaller in magnitude (Woodman et al., 

2011). 

It should be noted that a potential error exists in the measurement of axial length with 

the use of the partial coherence interferometry technique during accommodation. 

Atchison and Smith (2004) demonstrated that the axial length obtained during 

accommodation is larger than the actual value (about 0.02 mm for an eye 

accommodating to a 10 D stimulus). This overestimation is due to the change in shape 

(i.e., thickening of the crystalline lens) and refractive index distribution of the crystalline 

lens, which increases the optical path length during accommodation. During this 

response, the refractive index of the anterior portion of the crystalline lens (1.386) 

displaces a portion of the refractive index of the aqueous humour (1.336) (Mallen et al., 

2006). 

1.5.2 Cornea  

1.5.2.1 Corneal curvature 

Many studies have debated the role of the cornea in the onset and progression of 

myopia. Some of them illustrate no significant correlation between the corneal 

curvature and myopia (McBrien and Millodot, 1987). In emmetropic eyes, the corneal 

curvature has been related to axial length as would be predicted by the 

emmetropisation process; an increase in the length of the eye is counteracted by an 

increase in the radius of corneal curvature to maintain emmetropia (McBrien and 

Barnes, 1984). In myopic eyes, studies have demonstrated that myopic eyes with a 
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greater axial length have steeper corneal radii (Scott and Grosvenor, 1993, Grosvenor 

and Goss, 1998). This paradox can be explained by the abnormal growth of the eyeball 

in myopia in which the cornea cannot continue to flatten and may even curve further 

due to stretching of the eye. Greater corneal power in myopic individuals than in 

emmetropes has been reported in a number of studies (Grosvenor and Scott, 1991). 

Sheridan and Douthwaite (1989) also found that both the central and peripheral radii of 

curvature were steeper in myopes than in emmetropes, with the cornea appearing to 

steepen more on the temporal side. Ethnic and gender differences in corneal curvature 

have also been reported in the literature (Gwiazda et al., 2002, Twelker et al., 2009). 

1.5.2.2 Corneal diameter 

The horizontal corneal diameter (white-to-white) is the distance between the borders of 

the corneal limbus, which can be measured manually or by automated methods 

(Baumeister et al., 2004). Mean values in the literature for the normal range of the 

horizontal corneal diameter vary between 11.5 and 12.5 mm (Rufer et al., 2005). 

Few studies have investigated the effect of refractive error on corneal diameter. For 

example, Hosny et al. (2000) proposed that the corneal diameter increased with 

increasing axial length and the degree of myopia. Yang et al. (2002) reported an 

average corneal diameter of 12.23 ± 0.46 mm but without any significant correlation 

with myopia. Investigating other ocular components in relation to corneal diameter, 

Alsbirk (1975) found a positive correlation between anterior chamber depth and corneal 

diameter, a finding supported more recently by Hashemi et al. (2010). 

1.5.3 Ratio of axial length to corneal radius of curvature 

The association between the axial length and corneal radius of curvature has been 

investigated previously and it is believed that an eye with a higher ratio of axial length 

to corneal radius (AL/CR) is more likely to become myopic in the future (Grosvenor, 

1988). In a three year longitudinal study of 87 emmetropic juvenile eyes by Goss and 
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Jackson (1995), an AL/CR of more than three was suggested as a risk factor for the 

onset and development of myopia. The results of this study suggest that the cornea 

reaches the limit of its compensatory power and cannot respond to further increases in 

axial length (Gonzalez Blanco et al., 2008). In addition, a high value of AL/CR in an 

emmetropic individual indicates that the increased axial length may have been 

compensated for concurrently by a reduction in the crystalline lens power. Therefore, a 

high AL/CR ratio would be a risk factor for the development of myopia in an 

emmetropic person, because the crystalline lens would be close to the limit of its 

emmetropising capacity and it would be impossible for it to flatten any further or reduce 

in thickness as the eye elongated (Grosvenor and Scott, 1994). 

1.5.4 Anterior chamber depth 

Anterior chamber depth (ACD) is defined as the distance between the posterior vertex 

of the cornea and the anterior crystalline lens surface along the eye‟s optical axis 

(Barrett et al., 1996). Mean ACD, as measured by the IOLMaster, is 3.33 ± 0.61 mm in 

a normal population (Reddy et al., 2004), but it is well documented that this range of 

values is affected by age, gender and refractive error (He et al., 2009). 

It has been reported that the anterior chamber is significantly deeper in individuals with 

both youth and adult-onset myopia (Grosvenor and Scott, 1991). However, Goss et al. 

(1997) reported only a weak correlation between the ACD and high myopia, which they 

attributed to a greater corneal curvature in high myopic individuals which had the 

potential to limit increases in the ACD. Hosny et al. (2000) proved this theory by 

investigating the relationship between axial length and ACD in 211 individuals, in three 

age groups (< 25, 25 to 50 and > 50 years age). They found that up to a certain point 

(around 27 mm) the ACD increased with increasing axial length, but above this limit the 

ACD did not increase and may even have decreased throughout the sample. 
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1.5.5 Vitreous chamber depth  

Changes in the vitreous chamber depth (VCD) with refractive error have been reported 

in early studies (Stenstrom and Woolf, 1948) and it is well documented that more 

myopic eyes tend to have longer vitreous chambers (Garner et al., 2004, Jorge et al., 

2007). For instance, Garner et al. (2004), by looking at the longitudinal changes in 

VCD, reported a higher rate of increase in the VCD in myopic eyes than in emmetropic 

and hyperopic eyes. Figure 1.1 illustrates regression changes in the VCD with age for 

each refractive group, based on longitudinal data from Garner and his colleagues. 

 

Figure 1.1 Change in VCD with age for the hyperopic (0.066 mm/year), emmetropic (0.072 

mm/year) and myopic (0.165 mm/year) groups based on Garner and colleagues data. Graph 

adapted from Garner et al. (2004). 

1.5.6 Shape of the myopic eye 

It is well documented that the shape of the eyeball in myopic eyes differs from that in 

emmetropic eyes (Atchison et al., 2004). Changes of the myopic eye due to the axial 

elongation of the vitreous chamber have consequences; retinal stretching is one of the 

most significant outcomes of ocular elongation in myopia (Vera-Diaz et al., 2005). 

However, the region of the retina involved in ocular expansion varies between myopic 
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individuals. It may be possible to classify myopia according to the most affected retinal 

region, as follows: 

 Axial elongation: In this model, length (anterior-posterior) is greater than height 

(superior-inferior) and width (equatorial). Both equatorial stretching and posterior 

pole expansion are evident in this type of myopia. 

 Equatorial stretching (peripheral): In this type of myopia, axial elongation 

occurs due to stretching in the periphery, parallel to the visual axis of the eye. 

Therefore in this model the length of the eye increases, but the width and height 

remain constant (Atchison et al., 2005a). 

 Posterior pole elongation (central): In this type, changes take place in a 

restricted region of the retina (Hollins, 1974). An extreme example of this is a 

posterior staphyloma (see section 1.5.7.2) (Curtin, 1977). 

 Global expansion (central and peripheral): In this type of myopia, the 

dimensions of length, height and width maintain the same proportions as those of 

emmetropic eyes, hence exhibiting no change in the asphericity of the eye (i.e. 

uniform stretching: similar expansion rate in three dimensions) (Atchison et al., 

2004). 

 

Figure 1.2 Different models of myopia: a) equatorial stretching, b) posterior pole elongation and 

c) global expansion. Picture redrawn from Atchison et al. (2004). 

 

(a)

Equatorial stretching Posterior pole elongation Global expansion

(b) (c)
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1.5.6.1 Asymmetry in ocular shape 

It has been proposed that the retinal stretching due to axial elongation in myopia is 

uniform either side of the peripheral retina region up to ±15° eccentricity (Chui et al., 

2005). Some studies, however, have declared that the expansion of the posterior part 

of the globe is not necessarily symmetrical; adult myopic eyes have been hypothesised 

to display greater dimensional increases in the vertical meridian than in the horizontal 

meridian than do emmetropic eyes (Atchison et al., 2005a). Nasal-temporal 

asymmetries in the shape of eye in white individuals, have been observed as well using 

computer modelling (Logan et al., 2004). 

Changes in the peripheral refractive error during normal infant monkey 

emmetropisation also suggest that there are nasal-temporal asymmetries in the 

expansion of the posterior globe during normal development (Hung et al., 2008). Part 

of the main experimental section of this thesis investigates asymmetry in ocular shape, 

refractive parameters and visual function (Chapters 5, 6 & 7). 

1.5.6.2 Peripheral refraction 

It is well known that the image quality across the retina plays an important role in eye 

development (Wallman et al., 1987). Therefore, an investigation of the axial refractive 

properties of the eye alone is inadequate to describe the image quality in peripheral 

regions of the retina. Peripheral refraction measurement is an indirect method of 

estimating the eye shape and provides useful information about the optics which affect 

the peripheral retina. It is also believed that the type and magnitude of peripheral 

refractive errors play an important role in the development of myopia (Hoogerheide et 

al., 1971). Findings from peripheral refraction studies are of direct relevance to the 

current study. For a full account of the peripheral refraction literature, see Chapter 5. 
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1.5.7 Fundus changes of the myopic eye 

Typical fundus findings in elongated myopic eyes, notably those with higher degrees of 

myopia, include a larger and tilted optic disc (Witmer et al., 2010), optic disc crescent 

(Curtin and Karlin, 1970), posterior staphyloma (Curtin, 1977), peripapillary atrophy 

(Ramrattan et al., 1999) and chorioretinal atrophy (Ito-Ohara et al., 1998). A few of 

these conditions, which are directly related to increased axial length, are described 

below. 

1.5.7.1 Optic disc 

The optic disc area is significantly larger in eyes with high myopia than in those with 

emmetropia and hyperopia. Jonas (2005) reported an average optic disc area of 3.46 ± 

2.99 mm2 for highly myopic eyes (higher than -8.00 D), 2.84 ± 0.70 mm2 for eyes less 

than -8.00 D and 2.22 ± 0.82 mm2 for highly hyperopic eyes (higher than +4.00 D). 

Another common finding in moderate to high myopic eyes is that the optic nerve head 

appears to be obliquely inserted and tilted (How et al., 2009). The optic disc of the 

myopic eye also has a larger diameter, greater cup to disc ratios and larger and 

shallower cup depth (Jonas et al., 1988). Ramrattan et al. (1999) reported that the disc 

area linearly increased by 0.033 mm2 for each dioptre increase toward myopia. 

1.5.7.2 Posterior staphyloma 

Staphyloma, a common condition in axially myopic eyes, is a backward extension of 

the globe resulting from the pathological thinning of the sclera, choroid and retina, in 

particular in the vicinity of the optic nerve and fovea. The staphyloma varies between 

individuals in location and geometry, occasionally occurring nasally, but usually 

temporally (Curtin, 1977). A study by Vohra and Good (2000) found that staphylomas 

were associated with approximately 40% of high myopia (axial length > 27 mm) and 

the incidence increased to around 60% in eyes with an axial length of more than 31 

mm. 
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1.5.7.3 Peripapillary atrophy  

In myopic eyes, peripapillary atrophy (defined as the thinning of the retinal pigment 

epithelium (RPE) layer in the region surrounding the optic disc), is relatively common. It 

has been shown that the prevalence of peripapillary atrophy increases by 1.3% for 

each dioptre increase in the degree of myopia (Ramrattan et al., 1999). Reduced visual 

field sensitivity was significantly correlated with the degree of myopia in myopic 

subjects and was more remarkable in peripapillary atrophy positive eyes (Nitta et al., 

2006, Feigl and Zele, 2010). 

1.6 Functional correlates of myopia  

To study the functional aspects of the myopic eye, it is essential to be familiar with the 

histological and functional organisation of the layers of the eye, above all, the retina. 

This section discusses the structure of the retina, the peripheral retinal structure and 

function and retinal changes of the myopic eye. Attention is focused on describing the 

photoreceptor and retinal ganglion cells, because beyond the central foveal region, the 

number of cone receptors rapidly decreases (Curcio et al., 1990). The peripheral retinal 

regions are therefore poor at resolving detailed high spatial resolution images. The 

ganglion and rod cells dominate these peripheral locations, with cone cells being in the 

minority. 

1.6.1 An overview of the anatomy of the retina  

The retina is a light sensitive multilayer (approximately 0.5 mm thick) of neural cells 

which lines the back of the eye. The retina covers three-quarters of the area of the 

innermost tunic of the eye and forms a sensitive screen on which the optical image falls 

when in sharp focus. The retina extends anteriorly from the optic nerve to the ora 

serrata and the outermost layers of the retina are the photoreceptors (the rods and 

cones) and the RPE which are in contact with the collagen and elastic tissue of Bruch„s 
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membrane of the choroid layer. The retina is next to the vitreous body at its innermost 

boundary (Dowling, 1987). 

The retina is typically divided structurally into ten different layers (Dowling, 1987) which 

are illustrated in Figure 1.3. 

The chief function of the retina is the transduction of light into neural signals. In the 

transfer of these signals to the brain, the retina is portioned vertically into temporal and 

nasal halves. The axons from the nasal part cross the brain at the optic chiasma to join 

with axons from the temporal half, before passing into the lateral geniculate body 

(Schwartz, 1998). 

 

Figure 1.3 Simple organisation of a human retinal layers. The picture demonstrates that the 

ganglion cells (the output neurons of the retina) lie innermost in the retina closest to the lens 

and front of the eye and the photoreceptors (the rods and cones) lie outermost in the retina 

against the pigment epithelium and choroid. Light travels through the thickness of the retina 

before reaching and activating the photoreceptors. Picture adapted from Kolb (2011). 
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1.6.1.1 Optic disc  

The optic disc is a circular to oval white area, in the back of the eye, which contains the 

ganglion cell axons going out to the brain and the incoming blood vessels which open 

into the retina to vascularise the retinal layers (Dowling, 1987). Quigley et al. (1990) 

reported a mean disc diameter of 1.88 mm (vertical) and 1.77 mm (horizontal) in a 

normal human population. 

The blind spot corresponds to the insensitive, receptor-free region of the optic disc. The 

mean horizontal and vertical angular locations of the blind spot relative to the fovea are 

15.5° ± 1.1° and -1.5° ± 0.9° respectively (the fovea is below the centre of the optic disc 

in most eyes), as measured by scanning laser ophthalmoscope across 178 healthy 

eyes (Rohrschneider, 2004). This study also reported that the horizontal distance 

ranged from 13.0° to 17.9° and the vertical distance ranged from -3.65° to 0.65°. 

It should be noted that the retinal image is an inversion of the visual field for all 

quadrants (nasal, temporal, superior and inferior). For example, for the right eye, the 

responses corresponding to the temporal visual field originate from the nasal retina. 

Therefore, the blind spot which is located at approximately 15° in the nasal retina 

corresponds to the temporal visual field. In all the experimental chapters in this thesis, 

retinal locations were recorded in preference to visual field locations (e.g., the nasal 

retina corresponds to the temporal visual field). 

1.6.1.2 Fovea 

The fovea is an oval-shaped, blood vessel-free area, which is located at the centre of 

the macula, which supports the highest visual acuity (Tick et al., 2011). There is a 

depression at the centre of the fovea, where most of the retinal layers are pushed aside 

(Figure 1.4). As imaged by optical coherence tomography (OCT), the thickness of the 

retina in this region is 150 to 160 µm (Konno et al., 2001), compared with foveal 

thicknesses of 250 to 260 µm outside the depression zone (Alamouti and Funk, 2003). 

However, several authors have reported that healthy eyes show significant inter-
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individual variations in foveal thickness (Wong et al., 2004, Asefzadeh et al., 2007). It is 

believed that the depression zone has less than 0.01 D effect on the spherical 

refraction across the fovea (Atchison et al., 2006a), because the position of the 

photoreceptor layer in the foveal pit is unaffected and the vitreous (1.336) has a very 

similar refractive index to the retina (1.361) (Williams, 1980). 

 

Figure 1.4 OCT cross sectional image of the retina. Normal right eye showing a deepening of 

the foveal pit and thickening of the photoreceptor layers in the central fovea. NFL: nerve fibre 

layer, RPE: retinal pigment epithelium. 

1.6.1.3 Peripheral retina 

The total retina is a circular disc of approximately 42 mm diameter. An approximately 6 

mm circular field around the fovea is considered the central retina while beyond this 

area, stretching to the ora serrata, 21 mm from the centre of the optic disc is 

considered peripheral retina (Rodieck, 1973). The retinal periphery is unable to detect 

small or distant objects or distinguish between fine shades of colour. One of the 

primary functions of the retinal periphery is vision under low illumination (Schwartz, 

1998). 

The temporal retina extends further peripherally than the nasal retina. In addition, all 

retinal layers are thinner in the periphery than in the centre. For example, the RPE 

layer, the pigmented cell layer just outside the neurosensory retina which nourishes 
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retinal visual cells, has a uniform shape and size in the central retina. In the peripheral 

retina, the RPE cells become thinner and each is spread over a wider area (Dowling, 

1987). 

1.6.1.3.1 Peripheral retina of the myopic eye 

It has been suggested that the axial elongation associated with myopia progression 

may lead to stretching and thinning of the peripheral retina (Pierro et al., 1992, Wolsley 

et al., 2008, Cheng et al., 2010). This belief has been supported by in vivo studies with 

OCT (Stratus OCT), which found a reduction in retinal thickness in the paracentral 

region at eccentricities from 1.5 to 3 mm (i.e. ~ 5–10º) in myopic eyes (Luo et al., 2006, 

Lam et al., 2007). 

By investigating more peripheral locations, Cheng et al. (2010), in a study of 61 eyes 

using OCT, found that peripheral retinal thickness (central 80º horizontal meridian, from 

40º temporal to 40º nasal) reduced with an increasing degree of myopia and longer 

axial length, with the exception of the optic disc area. They reported a similar amount of 

retinal thinning in both nasal and temporal retinae. Their results support the suggestion 

of uniform retinal stretching in the central 30º region in the global expansion model of 

myopia. In another study using OCT, Wolsley et al. (2008) investigated the retinal 

thickness in myopic eyes from 16º superior temporal to 16º inferior nasal retina. They 

also found that peripheral retinal thickness decreased with increasing degrees of 

myopia. Greater thinning in the peripheral than in the central retina may be partly due 

to the fact that the peripheral retina is less resistant to stretch. A decrease in peripheral 

retinal thickness may be a compensatory mechanism for the stretching force over the 

entire retina and would therefore preserve the more important central macular 

thickness (Tariq et al., 2010). 
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1.6.1.4 Retinal photoreceptors 

The retina contains two distinct types of photoreceptor cell (rods and cones), which are 

responsible for capturing light and converting it into electrical impulses (Walls, 1942). 

The human retina has around 92 million rod cells and approximately 5 million cone 

cells (Oyster, 1999). Cone photoreceptors are about 20 times less abundant in the 

retina than are rods, but as they are almost all concentrated at the fovea and function 

in bright illumination, they actually account for the most important part of vision and for 

fine visual discrimination (Kimble and Williams, 2000). There are three kinds of cone: 

short-wavelength (S) cones with a sensitivity peak at 420 nm (blue), medium-

wavelength (M) cones with a peak at 531 nm (green) and long-wavelength (L) cones 

with a peak absorption at 588 nm (red) (Dowling, 1987). Cones have less sensitivity 

than rods and function in photopic conditions, whereas rods function in the scotopic 

range. The luminance range which overlaps cone and rod sensitivity is called the 

mesopic range. 

The central retina is cone-dominated and is free of rods. In comparison, the peripheral 

retina is rod-dominated and these cells are located all over the peripheral retina 

(Dowling, 1987) (Figure 1.5). The distance between photoreceptors increases with 

eccentricity and the density of the photoreceptors per square millimetre decreases 

rapidly with eccentricity (Curcio et al., 1990, Song et al., 2011). In the foveal region 

cones have a diameter of 1.5 µm and a centre-to-centre spacing of 2 µm. The cone 

diameter increases away from the fovea and the interspacing of cones also increases 

as they are surrounded by rings of rods (Curcio et al., 1987). 
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Figure 1.5 Optical sections of human photoreceptors at the a) fovea and b) near temporal 

periphery. All profiles in (a) are cones and in (b) large profiles are cones. Both a and b are at the 

same magnification level. Picture adapted from Curcio et al. (1990). 

The distribution and count of photoreceptors have been investigated in several studies 

and the total number of these cells showed considerable variability between individuals 

(Curcio et al., 1987, Curcio et al., 1990, Jonas et al., 1992). In one of the first 

histological studies to estimate the density of human retinal photoreceptors, Osterberg 

(1935) reported a number of about 150,000 cones/mm2 at the fovea and 4000-5000 

cones/mm2 in the peripheral retina. In addition, rod density was reported to be highest 

at a distance of 5-6 mm (20°) from the fovea (160,000 rods/mm2) and then decreased 

less rapidly than the cone populations, reaching about 30,000-40,000 rods/mm2 in the 

retinal periphery (Figure 1.6). It is also believed that the shape of the cone changes 

from round, at 1.3-8 mm from the fovea, to elliptical, at more peripheral locations 

(Curcio et al., 1990). This may be due to the tendency of cone photoreceptors to tilt 

toward the exit pupil of the eye (Laties et al., 1968). 

(a) (b)
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Figure 1.6 Distribution of rods and cones in the retina. The fovea is rod-free and has a very 

high cone density. The cone density falls off rapidly to a constant level at about 10°-15° from the 

fovea. At about 15°-20° from the fovea, the density of the rods reaches a maximum. Graph 

adapted from Osterberg (1935). 

Foveal cone spacing is believed to be a limiting factor for the resolving power of the 

eye. Resolution of the alternating light and dark bars needs at least one row of 

unstimulated cones to lie between rows of stimulated cones (Helmholtz, 1924). 

Moreover, the vision mediated by rods at low light levels is characterised by low spatial 

resolution but extreme sensitivity to light. Because of the extensive convergence of 

rods into postreceptoral cells, the width of the rod bipolar receptive field is likely to be 

the limiting factor in scotopic acuity rather than the spacing of rods themselves 

(Dowling, 1987). 

In summary, the following features can be derived from Figure 1.6: 

 A zone of high cone density in a small area surrounding the fovea and a rod-free 

zone within the fovea. 

 A rapid decrease in cone density within the central 2 mm of the fovea, which 

becomes less steep with increasing eccentricity and a slow fall off in rod density 

from the peak to the ora serrata. 

 A higher rod and cone density in the nasal than in the temporal retina with a slight 

increase in cone density in the far nasal retina. 
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1.6.1.4.1 Photoreceptor layer of the myopic eye  

An increase in spacing of retinal photoreceptors has been reported in animal models of 

myopia (Crewther, 2000) and similar findings have been observed in myopic human 

eyes as a result of axial elongation, using high-resolution adaptive optics imaging of the 

photoreceptor mosaic (Chui et al., 2008, Li et al., 2010). For instance, the cone spacing 

in the moderate to high myopic eyes has been reported to be 5.92 µm compared to 

4.00 µm in emmetropic and low myopic eyes (Kitaguchi et al., 2007). Subsequently, as 

expected from the need to distribute a constant number of cone photoreceptors over a 

larger retinal region, this leads to lower cone density in highly myopic eyes than in 

emmetropic eyes, in terms of cones per square millimetre (Chui et al., 2008). The 

dependence of photoreceptor density on axial length has also been indirectly inferred 

from psychophysical studies of the effect of myopia on peripheral visual acuity in 

humans (Chui et al., 2005). 

The photoreceptor layer of the myopic eye has been shown to be thinner at more 

peripheral locations than in central regions (Cheng et al., 2010). Possible explanations 

for this are: 

 Re-orientation of photoreceptors due to enlargement of the globe in an attempt to 

achieve alignment with the nodal point of the eye. This may cause the 

photoreceptor layer to become thinner (Beresford et al., 1998). 

 Stretching of the eye due to axial elongation. This results a larger area of the retina 

with reduced photoreceptor density, which could be more significant at more 

peripheral retinal locations, due to backwards force (Kitaguchi et al., 2007). 

1.6.1.4.2 Asymmetry in photoreceptor density  

The sharp decline in cone density is shown to be more rapid along the vertical than the 

horizontal meridian, which results in a slight tendency toward a higher density of cones 

along the horizontal meridian (Curcio et al., 1990). Moreover, both cone and rod 
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photoreceptors have been shown to be more numerous in the nasal and superior 

regions of the retina than in the temporal and inferior regions (Jonas et al., 1992). This 

asymmetry in the horizontal meridian is more pronounced beyond the optic disc area 

(Curcio et al., 1987). 

1.6.1.5 Retinal Ganglion Cells  

Retinal ganglion cells (RGCs) are found in the innermost layer of the retina. Their cell 

bodies are located in the ganglion cell layer and their axons are in contact with the 

inner limiting membrane (Figure 1.3). The main function of RGCs is the transmission of 

information as action potentials, between the photoreceptors to the rest of the visual 

pathway, via horizontal, bipolar and amacrine cells (Schwartz, 1998). In primate 

retinae, there are at least three main types of RGC: the midget, parasol and bistratified 

cells (Dowling, 1987). 

There are about 1.2 to 1.5 million RGCs in the human retina (Curcio and Allen, 1990). 

The density of the RGCs is highest in the fovea and gradually decreases with 

increasing retinal eccentricity (Wassle et al., 1989). With about 125 million 

photoreceptors in the retina, on average a single RGC can receive and transmit inputs 

from about 100 rods and cones; this process in termed convergence. However, this 

ratio varies greatly between individuals and as a function of retinal eccentricity 

(Sjöstrand et al., 1999). At the fovea, the ratio of RGCs to cone cells is approximately 

two (Walls, 1942); whereas, in the peripheral retina, a single RGC will receive 

information from thousands of photoreceptors (Schwartz and Rieke, 2011); thus there 

is a greater need for convergence in the peripheral retina. This correlates with the 

decreased peripheral acuity. In addition, ganglion cell receptive fields vary in size; in 

the central retina, they have small receptive fields (0.01 mm in diameter) which 

gradually increase towards the retinal periphery (0.5 mm, 50 times larger) (Dacey, 

1993). 

http://en.wikipedia.org/wiki/Photoreceptor_cell
http://en.wikipedia.org/wiki/Rod_cell
http://en.wikipedia.org/wiki/Cone_cell
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In the peripheral retina, cone density cannot be relied upon to indicate potential visual 

acuity due to the increased amount of signal convergence taking place. Therefore, 

RGC density is of particular interest in the peripheral retinal regions, in particular in 

psychophysical measurements of visual function. Both physiological and neuro-

anatomical studies agree that the midget class of RGCs (cells that project to the 

parvocellular layer of the lateral geniculate nucleus) and which make up most of the 

ganglion cells, limit spatial resolution (Wassle and Boycott, 1991, Dacey and Petersen, 

1992). 

1.6.1.5.1 Ganglion cells of the myopic eye 

RGC density in humans can be measured through the in vitro examination of retinal 

histological samples (Curcio and Allen, 1990). In contrast, in vivo ganglion cell 

sampling can be investigated through the use of psychophysical techniques (Anderson 

et al., 1992, Anderson et al., 1995). Only a few psychophysical studies have 

investigated RGC density in different refractive groups. In addition, current information 

is limited regarding RGC density through histological studies from a range of refractive 

groups. 

As a consequence of the globe expansion and retinal stretching, retinal receptors in 

myopia may be damaged or reduced in density. RGC density in myopic eyes has been 

reported by limited psychophysical studies to decline (Chui et al., 2002) in turn affecting 

visual resolution. Resolution acuity is believed to be sampling limited (Chui et al., 

2005), directly proportionate to the number of RGCs (Popovic and Sjostrand, 2005). 

1.6.1.5.2 Asymmetry in ganglion cell density 

Consistent with the distribution of photoreceptor cells, the RGCs are densely packed at 

the fovea and gradually decrease in density with increasing retinal eccentricity (Wassle 

et al., 1989). The distribution of RGCs is non-uniform in the peripheral retina (Hebel 

and Hollander, 1983), with higher cell density in the nasal and superior retina than in 
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the temporal and inferior regions (Stone and Johnston, 1981, Curcio and Allen, 1990). 

The topographical distribution of RGCs was investigated by Curcio and Allen (1990) 

and mean cell densities were reported to be both greater nasally than temporally and 

greater superiorly than inferiorly, in particular at eccentricities greater than 15°. RGC 

density and nasal-temporal asymmetry in the human retina can also be indirectly 

inferred from psychophysical investigations (Anderson et al., 1991, Anderson et al., 

1992). In one study by Anderson et al. (1992), the grating resolution acuity was 

reported to be greater at 25° in the nasal retina than at 25° in the temporal retina. This 

finding agrees with the greater density of ganglion cells reported previously in the nasal 

than in the temporal retina (Curcio and Allen, 1990). 

1.6.2 Central and peripheral visual performance 

Visual acuity, which is the most widely used measure of visual function, is defined as 

the reciprocal of the visual angle (in minutes of arc) subtended by the finest resolvable 

detail (Gilbert, 1953). This dimension can be a single black letter or symbol on a white 

background (Strang et al., 1998), the gap size in a Landolt C target (Pointer et al., 

1981), the spatial period of a grating (Kerr, 1971) or the offset of a vernier stimulus 

(Westheimer, 2005). Measured visual acuity depends on the nature of the task and 

varies highly with different test conditions. In addition, the visual acuity of the human 

observer varies across the retina due to the non-uniform filtering and sampling of the 

image (Thibos and Bradley, 1991). 

Foveal and peripheral acuity are two important measures of the visual performance of 

the eye (Megaw, 1979). Foveal acuity is the basic measurement of visual function. It 

measures the smallest high contrast target that can be resolved at a given distance. In 

the normal eye, foveal acuity is far better than peripheral acuity, because the structure 

of the retina is designed to favour foveal vision over peripheral acuity (Chan and 

Courtney, 1996). It has been well established that under photopic conditions, visual 

performance declines progressively from the fovea toward the retinal periphery (Anstis, 
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1974), a pattern of degradation which matches the reduction of RGC density in the 

retina (Curcio and Allen, 1990). Peripheral vision, however, plays an important role in 

daily visual tasks such as driving (Cheong et al., 2008) and locomotion (DeBruyn, 

1997), where the detection of peripheral objects is crucial to safety. 

1.6.2.1 Detection versus resolution acuity 

Numerous experimental measurements and techniques have been used to determine 

foveal and peripheral acuity. It is important to differentiate between detection acuity 

(asking the participant to indicate the presence of the target (Daitch and Green, 1969, 

Kerr, 1971)) and resolution acuity, where a correct response requires the target detail 

to be resolved, in order to identify the orientation of the stimulus, for example (Green, 

1970, Atchison et al., 2006c). Visual acuity for spatial resolution tasks declines rapidly 

with increasing angular distance from the central fixation point (Wang et al., 1997), but 

visual acuity for detecting spatial patterns and objects declines only slightly at the 

periphery (Thibos et al., 1987b) (Figure 1.7). This indicates that it is possible for a 

subject to detect target contrast but remain unable to resolve the orientation. 

The extent of the difference between the detection and resolution thresholds in the 

periphery depends on stimulus properties such as the number of cycles, the contrast, 

or the luminance levels of the stimulus. Several authors have shown that a decrease in 

any of these factors will reduce the detection threshold to a point where it eventually 

aligns with the resolution threshold and both will be limited by the level of contrast 

produced by the optical system of the eye (Anderson et al., 1996, Ennis and Johnson, 

2002). 
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Figure 1.7 Resolution and detection acuity of sinusoidal horizontal gratings along the horizontal 

meridian in one human observer. Graph adapted from Thibos et al. (1987b). 

1.6.2.2 Factors limiting performance in central and peripheral vision 

Vision is a very complex process, of which the formation of the retinal image is the first 

step. The image is influenced by the performance of the eye‟s optical components, 

such as the optical aberration, scattering and diffraction. In the next step, after being 

sampled by the photoreceptors, the image is processed through several levels of cells 

in the retina and transmitted along the axons of the retinal ganglion cells, which 

terminate in the lateral geniculate nucleus. The information about the neural image is 

then transmitted to the visual cortex via the optic nerve and onwards, where it is 

processed to allow the perception of the world. 

Numerous studies have shown that for basic tasks such as the detection and resolution 

of spatial patterns, the limiting factors are largely in the eye itself (Thibos et al., 1987a, 

Williams and Coletta, 1987). Low-pass filtering by the optical system of the eye and 

image sampling by the mosaic of photoreceptors and retinal neurons, set limits to the 

transmission of visual information. These limits are, however, different for central and 

peripheral vision (Thibos et al., 1987a, Anderson et al., 1991, Wang et al., 1997, Ennis 

and Johnson, 2002, Atchison et al., 2006c). 
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At the fovea, spatial resolution is mainly optically limited, in contrast to the periphery 

(beyond 10°) where the resolution is predominantly limited by the spacing of midget 

RGCs (Banks et al., 1991, Anderson et al., 1992). The functional sampling density of 

the retinal mosaic of neurons is much lower at the periphery (Curcio and Allen, 1990, 

Curcio et al., 1990). Therefore, peripheral resolution is limited by the sampling rate 

provided by the retina rather than the quality of the optics (Wang et al., 1996). This may 

be one reason that the correction of peripheral refractive error was shown to have little 

effect on peripheral resolution acuity (Millodot, 1981). Several studies have 

experimentally demonstrated that optical defocus, hence a reduction in contrast of the 

target, significantly affects detection acuity, but has little effect on resolution up to a 

certain limit, when the resolution ceases to be sampling-limited and becomes contrast 

limited  (Anderson, 1996b, Thibos et al., 1996). 

It is worth noting that the human visual system is prone to aliasing (or 

misinterpretation), in which the presence of a stimulus pattern can be detected, but 

cannot be correctly resolved. This is because when the visual information is transmitted 

by discrete neurons, it samples the retinal images in spatially separate locations 

(Thibos et al., 1996). In the foveal region, visual optics acts as an anti-aliasing filter 

which prevents the development of retinal images with spatial frequencies beyond the 

neural sampling limit, by removing the high spatial frequencies; that is, they do not 

appear in the retinal image. On the contrary, in the peripheral retina, the optics of the 

human eye passes spatial frequencies which could be under-sampled by cells in the 

periphery. Therefore, the peripheral retina is less protected against the aliasing 

phenomenon and the reduced sampling density of the peripheral retina causes the 

Nyquist frequency (the highest spatial frequency that can be represented by a neural 

array) to fall below the optical cut-off (Anderson and Hess, 1990). Sampling is the 

process of converting a continuous distribution of luminance to a set of discrete 

samples which is the first stage in the processing of the retinal image (Artal et al., 

1995). According to the sampling theory of visual resolution, for a sinusoidal grating to 
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be discriminated, two sampling points are required for each cycle of the grating 

(Thibos, 1998). 

In conclusion, whereas central resolution (for high contrast stimuli) is limited by optical 

filtering, peripheral pattern resolution for high contrast, sinusoidal gratings is limited by 

the spacing of the receptive fields of the ganglion cells. These opinions suggest that a 

clearer understanding of the mechanisms of visual performance in the myopic eye may 

emerge from studies of peripheral vision (Anderson and Hess, 1990, Chui et al., 2005). 

Under normal viewing conditions, patterns beyond the neural resolution limit are 

eliminated from the foveal retinal image by the optical system of the eye (Campbell and 

Gubisch, 1966). However, the peripheral retina does not seem to be protected in the 

same way. Although optical quality declines in peripheral vision, the neural resolution 

limit appears to fall even more rapidly with retinal eccentricity (Millodot et al., 1975). 

Previous studies have generated interference fringes by a laser directly upon the retina 

as the coherent source, to avoid optical limitations; with these, patterns were reliably 

detected for both central (Williams, 1985a, Williams, 1985b) and peripheral vision 

(Frisen and Glansholm, 1975, Coletta and Watson, 2006) although they were too fine 

to be resolved. 

1.6.2.3 Methods of assessing visual performance 

There are numerous tests available to evaluate different aspects of visual performance, 

many designed to be quick and easy to operate in a clinical practice and others more 

suitable for research purposes. However, little has been documented in the literature 

regarding the measurement of visual function outside the central vision. Apart from 

perimetry, which employs a detection psychophysical tack and provides no information 

about neural cell densities, there is no standard method for measuring peripheral visual 

function. It is worth noting that several researchers in recent years have concentrated 

on developing different kinds of resolution perimetry where the participant is requested 

to indicate something more than the mere presence of the stimulus (Martin, 1997). 



5 6  

 

Some of the commonly used techniques for evaluating visual performance are listed 

below. 

1.6.2.3.1 High contrast acuity charts 

Numerous high contrast charts are available with different optotypes (e.g. letters and 

Landolt rings), designs and scoring techniques. The task of the observer involves 

determining the smallest high contrast letter that can be resolved. These charts are 

commonly used to measure unaided vision and best-corrected visual acuity at a 

specific testing distance (Perrigin et al., 1982) and are primarily suitable for assessing 

foveal performance. 

Some of the more common letter charts include the Snellen letter chart (Bennett, 

1965), logMAR chart (Bailey and Lovie, 1976) and Early Treatment Diabetic 

Retinopathy Study (ETDRS) chart (Ferris et al., 1982). However, it should be noted that 

high contrast acuity tests have been shown to provide an inadequate assessment of 

the visual function, most of all in various eye pathologies such as cataract (Elliott and 

Situ, 1998) and glaucoma (Wilensky and Hawkins, 2001). In addition, they are unable 

to accurately assess visual performance in real world tasks (Currie et al., 2000). In 

response to the abovementioned problems, contrast sensitivity tests are now more 

widely used.  

1.6.2.3.2 Contrast sensitivity  

Contrast sensitivity is the measure of the ability to detect a difference in the luminance 

between two areas. Contrast sensitivity is the reciprocal of the contrast threshold (i.e. 

the lowest contrast at which a sine-wave grating can be detected as a function of 

frequency). The variation of the sensitivity over a range of spatial frequencies (the 

number of repetitions of a grating pattern, per unit of distance) is described by the 

contrast sensitivity function (CSF). This function depends on the optical transfer 

function of the eye and is further modified by neural factors during the processing of 
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spatial information. It is well established that CSF, evaluated with psychophysical 

methods, in foveal vision shows a band-pass shape with a peak sensitivity at around 3-

5 cyc/deg and that sensitivity declines for both higher and lower spatial frequencies 

with a high frequency cut-off around 45-50 cyc/deg (Campbell and Robson, 1968) 

(Figure 1.8).  

 

Figure 1.8 Changes of CSF a function of the size and contrast of the stimulus in a normal 

human observer (Campbell and Robson, 1968). 

The CSF is a characteristic of the performance of the visual system. Assessment of the 

CSF was first described by Young (1918) and has been shown to provide a 

significantly more comprehensive evaluation of visual function than of high contrast 

acuity measurements (Paulsson and Sjöstrand, 1980). Previous observations have 

shown that some patients with normal 6/6 (20/20) letter acuity report decreased 

contrast sensitivity at middle or low spatial frequencies. In addition, contrast sensitivity 

measures often provide useful information regarding the progressive deterioration of 

retinal structures, even before ophthalmoscopic fundus changes (Stavrou and Wood, 

2003).  

A variety of techniques have been used in previous studies to assess the CSF of the 

eye. The gold standard involves determining the contrast threshold over a range of 

spatial frequencies using computer generated sine wave gratings (Campbell and 
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Robson, 1968, Ginsburg et al., 1984). Other techniques for measuring the CSF include 

charts based on sine-wave gratings (e.g. the Vistech chart (Ginsburg, 1984)) and 

letters (e.g. Pelli-Robson chart (Pelli et al., 1988)); however, none of these charts can 

be adapted for peripheral acuity measurements. 

CSF tests all share a number of drawbacks. They are relatively time-consuming with 

poor repeatability (Jones et al., 1994). The results between different contrast sensitivity 

tests are not comparable, due to different illumination and viewing conditions and 

hence different pupil sizes. Additionally, a wide range of psychophysical techniques is 

available, which can considerably influence contrast thresholds (Woods, 1996). It is 

worth noting that contrast sensitivity has in several studies been measured as a 

function of retinal eccentricity, by presenting stimuli to the peripheral retina (Daitch and 

Green, 1969, Hilz and Cavonius, 1974, Rijsdijk et al., 1980). Hilz and Cavonius (1974), 

using an interference fringe technique, demonstrated that the sensitivity to gratings is 

highest in the fovea and decreases linearly as eccentricity is increased and shifts 

towards lower spatial frequencies (Figure 1.9). In another study, Rijsdijk et al. (1980) 

measured the peripheral contrast sensitivity with sinusoidal stimulus along several 

meridians out to 6°. They also showed a decrease in sensitivity with eccentricity, with a 

steeper fall along the vertical than the horizontal meridian.  
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Figure 1.9 CSFs for eccentricities from 0° to 32° in the temporal retina for one observer. High 

frequency cut-off and peak contrast sensitivity both decline with increasing eccentricity for a 

fixed target size. The bias of human peripheral vision towards lower spatial frequencies 

compared to the fovea can be seen in the graph. Graph adapted from Hilz and Cavonius 

(1974). 

1.6.2.4 Asymmetry in visual performance 

Visual acuity declines rapidly and symmetrically with increasing retinal eccentricity from 

the fovea in both the nasal and temporal retinae out to an eccentricity of approximately 

10° (Frisen and Glansholm, 1975, Anderson et al., 2002). Lewis et al. (2011) reported 

that, beyond this location, visual acuity was better in the nasal retina than in the 

temporal retina. In another well-known investigation of peripheral visual acuity, 

Wertheim and Dunsky (1980) measured resolution acuity out to 70° retinal 

eccentricities. They found that the rate of decline in visual acuity varied with the retinal 

meridian; nasal and superior retinae were generally better in performance respectively 

than temporal and inferior retinae. Many studies have confirmed the results of 

Wertheim and Dunsky (1980) by investigating the variation of visual acuity with 
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meridian and eccentricity (see section 7.5.1). The fact that the retina is non-uniform in 

terms of photoreceptors and ganglion cell density (Curcio and Allen, 1990, Curcio et 

al., 1990) implies some degree of asymmetry in the peripheral visual performance of 

the eye (Frisen and Glansholm, 1975, Frisen, 1987, Fahle and Schmid, 1988, 

Anderson et al., 2002). This topic is investigated experimentally in Chapter 7. 

1.6.2.5 Visual performance of the myopic eye 

It has been hypothesised that the axial elongation of the myopic eye has some 

functional consequences (Vera-Diaz et al., 2005). However, the actual aspect of 

myopia causing these reductions remains equivocal. One theory is that stretching 

forces on the retina following the ocular expansion of the myopic eye reduce the neural 

sampling density and increase the spacing between the photoreceptor centres on the 

myopic retina (Chui et al., 2005, Atchison et al., 2006c). This could be associated with 

a reduction in visual performance (Coletta and Watson, 2006, Rossi et al., 2007). Chui 

et al. (2005) predicted that 15 D of myopia would lead to twice the degree of spacing 

between retinal neurons than is found in emmetropes. A full review of the previous 

studies regarding the central and peripheral visual performance of the myopic eye is 

presented in Chapter 7. 

1.7 Structural-functional correlates of the myopic eye 

As previously mentioned, axial elongation is associated with myopia. However, it is not 

clear if structural changes as a result of axial elongation have any effect on the function 

of various retinal components of the eye such as photoreceptors, post-receptoral 

bipolar cells and the inner retinal component. 

Although a strong relationship exists between reduced visual function and the presence 

of myopia, the actual aspect of myopia causing the reduction remains unclear. One 

possible reason, of particular interest to this thesis, is the theory that myopic ocular 
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expansion causes retinal stretching which leads to either retinal cell damage or 

reduced cell density and consequently a reduction in visual function. 

The work presented in this thesis was undertaken in the hope of adding to the 

understanding of the structure-function relationship of the myopic eye. To the best of 

my knowledge, this work is original in myopia research in covering substantially more 

off-axis retinal locations than are found in previous studies, where the examined retinal 

locations are limited (Vera-Diaz et al., 2005, Wolsley et al., 2008) and in employing 

different methods of assessment within the same eyes. A complete review of the 

previous studies of the structure-function correlation of the myopic eye is presented in 

Chapter 8. The next chapter is devoted to the description of the study population and 

the modified instruments applied in this research project. 
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Chapter 2  

Methodology and instrumentation 

2.1 Introduction 

The aim of this chapter is to describe the main experimental procedures and methods 

involved in the study, in addition to data on the reporting population and the enrolment 

criteria. The methodology of this thesis is divided into four main parts: data collection 

(participant data, e.g. age, ethnicity and refractive details), central and peripheral 

refraction measurements, on- and off- axis measurements of the cornea to retina 

length and the modified contrast assessment acuity test. For each area, the theoretical 

background related to the instrumentation and methodology used in this thesis is 

described. The experimental design is illustrated in the following diagram (Figure 2.1, 

Appendix 1). 
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Figure 2.1 Data collection procedure and participant flow.  

SL: spectacle lens, CL: contact lens 
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2.2 Ethical considerations 

After the nature of the research and experimental procedures had been explained, 

informed consent was obtained from all the subjects. The research followed the tenets 

of the Declaration of Helsinki and was approved by the University of Bradford Research 

Ethics Committee. All the data obtained throughout the study were kept confidential 

and an identification number was created for each participant. See Appendix 2 for an 

example of the information sheet and consent form provided for each participant. 

2.3 Data collection 

The first part of this chapter describes the study population for the entire research 

project, with the inclusion/exclusion criteria for the participants‟ enrolment and the 

classification of emmetropic and myopic subjects. 

2.3.1 Study population 

The study population (n=91) (referred to in Chapters 4-8) consisted of young myopic 

and emmetropic volunteers, of minimum age of 18 years, from the University of 

Bradford student population. The study population in this research project exhibited a 

range of different ethnic backgrounds including Caucasian, British Asian, East Asian 

and a minority of others. Summary profiles of the study population are presented in 

Tables 2.1-2.2. The participants related to Chapter 3 are excluded from these tables 

because the selection criteria differed and this group of ten subjects was used for the 

optometer alignment sub-study only.  
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Table 2.1 Emmetropic group (n=31) 

Emmetropic group Mean ± SD
a 

Range 

Age (years) 22.27 ± 4.49 (median: 21) 18 to 39  

MSE (D)
b 

+0.08 ± 0.31 +0.50 to -0.50 

Ethnic distribution   12 (Caucasian), 15 (British Asian), 2 (East Asian) and 2 (others) 

a 
Mean ± standard deviation. 

b 
MSE: mean spherical equivalent, D: dioptre. 

Table 2.2 Myopic group (n=60) 

Myopic group Mean ± SD
a 

Range 

Age (years) 22.80 ± 4.27 (median: 21.5) 18 to 37 

MSE (D)
b 

-5.46 ± 1.83 -2.00 to -9.62 

Ethnic distribution   22 (Caucasian), 24 (British Asian), 11 (East Asian) and 3 (others) 

a 
Mean ± standard deviation. 

b 
MSE: mean spherical equivalent, D: dioptre. 

2.3.2 Enrolment criteria 

All interested individuals were selected for the study, according to the initial inclusion 

and exclusion criteria summarised below. None of the participants included in this work 

had any apparent ocular abnormalities other than refractive error. Subjects were 

excluded if they had any ocular disease or pathology, previous ocular surgery, previous 

or current eye disease or injury, amblyopia, any kind of refractive surgery or any history 

of binocular vision anomalies. No subject exhibited anisometropia of more than 1.00 

DS or on-axis subjective astigmatism of greater than 0.75 DC. In addition, information 

on the myopic volunteers, related to their history of myopia (e.g. age of myopia onset) 

was obtained. 
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2.3.3 Definitions 

2.3.3.1 Refractive error 

Spherical equivalent was defined as sphere plus half the negative cylinder. Before the 

study, subjects were classified on the basis of their spherical equivalent subjective 

refraction in their dominant eye, as follows: 

 Emmetropia: Spherical equivalent refraction ranging from -0.50 D to +0.50 D based 

on the definition of refraction adopted by the Refractive Error Study in Children 

(RESC) surveys conducted worldwide among children of 5-15 years with a wide 

range of ethnic backgrounds (Maul et al., 2000, Negrel et al., 2000). 

 Myopia: For the purpose of the present work, myopes were included if their 

spherical equivalent refraction was greater than or equal to -2.00 D and had 

developed before the age of 15 years. This was for the purpose of reducing the risk 

of including emmetropes misclassified as myopes and of minimising the chance of 

including late-onset myopes, which may behave differently. Therefore, the myopic 

group is principally considered to consist of juvenile-onset myopia subjects 

(Grosvenor, 1987b, Bullimore et al., 1992). Juvenile-onset myopia may be more 

genetically driven (Pacella et al., 1999) and the level of myopia is more likely to 

have stabilised by the point of recruitment (see section 1.2.1). In addition, late-

onset myopes showed greater fluctuations in accommodations than juvenile-onset 

myopia, whereas this pattern in youth-onset myopes is similar to emmetropic 

individuals (Day et al., 2006). It should be noted that the myopic population in this 

work was assumed to be predominantly axial in nature. To test this assumption, an 

analysis was performed on our sample dataset, the results of which are presented 

in Appendix 3. 



6 7  

 

2.3.3.2 Ethnicity 

Ethnicity was classified on the basis of self-identification by the participant, according to 

the categories used by the Office for National Statistics (2001) in the United Kingdom. 

The ethnic categories defined in this thesis are as follows: 

 Caucasian (White): This term covers participants including white British and white 

European. 

 East Asian (Chinese): This term covers people originating from China, Thailand, 

Vietnam, Malaysia, Singapore, Indonesia, Philippines, Japan and Korea. 

 British Asian: This term covers participants who were born in the UK to parents or 

grandparents who originated from India, Pakistan or Bangladesh. 

 Others: This category covers all other ethnicities not included above and comprised 

two African and three Middle Eastern participants. 

2.3.4 Initial subjective refraction assessment 

To ensure that the subjects met the inclusion criteria, their sphero-cylindrical refractive 

errors were measured by subjective refraction collected by a qualified optometrist. As 

the first step for each participant and to determine the refraction, a routine non-

cycloplegic subjective refraction was performed. All refractions were performed by the 

same examiner. The traditional endpoint of maximum plus/minimum minus to achieve 

the optimum visual acuity was adopted. To determine astigmatism, a crossed-cylinder 

was used to locate the axis and power. A high contrast logMAR visual acuity chart 

based on the design principles suggested by Bailey and Lovie (1976) was used in a 

standard testing room. All participants were able to achieve a corrected visual acuity of 

at least 0.00 (6/6) or better on the high contrast Bailey-Lovie logMAR chart with their 

tested eye at a distance of 6 m.  



6 8  

 

2.3.5 Determination of the ocular dominance 

Ocular dominance (eye dominance) is the tendency to prefer visual input from one eye 

to that from the other (Porac and Coren, 1976). The dominant eye was determined for 

the entire study population with the hole-in-the-card dominance test (Cheng et al., 

2004). The observer was asked to sit directly in front of the visual acuity chart (6 m 

away) and extend both arms in front while keeping the card containing the hole in the 

centre. With both eyes open, the participant was instructed to focus on the fixation 

target through the hole. By alternatively occluding the eyes, the eye which could still 

see the target was recorded as the dominant eye. Only the dominant eye was 

investigated in this research project, since previous work suggests that psychophysical 

results may be more reliable with the dominant eye as the Troxler effect is less likely to 

play a role (Chisholm, 2003). 

2.4 Refraction  

2.4.1 Theoretical background  

Autorefractors are widely used in vision screening, ophthalmology and optometric 

practices. They provide practitioners with an objective refraction which can be used as 

a starting point for their subjective refraction (Pappas et al., 1978). These machines are 

easy to operate, quicker than other methods of objective refraction, free of the operator 

bias which may be associated with other types of refraction and better appreciated by 

patients (Choong et al., 2006). In addition to clinical practice, autorefractors are also 

extensively used in optometric and ophthalmic research, for example monitoring 

refractive error development (Smith et al., 2009), investigating accommodative 

responses (Hazel et al., 2003) and measuring peripheral refractive errors (Atchison et 

al., 2006b). 
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For both research purposes and clinical practice, the ideal autorefractor should provide 

valid, accurate and repeatable results. Previously published studies have found that 

most types of autorefractors provide valid and repeatable measurements compared 

with non-cycloplegic and cycloplegic subjective refraction (McBrien and Millodot, 1985, 

McCaghrey and Matthews, 1993, Rosenfield and Chiu, 1995, Mallen et al., 2001, 

Davies et al., 2003, Sheppard and Davies, 2010, Shneor et al., 2012). 

The majority of autorefractors have a built-in immovable internal fixation target with an 

automated fogging mechanism to relax accommodation (Yeow and Taylor, 1989). This 

feature may induce proximal accommodation (also known as instrument myopia) 

(Hennessy, 1975) and is also limited to measuring central refraction. Open-field 

autorefractors, however, have the flexibility to change the fixation target position over a 

range of locations, enabling users to perform refraction at a range of eccentric retinal 

locations while still providing precise and reproducible results (Atchison, 2003, Fedtke 

et al., 2009). Additionally, open-field of view instruments have advantages compared to 

closed-field types, in providing binocular viewing in a natural environment. In addition, 

with the increasing interest in the measurement of off-axis refraction, the measurement 

of peripheral refractive error is a useful feature. 

A few commercially available autorefractors are designed with a binocular open-field of 

view, for example: the Canon Autoref R-1 (McBrien and Millodot, 1985), the Shin 

Nippon SRW-5000 (Mallen et al., 2001), the Shin Nippon NVision-K 5001 (Davies et 

al., 2003) and the Tracy Function Analyzer (Cleary et al., 2009). 

2.4.2 Shin Nippon NVision-K 5001 

The Shin-Nippon NVision-K 5001 autorefractometer (Figure 2.2), (also named the 

Grand Seiko WR-5100K, Shin-Nippon, Tokyo, Japan) is a binocular open-field, 

automated objective refractometer. This instrument has been evaluated previously 

compared to non-cycloplegic subjective refraction and found to be accurate and 
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repeatable over a wide range of prescriptions (Davies et al., 2003). This model is very 

similar to the SRW-5000 (Grand Seiko WV-500), which has been shown to produce a 

high level of accuracy in both children (Chat and Edwards, 2001) and adults (Mallen et 

al., 2001). The absence of an internal fixation target and the unrestricted binocular field 

of vision, reduce the risk of proximal accommodation with this instrument. Additionally, 

cycloplegic refraction with this instrument shows strong agreement with subjective 

cycloplegic refraction in a large sample of children (Choong et al., 2006). Compared to 

the SRW-5000, the Shin-Nippon NVision-K 5001 has the additional functionality of 

keratometry, which enables three measurement modes with a single instrument: 1- 

keratometry, 2- refraction and 3- keratometry and autorefraction simultaneously. 

 

                                         Figure 2.2 The Shin Nippon NVision-K 5001 

With this instrument, an infrared ring target is projected into the eye through the 

entrance pupil (minimum pupil size required ≥ 2.3 mm) and reflected off the retina on 

depression of the measurement button on the instrument‟s joystick. This reflected 

image is utilised for initial focusing by the lens of the instrument, followed by digital 

View window

Alignment monitor

Chin and head rest 

Joystick

Semi silvered mirror

View window lens
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image analysis of the displacement of three further arcs of infrared radiation in multiple 

meridians. The instrument can measure the prescription in the ranges of ±22 D sphere 

and ±10 D cylinder in 0.12 D power steps and 1° steps for cylindrical axis. The corneal 

vertex distance of the participant can be recorded over a wide range (0, 10, 12, 13.5 

and 15 mm) (Davies et al., 2003). The Shin-Nippon has a built-in LCD monitor for 

appropriate alignment and for displaying refractive and keratometric data (Figure 2.2). 

The target distance can be modified in free space in order to stimulate or relax the 

accommodation, which can then be measured objectively. 

2.4.3 On and off-axis refraction set-up 

The open field view design of the NVision-K 5001 autorefractor in this work allowed the 

measurement of peripheral refraction of up to around ±35° eccentricity in the horizontal 

meridian and up to around ±15° eccentricity in the vertical meridian, due to the 

limitation imposed by the frame of the viewing window of the machine. Therefore, to be 

consistent with the peripheral biometry technique and to achieve measurements in 

more peripheral locations, in particular in the vertical and oblique meridians, a 

modification of the system was required. Initially, the instrument table was vertically 

adjusted so that the canthus marker was aligned with the subject‟s eye level and the 

subject‟s position was stabilised using both a chin rest and forehead rest. Subjects 

were located such that the dominant eye could view a green light-emitting diode (LED) 

target at 2 m distance and the instrument‟s optical axis was directly aligned with the 

visual axis of the participant‟s eye. According to the Shin Nippon NVision-K 5001 

Manual (2003), looking at the fixation target through the centre of the faint red 

measurement ring, which is illuminated briefly each time the measurement start switch 

is pressed, indicates the instrument‟s optical axis. Chapter 3 describes an experiment 

designed to investigate the effect of instrument alignment on peripheral refraction 

(Ehsaei et al., 2011b). This experiment informed our choice of alignment position for 

peripheral refraction measurements (Chapter 5); peripheral measurements were taken 
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in alignment with the corneal reflex, which was not coincident with the pupil centre but 

was consistent with the alignment for the peripheral cornea to retina length 

measurements with the Zeiss IOLMaster biometer. 

Figure 2.3 shows the optical modification to the instrument for peripheral refraction 

measurements in different meridians. The system consisted of a 1 mm thick beam 

splitter (25% reflectance, 75% transmittance, Edmund Optics, York, UK), a high 

positive power lens (36 mm focal length, Edmund Optics, York, UK) to collimate the 

target to ensure minimal accommodation, a high contrast Maltese-cross target at 

optical infinity illuminated by an LED and a goniometer to position the whole set-up 

very precisely at different peripheral locations. The device was attached to the top rail 

of the autorefractor chinrest frame for horizontal peripheral location measurements and 

to the right or left side of the instrument (based on the subject‟s dominant eye) for 

measurements along the vertical and two major oblique meridians. 

A green LED target was positioned on the wall 2 m away in the straight ahead position. 

The collimated set-up with the fixation cross was orientated to align with the distance 

target on the wall, setting the zero position. In order to obtain a full set of readings for 

peripheral measurements, the subject was requested to look at the cross target on the 

beam splitter for each eccentric location along each meridian. The attachment was 

positioned and rotated around the centre of rotation of the eye, assumed to be located 

approximately 14.8 mm behind the corneal apex (Fry and Hill, 1962). The subjects 

were asked to keep their heads stable, requiring each subject to turn his or her 

dominant eye to view the fixation target in each eccentric location. The non-dominant 

eye was occluded throughout the experimental procedure. The validity of this approach 

for on and few off-axis measurements is considered in Chapter 5 (see section 5.3.3). 
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Figure 2.3 Optical attachments to the Shin-Nippon NVision K-5001 for measurements of 

refraction in a) horizontal, b) vertical and c, d) along oblique meridians (45-225° and 135- 315°), 

for the right eye. 

At least five measurements of refraction were made at each central and peripheral 

location. Each was converted to vector format (Thibos et al., 1997) for representing the 

sphero-cylindrical prescription in three-dimensional (3D) space (M, J0 and J45: 

Equations 2.1-2.3) and then averaged and recorded as the final autorefractor result. It 

was shown previously that traditional presentations of refraction (sphere, cylinder and 

axis, e.g. -2.75 DS/-1.00 DC X130°) are not appropriate for meaningful analysis 

(Bullimore et al., 1998). These conversions consisted of sphere (S), cylinder (C), axis 

(θ), mean spherical equivalent (M) and astigmatism components (J180, J45): 

 M expresses the spherical dioptric power plus half of the cylindrical dioptric power. 

M = S + C
2                                                                                                  Equation 2.1 

Beam splitter

(a)

(b) (c) (d)
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 J180 demonstrates the difference between the horizontal and vertical meridians in 

dioptric power (positive value for with-the-rule and negative value for against-the-

rule astigmatism). 

J180 = - C
2 cos   2θ                                                                                     Equation 2.2 

 J45 describes the amount of oblique astigmatism (positive value if the negative 

cylinder axis is closer to 45° and negative value if closer to 135°) (Thibos et al., 

1997). 

J45 = - C
2 sin   2θ                                                                                        Equation 2.3 

 In addition, the overall power of refraction (P) of the eye was calculated (Atchison, 

2003):  

P = (M)2 + (J180 )
2 + (J45)

2
                                                                             Equation 2.4               

In reverse, conversion into conventional sphero-cylinder form (S/C X θ) with a negative 

cylinder follows this process (Atchison et al., 2003): 

C =  -2  (J180 )
2+ (J45)

2
                                                                                  Equation 2.5 

S = M - C
2                                                                                                   Equation 2.6 

θ =  tan
-1 J180 J45   /2                                                                                 Equation 2.7 

where the following conditions are applied: 

If J180 = 0, the result is undetermined and in this case: 

 If J45 < 0, θ = 135° 

 If J45 ≥ 0, θ = 45°.  

In order to keep the clinical representations (θ range: 0°-180°): 

 If J180 < 0,  θ = θ + 90° 

 If J180 ≥ 0 and J45 ≤ 0, θ = θ + 180° 
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No cycloplegic or mydriatic was used for central and peripheral refraction, because 

some participants would not consent to the use of cycloplegic drugs. In addition, the 

instrument was previously used and validated by Queiros and colleagues to investigate 

refraction in the central (Queiros et al., 2008) and peripheral retina (Queiros et al., 

2009). They found that fogging lenses used with open-field autorefraction provide an 

accommodation relaxation comparable to that obtained with cycloplegic in young 

individuals. 

If an obvious fixation loss occurred, the reading was discarded and repeated. The room 

illumination was adjusted to low photopic levels, between 0.3 and 0.6 lux, for all 

participants throughout the entire measurement, to enlarge the pupil as much as 

possible. The central and peripheral refraction was determined at centra15 retinal 

locations (±30°, ±20°, ±10° and 0° along the horizontal meridian and ±30°, ±25°, ±20° 

and ±10° along the vertical meridian). 

2.5 Ocular Biometry  

2.5.1 Theoretical background 

Precise measurements of ocular biometric factors (i.e., axial length, anterior chamber 

depth (ACD), vitreous chamber depth and lens thickness) are useful in understanding 

the structure of the myopic eye. Elongation of the axial length (the distance from the 

anterior corneal vertex (tear film) to the retinal pigment epithelium (RPE)), has been 

identified as the main structural correlate of progression in the myopic eye (Stone and 

Flitcroft, 2004). 

A number of techniques are available for ocular biometry measurements, all of which 

are appropriate for studying the impact of ocular biometric parameters on refraction: 

ophthalmophakometry (Dunne et al., 2005), A-scan ultrasonography (Olsen et al., 

2007), magnetic resonance imaging (MRI) (Singh et al., 2006), optical coherence 
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biometry using the IOLMaster (Santodomingo-Rubido et al., 2002, Eleftheriadis, 2003) 

and low coherence reflectometry using the Lenstar (Jasvinder et al., 2011). Those 

readily available for measuring axial length are ultrasonography, optical low coherence 

reflectometry with the Lenstar and the technique employed in the present study, partial 

coherence interferometry (PCI) with the IOLMaster (Ojaimi et al., 2005, Buckhurst et 

al., 2009). In a biometric study, Sheng et al. (2004) compared three different methods 

of measuring the axial length and ACD in 20 adults (A-scan ultrasound, IOLMaster with 

cycloplegia and IOLMaster without cycloplegia). They found that A-scan ultrasound 

was the least repeatable among the three methods and that the effect of cycloplegia on 

axial length measurements with the IOLMaster was insignificant.  

2.5.2 IOLMaster optical biometer 

With the progress of laser technology, instruments using optical low-coherence 

reflectometry (e.g. Lenstar biometer) (Cruysberg et al., 2010) and PCI (Zeiss 

IOLMaster) allow high precision ocular biometry, including axial length measurements. 

It is well-established that PCI provides a greater level of precision than the traditional 

A-scan ultrasound technique and this technique is claimed to have a resolution of 10 

µm or better in measuring the internal dimensions of the eye (Drexler et al., 1998b). 

The PCI technique has been implemented in the optical biometer or IOLMaster (Carl 

Zeiss Ltd, Welwyn Garden City, Herts, UK) (Connors et al., 2002, Sheng et al., 2004). 

IOLMaster biometry (Figure 2.4) is a non-contact technique requiring no topical 

anaesthesia. This latter characteristic avoids the risk of ocular abrasion and infection. 

All the optical distances measured by the PCI technique are divided by the mean 

ocular refractive index to obtain geometric distances (Drexler et al., 1998c). 



7 7  

 

 

Figure 2.4 Zeiss IOLMaster biometry system 

The IOLMaster was developed primarily for the calculation of the intraocular lens power 

before cataract surgery (Haigis et al., 2000). The device can measure axial length by 

PCI and corneal curvature by image analysis at six points arranged in a 2.3 mm 

diameter hexagonal pattern at the anterior corneal surface (Lam et al., 2001, Sheng et 

al., 2004). It can also measure ACD (defined as the distance between the corneal 

epithelium and the anterior lens surface) by the Scheimpflug technique, using temporal 

slit illumination of the crystalline lens and the cornea. The IOLMaster also measures 

white-to-white (corneal diameter: the horizontal distance from the nasal limbus to the 

temporal limbus) and gives an estimation of angle alpha in both horizontal and vertical 

meridians. This machine uses the cornea as its reference surface, which makes the 

instrument insensitive to longitudinal eye movements (Eleftheriadis, 2003). Because 

the IOLMaster is an optical instrument, ocular biometric measurements may not be 

possible in the presence of axial opacities such as a central corneal scar, vitreous 

haemorrhage or mature cataract (Hill, 2003, Freeman and Pesudovs, 2005). A 

disadvantage of this instrument is that, unlike the A-scan ultrasound, the IOLMaster 
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cannot measure corneal thickness, crystalline lens thickness or vitreous chamber 

depth. 

2.5.2.1 Axial length measurement by the IOLMaster 

The IOLMaster measures the axial length using PCI, based on the modified Michelson 

interferometer. The Michelson interferometer section of the device creates a pair of 

coaxial 780 nm infrared light beams with a coherence length of about 130 µm. The 

geometric distance is derived by calculating the optical path length between the cornea 

and RPE layer reflected by both partial beams (Santodomingo-Rubido et al., 2002). 

The average ocular refractive index used by the IOLMaster for this calculation is 

1.3549 (Hitzenberger, 1991). 

The IOLMaster gives us more accurate and repeatable values, notably for the axial 

length compared with A-scan ultrasonography in children (Carkeet et al., 2004) and 

adults (Lam et al., 2001). On the basis of the mean standard deviation for repeated 

measures, the precision of PCI is 10 times greater than A-scan ultrasound because it 

uses infrared light rather than a sound wave (Ip et al., 2007a, Connors et al., 2002). In 

terms of axial length measurement, the IOLMaster can provide a level of precision of 

0.01 mm (Hill, 2003). The configuration of the IOLMaster guarantees that the reading of 

axial length is taken close to the visual axis, which may explain its superior 

repeatability. In the ultrasound technique, the participant fixates on a distant target to 

measure the axial length along the optical axis of the eye. Additionally, touching the 

eye while using the ultrasound technique may cause some head and eye movement 

and corneal indentation, which is not an issue with the IOLMaster (Sheng et al., 2004). 

It has been previously shown that the axial length assessed by the PCI technique is 

slightly longer (around 0.1 mm) than that obtained using ultrasound (Sheng et al., 

2004). For example, Tehrani et al. (2003) compared the values of axial length with the 

IOLMaster and ultrasound and found that the optical biometer produced a longer axial 

length result in most cases. They suggested that this could be because ultrasound 
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echo waves are reflected at the internal limiting membrane and the axial length is 

calculated on the basis of changes in speed in each segment of the eye. In contrast, at 

the fovea, light is reflected from the RPE layer which lies 130 µm posteriorly to the 

internal limiting membrane with the IOLMaster. This distance may increase if the light 

does not hit the fovea directly (Drexler et al., 1998a). 

2.5.3 Peripheral cornea to retina length set-up 

A central measurement of the axial length was taken according to the Zeiss IOL Master 

User's Manual (2002). The subject was positioned comfortably on a chin rest. For initial 

alignment, the overview mode of the machine was used while the subject was looking 

at a yellow fixation light within the IOLMaster. Once the eye was centred on the screen, 

the examiner switched the mode to axial length measurement, while the subject looked 

at the red fixation light. Central measurements were taken where the reflection of the 

alignment light was placed within the measurement circle. To maximise the chances of 

an optically smooth tear film across the cornea, subjects were asked to perform a 

complete blink just before axial length and peripheral cornea to retina length 

measurements were taken. 

The optical arrangements of the fixation target used with the IOLMaster for the 

measurement of peripheral ocular dimensions applied in our study are shown in Figure 

2.5 (identical to the attachment employed for autorefraction explained in section 2.4.3). 

The whole set-up was attached to the top rail of the IOLMaster chinrest frame for 

horizontal peripheral locations measurements and to the right or left side of the 

instrument (depending on the subject‟s dominant eye) for measurement along the 

vertical meridian. 

Initially the subject was able to see both the IOLMaster fixation light and the cross 

target through the beam splitter in the primary position. The collimated set-up with the 

fixation cross was orientated to align with the IOLMaster fixation light, setting the zero 
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position. To obtain the complete set of readings for peripheral measurements, the 

subject was requested to look at the cross target on the beam splitter for each 

eccentric location along each meridian. The attachment was positioned and rotated 

around the centre of rotation of the eye, which was assumed to be located 

approximately 14.8 mm behind the corneal apex (Fry and Hill, 1962). This was 

approximately equal to a 50 mm distance between the subject‟s cornea and the beam 

splitter. The subject‟s head was held stable, requiring the subject to turn his or her 

dominant eye to view the fixation target at each eccentric location. The non-dominant 

eye was occluded throughout the experimental procedure. The validity of this approach 

for axial length measurement is considered in Chapter 6 (see section 6.3.2). 

 

Figure 2.5 Optical modifications to the IOLMaster for measurements of the cornea to retina 

length at different eccentricities in a) horizontal and b) vertical meridians. 

At least five valid measurements of the eye length were taken and then averaged at 

each eccentric location. To verify the measurements of the axial length with the 

IOLMaster, the signal-to-noise ratio (SNR) was used as a validation factor; a higher 

SNR value is known to indicate greater accuracy. This value was calculated by 

comparing the peak signal from the retina with the baseline noise of the signal, with 

SNR ≥ 2 indicating a reliable result (Lam et al., 2001, Ip et al., 2007a). A study by 

Goniometer

(a) (b)

Beam splitter

Chin rest



8 1  

 

Olsen and Thorwest (2005) demonstrated that, with a high SNR (> 2), the correlation 

between PCI and ultrasound technique and between preoperative and postoperative 

PCI measurements in cataract surgery was high. 

Participants did not wear any form of optical correction during any of the experimental 

sessions. All the measurements were made on each subject‟s dominant eye while the 

non-tested eye was occluded. The axial and peripheral cornea to retina length 

measurements were taken at 15 retinal locations (±30°, ±20°, ±10° and 0° along the 

horizontal meridian and ±30°, ±25°, ±20° and ±10° along the vertical meridian). 

2.6 Contrast acuity assessment test  

The assessment of visual performance involved measuring central and peripheral 

resolution acuity thresholds at both high (100%) and low (14%) contrast, out to ±30° 

eccentricity (horizontal meridian) and ±25° eccentricity (vertical meridian), using a 

customised version of the contrast acuity assessment (CAA) test (Chisholm et al., 

2003).  

2.6.1 Apparatus 

All experiments were run on the P-SCAN 100 system (Barbur et al., 1987), which 

allowed visual stimuli to be presented at a specified contrast level and target size on a 

21″ high-resolution Sony Trinitron monitor (model 500PS, 1280 x 1024 pixels, 60Hz, 

maximum luminance of 100 cd/m2). The luminance of the adapting background was set 

at 12 cd/m2. Regular calibration of the luminance characteristics of the stimulus monitor 

was undertaken using a luminance calibration program (Lumcal) in combination with a 

Minolta luminance meter (CS-100A). The monitor was allowed to warm up for a 

minimum of 30 minutes before use at each experimental session, to ensure a stable 

luminance output (Chisholm et al., 2003). The test was performed in a darkened room 

with the only light originating from the experimental display, and the fixation monitoring 
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display which was not visible to the participant. The surrounding walls in the laboratory 

were painted matt black (Figures 2.6-2.7). 

 

Figures 2.6 Experimental setup employed in this study for the CAA experiment, illustrating the 

participant viewing the monitor display through the trial frame. 

 

Figure 2.7 Subject positioned at a testing distance of 28 cm. 
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2.6.2 Choice of target 

The test employed a Landolt C ring-type target (Figure 2.8), similar to the familiar 

alphanumeric characters, because it was a relatively uncomplicated target for 

inexperienced subjects to distinguish in a four-alternative forced-choice (4AFC) task. 

The gap in the target was positioned 45° to the vertical in one of four oblique directions, 

to reduce the superiority of acuity for targets orientated horizontally or vertically 

(Campbell et al., 1966, Berkley et al., 1975). The gap size was one-fifth of the total ring 

diameter. In the remainder of this thesis, the term „size threshold‟ refers to the whole 

target size, not the gap size. 

 

Figure 2.8 Landolt C ring-type targets employed by the CAA test, with different gap 

orientations. D is the diameter of the ring in minutes of arc. The gap in the ring was one fifth of 

the overall diameter. The subject had four response buttons with which to indicate the direction 

of the gap. 

2.6.3 Choice of contrast 

Measurements were taken for two different fixed contrast levels: high contrast (│Lb - 

Lt│) / Lb= 100%, Lb: 12 cd/m2, Lt: 24 cd/m2) and low contrast (│Lb - Lt │) / Lb = 14%, Lb: 

12 cd/m2, Lt: 13.68 cd/m2), where Lt and Lb indicate the luminance of the target and 

luminance of the background respectively (Weber‟s method of calculating contrast). 

The 100% contrast level was chosen because it is similar to a standard high-contrast 

visual acuity chart (Applegate and Massof, 1975). A fourteen percent contrast was 

chosen because at this contrast level, degradation of the image is known to cause a 

D

D/5



8 4  

 

large change in size threshold and previous studies have found that this contrast level 

provides a sensitive low contrast test (Ho and Bilton, 1986, Yasoubi et al., 2008). The 

exposure duration of the target was set at 120 ms (including a rise time of 53 ms), to 

ensure that saccadic re-fixation eye movements could not influence performance 

(Barbur et al., 1988). 

2.6.4 Experimental design 

Central and peripheral target size thresholds were determined for the Landolt C type 

target, presented at each of 13 randomly interleaved retinal locations. A fixation point 

was presented at the required pre-calculated position to allow measurement at the 

different retinal positions, except for those in the fovea where the fixation target was 

replaced by the stimulus. In addition, a fixation target was surrounded by four oblique 

guides to help maintain fixation. Each retinal eccentricity was defined as the angular 

distance between the foveal fixation point and the centre of the Landolt C type target. 

All possible locations of the test target and fixation point are shown in Figures 2.9-2.11. 

 

Figure 2.9 Target size threshold testing location: foveal location where the fixation target was 

replaced by the stimulus. 
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Figure 2.10 Target size threshold testing locations along the horizontal meridian (±30°, ±20°, 

±10°), with the target appearing at only one location at a time, in a randomised order. 

 

Figure 2.11 Target size threshold testing locations along the vertical meridian (±25°, ±20°, 

±10°), with the target appearing at only one location at a time, in a randomised order. 

A single Landolt C was presented each time and the participant was asked to press 

one of four response buttons (Figure 2.12) to indicate the orientation of the gap in an 

obliquely oriented Landolt C ring-type target (i.e. upper left, upper right, lower left and 

lower right), making the test a 4AFC procedure. This method provides more accurate 

measurement of psychometric performance than the 2AFC and 3AFC (Schwartz, 
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1998). Following the presentation of each target at a randomly selected eccentricity, an 

auditory tone instructed the participant to respond. The button press triggered the next 

target presentation. The subjects were required to guess on those occasions when the 

gap could not be clearly resolved. They were verbally encouraged to see the smallest 

target possible, but were not given feedback about their performance during the 

sessions. 

              

 

 

Figure 2.12 Response button box employed for all sessions of the  

CAA experiment. 

 

2.6.5 Psychophysical technique applied to CAA experiment  

The target size was programmed to increase with increasing target eccentricity to 

reveal the reduced resolving power of the retina with increasing distance from the 

fovea. The size of the Landolt C type target (and hence the gap) was varied using an 

adaptive staircase method, specifically, the 1up-2down method suggested by Levitt 

(1971), based on the responses of the observer to determine the mean size threshold 

(the size of a target was reduced if the subject answered correctly to two successive 

presentations of that target and increased following one incorrect answer). The size of 

the target was initially altered by a value of 1.83 min of arc and the step size gradually 

decreased throughout the staircase to a final increment value of 0.61 min of arc. The 

4AFC paradigm combined with the 1up-2down method resulted in a 1/16 chance of 

correct guess affecting the staircase, so that the threshold corresponded to 70.7% on 

the frequency of seeing curve. This method was developed with the aim of preserving 

precision and reliability, with maximum efficiency and minimum participant and 

experimenter time (Leek, 2001). 
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Inexperienced observers were often unable to resolve the gap for smaller targets at the 

beginning of the experimental session, even when the rings were presented at 100% 

contrast. Therefore, participants were given a short practice run, using relatively large 

targets, before measurement began and the size threshold was calculated as the 

average of 12 out of 16 reversals (the first four reversals were discarded). 

2.6.6 Spectacle lens fitting protocol 

Participants were corrected with a convex-concave (meniscus) spectacle lens, with a 

centre thickness of 1.5 mm to maximise peripheral optical quality (Bass, 2010). 

Meniscus plastic spectacle lenses (38 mm diameter, CR39) were custom made to fit a 

half-eye drop cell trial frame and the pantoscopic tilt was set to 0° (i.e. vertical) to avoid 

any bias in vertical measurements from additional oblique astigmatism. The front 

surface power of the lenses ranged from +4.00 to +2.25 D. The back vertex distance 

was recorded for the dominant eye with the trial frame for each subject and used to 

calculate the spectacle lens magnification (Chapter 4) and prismatic effect (Chapter 7). 

The participant‟s head position was adjusted to ensure that the centre of the target 

would be viewed through the optical centre on the meniscus lens. 

One problem in correcting myopia is that the negative corrective lenses reduce retinal 

image size (spectacle magnification). This problem is more of an issue in 

anisometropia where image size varies between the two eyes (Winn et al., 1988). 

According to Knapp‟s Law, if the spectacle lens is placed at the eye‟s anterior focal 

point of an axial ametropic individual, the axial retinal image size will be the same as 

that of an emmetropic eye (Figure 2.13) (Knapp, 1869). The front focal point of the eye 

is about 16-17 mm in front of the anterior principle plane of the eye (1.5 mm inside the 

eye). Therefore, in this work we tried to apply Knapp‟s Law and placed all correcting 

lenses as close as possible to the anterior focal length of the eye, to avoid different 

image sizes, at least for central vision. 
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Figure 2.13 Graphic demonstration of Knapp‟s Law: Retinal image size is independent of level 

of axial ametropia when corrected at the anterior focal plane (Knapp, 1869).  

2.6.7 Experimental set-up 

Low contrast foveal measurements and those from peripheral viewing angles were 

taken at a viewing distance of 28 cm with the subject wearing an addition of +3.00 D 

incorporated into the custom made meniscus sphero-cylindrical refractive correction to 

render the dominant eye in focus for the viewing distance and hence minimise the 

stimulus to accommodate. Because of the limited screen resolution for the smallest 

targets, high contrast foveal measurements were conducted in a separate run at a 

viewing distance of 100 cm, with a separate custom made meniscus lens correction 

incorporating a +1.00 D addition in place. The experiments were performed with a 

natural pupil size. Only the dominant eye was assessed and the non-dominant eye was 

occluded throughout the experimental procedure, since we found the non-dominant 

eye more likely to suffer from interference from the occluded dominant eye (awareness 

of the eye patch) (see section 2.3.5). All sessions were carried out with chin and 

forehead support to minimise head movements. Accurate and steady fixation was 

required throughout the test; eye movements were monitored with a video camera 

during the test to check fixation stability and the subjects were given verbal 

encouragement to maintain fixation. Those found to have difficulty maintaining fixation 

Hyperopia
Myopia

Emmetropia

Spectacle lens

is at the anterior focal 

point of  the eye 
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were excluded from the study. Observers were encouraged to take a rest during the 

breaks between trials and throughout the experiment at their discretion, to minimise 

fatigue. Subjects were adapted for at least 15 minutes to the laboratory set-up before 

the experiment began. For each participant, the experiment was conducted in five 

different test runs (horizontal high contrast, vertical high contrast, horizontal low 

contrast, vertical low contrast and central high contrast) which were usually scheduled 

for two separate visits. The order of testing of the five test conditions was randomised 

among participants. All the participants underwent a short practice run of the 

experiment before the actual measurements were taken, to familiarise them with the 

procedure. Central and peripheral resolution acuity thresholds were measured at 13 

retinal locations: ±30°, ±20°, ±10° and 0° along the horizontal meridian and ±25°, ±20° 

and ±10° along the vertical meridian. 
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Chapter 3  

The effect of instrument alignment on peripheral 

refraction measurements 

3.1 Chapter rationale 

The interest in peripheral refraction has grown in recent years in response to the insight 

which it may provide into the development of myopia. The likely increase in the clinical 

use of open-field autorefractors for peripheral refraction measurements raises the 

question of instrument alignment and its impact on the accuracy of refraction 

measurements. Therefore, the purpose of the experiment described in this chapter was 

to investigate the level of accuracy and precision if an open-field device was moved 

away from alignment with the corneal reflex towards the pupil margins and to 

determine the optimum alignment position for peripheral refraction measurements. The 

outcome of this technical chapter informed our choice of alignment position for the 

peripheral refraction experiment detailed in Chapter 5. See Appendix 8 for the 

supporting publication which resulted from this chapter (Ehsaei et al., 2011b). 
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3.2 Introduction 

3.2.1 Application of open-field autorefractors in research 

Automated objective refraction is commonly used in optometric practice to establish a 

starting point for subjective refraction. It is widely accepted that these systems are valid 

and reliable, in particular when refraction is performed with the help of cycloplegic 

drugs (McBrien and Millodot, 1985, Kinge et al., 1996). Autorefraction has also been 

used extensively in visual research in recent years, for measuring peripheral refraction 

(Fedtke et al., 2009) and monitoring refractive error development (Smith et al., 2009). 

Peripheral refraction has been studied in some detail over the last decade because of 

the theory that myopia progression is related to hyperopic defocus in the retinal 

periphery (Stone and Flitcroft, 2004, Wallman and Winawer, 2004). In addition, 

peripheral refraction has been used as a potential measure of globe flexure with eye 

rotation (Mathur et al., 2009b). 

Most autorefractors have immovable internal fixation targets and are therefore limited 

to measuring central refraction (see section 2.4.1). As research interest in peripheral 

refraction has grown, however, there has been increasing demand for greater 

capability of open-field autorefractors. Although autorefractor devices are designed 

principally for on-axis refraction, open-field autorefractors have the flexibility to change 

the fixation target position over a range of locations and dioptric demands, enabling 

users to perform refraction at a range of eccentric retinal locations while still providing 

precise and reproducible results (Atchison, 2003, Fedtke et al., 2009). 

3.2.2 Shin-Nippon NVision-K 5001 autorefractor 

The Shin-Nippon NVision-K 5001 autorefractor is an infrared open-field objective 

instrument and hence during measurements the subject views a real target in free 

space (for a full description of the instrument, see section 2.4.2). The Shin-Nippon has 
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a built-in LCD monitor, which provides an image of the pupil of the subject for 

alignment of the instrument head with respect to his/her visual axis. This instrument 

provides accurate and reliable on-axis refraction compared with subjective refraction 

(Davies et al., 2003). The user manual for the Shin-Nippon NVision-K 5001 provides 

comprehensive instructions on the measurement of central refraction but, 

understandably, no guidance on alignment for peripheral measurements. 

3.2.3 Alignment position and peripheral refraction 

measurements 

A few studies incorporating peripheral refraction measurements appear to have 

considered the centre of the pupil as the reference point for measurements 

(Radhakrishnan and Charman, 2008, Queiros et al., 2009, Sng et al., 2011), but most 

of them fail to provide details of instrument alignment in relation to the optics of the eye. 

The subjective determination of the pupil centre is a difficult visual task for the 

autorefractor operator and the studies which have used the centre of the entrance pupil 

have failed to explain how they precisely determined the location of the pupil centre.  

To our knowledge, only one recently published study by Fedtke et al. (2011) has 

investigated the effect of alignment position on central and peripheral refraction 

measurements, with respect to the pupil centre. In this study, Fedtke et al. (2011) 

performed refraction at central and 30° nasal and temporal peripheral locations, 

through the centre of the pupil and four different lateral de-alignment positions (±1 and 

±2 mm with reference to the pupil centre). The position of the pupil centre was 

determined using a transparent scale attached to the monitor of the instrument. They 

reported that tolerance to misalignment is considerably less in the periphery than in 

central refraction. They suggested that accurate alignment through the centre of the 

pupil was required to obtain valid peripheral refraction readings.  
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3.2.4 Alignment position and optics of the eye 

One would expect alignment to be important since the refractive components of the eye 

vary in power with the angle of incidence (Jennings and Charman, 1978). For instance, 

changes in the refractive components of the eye have been reported in corneal 

topography studies (Reddy et al., 2000, Read et al., 2006). Read et al. (2006) reported 

a highly significant change in corneal astigmatism and corneal toricity as the light 

passed through a more eccentric part of the cornea, parallel with the line of eccentric 

viewing. 

Two main reference positions (corneal reflex and pupil centre) have been discussed in 

the literature, mainly in studies investigating the optimum position for refractive surgery, 

since an imprecise reference position for refractive ablation may result in significant 

under-correction and induce coma (Arbelaez et al., 2008, Soler et al., 2011). 

3.2.4.1 Pupil centre versus corneal reflex 

If the eye is assumed to be a centred optical system, the centres of curvature of all 

optical surfaces and the retina, fovea and pupil centre will lie on a common optical axis. 

In reality, however, tilts and decentrations in the optical components of the eye exist, 

resulting in a few degrees of displacement between the optical axis and the visual axis 

which passes through the fovea (Atchison and Smith, 2000). The angle thus formed, 

which is about 5° and located slightly inferior and temporal with respect to the central 

visual field, is called angle alpha (Dunne et al., 1993). There are, however, significant 

differences between individuals (Marcos et al., 2001), with more frequent larger angle 

alphas in hyperopia than in myopia (Artal et al., 2006). This angle primarily explains the 

lack of rotational symmetry in measurements of peripheral optical properties along the 

horizontal and vertical meridians (Charman and Atchison, 2009), such as ocular 

astigmatism (Lotmar and Lotmar, 1974, Gustafsson et al., 2001). It is also believed that 

angle alpha shifts slightly with age in relation to the visual axis. As a result, by the age 

of 65 years people experience very little difference between the two axes (Atchison and 
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Markwell, 2008). This can be explained by the natural changes in the cornea and 

crystalline lens with age (Fisher, 1973, Dunne et al., 1992). 

In an ideal human optical system, the corneal vertex represents the corneal intercept of 

the optical axis of the eye (Arbelaez et al., 2008). As the main refractive surface of the 

eye, the corneal vertex is the most stable morphological position. The centre of the 

pupil in an individual with accurate fixation, under photopic conditions, coincides with 

the line of sight (Wyatt, 1995). However, the centre of the pupil is unstable and may 

shift asymmetrically with the degree of pupil constriction following an active 

accommodation or changes in the light level (Wilson et al., 1992, Barry and Backes, 

1997). Determination of the pupil centre becomes more of an issue under dim light 

because the pupil shape tends to become more elliptical compared to the rounder 

shape seen under bright conditions (Wyatt, 1995). 

3.2.5 Aim 

The application of open-field autorefractors for central and peripheral refractive 

measurements raises the question, ‘How are refraction results affected by the 

alignment of the reticle target on the instrument monitor in relation to the pupil?’ In the 

context of peripheral refraction measurements, what is the difference between the 

refraction measurement when the instrument is aligned with the centre of the pupil 

versus the corneal reflex? 

For both research purposes and clinical measurement of central and peripheral 

refraction, it is important for operators to be consistent regarding instrument alignment. 

The aim of the present chapter is to evaluate the effect of instrument alignment on the 

accuracy and precision of central and peripheral refraction measurements made by the 

Shin-Nippon NVision-K 5001 in healthy eyes. 
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3.3 Methods  

3.3.1 Study population 

Ten subjects (mean ± SD, age: 25.7 ± 6.9 years; mean spherical equivalent refractive 

error: -2.00 ± 2.65 D and cylinder power: -0.35 ± 0.33 D) were recruited according to 

the following inclusion criteria: no history of corneal and ocular surgery; corneal 

astigmatism ≤ -1.00 D; no ocular pathology and an open anterior chamber angle for 

safe pupil dilation. All subjects achieved a best corrected visual acuity of 6/6 or better 

(see section 2.3.4). Informed consent was obtained from each subject after the nature 

of the experimental procedures had been described. The research followed the tenets 

of the Declaration of Helsinki and was approved by University of Bradford Research 

Ethics Committee.  

3.3.2 Instrumentation 

Measurement of refraction was performed with an open-field Shin-Nippon NVision-K 

5001 autorefractor (see section 2.4.2). This model is very similar technically to the 

SRW-5000, which has also been shown to produce a similar level of precision and 

accuracy to the NVision-K 5001 (Mallen et al., 2001). 

Five LED targets were arranged in a plane 2 m in front of the participant to create a 

series of fixation angles along the horizontal meridian using a tangent scale (20° nasal 

retina (20NR), 10° nasal retina (10NR), 0° (aligned with the visual axis of the 

participant‟s eye), 10° temporal retina (10TR), 20° temporal retina (20TR)). At least five 

repeat measurements of refraction were made at each location, converted to vector 

format (Thibos et al., 1997) and then averaged (Equations 2.1-2.7). If an obvious 

fixation loss occurred, the reading was discarded and repeated further reading taken. 

For maximum pupil dilation, the right eye of each participant was assessed 30 minutes 

after the instillation of 1% cyclopentolate hydrochloride (2 drops, separated by 5 
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minutes) and all measurements were performed in a dark room. The subject‟s head 

position was stabilised using both a chin rest and a forehead rest. The cycloplegic 

refraction was measured centrally (0°) and at each of four peripheral locations along 

the horizontal meridian (±20°, ±10°) by asking the participant to fixate each of the four 

peripheral targets in turn by eye rotation. 

3.3.3 Participant alignment 

For the central refraction, the reference or zero point occurred when the reticle mark on 

the LCD monitor was aligned with the corneal reflex (centre of the keratometry ring), 

which was usually coincident with, or with negligible difference from the pupil centre 

(Figure 3.1a). For peripheral measurements, the reference or zero point was chosen as 

the point when the reticle mark was aligned with the corneal reflex, which was not 

coincident with the pupil centre (Figures 3.2a & 3.3a). The corneal reflex was primarily 

chosen as zero point rather than pupil centre, because it was easy to locate on the 

LCD screen of the instrument. In addition, axial and peripheral cornea to retina length 

measurements (Chapter 6), using the Zeiss IOLMaster, required alignment normal to 

the cornea and consistency of alignment across experiments was necessary. 

For each of the five fixation angles, series of refraction measurements were then taken 

with the alignment of the instrument shifted in 0.5 mm steps towards the edge of the 

pupil using a calibrated dial gauge set-up (Figure 3.4) attached to the instrument. This 

arrangement allowed measurements at a minimum of 13 alignment positions across 

the pupil for each fixation angle. Looking at the instrument‟s LCD, points where the 

reticle mark fell to the examiner‟s right side of the corneal reflex were labelled positive 

and those to the left side, negative. The location of the corneal reflex (aligned with the 

reticle target) and pupil centre (by calculating half the distance between pupil edges 

with the dial gauge), were evaluated from the image on the LCD monitor of the 

instrument. A selection of locations in different alignment positions for central and 

peripheral refraction measurements are shown in Figures 3.1-3.3. 
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Figure 3.1 Alignment positions in 1 mm steps toward the edges of the pupil with reference to 

the corneal reflex for the central refraction (the corneal reflex is at the centre of the keratometry 

ring). 

a) Central corneal reflex aligned with the pupil centre. 

b, c, d) De-alignments were considered negative toward the examiner‟s left side. 

e, f, g) De-alignments were considered positive toward the examiner‟s right side. 

 

 

Figure 3.2 Some example alignment positions in 1 mm steps toward the edges of the pupil with 

reference to the corneal reflex for 10° nasal retina.  

a) Aligned positions with corneal reflex as zero position for 10° nasal retina.  

b) +2 de-alignment. 

c) -3 de-alignment, invalid measurement as the reticle mark is located outside the pupil. 

-3 mm

+1 mm

Reticle mark

Keratometry ring

(a)

-1 mm -2 mm

(b) (c) (d)

(e) (f) (g)

+2 mm
+3 mm

(a) (b) (c)

Invalid alignment position (outside 

the pupil)
+2 mm
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Figure 3.3 Some example alignment positions in 1 mm steps toward the edges of the pupil with 

reference to the corneal reflex for 20° nasal retina. 

a) Aligned positions with corneal reflex as zero position for 20° nasal retina. 

b) +1 de-alignment. 

c) +4 de-alignment. 

 

Figure 3.4 Shin-Nippon NVision-K 5001 autorefractor and the dial gauge set-up attached to the 

right side of the instrument to permit precision alignment. Initially, the dial gauge was positioned 

when the zero point was set for the central or each peripheral fixation angle. In the next step, 

with patient‟s head being kept still, precise readings can be made at different alignment 

positions. 

3.3.4 Data Analysis 

In order to reduce the effect of between-group variability in central refractive error, the 

data were normalised and plotted by inserting the central value as a zero and 

presenting all other alignment positions relative to the value at the reference position. 

Mean spherical equivalent and cylindrical data from the reference point for each 

fixation angle were compared with measurements from other alignment positions 

across the pupil. 

(a) (b) (c)

+1 mm +4 mm



9 9  

 

3.3.5 Measurement beam diameter in the corneal plane 

In response to a reviewer‟s comment when the manuscript was submitted (Ehsaei et 

al., 2011b), an assessment was made of the measurement beam diameter of the 

NVision-K 5001. The user manual of the instrument states that the minimum pupil size 

necessary for refraction measurements is ≥ 2.3 mm; the aim of this section was to 

determine the measurement beam size at the cornea, to ascertain the area of the 

anterior refracting surface which was contributing to the autorefraction measurement 

when compare to the small adjustments made in alignment position. For this purpose, 

a variable width slit (precision of 0.01 mm) was positioned immediately in front of the 

NVision-K 5001 calibration eye (refraction -4.50 DS) (Figures 3.5-3.6). The width of the 

slit was reduced in 0.05 mm steps and five autorefraction measurements were taken at 

each setting. These refraction measurements were converted into vector format (M, 

J180, J45) (Thibos et al., 1997) and averaged. 

 

Figure 3.5 Viewing window of the Shin Nippon NVision-K 5001, with calibration eye positioned 

on the chin rest. 

NVision-K 5001 calibration model eye 

Digital vernier calliper (0.01 mm precision)

Newport MT X-Y linear stage to 

centre calliper on model eye
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                             Figure 3.6 Side view of the beam diameter measurement set-up. 

Figure 3.7 shows a plot of refraction measurement of a -4.50 DS calibration eye in 

vector format as a function of slit width. Inspection of the data indicate that 

measurement validity is not affected when the slit width is 2.05 mm or greater. At 

narrower slit widths, the validity of refraction measurements declines and is manifest as 

a change principally in the J180 (orthogonal) astigmatic vector. This is to be expected, 

since the variable width slit was oriented along the 180° meridian. 

The data suggest that the beam has a diameter of 2.05 mm at the cornea. This value is 

less than the minimum pupil diameter quoted in the user manual. This is to be 

expected and is due in part to the magnification of the pupil by the corneal optics 

(Charman and Atchison, 2005). 

NVision-K 5001 calibration model eye Newport MT X-Y linear stage

Digital vernier calliper
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Figure 3.7 Refraction of a -4.50 DS calibration eye in vector format shown against the width of 

a variable slit placed in the corneal plane. 

3.4 Results 

The central objective spherical refraction achieved under cycloplegia, based on 

autorefractor measurements for the whole sample, ranged between -5.62 D and +1.85 

D, with a maximum cylinder of -1.00 D. Table 3.1 presents the mean values of the 

refractive components (M, J180 and J45) in the reference alignment position for all 

fixation angles under cycloplegia. 

Table 3.1 Mean refractive error using the autorefractor in terms of M, J180 and J45 components 

for the whole sample (n=10) at each fixation angle. Data are presented as mean ± standard 

deviation in dioptres. 

 20°NR
 

10°NR 0 10°TR 20°TR 

M -1.55 ± 2.45
 

-1.88 ± 2.79 -2.04 ± 2.67 -2.09 ± 2.46 -1.97 ± 1.99 

J180 -0.03 ± 0.34 +0.16± 0.33 +0.21± 0.20 +0.12± 0.26 -0.12 ± 0.41 

J45 -0.04 ± 0.30 -0.04 ± 0.28 -0.04 ± 0.12 -0.05 ± 0.15 -0.06± 0.34 

The normalised mean spherical equivalent refraction and conventional cylindrical 

power data across different alignment positions in the pupil for five different fixation 

angles are shown graphically in Figures 3.8-3.9. These figures show the variation of 
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refractive components as a function of alignment position across the pupil for central 

and peripheral fixation angles, with the reference or zero point corresponding to the 

corneal reflex. The horizontal axis in millimetres shows the alignment distance from the 

corneal reflex toward the edges of the pupil, with positive values indicating the values 

to the right and negative values to the left of the examiner from the instrument‟s LCD 

view. Error bars indicate the variation in repeated measures in each alignment position 

by the method of Bland and Altman (1996). These values were obtained by calculating 

the within-subject standard deviation of repeated measurements performed for each 

eye and obtaining the square root of the average variance. For each fixation angle, the 

range of acceptable alignment positions (illustrated by vertical dashed lines in Figures 

3.8-3.9), was established by comparing both the accuracy and precision of the data 

with published values (Davies et al., 2003). For average mean spherical equivalent and 

cylindrical values, as the alignment of the instrument moved away from the corneal 

reflex, a negative shift was seen for all fixation angles. It should be noted that reduced 

precision and accuracy of the M component and conventional cylindrical power were 

found consistently across all participants at +0.5 mm to the right side of the corneal 

reflex for all central and peripheral retinal locations. Data at this point were considered 

outliers (open circles in Figures 3.8-3.9).  
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Figure 3.8 Normalised mean spherical equivalent (MSE) data for the group as a function of 

alignment position within the pupil for the following eye fixation positions: a) central 0° , b) 10° 

NR, c) 10° TR, d) 20° NR and e) 20° TR. Error bars indicate the variation in repeated measures 

in each position (Bland and Altman, 1996). Horizontal dashed lines show the proposed limit of 

acceptable alignment positions, according to the literature (see section 3.4.1). The area 

between the vertical dashed lines shows our proposed limit of acceptable positions. The black 

triangle indicates the mean position of the pupil centre for each fixation angle relative to the 

corneal reflex and the blue solid curves in all figures are second order polynomial fits to the 

data. The open circle symbol, which is different at +0.50 mm, highlights an anomaly and is 

counted as an outlier. 
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Figure 3.9 Normalised cylindrical data for the group as a function of alignment position within 

the pupil for the following eye fixation positions: a) central 0° , b) 10° NR, c) 10° TR, d) 20° NR 

and e) 20° TR. Error bars indicate the variation in repeated measures in each alignment position 

(Bland and Altman, 1996). Horizontal dashed lines show the proposed limit of acceptable 

alignment positions, according to the literature (see section 3.4.1). The area between the 

vertical dashed lines shows the limit of proposed acceptable positions. The black triangle 

demonstrates the position of the pupil centre for each fixation angle relative to the corneal reflex 

and the blue solid curves in all figures are second order polynomial fits to the data. The open 

circle symbol, which is different at +0.50 mm, highlights an anomaly and is counted as an 

outlier.  
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3.4.1 Accuracy 

According to Davies et al. (2003), the central accuracy of the Shin-Nippon NVision-K 

5001 autorefractor is ±0.50 D for both mean spherical equivalent and cylindrical values. 

This value was used by interpolation to establish the range of valid alignment positions 

for each fixation angle. These limits are shown with horizontal dashed lines in Figures 

3.8-3.9. All alignment positions providing a measurement within ±0.50 D of zero 

(normalised central refraction) were considered acceptable. 

3.4.2 Precision 

Precision was derived from the method of Bland and Altman (1996) from at least five 

repeated measurements taken at each alignment position, with the results shown as 

error bars in Figures 3.8-3.9. For each fixation angle, the standard deviation of the data 

from all alignment positions was calculated. The data were considered to be imprecise 

if the precision associated with a particular alignment position fell outside the mean ± 1 

standard deviation for that fixation angle. 

In addition, the standard deviation (derived from repeat measurements across all 

alignment positions and all fixation locations, for each individual subject) was plotted 

against the average spherical values (M component) (Figure 3.10). This confirmed that 

there was no relationship between the two (r2 = 0.001, p = 0.403), i.e. variability did not 

change with spherical power. 
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Figure 3.10 Association between average spherical values (M components) and their standard 

deviation in the sample (n=10). The dashed red line illustrates that there is no relationship 

between average spherical values and their variability. 

On the basis of Figures 3.8-3.9 (fitting a quadratic function in each graph), acceptable 

alignment positions derived from the accuracy and precision of the mean spherical 

equivalent and cylindrical power were determined for each fixation angle and are 

summarised in Table 3.2. 

For all fixation angles, both alignment with the corneal reflex and alignment with the 

pupil centre fell within the range of acceptable measurements for sphere and cylinder. 

The quadratic equations are summarised in Table 3.3 and graphed to show the peak of 

alignment position relative to the corneal reflex on the basis of polynomial fits from 

Figures 3.8-3.9. Figure 3.11 shows the constant changes of the peak with fixation 

angle. 
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Table 3.2 Acceptable range of alignment positions for sphere and cylindrical power for each 

fixation angle relative to the corneal reflex. Data are in millimetres and zero is defined as the 

location of the corneal reflex for each fixation angle. All data at +0.5 mm positions were 

considered outliers and should be excluded from the specified ranges for this specific device 

(open circles in Figures 3.8-3.9). 

 

Fixation 
angle  

Acceptable range of  alignment positions based on (mm):   Average pupil 
centre  location 
relative to corneal 
reflex (mm) 

        Mean spherical power Cylindrical power 

20° TR         -1.8 to +0.5 -2.2 to +0.6 - 1.27 

10° TR         -1.8 to +0.9 -2.1 to +0.9 - 0.56 

Central          -1.6 to +1.3 -2.0 to +1.7 Close to 0 

10° NR         -0.9 to +1.4 -1.1 to +2.3 + 0.56 

20° NR         -0.5 to +1.5 -0.4 to +2.3 + 1.27 

 

Table 3.3 Quadratic equations based on Figures 3.8-3.9 and peak alignment positions for each 

fixation angle relative to the corneal reflex. For this table the peak and quadratic equation were 

calculated following removal of the +0.50 mm position as an outlier. 

Fixation 
angle  

Quadratic equation for 
mean spherical power 
based on Figure 3.8 

Peak 
position 
(mm) 

Quadratic equation for 
cylindrical power based 
on Figures 3.9 

Peak 
position 
(mm) 

20° TR y = -0.38x
2
 - 0.41x - 0.17 -0.54 y = -0.33x

2
 - 0.50x - 0.07 -0.76 

10° TR y = -0.24x
2
 - 0.21x - 0.09 -0.44 y = -0.21x

2
 + 0.26x + 0.11 -0.62 

0 y = -0.22x
2
 - 0.07x - 0.03 -0.16 y = -0.18x

2
 - 0.03x + 0.19 -0.09 

10° NR y = -0.26x
2
 + 0.12x - 0.14 +0.23 y = -0.21x

2
 + 0.26x + 0.11 +0.62 

20° NR y = -0.34x
2
 + 0.34x - 0.18 +0.50 y = -0.40x

2
 + 0.77x - 0.01 +0.96 
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Figure 3.11 Peak of polynomial fits based on Figures 3.8-3.9 for mean spherical power and 

cylindrical power. Temporal and nasal fixation angles are negative and positive respectively. 

Linear formula and r
2
 values are illustrated in the graph. 

3.5 Discussion 

Peripheral refraction measurements with modified refraction instrument have become 

more popular, in myopia research laboratories in particular. However, understandably, 

no standards exist for measuring peripheral refractive errors. The instrument user 

manual states that central autorefraction measurements should be taken on axis. This 

is straightforward for central refraction since the instrument can be aligned with the 

visual axis (alignment with pupil centre) of the participant‟s eye, which coincides with 

the optical axis of the autorefractor. Ambiguity arises when measuring peripheral 

refraction, as the pupil centre and corneal reflex do not coincide.  

The present study investigated the implications of changes in the alignment of an open-

field autorefractor, for the accuracy and precision of both central and peripheral 

refraction measurements up to ±20° in the horizontal meridian of the right eye of 10 

healthy participants. The results show that the variability of the data is not correlated 

with the central spherical refraction of the sample. 

The corneal reflex was used as the primary reference point, because the position of the 

entrance pupil centre is less reliable than that of the corneal reflex (Barry and Backes, 
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1997); previous studies have shown that the position of the pupil centre shifts with 

changes in pupil size and the pupil centre which we see on the monitor of the 

instrument presents a virtual image of the actual pupil. Although these changes are 

usually minor, they can be significant in a few subjects, notably following 

pharmaceutical dilation (Schruender et al., 2002, Yang et al., 2002). This has the 

potential to be more of an issue in peripheral refraction measurements, because, with 

increasing eccentricity, the pupil centre and corneal reflex diverge and both approach 

the limit of acceptability based on the results presented in this chapter. Moreover, 

without the dial gauge attached to the instrument, it is difficult to locate precisely the 

centre of the pupil. With the increasing interest in peripheral refraction, great care must 

be taken to ensure the correct alignment for each fixation angle. This is particularly 

important in studies designing ophthalmic lenses that attempt to correct peripheral 

refractive errors of human eyes in the hope of reducing the progression of myopia; 

imprecise alignment of the instrument while measuring peripheral refraction in myopic 

subjects may lead to inaccurate manipulation of the curvature of the image shell with 

these novel spectacle lenses or contact lenses (Smith et al., 2002, Sankaridurg et al., 

2010). 

By fitting the quadratic function for each fixation angle, it was possible to establish an 

ideal alignment position based on the accuracy and precision of the mean spherical 

equivalent and cylindrical power. It is not possible to provide a firm explanation for the 

reduced precision and accuracy of the M component and conventional cylindrical 

power found consistently across all participants at +0.5 mm to the right side of the 

corneal reflex for all central and peripheral retinal locations; this is believed likely to 

relate to a structural error of the specific NVision-K 5001 instrument used in this study, 

since the effect was not observed when using the forerunner of this device, the Shin- 

Nippon SRW-5000, or the same model of the instrument in another laboratory (Shin-

Nippon NVision-K 5001, Aston University, Birmingham). Data at this point were 

considered outliers (shown as open circles in Figures 3.8-3.9).  
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This sub-study allowed us to conclude that the reproducibility of central and peripheral 

refraction measurements made with the Shin-Nippon NVision-K 5001 was high, as 

shown by the low variance in refraction at each fixation angle and each alignment 

position. In addition, the data suggest that operators can be confident in the accuracy 

and precision of both central and peripheral autorefractor measurements, whether the 

instrument is aligned with the centre of the pupil or the corneal reflex, provided that the 

alignment mark of the instrument is in clear focus. Neither of these points was in line 

with the +0.5 mm location which consistently yielded anomalous results for our 

instrument. Operators, however, should bear in mind that alignment remains important 

and a careless instrument technique may result in poor accuracy and precision, should 

the instrument alignment fall outside the optimum range identified here. From 

inspection of the data, it appears that there is a range of acceptable positions and 

operators can be confident in the validity of their results if their peripheral refraction 

measurements are aligned half-way between the pupil centre and corneal reflex. This 

probably holds true for higher eccentricities (> 20°) than those investigated here, 

experimentally observed in a recently published study of instrument alignment with 

respect to the pupil centre (Fedtke et al., 2011). Operators should consider that at 

higher eccentricities, the range of acceptable alignment positions becomes smaller and 

the separation of corneal reflex and pupil centre increases, making alignment more 

critical.  

Assessment of the effect of instrument alignment on the validity of peripheral refraction 

measurement could be assessed using a ray tracing calculation for a model eye, or 

following phacometric assessment of a real eye (Dunne et al., 2005). The intention of 

the present experiment, however, was to provide a practical guide to peripheral 

refraction methodology, based on empirical data. Further work could include the effect 

of instrument alignment on measurements taken with the continuous recording version 

of this instrument, the Grand Seiko WAM-5500 (Sheppard and Davies, 2010). 
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Chapter 4  

Visual performance in myopes: Contact lenses 

versus spectacles 

4.1 Chapter rationale 

Myopes can be optically corrected with spectacles or contact lenses. The published 

literature debating whether spectacle lenses or contact lenses provide better visual 

performance is inconclusive. The aim of the present chapter was to assess the effect of 

refractive correction on central and peripheral visual function in myopia. The outcome 

of this chapter informed an optimal choice of optical correction for the main 

psychophysical experiment detailed in Chapter 7. See Appendix 8 for the supporting 

publication resulting from this chapter (Ehsaei et al., 2011a). 

4.2 Introduction 

Optical corrections in the form of single vision spectacle lenses and contact lenses are 

by far the most commonly used management options for myopia. Both options have 

advantages and disadvantages: improved spectacle lens designs have led to better 

cosmetic appearance but the visual field may still be limited by the spectacle frame. In 

highly myopic individuals, spectacle lenses significantly minify the retinal image 



1 1 4  

 

(spectacle magnification < 1) and can introduce significant optical aberrations, such as 

prismatic effect, oblique astigmatism, distortion, curvature of field and chromatic 

aberrations, especially in the peripheral visual field. These can all lead to degradation 

of the retinal image (Jalie, 2003). 

Progress in the management of myopia quickened with the advent of modern soft and 

gas permeable contact lenses in the 1970s. Lens designs and materials have improved 

dramatically over the past decade with the introduction of silicone hydrogel lenses 

composed of highly oxygen-permeable materials and available in a range of modalities 

(daily wear or extended wear) and lens replacement plans (daily disposable, two 

weekly or monthly replacement). Contact lenses, if fitted correctly, provide optical and 

cosmetic advantages over spectacles. They remove the social discomfort some 

associate with spectacles and allow more outdoor activity (Collins et al., 1989). In 

particular, contact lenses move with the eye and pose no limitation on the visual field. 

They also minimise the effects of off-axis aberrations associated with spectacle lenses. 

Additionally, the minification of the retinal image produced by spectacle lenses is to a 

great extent reduced with contact lenses (Bass, 2010). Contact lenses, however, have 

some drawbacks including greater expense, the need for regular aftercare, discomfort 

in some cases and with the increasing popularity of overnight contact lens wear , an 

increased risk of infection (Stapleton et al., 2008). 

With modern optical corrections, patients now have a genuine choice between 

spectacles and contact lenses, but there is still the question of which option provides 

better visual quality. Despite the number of peer-reviewed publications comparing 

visual performance with contact lens versus spectacle correction, no consensus has 

been reached. 

Some authors have reported an apparent reduction in visual performance with contact 

lenses compared to spectacle lenses, despite a well-fitting contact lens (Applegate and 

Massof, 1975, Mitra and Lamberts, 1981, Kirkpatrick and Roggenkamp, 1985, Grey, 
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1986, Briggs, 1998, Bailey et al., 2001), whereas others have found no significant 

difference between modes of correction (Bernstein and Brodrick, 1981, Nowozyckyj et 

al., 1988, Ng et al., 1997, Wachler et al., 1999, Barth et al., 2008), or even an 

improvement in visual performance with contact lenses (Tomlinson and Mann, 1985, 

Collins and Carney, 1990, Liou and Chiu, 2001). Most of the above publications 

evaluated visual function in terms of the contrast sensitivity function (CSF), which is 

known to be sensitive to changes in visual performance relating to contact lenses (Cox 

and Holden, 1990). Techniques examining the CSF provide a more complete 

evaluation of the eye‟s visual performance than high contrast visual acuity 

(approaching 100% contrast level), and can reveal deficits even in the presence of 

normal (6/6 or 20/20) visual acuity (Arden, 1978, Grey, 1986).  

4.2.1 Literature in favour of spectacles 

Applegate and Massof (1975) were the first to look at the effect of mode of correction 

on the CSF in six subjects (+3.00 to -5.00 D). They found a decrease in contrast 

sensitivity, more pronounced at higher spatial frequencies, with both conventional 

hydrogel soft and polymethylmethacrylat (PMMA) contact lenses compared to 

spectacle lenses. All subjects were fitted with contact lenses at least two hours before 

the CSF testing. However, they considered only six subjects, and in most participants 

astigmatism in the region of 1.00 D was left uncorrected by the contact lenses; 

uncorrected astigmatism is known to reduce visual performance (Tan et al., 2007). 

These findings were reported on the basis of an apparent visual comparison of CSF 

curves without any statistical analysis to back up their conclusions.  

A study by Mitra and Lamberts (1981), comparing the CSF of 12 myopic volunteers (-

0.75 to -6.00 D) wearing spectacles versus soft conventional spun-cast hydrogel 

contact lenses, also indicated a loss of contrast sensitivity, this time across all seven 

measured spatial frequencies (from 0.4 to 14 cyc/deg) when assessed 30-60 minutes 

after contact lens insertion. They reported a similar finding when subjects were retested 
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after two weeks of daytime contact lens wear. They hypothesised that the decrease in 

visual performance may relate to spherical aberrations associated with the contact 

lenses, as suggested by an earlier work by Bauer (1980). 

A few years later, Kirkpatrick and Roggenkamp (1985) also reported a significant 

decline in contrast sensitivity at high spatial frequencies, with soft conventional 

hydrogel contact lens correction compared to spectacles (38 eyes with refractive errors 

between +3.00 to -6.00 D), after 30-60 minutes of contact lens insertion. This loss of 

contrast sensitivity persisted even when measurements were taken immediately after 

contact lens removal, which they hypothesised might have been due to corneal 

oedema, a theory backed up by the work of Grey (1986) a year later.  

Using Ginsburg‟s Vision Contrast Test (sine wave gratings), Briggs (1998) confirmed 

the results of the previously-mentioned studies and reported a decline of CSF in 

subjects wearing soft conventional contact lenses (18 eyes with unreported refractive 

errors, fitted with their own contact lenses), both clear and tinted, compared to an 

emmetropic group (no lenses). She also hypothesised that the degradation could be 

associated with corneal oedema rather than the formation of deposit. However, no 

clinical measurement of oedema was actually made.   

Two other studies, employing tumbling Es and the Bailey-Lovie visual acuity chart 

respectively, found significantly poorer low contrast visual acuity (5% and 18% contrast 

levels respectively) with habitual soft conventional hydrogel contact lens wear 

compared to spectacle wear (Lohmann et al., 1993, Bailey et al., 2001). One of these 

studies, by Bailey et al. (2001), used disposable and traditional soft contact lenses (no 

planned replacement), whereas Lohmann et al. (1993) did not specifically report the 

exact type of soft contact lenses worn by their subjects. For a study published in 1993, 

few subjects could have been expected to be on a planned replacement scheme. None 

of the above studies appears to have considered the effect of spectacle magnification.  
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4.2.2 Literature in favour of contact lenses 

In contrast, studies favouring spectacles lenses were refuted by Tomlinson and Mann 

(1985) who reported that lathe-cut conventional hydrogel contact lenses outperformed 

spectacle lenses. Their study, which included 10 soft contact lens wearers with residual 

astigmatism less than 0.75 D, investigated the effect of optical correction on CSF over 

a wide range of spatial frequencies; levels of myopia were not reported. They proposed 

that the better visual function with contact lens correction was due to a larger optic 

zone in lathe-cut soft contact lenses than in the spun-cast designs such as those used 

by Mitra and Lamberts (1981), and also to the larger retinal images with contact lenses 

compared to spectacles. 

A few years later, Collins and Carney (1990) confirmed the findings of Tomlinson and 

Mann (1985), reporting a significant reduction in contrast sensitivity with spectacles 

compared to both rigid gas permeable and soft conventional hydrogel contact lenses 

for high myopes with mean spherical equivalent more than -7.00 D. No such effect was 

noted for low myopes. The optical limitations of high negative spectacle lenses (e.g. 

spectacle minification, distortion and curvature of field) were proposed as a partial 

explanation for the reduction in contrast sensitivity with spectacles. 

In a more recent study, Liou and Chiu (2001) measured the CSF for four groups of 

myopic participants (Table 7.1) corrected with either spectacles or soft conventional 

hydrogel contact lenses. They found equal CSF at low and medium levels of myopia for 

both spectacle and contact lens corrections. In the participants with high myopia (-6.25 

to -12.00 D), however, a statistically significant reduction of CSF at higher spatial 

frequencies (6 and 12 cyc/deg) was reported in spectacle corrected myopes compared 

to those of soft contact lens wearers. In severely myopic eyes (> -12.00 D), CSF was 

significantly reduced at all spatial frequencies (1.5, 3, 6 and 12 cyc/deg) in myopes 

corrected with spectacles compared to contact lenses. Considering the differences 

between the spectacles and contact lens corrected myopes, they concluded that with 
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high-power spectacle lenses, the main reason for poorer contrast sensitivity was optical 

errors such as minification and aberration, because a similar reduction of CSF was not 

observed in the contact lens corrected myopes.  

4.2.3 Equal visual performance with spectacles and contact 

lenses 

Finally, a number of studies reported no significant difference between the two modes 

of refractive correction. Bernstein and Brodrick (1981) examined contrast sensitivity for 

six spatial frequencies (0.5 to 16 cyc/deg), every two hours following contact lens 

insertion in a group of nine low myopes with astigmatism of less than 0.12 D. They 

noted no significant differences between the two forms of correction (conventional 

hydrogel soft contact lenses and the equivalent spectacle correction), over the period 

of a day. They hypothesised that the disparity between their results and those of 

Applegate and Massof (1975) related to their use of more modern conventional 

hydrogel contact lenses and the lower level of astigmatism in their study sample. 

Likewise, Nowozyckyj et al. (1988), considering 14 myopic participants (-1.00 to -6.00 

D, refractive astigmatism ≤ 0.12 D) and both high and low water content soft lenses, 

reported no statistically significant difference in CSF between spectacles and low water 

content conventional hydrogel contact lenses, both over the period of one day, and 

when re-measured after seven weeks wear (with 12 to 14 hours wear per day). They 

attributed the marginally poorer visual performance of high water (67%) content contact 

lenses to dimensional instability of this type of contact lens in the eye. Dimensional 

stability is defined as the ability of the contact lens to maintain its physical dimensions, 

such as back central optic radius, for an extended period of time (Gordon, 1971).  

Looking at 17 myopic Chinese subjects (-0.75 to -6.50 D and astigmatism ≤ 0.50 D), 

Ng et al. (1997) also found no significant difference in contrast sensitivity (at spatial 

frequencies of 1, 4 and 16 cyc/deg) between spectacles and two different types of soft 
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contact lenses (Acuvue and Focus, medium and high water content soft lenses 

respectively). All their participants were fitted with newly opened contact lenses at least 

20 minutes before the experiment and none had previous experience of contact lens 

wear. 

In a more recently published study, Barth et al. (2008) evaluated the visual 

performance of 40 myopic subjects (-1.00 to -4.50 DS, up to -0.75 DC) corrected with 

spectacles and three different brands of conventional hydrogel contact lenses. They 

also found no difference in visual acuity or contrast sensitivity measurements between 

spectacles and any of the three types of soft contact lenses.  

The evidence regarding the effect of contact lenses versus spectacles on visual 

performance is contradictory, in part due to anomalies in study design (e.g. the wide 

range of refractive errors, different types of contact lenses, residual astigmatism in 

some studies, varied sample size, different experimental techniques and different data 

analysis). Moreover, in considering between-studies differences comparing or 

evaluating the visual performance, special attention should be given to the different 

contact lens types and designs. Certain lenses are more prone to deposits, which will 

increase light scatter. Likewise, lenses with lower oxygen transmissibility are more 

likely to cause mild oedema and increase light scatter (Zantos and Holden, 1978). In 

addition, magnification differences between spectacles and contact lenses can 

complicate these measurements. It appears that none of the studies noted above 

considered the effect of spectacle magnification and the fact that, with increasing 

myopia, a spectacle lens would be expected to result in poorer visual performance 

simply because of the minification of the retinal image.  

4.2.4 Aim 

All the aforementioned studies looked at on-axis visual performance alone, whereas 

one fundamental difference between contact lenses and spectacles is that peripheral 
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performance with spectacles would be expected to be worse due to the effect of 

minification and peripheral distortion. We therefore felt it was appropriate in 

undertaking this study to compare the effect of soft contact lenses (CLs) and spectacle 

lenses (SLs) on both central and peripheral visual function, at high and low contrast in 

a group of myopic subjects who were free from ocular disease. The visual performance 

of the dominant eye was examined in a group of myopes corrected by SLs and CLs. 

The assessment of visual performance involved measuring central and peripheral size 

thresholds at both high and low contrast, up to ±30° eccentricity horizontally, and ±25° 

eccentricity vertically, using a customised version of the contrast acuity assessment 

(CAA) test (Chisholm, 2003). 

4.3 Methods 

4.3.1 Study population 

Twenty myopic volunteers (15 women and 5 men) were recruited from the University of 

Bradford student population under the enrolment criteria detailed in section 2.3.2, 

above. They ranged in age from 18 to 32 years (mean ± SD, age: 24.56 ± 3.91 years, 

median: 24.50), and their mean spherical equivalent refraction ranged from -4.88 to -

8.75 D (spherical power: -6.45 ± 1.19 D and cylinder power: -0.28 ± 0.21 D).  

Written consent was obtained via a consent form which stated the purpose of the 

study, procedures, risks, benefits, and the assurance of confidentiality of the results 

(see Appendix 4 for an example information sheet and consent form provided for each 

participant in this experiment). To ensure that subjects met the inclusion criteria, their 

sphero-cylindrical refractive errors were measured by subjective refraction (see section 

2.3.4). After the insertion of the contact lens, a spherical over-refraction was performed 

to ensure that the spherical power provided by the contact lens was optimal for each 

subject. Best-corrected visual acuities were measured for each participant using a high 

contrast Bailey-Lovie logMAR acuity chart based on the principles suggested by Bailey 
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and Lovie (1976). All the subjects had a visual acuity of 0.00 or better when corrected 

with either SLs or CLs.  

4.3.2 Apparatus 

All experiments were run on the P-SCAN 100 system (Barbur et al., 1987), which 

allowed visual stimuli to be presented at a specified retinal location, contrast level and 

target size, on a 21″ high-resolution Sony Trinitron monitor (model 500PS). Complete 

details of the apparatus are included in section 2.6.1. 

4.3.3 Experimental design and psychophysical techniques 

Target size thresholds were determined for a Landolt ring-type target (see section 

2.6.2), presented at each of 13 randomly interleaved retinal locations (±30°, ±20°, ±10°, 

and 0° along the horizontal meridian, and ±25°, ±20°, ±10° along the vertical meridian). 

The participant was asked to press one of four response buttons to indicate the 

position of the gap in the Landolt C ring target (i.e. upper left, upper right, lower left and 

lower right; a four-alternative, forced-choice procedure, 4AFC). The size of the Landolt 

C target was varied using an adaptive staircase method (1up-2down- (Levitt, 1971)), 

based on the responses of the observer. The target size threshold was calculated as 

the average of 12 out of 16 reversals (the first four reversals were discarded) (see 

sections 2.6.4, 2.6.5 & 2.6.7).  

Measurements were made at high (Lb-Lt/Lb = 100%) and low (Lb-Lt/Lb = 14%) contrast 

(see section 2.6.3). The viewing distance was 28 cm and the subject‟s refractive 

correction was adjusted for this distance, for both CLs and SLs, to minimise 

accommodative fatigue. The only exception was high contrast foveal measurements, 

which were conducted at a viewing distance of 100 cm with a suitable correction in 

place, to avoid the issue of limited screen resolution for the smallest central target size. 

The experiments were performed with a natural pupil. Fixation stability was monitored 
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throughout the test using a video camera, and observers were encouraged to take 

breaks at will to minimise fatigue.  

4.3.4 Contact and spectacle lens fitting protocol 

The dominant eye of each subject was fitted with a spherical daily disposable, 

conventional hydrogel contact lens (1-day Acuvue Moist by Johnson and Johnson) 

according to the manufacturer‟s specifications. The lens material was Etafilcon A with 

an oxygen permeability (Dk) of 28 and water content of 58% (base curve: 8.5 mm, 

overall diameter: 14.2 mm, spherical design (tricurve/monocurve)). Achieving a 

clinically acceptable fit and good comfort was a requirement for inclusion in the study. 

An acceptable lens fit was confirmed by checking the lens centration and movement 

with a slit-lamp biomicroscope. Contact lenses were fitted a minimum of 15 minutes 

before measurements, to ensure adequate adaptation to the ocular environment and to 

allow any tearing that might have occurred at lens insertion to subside. Since the 

testing time was around 2 hours in duration, each participant wore contact lenses for a 

maximum of 2.5 hours. All participants in the study had previous experience of the use 

of soft contact lenses. Moreover, all the contact lenses tested in our experiment were 

newly opened and inserted directly into the participant‟s eye from the original package. 

It should be noted that none of the participants wore his/her own contact lenses on the 

day of the visit to exclude any potential risk of corneal oedema related to contact 

lenses (Holden and Mertz, 1984). 

For the spectacle correction, convex-concave (meniscus) spectacle lenses with a 

centre thickness of 1.5 mm were used, in order to maximise the peripheral optical 

quality. Meniscus plastic spectacle lenses (38 mm diameter CR39) were custom-made 

to fit a half-eye drop cell trial frame and the pantoscopic tilt was set to 0° (i.e. vertical) 

to avoid any bias in vertical measurements from oblique astigmatism. The front surface 

power of the lenses ranged from +4.00 to +2.25 D. Vertex distance was noted for each 

subject and used to calculate the spectacle lens magnification. The subjects were 
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scheduled for two sessions (each lasting approximately two hours) on different days 

and the sequence of types of correction was randomised to factor out experimental 

bias.  

4.3.5 Data analysis 

Data analysis was performed using SPSS statistical software (version 17, SPSS Inc., 

Chicago, Illinois, USA). Descriptive statistical analyses were used to describe the mean 

size threshold (minutes of arc) for high and low contrast conditions in horizontal and 

vertical meridians for each type of correction. 

Two-way repeated-measures analysis of variance (ANOVA) was performed to compare 

the effect of correction on visual performance by inserting the correction type (CL and 

SL) and eccentricity (seven levels) as the within-subject factor of interest. This analysis 

was performed for each meridian and for each contrast level separately. Mauchly‟s test 

was used to test for sphericity, and the Greenhouse-Geisser correction was applied if 

significant differences were found. The level of statistical significance was set at p 

values < 0.05.  

Spectacle magnification (SM) was calculated for SLs to investigate how corrective 

meniscus lenses minify retinal image size compared to CLs and to allow differences in 

performance to be considered both with and without the effect of spectacle 

magnification. SM was determined for each subject‟s SL, based on the central 

thickness (t), vertex distance (d), refractive index (n), back vertex power (BVP) and 

front surface power (F) of the correcting lens (Equation 4.1) (Bass, 2010). See 

Appendix 5 for a complete description of the spectacle lens magnification. 

SM = 
1

1-  
t
n

 × F  
 × 

1

1- d (BVP)
                                                                                    Equation 4.1               

 



1 2 4  

 

4.4 Results  

Of the 20 myopic subjects recruited, central and peripheral visual performance data 

were available for 19 subjects. One of the subjects was excluded because he was 

subsequently found to have dyslexia, which may have an impact on contrast sensitivity 

for stimuli of short duration (Gross-Glenn et al., 1995).  

Figures 4.1-4.2 illustrate the mean size thresholds for SLs and CLs in vertical and 

horizontal meridians at the two contrast levels. In the horizontal meridian, negative 

eccentricities refer to the temporal retina; in the vertical meridian, negative 

eccentricities refer to the superior retina. As expected, visual performance was poorer 

at low contrast than at high contrast for both refractive corrections in all retinal 

locations. A decline in visual performance with increasing eccentricity, associated with 

the poorer resolution of the peripheral retina, can be seen in all figures. An increase in 

the variability of size thresholds at 20° (nasal retina) can be seen at both high and low 

contrast (Figures 4.1 and 4.3), which have been attributed to a large and sometimes 

tilted optic disc, together with peripapillary atrophy (Jonas et al., 1988) (Figure 7.5). 

Data for CLs are displaced along the x-axis by one degree in all graphs for clarity.  

Descriptive results of modified CAA test for both CLs and SLs under low and high 

contrast conditions in all measured retinal locations are presented in Table 4.1. As 

expected, there was a significant main effect of eccentricity for all conditions of the 

experiment (p < 0.001). However, repeated-measures ANOVA indicated that there was 

no statistically significant difference in visual performance between CL versus SL 

correction (Table 4.2). This remained the case when the SL data were corrected for the 

effects of spectacle magnification (Figures 4.3-4.4, Table 4.2). Interaction between 

eccentricity and correction type was not significantly different for the different 

conditions, except for the horizontal low contrast condition, both before and after 

applying the correction factor (Table 4.2). 
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Table 4.1 Mean target size threshold values (minutes of arc) along the a) horizontal and b) vertical meridians for high (100%) and low (14%) contrast conditions 

with SL and CL corrections before and after applying the correction factor to SL data. Data are mean ± standard deviation. CL: contact correction, SL (pre SM): 

Spectacle correction before applying the spectacle magnification factor, SL (post SM): Spectacle correction after applying the spectacle magnification factor. 

 

 Temporal retina Central Nasal retina 

a) -30° -20° -10° 0° 10° 20° 30° 

CL 
100% 111.7±7.2

 
77.4±10.0 43.7±8.0 11.4±2.6 48.9±9.3 88.8±38.1 96.0±11.4 

14%
 

161.1±23.5 114.6±11.5 82.0±10.2 39.7±9.2 89.9±13.8 129.0±29.8 131.6±12.3 

SL (Pre SM) 
100% 115.4±10.5 81.6±13.5 48.2±8.0 12.5±5.4 51.5±10.8 98.6±26.9 101.2±15.7 

14% 153.2±18.5 114.5±12.8 80.2±15.5 44.6±6.4 88.5±13.3 145.1±43.6 131.3±14.6 

SL (Post SM) 
100% 110.1±9.8 77.9±12.9 46.0±7.6 11.5±5.0 49.1±10.4 93.8±24.5 96.5±8.9 

14% 146.3±17.8 109.4±12.6 76.5±14.4 42.5±6.1 84.5±12.5 138.1±39.5 125.3±13.9 

 

 

 

              Superior retina 

 

Central 

 

               Inferior retina 

b) -25° -20° -10° 0° 10° 20° 25° 

CL 
100% 99.3±8.3 83.3±8.1 53.2±8.5 11.4±2.6 58.1±7.1 96.8±12.1 115.0±13.6 

14%
 

143.1±18.5 116.6±26.3 87.0±5.3 39.7±9.2 97.2±14.6 132.4±18.7 161.1±26.3 

SL (Pre SM) 
100% 101.5±9.2 87.3±11.3 53.7±9.2 12.5±5.4 61.7±12.4 95.6±8.8 113.0±16.7 

14% 142.0±15.7 121.4±14.9 89.3±12.0 44.6±6.4 96.3±12.3 133.4±17.7 157.4±20.0 

SL (Post SM) 
100% 96.8±8.9 83.3±11.0 51.3±8.8 11.5±5.0 58.9±11.8 91.3±8.6 107.9±16.3 

14% 135.6±15.7 115.9±15.0 85.3±11.7 42.5±6.1 91.9±11.8 127.3±16.5 150.2±19.1 
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Table 4.2 Repeated measures ANOVA table: Levels of significance for the comparison of the visual performance in CLs versus SLs before and after applying the 

spectacle magnification correction to SLs on the basis of the Equation 4.1, the effect of eccentricity and the interaction of eccentricity and correction. 

 
Horizontal high contrast Horizontal low contrast Vertical high contrast Vertical low contrast 

Pre SM correction: 

Correction F (1.00, 17.00) = 0.47, p = 0.123 F (1.00, 17.00) = 0.47, p = 0.500 F (1.00, 17.00) = 1.28, p = 0.273 F (1.00, 17.00) = 0.28, p = 0.640 

Eccentricity F (1.64, 27.93) = 151.37, p < 0.001 F (1.96, 33.27) = 130.53, p < 0.001 F (3.60, 79.60) = 440.70, p < 0.001 F (2.62, 44.17) = 213.88, p < 0.001 

Correction* Eccentricity F (2.17, 36.85) = 1.46, p = 0.246 F (3.10, 52.70) = 4.20, p = 0.009 F (2.88, 48.82) = 0.79, p = 0.501 F (3.35, 56.91) = 0.97, p = 0.421 

Post SM correction:     

Correction F (1.00, 17.00) = 0.93, p = 0.348 F (1.00, 17.00) = 4.61, p = 0.056 F (1.00, 17.00) = 4.43, p = 0.069 F (1.00, 17.00) = 3.42, p = 0.082 

Eccentricity F (1.65, 28.13) = 153.30, p < 0.001 F (2.02, 34.27) = 133.34, p < 0.001 F (4.60, 78.20) = 437.70, p < 0.001 F (2.67, 45.37) = 213.91, p < 0.001 

Correction* Eccentricity F (2.03, 34.55) = 0.37, p = 0.694 F (3.19, 54.20) = 4.71, p = 0.005 F (2.90, 49.20) = 1.51, p = 0.223 F (3.28, 55.74) = 2.05, p = 0.112 
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Figure 4.1 Mean target size thresholds (minutes of arc) up to ±30° horizontally for a) high and 

b) low contrast respectively before applying the correction factor to the SLs data. Error bars ± 1 

standard deviation. Data for CLs are displaced along the x-axis by one degree for clarity. 
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Figures 4.2 Mean target size thresholds (minutes of arc) up to ±25° vertically for a) high and b) 

low contrast respectively before applying the correction factor to the SLs data. Error bars ± 1 

standard deviation. Data for CLs are displaced along the x-axis by one degree for clarity. 
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Figures 4.3 Mean target size thresholds (minutes of arc) up to ±30° horizontally for a) high and 

b) low contrast respectively after applying the correction factor to SLs data. Error bars ± 1 

standard deviation. Data for CLs are displaced along the x-axis by one degree for clarity. 
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Figures 4.4 Mean target size thresholds (minutes of arc) up to ±25° vertically for a) high and b) 

low contrast respectively after applying the correction factor to SLs data. Error bars ± 1 standard 

deviation. Data for CLs are displaced along the x-axis by one degree for clarity. 

  

0

20

40

60

80

100

120

140

160

180

200

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

M
e

a
n

 t
a

rg
e

t 
s

iz
e

 t
h

re
s

h
o

ld
 

(m
in

u
te

s
 o

f 
a

rc
)

Superior retina             Eccentricity (degrees)            Inferior retina

a) Vertical meridian - High contrast

SP - Post SM

CL - Post SM

0

20

40

60

80

100

120

140

160

180

200

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

M
e

a
n

 t
a

rg
e

t 
s

iz
e

 t
h

re
s

h
o

ld
 

(m
in

u
te

s
 o

f 
a

rc
)

Superior retina             Eccentricity (degrees)            Inferior retina

b) Vertical meridian - Low contrast

SP - Post SM

CL - Post SM



1 3 1  

 

4.5 Discussion 

In this study, psychophysical measurements of central and peripheral visual function 

were performed for CLs and SLs in a group of high myopes at high and low contrast 

levels. The test design employed in this study is known to be more sensitive to 

reductions in visual performance compared to a high contrast visual acuity chart 

(Barbur, 1988). Considered overall, this experiment indicates that no significant 

difference should be expected between conventional hydrogel soft CLs and SLs in 

terms of visual performance. This result stands, whether or not spectacle magnification 

is taken into account.  

This study supports the findings of other studies, that for most myopes the choice of 

refractive correction has no impact on visual performance (Nowozyckyj et al., 1988, 

Guillon and Schock, 1991, Wachler et al., 1999). In particular, in a study similar to the 

present one in design and results, Lohmann et al. (1993) failed to find any difference 

for either high (100%) or low contrast (around 20%) visual acuity between central visual 

performance of SL and hydrogel soft CL wearers. 

Our results, however, disagree with a number of studies which reported a decrease in 

visual performance with CLs compared to SLs, but a variety of factors may explain the 

discrepancy: In the studies by Applegate and Massof (1975) and Mitra and Lamberts 

(1981), many subjects were left with residual astigmatism when corrected with contact 

lenses, which would have impaired their visual performance compared to spectacles 

(Holden, 1975). In this study, potential optical problems were minimised by excluding 

myopes with astigmatism greater than -0.50 D. Rae et al. (2009) reported that the 

visual acuity of contact lens wearers with residual astigmatism of ≤ -0.75 D was equal 

to that of those corrected with astigmatism of ≤ -0.25 D. Therefore, the small 

uncorrected residual astigmatism in a few participants in this study should not have any 

significant effect on visual performance. 
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Spherical aberration has been proposed as one of the higher order aberrations with the 

greatest influence on visual performance (Rossi et al., 2007). The increased spherical 

aberration induced by some contact lens designs, such as spherical designs, may 

impair vision with contact lenses (Cox and Holden, 1990) although others claim that the 

effect is negligible in both soft and hard contact lenses (Woo and Sivak, 1976). In a 

recently published study, Efron et al. (2008) found no statistically significant differences 

between a generic aspheric design and a standard spherical soft contact lens for 20 

myopic participants (spherical powers: -2.0 and -5.0 D) by measuring visual acuity, 

spherical aberration and subjective appreciation by questionnaire. Therefore, we 

concluded that the effect of induced spherical aberration on visual performance 

associated with contact lenses was likely to be negligible in this study. 

For studies employing the subjects‟ own contact lenses for comparison with spectacles, 

contact lens deposition may play a role since deposition is known to increase 

intraocular light scatter and hence reduce low contrast visual acuity (Timberlake et al., 

1992). This is particularly the case for older studies, where lenses were often worn for 

a year or more before replacement. In one previous report, McClure et al. (1977) 

showed that visual acuity declined with the formation of protein deposit, but these 

reductions were detected after several weeks of lens wear. In our study, the effect of 

lens deposits was minimised by the use of new contact lenses for all participants, with 

a maximum wearing time of three hours. Furthermore, the overall characteristics of the 

lens fitting were evaluated for each participant before the experiment, to ensure that 

poor visual performance with contact lenses could not be attributed to the lens fit. 

Participants were encouraged to blink as many times as they wanted during the 

experiment, because prolonged eye opening without a blink has been shown to reduce 

the quality of vision in soft contact lens wearers, as the pre-lens tear film thins and 

breaks down (Toda et al., 2009). 

Most studies considering this subject were undertaken in the 1980s or before, when 

soft contact lenses were either spun cast or lathe cut and suffered from poor 
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homogeneity and surface quality (Briggs, 1998). Lens materials and parameters also 

had lower oxygen transmissibility than modern lenses, giving rise to the potential for 

corneal oedema and an associated reduction in contrast sensitivity, as reported by 

Grey (1986). However, lens designs, materials and manufacturing techniques have 

improved significantly over the last two decades and daily disposable soft contact 

lenses account for close to 60% of the UK contact lens market (Kerr and Ruston, 

2009), because of their convenience (Morgan and Efron, 2006). For these reasons, a 

common daily disposable lens made from conventional hydrogel material (Etafilcon A) 

was selected for use in this study. The oxygen transmissibility of the lens chosen was 

adequate to prevent corneal hypoxia in an open eye, for the lens powers involved 

(Holden and Mertz, 1984) . The results presented in this chapter therefore may not be 

applicable to all conventional hydrogel contact lenses, in particular those with a greater 

thickness profile associated with high ametropia, where hypoxia may play a role. 

Individuals who wear such contact lenses on a continuous basis (planned sleeping) or 

more commonly, wear them for long periods and nap in their lenses, are more likely 

than spectacles wearers to exhibit chronic hypoxia and hence reduced visual 

performance (Chalmers et al., 2005). One factor which this study could not attempt to 

evaluate was the effect of short-term variations in visual performance associated with 

tear film changes in some contact lens wearers (Thai et al., 2002). 

In this study, only subjects with a relatively high amount of myopia were considered. 

Previous studies using logMAR Bailey–Lovie high contrast letter charts and contrast 

threshold measurements at different background luminance levels, have shown that 

visual acuity and contrast sensitivity decreases with increasing degrees of myopia 

(Strang et al., 1998, Stoimenova, 2007). Our findings on contact lens versus spectacle 

correction for high myopes should also be applicable to low and medium myopes, 

where there is less potential for retinal image degradation relating to contact lens 

aberrations, spectacle lens optics or oxygen transmissibility.  
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Application of meniscus form spectacle lenses rather than standard biconcave trial 

lenses ensures that these results apply to the spectacles dispensed in optometric 

practice. Additionally, it is well known that negative lenses minify the retinal image size 

in myopes. In this study we took this into account and the SLs results were reported 

before and after applying a correction factor for spectacle magnification. Although the 

visual performance was similar to that with CLs in both conditions, studies which found 

a better visual performance with CLs might have come to a similar conclusion if they 

had taken the spectacle magnification into account.  

A spike in size thresholds and variability under both high and low contrast conditions 

was noted at the location corresponding to 20° in the nasal retina. This was observed 

irrespective of the mode of correction. Retinal examination confirmed that this location 

corresponded to an enlarged optic disc area and surrounding peripapillary atrophy 

associated with increasing myopia (Leung et al., 2007) (Figure 7.5). As these positions 

are presented in both forms of optical corrections, the exclusion of these locations from 

the data analysis did not change any of the results presented in this chapter.  

The present experiment has certain limitations which need to be taken into account: the 

peripheral measurements with spectacles were affected to a small degree by the 

prismatic effect of the correcting lens, causing a deviation from the desired retinal 

location which varied with the power of the lens. This error would cause a variation in 

the measuring angle up to approximately 3° (based on prismatic effect calculation in 

outermost tested retinal locations) in spectacles (see section 7.3.5.1). It should be 

noted, however, that peripheral target size thresholds with a CAA modified test were in 

any case averaged over a small range of eccentricities as a gap can appear obliquely 

on either the left or right sides of the Landolt C type target. This reduces the 

importance of the prismatic effect with spectacles in this experiment. Second, applying 

the spectacle magnification correction is not without its problems: the spectacle 

magnification correction was calculated on the basis of the central refraction, not the 

peripheral refraction measurements through the lens at individual eccentricities.  
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In conclusion, these data support the view that there is no statistically significant 

difference in visual performance between CLs and SLs in medium-high myopes. These 

findings apply to both central and peripheral retinal locations and for both high and low 

contrast targets. With modern soft lens materials worn as prescribed, eye care 

practitioners can be confident that they are not compromising the visual quality of their 

patients by fitting contact lenses rather than spectacles. 
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Chapter 5  

Central and peripheral refraction 

5.1 Chapter rationale 

Visual feedback is known to be a critical component in the emmetropisation process. 

Although foveal vision has traditionally been considered a key factor in eye 

development, several recent studies have proposed that the peripheral retina may play 

an important role in refractive error development. This idea has led to the measurement 

of peripheral refractive error in different refractive groups, to establish the variation in 

the posterior curvature of the eye with ametropia. There has lately been particular 

interest in the topic in response to work suggesting that the progression of myopia can 

be slowed down through the manipulation of peripheral refraction. This chapter 

investigates the structural differences between emmetropic and myopic eyes in terms 

of peripheral refractive error. See Appendix 8 for the supporting publication resulting 

from this chapter (Ehsaei et al., 2011c). 

5.2 Introduction 

The peripheral optics of the eye provide insight into the changes in retinal shape 

associated with refractive error development and the process of emmetropisation 
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(Hoogerheide et al., 1971, Stone and Flitcroft, 2004, Smith et al., 2005, Smith et al., 

2009). This concept has been supported by animal studies in which peripheral form 

deprivation and imposed local retinal defocus appeared to induce central axial myopia, 

whereas elimination of the visual signals from the fovea did not interfere with the 

normal emmetropisation process (Smith et al., 2005, Smith et al., 2007, Hung et al., 

2008). It has also been hypothesised that more prolate posterior segments or relative 

hyperopic blur in the peripheral retina are risk factors for the onset and/or progression 

of central myopia in both children and adults (Hoogerheide et al., 1971, Wallman and 

Winawer, 2004, Mutti et al., 2007) (Figure 5.1). This idea was examined in one of the 

early studies of the human eye, which sought to predict future myopia on the basis of 

peripheral refraction (Hoogerheide et al., 1971). Hoogerheide and colleagues noticed 

that emmetropic or hyperopic pilots, who went on to exhibit a central myopic refraction, 

had relative hyperopia in the peripheral retina before the onset of myopia. However, 

those who remained emmetropic or became hyperopic had relatively myopic peripheral 

refraction profiles. For a comprehensive review on peripheral refraction and 

development of myopia, see (Charman and Radhakrishnan, 2010). 

 

Figure 5.1 According to this picture, the emmetropic eye grows axially to eliminate peripheral 

hyperopic defocus. 

Understanding the peripheral refraction profile is informative for other areas of vision 

research, such as the psychophysical measurement of peripheral detection acuity, 

which may require the correction of peripheral refractive errors (Thibos et al., 1987a, 
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Wang et al., 1997). Previous studies have shown that detection acuity varies 

significantly with the amount of optical defocus, and improving the optics in the retinal 

periphery decreases detection thresholds. In contrast, peripheral resolution acuity is 

limited by neural sampling and hence insensitive to refractive blur (Frisen and 

Glansholm, 1975, Anderson, 1996b). From a clinical perspective, in patients without 

central vision, i.e. where there is a central scotoma, the quality of life can be improved 

significantly by optically correcting their peripheral vision (Gustafsson, 2001, 

Gustafsson and Unsbo, 2003). 

The history of peripheral refraction measurements dates back to the series of studies 

by Ferree and colleagues in the 1930‟s who reported refraction for the peripheral field 

of vision using a modified Zeiss parallax refractometer (Ferree et al., 1931, Ferree, 

1932, Ferree and Rand, 1933). Over the past few decades, a number of studies have 

investigated refractive status in the retinal periphery in relation to age (Atchison et al., 

2005b, Charman and Jennings, 2006), accommodation (Walker and Mutti, 2002, 

Davies and Mallen, 2009), fixation distance (Calver et al., 2007), ethnicity (Chen et al., 

2010, Kang et al., 2010), type of myopia (Bakaraju et al., 2009) and with a view to 

design ophthalmic lenses to correct peripheral refractive errors (Smith et al., 2002). 

The impact of orthokeratology lenses on peripheral optics has also been extensively 

investigated (Charman et al., 2006, Queiros et al., 2010, Kang and Swarbrick, 2011) to 

determine the effect of orthokeratology on ocular axial growth in myopia progression 

(Kakita et al., 2011).  

5.2.1 Peripheral refraction in different refractive groups 

Peripheral refractive error profile (i.e., the difference between the spherical equivalent 

refractive error of a peripheral retinal location and one in the central retina) has been 

investigated by several researchers. Most of the studies are in agreement that 

refractive errors in the periphery differ from those measured at the fovea, with the 

amount and type presenting considerable individual variability (Ferree et al., 1931, 
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Rempt et al., 1971). Emmetropic and hyperopic eyes tend to exhibit relative myopic 

shifts in the periphery, which are greater for hyperopes. In contrast, myopic eyes, 

predominantly in a Caucasian population, tend to display relative hyperopic peripheral 

refractions compared to central refraction along the horizontal meridian (Millodot, 1981, 

Seidemann et al., 2002, Atchison et al., 2005a, Atchison et al., 2006b, Mutti et al., 

2007, Fedtke et al., 2009). Peripheral refraction has frequently been used to infer 

ocular shape in human eyes. The relatively peripheral hyperopia in myopic individuals 

suggests that the myopic retina has a more prolate/less oblate shape (longer axial 

length than equatorial diameter) than emmetropic and hyperopic eyes (Logan et al., 

2004). An increase in the relative prolate shape of the globe (or decrease in relative 

oblate shape) as myopia increases has also been evident in the data from magnetic 

resonance imaging (MRI) (Singh et al., 2006). 

5.2.2 Peripheral refraction in different meridians 

Most studies measured peripheral refraction only along the horizontal meridian, with a 

minority investigating both the horizontal and vertical meridians in either human adults 

(Atchison et al., 2006b, Chen et al., 2010) or children (Schmid, 2003b) and even fewer 

across other retinal locations (Seidemann et al., 2002, Mathur et al., 2009a, Ehsaei et 

al., 2011c). 

Peripheral refraction measurements in children and adults have consistently shown 

that, on average, myopic eyes are relatively more hyperopic or less myopic in the 

periphery of the horizontal meridian compared to the fovea. Most studies agree on the 

relative peripheral hyperopia in the horizontal meridian, but there is controversy 

regarding the relative peripheral shifts in other meridians in myopic eyes (Seidemann et 

al., 2002, Schmid, 2003b, Atchison et al., 2006b). Table 5.1 provides a summary of the 

findings from some key studies on peripheral refraction along the horizontal meridian. 

The studies highlighted below have investigated the peripheral refractive error in more 

than the horizontal meridian alone and the findings are summarised in Table 5.2. 
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In 2002, Seidemann and colleagues measured peripheral refractive error out to 22° 

along several meridians of the retina with the photorefraction technique (a pupillometry 

based instrument), in a group of 18 myopic adult eyes (average myopic refraction: -

4.75 ± 1.90 D). Their results differed from those of other studies along the horizontal 

meridian in that peripheral myopic shifts were found in all refractive groups. Although 

consistent with other studies, the reported shifts were less for the myopic group. In 

addition, relative peripheral myopia was found in the superior retina but relative 

peripheral hyperopia in the inferior retina (Seidemann et al., 2002). 

Another study was performed one year later by Schmid (2003b) with the Shin-Nippon 

NVision K5001 autorefractor. Peripheral refractions were measured at fixation and at 

±15° along the horizontal and vertical meridians. However, due to the large variability of 

data associated with the optic disc region, the nasal retina was not included in the data 

analysis. In a group of low myopic children (horizontal meridian: n=17, vertical 

meridian: n=10), a small myopic refractive shift was noted in the temporal retina, but a 

relative hyperopic shift was reported in the vertical meridian. Furthermore, emmetropic 

(n=21) and hyperopic (n=18) participants had relative myopic shifts along temporal, 

inferior and superior retina. 

In another study by Atchison et al. (2006b), peripheral refraction was measured as far 

as 35° eccentricity in the horizontal and vertical meridians of emmetropic and myopic 

subjects up to -12 D, using non-cycloplegic autorefraction. Relative hyperopic and 

myopic shifts were reported in the horizontal and vertical meridians, respectively, in the 

myopic group. Moreover, J180 was found to increase negatively in the horizontal and 

positively in the vertical meridians, relative to the fovea. In addition, Atchison and 

colleagues showed that the differences in peripheral refraction between myopic and 

emmetropic eyes were small when measured along the vertical meridian out to 30° 

eccentricity compared with those measured along the horizontal meridian.  
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Finally, a more recent study by Chen et al. (2010) investigated the profile of the 

peripheral refraction in the horizontal (eccentricities: 0°, 22°, 32°, 40°) and vertical 

(eccentricities: 22° and 32°) meridians, in a group of Chinese adults (n=42) and 

children (n=40). In the horizontal meridian, they found a relatively hyperopic peripheral 

refraction in myopes (low and moderate degrees) and a flat profile for emmetropes. 

However, in the vertical meridian, they demonstrated a myopic shift for emmetropes 

and low myopes and a flat profile for a range of moderate myopic eyes away from 

fixation. For the J180 component, increases in off-axis astigmatism (a positive shift in the 

vertical and negative shift in the horizontal meridian) were reported in all groups. In 

addition, the J45 component was increased to a lesser degree in the periphery, with 

evidence of superior-inferior asymmetry.  
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Table 5.1 Summary of some of the peripheral refraction studies along the horizontal meridian. All angles refer to retinal location not the visual field.  

Ast: astigmatism, PR: peripheral refraction, RP: relative peripheral, M: myopia, E: emmetropia, H: hyperopia. NR: nasal retina, TR: temporal retina. 

Study 
Peripheral 
angle 

Purpose
 

Method 
Sample 
size 

Age
a
 

(years) 
Alignment Results Asymmetry

b
 

Millodot (1981) 
0 to 60° NR/TR 
(10°  steps) 

Effect of 
ametropia on PR 

Autorefraction 

30 M 

13 E 

19 H 

18-57 Not stated 

M: RP hyperopia 

E: RP hyperopia 

H: RP myopia 

 

Astig: TR > NR 

Atchison et al. 
(2005b) 

0 to 35° NR/TR 
(5°  steps) 

Effect of age on 
PR 

Autorefraction 
55 young 

41 old 

24.0 ± 3.0      

59.0 ± 3.0 

Pupil centre  
Eye-turn 

PR is unaffected by 
age  

M: TR > NR 

J180: TR > NR 

Ma et al. (2005) 
0 to 35° NR/TR  
(5°  steps) 

Effect of Lasik on 
PR 

Autorefraction 

 6 M 

15 E 

 6 H 

 27-55 

19-34 

 53-61 

Corneal 
reflex 

E: RP myopia 

M: RP hyperopia 

H: RP myopia 

J180: TR > NR  

Calver et al. 
(2007) 

0 to 30° NR/TR 
(10°  steps) 

Effect of fixation 
distance on PR 

Autorefraction 
10 E 

10 M 
25.3 ± 5.0 Eye-turn 

PR is unaffected by 
viewing distance 

J180: TR > NR 

J45: NR > TR 

Mutti et al. 
(2007) 

0 and 30° TR   
Evaluate the PR 
before, during and 
after myopia  

Autorefraction 979 6-14 Not stated 
Became-myopic  
children had more 
RP hyperopia 

Not applicable 

Radhakrishnan 
and Charman 
(2008) 

0 to 30° NR/TR 
(5°  steps) 

Effect of head turn 
versus eye turn on 
PR 

Autorefraction 
4 E 

6 M 
22.3 ± 3.6 Pupil centre 

PR is the same 
during the  eye and 
head turn 

J180: TR > NR 
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Table 5.1 Continued. 

Study 
Peripheral 
angle 

Purpose
 

Method 
Sample 
size 

Age
a
 

(years) 
Alignment Results Asymmetry

b
 

Davies and 
Mallen (2009) 

0 to 30° NR/TR 
(10°  steps) 

Effect of 
accommodation on 
PR 

Autorefraction 
 21 E 

19 M 
22.7 ± 2.8 Not stated 

E: RP myopia 

M: RP hyperopia 
J180: TR > NR 

Queiros et al. 
(2009) 

0 to 20° NR/TR 
(10°  steps) 

Effect of fogging 
lenses and 
cycloplegia on PR 

Autorefraction 

56 M 

52 E 

52 H 

21.5 ± 2.3 Pupil centre  

M: RP hyperopia 

E & H: RP myopia in 
TR and RP 
hyperopia in NR 

Ast: TR > NR 

Kang et al. 
(2010) 

0 to 35° NR/TR  
(5°  steps) 

Effect of ethnicity 
on PR 

Autorefraction 

35 white 

37 East 
Asian 

18-38 Not stated 
Greater degree of 
RP hyperopia in 
myopic East Asian 

M: NR > TR 

J180: TR > NR 

 J45: NR > TR 

Queiros et al. 
(2010) 

0 to 35° NR/TR  
(5°  steps) 

Effect of 
orthokeratology on  
myopia 

Autorefraction 28 M 24.6 ± 6.3 Pupil centre      RP hyperopia Not-stated 

Sankaridurg et 
al. (2010) 

 20°, 30°, 40° 
NR/TR 

Optical designs to 
reduce myopia 
progression 

Autorefraction 210 M 11.0 ± 2.3 
Pupil centre  
Head-turn 

RP hyperopia  
(before treatment)  

M: NR > TR 

Shen et al. 
(2010) 

0 to 30° NR/TR  
(5°  steps) 

Effect of contact 
lens on PR 

Aberrometry 9 M 23-30 
Pupil centre     
Head-turn 

RP hyperopia J180: TR > NR 
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Table 5.1 Continued. 

Study 
Peripheral 
angle 

Purpose
 

Method 
Sample 
size 

Age
a
 

(years) 
Alignment Results Asymmetry

b
 

Sng et al. 
(2011) 

0 to 30° NR/TR  
(15°  steps) 

Measurements of 
PR in Chinese 
children 

Autorefraction 

118 M 

84 E 

47 H 

6.9 ± 3.0 
Pupil centre     
Eye-turn 

M: RP hyperopia 

E & H: RP myopia 
Not stated 

Tabernero et 
al. (2011) 

Central ±45° 
Effect of low central 
refraction on PR 

Photorefraction 43 47.8 ± 19.2 Pupil centre   RP hyperopia Not stated 

Ding et al. 
(2012) 

0 and ±40° 
Estimate the 
heritability of PR 

Autorefraction 120 twins 8-20 Not stated 
High heritability of 
PR 

M: NR > TR 

Kwok et al. 
(2012) 

0 to 20° NR/TR  
(5°  steps) 

Effect of contact 
lens on PR  

Autorefraction 10 M 20-26 
Pupil centre  
Head-turn 

Contact lens reduce 
the RP hyperopia 

M: NR > TR 

J180: TR > NR 

a 
If mean ages were not provided by the study, the age range of the participants were stated in the table. 

b 
The region with relatively more minus value > the region with relatively less minus value. In case of various refractive groups, asymmetry results are based on myopic participants 

of the mentioned study.  
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Table 5.2 Summary of peripheral refraction studies along more than one meridian in myopic individuals.  

RP: relative peripheral, LM: low myopia, MM: moderate myopia, H: horizontal meridian, V: vertical meridian, SR: superior retina, IR: inferior retina, NR: nasal 

retina, TR: temporal retina.                                                                                                                                                                                                                                    

a 
This value represents the dioptric difference from the most positive and least negative value along both horizontal and vertical meridians.                                                           

 
b
 The region with relatively more minus value > the region with relatively less minus value 

Study Peripheral angle Method 
Sample 
size  

Age 
(years) 

Alignment Results 
Meridional 
difference

a Asymmetry
b
 

Seidemann et 
al. (2002) 

Central  22° × 22° Photorefraction 18 21-33 
Pupil centre 
(eye-turn) 

RP myopia across 
the retina (except IR 
with RP hyperopia) 

1.75 D 

(right eye) 

M: SR > IR 

Ast: TR > NR 

Schmid 
(2003b) 

V & H (15°)           
NR excluded from 
analysis 

Autorefraction 
17(TR) 

10 (V) 
7-15 Not stated 

H: RP myopia in TR 
V: RP hyperopia 

0.7 D M: SR > IR 

Atchison et 
al. (2006b) 

V & H (0 to 35°)    
(5° steps) 

Autorefraction 
84 (H) 

31 (V) 
18-35 

Pupil centre 
(eye-turn) 

H: RP hyperopia    
V: RP myopia  

3.5 D 
M: SR > IR 

J180: TR > NR 

Bakaraju et 
al. (2008) 

V & H (0 to 30°)  
(10° steps) 

Ray tracing 
3 myopic 
models 

 Not 
applicable 

(Assume) 
Pupil centre 

H: RP hyperopia    
V: RP hyperopia 

0.75 D Not stated 

Mathur et al. 
(2009a) 

Central  42° × 32° Aberrometry 9 22-35 Pupil centre 
RP myopia across 
the retina 

1D Not stated 

Berntsen et 
al. (2010) 

H (30°)  

V (SR:30°, IR:20°) 
Aberrometry 85 6-11 Head-turn 

H: RP hyperopia  

V: RP myopia 
1.09 D Not stated 

Chen et al. 
(2010) 

H (0°, 22°, 32°, 40°) 

V (22°, 32°) 
Autorefraction 

23 children 

23 adults 

8-12 

18-25 

Pupil centre 
(eye-turn) 

H: RP hyperopia    
V: RP myopia in LM  
V: Flat profile in MM 

MM: 2.5 D 

LM: 1.8 D 

M: NR > TR 

J45: SR > IR 
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5.2.3 Astigmatism in peripheral refraction 

The human eye is optimised for foveal vision by nature and it is widely agreed that the 

average degree of astigmatism (the distance between the sagittal and tangential 

surface of the optical system of the eye; Figure 5.2) increases steadily with retinal 

eccentricity, with evidence of nasal-temporal asymmetry (Lotmar and Lotmar, 1974, 

Millodot, 1981, Dunne and Barnes, 1990). Millodot (1981) reported average 

astigmatism of about 4 D at approximately 60° in the peripheral retina, independent of 

the central refraction, in a group of 62 eyes. Using the double-pass technique, 

Gustafsson et al. (2001) found that peripheral refraction in emmetropic eyes had a 

large J180 astigmatic component of about 5 D at 50° retinal eccentricity. This fact was 

established since earlier studies which proposed that light incident on the cornea and 

lens at an oblique angle would cause some amount of astigmatism in all refractive 

groups (Ferree et al., 1931). However, it should be noted that, apart from the 

separation between the sagittal and tangential image shell at each retinal eccentricity, 

other factors such as gradient index nature of the crystalline lens, optical misalignment 

and the asphericity of the ocular surface could cause considerable inter-individual 

variations in the amount of peripheral astigmatism found in human eyes (Dunne, 1995). 

 

Figure 5.2 An oblique ray forms tangential and sagittal image shells, which usually fall either 

side of the retina. Peripheral astigmatism is the difference between the refractive errors 

measured in tangential and sagittal shells. Peripheral astigmatism increases with retinal 

eccentricity. Picture redrawn from Dunne (1995).  

Oblique ray Tangential image shell

Sagittal image shell
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5.2.4 Asymmetry in peripheral refraction 

Chen et al. (2010) reported nasal-temporal asymmetry in a group of East Asian 

children and adults, with a greater relative hyperopic shift being found in the temporal 

than in the nasal retina. Although this pattern of asymmetry was reported in some 

studies of Caucasian eyes, the results of Chen et al. (2010) contradict the findings of 

Logan et al. (2004), who observed a more symmetrical expansion of the posterior 

retinal contour in East Asian eyes. Millodot (1981) and Dunne et al. (1993), using 

autorefractors demonstrated more astigmatism in the temporal retina than in the nasal 

retina, in both emmetropes and myopes. This nasal-temporal asymmetry in refractive 

error is believed to be partly the result of angle alpha (the angle between the visual axis 

and eye‟s optical axis), with the optical axis hitting the retina nasal to the fovea (Dunne 

et al., 1993) (see section 3.2.4.1). Shen et al. (2010) illustrated that the nasal-temporal 

asymmetry in the J180 component was removed by referencing the eye‟s optical axis 

instead of the visual axis for peripheral refraction measurements. Additionally, it has 

been shown that the horizontal asymmetry in astigmatism is higher for hyperopes and 

emmetropes than for myopes (Atchison et al., 2005b, Calver et al., 2007, Queiros et 

al., 2009), probably due to the larger angle alpha in hyperopes than in other refractive 

groups (Artal et al., 2006). A summary of findings in asymmetrical differences in 

peripheral refraction is also illustrated in Tables 5.1-5.2. 

5.2.5 Peripheral refraction techniques 

A wide range of techniques has been employed in the measurement of peripheral 

refraction, including Hartmann-Shack aberrometry (Atchison, 2003), off-axis 

retinoscopy (Jackson et al., 2004), the double-pass technique (Guirao and Artal, 1999, 

Gustafsson et al., 2001), photorefraction (Seidemann et al., 2002, Tabernero and 

Schaeffel, 2009a) and open-field autorefraction (Atchison et al., 2006b, Queiros et al., 

2009, Chen et al., 2010). In various studies, peripheral refractive errors were measured 
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as far as 60° from central fixation, in particular in the horizontal meridian. Many of these 

measurements were made in 5° steps (Atchison et al., 2006b, Shen et al., 2010) or 10° 

steps (Queiros et al., 2009) and occasionally smaller steps (Atchison et al., 2006a). 

Measurements at large angles have been shown to be more difficult to undertake; 

Rempt et al. (1971) used retinoscopy for peripheral refraction measurements in a large 

group of subjects with up to 60° eccentricities but found that the aberrations of the eye 

made the neutralization reflex more complex to assess at large angles.  

The method of assessment has been shown to influence peripheral refraction 

measurements. Dunne et al. (1993) measured peripheral astigmatism up to ±40° in the 

horizontal meridian of 34 subjects, using objective manual refraction and 

autorefraction. The mean differences between the two instruments were between about 

0.1 D and 0.5 D at different retinal eccentricities. In another study, Seidemann et al. 

(2002) obtained peripheral refractions from six subjects along the temporal retina with 

point spread function and photorefraction. They showed that the mean spherical and 

cylindrical components differed by 0.8 D and 0.9 D between two techniques. More 

recent peripheral refraction studies have used commercially available open-field 

autorefractors. These instruments require modifications in order to present peripheral 

fixation targets. For a comprehensive literature review on peripheral refraction 

techniques, see Fedtke et al. (2009). 

5.2.6 Aim 

To obtain a more comprehensive understanding of the relationship between the on-axis 

refraction to refractive errors in peripheral areas of the retina, an experiment was 

devised to measure the peripheral refraction across ±30° of the horizontal (nasal and 

temporal retina (NR, TR)), vertical (superior and inferior retina (SR, IR)) and two 

oblique (superior-nasal/inferior-temporal (SN/IT) and superior-temporal/inferior nasal 

(ST/IN)) meridians in a group of myopic and emmetropic adults. To the best of our 
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knowledge, this experiment is the first to investigate peripheral refraction in four 

meridians by autorefraction. 

5.3 Methods 

5.3.1 Study population  

The experiment cohort for the study in this chapter comprised 82 participants within the 

age range 18-39 years (median: 21 years), of which 64 (78%) were female. The 

subjects participating in this experiment exhibited a range of different ethnic 

backgrounds. Thirty-seven (45.1%) and 30 (36.6%) subjects were of British Asian and 

Caucasian background, respectively. The rest of the participants were of East Asian 

background (n=12, 14.6%) or other ethnicities (n=3, 3.7%). All participants were 

recruited from the University of Bradford student population according to the enrolment 

criteria described in section 2.3.2. Dominant eyes were measured: 65 (79%) right eyes 

and 17 left eyes (21%). Horizontal and vertical peripheral refractions were performed 

for all 82 subjects. Additional peripheral refraction measurements along two oblique 

meridians were gathered in a subset group of 49 subjects with emmetropia and 

myopia. The complete profile of all participants and a subset group is shown in Table 

5.3. There was no significant difference in mean ages between refractive groups for the 

whole subject group (emmetropes 22.10 ± 4.47 years; myopes 22.63 ±4.30; unpaired t 

test: p = 0.59). 
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Table 5.3 Study population profile 

Data are expressed as the mean ± standard deviation, with the range. 

Sample 
Refractive                   

group:  

Sample                       

size 
Age (years) MSE(D)

a
 Astig (D)

b
 

Whole subject      group 

(n=82)                          

Emmetropia                                                            30 
22.10 ± 4.47 

18 to 39
 

+0.10 ± 0.31 

+0.50 to -0.50
 

-0.18 ± 0.21 

-0.50 to 0.00 

Myopia                                    52 
22.63 ± 4.30 

18 to 37 

-5.35 ± 1.88 

-2.00 to -9.62 

-0.32 ± 0.25 

-0.75 to 0.00 

Subset group                  

(n=49)                          

Emmetropia 18 
22.28 ± 5.19 

18 to 39 

+0.07 ± 0.34 

+0.50 to -0.50 

-0.15 ± 0.20 

-0.50 to 0.00 

Myopia 31 
23.06 ± 4.63 

18 to 37 

-5.73 ± 1.80 

-2.00 to -9.62 

-0.32 ± 0.26 

-0.75 to 0.00 

a
Mean spherical equivalent based on subjective refraction in dioptres.

    

b
Cylindrical power in dioptre. 

5.3.2 Instrumentation 

Central and peripheral refractions were determined at locations along the horizontal 

(±30°, ±20°, ±10° and 0°) and vertical (±30°, ±25°, ±20° and ±10°) meridians for all 

subjects (n=82). In addition, peripheral refraction along two oblique meridians (SN/IT 

and ST/IN) was assessed in a subset of emmetropic and myopic participants (n=49).  

Measurement of central and peripheral refraction was performed with a Shin-Nippon 

NVision-K 5001 autorefractor, without using any cycloplegic or mydriatic drug. This 

instrument has been used in many previously published studies to measure peripheral 

refractive errors (Whatham et al., 2009, Chen et al., 2010, Kang et al., 2010). A more 

comprehensive description of the Shin-Nippon NVision-K 5001 autorefractor is detailed 

in Chapter 2 (see section 2.4.2).  

To obtain measurements of the peripheral refraction across a wide range of 

eccentricities in different meridians, modifications were made to the system, described 

in detail in section 2.4.3. A simple diagram of the attachment is shown in Figure 5.3. 
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This device lay between the headrest and the optometer mirror and the beam splitter 

was placed close to the eye at an inclination of 45° to the visual axis.  

 

Figure 5.3 Collimated set-up attached to the autorefractor to facilitate the measurement of 

peripheral refraction. 

5.3.3 Validity of the technique 

Before commencing the experiment, we confirmed that the instrument gave the correct 

on-axis reading for the calibration model eye provided with the instrument. Additionally, 

to assess the validity of our set-up, peripheral refraction measurements were repeated 

at central and a selection of peripheral retinal locations in the horizontal and vertical 

meridians in 60 randomly selected participants with distance fixation; seven LED 

targets were arranged at central, 10° (nasal, temporal, superior and inferior) and 20° 

(nasal and temporal) retinal locations on a flat wall 2 m from the participant‟s corneal 

vertex to create a series of fixation angles along the horizontal and vertical meridians. 

The brightness of the LEDs allowed the fixating of the targets in spite of the significant 

blur in highly myopic individuals at this viewing distance. The subjects were seated with 

the head stabilised by a chin rest so that the dominant eye was aligned with the central 

LED. Peripheral refractions were then measured by the instrument when aligned with 

Shin-Nippon NVision K-5001 semi-silvered mirror

Positive lens

Beam splitter

LED

Fixation target
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the corneal reflex and were recorded to compare with peripheral refraction measured 

through the previously described collimated optical set-up.  

To investigate the validity of the optical attachment for peripheral refraction 

measurements, the „limits of agreement (LOA)‟ method (Bland and Altman, 1986) was 

used to examine the agreement between our aforementioned collimated optical set-up 

and peripheral refraction measurements using a natural open view of the instrument 

with fixation targets on a flat wall. This was performed for the M component of the 

sample measured, by calculation of the mean of the differences (i.e. the bias) between 

the techniques and the 95% confidence limits. The LOA, i.e. the interval over which 

95% of the differences between the two techniques lie, were established using the 

standard deviation of differences (SDdiff) with the following formula (Altman and Bland, 

1983, Bland and Altman, 1986): 

LOA = bias ± (1.96 × SDdiff)                                                                          Equation 5.1 

Figure 5.4a shows the difference in the mean spherical equivalent and spherical 

component between the two techniques compared with the averages of the two 

techniques for central refraction. Approximately 62% of the measurements performed 

using the optical set-up were within ±0.25 D and 87% within ±0.50 D of the spherical 

component obtained using the wall set-up (Figure 5.4b). Although our optical set-up 

consistently tended to give slightly more minus mean spherical values than the wall 

set-up, it was within the repeatability of the instrument shown by Davies et al. (2003) 

for central objective refraction. Additionally, in Figures 5.5a-f the differences between 

the two techniques were plotted against the averages of the two techniques for the M 

component for 10° (nasal, temporal, superior and inferior) and 20° (nasal and temporal) 

retinal locations.  
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Figure 5.4 

a) Difference between the results found by wall and collimated set-ups plotted against their 

mean for mean spherical equivalent and spherical component (n=60 eyes). The average for the 

mean spherical equivalent (M) bias is indicated by the solid red line and the 95% confidence 

limits by the dotted lines. The mean bias and 95% confidence limits of the spherical component 

were similar.  

b) Comparison of the frequency of difference between the wall and the collimated set-up (n=60 

eyes).  
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Figure 5.5 Bland–Altman plots 

Average of the two methods against the difference between the wall and collimated set-up 

(n=60 eyes), for the M component at a) 10° nasal, b) 10° temporal, c) 10° superior, d) 10° 

inferior, e) 20° nasal and f) 20° temporal retina. For each graph, the mean difference is 

illustrated by the solid red line and the 95% confidence limits are indicated by the dotted lines. 

5.3.4 Data analysis 

The refraction results were converted to vector format (Thibos et al., 1997), by 

representing the sphere (S), cylinder (C) and axis (θ) as mean spherical equivalent (M), 

J180 and J45 components based on Equations 2.1-2.3. In addition, the overall power of 

refraction (P) of the eye was calculated (Equation 2.4) (Atchison, 2003).  

Descriptive statistics (mean ± standard deviation) were obtained for the refraction 

vector components (M, J180 and J45) and are summarised in Tables 5.4-5.5. Standard 
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b) 10° Temporal retina
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c) 10° Superior retina

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-10 -8 -6 -4 -2 0 2 4

D
if

fe
re

n
c

e
 b

e
tw

e
e

n
 w

a
ll
 a

n
d

 c
o

ll
im

a
te

d
  

  
s

e
t-

u
p

 (
D

) 
  

  
  

  
  

  
  

  
  

Average of two techniques (D)

d) 10° Inferior retina
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e) 20° Nasal retina
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deviation is an estimate of random error, and therefore is indicative of the stability of 

measurements at each retinal location. The standard deviation tended to be smaller 

with a greater number of replications in each location. The absolute peripheral 

refraction at a given retinal location was the mean spherical equivalent at this eccentric 

retinal location (M). Relative peripheral refraction (RPR) was calculated by subtracting 

the M obtained at the foveal position from that at each eccentric retinal location. 

Consequently, positive values indicate a relative hyperopic shift whereas negative 

values represent a relative myopic shift. 

For each possible location, the bias between the two techniques for the central and 

peripheral refraction measurements (the mean difference, standard deviation and 95% 

confidence intervals) was calculated as suggested by Bland and Altman (1986) (see 

section 5.3.3). The width of the 95% LOA indicated the level of agreement between the 

techniques. The narrower LOA reflected greater agreement between two techniques. 

Regression analysis was performed to investigate the relationship between the M 

component and RPR at each eccentricity along the horizontal and vertical meridians. 

Statistical analyses were performed using SPSS software (version 17, SPSS Inc., 

Chicago, Illinois, USA). One-way within-subjects repeated-measures ANOVA were 

performed with eccentricity as the within-groups variable (seven levels for each 

meridian), to investigate whether there were differences as a function of eccentricity in 

each meridian for the M, J180 and J45 values. To investigate refractive component 

asymmetries at 10°, 20° and 30° eccentricities separately, multiple pair-wise 

comparisons (Bonferroni correction with adjusted p value) were subsequently used. 

The asymmetrical results in this experiment were examined only along the nasal-

temporal and superior-inferior meridians of the retina (n=82). Mauchly‟s test was used 

to test for sphericity and the Greenhouse-Geisser correction was applied if significant 

differences were found. The level of statistical significance was set at p values < 0.05. 
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5.4 Results 

The central objective autorefraction obtained for the whole sample ranged between      

-8.79 D and +0.75 D for the spherical value, with a maximum astigmatism of -1.40 D. 

The mean value of the spherical equivalent (M component) based on the central 

objective refraction was -5.34 ± 1.88 D for the myopic group (n=52) and -0.35 ± 0.42 D 

for the emmetropic group (n=30). 

Table 5.4 presents descriptive statistics (mean ± SD) for the refractive and astigmatic 

components (M, J180 and J45) for the horizontal and vertical meridians in myopic and 

emmetropic eyes (n=82). Descriptive statistics for a subset group (n=49) in all 4 

measured meridians are also presented in Table 5.5. To facilitate the comparison 

between different regions of the retina, RPR data are also presented in these tables. 

Although the standard deviations of the power vectors within a set of measurements 

were small, they increased gradually for both refractive groups with increases in retinal 

eccentricity, indicating an increase in between-subject variance. It is possible that this 

occurs because many participants found it difficult to keep exact eye turn toward the 

fixation target, most of all for large eye turns. In addition, standard deviations for the 

central and peripheral refractive components were higher among myopes than among 

emmetropes, most probably because the myopic group encompassed a broader range 

of refractive errors.  

Figures 5.6-5.13 illustrate the refractive components and pure cylindrical power for both 

refractive groups. For all figures, standard errors are illustrated by error bars; however, 

in most cases they are sufficiently small to be contained within the symbols of the 

vector components. For illustrative purposes, data in both refractive groups were fitted 

with a polynomial function. In the horizontal and vertical meridians, respectively, 

negative eccentricities refer to the temporal and superior retina. Finally, Figure 5.14 

exhibits the polar presentations of the overall power of refraction (P) by illustrating the 

values at 10°, 20° and 30° across the retina in eight locations for myopic individuals.  
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Table 5.4 Descriptive statistics (mean ± SD) for mean sphere (M), horizontal and oblique components of power vectors (J180 and J45), respectively and relative 

peripheral refraction (RPR) at 15 retinal locations along the a) horizontal and b) vertical meridians for each of the two refractive groups: myopes (n=52) and 

emmetropes (n=30). 

                 Temporal retina                       Central                   Nasal retina  

a)       -30°      -20°      -10°       0°      +10°      +20°      +30° 

Emmetropia 

M -0.50±1.21
 

-0.38±0.83 -0.41±0.53 -0.35±0.42 -0.41±0.63 -0.13±0.82 -0.06±1.29 

J180 -0.68±0.69 -0.29±0.39 -0.09±0.27  0.06±0.20 -0.06±0.30 -0.08±0.40 -0.26±0.66 

J45  0.14±0.53  0.09±0.48  0.08±0.17  0.02±0.15 -0.04±0.31 -0.04±0.41 -0.14±0.38 

RPR -0.15±1.07 -0.02±0.69 -0.06±0.51  0.00 -0.06±0.50  0.23±0.68  0.30±1.11 

 M -3.51±2.08 -4.72±1.77 -5.24±1.88 -5.34±1.88 -5.18±1.97 -4.63±2.24 -3.48±2.53 

Myopia J180  0.00±0.86 -0.17±0.39  0.01±0.25  0.13±0.20  0.20±0.31  0.21±0.39  0.31±0.71 

 J45  0.30±0.62  0.09±0.39  0.11±0.23  0.05±0.13  0.00±0.30  0.01±0.33  0.06±0.61 

 RPR  1.83±1.43  0.61±0.83  0.10±0.50  0.00  0.16±0.63  0.71±0.89  1.86±1.57 

 

 

                     

                                          Superior retina 

               

                       Central 

            

                           Inferior retina 

b)                      -30°        -25°      -20°      -10°       0°    +10°      +20°      +25°      +30° 

 

Emmetropia 

M  -1.41±1.31  -1.27±1.06  -0.91±0.88 -0.55±0.60 -0.35±0.42 -0.55±0.80 -0.65±1.36 -0.53±1.72  0.05±2.04 

J180  1.00±0.73  0.85±0.45   0.49±0.42  0.20±0.29  0.06±0.20  0.30±0.33  0.30±0.48  0.35±0.59  0.18±0.89 

J45  0.25±0.52  0.24±0.47   0.16±0.43  0.09±0.23  0.02±0.15  0.00±0.21 -0.03±0.32 -0.20±0.38 -0.12±0.32 

RPR  0.40±1.95  -1.06±1.17  -0.84±0.96 -0.56±0.75 -0.20±0.57 -0.20±0.57 -0.19±0.64 -0.30±1.24 -0.14±1.58 

 

Myopia 

M -4.35±2.47 -4.74±2.23  -5.06±2.13 -5.32±2.02 -5.34±1.88 -5.15±1.87 -4.71±2.13 -4.20±2.53 -3.39±2.82 

J180  0.70±0.83  0.48±0.64   0.39±0.49  0.25±0.30  0.13±0.20  0.26±0.41  0.12±0.63 -0.02±0.97  -0.10±1.27 

J45  0.33±0.62  0.22±0.51   0.14±0.41  0.09±0.25  0.05±0.13  0.00±0.26 -0.07±0.34 -0.03±0.60  -0.09±0.63 

RPR  0.98±1.67  0.69±1.59   0.28±1.07  0.01±0.69  0.00  0.19±0.60  0.63±1.12  1.22±1.73  1.95±2.03 
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Table 5.5 Results (mean ± SD) for mean sphere (M), horizontal and oblique components of power vectors (J0 and J45), respectively and relative peripheral 

refraction (RPR) at 25 retinal locations in the a) horizontal, b) vertical and c, d) two oblique meridians for each of the two refractive groups: myopes (n=31) and 

emmetropes (n=18). Repeated-measures ANOVA results are presented for each vector component. 

                                                         Temporal retina  Central Nasal retina 

a)       -30°      -20°      -10°       0°      +10°       +20°      +30° Repeated-measures ANOVA 

Emmetropia 

M -0.18±1.34 -0.26±0.95 -0.34±0.62 -0.32±0.44 -0.34±0.63   0.09±0.74   0.40±1.12 F (2.55, 43.48) = 2.81, p = 0.058 

J180 -0.59±0.79 -0.23±0.38 -0.06±0.23 0.06±0.16 -0.03±0.34  -0.06±0.41  -0.09±0.75 F (2.90, 49.34) = 3.64, p = 0.020 

J45  0.10±0.65 -0.04±0.52  0.08±0.18 0.05±0.13  0.05±0.31   0.04±0.31  -0.09±0.46 F (2.28, 38.70) = 0.58, p = 0.587 

RPR  0.13±1.17  0.05±0.80 -0.03±0.50 0.00 -0.02±0.56   0.40±0.67   0.72±0.98  

Myopia 

M -3.71±2.09 -4.97±1.78 -5.62±1.84 -5.76±1.82 -5.54±1.96  -4.96±2.43  -3.69±2.89 F (2.44, 73.19) = 30.75, p < 0.001 

J180  0.14±0.94 -0.05±0.39  0.07±0.18  0.17±0.16  0.23±0.30   0.23±0.33   0.47±0.59 F (2.33, 69.95) = 4.04, p = 0.017 

J45  0.31±0.64  0.13±0.40  0.10±0.26  0.04±0.14 -0.01±0.30  -0.02±0.34   0.01±0.65 F (2.46, 73.90) = 2.35, p = 0.090 

RPR  2.04±1.43  0.79±0.84  0.10±0.56  0.00  0.22±0.64   0.80±0.93   2.06±1.63  

                               

                               Superior retina 

 

Central 

               

                  Inferior retina 

 

b)                     -30°      -20°      -10°       0°      +10°       +20°     +30° Repeated-measures ANOVA 

 

Emmetropia 

M  -0.99±1.15  -0.58±0.62 -0.49±0.61 -0.32±0.44 -0.54±0.79 -0.40±1.03  0.63±1.45 F (2.88, 49.07) = 7.39, p < 0.001 

J180   0.97±0.87   0.32±0.40  0.15±0.23  0.06±0.16  0.30±0.29  0.24±0.48 -0.02±0.98 F (2.77, 47.22) = 6.48, p = 0.001 

J45   0.23±0.54   0.19±0.46  0.10±0.24  0.05±0.13  0.02±0.21 -0.03±0.33 -0.10±0.32 F (1.92, 32.67) = 2.13, p = 0.136 

RPR  -0.67±1.10  -0.26±0.57 -0.17±0.57  0.00 -0.22±0.62 -0.09±0.83  0.95±1.25  

Myopia 

M  -4.36±2.68 -5.22±2.12 -5.56±1.91 -5.76±1.82 -5.50±1.83 -4.96±2.32 -3.32±3.10 F (2.48, 74.33) = 19.37, p < 0.001 

J180   0.71±0.82   0.40±0.37  0.26±0.24  0.17±0.16  0.27±0.45  0.16±0.68 -0.21±1.29 F (2.38, 71.36) = 5.90, p = 0.003 

J45   0.45±0.58   0.21±0.33  0.09±0.25  0.04±0.14  0.01±0.30 -0.12±0.35 -0.09±0.67 F (2.57, 77.10) = 7.48, p < 0.001 

RPR   1.40±1.63   0.53±0.96  0.20±0.57  0.00  0.26±0.67  0.80±1.31  2.43±2.21  
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                      Superior-temporal retina   Central              Inferior-nasal retina  

c)       -30°      -20°      -10°        0°      +10°      +20°      +30° Repeated-measures ANOVA 

Emmetropia 

M -0.76±1.45 -0.58±0.90 -0.57±0.68 -0.32±0.44 -0.36±0.87  -0.31±0.77   0.13±1.06 F (2.75, 46.88) = 2.55, p = 0.071 

J180 0.01±0.66 0.04±0.33  0.01±0.22 0.06±0.16  0.26±0.37   0.34±0.34   0.19±0.62 F (2.95, 50.07) = 1.76, p = 0.168 

J45 0.44±1.06 0.22±0.50  0.11±0.30 0.05±0.13  0.04±0.26   0.03±0.49  -0.11±0.61 F (2.09, 35.50) = 2.01, p = 0.147 

RPR -0.44±1.40 -0.27±0.89 -0.25±0.72 0.00 -0.04±0.78   0.01±0.64   0.45±0.87  

Myopia 

M -4.47±2.34 -5.11±2.06 -5.63±1.87 -5.76±1.82 -5.71±2.08 -5.18±2.32  -3.85±2.79 F (2.88, 86.50) = 23.18, p < 0.001 

J180 0.28±0.72 0.21±0.35  0.14±0.23  0.17±0.16  0.21±0.32   0.26±0.41   0.11±0.59 F (3.16, 94.96) = 0.73, p = 0.543 

J45 0.51±0.94 0.19±0.46  0.18±0.26  0.04±0.14  0.09±0.24   0.09±0.41  -0.27±0.70 F (2.61, 78.31) = 6.47, p = 0.001 

RPR 1.28±1.39 0.64±0.85  0.12±0.57  0.00  0.05±0.74   0.58±1.13   1.91±1.56  

 
 
 
 

            

              

           Superior-nasal retina 

 

  

  Central 

      

         

          Inferior-temporal retina 

 

d)       -30°       -20°      -10°        0°      +10°       +20°       +30° Repeated-measures ANOVA 

Emmetropia 

M -0.10±0.97 -0.18±0.87 -0.39±0.77 -0.32±0.44 -0.46±1.07  -0.50±1.32  -0.09±1.60 F (2.58, 43.90) = 0.70, p = 0.537 

J180  0.34±0.40  0.21±0.27  0.14±0.23 0.06±0.16  0.01±0.24   0.03±0.46  -0.17±0.60 F (2.69, 45.75) = 3.88, p = 0.018 

J45 -0.26±0.47 -0.06±0.29 -0.01±0.23 0.05±0.13  0.00±0.17  -0.05±0.35  -0.11±0.55 F (3.07, 52.20) = 2.04, p = 0.118 

RPR  0.22±0.93  0.14±0.89 -0.07±0.77 0.00 -0.14±1.01  -0.19±1.18   0.23±1.34  

Myopia 

M -3.95±2.96 -4.89±2.37 -5.40±2.17 -5.76±1.82 -5.81±1.95  -5.03±2.05  -3.94±2.11 F (2.60, 78.27) = 26.03, p < 0.001 

J180  0.62±0.51  0.43±0.40   0.21±0.29  0.17±0.16  0.02±0.28  -0.05±0.51  -0.21±0.69 F (3.16, 94.87) = 15.85, p < 0.001 

J45 -0.11±0.69  0.00±0.38 - 0.03±0.21  0.04±0.14  0.02±0.21  -0.01±0.53  -0.14±0.94 F (2.50, 75.02) = 0.62, p = 0.574 

RPR  1.81±1.78  0.87±0.98   0.35±0.73  0.00 -0.06±0.73   0.72±1.05   1.81±1.24  
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5.4.1 Mean spherical equivalent  

Figures 5.6-5.7 show the pattern of peripheral refraction for the M component for both 

refractive groups plotted as a function of eccentricity. Although there was a wide range 

of central refractive errors (-2.00 to -9.62 D) in the myopic group, the M component, on 

average, showed a relative hyperopic shift in all meridians. In the emmetropic group, 

the M component was relatively consistent and did not differ significantly from central 

refraction in most of the measured meridians.  

In the myopic group (n=52), a repeated-measures ANOVA revealed that the refractive 

error varied significantly as a function of eccentricity for both horizontal (F (2.59, 131.86) = 

45.63, p < 0.001) and vertical (F (2.81, 140.63) = 20.41, p < 0.001) meridians with the 

superior portion of the retina as the most myopic region and the inferior retina as the 

least myopic region of the retina. The statistical results related to the subset group 

(n=31) are presented in Table 5.5. Of the four meridians, the superior-temporal region 

of the retina is the most myopic and the inferior retina is the least myopic region of the 

retina (Figure 5.7).  

In the emmetropic group (n=30), repeated-measures ANOVA showed that the range of 

peripheral refractive errors was similar to that for the central retina and there was 

relatively little change in refraction along the horizontal (F (2.90, 84.36) = 1.75, p = 0.164) 

meridian. However, the vertical meridian demonstrated a significant difference in 

peripheral refraction compared to the central refraction (F (2.44, 65.94) = 6.67, p = 0.001), 

with more myopia in the superior retina. This sharp elevation from superior retina to 

inferior retina at 30° eccentricities can be seen in Figures 5.6b and 5.7b. This group 

exhibited a steeper change along the vertical meridian than in other parts of the retina. 

Repeated measures ANOVA results relating to the subset emmetropic group (n=18) 

are presented in Table 5.5. This section does not attempt to compare M values 
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between refraction groups, which, are of course expected to be different according to 

the refractive classification in this study. 

 

 

Figure 5.6 Variation in M component as a function of retinal eccentricity along the a) horizontal 

and b) vertical meridians for myopic and emmetropic groups (n=82). The error bars represent 

the standard error of the data. Solid lines represent second-order polynomials fitted to the data. 

In some cases, error bars are contained within the symbols.  
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Figure 5.7 Variation in M component as a function of retinal eccentricity in four meridians for myopic and emmetropic groups (n=49). The error bars represent the 

standard error of the data. Lines represent second-order polynomials fitted to the data. In some cases, error bars are contained within the symbols.  
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5.4.2 Astigmatic component J180 

The average value of J180 (90°/180° astigmatism) for central refraction was +0.06 D for 

emmetropes (n=30) and +0.13 D for myopes (n=52), indicating a level of with-the-rule 

astigmatism which is typical of human eyes (Atchison et al., 2003). Moreover, the J180 

component in the temporal retina was relatively more negative than in the central (-0.68 

D for emmetropes and 0.00 D for myopes). The changes in J180 component, in the 

nasal retina, as compared to the centre, were less accentuated than for the temporal 

retina (-0.26 D for emmetropes and +0.30 D for myopes).  

In the myopic group (n=52), repeated-measures ANOVA showed that the degree of 

J180 varied significantly with eccentricity along the horizontal (F (2.69, 136.95) = 6.56, p < 

0.002) and vertical (F (3.24, 162.04) = 8.62, p < 0.001) meridians.  

For the emmetropes (n=30), repeated-measures ANOVA also revealed that the degree 

of J180 component varied significantly with retinal eccentricity along the horizontal (F (3.05, 

88.57) = 9.99, p < 0.001) and vertical (F (3.82, 103.13) = 12.85, p < 0.001) meridians. Figures 

5.8-5.9 show the variation in astigmatic component (J180) for both refractive groups as a 

function of retinal eccentricity. 

5.4.3 Astigmatic component J45 

In contrast with J180, the variation in 45°-135° astigmatism J45 was small across the 

central 30° in all retinal regions, with smaller amplitude for emmetropes. Figures 5.10-

5.11 illustrate the variation in astigmatic component (J45) for both refractive groups as a 

function of eccentricity. 

In the myopic group, repeated-measures ANOVA illustrated that the magnitude of J45 

changed significantly with retinal eccentricity along the horizontal (F (2.81, 143.70) = 3.24, p 

= 0.026) and vertical (F (2.94, 147.10) = 5.73, p = 0.001) meridians. In the emmetropes, J45 

did not change significantly with eccentricity in the horizontal meridian (F (2.64, 76.58) = 
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2.18, p = 0.104). J45, however, was found to vary significantly with retinal eccentricity 

along the vertical meridian (F (2.54, 68.64) = 6.20, p = 0.002). 

5.4.4 Astigmatism 

Figures 5.12-5.13 show the absolute results of the astigmatism values without 

consideration of their angles. In agreement with previous studies of peripheral 

refraction, the magnitude of astigmatism increased consistently with increasing retinal 

eccentricity for all meridians. This increase was greater in the temporal retina than in 

the nasal retina for both refractive groups (Calver et al., 2007). The nasal-temporal and 

superior-inferior asymmetries in astigmatic magnitude were more pronounced in 

emmetropes than in myopes.  

It should be borne in mind that the conventional cylinder is generally greater in 

magnitude than either J180 or J45. For instance, the cylinder C = -1.00 D with an axis in 

180° corresponds to J180 = +0.50 D. The presentation of the conventional cylindrical 

power was included because this parameter demonstrated the most rapid change in 

refraction and allows comparison with some other studies (Calver et al., 2007). It was 

shown previously that the effect of off-axis astigmatism on development of myopia in 

monkeys is independent of astigmatism orientation (Kee et al., 2004). 
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Figure 5.8 Variation in astigmatic component (J180) as a function of retinal eccentricity in a) 

horizontal and b) vertical meridians for myopic and emmetropic groups (n=82). The error bars 

represent the standard error of the data. In some cases, error bars are contained within the 

symbols.  
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Figure 5.9 Variation in astigmatic component (J180) as a function of retinal eccentricity in four meridians for myopic and emmetropic groups (n=49). The error bars 

represent the standard error of the data. In some cases, error bars are contained within the symbols.  
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Figure 5.10 Variation in astigmatic component (J45) as a function of retinal eccentricity in a) 

horizontal and b) vertical meridians for myopic and emmetropic groups (n=82). The error bars 

represent the standard error of the data. In some cases, error bars are contained within the 

symbols.  
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Figure 5.11 Variation in astigmatic component (J45) as a function of retinal eccentricity in four meridians for myopic and emmetropic groups (n=49). The error 

bars represent the standard error of the data. In some cases, error bars are contained within the symbols.  
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Figure 5.12 Variation in cylindrical power as a function of retinal eccentricity in a) horizontal and 

b) vertical meridians for myopic and emmetropic groups (n=82). The error bars represent the 

standard error of the data. Lines represent second-order polynomials fitted to the data. In some 

cases, error bars are contained within the symbols.  
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Figure 5.13 Variation in cylindrical power as a function of retinal eccentricity in four meridians for myopic and emmetropic groups (n=49). The error bars 

represent the standard error of the data. Lines represent second-order polynomials fitted to the data. In some cases, error bars are contained within the symbols. 
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Figure 5.14 This plot illustrates the profile of mean overall power of refraction (P) in myopes 

across 10°, 20°and 30° eccentricities in all 8 measured regions of the retina. Average of overall 

power refractive error for central refraction (myopia): -5.76 D.  

5.4.5 Asymmetry in peripheral refractive components 

For the M component, repeated measures ANOVA followed by Bonferroni multiple 

comparisons showed statistically significant differences between the superior and 

inferior retinae only at 30° eccentricities for both myopes (p = 0.011) and emmetropes 

(p = 0.001), with more relative myopia in the superior retina. However, no asymmetrical 

differences were noted for any measured eccentricities along the horizontal meridian 

for both refractive groups.  

Asymmetry in the amount of peripheral J180 component was noted, with the temporal 

and superior retinae exhibiting larger amounts than the nasal and inferior retinae, 
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respectively, for both refractive groups (n=82). The differences were statistically 

significant, however, for only 30° along the vertical meridian for the emmetropic group 

(p = 0.002). For myopic eyes, significant nasal-temporal  asymmetry was found for 10° 

(p < 0.001) and 20° (p < 0.001) and superior-inferior asymmetry was noted for 30° 

eccentricities (p = 0.002). 

The changes in the amount of J45 were very small in the nasal versus temporal retina 

and superior versus inferior retina for both refractive groups. Non-significant differences 

were present at all measured eccentricities of 10°, 20° and 30° for both refractive 

groups.  

5.4.6 Peripheral refraction and degree of myopia 

Wide variability in peripheral refractive errors between myopic individuals may be partly 

due to individual differences in ocular shape in combination with other optical 

properties of the myopic eye (Atchison et al., 2004, Tabernero and Schaeffel, 2009b). 

In this section, the effect of the degree of myopia on RPR was investigated, to 

determine whether the magnitude of myopia had any influence on the retinal shape. 

Figure 5.15 shows the data from all myopic eyes (n=52), tested at 10°, 20° and 30° 

eccentricities in the horizontal and vertical meridians. Regression analysis 

demonstrated a non-significant difference between mean spherical refractive error and 

relative peripheral refraction (with the exception of 20° TR), suggesting that central 

refraction is not related to the magnitude of retinal curvature. The lack of significant 

relationships may relate to the variability of the data, associated with different retinal 

contours due to the wide range of ethnicities included in this experiment. 
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Figure 5.15 Changes in RPR as a function of central spherical equivalent (M component). Y 

axis is RPR at a) 10°, b) 20° and c) 30°, temporal, nasal, superior and inferior retina (n=52). 

Solid and dashed lines show the linear fits to the data.  
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5.5 Discussion 

This study provides cross-sectional data on variations in refractive error measurements 

in young myopic and emmetropic adults across horizontal and vertical meridians for 82 

participants. It also presents variations in peripheral refraction measurements across 

an increased range of eccentricities in a subset group of emmetropic and myopic eyes 

(n=49). In this experiment, we have presented a visualisation of the eye shape in 

myopic and emmetropic eyes, based on the peripheral refraction measurements up to 

30° in multiple retinal locations. Clearly, ocular growth across the retina would be 

expected to depend on refractive variations across the entire retina, not merely those 

across the horizontal and vertical meridians. To the best of our knowledge, this 

experiment is the first to systematically investigate the peripheral refraction profile 

across a range of retinal eccentricities. 

5.5.1 Peripheral refraction in different meridians  

As in previously published studies of the horizontal meridian, the myopic group 

illustrated a relative hyperopic shift with increasing eccentricity (according to the M 

component), confirming the prolate shape of the myopic eye (Millodot, 1981, Atchison 

et al., 2006b, Chen et al., 2010). Our findings of a relative hyperopic shift with 

increasing eccentricity along the vertical and oblique meridians, however, contradict 

some previous studies of the vertical meridian, which show a relative myopic shift with 

increasing eccentricity (Atchison et al., 2006b, Chen et al., 2010). The establishment of 

a conclusive shape profile of the vertical meridian from previous investigations (Table 

5.2) is difficult. The number of participants used in these studies was either restricted 

(e.g. in the study by Atchison et al. (2006b); vertical profile was derived on the basis of 

two subjects in the -5 D range and three subjects in the -6 D range) or, when the 

sample was large, the number of retinal eccentricities measured was limited (e.g. in the 

study by Berntsen et al. (2010) only 20° (inferior retina) and 30° (superior retina) 



 

 1 7 5  

 

peripheral angles were investigated, and in the study by Schmid (2003b), only ±15° 

along the vertical meridian were measured). From Figure 5.16, it can be seen that our 

data reveal a general trend for greater relative hyperopia in the periphery, compared 

with other studies. The difference may be partly related to ethnicity, as our cohort 

included very few East Asian participants. In studies comprising greater numbers of 

East Asian participants, the global expansion observed in these eyes as myopia 

progresses (Logan et al., 2004) may minimise relative hyperopic shifts in peripheral 

refraction. 

 

 

Figure 5.16 Comparisons of the relative peripheral refraction in a) horizontal and b) vertical 

meridians in myopes measured in this study, with published data (sources are denoted in the 

legends). For comparison, all published data were converted into relative peripheral refraction.  

In particular, data were derived from two refractive ranges from the study by Atchison et al. 

(2006b), which were closest to the range of myopia recruited in the present study. 
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Figure 5.16 illustrates the comparison of our results with previous peripheral refraction 

studies along the horizontal and vertical meridians. Our data illustrate a relative 

hyperopic shift which was similar for all measured meridians for the myopic group and 

a relatively constant refractive profile for emmetropic eyes based on the mean 

spherical equivalent (M component) values, despite the large individual variations in 

peripheral refraction (Figures 5.6-5.7). These results are in agreement with the relative 

hyperopic shift in the horizontal and vertical meridian, illustrated by theoretical 

modelling (Bakaraju et al., 2008). The results presented here also support the findings 

of the magnetic resonance imaging studies (Atchison et al., 2004, Singh et al., 2006), in 

that the shape of myopic eyes tends towards an ellipsoid, whereas the emmetropic eye 

tends toward a spherical shape. Our finding of relative hyperopic shifts in the peripheral 

refraction in all meridians would suggest the existence of an ocular growth cue across 

the entire peripheral retina in myopes (consistent with theories of hyperopic defocus 

driving myopia progression in experiments on primates (Irving et al., 1991, Hung et al., 

1995, Smith et al., 2005)). In contrast, the disparity in ocular shape between horizontal 

and vertical meridians reported by some studies might be expected to create mixed 

signals for ocular growth. 

This disparity for the vertical meridian compared to previous studies may relate to 

fixation target arrangement and autorefractor alignment. In terms of fixation target 

arrangement, our study used a specially constructed target collimation system which 

was viewed via a beam splitter. The use of this device ensured a consistent visual 

stimulus arrangement, regardless of the meridian or field angle being examined. Other 

studies (e.g. Atchison et al. (2006b)) have employed fixation systems where the 

arrangements were different for the horizontal and vertical meridians (i.e. direct fixation 

upon targets at 3.3 m for the horizontal meridian, and indirect fixation of targets at 2 m 

via a low reflectance beam splitter for the vertical meridian in the example cited). The 

difference in fixation arrangement has the potential to account for the disparity in 

vertical data presented in our study, perhaps mediated by different accommodation 
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responses between horizontal and vertical fixation (greater proximal effect in the 

vertical data than in the horizontal data). Some studies employing peripheral refraction 

aimed for the pupil centre as the reference point for measurements (Atchison et al., 

2006b, Radhakrishnan and Charman, 2008, Queiros et al., 2009, Sankaridurg et al., 

2010) but most of them fail to provide details of instrument alignment in relation to the 

optics of the eye. Alignment position is likely to be important for peripheral refraction 

measurements because the power of the refractive components of the eye varies with 

the angle of incidence (Read et al., 2006). 

In this study the corneal reflex was the primary reference position for peripheral 

refraction measurements, consistent with axial and peripheral cornea to retina length 

measurements (Chapter 6). The effect of instrument alignment on peripheral refraction 

was investigated and the results are presented in Chapter 3 (Ehsaei et al., 2011b). The 

optimum alignment position for peripheral refraction measurements was found to be 

half-way between the pupil centre and corneal reflex. The corneal reflex fell well within 

the range of acceptable positions but the pupil centre lay close to the limits of 

acceptable alignment positions for larger eccentricities. Moreover, the position of the 

entrance pupil centre can be less stable than that of the corneal reflex and may shift 

asymmetrically with pupil constriction following active accommodation or changes in 

light level (Wyatt, 1995, Barry and Backes, 1997, Yang et al., 2002). Although these 

changes are usually minor, they can be significant when measuring peripheral 

refraction. In addition, the pupil centre seen on the instrument‟s monitor is a virtual 

image of the real pupil, as imaged by the cornea. 

5.5.2 Asymmetry in peripheral refraction 

In agreement with a number of previous studies, we found that the average amount of 

astigmatism was not significantly different between refractive groups (Mutti et al., 2000, 

Kang et al., 2010). Moreover, we noted nasal-temporal asymmetry with greater values 
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of J180 and absolute astigmatism in the temporal retina compared to the nasal retina, as 

previously reported (Ferree, 1932, Dunne et al., 1993, Seidemann et al., 2002, 

Atchison et al., 2006b). Further, in our study, variations between other meridians were 

observed, with relatively more myopia (M component) in the superior compared to the 

inferior retina consistent with the findings of Seidemann et al. (2002) and Mallen and 

Kashyap (2007), and ST compared to IN oblique meridians, for higher eccentricities in 

particular. Regional differences in scleral growth patterns have been suggested in 

some studies as a possible reason for reported asymmetry in the shape of the myopic 

eye (Seidemann et al., 2002, Logan et al., 2004). In addition, the eye is not rotationally 

symmetric and the centres of curvature of the cornea and crystalline lens do not lie on 

a common axis. These decentrations and tilts are associated with angle alpha, which is 

approximately 5° horizontally and 2° vertically (Atchison and Smith, 2000) and can 

partly contribute to asymmetries in peripheral refraction (Charman and Atchison, 2009). 

The dioptric variation in the J45 component across all measured meridians was small 

(ranging from -0.45 to 0.51 D for myopes and -0.26 to 0.44 D for emmetropes), with 

evidence of superior-inferior regional asymmetry (superior retina tended to be relatively 

less minus), consistent with the work of Chen et al. (2010). Differences in trends in J45 

and J180 across the different regions of the retina may be due to the high variability in 

peripheral refraction (Schmid, 2003b) and ocular shape (Singh et al., 2006) commonly 

found in human eyes. 

5.5.3 Overall power of refraction 

Common parameters to describe peripheral refraction are mean spherical equivalent 

(M component) and astigmatic components (J180 and J45) as a function of retinal 

eccentricity. In this study we have also calculated the fourth equation (P) discussed 

and used by Atchison (2003) to evaluate the overall power of refraction. This value 

quantifies the total sphero-cylindrical image blur on the peripheral retina. A polar plot 

for the myopic group (Figure 5.14) confirms that the overall power of refraction (and 
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hence blur) decreases with increasing eccentricity. Converting our data to relative 

overall refraction shows an eccentricity-dependent profile consistent with the study by 

Shen et al. (2010), on a similar range of myopes, as illustrated in Figure 5.17. 

 

Figure 5.17 Comparison of the overall power of refraction in the horizontal meridian measured 

in this study with published data (Shen et al., 2010). For ease of comparison, overall powers of 

refraction (P) from the present study were converted into relative values. 

5.5.4 Implications of peripheral refraction 

We demonstrated a relative hyperopic shift in all measured meridians in our myopic 

group. These findings are particularly relevant to the design of the ophthalmic lenses 

which manipulate peripheral refractive errors of human eyes with the aim of reducing 

the progression of myopia based on multiple axis analysis of peripheral refraction 

(Sankaridurg et al., 2010). The exact amount of peripheral image shell manipulation is 

unclear at present (Smith et al., 2002, Sankaridurg et al., 2010, Anstice and Phillips, 

2011) and the amount of hyperopic defocus in the periphery applied in these studies is 

based on the average amount reported in previous peripheral refraction studies 

(Atchison et al., 2006b). An imprecise shift in peripheral refraction in myopic subjects 

may lead to inaccurate manipulation of the curvature of the image shell with these 

novel lenses. Further work is now required to provide an evaluation of the multi-axis 
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globe shape variation between eyes of differing ethnicity (Kang et al., 2010). It may be 

the case that the peripheral image shell modifications adopted by myopia control 

lenses need to be tailored to a given retinal surface profile. 

5.5.5 Study limitations 

In considering the findings of the current experiment, attention must be paid to the 

limitations of the study. Firstly, the potential limitation of this experiment is that 

cycloplegia was not used and therefore participants may have exercised some 

accommodation during the central and peripheral refraction measurements. The benefit 

of non-cycloplegic measurements, however, is the avoidance of problems relating to 

induced peripheral aberrations following pupil dilation, which are likely to affect 

autorefraction results (Paquin et al., 2002). In addition, Smith et al. (1988) reported that 

up to 2 D of accommodation has a negligible effect on peripheral astigmatism for 

eccentricities up to 30°. 

Secondly, the sample size in this study comprises a wide range of ethnicities. Although 

increasing degrees of myopia in both Caucasian and East Asian eyes are associated 

with increased prolate distortion of the posterior globe, the study by Logan et al. (2004) 

demonstrated ethnicity-dependent variation, with Caucasian eyes exhibiting a nasal-

temporal asymmetry in the eye shape but Chinese eyes showing a more symmetrical 

expansion. 

Finally, investigation of the retinal profile of the eye through peripheral refraction is 

affected by the anterior chamber depth and lens thickness (Mutti et al., 2000). 

Moreover, ocular changes such as change in the refractive index distribution of the 

crystalline lens which have an influence on central refraction, may also play a role in 

peripheral refraction measurements. Therefore, the next chapter investigates another 

aspect of the structural properties in myopia through measurements of the central and 

peripheral cornea to retina lengths, using the Zeiss IOLMaster. 
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5.5.6 Conclusion 

In conclusion, our findings illustrate a relative hyperopic shift along the horizontal, 

vertical and two oblique meridians for the myopic group, and a relatively constant 

refractive profile for emmetropic eyes based on the mean spherical equivalent values. 

The ocular growth across the retina would be expected to depend on refractive 

variations across the entire retina, not only on those across the horizontal and vertical 

meridians. Therefore, the findings presented in this chapter may be a contributory 

factor in understanding the development and progression of myopia.  
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Chapter 6  

Central and peripheral cornea to retina length  

6.1 Chapter rationale 

It has been argued in the literature that peripheral image quality may play a role in the 

regulation of eye growth and the development of myopia. Understanding the optical 

properties of the peripheral eye, therefore, may provide insight into myopia 

development and the possible effects on off-axis visual performance. 

Peripheral refraction at an off-axis point is composed of a combination of off-axis ocular 

aberrations and the optical distance between the cornea and the retina. The change in 

peripheral refraction with eccentricity is related both to the retinal steepness (ocular 

shape) and the changing optical properties of the anterior segment of the eye with 

angle. It is appropriate, therefore, to investigate the structure of the myopic eye by 

measuring the optical distance from the cornea to the retina, which is less confounded 

than peripheral refraction measurements by the anterior segment optics and, when 

compared over a range of eccentricities, provides a more direct measure of retinal 

curvature. This chapter investigates the axial and peripheral dimensions of the eye 

using a non-contact optical biometer, based upon the principle of partial coherence 

interferometry (PCI).  
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6.2 Introduction 

Myopia is a refractive defect of the eye with the axial length elongation identified as the 

main structural correlate of both early and late onset forms of myopia (McBrien and 

Millodot, 1987, Goss et al., 1990, Jiang and Woessner, 1996). Ocular expansion in 

myopia is not restricted to the anterior-posterior dimension and it is believed that both 

the width and height dimensions of the eye undergo some changes (Atchison et al., 

2005a). Most of the reported ocular dimensions have been assessed axially (e.g. 

(Goss et al., 1990, Eleftheriadis, 2003)), but only a few studies have examined off-axis 

dimensions (Schmid, 2003a, Schmid, 2011). Accurate measurements of eye length are 

a useful way of investigating refractive error developments in humans. The role of 

ocular shape as a potential factor in the development of myopia has been discussed in 

the literature (Mutti et al., 2000, Walker and Mutti, 2002). It has been hypothesised that 

a hyperopic peripheral retina relating to a steep retinal shape, may predispose the 

young emmetropic eye toward compensatory eye elongation and hence myopia 

(Wallman and Winawer, 2004). This idea is supported by the findings of a previous 

study of young emmetropic pilots with hyperopic peripheral retinae, who became 

myopic within a few years of their training (Hoogerheide et al., 1971). 

The shape of the myopic eye can be derived either by direct imaging and 3D modelling 

techniques (Deller et al., 1947, Atchison et al., 2004, Singh et al., 2006), or by optical 

methods which indirectly reflect the eye shape (Schmid, 2003b, Mallen and Kashyap, 

2007, MacFadden et al., 2008). One of the earliest studies investigating ocular shape 

applied an x-ray technique to measure the length, height and width of human eyes 

(Deller et al., 1947). This study found similar relative dimensions for most emmetropic 

eyes, but for myopic eyes, as the degree of myopia increased, the axial lengths 

increased at twice the rate of the changes in height and width. In another study, Wang 

et al. (1994a) used a computed tomography scanner to measure the axial and 

horizontal transverse diameters of 255 eyes. Table 6.1 presents the results of their 
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study of correlation between bi-axial measurements and refractive error. They 

proposed that emmetropic eyes were perfectly spherical and myopic eyes were not 

only elongated, but also inflated. A few years later, Vohra and Good (2000) using B-

scan echography in 50 patients, suggested that the expansion of highly myopic eyes 

was mainly axial rather than global. 

Table 6.1 Bi-axial measurements in different refractive groups. Data were adapted from Wang 

et al. (1994a) study. 

Axis (mm) Myopia Emmetropia Hyperopia 

Axial diameter 26.68 ± 0.75 24.62 ± 0.35 23.63 ± 0.92 

Lateral transverse diameter 25.12 ± 0.73 24.91 ± 0.37 24.61 ± 0.53 

Magnetic resonance imaging (MRI) has been used to investigate ocular shape (Cheng 

et al., 1992, Atchison et al., 2004, Singh et al., 2006). This method provides relatively 

high image resolution and is not dependent on the eye‟s refractive index parameters 

(Singh et al., 2006). For example, in a small study, Cheng et al. (1992) investigated 

ocular shape by multi-slice MRI images of the eye in participants from three refractive 

groups (+2.50 to -9.50 D). They found an oblate eye shape in both emmetropic and 

hyperopic eyes in which the equatorial diameter (width) exceeded the axial length, 

although emmetropic eyes tended to be slightly larger. Anterior-posterior dimensions of 

myopic eyes were significantly greater than for other refractive groups and myopes 

tended to be larger in all dimensions, supporting the global expansion theory of 

myopia. However, this study did not report the ethnicity of the participants. In another 

smaller scale MRI imaging study in the United States, Chen et al. (1992) made a direct 

determination of retinal contour of 15 hyperopic, emmetropic and myopic young adult 

eyes. For the transverse axial section, they found greater deviation from sphericity in 

myopic eyes than in hyperopic and emmetropic eyes. 

In another MRI study, Atchison et al. (2004) compared the eye shapes of emmetropic 

and myopic eyes (+0.75 to -12.00 D), in 88 participants from Caucasian and Asian 
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backgrounds. They reported that, although there were individual variations, the ocular 

expansion was greatest along the anterior-posterior axis (axial length), less in the 

vertical axis (superior to inferior axis) and least in width (temporal to nasal axis) (Figure 

6.1). They hypothesised that the eye‟s ability to expand was greater in the axial 

direction because the orbital walls were much closer to the sides of the eye than the 

posterior portion of the globe. However, most of these MRI studies inferred a 3D 

approximation of the eye shape from a very limited number of two dimensional sections 

through the eye, due to the low resolution of the images (Atchison et al., 2005a). 

In a more recent study, Singh et al. (2006) investigated the eye shape by complete 3D 

representations of the posterior segment of seven eyes with a wide range of refractive 

errors. They reported substantial variations in ocular shape between individuals, with 

some evidence of nasal-temporal asymmetry in some subjects. 

 

Figure 6.1 Sagittal and axial MRI images of emmetropic and myopic eyes; a and b present a 

myopic eye (MSE: −7.63 D), c and d illustrate images of an emmetropic eye (MSE: −0.13 D). 

Greater length, height and width can be seen in the myopic eyes. Picture adapted from Atchison 

et al. (2004). 

Ocular shape can also be investigated by plotting the central and peripheral refraction 

of the eye as a function of retinal eccentricity, a topic which was discussed extensively 

in Chapter 5. However, these measurements are affected by the oblique astigmatism 

associated with off-axis measures through the cornea and crystalline lens. As an 

Superior- Inferior dimension (height) Anterior-Posterior dimension (length)

Temporal-Nasal dimension (width)
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alternative to peripheral refraction, a number of studies have employed biometric 

instruments to investigate the retinal shape in different refractive groups. 

For example, Mallen and Kashyap (2007) used the IOLMaster biometer with an 

attachment to measure ocular dimensions out to ±40° along the horizontal and vertical 

meridians. They estimated the retinal contour by plotting the measured length at each 

eccentricity. Their results, however, were presented for only two subjects. In another 

experiment, Gray et al. (2005) used the IOLMaster to investigate retinal curvature out 

to ±35° eccentricity along the horizontal meridian. They found more spherical ocular 

shapes in hyperopic and emmetropic eyes than in myopic eyes. 

In another series of studies, Schmid employed optical low coherence reflectometry to 

measure the eye shape and length on and off axis (Schmid et al., 2001, Schmid, 

2003a, Schmid, 2003b, Schmid, 2011). While these studies showed a high level of 

intersubject variability in ocular shape, the first study was conducted only in four adult 

subjects and the ocular shapes were inferred from off-axis measurements which were 

only taken out to ±10° eccentricities along the horizontal meridian (Schmid et al., 2001). 

The only myopic eye (-2.00 D) included in the aforementioned study exhibited a prolate 

ocular shape. In 2003, Schmid further developed his technique for eye length 

measurements out to ±15° eccentricities in both horizontal and vertical meridians in 

one adult eye (Schmid, 2003a). He illustrated a steeper retina with a more asymmetric 

shape along the horizontal meridian compared to the vertical. Finally, in a more recent 

published study he confirmed his previous findings in a larger sample of children and 

wider retinal regions compared to the study published in 2003 (Schmid, 2011). 

Table 6.2 summarises the published studies in which ocular shape was investigated as 

a function of eccentricity, using biometric techniques along the horizontal and vertical 

meridians. 
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Table 6.2 Summary of eye shape studies, based on peripheral cornea to retina length dimensions. All angles refer to retinal location rather than visual field. 

E: emmetropia, H: hyperopia, M: myopia, H: horizontal meridian, V: vertical meridian.  

Source Peripheral angle Method 
Sample 
size 

Age 
(years)

a
 

Refractive 
error (D) 

Results Asymmetry
b
 

Schmid et al. 
(2001) 

0 to 10° NR/TR    
(3.3° steps) 

Optical low coherence 
reflectometry 

4 Not stated 
+1.50, 0, -0.50 
and -2.00 

Considerable individual 
variations in eye shape 

Not stated 

Schmid (2003a) V & H (±15°) 
Optical low coherence 
reflectometry 

1 Not stated Not stated 
Flatter shape along vertical 
meridian than horizontal 

NR > TR 

Gray et al. 
(2005) 

0 to 35° NR/TR       
(5° steps) 

IOLMaster biometry 

20 M 

20 H 

20 E 

Not stated -7.25  to +6.50 
More spherical eye shape in 
emmetropia and hyperopia 
than in myopic eyes 

Not stated 

Mallen and 
Kashyap (2007) 

0 to 40° V & H       
(10° steps) 

IOLMaster biometry 3 

25 

24 

33 

+4.00 

-1.75 

-6.75 

Spherical shape 

Prolate shape 

Prolate shape 

NR > TR 

SR> IR 

MacFadden et 
al. (2008) 

0 to 40° NR/TR     
(10° steps) 

IOLMaster biometry 
10 M 

10 H 
21.4 ± 2.2 Not stated 

Eye versus instrument 
rotation affects ocular shape 
measurements in myopia              

NR > TR 

Schmid (2011) V & H (±20°) 
Optical low coherence 
reflectometry 

140 
children 

7-11 +0.05 ± 0.54 
Myopic eyes have steeper 
retinae 

NR > TR 

SR > IR 

Kwok et al. 
(2012) 

0 to 20° NR/TR     
(10° steps) 

IOLMaster biometry 10 M 20-26 -8.31 ± 2.10 
Relatively prolate retinal 
contour 

NR > TR 

a 
If mean ages were not provided by the study, the age range of the participants are stated in the table. 

b 
The region with greater expansion > the region with relatively less expansion. In case of various refractive groups, asymmetry results are based on the myopic participants of the 

mentioned study.
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6.2.1 Ocular shape measurements techniques 

A variety of techniques has been used to measure and describe intraocular distances 

and ocular shape, such as x-ray tomography (Song et al., 2007), peripheral refraction 

(Ehsaei et al., 2011c) and A and B scan ultrasound (Meyer-Schwickerath and Gerke, 

1984, Vohra and Good, 2000). The investigation of peripheral ocular dimensions and of 

the shape of the posterior segment of the eye has been developed by the application of 

the MRI technique (Chen et al., 1992, Singh et al., 2006). This technique has great 

power to investigate peripheral ocular dimensions and the resulting measurements are 

independent of the refractive properties of the ocular components. However, it is 

expensive, takes a considerable amount of time and suffers from weak reproducibility 

of the scan locations in the eye (Atchison et al., 2004). Previously, retinal contour was 

also calculated from A-scan ultrasonography, K readings and peripheral refraction 

measurements (Dunne, 1995, Logan et al., 1995). In another series of studies by 

Schmid and colleagues, eye length (off and on axis) was measured by optical low 

coherence reflectometry (Schmid et al., 2001, Schmid, 2003a, Schmid, 2003b, Schmid, 

2011). The principle of this technique is comparable to A-scan ultrasound, except that 

optical rather than acoustical reflection is used to measure ocular dimensions (Fercher 

et al., 1988, Hitzenberger, 1991). However, the introduction of PCI with the Zeiss 

IOLMaster has allowed the direct measurement of the peripheral dimensions of the 

posterior segment in all meridians, thus allowing a complete evaluation of the 

peripheral posterior retinal contour. 

6.2.2 Asymmetry in ocular shape 

Asymmetry in the shape of adult eyes along the horizontal and vertical meridians has 

been investigated previously by computer modelling (Logan et al., 1995, Singh et al., 

2006), peripheral refraction (Atchison et al., 2006b) and eye length measurements 
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(Mallen and Kashyap, 2007) (see section 5.2.4). Applying IOLMaster biometry, 

MacFadden et al. (2008) noted significant nasal-temporal asymmetry in myopes but not 

in hyperopes. A more recent published study in a large group of emmetropic children 

found asymmetries in relative peripheral eye dimensions between retinal quadrants by 

applying a low coherence interferometer (Schmid, 2011). This study found flatter 

dimensions in the nasal and superior retinae than in the temporal and inferior retinae, 

respectively (Tables 5.1-5.2 and 6.2). 

6.2.3 Aim 

In this chapter, a modification was applied to the IOLMaster biometer to facilitate the 

measurement of eye length away from the visual axis. This enabled us to understand 

the sizes and shapes of adult emmetropic and myopic eyes by measuring cornea to 

retina length (CRL) as a function of eccentricity, along the horizontal and vertical 

meridians. In addition, the biometric measurements of central axial length (AL), anterior 

chamber depth (ACD) and corneal radius of curvature (CR) were taken from the 

dominant eyes of all participants and correlation analysis was performed to evaluate 

the relationships between the ocular parameters of the eye. To our knowledge, the 

present study is the first to use the PCI technique to investigate peripheral ocular 

dimensions across a wide range of eccentricities along both the horizontal and vertical 

meridians in human adults. 

6.3 Methods 

6.3.1 Study Population  

The experimental cohort of this chapter comprised 79 participants within the age range 

18-31 years (median: 21 years) of which 62 (78%) were female. The ethnic distribution 
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in the group was: 36 (46%) British Asian, 27 (34%) Caucasian, 13 (16%) East Asian 

and 3 (4%) from other ethnicities.  

All the participants were recruited from the University of Bradford student population 

according to the inclusion/exclusion criteria explained in section 2.3.2. Right eyes were 

measured in 63 (80%) of cases and 16 (20%) of participants were found to have a 

dominant left eye. The profile of all the participants is shown in Table 6.3. There was no 

significant difference in mean ages between the refractive groups (emmetropes 21.67 ± 

0.62 years; myopes 22.37 ± 0.52; unpaired t test: p = 0.40). 

Table 6.3 Study group profiles 

Data are expressed as the mean ± standard deviation, with the range. 

Refractive 
group  

Sample size Age (years) MSE (D)
a
 Astig (D)

b 

Emmetropia                              27 
21.67 ± 3.23 

18 to 29
 

+0.10 ± 0.31 

+0.50 to -0.50 

-0.19 ± 0.21 

-0.50 to 0.00 

Myopia 52 
22.37 ± 3.77 

18 to 31 

-5.29 ± 1.86 

-2.00 to -9.62
 

-0.30 ± 0.25 

-0.75 to 0.00 

a
 Mean spherical equivalent based on subjective refraction in dioptres

    

b 
Cylindrical power in dioptres 

6.3.2 Instrumentation 

The central and peripheral cornea to retina length was measured using the Zeiss 

IOLMaster. To obtain measurements of the peripheral ocular dimensions across a wide 

range of eccentricities, modifications were made to the instrument (see section 2.4.2), 

similar to those for the Shin Nippon NVision-K 5001 instrument.  

The validity of the AL values in the primary position was tested with and without the 

beam splitter in place, using the IOLMaster calibration model eye (20.78 ± 0.00 mm 

without beam splitter and 20.78 ± 0.01 with beam splitter in place), and then a human 

eye (25.66 ± 0.01 mm without beam splitter, 25.67 ± 0.01 mm with beam splitter). In 

neither case did the measurements differ significantly between the two measuring 
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conditions (p = 0.19 and p = 0.10 respectively). However, inclusion of the beam splitter 

caused a significant reduction in SNR of the AL measurements in the model eye and 

the human eye (model eye: without beam splitter 29.59 ± 3.54, with beam splitter 19.56 

± 1.20, p < 0.001; human eye: without beam splitter 8.08 ± 1.85, with beam splitter 3.56 

± 1.07, p = 0.013). However, it is worth noting that the SNR value with beam splitter in 

place remained greater than the manufacturer‟s minimum recommended level of 2. 

6.3.3 Axial ocular biometry 

6.3.3.1 Axial length  

Following precise alignment, at least five valid readings were taken on the IOLMaster 

and averaged. All the unreliable readings (i.e. measurements with a SNR of < 2.0) 

were removed and replacement measurements were then taken as required, to ensure 

sufficient reliable readings.  

6.3.3.2 Corneal radius of curvature 

The CR was measured immediately after the subjects had completed a full blink to 

spread an optically smooth tear film over the cornea. The CR value for a given 

participant was the average of three sets of measurements along the flattest and 

steepest meridians. In addition, the AL/CR ratios for both refractive groups were 

calculated.  

6.3.3.3 Anterior chamber depth  

ACD biometry was performed on all dominant eyes. The IOLMaster uses a 

photographic technique for the ACD measurement with the help of a lateral slit beam. 

When this function is activated, an optical section of the cornea and crystalline lens and 

the image of the fixation point appear on the instrument‟s display. For optimal 

alignment, the image of the fixation point had to be placed between the image of the 

cornea and the lens, also within the square on the screen. To calculate the ACD, the 
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corneal radius needed to be known. If keratometry was performed before, the values 

were automatically used for calculating the ACD along the visual axis. The IOLMaster 

automatically used an average of five ACD readings, after a single shot measurement. 

6.3.3.4 White to white corneal diameter 

Measurements of the corneal diameter from nasal limbus to temporal limbus (white to 

white distance, WTW) were taken, using the IOLMaster from a digital gray-scale 

photograph of the anterior segment of the eye after focusing on the iris. The limbus 

was detected automatically. The average of three readings was recorded.  

6.3.4 Peripheral cornea to retina length measurements 

Axial and peripheral cornea to retina length (CRL) of the dominant eye was measured 

at 15 retinal locations along the horizontal (±30°, ±20°, ±10° and 0°) and vertical (±30°, 

±25°, ±20° and ±10°) meridians for all the participants involved in this experimental 

chapter. The beam-splitter attachment and the method used have been described 

comprehensively in section 2.4.2. Briefly, all the axial and peripheral measurements 

were made with the instrument aligned normal to the cornea (i.e., with the corneal 

reflex corresponding to the local centre of curvature of the cornea). At least five 

measurements were taken at each retinal location and averaged for further statistical 

analysis. For a few participants, measurements were not possible at the extreme 

downward gaze positions, due to the position of the lid. In such cases, a light upward 

pressure was applied to the upper eyelid to ensure that it did not obstruct the 

instrument‟s view of the eye. It is worth noting that we attempted to control the state of 

accommodation in our measurements by collimating the target using a positive lens. 

Previous studies have shown that the axial dimension of the eye can undergo transient 

elongation, mediated by the action of accommodation (Mallen et al., 2006, Drexler et 

al., 1998b, Read et al., 2010b) (section 1.5.1.1.6).  
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6.3.5 Data analysis 

All the data were entered into a spreadsheet (Microsoft Excel); the descriptive statistics 

for the variables included mean, standard deviation and standard error. Data were 

analysed using SPSS statistical software (version 17, SPSS Inc., Chicago, Illinois, 

USA). The Pearson correlation coefficient was calculated and linear regression 

analyses were applied to the data for axial refractive and biometric components. The 

scatter plots of the axial biometric components against the mean spherical equivalent 

refractive error are shown in Figures 6.2-6.6.   

All the peripheral data were normalized relative to each subject‟s on-axis 

measurement, to allow direct comparison between refractive groups. Normalisation of 

the relative CRL was calculated by subtracting the axial length obtained at the foveal 

position from that at each eccentric retinal location. A negative number indicates a 

relatively shorter length compared to the axial length and a relative CRL of zero refers 

to a spherical retinal shape. Each data set was fitted using 2nd order polynomials.  

For each meridian, two-way mixed repeated measures analysis of variance (ANOVA), 

with one within-subject factor (eccentricity: seven levels for horizontal and nine levels 

for vertical meridian) and one between-subjects factor (two refractive groups) was also 

used to investigate the difference in retinal shape between refractive groups. To 

demonstrate retinal asymmetry, separate curves were fitted to the temporal, nasal, 

superior and inferior regions. To investigate asymmetry at 10°, 20° and 30° 

eccentricities separately, a Bonferroni correction with adjusted p value was 

subsequently applied to all the possible multiple pair-wise comparisons. The 

asymmetrical results in this study were examined only along the nasal-temporal and 

superior-inferior regions of the retina. Mauchly‟s test was used to test for sphericity and 

the Greenhouse-Geisser correction was applied if significant differences were found. 

The level of significance was set at p values <0.05. 
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6.4 Results 

6.4.1 Axial ocular biometric findings 

Table 6.4 summarises the values of M, J180 and J45 components of refraction, along 

with axial biometric parameters for both refractive groups. The statistical significance of 

differences between refractive groups is also displayed.  

For the refractive state, we found a statistically significant difference between groups 

only for the M component, as would be expected (p < 0.0001). No significant difference 

was found for the components J180 and J45 (p = 0.269 and 0.451 respectively). Among 

the axial biometric parameters, mean AL, ACD and CR differed significantly between 

refractive groups but the WTW did not (Table 6.4).   

Of the ocular parameters, mean spherical equivalent was significantly correlated with 

AL (r = -0.85, p < 0.0001) (Figure 6.2), ACD (r = -0.47, p < 0.0001) (Figure 6.3) and CR 

(r = 0.34, p = 0.002) (Figure 6.4). A negative correlation illustrates an association 

between greater AL and greater ACD, and a more myopic refractive error. A positive 

correlation indicates an association between smaller CR values (greater corneal 

power) and more myopic refractive error. The correlation between horizontal WTW and 

refractive error did not reach statistical significance (r = 0.04, p = 0.692) (Figure 6.5). 

AL/CR showed the highest correlation with the mean spherical equivalent (r = -0.92, p 

< 0.0001). Figure 6.6 shows the plot for these two variables. 
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Table 6.4 Mean and standard deviation of ocular components. Statistical significance (p values) 

of difference in ocular components between emmetropes and myopes are also displayed. 

     Parameter Emmetropes   Myopes p values 

Refractive state
a
 (D)

 

 M 

 J180 

 J45 

 

-0.38 ± 0.44 

0.07 ± 0.20 

0.03 ± 0.15 

 

-5.26 ± 1.87 

0.12 ± 0.20 

0.05 ± 0.13 

 

< 0.0001 

0.269 

0.451 

Biometric measurements (mm) 

 AL 

 ACD 

 CR 

 WTW  

 AL/CR 

  d 

23.55 ± 0.48 

3.48 ± 0.26 

7.85 ± 0.25 

11.99 ± 0.43 

3.00 ± 0.09 

d 

25.35 ± 1.10 

3.81 ± 0.29 

7.65 ± 0.21 

11.89 ± 0.39 

3.33 ± 0.12 

D 

 < 0.0001
 

< 0.0001
 

0.0003 

0.322 

< 0.0001 

a 
Refractive component based on axial autorefraction 

 

 

Figure 6.2 Regression plot between axial length and mean spherical equivalent (n=79). 
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Figure 6.3 Regression plot between anterior chamber depth and mean spherical equivalent 

(n=79). 

 

Figure 6.4 Regression plot between corneal radius and mean spherical equivalent (n=79). 
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Figure 6.5 Regression plot between corneal diameter and mean spherical equivalent (n=79). 

 

Figure 6.6 Regression plot between axial AL/CR ratio and mean spherical equivalent (n=79). 
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6.4.2 Peripheral relative cornea to retina dimensions  

Figure 6.7 shows the peripheral relative CRL in myopes and emmetropes in both the 

horizontal (a) and vertical (b) meridians. Table 6.5 presents the axial and peripheral 

dimension data for the horizontal and vertical meridians for both refractive groups. The 

data are presented for the horizontal and vertical meridians across 60° of the central 

retina, i.e. from 30° temporal to 30° nasal, and 30° superior to 30° inferior retina. In the 

horizontal meridian, negative eccentricities refer to the temporal retina; in the vertical 

meridian, negative eccentricities refer to the superior retina. As expected, myopic eyes 

were longer than emmetropic eyes both axially and at all measured peripheral 

locations. There was a significant main effect of eccentricity for both measured 

meridians and both refractive groups (p < 0.001, Table 6.5). In addition, the interaction 

effect between eccentricity and the refractive group was statistically significant for both 

the horizontal (F (2.44, 188.27) = 112.83, p < 0.001) and vertical (F (3.10, 237.93) = 40.37, p < 

0.001) meridians, indicating that the change in profile across the retina was different 

between the refractive groups.  

Repeated measures ANOVA showed significant differences between refractive groups 

for both horizontal (F (1, 77) = 62.89, p < 0.001) and vertical (F (1, 77) = 58.80, p < 0.001) 

meridians, illustrating that the retinal shape profile is significantly different between 

myopes and emmetropes, with myopic eyes exhibiting a relatively steeper retinal 

profile.  
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Table 6.5 Results for mean absolute axial and peripheral CRL, and mean relative CRL at 15 retinal locations along the a) horizontal and b) vertical meridians for 

each of the two refractive groups: myopes (n=52) and emmetropes (n=27). Repeated-measures ANOVA results are presented for each meridian. Values are 

mean ± standard deviation. 

 

 
               Temporal retina  Central    Nasal retina  

a)    CRL        -30°       -20°    -10° 0° +10°     +20°     +30° Repeated-measures ANOVA 

Emmetropia 

Absolute 23.12±0.47
 

23.34±0.47 23.45±0.48 23.55±0.48 23.48±0.53 23.29±0.52 23.22±0.49 F (3.59, 93.30) = 37.24, p < 0.001 

Relative -0.43±0.20 -0.21±0.10 -0.10±0.09 0.00 -0.07±0.14 -0.26±0.20 -0.34±0.18 

Myopia 

Absolute 24.49±1.00 25.01±1.04 25.31±1.08 25.45±1.10 25.35±1.13 25.06±1.12 24.73±1.11 F (2.24, 114.35) = 124.55, p < 0.001 

Relative -0.96±0.34 -0.45±0.22 -0.14±0.11 0.00 -0.11±0.18 -0.39±0.32 -0.72±0.46  

 

 
                                              Superior retina                     Central         Inferior retina  

b)                          -30°      -25°      -20°      -10°       0°    +10°      +20°      +25°     +30° 
Repeated 
measures ANOVA 

Emmetropia 
Absolute 

Relative 

23.38±0.47 

-0.17±0.18 

23.45±0.48 

-0.10±0.16 

23.46±0.51 

-0.09±0.22 

23.49±0.50 

-0.06±0.21 

23.55±0.48 

0.00 

23.45±0.46 

-0.10±0.11 

23.38±0.47 

-0.17±0.22 

23.32±0.47 

-0.23±0.30 

23.25±0.54 

-0.30±0.35 

F (2.90, 75.58) = 6.43  

p < 0.001 

                    
Myopia 

Absolute 

Relative 

24.72±1.09 24.95±1.13 25.13±1.13 25.32±1.12 25.45±1.10 25.34±1.10 25.16±1.11 24.89±1.01 24.60±0.99 F (2.94, 149.76) = 59.48 

-0.73±0.47 -0.51±0.37 -0.32±0.30 -0.14±0.16 0.00 -0.11±0.16 -0.30±0.38  -0.57±0.39 -0.85±0.49 p < 0.001 
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Figure 6.7 Variation in peripheral ocular dimensions as a function of retinal eccentricity along 

the a) horizontal and b) vertical meridians for myopic and emmetropic groups. The error bars 

represent the standard error of the data. Lines represent second-order polynomials fitted to the 

data. In some cases error bars are contained within the symbols. The X-axis represents a 

spherical eye so these curves do not indicate actual ocular shape.  
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6.4.3 Asymmetry in cornea to retina dimensions 

To investigate asymmetry, the data were fitted with second order polynomials with 

separate curves being fitted to the temporal, nasal, superior and inferior regions. As 

can be seen in Figure 6.8, some asymmetry was noted in the retinal shape profile 

along the horizontal and vertical meridians in both refractive groups. The statistical 

significance corresponding to paired comparisons of the CRL at 10°, 20° and 30° 

eccentricities are also included on each figure. However, the level of asymmetry is 

statistically significant only at 30° along the horizontal meridian of the myopic eyes, with 

the nasal region exhibiting a greater degree of relative myopia (greater expansion) 

compared to the temporal retina. In the vertical meridian, our data suggest a small 

degree of asymmetry, with a trend toward greater relative myopia in the superior retina 

compared to the inferior retina; however, the asymmetrical trend in this region did not 

reach statistical significance in either refractive group at any of the measured 

eccentricities. 
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Figure 6.8 Retinal asymmetry as a function of eccentricity along the a, b) horizontal and c, d) 

vertical meridians of 27 emmetropic and 52 myopic eyes. The error bars represent the standard 

error of the data. Lines represent second-order polynomials fitted to the data. In some 

cases error bars are contained within the symbols. p values are presented in each graph for 

each measured eccentricity and an asterisk indicates a statistically significant difference 

between the temporal and nasal retina in myopes.  
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6.4.4 Retinal curvature and degree of myopia 

A wide variability in ocular shape between myopic individuals has been reported 

previously (Atchison et al., 2004, Tabernero and Schaeffel, 2009b). In this section, the 

effect of the degree of myopia on relative CRL was investigated to determine whether 

the magnitude of myopia had any influence on the retinal curvature. Figure 6.9 show 

the data for all myopic eyes (n=52), at 10°, 20° and 30° eccentricities, considered 

separately, along the horizontal and vertical meridians. Regression analysis 

demonstrated a non-significant relationship between the mean spherical refractive error 

at each eccentricity and relative CRL at most of the eccentricities tested. The 

exceptions were 20° TR (p = 0.01), 30° TR (p = 0.003) and 30° SR (p = 0.01), 

indicating that at these more peripheral locations greater myopic refractive error was 

associated with shorter peripheral length (relatively more prolate shape). Greater 

relative peripheral hyperopia with greater levels of myopia was also noted at 20° and 

30° temporal retina in our peripheral refraction results (see section 5.4.6 and Figure 

5.15).  

In conclusion, the level of myopia was not related to the relative CRL (Figures 6.9a & 

6.9b). However, the 30° data (Figure 6.9c) suggest that at this measured eccentricity, 

higher myopes have more axially elongated eye shape, which is consistent with 

previous findings of eye shape (Atchison et al., 2004). The lack of significant 

relationships for most of the measured retinal locations is likely to relate to the 

variability of the data, which may be associated with the wide range of ethnicities 

included in this experiment. 
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Figure 6.9 Changes in relative CRL at a) 10° b) 20° and c) 30° retinal locations as a function of 

central spherical equivalent (M) for myopes (n=52). Solid and dashed lines are the linear fits to 

the data.  
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6.4.5 Axial elongation versus global expansion models in 

myopia 

To investigate how well our peripheral cornea to retina measurements for myopic eyes 

fitted different models of myopia expansion, all the myopic participants were grouped 

by refractive correction. Table 6.6 sets out the measured CRL at each of the four 30° 

locations, for the seven refractive subgroups. On average, axial and peripheral CRL 

dimensions were found to increase with increasing degrees of mean spherical error. 

On the basis of the data presented in Table 6.6, it is possible to distinguish between 

the axial and global expansion models in myopia. The global expansion model predicts 

that the eye expands similarly in all directions and this relationship applies to both 

emmetropic and myopic eyes. To investigate how our data fit this model, the 95% 

confidence intervals for the relative CRL in the emmetropic group were calculated at all 

30° retinal eccentricities. For each refractive subgroup (1-6), the proportion of myopic 

participants falling within these 95% limits was determined and was considered to 

represent those participants with the global expansion model. The remaining 

participants were assumed to have axial expansion. Figure 6.10 indicates that the 

proportion of myopic eyes showing global expansion declined with increasing degrees 

of myopia; the more myopic eyes were better explained by an axial expansion model, 

with the temporal region of the retina as the strongest indicator of the ocular shape 

changes with increasing myopia. 
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Table 6.6 Axial and 30° peripheral CRL dimensions in various refractive error groups. Data are mean ± standard deviation, with range. 

Refractive 
group 

MSE (D)
 

Axial length (mm) 
30°           

Temporal retina 
30°                 

Nasal retina 
30°                 

Superior retina 
30°                 

Inferior retina 

0 
+0.50 to -0.50 

(n=27
a
)
 

23.55 ± 0.48
 

22.82 to 24.64
 

23.12 ± 0.47
 

22.28 to 24.38 

23.22 ± 0.49
 

22.16 to 24.23 

23.38 ± 0.47
 

22.34 to 24.58 

23.25 ± 0.54
 

22.24 to 24.15 

1 
-2.00 to -3.00 

(n = 6) 

24.04 ± 0.60 

23.34 to 24.75 

23.12 ± 0.64
 

22.11 to 23.90 

23.49 ± 0.92
 

22.10 to 24.54 

23.49 ± 0.88 

22.36 to 24.66 

23.27 ± 0.85 

21.95 to 24.28 

2 
-3.10 to -4.00 

(n=8) 

24.71 ± 0.74 

23.85 to 26.12 

24.00 ± 0.75
 

23.12 to 25.38 

23.98 ± 1.02
 

22.86 to 26.02 

24.04 ± 0.93 

22.91 to 25.97 

24.01 ± 0.52 

23.43 to 24.80 

3 
-4.10 to -5.00 

(n=10) 

25.17 ± 0.91 

23.97 to 26.41 

24.19 ± 0.84
 

23.02 to 25.55 

24.54 ± 0.84
 

23.24 to 25.97 

24.54 ± 0.84 

23.42 to 26.26 

24.34 ± 0.78 

22.80 to25.35 

4 
-5.10 to -6.00 

(n=13) 

25.87 ± 0.70 

25.24 to 27.88 

24.94 ± 0.67
 

24.24 to 26.84 

25.16 ± 0.80
 

23.98 to 27.13 

25.22 ± 0.90 

23.84 to 27.20 

25.01 ± 0.73 

24.05 to 26.87 

5 
-6.10 to -7.00 

(n=8) 

26.01 ± 0.74 

24.57 to 27.07 

25.05 ± 0.50
 

24.30 to 25.83 

25.19 ± 0.78
 

24.06 to 26.09 

25.24 ± 0.84 

24.25 to 26.47 

25.27 ± 0.69 

24.32 to 26.60 

6 
>  -7.10 

(n=7) 

26.52 ± 1.19 

24.82 to 28.38 

25.18 ± 1.21
 

23.10 to 26.88 

25.63 ± 1.24
 

23.66 to 27.71 

25.20 ± 1.19 

23.61 to 27.20 

25.28 ± 1.02 

23.82 to 26.95 

                      a 
The number of cases is presented for each refractive error group. 
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Figure 6.10 Proportion of myopic eyes (%) fitting the a) global and b) axial expansion models 

as a function of the myopic refractive group presented in Table 6.6. Straight lines are linear fits 

to the data. 
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6.5 Discussion 

6.5.1 General findings 

The analysis of axial biometric data shows that the axial length has the highest 

correlation with the mean spherical equivalent refractive error (r = -0.85), consistent 

with many studies (Goss et al., 1990, Grosvenor and Scott, 1994, Logan et al., 2005, 

Fledelius and Goldschmidt, 2010). Coefficients of correlation in these and other studies 

vary between -0.60 and -0.93; for example, the value of -0.76 reported by Stenstrom 

(1948) for 1000 participants with a wide range of refractive error, and the values of r = -

0.74 to r = -0.83 depends on ethnicity, as found by Logan et al. (2005) in a UK student 

population. Likewise, in a recent published study considering a large sample of the 

Singaporean population (≥ 40 years), the correlation between refractive error and axial 

length was high (r = -0.65) (Pan et al., 2011a). The literature therefore confirms the 

findings of our study, that the myopia observed in our participants was principally axial 

in origin (Grosvenor, 1994, McBrien and Adams, 1997) (see also Appendix 3). 

Although axial length was found in our study to be the main contributor to myopia, a 

proportion of our myopic participants could not be described as exclusively axial in 

nature. The axial biometric results presented in this chapter suggest that other 

refractive components are involved in determining myopic refractive errors. The 

influence of the cornea is shown in Figure 6.4, where a weak but statistically significant 

relationship was found between the corneal radius and refractive error, with the corneal 

radius becoming steeper (greater corneal power) with increasing myopia. This is 

consistent with the findings of others (Grosvenor and Scott, 1991, Goss and Jackson, 

1995).  

Moreover, a high correlation (r = -0.92) was found when the AL/CR ratio was plotted 

against the mean spherical refractive error. This confirms that the AL/CR ratio is a 

useful tool to employ in determining the magnitude of refractive error. Grosvenor (1988) 



 

2 0 9  

 

investigated this relationship between axial length and corneal radius and showed that 

emmetropic eyes tended to have an AL/CR ratio of 3:1, but that the value increased 

with increasing myopia. 

In this experiment, ACD was also found to be significantly greater for the myopes than 

for the emmetropes, consistent with the literature (Hosny et al., 2000). It has been 

suggested that the significantly greater ACD in myopes occurs as the consequence of 

corneal steepening (Grosvenor and Scott, 1991), greater lens thinning and greater eye 

elongation (Garner et al., 2006).   

6.5.2 Ocular shape findings 

6.5.2.1 Major findings 

This experiment shows that myopic eyes, in comparison to emmetropic eyes, tend to 

expand in both the horizontal and vertical meridians resulting in a more prolate retinal 

curvature. 

The data presented in this chapter also show that the IOLMaster biometer can be 

modified to enable peripheral cornea to retina length to be measured. This technique 

can be a valuable adjunct to other imaging techniques, such as MRI (Singh et al., 

2006). Additionally, some advantages over ultrasound (Haigis et al., 2000) such as 

increased precision, lack of direct eye contact and hence superior eye alignment, and 

potential capability of the modified instrument to measure retinal contour by off-axis 

measurements, make the PCI technique even more valuable in refractive error and 

ocular development studies.  

It should be noted that the axial length measurements made by PCI remained valid 

following the inclusion of an additional element in the optical pathway, in this case a 1 

mm thick beam splitter (see section 6.3.2). The SNR of measurements with the beam 

splitter remained above the manufacturer‟s minimum recommended value. Based on 
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the observations of CRL in several adult subjects presented in this chapter, we found 

that eye shape exhibits large individual differences. This may be the source of the 

variability between the individuals observed in the peripheral refraction experiment 

presented in Chapter 5. Considerable variability in peripheral refraction in subjects with 

comparable central refraction has been reported previously in both children (Mutti et 

al., 2000) and adults (Atchison et al., 2006b), indicating individual differences in retinal 

curvature in the peripheral retina (Logan et al., 2004). This individual variability in the 

degree of peripheral retinal defocus may help explain why some young people become 

myopic, whereas others remain emmetropic or even develop hyperopia (Mutti et al., 

2007).  

6.5.2.2 Comparison with previous studies 

Our findings confirm the results of previous studies where ocular shape and retinal 

contour were derived from a variety of both direct and indirect measurements. We have 

shown that myopic retinae steepen away from the central vertex along both the 

horizontal and vertical meridians, using both peripheral refraction and peripheral 

cornea to retina length measurements (Ehsaei et al., 2011c). Moreover, emmetropic 

eyes demonstrated relatively less prolate retinal contour compared to myopic eyes. To 

the best of our knowledge, the only study of ocular length, along the horizontal and 

vertical meridians with PCI technique with which our results can be directly compared 

is that of Mallen and Kashyap (2007), who also demonstrate a prolate retinal shape in 

myopes. Consistent with our findings, in another study using optical low coherence 

reflectometry in a large sample of children, myopic eyes were shown to have steeper 

retinae than did emmetropic retinae (Schmid, 2011). Furthermore, the retinal contour 

was reported to have a prolate shape by peripheral refraction alongside, by means of a 

special computing technique in a group of 56 adult human subjects (Logan et al., 

2004).  
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6.5.3 Asymmetry in ocular shape 

Our data show that the peripheral retina displays asymmetry along the horizontal 

meridian, with the nasal retina of myopes exhibiting longer CRL than the temporal 

retina. This nasal-temporal asymmetry has also been reported in peripheral refraction 

studies (Chen et al., 2010). This finding is also in agreement with that of Logan et al. 

(2004), who suggested greater expansion in the nasal retina in Caucasian eyes. In 

addition, the temporal portion of the retina exhibited the steepest changes (more 

relative hyperopia). In the vertical meridian, our data illustrate a small degree of 

asymmetry with less expansion (greater relative hyperopia) in the inferior retina 

compared to superior region of the retina; this fact has been documented previously 

(Seidemann et al., 2002, Schmid, 2003b, Schmid, 2011).  

The asymmetry was only statistically significant at 30° along the horizontal meridian, 

suggesting that the factors acting on ocular expansion may not be the same across the 

retina. This retinal variation in ocular growth in myopia has also been evidenced in 

some animal models (Huang et al., 2009). For example, when only half of a chick eye 

was deprived of high-quality form vision with a hemifield occluder, only this half of the 

eye was found to elongate (Zhu et al., 2005). Such localized changes have also been 

observed with hemifield spectacle lenses (Diether and Schaeffel, 1997). 

6.5.4 Study limitations 

When calculating the geometric eye length from the optical path length, the IOLMaster 

uses a single average refractive index for the whole eye (Atchison and Smith, 2004). 

When using the IOLMaster to calculate the retinal contour, the measurement path of 

the instrument passes through an increasingly effective thickness of crystalline lens as 

obliquity increases. Because the crystalline lens has a greater refractive index than the 

aqueous and vitreous humours, the optical path length of the eye will be over-

estimated in the peripheral field, leading to an over-estimation of eye length at these 
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off-axis points (Atchison and Charman, 2011). With this in mind, it would therefore be 

reasonable to expect the relative peripheral hyperopia observed in a myopic eye to be 

smaller when assessed with the IOLMaster than with other methods, such as MRI 

imaging techniques. Calculation of this distortion needs the optical details of each 

individual eye. However, a recent published investigation by Atchison and Charman 

(2011) theoretically demonstrated that, in spite of the abovementioned limitation with 

the PCI technique, a reasonable estimation of the retinal contour up to around ±30° 

eccentricities should be achievable if the beam is aligned with the centre of curvature of 

the cornea.  

Another potential limitation of this study is the heterogeneity of ethnicity across the 

sample population, which may influence the levels of asymmetry reported in this study. 

Inclusion of eyes from East Asian participants, which may show a trend for symmetrical 

expansion with myopic progression (Logan et al., 2004), may dilute the pattern of 

relationships observed in this study. Unfortunately, such limitations could not be 

resolved within the time-scale of the current research.  

6.5.5 Conclusion 

Our results provide an estimation of the retinal profile along the horizontal and vertical 

meridians of myopic and emmetropic eyes. Biometric investigations of the myopic eye 

have provided important information for understanding the development of myopia. In 

addition, the advantages of the PCI compared with other techniques make it a 

promising tool for studies of posterior segment dimensions and the role of eye shape in 

refractive error development. The usefulness of the instrument can be improved by 

adding some simple attachments, which allow off-axis lengths to be measured and the 

peripheral ocular dimensions to be assessed. Peripheral eye length measurements 

may be useful in identifying young people who are at risk of myopia development and 

progression. Our results may have application for studies considering myopia 
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„treatment‟ by the correction of peripheral refractive error, such as the application of 

custom made contact lenses to minimise relative peripheral hyperopia (Anstice and 

Phillips, 2011). More work is required to model the actual eccentricity being measured 

by PCI techniques, due to the possibility of beam deflection by cornea and crystalline 

lens. Chapters 5 and 6 concentrated on the structural properties of emmetropic and 

myopic eyes; the next chapter is devoted to the functional aspects of these two 

refractive groups.  
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Chapter 7  

Central and peripheral visual performance 

7.1 Chapter rationale 

The results presented in the two previous chapters (Chapters 5 & 6) suggest that 

myopic eyes differ structurally from emmetropic eyes. This chapter attempts to 

investigate both the axial and peripheral visual performance of myopic subjects who 

have normal foveal visual acuity, using a modified version of the contrast acuity 

assessment test to measure resolution acuity at a range of locations. The data were 

analysed in terms of the rate of acuity fall-off with eccentricity. 

7.2 Introduction 

7.2.1 Myopes versus emmetropes 

The axial elongation of the vitreous chamber is well-established as the principal 

structural correlate of myopia (Grosvenor and Scott, 1993, McBrien and Adams, 1997, 

Gilmartin, 2004). Structural changes secondary to myopia lead to reduced retinal cell 

density and enlarged photoreceptor inner segments (Kawabata and Adachi-Usami, 

1997) and the thinning (Wolsley et al., 2008, Cheng et al., 2010) and stretching (Chui 

et al., 2005) of the retina beyond normal dimensions. However, previous attempts to 
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quantify the impact of these anatomical changes on central and peripheral visual 

performance compared to emmetropic eyes have produced conflicting results. A 

number of studies have reported that lower neural sampling density associated with 

stretching forces on the retina may reduce central and/or peripheral visual performance 

in corrected axially myopic eyes, whereas others have not found such a difference, as 

the next two sections discuss. 

7.2.1.1 Foveal visual performance  

Abnormal retinal function in patients with moderate and high levels of myopia has been 

demonstrated in several previously published studies which applied psychophysical 

and electrophysiological tests (Kawabata and Adachi-Usami, 1997, Aung et al., 2001). 

For example, Fiorentini and Maffei (1976) reported considerably reduced contrast 

sensitivity across a broad range of spatial frequencies in spectacle-corrected high 

myopes (-5.50 to -14.00 D), implying that the optical factors of the spectacles probably 

play a role. Liou and Chiu (2001) conducted another study in which the contrast 

sensitivity function (CSF) for four groups of myopic participants (Table 7.1) corrected 

with either spectacles or contact lenses was compared with that of emmetropic eyes. 

They found normal CSF at low and medium levels of myopia with both spectacle and 

contact lens corrections. In the participants with high myopia, a statistically significant 

loss of CSF at higher spatial frequencies was reported, but only in spectacle corrected 

myopes. In severely myopic eyes (> -12.00 D), CSF was significantly reduced at all 

spatial frequencies in the participants when myopia was corrected with spectacles, but 

when it was corrected with contact lenses, it was found only at moderate and high 

spatial frequencies. Considering the differences between the spectacle and contact 

lens corrected myopes, they concluded that, in the highly myopic participants, the main 

reason for poorer contrast sensitivity was optical errors such as the minification and 

aberration induced by corrective spectacles, because a similar reduction of CSF was 

not observed in the contact lens corrected myopes (see section 4.2.2). In the 
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participants with severe myopia, however, optical factors and retinal function 

abnormality were both implicated in the reduction of CSF because the diminished 

contrast sensitivity was not fully compensated for by contact lens correction. In another 

study, Jaworski et al. (2006) reported normal contrast sensitivity at low spatial 

frequencies in spectacle-corrected high myopes (-8.5 to -11.5 D) compared to age-

matched emmetropes. However, reduced visual performance was recorded at high 

spatial frequencies. They hypothesised that their results were due to photoreceptors of 

normal sensitivity but that were stretched over a larger retinal area. One year later, 

Stoimenova (2007) examined the relationship between the degree of myopia (-1.00 to -

8.00 D) and foveal contrast thresholds at both photopic and mesopic luminance levels 

in 60 myopic and 20 emmetropic eyes. Stoimenova demonstrated that contrast 

sensitivity was affected by the severity of the myopia, decreasing gradually as the 

degree of myopia increased. 

Contrary to the aforementioned studies, Thorn et al. (1986) found that spectacle-

corrected axial high myopes with normal visual acuity have normal spatial and temporal 

sensitivity, compared to a group of emmetropes. These results were confirmed and 

extended by another study, which demonstrated no significant differences in CSF with 

increasing myopia at photopic, mesopic and scotopic luminance levels (Comerford et 

al., 1987). Both these studies hypothesised that high myopes, up to -10.0 D, perform 

as well as emmetropes until the pathological changes occur. They proposed, however, 

that these results applied only to the central and not the peripheral retina. Table 7.1 

summarises the results of the key studies on axial visual performance in myopia. 
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Table 7.1 Summary of key central psychophysical visual performance studies in myopia. E: Emmetropia, M: Myopia, CL: Contact lens, SL: Spectacle lens, VA: 

Visual acuity, VF: Visual function, spf: Spatial frequency. 

Study 
Sample 
size 

Age 
(years) 

Refractive error (D) 
Method of  
correction 

Method Target Results 

Fiorentini and 
Maffei (1976) 

10 M 

4 E 

20.6 ± 4.4 

Not stated 

-7.8 ± 2.9 

Not stated 
SL CSF 

Sine wave 
grating 

Reduced CSF over a range of spf in 
myopia 

Thorn et al. 
(1986) 

13 M 

12 E 

31.2 ± 9.4 

27.8 ± 7.1 

-6.0 to -10.0 

-1.0 to +1.0 
SL CSF 

Sine wave 
grating 

Normal spatial and temporal CSF in 
myopia 

Comerford et 
al. (1987) 

12 M 

11 E 

22 to 46 

22 to 44 

-6.0 to -9.0 

+0.75 to -0.75 
Not stated CSF 

Sine wave 
grating 

Normal spatial and temporal CSF in 
myopia at different luminance levels 

Bradley et al. 
(1991) 

70 M 
young 
adults 

-11.0 to +1.0 Habitual SL or  CL CSF Chart letters Normal VF in myopia 

Strang et al. 
(1998) 

34 not stated -0.25 to -14.0 CL  VA Chart letters 
Reduced VA with increasing degrees of 
myopia 

Liou and Chiu 
(2001) 

53 M 

28 E 

 

young 
adults 

Group 1: -1.0 to -3.0 

Group 2: -3.25 to -6.0 

Group 3: -6.25 to -12.0 

Group 4: > -12.0 

Both CL and SL CSF 
Sine wave 
grating 

Normal VF in myopia (groups 1 and 2) 

Reduced VF for high spf (group 3) 

Reduced VF for all measured spf (group 4) 

Jaworski et 

al. (2006) 

10 M 

10 E 

43.2 ± 12.1 

37.7 ± 13.9 

-10.12 ± 1.12 

-0.18 ± 0.57 
SL CSF 

Sine wave 
grating 

Normal CSF at low spf in myopia 

Reduced CSF at high spf in myopia 

Stoimenova 
(2007) 

60 M 

20 E 
18 to 33 -1.0 to -8.0 

SL (low, moderate M) 

CL (high M)  
CSF Cyrillic letters 

Reduced VF with increasing degrees of 
myopia 
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7.2.1.2 Peripheral visual performance  

Peripheral visual performance in myopia has been investigated in numerous 

experimental studies using a variety of techniques. Although there is a growing body of 

evidence suggesting that peripheral visual resolution and high spatial frequency 

contrast sensitivity are reduced in myopia (Chui et al., 2005), it should be noted that the 

results of different studies are not directly comparable, due to the differing experimental 

conditions and retinal locations examined. In addition, for a meaningful comparison of 

spatial visual performance between studies, the spectacle minification of negative 

corrective lenses should be accounted for. Some of the key peripheral visual 

performance studies in myopia are considered in detail below and in Table 7.2.  

For example, in 2005, Chui and colleagues measured central and peripheral resolution 

acuity for a computer-generated high contrast sine wave grating in a large population 

(n=60) with a wide range of refractive errors (-0.50 to -14.00 D). They found significant 

reductions in the peripheral visual function of myopic individuals. However, there was a 

non-significant trend toward reduced visual acuity for central vision as the degree of 

myopia increased. In addition, they hypothesised that retinal stretching was relatively 

uniform across the central 30° region in the global expansion model of myopia 

progression (Chui et al., 2005). They also demonstrated that detection acuity was 

better than resolution acuity at all tested retinal locations, indicating a sampling limited 

nature of their resolution task. In another study by Vera-Diaz et al. (2005), the 

magnitude and direction of the spatial misperceptions were experimentally 

investigated, at the fovea and 15° in the temporal and superior retina. To avoid the 

complications which result from spectacle minification, they corrected their participants 

with soft contact lenses. They found that orientation discrimination in the myopic eye 

was mildly changed at the fovea but was significantly reduced at measured peripheral 

locations.  
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For a spatial summation task, Atchison et al. (2006c) found a visual deficit in myopes 

compared to emmetropes out to ±30° in the horizontal visual field of a sample of 114 

eyes. In the interferometric acuity study conducted by Coletta and Watson (2006), non-

significant reductions in peripheral resolution acuity were reported with increasing axial 

length. It should be noted that they adjusted their findings for the minifying effect of 

spectacles. However, resolution acuity was measured out to only 10° in the temporal 

retina of myopic eyes. In addition to the small range of peripheral locations examined, it 

may be that they could not find an effect because they had by-passed optical factors by 

generating gratings with laser interference. In another study, Wolsley et al. (2008) 

measured resolution acuity thresholds with Gabor patches at two peripheral locations 

(14° eccentricity in the superior temporal and inferior nasal visual field along the 45° 

meridian), following the application of Knapp‟s law (see section 2.6.6 for a full account 

of Knapp‟s law). They found that peripheral resolution acuity decreased linearly with 

increasing myopic refractive error. 

Further evidence regarding changes in visual performance in myopic eyes has been 

demonstrated objectively with electrophysiological techniques. The multifocal 

electroretinogram (mfERG) extracts information simultaneously from a wide range of 

peripheral retinal locations (Bearse and Sutter, 1996). For example, Kawabata and 

Adachi-Usami (1997) found reduced and delayed mfERG responses in myopic eyes, 

with the greatest reduction towards the retinal periphery. In another study, mfERG 

response attenuation was found across the central 25° of the retina, with a 6%-10% 

reduction per millimetre increase in axial length (Chan and Mohidin, 2003). They 

attributed this reduction partly to the morphological changes associated with axial 

elongation in myopia. Table 7.2 summarizes the results of the key studies on peripheral 

visual performance in myopia.  

In another series of experiments, visual field testing was employed to compare contrast 

detection thresholds between refractive groups. This type of assessment, termed 
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perimetry, involved determining light sensitivity at various retinal locations. The 

participants‟ task was to indicate the presence or absence of each spot at all of the 

tested retinal locations. As little as 2 D myopia, as compared to emmetropia, was 

reported to be able to produce a significant reduction in light sensitivity (Martin-Boglind, 

1991). Another study also reported reduced threshold sensitivity in a large sample of 

moderately and highly myopic eyes, obtained with automated static perimetry (Aung et 

al., 2001).  

In the literature, reduction in the visual performance of myopic eyes have been 

attributed primarily to both reduced neural sampling density associated with retinal 

stretching (Atchison et al., 2006c, Coletta and Watson, 2006, Rossi et al., 2007) and 

reduced optical quality in myopic individuals (Paquin et al., 2002, Salmon et al., 2003). 

Chui et al. (2005) hypothesised that the increased spacing of photoreceptors and inner 

retinal neurons associated with retinal stretching limited peripheral acuity in myopic 

human eyes, and in some individuals led to reduce foveal acuity compared to 

emmetropic eyes. Stoimenova (2007) proposed several mechanisms to explain this 

effect: reduced optical quality of the retinal image due to optical defocus; higher 

aberrations of myopic eyes and morphological and/or functional changes to the retinae 

of myopic eyes. Likewise, most visual field studies agree that reduced retinal 

luminance and reduced photoreceptor density due to axial elongation cause reduced 

threshold sensitivity in myopic eyes (Rudnicka and Edgar, 1995). Some studies have 

certainly shown that myopes exhibit increased higher order aberrations compared to 

emmetropes (Collins et al., 1995, Marcos et al., 2002, Buehren et al., 2005), but other 

investigators have found no difference between these groups in terms of optical quality  

(Porter et al., 2001, Cheng et al., 2003, Zadok et al., 2005). For a comprehensive 

literature review on aberration and myopia, see Charman (2005). 
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Table 7.2 Summary of key peripheral visual performance studies of relevance to the study presented in this thesis. E: Emmetropia, M: Myopia. CL: Contact 

lens, SL: Spectacle lens, ST: Superior temporal, IN: Inferior nasal, VF: Visual function. 

Study 
Sample 
size 

Refractive 
error (D) 

Method of 
correction 

Method 
Retinal location 
examined 

Target Results 

Vera-Diaz et al. 
(2005) 

9 E 

11 M 

+0.50 to -0.7 

-5.00 to -9.75 
CL 

 
Spatial 
misperception 

Central 

15° TR  

15° SR 

High contrast 
Gaussian patches 

Normal central VF in myopia 

Reduced peripheral VF in myopia 

Chui et al. 
(2005) 

60 M -0.50 to -14.25 SL 
Resolution 
acuity  

Central 

5°, 10°, 15° TR 

5°, 10° NR 

Sine wave grating 

Normal central VF in myopia 

Reduced peripheral resolution 
acuity with increasing degrees of 
myopia 

Coletta and 
Watson (2006) 

18 +2.25 to -14.75 SL 
Resolution 
acuity  

Central 

4°, 10° TR 

laser interference 
fringes 

Non-significant reduction in VF  
with increasing degree of myopia 

Atchison et al. 
(2006c) 

114 +0.75 to -12.35 SL or CL 
Spatial 
summation 

Central 

10°, 20°, 30° TR 

10°, 20°, 30° NR 

Achromatic 
circular stimuli  

Reduced VF with increasing 
degree of myopia  

Wolsley et al. 
(2008) 

14 E 

42 M 

+0.50 to -0.50 

-0.75 to -15.00 
SL 

Resolution 
acuity  

Central 

14° ST 

14° IN 

Sine wave grating 
Reduced  VF with increasing 
degree of myopia 
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7.2.2 Asymmetry in visual performance  

Several studies have evaluated the degree of asymmetry along the horizontal meridian, 

with fewer studies considering the vertical meridian, with various measures of 

peripheral visual function employed (resolution, contrast thresholds, detection, 

temporal resolution, etc.). For example, Anderson (1987) demonstrated nasal-temporal 

asymmetry with detection threshold values for the temporal retina (30°, 35° and 45°) 

corresponding to more peripheral eccentricities on the nasal retina (30°, 45° and 60°  

respectively), indicating the greater sensitivity of the nasal retina. In addition, according 

to Rovamo and Virsu (1979), contrast sensitivity at 30° in the temporal retina 

corresponded approximately to that at 50° on the nasal retina. In another more recent 

published study, Lewis et al. (2011) measured static and dynamic visual acuity out to 

±30° (in 10° steps) along the horizontal meridian, in a group of emmetropes. They 

demonstrated a clear nasal-temporal asymmetry for both static and dynamic visual 

acuity beyond 10° eccentricity. 

Considering asymmetry along the vertical meridian, a range of experiments has 

demonstrated superior-inferior asymmetry, all suggesting better performance in the 

superior retina than the inferior retina (Silva et al., 2008). For example, Latham et al. 

(1994) reported the poorest visual function in the inferior region of the retina, when 

measuring static differential light thresholds as a function of stimulus size. In another 

study, reading performance was reported to be significantly better in the superior retina 

than in the inferior retina in patients with central scotoma (Frennesson and Nilsson, 

2007).  

Asymmetries along both the horizontal and vertical meridians for psychophysical tasks 

can be explained by histological studies reporting regional differences in the distribution 

of ganglion cells and photoreceptors in human retinae; neural cells are reportedly far 

more numerous in the nasal and superior regions of the retina than in the temporal and 
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inferior regions (Curcio and Allen, 1990, Curcio et al., 1990, Jonas et al., 1992) (see 

sections 1.6.1.4.2 &.1.6.1.5.2).  

7.2.3 Aim 

It is well documented that the normal adult eye exhibits visual performance which 

degrades rapidly with eccentricity, with the locus of highest functionality at the fovea. 

Despite the convincing anatomical evidence of increased photoreceptor and ganglion 

cell separations in enlarging eyes, previous attempts to measure visual performance at 

central and peripheral retinal locations in myopic individuals produced equivocal 

results.  

The aim of this experiment was to test the hypothesis that myopes have reduced 

resolution acuity compared to emmetropes. Assessment of visual performance 

involved measuring central and peripheral resolution acuity (target size thresholds) at 

both high (100%) and low (14%) contrast, across a range of eccentricities, using a 

customised, computer-based psychophysical test. In addition, we studied asymmetrical 

differences in resolution acuity along the vertical (superior versus inferior) and 

horizontal (nasal versus temporal) meridians of the retina. On the assumption that our 

myopes differed from emmetropes in terms of retinal stretching, the correlation 

between our structural measurements (Chapters 5 & 6) and visual function presented 

in this chapter will be considered in Chapter 8. 

7.3 Methods 

7.3.1 Study population 

The experiment cohort of this chapter comprised 86 participants within an age range of 

18-32 years (median: 21 years), of which 69 (80%) were female. Thirty-nine (45.3%) 

and 31 (36%) subjects were of British Asian and Caucasian background, respectively. 
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The rest of the participants were of East Asian background (n=12, 14%) or other 

ethnicities (n=4, 4.7%). 

All participants were recruited from the University of Bradford student population 

according to the inclusion/exclusion criteria described in section 2.3.2. The dominant 

eye was measured; right eyes were measured in 68 (79%) of cases and 18 (21%) of 

participants proved to have a dominant left eye. Each participant was refracted at 6 m 

to determine their subjective refraction, as set out in section 2.3.4. Participants were 

classified into two groups on the basis of their refractive error (Table 7.3): 

Table 7.3 Study group profiles 

Data are expressed as the mean ± standard deviation, with the range. 

Refractive group  
Sample 
size 

Age (years) MSE (D)
a
 Astig (D)

b 

Emmetropia                              28 
21.86 ± 3.33 

18 to 29
 

+0.09 ± 0.31 

+0.50 to -0.50 

-0.20 ± 0.21 

-0.50 to 0.00 

Myopia 58 
22.62 ± 3.87 

18 to 32 

-5.42 ± 1.84 

-2.00 to -9.62
 

 -0.30 ± 0.25 

-0.75 to 0.00 

a 
Mean spherical equivalent based on subjective refraction in dioptres

   
 

b 
Cylindrical power in dioptres 

These two refractive groups were matched for age. There was no significant difference 

in age distribution between the two refractive groups (t test: p = 0.37, Table 7.3). 

7.3.2 Apparatus 

All experiments were run on the P-SCAN 100 system (Barbur et al., 1987), which 

allowed visual stimuli to be presented at a specified retinal location, contrast level and 

target size, on a 21″ high-resolution Sony Trinitron monitor (model 500PS). A modified 

version of the contrast acuity assessment test (CAA) was used (Chisholm et al., 2003), 

with target size as the variable. Complete details of the apparatus, experimental design 

and psychophysical technique employed are included in section 2.6. 
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7.3.3 Experimental setup 

Central and peripheral resolution acuities were measured at 13 retinal locations: ±30°, 

±20°, ±10° and 0° along the horizontal meridian, and ±25°, ±20° and ±10° along the 

vertical meridian. While fixating centrally, participants were asked to press one of four 

response buttons to indicate the position of the gap in an obliquely-orientated Landolt C 

ring style target (i.e. upper left, upper right, lower left and lower right; a four-alternative, 

forced-choice procedure, 4AFC). Identification of the target orientation required 

discrimination of the gap, which was 1/5th of the total ring diameter. The size of the 

Landolt C target (and hence the gap) was varied by an adaptive staircase method, 1up-

2down (Cornsweet, 1962, Levitt, 1971), according to the responses of the observer. 

The size threshold was calculated as the average of the last 12 out of 16 reversals. 

The location of the target was randomised with all eccentricities interleaved. 

Measurements were made at two different contrast levels, high (100%) and low (14%) 

(see section 2.6.3). All the measurements were made on the participant‟s dominant eye 

corrected for the test distance with a natural pupil, while the non-dominant eye was 

patched. Special precautions were taken to ensure that fixation was maintained 

throughout the experimental session and the observer‟s eye was monitored to 

determine whether any wavering of the fixation occurred. The total time taken to 

complete the psychophysical experiments was approximately two hours for each 

participant, including regular breaks. 

7.3.4 Spectacle lens fitting protocol 

The dominant eye of each participant was corrected with a convex-concave (best 

lenses form, meniscus) spectacle lens to maximise peripheral optical quality. In 

addition, we tried to take advantage of Knapp‟s law and placed the correcting lens as 

close as possible to the anterior focal point of the eye, in order to maintain equal 

relative spectacle magnification between individuals with different refractive errors 
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(Chui et al., 2005, Bass, 2010). Therefore, each participant required a customised 

refractive correction, adjusted for the experiment‟s working distance of 28 cm, to 

remove any accommodative requirement, which was placed in a half-eye drop cell trial 

frame according to Knapp‟s Law (see section 2.6.6). 

7.3.5 Data analysis 

Statistical analysis was performed using the SPSS program version 17 (SPSS Inc. 

Chicago, Illinois, USA). Descriptive statistics were used to report the target size 

threshold (overall Landolt C size in minutes of arc) for the high and low contrast runs, 

along the horizontal and vertical meridians for each refractive group. 

The varying power of the correcting lens between subjects resulted in a small variation 

in the actual angular eccentricities examined. These eccentricity values were 

calculated (see section 7.3.5.1) and the rate of decrease in the visual performance with 

eccentricity (acuity decline) was calculated by fitting a regression line to the threshold 

data and calculating the slope on either side of the fovea for each individual subject. 

The intercept was set to the foveal threshold in each condition to allow asymmetry 

along each tested meridian to be examined. The 20° nasal data point had to be 

excluded from the individual retinal slope calculations in a total number of 15 myopic 

participants for both contrast levels, due to the partial overlap with the blind spot or 

peripapillary atrophy (Figure 7.6). 

Statistical analyses were performed, considering the actual angular eccentricity and 

slope for each individual subject. For convenience, graphical illustrations show the 

average slopes for the groups (Tables 7.5 &7.7, Figures 7.7-7.8).  

Two-way mixed repeated-measures analysis of variance (ANOVA) was performed to 

directly compare the acuity decline for the four semi-meridians (within subjects factor: 

nasal, temporal, superior and inferior peripheral retinae) across two refractive groups 

(between subjects factor), for the high and low contrast data. The same statistical 
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analysis was used to investigate the asymmetrical differences in visual performance 

slope along both the horizontal and the vertical meridians (nasal versus temporal and 

superior versus inferior). Mauchly‟s test was used to test for sphericity, and the 

Greenhouse-Geisser correction was applied if significant differences were found. 

Foveal visual performance was also compared separately between groups by applying 

a univariate analysis of variance to the data. The level of significance was set at p 

values < 0.05.  

7.3.5.1 Calculation of prismatic effect  

It should be noted that peripheral measurements were affected to a small degree by 

the prismatic effect of the correcting lens, causing a deviation from the desired retinal 

location which varied with the power of the lens. The prismatic effect of a lens is the 

amount of deviation impressed on a light ray passing through the lens at a given 

angular eccentricity from the optic axis (Remole, 2000).  

Since each participant required a different lens power (adjusted for the experiment‟s 

working distance of 28 cm, and placed in a half-eye drop cell trial frame, according to 

Knapp‟s Law), the actual stimulus angular eccentricity as a function of refractive error 

was calculated, to determine the exact retinal position of each image for each 

participant (Figure 7.1). Example of step by step methods for these calculations is 

presented in Table 7.4 and Figure 7.2.             
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Figure 7.1 Actual stimulus angular eccentricities as a function of lens power for the back vertex 

distance of 15 mm.  

 

 

 

 
 

Figure 7.2 Diagram illustrating a target at 30° eccentricity as measured from the corneal plane 

at a working distance of 28cm (assuming a vertex distance of 15 mm). 
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Table 7.4 Step by step calculation of the prismatic deviation of corrective lens 

  

           𝑡𝑎𝑛   𝑑 =  
𝑥

265
  

           →  𝐹𝐶 =  
−100𝑥

265
  

              

           𝑡𝑎𝑛   𝛼  =  
161.66 − 𝑥

287.2
=  

161.66 + 2.65 (𝐹𝐶)

287.2
    ∗ 

           𝑎𝑙𝑠𝑜    𝑡𝑎𝑛   𝛼 =  
𝐶

2.22
  

 𝜶 = 𝑡𝑎𝑛−1  
0.5629

1 − 0.02048  𝐹 
  

Figure 7.2 shows light from a target at 30°eccentricity as measured from the corneal 

plane 28 cm away. Ray of light from the target is diverged by a negative lens of power 

(F) and passes through the nodal point of the eye. We need to find the angular 

eccentricity (α) for any lens with power (F), at the vertex distance of 15 mm.   

 The horizontal distance of the target from the screen centre is 161.66 mm (tan 

30° x 280 mm = 161.66 mm). 

 Angular deviation (d) is given based on Prentice‟s rule as follows: P (prismatic 

effect) = F (power of the lens) × C (distance in cm of the given point from the 

optical centre). 

 
 
 
 
 
 
 
 
 
 
 

 
α  (actual angular eccentricity) is calculated as follow: 

        
         𝐹𝐶 =  −100 𝑡𝑎𝑛   𝑑  
 

 

           𝑎𝑛𝑑       𝑥 =  −2.65 (𝐹𝐶)    
          

 

 

         → 𝐶 = 2.22 𝑡𝑎𝑛  𝛼   ∗∗    
 
            𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒 ∗∗ 𝑖𝑛  ∗  → 𝑡𝑎𝑛   𝛼 = 0.5629 + 0.02048  𝐹 𝑡𝑎𝑛  (𝛼)   
 
 

 

Few mathematical points: 

A prism dioptre can be defined mathematically as: 

Prism = 100 * tan Angle 

where Angle is the angle of deviation in degrees.  

Solving for the angle of deviation gives us: 

Angle = arctan (Prism / 100) 

So, for instance, 1 prism dioptre is equal to: 

Angle = arctan (1 / 100) = 0.57 degrees 

And 1 degree is equal to: 

Prism = 100 * tan 1 = 1.75 prism dioptres  
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7.4 Results 

7.4.1 Central visual performance 

Figures 7.3-7.4 illustrate the differences in foveal visual performance between 

refractive groups at both high and low contrast. Although there is a trend towards 

higher thresholds with increasing myopic refractive error, for high contrast acuity in 

particular, the effect of the refractive group was not statistically significant at either high 

(F (1, 84)
 = 1.228, p = 0.271) or low (F (1, 84)

 = 0.560, p = 0.456) contrast. Regression 

analysis also demonstrated a non-significant trend towards higher thresholds with 

increasing myopia. 

 

Figure 7.3 Central mean target size thresholds of low and high contrast targets for emmetropes 

and myopes. Error bars represent one standard deviation. 
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Figure 7.4 Central target size thresholds for low and high contrast targets as a function of mean 

spherical equivalent. Dotted lines demonstrate a linear regression applied to the results. 

7.4.2 Peripheral visual performance 

Figure 7.7 illustrates the mean target size thresholds for peripheral resolution acuity at 

low (14%) and high contrast (100%) for each refractive group. The mean actual angular 

eccentricities of each Landolt C ring stimulus (due to the prismatic effect) for each 

refractive group are presented in Table 7.5. This variability between refractive groups in 

stimulus locations was statistically significant for all eccentricities (p < 0.001), hence 

the comparison of slopes rather than actual values. 

Table 7.5 Average actual angular eccentricities (corrected for prismatic effect) for emmetropic 

and myopic eyes. Optically-centred lenses do not induce any prismatic effect on central vision. 

Refractive 

group 
MSE

a
 ± SD

 
10° 20° 25° 30° 

Emmetropia +3.09 ± 0.31 10.43° ± 0.07 20.80° ± 0.14 25.95° ± 0.16 31.08° ± 0.18 

Myopia
 

-2.42 ± 1.84 9.30° ± 0.34 18.66° ± 0.65 23.40° ± 0.78 28.18° ± 0.89 

a 
Mean spherical equivalent of the lenses worn during the experiment, incorporating the correction for 

working distance of 28 cm. 

As expected, a monotonic pattern of reduction in visual performance with increasing 

eccentricity can be seen in all figures. It is worth noting that a number of outliers were 
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identified at the 20° nasal eccentricity among the more highly myopic participants for 

both high and low contrast thresholds, due to the large variability of data associated 

with the optic disc region. These outliers caused a spike in target size thresholds at 20° 

nasal retina for both contrast levels, suggesting that the Landolt C target partially 

overlapped the optic disc for these individuals (Figure 7.5). High myopia is often 

associated with a large and sometimes tilted optic disc, together with peripapillary 

atrophy (Jonas et al., 1988). The involvement of the disc was confirmed in this subset 

of participants by examination of the fundus photographs and according to Figure 7.6. 

Figures 7.6a-b illustrate the variation in mean target size threshold as a function of 20° 

nasal retinal eccentricity. As can be seen in these figures, threshold data were more 

spread for eccentricities less than ~18.25°. It is worth noting that the red dotted data 

illustrated in both the high and low contrast graphs correspond to the same individuals. 

These outliers were excluded from the graphs, slope calculations and the subsequent 

data analyses for both contrast levels (Tables 7.6-7.7 & Figures 7.7-7.8). 

 

Figure 7.5 Fundus photographs of an individual with high myopia. White arrows indicate a large 

and tilted optic disc surrounded by peripapillary atrophy. Such an individual was excluded, due 

to the possibility of overlapping the Landolt C ring to mentioned areas. See Appendix 7 for 

approximate calculation of the optic disc diameter. 

Fovea
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Figure 7.6 Effect of blind spot on target size threshold for 20° nasal stimulus at a) low and b) 

high contrast levels. Dashed lines indicate a position where data are more spread due to 

overlap with the blind spot in a high proportion of participants. All red dotted data were excluded 

from the slope calculations. 
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7.4.2.1 Visual performance as a function of retinal eccentricity 

Table 7.6 summarises the mean axial and peripheral resolution acuity values of all 

subjects (target size threshold in minutes of arc), at each of the 13 eccentricities 

studied along the horizontal and vertical meridians for each refractive group. For the 

horizontal meridian, negative eccentricities refer to the temporal retina and for the 

vertical meridian they refer to the superior retina. As expected, acuity was poorer at low 

contrast compared to high contrast for both refractive groups at all retinal locations. 

The reduction in visual performance with increasing eccentricity, associated with the 

poorer resolution of the peripheral retina and peripheral optical limitations can also be 

seen in all plots (Figure 7.7). As expected, repeated measures ANOVA showed a 

significant main effect of eccentricity along the horizontal and vertical meridians for 

both contrast levels, in both refractive groups (p < 0.001) (Table 7.6). 
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Table 7.6 Results for axial and peripheral visual performance (low and high contrasts) at 13 retinal locations along the a) horizontal and b) vertical meridians for 

each of the two refractive groups: myopes (n=58) and emmetropes (n=28). Repeated-measures ANOVA results for the effect of eccentricity on target size 

thresholds are presented for each meridian. Values are mean ± SD. 

 
               Temporal retina    Central Nasal retina  

a)  -30°
a 

-20° -10° 0° +10° +20° +30° Repeated-measures ANOVA 

Emmetropia 

14% 169.62±26.63
 

117.40.±18.63 81.63±13.51 45.10±11.86 86.96±17.43 113.32±23.93 132.19±17.42 F (3.71, 100.26) = 207.96, p < 0.001 

100% 115.75±16.51
 

81.15.±13.57 47.91±12.77 13.27±5.48 53.08±12.52 76.45±15.71 96.53±15.43 F (6, 162) = 352.10, p < 0.001 

Myopia 
14% 163.29±30.38 116.31.±16.91 84.52±17.00 47.49±14.70 91.85±16.27 118.65±23.20 135.44±22.94 F (2.70, 153.98) = 201.71, p < 0.001 

100% 113.60±12.72 80.84±13.82 49.53±10.22 15.06±7.65 54.17±12.23 90.15±31.45 101.24±24.55 F (2.46, 140.13) = 272.74, p < 0.001 

 

                 Superior retina    Central Inferior retina  

b)  -25° -20° -10° 0° +10° +20° +25° Repeated-measures ANOVA 

Emmetropia 
14% 156.41±22.85

 
131.14.±19.36 98.04±15.48 45.10±11.86 103.53±14.47 137.97±20.59 165.33±24.25 F (3.21, 86.63) = 188.11, p < 0.001 

100% 104.86±14.54 89.63±14.08 54.68±13.42 13.27±5.48 65.23±14.97 102.19±18.84 117.38±18.56 F (3.82, 103.29) = 318.31, p < 0.001 

Myopia 
14% 153.19±34.70 130.83.±26.17 99.31±22.76 47.49±14.70 104.58±24.00 141.62±29.58 164.01±32.37 F (3.91, 223.01) = 245.09, p < 0.001 

100% 109.63±28.58 94.13±20.18 59.80±19.58 15.06±7.6 64.59±15.44 102.43±19.44 119.17±24.11 F (2.77, 157.78) = 449.56, p < 0.001 

a
 Retinal locations presented in these tables are approximate eccentricities based on planned stimulus locations. Average actual angular eccentricities for each refractive group are 

presented in Table 7.5.  



2 3 6  

 

7.4.2.2 Comparison of slopes – visual performance fall-off 

Considering all four semi-meridional slopes together, repeated measures ANOVA with 

one between-subject factor (two refractive groups) and one within-subject factor (four 

meridional slopes) showed no significant difference in resolution acuity between 

groups, for low contrast (F (1, 84)
 = 2.717, p = 0.103). For high contrast resolution acuity 

thresholds, the results show that there was a statistically significant difference in visual 

performance fall-off between groups when all four slopes were considered together (F 

(1, 84) = 5.235, p = 0.025).  

Considering each meridian in turn (two semi-meridian slopes as the within-subjects 

factor and two refractive groups as the between-subjects factor), also revealed a 

significant difference between refractive groups in terms of visual performance fall-off 

for high contrast (horizontal: F(1, 84)
 = 4.576, p = 0.035, vertical: F(1, 84)

 = 4.603, p = 

0.035) but a non-significant difference in visual performance fall-off for low contrast 

resolution acuity (horizontal: F (1, 84)
 = 2.247, p = 0.138, vertical: F (1, 84)

 = 1.996, p = 

0.161).  

Regarding the data as a whole, ANOVA revealed a significant main effect for semi-

meridian, both at high (F (2.70, 226.35)
 = 82.081, p < 0.001) and low (F (2.57, 216.47)

 = 61.095, p 

< 0.001) contrast, with the nasal retina performing best (slower decline) and the inferior 

retina exhibiting the poorest visual performance (Table 7.7). The interactions between 

semi-meridian and refractive status failed to reach statistical significance and applied to 

both high (F = 0.986, p = 0.394) and low contrasts (F = 0.351, p = 0.757).  
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Table 7.7 Acuity decline rates for each semi-meridian (mean ± standard deviation). For ease of 

comparison, the absolute values of slopes (without regard to their sign) were considered. 

Acuity decline 
           Emmetropia 

    Low    contrast   High 

              Myopia 

   Low   contrast   High 

Temporal retina 3.82 ± 0.75 3.29 ± 0.59 3.98  ± 0.90 3.52 ± 0.62 

Nasal retina 3.03 ± 0.66 2.87 ± 0.59 3.41  ± 0.93 3.32 ± 1.05 

Superior retina 4.30 ± 0.85 3.62 ± 0.63 4.59  ± 1.37 4.18 ± 1.23 

Inferior retina 4.66 ± 0.97 4.19 ± 0.82 5.11  ± 1.38 4.61 ± 1.01 

7.4.3 Asymmetry in fall-off of peripheral visual performance 

The previous analysis revealed a statistically significant difference in resolution acuity 

between refractive groups across all four semi-meridians for high contrast, but not for 

low contrast acuity.  

Significant asymmetry in visual performance fall-off was observed along both horizontal 

and vertical meridians for each refractive group; at both high and low contrast levels 

(Figure 7.8). Considering acuity decline values, the nasal retina performed better than 

the temporal retina (high contrast: F (1, 84)
 = 15.065, p < 0.001, low contrast: F (1, 84)

 = 

55.791, p < 0.001) and the superior retina exhibited better performance than the 

inferior retina (high contrast: F (1, 84)
 =38.014 p < 0.001, low contrast: F (1, 84)

 = 9.481, p = 

0.003). This relationship was the same for both refractive groups and the interaction 

between slopes and refractive group failed to reach statistical significance, for both the 

horizontal (high contrast: F = 1.538, p = 0.218 and low contrast: F = 0.831, p = 0.365) 

and vertical (high contrast F = 0.775, p = 0.381 and low contrast: F = 0.325, p = 0.570) 

meridians.  
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Figure 7.7 Mean target size thresholds (minutes of arc) up to ±30° in the horizontal meridian and up to ±25° in the vertical meridian for a, b) low contrast 

(δl/l=14%) and c, d) high contrast (δl/l=100%). Error bars show one standard deviation. X axis data are based on the average actual angular eccentricity 

presented in Table 7.5. 
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Figure 7.8 Asymmetrical differences in visual performance between retinal semi-meridians in emmetropic (a, c) and myopic (b, d) groups, based on mean target 

size thresholds (minutes of arc) up to ±30° in the horizontal meridian and up to ±25° in the vertical meridian for low (a, b) and  high (c, d) contrasts. For the 

purpose of fitting and ease of comparison, the data were constrained to the foveal thresholds. 
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7.5 Discussion 

This study considered the effect of refractive status on central and peripheral visual 

performance. One important and novel aspect of our experimental method was that it 

allowed us to examine peripheral resolution acuity over a wide range of retinal 

locations along both the horizontal and vertical meridians, providing a more 

comprehensive evaluation of visual function compared to previous studies. It has been 

shown previously that a combination of high and low contrast visual acuity 

measurements such as can be obtained using the modified CAA test, provide a similar 

insight to visual performance as the measurement of contrast sensitivity (Brown and 

Lovie-Kitchin, 1989). To avoid the potentially confounding effects of age on visual 

performance, our study participants were carefully matched for age between refractive 

groups, with a limited age range. A decrease in visual performance (and greater 

variation) with age has been reported in the past (Owsley et al., 1983, Adams et al., 

1988, Collins et al., 1989, Rauscher et al., 2008), which has been attributed to changes 

in retinal neurons (Gartner and Henkind, 1981, Keunen et al., 1987) and/or the optical 

quality of the eye (increased intraocular light scatter and higher order aberrations) 

(Artal et al., 1993, McLellan et al., 2001). Therefore, limiting age in this study helped us 

to avoid the age-ranges within which acuity dropped.  

Subjective refraction was performed before the experiment and the participants were 

corrected with meniscus spectacle lenses rather than contact lenses. Special attention 

was paid to back vertex distance measurements to allow Knapp‟s Law to be applied, 

which states that the on-axis retinal image size is independent of the myopic refractive 

error when axial myopia is corrected by a lens located at the anterior focal point of the 

eye (see section 2.6.6). The customised spectacle correction was carefully cleaned 

before each test, as unclean lenses can induce considerable halos, and hence reduce 

the accuracy of the psychophysical experiment (Allen et al., 2008). 
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7.5.1 Visual performance as a function of retinal eccentricity 

The expected decline in visual performance (increase in size thresholds) with 

increasing eccentricity was seen for both emmetropic and myopic groups, at both high 

and low contrast levels. This is a well-documented observation across a range of 

psychophysical tasks (Johnson et al., 1978, Lie, 1980, Inui et al., 1981), and relates to 

the decline in the density of retinal cells (Curcio and Allen, 1990, Curcio et al., 1990) 

and greater neural pooling in the periphery (Dacey and Petersen, 1992). For example, 

it has been previously reported that the minimum angle of resolution increases with 

increasing eccentricity (Weymouth, 1958) and the CSF is depressed in the periphery 

with peak frequencies shifted toward lower spatial frequencies (Hilz and Cavonius, 

1974, Pointer and Hess, 1989) (see section 1.6.2). 

7.5.2 Visual performance as a function of refractive error 

Our data showed no evidence of a decline in foveal resolution acuity at either contrast 

level between myopes and emmetropes, in support of the previous findings reported by 

Thorn et al. (1986) and Bradley et al. (1991). The findings presented in this chapter, 

however, illustrated a significant steeper fall-off in peripheral resolution acuity threshold 

with eccentricity in myopes compared to emmetropes at high contrast, in support of 

previous studies of absolute resolution thresholds (Chui et al., 2005, Atchison et al., 

2006c, Coletta and Watson, 2006). The results of our experiments are in agreement 

with previous studies, that the peripheral retinal function (for high contrast stimuli) is 

vulnerable, whereas central visual performance seems to be somewhat preserved in 

myopic eyes compared to emmetropic eyes. For example, Vera-Diaz et al. (2005) 

reported that orientation discrimination in myopic eyes was only mildly changed at the 

fovea but was noticeably reduced at 15° retinal eccentricity, suggesting a non-uniform 

stretching of the posterior part of the globe. Another more recent published study 

employed an electroretinogram to study retinal function in myopic eyes. Likewise, this 
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study found that reduced retinal function in myopic eyes was more pronounced from 

10° to 26° of the visual field rather than in the foveal region (Ho et al., 2011). 

Aforementioned results can be explained partly by the previous observations of 

reduced thickness of the peripheral retina, compared to the central retina, which is 

more pronounced in myopic eyes (Luo et al., 2006, Lam et al., 2007) (see section 

1.6.1.3.1). Greater thinning in the peripheral than in the central retina is likely to relate 

to the axial nature of ocular expansion, exhibited by a large proportion of myopic eyes 

(see section 8.5.4); the axial growth of the globe has less impact on the central retina 

than the periphery. It may also be the case that the peripheral retina is less resistant to 

stretch.  

A decrease in peripheral retinal thickness may be a compensatory mechanism for the 

stretching force over the entire retina, and would consequently preserve the more 

important central macular thickness (Tariq et al., 2010). It is possible that the peripheral 

retinal neurons may be damaged as a result of retinal thinning, which in turn affects the 

peripheral visual performance (Ho et al., 2011). These observations may explain why 

visual performance in the peripheral retina of myopic eyes was more affected than the 

central function. 

Our findings of reduced high contrast acuity were also predicted by the sampling-

limited theorem of resolution acuity, because of the lower density of neural cells at a 

given eccentricity in axial myopes compared to emmetropic individuals, secondary to 

retinal stretching (Chui et al., 2008, Li et al., 2010). These changes, in addition to the 

possibility of the aforementioned neural cell damage or loss (Wolsley et al., 2008), 

could lead to reduced peripheral visual function in myopia.  

It is worth noting that our work did not consider the most highly myopic individuals (> - 

10 D), for whom the best corrected foveal visual performance tends to be limited by the 

increase in the cone spacing (Kitaguchi et al., 2007, Chui et al., 2008) and inner retinal 

neurons (Teakle et al., 1993). Furthermore, limiting our participants‟ myopia refractive 
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range eliminated any major retinal pathology related to high myopia. Our findings in the 

foveal region are in apparent conflict with the report of Fiorentini and Maffei (1976), 

who demonstrated significant reductions in the contrast sensitivity of high myopes. 

However, they investigated the visual performance only for 10 myopes; the mean 

spherical equivalent of their study population was considerably higher than our study 

and they did not adjust for spectacle magnification. It may be the case that some 

previous studies found reduced foveal acuity in myopia due to the fact that the high 

myopes in their studies may have biased the outcomes. Limiting our study population 

to studying a limited range of myopes eliminated this possibility.  

Disparities between study outcomes are likely to stem from differences in assessment 

technique, including illumination level and hence pupil diameter, the range of myopia 

being considered, sample size and the retinal locations examined. In addition, it is 

difficult to interpret the reduced visual performance in high myopes which is reported in 

many of the studies, since the spectacles used to corrected myopia act as optical 

minifiers with no correction apparently made in the majority of studies. Therefore, the 

reduced visual performance may reflect optical minification and not increased optical 

aberrations or reduced retinal sampling densities. In this study, all subjects were 

corrected with a large, meniscus-form spectacle lens placed at the anterior focal point, 

in an attempt to provide equal relative retinal image magnification between subjects 

(Knapp, 1869). This assumed that they all exhibited purely axial myopia with no 

refractive element (see Appendix 3). We are aware that the adjustment for Knapp‟s‟ 

Law of visual optics may not be applicable to peripheral tested eccentricities. It is worth 

noting, however, that previous studies employing Knapp‟s law while investigating the 

peripheral resolution acuity such as Chui et al. (2005) and Wolsley et al. (2008) who 

attempted to apply it at all retinal eccentricities. 

Under low contrast condition we failed to find a significant difference in visual function 

fall-off with eccentricity. The modified CAA test with low contrast stimuli is designed to 
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be sensitive to optical factors in the form of aberrations and intraocular light scatter 

(Chisholm, 2003). It should be noted that even the well-focused emmetropic eye 

exhibits substantial spherical and cylindrical ametropia at peripheral retinal locations. 

The form and magnitude of peripheral aberrations varies widely within the normal 

population (Ferree et al., 1931, Gustafsson et al., 2001). It is impractical during such an 

experiment to correct the varying amounts of peripheral optical defocus at each 

eccentricity, particularly in view of the automatic interleaving of peripheral target 

locations during the testing procedure. Studies have shown both theoretically and 

experimentally that contrast sensitivity can change in humans with only a few dioptres 

of defocus for both central (Strang et al., 1999, Woods et al., 2000) and peripheral 

(Rosen et al., 2011) visual tasks. Peripheral defocus, therefore, is likely to be the 

principal reason for the increased variability of the peripheral low contrast visual 

performance data, and the reduced sensitivity of this test to detect differences in low 

contrast visual performance between refractive groups (Figure 7.7a-b). The impact of 

neural and optical factors on low contrast resolution acuity is difficult to differentiate 

without the use of an interferometer. Anderson (1996a) demonstrated experimentally 

that, as stimulus contrast level decreased to around 10%, the difference between 

resolution and detection acuity became smaller. He concluded that resolution acuity at 

low contrast levels is no longer sampling limited, and changes into being optically 

limited, decreasing with eccentricity at the same rate as the detection acuity. 

The elongation of the eye associated with axial myopia results in retinal stretching, 

which may be associated with an increased separation of photoreceptors and other 

retinal cells. The more rapid fall-off in high contrast visual performance with eccentricity 

for myopes compared to emmetropes is likely to relate to the increased retinal cell 

spacing.  
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7.5.3 Asymmetry in fall-off of visual performance 

The data presented here suggest that visual performance fall-off with eccentricity is 

less pronounced in the horizontal than in the vertical meridians, which may be 

explained by retinal topography; there is a condensation of retinal cells around the 

horizontal meridian (Curcio and Allen, 1990, Curcio et al., 1990). Asymmetry in visual 

function was demonstrated for both refractive groups, with a steeper fall-off in 

performance for the temporal than for the nasal, also steeper for the inferior than the 

superior retinae. Psychophysically, and consistent with our findings, asymmetrical 

differences in visual performance have been found for many visual tasks, including 

visual and resolution acuity (Wertheim and Dunsky, 1980, Latham and Whitaker, 

1996), vernier acuity (Fahle and Schmid, 1988), contrast sensitivity (Rovamo and 

Virsu, 1979, Anderson et al., 1991) and orientation discrimination (Paradiso and 

Carney, 1988). The major source of the asymmetry is anatomical; photoreceptors and 

ganglion cells demonstrate higher density in the nasal and superior retinae compared 

to the temporal and inferior retinae (Curcio and Allen, 1990, Curcio et al., 1990). In 

addition, according to our findings presented in Table 7.7, the inferior retina 

demonstrated the steepest fall-off in visual performance of all the retinal regions 

examined. The decline in visual performance of the inferior retina compared to other 

quadrants has previously been reported by threshold sensitivity measurements with 

perimetry (Rudnicka and Edgar, 1995, Rudnicka and Edgar, 1996).  

The observed asymmetry in acuity may in part also reflect the nasal-temporal 

asymmetry of optical aberrations in the retinal periphery, whereby both lower and 

higher-order aberrations are less pronounced in the nasal retina (Gustafsson et al., 

2001, Atchison et al., 2005b, Ehsaei et al., 2011c) (Chapter 5).  
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7.5.4 Learning and fatigue effects on visual performance 

In this experiment, precautions were taken to familiarise the participants with the 

experiment and the response arrow keys. In addition, it was found that the first few 

observations of the experiment were sometimes inconsistent with the remainder, due to 

the participant taking a short time to settle down to the experiment; therefore, the first 

four reversals of the adaptive staircase procedure were discarded.  

In our study, any improvements in resolution acuity due to learning had minimal 

influence upon the results. Although a number of studies have claimed that the central 

and peripheral visual performance can be improved by training (Chung et al., 2005), 

Westheimer (2001) believed that this learning effect was task dependent and there 

would be situations in which further threshold improvements could not take place. In his 

study, Westheimer showed that peripheral Landolt C acuity does not profit from training 

in the peripheral retina, because the size of the target varies. This would make it 

difficult to learn a specific template, since it would be constantly changing over the 

course of the experiment.  

In the adaptive staircase method applied in the psychophysical experiment of the 

current work, resolution acuities along the horizontal and vertical meridians were 

measured in two separate runs and target size thresholds were recorded separately for 

each meridian, to improve observer reliability; from our experience we found higher 

variability in test results, performing both tested meridians at one run, presumably due 

to fatigue. In addition, observers were encouraged to take breaks at their discretion to 

minimise fatigue. 

7.5.5 Choice of Landolt C target 

Alphanumeric targets have the advantage of being more familiar to observers than 

gratings (Hard et al., 1990). However, it should be noted that perceptible differences 

exist between the detection of gratings and the recognition of letters. Grating acuity 
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measurements require the observer to perform a detection task, whereas letter 

discrimination is dependent on the recognition of several features of a complex 

optotype. Letter targets contain a broad range of spatial frequencies and components 

of multiple orientations compared to gratings (Alexander et al., 1994). However, despite 

their broad spatial-frequency content, letters can provide a reasonable test of visual 

function, because only a limited range of object spatial frequencies appears to be 

important for letter identification (Anderson and Thibos, 1999). In addition, letter 

recognition has been shown to be more sensitive to neural changes which affect 

sampling density (Thibos and Bradley, 1993) and falls off more rapidly than grating 

acuity in the peripheral visual field (Levi et al., 1985).  

In the light of all these facts, interpreting experimental results employing different types 

of stimulus (e.g. grating versus letter targets) for evaluating the visual performance is 

complicated, and can potentially lead to variability in test results. There is also little 

difference between acuities obtained with letters and Landolt C rings (Raasch et al., 

1998), despite the fact that letters, even those restricted to the British standard letter 

series (BS 4274, 1968), span the range of legibilities. Even with Landolt C stimuli, 

perfectly equal legibility cannot be achieved because meridional differences may favour 

certain orientations (Mitchell et al., 1973). In this experiment, the gap of the target was 

positioned 45° to the vertical in four oblique directions, to avoid situations where 

meridional preferences favoured horizontally oriented stimuli (Westheimer, 2005, Feng 

et al., 2007). This horizontal versus vertical asymmetry may be due to extensive 

reading experience of most human beings, where letters and words are normally 

aligned horizontally and are preferentially attended (Pan and Eriksen, 1993). We 

believe it is very unlikely that the axis of the peripheral astigmatism had a considerable 

effect on orientation preference in four oblique directions, because the meridional 

preference has been attributed previously to a neural or retinal but not optical origin 

(Campbell et al., 1966). 
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7.5.6 Study limitations 

One limitation of the current study is that we evaluated resolution acuity with a natural 

pupil. The use of an artificial pupil may help to reduce optical limitations such as 

aberration. In addition, we did not measure pupil size and were unable to correlate the 

pupil size with the error induced. However, all participants performed the CAA test 

under identical, uniform lighting conditions. 

A further limitation of this experiment is the assumption that all myopic participants 

were axial in nature. The data presented in Appendix 3 illustrate that, in spite of the 

high proportion of cases of myopia resulting from axial elongation, there was some 

corneal contribution which was more obvious in certain individuals. This fact might lead 

to an error in application of Knapp‟s Law but is unlikely to have played a significant role 

in this study. 

We believe that our functional data, especially low contrast acuity, were limited to some 

degree by the off-axis optical properties of the eye. We did not take account of the 

magnitude of aberrations present in myopia; overall aberration levels vary considerably 

between individuals and are difficult to predict. Further, we are aware that aberrations 

of the eye have a larger effect on letter than on grating acuity (Anderson and Thibos, 

1999). However, the measurement of off-axis aberrations and their correction during 

functional testing were not feasible as part of this study. 
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7.5.7 Conclusion 

In conclusion, assessment at high contrast reveals a more rapid fall-off in visual 

performance with eccentricity in myopes compared to emmetropes. Assessment at low 

contrast did not appear to be sensitive enough to detect such a difference between 

groups, primarily because of the increased variability of the data associated with optical 

factors. These data provide support for the hypothesis that myopic eyes have retinal 

neurons more widely spaced than those in emmetropic eyes, which at least partly 

explains the reduced high contrast resolution acuity in this experiment, predominantly 

at peripheral retinal locations. In addition, analysis of the slope in functional decline 

with eccentricity revealed asymmetry between hemifields along both the horizontal and 

vertical meridians for emmetropes and myopes; this is consistent with published 

anatomical differences in neural cell density. Further work in this area can be expanded 

by measurement of different retinal layers thickness, which would develop our 

understanding of the nature of visual performance in myopia. In addition, to exclude the 

role of optical factors in limiting resolution acuity, an experiment could be conducted to 

produce sinusoidal interference fringes directly on the retina.  

 

.
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Chapter 8  

Structure versus function of the myopic eye 

8.1 Chapter rationale 

The principal aim of this thesis was to assess the relationship between ocular structure, 

inferred from the peripheral refraction and peripheral cornea to retina length, and the 

visual function of the myopic eye, inferred from high and low contrast resolution acuity. 

The previous three chapters investigated each of the above features separately, 

comparing myopes to emmetropes. In the current chapter, we focus on the intrasubject 

relationship between the data from the aforementioned experimental chapters. 

8.2 Introduction 

Myopia is known as a major cause of visual impairment not only in everyday life but 

also as a risk factor for a number of ocular complications, as a result of extreme eye 

elongation such as glaucoma (Mitchell et al., 1999), macular degeneration (Saw et al., 

2005a) and various pathologic retinal changes (Lam et al., 2005, Lai et al., 2008). Its 

prevalence varies widely in different parts of the world, depending on the study design 

and ethnic background of the subjects (e.g. 42% among the US adult population (Vitale 

et al., 2009) and as high as 85% in some East Asian countries (Lin et al., 1999, Woo et 
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al., 2004)). It is estimated that this proportion has reached epidemic proportions in 

some East Asian communities (see section 1.3). Therefore, it is not surprising that it 

occupies a dominant position in vision research laboratories. Apart from its direct 

clinical significance, human myopia, in particular when higher in degree, is mainly 

associated with posterior chamber elongation and hence larger ocular size (Cheng et 

al., 1992, Gilmartin, 2004), with limited changes in corneal curvature and crystalline 

lens power (Grosvenor and Goss, 1998). The expansion of the eye in this refractive 

group can lead to an adverse effect on the ocular structure (Logan et al., 2004, 

Atchison et al., 2005a) and retinal function (Chui et al., 2005, Vera-Diaz et al., 2005) 

through thinning and stretching of the retina (Pierro et al., 1992, Wolsley et al., 2008, 

Cheng et al., 2010) (see section 1.6.1.3.1). 

Despite the convincing changes in shape (Atchison et al., 2005a, Singh et al., 2006), 

structure and anatomical evidence of increased photoreceptor and ganglion cell 

separation in enlarging eyes (Chui et al., 2008, Li et al., 2010), specific functional 

correlates of these structural changes are less clear cut.  

8.2.1 Structure versus function of the myopic eye 

There has been a limited number of studies on the relationship between the structure 

and function of the myopic eye. Typically these studies have centred on only a few 

retinal locations or have used relatively small samples. For example, Wolsley et al. 

(2008) investigated the correlations between retinal structure, by means of optical 

coherence tomography (OCT), and retinal function using peripheral resolution acuity 

and multifocal electroretinograms (mfERG), in a group of emmetropic and myopic 

subjects with a range of refractive errors (+0.50 to -15.00 D). Their peripheral 

measurements involved locations at an eccentricity of 14° in both the superior temporal 

and inferior nasal visual fields along an oblique meridian. They found from their 

functional measures that reduced retinal thickness in myopia (more than -3.00 D) was 
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significantly related to losses in neural activity. They also reported nasal-temporal 

asymmetry in retinal thickness, with the nasal retina being thicker than the temporal 

retina, consistent with previous reports (Lam et al., 2007, Wu et al., 2008). However, 

the relationship of these structural asymmetries to resolution acuity and/or the mfERG 

results between their measured peripheral locations was not addressed. In another 

more recent study, Silva et al. (2010), concentrated on the potential relationships 

between structural asymmetries at the retinal level and functional retinal asymmetries, 

using OCT (out to ±20°), mfERG (out to ±58.7°) and contrast sensitivity (out to ±40°) at 

an intermediate spatial frequency (3.5 cyc/deg). Their study sample included 40 

healthy participants with a wide age range (43 ± 16 years), but an unreported range of 

refractive errors. They reported a nasal-temporal asymmetry for all variables and 

additional superior-inferior asymmetry for contrast sensitivity and OCT measures. Their 

OCT findings demonstrated a reduced thickness of inferior and temporal retinae 

compared to nasal and superior retinae. In addition, asymmetries were reported in 

contrast sensitivity testing, with temporal and inferior retinae exhibiting lower CS 

values. Performing a correlation analysis at corresponding areas between their OCT 

and mfERG findings, they found a weak correlation between their objective 

measurements. They hypothesised that functional asymmetries in the human eye can 

originate from different levels of the visual system, with a significant retinal contribution 

confirmed by their OCT findings. In addition, they attributed their psychophysical 

asymmetrical findings to anatomical asymmetries in cell densities across the retina, 

which had previously been reported in the literature (Curcio and Allen, 1990, Curcio et 

al., 1990). 

In another study on the structural and function correlates of myopic eyes (Nagra, 

2010), ocular dimensions were measured by 3D magnetic resonance imaging. In 

addition, three functional experiments were performed: mfERG, visual field sensitivity 

and a psychophysical technique, to estimate ganglion cell density. This study 

concentrated on separate correlation analyses between the MRI outcomes and each 
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individual visual performance test. Nagra (2010) found that ocular shape did not 

correlate with visual field sensitivity at the majority of the measured retinal locations 

(MSE: -9.31 to +4.10 D; n=40). Regarding the mfERG and ocular shape, no 

relationship between these two variables was apparent for either of the refractive 

groups (-4.63 ± 3.2 D, n=12 myopes; 0.03 ± 0.31 D, n=11 emmetropes). In addition, 

correlating MRI data with psychophysical estimates of ganglion cell density in four 

individuals (2 emmetropes, 2 myopes), seemed to suggest that ganglion cell density 

was unrelated to the ocular shape. However, the reported results from the above sub-

studies were not comparable, because sample sizes differed considerably between 

experiments, limiting the conclusions which could be drawn. 

8.2.2 Investigation of ocular expansion based on the structure 

and function of the myopic eye  

The relationship between structure and visual performance in myopic eyes depends on 

the nature of eye growth. Expansion of the myopic eye varies between individuals and 

can take several possible forms; it could result from a global expansion (central and 

peripheral), or an axial expansion which is localized at the equator (peripheral) or 

posterior pole (central) (Atchison et al., 2005a). Therefore, the regions of the retina 

involved in ocular expansion vary between myopic individuals (see section 1.5.6). 

Previous studies of human eyes investigating the shape of myopic eyes have 

suggested that a general expansion of the vitreous chamber is the principal feature of 

myopic eye growth (Cheng et al., 1992). On the contrary, other studies have suggested 

that growth happens principally in an asymmetric manner, localized to the posterior 

pole (Deller et al., 1947, Mutti et al., 2000). It is also worth noting that most pathological 

fundus changes in high myopia occur in the central part of the posterior pole (Curtin 

and Karlin, 1970). 

The nature of ocular expansion has been investigated on the basis of both 

psychophysical (Strang et al., 1998, Vera-Diaz et al., 2005) and structural studies 
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(Atchison et al., 2004, Logan et al., 2004); it can provide useful information regarding 

the structural properties of visual sensory organization. For instance, Vera-Diaz et al. 

(2005) investigated the nature of ocular stretching according to the patterns of spatial 

misperception at different retinal locations in myopic and emmetropic eyes. Their 

findings of no difference between refractive groups at the fovea but significant 

differences at peripheral locations support the hypothesis that retinal stretching may 

not be uniform across the visual field and is greater in certain regions of the globe. 

8.2.3 Aim  

Although several past studies have investigated the structural or functional properties 

of the eye, there has been little examination of the link between these two areas. The 

present chapter aims to investigate whether the retinal stretching inferred from our 

structural measures affects the functional performance of the eye under low and high 

contrast levels, from the corresponding retinal regions. A novel aspect of the present 

investigation is to obtain comparative retinal structure versus function data from a wide 

range of retinal locations within the same eyes. In addition, we attempt to infer the 

expansion type of myopia on the basis of our combined structural and functional 

findings. 

8.3 Methods 

8.3.1 Study population 

The sample for this chapter comprised only individuals who had completed all the 

previous main experiments presented in Chapters 5, 6 and 7. The cohort size was thus 

77 participants within an age range of 18-31 years (median: 21 years), of which 60 

(78%) were female. Thirty-five (45.5%) and 27 (35.1%) subjects were of British Asian 

and Caucasian background, respectively. The rest of the participants were of East 
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Asian background (n=12, 15.6%) or other ethnicities (n=3, 3.9%). The dominant eyes 

were measured: 61 (79.2%) right eyes and 16 (20.8%) left eyes. 

All the participants were recruited from the University of Bradford student population 

according to the inclusion/exclusion criteria explained in section 2.3.2. The profile of the 

emmetropic and myopic participants is presented in Table 8.1: 

Table 8.1 Study group profiles.  

Data are expressed as the mean ± standard deviation, with the range. 

Refractive group Sample size Age (years) MSE(D)
a
 Astig (D)

b
 

Emmetropia 27 
21.67 ± 3.23 

18 to 29 

+0.10 ± 0.31 

+0.50 to -
0.50 

-0.19 ± 0.21 

-0.50 to 0.00 

Myopia 50 
22.42 ± 3.83 

18 to 31 

-5.29 ± 1.89 

-2.00 to -9.62 

-0.32 ± 0.25 

-0.75 to 0.00 

Total 77 
22.16 ± 3.63 

18 to 31 

-3.40 ± 3.01 

+0.50 to -
9.62 

-0.27 ± 0.24 

-0.75 to 0.00 

a 
Mean spherical equivalent based on subjective refraction in dioptres

   
 

b 
Cylindrical power in dioptres 

8.3.2 Peripheral refraction 

Central and peripheral refractions were determined along the horizontal (±30°, ±20°, 

±10° and 0°) and vertical (±30°, ±25°, ±20° and ±10°) meridians, with a Shin-Nippon 

NVision-K 5001 autorefractor (section 2.4.2). To obtain measurements of the peripheral 

refraction across a wide range of eccentricities in different meridians, optical 

modifications were made to the system, as explained in detail in section 2.4.3. At least 

five repeat measurements of refraction were taken at each central and peripheral 

location. Peripheral refractive errors are commonly described in terms of the mean 

spherical equivalent and the astigmatism at a peripheral location. Both of these 

parameters vary in well-known ways, but with some differences between myopes and 

emmetropes (Chapter 5). These sphero-cylindrical refraction measurements were 
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converted into vector format expressed by M, J180 and J45, based on Equations 2.1-2.3. 

The overall power of refraction (P) of the eye was also calculated (Equation 2.4).  

In an attempt to estimate the uncorrected refractive error (hence, the image blur) 

present at each retinal location when viewing the CAA test, two additional refractive 

elements were calculated at each eccentricity (Pblur and Mblur). These elements were 

calculated by normalising the M and P components relative to the central subjective 

refraction (MSE), at each measured retinal location (Equations 8.1 & 8.2), in an attempt 

to estimate the degree of residual image blur caused by the off-axis errors of both the 

eye and auxiliary trial lens during the modified CAA experiment. 

Mblur eccentricity = M eccentricity – MSE central                                  Equation 8.1 

Pblur eccentricity =  (Mblur eccentricity)
2+ (J180)

2+ (J45)
2
                                                                  Equation 8.2 

8.3.3 Peripheral cornea to retina length 

Axial and peripheral cornea to retina length (CRL) measurements were taken for the 

dominant eye at 15 retinal locations along the horizontal (±30°, ±20°, ±10° and 0°) and 

vertical (±30°, ±25°, ±20° and ±10°) meridians, using the Zeiss IOLMaster (see section 

2.5.2). The experimental modification and method used have been described in greater 

detail in section 2.5.3. At least five measurements were taken at each retinal location 

and then averaged.  

8.3.4 Peripheral resolution acuity 

Central and peripheral resolution acuity thresholds were measured, using an 

orientation identification task, at 13 retinal locations: ±30°, ±20°, ±10° and 0° along the 

horizontal meridian, and ±25°, ±20° and ±10° along the vertical meridian while fixating 

centrally. A modified version of the contrast acuity assessment test (CAA) was used 

(Chisholm et al., 2003), with Landolt C target size as the variable. Measurements were 
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made at two different contrast levels, high (100%) and low (14%), on the subject‟s 

dominant eye corrected for the test working distance. Fixation stability was monitored 

by an observer. Resolution acuity thresholds were measured using a four-alternative 

forced-choice paradigm (4AFC). An adaptive staircase (1up-2down) method was used; 

target size was decreased if two consecutive responses were correct and increased 

after one incorrect response. The size threshold was calculated as the average of the 

last 12 out of 16 reversals for each stimulus location (see section 2.6 for further 

explanation).  

8.3.5 Choice of retinal eccentricities  

The selection of 30° and 25° along the horizontal and vertical meridians respectively as 

the outermost retinal eccentricities common to all core experiments (Chapters 5, 6 & 7), 

represents a compromise between the retinal locations which could be measured with 

the IOLMaster biometer, Shin-Nippon NVision-K 5001 autorefractor and modified 

contrast acuity assessment set-up and an angle large enough to find significant 

differences if they existed.  With these eccentricities at a viewing distance of 28 cm in 

our functional experiments, the targets were of sufficient size to ensure that monitor 

resolution was not a limiting factor. In addition, from our experience, cornea to retina 

length measurements beyond around ±30° have not always been found reliable 

because the SNR decreases considerably.   

8.3.6 Data analysis 

Data were analysed using the SPSS program version 17 (SPSS Inc. Chicago, Illinois, 

USA). Pearson correlation coefficients were determined using bivariate correlation 

analysis to compare the M component derived from peripheral refraction data and 

cornea to retina length measurements at each retinal region for all subjects (structure-

structure relationship).  
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The main question posed in this chapter was whether the structural properties of the 

eye could predict individuals‟ visual function. To address this question, the data from all 

subjects (n=77) were analysed using multiple linear regression analysis (backward 

stepping). The purpose was to reveal which independent variables best predicted the 

obtained data. Starting with all the potential independent variables in the model and 

dropping the non-significant variables, one at a time, we used backward stepped 

regression analysis until we were left with only the variables which had a “significant” 

predictive relationship with the CAA test results. 

For the multiple linear regression analyses, visual performance was used as the 

dependent variable with corresponding independent variables. Table 8.2 lists the 

independent variables which we evaluated. All these independent variables were 

continuous in nature, except the refractive group and retinal region, which were 

categorical; therefore each refractive group and retinal region were assigned a specific 

code. The regression models were computed separately for high (100%) and low 

(14%) contrast visual performance, and for the horizontal meridian, vertical meridian 

and fovea. The analysis of this chapter concentrated on the foveal region and four 

extreme peripheral retinal eccentricities; ±30° along the horizontal and ±25° along the 

vertical meridians, where measurements from all experiments could be combined. We 

therefore performed six separate multiple regression analyses to evaluate how 

effectively the independent variables listed in Table 8.1 predict each of the two 

dependent variables over a wide range of refractive errors (+0.50 to -9.62 D).  

It is worth noting that we would have preferred to include MSE as a continuous 

independent variable instead of refractive group (emmetropia versus myopia), to 

evaluate whether the degree of myopia contributed to visual function. However, when 

the model was checked for multicollinearity, a significant correlation was found 

between the MSE and M component for the central data. Therefore, each refractive 

group was assigned a specific code (Table 8.2) and included as one of the categorical 
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independent variables in all models. For consistency and to facilitate comparisons 

between retinal locations, this variable was also included in each of the peripheral 

model equations investigated.     

The sample size (n=77) in this chapter exceeded the minimum number needed, as 

suggested by Harris (2001). For multiple regression equations using six or more 

predictors, he suggested that a minimum number of 10 participants per independent 

variable is necessary. In addition, for five or fewer independent variables, the number 

of participants should exceed the number of independent variables by 50: n > 50 + m 

(m is the number of independent variables) (Harris, 2001). 

               Table 8.2 Independents variables evaluated.   

Refractive group  (1= emmetropia, 2= myopia) 

M vector component 

Pblur (an estimation of the amount of uncorrected refractive error) 

CRL (cornea to retina length)  

Retinal region (-1= temporal, 1= nasal, -2= superior, 2= inferior) 

Dependent variable: CAA 14% or 100% 
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8.4 Results 

8.4.1 Structure-structure relationship  

One would expect the peripheral cornea to retina length to be related to the M 

component. Therefore, the first comparison of the common data across chapters is of 

the main „structural‟ measurements. Figure 8.1 shows the degree of correlation 

between the peripheral cornea to retina dimensions and the M component, derived 

from peripheral refraction measurements for each of the four regions of the retina. 

Regression analysis (all subjects, n=77) revealed statistically significant relationships 

between these two structural parameters (p < 0.001). However, the level of correlation 

decreased with increasing eccentricity. The peripheral refraction and cornea to retina 

length dimensions for the study population were described in the individual 

experimental chapters (see sections 5.4.1 & 6.4.2). 
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Figure 8.1 Correlation between peripheral CRL and peripheral refraction measurements (M component) along the horizontal (a, b) and vertical (c, d) meridians. 

Straight lines are linear fits to the data.  
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8.4.2 Structure-function relationship 

What was done may be briefly described as follows: multiple regression analyses were 

performed to consider the relationship between measures of structure (cornea to retina 

length, peripheral refraction) and function (CAA test). Firstly a separate multiple 

regression analysis was performed to investigate the relationship between Pblur as the 

level of defocus and its refractive elements (│Mblur│, │J180│ and │J45│), at central and 

extreme peripheral retinal locations along both the horizontal and vertical meridians. 

Multiple regression analysis showed that a combination of Mblur, J180 and J45 was 

significantly related to Pblur (adjusted R2 = 0.97, F (3,381) = 5020.20, p < 0.0001). 

Therefore, since Mblur, J180 and J45 were highly covariant with the level of Pblur, we 

considered only this variable in further analyses. Figure 8.2 illustrates the relationships 

between all refractive components at central and extreme retinal locations along the 

horizontal and vertical meridians. 
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Figure 8.2 A scatter plot matrix shows the relationships between all the refractive components 

at the central and extreme retinal locations along the horizontal and vertical meridians. 

8.4.2.1 Multiple linear regression analyses 

Figures 8.3-8.5 show the scatter plot matrices of the relationships between all the 

variables which were considered in the separate multiple regression analyses for 

horizontal, vertical and foveal measurements. 
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Figure 8.3 Scatter plot matrix of all the variables for the foveal region. 

For the foveal measurements, multiple regression analysis demonstrated that a 

combination of axial length, central M vector component and refractive group was 

significantly related to the low contrast visual performance (adjusted R2 = 0.15, F (3, 72) = 

4.13, p = 0.002).  In addition, a combination of central M vector component and axial 

Pblur was significantly related to the high contrast visual performance (adjusted R2 = 

0.17, F (3, 72) = 6.07, p = 0.001).  
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Figure 8.4 Scatter plot matrix of all the variables along the horizontal meridian. 

For ± 30° along the horizontal meridian, multiple regression analysis demonstrated that 

only retinal region was significantly related to the peripheral low contrast visual 

performance (adjusted R2 = 0.29, F(1,150) = 61.38, p < 0.001). However, a combination of 

retinal region, refractive group, CRL and Pblur was significantly related to the 

peripheral high contrast visual performance (adjusted R2 = 0.24, F (4,147) = 13.06, p < 

0.001).  
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Figure 8.5 Scatter plot matrix of all the variables along the vertical meridian. 

For ± 25° along the vertical meridian, multiple regression analysis demonstrated that 

retinal region was able to predict a significant, albeit small (4%), amount of variance in 

the peripheral low contrast visual performance (adjusted R2 = 0.04, F(3,148) = 3.34, p = 

0.021). In addition, a combination of retinal region and Pblur was significantly related to 

the peripheral high contrast visual function (adjusted R2 = 0.13, F (2, 149) = 12.25, p < 

0.001). 
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Table 8.3 summarises the best fitting model for each dependent variable for the fovea 

and each retinal meridian. These are the models which emerged from the backward 

stepping regression analysis. In addition, R2 is listed, corresponding to the percentage 

of variance in the data which each model accounts for. Where an independent variable 

is not listed as a part of a model, the inclusion of this variable in the model did not 

significantly improve the model.  

Table 8.3 Best fitting model for each dependent variable. Only independent variables which 

contributed to the multiple regression models are presented in this table. Asterisks indicate the 

variables which have contributed to the equation, but are not statistically significant.  

Dependent variable  
Variables in the 
equation 

   β
a 

p value Adjusted R
2b 

 
 
     

 
CAA 
Fovea 

 
                       

14% 

M 

CRL 

Refractive group 

-1.02 

-0.42 

-0.46 

< 0.001 

  0.041 

  0.020 

0.15 

p = 0.002 

100% 

M 

CRL 

Pblur 

-0.60 

-0.34 

0.23 

  0.004 

  0.095* 

  0.036 

0.17 

p = 0.001 

       

CAA             
Horizontal 
meridian         

 

14% Retinal region -0.54 < 0.001 
0.29 

p < 0.001 

100% 

Pblur 

CRL  

Retinal region 

Refractive group 

0.16 

0.26 

-0.47 

-0.23 

  0.039 

  0.005 

< 0.001 

  0.018 

0.24 

p < 0.001 

                         

CAA  
Vertical    
meridian       

14% 

CRL 

Retinal region 

Refractive group 

0.18 

0.21 

-0.17 

  0.085* 

  0.010 

  0.095* 

0.04 

p = 0.021 

100% 
Pblur 

Retinal region 

0.22 

0.30 

  0.004 

< 0.001 

0.13 

p < 0.001 

a 
Standardised beta coefficient. 

b 
Adjusted R

2
 represents the proportion of the total variation in the dependent variable. 
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There are a few important points to highlight from the multiple regression analyses. 

Firstly, in the case of the peripheral measurements along the horizontal and vertical 

meridians, the retinal region was consistently a significant predictor of both low and 

high contrast visual performance. Secondly, in addition to the retinal region, Pblur also 

contributed to all three of the high contrast visual performance models. It should be 

noted that, for all the above conditions, more complex models incorporating additional 

refractive variables and/or participants‟ age, did not significantly improve the model.  
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8.5 Discussion 

One of the main aims of this thesis was to investigate the correlation between ocular 

structure and visual function. A number of different techniques were applied to assess 

this relationship as part of the core experiments which comprise this thesis. 

The hypothesis that the nature of peripheral vision can influence refractive 

development and eye growth is supported by several previous studies of humans 

(Ferree et al., 1931, Hoogerheide et al., 1971) and animals (Smith et al., 2005, Huang 

et al., 2009). More specifically, several studies have investigated the potential influence 

of peripheral retinal image quality in the progression and development of myopia, by 

measuring the pattern of peripheral refraction in myopic eyes (Atchison et al., 2006b, 

Mutti et al., 2007, Sng et al., 2011). It has been demonstrated that myopic individuals 

tend to have relatively less myopia in the peripheral retina compared to the central 

refraction (Chen et al., 2010, Ehsaei et al., 2011c), leading to relative peripheral 

hyperopia (Figures 2.1 & 5.6-5.7). This fits with reports that myopic eyes have a prolate 

or less oblate ocular shape, in which the axial length of the eye exceeds the equatorial 

diameter (Figures 6.1 & 6.7), unlike the oblate shape which predominates among 

emmetropic and hyperopic eyes (Mutti et al., 2000, Logan et al., 2004, Atchison et al., 

2005a).  

We have hypothesised that the structural experiments in this thesis could help 

characterise the properties of myopic eyes. We conducted a novel study composed of 

a number of core experiments employing the Shin-Nippon autorefractometer to infer 

ocular shape from peripheral refraction measurements along four meridians, and the 

IOLMaster to assess peripheral ocular dimensions. Furthermore, the evaluation of 

visual function was made in the resolution acuity experiment, enabling us to evaluate 

the relationship between ocular structure and visual function. In addition, asymmetrical 

differences in the structure and function of the both emmetropic and myopic eyes have 

in the foregoing chapters been described in detail.  
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8.5.1 Peripheral refraction versus cornea to retina length 

dimensions 

To determine whether our peripheral refraction measurements corresponded to 

peripheral cornea to retina length dimensions, linear regression analyses were 

performed at the three assessed retinal locations. Our results have shown a strong 

relationship between peripheral refraction data and cornea to retina length findings 

obtained by means of the IOLMaster biometer in adults. The level of correlation 

decreased with increasing eccentricity, which may be due to the variability of the 

influence of the anterior segment optics on more peripheral measurements, derived 

with both structural techniques. In addition, the peripheral dimensional measurements 

with the IOLMaster are thought to be prone to an overestimation of axial length due to 

oblique transmission through the crystalline lens (Atchison and Charman, 2011), which 

makes the comparison less reliable at extreme eccentricities (see section 6.5.4). 

Although these more peripheral measurements provide a limited estimate of more 

peripheral eye shape, the data from both techniques showed a relatively more 

prolate/less oblate ocular shape in myopic than in emmetropic eyes. The significant 

correlation of the pattern of relative peripheral refraction with retinal curvature also 

supports the idea that retinal shape largely determines the overall pattern of peripheral 

refractive errors. 

Several studies have also inferred eye shape indirectly through peripheral refraction 

measurements (Ferree et al., 1931, Stone and Flitcroft, 2004, Atchison et al., 2006b). 

These indirect measurements are influenced to a greater extent by the off-axis anterior 

segment optics, such as astigmatism and higher order aberrations, and substantial 

calculation is required to estimate eye shape (Dunne, 1995). Consistent with our 

findings, however, at a limited number of retinal locations along the horizontal meridian, 

Schmid (2003b) demonstrated a significant correlation between relative peripheral 

refractive error and the shape of the retinal contour, as estimated by relative peripheral 

eye length measurements with optical coherence reflectometry, a finding supported by 
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a recent published study in a small sample of high myopes (n=10) (Kwok et al., 2012). 

Finally, in another study, Mutti et al. (2000) measured refractions at 30º temporal retina 

and reported significant correlations between children‟s refractive errors and their 

assumptions of eye shapes, measured with single point peripheral refraction.  

8.5.2 Structure versus function of the myopic eye 

The main experimental chapters (Chapters 5, 6 and 7) in this thesis demonstrated 

significant differences in myopic eyes compared to emmetropic eyes, using both 

structural and functional measurements. In this chapter we sought to investigate 

whether structural properties, including the prolate retinal contour of the myopic eye 

secondary to axial elongation, could predict the level of measured visual performance. 

In the present work, we found a significant decrease in peripheral high contrast 

resolution acuity in myopic eyes along the horizontal and vertical meridians (Chapter 

7). This finding has also been reported in previous studies, although these studies 

considered limited numbers of peripheral retinal locations (Chui et al., 2005, Atchison 

et al., 2006c, Coletta and Watson, 2006).  

Multiple regression analyses (Table 8.4), presented in this chapter, indicated that some 

significant variables account for only small variances in visual performance for the 

foveal region, horizontal and vertical meridians. It should be noted that no consistency 

between analyses was demonstrated in the list of these significant variables. However, 

an estimation of the amount of uncorrected refractive error (Pblur) was a significant 

predictor variable for high contrast resolution acuity for the foveal region, and horizontal 

and vertical meridians. The inability of the “Pblur” to predict low contrast resolution 

acuity is likely to relate to the greater influence of optical factors (i.e. residual peripheral 

refractive error, high order aberrations, and intraocular light scatter (Navarro et al., 

1998, Guirao and Artal, 1999, Atchison and Scott, 2002, Chisholm, 2003)) over retinal 

factors (resolution) in the periphery, due to the larger contrast target required at low 
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contrast, compared to under high contrast conditions. In addition, since these optical 

factors vary considerably between subjects, particularly in the periphery, the variability 

of the CAA data at low contrast was much greater than that seen for the high contrast 

measurements.  

Even with careful correction of foveal refractive error, the stimuli presented at 

peripheral retinal locations would have suffered from off-axis refractive error. Our 

measurements of peripheral refraction discussed in Chapter 5 confirmed the results of 

previous reports (Ferree et al., 1931, Lotmar and Lotmar, 1974) showing that refractive 

error changes with eccentricity and can be considerable, notably in its astigmatic 

component. Depending on foveal refractive error, in spite of the large between-subject 

variability, many eyes also become more myopic or hyperopic in the periphery 

(Atchison et al., 2006b, Chen et al., 2010). Therefore, correcting the foveal refractive 

error may in some individuals have exacerbated the refractive error in the periphery.  

From the results presented in this chapter, it appears that high contrast resolution 

acuity in the central and peripheral retinal locations varies with refractive blur, indicating 

that our visual performance measurements are likely to be affected to some degree by 

uncorrected peripheral refractive error. Unfortunately, it would have been impractical to 

correct the off-axis refractive error at every tested location because the location of the 

target was randomised with all eccentricities interleaved. Full correction of Pblur could 

have been overcome only by using an interferometer to by-pass the optics of the eye 

(Coletta and Watson, 2006), which was not available for use in the present research 

(see section 9.3.5). It should be borne in mind that another factor in the above results 

may have been the disparity between the optical axis, which was coincident with the 

corneal reflex, used for our structural measurements, and the visual axis, used for 

functional measurements.   

To conclude, one of the questions of our study was whether there was any significant 

structure-function correlation between concomitantly measured variables. While the 
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results of our structural experiments were in reasonable agreement regarding changes 

of the myopic eyes in the present study, our structural measurements could not predict 

the level of high and low contrast visual performance in a meaningful way, suggesting 

that patterns of results in our resolution acuity experiment are likely to have arisen due 

to retinal structure. Further research is needed to clarify the nature of this relationship.  

8.5.3 Asymmetry in the structure and function of the myopic 

eye 

A supplementary aim of this thesis was an investigation of asymmetry in both structural 

and functional measurements along the horizontal and vertical meridians.  

With regard to our structural measurements, peripheral refraction findings presented in 

Chapter 5 illustrated significant superior-inferior differences for both myopes and 

emmetropes, with more relative myopia in the superior retina than in the inferior retina. 

However, regarding the M component, no asymmetrical differences were noted along 

the horizontal meridian for either refractive group (see section 5.4.5). The absence of 

asymmetry along the horizontal meridian may be attributed to the alignment method 

(Ehsaei et al., 2011b). The central and peripheral refraction measurements in this study 

were made with the instrument aligned with the corneal reflex, to be consistent with the 

cornea to retina measurements. In an ideal human optical system, the corneal vertex is 

believed to present the corneal intercept of the optical axis of the eye (Arbelaez et al., 

2008), which is located approximately 5° temporal to the visual axis (Dunne et al., 

1993) (see section 3.2.4.1). It is possible that much of the nasal-temporal asymmetry 

observed in previous peripheral refraction studies (Tables 5.1-5.2) would have been 

reduced if measurements had been taken relative to the optical axis rather than the 

visual axis (Shen et al., 2010, Kwok et al., 2012). 

Peripheral cornea to retina length dimensions, derived with the IOLMaster biometer 

(Chapter 6), also demonstrated the lack of asymmetry in central 20° retinal 
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eccentricities. However, at outermost eccentricities tested, the peripheral CRL data for 

both refractive groups exhibited greater expansion in the nasal and superior retinal 

regions, respectively, than in the temporal and inferior regions, but statistically 

significant only at 30° along the horizontal meridian of the myopic eyes (see section 

6.4.3). Previous literature supports the present study‟s finding of asymmetry, with 

increasing asymmetry at greater eccentricities (Tables 5.1-5.2 & 6.1). The disparity 

between asymmetrical findings between our structural measurements, along the 

horizontal meridian in particular, may be due to the greater amount of astigmatic error 

in the temporal retina than in the nasal retina (Figure 5.12a).  

Moreover, in view of the asymmetrical findings, in particular those derived from cornea 

to retina dimensions, in conjunction with the findings presented in sections 6.4.4 and 

6.4.5, the temporal retinal region seems to be exposed to greater hyperopic defocus. 

Therefore, our data have shown that the temporal retinal region is the strongest 

indicator of the eye shape (see sections 6.4.4-6.4.5 and Table 6.5). Previous studies 

also demonstrated large refractive group differences in the dimension of the temporal 

retinal region (Gilmartin et al., 2011). It is also worth noting that the temporal retina 

have been previously shown to be the most common region for retinal degenerations 

associated with myopia (e.g. retinal detachments) (Shukla et al., 1986).  

The asymmetrical enlargement of the globe, often observed in Caucasian eyes (Logan 

et al., 2004), may be influenced by visual experience. Evidence from animal studies 

has shown that partial deprivation of vision in specific retinal regions results in 

asymmetrical expansion of the globe and myopia in the deprived region only (Wallman 

et al., 1987, Miles and Wallman, 1990). Localised changes in retinal expansion have 

also been illustrated with hemifield spectacle lenses (Diether and Schaeffel, 1997). 

Therefore, one could hypothesise that varying vulnerability to ocular expansion within 

the peripheral retinal regions may relate to a differential sensitivity to defocus, or the 
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asymmetrical concentration of some growth promoting factor within the retina (Atchison 

et al., 2004).  

Closer position of the orbital walls and extraocular muscles to the sides of the eye than 

behind the eye, as suggested by the rabbit model of myopia (Mohan et al., 1977), may 

influence the type of expansion in myopia, with a tendency toward axial expansion. 

These external sources most probably eliminate the opportunity for the eye to expand 

to the same degree in all directions (global expansion); hence, the regions will 

experience more sheer stretching. This idea is also supported by MRI scans in the 

study by Atchison et al. (2004), who illustrated more limited space between the eye and 

the orbital walls horizontally than vertically. We are aware of noteworthy animal studies, 

such as the work of Wilson et al. (1997) who showed that longer experimentally-

induced myopic eyes had larger orbits, resulting in the outward expansion of the orbital 

walls. However, this phenomenon has not been illustrated in human eyes. Chau et al. 

(2004) found no association between the volume of the orbit and either the volume or 

axial length of the eye, suggesting that, in humans, the eye expands within the existing 

orbital constraints and that the larger myopic eye does not necessarily change the 

orbital volume to any considerable degree.  

The structural asymmetry observed in myopes and to a lesser degree in emmetropes 

may also relate to the cone shape of the orbit. In myopic eyes, the globe continues to 

enlarge during adulthood while the orbit ceases to grow (Kaynak et al., 1994). 

Therefore, in myopia the orbital volume does not increase as much as the axial length 

increases (Song et al., 2007). With this in mind, and also the fact that the orbit is 

angled nasally (Patnaik et al., 2001), ocular expansion would be expected to be 

greatest along the axis of the orbit. Consequently, it is reasonable to observe longer 

cornea to retina length in the nasal retina and more sheer stretching in the temporal 

retina, where the thick lateral orbital wall may possibly restrict the expansion in this 

direction (Figure 8.6). It may also be the case that ethnic differences in ocular anatomy 
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(Lee et al., 2001, Blake et al., 2003) may influence the eye position with the respect to 

the orbit, resulting in a more symmetrical eye shape in an East Asian population 

compared to a Caucasian, as reported previously (Logan et al., 2004).  

 

Figure 8.7 Computed tomography scan in an individual with high myopia. The axial scan shows 

that the large globes in this myopic individual fill the orbit. Picture adapted from Digre and 

Corbett (2003).  

Considering our functional measurements discussed extensively in Chapter 7, 

significant nasal-temporal and superior-inferior asymmetries were noted in the fall-off 

rates in visual performance for both refractive groups: the nasal and superior retinae 

performed better than the temporal and inferior retinae (see section 7.4.3). Similar 

nasal-temporal and superior-inferior asymmetries in visual performance were found in 

previous studies (see section 7.5.3). It has been hypothesised that the asymmetry 

reported in the retinal neural cell density may lead to some degree of asymmetry in 

psychophysical tasks (Curcio and Allen, 1990, Curcio et al., 1990, Silva et al., 2010) 

(see sections 1.6.1.4.2 & 1.6.1.5.2).  

The above findings and the multiple regression analyses presented in this chapter 

indicate that nasal and superior retinae are longer and also perform better on the acuity 

task than temporal and superior retinae. The greater visual performance in longer 

retinal regions is, however, not easily understood. But, it seems likely that retinal 

stretch, secondary to axial elongation, causes differential effects on different regions of 
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the retina with respect to the location of orbital walls. With this in mind, we may form 

the hypothesis that this relates to the lesser degree of retinal stretching produced by 

backward expansion of the globe as seen in the nasal and superior retinae, compared 

to the tangential (sheer) stretching seen in the temporal and inferior retinae. This 

tangential stretching is likely to produce a greater separation of retinal cells and hence 

poorer visual performance in temporal and inferior retinas.  

8.5.4 Ocular expansion type in myopia  

A global expansion model of myopia would predict an overall, more uniform change in 

the visual performance of the eye. Regarding the high contrast visual performance 

results presented in Chapter 7, our findings of no difference between refractive groups 

at the fovea but significant differences in rate of acuity decline with eccentricity, 

suggest that retinal stretching may not be uniform and may be greater in certain 

regions of the globe. Thus, a global expansion model cannot explain our observed 

pattern of loss in resolution acuity in myopic individuals.  

A limited number of published studies have investigated ocular expansion type on the 

basis of psychophysical investigation: Strang et al. (1998) and Coletta and Watson 

(2006) found that a form of the axial elongation model (posterior polar elongation, 

Figure 1.2b), most accurately predicted the reduction in visual performance with 

increasing myopia. Chui et al. (2005) also concluded that a global expansion model 

could not explain their finding that resolution acuity losses increased with increasing 

myopia in the near peripheral retina, and that either an axial (posterior polar) model 

was correct or that global expansion is accompanied by some loss of retinal ganglion 

cells.  

Our findings with the PCI technique, on the basis of peripheral cornea to retina 

dimensions, also suggest the tendency to more axial than global type expansion with 

an increasing degree of myopia (see section 6.4.5). This implies that, with an 
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increasing degree of myopia, the axial length increases to a greater extent than 

peripheral cornea to retina lengths, resulting in a relatively more prolate or less oblate 

ocular shape (Table 6.6). This is unlike emmetropic or hyperopic eyes, which have 

been reported to exhibit relatively more oblate or less prolate shapes according to x-ray 

images (Deller et al., 1947, Wang et al., 1994a) and magnetic resonance scanning 

(Atchison et al., 2005a). Our conclusion is consistent with that of Atchison et al. (2004), 

who showed that the global expansion model would need to be modified to take into 

account the different rates of increase in particular ocular dimensions with increasing 

myopia. Another more recent study by Lim et al. (2011), using MRI, also suggested 

that expansion of the eye differs between myopic and emmetropic eyes, with the 

former illustrating axial elongation and the latter global expansion. 

As previously discussed in section 1.5.6, both posterior pole and equatorial expansion 

are associated with axial elongation, however, by excluding extremely high myopes ( > 

-10 D) from our study, we reduced the chance of including subjects with posterior pole 

expansion possibly resulting from pathological fundus changes, such as posterior 

staphyloma (see section 1.5.7.2). Looking at the individual peripheral cornea to retina 

length data in our study population, we do not believe that we included any posterior 

staphyloma cases, but we cannot be certain to have excluded all such individuals since 

measurements were only taken every 10° and a confined posterior pole expansion 

would therefore only affect the foveal data. However, the posterior pole expansion 

model would not be consistent with our visual performance findings, because reduced 

central visual performance would have outpaced the reduced peripheral visual 

performance if expansion had occurred preferentially at the posterior pole. 

In conclusion, the psychophysical and structural results presented in this thesis indicate 

that an axial expansion model best describes our myopic population. The exact 

mechanism responsible for this specific type of expansion is unknown; however, our 
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data suggest that the axial expansion model predominates in the subjects included in 

this study (see section 6.4.5).  

A limitation of our assumption of myopic expansion model, according to the present 

work, is the inability to assess relatively large areas of retina for measurements (i.e. > 

30°). Further understanding could be improved by using high resolution 3D MRI scans 

in conjunction with the data collected using anterior eye imaging techniques to provide 

more accurate descriptions of myopic expansion. The advantages of the 3D MRI 

techniques for studying ocular expansion include the independence of high resolution 

scans from the optics of the eye and the ability to investigate the eye expansion in any 

meridian (Richdale et al., 2009). 

One must keep in mind that our findings are not fully representative of any specific 

ethnic group, since our study population contained a mixture of ethnicities. A relatively 

small sample size for each ethnicity does not allow us to draw any definite conclusions. 

Considering previous publications, for example, Logan et al. (2004) demonstrated 

ethnicity-dependent variation in ocular shape, with Caucasian eyes exhibiting a nasal-

temporal asymmetry in the eye shape but Chinese eyes showing a more symmetrical 

expansion. Another study, by Kang et al. (2010), demonstrated ethnic variation in 

peripheral refraction profile, with East Asian eyes exhibiting a greater degree of relative 

peripheral hyperopia compared to Caucasian eyes. An initial aim of this study included 

classifying the structural and functional changes of the myopic eyes according to 

different ethnicities. However, most of those recruited in the present research project 

were of Caucasian or British Asian descent. It was not possible to extend the 

experiments to include greater numbers of subjects of East Asian origin, due to time 

constraints and limited access to such subjects.  

In conclusion, with regard to the assumption of ocular shape and asymmetrical 

expansion along the horizontal and vertical meridians in the present study, it seems 
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that myopic eyes illustrated asymmetric axial globe elongation whereas emmetropic 

eyes tended to be more spherical in terms of ocular shape.  

8.5.5 Conclusion 

The findings presented in this work are of direct clinical relevance to eye care 

practitioners; investigations of central and peripheral ocular structure and function are 

likely to contribute to the future management of myopic individuals. From the evidence 

of the experiments and results presented in this thesis, we believe, like many others, 

that the principal basis for any kind of relationship between structure and function in 

myopia is the increase in axial length and subsequent retinal stretch, though, some 

studies have attributed the between-refractive group differences in visual function to 

other factors separate from axial length (Chen et al., 2006, Wolsley et al., 2008). 

Although the asymmetry of the visual performance mimicked the asymmetry of the 

cornea to retinal length, the results of the regression analyses presented in this chapter 

do not help to clarify the relationship between our structural measurements of the 

myopic eye and the specific functional measurements. Therefore, the question of 

whether the structural changes seen in the myopic eye affect visual performance 

remains unanswered.  

The findings presented in this work have the potential to expand to further and larger 

research studies (Chapter 9). In particular, there is a need for longitudinal design 

studies to be performed to increase the understanding of the sequence of the retinal 

changes which occur in individual eyes as myopia develops. 
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Chapter 9  

Conclusions and future work 

9.1 Chapter rationale 

This chapter summarises the results and conclusions of this thesis.  Possible future 

experiments are also proposed which might be expected to further improve our 

understanding of the relationship between the structure and function of the myopic eye.  

9.2 Conclusions 

This thesis comprises two main experimental sections. The first part (Chapters 3 & 4) 

discussed two technical experiments, which assisted in the design of the main 

experimental chapters in this work. The second part of the thesis focused on aspects of 

structure (Chapters 5 & 6) and visual function (Chapter 7) between refractive groups. 

The visual function outcomes were then correlated with specific parameters derived 

from the structural experiments on emmetropic and myopic eyes (Chapter 8). The 

major findings of this work can be summarised as follows: 

In Chapter 3, we investigated the effect of optical alignment on the accuracy and 

repeatability of peripheral refraction measurements. Autorefractors designed for on-

axis refraction measurements are needed to describe the peripheral refractive profile. 
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When adapting such technology for off-axis measurements, the question of instrument 

alignment arises. We found that the range of acceptable alignment positions decreased 

from a zone 2.0 mm wide for 0º and ±10º, to a zone 1.0 mm wide at a ±20º fixation 

angle. In addition, peripheral refraction measurements centred on the entrance pupil 

were shown to be as reliable as those centred on the corneal reflex. Our data suggest 

that a sensible position for instrument alignment would be midway between the pupil 

centre and corneal reflex, to avoid the extremes of the acceptable alignment range. 

These findings suggest that researchers and clinicians utilising peripheral refraction 

data, particularly in relation to interventions aiming to slow the progression of myopia, 

must pay attention to autorefractor alignment to maximise the efficacy of such 

interventions. This study is novel in that it proposes the corneal vertex as the reference 

point for peripheral refraction measurements. The corneal vertex is the most stable 

anatomical position; the centre of the pupil is unstable and may shift asymmetrically 

with the degree of pupil constriction following an active accommodation or changes in 

the light level (Barry and Backes, 1997, Wilson et al., 1992). Determination of the pupil 

centre becomes more of an issue under dim light as the pupil shape tends to become 

more elliptical, unlike the rounder shape seen under bright conditions (Wyatt, 1995). 

In Chapter 4, in response to the inconclusive findings on this topic in the published 

literature, an experiment was designed to examine central and peripheral visual 

function in myopic subjects corrected with contact lenses versus spectacles. Target 

size thresholds were measured at 13 retinal locations for a group of myopic subjects 

corrected with contact lenses versus spectacles. We found that size thresholds did not 

differ significantly between the two forms of optical correction. These findings apply to 

both central and peripheral retinal locations and for both high and low contrast tasks. 

Our findings from this experiment suggest that eye care practitioners can be confident 

that modern soft contact lenses do not impair functional visual performance compared 

to spectacle lenses for most myopes. In addition, the outcome of this chapter confirmed 
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that spectacles were an acceptable form of correction for the main psychophysical 

experiment detailed in Chapter 7. 

In Chapter 5, the structural properties of the myopic eye were investigated through 

peripheral refraction measurements. Studies of peripheral refractive error are of 

growing interest as peripheral defocus in animal models is known to affect central 

refractive error development and ocular shape (Smith et al., 2005, Hung et al., 2008). 

The purpose of this study was to measure peripheral refraction across a wide range of 

retinal locations in a group of myopic and emmetropic adults. This experiment was the 

first to use autorefraction to investigate peripheral refraction in four meridians. 

Peripheral refraction data from four meridians were found to be consistent with the 

well-established prolate elliptical and spherical globe shapes reported for horizontal 

and vertical meridians, in myopic and emmetropic eyes respectively (see section 

5.2.1). Considering the M component, asymmetrical differences were noted along the 

vertical meridian for both refractive groups, with more relative myopia in the superior 

retina. Additionally, as in previous studies (Ferree, 1932, Dunne et al., 1993, 

Seidemann et al., 2002, Atchison et al., 2006b), we demonstrated nasal-temporal 

asymmetry with greater values of J180 and absolute astigmatism in the temporal retina 

compared to the nasal retina.  

We propose that our findings contribute to an understanding of the development and 

progression of myopia, because ocular growth would be expected to depend on 

refractive variations across the entire retina, not just those along the horizontal and 

vertical meridians. The results of this study are particularly relevant to the design of the 

ophthalmic lenses (spectacle and contact lenses) which aim to manipulate peripheral 

refractive errors of human eyes in order to reduce the progression of myopia, based on 

a multiple axis analysis of peripheral refraction (Smith et al., 2002, Sankaridurg et al., 

2010). 
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In Chapter 6, we investigated the ocular dimensions of the eye using a non-contact 

optical biometer based upon the principle of partial coherence interferometry. 

Understanding the structural properties of the peripheral eye is of particular interest, 

since they may provide an insight into myopia development and the possible effects on 

off-axis visual performance. In this study, axial and peripheral cornea to retina lengths 

were measured at 15 retinal locations. We found that, along both the horizontal and 

vertical meridians, myopic eyes showed a relatively steeper retinal contour compared 

to the emmetropic group. These results, which were consistent with the peripheral 

refraction findings of Chapter 5, indicate that myopic eyes tend toward an ellipsoid 

profile. In addition, significant asymmetry was observed at 30° along the horizontal 

meridian of the myopic eyes, with the nasal region exhibiting a greater degree of 

relative myopia (greater expansion) compared to the temporal retina. In the vertical 

meridian, our data suggest a small degree of asymmetry, with a trend toward greater 

relative myopia in the superior retina compared to the inferior retina; however, the 

asymmetrical trend in this region did not reach statistical significance 

In Chapter 7, we examined the central and peripheral visual function of myopic and 

emmetropic eyes at 13 retinal locations for both high and low contrast. The hypothesis 

was that the increased axial length associated with myopia may affect visual 

performance through stretching forces on the retina and changes in retinal architecture. 

We found significantly poorer peripheral visual performance for the myopic group 

compared to emmetropes, but only with high contrast stimuli. No difference in visual 

performance between the refractive groups was found at the fovea. Likewise, no 

difference could be found between the groups at any location for low contrast targets. 

Optical degradation and the greater variability of the low contrast visual performance 

data are likely to have influenced this finding. Nasal-temporal and superior-inferior 

patterns of asymmetry were also found, suggesting better performance in the nasal 

and superior retinae than in the temporal and inferior retinae in both refractive groups.  
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Chapter 8: A particular strength of this thesis is the measurement of multiple variables 

at comparable locations in a large number of eyes (n=77). This enabled us to carry out 

multiple regression analyses to gain an insight into how structural properties of the eye 

might affect the visual function in myopic individuals. This was undertaken at 25º and 

30º retinal eccentricities along the vertical and horizontal meridians respectively, in light 

of the outcome of Chapter 7. The multiple regression analyses produced an unclear 

picture with Pblur playing a role at the limited locations tested for high contrast 

condition. The limited ability of our measured variables to predict functional visual 

performance may have related, at least in part, to the fact that our measure of visual 

performance was influenced by the off-axis optics of the eye and that of the corrective 

lens and not simply resolution limited. Hence, our conclusion on this matter concurs 

with the current literature for limited retinal locations; it is not clear if structural changes 

as a result of axial elongation have any effect on the function of the myopic retina. 

However, there was broad agreement between our peripheral refraction and cornea to 

retinal length measurements (see section 8.4.1). Moreover, the psychophysical 

asymmetries observed in our functional measures may partly reflect the spatial 

asymmetry in neural densities (Curcio and Allen, 1990, Curcio et al., 1990) and optical 

aberrations (Gustafsson et al., 2001, Atchison et al., 2005b) reported in the literature 

and our asymmetrical findings in terms of cornea to retina length. 

9.3 Limitations and future work 

The studies presented in this thesis provide a significant insight into the understanding 

of the structural and functional differences between myopic and emmetropic eyes. This 

work has highlighted a number of areas worthy of further investigation: 
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9.3.1 Effect of alignment on peripheral refraction 

measurements 

In Chapter 3 of this thesis, the difference between the refraction measurements aligned 

with the centre of the pupil versus the corneal reflex was investigated. Another issue 

related to accurate alignment in connection with peripheral refraction measurements is 

the correct rotational alignment with respect to the participant‟s eye. Some studies 

measured peripheral refraction by rotating an instrument in relation to the eye 

(Hoogerheide et al., 1971, Rempt et al., 1971, Jennings and Charman, 1978) or 

rotating the head relative to the instrument with the eye being kept in the straight ahead 

position (Gustafsson et al., 2001, Fedtke et al., 2011). In the present research and a 

series of more recent peripheral refraction studies, however, participants were asked to 

rotate their eyes toward the fixation target, in relation to the instrument (Atchison et al., 

2006b, Chen et al., 2010, Ehsaei et al., 2011c). It has been hypothesised that eye-turn 

may cause pressure to be exerted on the eyeball from the extraocular muscles and 

possibly result in a change in the shape and thus the peripheral refractive errors of the 

eye (Buehren et al., 2005). Other studies have addressed this issue by comparing the 

effect of eye-turn versus head-turn in peripheral refractive measurements along the 

horizontal meridian (Radhakrishnan and Charman, 2008, Mathur et al., 2009b). They 

are all in agreement that for peripheral refraction along the horizontal meridian, it is not 

critical whether the measurements are made with eye turn or head turn. However, the 

pressures exerted by the extraocular structures may be different during vertical fixation, 

due to the location of the attachment lines of the superior and inferior oblique muscles. 

This fact may induce some disparity/inaccuracy in vertical peripheral refraction results 

due to the eye-turn during vertical fixations. To clarify this point, further investigation in 

this area is needed, to compare the effect of eye turn versus head turn in vertical 

peripheral refraction measurements. 
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9.3.2 Effect of contact lens type on visual performance 

As extensively discussed in Chapter 4, despite a large number of peer-reviewed 

publications which compare visual performance with contact lens versus spectacle 

correction, there is no real agreement on the matter. Continuous improvements in lens 

designs, materials and manufacturing techniques over time, in addition to an increase 

in the range of lens modalities and replacement plans, explain a significant part of the 

reported disparities. Previous studies have investigated the visual performance in 

different types of contact lenses (Watanabe et al., 1993, Wachler et al., 1999, Ng et al., 

1997), but they have considered foveal vision only. The existing data set presented in 

this thesis could be expanded by investigating peripheral visual performance with a 

range of different contact lenses. Those findings might also be used in conjunction with 

peripheral refraction data (Shen et al., 2010); currently, peripheral refraction data is 

informing the development of novel optical treatments to inhibit myopic development 

(see section 9.3.3 below) (Sankaridurg et al., 2011).  

9.3.3 Development of myopia anti-progression strategies  

A variety of strategies have been employed to control the progression of axial myopia. 

Pharmaceutical agents such as topical atropine have shown significant reductions in 

myopia progression (Shih et al., 2001, Tong et al., 2009). However, the side effects 

associated with this kind of treatment have limited the use of this agent for long-term 

therapy. Generally, traditional optical interventions were based on the assumption that 

foveal visual signals dominate refractive development. Under-correction of myopia has 

been reported to increase the rate of progression (Chung et al., 2002). The options of 

bifocals and progressive spectacle lenses have been investigated, but shown to 

produce relatively small treatment effects (Gwiazda et al., 2003).  

Recent studies on the mechanisms of refractive error development have suggested 

that optical treatment options concentrated at the retinal periphery may be more 
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effective in controlling axial elongation. In particular, recent animal studies have 

demonstrated that foveal visual signals may not be fundamental to normal eye growth, 

since the peripheral retina appears to be able to regulate emmetropisation and induce 

myopia in response to abnormal visual input (Smith et al., 2005, Smith et al., 2007). 

Consequently, it has recently been suggested that correcting central refractive error is 

not sufficient and myopia progression may be significantly reduced by specially 

designed contact lenses (Sankaridurg et al., 2010, Anstice and Phillips, 2011, 

Sankaridurg et al., 2011), which aim to correct both on-axis and off-axis images, on the 

basis of the available peripheral refraction data. Considering the great interest in the 

role of peripheral refraction in the development of myopia, introducing potential new 

techniques may facilitate fast and accurate measurement of peripheral refraction in 

multiple meridians. All the current methods are derived from conventional central 

refractive techniques, such as open-field autorefractometers which takes 

measurements under small pupil conditions and uses inappropriate off-axis fixation. In 

addition, accurate alignment location is a matter of debate, in particular at larger 

eccentricities (Radhakrishnan and Charman, 2008, Fedtke et al., 2011). 

In addition, although myopia in both Caucasian and East Asian eyes is associated with 

prolate distortion of the posterior globe, the study by Logan and colleagues 

demonstrated ethnicity-dependent variation, with Caucasian eyes exhibiting a nasal-

temporal asymmetry in the eye shape but Chinese eyes showing a more symmetrical 

expansion (Logan et al., 2004). Another study by Kang et al. (2010) demonstrated 

ethnic variation in the peripheral refraction profile, with East Asian eyes exhibiting a 

greater degree of relative peripheral hyperopia compared to Caucasians eyes. An initial 

aim of this study included classifying the structural changes of the myopic eyes based 

on different ethnicities. Most of the participants participated in this research project 

were of Caucasian or British Asian descent. It was not possible, however, to extend the 

experiments on participants with above conditions due to time limitations and limited 

access to certain ethnicities. Further work is now needed to provide an evaluation of 
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multi-axis globe shape variations between eyes of different ethnicities. It may be the 

case that peripheral image shell modifications adopted by myopia control lenses need 

to be tailored to a given retinal surface profile. 

9.3.4 Structural MRI scans 

Both structural measurements in this work provide limited estimates of peripheral 

ocular shape because they are affected to some degree by the anterior structures of 

the eye (cornea and crystalline lens). In addition, large areas of the retina are 

unapproachable and hence eye shapes are assumed on the basis of the available 

tested regions. The application of high resolution MRI offers a non-invasive way of 

assessing the accuracy of these techniques and a novel method of evaluating the 

structure of the eye. Understanding these features would help to clarify further the 

development and structural features of the myopic eye. Expanding the sample size in 

each ethnicity and over a wider range of refractive error would give an opportunity to 

construct an accurate estimation of eye shape models for each ethnicity.  

9.3.5 Peripheral visual performance measurements bypassing 

the optics 

This is an especially important issue, knowing that the functional results presented in 

this work were limited to some degree by the optical properties of the eye. The 

measurement and correction of peripheral aberrations of various orders in the 

peripheral retina is a very difficult task. Ideally, I would like to augment the assessment 

of visual performance using a technique such as laser interference fringes to bypass 

the optics of the eye. This would better allow the role of the retinal structure in visual 

performance to be investigated.  



 

2 9 0  

 

REFERENCES 

Adams, A.J., Wong, L.S., Wong, L. & Gould, B. (1988). Visual acuity changes with age: 

some new perspectives. American Journal of Optometry and Physiological Optics, 

65(5), 403-406. 

Adams, D.W. & McBrien, N.A. (1992). Prevalence of myopia and myopic progression in 

a population of clinical microscopists. Optometry and Vision Science, 69(6), 467-473. 

Alamouti, B. & Funk, J. (2003). Retinal thickness decreases with age: an OCT study. 

British Journal of Ophthalmology, 87(7), 899-901. 

Alexander, K.R., Xie, W. & Derlacki, D.J. (1994). Spatial-frequency characteristics of 

letter identification. Journal of the Optical Society of America A: Optics, Image Science 

and Vision, 11(9), 2375-2382. 

Allen, R.J., Saleh, G.M., Litwin, A.S., Sciscio, A., Beckingsale, A.B. & Fitzke, F.W. 

(2008). Glare and halo with refractive correction. Clinical and Experimental Optometry, 

91(2), 156-160. 

Alsbirk, P.H. (1975). Corneal diameter in Greenland Eskimos. Acta Ophthalmologica, 

53(4), 635-646. 

Altman, D.G. & Bland, J.M. (1983). Measurement in medicine: the analysis of method 

comparison studies. The Statistician, 32(3), 307-317. 

Anderson, D.R. (1987). Perimetry With and Without Automation. St. Louis: Mosby. 



 

2 9 1  

 

Anderson, R.S. (1996a). Aliasing in peripheral vision for counterphase gratings. Journal 

of the Optical Society of America A: Optics, Image Science and Vision, 13(11), 2288-

2293. 

Anderson, R.S. (1996b). The selective effect of optical defocus on detection and 

resolution acuity in peripheral vision. Current Eye Research, 15(3), 351-353. 

Anderson, R.S., Evans, D.W. & Thibos, L.N. (1996). Effect of window size on detection 

acuity and resolution acuity for sinusoidal gratings in central and peripheral vision. 

Journal of the Optical Society of America A: Optics, Image Science and Vision, 13(4), 

697-706. 

Anderson, R.S. & Thibos, L.N. (1999). Relationship between acuity for gratings and for 

tumbling-E letters in peripheral vision. Journal of the Optical Society of America A: 

Optics, Image Science and Vision, 16(10), 2321-2333. 

Anderson, R.S., Wilkinson, M.O. & Thibos, L.N. (1992). Psychophysical localization of 

the human visual streak. Optometry and Vision Science, 69(3), 171-174. 

Anderson, R.S., Zlatkova, M.B. & Demirel, S. (2002). What limits detection and 

resolution of short-wavelength sinusoidal gratings across the retina? Vision Research, 

42(8), 981-990. 

Anderson, S.J., Drasdo, N. & Thompson, C.M. (1995). Parvocellular neurons limit 

motion acuity in human peripheral vision. Proceedings of the Royal Society of London 

Series B: Biological Sciences, 261(1360), 129-138. 

Anderson, S.J. & Hess, R.F. (1990). Post-receptoral undersampling in normal human 

peripheral-vision. Vision Research, 30(10), 1507-1515. 

Anderson, S.J., Mullen, K.T. & Hess, R.F. (1991). Human peripheral spatial resolution 

for achromatic and chromatic stimuli: limits imposed by optical and retinal factors. 

Journal of Physiology, 442(1), 47-64. 

Angle, J. & Wissmann, D. (1980). The epidemiology of myopia. American Journal of 

Epidemiology, 111(2), 220-228. 



 

2 9 2  

 

Angle, J. & Wissmann, D.A. (1978). Age,reading and myopia. American Journal of 

Optometry and Physiological Optics, 55(5), 302-308. 

Anstice, N.S. & Phillips, J.R. (2011). Effect of dual-focus soft contact lens wear on axial 

myopia progression in children. Ophthalmology, 118(6), 1152-1161. 

Anstis, S.M. (1974). Letter: A chart demonstrating variations in acuity with retinal 

position. Vision Research, 14(7), 589-592. 

Applegate, R.A. & Massof, R.W. (1975). Changes in contrast sensitivity function 

induced by contact-lens wear. American Journal of Optometry and Physiological 

Optics, 52(12), 840-846. 

Arbelaez, M.C., Vidal, C. & Arba-Mosquera, S. (2008). Clinical outcomes of corneal 

vertex versus central pupil references with aberration-free ablation strategies and 

LASIK. Investigative Ophthalmology and Visual Science, 49(12), 5287-5294. 

Arden, G.B. (1978). The importance of measuring contrast sensitivity in cases of visual 

disturbance. British Journal of Ophthalmology, 62(4), 198-209. 

Artal, P., Benito, A. & Tabernero, J. (2006). The human eye is an example of robust 

optical design. Journal of Vision, 6(1), 1-7. 

Artal, P., Derrington, A.M. & Colombo, E. (1995). Refraction,aliasing and the absence 

of motion reversals in peripheral vision. Vision Research, 35(7), 939-947. 

Artal, P., Ferro, M., Miranda, I. & Navarro, R. (1993). Effects of aging in retinal image 

quality. Journal of the Optical Society of America A: Optics, Image Science and Vision, 

10(7), 1656-1662. 

Asefzadeh, B., Cavallerano, A.A. & Fisch, B.M. (2007). Racial differences in macular 

thickness in healthy eyes. Optometry and Vision Science, 84(10), 941-945. 

Atchison, D.A. (2003). Comparison of peripheral refractions determined by different 

instruments. Optometry and Vision Science, 80(9), 655-660. 

Atchison, D.A. & Charman, W.N. (2011). Can partial coherence interferometry be used 

to determine retinal shape? Optometry and Vision Science, 88(5), 601-607. 



 

2 9 3  

 

Atchison, D.A., Jones, C.E., Schmid, K.L., Pritchard, N., Pope, J.M., Strugnell, W.E. & 

Riley, R.A. (2004). Eye shape in emmetropia and myopia. Investigative Ophthalmology 

and Visual Science, 45(10), 3380-3386. 

Atchison, D.A., Lucas, S.D., Ashman, R., Huynh, M.A., Schilt, D.W. & Ngo, P.Q. 

(2006a). Refraction and aberration across the horizontal central 10° of the visual field. 

Optometry and Vision Science, 83(4), 213-221. 

Atchison, D.A. & Markwell, E.L. (2008). Aberrations of emmetropic subjects at different 

ages. Vision Research, 48(21), 2224-2231. 

Atchison, D.A., Pritchard, N. & Schmid, K.L. (2006b). Peripheral refraction along the 

horizontal and vertical visual fields in myopia. Vision Research, 46(8-9), 1450-1458. 

Atchison, D.A., Pritchard, N., Schmid, K.L., Scott, D.H., Jones, C.E. & Pope, J.M. 

(2005a). Shape of the retinal surface in emmetropia and myopia. Investigative 

Ophthalmology and Visual Science, 46(8), 2698-2707. 

Atchison, D.A., Pritchard, N., White, S.D. & Griffiths, A.M. (2005b). Influence of age on 

peripheral refraction. Vision Research, 45(6), 715-720. 

Atchison, D.A., Schmid, K.L. & Pritchard, N. (2006c). Neural and optical limits to visual 

performance in myopia. Vision Research, 46(21), 3707-3722. 

Atchison, D.A. & Scott, D.H. (2002). Monochromatic aberrations of human eyes in the 

horizontal visual field. Journal of the Optical Society of America A: Optics, Image 

Science and Vision, 19(11), 2180-2184. 

Atchison, D.A., Scott, D.H. & Charman, W.N. (2003). Hartmann-Shack technique and 

refraction across the horizontal visual field. Journal of the Optical Society of America A: 

Optics, Image Science and Vision, 20(6), 965-973. 

Atchison, D.A. & Smith, G. (2000). Optics of the Human Eye. Oxford, UK: Butterworth-

Heinemann. 

Atchison, D.A. & Smith, G. (2004). Possible errors in determining axial length changes 

during accommodation with the IOLMaster. Optometry and Vision Science, 81(4), 283-

286. 



 

2 9 4  

 

Attebo, K., Ivers, R.Q. & Mitchell, P. (1999). Refractive errors in an older population: 

the Blue Mountains Eye Study. Ophthalmology, 106(6), 1066-1072. 

Aung, T., Foster, P.J., Seah, S.K., Chan, S.P., Lim, W.K., Wu, H.M., Lim, A.T.H., Lee, 

L. & Chew, S.J. (2001). Automated static perimetry: the influence of myopia and its 

method of correction. Ophthalmology, 108(2), 290-295. 

Bailey, I.L. & Lovie, J.E. (1976). New design principles for visual-acuity letter charts. 

American Journal of Optometry and Physiological Optics, 53(11), 740-745. 

Bailey, M.D., Walline, J.J., Mitchell, G.L. & Zadnik, K. (2001). Visual acuity in contact 

lens wearers. Optometry and Vision Science, 78(10), 726-731. 

Bakaraju, R.C., Ehrmann, K., Ho, A. & Papas, E.B. (2008). Pantoscopic tilt in 

spectacle-corrected myopia and its effect on peripheral refraction. Ophthalmic and 

Physiological Optics, 28(6), 538-549. 

Bakaraju, R.C., Ehrmann, K., Papas, E.B. & Ho, A. (2009). Do peripheral refraction and 

aberration profiles vary with the type of myopia? An illustration using a ray-tacing 

approach. Journal of Optometry, 2(1), 29-38. 

Banks, M.S., Sekuler, A.B. & Anderson, S.J. (1991). Peripheral spatial vision: limits 

imposed by optics, photoreceptors, and receptor pooling. Journal of the Optical Society 

of America A: Optics, Image Science and Vision, 8(11), 1775-1787. 

Barbur, J.L. (1988). Spatial frequency specific measurements and their use in clinical 

psychophysics. Clinical Vision Sciences, 2(3), 225-233. 

Barbur, J.L., Forsyth, P.M. & Findlay, J.M. (1988). Human saccadic eye-movements in 

the absence of the geniculocalcarine projection. Brain, 111(1), 63-82. 

Barbur, J.L., Thomson, W.D. & Forsyth, P.M. (1987). A new system for the 

simultaneous measurement of pupil size and two-dimensional eye movements. Clinical 

Vision Sciences, 2, 131-142.  

Barrett, B.T., Mcgraw, P.V., Murray, L.A. & Murgatroyd, P. (1996). Anterior chamber 

depth measurement in clinical practice. Optometry and Vision Science, 73(7), 482-486. 



 

2 9 5  

 

Barry, J.C. & Backes, A. (1997). Limbus versus pupil center for ocular alignment 

measurement with corneal reflexes. Investigative Ophthalmology and Visual Science, 

38(12), 2597-2607. 

Barth, B., Alves, M.R. & Kara-Jose, N. (2008). Visual performance in myopic correction 

with spectacles and soft contact lenses. Arquivos Brasileiros De Oftalmologia, 71(1), 

90-96. 

Bass, M. (2010). Handbook of Optics. Vision Optics. Volume 3. New York: McGraw-

Hill. 

Bauer, G.T. (1980). Longitudinal spherical aberration of modern ophthalmic lenses and 

its effect on visual acuity. Applied Optics, 19(13), 2226-2234. 

Baumeister, M., Terzi, E., Ekici, Y. & Kohnen, T. (2004). Comparison of manual and 

automated methods to determine horizontal corneal diameter. Journal of Cataract and 

Refractive Surgery, 30(2), 374-380. 

Bearse, J.M.A. & Sutter, E.E. (1996). Imaging localized retinal dysfunction with the 

multifocal electroretinogram. Journal of the Optical Society of America A: Optics, Image 

Science and Vision, 13(3), 634-640. 

Bennett, A.G. (1965). Ophthalmic test types. A review of previous work and 

discussions on some controversial questions. The British Journal of Physiological 

Optics, 22(4), 238-271. 

Beresford, J.A., Crewther, S.G. & Crewther, D.P. (1998). Anatomical correlates of 

experimentally induced myopia. Australian and New Zealand Journal of 

Ophthalmology, 26(Suppl), 84-87. 

Berkley, M.A., Kitterle, F. & Watkins, D.W. (1975). Grating visibility as a function of 

orientation and retinal eccentricity. Vision Research, 15(2), 239-244. 

Bernstein, I.H. & Brodrick, J. (1981). Contrast sensitivities through spectacles and soft 

contact-lenses. American Journal of Optometry and Physiological Optics, 58(4), 309-

313. 



 

2 9 6  

 

Berntsen, D.A., Mutti, D.O. & Zadnik, K. (2010). Study of Theories about Myopia 

Progression (STAMP) design and baseline data. Optometry and Vision Science, 

87(11), 823-832. 

Blake, C.R., Lai, W.W. & Edward, D.P. (2003). Racial and ethnic differences in ocular 

anatomy. International Ophthalmology Clinics, 43(4), 9-25. 

Bland, J.M. & Altman, D.G. (1986). Statistical methods for assessing agreement 

between two methods of clinical measurement. Lancet, 1(8476), 307-310. 

Bland, J.M. & Altman, D.G. (1996). Statistics notes: measurement error. British Medical 

Journal, 313(7059), 744. 

Bolz, M., Prinz, A., Drexler, W. & Findl, O. (2007). Linear relationship of refractive and 

biometric lenticular changes during accommodation in emmetropic and myopic eyes. 

British Journal of Ophthalmology, 91(3), 360-365. 

Bradley, A., Hook, J. & Haeseker, J. (1991). A comparison of clinical acuity and 

contrast sensitivity charts-effect of uncorrected myopia. Ophthalmic and Physiological 

Optics, 11(3), 218-226. 

Briggs, S.T. (1998). Contrast sensitivity assessment of soft contact lens wearers. 

International Contact Lens Clinic, 25(4), 99-102. 

Brown, B. & Lovie-Kitchin, J.E. (1989). High and low contrast acuity and clinical 

contrast sensitivity tested in a normal population. Optometry and Vision Science, 66(7), 

467-473. 

BS 4274. (1968). Specification for Test Charts for Determining Distance Visual 

Acuity.London, UK: British Standards Institution. 

Buckhurst, P.J., Wolffsohn, J.S., Shah, S., Naroo, S.A., Davies, L.N. & Berrow, E.J. 

(2009). A new optical low coherence reflectometry device for ocular biometry in 

cataract patients. British Journal of Ophthalmology, 93(7), 949-953. 

Buehren, T., Collins, M.J. & Carney, L.G. (2005). Near work induced wavefront 

aberrations in myopia. Vision Research, 45(10), 1297-1312. 



 

2 9 7  

 

Bullimore, M.A., Fusaro, R.E. & Adams, C.W. (1998). The repeatability of automated 

and clinician refraction. Optometry and Vision Science, 75(8), 617-622. 

Bullimore, M.A., Gilmartin, B. & Royston, J.M. (1992). Steady-state accommodation 

and ocular biometry in late-onset myopia. Documenta Ophthalmologica, 80(2), 143-

155. 

Calver, R., Radhakrishnan, H., Osuobeni, E. & O'Leary, D. (2007). Peripheral refraction 

for distance and near vision in emmetropes and myopes. Ophthalmic and Physiological 

Optics, 27(6), 584-593. 

Campbell, F.W. & Gubisch, R.W. (1966). Optical quality of the human eye. The Journal 

of Physiology, 186(3), 558-578. 

Campbell, F.W., Kulikowski, J.J. & Levinson, J. (1966). The effect of orientation on the 

visual resolution of gratings. The Journal of Physiology, 187(2), 427-436. 

Campbell, F.W. & Robson, J.G. (1968). Application of fourier analysis to the visibility of 

gratings. The Journal of Physiology, 197(3), 551-566. 

Carkeet, A., Saw, S.M., Gazzard, G.U.S., Tang, W. & Tan, D.T.H. (2004). Repeatability 

of IOLMaster biometry in children. Optometry and Vision Science, 81(11), 829-834. 

Chalmers, R.L., Dillehay, S., Long, B., Barr, J.T., Bergenske, P., Donshik, P., Secor, G. 

& Yoakum, J. (2005). Impact of previous extended and daily wear schedules on signs 

and symptoms with high Dk lotrafilcon A lenses. Optometry and Vision Science, 82(6), 

549-554. 

Chan, A.H.S. & Courtney, A.J. (1996). Foveal acuity, peripheral acuity and search 

performance: A review. International Journal of Industrial Ergonomics, 18(2-3), 113-

119. 

Chan, H.L. & Mohidin, N. (2003). Variation of multifocal electroretinogram with axial 

length. Ophthalmic and Physiological Optics, 23(2), 133-140. 

Charman, N.W. & Atchison, D.A. (2009). Decentred optical axes and aberrations along 

principal visual field meridians. Vision Research, 49(14), 1869-1876. 



 

2 9 8  

 

Charman, W.N. (2005). Aberrations and myopia. Ophthalmic and Physiological Optics, 

25(4), 285-301. 

Charman, W.N. & Atchison, D.A. (2005). Theoretical effect of changes in entrance pupil 

magnification on wavefront-guided laser refractive corneal surgery. Journal of 

Refractive Surgery, 21(4), 386-391. 

Charman, W.N. & Jennings, J.A.M. (2006). Longitudinal changes in peripheral 

refraction with age. Ophthalmic and Physiological Optics, 26(5), 447-455. 

Charman, W.N., Mountford, J., Atchison, D.A. & Markwell, E.L. (2006). Peripheral 

refraction in orthokeratology patients. Optometry and Vision Science, 83(9), 641-648. 

Charman, W.N. & Radhakrishnan, H. (2010). Peripheral refraction and the 

development of refractive error: a review. Ophthalmic and Physiological Optics, 30(4), 

321-338. 

Chat, S.W.S. & Edwards, M.H. (2001). Clinical evaluation of the Shin-Nippon SRW-

5000 autorefractor in children. Ophthalmic and Physiological Optics, 21(2), 87-100. 

Chau, A., Fung, K., Pak, K. & Yap, M. (2004). Is eye size related to orbit size in human 

subjects? Ophthalmic and Physiological Optics, 24(1), 35-40. 

Chen, J.C., Brown, B. & Schmid, K.L. (2006). Delayed mfERG responses in myopia. 

Vision Research, 46(8-9), 1221-1229. 

Chen, J.F., Elsner, A.E., Burns, S.A., Hansen, R.M., Lou, P.L., Kwong, K.K. & Fulton, 

A.B. (1992). The effect of eye shape on retinal responses. Clinical Vision Sciences, 

7(6), 521-530. 

Chen, X., Sankaridurg, P., Donovan, L., Lin, Z., Li, L., Martinez, A., Holden, B. & Ge, J. 

(2010). Characteristics of peripheral refractive errors of myopic and non-myopic 

chinese eyes. Vision Research, 50(1), 31-35. 

Cheng, C.Y., Yen, M.Y., Lin, H.Y., Hsia, W.W. & Hsu, W.M. (2004). Association of 

ocular dominance and anisometropic myopia. Investigative Ophthalmology and Visual 

Science, 45(8), 2856-2860. 



 

2 9 9  

 

Cheng, H.M., Singh, O.S., Kwong, K.K., Xiong, J., Woods, B.T. & Brady, T.J. (1992). 

Shape of the myopic eye as seen with high-resolution magnetic resonance imaging. 

Optometry and Vision Science, 69(9), 698-701. 

Cheng, S.C.K., Lam, C.S.Y. & Yap, M.K.H. (2010). Retinal thickness in myopic and 

non-myopic eyes. Ophthalmic and Physiological Optics, 30(6), 776-784. 

Cheng, X., Bradley, A., Hong, X. & Thibos, L.N. (2003). Relationship between refractive 

error and monochromatic aberrations of the eye. Optometry and Vision Science, 80(1), 

43-49. 

Cheong, A.M.Y., Geruschat, D.R. & Congdon, N. (2008). Traffic gap judgment in 

people with significant peripheral field loss. Optometry and Vision Science, 85(1), 26-

36  

Cheung, S.W., Chan, R., Cheng, R.C.S. & Cho, P. (2009). Effect of cycloplegia on axial 

length and anterior chamber depth measurements in children. Clinical and 

Experimental Optometry, 92(6), 476-481. 

Chew, S.J., Chia, S.C. & Lee, L.K.H. (1988). The pattern of myopia in young 

Singaporean men. Singapore Medical Journal, 29(3), 201-211. 

Chisholm, C.M. (2003). Assessment of Visual Performance: Comparison of Normal 

Subjects and Post-Refractive Surgery Patients. PhD thesis, City University. 

Chisholm, C.M., Evans, A.D., Harlow, J.A. & Barbur, J.L. (2003). New test to assess 

pilot's vision following refractive surgery. Aviation Space and Environmental Medicine, 

74(5), 551-559. 

Choong, Y.F., Chen, A.H. & Goh, P.P. (2006). A comparison of autorefraction and 

subjective refraction with and without cycloplegia in primary school children. American 

Journal of Ophthalmology, 142(1), 68-74. 

Chow, Y.C., Dhillon, B., Chew, P.T. & Chew, S.J. (1990). Refractive errors in 

Singapore medical students. Singapore Medical Journal, 31 (5), 472-473. 



 

3 0 0  

 

Chui, T.Y., Song, H. & Burns, S.A. (2008). Individual variations in human cone 

photoreceptor packing density: variations with refractive error. Investigative 

Ophthalmology and Visual Science, 49(10), 4679-4687. 

Chui, T.Y., Yap, M.K., Chan, H.H. & Thibos, L.N. (2005). Retinal stretching limits 

peripheral visual acuity in myopia. Vision Research, 45(5), 593-605. 

Chui, Y., Yap, M. & Chan, H. (2002). The retinal ganglion cell density and nerve fiber 

layer thickness in the human myopic eye. Investigative Ophthalmology and Visual 

Science, 43(12), ARVO E-Abstract 183. 

Chung, K., Mohidin, N. & O'Leary, D.J. (2002). Undercorrection of myopia enhances 

rather than inhibits myopia progression. Vision Research, 42(22), 2555-2559. 

Chung, S.T.L., Levi, D.M. & Tjan, B.S. (2005). Learning letter identification in peripheral 

vision. Vision Research, 45(11), 1399-1412. 

Cleary, G., Spalton, D.J., Patel, P.M., Lin, P.F. & Marshall, J. (2009). Diagnostic 

accuracy and variability of autorefraction by the Tracey Visual Function Analyzer and 

the Shin-Nippon NVision-K 5001 in relation to subjective refraction. Ophthalmic and 

Physiological Optics, 29(2), 173-181. 

Coletta, N.J. & Watson, T. (2006). Effect of myopia on visual acuity measured with 

laser interference fringes. Vision Research, 46(5), 636-651. 

Collins, J.W. & Carney, L.G. (1990). Visual performance in high myopia. Current Eye 

Research, 9(3), 217-224. 

Collins, M.J., Brown, B. & Bowman, K.J. (1989). Peripheral visual acuity and age. 

Ophthalmic and Physiological Optics, 9(3), 314-316. 

Collins, M.J., Wildsoet, C.F. & Atchison, D.A. (1995). Monochromatic aberrations and 

myopia. Vision Research, 35(9), 1157-1163. 

Comerford, J.P., Thorn, F. & Corwin, T.R. (1987). Effect of luminance level on contrast 

sensitivity in myopia. American Journal of Optometry and Physiological Optics, 64(11), 

810-814. 



 

3 0 1  

 

Connors, R., Boseman, P. & Olson, R.J. (2002). Accuracy and reproducibility of 

biometry using partial coherence interferometry. Journal of Cataract and Refractive 

Surgery, 28(2), 235-238. 

Cornsweet, T.N. (1962). The staircase-method in psychophysics. The American 

Journal of Psychology, 75(3), 485-491. 

Cox, I. & Holden, B.A. (1990). Soft contact lens-induced longitudinal spherical 

aberration and its effect on contrast sensitivity. Optometry and Vision Science, 67(9), 

679-683. 

Crewther, D.P. (2000). The role of photoreceptors in the control of refractive state. 

Progress in Retinal and Eye Research, 19(4), 421-457. 

Cruysberg, L.P.J., Doors, M., Verbakel, F., Berendschot, T.T.J.M., De Brabander, J. & 

Nuijts, R.M.M.A. (2010). Evaluation of the Lenstar LS 900 non-contact biometer. British 

Journal of Ophthalmology, 94(1), 106-110. 

Curcio, C.A. & Allen, K.A. (1990). Topography of ganglion cells in human retina. 

Journal of Comparative Neurology, 300(1), 5-25. 

Curcio, C.A., Sloan, K.R., Kalina, R.E. & Hendrickson, A.E. (1990). Human 

photoreceptor topography. Journal of Comparative Neurology, 292(4), 497-523. 

Curcio, C.A., Sloan, K.R., Packer, O., Hendrickson, A.E. & Kalina, R.E. (1987). 

Distribution of cones in human and monkey retina: individual variability and radial 

asymmetry. Science, 236(4801), 579-582. 

Currie, Z., Bhan, A. & Pepper, I. (2000). Reliability of Snellen charts for testing visual 

acuity for driving: prospective study and postal questionnaire. British Medical Journal, 

321(7267), 990-992. 

Curtin, B. (1985). The Myopias: Basic Science and Clinical Management. Philadelphia: 

Harper and Row. 

Curtin, B.J. (1977). The posterior staphyloma of pathologic myopia.Transactions of the 

American Ophthalmological Society, 75, 67-86. 



 

3 0 2  

 

Curtin, B.J. & Karlin, D.B. (1970). Axial length measurements and fundus changes of 

the myopic eye. I. The posterior fundus. Transactions of the American 

Ophthalmological Society, 68, 312-334. 

Dacey, D.M. (1993). The mosaic of midget ganglion cells in the human retina. Journal 

of Neuroscience, 13(12), 5334-5355. 

Dacey, D.M. & Petersen, M.R. (1992). Dendritic field size and morphology of midget 

and parasol ganglion cells of the human retina. Proceedings of the National Academy 

of Sciences of the United States of America, 89(20), 9666-9670. 

Daitch, J.M. & Green, D.G. (1969). Contrast sensitivity of the human peripheral retina. 

Vision Research, 9(8), 947-952. 

Dandona, R. & Dandona, L. (2001). Refractive error blindness. Bulletin of the World 

Health Organization, 79(3), 237-243. 

Davies, L.N. & Mallen, E.A.H. (2009). Influence of accommodation and refractive status 

on the peripheral refractive profile. British Journal of Ophthalmology, 93(9), 1186-1190. 

Davies, L.N., Mallen, E.A.H., Wolffsohn, J.S. & Gilmartin, B. (2003). Clinical evaluation 

of the Shin-Nippon NVision-K 5001/Grand Seiko WR-5100K autorefractor. Optometry 

and Vision Science 80(4), 320-324. 

Day, M., Strang, N.C., Seidel, D., Gray, L.S. & Mallen, E.A.H. (2006). Refractive group 

differences in accommodation microfluctuations with changing accommodation 

stimulus. Ophthalmic and Physiological Optics, 26(1), 88-96. 

DeBruyn, B. (1997). Blending transparent motion patterns in peripheral vision. Vision 

Research, 37(5), 645-648. 

Deller, J.F.P., O'Connor, A.D. & Sorsby, A. (1947). X-ray measurement of the 

diameters of the living eye. Proceedings of the Royal Society of London Series B: 

Biological Sciences 134(877), 456-467. 

Deng, L., Gwiazda, J. & Thorn, F. (2010). Children's refractions and visual activities in 

the school year and summer. Optometry and Vision Science, 87(6), 406-413. 



 

3 0 3  

 

Diether, S. & Schaeffel, F. (1997). Local changes in eye growth induced by imposed 

local refractive error despite active accommodation. Vision Research, 37(6), 659-668. 

Digre, K. & Corbett, J. (2003). Practical Viewing of the Optic Disc. Burlington: 

Butterworth-Heinemann. 

Ding, X., Lin, Z., Huang, Q., Zheng, Y., Congdon, N. & He, M. (2012). Heritability of 

peripheral refraction in Chinese children and adolescents: the Guangzhou Twin Eye 

study. Investigative Ophthalmology and Visual Science, 53(1), 107-111. 

Donders, F.C. (1864). On the Anomalies of Accommodation and Refraction of the Eye; 

with a Preliminary Essay on Physiological Dioptrics. Translated from the author‟s 

manuscript by William Daniel Moore. London: The New Sydenham Society. 

Dowling, J.E. (1987). The Retina-An Approachable Part of the Brain. 

Cambridge,Massachusetts, and London, England: The Belknap Press of Harvard 

University Press. 

Drexler, W., Findl, O., Menapace, R., Rainer, G., Vass, C., Hitzenberger, C.K. & 

Fercher, A.F. (1998a). Partial coherence interferometry: a novel approach to biometry 

in cataract surgery. American Journal of Ophthalmology, 126(4), 524-534. 

Drexler, W., Findl, O., Schmetterer, L., Hitzenberger, C.K. & Fercher, A.F. (1998b). Eye 

elongation during accommodation in humans: differences between emmetropes and 

myopes. Investigative Ophthalmology and Visual Science, 39(11), 2140-2147. 

Drexler, W., Hitzenberger, C.K., Baumgartner, A., Findl, O., Sattmann, H. & Fercher, 

A.F. (1998c). Investigation of dispersion effects in ocular media by multiple wavelength 

partial coherence interferometry. Experimental Eye Research, 66(1), 25-33. 

Duke-Elder, S. (1949). Textbook of Ophthalmology. Volume 4, Kimpton, London. 

Dunne, M.C.M. (1995). A computing scheme for detemination of retinal contour from 

peripheral refraction,keratometry and A-scan ultrasonography. Ophthalmic and 

Physiological Optics, 15(2), 133-143. 



 

3 0 4  

 

Dunne, M.C.M. & Barnes, D.A. (1990). Modelling oblique astigmatism in eyes with 

known peripheral refraction and optical dimensions. Ophthalmic and Physiological 

Optics, 10(1), 46-48. 

Dunne, M.C.M., Davies, L.N., Mallen, E.A.H., Kirschkamp, T. & Barry, J.C. (2005). 

Non-invasive phakometric measurement of corneal and crystalline lens alignment in 

human eyes. Ophthalmic and Physiological Optics, 25(2), 143-152. 

Dunne, M.C.M., Misson, G.P., White, E.K. & Barnes, D.A. (1993). Peripheral astigmatic 

asymmetry and angle-alpha. Ophthalmic and Physiological Optics, 13(3), 303-305. 

Dunne, M.C.M., Royston, J.M. & Barnes, D.A. (1992). Normal variations of the 

posterior corneal surface. Acta Ophthalmologica, 70(2), 255-261. 

Efron, S., Efron, N. & Morgan, P.B. (2008). Optical and visual performance of aspheric 

soft contact lenses. Optometry and Vision Science, 85(3), 201-210  

Ehsaei, A., Chisholm, C.M., MacIsaac, J.C., Mallen, E.A.H. & Pacey, I.E. (2011a). 

Central and peripheral visual performance in myopes: contact lenses versus 

spectacles. Contact Lens and Anterior Eye, 34(3), 128-132. 

Ehsaei, A., Chisholm, C.M., Mallen, E.A.H. & Pacey, I.E. (2011b). The effect of 

instrument alignment on peripheral refraction measurements by automated optometer. 

Ophthalmic and Physiological Optics, 31(4), 413-420. 

Ehsaei, A., Mallen, E.A.H., Chisholm, C.M. & Pacey, I.E. (2011c). Cross-sectional 

sample of peripheral refraction in four meridians in myopes and emmetropes. 

Investigative Ophthalmology and Visual Science, 52(10), 7574-7585. 

Eleftheriadis, H. (2003). IOLMaster biometry: refractive results of 100 consecutive 

cases. British Journal of Ophthalmology, 87(8), 960-963. 

Elliott, D.B. & Situ, P. (1998). Visual acuity versus letter contrast sensitivity in early 

cataract. Vision Research, 38(13), 2047-2052. 

Emsley, H.H. (1952). Visual Optics. London: Butterworths. 



 

3 0 5  

 

Ennis, F.A. & Johnson, C.A. (2002). Are high-pass resolution perimetry thresholds 

sampling limited or optically limited? Optometry and Vision Science, 79(8), 506-511. 

Fahle, M. & Schmid, M. (1988). Naso-temporal asymmetry of visual perception and of 

the visual cortex. Vision Research, 28(2), 293-300. 

Fedtke, C., Ehrmann, K., Ho, A. & Holden, B.A. (2011). Lateral pupil alignment 

tolerance in peripheral refractometry Optometry and Vision Science, 88(5), 570-579. 

Fedtke, C., Ehrmann, K. & Holden, B.A. (2009). A review of peripheral refraction 

techniques. Optometry and Vision Science, 86(5), 429-446. 

Feigl, B. & Zele, A.J. (2010). Macular function in tilted disc syndrome. Documenta 

Ophthalmologica, 120(2), 201-203. 

Feng, C., Jiang, Y. & He, S. (2007). Horizontal and vertical asymmetry in visual spatial 

crowding effects. Journal of Vision, 7(2), 1-10. 

Fercher, A.F., Mengedoht, K. & Werner, W. (1988). Eye-length measurement by 

interferometry with partially coherent light. Optics Letters, 13(3), 186-188. 

Ferree, C.E. & Rand, G. (1933). Interpretation of refractive conditions in the peripheral 

field of vision: A further study. Archives of Ophthalmology, 9(6), 925-938. 

Ferree, C.E., Rand, G. & Hardy, C. (1931). Refraction for the peripheral filed of vision. 

Archives of Ophthalmology, 5(5), 717-731. 

Ferree, C.E., Rand, G. and  Hardy, C. (1932). Refractive asymmetry in the temporal 

and nasal halves of the visual field. American Journal of Ophthalmology 15(6), 513-

522. 

Ferris, F.L., Kassoff, A., Bresnick, G.H. & Bailey, I. (1982). New visual acuity charts for 

clinical research. American Journal of Ophthalmology, 94(1), 91-96. 

Fiorentini, A. & Maffei, L. (1976). Spatial contrast sensitivity of myopic subjects. Vision 

Research, 16(4), 437-438. 



 

3 0 6  

 

Fisher, R.F. (1973). Presbyopia and the changes with age in the human crystalline 

lens. The Journal of Physiology, 228(3), 765-779. 

Fledelius, H.C. (1995). Myopia of adult onset. Can analyses be based on patient 

memory? Acta Ophthalmologica Scandinavica, 73(5), 394-396. 

Fledelius, H.C. & Goldschmidt, E. (2010). Oculometry findings in high myopia at adult 

age: considerations based on oculometric follow-up data over 28 years in a cohort-

based Danish high-myopia series. Acta Ophthalmologica, 88(4), 472-478. 

Fotedar, R., Wang, J.J., Burlutsky, G., Morgan, I.G., Rose, K., Wong, T.Y. & Mitchell, 

P. (2010). Distribution of axial length and ocular biometry measured using partial 

coherence laser interferometry (IOLMaster) in an older white population. 

Ophthalmology, 117(3), 417-423. 

Freeman, G. & Pesudovs, K. (2005). The impact of cataract severity on measurement 

acquisition with the IOLMaster. Acta Ophthalmologica Scandinavica, 83(4), 439-442. 

Frennesson, C. & Nilsson, S.E. (2007). The superior retina performs better than the 

inferior retina when reading with eccentric viewing: a comparison in normal volunteers. 

Acta Ophthalmologica Scandinavica, 85(8), 868-870. 

Frisen, L. (1987). High-pass resolution targets in peripheral vision. Ophthalmology, 

94(9), 1104-1108. 

Frisen, L. & Glansholm, A. (1975). Optical and neural resolution in peripheral vision. 

Investigative Ophthalmology, 14(7), 528-536. 

Fry, G.A. & Hill, W.W. (1962). The center of rotation of the eye. American Journal of 

Optometry and Archives of American Academy of Optometry, 39(11), 581-595. 

Fuchs, I., Goldschmidt, E. & Teasdale, T.W. (1988). Degree of myopia in relation to 

intelligence and education level. Lancet, 332(8624), 1351-1354. 

Garner, L.F., Stewart, A.W., Kinnear, R.F. & Frith, M.J. (2004). The Nepal longitudinal 

study: predicting myopia from the rate of increase in vitreous chamber depth. 

Optometry and Vision Science, 81(1), 44-48. 



 

3 0 7  

 

Garner, L.F., Stewart, A.W., Owens, H., Kinnear, R.F. & Frith, M.J. (2006). The Nepal 

Longitudinal Study: biometric characteristics of developing eyes. Optometry and Vision 

Science, 83(5), 274-280. 

Garner, L.F. & Yap, M.K.H. (1997). Changes in ocular dimensions and refraction with 

accommodation. Ophthalmic and Physiological Optics, 17(1), 12-17. 

Gartner, S. & Henkind, P. (1981). Aging and degeneration of the human macula. 1. 

Outer nuclear layer and photoreceptors. British Journal of Ophthalmology, 65(1), 23-

28. 

Gee, S.S. & Tabbara, K.F. (1988). Increase in ocular axial length in patients with 

corneal opacification. Ophthalmology, 95(9), 1276-1278. 

Gilbert, M. (1953). Definition of visual acuity. British Journal of Ophthalmology, 37(11), 

661-669. 

Gilmartin, B. (2004). Myopia: precedents for research in the twenty-first century. 

Clinical and Experimental Ophthalmology, 32(3), 305-324. 

Gilmartin, B., Nagra, M., Logan, N. & Patel, H. (2011). Regional variation In Ooular 

dimensions In human myopia. Investigative Ophthalmology and Visual Science, 52(6), 

ARVO E-Abstract 6315. 

Ginsburg, A.P. (1984). A new contrast sensitivity vision test chart. . American Journal 

of Optometry and Physiological Optics 61(6), 403-407. 

Ginsburg, A.P., Evans, D.W., Cannon, M.W., Owsley, C. & Mulvanny, P. (1984). Large-

sample norms for contrast sensitivity. American Journal of Optometry and Physiological 

Optics, 61(2), 80-84. 

Goldschmidt, E. (1968). On the etiology of myopia. An epidemiological study. Acta 

ophthalmologica, 98(Suppl), 1-172. 

Gonzalez Blanco, F., Sanz Fernandez, J.C. & Munoz Sanz, M.A. (2008). Axial length, 

corneal radius, and age of myopia onset. Optometry and Vision Science, 85(2), 89-96. 



 

3 0 8  

 

Gordon, R.A. & Donzis, P.B. (1985). Refractive development of the human eye. 

Archives of Ophthalmology, 103(6), 785-789. 

Gordon, S. (1971). Dimension stability of contact lenses. Journal of the American 

Optometric Association, 42(3), 239. 

Goss, D.A., Cox, V.D., Herrin-Lawson, G.A., Nielsen, E.D. & Dolton, W.A. (1990). 

Refractive error, axial length, and height as a function of age in young myopes. 

Optometry and Vision Science, 67(5), 332-338. 

Goss, D.A., Hampton, M.J. & Wickham, M.G. (1988). Selected review on genetic 

factors in myopia. Journal of the American Optometric Association, 59(11), 875-884. 

Goss, D.A. & Jackson, T.W. (1995). Clinical findings before the onset of myopia in 

youth. I. Ocular optical components. Optometry and Vision Science, 72(12), 870-878. 

Goss, D.A., VanVeen, H.G., Rainey, B.B. & Feng, B. (1997). Ocular components 

measured by keratometry, phakometry, and ultrasonography in emmetropic and 

myopic optometry students. Optometry and Vision Science, 74(7), 489-495. 

Goss, D.A. & Winkler, R.L. (1983). Progression of myopia in youth: age of cessation. 

American Journal of Optometry and Physiological Optics, 60(8), 651-658. 

Graham, M.V. & Gray, O.P. (1963). Refraction of premature babies' eyes. British 

Medical Journal, 1(5343), 1452-1454. 

Gray, L.S., Strang, N.C., Seidel, D., Brawley, F. & Howard, K. (2005). Corneal 

ssphericity, ocular aberrations and retinal shape in hyperopia, myopia and emmetropia. 

Investigative Ophthalmology and Visual Science, 46(5), ARVO E-Abstract 5600. 

Green, D.G. (1970). Regional variations in the visual acuity for interference fringes on 

the retina. The Journal of Physiology, 207(2), 351-356. 

Greene, P.R. (1980). Mechanical considerations in myopia: relative effects of 

accommodation, convergence, intraocular pressure, and the extraocular muscles. 

American Journal of Optometry and Physiological Optics, 57(12), 902-914. 



 

3 0 9  

 

Grey, C.P. (1986). Changes in contrast sensitivity during the first hour of soft lens wear. 

American Journal of Optometry and Physiological Optics 63(9), 702-707. 

Gross-Glenn, K., Skottun, B.C., Glenn, W., Kushch, A., Lingua, R., Dunbar, M., Jallad, 

B., Lubs, H.A., Levin, B., Rabin, M., Parke, L.A. & Duara, R. (1995). Contrast sensitivity 

in dyslexia. Visual Neuroscience, 12(1), 153-163. 

Grosvenor, T. (1987a). Reduction in axial length with age: an emmetropizing 

mechanism for the adult eye? American Journal of Optometry and Physiological 

Optics, 64(9), 657-663. 

Grosvenor, T. (1987b). A review and a suggested classification on system for myopia 

on the basis of age-related prevalence and age of onset. American Journal of 

Optometry and Physiological Optics, 64(7), 545-554. 

Grosvenor, T. (1988). High axial length/corneal radius ratio as a risk factor in the 

development of myopia. American Journal of Optometry and Physiological Optics, 

65(9), 689-696. 

Grosvenor, T. (1994). Refractive component changes in adult-onset myopia: evidence 

from five studies. Clinical and Experimental Optometry, 77(5), 196-205. 

Grosvenor, T. & Goss, D.A. (1998). Role of the cornea in emmetropia and myopia. 

Optometry and Vision Science, 75(2), 132-145. 

Grosvenor, T. & Scott, R. (1991). Comparison of refractive components in youth-onset 

and early adult-onset myopia. Optometry and Vision Science, 68(3), 204-209. 

Grosvenor, T. & Scott, R. (1993). Three-year changes in refraction and its components 

in youth-onset and early adult-onset myopia. Optometry and Vision Science, 70(8), 

677-683. 

Grosvenor, T. & Scott, R. (1994). Role of the axial length/corneal radius ratio in 

determining the refractive state of the eye. Optometry and Vision Science, 71(9), 573-

579. 

Guillon, M. & Schock, S.E. (1991). Soft contact lens visual performance: a multicenter 

study. Optometry and Vision Science, 68(2), 96-103. 



 

3 1 0  

 

Guirao, A. & Artal, P. (1999). Off-axis monochromatic aberrations estimated from 

double pass measurements in the human eye. Vision Research, 39(2), 207-217. 

Gustafsson, J. (2001). The first successful eccentric correction. Visual Impairment 

Research, 3(3), 147-155. 

Gustafsson, J., Terenius, E., Buchheister, J. & Unsbo, P. (2001). Peripheral 

astigmatism in emmetropic eyes. Ophthalmic and Physiological Optics, 21(5), 393-400. 

Gustafsson, J. & Unsbo, P. (2003). Eccentric correction for off-axis vision in central 

visual field loss. Optometry and Vision Science, 80(7), 535-541. 

Gwiazda, J., Hyman, L., Hussein, M., Everett, D., Norton, T.T., Kurtz, D., Leske, M.C., 

Manny, R., Marsh-Tootle, W., Scheiman, M. & the, C.G. (2003). A randomized clinical 

trial of progressive addition lenses versus single vision lenses on the progression of 

myopia in children. Investigative Ophthalmology and Visual Science, 44(4), 1492-1500. 

Gwiazda, J., Marsh-Tootle, W.L., Hyman, L., Hussein, M. & Norton, T.T. (2002). 

Baseline refractive and ocular component measures of children enrolled in the 

correction of myopia evaluation trial (COMET). Investigative Ophthalmology and Visual 

Science, 43(2), 314-321. 

Haigis, W., Lege, B., Miller, N. & Schneider, B. (2000). Comparison of immersion 

ultrasound biometry and partial coherence interferometry for intraocular lens calculation 

according to Haigis. Graefe's Archive for Clinical and Experimental Ophthalmology, 

238(9), 765-773. 

Hammond, C.J., Snieder, H., Gilbert, C.E. & Spector, T.D. (2001). Genes and 

environment in refractive error: the twin eye study. Investigative Ophthalmology and 

Visual Science, 42(6), 1232-1236. 

Hard, A.L., Abrahamsson, M. & Sjostrand, J. (1990). A new glare test based on low 

contrast letters: evaluation in cataract patients. Acta Ophthalmologica, 68(2), 145-150. 

Harris, R.J. (2001). A Primer of Multivariate Statistics. Psychology Press. 



 

3 1 1  

 

Hashemi, H.M.D., KhabazKhoob, M.M., Yazdani, K.M.D.M.P.H., Mehravaran, S.M.D., 

Mohammad, K.P. & Fotouhi, A.M.D.P. (2010). White-to-white corneal diameter in the 

tehran eye study. Cornea, 29(1), 9-12. 

Hazel, C.A., Cox, M.J. & Strang, N.C. (2003). Wavefront aberration and its relationship 

to the accommodative stimulus-response function in myopic subjects. Optometry and 

Vision Science, 80(2), 151-158. 

He, M.G., Huang, W.Y., Li, Y.T., Zheng, Y.F., Yin, Q.X. & Foster, P.J. (2009). 

Refractive error and biometry in older Chinese adults: the Liwan eye study. 

Investigative Ophthalmology and Visual Science, 50(11), 5130-5136. 

Hebel, R. & Hollander, H. (1983). Size and distribution of ganglion cells in the human 

retina. Anatomy and Embryology, 168(1), 125-136. 

Helmholtz, H. (1924). Treatise on Physiological Optics, Vol. 2, The Sensation of Vision. 

New York: The Optical Society of America. 

Hennessy, R.T. (1975). Instrument myopia. Journal of the Optical Society of America, 

65(10), 1114-1120. 

Hill, W.E. (2003). The IOLMaster. Techniques in Ophthalmology, 1(1), 62-67. 

Hilz, R. & Cavonius, C.R. (1974). Functional organization of peripheral retina: 

sensitivity to periodic stimuli. Vision Research, 14(12), 1333-1337. 

Hirata, A. & Negi, A. (1998). Lacquer crack lesions in experimental chick myopia. 

Graefe's Archive for Clinical and Experimental Ophthalmology, 236(2), 138-145. 

Hirsch, M.J. (1950a). An analysis of inhomogeneity of myopia in adults. American 

Journal of Optometry and Archives of American Academy of Optometry, 27(11), 562-

571. 

Hirsch, M.J. (1950b). Recent trends in thought on myopia. The Australasian Journal of 

Optometry, 33(2), 66-83. 



 

3 1 2  

 

Hitzenberger, C.K. (1991). Optical measurement of the axial eye length by laser 

doppler interferometry. Investigative Ophthalmology and Visual Science, 32(3), 616-

624. 

Ho, A. & Bilton, S.M. (1986). Low contrast charts effectively differentiate between types 

of blur. American Journal of Optometry and Physiological Optics, 63(3), 202-208. 

Ho, W.C., Ng, Y.F., Chu, P.H.W., Fong, Y.Y., Yip, K.S., Kee, C.S. & Chan, H.H.L. 

(2011). Impairment of retinal adaptive circuitry in the myopic eye. Vision Research, 

51(3), 367-375. 

Holden, B.A. (1975). The principles and practice of correcting astigmatism with soft 

contact lenses. The Australian Journal of Optometry, 58(8), 279-299. 

Holden, B.A. & Mertz, G.W. (1984). Critical oxygen levels to avoid corneal edema for 

daily and extended wear contact lenses. Investigative Ophthalmology and Visual 

Science, 25(10), 1161-1167. 

Hollins, M. (1974). Does the central human retina stretch during accommodation? 

Nature, 251(5477), 729-730. 

Hoogerheide, J., Rempt, F. & Hoogenboom, W. (1971). Acquired myopia in young 

pilots. Ophthalmologica, 163(4), 209-215. 

Hosaka, A. (1988). Population studies: myopia experience in Japan. Acta 

Ophthalmologica, 66(S185), 37-40. 

Hosny, M., Alio, J.L., Claramonte, P., Attia, W.H. & Perez-Santonja, J.J. (2000). 

Relationship between anterior chamber depth, refractive state, corneal diameter, and 

axial length. Journal of Refractive Surgery, 16(3), 336-340. 

How, A.C.S., Tan, G.S.W., Chan, Y.H., Wong, T.T.L., Seah, S.K., Foster, P.J. & Aung, 

T. (2009). Population prevalence of tilted and torted optic discs among an adult 

Chinese population in Singapore: the Tanjong Pagar Study. Archives of 

Ophthalmology, 127(7), 894-899. 

Huang, J., Hung, L.F., Ramamirtham, R., Blasdel, T.L., Humbird, T.L., Bockhorst, K.H. 

& Smith, E.L. (2009). Effects of form deprivation on peripheral refractions and ocular 



 

3 1 3  

 

shape in infant rhesus monkeys (Macaca mulatta). Investigative Ophthalmology and 

Visual Science, 50(9), 4033-4044. 

Hung, L.F., Crawford, M.L.J. & Smith, E.L. (1995). Spectacle lenses alter eye growth 

and the refractive status of young monkeys. Nature Medicine, 1(8), 761-765. 

Hung, L.F., Ramamirtham, R., Huang, J., Qiao-Grider, Y. & Smith, E.L. (2008). 

Peripheral refraction in normal infant rhesus monkeys. Investigative Ophthalmology 

and Visual Science, 49(9), 3747-3757. 

Inui, T., Mimura, O. & Kani, K. (1981). Retinal sensitivity and spatial summation in the 

foveal and parafoveal regions. Journal of the Optical Society of America, 71(2), 151-

154. 

Ip, J.M., Huynh, S.C., Kifley, A., Rose, K.A., Morgan, I.G., Varma, R. & Mitchell, P. 

(2007a). Variation of the contribution from axial length and other oculometric 

parameters to refraction by age and ethnicity. Investigative Ophthalmology and Visual 

Science, 48(10), 4846-4853. 

Ip, J.M., Huynh, S.C., Robaei, D., Rose, K.A., Morgan, I.G., Smith, W., Kifley, A. & 

Mitchell, P. (2007b). Ethnic differences in the impact of parental myopia: findings from 

a population-based study of 12-year-old Australian children. Investigative 

Ophthalmology and Visual Science, 48(6), 2520-2528. 

Irving, E.L., Callender, M.G. & Sivak, J.G. (1991). Inducing myopia, hyperopia, and 

astigmatism in chicks. Optometry and Vision Science, 68(5), 364-368. 

Ito-Ohara, M., Seko, Y., Morita, H., Imagawa, N. & Tokoro, T. (1998). Clinical course of 

newly developed or progressive patchy chorioretinal atrophy in pathological myopia. 

Ophthalmologica, 212(1), 23-29. 

Jackson, D.W., Paysse, E.A., Wilhelmus, K.R., Hussein, M.A.W., Rosby, G. & Coats, 

D.K. (2004). The effect of off-the-visual-axis retinoscopy on objective refractive 

measurement. American Journal of Ophthalmology, 137(6), 1101-1104. 

Jalie, M. (2003). Ophthalmic Lenses and Dispensing. Oxford, UK: Butterworth-

Heinemann. 



 

3 1 4  

 

Jasvinder, S., Khang, T.F., Sarinder, K.K.S., Loo, V.P. & Subrayan, V. (2011). 

Agreement analysis of Lenstar with other techniques of biometry. Eye, 25(6), 717-724. 

Jaworski, A., Gentle, A., Zele, A.J., Vingrys, A.J. & McBrien, N.A. (2006). Altered visual 

sensitivity in axial high myopia: A local postreceptoral phenomenon? Investigative 

Ophthalmology and Visual Science, 47(8), 3695-3702. 

Jennings, J.A.M. & Charman, W.N. (1978). Optical image quality in the peripheral 

retina. American Journal of Optometry and Physiological Optics, 55(8), 582-590. 

Jensen, H. (1988). Timolol maleate in the control of myopia. A preliminary report. Acta 

Ophthalmologica, 66(Suppl185), 128-129. 

Jiang, B.C. & Woessner, W.M. (1996). Vitreous chamber elongation is responsible for 

myopia development in a young adult. Optometry and Vision Science, 73(4), 231-234. 

Johnson, C.A., Keltner, J.L. & Balestrery, F. (1978). Effects of target size and 

eccentricity on visual detection and resolution. Vision Research, 18(9), 1217-1222. 

Jonas, J., Gusek, G. & Naumann, G. (1988). Optic disk morphometry in high myopia. 

Graefe's Archive for Clinical and Experimental Ophthalmology, 226(6), 587-590. 

Jonas, J.B. (2005). Optic disk size correlated with refractive error. American Journal of 

Ophthalmology, 139(2), 346-348. 

Jonas, J.B., Schneider, U. & Naumann, G.O. (1992). Count and density of human 

retinal photoreceptors. Graefe's Archive for Clinical and Experimental Ophthalmology, 

230(6), 505-510. 

Jones, H.S., Moseley, M.J. & Thompson, J.R. (1994). Reliability of the Cambridge Low 

Contrast Gratings. Ophthalmic and physiological optics, 14(3), 287-289. 

Jorge, J., Almeida, J.B. & Parafita, M.A. (2007). Refractive, biometric and topographic 

changes among Portuguese university science students: a 3-year longitudinal study. 

Ophthalmic and Physiological Optics, 27(3), 287-294. 



 

3 1 5  

 

Kakita, T., Hiraoka, T. & Oshika, T. (2011). Influence of overnight orthokeratology on 

axial elongation in childhood myopia. Investigative Ophthalmology and Visual Science, 

52(5), 2170-2174. 

Kang, P., Gifford, P., McNamara, P., Wu, J., Yeo, S., Vong, B. & Swarbrick, H. (2010). 

Peripheral refraction in different ethnicities. Investigative Ophthalmology and Visual 

Science, 51(11), 6059-6065. 

Kang, P.L. & Swarbrick, H. (2011). Peripheral refraction in myopic children wearing 

orthokeratology and gas-permeable lenses. Optometry and Vision Science, 88(4), 476-

482. 

Katz, J., Tielsch, J.M. & Sommer, A. (1997). Prevalence and risk factors for refractive 

errors in an adult inner city population. Investigative Ophthalmology and Visual 

Science, 38(2), 334-340. 

Kawabata, H. & Adachi-Usami, E. (1997). Multifocal electroretinogram in myopia. 

Investigative Ophthalmology and Visual Science, 38(13), 2844-2851. 

Kaynak, S., Durak, I., Ozaksoy, D. & Canda, T. (1994). Restrictive myopic myopathy: 

computed tomography, magnetic resonance imaging, echography, and histological 

findings. British Journal of Ophthalmology, 78(5), 414-415. 

Kee, C.S., Hung, L.F., Qiao-Grider, Y., Roorda, A. & Smith, E.L. (2004). Effects of 

optically imposed astigmatism on emmetropization in infant monkeys. Investigative 

Ophthalmology and Visual Science, 45(6), 1647-1659. 

Kempen, J., Mitchell, P., Lee, K., Tielsch, J., Broman, A., Taylor, H., Ikram, M., 

Congdon, N. & O'Colmain, B. (2004). The prevalence of refractive errors among adults 

in the United States, Western Europe, and Australia. Archives of Ophthalmology, 

122(4), 495-505. 

Kerr, C. & Ruston, D. (2009). The ACLM contact lens year book 2009. Wiltshire: 

Association of Contact Lens Manufacturers. 

Kerr, J. (1971). Visual resolution in the periphery. Attention, Perception and 

Psychophysics, 9(3), 375-378. 



 

3 1 6  

 

Keunen, J.E., van Norren, D. & van Meel, G.J. (1987). Density of foveal cone pigments 

at older age. Investigative Ophthalmology and Visual Science, 28(6), 985-991. 

Kimble, T.D.H. & Williams, R.W. (2000). Structure of the cone photoreceptor mosaic in 

the retinal periphery of adult humans: analysis as a function of age, sex, and hemifield. 

Brain Structure and Function, 201(4), 305-316. 

Kinge, B., Midelfart, A. & Jacobsen, G. (1996). Clinical evaluation of the Allergan 

Humphrey 500 autorefractor and the Nidek AR-1000 autorefractor. British Journal of 

Ophthalmology, 80(1), 35-39. 

Kirkpatrick, D.L. & Roggenkamp, J.R. (1985). Effect of soft contact-lenses on contrast 

sensitivity. American Journal of Optometry and Physiological Optics, 62(6), 407-412. 

Kitaguchi, Y., Bessho, K., Yamaguchi, T., Nakazawa, N., Mihashi, T. & Fujikado, T. 

(2007). In vivo measurements of cone photoreceptor spacing in myopic eyes from 

images obtained by an adaptive optics fundus camera. Japanese Journal of 

Ophthalmology, 51(6), 456-461. 

Knapp, H. (1869). The Influence of spectacles on the optical constants and visual 

acuteness of the eye. Archives of Ophthalmology, 1, 377-410. 

Kolb, H. (2011). The Organization of the Retina and Visual System. Available from: 

http://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-retina/. 

Last accessed February 2012. 

Konno, S., AKIBA, J. & YOSHIDA, A. (2001). Retinal thickness measurements with 

optical coherence tomography and the scanning retinal thickness analyzer. Retina, 

21(1), 57-61. 

Kwok, E., Patel, B., Backhouse, S. & Phillips, J.R. (2012). Peripheral refraction in high 

myopia with spherical soft contact lenses. Optometry and Vision Science, 89(3), 263-

270. 

Lai, T.Y.Y., Fan, D.S.P., Lai, W.W.K. & Lam, D.S.C. (2008). Peripheral and posterior 

pole retinal lesions in association with high myopia: a cross-sectional community-based 

study in Hong Kong. Eye, 22(2), 209-213. 

http://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-retina/


 

3 1 7  

 

Lam, A.K.C., Chan, R. & Pang, P.C.K. (2001). The repeatability and accuracy of axial 

length and anterior chamber depth measurements from the IOLMaster. Ophthalmic and 

Physiological Optics, 21(6), 477-483. 

Lam, C.S.Y., Lam, C.H., Cheng, S.C.K. & Chan, L.Y.L. (2012). Prevalence of myopia 

among Hong Kong Chinese schoolchildren: changes over two decades. Ophthalmic 

and Physiological Optics, 32(1), 17-24. 

Lam, D.S.C., Fan, D.S.P., Chan, W.-M., Tam, B.S.M., Kwok, A.K.H., Leung, A.T.S. & 

Parsons, H. (2005). Prevalence and characteristics of peripheral retinal degeneration in 

Chinese adults with high myopia: a cross-sectional prevalence survey. Optometry and 

Vision Science, 82(4), 235-238. 

Lam, D.S.C., Leung, K.S., Mohamed, S., Chan, W.M., Palanivelu, M.S., Cheung, 

C.Y.L., Li, E.Y.M., Lai, R.Y.K. & Leung, C.K.S. (2007). Regional variations in the 

relationship between macular thickness measurements and myopia. Investigative 

Ophthalmology and Visual Science, 48(1), 376-382. 

Larsen, J.S. (1971). The sagittal growth of the eye: IV. Ultrasonic measurement of the 

axial length of the eye from birth to puberty. Acta Ophthalmologica, 49(6), 873-886. 

Latham, K. & Whitaker, D. (1996). Relative roles of resolution and spatial interference 

in foveal and peripheral vision. Ophthalmic and Physiological Optics, 16(1), 49-57. 

Latham, K., Whitaker, D. & Wild, J.M. (1994). Spatial summation of the differential light 

threshold as a function of visual field location and age. Ophthalmic and Physiological 

Optics, 14(1), 71-78. 

Laties, A.M., Liebman, P.A. & Campbell, C.E.M. (1968). Photoreceptor Orientation in 

the Primate Eye. Nature, 218(5137), 172-173. 

Le Grand, Y. & El Hage, S.G. (1980). Physiological Optics. Berlin: Springer. 

Lee, A.J., Saw, S.M., Gazzard, G., Cheng, A. & Tan, D.T.H. (2004). Intraocular 

pressure associations with refractive error and axial length in children. British Journal of 

Ophthalmology, 88(1), 5-7. 



 

3 1 8  

 

Lee, J.S., Lim, D.W., Lee, S.H., Oum, B.S., Kim, H.J. & Lee, H.J. (2001). Normative 

measurements of Korean orbital structures revealed by computerized tomography. 

Acta Ophthalmologica Scandinavica, 79(2), 197-200. 

Leek, M.R. (2001). Adaptive procedures in psychophysical research. Perception & 

Psychophysics, 63(8), 1279-1292. 

Leung, C.K., Cheng, A.C.K., Chong, K.K.L., Leung, K.S., Mohamed, S., Lau, C.S.L., 

Cheung, C.Y.L., Chu, G.C., Lai, R.Y.K., Pang, C.C.P. & Lam, D.S.C. (2007). Optic disc 

measurements in myopia with optical coherence tomography and confocal scanning 

laser ophthalmoscopy. Investigative Ophthalmology and Visual Science, 48(7), 3178-

3183. 

Levi, D.M., Klein, S.A. & Aitsebaomo, A.P. (1985). Vernier acuity, crowding and cortical 

magnification. Vision Research, 25(7), 963-977. 

Levitt, H. (1971). Transformed up-down methods in psychoacoustics. The Journal of 

the Acoustical Society of America, 49(2), 467-477. 

Lewis, P., Rosen, R., Unsbo, P. & Gustafsson, J. (2011). Resolution of static and 

dynamic stimuli in the peripheral visual field. Vision Research, 51(16), 1829-1834. 

Li, K.Y., Tiruveedhula, P. & Roorda, A. (2010). Intersubject variability of foveal cone 

photoreceptor density in relation to eye length. Investigative Ophthalmology and Visual 

Science, 51(12), 6858-6867. 

Lie, I. (1980). Visual detection and resolution as a function of retinal locus. Vision 

Research, 20(11), 967-974. 

Lim, L.S., Gazzard, G., Low, Y.L., Choo, R., Tan, D.T.H., Tong, L., Yin Wong, T. & 

Saw, S.M. (2010). Dietary factors, myopia, and axial dimensions in children. 

Ophthalmology, 117(5), 993-997. 

Lim, L.S., Yang, X., Gazzard, G., Lin, X., Sng, C., Saw, S.M. & Qiu, A. (2011). 

Variations in eye volume, surface area, and shape with refractive error in young 

children by magnetic resonance imaging analysis. Investigative Ophthalmology and 

Visual Science, 52(12), 8878-8883. 



 

3 1 9  

 

Lin, L.L.K., Chen, C.J., Hung, P.T. & Ko, L.S. (1988). Nation-wide survey of myopia 

among schoolchildren in Taiwan, 1986. Acta Ophthalmologica, 66(S185), 29-33. 

Lin, L.L.K., Shih, Y.F., Tsai, C.B., Chen, C.J., Lee, L.A., Hung, P.T. & Hou, P.K. (1999). 

Epidemiologic study of ocular refraction among schoolchildren in Taiwan in 1995. 

Optometry and Vision Science 76(5), 275-281. 

Ling, S.L., Chen, A.J., Rajan, U. & Cheah, W.M. (1987). Myopia in ten year old children 

- a case control study. Singapore Medical Journal, 28 (4), 288-292. 

Liou, S.W. & Chiu, C.J. (2001). Myopia and contrast sensitivity function. Current Eye 

Research, 22(2), 81-84. 

Logan, N., Davies, L.N., Mallen, E.A.H. & Gilmartin, B. (2005). Ametropia and ocular 

biometry in a UK university student population. Optometry and Vision Science, 82(4), 

261-266. 

Logan, N.S., Gilmartin, B. & Dunne, M.C.M. (1995). Computation of retinal contour in 

anisomyopia. Ophthalmic and Physiological Optics, 15(5), 363-366. 

Logan, N.S., Gilmartin, B., Wildsoet, C.F. & Dunne, M.C.M. (2004). Posterior retinal 

contour in adult human anisomyopia. Investigative Ophthalmology and Visual Science, 

45(7), 2152-2162. 

Lohmann, C.P., Fitzke, F., Obrart, D., Muir, M.K., Timberlake, G. & Marshall, J. (1993). 

Corneal light scattering and visual performance in myopic individuals with spectacles, 

contact lenses, or excimer laser photorefractive keratectomy. American Journal of 

Ophthalmology, 115(4), 444-453. 

Lotmar, W. & Lotmar, T. (1974). Peripheral astigmatism in the human eye: 

experimental data and theoretical model predictions. Journal of the Optical Society of 

America, 64(4), 510-513. 

Luo, H.D., Gazzard, G., Fong, A., Aung, T., Hoh, S.T., Loon, S.C., Healey, P., Tan, 

D.T.H., Wong, T.Y. & Saw, S.M. (2006). Myopia, axial length, and OCT characteristics 

of the macula in Singaporean children. Investigative Ophthalmology and Visual 

Science, 47(7), 2773-2781. 



 

3 2 0  

 

Ma, L., Atchison, D.A. & Charman, W.N. (2005). Off-axis refraction and aberrations 

following conventional laser in situ keratomileusis. Journal of Cataract and Refractive 

Surgery, 31(3), 489-498. 

MacFadden, L.A., Gray, L.S., Strang, N.C. & Seidel, D. (2008). Peripheral retinal shape 

measurements, using the IOLMaster, in myopia and hyperopia. Ophthalmic and 

Physiological Optics, 28(1), 101-101. 

Mallen, E.A.H., Gammoh, Y., Al-Bdour, M. & Sayegh, F.N. (2005). Refractive error and 

ocular biometry in Jordanian adults. Ophthalmic and Physiological Optics, 25(4), 302-

309. 

Mallen, E.A.H. & Kashyap, P. (2007). Technical note: measurement of retinal contour 

and supine axial length using the Zeiss IOLMaster. Ophthalmic and Physiological 

Optics, 27(4), 404-411. 

Mallen, E.A.H., Kashyap, P. & Hampson, K.M. (2006). Transient axial length change 

during the accommodation response in young adults. Investigative Ophthalmology and 

Visual Science, 47(3), 1251-1254. 

Mallen, E.A.H., Wolffsohn, J.S., Gilmartin, B. & Tsujimura, S. (2001). Clinical evaluation 

of the Shin-Nippon SRW-5000 autorefractor in adults. Ophthalmic and Physiological 

Optics, 21(2), 101-107. 

Mandel, Y., Grotto, I., Ei-Yaniv, R., Belkin, M., Israeli, E., Polat, U. & Bartov, E. (2008). 

Season of birth, natural light, and myopia. Ophthalmology, 115(4), 686-692. 

Marcos, S., Barbero, S. & Llorente, L. (2002). The sources of optical aberrations in 

myopic eyes. Investigative Ophthalmology and Visual Science, 43(12), ARVO E-

Abstract 1510. 

Marcos, S., Burns, S.A., Prieto, P.M., Navarro, R. & Baraibar, B. (2001). Investigating 

sources of variability of monochromatic and transverse chromatic aberrations across 

eyes. Vision Research, 41(28), 3861-3871. 

Martin-Boglind, L. (1991). High-pass resolution perimetry in uncomplicated myopia. 

Acta Ophthalmologica, 69(4), 516-520. 



 

3 2 1  

 

Martin, L. (1997). Cataract and high-pass resolution perimetry. Acta Ophthalmologica 

Scandinavica, 75(2), 174-177. 

Mathur, A., Atchison, D.A. & Charman, W.N. (2009a). Myopia and peripheral ocular 

aberrations. Journal of Vision, 9(10), 1-12. 

Mathur, A., Atchison, D.A., Kasthurirangan, S., Dietz, N.A., Luong, S., Chin, S.P., Lin, 

W.L. & Hoo, S.W. (2009b). The influence of oblique viewing on axial and peripheral 

refraction for emmetropes and myopes. Ophthalmic and Physiological Optics, 29(2), 

155-161. 

Maul, E., Barroso, S., Munoz, S.R., Sperduto, R.D. & Ellwein, L.B. (2000). Refractive 

error study in children: results from La Florida, Chile. American Journal of 

Ophthalmology, 129(4), 445-454. 

McBrien, N.A. & Adams, D.W. (1997). A longitudinal investigation of adult-onset and 

adult-progression of myopia in an occupational group. Refractive and biometric 

findings. Investigative Ophthalmology and Visual Science, 38(2), 321-333. 

McBrien, N.A. & Barnes, D.A. (1984). A review and evaluation of theories of refractive 

error development. Ophthalmic and Physiological Optics, 4(3), 201-213. 

McBrien, N.A. & Millodot, M. (1985). Clinical evaluation of the canon autoref R-1 

American Journal of Optometry and Physiological Optics, 62(11), 786-792. 

McBrien, N.A. & Millodot, M. (1987). A biometric investigation of late onset myopic 

eyes. Acta Ophthalmologica, 65(4), 461-468. 

McCaghrey, G.E. & Matthews, F.E. (1993). Clinical-evaluation of a range of 

autorefractors. Ophthalmic and Physiological Optics, 13(2), 129-137. 

McClure, D.A., Ohota, S., Eriksen, S.P. & Randeri, K.J. (1977). The effect on measured 

visual acuity of protein deposition and removal in soft contact lenses. Contacto, 21(2), 

8-12. 

McLellan, J.S., Marcos, S. & Burns, S.A. (2001). Age-related changes in 

monochromatic wave aberrations of the human eye. Investigative Ophthalmology and 

Visual Science, 42(6), 1390-1395. 



 

3 2 2  

 

McMahon, G., Zayats, T., Chen, Y.P., Prashar, A., Williams, C. & Guggenheim, J.A. 

(2009). Season of birth, daylight hours at birth, and high myopia. Ophthalmology, 

116(3), 468-473. 

McMonnies, C.W. (2008). Intraocular pressure spikes in keratectasia, axial myopia, 

and glaucoma. Optometry and Vision Science, 85(10), 1018-1026. 

Megaw, E.D. (1979). Factors affecting visual inspection accuracy. Applied Ergonomics, 

10(1), 27-32. 

Meng, W., Butterworth, J., Malecaze, F. & Calvas, P. (2011). Axial length of myopia: a 

review of current research. Ophthalmologica, 225(3), 127-134. 

Meyer-Schwickerath, G. & Gerke, E. (1984). Biometric studies of the eyeball and retinal 

detachment. British Journal of Ophthalmology, 68(1), 29-31. 

Miles, F.A. & Wallman, J. (1990). Local ocular compensation for imposed local 

refractive error. Vision Research, 30(3), 339-349. 

Millodot, M. (1981). Effect of ametropia on peripheral refraction. American Journal of 

Optometry and Physiological Optics, 58(9), 691-695. 

Millodot, M., Johnson, C.A., Lamont, A. & Leibowitz, H.W. (1975). Effect of dioptrics on 

peripheral visual acuity. Vision Research, 15(12), 1357-1362. 

Mitchell, D.E., Freeman, R.D., Millodot, M. & Haegerstrom, G. (1973). Meridional 

amblyopia: evidence for modification of the human visual system by early visual 

experience. Vision Research, 13(3), 535-558. 

Mitchell, P., Hourihan, F., Sandbach, J. & Jin Wang, J. (1999). The relationship 

between glaucoma and myopia: The blue mountains eye study. Ophthalmology, 

106(10), 2010-2015. 

Mitra, S. & Lamberts, D.W. (1981). Contrast sensitivity in soft lens wearers. Contact 

and Intraocular Lens Medical Journal, 7(4), 315-322. 

Mohan, M., Rao, V.A. & Dada, V.K. (1977). Experimental myopia in the rabbit. 

Experimental Eye Research, 25(1), 33-38. 



 

3 2 3  

 

Morgan, I. & Rose, K. (2005). How genetic is school myopia? Progress in Retinal and 

Eye Research, 24(1), 1-38. 

Morgan, P., B & Efron, N. (2006). A decade of contact lens prescribing trends in the 

United Kingdom (1996-2005). Contact Lens and Anterior Eye, 29(2), 59-68. 

Mutti, D.O., Hayes, J.R., Mitchell, G.L., Jones, L.A., Moeschberger, M.L., Cotter, S.A., 

Kleinstein, R.N., Manny, R.E., Twelker, J.D. & Zadnik, K. (2007). Refractive error, axial 

length, and relative peripheral refractive error before and after the onset of myopia. 

Investigative Ophthalmology and Visual Science, 48(6), 2510-2519. 

Mutti, D.O., Mitchell, G.L., Moeschberger, M.L., Jones, L.A. & Zadnik, K. (2002). 

Parental myopia, near work, school achievement, and children's refractive error. 

Investigative Ophthalmology and Visual Science, 43(12), 3633-3640. 

Mutti, D.O., Sholtz, R.I., Friedman, N.E. & Zadnik, K. (2000). Peripheral refraction and 

ocular shape in children. Investigative Ophthalmology and Visual Science, 41(5), 1022-

1030. 

Mutti, D.O., Zadnik, K. & Adams, A.J. (1996). Myopia. The nature versus nurture 

debate goes on. Investigative Ophthalmology and Visual Science, 37(6), 952-957. 

Nagra, M.K. (2010). Myopia: Structural and Functional Correlates. PhD thesis, Aston 

University. 

Navarro, R., Moreno, E. & Dorronsoro, C. (1998). Monochromatic aberrations and 

point-spread functions of the human eye across the visual field. Journal of the Optical 

Society of America A: Optics, Image Science and Vision, 15(9), 2522-2529. 

Negrel, A.D., Maul, E., Pokharel, G.P., Zhao, J. & Ellwein, L.B. (2000). Refractive error 

study in children: sampling and measurement methods for a multi-country survey. 

American Journal of Ophthalmology, 129(4), 421-426. 

Ng, V., Cho, P., Fong, J., Wong, C., Ko, D. & Chau, J. (1997). Comparative study on 

the clinical performance of Acuvue and Focus contact lenses. International Contact 

Lens Clinic, 24(1), 10-19. 



 

3 2 4  

 

Nitta, K., Saito, Y. & Sugiyama, K. (2006). The influence on the static visual field of 

peripapillary chorioretinal atrophy: relation to refractive error. Nippon Ganka Gakkai 

Zasshi, 110(9), 693-697. 

Nomura, H., Ando, F., Niino, N., Shimokata, H. & Miyake, Y. (2004). The relationship 

between intraocular pressure and refractive error adjusting for age and central corneal 

thickness. Ophthalmic and Physiological Optics, 24(1), 41-45. 

Nonaka, A., Hangai, M., Akagi, T., Mori, S., Nukada, M., Nakano, N. & Yoshimura, N. 

(2011). Biometric features of peripapillary atrophy beta in eyes with high myopia. 

Investigative Ophthalmology and Visual Science, 52(9), 6706-6713. 

Nowozyckyj, A., Carney, L.G. & Efron, N. (1988). Effect of hydrogel lens wear on 

contrast sensitivity. American Journal of Optometry and Physiological Optics, 65(4), 

263-271. 

O'Donoghue, L., McClelland, J.F., Logan, N.S., Rudnicka, A.R., Owen, C.G. & 

Saunders, K.J. (2010). Refractive error and visual impairment in school children in 

Northern Ireland. British Journal of Ophthalmology, 94(9), 1155-1159. 

O'Leary, D.J. & Millodot, M. (1979). Eyelid closure causes myopia in humans. Cellular 

and Molecular Life Sciences, 35(11), 1478-1479. 

Office for National Statistics. (2001). Presenting Ethnic and National Groups Data. 

Available from: http://www.ons.gov.uk. Last accessed April 2011. 

Ojaimi, E., Rose, K.A., Morgan, I.G., Smith, W., Martin, F.J., Kifley, A., Robaei, D. & 

Mitchell, P. (2005). Distribution of ocular biometric parameters and refraction in a 

population-based study of Australian children. Investigative Ophthalmology and Visual 

Science, 46(8), 2748-2754. 

Olsen, T., Arnarsson, A., Sasaki, H., Sasaki, K. & Jonasson, F. (2007). On the ocular 

refractive components: the Reykjavik Eye Study. Acta Ophthalmologica Scandinavica, 

85(4), 361-366. 

Olsen, T. & Thorwest, M. (2005). Calibration of axial length measurements with the 

Zeiss IOLMaster. Journal of Cataract and Refractive Surgery, 31(7), 1345-1350. 

http://www.ons.gov.uk/


 

3 2 5  

 

Osterberg, G.A. (1935). Topography of the layer of rods and cones in the human retina. 

Acta Ophthalmologica, 13(6), 1-97. 

Owsley, C., Sekuler, R. & Siemsen, D. (1983). Contrast sensitivity throughout 

adulthood. Vision Research, 23(7), 689-699. 

Oyster, C.W. (1999). The Human Eye: Structure and Function. Sunderland, 

Massachusetts: Sinauer Associates. 

Pacella, R., McLellan, J., Grice, K., Del Bono, E.A., Wiggs, J.L. & Gwiazda, J.E. (1999). 

Role of genetic factors in the etiology of juvenile-onset myopia based on a longitudinal 

study of refractive error. Optometry and Vision Science, 76(6), 381-386. 

Pan, C.W., Wong, T.Y., Chang, L., Lin, X.-Y., Lavanya, R., Zheng, Y.F., Kok, Y.O., Wu, 

R.Y., Aung, T. & Saw, S.M. (2011a). Ocular biometry in an urban Indian population: the 

Singapore Indian Eye Study (SINDI). Investigative Ophthalmology and Visual Science, 

52(9), 6636-6642. 

Pan, C.W., Wong, T.Y., Lavanya, R., Wu, R.Y., Zheng, Y.F., Lin, X.Y., Mitchell, P., 

Aung, T. & Saw, S.M. (2011b). Prevalence and risk factors for refractive errors in 

Indians: the Singapore Indian Eye Study (SINDI). Investigative Ophthalmology and 

Visual Science, 52(6), 3166-3173. 

Pan, K. & Eriksen, C. (1993). Attentional distribution in the visual field during same-

different judgments as assessed by response competition. Attention, Perception and 

Psychophysics, 53(2), 134-144. 

Papastergiou, G.I., Schmid, G.F., Riva, C.E., Mendel, M.J., Stone, R.A. & Laties, A.M. 

(1998). Ocular axial length and choroidal thickness in newly hatched chicks and one-

year-old chickens fluctuate in a diurnal pattern that is influenced by visual experience 

and intraocular pressure changes. Experimental Eye Research, 66(2), 195-205. 

Pappas, C.J., Anderson, D.R. & Briese, F.W. (1978). Clinical evaluation of the 6600 

Autorefractor. Archives of Ophthalmology, 96(6), 993-996. 

Paquin, M.P., Hamam, H. & Simonet, P. (2002). Objective measurement of optical 

aberrations in myopic eyes. Optometry and Vision Science, 79(5), 285-291. 



 

3 2 6  

 

Paradiso, M.A. & Carney, T. (1988). Orientation discrimination as a function of stimulus 

eccentricity and size: Nasal/temporal retinal asymmetry. Vision Research, 28(8), 867-

874. 

Park, S.H., Park, K.H., Kim, J.M. & Choi, C.Y. (2010). Relation between axial length 

and ocular parameters. Ophthalmologica, 224(3), 188-193. 

Parssinen, O. & Lyyra, A.L. (1993). Myopia and myopic progression among 

schoolchildren: a three-year follow-up study. Investigative Ophthalmology and Visual 

Science, 34(9), 2794-2802. 

Patnaik, V.V.G., Bala, S. & Singla, R., K. (2001). Anatomy of the bony orbit: some 

applied aspects. Journal of The Anatomical Society of India, 50(1), 59-67. 

Paulsson, L.E. & Sjöstrand, J. (1980). Contrast sensitivity in the presence of a glare 

light. Theoretical concepts and preliminary clinical studies. Investigative Ophthalmology 

and Visual Science, 19(4), 401-406. 

Pelli, D.G., Robson, J.G. & Wilkins, A.J. (1988). The design of a new letter chart for 

measuring contrast sensitivity. Clinical Vision Sciences, 2(3), 187-199. 

Perrigin, J., Perrigin, D. & Grosvenor, T. (1982). A comparison of clinical refractive data 

obtained by three examiners. American Journal of Optometry and Physiological Optics, 

59(6), 515-519. 

Pierro, L., Camesasca, F.I., Mischi, M. & Brancato, R. (1992). Peripheral retinal 

changes and axial myopia. Retina, 12(1), 12-17. 

Pointer, J.S. & Gilmartin, B. (2011). Patterns of refractive change in myopic subjects 

during the incipient phase of presbyopia: a preliminary study. Ophthalmic and 

Physiological Optics, 31(5), 487-493. 

Pointer, J.S., Gilmartin, B. & Larke, J.R. (1981). A device to assess visual performance 

with optical aids. American Journal of Optometry and Physiological Optics, 58(5), 408-

413. 



 

3 2 7  

 

Pointer, J.S. & Hess, R.F. (1989). The contrast sensitivity gradient across the human 

visual field: With emphasis on the low spatial frequency range. Vision Research, 29(9), 

1133-1151. 

Popovic, Z. & Sjostrand, J. (2005). The relation between resolution measurements and 

numbers of retinal ganglion cells in the same human subjects. Vision Research, 45(17), 

2331-2338. 

Porac, C. & Coren, S. (1976). The dominant eye. Psychological Bulletin 83(5), 880-

897. 

Porter, J., Guirao, A., Cox, I.G. & Williams, D.R. (2001). Monochromatic aberrations of 

the human eye in a large population. Journal of the Optical Society of America A: 

Optics, Image Science and Vision, 18(8), 1793-1803. 

Prepas, S.B. (2008). Light, literacy and the absence of ultraviolet radiation in the 

development of myopia. Medical Hypotheses, 70(3), 635-637. 

Pruett, R.C. (1988). Progressive myopia and intraocular pressure: what is the linkage?: 

A literature review. Acta Ophthalmologica, 66(S185), 117-127. 

Queiros, A., Gonzalez-Meijome, J. & Jorge, J. (2008). Influence of fogging lenses and 

cycloplegia on open-field automatic refraction. Ophthalmic and Physiological Optics, 

28(4), 387-392. 

Queiros, A., Gonzalez-Meijome, J.M., Jorge, J., Villa-Collar, C. & Gutierrez, A.R. 

(2010). Peripheral refraction in myopic patients after orthokeratology. Optometry and 

Vision Science, 87(5), 323-329  

Queiros, A., Jorge, J. & Gonzalez-Meijome, J.M. (2009). Influence of fogging lenses 

and cycloplegia on peripheral refraction. Journal of Optometry, 2(2), 83-89. 

Quigley, H.A., Brown, A.E., Morrison, J.D. & Drance, S.M. (1990). The size and shape 

of the optic disk in normal human eyes. Archives of Ophthalmology, 108(1), 51-57. 

Raasch, T.W., Bailey, I.L. & Bullimore, M.A. (1998). Repeatability of visual acuity 

measurement. Optometry and Vision Science, 75(5), 342-348. 



 

3 2 8  

 

Rabsilber, T.M., Becker, K.A., Frisch, I.B. & Auffarth, G.U. (2003). Anterior chamber 

depth in relation to refractive status measured with the Orbscan II Topography System. 

Journal of Cataract and Refractive Surgery, 29(11), 2115-2121. 

Radhakrishnan, H. & Charman, W.N. (2008). Peripheral refraction measurement: does 

it matter if one turns the eye or the head? Ophthalmic and Physiological Optics, 28(1), 

73-82. 

Rae, S.M., Allen, P.M., Radhakrishnan, H., Theagarayan, B., Price, H.C., 

Sailaganathan, A., Calver, R.I. & O‟Leary, D.J. (2009). Increasing negative spherical 

aberration with soft contact lenses improves high and low contrast visual acuity in 

young adults. Ophthalmic and Physiological Optics, 29(6), 593-601. 

Rahi, J.S., Cumberland, P.M. & Peckham, C.S. (2010). Myopia over the lifecourse: 

prevalence and early life influences in the 1958 British birth cohort. Ophthalmology, 

118(5), 797-804. 

Ramrattan, R.S., Wolfs, R.C.W., Jonas, J.B., Hofman, A. & de Jong, P. (1999). 

Determinants of optic disc characteristics in a general population: the Rotterdam Study. 

Ophthalmology, 106(8), 1588-1596. 

Rasmussen, O.D. (1936). Incidence of myopia in china. British Journal of 

Ophthalmology, 20(6), 350-360. 

Rauscher, F.G., Edgar, D.F. & Barbur, J.L. (2008). Ageing effects on central and 

peripheral visual performance. Investigative Ophthalmology and Visual Science, 49(5), 

ARVO E-Abstract 2887. 

Read, S.A., Collins, M.J., Annis-Brown, T., Hayward, N.M., Lillyman, K., Sherwin, D. & 

Stockall, P. (2011). The short-term influence of elevated intraocular pressure on axial 

length. Ophthalmic and Physiological Optics, 31(4), 398-403. 

Read, S.A., Collins, M.J., Carney, L.G. & Franklin, R.J. (2006). The topography of the 

central and peripheral cornea. Investigative Ophthalmology and Visual Science, 47(4), 

1404-1415. 

Read, S.A., Collins, M.J. & Sander, B.P. (2010a). Human optical axial length and 

defocus. Investigative Ophthalmology and Visual Science, 51(12), 6262-6269. 



 

3 2 9  

 

Read, S.A., Collins, M.J., Woodman, E.C. & Cheong, S.H. (2010b). Axial length 

changes during accommodation in myopes and emmetropes. Optometry and Vision 

Science, 87(9), 656-662. 

Reddy, A.R., Pande, M.V., Finn, P. & El-Gogary, H. (2004). Comparative estimation of 

anterior chamber depth by ultrasonography, Orbscan II, and IOLMaster. Journal of 

Cataract and Refractive Surgery, 30(6), 1268-1271. 

Reddy, T., Szczotka, L.B. & Roberts, C. (2000). Peripheral corneal contour measured 

by topography influences soft toric contact lens fitting success. Eye and Contact Lens, 

26(4), 180-185. 

Remole, A. (2000). New equations for determining ocular deviations produced by 

spectacle corrections. Optometry and Vision Science, 77(10), 555-563. 

Rempt, F., Hoogerheide, J. & Hoogenboom, W.P. (1971). Peripheral retinoscopy and 

the skiagram. Ophthalmologica, 162(1), 1-10. 

Richdale, K., Wassenaar, P., Teal Bluestein, K., Abduljalil, A., Christoforidis, J.A., Lanz, 

T., Knopp, M.V. & Schmalbrock, P. (2009). 7 Tesla MR imaging of the human eye in 

vivo. Journal of Magnetic Resonance Imaging, 30(5), 924-932. 

Rijsdijk, J.P., Kroon, J.N. & van der Wildt, G.J. (1980). Contrast sensitivity as a function 

of position on the retina. Vision Research, 20(3), 235-241. 

Rodieck, R.W. (1973). The Vertebrate Retina: Principles of Structure and Function. 

San Francisco: Freeman. 

Rohrschneider, K. (2004). Determination of the location of the fovea on the fundus. 

Investigative Ophthalmology and Visual Science, 45(9), 3257-3258. 

Rose, K.A., Morgan, I.G., Ip, J., Kifley, A., Huynh, S., Smith, W. & Mitchell, P. (2008). 

Outdoor activity reduces the prevalence of myopia in children. Ophthalmology, 115(8), 

1279-1285. 

Rosen, R., Lundstrom, L. & Unsbo, P. (2011). Influence of optical defocus on 

peripheral vision. Investigative Ophthalmology and Visual Science, 52(1), 318-323. 



 

3 3 0  

 

Rosenfield, M. & Chiu, N.N. (1995). Repeatability of subjective and objective refraction. 

Optometry and Vision Science, 72(8), 577-579. 

Rosenfield, M. & Gilmartin, B. (1998). Myopia and Nearwork. Boston: Butterworth-

Heinemann. 

Rosner, M. & Belkin, M. (1987). Intelligence, education, and myopia in males. Archives 

of Ophthalmology, 105(11), 1508-1511. 

Rossi, E.A., Weiser, P., Tarrant, J. & Roorda, A. (2007). Visual performance in 

emmetropia and low myopia after correction of high-order aberrations. Journal of 

Vision, 7(8), 1-14. 

Rovamo, J. & Virsu, V. (1979). An estimation and application of the human cortical 

magnification factor. Experimental Brain Research 37(3), 495-510. 

Rudnicka, A.R. & Edgar, D.F. (1995). Automated static perimetry in myopes with 

peripapillary crescents. Part I. Ophthalmic and Physiological Optics, 15(5), 409-412. 

Rudnicka, A.R. & Edgar, D.F. (1996). Automated static perimetry in myopes with 

peripapillary crescents. Part II. Ophthalmic and Physiological Optics, 16(5), 416-429. 

Rufer, F., Schroder, A. & Erb, C. (2005). White-to-white corneal diameter: normal 

values in healthy humans obtained with the Orbscan II topography system. Cornea, 

24(3), 259-261. 

Salmon, T.O., West, R.W., Gasser, W., Kenmore & Todd. (2003). Measurement of 

refractive errors in young myopes using the COAS Shack-Hartmann aberrometer. 

Optometry and Vision Science, 80(1), 6-14. 

Sankaridurg, P., Donovan, L., Varnas, S., Ho, A., Chen, X., Martinez, A., Fisher, S., 

Lin, Z., Smith, E.L., Ge, J. & Holden, B. (2010). Spectacle lenses designed to reduce 

progression of myopia: 12-month results. Optometry and Vision Science, 87(9), 631-

641  

Sankaridurg, P., Holden, B., Smith, E., Naduvilath, T., Chen, X., Jara, P.L.d.l., 

Martinez, A., Kwan, J., Ho, A., Frick, K. & Ge, J. (2011). Decrease in rate of myopia 



 

3 3 1  

 

progression with a contact lens designed to reduce relative peripheral hyperopia: one-

year results. Investigative Ophthalmology and Visual Science, 52(13), 9362-9367. 

Santodomingo-Rubido, J., Mallen, E.A.H., Gilmartin, B. & Wolffsohn, J.S. (2002). A 

new non-contact optical device for ocular biometry. British Journal of Ophthalmology, 

86(4), 458-462. 

Saw, S.M. (2003). A synopsis of the prevalence rates and environmental risk factors for 

myopia. Clinical and Experimental Optometry, 86(5), 289-294. 

Saw, S.M., Chua, W.H., Hong, C.Y., Wu, H.M., Chan, W.Y., Chia, K.S., Stone, R.A. & 

Tan, D. (2002a). Nearwork in early-onset myopia. Investigative Ophthalmology and 

Visual Science, 43(2), 332-339. 

Saw, S.M., Chua, W.H., Hong, C.Y., Wu, H.M., Chia, K.S., Stone, R.A. & Tan, D. 

(2002b). Height and its relationship to refraction and biometry parameters in Singapore 

Chinese children. Investigative Ophthalmology and Visual Science, 43(5), 1408-1413. 

Saw, S.M., Gazzard, G., Shih-Yen, E.C. & Chua, W.H. (2005a). Myopia and associated 

pathological complications. Ophthalmic and Physiological Optics, 25(5), 381-391. 

Saw, S.M., Katz, J., Schein, O.D., Chew, S.J. & Chan, T. (1996). Epidemiology of 

myopia. Epidemiologic reviews, 18(2), 175-187. 

Saw, S.M., Nieto, F.J., Katz, J., Schein, O.D., Levy, B. & Chew, S.J. (2000). Factors 

related to the progression of myopia in Singaporean children. Optometry and Vision 

Science, 77(10), 549-554. 

Saw, S.M., Tan, S.B., Fung, D., Chia, K.S., Koh, D., Tan, D.T.H. & Stone, R.A. (2004). 

IQ and the association with myopia in children. Investigative Ophthalmology and Visual 

Science, 45(9), 2943-2948. 

Saw, S.M., Tong, L., Chua, W.H., Koh, D., Tan, D.T.H. & Katz, J. (2005b). Incidence 

and progression of myopia in Singaporean school children. Investigative 

Ophthalmology and Visual Science, 46(1), 51-57. 

Schmid, G.F. (2003a). Axial and peripheral eye length measured with optical low 

coherence reflectometry. Journal of Biomedical Optics, 8(4), 655-662. 



 

3 3 2  

 

Schmid, G.F. (2003b). Variability of retinal steepness at the posterior pole in children 7-

15 years of age. Current Eye Research, 27(1), 61-68. 

Schmid, G.F. (2011). Association between retinal steepness and central myopic shift in 

children. Optometry and Vision Science, 88(6), 684-690. 

Schmid, G.F., Petrig, B.L., Riva, C.E., Logean, E. & Walti, R. (2001). Measurement of 

eye length and eye shape by optical low coherence reflectometry. International 

Ophthalmology, 23(4), 317-320. 

Schmid, K.L., Abbott, M., Humphries, M., Pyne, K. & Wildsoet, C.F. (2000). Timolol 

lowers intraocular pressure but does not inhibit the development of experimental 

myopia in chick. Experimental Eye Research, 70(5), 659-666. 

Schruender, S.A., Fuchs, H., Spasovski, S. & Dankert, A. (2002). Intraoperative 

corneal topography for image registration. Journal of Refractive Surgery, 18(5), 624-

629. 

Schwartz, G. & Rieke, F. (2011). Nonlinear spatial encoding by retinal ganglion cells: 

when 1 + 1 ≠ 2. The Journal of General Physiology, 138(3), 283-290. 

Schwartz, S.H. 1998. Visual Perception. McGraw-Hill. 

Scott, R. & Grosvenor, T. (1993). Structural model for emmetropic and myopic eyes 

Ophthalmic and Physiological Optics, 13(1), 41-47. 

Seet, B., Wong, T.Y., Tan, D.T.H., Saw, S.M., Balakrishnan, V., Lee, L.K.H. & Lim, 

A.S.M. (2001). Myopia in Singapore: taking a public health approach. British Journal of 

Ophthalmology, 85(5), 521-526. 

Seidemann, A., Schaeffel, F., Guirao, A., Lopez-Gil, N. & Artal, P. (2002). Peripheral 

refractive errors in myopic, emmetropic, and hyperopic young subjects. Journal of the 

Optical Society of America A: Optics, Image Science and Vision, 19(12), 2363-2373. 

Shen, J., Clark, C.A., Soni, P.S. & Thibos, L.N. (2010). Peripheral refraction with and 

without contact lens correction. Optometry and Vision Science, 87(9), 642-655. 



 

3 3 3  

 

Sheng, H., Bottjer, C.A. & Bullimore, N.A. (2004). Ocular component measurement 

using the zeiss IOLMaster. Optometry and Vision Science, 81(1), 27-34. 

Sheppard, A.L. & Davies, L.N. (2010). Clinical evaluation of the Grand Seiko Auto 

Ref/Keratometer WAM-5500. Ophthalmic and Physiological Optics, 30(2), 143-151. 

Sheridan, M. & Douthwaite, W.A. (1989). Corneal asphericity and refractive error. 

Ophthalmic and Physiological Optics, 9(3), 235-238. 

Shih, Y.F., Hsiao, C.K., Chen, C.J., Chang, C.W., Hung, P.T. & Lin, L.L.K. (2001). An 

intervention trial on efficacy of atropine and multi-focal glasses in controlling myopic 

progression. Acta Ophthalmologica Scandinavica, 79(3), 233-236. 

Shin Nippon NVision-K 5001 Manual. (2003). Tokyo, Japan: Ajinomoto Trading Inc. 

Shneor, E., Millodot, M., Avraham, O., Amar, S. & Gordon-Shaag, A. (2012). Clinical 

evaluation of the L80 autorefractometer. Clinical and Experimental Optometry, 95(1), 

66-71. 

Shukla, M., Ahuja, O. & Jamal, N. (1986). Traumatic retinal detachment. Indian Journal 

of Ophthalmology, 34(1), 29-32. 

Silva, M.F., Maia-Lopes, S., Mateus, C., Guerreiro, M., Sampaio, J., Faria, P. & 

Castelo-Branco, M. (2008). Retinal and cortical patterns of spatial anisotropy in 

contrast sensitivity tasks. Vision Research, 48(1), 127-135. 

Silva, M.F.t., Mateus, C., Reis, A., Nunes, S., Fonseca, P. & Castelo-Branco, M. 

(2010). Asymmetry of visual sensory mechanisms: electrophysiological, structural, and 

psychophysical evidences. Journal of Vision, 10(6), 1-11. 

Singh, K.D., Logan, N.S. & Gilmartin, B. (2006). Three-dimensional modeling of the 

human eye based on magnetic resonance imaging. Investigative Ophthalmology and 

Visual Science, 47(6), 2272-2279. 

Sjöstrand, J., Olsson, V., Popovic, Z. & Conradi, N. (1999). Quantitative estimations of 

foveal and extra-foveal retinal circuitry in humans. Vision Research, 39(18), 2987-2998. 



 

3 3 4  

 

Smith, E.L., Hung, L.F. & Huang, J. (2009). Relative peripheral hyperopic defocus 

alters central refractive development in infant monkeys. Vision Research, 49(19), 2386-

2392. 

Smith, E.L., Hung, L.F. & Huang, J. (2012). Protective effects of high ambient lighting 

on the development of form-deprivation myopia in rhesus monkeys. Investigative 

Ophthalmology and Visual Science, 53(1), 421-428. 

Smith, E.L., Kee, C.S., Ramamirtham, R., Qiao-Grider, Y. & Hung, L.F. (2005). 

Peripheral vision can influence eye growth and refractive development in infant 

monkeys. Investigative Ophthalmology and Visual Science, 46(11), 3965-3972. 

Smith, E.L., Ramamirtham, R., Qiao-Grider, Y., Hung, L.F., Huang, J., Kee, C.S., 

Coats, D. & Paysse, E. (2007). Effects of foveal ablation on emmetropization and form-

deprivation myopia. Investigative Ophthalmology and Visual Science, 48(9), 3914-

3922. 

Smith, G., Atchison, D.A., Avudainayagam, C. & Avudainayagam, K. (2002). Designing 

lenses to correct peripheral refractive errors of the eye. Journal of the Optical Society 

of America A: Optics, Image Science and Vision, 19(1), 10-18. 

Smith, G., Millodot, M. & McBrien, N. (1988). The effect of accommodation on oblique 

astigmatism and field curvature of the human eye. Clinical and Experimental 

Optometry, 71(4), 119-125. 

Sng, C.C.A., Lin, X.Y., Gazzard, G., Chang, B., Dirani, M., Chia, A., Selvaraj, P., Ian, 

K., Drobe, B., Wong, T.Y. & Saw, S.M. (2011). Peripheral refraction and refractive error 

in Singapore Chinese children. Investigative Ophthalmology and Visual Science, 52(2), 

1181-1190. 

Soler, V., Benito, A., Soler, P., Triozon, C., Arne, J.L., Madariaga, V., Artal, P. & 

Malecaze, F. (2011). A Randomized Comparison of Pupil-Centered vs Vertex-Centered 

Ablation in LASIK Correction of Hyperopia. American Journal of Ophthalmology, 

152(4), 591-599. 

Song, H., Chui, T.Y.P., Zhong, Z., Elsner, A.E. & Burns, S.A. (2011). Variation of cone 

photoreceptor packing density with retinal eccentricity and age. Investigative 

Ophthalmology and Visual Science, 52(10), 7376-7384. 



 

3 3 5  

 

Song, H.T., Kim, Y.J., Lee, S.J. & Moon, Y.S. (2007). Relations between age, weight, 

refractive error and eye shape by computerized tomography in children. Korean 

Journal of Ophthalmology 21(3), 163-168. 

Sperduto, R.D., Seigel, D., Roberts, J. & Rowland, M. (1983). Prevalence of Myopia in 

the United States. Archives of Ophthalmology, 101(3), 405-407. 

Stapleton, F., Keay, L., Edwards, K., Naduvilath, T., Dart, J.K.G., Brian, G. & Holden, 

B.A. (2008). The incidence of contact lens-related microbial keratitis in Australia. 

Ophthalmology, 115(10), 1655-1662. 

Stavrou, E.P. & Wood, J.M. (2003). Letter contrast sensitivity changes in early diabetic 

retinopathy. Clinical and Experimental Optometry, 86(3), 152-156. 

Stenstrom, S. (1948). Investigation of the variation and the correlation of the optical 

elements of human eye. American Journal of Optometry and Archives of American 

Academy of Optometry, 25(9), 438-449. 

Stenstrom, S. & Woolf, D. (1948). Investigation of the variation and the correlation of 

the optical elements of human eye. American Journal of Optometry and Archives of 

American Academy of Optometry, 25(10), 496-504. 

Stoimenova, B.D. (2007). The effect of myopia on contrast thresholds. Investigative 

Ophthalmology and Visual Science, 48(5), 2371-2374. 

Stone, J. & Johnston, E. (1981). The topography of primate retina: A study of the 

human, bushbaby, and new- and old-world monkeys. The Journal of Comparative 

Neurology, 196(2), 205-223. 

Stone, R.A. & Flitcroft, D.I. (2004). Ocular shape and myopia. Annals Academy of 

Medicine Singapore, 33(1), 7-15. 

Strang, N.C., Atchison, D.A. & Woods, R.L. (1999). Effects of defocus and pupil size on 

human contrast sensitivity. Ophthalmic and Physiological Optics, 19(5), 415-426. 

Strang, N.C., Winn, B. & Bradley, A. (1998). The role of neural and optical factors in 

limiting visual resolution in myopia. Vision Research, 38(11), 1713-1721. 



 

3 3 6  

 

Tabernero, J., Ohlendorf, A., Fischer, M.D., Bruckmann, A.R., Schiefer, U. & Schaeffel, 

F. (2011). Peripheral refraction profiles in subjects with low foveal refractive errors. 

Optometry and Vision Science, 88(3), 388-394. 

Tabernero, J. & Schaeffel, F. (2009a). Fast scanning photoretinoscope for measuring 

peripheral refraction as a function of accommodation. Journal of the Optical Society of 

America A: Optics, Image Science and Vision, 26(10), 2206-2210. 

Tabernero, J. & Schaeffel, F. (2009b). More irregular eye shape in low myopia than in 

emmetropia. Investigative Ophthalmology and Visual Science, 50(9), 4516-4522. 

Tan, J., Papas, E., Carnt, N., Jalbert, I., Skotnitsky, C., Shiobara, M., Lum, E. & 

Holden, B. (2007). Performance standards for toric soft contact lenses. Optometry and 

Vision Science, 84(5), 422-428. 

Tariq, Y.M., Samarawickrama, C., Pai, A., Burlutsky, G. & Mitchell, P. (2010). Impact of 

ethnicity on the correlation of retinal parameters with axial length. Investigative 

Ophthalmology and Visual Science, 51(10), 4977-4982. 

Tay, M.T., Au Eong, K.G., Ng, C.Y. & Lim, M.K. (1992). Myopia and educational 

attainment in 421,116 young Singaporean males. Annals Academy of Medicine 

Singapore, 21(6), 785-791. 

Teakle, E.M., Wildsoet, C.F. & Vaney, D.I. (1993). The spatial organization of tyrosine 

hydroxylase-immunoreactive amacrine cells in the chicken retina and the 

consequences of myopia. Vision Research, 33(17), 2383-2396. 

Teasdale, T.W., Fuchs, J. & Goldschmidt, E. (1988). Degree of myopia in relation to 

intelligence and educational-level. Lancet, 2(8624), 1351-1353. 

Tehrani, M., Krummenauer, F., Kumar, R. & Dick, H.B. (2003). Comparison of 

biometric measurements using partial coherence interferometry and applanation 

ultrasound. Journal of Cataract and Refractive Surgery, 29(4), 747-752. 

Thai, L.C., Tomlinson, A. & Ridder, W.H. (2002). Contact lens drying and visual 

performance: the vision cycle with contact lenses. Optometry and Vision Science, 

79(6), 381-388. 



 

3 3 7  

 

Thibos, L.N. (1998). Acuity perimetry and the sampling theory of visual resolution. 

Optometry and Vision Science, 75(6), 399-406. 

Thibos, L.N. & Bradley, A. (1991). The limits to performance in central and peripheral 

vision. Digest of Technical Papers, Society for Information Display, 22, 301-303. 

Thibos, L.N. & Bradley, A. (1993). New methods for discriminating neural and optical 

losses of vision. Optometry and Vision Science, 70(4), 279-287. 

Thibos, L.N., Cheney, F.E. & Walsh, D.J. (1987a). Retinal limits to the detection and 

resolution of gratings. Journal of the Optical Society of America A: Optics, Image 

Science and Vision, 4(8), 1524-1529. 

Thibos, L.N., Still, D.L. & Bradley, A. (1996). Characterization of spatial aliasing and 

contrast sensitivity in peripheral vision. Vision Research, 36(2), 249-258. 

Thibos, L.N., Walsh, D.J. & Cheney, F.E. (1987b). Vision beyond the resolution limit: 

aliasing in the periphery. Vision Research, 27(12), 2193-2197. 

Thibos, L.N., Wheeler, W. & Horner, D. (1997). Power vectors: an application of Fourier 

analysis to the description and statistical analysis of refractive error. Optometry and 

Vision Science, 74(6), 367-375. 

Thorn, F., Corwin, T.R. & Comerford, J.P. (1986). High myopia does not affect contrast 

sensitivity. Current Eye Research, 5(9), 635-640. 

Tick, S., Rossant, F., Ghorbel, I., Gaudric, A., Sahel, J.-A., Chaumet-Riffaud, P. & 

Paques, M. (2011). Foveal shape and structure in a normal population. Investigative 

Ophthalmology and Visual Science, 52(8), 5105-5110. 

Tielsch, J.M., Sommer, A. & Katz, J. (1990). Blindness and visual impairment in an 

American urban population. The Baltimore Eye Survey. Archives of Ophthalmology, 

108(2), 286-290. 

Timberlake, G.T., Doane, M.G. & Bertera, J.H. (1992). Short-term, low-contrast visual 

acuity reduction associated with in vivo contact lens drying. Optometry and Vision 

Science, 69(10), 755-760. 



 

3 3 8  

 

Toda, I., Yoshida, A., Sakai, C., Hori-Komai, Y. & Tsubota, K. (2009). Visual 

performance after reduced blinking in eyes with soft contact lenses or after LASIK. 

Journal of Refractive Surgery, 25(1), 69-73. 

Tomlinson, A. & Mann, G. (1985). An analysis of visual performance with soft contact-

lens and spectacle correction. Ophthalmic and Physiological Optics, 5(1), 53-57. 

Tomlinson, A. & Phillips, C.I. (1970). Applanation tension and axial length of the 

eyeball. British Journal of Ophthalmology, 54(8), 548-553. 

Tong, L., Huang, X.L., Koh, A.L.T., Zhang, X., Tan, D.T.H. & Chua, W.H. (2009). 

Atropine for the Treatment of Childhood Myopia: Effect on Myopia Progression after 

Cessation of Atropine. Ophthalmology, 116(3), 572-579. 

Twelker, J.D., Mitchell, G.L., Messer, D.H., Bhakta, R., Jones, L.A., Mutti, D.O., Cotter, 

S.A., Kleinstein, R.N., Manny, R.E. & Zadnik, K. (2009). Children's ocular components 

and age, gender, and ethnicity. Optometry and Vision Science, 86(8), 918-935  

Uozato, H., Shimizu, K., Minei, R. & Suzuki, H. (2003). Effect of accommodation on 

axial length measurement in optical coherence biometry. Investigative Ophthalmology 

and Visual Science, 44(5), ARVO E-Abstratct 4080. 

Vera-Diaz, F.A., McGraw, P.V., Strang, N.C. & Whitaker, D. (2005). A psychophysical 

investigation of ocular expansion in human eyes. Investigative Ophthalmology and 

Visual Science, 46(2), 758-763. 

Vitale, S., Sperduto, R.D. & Ferris, F.L. (2009). Increased prevalence of myopia in the 

United States between 1971-1972 and 1999-2004. Archives of Ophthalmology, 

127(12), 1632-1639. 

Vohra, S.B. & Good, P.A. (2000). Altered globe dimensions of axial myopia as risk 

factors for penetrating ocular injury during peribulbar anaesthesia. British Journal of 

Anaesthesia, 85(2), 242-245. 

Von Noorden, G.K. & Lewis, R.A. (1987). Ocular axial length in unilateral congenital 

cataracts and blepharoptosis. Investigative Ophthalmology and Visual Science, 28(4), 

750-752. 



 

3 3 9  

 

Wachler, B.S., Phillips, C.L., Schanzlin, D.J. & Krueger, R.R. (1999). Comparison of 

contrast sensitivity in different soft contact lenses and spectacles. American Journal of 

Optometry and Physiological Optics, 25(1), 48-51. 

Walker, T.W. & Mutti, D.O. (2002). The effect of accommodation on ocular shape. 

Optometry and Vision Science, 79(7), 424-430. 

Wallman, J. & Adams, I.J. (1987). Developmental aspects of experimental myopia in 

chicks: Susceptibility, recovery and relation to emmetropization. Vision Research, 

27(7), 1139-1163. 

Wallman, J., Gottlieb, M.D., Rajaram, V. & Fugatewentzek, L.A. (1987). Local retinal 

regions control local eye growth and myopia. Science, 237(4810), 73-77. 

Wallman, J., Turkel, J. & Trachtman, J. (1978). Extreme myopia produced by modest 

change in early visual experience. Science, 201(4362), 1249-1251. 

Wallman, J., Wildsoet, C., Xu, A., Gottlieb, M.D., Nickla, D.L., Marran, L., Krebs, W. & 

Christensen, A.M. (1995). Moving the retina: choroidal modulation of refractive state. 

Vision Research, 35(1), 37-50. 

Wallman, J. & Winawer, J. (2004). Homeostasis of eye growth and the question of 

myopia. Neuron, 43(4), 447-468. 

Walls, G.L. (1942). The Vertebrate Eye and its Adaptive Radiation. Bloomfield Hills, 

Michigan: Cranbrook Institute of Science. 

Wang, D., Ding, X., Liu, B., Zhang, J. & He, M. (2011). Longitudinal changes of axial 

length and height are associated and concomitant in children. Investigative 

Ophthalmology and Visual Science, 52(11), 7949-7953. 

Wang, F.R., Zhou, X.D. & Zhou, S.Z. (1994a). A CT study of the relation between 

ocular axial biometry and refraction. Zhonghua Yan Ke Za Zhi, 30(1), 39-40. 

Wang, Q., Klein, B.E., Klein, R. & Moss, S.E. (1994b). Refractive status in the Beaver 

Dam Eye Study. Investigative Ophthalmology and Visual Science, 35(13), 4344-4347. 



 

3 4 0  

 

Wang, Y.Z., Thibos, L.N. & Bradley, A. (1997). Effects of refractive error on detection 

acuity and resolution acuity in peripheral vision. Investigative Ophthalmology and 

Visual Science, 38(10), 2134-2143. 

Wang, Y.Z., Thibos, L.N., Lopez, N., Salmon, T. & Bradley, A. (1996). Subjective 

refraction of the peripheral field using contrast detection acuity. Journal of the American 

Optometric Association, 67(10), 584-589. 

Warrier, S., Wu, H.M., Newland, H.S., Muecke, J., Selva, D., Aung, T. & Casson, R.J. 

(2008). Ocular biometry and determinants of refractive error in rural Myanmar: the 

Meiktila Eye Study. British Journal of Ophthalmology, 92(12), 1591-1594. 

Wassle, H. & Boycott, B.B. (1991). Functional architecture of the mammalian retina. 

Physiological Reviews, 71(2), 447-480. 

Wassle, H., Grunert, U., Rohrenbeck, J. & Boycott, B.B. (1989). Cortical magnification 

factor and the ganglion cell density of the primate retina. Nature, 341(6243), 643-646. 

Watanabe, R.K., Ridder Iii, W.H. & Tomlinson, A. (1993). Visual performance of three 

disposable soft contact lenses. International Contact Lens Clinic, 20(5-6), 106-112. 

Wensor, M., McCarty, C.A. & Taylor, H.R. (1999). Prevalence and risk factors of 

myopia in Victoria, Australia. Archives of Ophthalmology, 117(5), 658-663. 

Wertheim, T. & Dunsky, I.L. (1980). Peripheral visual acuity. American Journal of 

Optometry and Physiological Optics, 57(12), 915-924. 

Westheimer, G. (2001). Is peripheral visual acuity susceptible to perceptual learning in 

the adult? Vision Research, 41(1), 47-52. 

Westheimer, G. (2005). Anisotropies in peripheral vernier acuity. Spatial Vision, 18(2), 

159-167. 

Weymouth, F.W. (1958). Visual sensory units and the minimal angle of resolution. 

American Journal of Ophthalmology, 46(1), 102-113. 



 

3 4 1  

 

Whatham, A., Zimmermann, F., Martinez, A., Delgado, S., de la Jara, P.L., 

Sankaridurg, P. & Ho, A. (2009). Influence of accommodation on off-axis refractive 

errors in myopic eyes. Journal of Vision, 9(3), 1-13. 

Wickremasinghe, S., Foster, P.J., Uranchimeg, D., Lee, P.S., Devereux, J.G., Alsbirk, 

P.H., Machin, D., Johnson, G.J. & Baasanhu, J. (2004). Ocular biometry and refraction 

in mongolian adults. Investigative Ophthalmology and Visual Science, 45(3), 776-783. 

Wiesel, T.N. & Raviola, E. (1977). Myopia and eye enlargement after neonatal lid 

fusion in monkeys. Nature, 266(5597), 66-68. 

Wilensky, J.T. & Hawkins, A. (2001). Comparison of contrast sensitivity, visual acuity, 

and Humphrey visual field testing in patients with glaucoma. Transactions of the 

American Ophthalmological Society, 99, 213-218. 

Williams, C., Miller, L.L., Gazzard, G. & Saw, S.M. (2008). A comparison of measures 

of reading and intelligence as risk factors for the development of myopia in a UK cohort 

of children. British Journal of Ophthalmology, 92(8), 1117-1121. 

Williams, D.R. (1980). Visual consequences of the foveal pit. Investigative 

Ophthalmology and Visual Science, 19(6), 653-667. 

Williams, D.R. (1985a). Aliasing in human foveal vision. Vision Research, 25(2), 195-

205. 

Williams, D.R. (1985b). Visibility of interference fringes near the resolution limit. Journal 

of the Optical Society of America A: Optics, Image Science and Vision, 2(7), 1087-

1093. 

Williams, D.R. & Coletta, N.J. (1987). Cone spacing and the visual resolution limit. 

Journal of the Optical Society of America A: Optics, Image Science and Vision, 4(8), 

1514-1523. 

Wilson, K.T., Sivak, J.G. & Callender, M.G. (1997). Induced Refractive Anomalies 

Affect Chick Orbital Bone Structure. Experimental Eye Research, 64(5), 675-682. 



 

3 4 2  

 

Wilson, M.A., Campbell, M.C.W. & Simonet, P. (1992). The Julius F. Neumueller Award 

in Optics, 1989: change of pupil centration with change of illumination and pupil size. 

Optometry and Vision Science, 69(2), 129-136. 

Winn, B., Ackerley, R.G., Brown, C.A., Murray, F.K., Prais, J. & Stjohn, M.F. (1988). 

Reduced aniseikonia in axial anisometropia with contact-lens correction. Ophthalmic 

and Physiological Optics, 8(3), 341-344. 

Witmer, M.T., Margo, C.E. & Drucker, M. (2010). Tilted optic disks. Survey of 

Ophthalmology, 55(5), 403-428. 

Wolsley, C.J., Saunders, K.J., Silvestri, G. & Anderson, R.S. (2008). Investigation of 

changes in the myopic retina using multifocal electroretinograms, optical coherence 

tomography and peripheral resolution acuity. Vision Research, 48(14), 1554-1561. 

Wong, A.C.M., Chan, C.W.N. & Hui, S.P. (2004). Relationship of gender, body mass 

index, and axial length with central retinal thickness using optical coherence 

tomography. Eye, 19(3), 292-297. 

Wong, T.Y., Foster, P.J., Hee, J., Ng, T.P., Tielsch, J.M., Chew, S.J., Johnson, G.J. & 

Seah, S.K.L. (2000). Prevalence and risk factors for refractive errors in adult Chinese in 

Singapore. Investigative Ophthalmology and Visual Science, 41(9), 2486-2494. 

Wong, T.Y., Foster, P.J., Johnson, G.J., Klein, B.E.K. & Seah, S.K.L. (2001a). The 

relationship between ocular dimensions and refraction with adult stature: the Tanjong 

Pagar Survey. Investigative Ophthalmology and Visual Science, 42(6), 1237-1242. 

Wong, T.Y., Foster, P.J., Ng, T.P., Tielsch, J.M., Johnson, G.J. & Seah, S.K.L. (2001b). 

Variations in ocular biometry in an adult Chinese population in Singapore: the Tanjong 

Pagar Survey. Investigative Ophthalmology and Visual Science, 42(1), 73-80. 

Woo, G.C.S. & Sivak, J.G. (1976). The effect of hard and soft contact lenses 

(SoflensTM) on the spherical aberration of the human eye. American Journal of 

Optometry and Physiological Optics 53(9), 459-463. 

Woo, W.W., Lim, K.A., Yang, H., Lim, X.Y., Liew, F., Lee, Y.S. & Saw, S.M. (2004). 

Refractive errors in medical students in Singapore. Singapore Medical Journal, 45(10), 

470-474. 



 

3 4 3  

 

Woodman, E.C., Read, S.A., Collins, M.J., Hegarty, K.J., Priddle, S.B., Smith, J.M. & 

Perro, J.V. (2011). Axial elongation following prolonged near work in myopes and 

emmetropes. British Journal of Ophthalmology, 95(5), 652-656. 

Woods, R.L. (1996). Spatial frequency dependent observer bias in the measurement of 

contrast sensitivity. Ophthalmic and Physiological Optics, 16(6), 513-519. 

Woods, R.L., Strang, N.C. & Atchison, D.A. (2000). Measuring contrast sensitivity with 

inappropriate optical correction. Ophthalmic and Physiological Optics, 20(6), 442-451. 

Wu, H.M., Seet, B., Yap, E.P.H., Saw, S.M., Lim, T.H. & Chia, K.S. (2001). Does 

education explain ethnic differences in myopia prevalence? A population-based study 

of young adult males in Singapore. Optometry and Vision Science, 78(4), 234-239. 

Wu, M.M. & Edwards, M.H. (1999). The effect of having myopic parents: an analysis of 

myopia in three generations. Optometry and Vision Science, 76(6), 387-392. 

Wu, P.C., Chen, Y.J., Chen, C.H., Chen, Y.H., Shin, S.J., Yang, H.J. & Kuo, H.K. 

(2008). Assessment of macular retinal thickness and volume in normal eyes and highly 

myopic eyes with third-generation optical coherence tomography. Eye, 22(4), 551-555. 

Wyatt, H.J. (1995). The form of the human pupil. Vision Research, 35(14), 2021-2036. 

Xu, L., Wang, Y.X., Wang, S. & Jonas, J.B. (2010). Definition of high myopia by 

parapapillary atrophy. The Beijing Eye Study. Acta Ophthalmologica, 88(8), 350-351. 

Yang, Y., Thompson, K. & Burns, S.A. (2002). Pupil location under mesopic, photopic, 

and pharmacologically dilated conditions. Investigative Ophthalmology and Visual 

Science, 43(7), 2508-2512. 

Yasoubi, N., Edgar, D.F. & Chisholm, C.M. (2008). The effects of hydrogel contact lens 

wear on low contrast acuity. Journal of Modern Optics, 55(4-5), 599-610. 

Yeow, P.T. & Taylor, S.P. (1989). Clinical evaluation of the Humphrey autorefractor. 

Ophthalmic and Physiological Optics, 9(2), 171-175. 



 

3 4 4  

 

Younan, C., Mitchell, P., Cumming, R.G., Rochtchina, E. & Wang, J.J. (2002). Myopia 

and incident cataract and cataract surgery: the Blue Mountains Eye Study. 

Investigative Ophthalmology and Visual Science, 43(12), 3625-3632. 

Young, G. (1918). Threshold tests. British Journal of Ophthalmology, 2(7), 384-392. 

Zadnik, K., Satariano, W.A., Mutti, D.O., Sholtz, R.I. & Adams, A.J. (1994). The effect 

of parental history of myopia on children's eye size. The Journal of the American 

Medical Association, 271(17), 1323-1327. 

Zadok, D., Levy, Y., Segal, O., Barkana, Y., Morad, Y. & Avni, I. (2005). Ocular higher-

order aberrations in myopia and skiascopic wavefront repeatability. Journal of Cataract 

and Refractive Surgery, 31(6), 1128-1132. 

Zantos, S.G. & Holden, B.A. (1978). Ocular chances associated with continuous wear 

of contact lenses. The Australian Journal of Optometry, 61(12), 418-426. 

Zeiss IOL Master User's Manual. (2002). Jena, Germany: Carl Zeiss Meditec. 

Zhao, J., Mao, J., Luo, R., Li, F., Munoz, S.R. & Ellwein, L.B. (2002). The progression 

of refractive error in school-age children: Shunyi district, China. American Journal of 

Ophthalmology, 134(5), 735-743. 

Zhu, X., Park, T.W., Winawer, J. & Wallman, J. (2005). In a matter of minutes, the eye 

can know which way to grow. Investigative Ophthalmology and Visual Science, 46(7), 

2238-2241. 

Zylbermann, R., Landau, D. & Berson, D. (1993). The influence of study habits on 

myopia in jewish teenagers. Journal of Pediatric Ophthalmology and Strabismus, 30(5), 

319-322. 

 

 

 



3 4 5  

 

APPENDIX 1 

Study population checklist 

Study population checklist for each experiment (Subjects participated in Chapter 3 are 

not included in Table A.1.1): 

Table A1.1 Subjects included in each study throughout the thesis 

Subject 

ID 

Chapter 

4
 

Chapter 5
 

Chapter 

6
 

Chapter 

7
 

Chapter 

8
 2 

meridians Wall  

4 

meridians 

1   X X   X X X 

2   X X   X X X 

3   X X   X X X 

4   X X   X X X 

5   X     X X X 

6   X     X X X 

7           X   

8   X X   X X X 

9   X X   X X X 

10   X X X X X X 

11   X X X X X X 

12   X X    X X X 

13   X     X X X 

14   X     X X X 

15   X     X X X 

16   X X   X X X 

17   X X   X X X 

18   X X   X X X 

19   X X X X X X 

20   X X X X X X 

21   X X   X X X 

22   X X   X X X 
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Table A1.1 Continued. 

23   X X X X X X 

24   X X   X X X 

25   X X X X X X 

26   X X X X X X 

27   X X   X X X 

28   X     X X X 

29   X     X X X 

30   X X X X X X 

31   X X X X X X 

32   X X X       

33   X X   X X X 

34   X X   X X X 

35   X X   X X X 

36   X X X X X X 

37   X   X X X X 

38   X X   X X X 

39   X   X X X X 

40   X X   X X X 

41   X     X X X 

42   X X X X X X 

43   X X   X X X 

44 X X X X X X X 

45   X X   X X X 

46   X X X X X X 

47         X X   

48   X X X X X X 

49   X X X X X X 

50   X X X X X X 

51   X X X X X X 

52   X X X X X X 

53   X X X X X X 

54 X X X X X X X 

55   X X X X X X 

56   X   X X X X 

57   X X X X X X 

58   X X X X X X 

59 X X X X X X X 

60 X X X X X X X 

61 X X   X X X X 

62 X X X X X X X 

63 X X X X X X X 

64 X         X   

65 X X X X X X X 

66 X         X   

67 X         X   
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Table A1.1 Continued. 

68 X         X   

69 X X X X X X X 

70 X X X X X X X 

71 X         X   

72 X         X   

73 X X X X X X X 

74   X X X X X X 

75   X X X X X X 

76   X X X X X X 

77   X   X X X X 

78 X X X X X X X 

79   X X X X X X 

80   X X X X X X 

81   X X X       

82   X   X       

83   X X X       

84   X X X X X X 

85   X X X X X X 

86   X   X       

87   X X   X X X 

88   X     X X X 

89   

  

  X X 

 90   X X   X X X 

91   X X   X X X 

Total 18 82 66 49 79 86 77
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APPENDIX 2 

Consent form and subject information sheets 

All the subjects who participated in the main experiments (Chapters 5, 6 and 7) read 

the information sheet before completing and signing the consent form, examples of 

which are shown below.                      

Participant Information Sheet 

Study title: An investigation of the relationship between the 

structure and function of the myopic eye 

You are being invited to take part in a research study.  Before you decide it is important 

for you to understand why the research is being done and what it will involve. Please 

take time to read the following information carefully. Ask us if there is anything that is 

not clear or if you would like more information. Take your time to decide whether or not 

you wish to take part. 
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What is the purpose of the study? 

To determine the relationship between the structure and function of the eye in people 

with no spectacle prescription (referred to as emmetropia) and individuals with different 

amounts of prescription (referred to as ametropia).  

 The ability of a participant to see objects at locations away from the centre of the 

visual field. For this purpose, we are trying to find out the smallest target you can 

see at different positions. 

 The refraction and overall length of the eye in different directions. 

 The comparison between the structure versus function of the eye in different 

refractive errors and emmetropes (normal refractive condition). 

These measures will allow us to see how the shape and size of the eye can affect how 

well the eye sees. 

Why have I been chosen? 

You have been chosen because you have healthy eyes, with no history of squint 

(strabismus) or amblyopia (lazy eye), eye disease, or eye surgery including refractive 

surgery. 

Do I have to take part? 

Taking part in this research study is entirely voluntary.   

It is up to you to decide whether or not to take part. If you do decide to take part, you 

will be given this information sheet to keep and be asked to sign a consent form. If you 

decide to take part you are still free to withdraw at any time and without giving a 

reason. 
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What will happen to me if I take part? 

You will be asked to visit the Bradford School of Optometry and Vision Science in the 

Richmond building, University of Bradford. During your visit your eye will be examined 

using various tests including: 

 Measuring your glasses prescription (if any) using an autorefractometer and 

subjective refraction and the length of your eye using ocular biometry. 

 Trying to find out the smallest target you can see at a range of locations using a 

computer-based test. 

How long do these measurements take? 

These tests will need at least four hours to complete. You can choose to finish all these 

experiment in one day or we can arrange a few sessions to finish measurement.  

All the information which is collected about you during the course of the research will 

be kept strictly confidential. The results of the study will be used for research purposes 

only and if published you will remain anonymous.  

 

Further information: if you would like more information about the study and what is 

being asked of you please contact Mrs Asieh Ehsaei at the University (Tel. 01274 

236261), or email a.ehsaei@bradford.ac.uk 

Thank you for reading this information sheet. 

  

mailto:a.ehsaei@bradford.ac.uk
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Participant Consent Form 

Study title: An investigation of the relationship between the 

structure and function of the myopic eye 

Investigators: 

 Dr Edward Mallen (E.A.H.Mallen@bradfod.ac.uk Tel: 01274 236231)                                                            

 Dr Catharine Chisholm ( C.M.Chisholm@bradford.ac.uk Tel: 01274 234635)      

 Dr Ian Pacey (I.Pacey@bradford.ac.uk Tel: 01274 234632) 

 Mrs Asieh Ehsaei (A.Ehsaei@bradford.ac.uk Tel: 01274 236261) 

I (name of subject)……………………………………………………………………… 

agree to take part in the above titled study . 

Daytime telephone number:…………………… Email address:……………….…. 

Date of birth: ……………………………. 

I confirm that the nature and demands of the research have been explained to me and I 

understand and accept them. I also confirm I have seen the Participant Information 

Sheet and understand it and that I may keep it for my records. I have been given the 

opportunity to ask questions regarding the project and these have been answered to 

my satisfaction. I understand that any information I provide is confidential, and that no 

information that could lead to the identification of any individual will be disclosed in any 

reports on the project, or to any parties outside the project. I understand that my 

participation is voluntary, that I can choose not to participate in part or all of the project, 

and that I can withdraw at any stage of the project without being penalized or 

disadvantaged in any way. 

Signed …………………………      Date ………………………

mailto:E.A.H.Mallen@bradfod.ac.uk
mailto:C.M.Chisholm@bradford.ac.uk
mailto:I.Pacey@bradford.ac.uk
mailto:A.Ehsaei@bradford.ac.uk
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APPENDIX 3 

The relationship between myopia and axial length 

Throughout this thesis, we assumed that all myopic participants were axial in nature 

rather than refractive. To test the validity of this hypothesis, a model was constructed 

using the following equation, suggested by Strang et al. (1998): 

a =
n‟Rx

D  Rx + D 
                                                                                         Equation A3.1 

where Rx is the amount of refractive error in dioptres, D is the overall power of the eye 

(60 dioptre), n‟ is the average refractive index of the eye (1.336) and a is the increase 

in axial length from the emmetropic schematic eye value in metres (Le Grand and El 

Hage, 1980). 

Based on the model presented in Equation A3.1, we compared the axial length 

measurements in our study population with the predictive model (Figure A3.1). 

Comparison between the measurements of the actual and the predicted model axial 

length implied a good correlation (r = 0.87) (Figure A3.2). In addition, a weak 

relationship (r = 0.3) was noted between corneal radius and mean spherical equivalent 

(Figure A3.3), suggesting that the changes in refractive error are mostly axial rather 

than corneal. It would seem reasonable to assume that the myopia found in most of the 

participants in this experiment is as a result of axial elongation. Taking this into 

account, according to Knapp‟s Law (Knapp, 1869), we would predict that if axial 
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myopes are corrected with spectacles at the anterior focal point of the eye, the retinal 

image size will be the same as that found in the emmetropic eye. 

 

Figure A3.1 A plot of axial length as a function of mean spherical equivalent refractive error. 

The black circles data represent the increase in axial length with refractive error predicted from 

a schematic eye model. 
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 Figure A3.2 A plot of measured axial length in the present experiment against predicted axial 

length. 

 

      

 Figure A3.3 A plot of the corneal radius as a function of the mean spherical equivalent.
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APPENDIX 4 

Consent form and subject information sheets 

All the subjects who participated in the experiment related to Chapter 4 read the 

information sheet before completing and signing the consent form, examples of which 

are shown below.                                                                                                           

Participant Information Sheet 

Study title: Central and peripheral visual performance in 

myopes: Contact lenses versus spectacles 

You are being invited to take part in a research study.  Before you decide it is important 

for you to understand why the research is being done and what it will involve. Please 

take time to read the following information carefully. Ask us if there is anything that is 

not clear or if you would like more information.  Take your time to decide whether or not 

you wish to take part. 

What is the purpose of the study? 

To compare the central and peripheral visual performance in short-sighted individuals 

(referred to as myopia) with contact lens and spectacle correction under the high and 

low contrast conditions. These measures will show us how different contrast targets 
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and different types of correction for your prescription (contact lenses or spectacles) 

affect how well the eye sees in the periphery. 

Why have I been chosen? 

You have been chosen because you are short-sighted, but you have a low level of 

astigmatism. You also have previous experience of using soft contact lenses. 

Additionally, you have healthy eyes, with no history of squint (strabismus) or amblyopia 

(lazy eye), eye disease or eye surgery including refractive surgery.   

Do I have to take part? 

Taking part in this research study is entirely voluntary.   

It is up to you to decide whether or not to take part.  If you do decide to take part, you 

will be given this information sheet to keep and be asked to sign a consent form. If you 

decide to take part you are still free to withdraw at any time and without giving a 

reason.  

What will happen to me if I take part? 

You will be asked to visit the Bradford School of Optometry and Vision Science in the 

Richmond building, University of Bradford. During your visit your eye will be examined 

using following tests. 

 Determining your dominant eye.  

 Measuring your eye prescription for both spectacle and contact lens. 

 Compare the central and peripheral visual performance with contact lens and 

spectacle, by measuring the smallest target (letter C) you can see in different 

positions. This test involves detecting the orientation of a gap you can see at 

locations away from the centre of the visual field using a computer-based test. 

These tests will need minimum two visits. 
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The study described here has been approved by Bradford University‟s Ethics 

Committee. All the information which is collected about you during the course of the 

research will be kept strictly confidential. The results of the study will be used for 

research purposes only and if published you will remain anonymous.  

Further information: if you would like more information about the study and what is 

being asked of you please contact Mrs Asieh Ehsaei at the University (tel. 01274 

236261), or email A.ehsaei@bradford.ac.uk 

 

  

mailto:A.ehsaei@bradford.ac.uk
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Participant Consent Form 

Study title: Central and peripheral visual performance in 

myopes: Contact lenses versus spectacles 

Investigators: 

 Dr Edward Mallen (E.A.H.Mallen@bradfod.ac.uk Tel: 01274 236231)                                                            

 Dr Catharine Chisholm ( C.M.Chisholm@bradford.ac.uk Tel: 01274 234635)      

 Dr Ian Pacey (I.Pacey@bradford.ac.uk Tel: 01274 234632) 

 Mrs Asieh Ehsaei (A.Ehsaei@bradford.ac.uk Tel: 01274 236261) 

I (name of subject)……………………………………………………………………… 

agree to take part in the above titled study . 

Daytime telephone number:…………………… Email address:……………….…. 

Date of birth: ……………………………. 

I confirm that the nature and demands of the research have been explained to me and I 

understand and accept them. I also confirm I have seen the Participant Information 

Sheet and understand it and that I may keep it for my records. I have been given the 

opportunity to ask questions regarding the project and these have been answered to 

my satisfaction. I understand that any information I provide is confidential, and that no 

information that could lead to the identification of any individual will be disclosed in any 

reports on the project, or to any parties outside the project. I understand that my 

participation is voluntary, that I can choose not to participate in part or all of the project, 

and that I can withdraw at any stage of the project without being penalized or 

disadvantaged in any way. 

Signed …………………………      Date ……………………

mailto:E.A.H.Mallen@bradfod.ac.uk
mailto:C.M.Chisholm@bradford.ac.uk
mailto:I.Pacey@bradford.ac.uk
mailto:A.Ehsaei@bradford.ac.uk
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APPENDIX 5 

Spectacle magnification  

Spectacle lenses change the size of the retinal image. The size of the retinal image 

with and without correction is therefore different. Spectacle magnification is the ratio of 

the retinal image of a distant object in the corrected ametropic eye to the blurred image 

formed in the same eye when uncorrected. For positive lens powers, spectacle 

magnification is greater than 1. For negative lens powers, spectacle magnification is 

less than 1. With a contact lens, this magnification is nearly equal to unity whatever the 

refractive error (due to negligible amount of vertex distance and small thickness of the 

contact lens). Spectacle magnification depends on two factors: 

Shape factor which represents magnification due to the form of the lens and depends 

on refractive index (n), thickness (t) and front surface power (F) according to the 

following equation: 

Shape factor = 
1

1-   
t
n

 × F 
                                                                       Equation A5.1 

The part of the equation in brackets will be very small and as all spectacle lenses have 

a convex front surface (or occasionally plano), shape factor will always be greater than 

1. Therefore, the shape factor increases as the front surface of the lens becomes more 

steeply convex and as the lens made thicker. 
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Power factor represents magnification due to the back vertex power and vertex 

distance of the lens according to the following equation: 

Power factor = 
1

1- d  BVP 
                                                                        Equation A5.2 

As the vertex distance will be always positive, the power factor will always be less than 

1 (minification) when back vertex power of the lens is negative and more than 1 when 

back vertex power of the lens s positive. This fact indicates that negative lenses minify 

and positive lenses magnify. The larger the vertex distance, the more magnification or 

minification will be produced. 

Therefore, overall magnification of a spectacle lens is simply the product of the two 

mentioned factors: 

SM = 
1

1-   
t
n

 × F  
 × 

1

1- d (BVP)
                                                                                        Equation A5.3 

where: 

BVP = back vertex power of the lens 

F = front surface power of the lens 

t = thickness of the lens 

n = refractive index of the lens 

d = distance from the back of the spectacle lens to the front of the eye 
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Example:  

Find the spectacle magnification of a lens with -5.50 D back surface power, a +2.75 D 

front surface power and thickness 1.5 mm if the lens is made of plastic of index 1.5 and 

has its back vertex 15 mm from the entrance pupil of the eye. 

Answer: 

Substituting in equation: 

Shape factor = {1/[1-(0.0015m/1.5) (+2.75 D)]} = 1.0028 

Power factor: {1/[1-(0.015m) (-5.50 D)} = 0.92238 

Therefore, total spectacle magnification = (1.0028) × (0.9238) = 0.926, or 7% 

minification 

 

Table A5.1 Approximate spectacle magnification of lenses of various back vertex powers 

assuming d=15 mm and n=1.5. 

BVP (D) F (D) t (m) 
Shape 
factor 

Power 
factor 

Spectacle 
magnification 

Percentage 
magnification 

-0.5 4.5 0.0016 1.0048 0.9926 0.997  

-1.0 4.5 0.0016 1.0048 0.9852 0.990 1% decrease 

-1.5 4.5 0.0014 1.0042 0.9780 0.982 2% ” 

-2.0 4 0.0015 1.0040 0.9709 0.975 3% ” 

-2.5 4 0.0015 1.0040 0.9639 0.968 3% ” 

-3.0 4 0.0017 1.0046 0.9569 0.961 4% ” 

-3.5 3.75 0.0015 1.0038 0.9501 0.954 5% ” 

-4.0 3.25 0.0016 1.0035 0.9434 0.947 5% ” 

-4.5 3.25 0.0015 1.0033 0.9368 0.940 6% ” 

-5.0 3.25 0.0015 1.0033 0.9302 0.933 7% ” 

-5.5 2.75 0.0015 1.0028 0.9238 0.926 7% ” 

-6.0 2.25 0.0018 1.0027 0.9174 0.920 8% ” 

-6.5 2.25 0.002 1.0030 0.9112 0.914 9% ” 

-7.0 2 0.002 1.0027 0.9050 0.907 9% ” 
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APPENDIX 6 

Polar presentation of the peripheral refraction  

This appendix illustrates changes in peripheral refraction (M component) as a function 

of eccentricity for myopic subset (n=31) related to Chapter 5 (Figure A6.1). For this 

purpose, a program was written using Matlab R2008b to illustrate peripheral refraction 

shift as a function of eccentricity in four meridians. 

  

Figure A6.1 Polar presentation of the peripheral refraction as a function of eccentricity in four 

meridians (n=31).  

  



 

3 6 3  

 

Matlab routine: 

Function Peripheral refraction 

Format long 

% eccentricity 

r = [0:10:30]; 

% meridian 

theta=[0:45:360]*(pi/180); 

REFRACTION=[-5.76   -5.54   -4.96   -3.69;... 

   -5.76    -5.40   -4.89   -3.95;... 

   -5.76    -5.56   -5.22   -4.36;... 

   -5.76    -5.63   -5.11   -4.47;... 

   -5.76    -5.65   -4.97   -3.71;... 

   -5.76    -5.81   -5.03   -3.94;... 

   -5.76    -5.50   -4.96   -3.32;... 

   -5.76    -5.71   -5.18   -3.85;... 

   -5.76    -5.54   -4.96   -3.69]; 

  

[radius,angle] = meshgrid(r,theta); 

[X,Y] = pol2cart(angle,radius); 

surf(X,Y,REFRACTION); 

shading interp; 

; 

colorbar(jet);  
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APPENDIX 7 

The diameter of the blind spot projected 28 cm 

from the eye (applied in CAA experiment) 

Based on Gullstrand's schematic eye has two focal planes and two nodal points (Figure 

A7.1): 

a) Primary focal point (F) 

 Measured from the principal plane  

b) Secondary focal point (F')  

 Measured from the nodal point 

 Coincides with the retina 

 

Figure A7.1 Gullstrand's schematic eye 

Based on the reduced schematic eye has one surface, one nodal point and one 

equivalent plane, which is accurate enough for most calculations (Figure A7.2). 

Power = +58.6 D

17.05 mm 22.78 mm

F'n n'

HH'

17.05 mm

F
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Figure A7.2 Reduced schematic eye 

We can use reduced schematic eye to produce formula to determine retinal image 

height for any object viewed by the eye. 

Object height

Retinal image height
 = 

Distance from nodal point

17 mm
 

To calculate the diameter of the blind spot when projected 28 cm from the eye:  

 Assume horizontal optic disc diameter is 1.7 mm 

 Use similar triangles formulae (Figure A7.3) and the reduced model eye 

 

Figure A7.3 Similar triangles 

A

B
 = 

X

Y
 

  

Power = +60 D

F'n

17 mm

17 mm 22.5 mm

n= 1.33

5.5 mm

F'

H

B

A Y

X
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Therefore, by substituting in similar triangles formula: 

 

Figure A7.4 

1.7

17
 = 

X

285.5
 

Tan θ = 28.5 / 285.5          θ = 5.7°  

The size of the blind spot projected 28 cm from the eye is equal to 28.5 mm or 5.7°. 

Therefore, for a healthy unaided individual the position of the blind spot on the monitor 

of the CAA experiment is equal to 12.15° degree to 17.85° (the mean location of the 

blind spot was assumed at 15°).  

The above mentioned range is well correlated with published values of 15.5 ± 1.1° as 

the horizontal angular location of the blind spot, and 13° to 17.9° as the horizontal 

distance range (Rohrschneider, 2004).  

 

 

 

 

 

 

1.7 mm

X mm

280 mm + 5.5 mm mm

θ

17 mm
n

http://ebroder.net/
http://ebroder.net/
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APPENDIX 8 

Publications arising from this research 

Journal articles 

Ehsaei, A., Chisholm, C.M., MacIsaac, J.C., Mallen, E.A.H. & Pacey, I.E. (2011). 

Central and peripheral visual performance in myopes: contact lenses versus 

spectacles. Contact Lens and Anterior Eye, 34(3), 128-132. 

Ehsaei, A., Chisholm, C.M., Mallen, E.A.H. & Pacey, I.E. (2011). The effect of 

instrument alignment on peripheral refraction measurements by automated optometer. 

Ophthalmic and Physiological Optics, 31(4), 413-420. 

Ehsaei, A., Mallen, E.A.H., Chisholm, C.M. & Pacey, I.E. (2011). Cross-sectional 

sample of peripheral refraction in four meridians in myopes and emmetropes. 

Investigative Ophthalmology and Visual Science, 52(10), 7574-7585. 

Ehsaei, A., Chisholm, C.M. Pacey, I.E. & Mallen, E.A.H. Using partial coherence 

interferometry as marker for ocular expansion in myopia. Investigaive Ophthalmology 

and Visual Science, (under review). 
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Published abstracts 

Ehsaei, A., Chisholm, C. M., Mallen, E.A.H., & Pacey, I.E. (2010). Peripheral visual 

function in myopia and emmetropia. Investigative Ophthalmology & Visual Science, 

51(5), ARVO E-Abstract 3933. 

Ehsaei, A., Chisholm, C.M., Mallen, E.A.H., & Pacey, I.E. (2010). Para-central visual 

performance in myopia and emmetropia. Ophthalmic and Physiological Optics, 30, 

865-869. 

Ehsaei, A., Chisholm, C.M., Mallen, E.A.H., & Pacey, I.E. (2010). Peripheral refraction 

along oblique meridians in emmetropes and myopes. Optometry and Vision Scince, 

88(3), 395-403.  

Ehsaei, A., Chisholm, C.M., Mallen, E.A.H., & Pacey, I.E. (2011). The importance of 

autorefractor alignment for peripheral refraction measurements. The British Contact 

Lens Association Conference. Manchester UK: May 2011. 
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