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a b s t r a c t

Myopia is the commonest ocular abnormality but as a research topic remains at the margins of main-
stream ophthalmology. The concept that most myopes fall into the category of ‘physiological myopia’
undoubtedly contributes to this position. Yet detailed analysis of epidemiological data linking myopia
with a range of ocular pathologies from glaucoma to retinal detachment demonstrates statistically
significant disease association in the 0 to �6 D range of ‘physiological myopia’. The calculated risks from
myopia are comparable to those between hypertension, smoking and cardiovascular disease. In the case
of myopic maculopathy and retinal detachment the risks are an order of magnitude greater. This finding
highlights the potential benefits of interventions that can limit or prevent myopia progression.

Our understanding of the regulatory processes that guide an eye to emmetropia and, conversely how
the failure of such mechanisms can lead to refractive errors, is certainly incomplete but has grown
enormously in the last few decades. Animal studies, observational clinical studies and more recently
randomized clinical trials have demonstrated that the retinal image can influence the eye’s growth. To
date human intervention trials in myopia progression using optical means have had limited success but
have been designed on the basis of simple hypotheses regarding the amount of defocus at the fovea.

Recent animal studies, backed by observational clinical studies, have revealed that the mechanisms of
optically guided eye growth are influenced by the retinal image across a wide area of the retina and not
solely the fovea. Such results necessitate a fundamental shift in how refractive errors are defined. In the
context of understanding eye growth a single sphero-cylindrical definition of foveal refraction is insuf-
ficient. Instead refractive error must be considered across the curved surface of the retina. This carries the
consequence that local retinal image defocus can only be determined once the 3D structure of the
viewed scene, off axis performance of the eye and eye shape has been accurately defined. This, in turn,
introduces an under-appreciated level of complexity and interaction between the environment, ocular
optics and eye shape that needs to be considered when planning and interpreting the results of clinical
trials on myopia prevention.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

More than twenty years ago in a mini-review on the aetiology of
myopia, Phillips wrote that ‘the retina may not be the passive
victim of scleral growth, but may conceivably be the author of its
own destruction’ (Phillips, 1990). Over the intervening years the
evidence that refractive error can wreak ‘destruction’ upon the eye
has grown considerably. As well as the long recognised association
of high myopia with retinal detachment and myopic maculopathy,
evidence now points to associations between myopia and the far
more prevalent conditions of glaucoma and cataract. Such findings
have not however gained much prominence in the field of
ophthalmology. The situation would most certainly be very
different if refractive error represented a modifiable risk factor for
ocular disease in the way that hypertension is for cardiovascular
disease. To that end a small community of scientists have, for the
last few decades, being exploring different facets of the biology of
refractive error with a view to ultimately preventing or limiting
myopia. These studies have revealed a complex web of interactions
involved in the optical control of eye growth and, in fulfilment of
the above speculative comment, have indeed demonstrated the
central role of the retina and intra-retinal processing in the control
of eye growth.

While the refraction of the eye can be modified in animals over
a wide dioptric range by a variety of interventions that alter eye
growth (as reviewed by Wallman and Winawer, 2004), the same is
not yet possible in humans. It is one of the challenging aspects of
this field that when simple hypotheses, well supported by highly
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controlled animal studies, have been tested in a clinical setting the
results have generally been disappointing and at times contradic-
tory. Nevertheless a variety of optical and pharmacological inter-
ventions have been demonstrated to have some impact on
refractive development, and more importantly eye growth, in
humans (reviewed by Leo and Young, 2011; Walline et al., 2011).
This disparity is not the only paradox in myopia research; perhaps
the greatest paradox is the mismatch between the strong epide-
miological associations with near work and the poor correlation of
near work metrics with myopia progression and the limited effect
of bifocal or varifocal glasses. Also whereas twin studies show an
apparent high heritability of refractive errors, the prevalence of
myopia appears to be increasing over the matter of decades,
a change that can’t be explained by changes in the gene pool.
Adding to the complexity of this field are recent findings that time
spent outside appears to limit myopic progression.

The purpose of this review is not to exhaustively review the
entire field but to unify disparate strands of myopia research. This
unification requires combining topics that are frequently addressed
in separate papers such as epidemiology, interventional clinical
trials, basic animal studies and applied optics. While this approach
may be unusual, it is essential to make sense of the complexity and
breadth of this topic. To that end the main part of this review is
divided into three sections. Section 2 deals primarily with the
epidemiological association of refractive error with ocular disease.
This section is intended to demonstrate the potential public health
benefits of treatments that can slowor preventmyopic progression.
Such treatments are most likely to arise from research into the
biological mechanisms of refractive error development. This is the
purpose of Section 3, which reviews such mechanisms from both
a clinical and animal model perspective. Together, Sections 2 and 3
of this review address the two issues raised in the opening para-
graph, namely the nature and magnitude of the ‘destructive’ force
of refractive errors and the role of the retina in this process. Section
4 addresses the optical issues involved in refractive error devel-
opment and how these may interact with known biological
mechanisms. These are far more complex than generally appreci-
ated and a full understanding of the nature of the interactions
between the environment, the optics of the eye and image quality
across the retina is essential to make sense of existing research and
in the planning of future studies.

In relation to the role of the retina, it has become apparent that
the extra-foveal retina plays as important, if not a more important
role than the fovea, in controlling eye growth. This stands in stark
contrast to how the refractive state of the eye is both tested and
quantified, which considers only foveal refraction. So while opti-
cally guided eye growth requires a pan-retinal or retinocentric
perspective on refraction, the definition of myopia used in clinical
studies of myopia and clinical refraction is entirely foveocentric.
This raises the intriguing possibility that at least some of the
conflicts within the field of myopia research represent a classical
logical paradox and at the heart of every true paradox is an invalid
assumption. In the case of myopia research this invalid assumption
is that foveal refraction is the relevant parameter for understanding
how the growth of the human eye will respond to visual tasks and
optical interventions.

Section 4 of this review sets out to challenge the standard
foveocentric definition of refraction and attempts to map out the
full implications of a retinocentric view of both refraction and eye
growth. Unfortunately abandoning the reassuring and familiar
foveocentric definition of refraction reveals a highly complex set of
interactions between the physical environment, optics of the eye,
eye shape and the mechanisms controlling eye growth. While this
analysis reveals an unsuspected and indeed daunting level of
complexity, it provides a comprehensive framework for future
research and may ultimately help to explain some of the paradoxes
of myopia research.

2. The association of myopia and ocular disease

One of the factors that has held back research into the biological
basis of refractive errors is the broadly held perception that, apart
a very small minority of high myopes, refractive error is merely an
optically correctable inconvenience (Saw, 2006). This commonly
held viewpoint has undoubtedly impacted upon levels of research
funding and drug development. The perception that myopia is an
‘optical inconvenience’ can be challenged on two grounds; firstly in
terms of the impact of refractive errors optically, particularly in the
developing world, and secondly on the basis of the public health
impact of refractive errors. On a global perspective uncorrected
refractive errors represent a major cause of loss of vision, particu-
larly in developing countries, and refractive errors have been listed
as one of the five priority conditions in the World Health Organi-
zations ‘Vision 2020’ (Pararajasegaram, 1999).

In more developed countries the vast majority of myopes will
have normal visual acuity with appropriate optical correction but
myopia still has significant public health consequences from avariety
of perspectives; financial, psychological, quality of life, direct and
indirect risks of blindness. Direct and indirect costs of myopia in the
US population were estimated for 1990 at US$4.8 billion (Javitt and
Chiang, 1994). High levels (>10 D) of myopia are associated with
an impact on quality of life comparablewith keratoconus (Rose et al.,
2000). But the most important impact of myopia, in terms of public
health, is as a risk factor for other potentially blinding ocular
pathologies. Myopic maculopathy, a condition associated with
significant risks of visual loss (Hayashi et al., 2010) and measurable
reductions in quality of life (Takashima et al., 2001), is the most
obvious linkage between myopia and ocular pathology. However, as
will be reviewed below, epidemiologists have also compiled an
impressive array of data indicating that refractive errors are a highly
important risk factor for a range of ocular diseases including retinal
detachment, glaucoma and cataract.

2.1. Physiological vs. pathological myopia

The question whether myopia is merely an inconvenience or
a ‘disease’ is often answered by dividing myopia into physiological
myopia and pathological myopia (Curtin, 1985). Although this is
a long-standing concept, it is still actively promoted by researchers
in this field (e.g. Morgan et al., 2012). The cut-off between the two is
conventionally, though arbitrarily, set at a spherical refractive
equivalent of �6 Dioptres. Under this classification, physiological
myopia represents an inconvenience correctable by optical or
surgical means and pathological myopia is a medical condition
subject to the complications of extreme levels of myopia. If this
distinction was truly valid, low myopes would have no additional
ocular disease risks over emmetropes. As the following analysis
demonstrates significant disease associations exist even at low
levels of myopia. Furthermore there is no evidence of a safe
threshold level of myopia for any of the known ocular diseases
linked to myopia including myopic maculopathy.

It is important to note that the following analysis addresses the
potential disease associations of refractive errors. Low levels of
myopia may certainly have some benefits in daily life, especially in
later life after the onset of presbyopia (Rose and Tullo, 1998).
Furthermore, as is discussed below, physiological mechanisms may
create myopia as a consequence of optically misguided emmetrop-
ization. Neither of these possibilities prevents myopia also having
adverse consequences for ocular health, which is the fundamental
reason for rejecting the concept of ‘physiological myopia’.
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2.1.1. Myopic maculopathy
Themost characteristic and common complication of high levels

of myopia is atrophic myopic maculopathy/retinopathy. This is
a slowly progressive and sight threatening condition in which
visual loss develops from atrophy of the retinal pigment epithelium
and/or secondary complications such as sub-retinal neo-
vascularization (Hayashi et al., 2010). Far from rare, this condition is
currently the fourth commonest cause of visual impairment in the
UK ahead of diabetic eye disease (Evans et al., 2004). The same
situation prevailed 45 years ago when Sorsby (1966) reported on
UK blindness statistics. Despite the major progress in the inter-
vening years in the management and treatment of conditions such
as glaucoma, cataract and age-related macular degeneration, no
such progress has been made in relation to atrophic myopic mac-
ulopathy. These findings are similar or worse in other countries, it
being the thirdmost common cause of blindness in theworking age
population in Ireland (Kelliher et al., 2006) and Israel (Avisar et al.,
2006). In Beijing myopic maculopathy is the second commonest
cause of low vision (Xu et al., 2006). Despite its importance in terms
of public health, atrophic myopic maculopathy stands out as the
only disease amongst the top five causes of blindness that remains
entirely untreatable.

As part of the extensive BlueMountains Eye Study, 3654 subjects
were examined for evidence of myopic retinopathy (Vongphanit
et al., 2002). This study showed a marked and highly non-linear
relationship between refraction and the prevalence of myopic reti-
nopathy. Myopes of less than 5 Dioptres had a myopic retinopathy
prevalence of 0.42% as compared to 25.3% for myopes with greater
than 5 Dioptres of myopia, i.e. a 60 fold (5924%) increase in risk in
higher myopes. Beyond 9 D of myopia greater the prevalence
exceeded 50%. Despite the far higher prevalence of myopic reti-
nopathy with increasing myopia, the far higher proportion of low
myopes (less than 5 D of myopia) in the population resulted in this
groupcontributing43%of the cases, though thesemight be expected
to be of lesser severity. Thus the so-called ‘physiological myopes’ in
this study contributed almost as many cases as the pathological
myopes, a finding that reinforces the arbitrary nature of this old
division in public health terms. Calculations of the odds ratio for
myopic maculopathy as a function of refractive status are shown in
Fig. 1 in the form of a forest plot. These values, and all other calcu-
lated or derived statistics in this paper, have been calculated from
the reported incidence data using the statistical and meta-analysis
functions of R: A language and environment for statistical
computing (R Development Core Team, 2012).

2.1.2. Retinal detachment
A similar relationship has been observed between increasing

myopia and disease in terms of the increased risk of retinal
Fig. 1. Forest plot of odds ratio for myopic maculopathy for different refractive states
derived from the Blue Mountains Eye Study. The horizontal lines in this type of plot
represent the 95% confidence intervals and the size of the square the sample size in
each group.
detachment. Ogawa and Tanaka (1988) provided details of the
refraction of 1166 cases of non-traumatic detachment and 11,671
clinic controls. Compared to emmetropes and hyperopes, this
Japanese population showed an odds ratio of 3.14 for retinal
detachment in lowmyopes in the range�0.75 to�2.75 D. The odds
ratio rose steeply with increasing myopia to greater than 80 for
myopia in excess of �15 D. In the US the Eye Disease Case-Control
Study (The Eye Disease Case-Control Study Group, 1993) compared
253 patients with idiopathic retinal detachment and 1138 controls.
Refraction was identified as the major identifiable risk factor for
retinal detachment,with an adjusted odds ratio for refractions in the
range �1 to �3 D of 4.4 (95% Confidence Interval (CI) 2.9e6.6),
increasing to 9.9 (95% CI 6.6e14.8) in the range �3 D to �8 D. For
any degree of myopia (above�1 D) the corrected odds ratio was 7.8
(95% CI 5.0e12.3). These results are presented graphically in Fig. 2,
again in the form of a forest plot. From the Eye Disease Case-Control
Study it was estimated that in the US 55% of non-traumatic
detachments in eyes without previous surgery are attributable to
myopia. In contrast to the Japanese study, the Eye Disease Case-
Control Study excluded high myopes (more than 8 D), but the risk
estimates from the two studies are not significantly different in
myopia up to �8 D.

2.1.3. Glaucoma and cataract
Myopia also has been demonstrated to have a statistically

significant association with two of the commonest ocular pathol-
ogies, namely glaucoma and cataract. In the Blue Mountains Eye
Study, for example, the relationship between glaucoma and
myopia was maintained after adjusting for known glaucoma risk
factors. This study reported an odds ratio (OR) for low myopia of
2.3 (95% CI 1.3e4.1) (Mitchell et al., 1999). The relationship was
stronger for eyes with moderate-to-high myopia (OR 3.3; 95% CI
1.7e6.4). A recent meta-analysis of myopia as a risk factor for
glaucoma pooled data from 11 different studies and concluded
that for low myopia (myopia up to �3 D) the odds ratio was 1.65
(95% CI 1.26e2.17) and for higher levels of myopia (in excess
of �3 D) the odds ratio was higher still at 2.46 (95% CI 1.93e3.15)
(Marcus et al., 2011).

For cataract the picture is complicated by the fact that the
relationship with refraction varies somewhat between different
types of cataract and that myopic shifts can accompany the
development of nuclear cataracts. The Lens Opacities Case-Control
Study addressed the latter issue by using use of distance glasses
before 20 years of age as a surrogate for myopia and showed an
increased odds ratio risk of mixed cataract of 1.44 (Leske et al.,
1991). The Blue Mountain Eye Study has also provided valuable
data on this question (Lim et al., 1999), showing that early onset
myopia before age 20 years and posterior subcapsular cataract
(PSC) showed the strongest association (OR 3.9; 95% CI 2.0e7.9) and
hyperopia appeared protective of PSC (OR 0.6; 95% CI 0.4e0.9). As
with the other conditions described above a doseeresponse rela-
tionship was apparent with increasing risk of PSC with increasing
levels of myopia. The odds ratio for PSC increases from 2.1 (95% CI
1.4e3.5) for low myopia to 3.1 for moderate myopia (95% CI
1.6e5.7), and 5.5 for high myopia (95% CI 2.8e10.9). A similar,
though steeper, doseeresponse relationship between myopia and
PSC was found in the Salisbury Eye Evaluation (SEE) project (Chang
et al., 2005). In this latter study the odds ratio for PSC was 1.59 (95%
CI 0.90e2.80) for myopia between �0.50 D and �1.99 D, 3.22 (95%
CI 1.53e6.79) for myopia between �2.00 D and �3.99 D, 5.36 (95%
CI 2.17e13.26) for myopia between�4.00 D and�5.99 D, and 12.34
(95% CI 4.85e31.42) for myopia �6.00 D or greater. The Salisbury
Eye Evaluation Study found weaker associations with nuclear
cataract and no association between myopia and cortical cataract.
The Tanjong Pagar survey also reported significant associations



Fig. 2. Forest plot showing the odds ratio for retinal detachment as a function of refraction from Ogawa and Tanaka (1988) and the Eye Disease Control Study (1993).
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between nuclear cataract and posterior subcapsular cataract but
not cortical cataract (Wong et al., 2003).

A simpler, more binary division has been employed in a more
recent Blue Mountains Study in which cataract surgery was used as
a criterion. Appropriately adjusted for confounding effects such as
severity of nuclear opacity, a significant association was identified
between cataract surgery and any degree of myopia (OR 2.1, 95% CI
1.1e4.2). Once again a doseeresponse relationship was found but
this was not as dramatic as seen in retinal detachment surgery with
moderate myopia (�3.5 to �6 D) having an odds ratio of OR 2.9
(95% CI 1.2e7.3) and high myopia 3.4 (95% CI 1.0e11.3) (Younan
et al., 2002). Some studies have failed to find an association with
PSC, notably the Beaver Dam Eye Study in which significant asso-
ciations with myopia were only reported for nuclear cataract and
cataract surgery (Wong et al., 2001).

2.1.4. Hyperopia and disease risk
Myopia is not the only refractive error that is associated with

altered disease risk. As noted above hyperopia appears to be
protective for some types of cataract (Lim et al., 1999). Conversely,
several studies have shown that eyes with a short axial length,
a surrogate for hyperopia, are at increased risk of certain retinal
disorders and angle close glaucoma, which also means that myopes
are at lower risk.

A study from Singapore demonstrated that eyes with myopic
spherical equivalent were less likely to have any degree of diabetic
retinopathy (odds ratio OR, 0.90; 95% confidence interval CI,
0.84e0.96; p ¼ 0.002, per 1-Dioptre decrease) and less likely to
have vision-threatening diabetic retinopathy (OR, 0.77; 95% CI,
0.67e0.88; p < 0.001, per 1-Dioptre decrease) (Lim et al., 2010). A
similar relationship was observed for axial length with significant
risk reductions with each 1 mm increase in axial length. Hyperopia
and short axial lengths have also been found to be associated with
higher rates of exudative age-related maculopathy (Lavanya et al.,
2010). In this Asian population hyperopia, when compared with
myopia, was associated with early age-related macular degenera-
tion (OR 1.54; 95% CI, 1.00e2.36) as was shorter axial length (OR,
1.91; 95% CI, 1.05e3.46), after adjustment for age, sex, smoking,
education, height, and systolic blood pressure. No refractive or axial
length association was found with late AMD was found in this
study.

Angle closure glaucoma is another condition that has been
associated with hyperopia (Lowe, 1970). The association between
hyperopia and angle closure glaucoma may be stronger in Cauca-
sian populations than Asian populations (Congdon et al., 1997). The
Beijing Eye Study confirmed the association between hyperopia
and a shallow anterior chamber, a primary risk factor for angle
closure glaucoma (Xu et al., 2008). For angle closure glaucoma
rather than just shallow anterior chambers, population surveys
have shown a stronger associationwith axial length than refraction.
The Kandy Eye Study (Casson et al., 2009) found the axial length
was significantly shorter in eyes with angle closure (21.99 mm)
compared with eyes with open angles (22.47 mm; p < 0.001) with
an odds ratio of 2.04 (95% CI 1.45e2.94) per millimetre reduction in
axial length. Despite this association, refractive error itself was not
significantly correlated with the incidence of angle closure, OR per
1.0 Dioptre increase ¼ 1.022 (95% CI 0.93e1.12). A population
survey from India, the Andhra Pradesh Eye, also found that no
statistically significant association between angle closure and
hyperopia when considered as a categorical variable, OR ¼ 1.66
(95% CI 0.91e3.04) (Senthil et al., 2010).

So for several conditions hyperopia has increased risk and hence
myopia could be considered protective. However, the identified risk
levels for hyperopia are smaller than the risks identified for myopia.
The stronger correlation with axial length than refraction found in
angle closure glaucoma reinforces the biological relevance of axial
length, the primary determinant of most refractive errors, in terms
of ocular health. In relation to ocular disease risk, refractive error
may therefore merely be a surrogate variable for axial length.

2.1.5. Comparison of myopia with hypertension as disease risk
factor

Out of context, the relevance of such data for public health can
be hard to grasp. Comparison of the risks identified for ocular
disease from myopia with the risks from hypertension for cardio-
vascular disease provides an illuminating benchmark. It took
decades of research to fully elucidate the risks posed by hyper-
tension for cardiovascular disease (Shea et al., 1985; Stamler et al.,
1993). Comparison of hypertension and myopia as risk factors
requires determination of disease incidence in untreated patients
and normal controls. Since long-term observation of hypertension
without treatment would be considered unethical at this stage, this
limits available comparative cardiovascular data to a few large case
control studies. A particularly relevant and well powered case
control study in the UK examined the risks for stroke according to
the quality of blood pressure (BP) control and showed an odds ratio
of 3.2 for systolic BP > 160 (95% CI 1.8e5.6) (see Fig. 3) (Du et al.,
1997). This study was a based on a yearlong review of a pop-
ulation of 388,821 inwhich 267 cases of strokewere identified from
the regional stroke register and compared with 534 controls.



Fig. 3. Forest plot showing the odds ratio for glaucoma and cataract as a function of refraction and, comparison, the odds ratio for stroke and myocardial infarction (MI) associated
with poorly controlled hypertension and smoking.
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Another large population based case control study from Cincinnati
identified 549 cases of haemorrhagic stroke over 5.5 years and
demonstrated that the odds ratio for untreated hypertension as 3.5
(95% CI 2.3e5.2; p < 0.0001) (Woo et al., 2004). An Argentinian
multicentre case control study that examined the risks for
myocardial infarction from untreated or treated hypertension
collected 939 cases over almost 3 years and demonstrated a range
of odds ratios from 2.4 to 3.4 (see Fig. 3) (Ciruzzi et al., 2001). The
odds ratios described above for glaucoma and cataract vary from 1.5
to 3.4, which is comparable to the odds ratios for the increased
incidence of cardiovascular events in the presence of untreated
hypertension. Therefore myopia in the so-called ‘physiological
range’ represents a major risk factor for ocular disease that is
comparable with the risks associated with hypertension for
cardiovascular disease. The myopia risks for glaucoma and cataract
were also comparable with the risks of stroke from smoking >20
cigarettes per day. For retinal detachment and myopic maculop-
athy, myopia carries a risk far in excess of any identified population
risk factor for cardiovascular disease.
2.1.6. Is there a safe physiological threshold for myopia and ocular
disease?

If ‘physiological’ myopia is a valid concept there should be
a demonstrable, safe level of myopia without increased risk of
other pathology. For both cataract and glaucoma there is evidence
that low myopes in the range �1 to �3 D, which is in the lower
half of the range of what is conventionally considered ‘physio-
logical’, have increased risk. For these two diseases myopia has
generally been pooled into low, moderate and high myopia for
analysis; a stratification that limits detailed analysis of the
doseeresponse relationship between ocular disease and refrac-
tion. For retinal detachment and myopic maculopathy published
risk data exists that provides more granularity in relation to
refraction. This allows mathematical models to be fitted to the
data so as to determine the asymptotic value of refraction for
which no risk is seen.

Fig. 4A and B show the risk data calculated for retinal detach-
ment and myopic maculopathy plotted conventionally (as opposed
to the forest plots) on linear and logarithmic scales on the basis of



Fig. 4. A. The odds ratio for myopic maculopathy and retinal detachment for the
centroid values of the refraction ranges quoted in the two studies plotted on a linear
scale for the odds ratio. B. The data from A replotted using a logarithmic scale for the
odds ratio. If the relationship were exponential, these data would fall on a straight line.
This indicates that a power relationship is a much better representation than a simple
exponential model.

Table 1
Regression value and statistics for a power model fitting the relationship between
myopic maculopathy and myopia and retinal detachment and myopia. Regression
Formula: OR ¼ 1 þ A (�Ref)B.

Estimate Std error t value p value

Myopic maculopathy
Parameter A 0.032104 0.003294 9.748 0.00229**
Parameter B 3.978256 0.049981 79.596 4.37e�06***
Retinal detachment
Parameter A 0.78586 0.07046 11.15 0.00154**
Parameter B 1.62057 0.03779 42.88 2.79e�05***
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mid points of the refractive ranges or estimated median in the case
of the maximal myopic group. The relationship is clearly shown in
Fig. 4A to be non-linear and exponential in nature but Fig. 4B shows
that the relationship remains non-linear when risk is plotted
logarithmically indicating this is not a true exponential relation-
ship. Comparison of an exponential non-linear optimization with
other two-parameter models (power, linear and exponential)
shows that the risk, as defined by odds ratio, is best described by
a power model of the form:
OR ¼ 1þ Að�RefÞB
where OR ¼ odds ratio, A is a scaling constant, Ref ¼ refraction in
Dioptres and B is the power coefficient. The sign of refraction is
reversed in this model to capture the concept of risk increasing
with increasing myopia. It is therefore designed only for myopic
refractions. The plotted lines in Fig. 4A and B are the fitted models
according to the parameters shown in Table 1.

For the retinal detachment data there is convincing evidence
that there is no safe level of myopia with any myopic refraction
having an odds value of greater than 1. Formyopic maculopathy the
existence or absence of a safe threshold is less clear-cut. Calculation
of an odds ratio requires a comparison or control group. This creates
problems if the incidence of a disease in the control population (i.e.
emmetropes in this case) approaches zero, as is the case with
myopic maculopathy. Using prevalence and/or incidence data can
circumvent this problem, though such data can only be reliably
acquired from population-based surveys. For myopic maculopathy
there are two well-conducted population surveys in which preva-
lence data for myopic maculopathy has been measured as a func-
tion of refraction (Liu et al., 2010; Vongphanit et al., 2002). The data
from each is plotted in Fig. 5 along with best-fit exponential and
power functions. The nature of the relationship is best seen on
a logarithmic scale as shown in Fig. 5B. Beyond �5 D both models
describe the data well but at lower refractions the power model
provides a much better fit and this fitted model has an asymptotic
zero risk at emmetropia. So even in myopic maculopathy it appears
there is no safe threshold for myopic refractive errors, although the
absolute risk falls rapidly in low myopia.

2.2. Public health implications

The above analysis serves to indicate that myopia is an impor-
tant independent risk factor for a range of ocular diseases. For
certain conditions such as retinal detachment and myopic macul-
opathy refraction appears to be the dominant risk factor and for
others, e.g. cataract and glaucoma, second only to age. Taking the
risks of hypertension as a reference point, myopia poses an equal or
even greater risk to ocular health as hypertension does for
cardiovascular health.

Epidemiological studies can demonstrate statistical association
but are not suited to determine causation. Whether myopia has
a direct causal role in the above conditions has not yet been proven
but there are several factors supporting such an interpretation.
Firstly myopia generally predates the onset of these other condi-
tions by many decades. Secondly alterations in the anatomy of the
posterior segment that are typical of higher levels of myopia
provide a plausible mechanism for increasing the risks of retinal
detachment, maculopathy and glaucoma. So for at least three
conditions there are plausible, if unproven, aetiological hypotheses.
The aetiological linkage, if any, between cataract and myopia is less
clear but the Tanjong Pagar Survey included detailed ocular
biometric data (Wong et al., 2003). This study indicated that for



Fig. 5. Plots of the incidence of myopic maculopathy from two studies on linear (A)
and logelinear axes (B). The power model (solid line) provides a better fit of the data
and demonstrates an asymptotic intercept at emmetropia.
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posterior subcapsular cataract (PSC), but not nuclear cataract, there
were significant associations with axial length, a thin lens and deep
anterior chamber. This points to a causal linkage between ocular
shape, which is defined early in life, and PSC, which develops later
in life. No such structural factors were found for nuclear cataract
where index myopia might explain much of the association. Similar
structural associations have been reported in glaucoma (Kuzin
et al., 2010). Thirdly is the existence of a doseeresponse effect for
all these conditions, i.e. that increased levels of myopia are asso-
ciated with increased risk of associated disease.

However, the crucial test of causation is whether reducing the
degree of myopia reduces the risk of these associated pathologies.
Such a study will be hard to perform due to the long time lag
between the development of myopia and the associated pathology.
An alternative indirect test of causation involves determining if
population shifts in myopia prevalence are followed, in future
years, by increases in the incidences of glaucoma, cataract, retinal
detachment andmyopicmaculopathy that match predictions made
on the basis of available risk data. As discussed below there are
global shifts in myopia prevalence that may facilitate such an
approach.

2.2.1. The increasing prevalence of myopia
The prevalence of myopia varies with age, geography, educa-

tional achievement, occupation and birth cohort being important
parameters. Myopic prevalence in children has been correlated
with increasing urbanization in both the far east (Yang et al., 2007;
Zhan et al., 2000), Greece (Paritsis et al., 1983) and Australia (Ip
et al., 2008). Amongst the school population there is a huge range
internationally with a reported myopia prevalence of 2.9% in
Melanesian school children (Garner et al., 1988). At the other
extreme, developed countries in the Far East now have levels of
myopia in excess of 80% amongst school children (Lin et al., 1999).

In more developed countries myopia prevalence seems to be
rising quite considerably over the last few decades. The most
commonly cited prevalence figure for the West derives from the
National Health and Nutrition Examination Survey (NHANES) in
1972 which gave a population prevalence figure of 25% for the USA
(Sperduto et al., 1983). A follow up study that replicated the
methodology of the 1972 survey to ensure comparability demon-
strated a significantly higher myopia prevalence in the 12e54 years
age group in 1999e2004 compared to 1971e1972 (41.6% vs. 25.0%,
respectively; p ¼ 0.001) (Vitale et al., 2009), adding credence to
earlier studies showing increasedmyopia in younger US population
cohorts (The Framingham Offspring Eye Study Group, 1996). In
terms of the degree of myopia amongst the myopic population the
NHANES studies have also demonstrated that the observed change
corresponds approximately to a 1 D shift towards increasing
myopia within the population.

Similar or even greater increases in myopia prevalence over
time have been seen in other countries. Singapore has experienced
a large increase in myopia in recent decades with myopia preva-
lence amongst 15e25 year olds rising from 26.3% in 1974e1984 to
43.3% in 1987e1991 (Tay et al.,1992). A study of 919,929 16e22 year
olds in Israel based on sequential cross-sectional surveys over 13
years showed an increase in myopia prevalence from 20.3% in 1990
to 28.3% in 2002 (Bar Dayan et al., 2005). A dramatic rise has been
observed within Inuit Eskimo populations over two generations.
This has been linked with the introduction of westernized patterns
of living and education for younger cohorts with no significant
refractive shift in the older generation over the same time period
(Morgan et al., 1975; Norn, 1997; Young et al., 1969). Increased
myopia in younger populations has been claimed to be an artefact
induced by an age induced hyperopic shift in adulthood (Mutti and
Zadnik, 2000; Park and Congdon, 2004). Such criticism only applies
to single cross-sectional studies. The findings of longitudinal
studies and cross-sectional studies repeated over a number of
years, such as those cited above provide robust indications that the
prevalence of myopia is increasing in specific populations.

2.2.2. Possible implications of increasing myopia prevalence
To understand how an increasing prevalence of myopia may

contribute to an increased burden of ocular disease it is necessary
to consider the nature of the relationship between disease risk and
increasing myopia. The doseeresponse relationship observed
between disease risk and increasing myopia means that the
attributable risk for ocular disease from myopia will depend on
both the number of myopes and their degree of myopia. This in turn
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means that an increasing prevalence of myopia will increase the
overall population disease risk. It also means that a small pop-
ulation shift in refraction such as the �1 Dioptre shift noted in the
NHANES study can lead to significant increases in disease risk, as all
myopic subjects are pushed into a higher risk band. Conversely, if
the degree of myopia in a population were reduced by interven-
tions to limit progression, then even without any change in overall
prevalence the population disease risk would be lowered.

Shifting patterns of disease incidence are, of course, com-
pounded by the ageing population profile in developed countries
but examples of increasing disease incidence for myopia-associated
conditions have been described in some populations. For example
in Scotland over a twenty year period the incidence of retinal
detachment has increased over 45%with an annualised rate of 1.9%/
year but a lack of population refraction data over the same period
means that there is no evidence that Scotland has experienced the
same increases in myopia prevalence that have been observed in
other countries (Mitry et al., 2011). Careful evaluation of trends in
disease incidence in countries with well-defined changes in
refractive distribution over time will provide the best indicator
whether the observed relationship between refraction and ocular
disease prevalence is causal.

This leads onto the central question of this review e ‘Is myopia
a modifiable risk factor?’ If it is then the doseeresponse relation-
ships observed in epidemiological studies would indicate that there
would be benefits not only in reducing the number of myopes but
also in reducing the degree of myopia even the overall incidence of
myopia is unaltered. This is an important observation as any
intervention strategy is most likely to be applied once a person has
already become myopic. To that end a comprehensive under-
standing of the underlying biological mechanisms of eye growth
and refractive development, which is the topic of next section,
provides the best hope of finding therapeutic interventions.

3. The role of the retina in controlling eye growth

3.1. Experimental myopia in animal models

The development of animalmodels of refractive errors hasmade
a huge contribution to our understanding of the regulation of eye
growth. This field has also generated a huge literature and in the
following sections citations have been chosen to exemplify
a specific aspects of this research rather than aiming to be
exhaustive.

3.1.1. Deprivation myopia
The first evidence that visual experience has an influence on eye

growth arose serendipitously from early lid-suture studies into
amblyopia. Wiesel and Raviola (1977) discovered that the sutured
eyes of monkeys developed myopia associated with expansion of
the posterior segment both equatorially and axially. Wiesel and
Raviola postulated that this was due to lack of a clear retinal image.
As lid closure may induce a range of effects, as well as preventing
vision, additional studies showed that this change was light
dependent (Raviola and Wiesel, 1978) and that similar changes in
refraction were induced without lid closure but with the induction
of corneal opacities (Wiesel and Raviola,1979). It soon became clear
that this phenomenon was present in other species including the
tree shrew (Sherman et al., 1977) and chickens (Wallman et al.,
1978) and both species have since become important animal
models in the field of experimental myopia in recent years.

3.1.2. Impact of spectacles lenses on eye growth
The next major advance in experimental myopia was the

demonstration that eye growth can be altered by lenses place on or
in front of the eyes (Irving et al., 1991, 1992; Schaeffel et al., 1988).
Such compensatory eye growth has now been demonstrated in
a range of vertebrate species including the rhesus monkey (Hung
et al., 1995), marmoset (Whatham and Judge, 2001), tree shrew
(McBrien et al., 1999; Shaikh et al., 1999), guinea pig (McFadden
et al., 2004) and even in fish (Shen and Sivak, 2007). The pres-
ence of this phenomenon in such awide range of species suggests it
is fundamental aspect of eye growth that has been conserved
during vertebrate evolution. In lens rearing studies the induced
changes in eye size and refraction represent an appropriate
compensation for the sign and amount of defocus induced by the
lens in front of the eye. A negatively powered lens in front of the eye
induces hyperopic defocus in the retinal image that results in axial
elongation, compensating for the optical effects of the lens. Once
the lens is removed after such compensation has taken place the
increased axial length renders the eye myopic. Such induced
myopia will generally show a significant degree of recovery over
time when the lens is removed due to marked reductions in axial
elongation compared to the fellow eye and hence is a phenomenon
best demonstrated in young eyes that are still actively growing. The
mechanisms that mediate lens compensation have been suggested
to be a fundamental biological feedback loop in ocular growth that
drives the statistical phenomenon of emmetropization (Schaeffel
and Howland, 1988), a concept derived from clinical studies that
was first described almost a century previously (Straub, 1909).

An importantfinding in lens rearing studies is that the changes in
refraction are primarily due to changes in axial length though the
growthmechanisms are somewhat different in birds andmammals.
In mammals growth in vitreous chamber size results from alter-
ations in the turnover of extra-cellular matrix materials leading to
loss of proteoglycans and scleral thinning (McBrien et al., 2000).
Birds have a partially cartilaginous sclera and growth is associated
with active growthwith increased extra-cellularmatrixmaterials in
the cartilaginous layer (Nickla et al., 1997). The fibrous part of the
avian sclera has, however, been found to demonstrate similar
changes to mammalian sclera during myopic growth (Marzani and
Wallman, 1997). Birds and mammals also differ in the range over
which compensation occurs, afindingwhichmay reflect differences
in the visual neurophysiology of different species (Flitcroft, 1999).

3.1.3. Evidence for local growth signals
The optically dependent growth mechanisms appear to operate

predominantly within the eye without dependence upon the
central nervous system (CNS). This has been demonstrated by the
fact that experimental changes in axial length and refraction,
including local growth changes in response to partial form depri-
vation and lens compensation, could still be induced in the chick
after the optic nerve has been cut (Troilo et al., 1987). This is not
true for all primate species however, optic nerve section prevents
deprivation myopia in the stump tailed macaque but not the rhesus
macaque (Raviola and Wiesel, 1990). In the chick the accuracy and
time course of the growth responses is changed by optic nerve
section (Troilo, 1990), so although not essential the central nervous
systemwould appear to have an influence on these mechanisms. In
addition to disconnecting the eye from the CNS, optic nerve section
may also have a direct impact within the eye from retrograde
degeneration of ganglion cells once their axons are severed or by
alteration in the blood supply to the retina due to damage to blood
vessels passing within the optic nerve or its associated pial
covering. So optic nerve section not only separates the eye from the
CNS but may also have significant intraocular consequences on the
inner retinal layers, complicating the interpretation of such studies.
The use of neurotoxins has provided additional evidence for the
role of the retina in controlling eye growth which circumvent these
issues.
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Deprivation myopia and post-deprivation emmetropization are
still demonstrable even after intraocular injection of tetrodotoxin
(TTX), which blocks action potentials (McBrien et al., 1995; Norton
et al., 1994; Wildsoet and Wallman, 1995). The majority of pro-
cessing within the retina involves graded potentials, with only
retinal ganglion cells and some classes of amacrine cell generating
action potentials. Therefore the preservation of at least some
aspects of the retinal control of eye growth following TTX injections
indicates that such control is largely mediated by intra-retinal
processing without the involvement of ganglion cells.

Additional evidence for the role of the retina in the process has
derived from pharmacological studies. Manipulations leading to
myopic eye growth cause large increases in the levels of the
neurotransmitter VIP (vasoactive intestinal peptide) which is
localised within a class of amacrine cell (Raviola and Wiesel, 1990).
Dopaminergic mechanisms have also been shown to have a role in
the optical regulation of eye growth and indicate that separate
mechanisms exist for deprivation myopia and lens induced myopia
(McCarthy et al., 2007; Nickla and Totonelly, 2011; Schaeffel et al.,
1994a; Stone et al., 1990). Dopamine is limited to amacrine cells
in the mammalian retina, notably the A18 (or CA1) cell (Kolb et al.,
1981). In primates a second type of dopaminergic amacrine has also
been described, the CA2 cell (Hokoc and Mariani, 1987). Perhaps
the most direct evidence that the retina responds to defocus has
been the observation that gene expression of the transcription
factor ZENK within glucagonergic amacrine cells is altered within
40 min of inducing retinal defocus with a contact lens and that the
nature of the response is different with positive and negatively
powered lenses (Bitzer and Schaeffel, 2002). Changes in ZENK
expression caused by occlusion of an eye have also been found to be
rapidly reversed by muscarinic antagonists and dopamine agonists
which block the development of deprivation myopia, whereas
ZENK expression in undeprived eyes is unaltered (Ashby et al.,
2007). Retinal amacrine cells are a highly varied cell class whose
overall role in visual physiology remains far from clear, but
these studies suggest that specific subpopulations of amacrine cell
are likely to play a pivotal role in the optical regulation of eye
growth.

3.1.4. Active involvement of the choroid in eye growth regulation
A role for the retina requires a signalling mechanism between

the retina and sclera that can pass through the choroid. One of the
most surprising findings in experimental myopia was the discovery
that transient alterations in choroidal thickness, a structure previ-
ously considered solely as a vascular layer, precede changes in axial
length/vitreous chamber enlargement attributable to changes in
the sclera (Nickla and Wallman, 2010; Wallman et al., 1995;
Wildsoet and Wallman, 1995). This was first noted in the chick
but it was subsequently confirmed that similar changes of smaller
magnitude are found in primates (Hung et al., 2000; Troilo et al.,
2000). Imposed defocus has also been shown to produce rapid, if
small, changes in choroidal thickness in humans within 60 min of
lens wear (Read et al., 2010).

A linkage between the retinal image, choroid and sclera (where
permanent growth changes in the eye are manifest) requires
communication between these three layers. One candidate sig-
nalling molecule between the retina, choroid and sclera is retinoic
acid, a compound actively synthesized within choroid. The levels of
retinoic acid in the retina and choroid change in opposite directions
with imposed myopic and hyperopic defocus (McFadden et al.,
2004). Furthermore choroidal retinoic acid is detectable in the
sclera at levels that inhibit proteoglycan synthesis (Mertz and
Wallman, 2000). This sequence of interactions makes retinoic
acid a leading candidate as an intraocular growth-signalling
molecule.
The choroid also contains neurons, so called intrinsic choroidal
neurons (ICN), which have been described in birds and higher
primates including humans (Schrodl et al., 2003, 2004; Stubinger
et al., 2010). The role of these choroidal neurons remains enig-
matic but they represent another potential signalling mechanism
between the retina and sclera. These neurons stain for both vaso-
active intestinal peptide (VIP) and neural nitric oxide synthase
(nNOS) (Stubinger et al., 2010). Both of these transmitter systems
have been implicated in refractive development (Fujikado et al.,
1997; Seltner and Stell, 1995).

3.1.5. Circadian rhythms and eye growth
A close link has been identified between circadian rhythms and

eye growth. The induction of myopia in animals by visual depri-
vation has been found to alter diurnal rhythms in retinal dopamine
by reducing daytime dopamine concentrations (Iuvone et al., 1989;
Stone et al., 1989; Weiss and Schaeffel, 1993). No such effect was
noted during induction of myopia by lens rearing, which suggests
deprivation and lens-induced myopia involved different retinal
pathways (Bartmann et al., 1994). Choroidal thickness shows
a circadian rhythm in chicks, marmosets and humans (Brown et al.,
2009; Nickla et al., 1998, 2002; Papastergiou et al., 1998). In chicks
there is a close phase relationship between the diurnal changes in
choroidal thickness and axial length changes during normal and
myopic eye growth suggesting these rhythms play an important
role in regulating eye growth (Nickla et al., 1998). Manipulation of
factors that affect circadian rhythms such as altering the daily
lightedark cycle or rearing under constant light has also been
found to produce a range of changes in eye growth. Constant light
limits the development of myopia from deprivation but was re-
ported not to affect lens induced changes in refraction (Bartmann
et al., 1994), though another study found constant light did
impair compensatory growth responses to negatively powered
lenses (Padmanabhan et al., 2007). Constant light also affects the
anterior segment in chicks producing corneal flattening and
hyperopia despite an increase in axial length (Stone et al., 1995).

3.1.6. Role of the central nervous system
Although there is ample evidence for a local feedback loop from

the sensory retina, most probably involving several classes of
amacrine cell, via the choroid to the sclera, the central nervous
system (CNS) does appear to have at least a modulatory influence
on eye growth and emmetropization. As already noted optic nerve
section does not abolish compensatory growth but it does alter the
response and in the chick an intact optic nerve appears necessary to
achieve emmetropia or accurate compensation (Troilo, 1990) and
optic nerve section in chicks appears to alter the set-point of the
regulatory process (Wildsoet, 2003). This points to some contri-
bution from the central nervous system.

The most obvious manner in which the central nervous system
might influence eye growth is via the accommodation system, yet
ablation of the EdingereWestphal nucleus which controls accom-
modation does not prevent lens compensation (Schaeffel et al.,
1990). The so-called ‘accommodation hypothesis’ in which the
active accommodation of near work was the driver for myopia was
also initially supported by early clinical trials in which atropine,
a potent cycloplegic, appeared to limit myopic progression in
humans (Bedrossian, 1979) and was also found to prevent depri-
vationmyopia inmonkeys (Raviola andWiesel,1985). Atropine also
limits or prevents experimental myopia in chickens but the ciliary
muscle in chickens has striated muscle and is unaffected by atro-
pine pointing to a non-accommodative mechanism of action
(McBrien et al., 1993; Stone et al., 1991). The effectiveness of pir-
enzepine, a primarily M1 muscarinic receptor antagonist, in sup-
pressing experimental myopia suggested the M1 receptor was the
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primary target for the effectiveness of non-selective cholinergic
antagonists such as atropine (Stone et al., 1991). Further work has
indicated that the chick lacks the M1 receptor (Yin et al., 2004) and
more recently the M4 receptor has been identified as a more likely
site of action at least in chicks (McBrien et al., 2011). The observa-
tion that atropine alters electrical activity of the retina at concen-
trations required to suppress myopia, points to a retinal site of
action (Schwahn et al., 2000) though a wide range of muscarinic
receptor subtypes are expressed in both the retina and sclera
(Fischer et al., 1998; Qu et al., 2006).

One of the more challenging concepts in this field is the
suggestion that amblyopia can prevent normal emmetropization.
Monkeys with induced strabismic or anisometropic amblyopia
both displayed hyperopia in the amblyopic eye which correlated
with the density of the amblyopic deficit (Kiorpes and Wallman,
1995). Monkeys that failed to show compensatory growth to
imposed anisometropia were found to have developed amblyopia
in the non-compensated eye (Smith et al., 1999). In humans the
situation is less clear cut but several small clinical studies have
suggested that anisometropia may be a consequence of amblyopia
as much as a cause. It was claimed as long ago as 1975 that
amblyopic eyes showed less emmetropization than the normal
fixing eye (Lepard, 1975) and confirmed independently (Nastri
et al., 1984). It was later demonstrated by ultrasonography that
this reflected different patterns of vitreous chamber growth
(Burtolo et al., 2002).

The mechanisms by which amblyopia might influence eye
growth remain unclear but, if a true phenomenon, this would point
to the possible involvement of retinopetal (or centrifugal) projec-
tions from the CNS to the retina. Such fibres have been identified in
a range of species including humans but no role has yet been
determined for them (Halpern et al., 1976; Simon et al., 2001;
Wolter, 1978; Wolter and Knoblich, 1965). In primates both
Fig. 6. Panels A and B are redrawn from Raviola and Wiesel (1985) and show the distribution
vertical scaling in the original source paper has been corrected in these graphs). Panels C a
histaminergic and serotonergic retinopetal projections have been
identified which terminate predominantly in the inner retina
(Gastinger et al., 2006b). The serotonergic fibres appear to project
from the Dorsal Raphe Nuclei, creating a circuit between the retina,
Dorsal Raphe Nuclei and the suprachiasmatic nucleus and hence
they may play a role in circadian rhythm regulation (Frazao et al.,
2008; Gastinger et al., 2005). Histaminergic retinopetal fibres
originating from the hypothalamus have been identified in guinea
pigs and primates (Airaksinen and Panula, 1988; Gastinger et al.,
1999). In primates these fibres are thought to terminate on ON-
bipolar terminals but histamine receptors have been noted on
dopaminergic amacrine cells in rats (Gastinger et al., 2006a). There
is currently no evidence of a direct role of these retinopetal fibres in
regulating eye growth, but the links with ON-bipolar cells, dopa-
mine and circadian rhythms are intriguing since all three, as dis-
cussed in this review, have been implicated in the refractive
development of the eye.

3.2. The role of the retina and retinal image in controlling human
refraction

3.2.1. Role of a clear retinal image in human eye growth
The first evidence in humans that a degraded retinal image can

produce myopia came from the natural experiments offered by
a range of ocular diseases. Shortly after the publication demon-
strating that lid suture leads to myopia in monkeys (Wiesel and
Raviola, 1977) the same phenomenon was described in naturally
occurring clinical situations (O’Leary and Millodot, 1979). Clinical
disorders that prevent the formation of a clear retinal image were
found to replicate the experimental conditions that had been seen
to produce deprivation myopia in animal models. A later paper
published distribution data on refractions of 73 infants with a range
of clinical disorders that prevented the formation of a clear retinal
in refraction of 46 eyes with and without visual deprivation (note an apparent error in
nd D are redrawn from Rabin et al. (1981).
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image and demonstrated a myopic shift compared to normal
infants (Rabin et al., 1981). The data from this clinical study have
been replotted in Fig. 6 alongside the data fromWiesel and Raviola
(1977). The refractive distribution of human infants with an
impaired retinal image and normal controls can be seen to display
a remarkably similar pattern to that seen in monocularly deprived
monkeys and normal monkeys.

3.2.2. Impact of spectacle corrections on human eye growth
Animal studies demonstrating that lens-induced hyperopic

defocus promotes myopic growth together with studies indicating
that myopes tend to under-accommodate for near (Gwiazda et al.,
1993; McBrien and Millodot, 1986) led to the development of the
accommodative-lag hypothesis. This hypothesis states that under-
accommodation for near promotes myopia development by
creating hyperopic blur during near work. A logical prediction of
this hypothesis is that reducing such accommodative lag for near by
reducing accommodation demand with a bifocal or varifocal near
add should reduce myopic progression. Several clinical trials have
been conducted which have demonstrated either no impact of
bifocals on progression (Grosvenor et al., 1987), or statistically
significant but small reductions in myopia progression and most
importantly in axial elongation (Cheng et al., 2010; Fulk et al., 2000;
Gwiazda et al., 2003). While such studies have not changed clinical
practice they do provide evidence that human eye growth can be
modified by optical means alone.

In animal studies, myopic defocus limits eye growth and
promotes the formation of hyperopia in growing eyes. In humans,
myopic defocus can be created by under-correcting pre-existing
myopia. Deliberate under-correction of myopic children should on
that basis slow myopic progression and conversely optically cor-
recting myopes may promote myopic progression by eliminating
myopic blur. In fact the opposite effect was observed on both
refraction and axial length in one study with fully corrected eyes
progressing slower than under-corrected eyes (Chung et al., 2002)
and a small but statistically insignificant effect seen in another
(Adler and Millodot, 2006). This finding might indicate that, in
humans, under-correction promotes myopia progression via
a mechanism akin to deprivation myopia (as demonstrated in
Table 2
Retinal disorders associated with ametropia.

Condition OMIM Ref # Linka

Achromatopsia 3 262300 8q21
Aland island eye disease 300600 Xp11
Alport syndrome, X-linked 301050 Xq22
Aplasia cutis congenita, high myopia, and

cone-rod dysfunction
601075

Bornholm eye disease 300843 Xq28
Chorioretinal atrophy, progressive bifocal 600790 6q14
Cone-rod dystrophy, X-linked, 1 304020 Xp11
Fundus dystrophy, pseudoinflammatory, recessive form 264420
Gyrate atrophy of choroid and retina 258870 10q2
Lymphoedema, microcephaly, chorioretinopathy syndrome 152950
Myelinated retinal nerve fibres N/A
Night blindness, congenital stationary, type 1A 310500 Xp11
Night blindness, congenital stationary, type 1B 257270 5q35
Retinitis pigmentosa 2 312600 Xp11
Sveinsson chorioretinal atrophy 108985 11p1
Dominant macular dystrophy, cystoid 153880 7p21
Leber congenital amaurosis 204000 vario

Pigmented paravenous chorioretinal atrophy 172870 1q31
Retinopathy, pericentral pigmentary, autosomal

recessive
268060

Retinoschisis of fovea 268080
Fig. 6) that outweighs the effect of myopic defocus. Alternatively
humans, in contrast to other species, may respond to hyperopic
defocus but be relatively insensitive to myopic defocus by the time
myopia has developed. A counter to that argument is found in
a recent contact lens trial. A multi-zone contact lens designed to
superimpose an in-focus image together with an image having
myopic defocus has demonstrated significant reductions in myopic
progression and axial elongation, indicating that myopic defocus
can reduce myopic progression in humans (Anstice and Phillips,
2011). An earlier study in chicks demonstrated that the growth
response to simultaneous exposure of hyperopic and myopic
defocus favoured the myopic defocus (i.e. a hyperopic growth
response) (Tse et al., 2007). While reconciling these studies remain
challenging they do at least demonstrate that human eye growth is
sensitive to optical manipulation in a similar manner to animal
models.

3.2.3. Retinal disorders and eye growth in humans
Further evidence of the role of the retina in influencing the

refractive state derives from the range of retinal abnormalities that
are associated with abnormal refractive states. These conditions
includemyelinated nerve fibres (Tarabishy et al., 2007). Perhaps the
clearest evidence for a role of the retina in regulating eye growth is
rarely mentioned in papers or reviews on myopia, namely the
existence of a distinct class of retinal dystrophies which have been
classified as the “ametropic dystrophies” (Laties and Stone, 1991).

Table 2 provides a list of recognised ametropic dystrophies along
with the associated gene abnormalities where known. The data in
this table were extracted from the full-text files provided by OMIM
(Online Mendelian Inheritance in Man) database using dedicated
scripts written by the author. These scripts are written in AWK and
allow identification of retinal diseases where refractive errors are
listed as a clinical feature and the associated genes were then
extracted from the OMIM gene map files. Despite the relative
neglect of such conditions in themyopia literature, there is a certain
irony that the first claimed myopia locus MYP1, is in fact one such
ametropic dystrophy, also known as Bornholm Eye Disease (Young
et al., 2004). However, a recent Chinese linkage study has suggested
that non-syndromic myopia may also be associated with this locus
ge Gene symbols Dominant
refractive error

.3 CNGB3, ACHM3, ACHM1 Myopia
.23 CACNA1F, CSNB2, CORDX3, CSNB2A, AIED, OA2 Myopia
.3 COL4A5, ATS, ASLN Myopia

Myopia

BED Myopia
-q16.2 PBCRA, CRAPB Myopia
.4 RPGR, RP3, CRD, RP15, COD1, CORDX1 Myopia

Myopia
6.13 OAT, GACR Myopia

Myopia
Myopia

.4 NYX, CSNB1A, NBM1 Myopia
.3 GRM6, MGLUR6, CSNB1B Myopia
.23 RP2 Myopia
5.3-p15.2 TEAD1, TCF13, REF1 Myopia
-p15 MDDC Hyperopia
us LCA, RPE65, RDH12, CRB1, AIPL1,

GUCY2D, CRX, RPGRIP1
Hyperopia

.3 CRB1, RP12, LCA8 Hyperopia
Hyperopia

Hyperopia
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(Guo et al., 2010). Of the ametropic dystrophies, one in particular
can be closely linked to the body of research from animal studies,
namely congenital stationary night blindness (CSNB). Defects in
several different genes have been found to create this phenotype
and they are expressedwithin the ON-bipolar cell within the retina.
This type of neuron is part of a sub-retinal circuit that also involves
the AII and dopaminergic A18 amacrine cell which has been
implicated in refractive development on the basis of pharmaco-
logical studies (Kolb et al., 1991). A mouse knockout (nob) has been
created with a mutation in the NYX gene, the same gene that is
defective in human CSNB1. This mouse has been found to be less
hyperopic than wild-type mice and develop form deprivation at
a much faster rate with form deprivation (Pardue et al., 2008).
Retinal dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC,
a dopamine metabolite) were also found to be lower in these mice,
which provides a direct link between the retinal on-pathway,
dopamine and refractive development.

While the vast majority of the ametropic dystrophies produce
myopia, some dystrophies are also associated with high hyperopic
errors notably certain mutations that cause Leber’s congenital
amaurosis (LCA). In addition to specific retinal dystrophies that
are linked to large refractive errors, retinal dysfunction appears to
be broadly associated with increased levels of ametropia. An
electrophysiological study of children with reduced best corrected
visual acuity demonstrated that myopia, astigmatism and hyper-
opia were all associated with a significantly higher rate of retinal
abnormalities as determined by the ERG (Flitcroft et al., 2005).
A detailed analysis of refractive errors in retinitis pigmentosa
(RP), one of the commonest retinal dystrophy phenotypes, was
published in 1978 (Sieving and Fishman, 1978), following on from
earlier published observations dating back as far as 1935.
Whereas 12% of a normal clinical population were observed to
have myopic refractions, myopia was found in 75% of 268 eyes of
RP patients and in 95% of 41 eyes of X-linked RP patients. The
spherical errors describe a single-peaked, skewed distribution,
with a mean of �1.86 Dioptres that is significantly more myopic,
by �2.93 D (p < 0001), than that of a normal population (Fig. 7).
The X-linked genetic group has a spherical mean of �5.51 D that
is significantly more myopic than the non-X-linked RP population
(p < 0 01). This paper also demonstrated that the refractive
abnormalities extended to astigmatism. Astigmatic refractive
errors greater than 0.5 D are found in 47% of this RP population,
considerably in excess of the 19% of a normal population with
such astigmatic errors, though as astigmatism tends to increase
along the spherical component of refractive errors this may be
a consequence of increased myopia rather than an independent
phenomenon.
Fig. 7. Comparison of the distribution of refractions in a normal population (from Sorsby et
variation, increase in variance, and a shift of the mean refraction in the myopic direction.
It is clear that a huge amount of clinical and genetic data is
available from retinal disease research that has application in terms
of understanding the regulation of refraction development. This
stands in stark contrast to the lack of identified genes identified
from myopia linkage studies. As indicated above this association of
refractive errors and genetic retinal disease has received remark-
ably little attention in the last decade and represents a potentially
important area for future work. In particular, advances in the
understanding of how different retinal cells and pathways are
affected in retinal dystrophies with and without characteristic
refractive errors may reveal a great deal about how the retina
influences refraction in humans.
3.3. Evidence for a role of the peripheral retina in refractive
development

3.3.1. Animal models
The neural mechanisms by which the retina can process image

quality remain uncertain (Wallman and Winawer, 2004) as does
the communication processes by which any defocus signal is
transmitted to the sclera though several candidate messaging
molecules have been identified including retinoic acid (Mertz and
Wallman, 2000). What is clear from chick studies is that, what-
ever the mechanism, the effect is relatively local to the overlying
sclera. In experiments where only half the visual field is affected by
a lens or diffuser, only the corresponding half of the sclera shows
the growth changes resulting in local, predominantly off-axis
myopia (Diether and Schaeffel, 1997; Hodos and Kuenzel, 1984;
Wallman et al., 1987). This indicates that the retina can modify
the growth of the adjacent sclera in response to changes in retinal
image quality on a local basis. This type of local growth response
has now been demonstrated in the rhesus monkey (Smith et al.,
2009a, 2010).

In primates evidence that the peripheral retinal image can
influence eye growth has recently been provided by experiments in
rhesus monkeys (Smith et al., 2005, 2007). These experiments
demonstrated that deprivation of the peripheral retina can stimu-
late axial eye growth despite normal central vision and indicates
that influences on the peripheral retina can outweigh signals from
the central retina. Furthermore foveal ablation in one eye demon-
strated that the periphery could produce the emmetropization-like
responses seen during recovery from induced refractive errors,
showing that central vision is not essential for emmetropization.
More recently lens induced peripheral hyperopia has been
demonstrated to produce foveal myopia with and without func-
tioning foveal vision (Smith et al., 2009b).
al., 1960) and a population of RP patients (268 eyes). There is both an increased overall
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3.3.2. Peripheral refraction and human eye growth
In humans, studies on the role of the peripheral retina in rela-

tion to refractive error and eye growth have largely been descrip-
tive with numerous studies examining the relationship between
foveal refraction and off-axis refraction (Ehsaei et al., 2011; Ferree
et al., 1931; Millodot, 1981; Mutti et al., 2000; Rempt et al., 1971;
Seidemann et al., 2002). The interesting aspect of studies is that
myopes, emmetropes and hyperopes show a different pattern of
off-axis refractionwith myopes showing relative off-axis hyperopia
(i.e. they get less myopic off-axis), the majority of emmetropes
remain approximately emmetropic off-axis and hyperopes show
a tendency to relative myopia (i.e. they get less hyperopic off-axis).
The largest sample (822 children from 5 to 14 years of age) was
provided by Orinda Longitudinal Study of Myopia (Mutti et al.,
2000). Categorized by central refraction values, these children
showed the following relative peripheral refractions (mean � S.D.)
at 30� nasally: myopic eyes: relative peripheral refraction
of þ0.80 � 1.29 D; emmetropic eyes: relative peripheral refraction
of �0.41 � 0.75 D; hyperopic eyes: relative peripheral refraction
of �1.09 � 1.02 D. While statistically significant these findings
demonstrate a wide range of variation and considerable overlap in
each refractive group. The tendency for myopes to be hyperopic in
the periphery fits with the observed shape of myopic eyes which
commonly demonstrate greater elongation axially than equato-
rially though again marked variation in eye shapewas noted within
different refractive groups (Atchison et al., 2004; Singh et al., 2006).

In relation to the aetiology of myopia the question arises of
whether the observed patterns of off-axis refraction are merely the
consequence of the growth patterns that produce myopia. A study
of pilots conducted over 40 years ago (Hoogerheide et al., 1971) has
attracted a lot of attention in recent years as it addresses this
question. This study is significant in that, for the first time, it
demonstrated that emmetropes with off-axis hyperopia had
a greater risk of developing myopia in subsequent years than
emmetropes who were relatively emmetropic or myopic off-axis.
More recently it has been demonstrated that children who
became myopic had more hyperopic relative peripheral refractive
errors than those that remained emmetropic and that this differ-
ence was apparent from 2 years prior to the onset of myopia (Mutti
et al., 2007). Mutti et al. (2011b) have recently published contrary
data thought this is based on a single peripheral measure at 30� in
the nasal field. A recent study from Singapore has also indicated
that peripheral refraction did not predict futuremyopic progression
in their study population (Sng et al., 2011).

Overall the data from off-axis refraction is suggestive that eye
shape is a relevant factor in myopia aetiology rather than just
a consequence of myopic eye growth. Nevertheless the variability of
results and existence of contradictory evidence clearly indicates
that other factors must also play a role and therefore eye shape and
peripheral refraction cannot be said to the primary or dominant
determinant of final refraction.

Another surprising line of evidence for an impact of peripheral
refraction in humans has come from studies of old method of
myopia control, orthokeratology. In orthokeratology overnight
wear of very flat fitting, reverse-geometry, rigid contact lenses
induces corneal deformation with central flattening of the cornea.
This flattening corrects the refractive aspect of myopia on-axis but
by inducing peripheral corneal steepening induces off-axis myopia.
Rather than just alter the anterior segment as originally anticipated,
there is now good evidence that overnight orthokeratology reduces
myopic progression by altering vitreous chamber growth and it is
proposed that this effect derives from the impact of peripheral
cornea steepening on off-axis refraction (Cho et al., 2005; Kakita
et al., 2011; Walline et al., 2009). However, a trial of aspheric
spectacle lens designs intended to manipulate off-axis refraction so
as to limit myopic progression has not demonstrated significant
effects on eye growth (Sankaridurg et al., 2010).

A failing of all these studies is that they attempt to correlate off-
axis refraction and/or eye shape with refraction while missing an
essential determinant of local retinal image quality, the structure of
the environment. If an essential factor in determining local retinal
image defocus is not measured in such studies it is hardly
surprising that peripheral refraction fails completely to predict or
inconsistently predicts future refractive development. This issue is
addressed in detail in Section 4 of this review.

4. A retinocentric view of refraction and eye growth

Having established a central role for the retina in regulating eye
growth and, in particular, the importance of the peripheral retinal
image, the next issue to be considered is what determines retinal
image quality at each point on the retina. As discussed above, this is
the stage at which the standard description of refraction fails us
entirely.

4.1. Challenging the standard definition of myopia

Myopia is classically defined optically as a mismatch between
the optical power of the eye and the axial length where the
posterior focal point is in front of the retina. This definition is
encapsulated in the classical graphic representation shown in Fig. 8
where in an uncorrected myopic eye (top panel) rays from distant
objects are brought into focus in front of the retina, a situation
correctable with a negatively powered or concave lens placed in
front of the eye (lower panel).

It is not uncommon in reviews or research articles on myopia to
include a section on the definition of myopia. Such sections often
point to the inconsistencies in definitions and methodologies of
measurement. The principal areas of variation between different
studies are the use or non-use of cycloplegia, choice of cycloplegic
agent, measurement method or device and thresholds for myopia.
Various refraction techniques have been employed in studies
including auto-refractors, objective refraction (manual) and or
subjective refraction. Once a sphero-cylindrical refraction has been
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obtained, there is additional variation in terms of use of the
spherical equivalent refraction or leastmyopicmeridian, thresholds
for myopia and limits on allowable levels of astigmatism. Such
methodological considerations are generally as far as criticism of
the definition of myopia extends.

In essence myopia is defined as either a binary variable, (i.e.
present or absent) or as continuous variable (typically as spherical
equivalent refraction). This reduces myopia to a one-dimensional
variable, i.e. a single refractive description of a single point on the
retina at a single point in time. The implicit but unstated assump-
tions in the standard definition of myopia are:

� Optically the eye can be considered as a purely paraxial optical
system

� The world is reduced to a single point which varies only by
distance from the eye

� Extra-foveal refraction is irrelevant

This one-dimensional concept has certainly stood the test of
time and represents the basis of optical correction in ophthalmo-
logical and optometric practice so why abandon it? At the heart of
the analysis in this paper is the concept that the beguilingly simple
definition of myopia is inappropriate when it comes to analysing
the aetiology of refractive errors. The errors and contradictions that
the standard foveocentric definition of refraction introduces vastly
outweigh any possible errors frommeasurement. Indeed several of
the paradoxes of myopia research may arise precisely because the
unstated assumptions behind the standard definition of myopia
have not been challenged.

In relation to refractive correction the simple definition of
refractive error works both practically and intuitively because
human vision is foveocentric. In stark contrast the biological
mechanisms that have been discovered to influence eye growth
and hence refractive development are, as reviewed above, reti-
nocentric or pan-retinal. To summarize several decades of research
into a single sentence, this means that the retina has a central role
in optically regulating eye growth and that each area of retina
processes the retinal image and influences the growth and/or
biomechanics of the overlying sclera. The existence of such mech-
anisms points to a highly complex interaction between the optics of
the eye, the shape of the posterior segment and the physiological
mechanisms responsible for eye growth. To fully appreciate the
degree of complexity it is necessary to be aware of the multiple
interactions that exist between the following:

� The image quality across the retina as determined by:
B The geometry of the visual environment
B Optics (on- and off-axis)
B Curvature of the retina (hence eye shape)

� The neural elements that are involved in visual guidance of eye
growth

� The growth patterns and shape changes involved in refractive
development which impact upon retinal curvature and to
a lesser extent off axis optical performance of the eye.
4.2. Determinants of the optical properties of the retinal image

In the traditional foveocentric view of refraction with the
simplification of paraxial optics the transformation from the world
to the retinal image is reduced to a reassuringly simple formula,
a simple rearrangement of the Gaussian lens formula, where
f ¼ focal length of the eye, v ¼ distance from second nodal plane of
the eye to the fovea (i.e. essentially vitreous chamber depth) and
obj is the distance to the object being fixed upon.
Refractive error ¼ 1=f � 1=v� 1=obj

This creates a single refractive error, which is valid for foveal
refraction, but for the retinal image the calculation must be
extended to calculate the error for each point across the visual field.
Far from being able to describe the retinal image in terms of a single
dioptric value, the retinal surface is a curved plane onto which light
from a three dimensional word is mapped by the optical surfaces of
the eye. This transforms the traditional definition of refraction from
a single dimensional variable to a two-dimensional plane mapped
onto a three dimensional surface. Determination of the local focus
error in the retinal image therefore requires knowledge of three
dimensional structure of the scene or more specifically the distance
of each point in the visual field from the eye, the imaging properties
of the eye’s optics for light arising from each point in that scene (i.e.
off-axis imaging properties of the eye) and the shape/position of
the retina at each point across the visual field.

Two of these factors, the off-axis optics of the eye and the shape
of the retina have been the subject of great interest in the field of
myopia but the relevance of the three-dimensional structure of the
environment has received minimal attention. In considering the
implications of eye shape and off axis refraction for eye shape there
has been an almost universal assumption that the off axis refraction
is a representation of the level of dioptric blur within the retinal
image at any given point on the retina with no reference to the
structure of the environment. If all three factors are not considered
together then any inferences about the relevance of eye-shape or
indeed even off-axis refraction on the retinal image blur are
inherently invalid. Current discussions of off-axis refraction in
relation to myopia aetiology make the tacit assumption that if the
off-axis refraction is relatively hyperopic then the retinal image in
that location is subject to that degree of hyperopic defocus with the
converse being true of off-axis myopic errors. For this to be true the
following conditions must be met:

� The eye is fully corrected for its axial ametropia
� The eye is accurately accommodated for the foveal fixation
distance

� The visual world is dioptrically uniform

The first of these conditions is usually true. The second is often
not true with a large literature indicating that normal subjects
show small lags of accommodation for near targets and myopes
often display large lags at least under certain circumstances
(Gwiazda et al., 2004) though under binocular free-space viewing
conditions accommodation lags appear small (Seidel et al., 2005).
As will be demonstrated in the following section the third is most
certainly not true for indoor settings and only an approximation for
outdoor settings.

4.3. Optical structure of the environment

Several early studies that predate the current interest in off axis
refraction, have pointed to a possible influence of the structure of
the environment on eye growth in the form of lower field myopia,
a phenomenon first described in pigeons by Catania (1964). In
a more detailed analysis it has been shown that the refraction of
pigeon eyes is essentially uniform off-axis in the superior visual
field but shows progressive myopia up to 5 Dioptres which closely
followed the geometric distance from the pigeon’s eye to the
ground suggesting it is an adaptive phenomenon (Fitzke et al.,
1985). Lower field myopia is a phenomenon that has now been
described in a range of ground feeding bird species (Hodos and
Erichsen, 1990) and amphibians (Schaeffel et al., 1994b) but not in
raptor bird species that spend little time on the ground (Murphy
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et al., 1995). Young (1961, 1963) demonstrated that rearing
monkeys in highly restrictive visual environments led to myopia,
a finding that was an extension of a much earlier study in German
by Levinsohn published in 1919. Studies in chicks have also
demonstrated that rearing in a low ceiling environment creates the
inverse of lower field myopia with development of myopia in the
superior field associated with local expansion of the inferior sclera
(Miles and Wallman, 1990).

In humans, there is some limited evidence that the local
environment influences refractive development. Time spent in
restrictive environments such as submarines or underground
ballistic missile installations has been found to associated with
increased rates of myopia as compared to military personnel in
more usual working environments (Greene, 1970; Kinney et al.,
1980). Rural populations have been observed in epidemiological
studies to have very low levels of myopia as compared to urban
populations. For example school children in rural Melanesia have
a reported myopia prevalence of only 2.9% (Garner et al., 1988) as
compared to a myopia rate in Taiwanese cities of 12% at the age of
6 increasing to 84% by age 16e18 (Lin et al., 1999). Myopic prev-
alence in children has been correlated with increasing urbaniza-
tion in both the far east (Yang et al., 2007; Zhan et al., 2000),
Greece (Paritsis et al., 1983) and Australia (Ip et al., 2008).
Intriguing recent results have demonstrated that time spent
outdoors (Rose et al., 2008) is associated with refractive status.
Children who spent little time outdoors and large amount of time
on near-work activities were more likely to be myopic than the
control group (odds ratio ¼ 2.6; 95% CI, 1.2e6.0). Yet the group
who were in the highest third for near work and highest third for
outdoor activity had no significant increased myopia risk sugges-
tive of a protective effect of time outdoors. The authors proposed
light exposure as the most likely factor in preventing myopia
progression. An alternative possibility that merits consideration,
and one that will be considered in detail in this section, is that the
three dimensional structure of the environment is an important
factor due to the impact this has on the patterns of defocus across
the retina.

4.3.1. Methodology
To understand the optical structure of the environment it is

necessary to visualize the world in dioptric terms. This requires
the removal of all luminance and chromatic information from
a scene and calculating the reciprocal of the distance of each point
from the eye. Extracting distance from a scene could be done using
stereoscopic images but this is computationally intense and
generates rather noisy distance maps. I have developed an alter-
native approach in which artificial scenes are generated using
computer-generated images (CGI) from which a precise geometric
distance from the eye to each point on the image can be gener-
ated. In all the following examples the images are entirely
computer generated and created using an open source scripting
language POVRAY (Persistence of Vision� Raytracer, Persistence of
Vision Pty. Ltd.).

The images used in these calculations were created from a range
of POVRAY files that are publicly available in source code format
(see Acknowledgements). The depth information is extracted using
the post-processing features of an unofficial extension of POVRAY,
MEGAPOV (http://megapov.inetart.net). The resulting depth maps,
once corrected for internal gamma correction to create geometrical
distance have then been imported into Matlab� (The MathWorks
Inc.) for all subsequent analysis which incorporates the effects of
accommodation, fixation position, off-axis refraction and the
impact of optical corrections such as bifocal glasses. The author is
happy to share programming details and source code for all aspects
of this modelling on request.
4.3.2. Dioptric structure of the environment
The image shown in Fig. 9 shows three computer-generated

images of a complex office environment with camera location set
at the height appropriate for an adult sitting at a desk. This
construct allows precise calculations of viewing distance during
different indoor tasks such as reading on a desk, using a computer
or looking at a distant object through a window while indoors.

The first thing that can be taken from such images is that the
indoor environment (Fig. 9DeF) is much more dioptrically varied
than the outdoor environment (Fig. 9AeC). Fig. 9E shows a simple
example of reading a book or journal while sitting at a table. At
a viewing distance of 40 cm this would, in the traditional concept of
refraction, indicate an accommodation stimulus of 2.5 D. As can be
seen from this figure, increasing distance from the centre of fixation
is associated with a decrease in the dioptric values, despite the flat
nature of the desktop.When reading a computer screen themarked
variations in dioptric value across the visual scene are even greater
with a variation of several Dioptres in the periphery comparedwith
the value at the point of fixation. Both these near tasks share the
characteristic that away from the point of fixation the dioptric value
falls. The opposite situation applies when looking a distance object
indoors as for example looking out of a window (see Fig. 9F). In this
situation more peripheral objects have a greater dioptric value (i.e.
are nearer). Indoors the world is essentially never optically flat.
Indeed the only way a scene can be optically flat is if the viewing
plane were a curved surface with a radius that equals the viewing
distance, i.e. if a personwere suspended in the centre of a spherical
but otherwise feature-less room.

Outdoors, the world is just as complex a three-dimensional
construct but the vast majority of that structure is sufficiently
distant that the conversion from distance to Dioptres renders the
outside world dioptrically much flatter than interior scenes. In
a park setting (Fig. 9A) the world is mostly uniform with the
majority of the scene less than a few tenths of a Dioptre. In more
complexly structured urban scenes (Fig. 9B and C) the world is still,
in dioptric terms, almost flat with the entire scene less than 0.5 D.
What can be seen from these images is the outdoors the world is
generally uniform though there is small loss of uniformity in more
crowded settings.

4.4. Impact of 3D structure on the retinal image e accommodation
and fixation

To understand the implications for eye growth we need to
determine the impact of the three dimensional world’s structure on
the retinal image. As discussed above this requires integration of
the optics of the eye and eye shape. As a first step it will help to omit
consideration of eye shape and consider first the impact of
accommodation and to convert the dioptric world maps in
accommodation error maps across the retina. These maps repre-
sent the mismatch between the accommodation stimulus across
the field and the accommodation response, which is primarily
determined by the foveal accommodation stimulus. They therefore
represent an estimate of the pattern of retinal defocus assuming no
off-axis refractive error. For clarity the images have not been
inverted to the orientationwithin the eye and references in the text
below to superior and inferior relate to the position within the
visual field.

4.4.1. Accommodation on and off-axis
Peripheral retinal defocus is dependent on the point of fixation

as the accommodation system responds primarily to central stimuli
(Gu and Legge,1987) and fixation targets less than 15min of arc can
provide accommodation responses as accurate as extended targets
such as a Maltese cross (Kruger et al., 2004). This shows that the

http://megapov.inetart.net


Fig. 9. The first column of this figure shows the rendered image of the scenes and the second column a grey scale image where the intensity of each pixel relates solely to the
distance from the eye (the brighter the intensity the greater the distance) in metres. The third column shows the impact of transforming distance into Dioptres (i.e. the reciprocal of
the distance in metres) on a colour scale that varies from blue at 0 D to red at the maximum of the scale (3 D).
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accommodation system is foveocentric in operation. Since the
refractive change caused by accommodation applies across the
entire visual field this means that accommodation minimizes
foveal defocus but not peripheral defocus. Another well defined
feature of the accommodation system is ‘lag’, the progressive
under-accommodation for increasingly near targets (Toates, 1972).
This lag has been found to be greater in myopic subjects and
incipient myopes at least for monocular viewing (Gwiazda et al.,
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1993). However, in binocular viewing conditions the responses of
emmetropes and myopes are comparable (Seidel et al., 2005),
presumably by the additional contribution of convergence-
accommodation in binocular viewing during near work (Wick
and Currie, 1991).

An extra level of complexity relates to whether the change in
optical power induced by accommodation is uniform across the
visual field. It remains unclear how relative off-axis refraction is
altered during accommodation. Calver et al. (2007) found changes
in off-axis astigmatism and a small relative myopic shift off axis in
emmetropes but not myopes. Two studies found no significant
relative refractive changes off-axis with accommodation in
emmetropes (Mathur et al., 2009; Tabernero and Schaeffel, 2009).
Davies and Mallen (2009) studied both emmetropes and myopes
and found only small changes in astigmatism off-axis with
increasing accommodation. Other studies have found that accom-
modation produces a relative peripheral myopic shift in myopes
(Whatham et al., 2009). The exact opposite has been described in
another study with accommodation augmenting the existing
tendency for off-axis hyperopia in myopes (Walker and Mutti,
2002). Lundstrom et al. (2009) studied both emmetropes and
myopes and found a peripheral relative myopic shift in emme-
tropes whereas myopes showed no shift or a small hyperopic shift.
The lack of consistency between various studies points to inter-
study methodological variations, high levels of inter-subject vari-
ability or a combination of both. In any case the magnitude of any
off-axis effects appear small so as a first approximation the
refractive shift induced by accommodation can be considered to
affect the whole retinal image. In light of these uncertainties, the
off-axis impact of accommodation in the following calculations has
therefore been modelled on the basis measured binocular human
accommodation performance for fixation at different distances.

4.4.2. Comparison of different visual tasks and points of fixation
Fig. 10 demonstrates the pattern of retinal defocus taking into

account the structure of the world and accommodation. In these
images the colour scale ranges fromwhite when in focus to red for
hyperopic defocus and blue for myopic defocus according to the
vertical colour scale to the right of each image. The left panel shows
the image scenes and the right panel the dioptric error maps with
the point of fixation used for calculation marked by an arrow. In
addition these images have been extended to provide a 120�

projection of the visual field, giving a better concept of the pan-
retinal image at the expense of some distortion. Fig. 10A and B
demonstrates the impact of accommodation and fixation in an
office environment. When looking at a computer screen there is
a small amount of hyperopic focus, on the scale of a few tenths of
a Dioptre, in the central field. At computer reading distances
accommodative lags are relatively small as the accommodative
demand (typically 2e2.5 D) is only slightly greater than the resting
level of accommodation (typically 1e1.5 D). Such accommodative
lags are far smaller than the errors in the periphery, which expe-
riences increased hyperopic defocus inferiorly and often large
myopic errors further off-axis especially laterally. A change of
fixation to a distant target in this environment causes a dramatic
shift in the pattern of defocus with increasing hyperopic defocus
inferiorly and to a lesser extent superiorly with dioptric errors
minimized in the central and lateral fields. These changes occur
with a change in foveal defocus of only a few tenths of a Dioptre. In
an interior environment distant viewing involves either looking at
a distant point within the room or looking at far distant targets
through a window. For both types of indoor distant viewing the
level of defocus at the point of fixation is very small, but large
amounts of peripheral hyperopic defocus are generated with the
three dimensional structure of the environment.
So indoors the retinal image contains a great deal of hyperopic
defocus irrespective of whether the task is reading or distant
viewing. The amount of defocus across the visual field also varies
considerably and the vast majority of this is attributable to the
structure of the environment rather than the performance of the
accommodation system. The accommodation system can minimize
defocus at the fovea to within a few tenths of a Dioptre in binocular
viewing but the periphery will, under most indoor viewing
conditions, experience far greater levels of defocus. One important
consequence of this is that as fixation moves around an interior
scene the peripheral retina will be subject to far greater levels of
dioptric variation over time than the fovea. The central retina may
change over the range of a few tenths of a Dioptre apart from larger
transitory changes while the accommodation responds after
a change in fixation. At the same time a change in fixation and
accommodation from a near point to distant viewing may create
sustained changes in the peripheral retinal image of several Diop-
tres, i.e. ten times greater than that experienced at the fovea.

Reading at a desk (Fig. 10C), as compared to reading on
a computer monitor, will be associated with less eye-movement
dependent shifts in defocus in the periphery but is associated
with large constant amounts of myopic defocus peripherally and
small amounts of hyperopic defocus centrally due to accommoda-
tion lag. If the observer directs their gaze slightly forwards, as
opposed to looking vertically down at a page, then therewill also be
increased hyperopic defocus in the inferior field.

As already demonstrated in Fig. 9 there is far less dioptric vari-
ation outdoors than indoors. When the accommodation response is
included, as shown in Fig. 11, it can be seen that outdoor viewing is
associated with a far more uniform pattern of retinal focus than
indoors. One of the principal differences between indoor and
outdoor activities is that indoors we aremost commonly seated and
outdoors most commonly standing. This difference alone has
significant implications for the pattern of retinal defocus. When
standing in an uncluttered environment outdoors the ground will
the closest object and the distance depends on a person’s height and
angle of the light rays reaching the eye. This creates the pattern of
defocus seen in Fig. 11A with a small degree of inferior hyperopic
defocus of the order of a few tenths of a Dioptrewhich reduces with
increasing elevation to emmetropia or a very small degree ofmyopic
defocus for distance, reflecting the performance attributes of the
accommodation system for distant fixation. Avery similar pattern is
seen even in more complex scenes outdoors (Fig. 11B and C).

When seated indoors the ground is nearer than it is when
standing and the presence of a desk or similar working surface
creates an image plane which is even closer. For near fixation this
produces a far greater degree of inferior hyperopia than can be
experienced outdoors. When fixating on a distant point indoors an
even greater degree of inferior field hyperopic defocus is generated.
There is also a smaller degree of superior hyperopic defocus due to
proximity of the ceiling (compare Fig. 10A with Fig. 10B), an effect
that obviously does not apply outdoors (see Fig. 11AeC).

4.5. Impact of the eye’s optical performance and eye shape across
the retinal image

The variation of dioptric power shown above is determined
solely by the structure of the environment combined with
accommodation. Determination of the impact of such variation on
the retinal image requires incorporation of the impact of optics of
the eye and eye shape. Together these two factors determine how
the refractive power of the eye varies across the retina. Human eyes
have two dominant features in their off-axis optical performance,
a curved image shell and high levels of off-axis astigmatism. Ocular
shape also shows significant variations between subjects, which



Fig. 10. Dioptric error maps taking into account of the accommodation response and the point of fixation for three indoor scenarios. The colour coded dioptric maps show hyperopic
defocus in red and myopic defocus in blue. The term “Accommodation Error Map” is used to indicate the mismatch between the accommodation response and the accommodation
demand across a visual scene. The eye is in these representations assumed to be emmetropic or optically fully corrected for foveal refraction.
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Fig. 11. Dioptric error maps taking into account of the accommodation response and the point of fixation for three outdoor scenarios. The same colour scale has been used in this
figure as Fig. 10 to allow direct comparison. The very washed out colours of the error maps reflects the much lower degree of dioptric variation outdoors.
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Fig. 12. This shows the preferred orientation preference of primate retinal ganglion
cells with respect to fovea. The orientation is specified as the difference in degrees
between the preferred stimulus orientation and a radial line to the fovea so the 0e15�

category represents cells aligned along a radial axis with respect to the fovea and
75e90 those aligned circumferentially.
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correlate to some degree with the on-axis refraction of the eye. In
general, more myopic eyes are less oblate or more prolate than
emmetropic or hyperopic eyes (Atchison et al., 2004). The terms
oblate and prolate are often applied to eye shape and relate to
deviations from a purely spherical shape. An oblate eye indicates
that the sclera shell has a greater equatorial diameter than an axial
diameter i.e. is axially flattened. Conversely a prolate eye has
a scleral shell that has a greater axial than equatorial diameter, i.e. is
axially elongated.

4.5.1. Off axis-astigmatism
One of the most striking features of the human eye, and indeed

most vertebrate eyes, is the presence of off-axis or oblique astig-
matism (Gustafsson et al., 2001). Rather than a single image shell
most optical systems create two image surfaces for the tangential
and sagittal axes of astigmatism. Thismeans that off-axis bundles of
rays aligned radially in respect to the centre of the cornea are
focussed differently to ray bundles aligned circumferentially (or
sagittally) to the pupil. These two image surfaces differ greatly in
curvaturewith the tangential shell having a curvature that is usually
steeper than the retina and the sagittal shell a curvature flatter than
the retina. Both off-axis astigmatism and field curvature potentially
have great relevance to the optical regulation of eye growth.

4.5.2. Off-axis astigmatism and retinal image neural processing
Off-axis astigmatism could potentially represent both a cue to

guide refractive eye growth (Wallman, 1993) or a hindrance (Fulton
et al., 1982). The two image shells effectively allow the retinal image
contrast to be measured at two different focus levels. Potentially, if
the retina could extract the differences in image contrast in radial
and circumferential contours, this could provide a cue to both the
sign and magnitude of defocus by estimation of the slope of the
modulation transfer function with respect to refraction in a similar
manner to that previously proposed for chromatic cues in the
accommodation system (Flitcroft, 1990). Conversely the degree of
image degradation from off-axis astigmatism could act as a barrier
to local defocus processing. A third alternative is that the image
degradation associated with off-axis astigmatism is mitigated by
mechanisms that selectively respond to one or other of the two
image shells. Processing cues from astigmatism or minimizing the
impact of it would be expected to depend upon orientation-
selective neurons. Classically most retinal receptive fields do not
display significant orientation selectivity, a feature more typically
seen in the visual cortex. However a degree of orientation tuning
has been detected in both amacrine cells and ganglion cells in
several mammalian species. To selectively respond to tangential or
sagittal blur neurons would optimally be tuned to an orientation
along an axis radial to the fovea or tangential. A radial orientation
preference for receptive field elongation was first noted in the cat
for ganglion cells more than 2� from the area centralis (Levick and
Thibos, 1982). This selectivity has been demonstrated in the
primate retina using single cell recording techniques, with the two
most frequent orientations being with �15 degrees of the radial
and tangential directions with respect to the fovea (Passaglia et al.,
2002). Such neurons would, in terms of image processing, be
preferentially stimulated by either the sagittal image shell or
tangential image shell (Fig. 12).

That this spatial tuning reflects neural processing rather than an
artefact of off-axis astigmatism per se is supported by the fact that
a similar orientation can be seen in the dendritic trees of some
classes of amacrine and ganglion cells (Bloomfield, 1991, 1994). In
the cat the dendritic trees of ganglion cells outside the area cen-
tralis, which had been retrogradely labelled with horse radish
peroxidase (HRP), were found to be arranged radially ‘like the
spokes of a wheel having the area centralis at its hub’ (Leventhal
and Schall, 1983). The finding has been replicated in the primate
retina (Schall et al., 1986).

The fact that foveal ablation doesn’t prevent emmetropization
or lens rearing responses in primates (Smith et al., 2009b) points to
the fact that either off axis astigmatism does not degrade the retinal
image sufficiently to prevent extraction of a local defocus cue or
orientation-selective mechanisms serve to enhance image contrast
sufficiently. We have insufficient evidence to know the relevance, if
any, of retinal orientation selectivity of amacrine cells and ganglion
cells for the processing of defocus signals, though the orientation of
the receptive fields and the fact they are only located outside the
central retina provides a potential neural basis for off axis astig-
matism being a cue for eye growth. This is certainly an intriguing
possibility that has received little attention in the field of myopia
research.

4.5.3. Impact of imposed astigmatism on eye growth
The impact of imposed astigmatism on eye growth has been

examined in both the chick and monkey by rearing animals with
cylindrical or sphero-cylindrical lenses. In one study in the chick
imposition of þ10 or �10 cylindrical lenses did not induce
compensation to the spherical equivalent refraction (i.e. þ5 or �5)
but rather to the myopic meridian (Schmid and Wildsoet, 1997).
Another study using cross-cylinders with no overall optical power
found only a small bias towards the imposed myopic meridian, i.e.
the eyes became only slightly hyperopic. Furthermore this study
showed that combining large (�5 D) cross cylinders with spherical
lenses did not prevent accurate compensation to the spherical
lenses (McLean and Wallman, 2003). In the monkey eyes exposed
to cross-cylindrical lenses with zero spherical equivalent power did
not remain emmetropic but become myopic or hyperopic appar-
ently showing adaptive growth to one or other of the astigmatic
meridian, though the least hyperopic or most myopic meridional
power was preferred (Kee et al., 2004). Imposed astigmatism often
led to induced corneal astigmatism but there was no correlation
between the imposed and induced astigmatic axis (Kee et al., 2003).
This suggests that there is no visually guided mechanism to elim-
inate corneal astigmatism. It should be noted that in both species
imposed astigmatism seemed to disrupt emmetropization with
eyes showing more variability in growth response than is typically
seen in spherical lens rearing studies.

It is worth noting that these studies were designed and analysed
in terms of the impact of the imposed astigmatism on central
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refraction. The orientation of the axes of spectacle lens or indeed
corneal astigmatism is consistent across the visual field whereas
both the axis and magnitude of tangential and sagittal off-axis
astigmatism vary with retinal location. For example at a retinal
level a cylindrical lens with an axis at 90� has opposite effects on
tangential and sagittal astigmatism along the vertical and hori-
zontal meridians but at oblique angles i.e. an axis of 45� and 135�

the imposed astigmatism will not affect the tangential or sagittal
image shells as the cylindrical lens has no power along these
oblique meridians. In addition, the magnitude of off-axis astigma-
tism increases with eccentricity so the centre of the visual field will
be dominated by the imposed astigmatism, the mid-peripheral
field will experience a varying range of astigmatism which varies
between different meridians due to the interaction of corneal and
off-axis astigmatism and the periphery will be increasingly domi-
nated by off-axis astigmatism. Hence the presence of corneal or
imposed astigmatism significantly disrupts the pattern of off-axis
astigmatism across the retina. If off-axis astigmatism were used
as a cue to control eye growth then large amounts of corneal or
lenticular astigmatism would be expected to detrimentally affect
processes such as emmetropization or lens adaptation.

In humans the process of natural emmetropization, i.e. the
reduction of spherical refractive errors and astigmatism over time
that has been well documented in longitudinal studies appear to
proceed relatively independently of each other (Ehrlich et al., 1997).
Nevertheless it has long been observed that astigmatism is associ-
ated with ametropia (Green, 1871). An association between early
astigmatism and later myopic progression has also been described
(Fulton et al., 1982; Gwiazda et al., 2000a) supporting the notion of
a causal link. Does persistent astigmatism during infancy reflect
deficient emmetropization mechanisms from the outset or does
pre-existing astigmatism detrimentally influence eye growth
leading to later myopia? The evidence from animal studies does
suggest that imposed astigmatism reduces the accuracy of emme-
tropization and does not lead to compensation towards the spher-
ical equivalent refractionbut to oneof the astigmaticmeridians. This
suggests that astigmatism can affect eye growth but it also possible
that increasing ametropia per se leads to astigmatism.

Another under-explored question in relation to off-axis refrac-
tion is whether the eye will regulate its growth off-axis towards the
optimal spherical equivalent refraction or to one or other of the
tangential and sagittal image shells in the manner that has been
observed for imposed astigmatism (Kee et al., 2004; Schmid and
Wildsoet, 1997). The eye may regulate its growth to the most
myopic/least hyperopic shell as seen in animal studies or alterna-
tively may regulate to the image shell that is most in focus i.e.
closest in position to the retina. The tangential image shell is more
steeply curved than the sagittal shell so would typically follow the
retinal contour of a prolate eye and conversely the flatter sagittal
shell would follow the contour of an oblate eye. The starting shape
of the posterior segment, which may be genetically defined,
combined with the off-axis astigmatism determined by the
refracting surfaces may therefore interact so as to promote
a particular retinal profile as the eye grows. Like so much in this
field, such issues remain unresolved but merit further study.

4.5.4. Field curvature and eye shape
Measurements of off-axis refractive error combine the two

factors of optical field curvature and the three dimensional shape of
the posterior segment because off-axis refraction represents the
mismatch of the field curvature and the curvature of the retina.
Shape is often inferred from off-axis refraction on the basis that the
optics of the eye produce a spherical image shell. Optical models
such as the classic schematic eyes of Gullstrand and others have
been optimized for paraxial optics but have off axis performance
that is radically un-physiological, principally on account of the fact
that spherical refractive surfaces are used for computational
simplicity. Schematic eyes with aspheric surfaces have been devel-
opedwhichprovide goodapproximations of off-axis performance of
the human eye (Drasdo and Fowler, 1974; Escudero-Sanz and Nav-
arro, 1999; Navarro et al., 1985; Pomerantzeff et al., 1971, 1984). For
any given paraxial focal length and standard clinical refraction, the
profile of peripheral field curvature is sensitive to the asphericity of
the corneal and lenticular surfaces. Fig. 13 shows how changes in
both eye shape and ocular surface asphericity can alter the off-axis
spherical equivalent refraction without changing on-axis refrac-
tion. These calculations were generated using the ray tracing
programZemax� (Radiant Zemax) andanasphericmodel eyebased
on the wide-angle model of Escudero-Sanz and Navarro (1999).

Fig.13C shows the standardmodel with a spherical shape for the
posterior sclera and a normally aspheric cornea. The four other
model eyes showing the effect of making the anterior surface
cornea more prolate (Fig. 13A), oblate (Fig. 13E) or changing just the
shape of the posterior sclera making it more prolate (Fig. 13B) or
oblate (Fig.13D). In essence prolate corneal and scleral profiles both
create relative peripheral hyperopia and an oblate cornea/sclera
profile creates a more myopic off-axis refraction pattern. Therefore
in the absence of information about the degree of off-axis astig-
matism and field curvature, it is impossible to reliably infer off-axis
refraction from eye shape data alone. Similarly it is not valid to infer
eye shape from off-axis refraction.

4.6. The combined effects of the environment, eye shape and optics

An accurate calculation of the pattern of defocus across the
retinal image requires integration of all of the above factors, i.e. 3D
structure of the environment, accommodation, fixation distance
and off-axis refraction as determined by the optics and shape of the
eye. A further complication is that, as discussed in Section 3.3.2
above, differences have been found in off-axis refraction between
adult emmetropes and adult myopes as well as younger subjects
who are destined to become myopic in later years. This evidence is
at least suggestive that eye shape might influence later eye growth,
but animal studies demonstrate that eye shape can be altered by
optically driven eye growth so that in humans it is likely that eye
shape in adults may also reflect the consequences of optically
driven growth.

4.6.1. Is off-axis defocus affected by the structure of the
environment?

The simulations shown in Figs. 10 and 11 show the variations in
the pattern of defocus across the visual field. The greatest degree of
hyperopic defocus is seen inferiorly for indoor distance viewing and
the second greatest superiorly for the same the viewing condition.
This should lead to the situation where the inferior and superior
off-axis refractions are more myopic than central refraction. Such
an adaptive growth response is analogous to the lower field myopia
seen in animals that live close to the ground. Fig. 14 shows the
results of applying the same methodology of Figs. 10 and 11 to the
phenomenon of lower field myopia in pigeons. Fig. 14A demon-
strates a wide-angle (120�) computational model of a park scene
from the perspective of pigeon at an eye height of 19 cm though the
dioptric scale has been resized (from �2 D to �5 D) to take into
account themuch higher levels of inferior hyperopiawhen an eye is
close to the ground. This map assumes that there is no consistent
change in refraction off-axis.

To relate this to the phenomenon of lower field myopia Fig. 14B
shows the individual refraction data for pigeons across the vertical
visual field re-plotted from Fitzke et al. (1985). The black line
represents the trigonometric model described by Fitzke, as



Fig. 13. Demonstration of the impact of posterior sclera shape and cornea asphericity on image curvature in the human eye. The graphs of field curvature show the position of the tangential astigmatic image shell (labelled ‘t’) and the
sagittal astigmatic image shell (labelled ‘s’) relative to the retina. Positive values along the horizontal indicate the image plane is posterior to the retina (i.e. at the retina the image will experience hyperopic defocus) and negative values
indicate the image plane is anterior to the retina (i.e. at the retina the image will experience myopic defocus). The vertical axis represents visual angle up to a maximum of 50� . Axial length and overall optical power of the eye is the
same in all these models. Prolate corneal and scleral profiles both create relative peripheral hyperopia and an oblate cornea/sclera profile creates a more myopic off-axis refraction pattern.

D
.I.Flitcroft

/
Progress

in
Retinal

and
Eye

Research
31

(2012)
622

e
660

644



Fig. 14. Dioptric map of a park scene from the perspective of a pigeon (A) and the representation of the dioptric values along the vertical midline meridian plotted against actual off-
axis pigeon refraction data from Fitzke et al. (1985).
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described by the equation Ref ¼ (100/H) � sine q where
Ref ¼ refractive state, H ¼ the eye-ground height in cm (19.4), and
q ¼ elevation below horizon. The red line represents the dioptric
error values from Fig. 14A in pixels along the central vertical
meridian. This graph demonstrates very clearly the accurate
correspondence of the pigeon’s off-axis refraction with its typical
visual environment as well providing a calibration for the optical
transformations used in these simulations.

4.6.2. Do humans show any correlate of lower field myopia?
In humans the combination of the greater distance of the eye

from the ground with the reciprocal relationship between Dioptres
and distance means that the visual scene outdoors is much more
uniform as already shown in Fig. 11 (though note the different
dioptric scale in the Figs. 11 and 14). As discussed above the act of
sitting, particularly at a desk creates a ‘ground’ level much closer to
the eye. In particular Fig. 10A and B show significant amounts of
inferior hyperopic defocus and for distant fixation indoors a small
amount of superior defocus due to the ceiling.

Does human eye growth show any compensatory growth
patterns akin to lower field myopia in birds and other species?
Studies of off-axis refraction cited above in Section 3.3.2 have
typically considered only the horizontal meridian and sometimes
only a single off-axis measurement. In humans there has been little
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study of refractive variation in the vertical meridian though
Seidemann et al. (2002) was the first study to demonstrate a small
degree of inferior field myopia. A larger study by Atchison et al.
(2006) concluded that humans did not display lower field myopia
but as the data was presented in the form of absolute rather than
relative peripheral refraction the small effect that is evident in this
study was not easily apparent. Their paper provided polynomial fits
for both vertical and horizontal meridians. Using these functions
refraction maps across the visual field, analogous to the maps
shown for defocus above, can be constructed from the horizontal
and vertical data provided by Atchison by extrapolation. Fig. 15
shows the resulting maps calculated by pooling the data into
high myopes (�5 to �8), low myopes (�1 to �4) and emmetropes.
While emmetropes demonstrated relative off-axis myopia with the
exception of the region around the optic nerve (approximately 15�

temporal to fixation), myopes showed a progressive hyperopic shift
along the horizontal meridian with vertical relative myopia greater
in the inferior than the superior field. A nasal-temporal variation
along the horizontal meridian has been a consistent finding in
a wide range of studies. The fact that this asymmetry is mirror
symmetric in the two eyes indicates that this cannot relate to any
feature or attribute within the environment since the nasal field of
one eye views the same part of the environment as the temporal
field of the other eye. Accurate measurements of eye shape in the
posterior pole with partial coherence interferometry indicate that
the optic nerve, which inserts into the nasal retina, contributes to
this asymmetry (Schmid, 2003, 2011). An observation reinforced by
the fact that the location of the small hyperopic shifts often seen in
temporal field/nasal retina of emmetropes is located at the angular
position of the optic nerve (Atchison et al., 2006; Shen et al., 2010).

These findings have recently been replicated in another much
larger study of 85 myopic children who showed relative peripheral
hyperopia along the horizontal meridian (þ0.56 D at 30� nasally
and þ0.61 D at 30� temporally) and relative peripheral myopia
along the vertical meridian which was more pronounced inferiorly
(�0.36 D at 30� superiorly and �0.48 D at 20� inferiorly) (Berntsen
et al., 2010). However another study has failed to demonstrate this
effect along the vertical meridian (Ehsaei et al., 2011).

If the pattern of off axis refraction demonstrated for myopes in
the studies of Seidemann et al., Atchison et al. and Berntsen et al.
were a compensatory growth response then this would most
closely match the compensation pattern expected for indoor
distance viewing. The red hyperopic areas superiorly and inferior in
Fig. 10B should promote myopic growth on the basis of animal
models leading to the blue myopic areas seen in Fig. 15C. Under-
standing whether such patterns reflect compensatory growth will
clearly need far more detailed studies ideally of a longitudinal
nature in which all the factors discussed here are measured, i.e.
visual tasks analysed in terms of the 3D structure of the world (not
just near work or distance), optics of the eye, eye shape and
accommodation performance. But for now the limited available
data provides an intriguing indication of how being indoors as
compared to outdoors might promote myopic growth.

4.6.3. Relevance of peripheral refraction prior to the onset of
myopia

Another question arises from the findings of Hoogerheide et al.
(1971) and others who have shown that the pattern of off-axis
refraction in emmetropes appears to be associated with increased
risk of myopia in later years. How do different patterns of off-axis
refraction interact with the dioptric maps presented so far? In
this case the horizontal and vertical variations in off-axis refraction
don’t apply, as this feature, where it has been seen, appears to be
a feature of myopic eyes. In emmetropes the horizontal and vertical
field are very similar with the exception of the variation around the
optic nerve, but since this corresponds to the physiological blind
spot this area cannot have any input to the process of retinally
guided eye growth. Examples of hyperopic and myopic off-axis
have therefore been modelled on the basis of rotationally
symmetric representations of off-axis refraction up to 60� based on
the data of Millodot (1981) as shown in Fig. 16 (note the angular
dimensions of these wide angle maps are twice that of Fig. 15).

The results of combining off-axis refraction with 3D structure,
accommodation and fixation are shown in Fig. 17. Fig. 17 panels
AeD represent different scenes. The first panel shows the rendered
image from the 3D model, column 2 represents the impact of
a myopic off-axis refraction profile, column 3 an emmetropic
profile and column 4 a hyperopic off-axis profile on retinal defocus.
As in previous figures, the retinal image calculations are not
inverted to allow easy comparison with the visual scene.

The situation outdoors is relatively simple since in such envi-
ronments the dioptric structure of the world is very uniform so that
in this environment off-axis refraction is the dominant determinant
of retinal defocus off-axis (see Fig. 17 panels A1e4).

In the presence of physiological levels of peripheral myopia
(Fig. 17, column 2) the retinal image is dominated by myopic
defocus with the greatest levels experienced off-axis when reading
on a flat surface such as a desk (Fig. 17 panel D2). When there is no
variation of spherical equivalent refraction with eccentricity
(Fig. 17, column 3) the off-axis refraction is primarily determined by
the 3D structure of the environment, accommodation and fixation
point. With off-axis hyperopia, the retinal image in most scenes is
dominated by off-axis hyperopia with some para-central myopic
blur in some conditions (Fig.17 panel C4). The greatest total amount
of hyperopia in this condition is experienced for indoor distance
viewing (Fig. 17 panel B4) and the least for reading on a flat surface
(Fig. 17 panel D4), which can be construed to indicate that off-axis
hyperopia is optimally adapted for reading. These calculations
demonstrate that the impact of off-axis refraction on retinal defo-
cus is task and environment dependent and that the relative
importance of environment or off-axis refraction depends on the
sign (i.e. whether myopic or hyperopic) of peripheral refraction and
will also depend on its magnitude, the greater the degree of
peripheral refractive error the more dominant this feature
becomes. The implications of these patterns of defocus are dis-
cussed further in Section 4.7.3 below.

As has been previously noted (Stone and Flitcroft, 2004) one
important aspect of off-axis refraction data is often masked by
presentation of mean data, that is the degree of variability. Taking
one the largest available samples as an example (the Orinda Eye
Study, Mutti et al., 2000), the degree of overlap and variation
between emmetropes, myopes and hyperopes can be visualized by
plotting the probability distribution functions based on the
observed mean and standard deviation for each group (see Fig. 18)
assuming a normal distribution pattern. Amongst the emmetropic
group which are often considered to have a single pattern of off-
axis refraction 45.2% would be expected to have more than 0.5 D
of myopia at 30� from the measured mean and standard deviation,
43.5% to bewithin�0.5 D of emmetropia and 11.3%more than 0.5 D
of hyperopia. Fig. 18 also indicates the significant overlap of myopes
and hyperopes who are often considered to have different off-axis
refractive profiles. When considering Fig. 18 together with the
retinal defocus calculations shown in Fig.17 it should be clear that it
is impossible to infer what the actual pattern of off axis retinal
defocus will be in a myopic or hyperopic subject without knowing
both the individual’s off-axis refraction and viewing habits. This
shows that inferring the pattern of off-axis retinal defocus on the
basis of mean off-axis refraction of a particular group or demo-
graphic is invalid. Hence the determination of the pattern of off-
axis retinal defocus needs to be made on an individual basis.



Fig. 15. Extrapolated maps of off-axis refraction for emmetropes, low myopes and high myopes (calculated from data published by Atchison et al., 2006).



Fig. 16. Hypothetical off-axis two-dimensional profiles based on clinical data for off-axis myopic (A) and hyperopic (B) profiles from Millodot (1981). The left panel of each row
shows the off-axis refraction measurements from Millodot (1981) and the right panel the equivalent 2-dimensional maps.

D.I. Flitcroft / Progress in Retinal and Eye Research 31 (2012) 622e660648
4.7. Implications for understanding eye growth

On the basis of our understanding of the visual guidance of eye
growth the above analysis has significant implications. These
include a better appreciation of why bifocals glasses for near work
have limited impact on progression, a potential explanation for the
impact of time spent outdoors on myopia progression and impli-
cations for myopia control strategies based on manipulation of
peripheral refraction with spectacle lenses or contact lenses.

4.7.1. Impact of bifocal glasses on dioptric error maps
A core assumption of the bifocal and varifocal glasses inter-

vention trials is that providing a near-add for close work creates the
optical equivalent of distant viewing by reducing accommodation
demand and also accommodative lag. While the latter is certainly
true for the retinal image at the fovea, across the retina this is most
certainly not true. The impact of ‘executive’ bifocals with near
addition ofþ1.5 D is demonstrated in Fig. 19. The ‘executive’ style of
bifocal glasses has traditionally been used in children and involves
a horizontally split lens where the entire lower portion of a lens has
additional dioptric power. These calculations assume that when
fixating for near the subject fixates 20� below the line dividing the
near and distant part of the glasses and when fixating for distance
fixates 20� above the dividing line. Outdoors (Fig. 19A), with distant
fixation, bifocals produce a pattern that differs from that shown in
Fig. 17 by having an area of myopic defocus in the inferior field. This
is a reversal of the small degree of inferior hyperopic defocus
usually seen outdoors. Indoors the pattern of defocus on the
peripheral retina is also changed. During distant viewing indoors
while sitting at a desk (Fig. 19B), bifocals reduce the amount of
hyperopic blur in the inferior field (comparewith Fig. 17B3 but note
the different Dioptric scale). In terms of retinal area this is a far
greater effect than the reduction in central hyperopic defocus that
is typical of reading, i.e. the classical accommodation-lag (Fig. 19D).
Reading a computer screen with bifocals reduces the amount of
superior myopic defocus this condition usually generates. On a flat
surface, the reduced level of ocular accommodationwith the bifocal
lens creates a zone of hyperopic blur superiorly in the field
(Fig. 19D).

It should be noted that in addition to the differences induced by
the visual task, the defocus pattern across the visual field/retina
will also depend on the fixation point in the two lens zones and the
design of a bifocal/varifocal lens. Nevertheless, it is clear that
bifocals change the pattern of defocus but certainly do not elimi-
nate hyperopic defocus. In particular bifocals do not change the
retinal defocus pattern during reading into the pattern see for
distance viewing. Overall the level of hyperopic defocus is reduced
centrally during reading and in the inferior field during distant
viewing indoors, but it is increased in the superior field during
reading. If the pattern of defocus across the retina is an important
parameter in human refractive development then these calcula-
tions help to explain why bifocals have had limited success in
reducing myopia progression.

4.7.2. Protective effect of being outside on myopic progression
One of the more intriguing findings in recent years has been the

demonstration from a detailed population based study that time
spent outdoors appears to be protective of myopic progression
(Rose et al., 2008), an association first noted in boys in Finland
(Parssinen and Lyyra, 1993). Light exposure has been suggested as
the protective factor and yet light exposure has also been suggested
as a causative factor in myopia progression (Mandel et al., 2008;
Quinn et al., 1999) though the evidence has been contradictory in
humans (Gwiazda et al., 2000b; Saw et al., 2001; Zadnik et al.,
2000). Constant light rearing in chickens leads to enlargement of
the vitreous chamber despite a hyperopic refraction since the



Fig. 17. Off-axis retinal defocus patterns including 3D structure of the environment, fixation, accommodation, and off-axis refraction. Figures AeD represent different scenes and
column 2 shows the impact of myopic off-axis refraction, column 3 emmetropic off-axis refraction and column 4 hyperopic off-axis refraction. Specific images are referred to in the
text by row and column e.g. top right images is referred to as A4.
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cornea flattens dramatically under such conditions (Liu et al., 2004;
Stone et al., 1995). Animal studies with both chickens (Ashby et al.,
2009) and rhesus monkeys (Smith et al., 2012) have demonstrated
that high ambient light levels (15,000e25,000 lux) for periods of
the day retard the development of deprivation myopia. In chickens
high light levels also slow the development of myopia during
compensation to negatively powered lenses but augment hyper-
opic compensation to positively powered lenses, though in both
cases full compensation was still observed (Ashby and Schaeffel,
2010). Despite current interest in high light levels (comparable to
full sunlight), constant light of lower intensity has previously been
found to have similar effects on deprivation and lens rearing as
shorter periods of bright light (Bartmann et al., 1994; Padmanabhan
et al., 2007). This suggests that light may impact eye growth by
influencing circadian rhythms, which have long been known to be
important in ocular growth (Nickla et al., 1998).
The attention on light has led to researchers to consider vitamin
D levels and receptors. Associations have been found between
myopia and polymorphisms within the vitamin D receptor gene
(Annamaneni et al., 2011; Mutti et al., 2011a) and differences noted
in vitamin D levels in myopes and emmetropes (Mutti and Marks,
2011), yet myopia is not a typical feature of severe vitamin D
deficiency in the form of rickets (Reddy et al., 1979). In relation to
the regulation of eye growth the challenge in relation to light
exposure is that the amount of light received by the retina or in the
case of vitamin D the amount of light received by the skin has no
bearing on the refraction of the eye and vice versa. In engineering
terms light is an open loop stimulus. It is therefore difficult to create
a regulatory hypothesis for how light levels could regulate growth
of the eye to the precision to maintain emmetropia (i.e. regulate
axial length within �200 mm which corresponds approximately to
�0.5 D).



Fig. 18. Probability distributions demonstrating the degree of overlap of different refractive groups in the Orinda Eye Study (calculated from data derived from Mutti et al., 2000).
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This is not to say that light exposure can’t affect the mechanisms
involved in the optical regulation of eye growth. As indicated above,
recent animal studies in chickens do suggest that light might
differentially affect the mechanisms responsible for myopic and
hyperopic compensation, altering the dynamics of the responses to
myopic and hyperopic defocus (Ashby and Schaeffel, 2010).
Constant light also has significant impact on dopamine levels in the
retina, a neurotransmitter linked to ocular growth mechanisms
(Bartmann et al., 1994). Light would also be expected to impact on
defocus via constriction of the pupil which increases the depth of
focus and hence reduces retinal sensitivity to focus errors (Blackie
and Howland, 1999).

An alternative or additional possibility for the impact of being
outdoors on myopic progression may be the profound differences
in the pattern of retinal defocus generated indoors and outdoors.
On the basis of animal studies, sustained hyperopic defocus should
promote local eye growth and myopia. Contrasting indoor scenes
with outdoors reveals a marked increase in the level of hyperopic
defocus for both near and distant fixation while indoors. Being
outdoors may therefore be protective on the basis that it provides
minimal amounts of peripheral defocus and hence may provide
a so-called STOP signal for eye growth. Even if the human eye were
responding only to the amount of blur and not its sign, the amount
of blur across the retina and indeed its variation with eye move-
ments is far less outdoors than indoors. This optical effect may
indeed be further enhanced by the impact of light levels on pupil
size which would be expected to be much smaller outdoors so light
might interact with peripheral defocus via the depth of focus
changes induced by pupil constriction.
4.7.3. Temporal variations in defocus
The spatial and optical analysis presented in this paper is

complex but it must be noted that an additional dimension, that of
time will also need to be incorporated into a full understanding of
eye growth. While the effects of sustained periods of myopic or
hyperopic defocus have been well defined in animal studies, it has
recently been shown that the effects of different signs of defocus do
not interact in a simple linear fashion over time. Such studies have
demonstrated that short periods of myopic defocus, or a clear
retinal image, can block the myopic growth response from longer
periods of hyperopic defocus (Kee et al., 2007; Shaikh et al., 1999;
Winawer and Wallman, 2002; Winawer et al., 2005; Zhu et al.,
2003).

Changing fixation, particularly in a visually cluttered office or
school environment can create large and rapid shifts in off axis
refraction over the time frame of a single saccade. The accommo-
dation system ensures that foveal refractive errors are minimized,
though not totally eliminated, when fixing at objects at different
distances. This means that the variation of foveal refractive error
between the different viewing and off-axis refraction conditions is
much smaller than the dioptric variations seen peripherally. This is
well demonstrated by comparing image Fig. 17 panel D2 (desk
reading in an eye with off-axis myopic refraction) with Fig. 17 panel
B4 (distant viewing indoors with an off-axis hyperopic refraction).
As a result the peripheral retina will experience a far more complex
temporal pattern of changing blur than the fovea.

Outdoors the more uniform dioptric environment means that
eye movements would generate little temporal variation in retinal
defocus. In primate studies brief periods of clear vision appear to be



Fig. 19. Impact of þ1.5 D executive bifocal on retinal defocus incorporating 3D structure of the environment, fixation and accommodation performance.
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able to counteract the effect of sustained periods of hyperopic
defocus (Kee et al., 2007). These findings may help to explain why
simple correlates of near work such as total amount of time may
correlate poorly with myopic progression, pointing to the need for
more sophisticated methods of recording viewing distance with
detailed time resolution (Leung et al., 2011). Only with clinical data
indicating fixation information down to a temporal resolution of
minutes or less can some of the rapid temporal interactions
observed in animal studies be incorporated into a comprehensive
spatial and temporal model of human eye growth.

4.7.4. Eye shape and off axis refraction
The calculations shown in Fig.17 havewide ranging implications

in terms of understanding eye growth. These simulations demon-
strate that, in the absence of off-axis refractive errors, environ-
mental structure is the primary determinant of the pattern of
retinal defocus and that physiological amounts of off-axis refractive
error have a significant impact on changing retinal defocus
patterns. This implies that the refractive development of eyes with
more emmetropic off-axis refractions may be more influenced by
the structure of the local environment and hence time spent in
different environments.

The condition that produces minimum dioptric blur is outdoor
viewing of a distant fixation point in an eye with no consistent off-
axis spherical error (Fig. 17 panel A3). In the presence of hyperopic
(Fig. 17 panels A4eD4) or myopic off-axis refraction (Fig. 17 panels
A2eD2), all viewing conditions will produce significant off-axis
defocus (note the scale in these images is �4 Dioptres). In the
presence of hyperopic off-axis refraction, the viewing state that
minimizes off-axis errors the most is reading on a flat surface
(Fig. 17 panel D3) and the condition that compounds the off-axis
hyperopia the most is distant viewing indoors (Fig. 17 panel B4).
With off-axis emmetropia it is also distant viewing indoors that
creates the greatest amount of hyperopic blur across the retina
(Fig. 17 panel B3).

In relation to myopic progression, it is hyperopic defocus that is
expected to maximally promote eye growth. Therefore it is
potentially very significant that the condition that would be ex-
pected to maximally promote eye growth is being indoors rather
than reading. In relation to reading, Fig. 17 panel D4 shows that
hyperopic off-axis refraction leads to the least amount of defocus
during reading on a flat surface as the geometry of this task leads to
peripheral myopic defocus in the absence of any significant off-axis
refractive error. Reading in the absence of off-axis refractive errors
(Fig. 17 panel D3) creates a pattern of central hyperopia and
peripheral myopia. On the basis of animal studies, this should
promote increased growth at the posterior pole and reduced
growth peripherally, which will create a more prolate scleral
profile. Therefore as well as a prolate eye shape and off-axis
hyperopia promoting myopic progression, it is possible that pro-
longed reading may itself contribute to the formation of a prolate
eye. Such a growth shift, in the absence of changes in the anterior
segment, should lead to relative peripheral hyperopia.

Once an eye has developed relative peripheral hyperopia the
one condition that can create minimal blur across the retina, i.e.
distant viewing outdoors, no longer does so (see Fig. 17 panel A4).
Instead outdoor viewing now generates peripheral hyperopic
defocus across the peripheral retina. Even brief periods of a clear
retinal image have been shown to allow animals exposed to
hyperopic defocus to achieve emmetropia (Kee et al., 2007).
Therefore the loss of the one condition (Fig. 17 panel A3) that
produce a clear image across the retina could create a positive
feedback situation accelerating a shift towards increasing myopia
even before the onset of myopia itself. A rapid acceleration at the
start of myopic progression, which can start even before an eye
becomes myopic, has been observed in longitudinal studies but no
clear explanation has yet been found for this phenomenon
(Mantyjarvi, 1983; Thorn et al., 2005). Consideration of retinal
defocus maps therefore helps to explain the pattern myopic
progression and indicate that such progression can be both
a consequence and cause of a prolate eye shape and off-axis
hyperopia.

The interaction of off-axis refraction and the visual environment
also has implications for clinical studies. Analysing progression
data solely on the basis of off-axis refraction without detailed
temporal information on time spent outdoors and indoors and
definition of the nature of the visual tasks performed indoors may
hide any true effect. An eye with no significant off-axis spherical
error exposed to a lot of distance viewing indoors may experience
more peripheral hyperopic defocus than an eye with low levels of
off-axis hyperopia exposed to prolonged reading at a desk or flat
surface. Such effects are particularly relevant when the overlap
between the off-axis refractions in hyperopes, emmetropes and
myopes is appreciated as shown in Fig. 18. The interactions
between off-axis refraction and the visual environment have not
been adequately explored at present. The existence of such inter-
actions points to the need to stratify analyses according to the
pattern of retinal defocus rather than just the off-axis refraction or
time spent indoors or outdoors.

4.7.5. Optical manipulations of off-axis refraction for myopia
control

Recent animal studies have created a lot of interest in the
prospect of manipulating off-axis refraction with aspheric designs
of spectacle lenses (Sankaridurg et al., 2010) or contact lenses. As
demonstrated in Fig. 13, changes in the asphericity of the anterior
cornea can create a peripheral myopic shift in the image shell. In
terms of the peripheral retinal image this would appear to offer an
ideal method of countering the effects of a prolate sclera shape
and eliminate off-axis hyperopia. However changes in sclera shape
alter off-axis refraction without impacting on the optical quality of
the retinal image. In contrast changing cornea asphericity, in
particular making the cornea more oblate, can create large
amounts of higher order aberrations, notably spherical aberration
e an effect that increases with increasing pupil size. The impact of
changing corneal shape and scleral shape on the foveal point
spread function calculated using the ray tracing program Zemax�
(Radiant Zemax) using the wide-angle model of Escudero-Sanz
and Navarro (1999) as a starting point is shown in Fig. 20. A
significant change in off-axis refraction by corneal manipulation
with contact lenses will inevitably have some consequences for
foveal vision that may limit acceptability. The issues created by
such lenses are not unlike the problems created during the early
days of corneal refractive surgery with small treatment zones,
where patients with large pupils under mesopic conditions
experienced a lot of glare. Many patients may tolerate this well but
others will not.

The interaction of eye shape, optics, and the visual environment
also dictate that a single pattern of off-axis refraction will not
necessarily suit all eyes. Achieving the goal ofminimizing hyperopic
blur or creating defined amounts of myopic blur peripherally will
require customised lenses, or targeting specific groups ofmyopes on
the basis of their eye shape, optics and behaviour patterns.

5. Discussion

This review is intended to set out the complexity of what has
often been considered to be a simple concept. Myopia can be
reduced to a simple binary difference from emmetropia, an eye is
either myopic or it isn’t, and condensed into a diagram as simple as



Fig. 20. Impact of changing corneal shape (AeE) and scleral shape (F and G) on the foveal point spread function. Changing scleral shape has no impact on foveal point spread
functions, but changing corneal shape leads to significant degradation.
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that shown in Fig. 8. From such simplicity comes the expectation
that simple interventions can prevent myopia and that simple
theories can explain its aetiology. The last twenty years of myopia
research have amply proved both these statements to be false.
These last two decades have also demonstrated that the control
mechanisms for eye growth are highly complex, to which
complexity we must now add consideration of defocus across the
retinal image.
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From the point of view of clinical refraction and conventional
measures of visual performance such as visual acuity, vernier acuity
and contrast sensitivity, the foveocentric view provides an
adequate description of the optical performance of the eye. On the
basis of recent animal studies, clinical studies and the optical
analysis presented in this paper a retinocentric view should now be
considered essential for a full understanding of optical regulation of
eye growth. Table 3 summarizes the distinctions between the
foveocentric and retinocentric view of the refraction. It is certainly
true that changing from a foveocentric to retinocentric perspective
brings with it considerable complexity, since it extends refraction
into a multi-dimensional realm. While appreciation of such
complexity makes the prospect of simple interventions less likely,
and helps to explain the failings of such simple interventions, it also
provides a basis to plan future interventions.
5.1. Future directions

An appreciation that the peripheral retina plays a role in
controlling ocular growth has provided a new impetus into the
development of myopia control strategies. In relation to potential
treatments or strategies to limit myopic progression, the central
question is ‘to what benefit?’ The analysis presented in Section 2
of this review indicates that even if the proportion of myopes in
a population remained stable, i.e. if no method is found to
prevent myopia, then reducing the degree of myopia by limiting
the rate of progression may have significant public health
benefits. The principle caveat to this claim is the question of
causation, which has yet to be proven and remains an important
topic for future research. However, several features of the
statistical association of myopia and ocular disease do favour
causation: myopia develops prior to the onset of disease, greater
degrees of myopia are associated with higher risk and in terms of
the mechanical consequences of augmented ocular growth
(principally sclera thinning) there are plausible mechanisms
whereby myopia could promote retinal detachment, macula
atrophy and increase the optic nerve’s sensitivity of the
damaging effects of increased intraocular pressure. Investigation
of the question of causation represents one of the most impor-
tant areas in this field as it represents the basis on which medical
intervention in myopia can be justified. Investigation of how
refractive error can interact with such a wide range of diseases
may also provide more direct routes to intervene in the
Table 3
Comparison of foveocentric and retinocentric views of refraction.

Foveocentric view Retinocentric view

An eye has a single refraction An eye has a graded, complex pattern
of refractions across the retinal surface

Refraction and retinal image blur
are defined at a single point
(the fovea)

Refraction and retinal image blur are
defined across a 3-dimensional curved
plane (the retina)

Spatial structure of the visual
environment irrelevant

Spatial structure of the environment
contributes to the defocus of the image
at each point in the retinal image

Ocular shape unimportant apart
from axial length

Three dimensional ocular shape is
fundamentally important

Paraxial optics provides an adequate
description of the eye’s optics

Wide-angle ray tracing needed to fully
define the eye’s optics

Near work with a bifocal add is
optically equivalent to far work

Near work with a bifocal add is not
optically equivalent to far work

Relevant for visual acuity and
accommodation

Relevant for understanding optical
regulation of eye growth
pathological processes involved outside the question of pre-
venting myopic progression.

Progress in our understanding of the control mechanisms of eye
growth may in the near future lead to myopia being as treatable
a risk factor for ocular health as hypertension is for cardiovascular
health. Although the health consequences of myopia may be less
serious than is seen in cardiovascular medicine, prevention or
reduction of myopia will have secondary benefits for patients in
a way that having lower blood pressure in an otherwise healthy
person does not. The majority of patients treated for high blood
pressure will no perceive no difference in their daily life. In contrast
all myopes with a reduced level of myopia will benefit from
improved unaided visual acuity during their early adult years as
well as potentially reduced risks of sight loss in later life.

5.1.1. Optical strategies
Many different optical interventions have been investigated in

the search for a preventive strategy for myopia from varifocals,
bifocals to novel contact lens designs. Many of these trials have
shown a statistically significant slowing of myopic progression that
indicates that human eye growth responds to optical cues. This has
been considered insufficient to merit changing optical prescribing
patterns from the standard clinical practice of providing single
vision lenses, but if limiting the degree of myopia does indeed have
future ocular health benefits this view may need to be reconsid-
ered. A recent trial of combined prisms and bifocals has demon-
strated a reduction of myopic progression over two years of almost
50% (�1.55 D for single-vision lenses compared with �0.70 D for
bifocals with incorporated prisms) (Cheng et al., 2010).

Most of the optical interventions have, to date, been solely based
on refraction at the fovea. Novel types of optical interventions are
currently being evaluated that include consideration of the
refraction across the retina. This provides a degree of optimism that
newer optical interventions will prove more effective than those of
the past. The impact of the environment and its three dimensional
structure have still to be taken into account in such designs. A
specific lens design will have different impact on off-axis retinal
blur when used for reading than for outdoors for example. This
suggests that lenses designed for specific tasks may be more
appropriate than a general-purpose lens. This may be a practical
option for glasses but is less practical for contact lenses. A combi-
nation of contact lenses for general use with additional glasses that
correct detrimental patterns of retinal defocus for specific tasks
may prove to be a workable solution. Considering the variability of
off-axis refraction additional customisation of optical corrections
may also be required to take account of this variability, necessi-
tating individualized corrections both on-axis and off-axis. Incor-
poration of the full range of interactions detailed in this paper into
optical strategies should provide a method of designing appro-
priate corrections for different tasks, viewing conditions and eye
shapes.

5.1.2. Behavioural strategies
A better understanding of the retinal defocus patterns generated

during different tasks may lead to better methods of eliminating
those that contribute to myopic progression. So rather than have
different optical interventions for different tasks another approach
is design a single optical correction and modify the environment or
the behaviour of people in a given environment such as a school or
class room. New approaches to the ergonomics of the working
environment such as curved computer monitors/work stations that
recreate the optics of outside viewing in intensive work environ-
ments are conceivable. Further investigation of the basis of the
protective effect of being outdoors certainly merits investigation.
This may provide simple behavioural means for limiting
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progression, though the history of myopia research would suggest
that simple interventions rarely result in simple results.

5.1.3. Pharmacological strategies
Of allmyopia control strategies examined todate atropine, a drug

whichhasbeen suggested formyopia control for over 30years (Dyer,
1979), remains themost effective. A series of studies has culminated
in the Atropine in the Treatment of Myopia (ATOM) study which
demonstrated in a randomized controlled trial over two years that
1% atropine drops profoundly reduced the rate of axial elongation
(�0.02 � 0.35 mm vs. 0.38 � 0.38 mm in the control group) and
myopic progression (�0.28� 0.92D vs.�1.20� 0.69D in the control
group) (Chua et al., 2006). Despite this effectiveness during the
treatment period a rebound acceleration inmyopia progressionwas
noted on termination of treatment (Tong et al., 2009). Atropine is
still not considered suitable forwidespread use despite some claims
to the contrary (Romano, 2001) due to the profound cycloplegia and
concerns of the long term effects of retinal phototoxicity. In that
regard, an extension of the ATOM trial (ATOM2) has demonstrated
that doses of atropine as lowas0.01%are almost as effective as 1%yet
have minimal effects on accommodation and pupil size and high
tolerability, a finding that may lead to low dose atropine finding
broader clinical acceptance (Chia et al., 2012).

Other muscarinic antagonists that have shown promise for
myopia control are drugs that are selective for one or more of the
muscarinic receptor subtypes so as to minimize cycloplegia, most
notably pirenzepine. Clinical trials in the far east and the US have
demonstrated reductions of almost 50% in the rate of myopia
progressionandaxial elongationover the course of one and twoyear
randomized trials (Siatkowski et al., 2004, 2008; Tan et al., 2005), yet
despite this effectiveness against myopia progression and the
minimal effects pirenzepine has on accommodation and pupil size
the drug appears to be no longer in active development as a therapy.
This drug and others in its class certainlymerit further investigation.
Although categorized as an M1antagonist, pirenzepine’s second
strongest binding effect is on theM4 receptor subtype. As discussed
above, animals studies in chicks have demonstrated that it is theM4
receptor that is principally involved in the anti-myopic effects of
atropine and pirenzepine (McBrien et al., 2011). This opens up the
possibility that other selective muscarinic antagonists may prove to
be useful potential treatment options inmyopia. It will undoubtedly
be challenging to get new chemical entities through the entire drug
development process to treat a condition such as myopia. This
makes exploration of existing drugs, already safety tested but
licenced for another indication, the most likely approach to the
development of an eye drop or oral preparation to prevent myopia.

5.1.4. Combined strategies
To what degree are the reductions seen in optical and phar-

macological studies additive? If they are acting on different
mechanisms or even different parts of the same control mechanism
there is hope that the effects may summate at least to some degree.
In years to come we are likely to see trials of low dose atropine
combined with optical interventions such as bifocal glasses or
myopia control contact lenses such as those used by Anstice and
Phillips (2011) that produce simultaneous myopic defocus for
both near and distance viewing. It may make sense to combine
different approaches into a single therapeutic product. Possibilities
include medicated contact lenses that release anti-muscarinic
drugs such as low dose atropine (e.g. 0.01% as used in the ATOM2
trial), pirenzepine or more selective m4 antagonists. In the context
of pirenzepine, which achieved an almost 50% reduction in myopia
progression despite poor ocular penetration as a drop preparation,
using slow release from drug impregnated therapeutic myopia
control contact lenses (either daily use lenses, or by incorporation
of an active drug into the storage solution) may both enhance the
ocular penetration and provide a greater level of progression
control than either intervention by itself. A lower concentration of
pirenzepine in such a combination may also enhance tolerability.
On the basis of the impact of individual interventions the prospect
of suppression of myopia progression by combination approaches
appears possible. The complex condition of myopia almost
certainly has multiple aetiological factors, even in a single person,
so the combined approach also has the benefit that multiple factors
might be addressed in a single treatment plan.

5.1.5. Ensuring full control of all the variables in future trials
In planning human intervention trials all relevant variables need

to be considered to prevent studies being based on unstated but
seemingly reasonable assumptions that may be false. To date
randomized controlled trials in myopia prevention have not
controlled for all of variables that determine retinal defocus. As
a result what is presented as a controlled trial may have a raft of
unknown confounders. Under such circumstances it is no surprise
that the results are often inconsistent.

Complex as it is, trial design should attempt to incorporate all
aspects of the visual environment, as well as proper characteriza-
tion of visual tasks both spatially and temporally. In addition, the
impact of eye shape and optics need to be considered on an indi-
vidual rather than a pooled basis due to the complex nature of the
interactions between these parameters and the large amounts of
inter-subject variability.

5.1.6. Conclusions
Myopia should not be considered as a simple trait defined by

a single parameter. It is the end result of a complex process that has
elements of regulated growth and unregulated or pre-programmed
growth. The refraction of an eye is not a one dimensional number
but a two dimensional plane, in a three dimensional eye in which
the retinal image defocus can only be determined once the 3D
viewing structure, off axis performance of the eye and eye shape
have been accurately defined.

In light of the evidence linkingmyopia of any degreewith serious
ocular pathology the notion of physiological myopia should be
abandoned.With that comes the impetus tofind safe,well-tolerated
and effective methods to prevent or limit myopic progression. The
range of potential treatments formyopia is broader today than it has
ever been, leading to he expectation that individually, or in
combination, clinically useful interventions will enter clinical
practice in the coming years. A better understanding of the patterns
of defocus across the retina may positively contribute to the
development of such treatment modalities provided that the
complex interactions between the environment, optics of the eye,
eye shape and retinal function are taken into account.

Acknowledgements

I would like to acknowledge many years of inspirational
conversationwith JoshWallman, to whom this review is dedicated.
I would also like to thank the reviewers and the patience of the
editor of the journal. The CGI simulations of the environment were
built upon open source software from several authors. The office
scenes are modified versions of a scene originally created by Jaime
Vives Piqueres. The street scenes were derived from code elements
originally created by Gilles Tran and human figures derived from
code elements created by Peter Houston.

References

Adler, D., Millodot, M., 2006. The possible effect of undercorrection on myopic
progression in children. Clin. Exp. Optom. 89, 315e321.



D.I. Flitcroft / Progress in Retinal and Eye Research 31 (2012) 622e660656
Airaksinen, M.S., Panula, P., 1988. The histaminergic system in the guinea pig central
nervous system: an immunocytochemical mapping study using an antiserum
against histamine. J. Comp. Neurol. 273, 163e186.

Annamaneni, S., Bindu, C.H., Reddy, K.P., Vishnupriya, S., 2011. Association of
vitamin D receptor gene start codon (Fok1) polymorphism with high myopia.
Oman J. Ophthalmol. 4, 57e62.

Anstice, N.S., Phillips, J.R., 2011. Effect of dual-focus soft contact lens wear on axial
myopia progression in children. Ophthalmology 118, 1152e1161.

Ashby, R.S., Schaeffel, F., 2010. The effect of bright light on lens compensation in
chicks. Invest. Ophthalmol. Vis. Sci. 51, 5247e5253.

Ashby, R., McCarthy, C.S., Maleszka, R., Megaw, P., Morgan, I.G., 2007. A muscarinic
cholinergic antagonist and a dopamine agonist rapidly increase ZENK mRNA
expression in the form-deprived chicken retina. Exp. Eye Res. 85, 15e22.

Ashby, R., Ohlendorf, A., Schaeffel, F., 2009. The effect of ambient illuminance on the
development of deprivation myopia in chicks. Invest. Ophthalmol. Vis. Sci. 50,
5348e5354.

Atchison, D.A., Jones, C.E., Schmid, K.L., Pritchard, N., Pope, J.M., Strugnell, W.E.,
Riley, R.A., 2004. Eye shape in emmetropia and myopia. Invest. Ophthalmol. Vis.
Sci. 45, 3380e3386.

Atchison, D.A., Pritchard, N., Schmid, K.L., 2006. Peripheral refraction along
the horizontal and vertical visual fields in myopia. Vision Res. 46,
1450e1458.

Avisar, R., Friling, R., Snir, M., Avisar, I., Weinberger, D., 2006. Estimation of preva-
lence and incidence rates and causes of blindness in Israel, 1998e2003. Isr. Med.
Assoc. J. 8, 880e881.

Bar Dayan, Y., Levin, A., Morad, Y., Grotto, I., Ben-David, R., Goldberg, A., Onn, E.,
Avni, I., Levi, Y., Benyamini, O.G., 2005. The changing prevalence of myopia in
young adults: a 13-year series of population-based prevalence surveys. Invest.
Ophthalmol. Vis. Sci. 46, 2760e2765.

Bartmann, M., Schaeffel, F., Hagel, G., Zrenner, E., 1994. Constant light affects retinal
dopamine levels and blocks deprivation myopia but not lens-induced refractive
errors in chickens. Vis. Neurosci. 11, 199e208.

Bedrossian, R.H., 1979. The effect of atropine on myopia. Ophthalmology 86,
713e719.

Berntsen, D.A., Mutti, D.O., Zadnik, K., 2010. Study of Theories about Myopia
Progression (STAMP) design and baseline data. Optom. Vis. Sci. 87, 823e832.

Bitzer, M., Schaeffel, F., 2002. Defocus-induced changes in ZENK expression in the
chicken retina. Invest. Ophthalmol. Vis. Sci. 43, 246e252.

Blackie, C.A., Howland, H.C., 1999. An extension of an accommodation and
convergence model of emmetropization to include the effects of illumination
intensity. Ophthalmic Physiol. Opt. 19, 112e125.

Bloomfield, S.A., 1991. Two types of orientation-sensitive responses of amacrine
cells in the mammalian retina. Nature 350, 347e350.

Bloomfield, S.A., 1994. Orientation-sensitive amacrine and ganglion cells in the
rabbit retina. J. Neurophysiol. 71, 1672e1691.

Brown, J.S., Flitcroft, D.I., Ying, G.S., Francis, E.L., Schmid, G.F., Quinn, G.E., Stone, R.A.,
2009. In vivo human choroidal thickness measurements: evidence for diurnal
fluctuations. Invest. Ophthalmol. Vis. Sci. 50, 5e12.

Burtolo, C., Ciurlo, C., Polizzi, A., Lantier, P.B., Calabria, G., 2002. Echobiometric study
of ocular growth in patients with amblyopia. J. Pediatr. Ophthalmol. Strabismus
39, 209e214.

Calver, R., Radhakrishnan, H., Osuobeni, E., O’Leary, D., 2007. Peripheral refraction
for distance and near vision in emmetropes and myopes. Ophthalmic Physiol.
Opt. 27, 584e593.

Casson, R.J., Baker, M., Edussuriya, K., Senaratne, T., Selva, D., Sennanayake, S., 2009.
Prevalence and determinants of angle closure in central Sri Lanka: the Kandy
Eye Study. Ophthalmology 116, 1444e1449.

Catania, A.C., 1964. On the visual acuity of the homing pigeon. J. Exp. Anal. Behav. 7,
361e366.

Chang, M.A., Congdon, N.G., Bykhovskaya, I., Munoz, B., West, S.K., 2005. The
association between myopia and various subtypes of lens opacity: SEE (Salis-
bury Eye Evaluation) project. Ophthalmology 112, 1395e1401.

Cheng, D., Schmid, K.L., Woo, G.C., Drobe, B., 2010. Randomized trial of effect of
bifocal and prismatic bifocal spectacles on myopic progression: two-year
results. Arch. Ophthalmol. 128, 12e19.

Chia, A., Chua, W.H., Cheung, Y.B., Wong, W.L., Lingham, A., Fong, A., Tan, D., 2012.
Atropine for the treatment of childhood myopia: safety and efficacy of 0.5%,
0.1%, and 0.01% doses (Atropine for the Treatment of Myopia 2). Ophthalmology
119, 347e354.

Cho, P., Cheung, S.W., Edwards, M., 2005. The longitudinal orthokeratology research
in children (LORIC) in Hong Kong: a pilot study on refractive changes and
myopic control. Curr. Eye Res. 30, 71e80.

Chua, W.H., Balakrishnan, V., Chan, Y.H., Tong, L., Ling, Y., Quah, B.L., Tan, D., 2006.
Atropine for the treatment of childhood myopia. Ophthalmology 113,
2285e2291.

Chung, K., Mohidin, N., O’Leary, D.J., 2002. Undercorrection of myopia enhances
rather than inhibits myopia progression. Vision Res. 42, 2555e2559.

Ciruzzi, M., Pramparo, P., Rozlosnik, J., Zylberstjn, H., Delmonte, H., Haquim, M.,
Abecasis, B., de La Cruz Ojeda, J., Mele, E., La Vecchia, C., Schargrodsky, H., 2001.
Hypertension and the risk of acute myocardial infarction in Argentina. The
Argentine Factores de Riesgo Coronario en America del Sur (FRICAS) Investi-
gators. Prev. Cardiol. 4, 57e64.

Congdon, N.G., Youlin, Q., Quigley, H., Hung, P.T., Wang, T.H., Ho, T.C., Tielsch, J.M.,
1997. Biometry and primary angle-closure glaucoma among Chinese, white, and
black populations. Ophthalmology 104, 1489e1495.
Curtin, B.J., 1985. In: Curtin, B.J. (Ed.), The Myopias. Harper and Row, Philadelphia.
Davies, L.N., Mallen, E.A., 2009. Influence of accommodation and refractive

status on the peripheral refractive profile. Br. J. Ophthalmol. 93,
1186e1190.

Diether, S., Schaeffel, F., 1997. Local changes in eye growth induced by imposed local
refractive error despite active accommodation. Vision Res. 37, 659e668.

Drasdo, N., Fowler, C.W., 1974. Non-linear projection of the retinal image in a wide-
angle schematic eye. Br. J. Ophthalmol. 58, 709e714.

Du, X., Cruickshank, K., McNamee, R., Saraee, M., Sourbutts, J., Summers, A.,
Roberts, N., Walton, E., Holmes, S., 1997. Case-control study of stroke and the
quality of hypertension control in north west England. BMJ 314, 272e276.

Dyer, J.A., 1979. Role of cyclopegics in progressive myopia. Ophthalmology 86,
692e694.

Ehrlich, D.L., Braddick, O.J., Atkinson, J., Anker, S., Weeks, F., Hartley, T., Wade, J.,
Rudenski, A., 1997. Infant emmetropization: longitudinal changes in refrac-
tion components from nine to twenty months of age. Optom. Vis. Sci. 74,
822e843.

Ehsaei, A., Mallen, E.A., Chisholm, C.M., Pacey, I.E., 2011. Cross-sectional sample of
peripheral refraction in four meridians in myopes and emmetropes. Invest.
Ophthalmol. Vis. Sci. 52, 7574e7585.

Escudero-Sanz, I., Navarro, R., 1999. Off-axis aberrations of a wide-angle schematic
eye model. J. Opt. Soc. Am. A Opt. Image Sci. Vis. 16, 1881e1891.

Evans, J.R., Fletcher, A.E., Wormald, R.P., 2004. Causes of visual impairment in
people aged 75 years and older in Britain: an add-on study to the MRC trial of
assessment and management of older people in the community. Br. J. Oph-
thalmol. 88, 365e370.

Ferree, C.E., Rand, G., Hardy, C., 1931. Refraction for the peripheral field of vision.
Arch. Ophthalmol. 5, 717e731.

Fischer, A.J., McKinnon, L.A., Nathanson, N.M., Stell, W.K., 1998. Identification and
localization of muscarinic acetylcholine receptors in the ocular tissues of the
chick. J. Comp. Neurol. 392, 273e284.

Fitzke, F.W., Hayes, B.P., Hodos, W., Holden, A.L., Low, J.C., 1985. Refractive sectors in
the visual field of the pigeon eye. J. Physiol. 369, 33e44.

Flitcroft, D.I., 1990. A neural and computational model for the chromatic control of
accommodation. Vis. Neurosci. 5, 547e555.

Flitcroft, D.I., 1999. The lens paradigm in experimental myopia: oculomotor,
optical and neurophysiological considerations. Ophthalmic Physiol. Opt. 19,
103e111.

Flitcroft, D.I., Adams, G.G., Robson, A.G., Holder, G.E., 2005. Retinal dysfunction and
refractive errors: an electrophysiological study of children. Br. J. Ophthalmol. 89,
484e488.

Frazao, R., Pinato, L., da Silva, A.V., Britto, L.R., Oliveira, J.A., Nogueira, M.I., 2008.
Evidence of reciprocal connections between the dorsal raphe nucleus and the
retina in the monkey Cebus apella. Neurosci. Lett. 430, 119e123.

Fujikado, T., Kawasaki, Y., Fujii, J., Taniguchi, N., Okada, M., Suzuki, A., Ohmi, G.,
Tano, Y., 1997. The effect of nitric oxide synthase inhibitor on form-deprivation
myopia. Curr. Eye Res. 16, 992e996.

Fulk, G.W., Cyert, L.A., Parker, D.E., 2000. A randomized trial of the effect of single-
vision vs. bifocal lenses on myopia progression in children with esophoria.
Optom. Vis. Sci. 77, 395e401.

Fulton, A.B., Hansen, R.M., Petersen, R.A., 1982. The relation of myopia and astig-
matism in developing eyes. Ophthalmology 89, 298e302.

Garner, L.F., Kinnear, R.F., McKellar, M., Klinger, J., Hovander, M.S., Grosvenor, T.,
1988. Refraction and its components in Melanesian schoolchildren in Vanuatu.
Am. J. Optom. Physiol. Opt. 65, 182e189.

Gastinger, M.J., O’Brien, J.J., Larsen, N.B., Marshak, D.W., 1999. Histamine immuno-
reactive axons in the macaque retina. Invest. Ophthalmol. Vis. Sci. 40, 487e495.

Gastinger, M.J., Bordt, A.S., Bernal, M.P., Marshak, D.W., 2005. Serotonergic reti-
nopetal axons in the monkey retina. Curr. Eye Res. 30, 1089e1095.

Gastinger, M.J., Barber, A.J., Vardi, N., Marshak, D.W., 2006a. Histamine receptors in
mammalian retinas. J. Comp. Neurol. 495, 658e667.

Gastinger, M.J., Tian, N., Horvath, T., Marshak, D.W., 2006b. Retinopetal axons in
mammals: emphasis on histamine and serotonin. Curr. Eye Res. 31, 655e667.

Green, J., 1871. On astigmatism as an active cause of myopia. Trans. Am. Ophthalmol.
Soc. 1, 105e107.

Greene, M.R., 1970. Submarine myopia in minuteman launch control facility. J. Am.
Optom. Assoc. 41, 1012e1016.

Grosvenor, T., Perrigin, D.M., Perrigin, J., Maslovitz, B., 1987. Houston Myopia Control
Study: a randomized clinical trial. Part II. Final report by the patient care team.
Am. J. Optom. Physiol. Opt. 64, 482e498.

Gu, Y.C., Legge, G.E., 1987. Accommodation to stimuli in peripheral vision. J. Opt. Soc.
Am. A 4, 1681e1687.

Guo, X., Xiao, X., Li, S., Wang, P., Jia, X., Zhang, Q., 2010. Nonsyndromic high myopia
in a Chinese family mapped to MYP1: linkage confirmation and phenotypic
characterization. Arch. Ophthalmol. 128, 1473e1479.

Gustafsson, J., Terenius, E., Buchheister, J., Unsbo, P., 2001. Peripheral astigmatism in
emmetropic eyes. Ophthalmic Physiol. Opt. 21, 393e400.

Gwiazda, J., Thorn, F., Bauer, J., Held, R., 1993. Myopic children show insufficient
accommodative response to blur. Invest. Ophthalmol. Vis. Sci. 34, 690e694.

Gwiazda, J., Grice, K., Held, R., McLellan, J., Thorn, F., 2000a. Astigmatism and the
development of myopia in children. Vision Res. 40, 1019e1026.

Gwiazda, J., Ong, E., Held, R., Thorn, F., 2000b. Myopia and ambient night-time
lighting. Nature 404, 144.

Gwiazda, J., Hyman, L., Hussein, M., Everett, D., Norton, T.T., Kurtz, D., Leske, M.C.,
Manny, R., Marsh-Tootle, W., Scheiman, M., 2003. A randomized clinical trial of



D.I. Flitcroft / Progress in Retinal and Eye Research 31 (2012) 622e660 657
progressive addition lenses versus single vision lenses on the progression of
myopia in children. Invest. Ophthalmol. Vis. Sci. 44, 1492e1500.

Gwiazda, J.E., Hyman, L., Norton, T.T., Hussein, M.E., Marsh-Tootle, W., Manny, R.,
Wang, Y., Everett, D., 2004. Accommodation and related risk factors associated
with myopia progression and their interaction with treatment in COMET chil-
dren. Invest. Ophthalmol. Vis. Sci. 45, 2143e2151.

Halpern, M., Wang, R.T., Colman, D.R., 1976. Centrifugal fibers to the eye in
a nonavian vertebrate: source revealed by horseradish peroxidase studies.
Science 194, 1185e1188.

Hayashi, K., Ohno-Matsui, K., Shimada, N., Moriyama, M., Kojima, A., Hayashi, W.,
Yasuzumi, K., Nagaoka, N., Saka, N., Yoshida, T., Tokoro, T., Mochizuki, M., 2010.
Long-term pattern of progression of myopic maculopathy: a natural history
study. Ophthalmology 117, 1595e1611.

Hodos, W., Erichsen, J.T., 1990. Lower-field myopia in birds: an adaptation that
keeps the ground in focus. Vision Res. 30, 653e657.

Hodos, W., Kuenzel, W.J., 1984. Retinal-image degradation produces ocular
enlargement in chicks. Invest. Ophthalmol. Vis. Sci. 25, 652e659.

Hokoc, J.N., Mariani, A.P., 1987. Tyrosine hydroxylase immunoreactivity in the
rhesus monkey retina reveals synapses from bipolar cells to dopaminergic
amacrine cells. J. Neurosci. 7, 2785e2793.

Hoogerheide, J., Rempt, F., Hoogenboom, W.P., 1971. Acquired myopia in young
pilots. Ophthalmologica 163, 209e215.

Hung, L.F., Crawford, M.L., Smith, E.L., 1995. Spectacle lenses alter eye growth and
the refractive status of young monkeys. Nat. Med. 1, 761e765.

Hung, L.F., Wallman, J., Smith 3rd, E.L., 2000. Vision-dependent changes in the
choroidal thickness of macaque monkeys. Invest. Ophthalmol. Vis. Sci. 41,
1259e1269.

Ip, J.M., Rose, K.A., Morgan, I.G., Burlutsky, G., Mitchell, P., 2008. Myopia and the
urban environment: findings in a sample of 12-year-old Australian school
children. Invest. Ophthalmol. Vis. Sci. 49, 3858e3863.

Irving, E.L., Callender, M.G., Sivak, J.G., 1991. Inducing myopia, hyperopia, and
astigmatism in chicks. Optom. Vis. Sci. 68, 364e368.

Irving, E.L., Sivak, J.G., Callender, M.G., 1992. Refractive plasticity of the developing
chick eye. Ophthalmic Physiol. Opt. 12, 448e456.

Iuvone, P.M., Tigges, M., Fernandes, A., Tigges, J., 1989. Dopamine synthesis and
metabolism in rhesus monkey retina: development, aging, and the effects of
monocular visual deprivation. Vis. Neurosci. 2, 465e471.

Javitt, J.C., Chiang, Y.P., 1994. The socioeconomic aspects of laser refractive surgery.
Arch. Ophthalmol. 112, 1526e1530.

Kakita, T., Hiraoka, T., Oshika, T., 2011. Influence of overnight orthokeratology on
axial elongation in childhood myopia. Invest. Ophthalmol. Vis. Sci. 52,
2170e2174.

Kee, C.S., Hung, L.F., Qiao, Y., Smith 3rd, E.L., 2003. Astigmatism in infant monkeys
reared with cylindrical lenses. Vision Res. 43, 2721e2739.

Kee, C.S., Hung, L.F., Qiao-Grider, Y., Roorda, A., Smith 3rd, E.L., 2004. Effects of
optically imposed astigmatism on emmetropization in infant monkeys. Invest.
Ophthalmol. Vis. Sci. 45, 1647e1659.

Kee, C.S., Hung, L.F., Qiao-Grider, Y., Ramamirtham, R., Winawer, J., Wallman, J.,
Smith 3rd, E.L., 2007. Temporal constraints on experimental emmetropization
in infant monkeys. Invest. Ophthalmol. Vis. Sci. 48, 957e962.

Kelliher, C., Kenny, D., O’Brien, C., 2006. Trends in blind registration in the adult
population of the Republic of Ireland 1996e2003. Br. J. Ophthalmol. 90,
367e371.

Kinney, J.A., Luria, S.M., Ryan, A.P., Schlichting, C.L., Paulson, H.M., 1980. The vision
of submariners and National Guardsmen: a longitudinal study. Am. J. Optom.
Physiol. Opt. 57, 469e478.

Kiorpes, L., Wallman, J., 1995. Does experimentally-induced amblyopia cause
hyperopia in monkeys? Vision Res. 35, 1289e1297.

Kolb, H., Nelson, R., Mariani, A., 1981. Amacrine cells, bipolar cells and ganglion cells
of the cat retina: a Golgi study. Vision Res. 21, 1081e1114.

Kolb, H., Cuenca, N., Dekorver, L., 1991. Postembedding immunocytochemistry for
GABA and glycine reveals the synaptic relationships of the dopaminergic
amacrine cell of the cat retina. J. Comp. Neurol. 310, 267e284.

Kruger, P.B., Stark, L.R., Nguyen, H.N., 2004. Small foveal targets for studies of
accommodation and the StileseCrawford effect. Vision Res. 44, 2757e2767.

Kuzin, A.A., Varma, R., Reddy, H.S., Torres, M., Azen, S.P., Los Angeles Latino Eye
Study, G., 2010. Ocular biometry and open-angle glaucoma: the Los Angeles
Latino Eye Study. Ophthalmology 117, 1713e1719.

Laties, A.M., Stone, R.A., 1991. Ametropia in retinal disorders. In: Anderson, R.E.,
Hollyfield, J.G., LaVail, M.M. (Eds.), Retinal Degenerations. CRC Press, Boca
Raton, pp. 383e390 (Chapter 35).

Lavanya, R., Kawasaki, R., Tay, W.T., Cheung, G.C., Mitchell, P., Saw, S.M., Aung, T.,
Wong, T.Y., 2010. Hyperopic refractive error and shorter axial length are asso-
ciated with age-related macular degeneration: the Singapore Malay Eye Study.
Invest. Ophthalmol. Vis. Sci. 51, 6247e6252.

Leo, S.W., Young, T.L., 2011. An evidence-based update on myopia and interventions
to retard its progression. J. AAPOS 15, 181e189.

Lepard, C.W., 1975. Comparative changes in the error of refraction between fixing
and amblyopic eyes during growth and development. Am. J. Ophthalmol. 80,
485e490.

Leske, M.C., Chylack, L.T.J., Wu, S.Y., 1991. The Lens Opacities Case-Control Study.
Risk factors for cataract. Arch. Ophthalmol. 109, 244e251.

Leung, T.W., Flitcroft, D.I., Wallman, J., Lee, T.H., Zheng, Y., Lam, C.S., Kee, C.S., 2011.
A novel instrument for logging nearwork distance. Ophthalmic Physiol. Opt. 31,
137e144.
Leventhal, A.G., Schall, J.D., 1983. Structural basis of orientation sensitivity of cat
retinal ganglion cells. J. Comp. Neurol. 220, 465e475.

Levick, W.R., Thibos, L.N., 1982. Analysis of orientation bias in cat retina. J. Physiol.
329, 243e261.

Lim, R., Mitchell, P., Cumming, R.G., 1999. Refractive associations with cataract: the
Blue Mountains Eye Study. Invest. Ophthalmol. Vis. Sci. 40, 3021e3026.

Lim, L.S., Lamoureux, E., Saw, S.M., Tay, W.T., Mitchell, P., Wong, T.Y., 2010. Are
myopic eyes less likely to have diabetic retinopathy? Ophthalmology 117,
524e530.

Lin, L.L., Shih, Y.F., Tsai, C.B., Chen, C.J., Lee, L.A., Hung, P.T., Hou, P.K., 1999. Epide-
miologic study of ocular refraction among schoolchildren in Taiwan in 1995.
Optom. Vis. Sci. 76, 275e281.

Liu, J., Pendrak, K., Capehart, C., Sugimoto, R., Schmid, G.F., Stone, R.A., 2004.
Emmetropisation under continuous but non-constant light in chicks. Exp. Eye
Res. 79, 719e728.

Liu, H.H., Xu, L., Wang, Y.X., Wang, S., You, Q.S., Jonas, J.B., 2010. Prevalence and
progression of myopic retinopathy in Chinese adults: the Beijing Eye Study.
Ophthalmology 117, 1763e1768.

Lowe, R.F., 1970. Aetiology of the anatomical basis for primary angle-closure glau-
coma. Biometrical comparisons between normal eyes and eyes with primary
angle-closure glaucoma. Br. J. Ophthalmol. 54, 161e169.

Lundstrom, L., Mira-Agudelo, A., Artal, P., 2009. Peripheral optical errors and their
change with accommodation differ between emmetropic and myopic eyes.
J. Vis. 17, 1e11.

Mandel, Y., Grotto, I., El-Yaniv, R., Belkin, M., Israeli, E., Polat, U., Bartov, E., 2008.
Season of birth, natural light, and myopia. Ophthalmology 115, 686e692.

Mantyjarvi, M., 1983. Incidence of myopia in a population of Finnish school chil-
dren. Acta Ophthalmol. (Cph.) 61, 417e423.

Marcus, M.W., de Vries, M.M., Junoy Montolio, F.G., Jansonius, N.M., 2011. Myopia as
a risk factor for open-angle glaucoma: a systematic review and meta-analysis.
Ophthalmology 118, 1989e1994.

Marzani, D., Wallman, J., 1997. Growth of the two layers of the chick sclera is
modulated reciprocally by visual conditions. Invest. Ophthalmol. Vis. Sci. 38,
1726e1739.

Mathur, A., Atchison, D.A., Charman, W.N., 2009. Effect of accommodation on
peripheral ocular aberrations. J. Vis. 20, 1e11.

McBrien, N.A., Millodot, M., 1986. The effect of refractive error on the accommo-
dative response gradient. Ophthalmic Physiol. Opt. 6, 145e149.

McBrien, N.A., Moghaddam, H.O., Reeder, A.P., 1993. Atropine reduces experimental
myopia and eye enlargement via a nonaccommodative mechanism. Invest.
Ophthalmol. Vis. Sci. 34, 205e215.

McBrien, N.A., Moghaddam, H.O., Cottriall, C.L., Leech, E.M., Cornell, L.M., 1995. The
effects of blockade of retinal cell action potentials on ocular growth, emme-
tropization and form deprivation myopia in young chicks. Vision Res. 35,
1141e1152.

McBrien, N.A., Gentle, A., Cottriall, C., 1999. Optical correction of induced axial
myopia in the tree shrew: implications for emmetropization. Optom. Vis. Sci.
76, 419e427.

McBrien, N.A., Lawlor, P., Gentle, A., 2000. Scleral remodeling during the develop-
ment of and recovery from axial myopia in the tree shrew. Invest. Ophthalmol.
Vis. Sci. 41, 3713e3719.

McBrien, N.A., Arumugam, B., Gentle, A., Chow, A., Sahebjada, S., 2011. The M4
muscarinic antagonist MT-3 inhibits myopia in chick: evidence for site of action.
Ophthalmic Physiol. Opt. 31, 529e539.

McCarthy, C.S., Megaw, P., Devadas, M., Morgan, I.G., 2007. Dopaminergic agents
affect the ability of brief periods of normal vision to prevent form-deprivation
myopia. Exp. Eye Res. 84, 100e107.

McFadden, S.A., Howlett, M.H., Mertz, J.R., 2004. Retinoic acid signals the direction
of ocular elongation in the guinea pig eye. Vision Res. 44, 643e653.

McLean, R.C., Wallman, J., 2003. Severe astigmatic blur does not interfere with
spectacle lens compensation. Invest. Ophthalmol. Vis. Sci. 44, 449e457.

Mertz, J.R., Wallman, J., 2000. Choroidal retinoic acid synthesis: a possible mediator
between refractive error and compensatory eye growth. Exp. Eye Res. 70,
519e527.

Miles, F.A., Wallman, J., 1990. Local ocular compensation for imposed local refractive
error. Vision Res. 30, 339e349.

Millodot, M., 1981. Effect of ametropia on peripheral refraction. Am. J. Optom.
Physiol. Opt. 58, 691e695.

Mitchell, P., Hourihan, F., Sandbach, J., Wang, J.J., 1999. The relationship between
glaucoma and myopia: the Blue Mountains Eye Study. Ophthalmology 106,
2010e2015.

Mitry, D., Chalmers, J., Anderson, K., Williams, L., Fleck, B.W., Wright, A.,
Campbell, H., 2011. Temporal trends in retinal detachment incidence in Scotland
between 1987 and 2006. Br. J. Ophthalmol. 95, 365e369.

Morgan, R.W., Speakman, J.S., Grimshaw, S.E., 1975. Inuit myopia: an environmen-
tally induced “epidemic”? Can. Med. Assoc. J. 112, 575e577.

Morgan, I.G., Ohno-Matsui, K., Saw, S.-M., 2012. Myopia. The Lancet 379, 1739e1748.
Murphy, C.J., Howland, M., Howland, H.C., 1995. Raptors lack lower-field myopia.

Vision Res. 35, 1153e1155.
Mutti, D.O., Marks, A.R., 2011. Blood levels of vitamin D in teens and young adults

with myopia. Optom. Vis. Sci. 88, 377e382.
Mutti, D.O., Zadnik, K., 2000. Age-related decreases in the prevalence of myopia:

longitudinal change or cohort effect? Invest. Ophthalmol. Vis. Sci. 41, 2103e2107.
Mutti, D.O., Sholtz, R.I., Friedman, N.E., Zadnik, K., 2000. Peripheral refraction and

ocular shape in children. Invest. Ophthalmol. Vis. Sci. 41, 1022e1030.



D.I. Flitcroft / Progress in Retinal and Eye Research 31 (2012) 622e660658
Mutti, D.O., Hayes, J.R., Mitchell, G.L., Jones, L.A., Moeschberger, M.L., Cotter, S.A.,
Kleinstein, R.N., Manny, R.E., Twelker, J.D., Zadnik, K., 2007. Refractive error,
axial length, and relative peripheral refractive error before and after the onset
of myopia. Invest. Ophthalmol. Vis. Sci. 48, 2510e2519.

Mutti, D.O., Cooper, M.E., Dragan, E., Jones-Jordan, L.A., Bailey, M.D., Marazita, M.L.,
Murray, J.C., Zadnik, K., 2011a. Vitamin D receptor (VDR) and group-specific
component (GC, vitamin D-binding protein) polymorphisms in myopia.
Invest. Ophthalmol. Vis. Sci. 52, 3818e3824.

Mutti, D.O., Sinnott, L.T., Mitchell, G.L., Jones-Jordan, L.A., Moeschberger, M.L.,
Cotter, S.A., Kleinstein, R.N., Manny, R.E., Twelker, J.D., Zadnik, K., 2011b. Relative
peripheral refractive error and the risk of onset and progression of myopia in
children. Invest. Ophthalmol. Vis. Sci. 52, 199e205.

Nastri, G., Perugini, G.C., Savastano, S., Polzella, A., Sbordone, G., 1984. The evolution
of refraction in the fixing and the amblyopic eye. Doc. Ophthalmol. 56,
265e274.

Navarro, R., Santamaria, J., Bescos, J., 1985. Accommodation-dependent model of the
human eye with aspherics. J. Opt. Soc. Am. A 2, 1273e1281.

Nickla, D.L., Totonelly, K., 2011. Dopamine antagonists and brief vision distinguish
lens-induced- and form-deprivation-induced myopia. Exp. Eye Res. 93,
782e785.

Nickla, D.L., Wallman, J., 2010. The multifunctional choroid. Prog. Retin. Eye Res. 29,
144e168.

Nickla, D.L., Wildsoet, C., Wallman, J., 1997. Compensation for spectacle lenses
involves changes in proteoglycan synthesis in both the sclera and choroid. Curr.
Eye Res. 16, 320e326.

Nickla, D.L., Wildsoet, C., Wallman, J., 1998. Visual influences on diurnal rhythms
in ocular length and choroidal thickness in chick eyes. Exp. Eye Res. 66,
163e181.

Nickla, D.L., Wildsoet, C.F., Troilo, D., 2002. Diurnal rhythms in intraocular
pressure, axial length, and choroidal thickness in a primate model of eye
growth, the common marmoset. Invest. Ophthalmol. Vis. Sci. 43,
2519e2528.

Norn, M., 1997. Myopia among the Inuit population of East Greenland. Longitudinal
Study 1950e1994. Acta Ophthalmol. Scand. 75, 723e725.

Norton, T.T., Essinger, J.A., McBrien, N.A., 1994. Lid-suture myopia in tree shrews
with retinal ganglion cell blockade. Vis. Neurosci. 11, 143e153.

O’Leary, D.J., Millodot, M., 1979. Eyelid closure causes myopia in humans. Experi-
entia 35, 1478e1479.

Ogawa, A., Tanaka, M., 1988. The relationship between refractive errors and retinal
detachment e analysis of 1166 retinal detachment cases. Jpn. J. Ophthalmol. 32,
310e315.

Padmanabhan, V., Shih, J., Wildsoet, C.F., 2007. Constant light rearing disrupts
compensation to imposed- but not induced-hyperopia and facilitates
compensation to imposed myopia in chicks. Vision Res. 47, 1855e1868.

Papastergiou, G.I., Schmid, G.F., Riva, C.E., Mendel, M.J., Stone, R.A., Laties, A.M.,
1998. Ocular axial length and choroidal thickness in newly hatched chicks
and one-year-old chickens fluctuate in a diurnal pattern that is influenced by
visual experience and intraocular pressure changes. Exp. Eye Res. 66,
195e205.

Pararajasegaram, R., 1999. VISION 2020 e the right to sight: from strategies to
action. Am. J. Ophthalmol. 128, 359e360.

Pardue, M.T., Faulkner, A.E., Fernandes, A., Yin, H., Schaeffel, F., Williams, R.W.,
Pozdeyev, N., Iuvone, P.M., 2008. High susceptibility to experimental myopia in
a mouse model with a retinal on pathway defect. Invest. Ophthalmol. Vis. Sci.
49, 706e712.

Paritsis, N., Sarafidou, E., Koliopoulos, J., Trichopoulos, D., 1983. Epidemiologic
research on the role of studying and urban environment in the development of
myopia during school-age years. Ann. Ophthalmol. 15, 1061e1065.

Park, D.J., Congdon, N.G., 2004. Evidence for an “epidemic” of myopia. Ann. Acad.
Med. Singap. 33, 21e26.

Parssinen, O., Lyyra, A.L., 1993. Myopia and myopic progression among school-
children: a three-year follow-up study. Invest. Ophthalmol. Vis. Sci. 34,
2794e2802.

Passaglia, C.L., Troy, J.B., Ruttiger, L., Lee, B.B., 2002. Orientation sensitivity of
ganglion cells in primate retina. Vision Res. 42, 683e694.

Phillips, C.I., 1990. Aetiology of myopia. Br. J. Ophthalmol. 74, 47e48.
Pomerantzeff, O., Fish, H., Govignon, J., Schepens, C.L., 1971. Wide angle optical

model of the human eye. Ann. Ophthalmol. 3, 815e819.
Pomerantzeff, O., Pankratov, M., Wang, G.J., Dufault, P., 1984. Wide-angle optical

model of the eye. Am. J. Optom. Physiol. Opt. 61, 166e176.
Qu, J., Zhou, X., Xie, R., Zhang, L., Hu, D., Li, H., Lu, F., 2006. The presence of m1 to m5

receptors in human sclera: evidence of the sclera as a potential site of action for
muscarinic receptor antagonists. Curr. Eye Res. 31, 587e597.

Quinn, G.E., Shin, C.H., Maguire, M.G., Stone, R.A., 1999. Myopia and ambient
lighting at night. Nature 399, 113e114.

R Development Core Team, 2012. R: a Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Rabin, J., Van Sluyters, R.C., Malach, R., 1981. Emmetropization: a vision-dependent
phenomenon. Invest. Ophthalmol. Vis. Sci. 20, 561e564.

Raviola, E., Wiesel, T.N., 1978. Effect of dark-rearing on experimental myopia in
monkeys. Invest. Ophthalmol. Vis. Sci. 17, 485e488.

Raviola, E., Wiesel, T.N., 1985. An animal model of myopia. N. Engl. J. Med. 312,
1609e1615.

Raviola, E., Wiesel, T.N., 1990. Neural control of eye growth and experimental
myopia in primates. Ciba Found. Symp. 155, 22e38 (discussion 39e44).
Read, S.A., Collins, M.J., Sander, B.P., 2010. Human optical axial length and defocus.
Invest. Ophthalmol. Vis. Sci. 51, 6262e6269.

Reddy, P.S., Lakshmamma, K., Rao, K.S., 1979. Study of ophthalmic lesions in rickets.
Indian J. Ophthalmol. 27, 229.

Rempt, F., Hoogerheide, J., Hoogenboom, W.P., 1971. Peripheral retinoscopy and the
skiagram. Ophthalmologica 162, 1e10.

Romano, P.E., 2001. There’s no longer any need for randomized control groups; it’s
time to regularly offer atropine and bifocals for school myopia; comments on
evidence-based medicine. Binocul. Vis. Strabismus Q. 16, 12.

Rose, K.E., Tullo, A.B., 1998. Myopia. Br. J. Ophthalmol. 82, 1220e1221.
Rose, K., Harper, R., Tromans, C., Waterman, C., Goldberg, D., Haggerty, C., Tullo, A.,

2000. Quality of life in myopia. Br. J. Ophthalmol. 84, 1031e1034.
Rose, K.A., Morgan, I.G., Ip, J., Kifley, A., Huynh, S., Smith, W., Mitchell, P., 2008.

Outdoor activity reduces the prevalence of myopia in children. Ophthalmology
115, 1279e1285.

Sankaridurg, P., Donovan, L., Varnas, S., Ho, A., Chen, X., Martinez, A., Fisher, S.,
Lin, Z., Smith 3rd, E.L., Ge, J., Holden, B., 2010. Spectacle lenses designed to
reduce progression of myopia: 12-month results. Optom. Vis. Sci. 87,
631e641.

Saw, S.M., 2006. How blinding is pathological myopia? Br. J. Ophthalmol. 90,
525e526.

Saw, S.M., Wu, H.M., Hong, C.Y., Chua, W.H., Chia, K.S., Tan, D., 2001. Myopia and
night lighting in children in Singapore. Br. J. Ophthalmol. 85, 527e528.

Schaeffel, F., Howland, H.C., 1988. Mathematical model of emmetropization in the
chicken. J. Opt. Soc. Am. A 5, 2080e2086.

Schaeffel, F., Glasser, A., Howland, H.C., 1988. Accommodation, refractive error and
eye growth in chickens. Vision Res. 28, 639e657.

Schaeffel, F., Troilo, D., Wallman, J., Howland, H.C., 1990. Developing eyes that lack
accommodation grow to compensate for imposed defocus. Vis. Neurosci. 4,
177e183.

Schaeffel, F., Hagel, G., Bartmann, M., Kohler, K., Zrenner, E., 1994a. 6-Hydroxy
dopamine does not affect lens-induced refractive errors but suppresses depri-
vation myopia. Vision Res. 34, 143e149.

Schaeffel, F., Hagel, G., Eikermann, J., Collett, T., 1994b. Lower-field myopia and
astigmatism in amphibians and chickens. J. Opt. Soc. Am. A Opt. Image Sci. Vis.
11, 487e495.

Schall, J.D., Perry, V.H., Leventhal, A.G., 1986. Retinal ganglion cell dendritic fields in
old-world monkeys are oriented radially. Brain Res. 368, 18e23.

Schmid, G.F., 2003. Variability of retinal steepness at the posterior pole in children
7e15 years of age. Curr. Eye Res. 27, 61e68.

Schmid, G.F., 2011. Association between retinal steepness and central myopic shift
in children. Optom. Vis. Sci. 88, 684e690.

Schmid, K., Wildsoet, C.F., 1997. Natural and imposed astigmatism and their relation
to emmetropization in the chick. Exp. Eye Res. 64, 837e847.

Schrodl, F., De Laet, A., Tassignon, M.J., Van Bogaert, P.P., Brehmer, A.,
Neuhuber, W.L., Timmermans, J.P., 2003. Intrinsic choroidal neurons in the
human eye: projections, targets, and basic electrophysiological data. Invest.
Ophthalmol. Vis. Sci. 44, 3705e3712.

Schrodl, F., De Stefano, M.E., Reese, S., Brehmer, A., Neuhuber, W.L., 2004.
Comparative anatomy of nitrergic intrinsic choroidal neurons (ICN) in various
avian species. Exp. Eye Res. 78, 187e196.

Schwahn, H.N., Kaymak, H., Schaeffel, F., 2000. Effects of atropine on refractive
development, dopamine release, and slow retinal potentials in the chick. Vis.
Neurosci. 17, 165e176.

Seidel, D., Gray, L.S., Heron, G., 2005. The effect of monocular and binocular viewing
on the accommodation response to real targets in emmetropia and myopia.
Optom. Vis. Sci. 82, 279e285.

Seidemann, A., Schaeffel, F., Guirao, A., Lopez-Gil, N., Artal, P., 2002. Peripheral
refractive errors in myopic, emmetropic, and hyperopic young subjects. J. Opt.
Soc. Am. A Opt. Image Sci. Vis. 19, 2363e2373.

Seltner, R.L., Stell, W.K., 1995. The effect of vasoactive intestinal peptide on devel-
opment of form deprivation myopia in the chick: a pharmacological and
immunocytochemical study. Vision Res. 35, 1265e1270.

Senthil, S., Garudadri, C., Khanna, R.C., Sannapaneni, K., 2010. Angle closure in the
Andhra Pradesh Eye Disease Study. Ophthalmology 117, 1729e1735.

Shaikh, A.W., Siegwart, J.T.J., Norton, T.T., 1999. Effect of interrupted lens wear
on compensation for a minus lens in tree shrews. Optom. Vis. Sci. 76,
308e315.

Shea, S., Cook, E.F., Kannel, W.B., Goldman, L., 1985. Treatment of hypertension and
its effect on cardiovascular risk factors: data from the Framingham Heart Study.
Circulation 71, 22e30.

Shen, W., Sivak, J.G., 2007. Eyes of a lower vertebrate are susceptible to the visual
environment. Invest. Ophthalmol. Vis. Sci. 48, 4829e4837.

Shen, J., Clark, C.A., Soni, P.S., Thibos, L.N., 2010. Peripheral refraction with and
without contact lens correction. Optom. Vis. Sci. 87, 642e655.

Sherman, S.M., Norton, T.T., Casagrande, V.A., 1977. Myopia in the lid-sutured tree
shrew (Tupaia glis). Brain Res. 124, 154e157.

Siatkowski, R.M., Cotter, S., Miller, J.M., Scher, C.A., Crockett, R.S., Novack, G.D.,
Group, U.S.P.S., 2004. Safety and efficacy of 2% pirenzepine ophthalmic gel in
children with myopia: a 1-year, multicenter, double-masked, placebo-
controlled parallel study. Arch. Ophthalmol. 122, 1667e1674.

Siatkowski, R.M., Cotter, S.A., Crockett, R.S., Miller, J.M., Novack, G.D., Zadnik, K.,
Group, U.S.P.S., 2008. Two-year multicenter, randomized, double-masked,
placebo-controlled, parallel safety and efficacy study of 2% pirenzepine
ophthalmic gel in children with myopia. J. AAPOS 12, 332e339.



D.I. Flitcroft / Progress in Retinal and Eye Research 31 (2012) 622e660 659
Sieving, P.A., Fishman, G.A., 1978. Refractive errors of retinitis pigmentosa patients.
Br. J. Ophthalmol. 62, 163e167.

Simon, A., Martin-Martinelli, E., Savy, C., Verney, C., Raisman-Vozari, R., Nguyen-
Legros, J., 2001. Confirmation of the retinopetal/centrifugal nature of the tyro-
sine hydroxylase-immunoreactive fibers of the retina and optic nerve in the
weaver mouse. Brain Res. Dev. Brain Res. 127, 87e93.

Singh, K.D., Logan, N.S., Gilmartin, B., 2006. Three-dimensional modeling of the
human eye based on magnetic resonance imaging. Invest. Ophthalmol. Vis. Sci.
47, 2272e2279.

Smith 3rd, E.L., Hung, L.F., Harwerth, R.S., 1999. Developmental visual system
anomalies and the limits of emmetropization. Ophthalmic Physiol. Opt. 19,
90e102.

Smith 3rd, E.L., Kee, C.S., Ramamirtham, R., Qiao-Grider, Y., Hung, L.F., 2005.
Peripheral vision can influence eye growth and refractive development in infant
monkeys. Invest. Ophthalmol. Vis. Sci. 46, 3965e3972.

Smith 3rd, E.L., Ramamirtham, R., Qiao-Grider, Y., Hung, L.F., Huang, J.,
Kee, C.S., Coats, D., Paysse, E., 2007. Effects of foveal ablation on emme-
tropization and form-deprivation myopia. Invest. Ophthalmol. Vis. Sci. 48,
3914e3922.

Smith 3rd, E.L., Huang, J., Hung, L.F., Blasdel, T.L., Humbird, T.L., Bockhorst, K.H.,
2009a. Hemiretinal form deprivation: evidence for local control of eye growth
and refractive development in infant monkeys. Invest. Ophthalmol. Vis. Sci. 50,
5057e5069.

Smith 3rd, E.L., Hung, L.F., Huang, J., 2009b. Relative peripheral hyperopic defocus
alters central refractive development in infant monkeys. Vision Res. 49,
2386e2392.

Smith 3rd, E.L., Hung, L.F., Huang, J., Blasdel, T.L., Humbird, T.L., Bockhorst, K.H.,
2010. Effects of optical defocus on refractive development in monkeys:
evidence for local, regionally selective mechanisms. Invest. Ophthalmol. Vis. Sci.
51, 3864e3873.

Smith 3rd, E.L., Hung, L.F., Huang, J., 2012. Protective effects of high ambient lighting
on the development of form-deprivation myopia in rhesus monkeys. Invest.
Ophthalmol. Vis. Sci. 53, 421e428.

Sng, C.C., Lin, X.Y., Gazzard, G., Chang, B., Dirani, M., Lim, L., Selvaraj, P., Ian, K.,
Drobe, B., Wong, T.Y., Saw, S.M., 2011. Change in peripheral refraction over
time in Singapore Chinese children. Invest. Ophthalmol. Vis. Sci. 52,
7880e7887.

Sorsby, A., 1966. The Incidence of Blindness in England and Wales, 1948e1962. Her
Majesty’s Stationery Office, London.

Sorsby, A., Sheridan, M., Leary, G.A., Benjamin, B., 1960. Vision, visual acuity, and
ocular refraction of young men: findings in a sample of 1,033 subjects. Br. Med.
J. 1, 1394e1398.

Sperduto, R.D., Seigel, D., Roberts, J., Rowland, M., 1983. Prevalence of myopia in the
United States. Arch. Ophthalmol. 101, 405e407.

Stamler, J., Stamler, R., Neaton, J.D., 1993. Blood pressure, systolic and diastolic, and
cardiovascular risks. US population data. Arch. Intern. Med. 153, 598e615.

Stone, R.A., Flitcroft, D.I., 2004. Ocular shape and myopia. Ann. Acad. Med. Singap.
33, 7e15.

Stone, R.A., Lin, T., Laties, A.M., Iuvone, P.M., 1989. Retinal dopamine and form-
deprivation myopia. Proc. Natl. Acad. Sci. U. S. A. 86, 704e706.

Stone, R.A., Lin, T., Iuvone, P.M., Laties, A.M., 1990. Postnatal control of ocular
growth: dopaminergic mechanisms. Ciba Found. Symp. 155, 45e57 (discussion
57e62).

Stone, R.A., Lin, T., Laties, A.M., 1991. Muscarinic antagonist effects on experimental
chick myopia. Exp. Eye Res. 52, 755e758.

Stone, R.A., Lin, T., Desai, D., Capehart, C., 1995. Photoperiod, early post-natal eye
growth, and visual deprivation. Vision Res. 35, 1195e1202.

Straub, M., 1909. Über die Aetiologie der Brechungsanomalien des Auges und den
Ursprung der Emmetropie. von Graefes Arch. Ophthalmol. 70, 130e199.

Stubinger, K., Brehmer, A., Neuhuber, W.L., Reitsamer, H., Nickla, D., Schrodl, F., 2010.
Intrinsic choroidal neurons in the chicken eye: chemical coding and synaptic
input. Histochem. Cell Biol. 134, 145e157.

Tabernero, J., Schaeffel, F., 2009. Fast scanning photoretinoscope for measuring
peripheral refraction as a function of accommodation. J. Opt. Soc. Am. A Opt.
Image Sci. Vis. 26, 2206e2210.

Takashima, T., Yokoyama, T., Futagami, S., Ohno-Matsui, K., Tanaka, H., Tokoro, T.,
Mochizuki, M., 2001. The quality of life in patients with pathologic myopia. Jpn.
J. Ophthalmol. 45, 84e92.

Tan, D.T., Lam, D.S., Chua, W.H., Shu-Ping, D.F., Crockett, R.S., Asian Pirenzepine
Study, G., 2005. One-year multicenter, double-masked, placebo-controlled,
parallel safety and efficacy study of 2% pirenzepine ophthalmic gel in children
with myopia. Ophthalmology 112, 84e91.

Tarabishy, A.B., Alexandrou, T.J., Traboulsi, E.I., 2007. Syndrome of myelinated
retinal nerve fibers, myopia, and amblyopia: a review. Surv. Ophthalmol. 52,
588e596.

Tay, M.T., Au Eong, K.G., Ng, C.Y., Lim, M.K., 1992. Myopia and educational attain-
ment in 421,116 young Singaporean males. Ann. Acad. Med. Singap. 21,
785e791.

The Eye Disease Case-Control Study Group, 1993. Risk factors for idiopathic rheg-
matogenous retinal detachment. Am. J. Epidemiol. 137, 749e757.

The Framingham Offspring Eye Study Group, 1996. Familial aggregation and prev-
alence of myopia in the Framingham Offspring Eye Study. Arch. Ophthalmol.
114, 326e332.

Thorn, F., Gwiazda, J., Held, R., 2005. Myopia progression is specified by a double
exponential growth function. Optom. Vis. Sci. 82, 286e297.
Toates, F.M., 1972. Accommodation function of the human eye. Physiol. Rev. 52,
828e863.

Tong, L., Huang, X.L., Koh, A.L., Zhang, X., Tan, D.T., Chua, W.H., 2009. Atropine for
the treatment of childhood myopia: effect on myopia progression after cessa-
tion of atropine. Ophthalmology 116, 572e579.

Troilo, D., 1990. Experimental studies of emmetropization in the chick. Ciba Found.
Symp. 155, 89e102 (discussion 102e114).

Troilo, D., Gottlieb, M.D., Wallman, J., 1987. Visual deprivation causes myopia in
chicks with optic nerve section. Curr. Eye Res. 6, 993e999.

Troilo, D., Nickla, D.L., Wildsoet, C.F., 2000. Choroidal thickness changes during
altered eye growth and refractive state in a primate. Invest. Ophthalmol. Vis. Sci.
41, 1249e1258.

Tse, D.Y., Lam, C.S., Guggenheim, J.A., Lam, C., Li, K.K., Liu, Q., To, C.H., 2007.
Simultaneous defocus integration during refractive development. Invest. Oph-
thalmol. Vis. Sci. 48, 5352e5359.

Vitale, S., Sperduto, R.D., Ferris 3rd, F.L., 2009. Increased prevalence of myopia in the
United States between 1971e1972 and 1999e2004. Arch. Ophthalmol. 127,
1632e1639.

Vongphanit, J., Mitchell, P., Wang, J.J., 2002. Prevalence and progression of myopic
retinopathy in an older population. Ophthalmology 109, 704e711.

Walker, T.W., Mutti, D.O., 2002. The effect of accommodation on ocular shape.
Optom. Vis. Sci. 79, 424e430.

Walline, J.J., Jones, L.A., Sinnott, L.T., 2009. Corneal reshaping and myopia
progression. Br. J. Ophthalmol. 93, 1181e1185.

Walline, J.J., Lindsley, K., Vedula, S.S., Cotter, S.A., Mutti, D.O., Twelker, J.D., 2011.
Interventions to slow progression of myopia in children. Cochrane Database
Syst. Rev., CD004916.

Wallman, J., 1993. Retinal control of eye growth and refraction. Prog. Retin. Res. 12
Wallman, J., Winawer, J., 2004. Homeostasis of eye growth and the question of

myopia. Neuron 43, 447e468.
Wallman, J., Turkel, J., Trachtman, J., 1978. Extreme myopia produced by modest

change in early visual experience. Science 201, 1249e1251.
Wallman, J., Gottlieb, M.D., Rajaram, V., Fugate-Wentzek, L.A., 1987. Local retinal

regions control local eye growth and myopia. Science 237, 73e77.
Wallman, J., Wildsoet, C., Xu, A., Gottlieb, M.D., Nickla, D.L., Marran, L., Krebs, W.,

Christensen, A.M., 1995. Moving the retina: choroidal modulation of refractive
state. Vision Res. 35, 37e50.

Weiss, S., Schaeffel, F., 1993. Diurnal growth rhythms in the chicken eye: relation to
myopia development and retinal dopamine levels. J. Comp. Physiol. A 172,
263e270.

Whatham, A.R., Judge, S.J., 2001. Compensatory changes in eye growth and
refraction induced by daily wear of soft contact lenses in young marmosets.
Vision Res. 41, 267e273.

Whatham, A., Zimmermann, F., Martinez, A., Delgado, S., de la Jara, P.L.,
Sankaridurg, P., Ho, A., 2009. Influence of accommodation on off-axis refractive
errors in myopic eyes. J. Vis. 9 (14), 11e13.

Wick, B., Currie, D., 1991. Convergence accommodation: laboratory and clinical
evaluation. Optom. Vis. Sci. 68, 226e231.

Wiesel, T.N., Raviola, E., 1977. Myopia and eye enlargement after neonatal lid fusion
in monkeys. Nature 266, 66e68.

Wiesel, T.N., Raviola, E., 1979. Increase in axial length of the macaque
monkey eye after corneal opacification. Invest. Ophthalmol. Vis. Sci. 18,
1232e1236.

Wildsoet, C., 2003. Neural pathways subserving negative lens-induced emme-
tropization in chicks e insights from selective lesions of the optic nerve and
ciliary nerve. Curr. Eye Res. 27, 371e385.

Wildsoet, C., Wallman, J., 1995. Choroidal and scleral mechanisms of compensation
for spectacle lenses in chicks. Vision Res. 35, 1175e1194.

Winawer, J., Wallman, J., 2002. Temporal constraints on lens compensation in
chicks. Vision Res. 42, 2651e2668.

Winawer, J., Zhu, X., Choi, J., Wallman, J., 2005. Ocular compensation for alternating
myopic and hyperopic defocus. Vision Res. 45, 1667e1677.

Wolter, J.R., 1978. Centrifugal nerve fibers in the adult human optic nerve: 16 days
after enucleation. Trans. Am. Ophthalmol. Soc. 76, 140e155.

Wolter, J.R., Knoblich, R.R., 1965. Pathway of centrifugal fibres in the human optic
nerve, chiasm, and tract. Br. J. Ophthalmol. 49, 246e250.

Wong, T.Y., Klein, B.E., Klein, R., Tomany, S.C., Lee, K.E., 2001. Refractive errors and
incident cataracts: the Beaver Dam Eye Study. Invest. Ophthalmol. Vis. Sci. 42,
1449e1454.

Wong, T.Y., Foster, P.J., Johnson, G.J., Seah, S.K., 2003. Refractive errors, axial ocular
dimensions, and age-related cataracts: the Tanjong Pagar survey. Invest. Oph-
thalmol. Vis. Sci. 44, 1479e1485.

Woo, D., Haverbusch, M., Sekar, P., Kissela, B., Khoury, J., Schneider, A.,
Kleindorfer, D., Szaflarski, J., Pancioli, A., Jauch, E., Moomaw, C., Sauerbeck, L.,
Gebel, J., Broderick, J., 2004. Effect of untreated hypertension on hemorrhagic
stroke. Stroke 35, 1703e1708.

Xu, L., Wang, Y., Li, Y., Cui, T., Li, J., Jonas, J.B., 2006. Causes of blindness and visual
impairment in urban and rural areas in Beijing: the Beijing Eye Study.
Ophthalmology 113, 1134e1141.

Xu, L., Cao, W.F., Wang, Y.X., Chen, C.X., Jonas, J.B., 2008. Anterior chamber depth
and chamber angle and their associations with ocular and general parameters:
the Beijing Eye Study. Am. J. Ophthalmol. 145, 929e936.

Yang, R.J., Sheu, J.J., Chen, H.S., Lin, K.C., Huang, H.L., 2007. Morbidity at elementary
school entry differs by sex and level of residence urbanization: a comparative
cross-sectional study. BMC Public Health 7, 358.



D.I. Flitcroft / Progress in Retinal and Eye Research 31 (2012) 622e660660
Yin, G.C., Gentle, A., McBrien, N.A., 2004. Muscarinic antagonist control of myopia:
a molecular search for the M1 receptor in chick. Mol. Vis. 10, 787e793.

Younan, C., Mitchell, P., Cumming, R.G., Rochtchina, E., Wang, J.J., 2002. Myopia and
incident cataract and cataract surgery: the Blue Mountains Eye Study. Invest.
Ophthalmol. Vis. Sci. 43, 3625e3632.

Young, F.A., 1961. The effect of restricted visual space on the primate eye. Am. J.
Ophthalmol. 52, 799e806.

Young, F.A., 1963. The effect of restricted visual space on the refractive error of the
young monkey eye. Invest. Ophthalmol. 2, 571e577.

Young, F.A., Leary, G.A., Baldwin, W.R., West, D.C., Box, R.A., Harris, E., Johnson, C.,
1969. The transmission of refractive errors within eskimo families. Am. J.
Optom. Arch. Am. Acad. Optom. 46, 676e685.

Young, T.L., Deeb, S.S., Ronan, S.M., Dewan, A.T., Alvear, A.B., Scavello, G.S.,
Paluru, P.C., Brott, M.S., Hayashi, T., Holleschau, A.M., Benegas, N., Schwartz, M.,
Atwood, L.D., Oetting, W.S., Rosenberg, T., Motulsky, A.G., King, R.A., 2004. X-
linked high myopia associated with cone dysfunction. Arch. Ophthalmol. 122,
897e908.

Zadnik, K., Jones, L.A., Irvin, B.C., Kleinstein, R.N., Manny, R.E., Shin, J.A., Mutti, D.O.,
2000. Myopia and ambient night-time lighting. CLEERE Study Group. Collabo-
rative longitudinal evaluation of ethnicity and refractive error. Nature 404,
143e144.

Zhan, M.Z., Saw, S.M., Hong, R.Z., Fu, Z.F., Yang, H., Shui, Y.B., Yap, M.K.,
Chew, S.J., 2000. Refractive errors in Singapore and Xiamen, China e
a comparative study in school children aged 6 to 7 years. Optom. Vis. Sci.
77, 302e308.

Zhu, X., Winawer, J.A., Wallman, J., 2003. Potency of myopic defocus
in spectacle lens compensation. Invest. Ophthalmol. Vis. Sci. 44,
2818e2827.


	The complex interactions of retinal, optical and environmental factors in myopia aetiology
	1. Introduction
	2. The association of myopia and ocular disease
	2.1. Physiological vs. pathological myopia
	2.1.1. Myopic maculopathy
	2.1.2. Retinal detachment
	2.1.3. Glaucoma and cataract
	2.1.4. Hyperopia and disease risk
	2.1.5. Comparison of myopia with hypertension as disease risk factor
	2.1.6. Is there a safe physiological threshold for myopia and ocular disease?

	2.2. Public health implications
	2.2.1. The increasing prevalence of myopia
	2.2.2. Possible implications of increasing myopia prevalence


	3. The role of the retina in controlling eye growth
	3.1. Experimental myopia in animal models
	3.1.1. Deprivation myopia
	3.1.2. Impact of spectacles lenses on eye growth
	3.1.3. Evidence for local growth signals
	3.1.4. Active involvement of the choroid in eye growth regulation
	3.1.5. Circadian rhythms and eye growth
	3.1.6. Role of the central nervous system

	3.2. The role of the retina and retinal image in controlling human refraction
	3.2.1. Role of a clear retinal image in human eye growth
	3.2.2. Impact of spectacle corrections on human eye growth
	3.2.3. Retinal disorders and eye growth in humans

	3.3. Evidence for a role of the peripheral retina in refractive development
	3.3.1. Animal models
	3.3.2. Peripheral refraction and human eye growth


	4. A retinocentric view of refraction and eye growth
	4.1. Challenging the standard definition of myopia
	4.2. Determinants of the optical properties of the retinal image
	4.3. Optical structure of the environment
	4.3.1. Methodology
	4.3.2. Dioptric structure of the environment

	4.4. Impact of 3D structure on the retinal image – accommodation and fixation
	4.4.1. Accommodation on and off-axis
	4.4.2. Comparison of different visual tasks and points of fixation

	4.5. Impact of the eye’s optical performance and eye shape across the retinal image
	4.5.1. Off axis-astigmatism
	4.5.2. Off-axis astigmatism and retinal image neural processing
	4.5.3. Impact of imposed astigmatism on eye growth
	4.5.4. Field curvature and eye shape

	4.6. The combined effects of the environment, eye shape and optics
	4.6.1. Is off-axis defocus affected by the structure of the environment?
	4.6.2. Do humans show any correlate of lower field myopia?
	4.6.3. Relevance of peripheral refraction prior to the onset of myopia

	4.7. Implications for understanding eye growth
	4.7.1. Impact of bifocal glasses on dioptric error maps
	4.7.2. Protective effect of being outside on myopic progression
	4.7.3. Temporal variations in defocus
	4.7.4. Eye shape and off axis refraction
	4.7.5. Optical manipulations of off-axis refraction for myopia control


	5. Discussion
	5.1. Future directions
	5.1.1. Optical strategies
	5.1.2. Behavioural strategies
	5.1.3. Pharmacological strategies
	5.1.4. Combined strategies
	5.1.5. Ensuring full control of all the variables in future trials
	5.1.6. Conclusions


	Acknowledgements
	References


