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Abstract 
 
Title of PhD thesis: The Modulation of Emmetropization by Visual Inputs 
Mr Tse Yan Yin, PhD candidate 
School of Optometry 
 
Chief supervisor: Professor Chi-ho To 
 

The epidemic of myopia in urbanized area of East Asia in recent years indicates that 

myopia may be determined by genetic make-up as well as other environmental factors. 

Emmetropization is a visually guided process of eye growth which is expected to 

produce eyes that are free from refractive error or emmetropic. Apparently, this 

process has somehow failed to prevent children from becoming myopic in a number 

of East Asian communities. In fact, the exact mechanism of emmetropization is 

unclear at present. The elucidation of the signal decoding mechanism of 

emmetropization may be the key to unravel the mystery of recent myopia epidemic. 

 

This thesis aimed to study the decoding process of optical signals in eye growth by 

three approaches. The research rationale was based on the fact that the natural 

environment usually comprises of objects at different positions of the view of field, 

imposing defocus of different signs and magnitudes. 

 

The decoding process was firstly investigated by introducing superimposed 
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competing defocus (both myopic and hyperopic) on chick eye using dual-power 

lenses. The results showed that the eye growth could be modulated by both myopic 

and hyperopic defocus even when they were presented simultaneously. With different 

combinations of competing defocus, the refractive status and biometric data were 

shown to stabilize at intermediate end-points between the two focal planes of the lens. 

The result suggested that the visual system can discern the signs of defocus and 

integrate these signals quantitatively to guide its eye growth. It was also demonstrated 

that pre-existing experimental myopia can be reversed by wearing dual-power lenses 

of matching optical powers. This finding may carry practical implication of clinical 

myopia control.  

 

Secondly, the range of emmetropization response for myopic defocus was determined 

using a lens-cone device where the viewing distance was strictly controlled. It was 

found that the eye can decode and emmetropize quite accurately to myopic defocus of 

about 20D. The data also showed that the range of response was less accurate and 

narrower, but not abolished, when mid-high spatial frequency was removed from the 

visual target. This suggested that the mid-high spatial frequency is important in 

optimizing the range of emmetropization response. It also suggested that the 

emmetropization process is also robust and it may make use of available cues when 
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others are absent.  

 

Thirdly, it was attempted to study the effect of controlled visual scene on 

emmetropization. Competing myopic and hyperopic defocus was imposed in terms of 

various ratios of area subtended (solid angle) using a dual-plane lens-cone device. The 

results showed that the resultant emmetropization responses were quantitatively 

related to the amount of defocus as specified by the area (solid angle) subtended. 

Based on this finding, a spatial-temporal integration model for signal processing of 

emmetropization is proposed. The eye may be able to sample and integrate visual 

signals from the environment according to the sign, magnitude and spatial area of 

defocus so as to derive corresponding eye growth. Therefore, it is hypothesized that 

axial emmetropia, hyperopia and myopia may be resulted from different spatial ratio 

between myopic defocus and hyperopic defocus. 
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Chapter 1 

Introduction and overview 

 

Myopia typically occurs due to excessive enlargement of the eye, such that in the 

unaccommodated state, an image is focused in front of, rather than onto the 

photoreceptor layer of the retina.  

 

In recent years myopia has reached epidemic proportions in parts of East Asia, 

including China, Hong Kong, Japan, Singapore and Taiwan, with up to 70-90% of 

17-18 year-olds in the region affected (Matsumura and Hirai 1999; Zhao, Pan et al. 

2000; Lin, Shih et al. 2001; He, Zeng et al. 2004; Lam, Goldschmidt et al. 2004; Saw, 

Tong et al. 2005). There are emerging evidences that the prevalence of myopia have 

been increasing in the Caucasian populations in Australia and the USA as well 

(Attebo, Ivers et al. 1999; Wensor, McCarty et al. 1999; Rose, Smith et al. 2001; 

Junghans, Kiely et al. 2002; Lee, Klein et al. 2002). 

 

Myopia incurs more than a minor inconvenience (Javitt and Chiang 1994), since high 

myopia can cause severe visual impairments. High myopia may also be associated 

with myopic macular degeneration (Avila, Weiter et al. 1984; Curtin 1985; Ito-Ohara, 
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Seko et al. 1998), peripheral retinal degeneration and detachment (Pierro, Camesasca 

et al. 1992) and reduced contrast sensitivity (Oen, Lim et al. 1994). In fact, myopic 

degeneration is the second leading cause of low vision in Hong Kong (Yap, Cho et al. 

1990). It is also the fourth leading cause of blindness in Singapore (Seet, Wong et al. 

2001) and fifth in the United States (Curtin 1985). Optical aids are usually prescribed 

purely to correct the refractive error. At present, there is no proven clinical treatment 

for retarding myopia progression.  

 

1.1 Aetiology of myopia 

 

1.1.1 Nature vs nurture 

 

Myopia is a multifactorial disorder of diverse aetiology (Reviewed by(Morgan and 

Rose 2005) ).  

Evidence for genetic contribution to myopia comes from familial correlation studies 

in school myopia of East Asian and Caucasian populations. A number of studies have 

documented that children with myopic parents are more likely to be myopic (Goss, 

Hampton et al. 1988; Mutti and Zadnik 1995; Pacella, McLellan et al. 1999; Wu and 

Edwards 1999; Guggenheim, Kirov et al. 2000). Other studies show correlations of 
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refractive errors between monozygotic twins are higher than that between dizygotic 

twins (Goss and Wickham 1995; Hammond, Snieder et al. 2001; Lyhne, Sjolie et al. 

2001). However, it has also been commented that many twin and family studies tend 

to underestimate the contributions of environmental factors due to the limitations in 

sampling and assumptions in calculation (Morgan and Rose 2005). Therefore, 

evidence for genetic contribution of myopia may require more careful examination 

and control of potential co-variance. 

 

The mode of inheritance for myopia can be monogenic or complex traits. Myopia 

occurs in some types of rare syndromes, such as Stickler syndrome (O'Brien and 

Phillips 2000) and Marfan syndrome (Dietz, Cutting et al. 1991; Nijbroek, Sood et al. 

1995). The inheritance mode for such cases is likely to be monogenic. Studies have 

also reported cases of myopia showing patterns of Mendelian inheritance (Table 1.1) 

(Young, Ronan et al. 1998; Young, Ronan et al. 1998; Heath, Robledo et al. 2001; 

Naiglin, Gazagne et al. 2002; Paluru, Ronan et al. 2003; Paluru, Nallasamy et al. 2005; 

Zhang, Guo et al. 2005; Zhang, Li et al. 2007). Therefore, it is shown that mutations 

in certain loci have contributed to certain variants of pathological myopia. However, 

these forms of myopia account for only a limited number of myopia populations. 

Common myopia appears to follows a complex trait (Yap, Wu et al. 1993; Zadnik and 
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Mutti 1995; Young, Metlapally et al. 2007). Complex traits or complex diseases (e.g 

diabetes and hypertension) do not always depends on single mutation on a single 

locus. The heterogeneity of complex traits implies that the diseases are affected by 

more than one gene or different concurrent genetic variation at different loci (Lander 

and Schork 1994). Furthermore, the phenotypic complexity of complex traits implies 

that the same genetic variation can result in various severity of the disease. This might 

involve effects from environmental factors. Therefore, common myopia is likely to be 

determined by both genetic and environmental factors, and possibly their interactions. 

 
Myopia 

loci 

OMIM 

no.a 

Chromosomal 

locations 

Grade of myopia Mode of inheritance Year of 

publication

MYP1 310460 Xq28 Not specified X-linked recessive 1990 

MYP2 160700 18p11.3 High  Autosomal dominant 1998 

MYP3 603221 12q13; 

12q21-q23 

High  Autosomal dominant 1998 

MYP4 608387 7q36 High  Autosomal dominant 2002 

MYP5 608474 17q21-q22 High  Autosomal dominant 2003 

MYP6 608908 22q12-q13.1 Low/moderate Complex 2004 

MYP7 609256 11p13 High Complex 2004 

MYP8 609257 3q26 High Complex 2004 

MYP9 609258 4q12 High Complex 2004 

MYP10 609259 8p23 High Complex 2004 

MYP11 609994 4q22-q27 High Autosomal dominant 2005 

MYP12 609995 2q37.1 High Autosomal dominant 2005 

MYP13 300613 Xq23-q25 High X-linked recessive 2006 

Table 1.1 A list of chromosomal localization and their involvements in human myopia 

a: Online Mendelian Inheritance in Man 

(http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=160700) 
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By contrast, a large number of studies suggest that humans are sensitive to 

environmental risk factors and will develop higher prevalence of myopia under 

specific environments. (Selected environmental risk factors are reviewed under the 

next sub-heading.) Perhaps the strongest evidence that highlight the causative role of 

environment factors for myopia is the rapid increase of prevalence of myopia in some 

populations in recently years, particularly in the East Asia regions like Taiwan, 

Singapore, Japan, Hong Kong, Mainland China and Vietnams (Morgan and Rose 

2005). For example, epidemiological studies in Hong Kong have shown that myopia 

is more prevalent among younger Chinese within a population who share the same 

gene pool (Goh and Lam 1994; Lam, Goh et al. 1994). The prevalence of myopia was 

71% in younger adult aged 19-39 and was 29% in another older group above 40 years 

old. In a later study, prevalence of myopia was found to be 82.8% in Chinese school 

children (Lam, Goldschmidt et al. 2004).  

 

The rapid increase of myopia cases in those populations cannot be explained by 

genetic factors because the population gene pool is very unlikely to have changed 

drastically in this brief period of time. Therefore, environmental factors are strongly 

indicated in the recent epidemic of myopia in Hong Kong (Edwards and Lam 2004). 
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1.1.2 Environmental risk factors 

 

Myopia can be classified in a number of ways (Grosvenor 1987). Among the different 

classes of myopia, the youth-onset myopia or school myopia are of particular 

significance. This class of myopia has increased rapidly in recent years and has shown 

to be associated with environmental factors. One of the most frequently reported risk 

factor is the effect of education. High prevalence of myopia has been shown to 

correlate with high education levels (Wong, Foster et al. 2002; Shimizu, Nomura et al. 

2003) (Reviewed: (Curtin 1985)), high academic scores (Mutti, Mitchell et al. 2002) 

and high educational pressure (Tan, Saw et al. 2000). Another commonly agreed risk 

factor for youth-onset myopia is the residence in urban areas. Surveys have shown 

that myopia was more prevalent in populations with similar genetic background but 

grown up in urbanized area (Dandona, Dandona et al. 1999; Zhan, Saw et al. 2000; 

Dandona, Dandona et al. 2002). The fact that the time spent outdoor or sport activities 

reduces the risk of becoming myopic (Mutti, Mitchell et al. 2002; Rose, Morgan et al. 

2008) implies an interaction between the visual environment and myopia, although 

the mechanism is unclear. 
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1.2  Biological control of growth 

 

The dimensional mismatches between the ocular optical components lead to myopia 

and hyperopia. The eye, as with many other parts of the body, must undergo 

homeostatic control to achieve consistent size and shape during development. How do 

developing organs sense and limit their size? It has been noticed that many individual 

organs, or even an organism, know when to grow, stop or shrink in size. Apart from 

the putative effects of nutrients and hormones, experiments in model systems have 

suggested the existence of "organ size checkpoint", which specifies when cells stop 

growing and dividing. For example, Drosophila wing disc transplanted into an adult 

host stop growing when it reached the proper size (Reviewed: (Bryant and Simpson 

1984)). A damaged liver regenerates until it reaches the correct size (Reviewed: 

(Michalopoulos and DeFrances 1997)). In some species, body size can also be 

regulated according to the social status within the group or colony. Clownfish regulate 

the body size in proportion to its social status, so that if the leader fish is dethroned, 

its subordinate which is promoted to the new status will grow bigger in size (Buston 

2003). Similarly, female worker bee which becomes the new queen will grow bigger 

in size when the previous queen dies (Winston 1991; Hoover, Keeling et al. 2003). 
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A classical hypothesis on the regulatory molecular mechanism of organ size was 

suggested about 40 years ago (Bullough 1971). It stated that organs (e.g. liver) 

produce a soluble molecules called “chalone” that would serve as a tissue-specific 

growth inhibitor. The idea behind this hypothesis is that the concentration of the 

chalone will increase with the size of the organ. When the organ size reaches the 

target size, the chalone may reach an optimal level to stop further growth. This 

hypothesis remains speculative because no “chalone” like compound has been 

identified for years. Only until relatively recently, a chalone-like inhibitor of muscle 

growth - myostatin, has been found for the first time (Lee and McPherron 1999). The 

search for “chalone” in other organs, including the liver has not been equally 

successfully. 

 

Recently, a signaling pathway has been identified to be closely related to the control 

of growth of organ including the mammalian liver (Dong, Feldmann et al. 2007). This 

pathway is known as the Hippo pathway and was primarily worked out in Drosophila. 

Its homologues were later identified in organisms ranging from yeast to human. The 

kinase cascade can be summarized briefly as the following. The kinase Hippo and 

nuclear kinase Warts, in combination with two adaptor proteins Salvador and Mats, 

deactivates Yorkie which is a transcriptional co-activator that modulates the 
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expression of genes involved in cell growth, proliferation and apoptosis (reviewed: 

(Edgar 2006; Pan 2007)). This Hippo pathway has been shown to link to extracellular 

upstream signals by plasma membrane proteins “Merlin”, related protein “Expanded” 

and transmembrane receptor protocadherin “Fat” (McCartney, Kulikauskas et al. 2000; 

Cho, Feng et al. 2006; Willecke, Hamaratoglu et al. 2006). The downstream target of 

the Hippo pathway has been identified as the bantam microRNA (Nolo, Morrison et al. 

2006; Thompson and Cohen 2006). 

 

Interestingly, it was found that over-expression of Yorkie caused reversible 

overgrowth of organs. For example, overgrowth of eye size in Drosophila and liver 

size in rat. Whether similar pathways exist in the human eye remains to be explored. 

 

The eye exhibits a unique characteristic that its growth can be modulated by extrinsic 

visual inputs. These modulations can be studied by manipulating the environment and 

optics such as the relative distance and refractive power. The contents of the visual 

scenes and the refractive powers can be readily manipulated so that the growth of the 

eye can be studied. Such experimental paradigms would be very difficult to achieve in 

other organs. 
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1.3  Emmetropization as a natural phenomenon 

 

Axial refractive errors are common among animals during their neonatal stage. 

Falcons (Andison, Sivak et al. 1992) and ostriches (Ofri, Millodot et al. 2001) are 

myopic when hatched. Other animals such as marmosets (Troilo and Judge 1993; 

Graham and Judge 1999) and macaque monkey (Smith 1998) are hyperopic at birth. 

In chickens, some individuals are myopic and some are hyperopic after hatching 

(Wallman, Adams et al. 1981; Irving, Sivak et al. 1996). 

 

Interestingly, those naturally occurring refractive errors (myopia and hyperopia) are 

scarce and small in magnitude among both wild and domesticated animals during the 

post-natal or post-hatching periods, for example: pigeon (Fitzke, Hayes et al. 1985), 

chick (Irving, Sivak et al. 1996), tree shrew (Marsh-Tootle and Norton 1989), rhesus 

monkey (Smith and Hung 1999), fish (Kroger and Wagner 1996), marmoset (Troilo, 

Nickla et al. 2000), and guinea pig (Howlett and McFadden 2007). The phenomenon 

that the eye grows towards emmetropia is termed “emmetropization” which strongly 

suggests the presence of homestatic growth control. This is a robust mechanism found 

in diverse species which guides post-natal eye growth (Wallman and Winawer 2004). 

Refractive errors are common at birth. The images of distant objects are focused in 



 11

front of the photoreceptors (myopic defocus) in some subjects, and behind the 

photoreceptors (hyperopic defocus) in others. However, the growth of the component 

parts of the eye is carefully coordinated in such a way that as the animal matures, the 

position of the photoreceptors becomes increasingly matched to the combined focal 

length of the eye’s refractive system. Eventually, the eye becomes relatively free of 

refractive error (“emmetropic”). In reality, the refraction in most population is slightly 

skewed: hyperopia is more common than myopia in early infancy, and in the majority 

of population, most individuals emmetropize to a refractive state of low hyperopia 

rather than precise emmetropia (Irving, Sivak et al. 1996; Smith and Hung 1999; 

Howlett and McFadden 2007).  

 

1.3.1 Emmetropization in human 

 

Emmetropization is also demonstrated in human during neonatal stage. Neonates are 

usually born hyperopic and they develop progressively towards emmetropia in the 

first few years of life. It is unclear why human children are so prone to develop 

myopia if the dimensions of the eye are under homeostatic control to match its optical 

power. The increasing incidence of school myopia may imply that the process of 

emmetropization was influenced by unknown environmental factors so that it was 
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malfunctioned or being biased by unknown environmental factor to produce myopia. 

 

Apparently, understanding the biological mechanism is the pre-requisite in addressing 

the question of myopia epidemics. 

 

1.4 Mechanisms of emmetropization 

 

1.4.1 The excessive accommodation and the accommodation lag hypotheses 

 

The excessive accommodation hypothesis was the dominant explanation for the 

pathogenesis of human myopia for many years. Its idea was that the excessive use of 

accommodation when peoples perform near visual task would increase the stress on 

the visual system. Hence a hypothetical feedback mechanism would reduce that stress 

by reducing the need for accommodation which involves elongating the eye and 

making the eye myopic. This hypothesis appeared to complement the vast number of 

studies that reported the correlations of myopia with education and near work (Saw, 

Hong et al. 2001; Saw, Wu et al. 2001; Wu, Seet et al. 2001; Mutti, Mitchell et al. 

2002). Accordingly, clinical trials attempted to control the progression of myopia by 

interrupting this hypothetical feedback loop had been carried out (Leung and Brown 
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1999; Shih, Hsiao et al. 2001; Edwards, Li et al. 2002; Gwiazda, Hyman et al. 2003). 

The result appeared to be promising at early stage but showed insignificant 

therapeutic effect in more comprehesive studies afterwards. Atropine, a muscarinic 

cholinergic agent known to block accommodation in human, has been shown to be 

effective in slowing myopia progression in some animal species (Young 1965; 

McKanna and Casagrande 1978; McBrien, Moghaddam et al. 1993) and in human 

children (Bedrossian 1985; Kennedy, Dyer et al. 2000; Syniuta and Isenberg 2001). 

However, subsequent animal study showed that M1- (e.g. pirenzepine) but not M2- or 

M3-selective muscarinic antagonist can prevent myopia (Stone, Lin et al. 1991). M1 

receptor is rarely found in the intraocular muscle (Honkanen, Howard et al. 1990) but 

commonly located in neural tissue (Goyal 1989). So atropine, a non-selective 

antagonist, is more likely to act directly on the posterior retina without engaging the 

accommodation mechanism. Also, clinical trials with bifocal spectacle lens and 

progressive addition lenses to aid near tasks had only obtained limited initial success 

and were largely unsuccessful to control myopia. Furthermore, evidence against a 

major role of accommodation in myopia development came from a number of animal 

studies, in which blocking accommodation by ciliary nerve section, tetrodotoxin 

treatment or optic nerve lesion did not prevent myopic changes (Troilo, Gottlieb et al. 

1987; McBrien, Moghaddam et al. 1995; Schmid and Wildsoet 1996). 
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Another long held hypothesis for myopia development is that the lag of 

accommodation during near visual tasks creates optical blur and stimulates feedback 

myopic eye growth. This idea was originated from the observation that hyperopic 

defocus or form deprivation induces myopic changes in earlier animal studies. 

Apparently, it is consistent with the correlation between myopia and education, as 

well as the findings that myopes have lower tonic accommodation (McBrien and 

Millodot 1986; McBrien and Millodot 1987) and deficient accommodative responses 

(Gwiazda, Thorn et al. 1993; Gwiazda, Bauer et al. 1995). However, it is controversial 

because hyperopic defocus or form deprived induced myopia could be prevented in 

animal studies when short intervals of normal visual experience were allowed (Napper, 

Brennan et al. 1995; Napper, Brennan et al. 1997; Zhu, Winawer et al. 2003). It is also 

arguable that retrospective and cross-sectional studies showing myopes having worse 

accommodative abilities did not necessarily represent a casual relationship and 

longitudinal study is needed to verify their relationship. Yet considering the results 

from progressive additional lenses studies, reducing the blur due to lag of 

accommodation did not effectively stop myopia from progressing. 
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1.4.2 Optical defocus 

 

Animal model is a useful tool in the study of refractive feedback control. 

Experimentally, the emmetropization process can be studied by mounting ophthalmic 

lenses before the eyes of young animals and then monitoring the changes in refractive 

status and ocular dimensions (Fig 1.1). Interventions that shift the image plane behind 

the retina (hyperopic defocus) cause elongation. On the other hand, interventions that 

shift the image plane in front of the retina (myopic defocus) cause retardation of eye 

growth. The eye has the capability of detecting the shifted image plane, altering its 

growth rate accordingly and regaining the status of emmetropia. The fact that 

compensations can be quite accurate over a range of induced defocus (Irving, 

Callender et al. 1991; Hung, Crawford et al. 1995; Irving, Callender et al. 1995) 

further suggests the existence of an active and precise regulation of the axial 

dimensions by visual inputs. 
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Fig. 1.1. Schematic diagram shows the formation of experimental ametropia and the 

process of emmetropization. A negative lens (concave) shifts the image behind the 

retina and the eye compensates by accelerating elongation, pulling the retina 

backward to the image plane. A positive lens (convex) shifts the image in front of the 

retina and the eye compensates by slowing its rate on elongation, pushing the retina 

forward to the image plane. 
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Compensating for low power positive lens is found to be qualitatively consistent 

across species. It slows axial elongation in chicks(Irving, Sivak et al. 1992), tree 

shrews (Siegwart and Norton 1993) and macaque monkeys (Hung, Crawford et al. 

1995). In other words, it induces hyperopic shift in refractive status. When the power 

of positive lenses increases, different species demonstrates different responses. For 

lens powers of +10D to +15D, chick eye underwent hyperopic shift similarly (Irving, 

Sivak et al. 1992). Monkeys showed insignificant refractive changes when exposed to 

binocular treatment of high power positive lens (Smith and Hung 1999). Tree shrews, 

however, developed myopic shift when exposed to high power positive lens (Siegwart 

and Norton 1993). Further experiment has shown that monkey (Smith and Hung 1999) 

was also capable to compensate for stronger lenses when the power was increased 

stepwise. These results suggested that different species have different operative range 

of emmetropization towards imposed myopic defocus (Flitcroft 1999). Apparently, 

chicken has a wider range. It may be due their small size, shorter viewing distance or 

the presence of stronger choroidal compensatory mechanism. 

 

1.4.3 Form deprivation 

 

When frosted, translucent diffuser or lid suture instead of defocusing lenses are used, 
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spatial contrast and perception of sharp edges are deprived and the eye develops 

myopia through axial elongation. This response has been found in many species 

including fish (Shen, Vijayan et al. 2005),chick (Wallman, Turkel et al. 1978), mice 

(Schaeffel, Burkhardt et al. 2004), guinea pig (Howlett and McFadden 2006), tree 

shrew (Sherman, Norton et al. 1977), marmoset (Troilo and Judge 1993) and macaque 

(Wiesel and Raviola 1977; Smith, Harwerth et al. 1987). In human, unilateral myopia 

following neonatal ptosis and congenital cataracts is likely to be a form of 

form-deprivation myopia too (Hoyt, Stone et al. 1981). 

 

1.4.4 Dimensional changes in ocular structures 

 

Choroid is an important vascular structure. It responds to myopic defocus by 

expansion in thickness, pushing the photoreceptor layer forward to the image plane. It 

also responds to hyperopic defocus by thinning, pulling the photoreceptor layer back 

to the image plane. In chicks, the increase in thickness is more prominent than the 

decrease in thickness (Wallman, Wildsoet et al. 1995). Similar changes, but to a lesser 

extent, was also documented in species such as tree shrew (Siegwart and Norton 

1998), marmosets (Troilo, Nickla et al. 2000) and rhesus monkeys (Hung, Wallman et 

al. 2000). 



 19

In chicks, the expansion of choroid is largely attributable to the “lacunae” in the 

stroma of the choroid. It has been proposed that the expansion of lacunae was the 

result of active accumulation of osmotically active molecules followed by fluid inflow. 

This is supported by the findings of increased production of glycosaminoglycans in 

the choroid during expansion. Since the membrane of lacunae does not have tight 

junctions, the leaky property implies that the expansion may be passive. 

 

Sclera defines the shape and size of an eye. During compensation to lens-induced 

defocus, active remodeling occurs at the sclera (Nickla, Wildsoet et al. 1997; Gentle 

and McBrien 1999). It has been reported that when eye growth is accelerated, the 

level of hydration decreases. Such changes were accompanied with an increase in dry 

weight, and increase synthesis of proteoglycans, protein and DNA. The opposite 

occurs when eye growth is retarded by lens induced myopic defocus (Christensen and 

Wallman 1991; Rada, McFarland et al. 1992). 

 

1.4.5 Form deprivation vs hyperopic defocus 

 

Form deprivation and hyperopic defocus both induce myopic changes characterized 

by axial elongation and thinning of the choroid. However, they were found to be 
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different in a number of aspects. The first line of evidence resides on the finding that 

constant lighting has reduced elongation of the eye treated by form deprivation but 

not on those treated by negative lens (Bartmann, Schaeffel et al. 1994). Their 

difference in dopamine metabolism were later characterized (Schaeffel, Bartmann et 

al. 1995). It has also been reported that stroboscopic illumination attenuates form 

deprivation myopia over a wider range of frequencies than that of defocus induced 

myopia (Schmid and Wildsoet 1996). At the retinal level, form deprivation also 

affected the oscillatory potential of the electroretinogram in a different way compared 

to hyperopic defocus (Fujikado, Kawasaki et al. 1997). Kee et al demonstrated that, 

during the first 72 hours of treatment, only hyperopic defocus induced significant 

axial elongation, although the choroidal thinning were similar to that in form 

deprivation (Kee, Marzani et al. 2001). They also showed that application of 

stroboscopic lighting and interruption of nights by brief period of light attenuates the 

two kinds of myopia differently. It has also been found that optic nerve sectioning 

reduced the elongation of vitreous chamber in defocus induced myopia but not in 

form deprivation myopia (Wildsoet 2003). 

 

In view of the discrepancies, defocus induced myopia may not be related to form 

deprivation myopia. Instead, form deprivation myopia may be resulted from 
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emmetropization failure when visual input is inadequate for feedback control. 

 

1.4.6 Does the sign or magnitude of blur guide emmetropization? 

 

The physiological function of emmetropization is to reduce blur by modulating the 

eye growth to place the photoreceptor onto the image plane. Therefore, the system 

must be able to detect which direction of growth can best reduce the distance between 

the image plane and the photoreceptor layer. 

 

One of the ongoing research questions concerns whether the eye can detect the sign of 

defocus of the image. It has been proposed by some researchers that the eye might not 

be able to extract the sign of defocus from the image (Norton and Siegwart 1995). It 

was stated that the eye emmetropizes according the absolute amount of magnitude of 

blur it experiences. In this hypothesis, eye growth accelerates when a negative lens is 

applied that increases blur, while growth is inhibited when a positive lens is applied 

that reduce blur (on near objects).  

 

There are several lines of evidence argues against this hypothesis but for the ability of 

discerning the sign of defocus from blur images. Firstly, a previous experiment 
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restricted the chicks to a central viewing position with a cylinder, where no additional 

visual cue was available apart from the designated target plane (Schaeffel and Diether 

1999). Powers of the optical lenses were manipulated to impose defocus of equal 

magnitude but opposite sign. Under this environment, the imposed myopic defocus 

and hyperopic defocus would have introduced the same extent of blur on surrounding 

visual objects. If the emmetropization process depends only on the magnitude but not 

the sign of blur, eyes imposed with myopic and hyperopic defocus would both 

undergo myopic shift. However, chick eye was found to be able to compensate for the 

imposed myopic defocus and hyperopic defocus on the right directions. Secondly, 

when chicks wore positive lens that was superimposed with image-degrading diffuser, 

compensatory hyperopic shift developed consistently (Park, Winawer et al. 2003). 

Despite the poor image quality in the eye, the positive lens still inhibited eye growth. 

These findings suggest that the sign of defocus was being inferred from the defocus 

image. 

 

1.4.7 The two optical signals: GO and STOP 

 

Based on the evidences from animal studies, there are two principal optical inputs for 

guiding emmetropization. The hyperopic defocus is a “GO” signal that promotes axial 



 23

eye growth and tunes the refractive status towards the myopic direction. Its 

counterpart is the myopic defocus, which is a “STOP” signal that inhibits axial eye 

growth and tunes the refractive status towards the hyperopic direction. Together they 

are able to account for the reduction of neo-natal refractive errors in the animals. 

Animals such as falcons that are myopic when hatched would experience myopic 

defocus, which retards axial eye growth and guides the eye towards emmetropia. On 

the other hand, animals such as marmosets that are hyperopic at birth would 

experience hyperopic defocus, which promotes axial eye growth and guides the eye 

towards emmetropia too. 

 

1.4.8 Temporal integrative properties 

 

The time course between visual inputs and compensatory response is another 

important aspect for emmetropization. It was shown that 10 minutes of brief lens wear 

produced detectable choroidal changes in two hours (Zhu, Park et al. 2005). In 

contrast, the scleral component responses are delay so that the ocular elongation 

would be evident only after a day or two of lens wear (Kee, Marzani et al. 2001). 

Since the sign and magnitude of defocus in ordinary visual scenes change from time 

to time, a physiological role for the fast-acting choroidal response could be a buffer 
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for the slow-acting scleral response. This is useful because overshooting of axial 

elongation may not always be reversible when eye growth approaches completion. 

 

Non-linearities in temporal integration of signal have also been reported. Consider 

only one sign of optical defocus, it was found that multiple daily episodes of 

lens-wear induced greater compensatory responses compared to that induced by a 

single period of the same total duration (Winawer and Wallman 2002). This implies 

that saturation of signal may be involved at certain stage of the compensation. When 

defocuses of opposite signs were being presented alternately, as in the case where 

positive and negative lenses were applied alternately, myopic defocus has been shown 

to dominate the compensation. A day of negative lens wear in chicks can be cancelled 

out by 8 minutes of positive lens wear (Zhu, Winawer et al. 2003). The 

emmetropization system appears to be able to integrate defocus over time to guide the 

refractive growth. Intuitively, this finding may extrapolate and imply that myopia or 

hyperopia in human can be controlled by deliberately exposing the eye towards 

appropriate defocus in short but frequent intervals. For example, short intervals of 

break during prolonged reading may modulate progress of myopia by providing a 

source of myopic defocus through “nearwork-induced transient myopia” (NITM), 

which is being defined as the short-term myopic far point shift (0.12 to 1.30D) 
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immediately following a sustained near visual task (Ong and Ciuffreda 1995; 

Wolffsohn, Gilmartin et al. 2003; Wolffsohn, Gilmartin et al. 2003). 

 

1.4.9 Processing is independent of the central nervous system and is spatially 

localized 

 

One of the most interesting aspects of emmetropization is that the complex retinal 

processing and feedback loop is independent of the central nervous system. 

Compensation to lens can still take place (with some quantitative differences) when 

the optic nerve was severed or the action potential of ganglion cell was blocked 

(McBrien, Moghaddam et al. 1995; Wildsoet and Wallman 1995; Wildsoet and 

Schmid 2000).  

 

Another important finding from animal studies is that emmetropization is spatially 

localized so that one region of the posterior eye can elongate independently. Previous 

studies on natural animal revealed that lower field myopia existed among species 

including pigeon (Fitzke, Hayes et al. 1985), chicken and toad (Schaeffel, Hagel et al. 

1994). It is suggested that this natural occurring regional myopia is an adaptive 

features to the visual experience, allowing the animals to simultaneously see different 
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objects above and below the horizon clearly with minimal change on accommodation. 

A separate study supported this notion and showed that upper field myopia can be 

induced by raising chickens in cage with low-ceiling (Miles and Wallman 1990). 

 

In parallel, it was found that compensatory responses could took place in localized 

hemifields of the eye where form deprivation was imposed using diffusers covered 

only the conjugate parts of visual field in chicken (Wallman, Gottlieb et al. 1987), 

treeshrews (Kang and Norton 1993) and guinea pigs (McFadden 2002). Even stronger 

evidence comes from the findings that eye growth was accelerated or retarded 

regionally on the posterior eye where hyperopic defocus or myopic defocus were 

imposed using defocusing lenses in the conjugate field of view. This localized 

feedback have been shown in chicken (Diether and Schaeffel 1997) and tree shrews 

(Siegwart and Norton 1993) and guinea pigs. 

 

An interesting point to note is that the localized change occurred independent of the 

presence of fovea or area centralis. This implies that the role of those highly 

innervated central areas may not be crucial in the process of emmetropization. 

 

The localized property of the feedback loop also suggested two points. Firstly, the 
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internal signal transmission from the retina to sclera through the retinal pigmented 

epithelium and the choroid must also be spatially localized to a certain extent. 

Secondly, the decoding of the optical inputs must also be processed in a spatially 

localized region of retina. The second point is fundamental to the research hypothesis 

that the eye may be able to simultaneously sample multiple spatial defocus in a visual 

scene. 

 

1.4.10 Central vs peripheral visual inputs 

 

Because human habitually relies on central fovea retina to provide sharp vision, most 

of the earlier studies on emmetropization did not attempt to differentiate the central 

and peripheral visual inputs and their corresponding responses. It was somehow 

assumed that the central retina dominates the emmetropization process. More recent 

studies have challenged this assumption (Kee, Ramamirtham et al. 2004; Smith, Kee 

et al. 2005). The finding that central holes in diffuser did not prevent form deprived 

myopia was the first to suggest that the peripheral retina may also play a key role in 

emmetropization. Furthermore, photocoagulation of fovea did not prevent the eyes of 

monkeys from recovering from form deprived myopia (equivalent to exposing to 

myopic defocus). It may be argued that the monkeys may not necessarily use their 
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fovea to see through the central hole in diffuser, and that recovery from form deprived 

myopia may involve unknown non-visual feedback mechanism. Probably aiming to 

further verify the implications, researchers performed further experiment using a 

different paradigm, in which diffusers were applied unilaterally on eyes with 

photo-ablated fovea (Smith, Ramamirtham et al. 2007). Thus, it is confirmed that 

peripheral retina can modulate myopic changes under form deprivation. In the future, 

it would be interesting to test whether peripheral retina can modulate emmetropization 

change in responses to defocus induced by optical lenses. 
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1.5 How does the eye discern the sign of defocus from blur image? 

 

It is yet to be revealed how the eye discerns the sign of defocus from blur image. 

There are a few possible optical cues that the eye may have used. 

 

1.5.1 Longitudinal chromatic aberration 

 

One of the possible cues may be longitudinal chromatic aberration. Because optical 

media have different refractive indexes towards different wavelengths of light, light of 

shorter wavelength (blue) is refracted more strongly than longer wavelengths (red). If 

an eye is focused for the mid wavelength, blue lights will be focused in front of the 

retina, while red light will be focused behind the retina. For a myopic eye, red light 

tends to be more in focus. For a hyperopic eye, blue light tends to be more in focus. It 

is possible that the outputs from various chromatic channels are analyzed to acquire 

the sign of defocus. However, the elimination of the aberration by mean of 

monochromatic room lightings did not prevent compensation for lens-induced 

defocus (Rohrer, Schaeffel et al. 1992; Wildsoet, Howland et al. 1993). This indicated 

that the emmetropization process do not rely solely on the longitudinal chromatic 
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aberration to decode the sign. 

 

1.5.2 Monochromatic aberrations 

 

Monochromatic aberrations such as astigmatism, spherical aberration, coma are 

present in the eye. These aberrations are not symmetrical with respect to the sign of 

defocus. Theoretically, analysis of their asymmetries may yield the sign of imposed 

defocus. It is unclear how the eye makes use of these asymmetries in ordinary visual 

scenes. Some researchers have also questioned the role of the higher order aberrations 

on emmetropization because they tend to be small in magnitude in eyes dominated by 

defocus (Thibos, Cheng et al. 2002). Theoretically, the asymmetry of aberration 

should remain relative intact in order to be determined under massive amount of 

optical defocus. 

 

1.5.3 Accommodation 

 

The average level of accommodation could indicate the refractive status of an eye. 

When an eye is hyperopic, it accommodates more frequently. When an eye is myopic, 

it accommodates less frequently. However, there are several lines of evidence argue 
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against the use of accommodation as a direct cue for emmetropization. Firstly, 

compensatory responses to lens induced defocus were only quantitatively affected 

when accommodation was blocked by drugs, lesion to the ciliary nerve or lesion to 

the Edinger-Westphal nuclei (Schaeffel, Troilo et al. 1990; Wildsoet, Howland et al. 

1993; Schwahn and Schaeffel 1994). Secondly, accommodation is global and 

therefore is unable to explain the regional compensatory response to localized defocus 

(Diether and Schaeffel 1997). These, however, do not eliminate the possibility that 

accommodation may play indirect or minor role of modulation on emmetropization. 

 

1.6 Natural phenomena observed and the gaps of knowledge 

 

How the eye decodes the sign of defocus from the blur image is still unclear. The 

results from animal works cannot be directly extrapolated to human. Introduction of 

lens-induced defocus has resulted in different responses in human. It was reported that 

bilateral under-correction (Chung, Mohidin et al. 2002) or over-correction (Goss 1984) 

of myopia both lead to accelerated progression in myopia. Difference in visual habit, 

visual environment and the operative range of emmetropization may have potentially 

contributed for the discrepancies. 
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Furthermore, most animal works have studied emmetropization process using 

spectacles lens that imposed one defocus at a time. In fact, it is observed in the natural 

visual environment that there are multiple visual objects scattered at different 

positions in the view of field, imposing defocus of various signs and magnitudes. It 

would be of interest and potential importance to study how these multiple levels of 

simultaneous defocus affect the process of emmetropization. These rich spatial and 

temporal visual inputs may provide important cues to the emmetropization system. 

 

1.7 Research questions 

 

The present work sought to study the decoding process of emmetropization in three 

different approaches. In chapter 3, the decoding process was studied using a 

dual-power lenses that simultaneously introduce superimposed opposing defocus to 

the eye. The hypothesis is that ocular growth is jointly modulated by myopic and 

hyperopic defocuses. 

 

In chapter 4, the range of emmetropization response for decoding defocus was tested 

by stepwise increment of imposed myopic defocus on the eye under a controlled 

viewing condition.  
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In chapter 5, the decoding process was studied by varying the spatial ratio between 

competing defocus imposed on the eye. The hypothesis is that eye growth is 

modulated by the spatial ratio between competing defocus in the visual field. 
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Chapter 2 

General methods 

 

All experimental procedures include hatching, animal handling and measurements 

were performed at the Laboratory Animal Service Center, the Chinese University of 

Hong Kong. All the rearing and experimental procedures were approved by the Hong 

Kong Polytechnic University’s Animal Ethics Committee and in compliance with the 

ARVO Statement for the Use of Animals in Ophthalmic and Visual Research. 

 

2.1  Animal 

 

White leghorn chicks (Gallus gallus) were obtained as SPF (specific pathoegen free) 

fertilized eggs from SPAFAS India/Jinan through the Agricultrue, Fisheries and 

Conservation Department of Hong Kong. The SPF eggs were then incubated with the 

model BSS160 (Brumbach, Germany) at temperature of 37.5 ºC and humidity of 75% 

until chicks were hatched. Hatchlings were transferred and housed in an enclosure 

made of fine metal mesh (to minimize restriction of distant viewing) under a 12h 

light/ 12h dark cycle. Food (Starter, Glen Forrest Stockfeeders, Australia) and water 

were provided ad libitum. Room temperature was automatically kept at 25 ºC. 
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Additional dry bulb heater was installed at controlled height above the cage for chicks 

younger than 10 days old. Daily cleaning and refilling for food and water were 

provided by the facility assistants. Animals were weighted using a spring balance 

prior to refraction and ultrasonography. 

 

2.2  Refraction 

 

Refractive errors of eyes were measured to ±0.5D using a streak retinoscope (Heine, 

Beta 200) and trial lenses in the two principal meridians (usually at axes 90 and 180). 

Spherical equivalent power was calculated by averaging the refractive powers of the 

two meridians. The eye was opened using a wire lid-retractor. Measurement was taken 

under isoflurane anaesthesia in gaseous oxygen so that accommodation was relaxed 

without using additional cycloplegic drugs. Concentration of isoflurane was 3-4% 

during initial induction and was maintained at about 2%. A period of at least 5 

minutes was allowed for the state of anaesthesia to stabilize prior to measurement. A 

dilated and stable pupil was usually observed during refraction. 



 36

 

Figure 2.1. Retinoscopy and trial lens set. 

 

2.3  A-scan ultrasonography 

 

Ocular biometry was measured using a high frequency A-scan ultrasound transducer 

(Panametric, PR-5037R) with a 30MHz high-bandwidth polymer probe 

(PZ25-025-R1.00) and sampled at 100MHz with a analogue-to-digital board (Sonix, 

STR8100D). The specifications of the system was equivalent to that used in a 

previous study (Wildsoet and Wallman 1995). 

 

The probed was immersed in a cylindrical acrylic adaptor which is filled with 

constant flow of saline. A controlled flow rate of saline enabled the “water bath” to 

serve as a matching medium for the transmission of pulse between the cornea and the 
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probe. The “water bath” also neutralized the corneal power and allowed direct 

visualization of the iris by the researcher, facilitating fine alignment of the probe to 

the pupillary axis during following measurement. 

 

A custom made head restrain provided rotation of the head in 2 axes, and facilitated 

alignment of the probe with the eye. To obtain repeatable measurements, a telescope 

was surrounded by the smalls LED (light emitting diode) which form a ring when 

focused on the cornea. Centering of this ring in the pupil provided reference for the 

alignment of the probe with the pupillary axis. This telescope was installed in a rotary 

platform on a manipulator to allow convenient switching with the probe. Alignment 

and reliable tracing could usually be obtained within 1 minute using this method. 

About 8 readings were recorded for each successful alignment. And an acceptable 

data consisted of readings separately obtained from three successful alignments. 

Ultrasound traces were transcribed to corresponding lengths using the following 

velocities: a) 1534 meter/second for aqueous chamber, vitreous chamber, retina and 

choroid; b) 1608 meter/second for the lens (Wallman and Adams 1987). A peak 

selection strategy established by previous studies (Wildsoet and Wallman 1995) was 

used to specify the interface between each compartment in order to optimize the 

resolution. 
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Figure 2.1. A photo series showing how the ultrasound probe is aligned with the 

pupillary axis of the eye. (A) The probe and the telescope are installed on a rotary 

platform on a manipulator. (B) An acrylic adaptor filled with running saline to 

provide a matching media. (C) A ring of LED was fixed in front of the telescope. (D) 

The reflex of the LED ring was observed and centered on the cornea. (E) The 

telescope was swapped with the probe to obtain measurements. 

A B 

C 

D E 
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The accuracy of the A-scan system was estimated by measuring one eye with 8 times 

of re-alignment (4 trace per alignment). The mean and standard deviations of these 

averages were then tabulated to give estimates of accuracy (Table 2.1). Standard 

deviation is referred as an indication of “accuracy”. 

 

Component Mean (mm) S.D. (µm) 

Anterior chamber 1.361 12.5 

Lens 2.047 17.7 

Vitreous chamber 5.334 16.8 

Retina 0.235 4.62 

Choroid 0.214 7.05 

Sclera 0.122 4.98 

 

Table 2.1. Means and standard deviations for the components of one eye re-aligned 

and measured 8 times. The means and standard deviations of the averages of those 

measurements were shown. Standard deviation is referred as an indication of 

“accuracy”. 
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Chapter 3 

Effects of simultaneous global myopic and hyperopic defocus (dual-power lens) 

 

3.1  Introduction 

 

Emmetropization is a visually guided process of eye growth which is expected to 

produce eyes that are free from refractive error or emmetropic. Apparently, this 

process has somehow failed to prevent children from becoming myopic in a number 

of East Asian communities. In fact, the exact mechanism of emmetropization is 

unclear at present. The elucidation of the signal decoding mechanism of 

emmetropization may be the key to unravel the mystery of recent myopia epidemic. 

 

Typical ways to studies the emmetropization mechanism is through the use of positive 

and negative spectacle lenses. Negative lens shift the image plane behind the retina 

(hyperopic defocus) and cause elongation. On the other hand, positive lens shift the 

image plane in front of the retina (myopic defocus) and cause retardation of 

elongation. These lens-induced hyperopic and myopic shifts have been reported in 

various species including chicks (Irving, Callender et al. 1991), tree shrew (Siegwart 

and Norton 1993), guinea pig (McFadden 2007), marmoset (Troilo, Nickla et al. 2000) 
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and monkey (Hung, Crawford et al. 1995). 

 

Further experiments studied the interaction between imposed myopic defocus and 

hyperopic defocus by applying lenses of opposite power alternately and found that the 

opposing defocus interacted and produced summated effect (Zhu, Winawer et al. 2002; 

Winawer, Zhu et al. 2005). During this temporal integration, myopic defocus was 

shown to be more potent than hyperopic defocus, and that brief periods of exposure to 

positive lens overrode the effect from longer period of negative lens (Zhu, Winawer et 

al. 2003; McFadden 2007). 

 

Most animal works have studied the emmetropization process using spectacles lens 

that imposed one defocus at a time. In contrary, it is observed in the natural visual 

environment that there are multiple visual objects scattered at different positions in 

the view of field, imposing defocus of various signs and magnitudes. It would be of 

interest and potential importance to study how these multiple levels of simultaneous 

defocus affect the process of emmetropization. These rich spatial and temporal visual 

inputs may provide important cues to the emmetropization system. 

 

The present work sought to determine the effect of simultaneously presented 
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competing defocus on emmetropization. Custom-made dual-power spectacle lenses of 

various power combinations were used to impose the competing defocus in this 

chapter as the first approach (another paradigm was discussed in chapter 5). 

 
 

3.2  Objectives 

 

 To investigate the effect of simultaneous competing defocus (superimposed) on 

emmetropization using a dual-power lens paradigm 

 To investigate the underlying mechanism during decoding of directional 

information from defocus signals. 

 To explore a potential myopia retardation method. 

 

3.3  Methods 

 

3.3.1 Animal 

 

White leghorn chicks (Gallus gallus) were obtained and bred as SPF (specific 

pathogen free) fertilized eggs from SPAFAS India. Chicks were housed in an 

enclosure made of fine metal mesh (to minimize restriction of distant viewing) under 
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a 12h light/ 12h dark cycle of 450lux (measured at the level of food containers), and 

given food and water ad libitum. All chicks were 7-8 days old at the start of lens wear 

experiments. All the rearing and experimental procedures were approved by The 

Hong Kong Polytechnic University’s Animal Ethics Committee and in compliance 

with the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research. 

 

3.3.2 Dual-power lens system 

 

Lenses were attached with the aid of Velcro rings glued to the feathers around the eye 

(Wildsoet and Wallman 1995). Dual-power lenses (Fig. 3.1) designed using the 

ZEMAX optical design program based on the Fresnel’s principle were optimized to 

minimize spherical aberrations. Lenses were manufactured from PMMA by cast 

molding by the Advanced Optics Manufacturing Centre of the University. All lenses 

had an optical zone diameter of 11mm and an anterior radius of curvature of 6.68 mm. 

The posterior surface comprised a series of annuli of different radii of curvature (Fig. 

3.2). The pitch width of each annulus was 0.4mm for the +10/-10D (50:50 area) 

dual-power lens and 0.1mm for the other powers. In between each annulus there was a 

transition curve 0.005mm in width. The number of annuli for the 33:67 (area) and the 

25:75 (area) lenses was 52, e.g. the +10/-10D (25:75 area) lens contained 13 annuli of 

positive power and 39 annuli of negative power. The field of view through the optical 
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zones of the dual-power lenses was approximately 150°. Thus, the lenses would 

produce overlying images, focused in different planes, over the central and 

mid-peripheral retina. It should be noted that the dual-power lenses would not 

produce alternate or concentric vision of hyperopic and myopic defocus on the retina 

(In contrast to the zonal defocus discussed in chapter 5). Fig. 3.3 shows a schematic 

diagram of the distribution of annuli for the different lens types. 
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Fig. 3. 1. (A) The dual-power lens produces two distinct foci, one in front of and the 

other behind the photoreceptors, introducing simultaneous myopic defocus and 

hyperopic defocus on the retina (Diagram not drawn to scale).  

(B) Photograph of concentric dual-power lenses. Annuli of equal width are evenly 

distributed in the 11mm optical zone, thus minimizing the effect of pupil size on the 

ratio of myopic and hyperopic defocus, and extending the angle of view from center to 

periphery. 

(C) Photograph of a chick with a dual-power lens via a Velcro mounting system. 
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Fig. 3.2. 

Dimensions of the lenses. Lens diameter: 15mm; optical zone diameter: 11mm; 

anterior radius of curvature: 6.68mm; thickness of handling periphery: 1.2mm.
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Fig. 3.3. Schematic diagram showing how the annuli on the lenses are arranged to 

provide different ratios (in area) of contributing powers. Shaded regions represent 

annuli of +10D. White regions represent annuli of -10D.  

(A) The 50:50 area lens. Each +10D annulus is coupled with one -10D annulus.  

(B) The 33:67 area lens. Each +10D annulus is coupled with two consecutive -10D 

annuli. (C) The 25:75 area lens. Each +10D annulus is coupled with three 

consecutive -10D annuli.
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3.3.3 Data collection 

 

Ocular refraction was measured to ± 0.50D using retinoscopy and trial lenses in the 

two principal meridians (usually at axes 90 and 180). Spherical equivalent power was 

calculated by averaging the refractive powers of the two meridians. Axial ocular 

dimensions were measured using a high frequency A-scan ultrasound system with a 

30 MHz polymer transducer sampled at 100 MHz (Wildsoet and Wallman 1995). All 

measurements were made under isoflurane anaesthesia in gaseous oxygen so that 

accommodation was relaxed during both refraction and axial length measurements 

without using additional cycloplegic drugs. Data were presented as the mean ± 

standard error. Statistics were performed using ANOVA and Bonferroni post-hoc tests 

with the SPSS package. Graphs were plotted with Excel and Sigmaplot programs. 

Weight of individual animal was recorded alongside with each refractive 

measurement. Animal was excluded from the result if the lens was accidentally 

detached for more than 30 minutes, if the eye suffered from trauma or infection, or if 

the weight of animal was decreasing (sign of abnormal growth).  
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3.3.4 Paradigm 1― Simultaneous myopic defocus and hyperopic defocus, 

varying magnitude of myopic defocus while keeping same magnitude of 

hyperopic defocus 

 

In the first paradigm, we simultaneously provided both myopic and hyperopic defocus 

to one eye of young chicks, and studied how the emmetropization system responses to 

these disparate growth cues. The simultaneous myopic and hyperopic defocus was 

achieved using custom-designed and manufactured dual-power lenses, which took the 

form of concentric annuli of alternating powers. These lenses simultaneously 

introduced overlapping optical images on either side of the photoreceptor. Chicks 

wore a plano (zero power) lens over their fellow eye as a control. Lenses were cleaned 

at least once every 2 days. For comparison, additional groups of chicks were raised 

wearing a single vision lens (+20D, +10D, +5D, plano, or -10D) over one eye and a 

plano lens over the fellow eye. Refraction and ultrasound measurement were 

performed right before the experiment, and at day 3 and day 6 after treatments had 

begun.  
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3.3.5 Paradigm 2― Increase in hyperopic defocus 

 

To further characterize the integration of competing defocus cues, we varied the 

relative proportions of the myopic and hyperopic defocus annuli of the dual-power 

lenses. One can interpret the effect of modification by comparing that with the 

common art of manufacturing presbyopic soft contact lens, in which the curve profile 

of the lens is adjusted to refract different proportion of light onto the two foci in order 

to obtain better performance in terms of contrast either on distant vision or near vision. 

Because the effect of myopic defocus outweighed the effect of hyperopic defocus for 

various power combinations in Paradigm 1, the lens area that projected myopic 

defocus was decreased (Fig. 3.4) 

Two dual-power lenses (+10D/-10D) with increased proportions of hyperopic defocus 

were produced: a 33:67 lens (i.e. 33% of +10D and 67% of -10D) and a 25:75 lens. 

The effects of these lenses on emmetropization were compared with those of the 50:50 

(+10D/-10D) dual-power lens and the 0:100 (-10D single vision) lens used in Paradigm 1. 
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A         

 

B 

 

 

Figure 3.4. The ratio of the introduced defocus changes from (A) the original 50:50 

ratio to (B) higher ratio of hyperopic defocus as a result of increased number of 

annulus of the negative power. 
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3.3.6 Paradigm 3― Effect of switching lenses - from a negative single-vision 

lens to a dual-power lens, and vice versa 

 

To investigate the effect of simultaneous defocus in eyes with an existing refractive 

error, we carried out a cross-over experiment on two groups of chicks. Chicks in 

group A worn a +10/-10D (50:50) dual-power lens on one eye for 6 days (stage 1), 

and then changed to a -10D lens on the same eye for another 6 days (stage 2). While 

group B worn a -10D lens on one eye for 6 days (stage 1), and then changed to a 

+10/-10D (50:50) dual-power lens on the same eye for another 6 days (stage 2). Both 

groups of chicks had the fellow eye fitted with a plano lens throughout the 12 days of 

the experiment as a control. 

 
 

3.4 Results 

 

3.4.1 Paradigm 1 

 

Fig. 3.5, 3.6 and 3.7 illustrated the longitudinal changes of interocular differences 

with dual-power lens wear in refractive error (RE), vitreous chamber depth (VCD) 

and choroidal thickness (CHO) respectively. In general, the changes in RE and VCD 
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were slower after 3 days of lens wear. In chicks wearing plano/-10, +5/-10 and 

+10/-10 lenses, the changes were apparently halted and the interocular RE and VCD 

difference appeared stabilized. The interocular difference in CHO showed an apparent 

biphasic change in the two time points. In most of the groups (except the two highly 

hyperopic groups: +20 and +20/-10), the increased thickness of choroid partially 

recessed from day 3 to 6. This observation was also found in previous study where 

similar biphasic changes of choroidal thickness was seen with lens wear (Wildsoet 

and Wallman 1995). There was further progression of interocular CHO in the second 

phase for the +20D single vision group and the +20/-10D dual-power group. This 

might imply that their emmetropization processes were relatively incomplete as 

evident from their continuous changes of RE and VCD in this period.  

 

Data collected at day 6 of experiment was selected for cross-sectional comparison 

(Fig. 3.8, 3.9, and 3.10). Because choroidal response showed a strong bi-phasic nature, 

an additional figure (Fig. 3.11) on its data at day 3 was also plotted. 
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Interocular difference in refractive error over time
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Figure 3.5. Interocular difference in refractive error over the experimental period of 6 

days. Solid lines represent single-vision control groups. Broken lines represent 

dual-power treatment groups. Different symbols denote data point of different 

individual groups. Data points show the mean value. Error bars represent stand error 

of the mean. 
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Interocular difference in VCD over time
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Figure 3.6. Interocular difference in vitreous chamber depth (VCD) over the 

experiment period of 6 days. Solid lines represent single-vision control groups. 

Broken lines represent dual-power treatment groups. Different symbols denote data 

point of different individual groups. Data points show the mean value. Error bars 

represent stand error of the mean. 
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Interocular difference in CHO over time
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Figure 3.7. Interocular difference in choroidal thickness (CHO) over the experimental 

period of 6 days. Solid lines represent single-vision control groups. Broken lines 

represent dual-power treatment groups. Different symbols denote data point of 

different individual groups. Data points show the mean value. Error bars represent 

stand error of the mean. 
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Figure 3.8 The interocular difference in refractive error after 6 days of monocular 

treatment-lens wear. Gradient-textured bars represent the means for animal groups 

wearing dual-power lenses of power: +20/-10, +10/-10, +5/-10 and 0/-10D (all with 

a 50:50 ratio of positive-to-negative annuli). Dark grey bars represent the means for 

control animal groups wearing monocular single vision positive (or plano) lenses of 

power: +20, +10 ,+5 and 0D. Light grey bars represent the means for the control 

animal groups wearing monocular negative single-power lenses (-10D). Note that the 

results for a single -10D control group are depicted alongside each treatment group to 

facilitate comparison. Error bars represent standard error. Square, inverted triangle 

and circle symbols denote individual data points. 
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Figure 3.9 The interocular difference in vitreous chamber depth (VCD) after 6 days of 

monocular treatment-lens wear. Gradient-textured bars represent the means for 

animal groups wearing dual-power lenses of power: +20/-10, +10/-10, +5/-10 and 

0/-10D (all with a 50:50 ratio of positive-to-negative annuli). Dark grey bars 

represent the means for control animal groups wearing monocular single vision 

positive (or plano) lenses of power: +20, +10 ,+5 and 0D. Light grey bars represent 

the means for the control animal groups wearing monocular negative single-power 

lenses (-10D). Note that the results for a single -10D control group are depicted 

alongside each treatment group to facilitate comparison. Error bars represent 

standard error. Square, inverted triangle and circle symbols denote individual data. 
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The differences in refractive error (figure 3.8) and VCD (figure 3.9) of all dual-power 

groups were significantly different from their corresponding single vision controls. 

The significance reached the 0.01 level for all comparisons with the exception of the 

+20/-10D and the plano/-10D groups, in which their interocular differences in VCD 

were significantly different from the +20D and plano controls at the 0.05 level 

(ANOVA and Bonferroni post-hoc tests). 
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Figure 3.10. The interocular difference in choroidal thickness after 6 days of 

monocular treatment-lens wear. 
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Figure 3.11. The interocular difference in choroidal thickness after 3 days of 

monocular treatment-lens wear. 
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It is commonly found that rearing chicks with a single-vision lens demonstrated 

refractive changes in such a manner as to compensate for the imposed defocus.  

Similar phenomena can be observed in fig 3.8 where compensation was complete for 

the lower lens powers tested and partial for higher lens powers. In stark contrast, the 

refractive state of chicks reared with dual-power lenses was not altered to match 

either of the two planes of induced defocus. Instead, the refractive end-point of the 

eye fell between the two optical powers of the lens; the resultant refractive errors were: 

+13.5D, +4.7D, -0.6D, -3.9D for dual-power lenses of +20/-10D, +10/-10D, +5/-10D, 

0/-10D, respectively (Fig. 3.8). The refractive end-points were significantly different 

from the two powers of the dual-power lens and the respective single-vision controls 

in all cases (ANOVA, Bonferroni post-hoc, p<0.01). Interestingly, the refractive 

end-points of dual-power lens-wearing eyes were always slightly more positive than 

the numerical mean of the two lens powers. 

 

Ocular biometry using high-resolution A-scan ultrasonography demonstrated that the 

major structural correlate to the refractive changes described above were changes in 

the interocular vitreous chamber depth (VCD) and choroidal thickness (CHO). The 

interocular difference in VCD between the treated and fellow control eyes were: 

-0.665mm, -0.218mm, 0.047mm, 0.217mm, for dual lenses with powers: +20/-10D, 
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+10/-10D, +5/-10D, 0/-10D, respectively (Fig. 3.9). The interocular difference in 

CHO between the treated and fellow control eyes at day 6 of experiment were: 

0.381mm, 0.051mm, 0.015mm, -0.024mm, for dual lenses with powers: +20/-10D, 

+10/-10D, +5/-10D, 0/-10D, respectively (Fig. 3.10). The interocular difference in 

CHO between the treated and fellow control eyes at day 3 of experiment were: 

0.303mm, 0.133mm, 0.016mm, -0.074mm, for dual lenses with powers: +20/-10D, 

+10/-10D, +5/-10D, 0/-10D, respectively (Fig. 3.11). Choroid thickness appeared to 

thicken in the treatment eye of the +20/-10D, +10/-10D groups and thin slightly in the 

treatment eye of the 0/-10D group during the first 3 days. These directions of change 

were correlated with the subsequent changes in VCD and RE. While the interocular 

CHO of the +20/-10D increased further in the second half of the experiment from 

0.303 to 0.381mm, reversal of change was observed for the +10/-10D and 0/-10D 

groups. The extent of reversal was most obvious for the +10/-10D group. 

 

The differences in RE highly correlated with the differences in VCD between the two 

eyes (R =0.97, P<0.01; Fig. 3.12). Changes in the choroidal thickness also contributed 

to the refractive compensation to the dual-power lenses. In general, eyes with shorter 

VCDs had thicker choroids, whilst there was little amount of thinning of the choroid 

when vitreous chamber depth increased; Fig. 3.13).  
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Figure 3.12. Scatterplot of interocular difference in vitreous chamber depth versus 

difference in refractive error after 6 days of dual-power lens wear. Points were fitted 

with straight line with 95% confidence intervals indicated.  

 

 



 66

 

Figure 3.13. Scatterplot of interocular difference in choroidal thickness versus 

interocular difference in vitreous chamber depth after 6 days of dual-power lens wear. 

Data points were best fitted with a quadratic curve as shown.  
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The strong linear relationship between interocular differences in refractive error and 

VCD indicated that most of the change in refractive error can be attributable to the 

change in VCD. The relationship between the interocular difference in VCD and the 

interocular difference in choroidal thickness was best fitted with a quadratic equation, 

indicating that the thickness of choroid was only partially responsible for the change 

in VCD of treated eyes. Structural changes to the sclera are thus implicated. 

 

Table 3.1 supplements information on N-numbers and P-values. 
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Table 3.1. Interocular difference in refractive error in response to 
monocular dual-power (or control) lens wear in chicks. 
Treatment lens power 

(D) 
N Day a Interocular difference 

in refractive error (D) b
Statistical 

significance 

Paradigms 1 
+20/-10 10 6  13.5 ± 0.7 P<0.01 P<0.01 
+10/-10 10 6   4.7 ± 0.4 P<0.01 P<0.01 
+5/-10 10 6  -0.6 ± 0.5 P<0.01 P<0.01 

plano/-10 10 6  -3.9 ± 0.6 P<0.01 P<0.01 
+20 11 6  17.1 ± 0.8 Ref - 
+10 11 6   9.7 ± 0.4 Ref - 
+5 10 6   4.5 ± 0.4 Ref - 

plano 11 6  -0.3 ± 0.3 Ref - 
-10 15 6 -11.1 ± 0.3 - Ref 

Paradigms 2 
50:50 10 6   4.7 ± 0.4 Ref P<0.01 
33:66 11 6  -6.7 ± 0.6 P<0.01 P<0.01 
25:75 10 6  -9.3 ± 0.8 P<0.01 P>0.05 
0:100 15 6 -11.1 ± 0.3 P<0.01 Ref 

Paradigms 3. Group A 
. 13 0  -0.1 ± 0.1 Ref - 

+10/-10 13 2  -5.7 ± 0.5 P<0.01 - 
+10/-10 13 4  -8.3 ± 0.6 P<0.01 - 
+10/-10 13 6 -10.1 ± 0.6 P<0.01 Ref 

-10 8 8  -6.3 ± 1.6 - P>0.05 
-10 8 10  -2.1 ± 1.5 - P<0.01 
-10 7 12   0.4 ± 1.2 - P<0.01 

Paradigms 3. Group B 
. 10 0  -0.2 ± 0.1 Ref - 

-10 10 2   1.5 ± 0.6 P>0.05 - 
-10 10 4   3.9 ± 0.7 P<0.01 - 
-10 10 6   3.9 ± 0.6 P<0.01 Ref 

+10/-10 9 8  -1.8 ± 0.7 - P<0.01 
+10/-10 5 10  -6.0 ± 2.3 - P<0.01 
+10/-10 5 12  -8.2 ± 1.7 - P<0.01 

a Treatment duration (in days) when measurements were obtained  
b Values show mean ± standard error. 
Abbreviations: N = Number of animals in group; Ref = Reference group. 
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3.4.2 Paradigm 2 

 

After 6 days of lens wear, the interocular differences in refractive error were: +4.7D, 

-6.7D, -9.3D for chicks wearing 50:50, 33:67, and 25:75 ratio dual-power lenses, 

respectively, and -11.1D for chicks wearing -10D single vision lenses (Fig. 3.14). The 

refractive end-points were significantly shifted towards myopia when the ratio of the 

two powers decreased from 50:50 to 33:67 or lower (p<0.01), and the refractive error 

of the 33:67 group was significantly different from that of the 25:75 group (p<0.05) 

and the 0:100 control (p<0.01).  

The interocular differences in vitreous chamber depth (VCD) were: -0.218mm, 

0.356mm, 0.461mm for chicks wearing, 50:50, 33:67, and 25:75 ratio dual-power 

lenses, respectively. It was 0.574 for chicks wearing -10D single vision lenses (Fig. 

3.15). The VCD were significantly increased when the ratio of the two powers 

decreased from 50:50 to 33:67 or lower (p<0.01), and the difference in VCD of the 

33:67 group was significantly different from that of the 0:100 control (p<0.01). 
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Figure 3.14. The interocular difference in refractive error at day 6 for different ratios 

of +10/-10D defocus. The 33:67 group was significantly different from the 50:50, 

25:75 and 0:100 groups (p<0.01, p<0.05 and p<0.01 respectively; in post-hoc 

analysis). The 25:75 group showed a relatively high standard error compared to that 

in the other groups and was not significantly different from the 0:100 group (p>0.05). 
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Figure 3.15. The interocular difference in vitreous chamber depth (VCD) at day 6 for 

different ratios of +10/-10D defocus. The 33:67 group was significantly different from 

the 50:50 and 0:100 groups (p<0.01); in post-hoc Bonferroni analysis). The 25:75 

group was not significantly different from the 0:100 group (p>0.05). 
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3.4.3 Paradigm 3 

 

Refraction and ocular biometry were performed every 2 days to monitor the time 

course of the response (Fig. 3.16 and Fig. 3.17). As found in Paradigm 1, eyes 

wearing a dual-power lens in stage 1 grew to become slightly hyperopic and shorter in 

vitreous chamber depth (VCD) relative to their fellow control eyes (Day 6 mean RE= 

+3.9D; mean VCD=0.187mm). The interocular difference in refractive error and VCD 

of the eyes tended to stabilize between day 4 and 6, but then became myopic and 

longer during stage 2 when fitted with a -10D lens (Day 12 RE=-8.2D; 

VCD=0.406mm). Eyes wearing a -10D single vision lens during stage 1 became 

markedly myopic (Day 6 mean RE=-10.1D; mean VCD=0.511mm). However, after 

switching to a dual-power lens type (stage 2), they recovered such that they 

approached emmetropia (Day 12 mean RE=0.4D; mean VCD=0.03mm) after 6 days 

of further lens-wear.  

 

It was not feasible to follow the refractive changes beyond 12 days, because by this 

age the lenses tended to fall off repeatedly, and so it is not yet clear whether the 

refractive errors were stable by this point. 
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Figure 3.16. Interocular difference in refractive error versus time for the “lens 

switch” experiment. (a) First day of treatment, (b) +10/-10D dual-power lens 

switched to -10D single vision lens, (c) -10D single vision lens switched to +10/-10D 

dual-power lens. Error bars represent standard error. The lens-switching paradigm is 

shown in the cartoon. 
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Figure 3.17. Interocular difference in vitreous chamber depth (VCD) versus time for 

the “lens switch” experiment. (a) First day of treatment, (b) +10/-10D dual-power 

lens switched to -10D single vision lens, (c) -10D single vision lens switched to 

+10/-10D dual-power lens. Error bars represent standard error. The lens-switching 

paradigm is shown in the cartoon. 
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3.5 Discussions 

 

It has been hypothesized that the eye uses the average amount of blur against sharp 

vision to signal growth towards myopia until emmetropia is achieved (Norton and 

Siegwart 1995). According to this hypothesis, the simultaneous myopic and hyperopic 

defocus experienced by chicks in our study should show monotonous growth of 

increasing myopia. However, much more complicated growth patterns were observed 

and our results argued against this hypothesis. With the two defocuses projected 

simultaneously into the eye, the retina must have received some level of defocus 

continuously. It was apparently that not all the treated eye has become myopic. 

Instead the emmetropization endpoint apparently depends on the magnitude of the 

myopic defocus component when the magnitude of hyperopic defocus component was 

fixed. These ratio-dependent responses suggest that visual processing in the retina 

integrates simultaneous defocus information and that emmetropization is modulated 

by the sign, dioptric magnitude and relative contribution (relative contrast) of defocus. 

 

The integration process was somewhat additive and myopic defocus was more potent 

than hyperopic defocus in modulating eye growth. A similar bias towards myopic 

defocus has been noted during intermittent lens wear (Schmid and Wildsoet 1996) and 
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lens switching experiments (Winawer, Zhu et al. 2005), in which competing-defocus 

stimuli were presented sequentially. A strong hyperopic bias was also reported in an 

abstract in year 2000, in which the effects of competing defocus were studied using 

dual-power lenses of three different power combinations (Wildsoet and Collins 2000). 

The reported hyperopic bias was so strong that in two out of the three groups, the 

resultant emmetropization endpoints were similar to those of their positive lens 

control groups. The exact reason for the discrepancy with the present study is not 

known and it could be due to different experimental or lens design. 

 

Paradigm 2 suggested that the integration of simultaneous competing defocus 

information might also be influenced by the relative contribution of the two focal 

powers (i.e. their relative contrast on the retina). Since the final refractive error of 

eyes wearing +10/-10D lenses was hyperopic for 50:50 ratio lenses, yet myopic for 

33:67 lenses, a ratio between these two values is likely to balance the competing 

inputs to produce emmetropia. 

 

The fact that the eyes can integrate competing defocus information temporally 

(Winawer, Zhu et al. 2005) suggested not only it can acquire and integrate optical 

cues, but also that information of defocus exposure is somehow retained. It may be in 
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the form of chemical message with a particular half-life (Wallman 1993), or through 

some forms of synaptic plasticity (Guggenheim 1998). Our results expand on this 

notion, by suggesting that the retina can integrate opposing defocus signals even when 

they are presented simultaneously.  

 

Of particular interest was the fact that the refractive error was stabilized somewhere 

between the two powers (paradigm 1: group +10:-10D & group plano/-10D; paradigm 

3: group A between day 4 and 6). The retina was also positioned between the two 

planes of defocus, where blur image was received by the retina. Presumably, at this 

point, the emmetropization system is at an equilibrium in which the opposing inputs 

for growth are balanced (Fig 3.18b). Thus, our results are consistent with the idea that 

“stop” and “go” signals may play a key role in emmetropization (Rohrer and Stell 

1994).  

 

It is noted that the interocular choroidal thickness changes, as shown in figure 3.13, 

were highly correlated with the interocular VCD changes. Thus the choroidal 

response seems to be associated with the overall emmetropization in a similar way to 

the choroidal response induced by single power lenses (Wildsoet and Wallman 1995). 

This is in contrast to those experiments where myopic defocus was being introduced 
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simultaneously with significant amount of non-directional blur using frosted plus lens 

in which enhanced inhibition of ocular elongation was observed together with reduced 

choroidal thickening (Park, Winawer et al. 2003). The authors tried to explain the 

decoupling between choroidal response and axial elongation with two hypotheses. 

One of them was that there may be two mechanisms that separately control the two 

components of response. The other hypothesis was that the sensitivities of those two 

components towards visual stimuli were different and that the non-directional blur 

may have weakened the signal coded by the myopic defocus so that it was only strong 

enough to affect the ocular elongation component. 

 

The fact that our data showed a different association between the choroid and ocular 

components has suggested that non-directional blur and hyperopic defocus, although 

both induce myopic shifts, are not identically processed by the eye. When presented 

simultaneously with myopic defocus, hyperopic defocus but not non-directional blur 

appeared to be integrated to guide proportional choroidal and axial responses. 
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Fig. 3.18. Schematic diagrams showing break-down of defocus inputs at different 

stages in paradigm 3. (a) When the eye was first fitted with a +10/-10D dual power 

lens, distant objects created defocuses with equal dioptric magnitude but opposite 

sign (b) Just before the dual power lens was swapped with the -10D single vision lens, 

the eyes tended to stabilize and equilibrate between the defocuses (c) When the -10D 

a 

b 

c 
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single vision lens had just been swapped with a +10/-10D dual power lens, higher 

magnitude of myopic defocus was introduced, taking into account the myopic 

refractive error induced during the previous stage. 
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The physiological mechanisms underlying the decoding of retinal defocus are far 

from clear. There is evidence that image decoding could occur in a very short time 

(Zhu, Park et al. 2005) at the level of retinal amacrine cells (Fischer, McGuire et al. 

1999), affecting localized region of retina (Diether and Schaeffel 1997). One 

possibility is that the single layer of photoreceptors functions as a multiple-channel 

system. For example, in the presence of longitudinal chromatic aberration, the 

different chromatic channels of cone photoreceptors might function as a series of 

sensors located at different positions along the optical axis (Kroger and Wagner 1996), 

and contribute to decoding the sign of defocus. However, it is difficult to imagine how 

this could be achieved without knowledge of the spectral composition of the light 

source. Another hypothesis contends that the dioptric distance between the image and 

the photoreceptor layer may not be stationary, but rather fluctuating. This can come 

from accommodation microfluctuations associated with the arterial pulse (Winn, Pugh 

et al. 1990) and/or the instantaneous heart rate (Collins, Davis et al. 1995) induced 

movement of the image plane relative to the photoreceptor layer. (In birds, rapid 

changes in contractile state of the ciliary muscle as another potential cause of 

microfluctuations in accommodation, since this muscle is striated and excited by rapid 

nicotinic cholinergic transmission in birds). Thus, temporal sampling of photoreceptor 

outputs might provide information analogous to a multi-plane sensor series. In this 
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hypothesis, accommodation serves as one of the components in a feedback 

mechanism, which can be local to the retinal circuitry or even local to particular 

region of the retina. This implied that the involvement of accommodation may not 

conflict with the localized emmetropization as reported previously. 

 

If the visual system uses a number of strategies to guide emmetropization, previous 

attempts to remove a single optical cue may have been confounded by the use of the 

others (Wildsoet, Howland et al. 1993). 

 

All of the refractive and biometric measurements carried out in the present study were 

made “on axis”. The competing defocuses in this chapter was imposed in the 

“whole-eye” and not accounting for any potential central-periphery difference. Recent 

experiments (Smith, Kee et al. 2005; Schippert and Schaeffel 2006) (Morgan IG. & 

Ambadeniya MP. 2006, ARVO Prog#3328) suggest that peripheral defocus may play 

an important role in regulating global, as well as local, refractive development. More 

work is needed in order to elucidate the degree of peripheral defocus in chicks 

viewing through dual-power lenses, and to what extent, if any, this contributes to 

refractive development along the optical axis. This will be further discussed explored 

in chapter 5. 
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Chapter 4 

Dynamic operative range of emmetropization towards myopic defocus  

(single-plane cone) 

4.1 Introduction 

 

The eye is capable to compensate induced defocus through coordinated growth in size 

and dimensional changes (Wallman 1993; Norton and Siegwart 1995; Wildsoet 1997). 

This feedback mechanism, emmetropization, is known to function when the imposed 

defocus stimuli do not exceed a certain amount of magnitude. If the imposed stimuli 

exceed certain magnitude, it is believed that the eye can no longer properly discern 

the sign of the defocus. The effectiveness to emmetropize drops, and if the defocus 

increases further, the eye does not always response and compensate according to the 

induced defocus (Irving, Sivak et al. 1992). In the case of myopia defocus, myopic 

shift occur when the induced defocus exceed a certain level. One possible explanation 

for the reversal is that the optical cue(s) which the eye use to discern the sign of the 

defocus has became degraded under high dioptric level. Thus the eye underwent 

myopic shift as in the case of “form-deprived myopia” which commonly resulted 

from sustained treatment of occlusion or frosted lens (Wallman and Adams 1987; 

Troilo and Wallman 1991; Siegwart and Norton 1998). An alternative explanation for 
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the reversal of emmetropization direction is that the optical cue may somehow be 

inversely decoded when the defocus exceed a certain critical level. 

 

The maximum magnitude of defocus the eye can decode correctly is limited and 

varies from species to species. One of the highest decoding limit was reported for 

chicks (Irving, Sivak et al. 1992; Nevin, Schmid et al. 1998). Tree shrews has a lower 

decoding limit (Siegwart and Norton 1993), marmoset and infant monkey showed the  

lowest limits (Graham and Judge 1999; Smith and Hung 1999). Note that the 

maximum magnitude of defocus an eye can decode should be differentiated from the 

maximum amount of compensatory refractive change it can undergo. The sign of 

defocus have to be decoded correctly before the eye can appropriately compensate for 

the error. But the amount of compensatory refractive changes is not limited by the 

decoding range in terms of dioptre. This is evidenced when stepwise increments of 

plus lens power can produce more substantial hyperopic shift than that is produced by 

a high power plus lens beyond the decoding limit (Smith and Hung 1999). 

 

Understanding the decoding range for imposed defocus is important because it holds 

the potential to shed light on the understanding of the mystery on the overall 

mechanism of signal decoding during emmetropization, which may ultimately be 
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linked to the pathogenesis of axial ametropia. For example, at increased absolute 

magnitude of induced defocus level, some potential cues for decoding are rendered 

increasingly insignificant. If the decoding mechanism uses multiple cues to guide 

emmetropization, as postulated by some researchers (Wallman and Winawer 2004), 

knowing the decoding range would aid to determine which cues are relatively more 

critical. 

 

Comparing the decoding range for myopic defocus and hyperopic defocus, the former 

may be particularly valuable and convenient for investigation. Firstly, as discussed in 

chapter 3, imposing myopic defocus is being proposed as a potential method for 

counteracting the development of myopia. An optimum treatment dose shall reside 

within the decoding range for myopic defocus. Secondly, the effect of overwhelming 

hyperopic defocus tends to be self-limiting because, if form-deprivation is resulted, it 

tends to induce myopic shift and decrease the amount of hyperopic defocus. However, 

overwhelming myopic defocus tends to produce more myopia if form-deprivation 

myopia occurs. 

 

Defocus refers to optical vergence, which depends primarily on the dioptric power of 

the lens as well as the reciprocal of the object distance. Therefore, strict control of 
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these two parameters is essential to determine the absolute limit of decoding range. 

Previous study applied defocusing lens on animal eyes under open-viewing condition 

(Irving, Sivak et al. 1992) indicated a limit over +30D, potentially bear the risk of 

over-estimation. Another study showed a reversal between +50D and +65D (Nevin, 

Schmid et al. 1998) shared the similar risk of over-estimation and its application of 

the “open-cone” condition has not precisely quantified the limit of decoding range. 

 

Therefore the above studies may not have comprehensively characterized the 

decoding range because of the open-viewing experimental paradigms. The range may 

better be determined under closed viewing condition similar to the cone setup with 

white opaque background described in a previous study (Wildsoet and Schmid 2001). 

(More discussion will be made in chapter 5 on the other cone setup with transparent 

background described by this paper.) However that study has not tested a 

comprehensive range of defocus and it has utilized targets that mainly comprised of 

low spatial frequency content which may not provide adequate visual stimulus for 

emmetropization to function. It was suggested that mid-high spatial frequency content 

in the visual target is a pre-requisite for compensation for myopia defocus (Diether 

and Wildsoet 2003). 
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To determine the limit of decoding range for myopic defocus, ideally several 

parameters should be controlled as the following. Firstly, visual target distance should 

be fixed to avoid variation of defocus magnitude. Secondly, visual target should be 

fixed in relative position because moving objects might introduce additional cues or 

disturbances that might complicate the interpretation. Thirdly, the selected visual 

target should include of high contrast mid-high spatial frequency contents. 

 

 

4.2 Objectives 

 

 To determine the decoding range of emmetropization towards myopic defocus on 

chick under controlled viewing conditions. 

 To verify whether the decoding range is dependent on the spatial frequency 

content of visual targets. 

 To establish and validate a distance-controlled defocus model on chick (for later 

work in chapter 5) 

 

4.3 Methods 

 

4.3.1 Animal 
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White leghorn chicks (Gallus gallus) were obtained and bred as SPF (specific 

pathogen free) fertilized eggs from SPAFAS India. Chicks were housed in an 

enclosure made of fine metal mesh (to minimize restriction of distant viewing) under 

a 12h light/ 12h dark cycle and given food and water ad libitum. Chicks were 12 days 

old at the start of experiments. It was found that chicks of this slightly older age 

showed better adaptation towards the cone treatment and returned to normal feeding 

behavior within 24 hours. All the rearing and experimental procedures were approved 

by The Hong Kong Polytechnic University’s Animal Ethics Committee and in 

compliance with the ARVO Statement for the Use of Animals in Ophthalmic and 

Visual Research. 

 

4.3.2 Lens-cone system 

 

A lens-cone system was adopted and modified from that described in earlier studies 

(Nevin, Schmid et al. 1998; Wildsoet and Schmid 2001). The major modification was 

the use of solid visual targets with pre-designed patterns as the base of the cone. The 

dimensions of the system and the patterns were constructed using CorelDraw and 

Photoshop respectively. Epoxy resin was used to assemble tiny parts and secure the 
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cone onto the Velcro. PMMA lenses were embedded inside the cone using fine metal 

strips. The base plane containing the visual target was adhered to the cone using 

cellulose tape. This allowed convenient removal and re-attachment as needed during 

regular inspection of conditions inside. Both the chicks and the attached system were 

checked daily so that potential chance of dislocation and decentration were minimized. 

Cleaning of lens surfaces was performed once at least every 2 days or when indicated. 

The experiment set-up, was unilaterally attached onto the eye of the chick through a 

removable Velcro interface adhered to the feather (Figure 4.1). The total weight 

including the embedded lens was about 1.6 gram. The lightings were strengthened 

with additional lamps to achieve a luminance ranged from 800-1100 lux (measured at 

different locations at the level of food containers). 
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Figure 4.1. Photograph of a 12 days old chick that has just been applied the lens-cone 

system. 
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4.3.3 Lens design 

 

High power lenses were obtained from Igel Malaysia. Clear Polymethylmethacrylate 

(PMMA) was selected as the lens material for its high transmittance. Lenses were 

lathed to provide a wider range of back vertex powers: +25 +30, +35, +40, +45, +50 

and +60 dioptres. All lenses were tailored-made with lens diameter of 12.0mm, 

optical zone diameter of 10.0mm (9.5mm for +60D) and back optical zone radius of 

12.0mm. 

 

4.3.4 Cone design 

 

The distance between the back vertex of lens and the visual target at the base of the 

cone was constructed to become 40mm which equivalent to an object vergence of 

-25D. Diameter of the visual target was 46.2mm. The field of view of the system was 

60 degree if the magnification effect of the lenses was not taken into account. The 

distance between the back vertex of the lens and the anterior apex of the cornea was 

about 3.2mm. This was measured by A-scan ultrasonography when the set-up had 

been immersed under water together with a sacrificed chick. Five readings were 

obtained, ranged from 3.0 to 3.4mm. 
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Figure 4.2. Schematic diagram of a lens-cone system showing how myopic defocus is 

introduced. The power of the lens is selected to place the far point of the eye inside the 

cone at point (B). Visual target with pre-designed pattern is positioned at the end of 

the cone at point (A). Its corresponding image is located in front of the retina, 

creating myopic defocus of magnitude that depends on the refractive power of the 

lens. 
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Figure 4.3. Illustration showing the actual shape of a plastic plate for constructing a 

cone. The plate was rolled to form a cone by gluing the shaded area with the other 

end of the plate. 
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The cones were constructed using transparent thin plastic sheets. Their inner surface 

was treated with sand-paper to become frosted. The actual shape of a plastic plate is 

shown in Figure 4.3. 

 

4.3.5 Visual targets 

 

Two different visual targets were used (Figure 4.4).  

 

As a previous study (Diether and Wildsoet 2003) has suggested that mid-high spatial 

frequency is essential in emmetropization for myopic defocus, the first target was 

designed to provide ranged low to high spatial frequency with high contrast edges. 

The maximum spatial frequency used was about 4 cycle/degree, which can be 

considered as mid-high compared to the visual acuity of 7.7-8.6 cycle/degree for 

chicks (Schmid and Wildsoet 1998). 

 

The second visual target was constructed with reference to the “Maltase” pattern 

described previously (Wildsoet and Schmid 2001) which provided trace amount of 

mid-high spatial frequency near its central region. 



 95

 

A 

 

 

B 

 

 

Figure 4.4. The two patterns of visual targets used in the experiment. (A) Pattern 

constructed with fine filler textures aiming to provide range of spatial frequencies up 

to 4 cycle/degree. (B) A Maltese pattern comprising little mid-high spatial frequencies. 

Little amount of higher spatial frequency is provided at the near region. 
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4.3.6 Data collection 

 

Refractive and biometric data were collected immediately prior to application of the 

lens-cone system, and again at day 4 of the experiment. 

 

Ocular refraction was measured to ± 0.50D using retinoscopy and trial lenses in the 

two principal meridians (usually at axes 90 and 180). Spherical equivalent power was 

calculated by averaging the refractive powers of the two meridians. 

 

Axial ocular dimensions were measured using a high frequency A-scan ultrasound 

system as described previously (Wildsoet and Wallman 1995). Signals were acquired 

with a 30 MHz polymer transducer/receiver and sampled at 100 MHz through an 

analog to digital converter. All measurements were made under isoflurane anaesthesia 

in gaseous oxygen so that accommodation was relaxed during both refraction and 

axial length measurements without using additional cycloplegic drugs. Data were 

presented as the mean ± standard error. Statistics were performed using independent 

sample T-test with the SPSS package. Equality of variance between samples was 

analyzed in parallel and corrected if indicated during the calculation of p-values. 

 

Graphs were plotted with Excel and Sigmaplot programs. Weight of individual animal 
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was recorded alongside with each refractive measurement. Animals were excluded 

from the experiments if: 1) the lens-cone system was detached for more than 30 

minutes; or 2) if the device was found de-centered and the pupil was away from the 

optical zone of the lens; or 3) if it was found twice during daily inspections that the 

chicks was unable to open the eye behind the device; or 4) when the eye was found to 

suffer from trauma/infection; or 5) if the weight of animal was decreasing which may 

be a sign of abnormal growth.  

 

4.3.7 Experimental paradigms 

 

Animals were divided into groups with sample size ≧10. Seven levels of defocus 

magnitude (0, +5. +10, +15, +20, +25 and +35D) were tested against the detailed 

patterns of visual targets. Five levels of defocus magnitude (0, +5. +10, +15 and +25D) 

were tested against the maltase pattern of visual targets. 
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4.4 Results 

 

There were 125 out of 158 chicks (79%) included in the following analysis according 

of the criteria described previously. Most of the excluded chicks have the lens-cone 

device detached accidentally during the experiment period. In fact, an attempt was 

made in a pilot study to study whether it was feasible to undergo longer experiment. 

However, it was found that the device tended to detach easily after four to five days 

into the experiment. Experiment period of four days was therefore selected. 

 

4.4.1 The effects of varying magnitude of myopic defocus on chicks viewing 

visual target pattern that comprises of detailed and ranged spatial 

frequency contents. 

 

4.4.1.1 Refractive error 

 

Line-textured bars in figure 4.5 illustrate the interocular difference (treatment minus 

control eye) in refractive error (RE) after 4 days of monocular treatment with the 

lens-cone device and the pattern of rich spatial frequency. 
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When there was no defocus applied, the treatment eye did not undergo significant 

changes and the mean RE was close to zero. At myopic defocus level of +5D, the eye 

underwent mild hyperopic shift with a mean interocular RE of +3.2D. At defocus 

level of +10D, eyes became further hyperopic. Mean interocular RE was 7.1D. At 

myopic defocus of +15D, the eye did not become more hyperopic as compared with 

the +10D group. The interocular mean RE was also 7.1D. Probably this was nearly 

the maximum amount of hyperopic shift for an eye to undergo in 4 days. With +20D 

defocus, the eye got a similar amount of hyperopic shift. The interocular mean RE 

was 7.7D. For defocus level between 10-20D, treatment eyes of all individual animals 

have become relatively hyperopic after 4 days. The eye seems to be capable of 

decoding and emmetropizing to the sign of defocus. At +25D, three of the chicks have 

their treatment eyes undergone hyperopic shift, but the majority did not follow the 

sign of defocus and underwent myopic shift. The resultant interocular mean RE was 

-3.5D and form deprivation was suspected. All treatment eyes underwent myopic shift 

when the introduced myopic defocus was increased to +35D. The interocular mean 

RE was -9D. There is a drastic reversal observed between 20-25D. This shows the 

limit of decoding range towards myopic defocus. This drastic reversal from hyperopic 

shift to myopic shift has not been reported previously (Irving, Sivak et al. 1992), 

probably due to the control on viewing distance. It was noted that three of the animal 
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eyes did undergo hyperopic shift at +25D level and there were apparent variations 

among individual animals. The distribution of individual eyes appeared slightly 

bipolar with few data point in the middle. 

 

4.4.1.2 Vitreous chamber depth 

 

Line-textured bars in figure 4.6 illustrate the interocular difference (treatment minus 

control eye) in vitreous chamber depth (VCD) after 4 days of monocular treatment 

with the lens-cone device and detailed spatial frequency pattern. 

 

When there was no defocus, the treatment eye did not undergo significant changes 

and the interocular mean VCD was not significantly different from zero. At myopic 

defocus level of +5D, the eye underwent a mildly reduced rate of growth with a mean 

interocular VCD of -0.09mm. The treatment eye was slightly shorter in VCD 

compared to the fellow control eye. At defocus level of +10D, eye growth was further 

retarded and the mean interocular VCD was -0.23mm. At myopic defocus of +15D, 

eye growth became further retarded and the interocular mean VCD was -0.31mm. 

Probably this was nearly the maximum amount of hyperopic shift an eye can undergo 

in 4 days. At +20D level of defocus, growth of treatment eye also showed sign of 
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retardation, but at an extent no bigger than that at the +15D level. The interocular 

mean RE was -0.28mm. For defocus level between 10-20D, treatment eyes of all 

individual animals have their growth in VCD retarded after 4 days. This goes along 

well with the interocular RE data, that the eye seems to be capable of decoding and 

emmetropizing according to the sign of defocus at these levels. At +25D, only three of 

the chicks have their VCD growth retarded, while the majority did not follow the sign 

of defocus but had their VCD growth accelerated. The resultant interocular mean 

VCD was 0.15mm, and the first possible sign of form deprivation was indicated. All 

treatment eyes have VCD growth accelerated when the introduced myopic defocus 

was as high as +35D. The interocular mean VCD was 0.40mm. There is a drastic 

reversal observed between 20-25D which correlate exactly with that observed in 

interocular RE data. This shows the limit of decoding range towards myopic defocus. 

Note that three of the animal eyes did follow the sign of the defocus and show 

retarded growth in VCD at +25D level. It suggests that there may be some variations 

in response to defocus among individual animals. Some animals may have higher 

limit of decoding range for myopic defocus. 

 

4.4.1.3 Choroidal thickness 
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Line-textured bars in figure 4.7 illustrate the interocular difference (treatment minus 

control eye) in choroidal thickness (CHO) after 4 days of monocular treatment with 

the lens-cone device and detailed spatial frequency pattern.  

 

Interocular CHO increased when myopic defocus was introduced at levels between 

+5D to +20D. The interocular mean CHO were 0.039mm, 0.229mm, 0.279mm and 

0.276mm for defocus levels of +5D, +10D, +15D and +20D respectively. 

 

At +25D about half of the chicks have their CHO increased in the treatment eye, 

while another half went to the opposite direction. The resultant interocular mean CHO 

was zero. According to this distribution, it cannot be concluded whether some of the 

eyes were able to decode the +25D defocus because it appeared similar to the 

distribution of data at zero defocus level. 

All treatment eyes have CHO reduced when the introduced myopic defocus was as 

high as +35D. The interocular mean CHO was -0.095mm. Apparently, the choroidal 

response at this level went to the myopic shift direction and did not follow the sign of 

defocus. This may be the limit of decoding range towards myopic defocus. 
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Figure 4.5. The interocular difference in refractive error after 4 days of monocular 

wear of lens-cone devices. X-axis represents the amount of defocus applied. Bars with 

line texture represent the means for 7 animal groups viewing detailed pattern under 

defocus levels of: 0, +5, +10, +15, +20, +25 and +35D. Solid bars represent the 

means for 5 animal groups viewing maltase pattern under defocuses of: 0: +5, +10, 

+15 and +25D. Error bars represent standard error of the mean. Square and circle 

symbols denote individual data points. Double asterisks denote statistical significance 

with p < 0.01. 
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Figure 4.6. The interocular difference in vitreous chamber depth after 4 days of 

monocular wear of lens-cone devices. X-axis represents the amount of defocus applied. 

Bars with line texture represent the means for 7 animal groups viewing detailed 

pattern under defocus levels of: 0, +5, +10, +15, +20, +25 and +35D. Solid bars 

represent the means for 5 animal groups viewing maltase pattern under defocuses of: 

0: +5, +10, +15 and +25D. Error bars represent standard error of the mean. Square 

and circle symbols denote individual data points. Asterisks denote statistical 

significance with p < 0.05. Double asterisks denote statistical significance with p < 

0.01. 
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Figure 4.7. The interocular difference in choroidal thickness after 4 days of 

monocular wear of lens-cone devices. X-axis represents the amount of defocus applied. 

Bars with line texture represent the means for 7 animal groups viewing detailed 

pattern under defocus levels of: 0, +5, +10, +15, +20, +25 and +35D. Solid bars 

represent the means for 5 animal groups viewing maltase pattern under defocuses of: 

0: +5, +10, +15 and +25D. Error bars represent standard error of the mean. Square 

and circle symbols denote individual data points. Double asterisks denote statistical 

significance with p < 0.01. 
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4.4.2 The effects of varying magnitude of myopic defocus on chicks viewing 

maltase visual target pattern that comprises of mainly low spatial 

frequency contents. 

 

4.4.2.1 Refractive error 

 

Figure 4.5 illustrated the interocular difference (treatment minus control eye) in 

refractive error (RE) after 4 days of monocular treatment with the lens-cone device 

and maltase visual pattern. 

 

When the applied defocus was zero, there was no significant change in the refractive 

error of the treatment eye in day 4. The mean interocular RE was -0.5D. At defocus 

level of +5D, a majority of sample has the treatment eye become relatively hyperopic. 

The mean interocular RE was +2.5D. At defocus level of 10D, more eyes underwent 

myopic shift and the mean interocular RE was -0.9D. The eyes were slightly myopic 

and did not follow the sign of applied defocus. This denotes the limit of decoding 

range toward myopic defocus with the given experimental setting. At +15D level, 

only two of the chicks underwent hyperopic shift while the majority underwent 

myopic shift, and the mean interocular RE was -0.7D. It was noted that a few of the 
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treatment eyes did undergo moderate to high hyperopic shift at +10D and +15D 

defocus levels. Data distribution appeared bipolar and prominent variations existed 

among individual animals within the same groups. It was possible that some 

individuals may be able to decode +10 and +15D defocus and emmetropize 

accordingly under maltase visual pattern and little amount of mid-high spatial 

frequencies. At +25D level of defocus, more than half of the eyes underwent myopic 

shift and the rest exhibited minimal change. Mean interocular RE was -4.1D. Form 

deprivation myopia may be developing in this condition. Experiment was not 

performed at +20D and +35D levels of myopic defocus, because it was anticipated 

that further form-deprivation would result and that may not provide additional 

information on the range of response. 

 

4.4.2.2 Vitreous chamber depth 

 

Solid bars in figure 4.6 illustrated the interocular difference (treatment minus control 

eye) in vitreous chamber depth (VCD) after 4 days of monocular treatment with the 

lens-cone device and maltase low spatial frequency pattern. 

 

When the applied defocus was zero, the treatment eye did not undergo significant 
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changes in growth rate of VCD and the mean interocular VCD was 0.04mm, not so 

significantly differ from zero. At myopic defocus level of +5D, the eye underwent a 

mildly reduced rate of growth with a mean interocular VCD of -0.15mm. The 

treatment eye was slightly shorter in VCD compared to the fellow control eye. At 

defocus level of +10D, eye growth was not retarded further but went the opposite way. 

The mean interocular VCD was slightly increased (0.03mm). This correlated with 

interocular RE data and may denote the limit of decoding range here. At myopic 

defocus of +15D, the eye growth was further accelerated. The interocular mean VCD 

was 0.11mm. For defocus levels +10 to +15D, individual animals demonstrated large 

variance within group. A small number of eyes might be able to decode the defocus 

and emmetropize accordingly. All treatment eyes have VCD growth accelerated when 

the introduced myopic defocus was as high as +25D. The mean interocular VCD was 

0.23mm. Overall, the reversal point between accelerated growth and retarded growth 

was observed between +5D and +10D. Yet there were relatively large standard error at 

the +10 and +15D levels and some eyes did have their VCD growth retarded beyond 

the “reversal” point. 

 

4.4.2.3 Choroidal thickness 
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Solid bars in figure 4.7 illustrated the interocular difference (treatment minus control 

eye) in vitreous chamber depth (CHO) after 4 days of monocular treatment with the 

lens-cone device and maltase low spatial frequency pattern. 

 

When the applied defocus was zero, the treatment eye did not undergo significant 

change in growth rate of CHO and the mean interocular CHO was >0.01mm. At 

myopic defocus level of +5D, the eye underwent a moderate accelerated growth in 

choroid with a mean interocular CHO of -0.088mm. At defocus level +10D, the mean 

interocular CHO was 0.027mm. The treatment eye has slightly increased in CHO 

compared to the control eye. This trend did not go in parallel with the VCD data. 

However, the fact that standard error was large and individual eyes demonstrated 

opposite direction of interocular CHO may explain the discrepancy. At +15D and 

+25D levels, all treatment eyes have the CHO decreased compared to their control 

eyes. The mean interocular CHO were –0.079mm and -0.0076mm for +15D and 

+25D levels respectively. 
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4.4.3 Compare and contrast the two visual patterns 

 

The two visual patterns have prominent effects on the emmetropization of the eye 

under defocus and closed viewing conditions. Table 4.1 shows the statistical analysis 

of the data for comparison. Statistical significant differences between the detailed 

target group and maltase target group have been found in analyzed parameters in 

various comparisons. 

 

At the +10D defocus level, there were significant differences between the two groups 

in interocular RE (p<0.01), VCD (p<0.05) and CHO (p<0.01). At +15D defocus level, 

there were significant differences between the two groups in interocular RE (p<0.01), 

VCD (p<0.01) and CHO (p<0.01). Considering the trend in figure 4.5-4.7, it is likely 

that the maltase animal group at defocus level of +20D will undergo myopic shift. 

 

For the pattern filled with detailed and ranged spatial frequency, it produced a clear 

reversal on the result between defocus level of +20D and +25D. This suggests that the 

chick eye has a limit of decoding range towards myopic between +20 and +25D. 

Since the effective vergence of introduced defocus on the eye correlates with the 

vertex distance between the optical system of the lens-cone device and the chick eye, 



 111

it is important to specify that the limit of range “20-25D” is referenced to a plane 

3.2mm measured away from the apex of the cornea. At the defocus level just over the 

reversal point, the +25D level, the distribution appeared bipolar with a few individual 

eyes becoming hyperopic, indicating that individual variation may exist. In other 

words, some animal eyes may have higher or lower range of response than others. 

 

For the Maltase pattern filled with lower spatial frequencies, it produced a reversal on 

emmetropization direction (as indicated by the mean RE) between defocus levels of 

+5D and +10D. This provides evidence that the chick eye has a limit of operative 

range towards myopic defocus between +5 and +10D under visual stimulus mainly of 

mainly low spatial frequency. The maximum magnitude which the eye can decode 

was reduced when visual stimulus was deprived of higher spatial frequency under 

closed viewing conditions. The capability of the eye to response to the imposed 

myopic defocus and to decode the sign of myopic defocus appeared to be impaired 

under these conditions. 

 

Nevertheless, a large variation of data was observed at the +10D and +15D groups. 

Their scatter-plots in interocular RE appeared to be, to certain extent, bi-polar. The 

fact that some individual eyes became hyperopic beyond the “reversal” defocus level 
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probably indicates that some eyes did decode according to the direction of imposed 

defocus and response. Thus, it appeared that the accuracy of decoding for myopic 

defocus was impaired under these viewing conditions and the average range of 

decoding was reduced. 
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Table 4.1. Interocular differences at day 4 in response to monocular lens-cone device 

wear in chicks 

 

Interocular difference in refractive error (D) 

Lens power 

(D) 

Defocus 

(D) 
Pattern Aa N Pattern Bb N 

Statistical 

significance

+25 0 -0.6 ± 0.7 11 -0.5 ± 0.9 11 P > 0.05 

+30 +5 3.1 ± 1.2 10 2.5 ± 1.0 11 P > 0.05 

+35 +10 7.0 ± 0.7 10 -1.1 ± 1.5 11 P < 0.01 

+40 +15 7.0 ± 0.6 10 -0.8 ± 1.6 10 P < 0.01 

+45 +20 7.9 ± 1.2 11 - - - 

+50 +25 -3.6 ± 2.6 10 -4.2 ± 1.3 10 P > 0.05 

+60 +35 -8.8 ± 1.4 10 - - - 

Interocular difference in vitreous chamber depth (mm) 

Lens power 

(D) 

Defocus 

(D) 
Pattern Aa N Pattern Bb N 

Statistical 

significance

+25 0 0.044 ± 0.061 11 0.043 ± 0.060 11 P > 0.05 

+30 +5 -0.096 ± 0.068 10 -0.153 ± 0.072 11 P > 0.05 

+35 +10 -0.234 ± 0.023 10 -0.030 ± 0.096 11 P < 0.05 

+40 +15 -0.315 ± 0.026 10 0.100 ± 0.078 10 P < 0.01 

+45 +20 -0.290 ± 0.054 11 - - - 

+50 +25 0.153 ± 0.093 10 0.233 ± 0.031 10 P > 0.05 

+60 +35 0.403 ± 0.034 10 - - - 

Interocular difference in choroidal thickness (mm) 

Lens power 

(D) 

Defocus 

(D) 
Pattern Aa N Pattern Bb N 

Statistical 

significance

+25 0 0.010 ± 0.050 11 0.003 ± 0.048 11 P > 0.05 

+30 +5 0.039 ± 0.046 10 0.088 ± 0.038 11 P > 0.05 

+35 +10 0.220 ± 0.020 10 0.027 ± 0.040 11 P < 0.01 

+40 +15 0.279 ± 0.028 10 -0.062 ± 0.039 10 P < 0.01 

+45 +20 0.272 ± 0.046 11 - - - 

+50 +25 0.000 ± 0.045 10 -0.076 ± 0.012 10 P > 0.05 

+60 +35 -0.095 ± 0.014 10 - - - 
a Pattern comprising of a range of low-high spatial frequencies; values show mean ± standard error. 
b Maltase pattern comprising of mainly low spatial frequency; values show mean ± standard error. 

Abbreviations: N = Number of animals in group 
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The interocular difference in RE was highly correlated with the differences in VCD 

between the two eyes (Linear regression: R2 =0.769, P<0.01; Fig. 4.8). Changes in 

choroidal thickness also contributed to the refractive compensation to the lens-cone 

systems. In general, eyes with shorter VCDs had thicker choroids, whilst there was 

little thinning of the choroid with increased vitreous chamber depth; (Quadratic 

regression: R2 =0.694, P<0.01; Fig. 4.9). These correlations suggested that the 

dimensional changes during emmetropization in response to lens-cone devices were 

similar to that of wearing single powered lens, in which VCD dominates the overall 

refractive power of the eye and the expansion of CHO is partially correlated to a 

reduced VCD. 
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Figure 4.8. Scatterplot of interocular difference in vitreous chamber depth versus 

difference in refractive error after 4 days of lens-cone device wear. Points were fitted 

with straight line with 95% confidence intervals indicated. 
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Figure 4.9. Scatterplot of interocular difference in choroidal thickness versus 

difference in vitreous chamber depth after 4 days of lens-cone device wear. Points 

were fitted with straight line with 95% confidence intervals indicated. 
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4.5 Discussions 

 

How the eye discerns the sign of imposed defocus has been intensely investigated in 

the previous decades. We sought to tackle this question by testing the range of 

decoding of the eye towards myopic defocus under controlled viewing conditions. By 

using the lens-cone device, controlled amount of myopic defocus can be presented. In 

contrast to free viewing condition, the viewing with lens-cone device can be free from 

the effect of variations in object distance, and potential interventions from other 

vergence cues in the visual environment. It has been previously shown that the spatial 

frequency can affect emmetropization (Schaeffel and Diether 1999; Diether and 

Wildsoet 2005). The present study also further investigated the effect of spatial 

frequency content on the emmetropization process in a quantitative manner. 

 

The present work has shown that the range of decoding for myopic defocus lays 

in-between 20 to 25D under the controlled viewing conditions for chicks. This is 

lower than that measured under free viewing condition (Irving, Sivak et al. 1992). The 

results have shown that there was significant difference in eye growth using the two 

viewing patterns at +10 and +15D levels of defocus. The range of myopic defocus the 

eye can reliably decode was significantly less than 10D with maltase pattern where 

mid-high spatial frequencies were deprived. At myopic defocus levels of 10 and 15D, 
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there were significant inter-animal variations. Instead of a normal distribution, there 

appear to be gaps of data that presented slightly above zero. This distribution is close 

to bipolar. The result that a few eyes has underwent obvious hyperopic shift might 

implied that some animals was able to decode the myopic defocus and compensate 

accordingly. While the rest of the eyes formed clusters that ranged from minimal 

change to modest myopic shift, and appeared that they cannot decode the sign 

correctly. The distributions of these clusters were similar to those observed after form 

deprivation. 

 

The effect of removing mid-high spatial frequencies from visual stimuli did not 

reduce the limit of decoding sharply to a specific level. And instead of completely 

disabling emmetropization, it was impairing the decoding process quantitatively and 

affected the accuracy of decoding. In higher magnitudes of defocus some chicks failed 

to decode the signs of defocus. On average, the limit of decoding range thus reduced 

to somewhere less than 10D. These results complement a previous study which 

documented the pattern effect and found that the eye did not compensate well towards 

+7D of myopic defocus with a similar Maltase pattern (Diether and Wildsoet 2005). 

 

Under the controlled viewing environment, visual stimuli from outside the cone were 
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completed blocked. It is striking that the eye can still decode the sign of myopic 

defocus when the magnitude is as high as 20-25D. It is intriguing how the eye 

decodes the sign and what available cues under the condition are used by the eye, 

because many monocular cues (e.g. higher order monochromatic aberrations) would 

have relatively smaller effect by proportion when compared to the introduced defocus 

(Thibos, Cheng et al. 2002). One may attempt to speculate that chromatic aberration 

might be involved because previous work has shown that certain species 

emmetropized to different end-points when the eye was exposed to different 

wavelengths of monochromatic lightings (Kroger and Wagner 1996). This hypothesis 

is intuitive because chick, being tetrachromatic (Bowmaker and Knowles 1977; 

Okano, Fukada et al. 1995), have a wide range of spectral sensitivity and matched 

amount of chromatic dispersion of the ocular media (>3D). It would theoretical make 

use of the chromatic channel to help decoding the sign of defocus. However, other 

earlier studies have argued against this by showing that chicks did not emmetropize 

differently under monochromatic lights compared to natural white lights. 

 

There are increasing evidences that accommodation do play a role to indirectly 

provide cues for decoding the sign with unclear mechanism (Wildsoet and Schmid 

2001; Diether and Wildsoet 2005). The extent of accommodation was not controlled 
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in our study and therefore it is unsure how the eye accommodated under the cone 

system. (Discussion and several speculations were made in the previous chapter 3 for 

the underlying mechanisms involving chromatic channels and accommodation.) 

 

The fact that the eye can decode myopic defocus up to +20-25D is difficult to be 

explained if the eye uses only one optical cue to discern the sign because each optical 

cue (aberrations) becomes relatively small in magnitude. Nevertheless, in theory it is 

technically possible if several optical cues were employed simultaneously. This adds 

weight to the hypothesis (Schaeffel and Diether 1999; Wallman and Winawer 2004) 

that the eye might use more than one cue to process the sign of imposed defocus. For 

example, the eye is able to operate over a wide range of light intensities through 

combination of three adaptive mechanisms: the pupillary reflex regulates the iris, the 

size of pupil and hence the intensity of incident light. The cone and rod mechanisms 

have distinct ranges of light sensitivities. When one of the mechanisms fails, the 

operative range of the ocular function is constricted. 
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Chapter 5 

Effects of simultaneous regional myopic and hyperopic defocus under a closed 

visual environment (dual-plane cone) 

 

5.1 Introduction 

 

The growth of the components of the eye is carefully coordinated in such a way that 

as the animal matures during postnatal stage, the position of the photoreceptors 

becomes increasingly well-matched to the combined focal length of the eye’s 

refractive elements. Eventually, the eye becomes relatively free of axial ametropia. 

This phenomenon is known as emmetropization. 

 

The emmetropization process can explain why naturally occurring ametropia are 

scarce and small in magnitude among both wild and domesticated adult animal, for 

example: pigeon (Fitzke, Hayes et al. 1985), chick (Irving, Sivak et al. 1996), tree 

shrew (Marsh-Tootle and Norton 1989), rhesus monkey (Smith and Hung 1999), fish 

(Kroger and Wagner 1996), marmoset (Troilo, Nickla et al. 2000), and guinea pig 

(Howlett and McFadden 2007). 
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In human, emmetropization is observed when refractive status changes to become 

gradually less hyperopic over the first few years of life. However, it is difficult to 

explain the increasing incidences of myopia during school ages if emmetropization 

continues to function properly throughout the latter development. 

 

Experiments based on animal models have shown that the emmetropization process is 

by large visually guided. Therefore it is believed that the pathogenesis of human 

myopia may be unraveled through deeper understanding of the visual processing for 

emmetropization. 

 

It remains to be elucidated how exactly the eye acquire and process information from 

the visual environment to modulate growth.  

 

The majority of experiments on animal models studied emmetropization by imposing 

myopic defocus and hyperopic defocus with positive or negative lenses. While these 

typical approaches have established our current knowledge on emmetropization, they 

may not fully reflect the complexity of natural visual environment. It is frequently 

assumed that emmetropization is dominated by the central macula region. 
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One important characteristic of emmetropization which has received inadequate 

attention is that both the decoding and dimensional changes can occur in localized 

region of posterior eyes. It has been shown that refractive changes can be induced in 

local region of the posterior layers of the eye when visual images were deprived or 

defocused regionally in chicks (Hodos, Fitzke et al. 1985; Wallman, Gottlieb et al. 

1987; Diether and Schaeffel 1997) and tree shrew (Norton and Siegwart 1991; 

Siegwart and Norton 1993). Instead of global compensatory changes, it appeared that 

small regions of retina were also capable to decode regional visual signal and regulate 

compensatory regional eye growth. 

 

More recently, experiments on monkey have shown that the macula does not 

pre-dominate the emmetropization as so assumed before (Kee, Hung et al. 2004; 

Smith, Kee et al. 2005). Instead, the role of peripheral retina was implicated when 

emmetropization was shown to remains functional even if macula is being disabled 

(Smith, Ramamirtham et al. 2007). It was also reported that lens induced myopia was 

counteracted by imposing myopic defocus peripherally by positive lens having a 

central plano zone (Morgan 2006). However, another attempt to influence the central 

refractive status by peripheral defocus in chicks was shown unsuccessful (Schippert 

and Schaeffel 2006). While the discrepancy may be attributed to difference in species 
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and experiment paradigm, it may also imply that the relationship between axial 

refractive error and peripheral defocus may be more complicated than an all-or-none 

relationship. 

 

When defocus is being imposed peripherally, more precisely, there are two levels of 

defocus. In order to describe a defocus condition in more comprehensive approach, 

retinal eccentricity, lens power, size of object and relative dioptric distances from 

various visual objects should be taken into account (Flitcroft 2006). 

 

In a visual scene comprises of multiple objects, the retina is imposed by a map of 

defocus which may simultaneously comprise of multiple levels of defocus or defocus 

of opposite sign (Fig. 5.1). Apparently, a map of defocus includes several crucial 

parameters: a) sign of defocus, b) magnitude of defocus, c) spatial area subtended by 

defocus, and d) the eccentricity of defocus. Among these parameters, sign and 

magnitude are fundamental and they have been extensively studied in the literature. 

While investigation on eccentricity of defocus has begun as the debate on the role of 

peripheral defocus continues, the parameter “spatial area subtended by defocus” has 

received the least attention in the literature. Intuitively, it can be a strong potential 

factor affecting emmetropization in the light of the regional emmetropization 
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experiments discussed above (Wallman 1991; Diether and Schaeffel 1997). 

Furthermore, its understanding will apparently be a prerequisite to quantify the 

potential role of peripheral defocus. 

 

To investigate this gap of knowledge, a direct experimental paradigm is to vary the 

spatial area (or ratio) of defocuses imposed to the eye and determine its change in 

emmetropization response of the eye. 

 

There are a few relevant published studies. Although they interpreted the data with a 

different perspective, Wildsoet and Schmid (2001) have shown that the 

emmetropization end-point had been shift to the hyperopic direction when half of the 

chick’s visual field area was exposed to myopic defocus (in the form of open viewing). 

Diether and Wildsoet (2005), in their non-major findings showed that the chick eyes 

had undergone hyperopic shift when half of the exposed visual field area was imposed 

with myopic defocus while the other half was imposed with hyperopic defocus. 

 

In the present study, it was aimed to determine the effect of varying spatial area of 

imposed defocus on emmetropization. A controlled viewing environment, as 

lens-cone device, was applied unilaterally on chick eyes. Changes in refractive status 
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and biometry along the optical axis were monitored when the spatial area of the 

imposed defocuses was varied. 
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Figure 5.1. Visual environments characterizing different profiles of simultaneous 

defocus. 

(A) Example of a spacious outdoor reading environment. The subject adopts a frontal 

reading posture. 
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(B) Map of optical defocus distribution for (A). Green color represents myopic 

defocus; magenta color represents hyperopic defocus. Saturation of the colors 

represents relative strength of defocus. 

(C) Example of a confined indoor working environment. 

(D) Map of optical defocus distribution for (C). Green color represents myopic 

defocus; magenta color represents hyperopic defocus. Saturation of the colors 

represents relative strength of defocus. 
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5.2  Objectives 

 

 To investigate the effect of varying spatial area of competing defocus on 

emmetropization under a controlled viewing environment. 

 

5.3  Methods 

 

5.3.1 Animal 

 

White leghorn chicks (Gallus gallus) were obtained and bred as SPF (specific 

pathogen free) fertilized eggs from SPAFAS India. Chicks were housed in an 

enclosure made of fine metal mesh (to minimize restriction of distant viewing) under 

a 12h light/ 12h dark cycle and given food and water ad libitum. Chicks were 14-15 

days old at the start of experiments. It was found that chicks of this slightly older age 

showed better adaptation towards the cone treatment and returned to normal feeding 

behavior within 24 hours. All the rearing and experimental procedures were approved 

by The Hong Kong Polytechnic University’s Animal Ethics Committee and in 

compliance with the ARVO Statement for the Use of Animals in Ophthalmic and 

Visual Research. 
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5.3.2 Lens-cone system 

 

A dual-plane lens-cone system was developed with modification based on an earlier 

study (Diether and Wildsoet 2005). 

 

Major modifications were made in the visual target planes, allowing researchers to 

control the relative contribution (in terms of spatial area) from the two planes in terms 

of spatial area. The dimensions of the system and the patterns were constructed using 

CorelDraw software package. An epoxy resin adhesive was used to assemble tiny 

parts and secure the cone onto the Velcro. Two planes containing the visual targets 

were positioned at dioptric distances of 45D and 25D. A clear PMMA lens of back 

vertex power of +35D was embedded inside the cone using fine metal strips. Thus 

resultant competing defocus provided by the dual planes lens-cone device was 

therefore ± 10D. The distant plane containing was attached to the cone through a 

clip-on mechanism which can be detached manually. They were reinforced with 

cellulose tape when needed. This allowed convenient removal and re-attachment as 

needed during regular inspection of conditions inside. Figure 5.2 shows the 

appearance of the lens-cone device on chicks. 
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Both the chicks and the attached system were checked daily so that the incidence of 

dislocation and decentration were minimized. Cleaning of lens surfaces was 

performed once at least every 2 days or when indicated. The experiment set-up was 

unilaterally attached onto the eye of the chick through a removable Velcro interface 

adhered to the feather. The total weight including the embedded lens was about 2.4 

gram. The lightings were strengthened with additional lamps to achieve a luminance 

ranged from 800-1100 lux (measured at different locations at the level of food 

containers).  

 

5.3.3 Lens design 

 

High power lenses were obtained from Igel Malaysia. Clear Polymethylmethacrylate 

(PMMA) was selected as the lens material for its high transmittance. Lenses were 

lathed to provide a back vertex powers: +35D. The lenses have a diameter of 12.0mm, 

optical zone diameter of 10.0mm and back optical zone radius of 12.0mm. 

 

5.3.4 Cone design 
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Two planes for visual target were constructed to provide 2 distinct visual targets and 

corresponding competing defocuses. The distance between the distant plane and the 

back vertex of lens was 40mm which equivalent to an object vergence of -25D. And 

the distance between the near plane and the back vertex of lens was 22mm which 

equivalent to an object vergence of -45D. Diameter of the visual target was 46.2mm. 

The field of view for the system was about 60 degree if the magnification effect of the 

lenses was not taken into account. Figure 5.3 shows the template for the cone. 

 

The distance between the back vertex of the lens and the anterior apex of the cornea 

was about 3.2mm. This was measured by A-scan ultrasonography when the set-up had 

been immersed under water together with a sacrificed chick. Five readings were 

obtained, ranged from 3.0 to 3.4mm (referring to the same readings in the method 

section of chapter 4). 
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Figure 5.2. A chick wearing the lens-cone device. 

 (Left panel) Chicks were able to support the weight of the cone and walked normally 

after short period of adaptation. 

(Upper-right panel) Viewing into the cone without the target planes. The photo 

showed a chick opened its treatment eye behind the lens-cone device. 

(Lower-right panel) A posterior view of the chick. A Velcro band behind the head 

secured the hood in position. 
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A 

 

 

B         C 

 

Figure 5.3 Templates for the construction of cone. (A) The plate was rolled to form a 

cone. (B) The distance target plane. Three extended parts can be fitted into the slits on 

the cone in a clip-on manner. (C) The near target plane. Three extended parts can be 

fitted to the slits on the distant target plane. 
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5.3.5 Velcro design 

 

In order to keep the lens-cone system on the chick’s head for an extended period 

(compared to 4 days in chapter 4), modifications to the design of Velcro have been 

made. Figure 5.4 shows two different versions of modified Velcro. In the first 

modification, several extensions were constructed to extend from the Velcro base. 

Those extensions were able to be fastened and warp around the head, distributing the 

weight of cone and reduced the chance of accidental detachment. In a latter 

modification, the Velcro base was cut into a spectacle shape. It was adhered to the 

head around the eyes with an additional Velcro band behind the head to form a hood. 

Nylon wires were used to carefully fasten the hood without prohibiting the chicks 

from moving and feeding. It was found that the latter modification provided the best 

stability during experiment. 
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Figure 5.4 Two versions of Velcro designs. 

(Upper left panel) First modification on Velcro base. 

(Upper right panel) Extensions of the Velcro base were about to be warped around the 

head. 

(Lower left panel) Velcro being cut into spectacle shape in a latter modification. 

(Lower right panel) Velcro was adhered to the head and fastened like a hood. 
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5.3.6 Patterns for visual targets 

 

Visual targets were constructed in two stages (See figure 5.5). Firstly, a uniform 

pattern made up of squares with grating pattern of 0.5 cycle/degree was generated 

using graphical software. Secondly, the squares were interleaved with transparent 

spaces to vary relative area between them. A 50: 50 area ratio (pattern: transparent) 

was constructed by having an opaque square with a transparent area of equal size. A 

hexagonal framework was used to construct several different ratios (figure 5.6). A 25: 

75 area ratio was constructed by having 3 hexagons with 1 unit of equivalent 

transparent area. A 33: 67 area ratio was constructed by having 2 hexagons with 1 unit 

of equivalent transparent area. A 40: 60 area ratio was constructed by having 3 

hexagons with 2 unit of equivalent transparent area. Transparent area was evenly 

distributed in the pattern to avoid any possible effect of eccentricity for defocus. For 

the same result, gratings of a single spatial frequency were even distributed in the 

visual target. 

 

The ratio-controlled patterns were applied in the near plane under the dual-plane 

setting. Therefore, those transparent areas would allow the eye to expose to the 

patterns on the distant plane. Since the near plane imposes hyperopic defocus and the 
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distant plane imposes myopic defocus, the variations of area ratio create an equivalent 

spatial ratio on imposed competing defocus. 
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A        B 

 

C 

 

Figure 5.5. Target patterns used in pilot study.  

(A) Distant pattern. 100% of area is filled with gratings, providing myopic defocus 

(B) Near pattern. 100% of area is filled with gratings, providing hyperopic defocus 

(C) Pattern for near plane. 50% of area is filled with gratings. Remaining area being 

transparent. This provides 50:50 myopic to hyperopic defocus ratio in term of spatial 

area.
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A     B 
 

 

C     D 
 

Figure 5.6. Additional target patterns for the near plane used in full-scale study.  

(A) A program generated hexagonal template. 

(B) Every 1 out of 4 of hexagon was made transparent. This provides a 25:75spatial  

area ratio (myopic to hyperopic defocus) 

(C) Every 1 out of 3 of hexagon was made transparent. This provides a 33:67 spatial 

area ratio (myopic to hyperopic defocus). 

(D) Every 2 out of 5 of hexagon was made transparent. This provides a 40:60 spatial 

area ratio (myopic to hyperopic defocus) 
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5.3.7 Data collection 

 

Refractive and biometric data were collected prior to the application of the lens-cone 

system, and at day 3 and day 6 of the experiment. 

 

Ocular refraction was measured to ± 0.50D using retinoscopy and trial lenses in the 

two principal meridians (usually at axes 90 and 180). Spherical equivalent power was 

calculated by averaging the refractive powers of the two meridians. 

 

Axial ocular dimensions were measured using a high frequency A-scan ultrasound 

system with a 30 MHz polymer transducer sampled at 100 MHz. All measurements 

were made under isoflurane anaesthesia in gaseous oxygen so that accommodation 

was relaxed during both refraction and axial length measurements without using 

additional cycloplegic drugs. Data were presented as the mean ± standard error. 

Statistics were performed using ANOVA and Bonferroni post-hoc test using the SPSS 

package. Equality of variance between samples was analyzed in parallel and corrected 

if indicated during the calculation of p-values. 

 

Graphs were plotted with Excel and Sigmaplot programs. Weight of individual animal 
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was recorded alongside with each refractive measurement. Animals were excluded 

from the results if: 1) the lens-cone system was detached for more than 30 minutes; or 

2) if the device was found de-centered and the pupil was away from the optic zone of 

the lens; or 3) if it was found twice during daily inspections that the chicks was unable 

to open the eye behind the device; or 4) when the eye was found to suffer from 

trauma/infection; 5) or if the weight of animal was decreasing which may be a sign of 

abnormal growth. 

 

5.3.8 Experimental paradigms 

 

The dual plane lens-cone device was applied on the eyes of chicks unilaterally. The 

fellow eye acted a control. Animals were divided into 7 groups, each with a sample 

size of 16 at the beginning of experiment. Six spatial ratios of competing defocus 

(myopic: hyperopic) were tested. They were: 100: 0, 50: 50, 40: 60, 33: 67, 25: 75, 

0:100. More intervals were selected to include higher percentage of hyperopic defocus. 

It was because the eye has shown a significant hyperopic shift in a pilot study with the 

50: 50 spatial ratio which indicated that myopic defocus was more potent to influence 

emmetropization under equal spatial ratio of competing defocuses. One control group 

was also formed to account for the effect of unilateral cone wear on ocular growth, 
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where animals worn a “blank” cone without visual targets and lens. 

 

5.4 Results 

 

Data on refractive error and ocular biometry were collected before applying the 

treatment, and again at day 3 and day 6 of the experiment. For data sampled at day 3, 

there were 75 chicks included according to the criteria described previously. For data 

sampled at day 6, there were 52 chicks included. 

 

5.4.1 The effects of varying relative spatial ratio between competing myopic 

defocus and hyperopic defocus on chicks eye 

 

5.4.1.1 Longitudinal changes 

 

Figures 5.7, 5.8 and 5.9 illustrated the longitudinal changes of interocular differences 

in refractive error (RE), vitreous chamber depth (VCD) and choroidal thickness (CHO) 

respectively. The blank control group that wore only the Velcro and cone but not the 

lens and visual targets showed minimal changes in the three parameters over 6 days. 

The interocular mean RE, VCD and CHO were not different from zero. The 100: 0 
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spatial ratio group, imposed with only myopic defocus, has the treatment eye went 

progressively hyperopic. Mean interocular RE was 10.4D, VCD was -0.515mm, CHO 

was 0.27mm at day 6 (Table 5.1). In the 0: 100 spatial ratio group which imposed 

only hyperopic defocus on the eye, the treatment eye became progressively myopic. 

Mean interocular RE was -8.9D, VCD was 0.592mm, CHO was -0.042mm at day 6. 

The 50: 50 ratio group underwent hyperopic shift over the period of experiment. The 

rate for hyperopic shift appeared to be similar between the two halves of experimental 

period. Mean interocular RE was 7.6D, VCD was -0.447mm, CHO was 0.250mm at 

day 6. The 40: 60 ratio group showed a similar trend as the 50: 50 ratio group, except 

that its choroid expansion appeared to had halted during the second half of the 

experiment. Mean interocular RE was 5.9D, VCD was -0.253mm, CHO was 

0.112mm. Treatment eyes imposed with 33: 67 spatial ratio has undergone mild 

hyperopic shift. Mean interocular RE was 1.6D, VCD was -0.105mm, CHO was 

0.150mm. The 25: 75 ratio group showed biphasic changes. The treatment eye 

underwent myopic shift during the first half of the experimental period and then 

remained relatively unchanged during the second half. Mean interocular RE was 

-2.6D, VCD was 0.204mm, CHO was 0.014mm at day 3 (Table 5.2). Mean 

interocular RE was -2.4D, VCD was 0.230mm, CHO was 0.014mm at day 6. 
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Further cross-sectional comparisons were selected for data at day 6. They were 

illustrated in figures 5.10, 5.11, 5.12. 
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Interocular difference in refractive error over time
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Figure 5.7. Interocular difference in refractive error (RE) over the experiment period 

of 6 days. Different symbols denote data point of different individual groups. Data 

points show the mean value. Error bars represent stand error of the mean. 
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Interocular difference in vitreous chamber depth over time
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Figure 5.8. Interocular difference in vitreous chamber depth (VCD) over the 

experiment period of 6 days. Different symbols denote data point of different 

individual groups. Data points show the mean value. Error bars represent stand error 

of the mean. 
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Interocular difference in choroidal thickness over time
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Figure 5.9 Interocular difference in choroidal thickness (CHO) over the experiment 

period of 6 days. Different symbols denote data point of different individual groups. 

Data points show the mean value. Error bars represent stand error of the mean. 
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5.4.1.2 Refractive error at day 6 

 

Figure 5.10 illustrated the interocular difference in refractive error (RE) for the 7 

animal groups after 6 days of monocular lens-cone device wear. 

 

After 6 days of monocular treatment, the control group with a blank cone exhibited 

mean interocular RE close to zero. This indicated that wearing the cone and Velcro 

alone did not adversely affect the refractive development. The single defocus control 

groups underwent refractive changes and emmetropized according to the imposed 

defocus. The 100: 0 spatial ratio group (full myopic defocus) showed a mean 

interocular RE of 10.4D. On the other hand, the 0: 100 spatial ratio group (full 

hyperopic defocus) showed a mean interocular RE of -8.9D. The mean interocular RE 

for the competing defocus groups were 7.6D, 5.9D, 1.6D and -2.4D for spatial ratios 

of 50:50, 40:60, 33:67 and 25:75 respectively. Mean interocular RE for the 33:67 and 

25:75 ratio groups were significantly different from those of the single defocus 

controls. In other words, the 33:67 and 25:75 ratio groups have not emmetropized to 

either one of the competing defocus. Instead, an intermediate refraction was resulted. 

The scattering plot in the same figure for the two groups showed that some eyes had 

undergone opposite refractive changes. Thus individual animals may exhibit slightly 
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different responses. Similar extent of scattering (also expressed as high standard error) 

was observed in all groups, including the single plane groups, but the blank control 

groups. This extent of scattering is relatively large compared to that resulted in typical 

lens-induced response under open viewing. It appeared that defocus treatment using 

lens-cone device under closed vision environment tends to produce result with higher 

intra-group variance. 

 

In general, the resultant interocular RE appeared to correlate well with the spatial ratio. 

The higher the percentage for myopic defocus, the more hyperopic was the RE. Since 

there was considerable amount of variation in the data, the data from a group of 

chicks were not always significantly different from their neighboring groups. The 

statistical analyses and p-values between these groups were tabulated in table 5.1. 

 

5.4.1.3 Vitreous chamber depth at day 6 

 

Figure 5.11 illustrated the interocular difference in vitreous chamber depth (VCD) for 

the 7 animal groups after 6 days of monocular lens-one device wear. 

 

After 6 days of monocular treatment, the control group with a blank cone exhibited no 
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change in the VCD. This indicated that the wearing of cone and Velcro did not 

significantly alter the growth rate of posterior eye. The 2 groups with single defocus 

have the growth rate in VCD modulated according to the imposed defocus. The 100: 0 

spatial ratio group showed a retarded growth with a mean interocular VCD of 

-0.515mm. On the other hand, the 0: 100 spatial ratio group showed an accelerated 

growth with a mean interocular VCD of 0.592mm. The mean interocular VCD for the 

competing defocus groups were -0.447mm, -0.253mm, -0.105mm and 0.230mm for 

spatial ratios of 50:50, 40:60, 33:67 and 25:75 respectively. The mean interocular 

VCD for the 33:67 and 25:75 ratio groups were significantly different from those of 

the single defocus controls. This was similar to the data on RE, indicating that the 

33:67 and 25:75 ratio groups have not emmetropized accordingly to either one of the 

competing defocus. The growth of VCD for these groups were modulated to an 

intermediate rate compared to those of the single defocus controls. 

 

In general, the interocular VCD correlated with the spatial ratio of imposed competing 

defocus. The higher the percentage for hyperopic defocus, the more accelerated was 

the growth of the vitreous chamber. Similar to the data on refractive error, the VCD 

data also suffered from a considerable amount of variance. Thus, individual groups 

did not always show statistically difference with their adjacent groups in the 



 152

interocular VCD. 

 

5.4.1.4 Choroidal thickness at day 6 

 

Figure 5.12 illustrated the interocular difference in choroidal thickness (CHO) for the 

7 animal groups after 6 days of monocular lens-cone device wear. 

 

The blank control group did not show significant change in the interocular CHO when 

compared to the fellow eye without the cone. The treatment eyes in the 100: 0 full 

myopic defocus group have their choroids expanded and the mean interocular CHO 

was 0.275mm. The mean interocular CHO was -0.042mm for the 0: 100 full 

hyperopic defocus group which did not show significant change. The mean 

interocular CHO for the competing defocus groups of spatial ratios 50:50, 40:60, 

33:67 and 25:75 were respectively 0.25mm, 0.112mm, 0.150mm and 0.014mm. All 

competing defocus groups showed substantial variation in the data, especially the 

50:50 and 40:60 groups. This has likely contributed to the absence of statistical 

difference from the 100:0 group. Similarly, the 25:75 group was not significantly 

different from the 0:100 control and the 33:67 group was also not significantly 

different from the 100:0 and 0:100 control group. 
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The correlations observed between the spatial ratio and the interocular RE and VCD, 

were not observed in the interocular CHO. 

 

5.4.1.5 Refractive error, vitreous chamber depth and choroidal thickness at 

day 3 

 

Table 5.2 showed the interocular differences in refractive error, vitreous chamber 

depth and choroidal thickness at day 3.  

It was noted that the 33:67 and 25:75 spatial ratio group have showed intermediate 

emmetropization response in RE and VCD at day 6. At day 3, the mean interocular 

RE, VCD and CHO for the 33:67 group were 1.4D, -0.035mm and 0.07mm 

respectively. The mean interocular RE and VCD were significantly different from 

those of single defocus controls. For the 25:75 group, the mean interocular RE, VCD 

and CHO were -2.6D, 0.204mm and 0.014mm respectively. The mean interocular RE 

was statistically different from those of single defocus controls. In addition to 33:67 

and 25:75 spatial ratio groups, it was noted that the interocular RE for the 40:60 group 

was 3.5D, in-between and significantly different from those of the single defocus 

controls too. 
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Figure 5.10 The interocular difference in refractive error after 6 days of monocular 

lens-cone device wear. Vertical bars represent the means for animal groups imposed 

with +10/-10D competing defocus at various spatial ratios. Error bars represent 

stand error of the mean. Circle symbols denote individual data points. 
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Figure 5.11 The interocular difference in vitreous chamber depth after 6 days of 

monocular lens-cone device wear. Vertical bars represent the means for animal 

groups imposed with +10/-10D competing defocus at various spatial ratios. Error 

bars represent stand error of the mean. Circle symbols denote individual data points. 

 



 156

 

 

 

Figure 5.12 The interocular difference in choroidal thickness after 6 days of 

monocular lens-cone device wear. Vertical bars represent the means for animal 

groups imposed with +10/-10D competing defocus at various spatial ratios. Error 

bars represent stand error of the mean. Circle symbols denote individual data points. 
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Table 5.1. Interocular differences in response to monocular lens-cone device wear at 

day 6. 

Area 

ratio a 

Interocular difference in 

refractive error (D) 

N Statistical significance b 

 

 Mean Standard error 100:0 50:50 40:60 33:67 25:75 0:100

100:0 10.4 0.9 7 ─   ** ** ** 

50:50 7.6 1.4 7  ─  ** ** ** 

40:60 5.9 1.3 8   ─  ** ** 

33:67 1.6 1.0 7 ** **  ─  ** 

25:75 -2.4 1.0 8 ** ** **  ─ ** 

0:100 -8.9 1.0 7 ** ** ** ** ** ─ 

Blank -0.0 0.5 8 ─ ─ ─ ─ ─ ─ 

Area 

ratio a 

Interocular difference in 

vitreous chamber depth (mm)

N Statistical significance b 

 

 Mean Standard error 100:0 50:50 40:60 33:67 25:75 0:100

100:0 -0.515 0.051 7 ─   ** ** ** 

50:50 -0.447 0.052 7  ─  ** ** ** 

40:60 -0.253 0.078 8   ─  ** ** 

33:67 -0.105 0.095 7 ** *  ─ * ** 

25:75 0.230 0.077 8 ** ** ** * ─ ** 

0:100 0.592 0.061 7 ** ** ** ** ** ─ 

Blank 0.083 0.040 8 ─ ─ ─ ─ ─ ─ 

Area 

ratio a 

Interocular difference in 

choroidal thickness (mm) 

N Statistical significance b 

 

 Mean Standard error 100:0 50:50 40:60 33:67 25:75 0:100

100:0 0.275 0.042 7 ─    * ** 

50:50 0.250 0.079 7  ─   * ** 

40:60 0.112 0.063 8   ─    

33:67 0.150 0.040 7    ─   

25:75 0.014 0.047 8 * *   ─  

0:100 -0.042 0.036 7 ** **    ─ 

Blank -0.020 0.012 8 ─ ─ ─ ─ ─ ─ 
a Area ratio for imposed competing defocus (myopic defocus : hyperopic defocus) 
b Cross-tabulation showing statistical significances between animal groups. Asterisk denotes 
p<0.05; double asterisk denotes p<0.01 
Abbreviations: N = Number of animals in group 
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Table 5.2. Interocular differences in response to monocular lens-cone device wear at 

day 3. 

Area 

ratio a 

Interocular difference in 

refractive error (D) 

N Statistical significance b 

 

 Mean Standard error  100:0 50:50 40:60 33:67 25:75 0:100

100:0 6.0 0.5 12 ─  * ** ** ** 

50:50 4.0 0.8 10  ─   ** ** 

40:60 3.5 0.6 11 *  ─  ** ** 

33:67 1.4 0.6 10 **   ─ ** ** 

25:75 -2.6 0.7 11 ** ** ** ** ─ * 

0:100 -5.5 0.6 10 ** ** ** ** * ─ 

Blank -0.3 0.3 11 ─ ─ ─ ─ ─ ─ 

Area 

ratio a 

Interocular difference in 

vitreous chamber depth (mm)

N Statistical significance b 

 

 Mean Standard error  100:0 50:50 40:60 33:67 25:75 0:100

100:0 -0.298 0.035 12 ─   ** ** ** 

50:50 -0.217 0.043 10  ─   ** ** 

40:60 -0.189 0.037 11   ─  ** ** 

33:67 -0.035 0.035 10 **   ─ ** ** 

25:75 0.204 0.070 11 ** ** ** ** ─  

0:100 0.306 0.032 10 ** ** ** **  ─ 

Blank 0.048 0.022 11 ─ ─ ─ ─ ─ ─ 

Area 

ratio a 

Interocular difference in 

choroidal thickness (mm) 

N Statistical significance b 

 

 Mean Standard error  100:0 50:50 40:60 33:67 25:75 0:100

100:0 0.213 0.019 12 ─    ** ** 

50:50 0.165 0.027 10  ─   * ** 

40:60 0.113 0.028 11   ─    

33:67 0.070 0.068 10    ─   

25:75 0.014 0.038 11 ** *   ─  

0:100 -0.029 0.014 10 ** **    ─ 

Blank -0.015 0.007 11 ─ ─ ─ ─ ─ ─ 
a Area ratio for imposed competing defocus (myopic defocus : hyperopic defocus) 
b Cross-tabulation showing statistical significances between animal groups. Asterisk denotes 
p<0.05; double asterisk denotes p<0.01 
Abbreviations: N = Number of animals in group 
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5.4.1.6 Correlation between parameters at day 6 

 

The interocular difference in RE was highly correlated with the differences in VCD 

between the two eyes (Linear regression: R2 =0.92, P<0.01; Fig. 5.13). Changes in 

choroidal thickness also contributed to the refractive compensation to the lens-cone 

systems. In general, the eyes with shorter VCD had thicker choroids, whilst there was 

little thinning of the choroid with increased vitreous chamber depth; (Quadratic 

regression: R2 =0.67, P<0.01; Fig. 5.14). These correlations suggested that the 

dimensional changes during emmetropization in response to lens-cone devices were 

similar to that of wearing single powered lens, in which change in VCD dominates the 

overall refractive power of the eye and the expansion of CHO is partially responsible 

for a reduced VCD. 
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Figure 5.13. Scatterplot of interocular difference in vitreous chamber depth versus 

difference in refractive error after 6 days of dual-power lens wear. Points were fitted 

with straight line with 95% confidence intervals indicated.  
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Figure 5.14. Scatterplot of interocular difference in choroidal thickness versus 

difference in vitreous chamber depth after 6 days of dual-power lens wear. Points 

were fitted with straight line with 95% confidence intervals indicated. 
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5.5 Discussions 

 

It has been reported that the eye growth was dominated by the presence of myopic 

defocus under competing defocus condition (Diether and Wildsoet 2005). According 

to their findings, the eye would undergo hyperopic shift when different regions of the 

visual field are simultaneously presented with defocus of opposite signs. Our results 

showed that the relationship between the imposed competing spatial defocus and 

resultant emmetropization responses is somewhat quantitative. When the visual field 

was imposed with same magnitude (10D) of myopic defocus and hyperopic defocus, 

the emmetropization response was dominated by the myopic defocus only when the 

spatially presented myopic defocus was higher than 40%. While high percentage of 

spatially presented myopic defocus has induced large hyperopic shift, lower 

percentage of myopic defocus has induced intermediate refractive statuses (along the 

visual axis) that were less hyperopic or even low myopic. Similar bias towards 

myopic defocus has been noted in the results of chapter 3 where competing defocuses 

were presented on the whole retina in a superimposed manner. This bias for myopic 

defocus in eye growth has also been previous shown in intermittent lens wear 

(Schmid and Wildsoet 1996) and lens switching experiments (Morgan 2003; Zhu, 



 163

Winawer et al. 2003). 

 

The result showed that two of the competing defocus groups, the 33:67 and 25:75 

groups have their refractive developments stabilized between day 3 and 6 (Fig. 5.7). 

Of particular interest was the fact that their refractive development stabilized at 

intermediate position where the photoreceptor layer continued to receive significant 

amount of defocus from the visual field. Although the exact reason for this 

phenomenon is unclear at present, it was as if the emmetropization process was at an 

equilibrium in which the spatial inputs from myopic and hyperopic defocus were 

balanced.  

 

And it should be noted that the signal processing behind this equilibrium is likely to 

be different from that described in chapter 3, where superimposed competing defocus 

were being imposed globally by dual-power lenses. Under the dual-power lenses 

paradigm, the retina received similar amount of competing defocuses without regional 

differences. The signal processing mechanism decodes the two defocuses (or two 

image planes which are longitudinally separated), integrates them and guides 

corresponding growth. In contrast, under the current dual planes paradigm, adjacent 

retinal regions received mutually opposite directions of defocus. In order to modulate 
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the equilibrated axial growth observed under the specific spatial ratios of defocus, 

lateral interactions between retinal regions have to be involved. 

 

The physiological mechanism underlying the integration of multiple localized 

opposite defocus signals to reach equilibrium is unclear. Intuitively, there are several 

possible levels where integration can be achieved. One possibility is that retinal cells 

such as amacrine cells that span over the retina link and integrate that localized 

signals at multiple regions. The second possibility is that the localized signals spread 

over the posterior eyes in a divergent manner through synaptic networks or lateral 

diffusion of chemical messengers. Thirdly, it is also possible that the signals were not 

integrated significantly during the transmission between the receiver (inner retina) and 

effectors (choroid and sclera), but instead an integrated dimensional change was 

resulted from multiple localized changes of scleral remodeling. This third hypothesis 

may gain support from the previous findings where the eye underwent localized 

emmetropization in response to spatially localized defocus in part of the visual field 

(Siegwart and Norton 1993; Diether and Schaeffel 1997). Comparatively, the multiple 

defocus (in shapes of square and hexagon) received by the retina in the current 

experiment can be interpreted similarly as multiple regions of localized defocus in 

smaller size. If every retinal region independently decodes the received defocus and 
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correspondingly modulate dimensional changes in small regions of choroid and sclera, 

the overall axial growth may be a summated response. 

 

Since the choroidal response in our result was correlated with the change in vitreous 

chamber in a way similar to typical lens-induced responses, it is likely that at least 

part of the signal integration has taken place before triggering corresponding response 

in choroid. 

 



 166

 

Chapter 6 

Summary and Conclusions 

 

The epidemic of myopia in urbanized area of East Asia in recent years indicates that 

myopia is not purely determined by genetic factor but other extrinsic causes. 

Emmetropization is a visually guided process for eye growth, should in theory 

produces emmetropia that has minimal axial refractive error. However, this process 

apparently fails to prevent children from becoming myopic in a number of East Asian 

communities. The signal decoding process of emmetropization is still far from clear at 

present and its understanding may shed important light on the pathogenesis of 

myopia. 

 

This thesis aimed to study the decoding process for visual signals in eye growth using 

three different approaches in chapters 3-5. 

 

In chapter 3, the decoding process was firstly investigated by introducing 

superimposed competing defocus globally on chick eye. The results have shown that 

emmetropization was modulated and affected by both myopic and hyperopic defocus 
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when they were being presented simultaneously. When the magnitude of imposed 

hyperopic defocus was set at -10D, the refractive end-point of the eye varied 

according to the magnitude of the imposed myopic defocus. The change in refractive 

error was coupled by dimensional changes in vitreous chamber depth and choroidal 

thickness in a manner similar to typical responses of lens-induced myopia and 

hyperopia. 

 

With different combinations of competing defocus, refractive status and biometric 

data were shown to equilibrate and stabilize at new intermediate end-points. The 

result suggested that the decoding mechanism for defocus signals has the capability to 

discern the sign of defocus and quantitatively integrate them to guide 

emmetropization. This result is intriguing but it is unknown how the processing can 

be achieved with photoreceptors positioned at a single plane with respect to the 

optical axis. The involvements of other mechanisms such as the chromatic channels 

and accommodation microfluctuations may require further exploration. 

 

Paradigm 3 of chapter 3 has demonstrated that existing experimental myopia can be 

reversed by applying dual-power lens of matched powers. This finding has opened up 

an interesting future research direction with practical implication. If such process is 
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conserved in human eye development, will similar methods hold promise in treating 

children with myopia? Prescription of similar dual-power correction lenses for 

myopia may be a potential optical means to retard myopia progression. Practically, 

one of the optical powers can serve as a prescription to correct the existing refractive 

error, while the second refractive power may be utilized to guide the desired direction 

or end-point of emmetropization. When prescribed bilaterally, this method may give 

similar retardation effect for both eyes, good binocular vision and stereopsis as 

compared to monocular under-correction method (Phillips 2005). However, this 

method will inevitably reduce the contrast sensitivity. Paradigm 2 in the same chapter 

has shown that myopic bias was resulted when the relative contribution (in terms of 

intensity/contrast) of myopic defocus was decreased from 50% to 33% or below. This 

finding may provide reference for designing dual-power for treatment purpose. There 

may an “optimum range” of lens area ratio where competing defocus may be adjusted 

to modulate refractive status and visual performance. 

 

Paradigm 1 of the same chapter has shown that the higher the magnitude of myopic 

defocus, the more hyperopic was the emmetropization set-point. This should be 

considered together with the fact that mammals, such as tree shrew (Siegwart and 

Norton 1993) and, monkey (Smith and Hung 1999), have narrower responsive range 
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on emmetropization towards myopic defocus. It appears that that decoding range is 

inversely related to the size of the animal. Intuitively, it would be reasonable to 

speculate that the responsive range for myopic defocus in human will be even 

narrower. 

 

In chapter 4 the decoding process of emmetropization was studied from another 

perspective. The decoding range for myopic defocus was determined using a 

lens-cone device where viewing distance was strictly controlled and where external 

visual cues were isolated. It was found that the eye can decode and emmetropize quite 

accurately for myopic defocus less than 20D. Myopic shift, possibly due to form 

deprivation, was observed when the applied defocus was 25D or higher. This range 

was lower than that reported in a previous study (Irving, Sivak et al. 1992) in which 

no sign of myopic shift was found within +30D when no restriction was imposed on 

the viewing distance. The fact that the chick eye can discern the sign of myopic 

defocus up to 20D was still striking, because many monocular optical cues that 

potentially involved in the decoding process became relatively very small in 

magnitude proportionally (Thibos, Cheng et al. 2002). Theoretically, combination of 

multiple optical cues may provide enough information for the eye to infer the sign 

under higher defocus level. This adds weight to the hypothesis suggested previously 
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(Schaeffel and Diether 1999; Wallman and Winawer 2004), that the eye may make use 

of more than one cue simultaneously to acquire the sign of defocus from the visual 

inputs. 

 

Our results have showed that the emmetropization response became less accurate with 

a narrower range, but not abolished, when mid-high spatial frequency was removed 

from the visual target. At lower defocus (+5D) magnitude, the decoding was 

unaffected. This suggests that the processing mechanism is robust to certain extent, 

that it can still make use of other cues when one of the cues is absent. This goes along 

with the above hypothesis. An interesting implication is that one might argue that 

previous studies that have investigated the decoding mechanism by removing one 

potential cues at a time might not be able to detect the impaired emmetropization 

response (if any) when high defocus levels were not tested and viewing conditions 

were not strictly controlled. Further potential research directions may involve testing 

whether there will be impairment of decoding range or decoding accuracy under 

controlled viewing against those potential cues, e.g. chromatic aberration (Rohrer, 

Schaeffel et al. 1992; Wildsoet, Howland et al. 1993), retinal image size (Curry, Sivak 

et al. 1999; Schmid, Strang et al. 1999), accommodation (Schwahn and Schaeffel 

1994) etc. 
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In chapter 5, it was attempted to evaluate the gap of knowledge between the complex 

visual scene and its effect on emmetropization. The result has shown that the resultant 

on-axis emmetropization responses were quantitatively related to the area subtended 

by a defocus under competing condition. 

 

This work has highlighted the role of spatial ratio of defocus on emmetropization. It 

has explored a new relationship between the visual environments and the 

emmetropization process. Based on this finding, a “spatial-temporal” integrative 

model for signal processing of emmetropization was devised as below. 

 

The eye may be able to sample visual signals from the visual scene. Optical cues in 

visual scenes can be analyzed according to the sign, magnitude and spatial area of 

defocus (See Figure 5.1). Under this analysis, it is important to note the dioptric 

distances of the subject of regard as well as the surrounding visual objects. 

 

The importance of the visual scene is being emphasized. It is affected by a number of 

variables. Environmental factors include the relative position and the size of objects, 

illumination, contrast and spatial frequency content.  Human factors include posture, 

status of accommodation. Generally speaking, myopic defocus will be introduced by 
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objects that are more distant than the object of regard. Conversely, hyperopic defocus 

will be introduced by objects that are closer than the object of regard. Object distance 

and accommodation status together determine the dioptric magnitude of defocus. 

High amount of myopic defocus will be introduced during near visual task in a 

spacious environment, and in particular when the object of regard is small. For 

example in outdoor activities such as reading a small book in the park, looking at a 

person’s face during conversation. Most outdoor sports or simply gazing at distant 

objects, may not introduce high amount of spatial myopia defocus. In contrary, 

hyperopic defocus may dominate in other scene; for example during near work in a 

confined space, where peripheral objects occupied a large visual field. 

 

It is postulated that the emmetropization process may be biased to produce myopia in 

an individual who spends a lot of time engaging in indoor visual tasks in confined 

space and spends little time on outdoor activities. Those may be one of the reasons 

why myopia is prevalent in highly urbanized region, particularly among highly 

educated people. 

 

When the eye is exposed to a visual scene, a corresponding profile of defocus is being 

projected onto the retina (Figure 6.1, panel A). Extrapolating from our results, the 
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resultant effect of myopic defocus and hyperopic defocus was weighted according to 

the spatial area they subtended, in addition to sign, magnitude and time of exposure to 

derive corresponding eye growth. Thus a “spatial integration” model is devised. 

 

While the effect of eccentricity on the weighting of the imposed defocus on 

emmetropization remains to be elucidated, it has been shown that the duration and 

frequency of exposure for defocus can quantitatively modulate emmetropization in a 

non-linear manner (Winawer and Wallman 2002; Zhu, Winawer et al. 2002; Zhu, 

Winawer et al. 2003; Winawer, Zhu et al. 2005; Zhu, Park et al. 2005). It has been 

described as a “temporal integration” mechanism, which may involve processes such 

as neural and biochemical signals or synaptic plasticity. 

 

These identified parameters for emmetropization altogether point to a multi-factorial, 

or spatial-temporal integrative model of emmetropization from defocus contents of 

the visual scene. The spatial defocus contents of visual scenes are being sampled with 

time. As the eye exposes to various kind of visual scene, different spatial defocus 

contents from those visual scenes are being integrated to modulate the overall 

refractive eye growth or emmetropization (Fig 6.1, panel B).  
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This spatial-temporal integration model attempts to establish relationships between 

characteristics normal visual scene, visual behavior and refractive development of the 

eye. In the light of this model, it may be hypothesized that axial emmetropia, 

hyperopia and myopia are resulted from different combinations of myopic defocus 

and hyperopic defocus in the visual space or in time. It may also be said that human 

myopia is not the failure of emmetropization, but is the result of environmentally 

modulated emmetropization that produces myopia. 

 

This model does not investigate the differential response of different retinal areas to 

optical defocus and hence their contributions to the process of emmetropization. 

However, our finding agrees well with the hypothesis that peripheral defocus may be 

able to influence central eye growth providing that the imposed defocus subtends to a 

substantial retinal area. Further experiment will be necessary to determine the effect 

of defocus eccentricity on emmetropization. The elucidation of these parameters will 

aid the development of novel clinical treatments for retarding or even stop myopic 

growth. 
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Figure 6.1. 

(A) Schematic diagram for map of defocus on retina as imposed by a visual scene. 

Red colour codes for myopic defocus. Green colour codes for hyperopic defocus. 

Saturation of colour represents magnitude of magnitude of defocus. 

(B) Schematic diagram showing a speculated spatial-temporal integrative model for 

emmetropization. 
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