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Abstract
Background: Refractive development is visually guided by local regulation of eye growth. The
retina and choroid have been implicated in detecting defocus and relaying information to the
sclera to control eye size and thus maintain emmetropia. However, the mechanisms underlying
retinal and choroidal responses to defocus remain unclear.
Aims: To quantify and localise electrophysiological responses of the retina to optical defocus, and
to investigate alterations in blood perfusion as a potential mechanism underlying changes in
choroidal thickness in response to retinal image defocus.
Methods: Experiment (1): Nineteen healthy young adults (age: 23 ± 3.5 years, spherical equivalent
refraction (SER): +0.25 to -4.50 D) underwent global flash multifocal electroretinogram (gmfERG)
testing under three lens-imposed defocus conditions (2.00 D myopic, 2.00 D hyperopic, and no
defocus). Recordings were made monocularly before and 24 hours after administration of one
drop of the myopia-inhibiting agent atropine 0.1%. Signals reflecting outer (direct component,
DC) and inner (induced component, IC) retinal activity were analysed in central 6° and peripheral
(6° to 24°) retinal zones. Experiment (2): Twenty healthy young adults (age: 25 ± 5 years, SER:
+0.50 to -3.00 D) were scanned by 3T SKYRA MRI twice within a single session repeated at the
same time of day in two visits. A non-invasive arterial spin labelling MRI (ASL-MRI) technique was
optimised to image chorio-retinal blood perfusion in both eyes by magnetically labelling the
blood. Experiment (3): In a clinical trial, thirty healthy young adults (age: 25 ± 4 years, SER: +2.00
to -3.00 D) underwent ASL-MRI after viewing a distant target (video-movie) for 40 minutes in a
supine position in two randomised visits (within a week). At one visit (experimental visit), one
randomly chosen experimental eye received 2.00 D myopic defocus while the fellow control eye
received no defocus. At the other visit (control visit), both eyes of the subjects were optimally
corrected for the viewing distance.
Results: Experiment (1): Imposed optical defocus had a significant effect on inner retinal
electrophysiology responses, with greater IC amplitudes for myopic defocus compared to
hyperopic and no defocus, in both the central zone (F(2, 36) = 4.04, p = .03) and the peripheral zone
(F(2, 36) = 26.2, p < .001). Twenty-four hours after atropine instillation, the IC amplitude responses
to myopic defocus significantly increased, without changes in the responses to hyperopic and no
ii

defocus (F(2, 36) = 6.05, p = .01). This differential effect of atropine on electrophysiology responses
to defocus was evident only for the IC response in the peripheral retinal zone. Experiment (2):
Quantitative ASL-MRI measurements of chorio-retinal blood perfusion demonstrated high intra(r = .95, 95% CI [.88, .98], p < .001) and inter-visit repeatability (r = .80 [.58, .91], p < .001). Chorioretinal perfusion measures were not different between sessions within the same visit (mean [95%
CI] differences of +2.69 [+16.9, -22.2] ml/100ml/min, p = .24) and between visits (-7.44 [+27.5, 42.3] ml/100ml/min, p = .08). Experiment (3): In the clinical trial, baseline measures of perfusion
under no imposed defocus were not significantly different between the control and the
experimental eye (median, 64.2 vs 62.3 ml/100ml/min, median difference (MD) = -0.05 [-6.66,
+6.28], Wilcoxon p = .95). No significant changes in perfusion were observed for the control eye
(MD = +6.95 [-9.51, +17.3], p = .15) or the experimental eye (MD = +2.32 [-4.92, +16.8], p = .20)
between the visits (i.e. experimental - control visit). Changes in perfusion between the visits were
also not different between the control and the experimental eye (MD = -1.69 [-13.8, +7.49],
p = .69).
Conclusions: (1) Imposed optical defocus caused an increase in the IC amplitudes in the
peripheral retina; this increment in the IC amplitudes was further enhanced by the use of atropine
while under myopic defocus, without affecting responses to hyperopic and no defocus. These
results suggest that the inner layers of the peripheral retina may be involved in detecting the sign
of defocus and processing defocus signals related to axial eye growth and myopia.
(2) Quantitative ASL-MRI measures of chorio-retinal perfusion demonstrated high intra- and intervisit repeatability, indicating that the ASL-MRI technique, when optimised for ocular application,
provides a method of obtaining reliable measures of chorio-retinal perfusion in vivo. (3) Shortterm imposed myopic retinal defocus did not affect chorio-retinal perfusion measured with ASLMRI, suggesting that changes in perfusion may not be responsible for the changes in choroidal
thickness previously reported by others during imposed optical defocus.
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1. Rationale and overview
1.1. Thesis rationale
An alarming increase in the prevalence of myopia in recent years (Holden et al., 2016; Morgan et
al., 2018; Rudnicka et al., 2016; Williams et al., 2015) coupled with the sight-threatening risks
associated with higher degrees of myopia (Flitcroft, 2012) have invoked an urgent need to
understand the fundamentals of eye growth regulation and refractive development. The
longstanding and continuing debate about the mechanism underlying eye growth control and
myopiagenesis, however, signifies the complexity of this process. This convolution was recognised
several decades ago in the writing of an eminent ophthalmologist Sir Stewart Duke-Elder (1949):
‘The aetiology of myopia has excited an immense amount of speculation and controversy
ever since ophthalmology has become a science, and the theories which have been put
forward to explain its development are as ingenious, fanciful, and contradictory as have
accumulated around any subject in medicine.’
Since then, extensive animal and clinical investigations have made substantial contributions in
resolving the controversies, narrowing the speculations, and converging towards a unifying theory
that underlies the regulation of eye growth and refractive state. Contrary to the traditional view
that the eye grows via a genetically pre-programmed mechanism, it is now apparent that the
control of eye growth occurs via an active visually guided process and that retinal defocus conveys
critical information to the eye for the development of the refractive state (Wallman and Winawer,
2004). Because visual feedback is necessary for modulating eye growth, experimental changes in
the optical environment of the growing eye can alter the extent to which the eye grows (Smith et
al., 2014). For example, hyperopic defocus (image plane behind the photoreceptor plane) induced
by negative lens wear accelerates eye growth, while myopic defocus (image plane in front of the
photoreceptor plane) induced by positive lens wear slows eye growth. Astonishingly, the eye
seems to possess a complete image processing system capable of identifying the sign of retinal
image defocus and then regulating eye growth and refractive state. This defocus signalling
mechanism appears to operate in isolation, even without input from the accommodative system
and higher-centres, giving rise to the intriguing conclusion that the eye itself regulates its growth.
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The visual control of eye growth and refractive state appears to occur via a cascade of signals
through at least three major components in the posterior eye: the retina, choroid, and sclera.
However, the underlying mechanisms remain enigmatic. Despite extensive investigations over the
past couple of decades, the controversy about the exact retinal site for defocus detection remains
unresolved. Animal studies and recent clinical investigations suggest a dominant effect of visual
input from the peripheral retina over the central retina in refractive development (Charman and
Radhakrishnan, 2010; Sankaridurg, 2017). However, the apparent inability of peripheral defocus to
explain the genesis of myopia or its progression (Atchison et al., 2015) casts doubt on the
prominent role of the peripheral retina in defocus signalling mechanism that regulates eye growth
and refractive development (Brennan and Cheng, 2018). Although several candidate molecules
now exist as potential defocus messengers, uncertainty remains regarding the site and action of
these molecules in signalling defocus (Rymer and Wildsoet, 2005). Despite growing evidence for
an inner retina-based dopaminergic mechanism in signalling defocus, the lack of clarity on the
role of outer retina-derived growth factors in eye growth regulation and on the molecular basis of
defocus signals confers further uncertainty to the fundamental question of whether the inner or
outer retina predominantly initiates the defocus signalling process.
Central to the understanding of local eye growth control is the role of the choroid in the
regulation of eye size and refractive state (Wallman et al., 1995). As the choroid is sandwiched
between the retina (that detects the defocus) and the sclera (that undergoes structural
remodelling to effect changes in eye growth), the choroid presumably relays defocus signals
carrying critical information related to eye growth from the retina to sclera. To this end, the
choroid appears to act as an intermediary in the defocus signalling pathway. Furthermore, the
choroid can modulate its thickness in response to environmental stimuli known to alter axial eye
growth. Growth-promoting or myopiagenic stimuli (e.g. hyperopic defocus, form-deprivation,
accommodation) thin the choroid, while growth-inhibiting or anti-myopiagenic stimuli (e.g.
myopic defocus, recovery from form-deprivation, anticholinergic drugs) thicken the choroid,
shifting the retinal positioning towards the induced focal plane (Nickla and Wallman, 2010).
Whether these thickness changes form a part of the defocus signalling process is unknown, but it
is plausible that they reflect regulation of defocus signals through the choroid. Interestingly, these
rapid and transient choroidal thickness responses to defocus happen relatively quickly compared
to the time course of refractive error changes but show linkage with changes in eye growth. Eyes
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with myopic refractive errors, a consequence of axial eye growth, often exhibit choroidal thinning,
and growing eyes in children demonstrate a positive association between the rate of axial eye
growth and choroidal thinning (Read et al., 2018a). While these thickness changes in human
choroid that precede corresponding changes in scleral growth are relatively small in magnitude
and unlikely to influence the refractive state, they likely serve as early biomarkers of defocusrelated growth signals for impending longer-term changes in eye growth. These thickness
changes may be occurring indirectly in response to an earlier retinal signal of defocus or directly in
response to signals of choroidal origin. A crucial question remains largely unanswered: what
mechanism underlies the predictable changes in choroidal thickness observable in response to the
direction of image defocus? Direct investigations into the mechanisms underlying choroidal
thickness responses to defocus, however, remain elusive.
The first part of the thesis investigates the role of the retina (at the start of the retina-choroidsclera pathway) in detecting the presence and sign of image defocus. By utilising an advanced
multifocal electroretinogram (mfERG) technique to objectively quantify instantaneous neural
activity in vivo, the first part describes how the human retina responds to the presence and sign of
defocus as a function of spatial region (centre vs peripheral retina and inner vs outer retina), and
how the myopia inhibiting agent atropine modifies retinal responses to defocus. We hypothesise
that if a retinal region harbours focus-sensitive cells capable of discerning the direction of defocus
and initiating defocus signals, the neural activity in the retina should respond to myopic and
hyperopic defocus in a regionally selective and sign-dependent manner. In addition, a myopia
inhibiting agent should modify retinal responses according to the direction of image defocus to
differentially influence the retinal signals—induced by opposite signs of defocus—that ultimately
control eye growth.
The second part of the thesis delves into the potential role of the choroid, an intermediary in the
retina-choroid-sclera pathway, in signalling retinal image focus, particularly by investigating
defocus-induced changes in choroidal blood physiology. Despite increasingly popular speculation
that changes in choroidal blood flow or perfusion mediate thickness modulations typically
occurring in the choroid in response to retinal defocus, this notion remains anecdotal and exists as
one of several possibilities. This setback is partly because of the challenge in measuring blood
perfusion in the choroid (owing to its anatomical location) and because of the inherent limitations
of currently available ocular hemodynamic techniques for quantifying choroidal perfusion. This
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thesis adopts a non-invasive arterial spin labelling (ASL) MRI technique—initially applied for brain
perfusion quantification—for chorio-retinal imaging. Following optimisation of the technique to
obtain repeatable measures of chorio-retinal perfusion in vivo, the second part of the thesis
investigates the hypothesis that imposed myopic defocus modifies the chorio-retinal perfusion
responses.

1.2. Thesis aims
The overall goal of the thesis was to improve our understanding of the mechanisms behind the
physiological responses of the retina and choroid to image defocus as a basis for enhancing
fundamental knowledge of the defocus signalling process. The specific aims of this thesis were:
1. To measure electrophysiological responses of the retina to short-term imposed myopic
and hyperopic defocus.
2. To study the relative potency of defocus-induced retinal responses according to the spatial
retinal region.
3. To investigate the effect of the myopia inhibiting agent atropine on retinal neural
responses to imposed defocus.
4. To adapt and optimise the ASL-MRI technique for application in ophthalmic imaging to
obtain reliable measures of chorio-retinal perfusion.
5. To assess the effect of short-term imposed myopic defocus on chorio-retinal perfusion to
investigate defocus-induced changes in physiological responses of the choroid.

1.3. Thesis overview
The overall structure of the thesis takes the form of seven chapters, including this introductory
chapter. The thesis incorporates two publications, one each in Chapter 3 and Chapter 5. These
journal articles have been slightly restructured to align with the format of a thesis with publication
while maintaining coherence.
Chapter 2 reviews the literature regarding the role of the retina in detecting defocus and provides
an overview of our current understanding of the mechanisms underlying retinal control of eye
growth and refractive state. It concludes by introducing the aims and hypothesis of the first part of
the thesis, which focusses on physiological responses to defocus at the retinal level.
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Chapter 3 describes an experimental mfERG study showing that neural activity in the retina
responds to defocus in a sign-dependent manner. In addition, it presents a novel finding that
these retinal responses to defocus are differentially modified in the presence of atropine,
particularly at the level of inner retinal cells in the peripheral retina.
Chapter 4 reviews the literature regarding the role of the choroid in defocus signalling pathway. It
also describes the currently available techniques for measuring ocular blood flow (or perfusion)
and introduces the ASL-MRI technique. Chapter 4 concludes with the specification of the
hypotheses of the second part of the thesis.
Chapter 5 presents a methodological study that demonstrates the feasibility of applying ASL-MRI
for measuring blood perfusion in the human eye and provides original evidence about the
reliability of quantitative chorio-retinal perfusion measures as obtained with this technique.
Furthermore, Chapter 5 discusses the results from a preliminary investigation that shows
differential changes of blood perfusion when the eye receives myopic defocus as opposed to no
defocus.
Chapter 6 describes a clinical trial investigating chorio-retinal perfusion responses to myopic
retinal image defocus and provides the first demonstration that imposing myopic defocus in
short-term (~40 minutes) does not produce a significant change in chorio-retinal perfusion.
Chapter 6 concludes by critically discussing the findings in relation to our current understanding
of choroidal thickness responses to defocus.
Chapter 7 provides a summary of the conclusions from the two parts of the thesis and briefly
discusses the overall significance of this thesis work outlining potential areas of future research.

1.4. Thesis impact
Despite intensified efforts at combating the global threat of myopia in the last few decades,
myopia prevalence continues to rise at an unprecedented rate. Recent projections estimate almost
half of the world’s population will have myopia by 2050, with the associated risks of sightthreatening, myopia-related pathologies increasing proportionally (Holden et al., 2016). While the
availability of optical and pharmacological interventions for myopia has prompted a change in
clinical myopia management strategy from palliative care to therapeutic approach globally, the
limited efficacy of these treatments (up to ~50%) is seemingly inadequate to mitigate the risks
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and lower the burden of irreversible blindness due to myopia. As a result, investigations in search
of better, more effective translational strategies for slowing axial eye growth and preventing or
treating myopia are ongoing. However, lack of an overarching and unified theory on how the eye
detects and processes signals of focus to regulate its growth and what upsets the homeostasis of
this regulatory process to trigger the onset of myopia and to accelerate its progression continues
to pose a significant barrier. Unless the exact mechanistic basis of eye growth regulation and
defocus signalling is known, identifying ways to prevent the abnormal eye growth, as well as the
incidence and progression of myopia, will continue to remain an insurmountable challenge.
The theoretical framework of this thesis builds on the rationale that fundamental knowledge of
the defocus signalling mechanism and its operational components would aid in identifying
methods to intervene in the signalling pathway in order to inhibit the signals that cause abnormal
eye growth associated with myopia. Furthermore, teasing out the mechanism behind myopic
defocus induced choroidal expansion that appears to be growth-inhibitory would open new
avenues to devise interventions targeted at increasing choroidal thickness and slowing down the
rate of axial eye growth and myopia. These issues are of substantial practical importance in the
realm of myopia control. An improved understanding of how the eye detects and signals defocus
is central to the formulation of ways that can enhance the efficacy of the current myopia control
technologies. This knowledge would further inform innovative preventive and curative approaches
that can be applied to slow down the excessive axial elongation of the eye early in life, which
would consequently help avert sight-threatening myopia complications and reduce the
anticipated burden of a myopia epidemic. As an aside, interventions to increase choroidal
thickness and blood flow also have potential significance in ischemic retinal diseases, as there is
considerable interest in developing methods for increasing choroidal blood flow to reduce or
alleviate ischemic damage and inhibit the progression of the diseases.
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2. The retina in image defocus
This chapter provides a comprehensive review of the literature regarding the role of the retina in
defocus signalling and eye growth regulation as a background to the first part of the thesis. It begins
with a detailed description of the regulation of growth and refractive state of the eye, followed by a
discussion of the retina to sclera signalling pathway of defocus and potential cues to defocus signals.
The chapter concludes by introducing the multifocal electroretinogram technique utilised in the
subsequent experimental chapter to measure retinal responses to defocus.

2.1. Regulation of eye growth: active and passive processes
In most species, the eyes at birth have an inherent mismatch between their length and optical
power, leading to refractive errors, ranging from hyperopia (for shorter eyes) to myopia (for longer
eyes). Eyes of non-human primates, such as monkeys (Smith and Hung, 1999) and marmosets
(Troilo and Judge, 1993) are typically hyperopic, while those of more distant species, such as
ostriches (Ofri et al., 2001) and falcons (Andison et al., 1992) are myopic. In other species, such as
chicks, there may be variation in refractive errors at the individual level, with the occurrence of
both myopia and hyperopia (Wallman et al., 1981). Human eyes, in general, are mostly hyperopic
at birth with a mean refractive error of around +2.00 D (Cook and Glasscock, 1951). As the eye
grows during the early postnatal years, it inevitably faces a unique challenge of keeping images in
focus at the retina. The growing eye mitigates this challenge by harmonising its length with the
size of its refractive components (e.g. cornea, lens) in a concerted manner to achieve a refractive
state close to emmetropia. This ‘emmetropisation’ process consequently tunes the mismatch
between the eye’s length and optical power and produces an optimal refractive error as defined
by the target set-point of emmetropisation. What determines this internal equilibrium remains
unclear; however, the set-point is not necessarily at zero but shows a bias towards slight
hyperopia (~0.50 D) in humans (Morgan et al., 2010). At the population level, the emmetropisation
process acts to change the distribution of the refractive errors at birth from a ‘Gaussian
distribution’ with a wide variance to a leptokurtic ‘non-Gaussian’ distribution centred around
emmetropia to low hyperopia with lesser degrees of variability.
The co-ordinated growth of the refractive components of the eye towards emmetropia points to
the existence of a mechanism that governs the emmetropisation process and controls the growth
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of the eye, and even ensures that the two eyes develop remarkably symmetrical refractive state
with age (Almeder et al., 1990; Howland and Sayles, 1987). While the state of emmetropia is
typically achieved within the first two years of life (Gwiazda et al., 1993a), eye length grows (Logan
et al., 2011) along with the overall body growth for 12 to 15 years before stabilising around
puberty. In quantitative terms, this is an increase from approximately 17 mm at birth (Gordon and
Donzis, 1985) to near 24 mm at adulthood (Foster et al., 2010). The fine-tuning of increasing axial
length to match the optical power needs to be optimal because even a slight misalignment in axial
length of approximately 1 mm is sufficient to cause around three dioptres of refractive error
(Norrby, 2008). This challenge of adjusting the growth of the individual ocular components from
infancy to adulthood raises the question of how the eye can regulate its growth to maintain
emmetropia with such exquisite precision.
Although many hypotheses have been proposed on how the emmetropisation system might work
(McBrien and Barnes, 1984), it is generally believed that there are at least two different concurrent
processes at play: passive and active emmetropisation (Troilo, 1992). In the passive process, a
proportional growth of various ocular components occurs to weaken the optical power during
postnatal development of the eye. For example, as the eye grows, the radius of curvature of the
cornea increases, thus reducing its power (Brown et al., 1999; Mutti et al., 2005). The radii of
curvature of the lens surfaces also increase with the growth of the lens and reduce its power
(Brown et al., 1999; Mutti et al., 2018, 2005). As the eye grows, the axial length of the eye
increases, which naturally tends to compensate for the decreasing power of cornea and lens: a
passive emmetropisation process. It is possible that some distinct genetically pre-programmed
combinations of these components, which are normally distributed in adult eyes (Sorsby et al.,
1962), could give rise to emmetropia. Consequently, low levels of refractive errors (< 5.00 D) could
be due to varying degrees of correlation between the optical components, while higher degrees of
ametropia could be due to failure of a single component, mostly axial length (Carroll, 1982; Sorsby
et al., 1962). However, the high variability in the dimensions of these components even in a
population of emmetropic eyes (Stenstrom, 1948) and the existence of non-Gaussian distribution
of the refractive errors around emmetropia (Carroll, 1982; van Alphen, 1961) suggests that a
feedback mechanism regulates the growth of the eye and its refractive state. The rate of decrease
of ametropia towards emmetropia in infants is related to the initial magnitude of refractive error
(Saunders, 1995), which further lends weight to the visual control of eye growth and refraction.
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2.2. Eye growth is visually guided
Experimental paradigms on animal models that involve alterations of retinal image quality during
eye growth—either by using form-deprivation diffusers (open-loop condition) or by using
defocus-inducing lenses (closed-loop condition)—indicate that visual experiences play an active
role in regulating the growth and refractive state of the eye (Figure 2.1).

2.2.1. Defocus related to form-vision deprivation
Although Young (1961) had demonstrated an animal model of myopia at the start of the 1960s by
restricting the visual environment of monkeys to be at near, the early evidence for visually guided
eye growth surfaced only in the late 1970s when Raviola and Wiesel made a serendipitous
discovery. They found that abolishing form-vision in monkeys for a year, either by lid suturing or
corneal opacification at birth, leads to a progressive axial elongation of the eye and the
development of myopia (Raviola and Wiesel, 1985; Wiesel and Raviola, 1979, 1977). This finding
led to sequelae of experiments in several other species, which showed that deprivation of formvision (e.g. with diffuser wear), but not by dark-rearing, causes axial eye growth. These species
include chicks (Wallman et al., 1978), marmosets (Troilo and Judge, 1993), tree shrews (Sherman et
al., 1977), kestrels (Andison et al., 1992), guinea pigs (McFadden and Wallman, 1995), squirrels
(McBrien et al., 1993), rabbits (Verolino et al., 1999), mouse (Schaeffel et al., 2004) and fish (Shen et
al., 2005). In all of the species studied so far, there is a rapid increase in axial elongation when the
eye is deprived of form vision, presumably because of the lack of high-frequency spatial
information generally obtained from visual stimuli (Wallman et al., 1978). In some way, depriving
an eye of form vision appears to block the visual feedback and provide an ‘open-loop’ condition
in which the eye keeps growing until form vision is restored. More direct evidence comes from
recovery experiments: when normal vision is restored, form-deprived chicks show a rapid recovery
from myopia towards emmetropia, primarily due to a reduction in the growth rate of the vitreous
chamber (Wallman et al., 1981). This finding is difficult to explain just by the passive growth of
ocular components. Chickens made hyperopic by rearing in darkness also recover towards
emmetropia by increasing the vitreous chamber when normal vision is restored (Troilo and
Wallman, 1991). These animal findings argue forcefully that visual cues are essential for the
regulation of eye growth and refractive state of the developing eye.
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Observations in humans also suggest that deprivation of form vision disrupts normal eye growth
and encourages axial elongation and thus myopia. For example, ocular pathologies that deprive
the eye of form vision, such as ptosis (O’Leary and Millodot, 1979), congenital cataract (von
Noorden and Lewis, 1987), corneal opacity (Gee and Tabbara, 1988), and vitreous haemorrhage
(Miller-Meeks et al., 1990), all lead to abnormal axial elongation of the eye and myopia. An early
retrospective analysis of refractive errors in humans also demonstrated that ocular conditions that
disrupt pattern vision tend to result in a significant degree of myopia (Rabin et al., 1981). These
clinical findings substantiate the notion that eye growth in humans is visually guided and that
visual experiences regulate the genesis of refractive errors, including myopia.

Figure 2.1. A schematic diagram illustrating compensatory responses in axial eye growth for four
different paradigms used in experimental manipulations of image focus. In form-deprivation and
lens-induced hyperopic defocus, the eye accelerates its growth and exceeds the normal flattening of
its optics to become myopic. Conversely, during recovery from form-deprivation and in lens-induced
myopic defocus, the eye slows its growth to restore emmetropia.

2.2.2. Lens-induced defocus
2.2.2.1. Evidence from animal studies
Another major piece of evidence and perhaps the most compelling one for active visual control of
eye growth comes from lens-rearing studies in animal models. These studies have extensively
demonstrated that experimental manipulations of the location of the image plane by the
application of ophthalmic lenses produce bidirectional and sign-dependent compensatory
changes. For instance, wearing a positive lens—and thus moving the focal plane in front of the
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retina—slows axial eye growth, while wearing a negative lens—and thus moving the focal plane
behind the retina—accelerates axial eye growth (Figure 2.1). Such lens-induced defocus paradigm
is more convincing that form-deprivation paradigm because it allows testing of the
emmetropisation capacity of the eye in both directions. The ability of the eye to compensate for
the imposed defocus, first described by Schaeffel et al. (1988) in chicks, is highly conserved across
species, including tree shrews (Siegwart and Norton, 1993), guinea pigs (McFadden et al., 2004;
McFadden and Wallman, 1995), rhesus monkeys (Hung et al., 1995), marmosets (Graham and
Judge, 1999), and fish (Shen and Sivak, 2007), although the range of compensation differs among
species (Smith, 2011). While non-human primates, such as rhesus monkeys (Hung et al., 1995) and
marmosets (Whatham and Judge, 2001), can change the rate of axial elongation to compensate
for 4.00 to 6.00 D of refractive error, compensatory changes in guinea pigs are asymmetrical, with
a weaker compensation for myopic defocus than hyperopic defocus (Howlett and McFadden,
2009).
On the other hand, chicks can grow to eliminate imposed refractive errors from +15.00 to -10.00
D, albeit with a decline in compensatory efficiency as they age (Irving, 1992). These lens-induced
compensatory responses—which serve to eliminate induced refractive errors—are mostly axial in
nature and occur primarily as a result of changes in vitreous chamber depth (Smith, 2011), with
differences in vitreous chamber depth explaining around 80–90% of the inter-ocular asymmetry in
refractive errors (Huang et al., 2009; Qiao-Grider et al., 2004). Despite quantitative variability in the
range of compensation, these qualitative findings provide convincing evidence that the eye
somehow distinguishes the sign of defocus and actively modulate its growth through a visually
guided process.

2.2.2.2. Evidence from human studies
Despite evolutionary differences, the fact that the eyes of different species can modify their
growth according to the direction of the altered focal plane offers some confidence in
extrapolating the findings and proposing that a similar visually guided mechanism for lens
compensation exists in humans. Preliminary evidence that imposed defocus influences eye growth
in humans was provided by Phillips (2005), who fitted monovision spectacles in 11-year-old
schoolchildren and showed significantly slower rate of vitreous chamber elongation and myopia
progression (~50%) in near-corrected eyes, which received myopic defocus at all levels of
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accommodation compared to the distance-corrected eyes. The observed differences in myopia
progression rates and resultant anisometropia disappeared within 9–18 months once conventional
spectacles lenses were refitted.
Over the years, substantial evidence has accumulated from studies investigating the efficacy of
contact lenses for myopia control based on the premise that myopic defocus is protective of axial
elongation. Fitting a soft contact lens in children with a clear central zone surrounded by
concentric alternating rings of 2.00 D of myopic retinal defocus and distance powers (also known
as dual-focus lens) results in less axial elongation and reduced myopia progression (Anstice and
Phillips, 2011; Lam et al., 2014) similar to the findings in infant monkeys (Arumugam et al., 2014).
In an ongoing prospective, multicentre, double-masked clinical trial, three-year results have also
revealed that children wearing MiSight contact lenses, which have a lens design similar to the
original dual-focus lens but with a large 3.36 mm central correction zone (Ruiz-Pomeda et al.,
2018), show a 52% reduction in axial elongation compared to those wearing single vision lenses
(Chamberlain et al., 2019). Distance-centred multifocal (Walline et al., 2013) and bifocal soft
contact lenses (Aller et al., 2016), initially designed for presbyopia correction, reduce axial
elongation in children by almost 50–80%; these lenses also create myopic retinal defocus in the
periphery when children view through the central distance correction zone. Overnight use of
Orthokeratology lenses also slows down the axial elongation of the eye (Swarbrick et al., 2015;
Walline et al., 2009), presumably through their corneal moulding effect, which produces an image
shell that creates myopic defocus in the retinal periphery.

2.2.2.3. Possible mechanisms of defocus-induced changes in eye growth
While it is evident from these studies that defocus imposed by the application of lenses alters axial
eye growth, the fundamental and perennial question of how the eye detects the sign of defocus
remains elusive. Imposing defocus with positive and negative lenses theoretically produces the
same amount of blur. Because blur is an even-error signal lacking directional sensitivity (Hung and
Ciuffreda, 2000), it seems implausible for the eye to make compensatory changes just by using the
information related to the blur magnitude. A parsimonious and convenient explanation is that the
eye simply grows in a trial and error manner and changes direction if the blur worsens, or the eye
grows merely to obtain a relatively in-focus image in a grow to clarity model (Wildsoet, 1997).
However, compensatory responses to imposed defocus are rapid, occurring within 10 minutes in
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chicks (Zhu et al., 2005) and within 2 minutes in humans (Delshad, 2018). It is unlikely that the eye
keeps the memory of directional growth to appropriately alter its growth in the right direction in
such a small temporal duration. Furthermore, results from lens-rearing studies suggest that even
in this context, the eye needs to know the sign of defocus to figure out which direction it should
grow.
The most likely explanation is that the eye can discern the sign of defocus and alter its growth
according to the direction of defocus (Wallman and Winawer, 2004). In this scenario, stimuli such
as hyperopic defocus and form-deprivation presumably generate ‘grow’ signals, while other
stimuli such as myopic defocus and recovery from experimental myopia presumably generate
‘stop’ signals (Morgan, 2003). The production of the ‘grow’ signals in induced hyperopia could
progressively decline as the eye grows towards emmetropia and disappear when the eye reaches
emmetropia. Similarly, in cases of induced myopia, the generation of ‘stop’ signals could
progressively decrease when the axial elongation slows down to recover towards emmetropia and
disappear once emmetropia occurs. Moreover, as the interaction of genetic and environmental
factors probably contributes to the aetiology of axial myopia (Goldschmidt and Jacobsen, 2014),
the near-emmetropic end-points might be genetically pre-programmed at birth, but these points
could alter due to exposure to myopiagenic stimuli. This speculation by Morgan (2003) accords
well with the ‘Incremental Retinal Defocus Theory’ by Hung and Ciuffreda (2000) that change in
the magnitude of retinal defocus during an increment of genetically-programmed ocular growth
provides the requisite sign for the appropriate alteration in subsequent environmentally-induced
ocular growth.

2.2.2.4. Dynamics of defocus integration
In real life, the eye receives competing signs of defocus, the pattern of which depends upon
temporal integration of a variety of factors, such as the three-dimensional structure of the
environment, accommodation, fixation distance, and off-axis refraction by the eye’s optics
(Flitcroft, 2012). It is tempting to suggest that the eye perhaps weighs myopic and hyperopic
defocus equally and simply summates the response to defocus linearly (Wallman and Winawer,
2004). The visually guided mechanism for axial growth regulation, however, seems to be heavily
weighted towards myopic defocus, with considerably less sensitivity for hyperopic defocus.
Furthermore, the integration of defocus signals appears to occur in a complex non-linear manner

13

(Zhu, 2013). Chicks with experimental myopia exhibit a recovery towards emmetropia even when
wearing a dual power lens (+10/-10 D) (Tse et al., 2007). In a simple linear model, no
compensatory change should occur, because the net power is zero. When the proportional area of
the dual power lens varies, the chick eye simply grows towards the weighted mean of defocus (Tse
et al., 2007). Short-term periodic interruption of the negative lens wear by imposing positive lens
(Zhu et al., 2003) or even distance vision (Kee et al., 2007; Smith et al., 2002) is sufficient to negate
the effect of negative lens wear on eye growth. The relative potency of myopic defocus in
inhibiting axial growth is such that the plus lens has a dominant effect even if the minus lens is
worn for a duration five times more than the plus lens-wear duration (Winawer and Wallman,
2002).
Even in humans, exposure to myopic defocus for just 30 minutes produces a more significant
reduction in axial length compared to the increment in axial length resulting from hyperopic
defocus of the same duration (Read et al., 2010). Furthermore, compensatory changes in eye
growth to imposed defocus are guided by the frequency and duration of episodes of lens-wear
during the day, rather than total exposure per day, as several daily episodes of lens-wear are more
effective than fewer episodes (Winawer and Wallman, 2002). The regulatory mechanism also
appears to be quite sensitive to periods of defocus, as very brief periods of myopic or hyperopic
defocus (two minutes per two hours) are sufficient to produce compensatory eye growth
responses in chicks (Winawer and Wallman, 2002).

2.3. Eye growth is locally regulated
A significant advance in understanding the basis of ocular responses to defocus signals was the
discovery that the visually guided mechanism regulating defocus signals is local to the eye and
operates in a regionally selective manner. Hodos and Kuenzel (1984) first demonstrated this
characteristic in a chick study and showed that chick eyes, when completely form-deprived, tend
to grow larger in both axial and equatorial dimensions, but eyes only elongate equatorially when
just the frontal-lateral fields are form-deprived. This striking finding that local regions in the eye
can modulate defocus regionally was later amply confirmed by subsequent studies (Gottlieb et al.,
1987; Wallman et al., 1987; Wallman and Adams, 1987). Furthermore, spatial variations in the
visual environment cause predictable changes in the corresponding retinal field in a variety of
laboratory species such as birds (Wallman et al., 1987), tree shrews (Norton and Siegwart, 1991),
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and guinea pigs (McFadden, 2002). For instance, form-deprivation (Smith et al., 2009a) and lensinduced hyperopic defocus (Smith et al., 2010) restricted to the nasal visual field result in an
expansion of vitreous chamber and excessive axial elongation only in the temporal retina. More
recently, it has been shown that when competing defocus is presented in the visual environment,
the magnitude of axial elongation in chicks decreases progressively as the spatial proportion of
myopic defocus to the hyperopic defocus increases (Tse and To, 2011). These findings from the
animal studies related to defocus signal processing in all four types of experimental paradigms
(form-deprivation, recovery from form-deprivation, hyperopic defocus, and myopic defocus) argue
in favour of an intrinsic local mechanism within the eye that subserve visually guided regulation of
defocus signals.

2.4. Is central input necessary for eye growth regulation?
The eye’s local responses to altered visual experiences do not seem to require input from higher
neural centres. Form-deprivation phenomenon still occurs despite abolishing the central
connection to the eye either by pharmacologically blocking action potentials in retinal cells
(Norton et al., 1994) or by sectioning the optic nerve (Raviola and Wiesel, 1985; Troilo et al., 1987;
Wildsoet and Pettigrew, 1988). In much the same way, chick eyes recover from form-deprivation
myopia (Troilo and Wallman, 1991) and show compensatory responses to lens-induced defocus
(Wildsoet, 2003; Wildsoet and Wallman, 1995) even when neural input to the higher centres is
disrupted. Furthermore, blockage of autonomic input to the eye by ciliary nerve sectioning
(Schmid and Wildsoet, 1996; Wildsoet, 2003) and Edinger-Westphal lesioning (Schaeffel et al.,
1990) fails to prevent compensatory responses to lens-induced defocus. When defocus is optically
imposed to specific retinal regions, the eye shows predictable compensatory changes only in the
location where the regulatory challenge is presented (Diether and Schaeffel, 1997; Smith et al.,
2013b, 2010).
The growth regulatory mechanism may not be entirely local to the eye, however. Some input from
the brain seems to be necessary to fine-tune the eye’s compensatory responses. For example,
optic-nerve sectioned eyes grow to become hyperopic even under normal unaltered growth
(Troilo et al., 1987); eyes, when disconnected from the brain, tend to overshoot emmetropia,
presumably due to altered emmetropic set-point in the direction of hyperopia (Troilo and
Wallman, 1991; Wildsoet, 2003; Wildsoet and Wallman, 1995). Imposed defocus also fails to
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influence both eye growth and ZENK expression under general anaesthesia (Bitzer and Schaeffel,
2006), although in this case, the absence of image movement on the retina due to the paralyses of
fixational eye movements may offer a possible explanation (Schaeffel and Wildsoet, 2013). Thus,
although the primary eye growth regulatory mechanism may be local to the eye and may not
require an intact eye-brain link (Wildsoet, 2003), central input from higher centres appears to
interact in some capacity to influence the accuracy and mode by which the eye regulates its
growth and refractive state.
Further evidence for a potential role of higher neural circuity comes from the interocular yoking of
the classic form-deprivation effects on eye growth, as both form-deprived and contralateral nondeprived eyes show similar patterns of vitreous chamber elongation (Howlett and McFadden,
2006) and myopia development and recovery (Wildsoet and Wallman, 1995). Typically, the two
eyes of an individual are also remarkably similar in axial length (Zhu et al., 2019) and refractive
errors (Li and Bao, 2014). This symmetry points to the existence of some postnatal mechanism that
acts to maintain equilibrium in size and refractive state, either via a centrally mediated influence
on active emmetropisation process (Wildsoet, 2003) or through other local interocular
mechanisms, such as transfer of humoral factors, yoking of accommodation, and conjugacy of eye
movements (Howlett and McFadden, 2006).

2.5. The retina as a defocus detector
The visual control of eye growth is local to the eye and can operate without any central influence
and accommodative input. Therefore, a defocus processor must exist in some components within
the eye. The retina of the eye, the first site of reception of visual signals, appears to be a primary
candidate that discerns the sign of defocus and generates a signal cascade that ultimately leads to
changes in the scleral cup, which determines the eye size. The irony is that some of these changes
(e.g. larger cup and increase in eye size) mainly due to growth-promoting signals of retinal origin
(e.g. hyperopic defocus signals) can be detrimental to retinal health itself, giving rise to a
paradoxical scenario as stated by Calbert Phillips (1990) in his mini-review:
‘the retina may not be the passive victim of scleral growth but may conceivably be the
author of its own destruction.’
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Evidence from animal models of myopia involving both form-deprivation and lens-induced
defocus paradigms is consistent with the notion that the retina encodes defocus signals at the
molecular level and that the defocus signalling process involves one or more biochemical
messengers within the retina. The specific retinal site where this process occurs is, however,
equivocal. The inner retina is the most likely candidate, as it houses several neurotransmitters (e.g.
dopamine, ZENK glucagon) and sensory neurons (e.g. amacrine cell, bipolar cell, ganglion cell).
Recently, a newly identified retinal ganglion cell with unusual receptive field properties (i.e. field
structure different from the classical centre-surround pattern) has been speculated to be involved
in signalling image focus, at least in the mouse retina (Mani and Schwartz, 2017).
An equally likely candidate is the retinal pigment epithelium (RPE) of the outer retina. The RPE is a
major source of several cytokines and growth factors and has receptors for many of the signalling
molecules implicated in eye growth regulation (Rymer and Wildsoet, 2005). Because the RPE lies
anatomically between the neural retina and choroid, it appears to be a potential conduit for
relaying growth signals originating in the retina to the choroid and sclera (Adhi et al., 2013).
Besides the RPE, photoreceptors in the outer retina may play a role in sign-sensitive defocus
detection and signal modulation (Crewther, 2000) as exemplified by their reduced density
(Beresford et al., 1998) and excessive elongation of their outer segments (Liang et al., 1995) in
form-deprived eyes. Despite extensive deliberations, the relative contribution of the inner and
outer retina in signalling image focus remains inconclusive, partly because of a wide array of
retinal neurotransmitters and molecules that are potentially involved in detecting and signalling
defocus.

2.5.1. Dopamine and amacrine cells
Dopamine, a neurotransmitter released by retinal amacrine or interplexiform cells or both, has
emerged as one of the primary candidate molecules in signalling information related to image
defocus. Stone et al. (1989) first proposed dopamine as a potential defocus messenger.
Subsequently, findings from animal studies provided confirmatory evidence for the role of
dopaminergic amacrine cells in defocus detection. Induction of experimental myopia in chicks and
ensuing recovery are associated with corresponding reduction and increment in retinal
concentrations of dopamine and its metabolite 3.4-dihydroxyphenylacetic acid (DOPAC) (Pendrak
et al., 1997; Richard A Stone et al., 1989). Low levels of DOPAC increases susceptibility to form-
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deprivation myopia in mice models of retinal degeneration (Park et al., 2013). In albino guinea
pigs with naturally occurring myopia, activation of D1-like receptors inhibits vitreous elongation,
while the activation of D2-like receptors promotes the elongation (Jiang et al., 2014).
Apomorphine, a dopamine receptor agonist, prevents form-deprivation myopia in monkeys
(Iuvone et al., 1991). Chick eyes made functionally hyperopic by wearing negative lenses show a
reduction in levels of dopamine and DOPAC, while the opposite changes (i.e. increment) occur
when eyes are made functionally myopic (Guo et al., 1995). In monkeys, the activity of the ONbipolar and the amacrine cell is focus-dependent, with greater stimulation for in-focus or myopic
defocus than that for hyperopic defocus (Zhong et al., 2004). Surprisingly, lens-induced myopia
has no apparent effect of dopamine and DOPAC levels in guinea pigs (Dong et al., 2011).
Therefore, the role of retinal dopamine, especially in defocus-induced myopia is still debatable
(Feldkaemper and Schaeffel, 2013).

2.5.2. ZENK-Glucagon
Chick studies have provided further evidence for a role of amacrine cells in mediating defocusinduced changes in eye growth and refraction by showing sign-dependent regulation of ZENK
expression in glucagon-containing amacrine cells (Fischer et al., 1999). While growth-promoting
paradigms (form-deprivation and hyperopic defocus) enhance the expression of early
intermediate gene ZENK, growth-inhibiting paradigms (recovery from form-deprivation and
myopic defocus) suppress the expression (Fischer et al., 1999). These changes in ZENK expression
due to imposed defocus are rapid, occurring after only 40 minutes of imposing lenses (Bitzer and
Schaeffel, 2002). When chicks are treated with plus and minus lenses, glucagon agonist (Lys17,18,
Glu21-glucagon) inhibits myopia development, while the antagonist (des-His1-Glu9-glucagonamide) inhibits hyperopia development (Feldkaemper and Schaeffel, 2002). One caveat is that
these findings have yet to be demonstrated in non-human primates, and glucagon per se has yet
to be detected in the mammalian retina by immunohistochemistry.

2.5.3. Vasoactive intestinal peptides
Form deprivation myopia induced by suturing eyelids in monkeys demonstrates an increase in
vasoactive intestinal polypeptides (VIP), a group of neuroactive peptides present in VIP+ subset of
amacrine cells (Stone et al., 1988). However, subsequent findings are inconsistent and conflicting.
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While VIP antagonists completely abolish form-deprivation myopia, one VIP analogue (Hoffman
LaRoche) has minimal effect on such experimental myopia (Seltner et al., 1995).

2.5.4. Nitric oxide
There is some evidence that nitric oxide, a light-adaptive signalling molecule likely released by
amacrine cells and in part by bipolar cells may have a role in signalling defocus. Injection of the
nitric oxide synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME) inhibits the development
of form-deprivation (Fujikado et al., 1997) and lens-induced myopia (Fujikado et al., 2001) in
chicks, with significantly higher concentrations of nitrite and nitrate in the retina of the injected
eyes compared to eyes injected with saline. Intraocular nitric oxide also causes a dose-dependent
inhibition of form-deprivation myopia, suggesting that nitric oxide might be essential for
inhibition of myopia with atropine (Carr and Stell, 2016).

2.5.5. Acetylcholine
Acetylcholine, acting via both muscarinic and nicotinic receptors, has appeared as a potential
messenger of defocus signals, primarily based on the evidence of inhibition of experimental
myopia with antimuscarinic agents. The non-selective antimuscarinic agent atropine inhibits both
form-deprivation and lens-induced myopia in chicks (McBrien et al., 1993; Stone et al., 1991).
Inhibition of experimental myopia has also been demonstrated for selective antimuscarinic agents,
such as pirenzepine (Cottriall et al., 1999; Leech et al., 1995; Stone et al., 1991), himbacine (Cottriall
et al., 2001), and muscarinic toxin 3 (Mcbrien et al., 2011). However, the exact site of action of
these antimuscarinic agents is unclear because of the widespread distribution of muscarinic
receptors in the posterior eye, including retina, choroid, and sclera.

2.5.6. Retinoic acid
Studies in chicks point to the role of retinoic acid in form-deprivation myopia (Seko et al., 1998,
1996; Yeung et al., 2004). The retinal concentration of retinoic acid increases during the
development of form-deprivation myopia (Seko et al., 1998). Daily intraperitoneal injection of
retinoic acid inhibits axial elongation associated with form-deprivation myopia (Yeung et al.,
2004). These findings are further supported by evidence from studies on guinea pigs that show
increased levels of retinoic acid in eyes with induced myopia and axial elongation but decreased
levels of retinoic acid in eyes with inhibited elongation. These results occur regardless of whether
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the myopia is induced by form-deprivation or lens-induced paradigms (Mao et al., 2012;
McFadden et al., 2004).

2.5.7. Growth factors and cytokines
Other potential regulators of defocus signals are RPE-derivatives, although the picture is not very
clear. The RPE is a major source of growth factors and cytokines, including vascular endothelial
growth factor, insulin-like growth factor, transforming growth factor-beta, and fibroblast growth
factor (Rymer and Wildsoet, 2005), all of which have the potential to influence the scleral growth.
Imposed myopic defocus upregulates the expression of the bone morphogenetic protein (BMP) 2,
4 and 7 in the RPE, whereas imposed hyperopic defocus downregulates the expression (Yan Zhang
et al., 2013, 2012). However, lens-induced defocus does not affect the expression of BMP genes
and their receptors in the retina (Y. Zhang et al., 2016). In addition, form-deprivation myopia
causes minimal changes in retinal gene expression at the level of the transcriptome (McGlinn et
al., 2007). Based on differential gene expression responses to imposed myopic and hyperopic
defocus, some authors have further suggested the plausibility of two distinct mechanisms
underlying defocus signalling and eye growth regulation (Tkatchenko et al., 2018).
The plethora of evidence from animal studies described above underpins the conviction that
defocus detection is an active visually guided process, which occurs via a local mechanism
involving one or more unknown neurohumoral pathways originating in the retina. Despite
compelling evidence for a retinal role in detecting defocus, the rudimentary understanding of the
underlying mechanisms raises an intriguing question of which part of the retina is responsible for
the eye’s striking ability to decode information related to image focus.

2.6. Retina-choroid-sclera signalling pathway of defocus
Although the specific retinal cells that source defocus signals and the messengers that carry the
information related to defocus are unclear, it is apparent that the defocus signals somehow need
to reach the sclera to effect changes in eye growth. As the choroid is sandwiched between the
retina and the sclera, it most likely plays a role in mediating defocus signals through to the sclera.
There are two possibilities by which the retinal signals of defocus could reach the sclera. First, in
response to the presence of defocus, the retina may produce a biochemical signal, which could
then travel through the RPE and choroid to reach the sclera. However, because the RPE tight
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junctions separate the neural retina and choroid, which itself has very high blood flow, it is unlikely
that any retinal biochemical signal would traverse the RPE or the choroid (Wallman and Winawer,
2004). Second and perhaps the commonly held viewpoint is that imposed defocus could generate
a signal cascade in the posterior eye. In this process, some unknown retinal cells (likely amacrine
cells in the neural retina) detect the presence of retinal image defocus before initialising a cascade
of signals in the RPE and choroid, which then produces scleral changes. In essence, the retina acts
as a detector, the choroid as a mediator and the sclera as an effector tissue for processing the
defocus signals (Figure 2.2).

Figure 2.2. A schematic diagram illustrating the signal cascade in the retina-choroid-sclera
signalling pathway of defocus.

However, it is unknown whether the same mechanism modulates signals related to myopic and
hyperopic defocus via the signalling pathway. While some findings from animal and human
studies favour a single mechanism hypothesis, others support the existence of disparate
mechanisms. In support of a single mechanism, myopic and hyperopic defocus generally produce
opposing but complementary changes in choroidal thickness and axial length (Read et al., 2010;
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Smith and Hung, 1999; Wildsoet and Wallman, 1995). In addition, several plausible defocus
signalling molecules show bidirectional changes in response to imposed defocus; these changes
correlate well with the direction of retinal defocus (Bitzer and Schaeffel, 2002; Fischer et al., 1999;
McFadden et al., 2004; Yan Zhang et al., 2012). However, axial length and choroidal thickness show
asymmetrical responses to the sign of imposed defocus: myopic defocus causes dramatic
thickening of the choroid but reduces axial elongation only slightly, while hyperopic defocus
causes a substantial degree of axial elongation with a modest thinning of the choroid (Wildsoet
and Wallman, 1995). Interruptions by brief periods of unrestricted vision (Kee et al., 2007; Norton
et al., 2006; Schmid and Wildsoet, 1996) or myopic defocus imposed by positive lenses (Zhu et al.,
2003) produce a greater effect than the daylong wearing of negative lenses. Intravitreal injections
of colchicine, a neurotoxic cytokine, suppresses the compensatory response to hyperopic defocus,
but does not affect the response to myopic defocus (Choh et al., 2008). These findings argue
against a single unified mechanism for both myopic and hyperopic defocus.

2.7. Role of the peripheral retina in signalling defocus
A fundamental issue in understanding signalling mechanism is teasing out the relative
contributions of different retinal regions that initiate and process the defocus signals. This issue
has significant clinical ramifications because knowledge of the extent of the retinal region that
subserves defocus signalling will aid in devising interventions specific to those regions. The central
retina—in particular, the fovea—has the highest density of cone photoreceptors and is
substantially more sensitive to the chromatic and spatial sense of vision than the peripheral retina.
In this respect, it is attractive to speculate that the central retina governs the visual control of eye
growth and refractive state. However, a growing body of literature suggests that the peripheral
retina, but not the central retina, is likely to predominantly mediate the processing of signals
related to defocus and eye growth. It is important to note that whatever the mechanism, it acts to
emmetropise the fovea, not the peripheral retina.

2.7.1. Peripheral retina plays a dominant role in signalling defocus
Direct evidence for a dominant role of the peripheral retina over central retina in signalling
defocus comes from animal studies that have attempted to deliberately manipulate central and
peripheral retinal defocus in a selective manner. Form deprived monkeys exhibit axial elongation
and foveal myopia even when the central vision is left unrestricted (Smith et al., 2005). If central
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vision itself regulated the response, these monkeys would instead grow to develop a normal
refractive state. When the fovea is ablated by laser photocoagulation, the eyes still grow to have
normal refractions (Smith et al., 2007) and still compensates for lens-induced hyperopia (Smith et
al., 2009b), indicating that signals from the fovea are not necessary for visually guided eye growth.
When form-deprivation or lens-induced defocus is selectively imposed to a specific retinal region,
only the region affected by the defocus elongates excessively (Gottlieb et al., 1987; Hodos et al.,
1985; Wallman et al., 1987; Wallman and Adams, 1987), resulting in dramatically irregular eye
shapes (Smith et al., 2010, 2009a; Stone et al., 2006). Lens-rearing experiments show that chick
eyes wearing positive and negative lenses with holes in the centre become hyperopic and myopic,
respectively, in the retinal periphery but remain emmetropic in the centre (Schippert and Schaeffel,
2006). Furthermore, lenses with plano central zones applied to impose peripheral myopic defocus
can sufficiently block axial elongation in chicks induced by the application of negative lenses
(Morgan and Ambadeniya, 2006). Two-zone concentric spectacle or contact lenses with plano
central zones and plus/minus power in the periphery also result in the development of central, onaxis axial length changes (elongation with hyperopic defocus and inhibition with myopic defocus)
in animal models (Benavente-Pérez et al., 2014; Liu and Wildsoet, 2011).

2.7.2. Peripheral defocus-based myopia control strategies
Supported by the substantial evidence from animal studies that myopic retinal defocus is
protective of axial elongation, the last couple of decades has seen a rapid surge in the
investigation of optical interventions, designed to create myopic defocus on the retina, for
inhibition of the progression of axial length and myopia. The results from these studies, in general,
suggest that the interventions tend to have an enhancement in efficacy if a greater extent of the
retina receives myopic defocus. For example, although progressive addition lenses (Berntsen et al.,
2012; Gwiazda, 2011; Gwiazda et al., 2003; Yang et al., 2009) and bifocal spectacle lenses (Cheng et
al., 2014; Fulk et al., 2000) have small but clinically insignificant effects on axial length progression,
executive bifocal spectacles (which have wider addition area and impose defocus to a broader
retinal region) have greater efficacy in inhibiting axial elongation than the progressive lenses.
Moreover, optical strategies, such as full correction (Huang et al., 2016) and under-correction
(Adler and Millodot, 2006; Chung et al., 2002; Sun et al., 2017), that merely act to deliberately
modify the amount of defocus at the fovea are not effective at controlling the progression of axial
length and myopia or conversely, may even accelerate the progression.
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Overnight orthokeratology (corneal moulding) is often employed as an effective myopia control
strategy (Santodomingo-Rubido et al., 2012; Sun et al., 2015; Swarbrick et al., 2015; Wen et al.,
2015) on the premise that it changes peripheral hyperopic defocus to myopic defocus (Kang and
Swarbrick, 2016). Multifocal lenses (Walline et al., 2013). Several dual-focus contact lenses (Anstice
and Phillips, 2011; Arumugam et al., 2014; Lam et al., 2014), which are effective in slowing axial
elongation in children, alter the refractive status of the retina to reduce hyperopic defocus or
produce myopic defocus (Fedtke et al., 2017; Kang et al., 2013) without influencing on-axis
defocus. Intriguingly, all of these lenses provide a relatively larger treatment zone of myopic
defocus on the retina: the dual-focus and multifocal contact lenses simultaneously impose myopic
defocus in the central and the peripheral retina, and the orthokeratology lenses provide an
increasing amount of relative peripheral myopic defocus through increasing corneal power with
eccentricity. The efficacy of axial elongation control appears to increase with the increasing extent
of the optical treatment zones. Eyes wearing contact lenses designed to reduce peripheral
hyperopia (by incorporating increasing plus power with eccentricity) demonstrate a 33% reduction
in axial elongation compared to the eyes wearing conventional spectacle lenses (Sankaridurg et
al., 2011). However, a spectacle lens of similar design (having a clear central zone and correcting
relative peripheral hyperopia) fails to inhibit axial elongation (Sankaridurg et al., 2010), presumably
because unlike a contact lens, the effective treatment zone is smaller, and the eye moves behind
the spectacle lens causing variability in defocus power across the peripheral retina. Perhaps, more
substantial and consistent peripheral defocus is critical to the treatment efficacy. Recent findings
show an increase in efficacy (60% reduction in axial elongation) with spectacle lens that has a
much more extensive treatment zone and numerous +3.50 D lenslets interspersed with distance
correction zones in 50/50 ratio (Lam et al., 2019).

2.7.3. Peripheral defocus signalling mechanism needs more evidence
The role of the peripheral defocus, and the apparent dominance of the peripheral retina in
signalling defocus is, however, not universally accepted. Although myopes generally have relative
peripheral hyperopia (i.e. hyperopia relative to the fovea) and hyperopes have relative peripheral
myopia (Seidemann et al., 2002), it is still unclear whether the relative peripheral refraction is a
cause or effect of axial elongation and myopia. Recent findings from a number of studies have
shown that relative peripheral hyperopia does not predict either the development or the
progression of myopic refractive error (Atchison et al., 2015; Charman and Radhakrishnan, 2010;
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Mutti et al., 2011; Seidemann et al., 2002; Smith et al., 2013b; Sng et al., 2011). These findings
imply that relative peripheral refraction could be an artefact of axial elongation and could instead
accompany myopia. Because single vision spectacle lenses cause relative peripheral hyperopia in
corrected moderate to high myopes (Backhouse et al., 2012), one would expect increased efficacy
of single vision contact lens in inhibiting axial elongation if the refractive state influences defocus
signals in the periphery; however, this is not the case (Walline et al., 2008).
Insights from chick studies also show that the form-deprivation paradigm applied to the central
retina still produces a myopic shift in refractive errors and axial elongation despite clear peripheral
retina (Wang et al., 2015). The sensitivity of the retinal cells to detect seemingly small amounts of
relative peripheral hyperopia is also equivocal, as peripheral refraction only differs modestly from
on-axis refraction even out to larger eccentricities (change of ~0.50–1.00 D for myopes at
eccentricity of 20°, Charman & Radhakrishnan, 2010), where cones and ganglion cells may not be
dense enough to detect the peripheral hyperopia (Smith et al., 2013a). In addition, the magnitude
of relative peripheral refraction in myopes when corrected with spectacles or contact lenses is
small and ranges from 1.00 to 2.00 D out to an eccentricity of 30° (Backhouse et al., 2012), which
may be compensated for by the depth of field (Rosén et al., 2012). Collectively, these studies
suggest that the role of the peripheral retina in modifying defocus signals related to eye growth
and myopia warrants further investigation.

2.8. Potential cues to defocus signals
Another central issue regarding the defocus signalling mechanism is what cues might guide the
eye to distinguish the direction of defocus imposed on the retina. The following section describes
some of the potential cues that might be involved in retinal detection of defocus.

2.8.1. Accommodation
The role of accommodation in the defocus signalling pathway is still controversial. Because of the
association of near work and axial elongation (or myopia), a broadly-held perception was that
higher amounts of accommodation (while viewing near objects) might cause axial elongation by
exerting mechanical stress on the sclera, leading to excessive scleral stretch (Curtin, 1985). Since
the discovery of the visual control of eye growth, accommodation appeared as the most plausible
cue that might convey the information related to defocus.
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2.8.1.1. Evidence for a role of accommodation
A direct relationship appears to exist between the average amount of accommodation and
refractive state of the eye because hyperopic eyes accommodate more than myopic eyes. The eye
may, therefore, determine the sign of defocus solely based on the magnitude of accommodative
effort: high levels of accommodation would convey the presence of hyperopic defocus to the eye,
while low levels of accommodation would convey the presence of myopic defocus (Wallman and
Winawer, 2004). A recent school of thought is that perhaps too little accommodation may be the
cue that relays defocus information to the eye. This hypothesis is attractive, as it seems to fit nicely
with the evidence from earlier animal studies that conclusively pointed to a visually guided and
local defocus signalling mechanism and from the epidemiological studies that documented an
association of near work and axial elongation (Goss, 2000; Hepsen et al., 2001; Saw et al., 2002). In
a near-viewing environment, the eye utilises the accommodative system to maintain focus on near
objects but with a slightly less accommodative response compared to the stimulus demand,
resulting in a ‘lag of accommodation’, which increases with reduction in the near-work distance
(Yu et al., 2016). A state of accommodative lag at the near viewing distance would create
hyperopic defocus on the retina. The eye might interpret this as a signal to elongate and attempt
to shift the retina backwards, leading to axial elongation and thus myopia. Moreover, with
prolonged near work, the accommodative system may weaken and result in a further increase in
hyperopic defocus and even stronger stimulus for axial elongation. Indeed, epidemiological
studies suggest that substantial amounts of near work are more likely to lead to excessive eye
elongation and myopia (Huang et al., 2015; Saw et al., 2002).
Even in emmetropic eyes, the accommodative response operates to create myopic defocus at
distance, and hyperopic defocus at near, with the zero-point somewhere in between (~100 cm)
(Charman and Tucker, 1978). Because emmetropes also demonstrate a lag of accommodation at
near, the defocus signalling mechanism presumably interprets a tolerable range of hyperopic
defocus as a stimulus to maintain emmetropia. However, when higher lags of accommodation
cause the tolerable range of hyperopic defocus to exceed, the eye may interpret the defocus as a
stimulus to elongate. In this respect, several studies have shown that children with longer eyeballs
and myopia tend to have higher lag of accommodation (Abbott et al., 1998; Gwiazda et al., 1995,
1993b; Nakatsuka et al., 2005). Elevated accommodative lag has also been reported just before the
eye elongates excessively to manifest myopia (Gwiazda et al., 2005), leading to the conjecture that
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hyperopic defocus resulting from the increased lag of accommodation could underlie excessive
axial elongation.
However, the hyperopic defocus theory related to the lag of accommodative as a signal for ocular
elongation is still contentious. Higher lags of accommodation associated with increased axial
elongation may simply be a consequence rather than a cause of myopia (Berntsen et al., 2011;
Mutti et al., 2006) or may not have any effect at all (Rosenfield et al., 2002). If more significant
amounts of hyperopic defocus associated with higher accommodative lags would signal axial
elongation in myopic children, a positive relationship would exist between the lag of
accommodation and the rate of axial elongation. However, reports on such association are
conflicting and show associations of all three types (i.e. negative, none, or positive) (Allen and
O’Leary, 2006; Rosenfield et al., 2002; Weizhong et al., 2008). It may also be that the eye signals
defocus through the involvement of a temporal partitioning mechanism (Wallman and Winawer,
2004), with at least two separate negative feedback systems in parallel. While the accommodative
system may act to minimise the amount of defocus in the short-term, the axial elongation system
may respond to the long periods of hyperopic blur (e.g. in prolonged near tasks), as brief duration
(< 20 sec) of defocus does not induce compensatory changes typically observed for longer
duration (Winawer and Wallman, 2002).

2.8.1.2. Evidence against a role of accommodation
Early animal experiments designed to isolate the role of accommodation in defocus signalling—by
manipulating the input to the accommodative system—suggested that accommodation plays a
minimal role or may not be required at all for the eye to be able to distinguish the sign of defocus.
For example, chick eyes can still compensate for imposed myopic or hyperopic defocus even when
the accommodative input is blocked by lesioning of the Edinger-Westphal nucleus (Schaeffel et
al., 1990), by sectioning the ciliary nerve (Schmid and Wildsoet, 1996; Wildsoet, 2003; Wildsoet et
al., 1993), or by paralysing accommodative components with drugs (Schwahn and Schaeffel, 1994).
Compensation still occurs in chicks even when they are fitted with lenses that impose substantial
amounts of blur, which cannot be cleared by the accommodative system (Park et al., 2003). While
experimentally imposed defocus affects eye growth in a regionally selective manner (Diether and
Schaeffel, 1997; McFadden, 2002; Norton and Siegwart, 1991; Smith et al., 2010, 2009a; Wallman
et al., 1987), it is expected that the accommodation effects are global (same across the visual
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field), although the eye can still infer defocus by comparing changes in focus in different areas of
visual field (Schaeffel and Wildsoet, 2013). Moreover, the accommodative system derives input
mainly from the foveal signals (Charman and Radhakrishnan, 2010; Graef and Schaeffel, 2012),
while the defocus signalling is largely dominated by the peripheral retina (Smith et al., 2005) and is
even functional in the absence of foveal signals (Smith et al., 2007).
Further evidence that accommodation may have a limited role in signalling defocus comes from
intervention strategies for myopia control, which are designed to reduce accommodative effort. If
too much accommodation is a cue for the eye to confirm hyperopic defocus and elongate, these
strategies would effectively signal the eye to inhibit axial elongation. However, several studies
have now shown that interventions designed to minimise accommodation, such as bifocal and
progressive addition lenses, are ineffective or at most have a modest efficacy in slowing down the
rate of axial elongation (Berntsen et al., 2012; Cheng et al., 2011; Fulk et al., 2000; Gwiazda, 2011;
Gwiazda et al., 2003). Although these findings suggest that accommodation may have rather
negligible influence in the regulation of eye growth and may not directly feed into the growth
control mechanism, its action or accuracy may indirectly affect the signalling process by modifying
the curvature of field, central and peripheral refraction profile, and the amount of defocus that the
retina receives from the visual environment (Whatham et al., 2009).

2.8.2. Chromatic cues
Another obvious cue to defocus is chromatic aberration. The splitting of the polychromatic light
into individual components could occur axially leading to longitudinal chromatic aberration (LCA)
and obliquely leading to transverse chromatic aberration (TCA). For an emmetropic eye, the longer
wavelengths of light (e.g. red) are focussed behind the retina and the shorter wavelengths (e.g.
blue) in front of the retina, with a difference in focal length of the two components of
approximately 2.00 D (Howarth and Bradley, 1986; Seidemann and Schaeffel, 2002). Thus, for an
eye that is longer than usual, the red component will be more sharply focussed and will have
higher contrast than the blue component, while the converse is true for an eye that is shorter than
usual (Rucker and Wallman, 2012). Therefore, LCA appears as a promising cue that helps the eye
sense the direction of defocus imposed on the retina.
Despite the apparent plausibility, studies that have attempted to investigate compensatory
responses of the eye to imposed defocus in the absence of chromatic cues have shown
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inconsistent results. Raising chicks in monochromatic light (near-ultraviolet or red) fails to prevent
compensatory changes to lens-induced defocus (Rohrer et al., 1992; Schaeffel and Howland, 1991)
and recovery from induced myopia due to prior form-deprivation (Wildsoet et al., 1993). That the
compensatory responses also occur even when the magnitude of imposed defocus is
overwhelmingly greater than the typical amount of LCA implies that the LCA per se is unable to
provide defocus information. However, it may also be that LCA operates in the presence of an
intact accommodative system after the magnitude of defocus is reduced to an amount that falls
within the range of LCA (Wildsoet and Wallman, 1995). Some evidence for a role of LCA in
signalling defocus comes from studies on fish, as eyes enlarge to compensate for imposed
hyperopic defocus when reared in red light and completely recover when reared back in white
light (Kröger and Wagner, 1996). Chick eyes also show bidirectional compensatory responses to
chromatic simulations: choroid thins, and the rate of scleral glycosaminoglycan synthesis increases
in higher blue contrast sine-wave grating simulating hyperopic defocus, while the opposite occurs
for the higher red contrast grating simulating myopic defocus (Rucker and Wallman, 2009). More
recently, studies have provided further evidence that chromatic cues may be necessary. Guinea pig
eyes grow to become hyperopic in short-wavelength light and myopic in middle-wavelength light
(Zou et al., 2018); they also show appropriate compensatory responses when the wavelengths of
light are interchanged (Qian et al., 2013). Exposure to long-wavelength (red) light produces
hyperopic shifts in monkeys (Hung et al., 2018b) and tree shrews (Gawne et al., 2017). Even
invertebrate eyes grow differentially under varying chromatic conditions, as squid raised under
orange light have longer and more myopic eyes compared to those raised under blue light
(Turnbull et al., 2015). Some inconsistencies exist, however. Exposure to red light produces myopic
shift in chicks (Foulds et al., 2013), and exposure to blue light produces hyperopic shift in guinea
pigs (Zou et al., 2018) contrary to the findings in monkeys (Hung et al., 2018b) and tree shrews
(Gawne et al., 2017). These discrepancies could presumably be due to a complex interaction of
several experimental factors, such as light intensity, bandwidth, and temporal sensitivity (Rucker,
2019).
Conceivably, TCA could also provide a cue to defocus because it increases as the eye grows
longer. However, it appears extremely difficult for the eye to deduce the defocus information
solely from TCA for multiple reasons (Turnbull, 2014). First, the magnitude of TCA is substantially
smaller than that of LCA (1/8th of LCA diameter) (He et al., 2013), which makes it challenging to
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detect in the presence of low order aberrations like refractive errors. Second, TCA, like LCA, is
present regardless of the refractive state of the eye and is never zero, requiring the defocus
signalling mechanism to somehow ‘define’ an arbitrary amount as an emmetropic set point. Third,
the eye would need additional information about the distance of entrance light ray from the pupil
centre, as TCA also varies with this distance (Thibos et al., 1991). Finally, larger between-subject
and between-eye variabilities of TCA (Marcos et al., 1999a) cause further complication in detecting
the direction and magnitude of defocus.

2.8.3. Other potential cues
Several other potential cues have been proposed by which the eye might derive the sign of
defocus. These include the magnitude of blur over a period of time (Wallman and Winawer, 2004),
correlation of the accommodative signal with image sharpness (Wildsoet and Wallman, 1995),
monochromatic aberration such as astigmatism (Schaeffel and Wildsoet, 2013), and StilesCrawford effect (Crewther, 2000). However, these cues remain speculative and require further
investigations.

2.9. Pharmacological modulation of defocus signals
A substantial amount of epidemiological evidence for a positive association between the
prevalence of axial myopia and near work has triggered the apparent conjecture that excessive
accommodation may be involved in the genesis of axial elongation. This has led to the
investigation of various pharmacological agents that interfere with the accommodative system.
Evidence from both animal and human studies have demonstrated considerable efficacy of these
pharmacological interventions in inhibiting the rate of axial elongation and myopia.

2.9.1. Atropine
Atropine 1 , a broadband non-specific muscarinic receptor antagonist, is the most extensively
studied and the only pharmacological clinical intervention currently in use for slowing the
progression of myopia. Although the ophthalmic application of tropical atropine dates back to the
Renaissance period, the first description of its use for treating myopia was given by a Dutch
The name ‘Atropine’ is derived from an herb named ‘Atropa belladona’ (bella dona in Italian means
beautiful lady) and is attributed to its former use by women as a cosmetic to make eyes look more attractive
from atropine’s pupil dilating effects.
1
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ophthalmologist, Franciscus Donders (1864) about 150 years ago in his book On the Anomalies of
Accommodation and Refraction of the Eye. It was not until the 1970s that atropine’s inhibitory
effect on myopia achieved prominence in large scale studies (Bedrossian, 1979). Since then,
several animal (Carr and Stell, 2016; Fischer et al., 1998b; Gallego et al., 2012; McBrien et al., 1993;
Schwahn et al., 2000) and human studies (Chia et al., 2012; Chua et al., 2006; Clark and Clark, 2015;
Lee et al., 2006; Shih et al., 2001; Yam et al., 2019) have conclusively shown that atropine inhibits
axial elongation and slows down the progression of myopia.
To date, atropine is the most effective intervention for the inhibition of axial eye growth in myopic
children (Chua et al., 2006; Huang et al., 2016; Walline et al., 2011). Such is the potency of atropine
in blocking eye growth that high dosage (1% eye drops) causes a complete blockade of refractive
error (Yi et al., 2015) and eye elongation in children, with even a slight shortening (-0.02 to -0.03
mm, Chua et al., 2006; Yi et al., 2015). However, there appears to be a dose-response relationship
regarding the efficacy of atropine in inhibiting axial eye growth. For example, the ‘Atropine for the
Treatment of Myopia’ studies showed that compared to the complete arrest of axial elongation
with 1% atropine, 0.5% and 0.1% doses have an efficacy of 29% and 25%, respectively (Chia et al.,
2012; Chua et al., 2006). One-year results from another recent clinical trial have shown 51%, 29%
and 12% efficacy of axial length inhibition with 0.05%, 0.025% and 0.01%, respectively (Yam et al.,
2019).
While atropine seems to be effective in controlling the progression of refractive error even at
0.01% concentration with comparable efficacy to that of higher concentration (Gong et al., 2017),
it has no to little effect on axial elongation (Chia et al., 2012; Yam et al., 2019). The reason for the
lack of parallel between atropine’s efficacy regarding axial length and refraction remains
unresolved; however, some have speculated this discrepancy may be due to the potential effect of
atropine on the corneal surface (Bullimore et al., 2018). Despite the superior efficacy of higher
concentrations of atropine in inhibiting axial eye growth compared to lower concentrations,
higher dosages have found limited clinical application owing to their more powerful adverse side
effects (mydriasis, photophobia, blurred near vision) (Gong et al., 2017), which are clinically
significant for all concentrations above 0.02% (Cooper et al., 2013). Furthermore, higher dosage of
atropine also have stronger ‘rebound’ effect (i.e. acceleration of axial elongation upon cessation of
treatment) (Chia et al., 2016; Tong et al., 2009), which is not transient in nature, as the axial length
continues to elongate rapidly at least for a year when the treatment is stopped (Chia et al., 2016).
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Interestingly, the growth-inhibitory effect of high dose atropine seems to be greater initially, with
a steady decline later (Chua et al., 2006).

2.9.2. Site and mode of atropine’s action
Although there is little doubt that atropine—in medium to high concentrations—is effective in
slowing down axial eye growth, the site and mode of atropine’s anti-myopia action remain
unclear. Previous belief was that the ‘excessive accommodation’ hypothesis of myopia formed the
basis of atropine’s efficacy in controlling axial elongation, and many attributed atropine’s action to
its strong cycloplegic effect in paralysing accommodation, a presumed causative factor for axial
eye growth and myopia. However, the finding that atropine is also effective in preventing
experimental myopia in chicks without blocking accommodation (as they possess striated muscles
with nicotinic receptors) (McBrien et al., 1993) suggests a non-accommodative mechanism for
atropine’s growth-inhibitory effects. While muscarinic receptors are widespread in ocular tissues
(Fischer et al., 1998a), insights from subsequent animal and human studies have provided
compelling evidence for the current hypothesis that atropine presumably acts at one or more sites
along the retina-choroid-sclera defocus signalling pathway. Intravitreal injection of atropine
increases retinal dopamine levels, which are reduced in experimentally induced myopias in chicks,
and subsequently triggers spreading depression effects in the retina (Schwahn et al., 2000).
Atropine treatment reduces the levels of GABA transporter 1, which is normally elevated in the
myopic retina of the mouse eyes (Barathi et al., 2014). It has also been proposed that the lightadaptive signalling molecule nitric oxide mediates the inhibition of form-deprivation myopia by
atropine in chicks, and it is thought that this occurs in the retina (Carr and Stell, 2016). Findings
from these animal studies support a retinal site of atropine’s action, which presumably begins in
M1/4 receptors to influence the neurochemical cascade.
The exact retinal location and mechanisms remain elusive though, as atropine can still block
myopia development in the chick model of myopia despite the destruction of retinal amacrine
cells containing muscarinic receptors (Fischer et al., 1998b). Furthermore, atropine causes changes
in muscarinic receptor density in iris and ciliary body, but not in the retina (Tigges et al., 1999), and
there is support for non-muscarinic targets for atropine, including α2A-adrenoceptors at least in
vitro (Carr et al., 2018). These findings suggest, perhaps atropine’s action to inhibit axial
elongation involves non-muscarinic receptors directly at the level of the choroid or the sclera. In
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humans, topical administration of atropine causes thickening of the choroid (Z. Zhang et al.,
2016) and also abolish the choroidal thinning typically associated with exposing the retina to
hyperopic defocus (Chiang and Phillips, 2018). Atropine produces morphological changes in the
sclera, for example, thickening of the fibrous layer and thinning of the cartilaginous layer, changes
that are typically known to occur in the opposite direction in experimental myopia in chicks
(Gallego et al., 2012). Furthermore, muscarinic receptor antagonists inhibit the synthesis of DNA
and glycosaminoglycan in scleral chondrocytes despite chicks lacking any apparent source of
acetylcholine (Lind et al., 1998). Non-retinal sites of action also appear likely because myopia
prevention in chicks typically requires high nano-molar concentrations of atropine (Fischer et al.,
1998b). Whether atropine inhibits the generation of the defocus signal or influences the
transmission or reception of the signal needs further investigation, but there is enough evidence
to suggest that atropine acts in the retina-choroid-sclera signalling pathway to modify signals that
control eye growth and myopia progression.

2.9.3. Other pharmacological agents
Studies have implicated several other pharmacological agents for inhibition of axial eye growth
and myopia. Pirenzepine—a partially selective M1/M4 receptor antagonist—slows eye growth by
modulating scleral glycosaminoglycan synthesis in animal models (Cottriall and McBrien, 1996;
Leech et al., 1995; Lind et al., 1998; Truong et al., 2002) and reduces myopia in humans (Siatkowski
et al., 2008; Tan et al., 2005). Other muscarinic antagonists such as the M2/M4 antagonist
himbacine (Cottriall et al., 2001) and pan-specific oxyphenonium (Luft et al., 2003) also inhibit the
progression of axial elongation in chicks and mammals. Intravitreal injections of highly selective
muscarinic antagonist agents MT3 (M4 receptor antagonist) and MT7 (M1 receptor antagonist)
reduces experimental axial myopia in tree shrews (Arumugam and McBrien, 2012), while only MT3
is effective in axially myopic chicks (Mcbrien et al., 2011), likely because chicks do not show M1
receptor expression (Yin et al., 2003). Also, oral doses of systemic 7-methylxanthine, an adenosine
antagonist, have been shown to inhibit axial eye growth in myopic children (Trier et al., 2008) and
non-human primates (Hung et al., 2018a). Although the mechanism by which the aforementioned
pharmaceutical agents act to inhibit axial growth is uncertain, it is plausible that like atropine,
these agents also intervene in the defocus signalling pathway, which guides axial growth and the
refractive development of the eye.
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2.10. Retinal electrophysiology
Electrophysiological testing of the retina provides a unique opportunity to investigate subtle
changes in short-term retinal responses to imposed defocus because it allows the measurement of
light-induced electrical responses from various neural cells simultaneously and instantaneously
with a high temporal resolution (~milliseconds). The following sections briefly introduce
electroretinography and describe the multifocal technique and the global flash paradigm
implemented to investigate retinal responses to defocus in Chapter 3.

2.10.1. Electroretinogram (ERG)
The electroretinogram (ERG) offers a non-invasive and objective means of quantifying neural
activity in rod and cone pathways of the retina in response to light stimuli. In the mid-nineteenth
century, a Swedish physiologist Holmgren (1865) set the background for ERG, discovering that
retinal exposure to light results in a change in electrical potential. A few years later, Dewar and
McKendrick (1873) confirmed the finding by demonstrating a change in electric current on a
galvanometer following retinal illumination. When a bright flash of light (e.g. from either a strobe
light or a Ganzfeld) illuminates the retina, changes in membrane potentials occurring across the
retina neurons give rise to an extracellular current, which forms the basis of ERG. Changes in
electrical potential can be measured using different electrodes, including contact lens electrodes,
conductive fibres and foils, skin electrodes, corneal wicks and conjunctival wire loops, albeit with
varying degree of sensitivity (Esakowitz et al., 1993; Fernandes et al., 2016; Lapkovska et al., 2016).
It is possible to record electric potentials with either monopolar or bipolar configuration of the
electrodes, although monopolar electrodes, with a separate reference at the centre of the
forehead, often yields greater amplitudes than the bipolar electrodes (Mentzer et al., 2005).
A standard ERG waveform is usually biphasic, with an initial cornea-negative response (a-wave)
and a following cornea-positive response (b-wave). Following the illustration of the biphasic ERG
waveform by Gotch (1903), Einthoven and Jolly (1908) identified an additional slower positive
wave or c-wave that follows the b-wave. Historically, pharmacological approaches (by studying the
effect of cellular agonists and antagonists on ERG waves) and physiological approaches (by
current source-density analyses) have aided our understanding of the origins of the major ERG
wave components. In general, the electrical activity in the RPE gives rise to the c-wave
(Pepperberg et al., 1978; Steinberg et al., 1970), while the photoreceptors and the bipolar cells
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initiate the a-wave (Brown, 1969; Brown and Wiesel, 1961a, 1961b) and the b-wave (Karwoski and
Xu, 1999; Sieving et al., 1994), respectively. Investigation of these individual ERG components
allows precise localisation of responses from specific retinal neurons. For example, the weak flash
ERG (also known as dark-adapted 0.01 ERG) recorded after 20 minutes of retinal adaptation in the
dark is a fully dark-adapted response and gives rise to a positive b-wave that reflects the activity
of the rod-initiated ON-pathways.
The ERG responses are usually quantified as amplitudes (the difference between the minimum and
baseline potential for a-wave or between the maximum and minimum potential for b-wave) and
peak times (time from the onset of flash stimuli to the maximum or minimum potential) of
different waveform components. Inter-subject variability of peak times is often less (~2–11%) than
the inter-subject variability in the amplitude response (~27–56%, Birch & Anderson, 1992; Jacobi,
Miliczek, & Zrenner, 1993). Based on the type of stimulus that illuminates the retina and the
spatial extent of stimulation, four different types of ERG are common in practice: 1) full-field flash
ERG, which measures summed electrical potential from a relatively broad retinal region; 2) focal
ERG, which stimulates the retina over a narrow spatial region (commonly in the macula) to detect
focal lesions (Birch and Fish, 1988), but suffers from low signal to noise ratio (SNR) due to
scattering of light; 3) pattern ERG, which uses contrast-reversing patterns (Bach et al., 2013); 4)
multifocal ERG (mfERG), which uses scaled or non-scaled black and white hexagons to stimulate
the retina (Hood, Bach, Brigell, Keating, Kondo, et al., 2012).

2.10.2. Multifocal electroretinogram (mfERG)
The full-field ERG is limited to overall retinal activity, as it provides mass electrical response
summed over a broad retinal region. This limitation of spatial insensitivity to localised retinal
responses was addressed by Sutter and colleagues (1992) when they introduced the mfERG
technique capable of providing a topographical map of local ERG responses in multiple different
retinal loci. As mfERG allows the recording of local retinal responses to focal illumination
simultaneously in multiple regions over a wide field of view (~40–50°), it is applicable for
objectively studying local retinal health as well as characterising and monitoring focal retinal
lesions in pathological states (Lai et al., 2007). However, in contrast to full-field ERG, which
provides the feasibility of separately studying electrical responses in the rod and cone pathways,
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mfERG is limited to the measurement of electrical activity in the cone pathway, as the eye is lightadapted due to the repetitive flashes of light.
In mfERG, a stimulus array consisting of black and white hexagons illuminates the retina and gives
rise to a continuously recorded signal; each of these hexagons has a 50% chance of being
illuminated on every frame reversal. The number of hexagonal elements in the stimulus array
depends upon the trade-offs among spatial resolution, recording time, and SNR: A greater
number of elements increases the spatial resolution but tends to lengthen the recording time and
decreases the SNR. Usually, a stimulus array of 61 or 103 hexagonal elements provides a
reasonable balance between spatial resolution, SNR and recording time (Heinemann-Vernaleken
et al., 2001). For the implementation of multifocal stimulation, mfERG uses a pseudorandom binary
‘maximum length feedback shift register sequence’ (m-sequence) (Sutter and Tran, 1992).
Generated by the digital shift register based on linear feedback, this sequence underlies the
reversal pattern of black and white hexagonal elements in the mfERG stimulus (Müller et al., 2016).
Although the hexagonal elements appear to flicker randomly, they all follow the same
pseudorandom pattern, but with different starting points in time. Through their inherent
mathematical properties, such binary sequences of the pseudorandom pattern allow not only the
extraction of individual responses but also the study of adaptational effects on these responses
from previous events (prior stimulation). By cross-correlation of the continuous ERG signal with
the sequence of the light/dark flashes in a particular location, mfERG isolates and quantifies a
series of electrophysiological responses from individual retinal locations.
A typical mfERG waveform is analogous to the conventional full-field ERG response in that it is
biphasic, with an initial negative component followed by a positive peak and another negative
deflection. However, the stimulation rate is considerably higher for mfERG compared to full-field
ERG. Moreover, mfERG responses are mathematical extractions from a continuously recorded
signal in response to light, while conventional ERG is a real-time direct response to a flash
stimulation. In mfERG, the negative deflections (‘N’ components) and the positive peaks (‘P’
components) are numbered in the order of their appearance in the waveform (e.g. N1, P1, N2,
etc.). The total responses during ‘on’ phases less the responses during ‘off’ phases give rise to
these first-order kernel components. The mfERG waveform approximates the shape of the fullfield ERG response only when the m-sequence stimulation is slowed considerably in time (Hood et
al., 1997). Conversely, when the stimulation rate is increased to approximate the typical flicker rate,
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the shape of P1 is considerably different to that of the b-wave, likely because of the introduction
of non-linear effects upon rapid stimulation (Hood et al., 1997), although the negative component
N1 still retains a shape similar to that of the a-wave of full-field ERG. The outer retina appears as a
primary contributor for the origin of individual mfERG components, as blocking ganglion cell
activity by intravitreal injections of tetrodotoxin in monkeys still preserves the shape of mfERG
waveform and results in better alignment of the shape to that of the human mfERG waveform
(Hood et al., 2002).

A consensus is that the N1 component originates from the cone

photoreceptors with post-receptoral ON- and OFF-pathways, while the P1 component arises from
the activity of ON- and OFF-bipolar cells (Hood et al., 2012).
Responses of the mfERG components are prone to the influence of several factors. The mfERG
amplitudes decrease and peak times increase with age (Gerth et al., 2002; Seiple et al., 2003);
amplitudes are affected by optical media and show an increment after cataract surgeries (Tam et
al., 2004); and retinal pathologies (e.g. macular degeneration) and toxicities (e.g. from ethambutol)
reduce the responses (Dettoraki and Moschos, 2016; Lai et al., 2007).

2.10.2.1. ‘Slow flash’ and ‘global flash’ mfERG
The conventional mfERG response is the output of predominately the ON- and OFF-bipolar cell
activity along with some contribution from photoreceptors and inner retina because the mfERG
presents subsequent flash stimulus before the response to preceding flash fully develops, leading
to the superimposition of higher-order effects. Implementing a ‘slow flash paradigm’ allows one
to obtain ‘much cleaner’ responses of bipolar cell activity, minimising the dilution by cellular
activity from the inner retina (Bearse et al., 2004). In slow flash mfERG, there is a sufficiently greater
time delay between the flashes of multifocal stimulation to allow the neural responses to decay
before the presentation of the next flash. It is believed that the slow flash paradigm thus
eliminates the adaptive effects superimposed on the late response components of conventional
first-order mfERG waveform (Palmowski et al., 1997) and provides better measurement and
interpretation of mfERG responses, particularly in conditions such as diabetes, which affects the
later waveform components (Fortune et al., 1999).
Another variant of the standard mfERG technique is the ‘global flash’ paradigm. By emphasising
components arising from the adaptive and post-receptoral mechanisms in the inner retina, the
global flash mfERG (gmfERG) isolates first-order mfERG responses evoked by neural activity in the
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distal retinal layers (photoreceptors and bipolar cells) and higher-order responses elicited by
activity in the more proximal inner retinal layers (Shimada et al., 2001; Sutter et al., 1999). To
achieve this, the gmfERG uses periodic full (global) flashes and dark frames interleaved between
the conventional multifocal frames. The presentation of periodic global flashes accentuates the
non-linearities in the neural response due to post-receptoral retinal adaptation effects caused by
the feedback mechanisms and lateral interactions in the inner retina (Sutter et al., 1999). Thus, in
addition to the first-order kernel output of the conventional mfERG, the gmfERG also provides an
adapting component later in time, giving rise to two components. While the earlier direct
component (DC) is the average response due to multifocal stimulation and reflects the outer
retinal activity, the later induced component (IC) is the interaction of responses due to global flash
and preceding focal flash stimulation, and predominately reflects neural activity in the inner retinal
layers, such as amacrine and ganglion cells (Shimada et al., 2005).

2.10.2.2. Retinal electrophysiology responses in myopia and image defocus
Several studies have now adequately demonstrated that excessive eye elongation associated with
myopic refractive error impairs neural responses from the retina. Both full field (Perlman et al.,
1984; Westall et al., 2001) and pattern ERG (Hidajat et al., 2003) amplitudes show a reduction as
axial length and myopia increases, suggesting retinal dysfunction with excessive eye growth.
Compared to the emmetropes, myopic adults have significantly reduced amplitudes of the late
response components of the slow flash mfERG, indicating a reduction in ON- and OFF-bipolar cell
activity with myopia and associated axial elongation (Chen et al., 2006a). Myopes also show
reduced amplitudes (Kawabata and Adachi-Usami, 1997) and subtle delays (~1–3 ms) in first-order
responses of conventional mfERG in comparison to emmetropes, particularly in the peripheral
retina, presumably due to altered synaptic transmission during retinal processing (Chen et al.,
2006b). The gmfERG response amplitudes in the outer and inner retina increase with higher
degrees of myopia (Chen et al., 2006c). There is also some circumstantial evidence that the
progression of myopia is linked with reduced mfERG responses in the central retina (Ho et al.,
2012a). The mfERG oscillatory potentials, which are thought to reflect amacrine cell activity in the
inner retina (Wachtmeister, 1998), are significantly shorter in progressive myopes compared to
stable myopes and emmetropes (Chen et al., 2006d). Several hypotheses have been proposed to
explain electrophysiological alterations in myopia, including increased ocular resistance (Garrick,
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1988; Pallin, 1969) and changes in retinal cell morphology (Chan and Mohidin, 2003), although
these speculations need further investigations.
Retinal electrophysiological responses to short-term retinal image defocus are controversial. While
some have demonstrated an effect of imposed defocus on first-order mfERG responses (Chan and
Siu, 2003; Keating et al., 1996), others have reported no effect in either latencies or amplitude
responses (Palmowski et al., 1999). It has also been suggested that the electrical activity in the
retina responds according to the sign of imposed optical defocus and that the retina can detect
the sign of defocus even in a short temporal duration (Chin et al., 2015; Ho et al., 2012b). Myopic
retinal defocus induced by imposing positive lenses produces a significant increment in amplitude
responses, while hyperopic retinal defocus induced by negative lenses causes a reduction in
amplitudes, mainly in the peripheral retina (Chin et al., 2015; Ho et al., 2012b).

2.11. Summary
Despite extensive investigations into the mechanism underlying retinal detection of defocus in
both animal models and humans as reviewed in the previous sections of this chapter, the central
issue of how the defocus signals are processed by the retina to effect changes in axial eye growth
and myopia remains unresolved. There is little doubt that the defocus signals are likely encoded at
the molecular level presumably at the level of the inner retina and processed via a cascade of
signals through a local retina-choroid-sclera pathway. However, the exact site and mode of action
by which the retina decodes and processes the signals have yet to be understood. While visual
feedback from the peripheral retina appears to dominate the refractive development over the
central retina in animal species, whether the central or the peripheral retina influences defocus
signals in humans is still equivocal. In light of these obscurities, the next chapter seeks to address
these questions by experimentally investigating neural activity in the retina to test the following
hypotheses:
1.

The sign of defocus differentially affects the neural responses of the retina.

2. The neural responses of the retina to short-term imposed defocus vary as a function of the
retinal region: defocus-induced responses are different for central and paracentral retina,
and inner and outer retina.
3. The myopia inhibiting agent atropine modifies the neural responses of the retina to shortterm imposed defocus.
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3. Retinal electrophysiology responses to defocus
This chapter is based on a published manuscript that describes the effect of atropine on global flash
multifocal electroretinogram responses to retinal defocus. The authors of this manuscript are Safal
Khanal, Philip RK Turnbull, Nicholas Lee, and John R Phillips.
The thesis author contributed to the study design and methodology, collected the data (together with
a summer student), analysed the data, prepared the manuscript, and contributed to the rebuttals.
The manuscript was accepted for publication in Investigative Ophthalmology and Visual Science in
December 2018. Full reference details and the copyright license from the publisher for reproducing
the article in this thesis can be found on page xxii. For the detailed contribution of each author to the
manuscript, please see co-authorship form on page xx.

3.1. Introduction
This chapter describes the short-term changes in electrophysiological responses of the retina
induced by experimental manipulations of the retinal image focus and the short-term effects of
the myopia-inhibiting agent atropine on these retinal responses. The study described in this
chapter tested hypotheses one, two, and three from section 2.11. More specifically, the
experiments were based on the idea that if the retinal locus was able to detect the sign of defocus,
then the associated retinal electrophysiology would respond to the direction of defocus in a
predictable and sign-dependent manner. Furthermore, if these retinal responses to defocus are
implicated in signalling the state of image focus through to the choroid and the sclera (which
ultimately determines the eye size), then it is plausible that these responses would be modified by
the application of a myopia-inhibiting agent, such as atropine. In that context, the objectives of
this study were to investigate the electrophysiological responses from the retina (in amplitude and
time domains) to defocus and atropine and to investigate their interaction as a function of the
retinal region (i.e. central vs peripheral retina, inner vs outer retina).
The experiments in this chapter use global flash multifocal electroretinography (gmfERG) to
quantify the neural activity in the retina. Although quantifying local electrical responses from
multiple retinal loci is possible through conventional mfERG (Sutter and Tran, 1992), this local
electrical activity represents a pooled response that is predominantly derived from the outer retina
(i.e. photoreceptor and bipolar cells) (Hood et al., 2012). In contrast, the gmfERG offers a unique
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opportunity to study local electrical responses from multiple loci in both the inner and the outer
retina (Shimada et al., 2005) because it allows isolation of two response components: the direct
component (DC) and the induced component (IC). The DC response is the standard output from a
conventional mfERG, which approximates the a- and b-waves of an ERG and reflects the outer
retinal activity. The IC response, however, represents a non-linear adapted retinal state induced in
response to the successive global flash and multifocal flash frames of the stimulus and originates
from cells within the inner retina (Shimada et al., 2005). This ability to isolate the inner retina is of
particular interest to myopia researchers, as amacrine cells have been shown to modulate ZENK
synthesis in signalling defocus (Fischer et al., 1999). Furthermore, experimental myopia causes a
reduction in retinal concentrations of dopamine and its metabolites (Pendrak et al., 1997; Richard
A. Stone et al., 1989), with retinal amacrine cells being one of the primary sources (Feldkaemper
and Schaeffel, 2013).

3.2. Methods
3.2.1. Subjects
Nineteen adult subjects aged between 18 and 35 years (mean age: 23 ± 3.5 years, six females)
with emmetropia or low to moderate myopic refractive errors (Spherical Equivalent Refraction,
SER) in the experimental eye: range, +0.25 to -4.50 D; mean, -1.85 ± 1.53 D) participated in the
study. The University of Auckland Human Participants Ethics committee provided ethical approval
for the study (reference: 017982). Subjects provided written informed consent at the time of
enrolment and were free to withdraw their participation from the study at any time without giving
any reason. All procedures in the study adhered to the tenets of the Declaration of Helsinki.
Potential subjects were identified primarily through indirect and pseudorandom recruitment
methods (advertisements, flyers, etc.). Each subject underwent an initial optometric examination
(visual acuity and auto-refraction) to establish eligibility for participation in the study. Visual acuity
was tested monocularly on a Medmont AT20R computerised acuity tester (Medmont Pty Ltd,
Australia, https://www.medmont.com.au/). Refractive status of each eye was assessed by taking
the mean of five consecutive non-cycloplegic measurements obtained with an open field autorefractokeratometer (NVision-K 5001, ShinNippon, Japan; http://www.shin-nippon.jp/). The criteria
for inclusion and exclusion of the subjects in the study were as follows:

41

3.2.1.1. Inclusion criteria
•

Age: 18 to 35 years, inclusive

•

Visual acuity: Snellen 6/9 or better

•

SER between +5.00 to -5.00 D, inclusive

•

The difference in power of two meridians less than or equal to 1.00 D

•

Ability to provide written informed consent before the commencement of the study

•

Subjects who have had comprehensive eye examination within the last six months

3.2.1.2. Exclusion criteria
•

Prior history of ocular or systemic allergy from mydriatics, anaesthetics, and atropine eye
drops

•

Subjects with amblyopia, ocular pathologies or ocular anomalies (e.g. surgery, trauma),

•

Subjects exhibiting known systemic disorders (e.g. neurological conditions), and

•

Subjects undergoing optical or pharmacological myopia control treatment (e.g. atropine
eye drops, orthokeratology, etc.).

•

Subjects unable to maintain stable fixation due to ocular or systemic conditions (e.g.
severe dry eyes, arthritis).

All subjects self-reported good general and ocular health. Although initial recruitment included 21
subjects, mfERG responses were not reliable in one participant (#1) due to extremely noisy
waveforms, and instrument failure precluded the recording of post-atropine mfERG responses in
another participant (#21). Therefore, the final analysis included data from only 19 subjects. Table
3.1 presents the baseline characteristics of the study subjects.

3.2.1.3. Sample size calculation
The target sample size for this study was calculated using G*Power version 3.1.9.2 (University of
Dusseldorf, Germany, http://www.gpower.hhu.de/en.html) based on the estimate of effect size
obtained from a preliminary study (Khanal et al., 2016). A three-way (3 × 2 × 2) repeatedmeasures ANOVA was conducted with three within-subject factors: defocus (hyperopic, no,
myopic), region (central and peripheral), and responses (DC and IC). This model showed a
significant interaction effect between the three within-subject factors (F(2, 14) = 3.74, p = .0499), a
partial ƞ2 of 0.348 equivalent to Cohen’s f effect size of 0.730 (𝑓 = √ƞ2 /(1 − ƞ2 ), and unequal
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variance of differences among the factors (Mauchly’s W = 0.36) with a Greenhouse-Geisser epsilon
(ε) of 0.61. Using these parameters for the F-test family (ANOVA repeated measures, within
factors), sample size calculation on G*power estimated a minimum number of 16 subjects to
obtain statistical significance at an alpha level of 0.05 and a power of 80%. Assuming a maximum
drop-out rate of 30%, at least 21 subjects were required for the study.
Table 3.1. Baseline data of 19 subjects included in the study
Gender
Male

13 (68.4%)

Male: Female

Female

6 (31.6%)

𝝌𝟐𝒚𝒂𝒕𝒆𝒔(1) = 1.89, p = .17

Age (years)

22.6 ± 3.52

Mean spherical equivalent refraction (SER, D)*

-1.84 ± 1.53

Range: +0.25 to -4.50

Right eye

8 (42.1%)

Right eye: Left eye

Left eye

11 (57.9%)

𝝌𝟐𝒚𝒂𝒕𝒆𝒔(1) = 0.21, p = .65

Experimental eye

*SER: Spherical Equivalent Refraction; D: Dioptres

3.2.2. Experimental protocol
All subjects underwent optical coherence tomography (OCT) scanning and gmfERG testing at the
same time of day on two consecutive days (day one and day two). On each day, OCT scans were
obtained in both eyes, while gmfERG responses were recorded monocularly under three defocus
conditions: no defocus, 2.00 D myopic defocus, and 2.00 D hyperopic defocus, in random order
using the random permutation function in MATLAB. Thirty minutes prior to gmfERG recording on
each day, the experimental (non-dominant) eye received one drop of tropicamide 1% for
cycloplegia (Yazdani et al., 2017). At the end of the recording session on day one, one drop of
atropine sulfate 0.1% was instilled into the experimental eye so that the recordings on day two
were made approximately 24 hours after atropine instillation to allow adequate duration for
atropine to Figure 3.1 presents a summary of the experimental protocol.
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Figure 3.1. Flow diagram showing the experimental protocol of the study.

The gmfERG recordings were made in the experimental eye, with the fellow eye covered. As the
use of a negative 2.00 D lens (to induce hyperopic defocus) could stimulate accommodation and
result in less than the desired 2.00 D defocus under the hyperopic defocus condition, the residual
accommodation was measured and compensated for in the calculation of the power of
ophthalmic lenses used to achieve the desired level of defocus. Approximately 25 minutes after
the administration of the cycloplegic drop, five consecutive autorefractor measures were recorded
with an open-field autorefractor to confirm the distance prescription of the experimental eye. A
target line of letters (corresponding to their best visual acuity) was viewed monocularly at 50 cm
through the distance prescription, with a +2.00 D ‘add’. The target was moved slowly towards the
eye until the subject reported the first sustained blur. The residual accommodation was calculated
as the dioptric difference between 50 cm and the blur point. This procedure was repeated three
times to get a mean residual accommodation in dioptres, which was then added to the negative
lens power to ensure at least 2.00 D of defocus was achieved during the hyperopic defocus
condition. The mean residual accommodation for all subjects was 1.55 ± 0.59 D for day one and
1.50 ± 0.56 D for day two. Although others have previously used this method to measure and
compensate for residual accommodation (Chin et al., 2015; Ho et al., 2012b), this procedure has
some degree of subjectivity. However, because the pupil was dilated, this would minimise the
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depth of field of the participant and give a narrow range of clear focus. In addition, because a
push-in method was used to determine the near point, this would have tended to over-estimate
their residual accommodation (Atchison et al., 1994; Rosenfield and Gilmartin, 1990) and ensure
greater than the intended 2.00 D retinal defocus.
Defocus was induced using full aperture ophthalmic lenses, which combined the power of the
defocussing lens, the patient’s refractive error, and an ‘add’ of +3.00 D to account for the viewing
distance from the eyes to stimulus screen of 33 cm. The spectacle magnification (SM) induced by
the defocussing lenses, as calculated from the formula: 𝑆𝑀 = 1/(1 − 𝑑𝐹), (where 𝑑 = vertex
distance + distance from corneal apex to entrance pupil, and 𝐹 = power of the lens), induced a
~3% decrease or increase in retinal image size. To compensate for the spectacle magnification,
the screen viewing distance was adjusted by 1 cm (i.e. from 33 cm under no defocus to 32 cm for 2.00 D defocus, and 34 cm for +2.00 D defocus).

3.2.3. Formulation of 0.1% atropine eye drops
For each subject, 0.1% atropine was formulated by dilution of preserved 1% atropine Sulfate
(Atropt 1%) into a well-tolerated ocular vehicle (Lens Plus, OcuPure® Saline) at the end of gmfERG
testing on day one. During preparation, one part of 1% Atropine Sulfate was freshly diluted with
nine parts of the vehicle. Immediately after the preparation of 0.1% atropine, one drop was
instilled into the experimental eye. Atropt 1% eye drops were refrigerated throughout the study
duration, except at times of preparation of diluted concentration of atropine required for the
study. None of the subjects reported any significant side effects apart from the expected minimal
functional near visual acuity loss, difficulty in near tasks, and photophobia. However, the side
effects of 0.1% atropine were not studied in this study.

3.2.4. Primary outcome measures
The primary outcome measures in this study were: 1) changes in gmfERG responses across the
defocus and atropine conditions in the amplitude domain (i.e. response amplitude), and 2)
changes in gmfERG responses across the defocus and atropine conditions in the time domain (i.e.
peak time). The two components of the gmfERG responses—the DC and IC responses—were
isolated, and changes in amplitudes and peak times of these responses were compared across the
experimental conditions in the central and peripheral retinal zones.
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3.2.5. Multifocal electroretinography
3.2.5.1. The gmfERG stimulation
The gmfERG test was performed using Roland Consult system (v6.16.1.5, Roland Consult,
Germany) following the guidelines of the International Society for Clinical Electrophysiology of
Vision on mfERG (Hood et al., 2012), with some modification of the stimulus presentation
paradigm. An achromatically flickering stimulus array of 61 hexagonal elements, with a small red
fixation cross (1° in size) in the centre, stimulated the retina. Although a greater number of
elements (e.g. 103 hexagons) would lead to an improvement in spatial resolution, the choice of 61
hexagonal elements was made to maximise the signal-to-noise ratio (SNR) while keeping the
recording time to a minimum (Hood et al., 2012).

Figure 3.2. Global flash multifocal electroretinogram (gmfERG) stimulus and waveform. (A) The high
contrast and achromatically flickering stimulus array for the global flash multifocal
electroretinogram (gmfERG) had four frames in each cycle: multifocal flash frame (M), dark frame
(O), global flash frame (F) and dark frame (O) with an inter-frame interval of 16.66 ms. The
multifocal flash frame consisted of 61 light and dark hexagonal elements. Approximately 50 per cent
of these elements were illuminated at each presentation, with the pattern of light and dark hexagons
changing over time according to a pseudo-random binary m-sequence. (B) The gmfERG response
waveform demonstrated two main components: a direct component (DC) and an induced
component (IC). The vertical arrows represent the amplitude of the DC response measured from the
first trough to the first peak (light blue) and the IC response measured from the second trough to the
second peak (yellow). The horizontal arrows represent the peak times of the DC response (light blue)
and the IC response (yellow).
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A calibrated ‘liquid crystal display’ monitor (38 cm by 30 cm in size) presented the stimulus at 60
frames per second. The hexagons changed between black and white in a binary m-sequence of
length 213 -1 (Müller et al., 2016; Sutter and Tran, 1992). Although m-sequences appear to be
random, they are generated using a strict rule, based on digital shift registers, using linear
feedback (Sutter and Tran, 1992). To compensate for the reduction in retinal cell density with
eccentricity, the size of the hexagonal elements progressively increased from the centre out to the
periphery to produce approximately equal mfERG amplitudes at varying eccentricities (see Figure
3.3A). The luminances of the dark and bright hexagons were 2.8 and 184 cd/m2, respectively; this
difference in luminance provided a high contrast stimulus for measuring retinal activity. To match
the mean luminance of the stimulus array, the luminance of the grey background surrounding the
stimulus was set at 108 cd/m2. The global flash stimulus was inserted between successive focal
flashes such that the stimulation sequence consisted of a multifocal flash frame, a dark frame, a
full-screen global flash frame, and a dark frame in each cycle (Shimada et al., 2001) (Figure 3.2A).
The gmfERG responses were measured across eight-time segments, each of approximately 38
seconds duration, with a short break in between consecutive segments.

3.2.5.2. The gmfERG recordings
Subjects were light-adapted to 500 lux room lighting for 30 minutes prior to gmfERG testing. The
gmfERG electrical responses were recorded using active, reference and ground electrodes. The
reference and ground electrodes (grass gold cup) were applied with a conductive paste (TEN20,
Weaver & Company, USA, http://www.weaverandcompany.com/) following skin preparation using
an exfoliant gel (Nuprep, Weaver & Company, USA, http://www.weaverandcompany.com/). The
reference electrode was attached on the temple, 1 cm lateral to the outer canthus, while the
ground electrode was placed at the centre of the forehead. After anaesthetising the cornea with
one drop of 0.4% oxybuprocaine, the active electrode (Dawson-Trick-Litzkow, DTL fine conductive
thread) was positioned in the lower lid tear prism. The DTL electrodes are known to have
significantly greater between-session and between-subject reliability with comparable SNR to that
of foil or contact lens electrodes (Dawson et al., 1979; Hennessy and Vaegan, 1995). Impedance
was monitored throughout the test and maintained below 10 KOhm by repositioning the
electrodes as required. The contralateral eye was occluded with an eye pad and light pressure
throughout the test period. Responses were band-pass filtered (1 to 300 Hz, with a 50 Hz notch)
and amplified by 100,000x. An in-built artefact rejection algorithm of the electrophysiology
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software automatically detected artefacts (e.g. from blinking), removed the corresponding
responses, and repeated the sequence.

Figure 3.3. Figure showing a hexagonal stimulus array used for mfERG stimulation. (A) The
hexagonal elements of the stimulus array were arranged in five different rings, with an increasing
number of elements from the centre (Ring 1) to the periphery (Ring 5). (B) The rings were pooled into
a central retinal zone consisting of Rings 1 and 2 (dark blue, 0 to 6° eccentricity), and a peripheral
retinal zone consisting of Rings 3, 4, and 5 (orange, 6° to 24° eccentricity). The sum of all responses
within a zone was divided by the area of hexagons within the zone to give response per unit angular
size (nV/deg2).

The focal gmfERG response for each hexagonal element was obtained by cross-correlating the
stimulus temporal m-sequence with the recorded ERG responses. These focal responses were
summed up within each eccentricity zone and divided by the area of hexagons within the zone to
give response per unit angular size (nV/deg2). Details of the measurement of the DC and the IC
amplitudes in gmfERG have been well described elsewhere (Ho et al., 2012b). In brief, the DC
amplitudes were measured from the first negative trough to the first positive peak, whereas the IC
amplitudes were measured from the second positive peak to the second negative trough (Figure
3.2B). The peak time of the DC response was measured from the presentation of the multifocal
flash, while that of the IC response was measured from the presentation of the global flash (i.e.
33.3 ms after the multifocal flash). The RETIScan software (v6.16.1.5) automatically detected the DC
response amplitudes of the gmfERG recordings and allowed exportation of raw values for analysis.
The peaks and troughs of the IC responses were, however, manually determined by repositioning
the arrows along the trace using the RETIScan software and then exported for analysis. Response
data corresponding to the hexagonal elements in the central two rings (rings 1 and 2) was
averaged (weighted for the area) to obtain a mean response for the central zone (0 to 6°
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eccentricity). Similarly, responses from the peripheral three rings (rings 3, 4, and 5) were averaged
(weighted for the area) to obtain a mean response for the peripheral zone (6° to 24° eccentricity,
Figure 3.3). Figure 3.4 illustrates the examples of gmfERG waveforms under the three defocus
conditions, and a three-dimensional topographic representation of gmfERG response recorded
from a single subject.

Figure 3.4. Examples of gmfERG waveforms and topography. (A) The gmfERG waveforms from a
single subject for hyperopic defocus (-2.00 D, left), no defocus (fully corrected, centre), and myopic
defocus (+2.00 D, right) prior to atropine instillation. The black arrows indicate the amplitude of the
induced component (IC), which was measured from the second maximum peak to the second
minimum trough. The five coloured traces represent responses from different retinal eccentricities
from the centre (top trace, green) to the periphery (bottom trace, blue), (B) A three-dimensional
topographic representation of gmfERG response from a single subject.
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3.2.6. Secondary outcome measure
The secondary outcome measure in this study was the comparison of changes in choroidal
thickness between the experimental eye (in which atropine was instilled) and the fellow control
eye to investigate the effect of 0.1% atropine on baseline choroidal thickness. Furthermore, it was
of interest to evaluate the association between changes in choroidal thickness and gmfERG
responses in the experimental eye under the no defocus condition.

3.2.7. Optical Coherence Tomography (OCT)
3.2.7.1. OCT scan system
All subject had images of the posterior eye taken using deep range imaging with frequency
domain swept-source OCT (DRI OCT-1 Atlantis SS-OCT, Topcon Corp., Tokyo, Japan;
http://www.topcon.co.jp/). This instrument uses the principle of low coherence interferometry and
acquires high-resolution images (lateral resolution of 20 microns, depth resolution of 8 microns) at
a scan acquisition rate of 100,000 A-scans per second. The SS-OCT uses a sweeping laser
(tuneable range of approximately 100 nm) as a light source centred at a wavelength of 1050 nm.
These features allow one to capture cross-sectional images of the choroid with high sensitivity and
depth penetration.
Chorio-retinal images were obtained in both the experimental and control eyes using a 12-line
radial scan (resolution, 1024  12; separation, 15; overlap counts, 16) centred on the fovea.
Subjects had scans re-taken if the images were of poor quality (less than 45 as defined by the
system). In the second visit, subjects underwent scans under follow-up mode incorporated in the
instrument in which the software automatically searched for the previous scan position by using
the live infrared image of the scan. The invisible scanning laser (class 3B) of the instrument
facilitated the reduction of eye movements during the scan. With the incorporation of real-time
eye tracking function and high-speed imaging, the instrument further minimised the potential eye
motion artefacts. Each scan line of the radial scan was obtained by automatically averaging 16
consecutive scans by the OCT software (Topcon FastMap, v9.0x, Topcon Medical Systems, USA).
Because the instrument uses a high-resolution scanning protocol, B-scans of 1024×992 pixels
resolution were obtained and exported (in original resolution) for further analysis. Each B-scan
thus obtained had a lateral width of 6 mm and an axial depth of 2.58 mm.
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3.2.7.2. OCT image analysis
Although the SS-OCT has a built-in automatic segmentation algorithm that has been reported to
accurately identify choroidoscleral boundary in almost all eyes (Copete et al., 2014),
implementation of this algorithm resulted in a considerable variability in thickness measurements
for several subjects, along with numerous occasions of segmentation failures, particularly for the
detection of the choroidoscleral boundary. Therefore, this study employed an OCT image
segmentation algorithm developed by researchers at Queensland University of Technology (OCTTool v4.0.4) for layer segmentation and choroidal thickness measurement. This segmentation
algorithm has been previously tested on an extensive dataset of images from cohorts of
population comprising paediatric (104 children aged 10-15 years, 1083 B-scans) and adult subjects
(15 adults aged 18-49 years, 90 B-scans), with a very close agreement between manual and
automatic methods (mean error less than the instrument’s axial resolution) (Alonso-Caneiro et al.,
2013).
The OCT-tool segmentation algorithm utilises graph search theory to detect the inner choroidal
boundary based on a simple edge filter and a directional weighted map penalty, and the outer
choroidal boundary based on image enhancement and dual brightness probability gradient
techniques. Following the application of filter edge map and directional weight penalty to detect
the inner choroidal boundary, the software flattens each image using the boundary estimates and
crops a rectangular region containing the choroid to leave out information irrelevant to outer
choroidal boundary detection. For outer choroidal boundary segmentation, the software applies a
contrast enhancement method (Girard’s method, Girard, Strouthidis, Ross Ethier, & Mari, 2011) of
image enhancement with an adaptive compensation step) to compensate the attenuation of OCT
image and to enhance the visibility of deeper structures. A dual gradient-based boundary is then
extracted based on the gradient-based detector, which calculates oriented gradient signal and
brightness gradient to provide a probability of boundary at each pixel. Full details of this
segmentation method have been described elsewhere (Alonso-Caneiro et al., 2013).
As the images had to be processed one by one through the software, and inclusion of all images
would lead to a large number of images to be processed (19 subjects × 2 visits × 2 eyes × 12
lines), images corresponding to only the vertical and horizontal scan on each session were
included for the measurement of choroidal thickness in each subject. All exported B-scans were
de-identified and shuffled using a custom-written MATLAB script before processing through the
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OCT segmentation tool. Prior to the segmentation, the lateral width and axial depth of the images
were specified, and the images were rotated clockwise or counter-clockwise by using the rotation
tool until minimum tilt was appreciated to ensure proper horizontal alignment. As the scans were
centred on the fovea, the segmentation tool automatically placed a vertical reference line
corresponding to the foveal location (i.e. location with the smallest retinal thickness). However, the
reference line was adjusted manually in cases where it did not go through the centre of the foveal
pit. The software then automatically segmented various layers in the OCT image, including internal
limiting membrane (ILM), photoreceptor inner segment/outer segment boundary, retinal pigment
epithelium (RPE)-choroid interface, and choroidoscleral interface.
Following automatic segmentation, each segmentation line was carefully examined to ensure that
the line followed the contour of the appropriate boundary and manually corrected with ‘correct
layer’ tool included in the software if required. An adaptive histogram equalisation technique
enhanced the contrast of OCT images during the verification of layer segmentation. The choroidal
thicknesses at all horizontal pixel locations, measured as the distance between RPE-choroid
interface and choroidoscleral interface, were automatically exported as ‘.csv’ files, which were then
imported into MATLAB for further analysis. The choroidal thickness corresponding to the
reference line location (i.e. line passing through the centre of the foveal pit) was taken as the
subfoveal choroidal thickness in both horizontal and vertical line scans, which were averaged to
obtain mean subfoveal choroidal thickness for each subject. Furthermore, mean choroidal
thicknesses were calculated for the central (from the foveal centre out to 1 mm), parafoveal (from
the inner boundary of 1 mm to the outer boundary of 3 mm) and perifoveal (from the inner
boundary of 3mm to the outer boundary of 5 mm) regions. Although variations in axial length
across subjects might result in differing magnification of the OCT images, such effect mainly
relates to the transverse direction rather than axial (i.e. depth) direction (Bhende and
Parthasarathy, 2015). Also, the outcome measures of the study were within-subject differences.
Therefore, no attempts were made to correct the images for magnification effects.

3.2.8. Statistical analysis
Statistical analysis of the data was carried out using SPSS (v22.0, SPSS Inc. Chicago, USA),
GraphPad Prism (v8.0, GraphPad Software Inc., USA), and MATLAB (2017b, MathWorks, USA).
Normality of the data was assessed using graphical methods (histograms and Q-Q plots). The
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assumption of sphericity was tested with Mauchly’s test and corrected with the GreenhouseGeisser procedure upon occasional violation. As a part of this procedure, the degree of sphericity
referred to as epsilon (), was estimated to correct the degrees of freedom of the F-distribution.
The gmfERG responses (amplitudes and peak times) under the no defocus, no atropine condition
were taken as the baseline. Changes in the DC and the IC amplitudes and peak times were
calculated as the percentage difference in responses from the baseline. A two-way repeatedmeasures (RM) ANOVA with General Linear Model was carried out with gmfERG response as the
dependent variable and two within-subject factors: atropine with two levels (yes/no) and defocus
with three levels (hyperopic/plano/myopic defocus). Variables with significant within-subject
effects on the SPSS omnibus test were compared with pairwise comparisons using the Sidak
correction for multiple comparisons. Partial ƞ2 was calculated as the sum of squares for the factor
divided by the total sum of squares (factor + error) to estimate the effect size (Gallo and Vázquez,
2012). Changes in choroidal thickness were compared between the experimental and the control
eye using paired t-tests and correlated with changes in gmfERG responses using Pearson’s r. Data
are presented as mean [95% CI] unless otherwise stated. Results are considered statistically
significant at p < .05.

3.3. Results
As the two within-subject factors (i.e. defocus and atropine) were included in a single model (twoway RM-ANOVA), the following two sections present the outcomes of this model based on the
main effects of the within-subject factors and the interaction effects of the two factors. The first
section describes the main effects of optical defocus on the DC and the IC responses; the
subsequent section describes the main effects of atropine and the interaction effects of atropine
and defocus. The main effect is the overall effect of a factor (e.g. defocus or atropine) on the
dependent (outcome) variable (e.g. gmfERG amplitude or peak time) ignoring all other factors.
Conversely, the interaction effect is the simultaneous effect of two factors in which the impact of
one factor depends upon the level of the other factor. Before proceeding to the discussion of
these effects, the effects of the two factors and their interaction for the amplitude responses are
presented in Figure 3.5 and for the peak time responses in Figure 3.6. The descriptions of the
effects that follow are primarily based on these figures.
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Figure 3.5. Percentage change in amplitudes of the gmfERG signals under myopic and hyperopic
defocus relative to baseline (i.e. the no defocus, no atropine condition) for n = 19 subjects. Blue: prior
to atropine. Red: 24 hours after instilling 0.1% atropine. Top panel: Changes in the direct component
(DC) in the central (left) and peripheral (right) zones. Bottom panel: Effect on the induced component
(IC) in the central (left) and peripheral (right) zones expressed as percentages. Error bars represent ±
1 SEM.
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Figure 3.6. Percentage change in peak times of the gmfERG signals under myopic and hyperopic
defocus relative to baseline (i.e. the no defocus, no atropine condition) from n = 19 subjects. Blue:
prior to atropine. Red: 24 hours after instilling 0.1% atropine. Top panel: Changes in the direct
component (DC) in the central (left) and peripheral (right) zones. Bottom panel: Effect on the induced
component (IC) in the central (left) and peripheral (right) zones expressed as percentages. Error bars
represent ± 1 SEM.

3.3.1. Effect of optical defocus on gmfERG amplitudes
Table 3.2 presents the estimated marginal means (i.e. means adjusted for other factors in the
model) of the DC and IC amplitudes for three defocus conditions in the central and peripheral
retinal zones. Table 3.3 provides a summary of the main effects of defocus on gmfERG amplitudes.
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Table 3.2. Estimated marginal means of DC and IC amplitudes for central and peripheral retinal
zones and three different defocus conditions.
Outcome variables
Central Zone
DC amplitudes
IC amplitudes
Peripheral Zone
DC amplitudes
IC amplitudes

Hyperopic defocus
Mean (%) SE (%)

No defocus
Mean (%)
SE (%)

Myopic defocus
Mean (%)
SE (%)

2.38
-0.34

5.63
4.43

1.85
4.41

3.06
3.18

7.47
11.0

4.29
5.02

-1.61
-8.44

3.78
2.68

5.03
2.83

2.12
2.18

17.7
17.5

4.17
4.80

Table 3.3. Summary of the main effects of defocus on DC and IC amplitudes.
Outcome variables
Central Zone
DC amplitudes
IC amplitudes
Peripheral Zone
DC amplitudes
IC amplitudes

F-statistic

partial ƞ2

Observed power

p-value

0.76
4.04

0.04
0.18

0.15
0.68

.44
.03

16.4
26.2

0.48
0.59

1.00
1.00

< .001
< .001

3.3.1.1. Central zone
The DC amplitudes were not significantly different among the defocus conditions (F(2, 36) = 0.78, p
= .44). However, optical defocus had a significant effect on the IC amplitudes (F(2, 36) = 4.04, p =
.03) with a medium effect size (partial ƞ2 = 0.18). Post-hoc pairwise comparisons showed that
changes in amplitudes were significantly greater for myopic defocus compared to the hyperopic
defocus condition (mean difference = 11.3%, p = .02), but neither were different from the no
defocus condition (myopic vs no defocus: mean difference = 6.55% [-6.09, 19.2%], p = .47;
hyperopic vs no defocus: mean difference = -4.75% [-14.0, 4.46%], p = .47).

3.3.1.2. Peripheral zone
There was a significant main effect of optical defocus on the DC amplitudes (F(2, 36) = 16.4, p < .001)
with a large effect size (partial ƞ2 = 0.48). The DC amplitude for the myopic defocus condition was
higher than that for the hyperopic defocus condition (mean difference = 19.3% [9.07, 29.5%], p <
.001) and for the no defocus condition (mean difference = 12.6% [4.33, 20.9%], p = .002). However,
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there was no difference between the hyperopic defocus and no defocus conditions (mean
difference = 6.65% [-1.67, 15.0%], p = .14).
Like the DC amplitudes, the IC amplitudes for the three defocus conditions were also significantly
different (F(2, 36) = 26.2, p < .001, Figure 3.5) with a large effect size (partial ƞ2 = 0.59). There was a
progressive increase in the IC amplitudes from the hyperopic defocus condition through to no
defocus to the myopic defocus condition. The IC amplitudes under the myopic defocus condition
were higher than that for the no defocus condition (mean difference = 14.7% [4.42, 24.92%], p =
.004) and for the hyperopic defocus condition (mean difference = 26.0% [14.6, 37.3%], p < .001).
Significant differences in the IC amplitudes were also found between the hyperopic defocus and
no defocus conditions (mean difference = 11.3% [5.33, 17.3%], p < .001).

3.3.2. Effect of optical defocus on gmfERG peak times
Table 3.4 presents the estimated marginal means of the DC and IC peak times for three defocus
conditions in the central and peripheral retinal zones, and Table 3.5 provides a summary of the
main effects of defocus on gmfERG peak times.
Table 3.4. Estimated marginal means of DC and IC peak times for central and peripheral retinal
zones and three different defocus conditions.
Outcome variables
Central Zone
DC peak times
IC peak times
Peripheral Zone
DC peak times
IC peak times

Hyperopic defocus
Mean (%) SE (%)

No defocus
Mean (%)
SE (%)

Myopic defocus
Mean (%)
SE (%)

1.16
0.27

0.74
0.93

-0.42
0.37

0.71
0.82

-0.98
-0.26

1.10
0.72

1.24
0.89

0.41
0.36

0.79
0.54

0.25
0.27

0.45
0.79

0.29
0.41

Table 3.5. Summary of the main effects of defocus on DC and IC peak times.
Outcome variables
Central Zone
DC peak times
IC peak times
Peripheral Zone
DC peak times
IC peak times

F-statistic

partial ƞ2

Observed power

p-value

3.56
0.28

0.17
0.02

0.63
0.09

.04
.68

2.89
1.03

0.14
0.05

0.46
0.18

.09
.34
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3.3.2.1. Central zone
While there was a just significant effect of optical defocus on the peak times of the DC response
(F(2, 36) = 3.563, p = .04, Figure 3.6), post-hoc tests with Sidak correction for multiple comparisons
showed no significant differences between myopic and hyperopic defocus (mean difference = 2,14% [-4.59, 0.32%], p = 1.00), myopic and no defocus (mean difference = -0.56% [-2.75, 1.62%],
p = .88), and hyperopic and no defocus (mean difference = 1.57% [-0.29, 3.44%], p = .11). The
peak times of the IC response were also not affected by optical defocus (F(2, 36) = 0.28, p = .68).

3.3.2.2. Peripheral zone
Imposed optical defocus did not affect the peak times of either the DC response (F(2, 36) = 2.89, p =
.09) and the IC response (F(2, 36) = 1.03, p = .34) in the peripheral retinal zone.

3.3.3. Effect of atropine on gmfERG amplitude responses to defocus
Table 3.6 presents the estimated marginal means of the DC and IC amplitudes for pre-atropine
and post-atropine conditions in the central and peripheral retinal zones. Table 3.7 provides a
summary of the main effects of atropine on gmfERG amplitudes, and Table 3.8 shows the
interaction effects of atropine and defocus on the DC and IC amplitudes.

3.3.3.1. Central zone
The amplitudes of both the DC response (F(1, 18) = 0.02, p = .88) and the IC response (F(1, 18) = 2.44,
p = .14) were not affected by the administration of atropine. Furthermore, the amplitude
responses under the three defocus conditions were not dependent upon atropine (F(2, 36) = 0.35, p
= .71).
Table 3.6. Estimated marginal means of DC and IC amplitudes for central and peripheral retinal
zones and pre- and post-atropine conditions.
Outcome variables
Central Zone
DC amplitudes
IC amplitudes
Peripheral zone
DC amplitudes
IC amplitudes

Pre-atropine
Mean (%)
SE (%)

Post-atropine
Mean (%)
SE (%)

4.19
1.44

3.45
3.41

3.60
8.58

4.24
4.98

1.48
0.14

1.98
1.93

12.58
7.79

4.51
4.20
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Table 3.7. Summary of the main effects of atropine on DC and IC amplitudes.
Outcome variables
Central Zone
DC amplitudes
IC amplitudes
Peripheral Zone
DC amplitudes
IC amplitudes

F-statistic

partial ƞ2

Observed power

p-value

0.02
2.44

0.001
0.12

0.05
0.32

.88
.14

7.82
4.37

0.30
0.20

0.75
0.51

.01
.05

Table 3.8. Summary of the interaction effects of atropine and defocus on DC and IC amplitudes.
Outcome variables
Central Zone
DC amplitudes
IC amplitudes
Peripheral Zone
DC amplitudes
IC amplitudes

F-statistic

partial ƞ2

Observed power

p-value

0.35
0.49

0.02
0.03

0.10
0.12

.71
.62

0.91
6.05

0.05
0.25

0.17
0.77

.39
.01

3.3.3.2. Peripheral zone
There was no significant interaction effect of atropine and optical defocus on the DC amplitude
(F(2, 36) = 0.91, p = .39). However, a significant main effect of atropine was found (F(1, 18) = 7.82, p =
.01). The DC amplitudes recorded after 24 hours of atropine instillation were greater than those
recorded without atropine instillation (mean difference = 11.1% [2.76, 19.4%], p = .01).
Although the main effect of atropine on the IC amplitudes was not significant (F(1, 18) = 4.37, p =
.05), the IC amplitude responses to defocus were influenced by the administration of atropine (F(2,
36)

= 6.05, p = .01, Figure 3.5). This result indicated a differential effect of atropine on IC amplitudes

based on the sign of optical defocus. Compared with baseline amplitude, atropine resulted in a
significant increase in IC amplitude under the myopic defocus condition (mean difference = 15.5%
[5.63, 25.4%], p = .004). However, atropine had no effect on the IC amplitude under either
hyperopic defocus (mean difference = 1.77% [-6.54, 10.1%], p = .66) or no defocus conditions
(mean difference = 5.66%, [-3.50, 14.8%], p = .21).
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3.3.4. Effect of atropine on gmfERG peak time responses to defocus
Table 3.9 presents the estimated marginal means of the DC and IC peak times for pre-atropine
and post-atropine conditions in the central and peripheral retinal zones. Table 3.10 provides a
summary of the main effects of atropine on gmfERG peak times, while Table 3.11 shows the
interaction effects of atropine and defocus on the DC and IC peak times.
Table 3.9. Estimated marginal means of DC and IC peak times for central and peripheral retinal
zones and pre- and post-atropine conditions.
Outcome variables
Central Zone
DC peak times
IC peak times
Peripheral zone
DC peak times
IC peak times

Pre-atropine
Mean (%)
SE (%)

Post-atropine
Mean (%)
SE (%)

-0.41
-0.25

0.50
0.54

0.25
0.51

1.02
0.84

0.10
0.24

0.18
0.23

1.55
1.24

0.42
0.45

Table 3.10. Summary of the main effects of atropine on DC and IC peak times.
Outcome variables
Central Zone
DC peak times
IC peak times
Peripheral Zone
DC peak times
IC peak times

F-statistic

partial ƞ2

Observed power

p-value

0.86
1.74

0.05
0.09

0.14
0.24

.37
.20

15.4
9.72

0.46
0.35

0.96
0.84

.001
.006

Table 3.11. Summary of the interaction effects of atropine and defocus on DC and IC peak times.
Outcome variables
Central Zone
DC peak times
IC peak times
Peripheral Zone
DC peak times
IC peak times

F-statistic

partial ƞ2

Observed power

p-value

2.32
0.004

0.11
0.00

0.38
0.05

.13
.97

0.16
0.23

0.01
0.01

0.07
0.07

.85
.80
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3.3.4.1. Central zone
The peak times of the DC response were not different when recorded with and without atropine
(F(1, 18) = 0.86, p = .37). Furthermore, the interaction effect of atropine and defocus was also not
significant (F(2,

36)

= 2.32, p = .13), suggesting that atropine did not affect DC peak times in

response to defocus. Similarly, no significant main effect of atropine was found for the peak times
of the IC response (F(1, 18) = 1.74, p = .20), nor was there an interaction effect of atropine and
defocus on the IC peak times (F(2, 36) = 0.004, p = .97).

3.3.4.2. Peripheral zone
Similar to the central zone, the DC peak time responses to defocus were not affected by the
administration of atropine (F(2, 36) = 0.16, p = .85). However, there was a significant main effect of
atropine (F(1, 18) = 15.4, p = .001, Figure 3.6), suggesting that there was an overall effect on the
peak times irrespective of the defocus conditions. The DC peak times without atropine were less
than the DC peak times with atropine (mean difference =1.45% [0.67, 2.22%], p = .001). For the IC
peak times, there was again no significant interaction effect of atropine and defocus (F(2, 36) = 0.23,
p = .80). However, a significant main effect of atropine was found on the IC peak times (F(1, 18) =
9.72, p = .006), with significantly shorter peak times without atropine than the peak times
recorded with atropine (mean difference = 1.00% [0.33, 1.68%], p = .006).

3.3.5. Effect of retinal eccentricity on gmfERG peak times
A recent study on circuity mechanisms of the primate (monkey) fovea (Sinha et al., 2017) has
reported a substantial difference (~30 ms) in speed by which the central and the peripheral cones
respond to light. In essence, the retina seems to have different temporal sensitivity for the central
and peripheral region, with the peripheral retina being much faster than the central retina. This
finding is consistent with previous reports from perception experiments that the peripheral retina
can resolve the flickering light at high frequencies (Tyler, 1985) and that the temporal modulation
of the visual input is faster for the peripheral ganglion cell compared to the foveal ganglion cells
in the retina (Solomon et al., 2002). Masland (2017) hypothesised that the slowness of the central
retina could be to allow temporal integration of inputs which may, in turn, enhance the reliability
of cone’s output to the bipolar cells at the region of sharpest vision (i.e. fovea). Alternatively, the
slowness of the central retina could be a necessary adjustment to the longer axons of the foveal
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cones—because the inner retinal circuits are pushed to the side at the fovea—so that the axons
can filter rapidly varying signals (acting as a low-pass filter) and better transmit the slower signals
than the faster ones. This may preserve the size of the final output to the bipolar cell, thus
indirectly contributing to maximise spatial resolution at the fovea (Masland, 2017).

Figure 3.7. Probability distribution (violin plots) of peak times of the mfERG responses from day one
(without atropine) under no defocus condition for the a) Direct Component (DC) and b) Induced
Component (IC) as a function of retinal eccentricity. There was a significant shortening of the peak
times from the centre (ring 1) out to the periphery (ring 5) (all p < .0001).
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To investigate whether this was the case with the electrical responses from the human retina,
gmfERG peak times of both the inner retina (DC response) and the outer retina (IC response) from
day one (without atropine) under optimally corrected condition (no defocus) were analysed as a
function of eccentricity (central ring 1 out to the most peripheral ring 5). Repeated measures oneway ANOVA with Greenhouse-Geisser correction for sphericity showed significant effects of retinal
eccentricity on the peak times for both the DC (F(1.77, 31.8) = 94.3, p < .0001) and IC (F(3.13, 56.4) =
246.5, p < .0001) responses. With an increase in retinal eccentricity (from ring 1 to 5), there was a
significant decrease in peak times (Figure 3.7). On post-hoc pairwise comparisons with Sidak
correction, peak times for the rings progressively shortened from centre out to the periphery for
DC responses (ring 1 vs ring 2: p < .0001, ring 1 vs ring 3: p < .0001, ring 1 vs ring 4: p < .0001,
ring 1 vs ring 5: p < .0001, ring 2 vs ring 3: p < .0001, ring 2 vs ring 4: p < .0001, ring 2 vs ring 5: p
< .0001), except for the most peripheral ring (i.e. ring 5) which showed an increase in peak time
compared to ring 4 (p = .003). Similar trend of progressive shortening of peak times were found
for the IC responses from centre out to the periphery (ring 1 vs ring 2: p < .0001, ring 1 vs ring 3: p
< .0001, ring 1 vs ring 4: p < .0001, ring 1 vs ring 5: p < .0001, ring 2 vs ring 3: p < .0001, ring 2 vs
ring 4: p < .0001, ring 2 vs ring 5: p < .0001). These results confirm the earlier findings from the
animal studies that the central retina has slower temporal sensitivity to light than the peripheral
retina.

3.3.6. Effect of 0.1% atropine on choroidal thickness
For investigating the potential effect of 0.1% atropine on choroidal thickness, subjects underwent
OCT imaging at the same time of the day on both sessions before the commencement of global
flash mfERG testing. Changes in choroidal thickness were calculated as the difference in thickness
measures between the second visit (post-atropine) and the first visit (pre-atropine). Data on
choroidal thickness were available for 20 subjects.
Figure 3.8 shows the mean changes in choroidal thickness in the control and experimental eye for
the subfoveal, central, parafoveal and perifoveal regions. No significant differences in changes of
thickness between the control and the experimental eye were found for subfoveal (mean
difference = -2.49 [-9.05, +4.08] µm, t(19) = 0.79, p = .44), central (mean difference = +0.12 [-5.98,
+6.23] µm, t(19) = 0.04, p = .97), parafoveal (mean difference = +0.36 [-5.12, +5.85] µm, t(19) = 0.14,
p = .89), or perifoveal (mean difference = +0.64 [-5.11, +6.40] µm, t(19) = 0.24, p = .82) choroid.

63

Similarly, there were no significant difference in thickness between the first and the second visit in
the control eye for all regions (subfoveal: mean difference = -0.13 [-6.02, +5.77] µm, t(19) = 0.04, p
= .97; central: mean difference = -0.58 [-5.01, +3.84] µm, t(19) = 0.28, p = .79; parafoveal: mean
difference = -1.70 [-7.08, +3.68] µm, t(19) = 0.66, p = .52; perifoveal: mean difference = -1.34 [-7.43,
+4.75] µm, t(19) = 0.46, p = .65). Likewise, choroidal thickness was not different between the visits
for the experimental eye in any of the regions (subfoveal: mean difference = -2.61 [-7.83, +2.61]
µm, t(19) = 1.05, p = .31; central: mean difference = -0.46 [-5.48, +4.56] µm, t(19) = 0.19, p = .85;
parafoveal: mean difference = -1.34 [-5.81, +3.14] µm, t(19) = 0.63, p = .54; perifoveal: mean
difference = -0.70 [-4.16, +2.77] µm, t(19) = 0.42, p = .68). These results are consistent with the
findings from a recent study that showed no difference in subfoveal and parafoveal choroidal
thickness after one day of 0.5% atropine instillation (Chiang et al., 2018a).

Figure 3.8. Probability distribution (violin plots) of choroidal thickness (CT) changes between day one
(pre-atropine) and day two (post-atropine) in the control eyes (CE) and experimental eyes (EE) for a)
subfoveal b) central c) parafoveal d) perifoveal regions. There were no significant differences in mean
changes of choroidal thickness between CE and EE for all regions (all p > .05).
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3.3.7. Atropine-induced changes in choroidal thickness and mfERG responses
Considering atropine’s potential effects on both the retina and choroid, it was of interest to
investigate whether there was an association between atropine-induced changes in choroidal
thickness and mfERG responses when the eye was optimally corrected (i.e. under no defocus
condition). For this analysis, the mean of choroidal thickness across the entire length of the scan
was obtained as an average choroidal thickness; otherwise, the scan area would be considerably
smaller than the retinal area being tested under mfERG.
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Figure 3.9. Correlation of changes in average choroidal thickness with changes in gmfERG a)
amplitudes and b) peak times for direct component (DC) and induced component (IC) component in
the central and peripheral retinal zones. Changes in thickness had a moderate and statistically
significant correlation with changes in amplitudes of the central IC responses (red symbols and line).
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Changes in thickness and mfERG responses in the experimental eye were calculated as the
difference in outcome measures between the second visit (post-atropine) and first visit (preatropine). Grubbs test revealed an outlier in the thickness-change dataset, which was likely to
skew the linear relationship. To reduce the influence of the outlier, the statistical model involved a
robust regression fit, which employed an iteratively reweighted least squares with a bisquare
weighting function (instead of ordinary least squares).
There was a moderate positive correlation between changes in average choroidal thickness and
changes in amplitude (1.44 nV/deg2 per µm, Figure 3.9a) for the IC response in the central region
(6 degrees eccentricity); this association was statistically significant (r = .51, p = .03, F(1, 17) = 5.97).
In other words, greater the thickness, greater the amplitude response on the second visit (postatropine). However, there were weak correlations between changes in thickness and amplitudes
for the DC response in both the central (r = .13, p = .58) and peripheral (r = .19, p = .43) regions,
and for the IC response in the peripheral region (r = .35, p = .15, Figure 3.9b). Similarly, changes in
thickness also had weak and statistically insignificant correlations with changes in gmfERG peak
times for both the DC and IC responses (all p > .05).

3.4. Discussion
This study set out to confirm whether imposed optical defocus influences the electrical responses
of the retina and further investigate how a myopia-inhibiting agent such as atropine affects these
retinal responses to defocus. The overall objective was to localise the site for defocus detection by
quantifying electrophysiological responses of the outer and inner retina (i.e. DC and IC response,
respectively) under varying conditions of focus. The results from this study confirm that myopic
retinal defocus causes an increment in the IC amplitudes, whereas hyperopic retinal defocus
causes a reduction in the IC amplitudes. This study further extends these findings by
demonstrating that the administration of topical atropine modifies the inner retinal responses
from the peripheral retina while having minimal impact on the responses from the central retina.
Specifically, atropine increases the IC amplitudes in the peripheral retina under myopic defocus
(by approximately 15%) but does not change the amplitude responses to no defocus or to
hyperopic defocus. Irrespective of the sign of defocus, atropine also increases the peak times of
the DC (delayed peak time by ~1.5%) and IC (delayed peak time by ~1%) responses in the
peripheral but not central retina. Together, these results suggest that one site that detects the sign
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of defocus and initiates the defocus signalling process may be the peripheral retina, and more
specifically, the inner retinal layers, which contribute to the gmfERG IC response.

3.4.1. Retinal electrophysiological responses to defocus
Most of our understanding of the retinal detection of defocus comes from animal studies (see
section 2.5), and reports on direct changes in the human retina to optically imposed defocus are
rare. Furthermore, the extent and the basis for regional variations in the ability of the retina to
distinguish the direction of defocus is largely unknown. Previous studies on the effects of
refractive blur on the electrical responses of the retina have shown conflicting results. Keating et
al. (1996) used a conventional mfERG technique in three subjects and found a significant reduction
in signal amplitudes for both myopic and hyperopic defocus when lenses ranging from -8.00 D to
+8.00 D in 2D steps were imposed to the eye to induce retinal blur. Likewise, Chan et al. (2003)
demonstrated a mild reduction (~12%) in the mfERG amplitude (measured from first negative
trough to first positive peak) under +1.00 D and +3.00 D defocus conditions only in the central
retina (ring 1) but did not compensate for changes in retinal image sizes (caused by the
magnification effects of plus lenses). In contrast, Palmowski et al. (1999) found no effects of
imposed optical defocus (ranging from -3.00 D to +6.00 D in steps of 3.00 D) on mfERG responses,
although it is unclear whether the authors used refractive correction for the testing distance.
More recent studies, however, provide strong evidence for sign-dependent changes in retinal
responses to short-term imposed optical defocus. Using gmfERG stimulation paradigm, the
studies by Chin et al. (2015) and Ho et al. (2012b) showed that the electrical activity of the human
retina responds to optically imposed defocus in a bidirectional, sign-dependent manner,
increasing with myopic defocus and decreasing with hyperopic defocus. These retinal
electrophysiological responses to defocus are evident immediately after the application of the
ophthalmic lenses. Furthermore, these studies demonstrated that imposed myopic and hyperopic
defocus differentially affect retinal responses mainly in the paracentral retina (rings 4 and 5). The
results from the present study are consistent with these findings. In general, the results show that
the retinal responses in the amplitude domain show an increment under myopic defocus but a
reduction under hyperopic defocus. In addition, the results from this study also confirm previous
findings that the sign dependent nature of the retinal electrophysiological response to defocus
does not occur in the time domain (i.e. for the peak time responses) (Ho et al., 2012b).
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These electrophysiology results strongly suggest that the retina can detect the sign of defocus. If
the retina were to respond merely to the presence of blur and attempt to restore clarity in a ‘trial
and error’ process, both positive and negative defocus would be expected to produce similar
changes in retinal electrophysiological response because imposing the same magnitude of
defocus would theoretically produce the same amount of blur. Moreover, for this to happen, the
eye would require an exceptional memory of the degree of blur experienced earlier. Another
consequence of induced defocus is the greater extent of refractive blur circle, which would spread
the light from the hexagonal stimuli over an extended area, thus reducing the contrast of the
retinal image (Chan and Siu, 2003). However, the refractive blur circle should influence mfERG
responses in the same direction for both positive and negative defocus, as the extent of blur circle
is reasonably consistent with the sign but more dependent upon the magnitude of defocus. This
does not seem to be the case, however. The retinal electrophysiological measures, which were
recorded immediately after imposing defocus to the eye, demonstrated differential response
according to the sign of defocus.

3.4.2. Effect of atropine on retinal electrophysiological responses to defocus
This study further extended work by Ho et al. (2012b) by investigating the influence of myopiainhibiting agent atropine on the physiological responses of the retina to image defocus induced
by optically imposed positive and negative lenses. The present study found a sign-dependent
influence of atropine on the inner retinal amplitude responses to defocus. Atropine enhanced the
peripheral IC amplitude in response to myopic defocus but not to hyperopic defocus or no
defocus, and had an overall effect of increasing the DC amplitudes across all tested defocus
conditions (i.e. significant main effect). However, atropine also extended peak times in the
peripheral retina under all defocus conditions, with no sign dependence. This finding suggests
that atropine may itself act directly or indirectly to influence retinal response or function,
irrespective of the presence of defocus.
That atropine differentially affected the peripheral IC amplitudes in responses to defocus raises an
intriguing possibility of different mechanisms underlying the processing of the signals related to
myopic and hyperopic defocus. Such asymmetrical interactions between atropine and defocus
have been previously observed. Atropine abolishes choroidal thinning in response to hyperopic
defocus but does not affect the thickening to myopic defocus (Chiang et al., 2018b). These
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findings suggest that the response to hyperopic and myopia defocus could be mediated by
different mechanisms in the retina and the choroid and that atropine is explicitly targeting a
downstream factor in the myopiagenic pathway. The additive effect of myopic defocus and
atropine on IC amplitudes, as observed in this study, has significant clinical ramifications: it lends
weight to the notion that combination therapy of atropine and defocus is likely to provide more
effective myopia control than either therapy alone. Indeed, one-year results from a recent
randomised controlled trial suggest a synergistic effect of orthokeratology and atropine in slowing
axial elongation in children with myopia (Kinoshita et al., 2018), providing preliminary evidence
that combination therapy of atropine and defocus could further substantiate the efficacy of
myopia interventions as conjectured above.
Because atropine modifies the retinal response under myopic defocus but not under hyperopic
defocus, perhaps the anti-myopia action of atropine results from an enhancement of the antimyopiagenic defocus signal. This finding supports the idea of bias in how the eye weighs the sign
of defocus, and how even brief periods of myopic defocus can inhibit the axial elongation that
would be expected with comparatively longer periods of hyperopic defocus (Zhu et al., 2003). One
potential mechanism by which atropine may modify defocus signals to control myopia is by
continually maintaining elevated levels of ‘stop’ signals (analogous to those generated by myopic
retinal defocus that are protective of myopia), which may act to inhibit axial elongation. On the
contrary, the presence of hyperopic defocus may trigger the production of ‘grow’ signals in the
retina. Upon atropine use, however, the production of ‘stop’ signals might be initiated, which then
cancels out or even outweighs the ‘grow’ signals, as expected by the relative potency of myopic
defocus over hyperopic defocus in spectacle lens compensation (Zhu et al., 2003).

3.4.3. Peripheral retina: A site for defocus signalling mechanism?
In this study, the sign of imposed optical defocus differentially affected the responses from the
peripheral retina in the amplitude domain with a significantly large effect size (partial ƞ2 = 0.59)
compared with the central retina (partial ƞ2 = 0.18). This finding together with the observation of
an interaction effect of atropine and defocus on the IC amplitude responses in the peripheral
retinal zone but not in the central zone suggest that the peripheral retina could be the principal
site for modifying defocus signals. This corroborates with the commonly held viewpoint that the
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peripheral retina plays a crucial role in defocus signalling mechanisms for the control of eye
growth.
There is increasing evidence that the peripheral and central areas of the retina serve a variety of
different functions. They have different anatomical structures (Ethen et al., 2006; Granit and
Harper, 1930), and distinct central and peripheral retinal cell domains arise during embryogenesis
(Venters et al., 2013). The peripheral retina appears to be the more important of the two in terms
of eye growth control (see section 2.7.1). Results from clinical studies of myopia control also
corroborate the idea that the peripheral retina plays an essential role in controlling eye growth
and refractive development (see section 2.7.2). It has also been proposed that the peripheral retina
is important in some optical methods for controlling myopia progression (Smith et al., 2013a).
Optical strategies aimed at modulating peripheral refraction are generally more effective at
slowing progression than optical methods aimed at reducing on-axis hyperopic defocus resulting
from accommodative lag (Gwiazda et al., 2003; Yang et al., 2009).

3.4.4. Inner retina: A site for defocus signalling mechanism?
Animal studies have primarily implicated the inner retina in signalling defocus-related changes in
eye growth (see section 2.5). Proteomic studies in mice also suggest the involvement of γaminobutyric acid transporters in the inhibition of lens-induced myopia by atropine (Barathi et al.,
2014). However, evidence from previous electrophysiological studies about the relative role of the
inner and outer retina in defocus detection appears controversial. While Chin et al. (2015) noted
that only the DC (outer retinal response) responds to defocus in a bidirectional manner, increasing
with myopic defocus and decreasing with hyperopic defocus, Ho et al. (2012b) reported that
myopic defocus predominately increases the IC amplitudes without affecting the DC amplitudes,
whereas the opposite is true for the hyperopic defocus, which mainly reduces the DC amplitudes.
Furthermore, the study by Ho et al. (2012b) did not find a differential decoding of the sign of
defocus as a function of the retinal region. To that end, the authors speculated that perhaps
different sites in the retina might be responsible for decoding visual signals related to different
signs of defocus: the inner retina could mediate the processing of signals related to myopic
defocus, whereas the outer retina could extract information related to hyperopic defocus.
The results of this study, however, argue against differential decoding of defocus signals in the
inner and outer retina according to the sign of defocus. Instead, the results show that there seems
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to be a bias in retinal location for detecting the direction of defocus, as evident from greater effect
size observed for the inner retinal amplitudes (partial ƞ2 = 0.59) compared to outer retinal
amplitudes (partial ƞ2 = 0.48). In addition, atropine interacted with inner retinal amplitudes to
further amplify responses under only myopic defocus condition but enhanced the outer retinal
amplitudes regardless of the sign of defocus. This finding suggests that the inner retinal neurons
may primarily mediate the sign-selective modification of the defocus-induced retinal responses by
atropine and that mechanisms in the inner retina may be responsible for modifying signals related
to defocus and myopia.
Some disparity in the findings, as noted above, could be due to methodological differences
between the studies. In the present study, changes in retinal image size (~3% change) induced by
plus and minus lenses were considered and compensated for by changing the viewing distance.
However, there was no mention of compensation for differences in retinal images size in Chin et
al.’s (2015) and Ho et al.’s (2012b) studies. Also, these studies used a stimulus array of equal-sized
hexagons, but such stimulus produces asymmetrical responses across the retina because it fails to
take into account the progressive decrease in the density of cone photoreceptors from the centre
to the periphery. In contrast, the present study used a stimulus array scaled for retinal eccentricity.

3.4.5. Limitations
There are several limitations to this study. Since atropine was administered topically to the cornea,
atropine might have reached the peripheral retina but not the posterior pole in sufficient
concentration to affect central responses. There are many potential routes whereby topically
applied atropine could reach the central retina, including a trans-corneal, trans-vitreous route, a
trans-corneal, uveo-scleral route, a periocular route with diffusion into the eye via the sclera, and a
systemic route via nasal absorption into the blood and subsequent transport to the eye. In all
these routes apart from the latter, the posterior pole is further from the atropine instillation site
than the peripheral retina. In future studies, the use of different concentrations or dosages of
atropine may help determine the distribution of the drug.
We measured and defined on-axis defocus but then measured off-axis responses, so the amount
of defocus experienced by each region may have been different. However, as our participants
were largely myopes, who tend to have relative peripheral hyperopia, this would likely have
diminished the amount of myopic defocus and exaggerated the imposed hyperopic defocus
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delivered to the periphery. Another limitation relates to the effective pooling of emmetropic and
myopic subjects. Accommodative demand can vary with the power of the ophthalmic lens
(Atchison and Varnas, 2017); however, this effect was small and unlikely to influence the outcomes,
as the calculations estimated a maximum change of 0.32 D within our sample. Refractions ranged
from +0.25 to -4.50 D and included four non-myopes (+0.25 D to -0.50 D), too few to reasonably
perform sub-group analysis on our 19 participants. Additionally, the study only investigated the
effects of ±2.00 D lenses to induce myopic and hyperopic defocus, so we are unable to determine
whether there is a dose-dependent or optimal response to the level of defocus. Furthermore,
although the different retinal image sizes associated with plus and minus lenses were
compensated for by moving the stimulus screen by a small amount, this will have resulted in
slightly different degrees of brightness under the different defocus conditions.
A further limitation is that we did not measure pupil diameter prior to recording. The pupil size
might have been different between day one (with tropicamide) and day two (with tropicamide and
atropine), resulting in greater retinal illumination on the second day, which may have altered the
responses. However, this effect is unlikely to be significant given that the one drop of 0.1%
atropine was instilled 24 hours before the measures, whereas the additional 1% tropicamide was
instilled 30 minutes prior to the measures. Moreover, while differences in pupil size between the
two days (if present) might potentially account for the main effect of atropine, the interaction
effects of atropine and defocus were performed within-session (i.e. with the same pupil size).
Furthermore, if the observed effects were due to differences in pupil size, both the DC and IC
responses would likely be affected by atropine in a similar manner, but they were not: these two
components were differentially affected. Another limitation is that the measures with atropine
were always recorded on the second day: that is, there was no randomisation in the order in which
atropine was used between days. The reason was that the effects of atropine can be very longlasting (~18 days, Wolf & Hodge, 1946), so had atropine been instilled on the first day, then a
long washout period (> 2 weeks) would have been necessary before recording the non-atropine
measures. This would likely have allowed other potentially confounding factors (e.g. changes in
participant health) to influence the results. However, it is improbable that the lack of
randomisation of the sequence of treatment has confounded the interpretation of the findings; for
this to be a bias, it would require a factor that affected many of the subjects in the same way at
the same time.
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3.4.6. Conclusion
The study described in this chapter has demonstrated that retinal neural activity shows a signdependent response to short-term imposed optical defocus, with an increment in amplitudes in
response to myopic defocus but a reduction in amplitudes in response to hyperopic defocus. This
finding strengthens the growing evidence that the human retina can detect the presence of retinal
image defocus and differentiate its direction to initiate defocus signals appropriately. Our results
further imply that the ability of the retina to detect the sign of defocus locally is also reflected in
its short-term physiological responses. The neural activity of the peripheral retina reacted more
vigorously to the presence of myopic and hyperopic defocus than that of the central retina, as
evident by the changes of large effect size (partial ƞ2 > 0.40) in both the DC and the IC amplitudes
in the peripheral retina. This finding indicates that the peripheral retina could be the primary site
of local defocus detection mechanism in the retina.
While previous reports show no effect of atropine on retinal electrophysiology in the short term
(Anders et al., 2019) or long term (Chia et al., 2013; Luu et al., 2005), this study has provided the
first evidence that topical application of atropine modifies physiological responses of the retina to
imposed optical defocus in a differential, sign-selective manner. Atropine enhances the retinal
electrophysiological responses to myopic defocus in the inner layers of the peripheral retina
without affecting the responses to hyperopic defocus. This finding suggests that the inner retinal
neurons in the peripheral retina are central to the operating characteristics of the defocus
processing mechanism, the output of which ultimately leads to inhibitory changes in axial eye
growth and progression of myopia. The results from this study also provide compelling evidence
that myopia-inhibiting intervention (e.g. atropine) may act either directly or indirectly to modify
the retinal responses to defocus; this action to modify defocus signals of the retinal origin is
primarily based at the level of the inner layers in the retinal periphery. The question of how the
peripheral retina can decode the sign of defocus and how the inner retinal layers in the periphery
are able to modify the defocus signals in the presence of anti-myopia interventions such as
atropine remains to be investigated.
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4. The choroid in retinal image defocus
This chapter provides a comprehensive review of the literature regarding the role of the choroid in
signalling retinal image defocus as a background to the second part of the thesis. It begins with a
general introduction of the anatomy, blood physiology, and functions of the choroid followed by a
description of the choroidal role in the regulation of eye growth and refractive state. The chapter
concludes by reviewing currently available ocular blood flow measurement techniques and
introducing arterial spin labelling MRI, a technique that the subsequent experimental chapters utilise
to measure choroidal blood perfusion.

4.1. Anatomy of choroid
The ocular choroid is a thin, pigmented vascular layer that lines the posterior part of the uvea, the
middle tunic of the eye. Located between the retinal pigment epithelium (RPE) of the retina and
the sclera, the choroid extends from the margins of the optic nerve posteriorly to ora serrata
anteriorly. The thickness of the choroid is greatest at the posterior pole (~203–350 m, Margolis &
Spaide, 2009; Read, Fuss, et al., 2018) and decreases progressively out to the periphery (Ding et al.,
2011; Margolis and Spaide, 2009), but has high variability between individuals (Read et al., 2018a).
In humans, the choroid consists of five layers (Figure 4.1). The innermost five-layered structure,
Bruch’s membrane, separates the choroid from the underlying RPE and is adjacent to the highly
anastomosed network of choriocapillaries (~30 m thick, Zhao et al., 2018). These capillaries are
fenestrated and highly permeable, so they allow the movement of fluids from the retina to the
choroid by raising oncotic pressure in the choroidal stroma (extravascular tissue). Due to the large
area of the choriocapillaries, blood flow is relatively slower at this level in the choroid (~4/5th of
the velocity of red blood cells in the retinal capillaries, Wajer et al., 2000). The middle two layers
include large-sized vessels (Haller’s layer) and medium-sized vessels (Sattler’s layer),
approximately 92 and 155 m thick, respectively (Zhao et al., 2018). These vessels feed the
capillary system and comprise the bulk of the choroid, together with the choroidal stroma.
Between the choroid and sclera lies a suprachoroidal space lined by the outermost suprachoroid
layer, which mainly contains collagen fibres, fibroblasts, melanocytes, and large endothelium-lined
spaces in the form of lacunae that drain into veins (De Stefano and Mugnaini, 1997; Krebs and
Krebs, 1988).
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Figure 4.1 Anatomy of the choroid. The choroid consists of five layers: (starting from the retinal side)
Bruch’s membrane, choriocapillaries, Sattler’s layer (medium-sized vessels), Haller’s layer (large-sized
vessels) and suprachoroid.

4.2. The multifunctional choroid: Classical and novel functions
4.2.1. Vascular function
The classical function ascribed to the choroid is to operate as a vascular bed that provides
nourishment to the ocular tissues, including the retina, which has the highest metabolic demand
per gram mass of tissue in the body (Alder et al., 1990; Buttery et al., 1991) and consumes oxygen
more rapidly than the brain (Ames, 1992). In many species, including humans, the outer retina
lacks blood vessels despite possessing a very high metabolic activity, particularly in the outer
segments of the photoreceptors (Buttery et al., 1991). Instead, the outer retina solely depends
upon choroidal blood flow for the metabolic exchange. In other species with an avascular retina
(e.g. guinea pig) or sparse retinal vessels (e.g. rabbit) (Yu and Cringle, 2001), the choroidal
circulation supplies blood to the inner retina. Approximately 85% of ocular blood flow passes
through the choroidal vasculature (Alm and Bill, 1973), and the choroidal tissue has the highest
blood flow (per unit tissue mass) in the body, at ten times higher than the grey matter in the brain
(Alm and Bill, 1973).

Despite the conspicuousness of the retinal vessels in humans, their

contribution to total ocular blood flow is relatively minimal (Alm and Bill, 1973). Therefore, the
choroid heavily dominates blood perfusion in the vascular beds of the posterior eye (i.e. the
retina/choroid complex) and adequately nourishes the tissues despite its low level of oxygen
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extraction (only 3–4 % difference in arteriovenous oxygen tension) (Alm and Bill, 1970; Cohan and
Cohan, 1963; Elgin, 1964; Törnquist and Alm, 1979), suggesting that the flow is perhaps
superfluous.

4.2.1.1. Vascular supply of the choroid
The eye receives arterial blood supply from the ophthalmic artery, the first division of the internal
carotid artery, which subsequently branches off to give retinal and choroidal circulation. The
choroidal circulation is derived from the main ciliary arteries and anterior ciliary arteries, which
supply the corresponding hemisphere of the choroid after branching off from the ophthalmic
artery (Hayreh, 1975; Weiter and Ernest, 1974). The short posterior ciliary arteries, 10–20 in
number, arise from the main ciliary arteries and enter the globe at the posterior pole. These
arteries then assume paraoptic and perimacular patterns of orientation (Olver, 1990) and
subsequently branch peripherally in a wheel-shaped arrangement. The short posterior ciliary
arteries give off secondary and tertiary branches to form major choroidal arteries and also direct a
few very short branches to the macula. Additionally, two long posterior ciliary arteries arise from
the main ciliary arteries, which traverse the posterior part of sclera at some distance from the optic
nerve and run forward in the suprachoroidal space along either side of the eyeball. These vessels
subsequently anastomose with the anterior ciliary arteries to form the major and minor arterial
circles of the iris. Venous drainage from the choroid occurs primarily through four to six vortex
veins, located approximately 3 mm behind the equator although some drainage also occurs
through the anterior ciliary veins located in the ciliary body. These veins are situated closer to the
vertical meridian and drain into the superior and inferior orbital veins.

4.2.1.2. Neural control of choroidal blood flow
The choroid receives innervations from the autonomic nervous system, with cholinergic
parasympathetic input originating from the pterygopalatine ganglion (Ruskell, 1971; Stone, 1986;
Stone et al., 1987) and the noradrenergic sympathetic input from the superior cervical ganglion
(Guglielmone and Cantino, 1982; Kirby et al., 1978). This extrinsic autonomic innervation controls
the circulation of blood. While sympathetic adrenergic fibres have a vasoconstrictory influence on
the choroidal vessels and mediate the reduction in choroidal blood flow, parasympathetic
cholinergic fibres have a vasodilatory influence and mediate increases in blood flow (Kur et al.,
2012). Activation of sympathetic efferent nerves releases noradrenaline, which in turn activates
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alpha-1 adrenoreceptors on vascular smooth muscle cells, resulting in choroidal blood flow
reduction (Alm, 1977; Kawarai and Koss, 1998). Conversely, the parasympathetic mechanism acts
through the nitric oxide signalling pathway to govern the increment in choroidal blood flow
(Nilsson, 1996). In this context, the action of atropine, an antimuscarinic agent, to thicken the
choroid (Chiang et al., 2018b; Z. Zhang et al., 2016) is puzzling. Perhaps, atropine acts indirectly via
the retina, which lacks autonomic innervation and neural control of blood flow regulation (Laties,
1967).
Apart from the two autonomic divisions, sensory fibres (with vasodilatory action) from the
trigeminal ganglion also innervate the choroid (Reiner et al., 2017); these fibres are thought to
mediate light-evoked changes in choroidal blood flow (Reiner et al., 2017). In addition, the
primate choroid contains numerous intrinsic choroidal neurons that might be involved in blood
flow regulation, as they terminate on the arterial walls and release nitric oxide (Flügel-Koch et al.,
1996; Meriney and Pilar, 1987). Adjacent to these neurons is an abundance of non-vascular
smooth muscle cells, which may play a role in altering choroidal thickness (Poukens et al., 1998).
These α-actin positive cells are located between the fluid-filled lacunae in two arrangements: a
layer underneath Bruch’s membrane in a parallel orientation, and a reticulum network of flattened
lamellae between the lacunae in an oblique orientation (Flügel-Koch et al., 1996; Poukens et al.,
1998). Both the intrinsic choroidal neurons and smooth muscle cells also receive sympathetic and
parasympathetic innervations (Reiner et al., 2017).

4.2.1.3. Regulation of choroidal blood flow
Numerous inter-related factors, with a multiplicity of interactions between them, influence
choroidal blood flow directly or indirectly. These factors may range from metabolic processes
within the tissues (e.g. demands and by-products) to hemodynamic factors (e.g. perfusion
pressure, blood gases, and nutrients) (Bill and Sperber, 1990). Choroidal arterioles do not possess
sphincters (Henkind & De Oliveira, 1968). Therefore, the muscular tonus of the arterioles along
with the state of contraction of pericytes (vascular smooth muscle cells overlying the surface of
the vascular tube) contribute to the regulation of blood flow through these vessels. Findings from
studies on the autoregulatory capacity of the choroid are contradictory. Some animal studies have
indicated a lack of autoregulation in the choroid and established a linear relationship between
ocular perfusion pressure and choroidal blood flow (Alm and Bill, 1973; Bill, 1962; Friedman, 1970;
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Törnquist and Alm, 1979). Others, however, have inferred that blood flow in the peripheral choroid
compensates for the decline in arterial blood pressure and a consequent reduction in perfusion
pressure (Kiel and Shepherd, 1992; Reiner et al., 2003). This discrepancy in findings may be due, in
part, to different techniques employed for blood flow assessment. Human studies investigating
autoregulation in the choroid have demonstrated only a moderate increase in choroidal blood
flow upon substantial increases in ocular perfusion pressure (Lovasik et al., 2003; Riva et al.,
1997b), suggesting some capacity for autoregulation in the choroid. However, because of the
potential involvement of the neural input to the choroid, these findings may not necessarily
indicate the autoregulatory capacity in the classical sense.
Blood flow in the choroid is strongly dependent on the partial pressure of carbon dioxide with
little response to changes in the partial pressure of oxygen (Alm and Bill, 1972a; Friedman and
Chandra, 1972; Riva et al., 1994). While choroidal blood flow decreases following a transition from
light to dark in humans, it increases when dark-adapted eyes are exposed to room light
(Fuchsjäger-Mayrl et al., 2001; Longo et al., 2000). Neural control of choroidal response
presumably underlies these responses, as changes in choroidal blood flow exist in both stimulated
and non-stimulated eyes (Fuchsjäger-Mayrl et al., 2001; Longo et al., 2000). Subfoveal choroidal
blood flow in humans is unresponsive to diffuse flickering light (white light with 550 nm low pass
cut-off; Garhöfer, Huemer, Zawinka, Schmetterer, & Dorner, 2002), but it shows a reduction with a
blue flickering stimulus, perhaps compensating for the increase in rod activity in the extrafoveal
retina (Lovasik et al., 2005). Flickering light also evokes an increase in choroidal blood flow in
chicks primarily by increasing blood volume (Shih et al., 1997), presumably due to an intrinsic
vasodilatory effect.

4.2.2. Thermoregulatory function
Despite the retina’s high metabolic demands, the oxygen content of the venous blood in the
choroid is unusually high (95% of that found in arterial blood) (Alm and Bill, 1972a). The small
amount of oxygen extraction from the choroidal circulation suggests that the high blood flow in
the choroid may have an additional different role. One proposed role is a thermoregulatory
function (Parver, Auker, & Carpenter, 1982; Parver, 1991; Parver, Auker, & Carpenter, 1980).
Anecdotal evidence of retinal thermoregulation by the choroid comes from the fact that the retina
remains healthy despite absorption of a large proportion (~25–33%, Geeraets et al., 1960) of light
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falling upon it. Further evidence from studies in monkeys has indicated, the choroid potentially
dissipates heat passively by acting as both a heat sink during exposure to thermal radiations and a
heat source during retinal cooling. Preventing choroidal circulation in monkeys—by raising the
intraocular pressure (IOP) in low illumination above the mean arterial pressure—leads to a
reduction in retinal/choroidal temperature, providing indirect evidence for choroid’s role as a heat
source (Bill, 1962). Conversely, raising the IOP under higher illumination leads to increases in
choroidal temperature, suggesting a compromise in choroid’s role as a heat sink (Parver et al.,
1982a, 1982b).

In humans, choroidal blood flow decreases upon increasing ocular surface

temperature, plausibly in an attempt to maintain the retinal temperature (Nagaoka and Yoshida,
2004). An increase in retinal/choroidal temperature and choroidal blood flow occurs in monkeys
under constant IOP in response to increased light intensity (Parver et al., 1982b). Even in humans,
illumination of the contralateral eye by an extremely bright source of light (e.g. indirect
ophthalmoscope) results in increased ocular surface temperature and presumably choroidal blood
flow (Parver et al., 1983). Whether this light-intensity induced changes in retinal/choroidal
temperature provides support for a thermoregulatory function of the choroid or evidence for lack
of thermoregulation is open to question.
Apart from the autonomic innervation, the choroids of mammals and birds are innervated by
sensory fibres from the trigeminal ganglion co-containing substance P and calcitonin gene-related
peptide (Shih et al., 1999; Stone et al., 1987). These fibres are thought to respond to sensory
stimuli (i.e. heat and cold), either centrally through trigeminal sensory nuclei of the brainstem in a
manner similar to how ocular reflexes (e.g. blinking, tearing) are elicited (Gallar et al., 2003) or
locally through the release of substance P and calcitonin gene-related peptide in response to the
sensory stimuli (Belmonte et al., 1997). A centrally mediated reflexive mechanism—for choroidal
blood flow responses to temperature—is also likely given that the exposure of light to one eye
raises temperature and increases choroidal blood flow even in the fellow unexposed eye in both
human (Parver et al., 1983) and non-human primates (Parver et al., 1982b). An increase in
choroidal blood flow also occurs in pigeons in response to electrical and light-induced stimulation
of a centrally located neural pathway (Fitzgerald et al., 1996) in further support of a centrally
mediated mechanism.
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4.2.3. Other functions of the choroid
Besides the vascular and thermoregulatory function, the choroid is involved in regulating IOP
through vasomotor control of blood flow (Nickla and Wallman, 2010), absorbing light (in species
with pigmented choroids), and draining aqueous humour via the uveo-scleral pathway (Alm and
Nilsson, 2009). In addition, the choroid may also offer mechanical support to the eyeball along
with the scleral coat, because its stiffness is nearly half of that of the sclera. In post-mortem eyes
without the entire posterior sclera, the choroid still maintains the shape and size when the IOP is
increased (van Alphen, 1986). The choroid could also influence scleral remodelling through
modulation of the pressure differential, thereby influencing the rate of axial elongation (Nickla and
Wallman, 2010).

4.3. Choroidal modulation of eye growth and refractive state
In most vertebrate eyes, two distinct focusing systems operate to bring the retinal image into
focus. The first and the most rapid is the accommodative system, which adjusts the optical power
of the eye by changing the curvature of the crystalline lens to bring the focus of the image back
on the retina. In some species, the accommodative system adjusts the optical power by displacing
the lens (e.g. fish, Sivak, 1980) or even by changing the curvature of both the lens and the cornea
(in chicks and pigeons, Schaeffel & Howland, 1987). The second and a little slower is the
emmetropisation system in which the eye grows in such a way that its length matches its resting
optical power (van Alphen, 1961). In the past three decades, it has become increasingly evident
that an additional focusing mechanism in the form of modulations in choroidal thickness exists
that functions to adjust the relative positioning of the retina towards the location of the image
plane.
Along with the sclera, the choroid appears to mediate the compensatory changes in eye growth
during experimental manipulations of the visual environment. While the sclera shows predictable
changes in the synthesis of the extracellular matrix in form-deprivation myopia and recovery from
myopia (McBrien et al., 2000; Rada et al., 1992), the choroid modulates its thickness bidirectionally,
in a predictable manner, to alter retinal positioning, which even aligns with the eye’s new plane of
focus in some species (Troilo et al., 2000; Wallman et al., 1995). Chick eyes that are rapidly growing
(e.g. form-deprived or wearing a negative lens) usually have thinner choroids, whereas eyes that
are slowing growth (e.g. recovery from form-deprivation or wearing a positive lens) have thicker
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choroids (Troilo et al., 2000; Wallman et al., 1995; Wildsoet and Wallman, 1995). Even in lensinduced defocus, while the synthesis of scleral glycosaminoglycans increases with negative
defocus and decreases with positive defocus (Nickla et al., 1997), the thickness of the choroid
increases to push the retina forward in case of positive defocus and decreases to push the retina
backward in case of negative defocus (Chiang et al., 2015; Hung et al., 2000; Read et al., 2010;
Wallman et al., 1995; Wildsoet and Wallman, 1995).

In this regard, the rapid and transient

choroidal responses seem to drive the scleral responses, which are delayed in time course and
long-lasting, in regulating eye growth and the refractive state.

4.3.1. Do choroidal thickness changes relate to eye growth?
Despite the apparent linkage between changes in the choroid and sclera during eye growth,
whether the choroidal and the scleral responses are independent or related to each other is less
clear. In chicks, brief but infrequent periods of myopic defocus inhibit axial elongation without
thickening the choroid. Conversely, when brief and infrequent periods of hyperopic defocus are
imposed to the chick eye, choroidal thinning occurs without axial elongation (Winawer and
Wallman, 2002). Positioning a light diffuser over a positive lens does not affect myopic defocus
induced inhibition of axial elongation, but eliminates choroidal thickening typically seen with
myopic defocus (Park et al., 2003). When chicks are raised in red or blue light, compensation in
refractive state occurs for both wavelengths; however, this is mainly due to choroidal thickness
changes in red light and due to axial length changes in blue light (Rucker and Wallman, 2008).
Some have also speculated that the choroidal and scleral mechanisms could be independent of
each other (Nickla and Wallman, 2010) and that the choroid might merely act as a slower
accommodative mechanism (Wallman et al., 1995; Walls, 1942) unrelated to the scleral mechanism
of visually guided changes in eye growth. However, pharmacological studies show thickening of
the choroid while inhibiting axial growth with various molecules (e.g. nNOS inhibitor N ω-propyl-Larginineatropine, apomorphine, pirenzepine, oxyphenomium) (Nickla et al., 2010, 2009; Nickla and
Cheng, 2009), suggesting some degree of association. Furthermore, in almost all laboratory
species studied so far, choroidal thickness changes appear to precede changes in eye growth and
accompany the experimental development of refractive errors (thinning in myopic models, while
thickening in hyperopic models).
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4.3.2. How does the choroid influence eye growth?
The ability of the choroid to respond to the visual environment to control the growth of the sclera,
and therefore the eye, suggests that the choroid either relays the defocus signals related to eye
growth from the retina to the sclera or produces such signals in response to alterations in the
visual environment. For either of these to occur, one or a combination of mechanisms needs to be
at play in response to a defocus signal upstream in the retina, where defocus induces biochemical
changes. Several neurotransmitters, including dopamine, acetylcholine, glucagon, nitric oxide,
retinoic acid, and vasoactive intestinal peptide (Summers, 2013), have been postulated as plausible
signal molecules (see section 2.5). These messengers could travel to the choroid to initiate the
responses, but they will need to somehow transverse the tight RPE-choroid barrier and resist
possible washout from high choroidal blood flow. Alternatively, the choroid may also initiate its
own signals related to defocus and eye growth. The choroid has the ability to synthesise a number
of growth factors and enzymes, including retinoic acid (Mertz and Wallman, 2000), matrix
metalloproteinases (Lambert et al., 2002), tissue plasminogen activator (Wang et al., 1995),
transforming growth factor-beta (Jobling et al., 2009), vascular endothelial growth factor (SaintGeniez et al., 2006), hepatocyte growth factor (Grierson et al., 2000), and basic fibroblast growth
factor (Frank et al., 1996). A further possibility is that the choroidal mechanism for controlling
scleral and eye growth could potentially involve mechanical influences on the size of the sclera:
the choroid may offer greater resistance to stretching of the sclera by the IOP (van Alphen, 1986).
Furthermore, the choroid may influence molecular and biochemical signals reaching the sclera
either by modulating the extent of the resistance provided by the RPE-choroid barrier through
choroidal thickness changes or by intrinsically affecting the signals themselves (Nickla & Wallman,
2010).

4.3.3. Retinal defocus modulates choroidal thickness
Deliberate manipulations of retinal image focus produce bidirectional responses in the choroid. In
general, experimental paradigms that induce myopic retinal defocus (i.e. image plane on the
vitreal side) (e.g. wearing positive lenses) rapidly expands the choroid and increases its thickness,
while paradigms that induce hyperopic defocus (i.e. image plane behind the retina) (e.g. wearing
negative lenses) thins the choroid.

82

4.3.3.1. Evidence from animal studies
In 1942, Gordon Walls first postulated the concept of ‘choroidal accommodation’ as a slow
accommodative focusing mechanism (Walls, 1942). Although a couple of subsequent reports
indicated the possibility of choroidal thickening in recovery from experimental myopia (Harrison
and McGinnis, 1967; Hayes et al., 1986), it was not until the 1990s that animal experiments first
confirmed this hypothesis. In their seminal work, Josh Wallman and colleagues (1995)
demonstrated that chick choroid modulates its thickness in response to the sign of imposed
defocus. Through these compensatory changes, the chick eye can adjust its refractive state by as
much as 7.00 D by changing choroidal thickness as much as four times (Wallman et al., 1995).
These changes in choroidal thickness seem to be regulated by a local mechanism, as the choroid
recovering from experimental myopia thickens only in a specific region that was made previously
myopic (Wallman et al., 1995).
The visually guided modulation of choroidal thickness also occurs in a variety of species, including
rhesus monkeys (Hung, Wallman, & Smith, 2000), marmosets (Troilo, Nickla, & Wildsoet, 2000),
tree shrews (J. T. Siegwart & Norton, 1998), and guinea pigs (Howlett & McFadden, 2009),
although the thickness changes are much smaller in all of these species than in chicks (e.g. 40 to
50 m in monkey (Hung et al., 2000) vs 300 m in chicks (Wallman and Winawer, 2004)). Despite
inter-species differences in ocular features such as visual acuity, presence (or absence) of
accommodation, presence of a fovea, extent and degree of binocular and colour vision, the
qualitative changes in choroidal thickness are similar across species, suggesting that the same
basic mechanism underlies the choroidal responses. Whether the rapid choroidal thickness
modulations are causally related to scleral growth is controversial given the modest degree of
changes observed in primates, too small to effect a significant change in the refractive state of the
eye (Troilo et al., 2000).
Defocus-induced thickness modulations in the choroid are transient, and the choroid goes back to
its normal thickness upon completion of the refractive adjustments (Nickla et al., 2005; Nickla and
Troilo, 2001). Furthermore, choroidal responses to defocus are rapid, with increment in thickness
observable after just 10 minutes of imposed myopic defocus, at least in chicks (Zhu et al., 2005).
This time course of the choroidal focusing mechanism (~minutes) is, thus, intermediate in speed
between the classical ocular growth mechanism, which occurs over days to weeks, and
accommodation system, which occurs in a fraction of second (~0.3–0.4 s, Campbell & Westheimer,
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1960). Choroidal thickness also exhibits a circadian rhythm (Nickla et al., 2001), and exposure to
optical defocus disrupts the normal circadian rhythm of choroidal thickness, shifting the phase
relationship between axial length and choroidal thickness (Nickla, 2006).

4.3.3.2. Evidence from human studies
Although most of our understanding of choroidal thickness modulation by retinal image quality
comes from animal research, some of these findings have been replicated in human eyes. In 2010,
Read et al. (2010) provided the first evidence that experimental manipulation of the visual
environment in humans using ophthalmic lenses influences choroidal thickness, even in the shortterm. Defocus induced changes in choroidal thickness at 30 and 60 minutes of imposed defocus
were small in magnitude (+12 m with +3.00 D and -3 m with -3.00 D). Read and colleagues
(2010) also noted the choroid’s stronger response to myopic defocus, as the changes in thickness
were substantially greater in myopic defocus than that for hyperopic defocus. Further evidence
that the choroid modulates its thickness in response to defocus comes from the study by Chiang
et al. (2015), which used optical coherence tomography to measure the time course of choroidal
thickness changes induced by +2.00 D myopic and -2.00 D hyperopic defocus. Similar to the
findings by Read et al., they showed that choroidal thickness increased in response to myopic
defocus and decreased in response to hyperopic defocus, by approximately 20 m in either
direction. The time course of onset of thickness change for myopic defocus was faster (significant
change after 10 minutes) than for hyperopic defocus (after 20–35 minutes).
Interestingly, choroidal thickness responses to defocus also occur in a regionally selective manner
like vision-dependent changes in eye growth (Hoseini-Yazdi et al., 2019a). When a superior or
inferior hemifield of the retina is exposed to myopic defocus, the choroid increases its thickness in
the corresponding regions only, although the changes are ordinary (4–5 m, (Hoseini-Yazdi et al.,
2019a). Changes in choroidal thickness in response to defocus appear to be relatively independent
of the baseline choroidal thickness (Chiang, Chen, et al., 2018), which suggests that choroidal
modulations of thickness are perhaps localised to a sub-layer within the choroid (e.g.
(choriocapillaries or Sattler’s layers). To a first approximation, the defocus-induced changes in
thickness (e.g. 10–20 m) seem very modest compared to the overall choroidal thickness (e.g.
200–400 m). However, the small magnitude of thickness changes would be rather substantial if
they were localised to specific choroidal regions as conjectured above given that the thickness of
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choriocapillaries and Sattler’s layers are approximately 30 µm and 90 µm respectively (Zhao et al.,
2018).
There is also preliminary evidence that imposed optical defocus also alters choroidal thickness in
schoolchildren (8–16 years of age, D. Wang et al., 2016), although results are slightly ambiguous,
as this study only demonstrated relative choroidal thickening (less choroidal thinning) in response
to myopic defocus compared to hyperopic defocus but not an absolute increase in thickness. This
ambiguity could perhaps be attributed, in part, to the between-subject nature of the study and the
administration of three drops of cyclopentolate hydrochloride prior to the OCT scans that might
have led to the interaction of defocus and cycloplegic drops on choroidal thickness (Chiang et al.,
2018b; Sander et al., 2018). Nevertheless, the studies on human choroid mentioned above
collectively provide compelling evidence that the human eye detects the sign of defocus, which in
turn leads to choroidal thickness modulations.
The magnitude of changes in choroidal thickness in response to defocus in humans (~20 m) are
marginally smaller than in primates (~40–50 m, L. F. Hung et al., 2000), and substantially smaller
than in chicks (~300 m, Wallman & Winawer, 2004). Changes in choroidal thickness of 20 m are
unlikely to affect the vision or refractive state, as they correspond to changes in refraction of
0.05 D, which can be easily compensated by the eye’s relatively greater depth of focus (Marcos et
al., 1999b). The lack of refractive compensation by choroidal thickness responses to imposed
defocus in humans is in stark contrast to chicks, which show almost complete compensation
(Irving, 1992; Wallman et al., 1995; Wildsoet and Wallman, 1995). Whether the thickness changes
in the choroid relate to the longer-term changes in eye growth is unknown, but the predictable
nature of these changes suggest that they could be a biomarker for signals underlying changes in
scleral growth and axial elongation, and thus the progression of myopia.
Although one cannot infer causality from cross-sectional studies, there is plentiful evidence on the
association of choroidal thickness and myopia. In general, the choroid is thinner in myopes than
emmetropes (Hoseini-Yazdi et al., 2019b). High myopes (excessive axial elongation) have
considerably thinner choroids (Ikuno et al., 2010; Nishida et al., 2012; Zhou et al., 2017), which
often relate to pathological complications (Ikuno et al., 2010; Wang et al., 2013; Zhou et al., 2017).
Choroidal thinning in myopes correlates positively with the degree of myopic refractive error and
axial length in both adults (Chen et al., 2012; Gupta et al., 2015; Ouyang et al., 2011; Tan and
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Cheong, 2014; Vincent et al., 2013; Wei et al., 2013) and children (He et al., 2017; Jin et al., 2016; Li
et al., 2014; Read et al., 2013a; Xiong et al., 2017; Zhang et al., 2015).
Two recent longitudinal studies have provided evidence that choroidal thickness changes relate to
longer-term eye growth in humans (Fontaine et al., 2017; Read et al., 2015). In 101 Australian
schoolchildren aged 10 to 15 years, Read et al. measured choroidal thickness over 18 months and
found a significant inverse association between longitudinal changes in choroidal thickness and
the rate of eye growth. While choroidal thickening was associated with slower eye growth,
choroidal thinning was associated with faster eye growth. Fontaine et al. compared baseline
choroidal thickness with thickness at 15 months follow-up in a cohort of 115 European children
aged 2 to 16 years. They also found a significant negative relationship between changes in
subfoveal choroidal thickness and the rate of axial elongation. In support of the finding from these
studies that choroidal thickening is protective of axial elongation and myopia, myopia
interventions such as orthokeratology (Chen et al., 2016) and atropine (Z. Zhang et al., 2016) also
cause thickening of the choroid.

4.4. Factors affecting choroidal thickness
In addition to retinal defocus, several other factors affect choroidal thickness. While choroidal
thickness decreases with age at a rate of approximately 2 m per year (Margolis and Spaide,
2009), it shows an increment from early childhood to adolescence (Read et al., 2013a).
Accommodation, which has long been implicated in myopia development (Gwiazda et al., 2004;
Hepsen et al., 2001), results in axial elongation with a small amount of choroidal thinning
(Woodman-Pieterse et al., 2012). In addition, there is regional variation in choroidal thickness
responses to an accommodative stimulus (Woodman-Pieterse et al., 2015). The choroid thins
mainly in temporal and inferotemporal regions, which corresponds well with the distribution of
non-vascular smooth muscles in the choroid, indicating that these cells may be involved in
mediating choroidal thickness responses. While axial eye length shows a diurnal fluctuation to
reach maximum length during the day and minimum at night (Read et al., 2008; Stone et al., 2004),
the choroid appears to be in anti-phase to axial length, thickening maximally around midnight and
thinning maximally during the day (around noon) (Brown et al., 2009; Chakraborty et al., 2011).
Choroidal thickness has a gender bias, with males having thicker choroids than females (Gupta et
al., 2015; Li et al., 2011; Wei et al., 2013).
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Caffeine administration results in a significant reduction in choroidal thickness for at least three to
four hours following oral intake (Vural et al., 2014; Zengin et al., 2015) presumably due to
caffeine’s vasoconstrictive effects (Zengin et al., 2015). The choroid also exhibits thickening during
the water-drinking test—in which subjects are asked to drink one litre of water in five to 15
minutes to evaluate the aqueous drainage pathway—with reported choroidal thickening of 4 to
6% (Mansouri et al., 2013). The influence of short-term exercise on choroidal thickness is
controversial. While some (Sayin et al., 2015) found a significant increase in choroidal thickness
after 10 minutes of low-impact, moderate-intensity exercise, others (Hong et al., 2014; Kinoshita et
al., 2016b) reported no change in thickness. Smoking appears to thicken the choroid within five
minutes of smoking a cigarette (Sýzmaz et al., 2013). However, the choroid progressively thins
after smoking (until at least three hours) (Ulaş et al., 2014) or after oral intake of nicotine (Zengin
et al., 2014).
Topical antimuscarinic eye drops, such as atropine and homatropine act to increase the thickness
of the choroid. The thickness of the choroid significantly increases after administration of a single
dose of 1% atropine gel twice daily for a week (Z. Zhang et al., 2016) or 2% homatropine (Sander
et al., 2014). Both atropine (Chiang et al., 2018b) and homatropine (Sander et al., 2018) also
interact with the choroidal thickness responses to imposed optical defocus, abolishing choroidal
thinning response to hyperopic defocus without affecting choroidal thickening response to
myopic defocus. The effects of other antimuscarinic (e.g. cyclopentolate, tropicamide) and
adrenergic (e.g. phenylephrine) agents are, however, controversial, as study show contradictory
findings about changes in choroidal thickness (Casado et al., 2019; Öner et al., 2016; Takayama et
al., 2005; Yuvacı et al., 2015).

4.5. Potential mechanisms for choroidal thickness alterations
4.5.1. Non-vascular smooth muscle tone
Contraction and relaxation of the non-vascular smooth muscles in the choroid could lead to
alterations in choroidal thickness (see section 4.2.1.2). Changes in the tonus of these smooth
muscles could potentially alter the thickness by influx and efflux of the fluid in and out of the
choroid, thickening with the relaxation and thinning with the contraction of the smooth muscle,
respectively. Moreover, because the thickness changes in the choroid are rapid and known to
occur within 10 minutes of imposed defocus (Chiang et al., 2015; Zhu et al., 2005), a muscular
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mechanism like this would be consistent with such a time course. In close proximity of these
smooth muscles are axon terminals that test positive for nitric oxide (Poukens et al., 1998), which
is a potent smooth muscle relaxant (Bredt and Snyder, 1992). It has been shown that inhibition of
nitric oxide synthase prevents the choroidal thickening response to myopic defocus and
encourages axial elongation (Nickla and Wildsoet, 2004).

4.5.2. Changes in vessel permeability
Changes in permeability of choroidal vessels could play a role in choroidal thickness alterations.
Because there is a constant fluid exchange from choroidal vasculature into tissue microstructure
and back, increased vascular permeability may cause a greater influx of proteins and fluid into the
extracellular matrix and/or lymphatics and subsequent thickening of the choroid. Evidence for a
role of increased vascular permeability comes primarily from chick studies (Pendrak et al., 2000;
Summers and Palmer, 2007). The choroids of chicks recovering from form-deprivation myopia
show a significant increase in albumin levels (Summers and Palmer, 2007) and fluorescein-dextran
(Pendrak et al., 2000), indicating increased choroidal permeability. Experimentally thinned choroid
(by prior form-deprivation) exhibits a reduction in protein content in the suprachoroidal fluid,
while the opposite occurs in cases of the thickened choroid (during recovery by the restoration of
vision), which shows increased protein content by 30% (Pendrak et al., 2000). Furthermore, the
number of fenestrations in the choriocapillaries decreases when chicks are form-deprived by lid
suture (Hirata and Negi, 1998).

4.5.3. The uveoscleral outflow of aqueous humour
Choroidal thickness modulations could involve changes in aqueous humour outflow through the
indirect uveoscleral pathway of aqueous drainage. The choroid forms the posterior part of the
uveoscleral outflow pathway; modulation of the flow of aqueous humour from the ciliary body or
iris into the choroid could cause alterations in the choroidal lacunae. The findings from animal
studies that tracer molecules, such as horseradish peroxidase (Wallman et al., 1995) and
fluorescein-dextran (Pendrak et al., 1998) injected directly into the anterior chamber, later appear
in the choroid support the idea that the choroidal lacunae are connected to the anterior chamber.
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4.5.4. Extracellular matrix synthesis
An increase in choroidal thickness might occur via an osmotic mechanism that pulls water into the
choroidal extracellular matrix leading to choroidal expansion. This could be achieved through
changes in the synthesis of highly charged osmotically active molecules, namely proteoglycans,
which are hydrophilic and capable of changing the tonicity of the choroid. This hypothesis is
supported by findings from a chick study that during recovery from form-deprivation myopia,
expanded choroids synthesise a higher amount of proteoglycans (Wallman et al., 1995). Likewise,
changes in the thickness of the choroid are also associated with changes in the synthesis of
glycosaminoglycan (Nickla et al., 1997). Even further, the synthesis of glycosaminoglycan is
dependent upon the direction of induced defocus, increasing in eyes wearing +15.00 D spectacle
lenses and decreasing in eyes wearing -15.00 D lenses (Nickla et al., 1997). However, this
hypothesis remains to be fully validated, as there is no difference in the amount of sulfated
proteoglycans between form-deprived myopic eyes and eyes recovering from form-deprivation
myopia (Nickla et al., 1997). Furthermore, there are only modest differences in proteoglycan
synthesis between the eyes wearing positive and negative lenses, suggesting that this mechanism
is unlikely to fully account for changes in choroidal thickness (Pendrak et al., 2000).

4.5.5. Fluid movement across the RPE
Movement of fluid across the RPE could induce thickness modulations in the choroid (Rymer and
Wildsoet, 2005). There is a constant flow of the water and ions from the retina to the RPE and the
choroid. If this flow exceeds or falls short of the amount of fluid flowing out of the choroid,
potential choroidal thickness alterations could occur through a mechanism of passive oedema.
However, because visual input is necessary for thickness alterations in the choroid, which occur
bidirectionally in response to imposed retinal image defocus, such a mechanism of passive
oedema for choroidal thickness modulations seems unlikely.

4.5.6. Changes in choroidal blood flow
The vascular nature of the choroid raises the possibility that the choroid modulates its thickness
via changes in blood flow. This hypothesis was stimulated by the findings from an earlier chick
study that demonstrated reduced choroidal blood flow in goggled chicks who had axial myopia
and choroidal thinning due to form-deprivation (Shih et al., 1993a). Although the goggle-wear

89

might have disrupted thermal regulation to directly alter the blood flow (given that the choroid is
implicated in thermoregulation, Parver, 1991), corneal manipulations that induce axial myopia in
chicks also resulted in a decrease in choroidal blood flow (Shih et al., 1993b). Therefore, the
observed changes in blood flow were more likely the direct effects of the induced myopia and
ocular enlargement per se rather than a thermal effect. While the mechanism by which abnormal
enlargement of the eyeball in axial myopia could lead to reduced choroidal blood flow is not fully
understood, one obvious explanation appears to be due to choroidal thinning that often
accompanies axial eye growth. Indeed, choroidal stretching and thinning has been postulated as
one of the possible reasons for a potential reduction in choroidal blood flow (Shih et al., 1993a).
Transient but substantial increases in choroidal blood flow precede choroidal thickening during
recovery from form-deprivation myopia in chicks (Fitzgerald et al., 2002), suggesting some links
between thickness and blood flow. As these thickness modulations in the choroid have delayed
time course relative to changes in blood flow (Fitzgerald et al., 2002), perhaps choroidal blood
flow transiently alters to trigger or even drive the thickness changes. At least in chicks, there is
some evidence that the observed expansion of the choroid is linked to enlargement of lymphatic
lacunae that connect to the choroidal vessels (De Stefano and Mugnaini, 1997; Junghans et al.,
1998; Wallman et al., 1995). Another, and perhaps a more parsimonious explanation for this
hypothesis is that an increase in choroidal blood flow might facilitate fluid transfer from vessels to
the lacunae, as thickened choroids (during recovery from prior form-deprivation) exhibit increased
plasma protein and fluid accumulation presumably due to increased vascular permeability
(Junghans et al., 1999; Pendrak et al., 2000).
Indications of a causal link between choroidal thickness and blood flow come from studies on
ischemic retinal diseases. Increasing degrees of diabetic retinopathy (DR) are associated with a
progressively thinner choroid (Vujosevic et al., 2012). Foveolar choroidal blood flow is associated
with the extent of drusen in non-exudative age-related macular degeneration (AMD) (Berenberg
et al., 2012), and the extent of drusen correlates with the degree of choroidal thinning (Garg et al.,
2013; Ko et al., 2013), which further correlates with the severity of the disease (Lee et al., 2013;
Sigler and Randolph, 2013). Systemic administration of sildenafil causes increases in OCT measures
of choroidal thickness and ultrasound measures of perfusion (Kim et al., 2013). In addition, an
inverse relationship exists between the resistance index of the short posterior ciliary arteries (an
indirect measure of blood flow) and the subfoveal choroidal thickness: lower the resistance index
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(and higher the blood flow), thicker the choroid (Novais et al., 2015). Although a direct link
between choroidal thickness and blood flow has yet to be demonstrated, these animal and human
studies suggest that thickness and blood flow in the choroid are intrinsically coupled. However,
the lack of a sensitive and reliable method of measuring choroidal blood flow has impeded the
investigation of whether choroidal blood flow underlies thickness changes of the choroid in
response to retinal defocus.

4.6. Methods of measuring chorio-retinal blood flow
Despite the lack of a gold-standard method of measuring ocular blood flow or perfusion, several
methods are now available that aid in acquiring direct or indirect measures. However, the
anatomical position of the choroid behind the RPE presents a significant challenge in quantifying
blood flow in the choroid with the current techniques in use. While a few of these techniques are
non-invasive (e.g. laser Doppler, OCT angiography, etc.), many others are not (e.g. microspheres,
fluorescein and indocyanine angiography, etc.). Furthermore, because these methods measure
different aspects of blood flow and are not without some inherent limitations, they are not directly
comparable. In addition, most of these methods provide indirect measures of blood flow,
particularly in the choroid.

4.6.1. Laser Doppler techniques
Laser Doppler techniques are principled on the Doppler Effect, first described by Christian Doppler
in 1842 for sound waves. When a probing laser beam strikes a tissue, a photodetector receives the
light reflected from a larger area around the laser spot, which consists of both Doppler shifted and
non- Doppler shifted frequencies. Based on the differential frequency changes of the laser light by
stationary and moving particles within the volume of sampled tissue, several ocular hemodynamic
parameters, including flux (flow per unit area), velocity, and volume, can be quantified. These
frequency changes are proportional to the velocity of the red blood cells (RBCs) within the vessels,
and the signal intensity at each frequency is related to their flux at a certain velocity.

4.6.1.1. Laser Doppler flowmetry
Laser Doppler flowmetry (LDF) allows non-invasive assessment of change in flux of red blood cells
(RBCs) based on a model initially described by Bonner and Nossal (Baker et al., 2011), which
entails the mechanisms behind Doppler shifts in light waves and the relation between these shifts
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to the flow velocity of RBCs in tissue blood. Subsequently, volumetric blood flow is derived from
this knowledge of mean velocity and volume of RBCs at that velocity and is calculated as 𝐹 = 𝑘 ×
velocity × volume), where 𝐹 is the blood flow and k is a proportionality constant. LDF provides
quantitative measurements of blood flow in the capillary beds of several ocular tissues (Riva et al.,
2010), including superficial layers of the optic nerve head (Riva et al., 1992), the subfoveal choroid
(Riva and Petrig, 1995), and the iris (Chamot et al., 1999). LDF is most applicable to measuring
choroidal blood flow in the foveal avascular zone (Riva, 2006; Riva and Petrig, 1995) because it
does not best distinguish the retinal and choroidal sources of Doppler shifts, and the vascular
supply of the foveal avascular zone is entirely dependent upon the choroidal circulation. Studies
have implemented LDF to investigate physiological blood flow responses to changes in ocular
perfusion pressure (Riva et al., 1997c, 1997a) and breathing of gas mixtures (Geiser et al., 2000).
More recently, studies have shown LDF measures of choroidal blood flow decrease in AMD
(Grunwald et al., 1998b), and the choroidal blood flow correlates negatively with the severity of
the disease (Grunwald et al., 2005).

4.6.1.2. Scanning laser flowmetry
Scanning laser Doppler flowmetry (SLDF) is a modified application of LDF and combines the
principles of scanning laser tomography with LDF (Michelson et al., 1996). In contrast to the
stationary laser light, SLDF makes use of a moving laser beam that sweeps the ocular fundus. Each
of these lines is divided into many points, and Doppler shifts in each point are used to quantify
blood flow. Studies have shown modest reliability of retinal capillary blood flow measurements
with SLDF (Michelson et al., 1996; Nicolela et al., 2006), with unsatisfactory intraindividual
variability (Jonescu-Cuypers et al., 2004). However, SLDF measures have excellent interocular and
intra-hemifield repeatability, at least in healthy volunteers (Kimura et al., 2003).

4.6.1.3. Laser Doppler Velocimetry
Laser Doppler Velocimetry (LDV) measures blood velocity in larger retinal vessels based on
frequency shifts in laser light, which is proportional to the velocity of the moving RBCs (Feke et al.,
1987). For simultaneous acquisition of velocity and vessel diameter, LDV is combined with
densitometry as in Canon Laser Blood Flowmeter (CLBF, Canon; Tokyo, Japan), in which an
additional laser beam is projected perpendicular to the vessel under study to calculate the vessel
diameter based on the cross-sectional image of the vessel on the sensor (Deupree et al., 1985).
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From these simultaneously acquired measurements of blood velocity (V) and vessel diameter (D),
an estimate of blood flow (F) is calculated as F = ½ (π ./ 4 ) (V max). CLBF measurements of
blood flow in the retinal circulation are repeatable (Davies et al., 1992; Garcia et al., 2002; Guan et
al., 2003; Yoshida et al., 2003) and agree well with radioactively labelled microsphere methods
(Rechtman et al., 2003). However, LDV is not applicable for assessing circulation in the optic nerve
head and the choroid (Caprioli and Coleman, 2010; Mohindroo et al., 2016).

4.6.1.4. Laser speckle flowgraphy
Laser speckle flowgraphy (LSFG) is based on the interference phenomenon and utilises time
change in tissue velocity at the same site at different intervals (Briers and Fercher, 1982). In
essence, LSFG is similar to LDF in measuring at a single point in the tissue of interest and
generating a map of spatial velocity and flux with added scanning (Tamaki et al., 1995). However,
the fundamental difference exists in the analytical approach and interpretation. During LSFG, a
laser beam is directed towards the ocular fundus, and the light waves scattered from the diffuse
surface interfere to give rise to a speckle pattern, the intensity of which varies as a function of
time. By analysing this temporal variation of laser speckle resulting from the interference of
scattered light and the correlation between speckle intensity and time, quantitative blood velocity
indices are obtained in the form of blur ratios but in arbitrary units.
LSFG measurements have excellent reproducibility (Nagahara et al., 1999) and correlate well with
blood flow data obtained using hydrogen clearance methods (Sugiyama et al., 1996). The
reproducibility of LSFG measures is marginally greater for retinal veins (~2.5%, Nagahara et al.,
1999) than the posterior choroid (~9%) with the least reproducibility noted for the optic nerve
head (~12%, Tamaki et al., 1997). One significant advantage with LSFG is the feasibility of realtime flowmetry to monitor changes in blood velocity at the same site of the same eye of an
individual over time, although this largely depends upon the assumption that the light-scattering
properties of the tissue structure remain constant (Drance, 1997). However, inter-subject
comparisons are difficult as the speckle pattern of the backscattered light depends on tissue
structure and composition, which is variable between individuals. In addition, outcome variables
such as normalised blur are yet to be understood in terms of ocular hemodynamic parameters.
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4.6.1.5. Pros and Cons of Laser Doppler techniques
The laser-based techniques for ocular blood flow assessment described above have the advantage
of being non-invasive and sensitive, with rapid temporal responses, and capable of studying
physiological changes in blood flow. However, most of these techniques are indirect methods of
assessing blood flow, as only CLBF (or LDV) provides hemodynamic parameters in absolute units.
Moreover, these techniques have inherent assumptions that may not be applicable in all cases. For
example, LDF assumes that a change in hematocrit does not accompany a change in flux, CLBF
assumes a circular vessel cross-section, parabolic velocity profile for the calculation of estimated
flow, and a constant relationship between Doppler shift and true mean blood velocity, all of which
may differ between different flow systems (e.g. laminar, tubular). Although LDF is practical for
assessing differences in blood flow between patient populations (Grunwald et al., 1999), it
measures the flux of RBCs rather than the actual flow (Pillunat et al., 1999). Moreover, LDF
measurements of flux depend upon optical scattering and absorption properties of the tissue,
which may vary between individuals. SLDF measurements are highly influenced by the location of
the measurement window and image brightness (Bohdanecka et al., 1998; Jonescu-Cuypers et al.,
2004). Furthermore, laser-based optical techniques are limited by the absence of optical media
clarity and small pupil size and influenced by subjective factors, such as patient co-operation and
fixation, and technician’s expertise.

4.6.2. Colour Doppler Ultrasound Imaging
Colour Doppler Ultrasound Imaging, also known as Colour Doppler Imaging (CDI), uses sound
waves to provide indirect measures of blood flow parameters in vessels. CDI combines a B-scan
greyscale image with either Doppler shifted frequencies or pulse Doppler measurements to
produce a colour-coded map of blood velocity (Harris et al., 1998; Williamson and Harris, 1996).
Doppler effects are not apparent for stationary tissue structures. However, when a moving
structure is encountered within the scattering volume of the ultrasound, a Doppler shift is induced
due to a mismatch in frequencies between returning and emitted sound waves (Taylor and
Holland, 1990). Based on these frequency shifts, CDI generates a velocity waveform from which
one can obtain maximum and minimum velocities as peak-systolic velocity (PSV) and end-diastolic
velocity (EDV), respectively. From these velocities, resistance index (RI), a measure of downstream
vascular resistance, is calculated as RI= (PSV - EDV)/PSV (Pourcelot, 1974) and is the most
reproducible parameter (Harris et al., 1995b). However, it is not clear whether the index accurately
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represents vascular resistance in the retinal vessels (Polska et al., 2001). Although CDI allows the
measurement of velocity and resistance in ophthalmic artery, central retinal artery and vein, and
short and long posterior ciliary arteries (Schmetterer and Kiel, 2012), measurements in ophthalmic
artery are most reliable (Baxter and Williamson, 1995; Harris et al., 1995b), with coefficients of
variation of 6 to 11% (Baxter and Williamson, 1995). A recent study has shown that high myopes
have higher resistance and lower velocities than low myopes and that velocities decrease and
resistance index increases with greater axial length and higher degrees of myopia (BenaventePérez et al., 2010).
CDI is non-invasive, capable of detecting vascular resistance distal to the measurement point
(Halpern et al., 1998), applicable independent of pupil size and obscured optical media, and able
to provide velocity measures in both uveal and retinal circulations in real units. However, due to
the lack of information on the cross-sectional diameter of the vessels, CDI provides an estimate of
flow velocity rather than the net flow. Other limitations include high cost of the device,
questionable reproducibility (Mikkonen et al., 1996; Polska et al., 2001; Vercellin Alice C et al.,
2016), motion artefacts, difficulty in obtaining signal from central retinal artery due to a vigorous
activity of the ophthalmic artery in younger patients and potential influence of age and status of
the carotid artery (Costa et al., 1997). Interpretation of CDI measures is, at times, challenging due
to the concurrent supply of several structures. Furthermore, excessive pressure to the eyelids may
lead to increment in IOP and potentially confound the measurements, particularly in the central
retinal artery (Harris et al., 1996).

4.6.3. Blue field entoptic stimulation
Originally described by Riva and Petrig in 1980, blue field entoptic phenomenon is a subjective
method of hemodynamic assessment in retinal vessels based on the perception of moving
leukocytes in one’s retinal vasculature when exposed to blue light (Riva and Petrig, 1980). The
wavelength of blue light used to illuminate the eye during blue field entopic stimulation is
differentially absorbed by the blood cells: RBCs do not absorb the blue spectrum of light, while
white blood cells do absorb the light, resulting in a perception of flying corpuscle in an area of 10–
15 degrees surrounding the fixation point. A simulator screen is used to map the leukocytic speed
and density by adjusting the corresponding parameters based on perceived effect to obtain an
estimate of perimacular blood flow.
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In healthy subjects, hyperoxia decreases and hypoxia increases perimacular leukocytes velocity
(Fallon et al., 1985). Breathing 100% oxygen reduces leukocytic density and velocity, while
carbogen exposure increases (Sponsel et al., 1992). Furthermore, the effects of various drugs in
leukocytic density and velocity have been investigated with blue field entopic stimulation with no
apparent influence (Harris et al., 1995a). Although the blue field entopic stimulation technique is
non-invasive, relatively inexpensive, easy to administer, and a rapid means of estimating blood
flow, measurements have highly intra-subject variability (Yap and Brown, 1994), are entirely reliant
on subjective responses, and are limited to a narrow parafoveal region. In addition, this technique
is based on the assumption that the flux of white blood cells in the vessels is proportional to
blood flow under all clinical conditions, which has yet to be established (Fuchsjäger-Mayrl et al.,
2002).

4.6.4. Pulsatile ocular blood flowmetry
Pulsatile ocular blood flowmetry (POBF) measures the real-time change in IOP with each cardiac
cycle and utilises pressure-volume relationship (Silver et al., 2009) to quantify the real-time change
in ocular blood volume (Langham et al., 1989). POBF is based on the principle that the blood flows
into the eyes during systole, so the blood volume increases, which in turn increases IOP. During
POBF, a probe is positioned in contact with the cornea, and pressure is increased to achieve
adequate corneal indentation. Subsequently, IOP readings are recorded at a sufficiently rapid rate
(approximately 200 readings per second) to visualise the rhythmic real-time change in IOP
amplitude with a sinusoidal pattern throughout each cardiac cycle. Inferences about blood flow
are then obtained from the rate of change of blood volume over time, based on the pressurevolume relationship. The normative values for POBF measures are reported as 600–900 ml/min
(Langham et al., 1991; Silver et al., 2009). It is presumed that POBF mainly represents choroidal
perfusion, as choroidal circulation accounts for the majority of ocular blood flow (Hitchings, 1991).
Although POBF values are repeatable (Gunvant et al., 2004b; Silver and Farrell, 1994; Yang et al.,
1997), they are influenced by gender (Geyer et al., 2003), age (Geyer et al., 2003; Lam et al., 2003b),
ethnicity (Gunvant et al., 2005), and central corneal thickness (Gunvant et al., 2004a). In eyes with
higher degrees of myopia and longer axial length, POBF and pulse amplitudes are greatly reduced
(Benavente-Pérez et al., 2010; Lam et al., 2003a; Mori et al., 2001).
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POBF has many advantages, including minimal invasiveness, relatively low cost, ease of operation,
and the feasibility of obtaining rapid measures in a relatively short period. However, the most
significant disadvantage is that it provides indirect measures of blood flow. In addition, POBF is
based on many assumptions, including scleral rigidity and universal IOP/ocular volume
relationships, so the measures require careful interpretation. Also, the rate of venous flow, which
significantly influences the assumed IOP/volume relationship, is largely unknown. Several studies
suggest that POBF is relatively ineffective in tumour patients and ocular diseases, such as AMD
and DR (Perrott and Drasdo, 2007; Resch et al., 2008; Sandhu et al., 2007).

4.6.5. OCT angiography
The OCT angiography (OCT-A) employs a motion contrast imaging algorithm to high-resolution
volumetric blood flow information and rapidly acquires angiographic images from a region of
interest (de Carlo et al., 2015). During OCT-A, sequential A-scans are taken at a precise crosssection of the retina and superficial choroid, and the differences in the backscattered signal
intensities (also known as decorrelation signal) are compared between these scans to generate a
densely sampled blood flow map (Matsunaga et al., 2014). Because the angiographic images can
be used to visualise individual vascular plexuses at the level of different retinal and choroidal
layers aided by layer segmentation, OCT-A is particularly useful in imaging specific areas of
interest with varying field of views ranging from 2 mm × 2 mm to 12 mm × 12 mm (de Carlo et al.,
2015). This allows the spatial and temporal assessment of blood flow at any location and also the
precise delineation of lesion sizes. As such, information on blood flow can be obtained at a fixed
time point, and size measurement can be performed for various pathologies.
The OCT-A provides non-invasive means of evaluating retinal and choroidal vasculatures with
excellent spatial and temporal resolution. However, it is primarily qualitative, although a few latest
instruments now provide some indirect measures, such as vessel density (total length of perfused
vasculature per unit area) and perfusion density (total area of perfused vasculature per unit area)
(Durbin et al., 2017). In its current form, OCT-A is greatly influenced by image artefacts, such as
projection, motion, unmasking, blink, vessel doubling, stretch, crisscross, and out-of-window
artefacts (Ghasemi Falavarjani et al., 2017), with some authors suggesting that OCT-A is more
prone to artefacts than conventional angiography techniques (de Carlo et al., 2015). A ‘ghost
image’ artefact (shadow artefact) is often formed by the larger retinal vessels, which makes it
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challenging to locate abnormal appearance of deeper layer vasculature (de Carlo et al., 2015).
Apart from suboptimal image acquisition, poor segmentation and motion artefacts can
substantially confound OCT-A blood flow information, as any amount of movement from
structures other than RBCs (e.g. fine tissue) can be incorrectly interpreted as blood flow. Due to
the rapid acquisition of images, OCT-A may fail to capture areas of slow blood flow, for example,
in cases with microaneurysms and fibrotic choroidal neovascularisations.
Table 4.1. Summary of chorio-retinal blood flow or perfusion measurement techniques.

Technique

Source of signal

Measurement site

Colour Doppler Imaging

Doppler shifts in
sound waves
Doppler shifts in
light waves
Doppler shifts in
light waves
Doppler shifts in
light waves
Laser speckle effect

Retrobulbar vessels

Laser Doppler Flowmetry
Laser Doppler Velocimetry
Canon Laser Blood
Flowmetry
Laser Speckle Flowgraphy
Blue field entopic
stimulation
Pulsatile Ocular Blood
Flowmetry
Ophthalmodynamometry

Entopic
phenomenon
Pulsatility

Retinal Vessel Analysis
Retinal Oximetry

Microvascular
pulsation
Light absorption

Retinal Angiography

Fluorescence

OCT Angiography

Decorrelation
signal
Magnetisation of
blood water

Arterial Spin Labelling MRI

Vessel pulsation

Retina, subfoveal
choroid, iris
Retinal arteries and
veins
Retinal arteries and
veins
Retina, choroid,
optic nerve head
Perimacular retinal
vessels
Ophthalmic artery
Central retinal
artery and vein
Retinal arteries and
veins
Retinal arterioles
and venules
Retinal vasculature

Superficial and
deep retinal plexus
Capillary bed

Measurement
parameter
Blood velocity
Blood flow (arbitrary
units)
Blood velocity
Blood flow (in
absolute units)
Blood velocity
(arbitrary units)
Perceived leukocyte
velocity and density
Change in volume
with the cardiac cycle
Blood pressures in
retinal veins
Vessel diameter
Oxygen saturation
Arteriovenous
passage time, mean
dye velocity
Qualitative
Blood perfusion (in
absolute units)
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4.6.6. Other hemodynamic techniques
Several other techniques, such as ophthalmodynamometry, vessel calibre assessment, retinal
oximetry and angiography, offer means of obtaining meaningful information about ocular
hemodynamics. However, these techniques are qualitative and unable to assess choroidal blood
flow, and they infer flow or perfusion from indirect measures (e.g. vessel diameter, oxygen
saturation, etc.). Table 4.1 presents a summary of these techniques.

4.7. Perfusion MRI
Magnetic resonance imaging (MRI) offers a unique opportunity to study blood perfusion in ocular
vascular beds and provides quantitative perfusion measures without any limitations associated
with traditional blood flow measurement techniques. Through the implementation of multiple
imaging modalities, MRI provides unambiguous structural, physiological and functional
information (Duong, 2014). Since the description of the nitrous oxide method to quantify cerebral
blood in 1948 (Kety and Schmidt, 1948), techniques to measure perfusion have rapidly evolved
over the years. The last couple of decades, in particular, has seen rapid advancements in functional
MRI, making it a widely used imaging tool to non-invasively study brain physiology (i.e. perfusion,
oxygenation, etc.) in health and diseases in both clinical and research settings (Hennig et al., 2003).
Before delving deeper into perfusion MRI modality, it is pertinent to introduce ‘perfusion’ and its
role in tissue function.

4.7.1. Definition of perfusion
Blood perfusion is a fundamental biological parameter and is tightly linked to tissue function
under normal physiological conditions. Blood flowing through the large arteries travels through to
smaller arterioles to the capillaries and exists on the venous side. Metabolic exchange (exchange
of oxygen and nutrients, removal of waste materials, etc.) between blood and tissue primarily
occurs at the level of the capillaries. Perfusion refers to the amount of blood delivered to a mass
of tissue per unit time and is intrinsically coupled to the supply of oxygen and other nutrients to
the tissues. While blood flow refers to the volume of blood flowing in the vasculature per unit time
and has units of ml/min, perfusion is a metric of delivery (with units of ml/min/gm or ml of tissue)
and essentially is the end product of blood flow in the capillaries. Therefore, a physiological
measure of blood perfusion can be a biomarker for tissue health and function. In addition,
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perfusion can indicate acute changes in metabolism during neuronal activity or gradual changes
due to disease processes and upstream injury that impairs blood flow into the tissues.

4.7.2. Source of MRI signal
The fundamental principle of MRI is based on nuclear magnetic resonance, which involves spins of
charged particles (e.g. protons) that produce an electromagnetic field (consisting of longitudinal
and transverse components) oriented in a specific direction. Brain MRI primarily uses nuclear
magnetisation of hydrogen (1H) nuclei (mainly protons), predominantly from the water molecules
because of their biological abundance and capability to generate a relatively strong response
(Foster and Hutchison, 1985). In the absence of an external magnetic field, the spins are oriented
randomly such that the sum of the magnetic fields is nearly zero and practically undetectable.
However, under the influence of an external magnetic field, such as the superconducting coil used
in an MRI scanner, some spins tend to align parallel to the direction of the external magnetic field,
while others align antiparallel, with a relative excess in the direction opposite to the externally
applied magnetic field. The sum total of the difference between the magnetic fields gives rise to a
net magnetisation field, which can be measured using a receiver coil.
Another property of the hydrogen nuclei is spin angular momentum. When the external field is
applied, hydrogen nuclei ‘precess’ (rotate) around the axis of the external field, with a known
frequency proportional to the strength of the external field. This creates oscillating magnetic
fields, which can then be detected and manipulated by using a radiofrequency (RF) coil. After
excitation of the nuclei, the RF coil is switched off, and the nuclei tend to relax according to the T 1
(spin-lattice relaxation time of nucleus) and T2 (spin-spin relaxation time of nucleus) or T2* (T2
effect plus magnetic susceptibility) relaxation times specific to a tissue. The amplitude of the signal
depends upon the concentration of nuclei in a region and the relaxation times and decreases
exponentially with a T2 time constant. Additional magnetic field (using gradient coils along x, y, z
directions) that vary with location spatially encode the signal during signal acquisition. The spatial
variation in the magnetic field causes the signal frequencies to vary with location; thus, the
frequency content of the signals enables precise mapping of the spatial location of a signal. These
spatially encoded signals generate the MRI images. By varying the time of acquisition during the
period of relaxation of nuclei, it is possible to generate images with different contrast, which arise
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from differences in spin density, relaxation times (spin-spin relaxation or T2, spin-lattice interaction
or T1) and apparent diffusion coefficient of water in tissue.

4.7.3. Perfusion MRI approaches
There are two major perfusion MRI approaches based on the type of blood-borne tracer. The first
group of methods includes dynamic susceptibility contrast MRI and dynamic contrast-enhanced
MRI, which use an exogenous paramagnetic contrast agent (e.g. gadolinium compounds) (Rosen
et al., 1990). In dynamic susceptibility contrast MRI (or sometimes called bolus-tracking MRI), a
series of brain images are rapidly acquired (with a very high temporal resolution) after the
intravenous injection of a contrast agent to capture the first pass of the bolus (Østergaard, 2005).
The compartmentalisation of the non-diffusible bolus within the intravascular space causes T2 (or
T2*) dephasing due to magnetic field distortion, which results in a signal drop. The dynamic
contrast-enhanced MRI, on the other hand, relies on the T1 relaxation effect by the extravasation
of the contrast agent, which causes a dramatic shortening of the T1 relaxation time (Table 4.2) and
results in an increase in signal, which is captured by rapid and dynamic acquisition of T1 weighted
images before, during, and after bolus injection (Paldino and Barboriak, 2009). Both invasive
techniques use tracer kinetic modelling to provide quantitative perfusion indices. However, they
carry risks associated with gadolinium-based contrast agents, such as nephrogenic systemic
fibrosis (Schlaudecker, 2009). In addition, owing to the long half-life of the contrast agent, only
one measurement is achievable per bolus injection, which impedes time-series measurement and
signal averaging (to augment signal to noise ratio, SNR), making these techniques incompatible
with high-resolution imaging and time-series nature of functional MRI.

4.7.4. Arterial spin labelling MRI (ASL-MRI)
First introduced by Detre et al. (1992), ASL-MRI uses magnetically labelled arterial blood water as
an endogenous tracer to provide non-invasive measures of blood perfusion in physiological units.
Because the labelled blood water has a favourably short half-life (T1 ~1–2 s at clinical field
strengths, Lu et al., 2004), ASL-MRI permits time series and high resolution blood flow MRI, and is
thus applicable for the measurement of quantitative basal blood flow and dynamic changes in
cerebral blood flow induced by functional stimulations. In comparison to the currently available
techniques to measure chorio-retinal blood flow (see section 4.6), ASL-MRI offers many
advantages. First, ASL-MRI provides quantitative measures of perfusion in absolute physiological
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units of ml/100ml/min. Second, it provides perfusion information over the whole volume of the
eye without depth limitation. Third, it is not limited by the obscurity of the optical media and
ocular pathologies. Fourth, it is completely non-invasive and does not require an injection of
contrast agent. Fifth, it can be combined with other MRI modalities to provide information on
anatomy, neuronal activity, functional connectivity, etc. simultaneously.
Table 4.2. A list of ASL-MRI terminologies and their definitions
Terminologies

Definitions

Post-labelling delay

The period between labelling and image acquisition

Labelling duration

The period for which the labelling pulse is applied to invert the
magnetisation of the spins at the labelling plane

Repetition time (TR)

The period between 2 RF pulses or excitations of a region

Echo time (TE)

The period between a pulse and signal sampling

Inversion time

Labelling duration plus post-labelling delay for CASL/pCASL

Arterial transit time (ATT)

The period in which label reaches tissue from labelling position

Equilibrium magnetisation

The longitudinal magnetisation of fully relaxed spins

Inversion efficiency

The efficiency of pulses that invert the magnetisation of spins

Background suppression

Reduction of the signal arising from static extravascular tissue

Longitudinal relaxation time (T1)

Duration to achieve 63% of initial longitudinal magnetisation

Magnetisation transfer

Exchange of magnetisation between ‘bound’ and ‘free’ water

4.7.4.1. Principle of ASL-MRI
ASL-MRI comprises two relatively independent parts: labelling and readout (see Figure 4.3). The
first part (i.e. labelling) relates to the labelling of the arterial blood water at a distal site, while the
second part (readout) relates to the image acquisition at a region of interest (i.e. imaging region).
A basic ASL measurement combines these two parts. It involves inversion (change in magnetic
direction by 90°) of the longitudinal magnetisation of the arterial blood by RF pulses upstream in
the major arteries feeding the brain, followed by a time delay for the labelled blood water to reach
the region of interest before acquiring images using conventional MRI acquisition schemes. The
extravascular pool is substantially larger than the intravascular pool in most tissues (e.g. 20× or
more in the brain) (Grubb et al., 1974). Therefore, once the labelled water reaches the capillary bed
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through the arterial system, it exchanges rapidly with the extravascular water pool in tens of
seconds, although this is much slower than the capillary transit time for RBCs (~1 sec), which
remain intravascular. The signal of the label decays completely because of the T1 relaxation effect
before the label makes its way to the venous side. Thus, once formed, the label diffuses into the
extravascular pool, collects there and effectively never leaves. The net amount of the label gives
rise to the ASL signal, which is proportional to the blood perfusion in the region of interest.

Figure 4.2. An illustration of steps for generating an ASL perfusion image. The control (C) and label
(L) images are separated from the pre-processed (motion-corrected and denoised) ASL time-series
images. Pairwise differences between C-L pairs are then averaged to obtain a perfusion-weighted
image, which is scaled relative to an equilibrium magnetisation image to generate a relative
perfusion image.

Generation of a perfusion image typically requires two sets of images of the region of interest:
label-free control images (that represent the magnetisation signal of the static tissue) and labelled
images (that contain signal from both labelled blood water and static tissue). The difference
between the control and label images gives rise to a perfusion-weighted image in which intensity
in each three-dimensional (3D) unit (voxel) is proportional to blood perfusion in that voxel (Figure
4.2). As the amount of label that can be created is very small compared to the larger extravascular
water pool, ASL signal intensity has inherently low SNR (~2% of static tissue intensity, Wong,
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2014). One other issue is that once created, the label decays exponentially with T1 (Lu et al., 2004),
which limits the improvement in SNR that can be theoretically achieved by labelling more blood
water. However, the relatively short life of the label allows acquisition of multiple pairs of control
and label images at a relatively high temporal resolution; averaging of these image pairs result in
a reasonable SNR. The ASL signal achieved from the tissue is also time-dependent, as it relies
upon the time taken by the tracer to arrive at the tissue from the labelling position, also known as
arterial transit time (ATT). If the post-labelling delay (time between labelling and acquisition) is too
long, there is a strong T1 decay of the arterial blood resulting in lower SNR. On the other hand, if
the delay is too short, there is an incomplete delivery of the labelled blood to the tissue of
interest. To ensure the label reaches the region of interest, it is recommended that the postlabelling delay is greater than ATT; otherwise the arteries may still contain some label, which
contributes to the signal, but is not representative of perfusion (commonly known as arterial
contamination).

4.7.4.2. Types of ASL labelling approaches
Based on approaches used for labelling the arterial blood, ASL has four types: continuous ASL
(CASL), pulsed ASL (PASL), velocity selective ASL (VS-ASL), and pseudo (or pulse) continuous
arterial spin labelling (pCASL).

Figure 4.3. A schematic diagram showing imaging region (region of interest) and labeling region in
a) continuous ASL (CASL) or pseudo-continuous ASL (pCASL) b) pulsed ASL (PASL) and c) velocityselective ASL (VS-ASL). Inversion of arterial blood spins occurs in a narrow slab using a single long
continuous radio-frequency pulse (RF) in CASL and a series of short RF pulses in pCASL. A single or a
limited number of RF pulses inverts arterial spins over a thick slab in PASL, while a global pulse with
no spatial selectivity inverts the spins above a cut-off velocity in VS-ASL.
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Continuous ASL (CASL)
The CASL technique, first proposed by Detre et al. (1992), uses a train of RF pulses to saturate
blood water spins flowing through the arterial vessels in the neck repeatedly. The spins exchange
with the bulk (free) water upon reaching the capillary bed. Eventually, a steady-state occurs
between the inflow of the spins and the T1 decay. The labelled spins act to reduce the net
longitudinal magnetisation in the region of interest (imaging region), and acquisition of the image
in the region reflects signal attenuation caused by the labelled spins. However, this approach of
labelling is prone to ‘Magnetisation Transfer’ effects (influence of spin in free water by
macromolecular spins), as the off-resonance pulses used to saturate the spins also affect the
macromolecules at the imaging location. A practical solution to nullify the magnetisation transfer
effects is to acquire the control image with the saturation plane outside the brain so that the
imaging plane is equidistant from the control and label planes. In this way, the effects cancel out
when the control and label images are subtracted to generate an ASL image.
This CASL technique was later improved by William et al., who used the adiabatic fast passage to
label the blood water spins by combining a constant gradient along the direction of flow with the
RF pulse (Williams et al., 1992). When the gradient and RF pulses (tuned to match frequency at the
labelling plane) are applied continuously for a long time, the ‘effective’ (net) magnetic field sweeps
from -z to +z axis. The magnetisation of the spins flowing towards the brain approximately follows
the same rotation as that of the effective field to become inverted at the imaging plane through a
process known as flow-driven adiabatic inversion. In other words, during the flow of spins towards
the brain, the longitudinal magnetisation shrinks towards zero as the spins approach the labelling
plane, become zero at the plane, and slowly grow in the other direction after crossing the plane to
become inverted at the imaging plane. While this approach of labelling is very efficient and
creates well-defined and long label durations, it remains impractical due to specific hardware
requirements and restrictions of energy absorption rate (Wong and Maller, 2016), and is also
susceptible to MT effects (Wong, 2014).
Pulsed ASL (PASL)
The concept of the PASL technique was initially introduced by Kwong et al. (1992) in a functional
MRI experiment in humans. This concept was later expanded for use in perfusion quantification by
Kim et al., who termed it ‘Flow-sensitive Inversion Recovery’ and further developed by Ederman et
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al. as ‘Echo-Planar MR Imaging and Signal Targeting with Alternating Radiofrequency’ (Kim, 1995).
These techniques are now known as PASL in which a single short pulse or a limited number of
pulses for a short duration of 10–20 ms inverts the magnetisation of blood water spins over a
thick slab of tissue encompassing the major arteries that feed the brain (Figure 4.3). With a shorter
duration pulse over a large labelling region, PASL has higher labelling efficiency (> 95%) and is
robust to magnetic field inhomogeneity, minimally sensitive to MT effects, and clinically
implementable with relatively low power deposition (Wong and Maller, 2016) without any need
for specialist hardware. However, PASL creates a label of unknown duration (dependent on the
velocity of arterial blood) and relatively short temporal width, which results in lower SNR. Further
reduction in SNR may occur due to greater T1 decay in PASL than CASL because some blood,
which is labelled further from the imaging region, requires a longer time to reach the tissue. A
theoretical increase in label duration is possible by increasing the labelling region, but this is likely
to lead to a reduction in inversion efficiency, particularly for the blood that is further away from
the isocentre.
Pseudocontinous ASL (pCASL)
The pCASL technique was developed by Dai et al. (2008) to circumvent the limitations of both
CASL and PASL while retaining their advantages. In pCASL, a series of slice-selective RF pulses
(1000 or more), which combines a train of gradient pulses that have a small but non-zero mean
value, replaces the continuous RF pulse in CASL and inverts the inflowing blood water spins in a
thin slice. The pCASL technique offers a well-balanced control, with an almost identical set of RF
and gradient pulses for the control condition. It also has the advantages of superior labelling
efficiency, compatibility with modern body coil RF transmission hardware, well-defined label
duration, and higher SNR than PASL (Borogovac and Asllani, 2012). With pCASL, it is feasible to
implement long labelling duration, maximising SNR further. Because of these advantages, the ASL
consensus paper recommends pCASL for single post-labelling delay ASL (Alsop et al., 2015),
although it is slightly sensitive to magnetic field inhomogeneity and blood flow velocity, and
deposits relatively high power (Chappell et al., 2017).
Vessel selective ASL (VS-ASL)
In conditions of slow or collateral blood flow, the ATT (time for the delivery of blood to tissue)
may exceed the T1 relaxation time of the labelled blood, which may lead to reduced or no
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perfusion on ‘standard’ ASL labelling approach described above. The VS-ASL technique, although
still under development, eliminates such transit delay issues and potentially leads to the robust
estimation of perfusion. In VS-ASL, spins are labelled by their velocity profile instead of their
spatial location (Wong et al., 2006). Using a velocity selective pulse (that does not require spatial
selectivity) to label the blood water, VS-ASL inverts the longitudinal magnetisation of the spins
below a velocity cut-off value such that the labelled image contains only those spins whose
velocity is less than or equal to the cut-off velocity (Jezzard et al., 2018). However, one major issue
with VS-ASL is the difficulty in setting threshold velocity for the tag pulse. Other disadvantages of
VS-ASL include susceptibility to slow flow artefacts, perfusion underestimation in slow flow, and
poorer SNR when compared to other ASL approaches (Wong and Maller, 2016).

4.7.4.3. Perfusion quantification model
To quantify perfusion from the ASL signal, the magnetisation difference (𝛥𝑀) must be modelled
through a tracer kinetic model that relates the measured signal to the amount of labelled blood
water spins delivered to the region of interest. In addition, a calibration image (or equilibrium
magnetisation image, 𝑀0 ) is required to estimate the magnetisation of the arterial blood that
allows the conversion of signal intensities (in arbitrary units) to quantitative measures of perfusion
in absolute units of ml/100ml/min. This calibration image provides information about the
concentration of the tracer, which is likely to be different between individuals and between
scanners. Although magnetisation of arterial blood at the labelling plane is ideal for calibration, it
is challenging to obtain such a measure. Instead, an 𝑀0 image is often obtained at the imaging
region with a long repetition time (> 5 s) in a sequence identical to that of the control image (i.e.
without labelling). In this form, the image is primarily a measure of water content and is relatively
independent of other physical properties (e.g. T1). The longitudinal magnetisation of arterial blood
(𝑀0𝐵 ) can be estimated from the measure of tissue magnetisation in the calibration image 𝑀0 by
taking into account the relative density of hydrogen nuclei in blood and tissue (partition
coefficient or 𝜆) as 𝑀0𝐵 = 𝑀0 /𝜆 (Herscovitch and Raichle, 1985).
The most commonly used model for quantification of perfusion in ASL experiments is the Buxton
model (Buxton et al., 1998), which builds upon the previously modified Bloch equation (Williams et
al., 1992) and follows the principles of nitric oxide tracer clearance theory by Kety and Schmidt
(1948). Buxton’s general kinetic model describes the magnetisation difference (𝛥𝑀) as a function
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of three components: arterial input function, residue function and magnetisation relaxation
function.
6. The arterial input function or 𝑐(𝑡) relates to the time course of delivery of the labelled blood
water spins to the tissue and accounts for the label duration, total concentration of label, and
ATT. It describes the concentration of 𝛥𝑀 arriving in the voxel at a time 𝑡.
7. The residue function or 𝑟 (𝑡, 𝑡’) describes the behaviour of the label once it arrives in the tissue
voxel to determine what fraction of labelled spins that arrive at time 𝑡’ remain at time 𝑡.
8. The magnetisation relaxation function or 𝑚 (𝑡, 𝑡’) considers the decay of the label on route to
the tissue voxel due to T1 relaxation and describes what fraction of longitudinal magnetisation
of the spins that arrive at time 𝑡’ remain at time 𝑡.
The model can be described by combining these functions into a convolution integral as:
𝛥𝑀 = 2𝑀0𝐵 𝑓 ∫0 𝑐(𝑡 ′ )𝑟(𝑡 − 𝑡 ′ )𝑚(𝑡 − 𝑡 ′ )𝑑𝑡

𝑡

( 4.1 )

𝛥𝑀 = 2𝑀0𝐵 𝑓[𝑐(𝑡) ⊗ 𝑟(𝑡)𝑚(𝑡)]

( 4.2 )

where 𝑀0𝐵 is the equilibrium magnetisation of blood. The factor 2 appears because the labelled
spins reverse the magnetisation from +𝑀0𝐵 to -𝑀0𝐵 .

For pCASL acquisition, the arterial input function is: 𝑐(𝑡) = 2𝑀0𝐵 and residual function is: 𝑟(𝑡) =
𝑒 −(𝑡/𝑇1 )

when 0 ≤ 𝑡 ≤ 𝜏 and where 𝑇1 is the relaxation time of the tissue. Equation 1.2 can be

solved by performing convolution as:
𝛥𝑀 (𝑡) = 2𝑀0𝐵 𝑓𝑇1𝑏 (1 − 𝑒 −𝑡/𝑇1𝑏 ) when 0 ≤ 𝑡 ≤ 𝜏

( 4.3 )

By rearranging equation 1.3 and incorporating partition coefficient (𝜆), labelling efficiency (𝛼),
labelling duration (𝜔), post-labelling delay (𝜏), and a factor for conversion of units from unit
volume of blood (ml) per unit volume of tissue (ml) per unit time (s) to more conventional
𝑚𝑙/100𝑚𝑙/𝑚𝑖𝑛.
𝑓=

6000 𝜆 Δ𝑀 𝑒 𝜔/𝑇1𝑏
2 𝛼 𝑀0 𝑇1𝑏 (1− 𝑒 −(𝜏/𝑇1𝑏 ) )

( 4.4 )

where 𝑓 is blood perfusion in 𝑚𝑙/100𝑚𝑙/𝑚𝑖𝑛, 𝜆 is the tissue/blood water partition coefficient, 𝛼 is
the inversion efficiency, 𝑀0 is the equilibrium magnetisation of tissue, Δ𝑀 is the control/label
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signal difference, 𝜏 is the labelling duration, 𝜔 is the post-labelling delay and 𝑇1𝑏 is the
longitudinal relaxation time of blood.
The kinetic model described above has many assumptions (Buxton et al., 1998). First, the model
assumes that all the labelled blood water spins are delivered to the tissue at the time of image
acquisition. This assumption is valid when the post-labelling delay is set to be sufficiently longer
than ATT. Second, the labelled blood water rapidly extravagates from the intravascular pool and
instantaneously mixes with the extravascular tissue water pool. This assumption is reasonable, as
outlined in section 4.7.4.1. Finally, the labelled blood water initially relaxes with the 𝑇1 of blood,
but upon reaching the tissue, relaxes with the 𝑇1 of tissue. While this assumption may not hold,
the difference in relaxation times is likely to be too small to significantly affect the perfusion
estimates (Alsop et al., 2015). Lately, rapid technical advances in ASL imaging has seen the
introduction of several other models, which take into account dispersion effect (Chappell et al.,
2013), label exchange process via two compartments separating capillary blood and extravascular
space (Zhou et al., 2001), correction for macrovascular contamination (Chappell et al., 2010), and
Bayesian model of inversion (Chappell et al., 2009).

4.7.4.4. Potential issues in obtaining accurate and robust ASL perfusion measures
A systematic error in ASL perfusion quantification may arise due to the presence of labelled water
in the arteries on the way to the capillary bed, particularly when the post-labelling delay is shorter
than ATT. As the ASL signal is primarily dependent upon blood water further downstream from the
arteries, such arterial signal contamination could potentially introduce errors into perfusion
measures. However, this effect can be reduced by either using a longer post-labelling delay so
that it is insensitive to ATT and all labelled blood arrives at the target tissue (Alsop and Detre,
1996) or by using bipolar crushing gradients (Ye et al., 1997) that eliminate arterial signals. A more
pragmatic approach, however, is to include an additional arterial signal component into the
perfusion quantification model to account for this effect (Chappell et al., 2010). Another issue with
ASL relates to ATT, which varies not only between individuals but also spatially across voxels and
different imaging slices, and in both healthy and diseased states (Bokkers et al., 2009; Petersen et
al., 2010). However, the simple kinetic model, as recommended by the ASL consensus paper, does
not consider ATT while quantifying perfusion. One approach would be to acquire ASL data with
multiple inversion times (also called multi-delay ASL) which can then be fitted into a kinetic model
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to acquire ATT and perfusion simultaneously. Compared to single-delay ASL, multi-delay ASL has
the advantage of being relatively insensitive to ATT and unrestricted to longer post-labelling
delay. Sampling at earlier time points may also increase SNR because of the relatively lesser signal
decay, but this may lead to increased sensitivity to macrovascular contamination. As an aside, ATT
in itself could be an interesting diagnostic parameter (Alsop et al., 2015).
The ASL consensus paper recommends the voxelwise (global) approach of calibrating the
perfusion density ASL image to generate the absolute ASL image (Alsop et al., 2015), partly for
simplicity in the calculation and for correcting voxelwise variations in signal intensity (e.g. due to
coil sensitivity) and 𝑇2∗ effect. This approach results in a perfusion bias due to differences in grey
and white matter partition coefficient (Ahlgren et al., 2018) and assumes different values for 𝑀0𝐵 in
different brain regions, but in reality there should be a unique value for 𝑀0𝐵 as it passes through
the labelling plane. An efficient strategy is to calibrate the image based on a reference region,
using a single value from either ventricular cerebrospinal fluid or white matter voxels (Çavuşoǧlu
et al., 2009). However, when using the reference-region strategy, the effect of 𝑇2 or 𝑇2∗ must be
accounted for during the estimation of 𝑀0𝐵 (arterial blood) from 𝑀0 (tissue). An additional issue in
ASL arises due to the relatively low resolution of the ASL data, resulting in partial volume effects in
which ASL signal from a tissue becomes diluted by admixing of signals from other tissues within a
voxel. Correction for the effect of partial volumes of grey matter, white matter, and CSF can
substantially improve the accuracy of perfusion quantification (Zhao et al., 2017).
Another potential factor that may influence ASL perfusion measures is the labelling efficiency,
which can be affected by multiple factors, including blood relaxation rates, blood velocity, and
flow pulsatility (Utting et al., 2003). A perfect inversion of spins during labelling, which maximises
the ASL signal, is ideal, but difficult to achieve. In practice, labelling efficiency is often less than
100%, and this needs to be accounted for during quantification. A potential increase in ASL signal
is possible using higher magnetic fields (e.g. 7 Tesla, T) in which not only the image SNR increases
but also the 𝑇1 relaxation time is longer, allowing more labelled spins to accumulate in the target
tissue. However, higher fields come at a cost of increased field inhomogeneities and larger energy
deposition (Golay and Petersen, 2006). Implementation of background suppression further
increases the overall ASL signal (Maleki et al., 2012; Ye et al., 2000b). As a subtraction technique,
ASL is highly sensitive to motion artefacts, including head motion and physiological noise (e.g.
signal fluctuations from cardiac or respiratory cycles). Therefore, a saturation pulse followed by
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carefully timed inversion pulses effectively nulls the static tissue signal and minimises the
influences of artefactual signals on the perfusion measures, increasing the SNR. However, the
inversion pulses used for background suppression also reduces the ASL difference signal
(empirically by ~5%); therefore, a maximum of two pulses is recommended as a trade-off (Alsop et
al., 2015). In addition, background suppression may not be uniform across the slices, particularly in
2D multi-slice methods in which slices are acquired at different time points. A further issue that is
potentially limiting the translation of ASL research into clinical practice is the image acquisition
time. Due to inherently low SNR, ASL requires the acquisition of multiple control and label image
pairs for an acceptable ASL signal quality. Implementation of parallel imaging can circumvent the
issue around acquisition time by using spatial information from multiple coils, although care must
be taken not to be too aggressive, as parallel imaging comes at the cost of reduced SNR (Griswold
et al., 2002).

4.7.4.5. Application of ASL-MRI for measuring perfusion in ocular vascular beds
Animal studies
Li et al. (2008) provided the proof of concept of the ASL-MRI technique to image blood flow in the
retina and choroid of anaesthetised rats. Using CASL labelling scheme, the authors established
basal blood flow (6.3  1.0 ml/gm/min) and further documented physiological blood flow changes
in response to gases, with a reduction in blood flow due to hyperoxia and an increase due to
hypercapnia. In another study, the same authors studied basal blood flow and physiologically
induced blood flow changes in a rat model of retinal degeneration, demonstrating a marked
reduction in blood flow but no difference in physiologically induced flow changes in diseased rats
compared with the normal rats (Li et al., 2009). In the intervening years, ASL-MRI was
implemented with enough resolution to image layer-specific blood flow. In mouse eyes, Muir et al.
(2011) showed almost six times higher blood flow in the choroid (7.7 ± 2.1 ml/gm/min) than in the
retina (1.3 ± 0.44 ml/gm/min). In that study, ASL-MRI performed at 42 × 42 × 400 µm3 resolution
at 7 T resolved two distinct blood flow layers in the posterior pole separated by a region with little
or no blood flow signal.
Several studies have now used ASL-MRI to investigate retinal and choroidal blood flow in animal
models of retinal diseases. Both retinal and choroidal blood flow were found to be reduced in
diabetic mice models compared with age-matched controls (Muir et al., 2012). The thickness of
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the retina significantly decreased with time in rat models of retinitis pigmentosa, with no change
in retinal or choroidal blood flow acquired with ASL-MRI at 11.7 T scanner (Li et al., 2012). The
retinal blood flow showed a gradual reduction over time in mice models of retinal degeneration,
but the choroidal blood flow did not change (Muir et al., 2013). When ASL was used to study
retinal and choroidal blood flow in rats, acute increases in blood pressure caused a significant
increment in both the retinal and choroidal blood flow, indicative of active regulatory mechanisms
(Li et al., 2013). The ASL-MRI measures of retinal and choroidal blood flow at the ultra-high
magnetic field have been found to agree relatively well with the classical fluorescent microsphere
techniques (Shih et al., 2013). The feasibility of multimodal imaging to study structure, function,
and physiology simultaneously has also been demonstrated by Zhang et al. (2011) who
implemented anatomical, ‘blood-oxygenation-level -dependent’, and pCASL MRI in the retina and
choroid of non-human primates.
Human studies
The first series of ASL-MRI experiments in humans emerged in 2011 simultaneously from two
research groups. Maleki et al. (2011b) investigated the feasibility of using ASL-MRI study in the
human eye and implemented a PASL technique in five healthy subjects. They reported mean
chorio-retinal perfusion of 80.1 ml/100gm/min. By acquiring ASL images at multiple post-labelling
delays, the authors estimated arterial transit time of 1.1 ± 0.3 s, when the labelling was performed
5 cm below the eye. In a separate study, the same authors demonstrated a significant increase in
chorio-retinal perfusion during hypercarbia (Maleki et al., 2011a). As hyperoxia did not affect the
perfusion measures, they postulated that the choroid predominantly contributed to the ASL-MRI
measures of ocular perfusion. In another feasibility study, Peng et al. (2011) successfully
implemented the pCASL technique in a cohort of 5 subjects to measure blood perfusion in the
human retina/choroid complex. Using a custom-built single loop RF coil for signal reception at
500 × 800 µm2 in-plane resolution, the authors reported basal chorio-retinal perfusion of 93
ml/100ml/min, which increased by 5% on inhalation of 5% carbon dioxide (hypercapnic condition).
A year later, they also showed a significant increase in chorio-retinal perfusion following handgrip
exercise, which was accompanied by an increase in mean heart rate, mean arterial pressure, and
ocular perfusion pressure (Yi Zhang et al., 2012). In a follow-up study in 2013, the same authors
demonstrated 52% reduction in chorio-retinal perfusion in retinitis pigmentosa patients compared
to the healthy controls, with a strong correlation between perfusion and ERG a-wave amplitudes
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(Yi Zhang et al., 2013). However, the basal perfusion in that study was significantly higher (149 ±
48 ml/100ml/min), and the authors speculated that this could be due to inter-subject variability,
differences in resolution (Maleki et al: 2.5 mm × 2.5 mm vs Zhang et al: 0.5 mm × 0.8 mm in this
study) or analysis methods (Maleki et al: ROI vs Zhang et al: full width at half maximum). Nateras
et al. (2014) investigated the effect of age on chorio-retinal perfusion in 17 healthy subjects
ranging from 24 to 68 years of age and showed a decline of chorio-retinal perfusion at the rate of
2.7 ml/100ml/min per year. Recently, a case report on four ischemic patients has provided
preliminary evidence that ASL-MRI might be applicable in the diagnosis of retinal ischemia
(Vaghefi et al., 2017). The findings from these preliminary studies in humans provide strong
evidence for the potential of using ASL-MRI for the assessment of blood perfusion in health and
ischemic ocular diseases. However, it appears essential to validate ASL-MRI as a reliable tool for
obtaining repeatable measures of chorio-retinal perfusion in a relatively large sample to translate
this technique for clinical application in longitudinal studies of ischemia.

4.8. Summary
It is clear that the choroid plays a major role in defocus signalling mechanism related to eye
growth and myopia. Whether the choroid responds to an earlier signal of defocus detected by the
retina upstream in the signalling pathway or directly senses the presence of defocus is unknown.
Regardless, the choroid alters its thickness predictably according to the sign of defocus; these
thickness modulations appear to precede corresponding longer-term changes in axial eye growth.
Several hypotheses have been proposed to explain transient thickness responses of the choroid to
defocus, as described in section 4.5. However, the exact mechanism remains elusive. While
changes in choroidal perfusion appear as the most intuitively obvious mechanism, this hypothesis
has yet to be investigated in humans due, in part, to the difficulty in obtaining absolute
physiological measures of blood flow/perfusion in the retina/choroid complex. The second part of
the thesis, comprising Chapter 5 and Chapter 6, aims to implement and optimise the ASL-MRI
technique for obtaining reliable measures of blood perfusion in human retina/choroid complex.
ASL-MRI has advantages over conventional techniques, as discussed in section 4.7.4, and is widely
used for quantifying perfusion, particularly in the field of brain research. Using ASL-MRI to study
choroidal blood physiology, the second part of the thesis further seeks to answer whether shortterm imposed myopic retinal image defocus—known to increase the thickness of the choroid—
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alters blood perfusion in the retina/choroid complex. Specifically, the next two chapters will
address this question through the following hypotheses.
1. ASL-MRI provides reliable quantitative measures of chorio-retinal blood perfusion with
optimal inter-visit repeatability.
2. Short-term imposed myopic retinal image defocus alters chorio-retinal blood
perfusion.
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5. MRI of chorio-retinal perfusion in the human eye
This chapter is based on a published manuscript that describes the reliability of quantitative
measures of blood perfusion in the human retina/choroid complex obtained using arterial spin
labelling MRI. The authors of this manuscript are Safal Khanal, Philip RK Turnbull, Ehsan Vaghefi,
and John R Phillips.
The thesis author contributed to the study design and methodology, collected the data, analysed the
data, prepared the manuscript, and contributed to the rebuttals. The manuscript was first submitted
for consideration by Journal of Magnetic Resonance Imaging on 2 July 2018, and reviewers’
comments were received on 28 July 2018. The revised manuscript was accepted on 17 August 2018
and published online ahead of print on 25 September 2018. Full reference details and the copyright
license from the publisher for reproducing the article in this thesis can be found on page xxii. For the
detailed contribution of each author to the manuscript, please see co-authorship form on page xxi.

5.1. Introduction
The chapters in the first part of this thesis presented the effects of imposed optical defocus on the
short-term physiological responses of the retina and further dissected the site of modification of
these retinal responses to signals of focus. This chapter and the next describe the effect of defocus
on the short-term physiological responses—in particular, the blood perfusion responses—of the
choroid, the second component of the local defocus signalling pathway. This investigation of
choroidal perfusion responses to defocus comprised two different studies: a preliminary study and
a clinical trial.
The overall goal of this preliminary study, described in this chapter, was to establish the feasibility
of using MRI for obtaining quantitative in vivo measures of human chorio-retinal blood perfusion.
The study further aimed to assess the repeatability of these chorio-retinal perfusion measures for
their potential application in clinical trials. To achieve this, the study implemented a threedimensional (3D) pseudo-continuous arterial spin labelling (pCASL) MRI technique and attempted
to optimise the ASL-MRI parameters that are routinely used in brain perfusion studies for noninvasive imaging of blood perfusion in the retina/choroid complex.
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ASL-MRI is an increasingly popular technique that measures tissue microvascular blood perfusion
using magnetically labelled blood water as a freely diffusible endogenous tracer (Williams et al.,
1992). The ASL-MRI technique has two unique advantages. First, it does not require the
administration of an exogenous contrast agent and is completely non-invasive. Second, and
perhaps the more significant advantage is that it provides quantitative and direct measures of
blood perfusion in physiologically meaningful units, without the need to visualise the individual
vessels, in a wide field of view and without any depth limitation—advantages that the current
ocular blood flow-measurement techniques are unable to offer (Harris et al., 1998; Rechtman et
al., 2003). Since ASL-MRI acquires images after allowing enough time (post-labelling delay) for the
labelled blood to pass through the macrovasculature to the tissues, it is also sensitive to smaller
vessels (e.g. capillaries) and gives relatively less weighting to larger vessels. Although a variety of
ASL labelling schemes exist, this study employed pCASL labelling because it is insensitive to field
inhomogeneity, produces high signal-to-noise ratio (SNR), and ensures specific, well-defined
inversion times for the entire 3D volume (Alsop et al., 2015; Dai et al., 2008; Detre et al., 2012;
Oshio and Feinberg, 1991).
This study was our first success at obtaining absolute quantitative measures of chorio-retinal
perfusion. In addition, as the study used a monocular defocus paradigm, it served as a preliminary
investigation of chorio-retinal perfusion responses to defocus. Prior to this work, ASL-MRI was not
in application for either clinical or research purposes within the University of Auckland. Hence, this
study implemented and optimised a 3D ASL prototype sequence provided by Siemens Healthcare
(https://www.healthcare.siemens.com/). Furthermore, the author visited the Wang’s lab (Dr Ze
Wang, Temple University, USA) in late 2016 to learn the theory and practice of ASL-MRI data
analysis using ASL toolbox.

5.2. Methods
5.2.1. Subjects
Twenty healthy young adults (six males, age: 25 ± 5 years, range: 20–34 years) participated in the
study. Subjects were recruited primarily from the students and staff of the Faculty of Medical and
Health Sciences, the University of Auckland through advertisements (indirect recruitment). The
University of Auckland Human Participants Ethics committee provided ethical approval for the
study (reference: 017982), and all procedures in the study adhered to the tenets of the Declaration
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of Helsinki. Subjects provided written informed consent prior to the commencement of the study
and were free to withdraw at any stage without giving a reason.
Table 5.1. Baseline data of 20 subjects included in the preliminary study
Gender
Male

6 (30%)

Male: Female

Female

14 (70%)

2
𝜒𝑦𝑎𝑡𝑒𝑠
(1) = 2.45, p = .12

Age (years)

25.2 ± 4.67

Mean spherical equivalent refraction (SER, Dioptres)
Control eye

-1.01 ± 1.21

Experimental eye

-1.08 ± 1.25

t(19) = 1.56, p = .14

Experimental eye
Right eye

9 (45%)

Right eye: Left eye

Left eye

11 (55%)

2
𝜒𝑦𝑎𝑡𝑒𝑠
(1) = 0.05, p = .82

The inclusion criteria were: age 18 to 35 years; unaided or best-corrected visual acuity of 0.00
logMAR or better; emmetropia or mild ametropia (spherical equivalent refraction, SER of +3.00 D
to -3.00 D inclusive), and astigmatism and anisometropia less than or equal to 1.00 D. Subjects
were also required to be able to handle soft contact lens independently and have prior experience
of insertion or removal of the lenses. The exclusion criteria were: inability to understand the
participant information sheet or to provide written voluntary consent, any myopic control
intervention in the last six months, any ocular or systemic diseases that would interfere with
refractive status, and any previous history of ocular surgery or trauma. Prior to enrolment, subjects
underwent an initial optometric examination to confirm their refractive status and to ensure
eligibility for participation in the study. All 20 subjects self-reported good general and ocular
health and had previous experience of wearing contact lenses. Table 5.1 summarises the baseline
data of the subjects in the study.

5.2.2. Experimental protocol
Subjects attended two separate study visits on different days within five days. At the initial visit,
one eye was randomly assigned as the experimental eye (decided by coin toss), while the fellow
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eye served as the control eye, and both eyes were fully corrected. On the second visit, the
experimental eye received 2.00 D myopic defocus for one hour before the measurements began,
while the fellow eye remained fully corrected. The desired level of refractive state was achieved
with the application of spherical soft contact lenses.
Previous studies have reported that caffeine, a methylxanthine derivative, leads to choroidal
thinning for at least four hours of intake (Altinkaynak et al., 2015; Vural et al., 2014; Zengin et al.,
2015). Caffeine administration also causes vasoconstriction (Terai et al., 2012) and increases vessel
resistance (Okuno et al., 2002), thereby reducing chorio-retinal blood flow. Studies have shown
that cigarette smoking increases choroidal thickness significantly within five minutes (Ulaş et al.,
2014) but decreases tissue blood velocity in the posterior fundus (Tamaki et al., 2000). Short-term
exercise has been shown to increase both choroidal thickness (Sayin et al., 2015) and chorioretinal blood flow (Riva et al., 1997b; Yi Zhang et al., 2012). Both optical defocus (Chiang et al.,
2015) and diurnal fluctuations (Chakraborty et al., 2011; Kinoshita et al., 2016a; Nickla et al., 2002;
Tan et al., 2012) can cause short-term changes in choroidal thickness. Diurnal rhythms can also
affect blood flow in the optic nerve head and choroid (Iwase et al., 2015). Therefore, all
measurements were recorded at the same time of day (± one hour) on the two visits, and subjects
were asked to avoid exercise, cigarette smoking, and caffeine intake in the six hours prior to the
scan.
After establishing the subject’s eligibility for study participation, a set of five consecutive noncycloplegic auto-refraction measurements was taken in each eye with an open-field autorefractokeratometer (NVision-K 5001, ShinNippon, Japan; http://www.shin-nippon.jp/) while the
subjects fixated a distant target (six meters). The measurements for each eye were averaged to get
a baseline measure of refractive state. Both eyes were then fully corrected with single-vision
disposable

contact

lenses

https://www.coopervision.com/),

(CooperVision
which

was

54%

confirmed

one-day
by

Silicone

repeating

five

Hydrogel;
consecutive

autorefraction measures in each eye. Subjects then sat at a distance of six meters from the screen
and viewed a video movie for 10 minutes to minimise the influence of previous visual tasks on the
choroid. Several previous investigations of short-term changes in choroidal thickness have
adopted a similar 10-min period of visual stabilisation (Chakraborty et al., 2013, 2012). Following
the stabilisation period, subjects had chorio-retinal optical coherence tomography (OCT) images
taken and biometry measurements made in both eyes. A Digital Light Meter (TES-1335;
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http://www.tes.com.tw) was used to measure the ambient room lighting, which was maintained at
approximately 10 lux throughout the measurement period. This ensured that the pupils were of
reasonably large diameters for the OCT scans.
Immediately after OCT and biometry measurements, subjects were transferred to the Centre for
Advanced MRI and prepared for the MRI scans. Prior to the scans, all subjects had to go through a
set of MRI safety questionnaire to rule out any contraindications that would deem the subjects
ineligible for MRI. For safety, all subjects changed into a gown and removed any metallic objects
that would potentially interfere with the MRI scans or put safety at risk. Subjects again underwent
a stabilisation period of 10 minutes, during which they lay in a supine position inside the bore of
the scanner while the localizer and anatomical scans were performed. Perfusion scans then
followed, after ensuring at least 10 minutes of stabilisation. Throughout the MRI scanning session,
subjects were instructed to maintain stable visual fixation on a target located at 2.20 meters from
the eyes. The target was a fixation crosshair combined with pictures, which randomly changed
every second to enhance attention (Figure 5.1). This shape of the target results in low dispersion
and microsaccade rate, which makes the target ideal for experiments that require stable fixation as
is the case in this study (Thaler et al., 2013). At the end of the first visit, each subject received a
pair of contact lenses with powers that would induce 2.00 D of myopic retinal defocus in the
experimental eye but no defocus in the contralateral control eye. Subjects were instructed to insert
the lenses 60 minutes before the scheduled second visit. All the procedures were repeated on the
second visit in the same order as the first visit (Figure 5.2).

Figure 5.1. Visual fixation target in the MRI scanner.
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Figure 5.2. Flow diagram showing the experimental protocol of the study.

5.2.3. Primary outcome measures
The primary outcome measures in the study were comparisons of (1) chorio-retinal perfusion
within and between visits, and (2) changes in chorio-retinal perfusion and choroidal thickness
between the experimental and control eyes, over the two visits. At each visit, the ASL sequence
was run twice, to give both intra- and inter-visit comparisons of chorio-retinal perfusion. Intra-visit
repeatability included the repeatability of measurements between two successive acquisitions
(hereafter referred to as runs) in a single visit, while inter-visit repeatability comprised repeatability
of measurements between two visits. Single-run inter-visit repeatability was assessed using
perfusion measurements obtained from the first run in each visit. To determine whether the
acquisition of an additional run improved the inter-visit repeatability, two-run intra-visit
repeatability was also assessed using mean perfusion measurements from the two runs in each
visit.

5.2.4. Magnetic Resonance Imaging
All subjects were scanned using a 3T MAGNETOM SKYRA clinical MRI (Siemens, Germany). A
commercial body radiofrequency (RF) coil was used for signal excitation, while a 32-channel head
coil was used for signal reception. In contrast to the head coil, the body coil is a lot further away
from the subject’s eyes, which makes it less sensitive for signal reception from hydrogen nuclei
within the ocular tissues. However, the body coil generates a uniform and strong field for
manipulating the magnetisation of hydrogen nuclei, so the body coil is ideal for signal
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transmission. The 32-channel coil has been shown to provide better quality than coils having a
lower number of phased-array channels at 3T (Ferré et al., 2012). In addition, the use of multiple
channels allows parallel or accelerated imaging, which can substantially speed up the time of
acquisition by undersampling k-space and reconstructing the undersampled data by integrating
spatial information from the multiple elements (Griswold et al., 2002). Both anterior and posterior
coils on the head coil were activated as receivers, which enabled the use of ‘Generalised Autocalibrating Partial Parallel Acquisition’ (GRAPPA) parallel imaging. There was scope for producing
homogeneous RF field and higher signal-to-noise ratio by combining the 32-channel head coil
and circular loop coils localised to the eye, but the system only allowed the use of one or the
other. Although attempts were made to enhance signal reception with an additional 70-mm
circular loop coil (Siemens), we observed pronounced RF inhomogeneity and poor image quality
(Figure 5.3). However, this was not surprising: as the loop coil was less homogeneous, it led to a
departure from uniform RF field, which resulted in differential scaling of intensities (visible as
lighter and darker areas) as shown in Figure 5.3. Therefore, the loop coil was not used in this
study.

Figure 5.3. Single axial slice obtained with a) a loop coil and b) a head coil. The loop coil resulted in
pronounced RF inhomogeneity resulting in the differential scaling of intensities in the image.

5.2.4.1. Image acquisition
Structural images were acquired using axial T2-weighted 2D turbo-spin-echo sequence with the
following parameters: Repetition Time (TR), 2000 ms; Echo Time (TE), 116 ms; Echo Train Length,
16; Pixel bandwidth, 230 Hz/pixel; Flip angle, 150°; number of slices: 24; slice thickness, 3 mm;
acquisition matrix, 448×359; image matrix, 448×448; Field of View, 179×179 mm2; resolution,

121

0.4×0.4×3 mm3; parallel imaging mode, GRAPPA; acceleration factor, 2; and phase encoding
direction, left to right. Most of the scan parameters closely followed the manufacturer’s
recommendation, but a few parameters (e.g. resolution, field of view, etc.) were optimised for
better visualisation of the ocular tissues in several pilot trials prior to the study.
Blood flow was imaged with a turbo gradient-spin-echo acquisition, using a 3D pCASL technique
(Alsop et al., 2015; Dai et al., 2008; Maleki et al., 2011b; Peng et al., 2011). This strategy of imaging
blood flow has been previously reported to have an excellent intra- and inter-scanner
reproducibility for cerebral blood perfusion measures (Chen et al., 2011; Wu et al., 2014). A single
pCASL run consisted of nine control and label (C-L) image volumes, which were acquired by
setting the labelling plane at 7 cm inferior to the imaging plane at the level of the internal carotid
artery, using a labelling duration and a post-labelling delay of 1500 ms each. Others have
previously implemented these parameters to image blood flow in the human eye successfully
(Maleki et al., 2011b; Peng et al., 2011). As reports have suggested that background suppression
significantly increases the temporal SNR (Alsop et al., 2015; Maleki et al., 2012), the ASL sequence
further used a GRAY-WHITE-STRONG suppression mode for acquiring C-L images. Apart from C-L
images, the ASL sequence also acquired an equilibrium magnetisation (M0) image with the same
parameters as that of C-L images but without the labelling and background suppression as
recommended (Alsop et al., 2015). Other acquisition parameters were: TR/TE=4000/22.38 ms; Echo
Train Length, 19; pixel bandwidth, 1502 Hz/pixel; flip angle, 28°; acquisition matrix, 64 × 62; image
matrix, 128×128; resolution, 1.3×1.3×3 mm3; field of view, 160 × 160; slice thickness, 3 mm;
parallel imaging mode, GRAPPA; acceleration factor, 2 (Ferré et al., 2012); and phase encoding
direction, anterior to posterior. All slices were acquired in a foot-to-head direction in an
interleaved fashion. The total acquisition time for one ASL run was 7 minutes and 42 seconds.

5.2.4.2. Image processing and analysis
Images were pre-processed and analysed using MATLAB (vR2016b, Mathworks, USA) and SPM12
(Welcome Development of Cognitive Neurology, UK, http://www.fil.ion.ucl.ac.uk/spm) based ASL
perfusion fMRI data processing toolbox, ASLtbx (https://cfn.upenn.edu/) (Wang et al., 2008) and
Functional MRI of the Brain (FMRIB) Software Library (FSL, The University of Oxford, UK,
http://www.fmrib.ox.ac.uk/fsl/) (Jenkinson et al., 2012). Figure 5.4 presents an outline of the
processing pipeline.
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Figure 5.4. A flowchart showing the ASL data processing pipeline using ASLtbx on SPM.

Raw image quality check and file preparation
Raw images obtained from the scanner were viewed individually to ensure that the images were
free of obvious artefacts, such as ghosting, wrap-around/aliasing artefacts, etc. On quality check,
regions of increased signal intensity, distortion artefact, and/or signal loss were observed in the
anterior eye, most likely due to the presence of contact lens and cosmetics (Sacco et al., 1987);
however, no apparent artefacts were noted in and around the posterior eye in any images. All raw
images in ‘Digital Imaging and Communications in Medicine’ format were converted to
‘Neuroimaging Informatics Technology Initiative’ format for use with SPM12 and FSL. Additionally,
the integer format raw MRI images were converted to the floating format in order to prevent an
underflowing effect during post-processing (Wang et al., 2008). The 3D functional NIFTI files were
then converted to 4D files with a ‘3D to 4D conversion’ tool in SPM12 for ease of processing.
Reset orientation
The origins of all structural and ASL images were set to the centre of the image matrix as the
difference in origins is likely to produce errors in subsequent registration steps.
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Motion correction
Like the time-series Blood-Oxygen-Level-Dependent (BOLD) fMRI, the ASL images are also
acquired over time, and thus are sensitive to head motion (i.e. displacement of head position over
time)—not only relative changes in position within each C-L image pair but also the motion at
each time point. Such head motion, even in subtle form, can cause a relative spatial offset
between the successive C-L images and result in outliers with large positive or negative perfusion
values, most prominent around the edges of the brain. A common approach to deal with this
physiological motion is to use retrospective motion correction in the form of rigid body
transformation method, which estimates spatial displacement (orientation and position) in images
based on intensity differences and realigns them. Hence, the C-L image pairs from a single run
were realigned using a least-squares approach and a six-parameter based rigid body spatial
transformation (Ashburner and Friston, 2003; Friston et al., 1995) (Figure 5.5).

Figure 5.5. An example of six-parameter motion time courses before (top panel) and after (bottom
panel) motion correction of ASL data.
124

However, unlike the BOLD functional MRI data, ASL data consists of alternating C-L pairs with a
systematic signal intensity difference; hence, such an intensity-based method may incorrectly label
and attempt to correct this difference. Therefore, a new motion correction method available in
ASLtbx was implemented to remove the artificial motion component caused by the systematic C-L
signal modulations in a two-pass procedure. After estimation of three translational and three
rotational motion-time courses for the entire ASL image series, simple regressions were used to
regress out the zig-zagged C-L patterns from these motion-time courses. The cleaned motion
parameters were then used for realignment of all images to the first image (Wang, 2012a).
Following this, the mean of the realigned images was generated, and all images were aligned to
this mean image (Figure 5.6). Estimation parameters were: quality, 1; separation, 2 mm; smoothing
(Full Width at Half Maximum), 2.5 mm; interpolation, 4th degree B-spline; wrapping, no wrap;
weighting, none. Additionally, all images, including the mean image, were resliced using the 4thdegree interpolation with masking and without any wrap (Friston et al., 1996).

Figure 5.6. A simplified motion correction method for ASL data. Six motion-time courses were
estimated for the entire ASL time-series images in the original acquisition order in reference to the
first image. Simple regressions were used to regress out the zig-zagged control (C) and label (L)
patterns from these motion-time courses, and these cleaned motion parameters were used for
realignment. Following this, the mean image was generated from the motion-corrected ASL timeseries images, and all images were further realigned to this mean image. Finally, the estimated
parameters were corrected by adjusting the transformations for any differences estimated by
registering the first image in the series to the mean image so that the first image was not moved.
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Co-registration of M0 image to the mean ASL image
Quantification of blood perfusion also requires an optimally registered calibration image (i.e. M0
image). Therefore, M0 image acquired in each run was co-registered with the corresponding mean
realigned ASL image (resliced during the realignment procedure) by using a rigid body
transformation parameterised by three translations and three rotations about the different axis
(Collignon et al., 1995; Wells et al., 1996). During co-registration, normalised mutual information
was used to estimate a voxel to voxel affine transformation matrix, and a coarse registration
followed by increasingly fine ones were implemented by specifying [2, 1] vector as the distance
between sample points (in mm). The source image (i.e. M0 image) was then re-sliced to the same
dimension, voxel sizes, and orientations to match voxel-for-voxel with the reference image (i.e.
mean realigned ASL image) in the space defining the reference image using 4th degree B-spline
interpolation with masking enabled, but without any wrapping.
Temporal filtering
As a part of denoising, temporal filtering was done using a high-pass Butterworth filter with the
cut-off frequency of 0.04 Hz (Wang, 2012a). The extracranial voxels (without ocular tissues) were
removed with an image mask generated by thresholding the mean image with a threshold of 10
per cent of the maximum intensity of the mean image. This threshold was set manually as any
value above this threshold resulted in the loss of signal intensity from the ocular tissues.
In ASL MRI, perfusion signal change only accounts for a small fraction of baseline signal change.
Therefore, any baseline signal fluctuations can significantly affect this small change in the ASL
signal. Despite the use of motion correction methods to align the images temporally, the timeseries nature of the ASL MRI means that the residual motion effects always exist due to errors
associated with motion estimation methods and imprecision of interpolation used in motion
correction method. Additionally, ASL signal may be confounded by global signal fluctuations,
which often occur due to temporal variations in MR signal, physiological variations, or thermal
noise. In order to suppress the noise resulting from these temporal nuisances, a predefined mask,
as described previously, was used to exclude extracranial voxels and extract global mean signal
time courses, which along with head motion time courses (3 translations and 3 rotations), were
regressed out from the ASL image series at each voxel (Wang, 2012a).
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Spatial smoothing
Further denoising was done by spatially smoothing all realigned and temporally filtered ASL
images with a 2D Gaussian kernel with FWHM 2.5 mm2. The ASL data has spatially coherent noise
with an even distribution across temporal frequencies, unlike BOLD fMRI. Therefore, denoising
with methods, such as smoothing, dramatically increases the sensitivity of ASL signal (i.e. SNR) and
stabilises spatial smoothness without augmenting the low-frequency noise associated with slow
baseline drifts and further exacerbating the confounding effects (Wang et al., 2005, 2003). The size
of the smoothing kernel was approximately equal to twice the in-plane image resolution (i.e. 1.3
mm2).
Quantification of blood perfusion
Following pre-processing, a time-series of nine perfusion signal intensity images (perfusionweighted) were obtained by calculating pairwise magnitude difference between C-L images using
a simple subtraction method (i.e. C1 - L1, C2 - L2, and so on) (see Figure 4.2). Blood perfusion was
then quantified using Buxton’s one-compartment model (Buxton et al., 1998), and absolute
perfusion measures (in units of ml/100ml/min) were obtained at each voxel (see section 4.7.4.3 for
the formula for perfusion quantification). The arterial spin labelling efficiency (𝛼) was assumed to
be 0.85 (Wu et al., 2007), while the blood relaxation time (𝑅1𝑎 𝑜𝑟 1/𝑇1𝑎 ) and tissue/water partition
coefficient (𝜆) were set as 0.61/s (Lu et al., 2004; Wang et al., 2002) and 0.9 gm/ml (Herscovitch
and Raichle, 1985) respectively.
Structural Correlation-based Outlier Rejection (SCORE)
The perfusion time-series containing nine images were cleaned using a ‘Structural Correlationbased Outlier Rejection’ algorithm (Dolui et al., 2017), which iteratively detects and discards
corrupted perfusion volumes. The algorithm is based on the optimisation of correlation of
individual perfusion image volume with the mean perfusion image volume such that the outlier
volumes with the highest spatial correlation with the mean perfusion image contribute the most
to the artefacts in the image. Conversely, non-outliers demonstrate smaller correlations with the
mean perfusion image due to the dominance of random noise in individual volumes (Dolui et al.,
2017). In 80 cases of ASL datasets of this study, the number of volumes removed was either one
(41 cases) or two (34 cases), while three volumes were removed in four cases and four volumes in
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one case. A cleaned perfusion image was then generated as the mean of the remaining ASL timepoint perfusion images.
Co-registration of perfusion image to the high-resolution structural image
To facilitate the analysis based on region-of-interest drawn on structural images, the resultant
perfusion image was further co-registered to the high-resolution T1-structural image (Figure 5.7).
To achieve this, a rigid body transformation method was used in which ‘normalized mutual
information’ cost function estimated the affine transformation matrix by matching the reference
image (i.e. T2 structural) to the source image (i.e. mean re-aligned ASL image) as described during
co-registration of M0 image to the mean ASL image (Collignon et al., 1995). The perfusion image
was then resliced to the same dimension, voxel sizes and orientations to match voxel-for-voxel
with the reference image in the space defining the structural image using 7th degree B-spline
interpolation with masking enabled, but without any wrapping (Figure 5.8).

Figure 5.7. An example of 3D chorio-retinal perfusion image overlaid on the T2-weighted structural
image showing sagittal (left), coronal (middle) and axial (right) views.

Figure 5.8. An example of co-registration of structural and perfusion images from a single subject.
Four perfusion images obtained from each subject (by scanning twice in two different visits) were coregistered with the T2-weighted structural image. The blue crosshairs point to the same anatomical
location in all four perfusion images and the structural image after the co-registration process.
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5.2.4.3. Measurement of chorio-retinal perfusion
In each subject, an anatomical image slice, centred on the optic nerve, was selected as the central
slice. The author manually drew regions of interest (ROIs) in three slices (i.e. the central slice, one
slice above the central slice, and one slice below the central slice) in each eye corresponding to
the anatomical location of the retina/choroid complex. The spatial extent of each ROI was
predefined as a narrow-curved strip running from the nasal rim of optic nerve head to the medial
extent of the lateral rectus muscle, which is a clearly visible landmark in the T2-weighted MRI
images (Figure 5.9). A custom-written code was used to binarise the regions of interest as a mask
to extract the perfusion data. For each subject, the same ROIs were always used to extract the
perfusion data.

Figure 5.9. An illustration of the steps for the measurement of chorio-retinal perfusion. a) T2weighted anatomical image b) Region of interest (ROI) drawn manually on the central slice of the
anatomical image overlying the retina-choroid (R-C) complex c) Corresponding perfusion image (in
ml/100ml/min) d) Blood perfusion measures within the ROI overlaid on the anatomical image.
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5.2.5. Optical Coherence Tomography (OCT)
All subjects underwent OCT scanning at the same time of the day in both visits prior to the MRI
session. This procedure was carried out to assess potential defocus-induced changes in choroidal
thickness, as the experimental eye of each subject received no defocus in the first visit but +2.00 D
myopic defocus for one hour in the second visit. Each subject had cross-sectional chorio-retinal
images taken in both eyes with a ‘cross’ scan (Figure 5.10) consisting of 6-mm horizontal and
vertical lines (resolution, 1024  2; separation, 90; overlap counts, 32) using deep rang imaging on
a Swept Source OCT (SS-OCT, DRI OCT-1 Atlantis, Topcon Inc.). All OCT images were exported in
original resolution and then analysed offline using a semi-automatic segmentation software (OCTTool, v4.0.4, Alonso-Caneiro et al., 2013). Details of the OCT image processing and segmentation
are available in Chapter 3 (see section 3.2.7.2). The thickness of the choroid corresponding to the
reference line location (i.e. line passing through the centre of the foveal pit) was taken as the
subfoveal thickness in both horizontal and vertical line scans. These were then averaged to get a
measure of mean subfoveal choroidal thickness for each subject. Furthermore, mean choroidal
thicknesses were calculated for the central (from the foveal centre out to 1 mm), parafoveal (from
the inner boundary of 1 mm to the outer boundary of 3 mm) and perifoveal (from the inner
boundary of 3mm to the outer boundary of 5 mm) regions. Change in choroidal thickness was
calculated as the difference in thickness between the second visit (with the defocussed
experimental eye) and the first visit (with both eyes fully corrected) for the control and
experimental eyes.

Figure 5.10. An Illustration of OCT scan, showing a) fundus image with a ‘cross’ scan, b) an example
of B-scan, and c) corresponding segmented greyscale image visualised with adaptive histogram
equalisation technique. The green curve represents the RPE/choroid interface, the blue curve
represents the choroidoscleral interface, and the red vertical line represents the foveal location.
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5.2.6. Secondary outcome measures
The secondary outcome measures of the study were the comparisons of ocular biometry
measurements between the experimental and control eye over the two visits. However, the design
of the study required the subjects to undergo ocular biometry over the contact lenses, which
confounded these measurements. Details on the methods of ocular biometry and the associated
results are available in the Appendix (see section 8.1).

5.2.7. Statistical analysis
Statistical analyses were carried out using SPSS (v22.0, SPSS Inc. Chicago, USA), MATLAB (R2016b,
MathWorks, Natick, USA), and GraphPad Prism (v7.03, GraphPad Software Inc., USA,
http://graphpad.com/). Normality of the data was tested with the D’Agostino-Pearson omnibus
normality test and verified using graphical methods (histograms and Q-Q plots). The repeatability
analysis of perfusion measurements included data from only the control eyes. Correlation analysis,
Bland-Altman plots, and paired t-tests were used to assess the intra- and inter-visit repeatability of
perfusion measurements. The systematic difference between measures (second minus first) was
termed the ‘bias’, and the random differences were quantified by the 95% limits of agreement
(LOA) and calculated as mean bias ± 1.96 SD. Intra-class correlation coefficients (ICC) were
computed using a two-factor mixed-effects model with absolute agreement type for reliability
analysis. Additionally, within-subject coefficients of variation were calculated based on withinsubject standard deviation method (Synek, 2008). In this method, variance and mean of the
measurements are calculated for each subject, and the within-subject coefficient of variation is
calculated as 100 √𝜎 2 / 𝑋 . The ‘cocor’ package for dependent non-overlapping samples
(https://comparingcorrelations.org) tested differences in Pearson’s r values for statistical
significance, using Silver, Hittner, and May’s modification of Dunn and Clark's Z using a backtransformed average Fisher's Z procedure and Zou’s CI. Paired t-tests (for normal distributions)
and Wilcoxon matched-pairs signed-rank tests (for non-normal distributions) statistically
compared outcomes in the experimental and the control eyes and changes in outcomes between
the eyes. For comparison of chorio-retinal perfusion outcomes, data from the first run in each visit
were

included.

G*Power

version

3.1.9.2

(University

of

Dusseldorf,

Germany,

http://www.gpower.hhu.de/en.html) was used for post-hoc statistical power and sample size
calculations (Faul et al., 2007). Data were tested for outliers using Grubbs test on GraphPad Prism
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and are presented as mean [95% CI] unless otherwise stated. Results are considered statistically
significant at p < .05.

5.3. Results
5.3.1. Repeatability of chorio-retinal perfusion
5.3.1.1. Intra-visit repeatability
Intra-visit repeatability was assessed by analysing chorio-retinal perfusion measurements from the
two runs in the first visit. Perfusion measurements from the two runs in the first visit correlated
strongly (r = .95 [.88, .98], p < 0.001, Figure 5.11). The difference in chorio-retinal perfusion (mean:
-2.69 [-6.86, +1.44]; LOA: +16.9 to -22.2) ml/100ml/min between the two runs was not statistically
significant (t(19) = -1.21, p = .24). There was also no difference in perfusion measurements between
the two runs across the range of perfusion (F(19) = 0.35, p = .56). The intra-visit ICC was .97 [.92,
.99], p < 0.001), and the within-subject coefficient of variation was 9.3%.

Figure 5.11. a) Correlation plot and b) Bland-Altman plot of chorio-retinal perfusion measurements
from run 1 and run 2 in the first visit. The solid purple curves and the green shaded regions indicate
95% CI, and the solid black line represents unity. The black dotted line on Bland-Altman plot
represents mean bias, and the dashed lines represent upper and lower 95% limits of agreement.
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5.3.1.2. Single-run inter-visit repeatability
To assess the single-run inter-visit repeatability, chorio-retinal perfusion measurements from the
first run in the two visits were analysed. There was a strong correlation of perfusion measures from
the first run between the two visits (r = .80 [.58, .91], p < 0.001, Figure 5.12). There was a mean
difference of -7.44 [-14.9, +0.37] (LOA: +27.5 to -42.3) ml/100ml/min between the two visits, but
this difference was not statistically significant (t(19) = -1.87, p = .08). There was also no difference in
perfusion measurements between the two visits across the range of perfusion (F(19) = 1.82, p =
.19). The inter-visit ICC was .87 [.67, .95], p < .001), and the within-subject coefficient of variation
was 18.0%.

Figure 5.12. a) Correlation plot and b) Bland-Altman plot of chorio-retinal perfusion measurements
based on a single run between visit one and visit two. The solid purple curves and the green shaded
regions indicate 95% CI, and the solid black line represents unity. The black dotted line on BlandAltman plot represents mean bias, and the dashed lines represent upper and lower 95% limits of
agreement.

5.3.1.3. Two-run inter-visit repeatability
Two-run inter-visit repeatability was assessed by analysing the average of chorio-retinal perfusion
measurements from the two runs in visit one and visit two. Similar to the single-run analyses,
there was again a strong correlation between perfusion measures in visit one and visit two (r = .80
[.48, .92], p < 0.001, Figure 5.13). Chorio-retinal perfusion did not differ between the two visits, as
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the mean difference of -5.73 [-13.6, +2.48] (LOA: +28.7 to -40.2) ml/100ml/min was not significant
(t(19) = -1.46, p = .16). There was also no difference in perfusion measurements between the two
visits across the range of perfusion (F(19) = 0.14, p = .72). The inter-visit ICC was .89 [.71, .95], p <
.001), and the within-subject coefficient of variation was 17.3%.

Figure 5.13. a) Correlation plot and b) Bland-Altman plot of chorio-retinal perfusion measurements
based on an average of two runs between visit 1 and visit 2. The solid purple curves and the green
shaded regions indicate 95% CI, and the solid black line represents unity. The black dotted line on
Bland-Altman plot represents mean bias, and the dashed lines represent upper and lower 95% limits
of agreement.

5.3.1.4. Single-run vs two-run inter-visit repeatability
To evaluate whether the addition of another set of C-L pairs (by carrying out an additional run on
each visit) improved the repeatability of chorio-retinal perfusion across visits, repeatability
parameters obtained from single-run and two-run inter-visit analyses were further compared.
There was no difference in inter-visit correlation coefficients between single-run and two-run
perfusion measures (Z = -0.05 [-0.16, 0.15], p = .96). To estimate the effect of this difference at the
population level, samples were bootstrapped to generate two sets of 1000 random samples, and
an exact sign test was used to compare the differences in correlation coefficients from the
bootstrapped samples. The population estimates of the inter-visit correlation coefficients for
single run (r = .80 [.53, .92]) and two-run perfusion measures (r = .80 [.53, .93] were also not
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significantly different (N = 1000, sign test: Z = -0.16 [-0.32, 0.30], p = .87, median difference = 0.001), Figure 5.14).

Figure 5.14. Box plots and histograms of correlation coefficients of perfusion measurements between
the two visits based on a) a single run and b) mean of two runs. c) Frequency distribution curve and
a histogram of the difference in inter-visit correlation coefficients for bootstrapped samples of singlerun and two-run perfusion measurements. The ‘+' and ‘ | ‘ in the box plots indicate mean and
median, respectively.

5.3.2. Comparison of chorio-retinal perfusion outcome
5.3.2.1. Chorio-retinal perfusion: Right eye vs Left eye
To determine the inter-eye symmetry in chorio-retinal perfusion, measures from the right eye and
the left eye from the first run in visit one were compared. Chorio-retinal perfusion measures from
both eyes were normally distributed (RE: p = .93, LE: p = .88). Mean perfusion measures in the
right eye and the left eye were 77.2 [64.6, 89.8] ml/100ml/min and 73.9 [60.7, 87.1] ml/100ml/min,
respectively (Figure 5.15). Paired t-test showed no significant difference in chorio-retinal perfusion
measures between the right and left eyes (t(19) = 0.83, p = .42). There was a strong and statistically
significant positive correlation of the perfusion measures between the two eyes (r = .79 [.54, .91], p
< 0.001).
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Figure 5.15. Inter-ocular comparison of chorio-retinal perfusion measures. There was no significant
difference in perfusion between the right and the left eye (paired t-test, t(19) = 0.83, p = .42).
Horizontal black lines represent the group mean. Error bars represent ±1 SD.

5.3.2.2. Paired-Eye comparison: Changes in chorio-retinal perfusion
Changes in chorio-retinal perfusion were calculated as the difference of perfusion measurements
between the two visits (i.e. perfusion measurements in second visit minus first visit) in the control
and experimental eyes. Since only the experimental eye received myopic defocus prior to the
perfusion measurement in the second visit but not the control eye, comparison of changes in
perfusion between the control and experimental eyes in a paired-eye design allowed the study of
the treatment effect in the experimental eye with the fellow eye as the control. Analysis of changes
in outcome measures is a standard method of comparing outcome measures before treatment
(i.e. baseline) and after treatment, and it has the advantage of normalising the baseline measure
across all subjects (Nash et al., 2014). Consequently, paired-eye comparisons of changes in
outcome measures in a within-subject design offer higher power by reducing error variance
associated with individual differences.
Changes in chorio-retinal perfusion were normally distributed (all p > .05). Table 5.2 presents the
descriptive statistics for the changes in chorio-retinal perfusion for the control and experimental
eyes. There was a significant difference in mean change of chorio-retinal perfusion between the
experimental and control eyes (paired t-test, t(19) = 2.71, p = .01). Mean change of chorio-retinal
perfusion in the control eyes was slightly, but significantly more negative than that for
experimental eyes (-7.44 ± 17.8 vs -1.96 ± 14.6, mean difference = +5.48 [+1.24, +9.71], Figure
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5.16), suggesting a greater reduction in perfusion in the second visit. Post-hoc power calculations
with G*Power showed that the power of the paired t-tests to detect this change was 73%.
Table 5.2. Descriptive statistics for changes in chorio-retinal perfusion in the control eyes (CE) and
the experimental eyes (EE).
Eye

Mean
(ml/100ml/min)

SD

95% CI
Lower

Upper

Minimum

Maximum

-7.44

17.8

-15.8

0.89

-36.2

27.1

Experimental Eye (EE)

-1.96

14.6

-8.78

4.86

-26.4

27.9
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Figure 5.16. Mean change in chorio-retinal perfusion in the control eyes (CE) and the experimental
eyes (EE). Mean change in perfusion was significantly greater in the control eye than the
experimental eye (paired t-test, t(19) = 2.71, p = .01). Error bars represent ± 1 SEM.

5.3.2.3. Individual eye comparison: Absolute chorio-retinal perfusion
Absolute chorio-retinal perfusion in the control and experimental eyes over two visits were
normally distributed (all p > .05). Table 5.3 shows the descriptive statistics for chorio-retinal
perfusion in the control and experimental eyes. Mean absolute perfusion measures did not differ
significantly between the first and the second visits for either the experimental eyes (paired t-test,
t

(19)

= 0.60, p = .56) or the control eyes (paired t-test, t

(19)

= 1.87, p = .08) (Figure 5.17). Grubbs

test did not reveal any outliers for these datasets. Post-hoc power calculations with G*Power
showed that the powers of the paired t-tests in control and experimental eye were 43% and 9%
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respectively. To achieve a statistical power of 80%, a sample size of 436 subjects would have been
required for the experimental eye, and 47 subjects would have been required for the control eye.
Table 5.3. Descriptive statistics for absolute chorio-retinal perfusion in the control eyes (CE) and the
experimental eyes (EE).
Mean

Eye

Visit

Control Eye

Visit 1

77.9

(CE)

Visit 2

Experimental
Eye (EE)

SD

(ml/100ml/min)

95% CI

Minimum

Maximum

91.8

25.5

130.8

58.9

82.0

18.0

117.2

25.0

61.5

84.9

28.7

119.0

27.0

58.6

83.9

15.0

118.4

Lower

Upper

29.8

63.9

70.4

24.7

Visit 1

73.2

Visit 2

71.3
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Figure 5.17. Mean absolute chorio-retinal perfusion in visit one (non-shaded bars) and visit two
(shaded bars) for the control eyes (CE) and the experimental eyes (EE). Mean perfusion between the
visits were not significantly different for both CE (paired t-test, t(19) = 1.87, p = .08) and EE (paired ttest, t(19) = 0.60, p = .56). Error bars represent ± 1 SEM.

5.3.3. Comparison of choroidal thickness outcome
Changes in choroidal thickness and absolute measures of thicknesses in the control and
experimental eyes over the two visits were normally distributed (all p > .05). Table 5.4 presents the
descriptive statistics for the changes in choroidal thickness for the control and experimental eyes.
Paired t-tests showed no significant difference between mean changes in thickness between the
control and experimental eyes for subfoveal (t(19) = 0.06, p = .95), central (t(19) = 0.17, p = .87),
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parafoveal (t(19) = 0.23, p = .82), and perifoveal (t(19) = 0.26, p = .79) regions (Figure 5.18). There
were also no significant differences in mean choroidal thicknesses between visit one and visit two
in any of the regions for both the control and experimental eyes (all p > .05). Grubbs test showed
no outliers for any of these datasets.
Table 5.4. Descriptive statistics for changes in choroidal thickness in the control eyes (CE) and the
experimental eyes (EE).
Mean

Eye

(µm)

SD

95% CI
Lower

Upper

Minimum

Maximum

Control Eye (CE)
Subfoveal

-2.37

13.1

-8.52

3.78

-29.5

27.4

Central

-1.83

11.6

-7.24

3.57

-26.6

21.7

Parafoveal

-3.68

12.6

-9.58

2.23

-29.1

21.5

Perifoveal

-2.00

12.3

-7.74

3.74

-31.3

26.3

Subfoveal

-2.16

17.0

-10.1

5.80

-29.8

31.6

Central

-2.25

13.8

-8.73

4.22

-27.2

27.1

Parafoveal

-3.00

13.3

-9.21

3.21

-29.7

25.5

Perifoveal

-2.65

10.1

-7.37

2.06

-22.2

-15.5

Experimental Eye (EE)

5.3.4. Correlation between choroidal thickness and perfusion
To evaluate the relationship between choroidal thickness and chorio-retinal perfusion, the average
choroidal thicknesses (across the entire scan length) were correlated with chorio-retinal perfusion
from the first run in visit one in the control eyes. There was a weak and statistically nonsignificant
correlation between choroidal thickness and chorio-retinal perfusion (r = .26 [-.21, .63], p = .28)
(Figure 5.19).
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Figure 5.18. Mean change in choroidal thickness in the control eyes (CE) and the experimental eyes
(EE) for a) subfoveal b) central c) parafoveal d) perifoveal regions. There were no significant
differences in mean changes of choroidal thickness between CE and EE for all regions (all p > .05).
Error bars represent ± 1 SEM.
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Figure 5.19. Correlation between average choroidal thickness and chorio-retinal perfusion.
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5.4. Discussion
The objectives of this preliminary MRI study of chorio-retinal perfusion were threefold. First, the
study aimed to establish the feasibility of using ASL-MRI for investigation of blood perfusion by
implementing and optimising a 3D ASL prototype sequence provided by Siemens Healthcare.
Second, because little evidence is available on the reliability of the ASL-MRI for the assessment of
chorio-retinal perfusion, the study aimed to assess the inter-visit and intra-visit repeatability of
chorio-retinal perfusion measures obtained with ASL-MRI. Finally, as there were no previous
reports on choroidal perfusion responses to defocus, the study also aimed to provide a
preliminary investigation of the effects of myopic optical defocus on chorio-retinal perfusion. The
results suggest that (1) ASL-MRI provides a means of measuring chorio-retinal perfusion in
absolute quantitative units in vivo, (2) ASL-MRI measures of chorio-retinal perfusion have excellent
intra- and inter-visit repeatability, and (3) changes in chorio-retinal perfusion induced by wearing
a contact lens that imposes myopic defocus is different to the changes induced by a fully
correcting contact lens. The following sections further discuss these results.

5.4.1. ASL-MRI for chorio-retinal perfusion measurements
The application of ASL-MRI for imaging blood perfusion in the human ocular vascular beds (i.e.
the retina and the choroid) is not new: studies have previously implemented this technique for the
measurement of resting blood flow (Maleki et al., 2011b; Peng et al., 2011) and physiologically
induced blood flow alterations during changes in vascular oxygenation (e.g. hyperoxia and
hypercarbia) (Maleki et al., 2011a; Peng et al., 2011), isometric exercises (Yi Zhang et al., 2012), and
in a few cases of retinal ischemia (Vaghefi et al., 2017). A recent ASL-MRI study has further shown
reduced retina-choroid blood flow in a small sample of patients with retinitis pigmentosa,
compared to healthy controls (Yi Zhang et al., 2013). Although these studies implemented either a
2D pCASL or PASL technique, they provided some early evidence for the feasibility of using ASLMRI, a technique widely used for imaging brain perfusion, for application in the ocular vasculature,
albeit in small samples.
In this study, the mean chorio-retinal blood perfusion among 20 healthy subjects was 77.7 ± 29.8
ml/100ml/min. This finding agrees relatively well with a previous exploratory study by Maleki et al.
(2011b), which reported a mean blood flow of 80.1 ml/100ml/min in the retina/choroid complex of
5 healthy volunteers. In other small-scale studies (4–5 subjects), Peng et al. (2011) reported slightly
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higher basal blood flow of the retina/choroid complex (93 ± 31 ml/100ml/min) and Zhang et al.
(2012) reported even higher basal blood flow (149 ± 48 ml/100ml/min) with a smaller ROI.
However, caution must be applied when directly comparing studies, as ASL measurements of
chorio-retinal perfusion are likely to be different because of differences in magnetic field strength
(Wang et al., 2002), receiver coils (e.g. head coil vs surface coil, number of channels per coil, etc.)
(Ferré et al., 2012), and readout approaches (Vidorreta et al., 2013). Furthermore, discrepancies in
analysis methods and partial volume effects (due to the different spatial resolution of perfusion
images) could have resulted in some disagreement among these studies. For instance, Zheng et al.
(2012) and Peng et al. (2011) used loop coils to image with a relatively high spatial resolution (0.5
× 0.8 mm2) and inferred blood flow values by analysing full-width-half-maximum of the blood
flow profile. In contrast, Maleki et al.’s (2011b) study and this study acquired perfusion images
with a head coil at a relatively lower resolution (~≥1.3 mm2) and reported perfusion as the mean
value within an explicit ROI mask.

5.4.2. Repeatability of ASL-MRI measures of chorio-retinal perfusion
This is the first study to provide a comprehensive analysis of the limits of ASL-MRI in measuring
blood perfusion in the retina/choroid complex in human eyes, using standard reliability tests, such
as intra-class correlation coefficients, limits of agreement, paired t-tests, and within-subject
coefficients of variation (Bartlett and Frost, 2008). The chorio-retinal perfusion measurements
showed excellent intra- and inter-visit repeatability (Figure 5.11, Figure 5.12, Figure 5.13),
suggesting that ASL-MRI could be a reliable tool for quantifying chorio-retinal perfusion, at least
in healthy subjects. More importantly, these findings have significant clinical ramifications, as ASLMRI could potentially be used for monitoring chorio-retinal perfusion longitudinally, which is of
particular relevance considering the recent surge in developing novel treatment/therapies aimed
at ischemic retinal diseases (Osborne et al., 2004). Although repeatability studies of ASL
application in human eyes are rare, one study which imaged a single central axial slice using a
turbo spin-echo acquisition and a custom-made receive-only eye coil has shown reasonable intrasubject and inter-visit repeatability of blood flow in the human retina/choroid complex (Yi Zhang
et al., 2012). In close agreement with that report, this study has shown that ASL-MRI provides
reliable measures of blood perfusion in the human retina/choroid, using the turbo gradient-spinecho sequence, which is known to be considerably faster with lesser RF power deposition
compared with turbo spin-echo sequences (Oshio and Feinberg, 1991).
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The repeatability of chorio-retinal perfusion measurements between sessions in the same visit was
marginally better than that between visits. This result is not surprising, however, as added
variability is common between visits, which may otherwise be absent when scanning subjects in
one setting in the same visit. Therefore, the observed variability in chorio-retinal perfusion across
visits may reflect true physiological variability. While one would expect that the acquisition of
multiple runs would increase the SNR, we did not observe any improvement in inter-visit
correlation by acquiring an additional run, and thus averaging a greater number of volumes.
However, ASL-MRI is sensitive to motion artefacts. Therefore, one possibility is that eye
movements increased with a constant fixation for a prolonged period (as with the acquisition of
two simultaneous runs) offsetting the advantage of increasing SNR with multiple runs. Although
this study did not track eye movements, it used a fixation target (Thaler et al., 2013) and strategies
such as blink and breathing synchronisation aimed at reducing eye motion (Peng et al., 2011).
Furthermore, in order to correct for head motion, the study implemented a modified motioncorrection method that takes into account the zig-zag nature of C-L signal intensities and prevents
the systematic difference in C-L intensities being regarded as an apparent motion (Wang, 2012a).
In addition, the study used denoising strategies, such as temporal filtering and SCORE algorithm
(Dolui et al., 2017), which are known to significantly improve blood perfusion quantification by
removing the artefacts related to residual motion and outliers (Wang, 2012a; Wang et al., 2008).
Therefore, it is less likely that the lack of improvement in repeatability of perfusion measures
across visits resulted solely from the measurement error due to motion artefacts (i.e. physiological
noise). The variability should then diminish with an increase in the number of averages, leading to
improved repeatability, but this was not the case in our study. Furthermore, the observed
variability in perfusion measures across visits could also result from differences in labelling
efficiency, as the pCASL labelling scheme is known to be sensitive to magnetic field
inhomogeneity and blood flow velocity at the labelling location (Jahanian et al., 2011; Jung et al.,
2010).
Interestingly, acquisition of a single run of nine C-L pairs and two such runs showed similar intervisit repeatability, indicating no distinct advantage of acquiring an additional run for improved
repeatability of perfusion measurements. This finding is significant considering that in ASL-MRI,
there is always a trade-off between scan duration and increased likelihood of motion artefacts.
Based on the findings of the repeatability analysis, it is reasonable to conclude that nine pairs of
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C-L images are enough to obtain repeatable perfusion measures across visits. This accords well
with the finding from a recent study, which utilised a similar ASL method and acquisition scheme
to evaluate the quality of cerebral perfusion images and suggested that a minimum of six C-L
pairs could yield perfusion maps of adequate quality (Fernández-Seara et al., 2008).
Although the participants of this study were healthy young adults of a narrow age range (i.e. 20–
34 years), variability in chorio-retinal perfusion measures between subjects was substantially high.
For instance, chorio-retinal perfusion measurements from the control eye in the first run of visit 1
ranged from 26 to 131 ml/100ml/min. All other runs also had similar high between-subject
variability. These results corroborate well with the fact that choroidal thickness, in general, varies
widely between individuals. Recent findings from the Beijing Eye Study, a large-scale populationbased longitudinal study, showed that the subfoveal choroidal thickness varied from 8 to 854 µm
(Wei et al., 2013) in a cohort of 3233 subjects aged over 50 years. Similar wide-variation in
choroidal thickness between subjects has been reported by several other landmark studies in
young adults (Spaide et al., 2008; Vincent et al., 2013) and children (Read et al., 2013b).

5.4.3. Effect of myopic defocus on chorio-retinal perfusion
This study also provides the first evidence on chorio-retinal perfusion responses to optical
defocus. Monocular myopic defocus of +2.00 D applied to the experimental eye for 60 minutes
did not induce a significant change in the absolute MRI measures of chorio-retinal perfusion
(Figure 5.17, Table 5.3). In contrast, and somewhat surprisingly, the absolute measures of chorioretinal perfusion showed a trend towards a reduction in the control eye; however, this reduction in
chorio-retinal perfusion was not statistically significant. Statistical power calculations found that
the sample size would need to be ~22x and ~2.5x times larger for the difference to be statistically
significant at 80% power for the experimental and control eyes, respectively. However, as the
differences in absolute chorio-retinal perfusion for both eyes were relatively small, it is reasonable
to infer that perfusion measures did not vary by conditions of focus.
Contrary to this, the average change in perfusion in response to +2.00 D of myopic defocus in the
experimental eyes was relatively smaller compared to the change in perfusion in the fully
corrected control eye (-1.96 vs -7.44 ml/100ml/min). This difference in change of perfusion
between the experimental and the control eyes, although small, was statistically significant (Figure
5.16, Table 5.2). Thus, although monocular myopic defocus did not affect absolute measures of
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chorio-retinal perfusion, it was sufficient to effect a difference in change of perfusion between the
experimental and the control eyes. On careful examination, it was further apparent that reduction
in chorio-retinal perfusion in the control eye from visit one to visit two contributed to this
difference more than the change in the experimental eye, which was relatively small.
That monocular myopic defocus of +2.00 D for 60 minutes reduced perfusion by a lesser amount
in the experimental eye compared to the control eye raises an intriguing possibility that the
application of defocus, through some unknown mechanisms, inhibited the normal reduction in
chorio-retinal perfusion in the experimental eyes. As the chorio-retinal perfusion is largely
dominated by the choroidal blood flow (Muir and Duong, 2011), the observed changes are likely
to reflect changes in choroidal perfusion. Whether the reduction in perfusion in the control eyes is
a true change caused by ‘day’ effects or a result of some physiological mechanisms is difficult to
ascertain in the absence of randomisation of defocus conditions (as the myopic defocus was
applied in the second visit for all subjects). There is also a distinct possibility that in the first
scanning visit, subjects might have experienced nervousness and anxiety upon undergoing MRI
scans leading to a temporary spike in blood pressure (Guyenet, 2006) and subsequently higher
chorio-retinal perfusion, which might have returned to normal levels during repeat scanning in the
second visit. This difference may then manifest as a reduction in perfusion in the control eye.
Measurement of physiological parameters, such as blood pressure and heart rate, could have
potentially provided insights into the influence of sympathetic mechanisms of blood flow
regulation on chorio-retinal perfusion. However, the current study is unable to determine the
potential significance of these effects on perfusion measurements. Although it has been long held
that the choroid is immune to increases in blood pressure because the sympathetic nerves protect
the choroid from over-perfusion upon acute increases in blood pressure (Bill and Sperber, 1990),
autoregulation of the choroid is still the subject of debate (Nickla and Wallman, 2010).
Another possibility is that the yoking of accommodation between the two eyes could be in play
(Campbell, 1960). A dis-accommodative stimulus such as monocular plus-lens wear is likely to
induce some accommodative response in both eyes. As +2.00 D lens was imposed on the
experimental eye, this presumably provided an accommodative stimulus, causing both eyes to
relax their accommodation. It is, therefore, likely that the control eye consequently experienced
some hyperopic defocus because of the relaxation of accommodation. Previous reports suggest
that hyperopic defocus leads to some degree of choroidal thinning (Chiang et al., 2015; Read et
145

al., 2010), which may have resulted in the observed reduction in perfusion in the control eye.
However, the apparent lack of treatment effect in the experimental eye, which did not
demonstrate a change in blood perfusion despite experiencing myopic defocus, known to induce
choroidal thickening (Chiang et al., 2015), argues against an accommodative mechanism for the
observed difference in perfusion change between the experimental and control eyes.
Nevertheless, a difference in perfusion change between the eyes exposed to a differing amount of
focus provides preliminary, yet provocative evidence, that chorio-retinal perfusion responds to the
magnitude of retinal image focus, in a manner similar to the well-established choroidal thickness
responses to defocus in humans and animal models. If, as conjectured above, the choroid
modulates perfusion responses to defocus, one could speculate further that these perfusion
responses may either trigger or occur consequently to the choroidal thickness responses to
defocus. However, it is important to note that the observed changes were relative differences in
perfusion between the two eyes rather than the absolute differences in each eye, and therefore it
is prudent to reserve judgement on whether imposed defocus induces perfusion changes in the
choroid.

5.4.4. Effect of myopic defocus on choroidal thickness
In this study, monocular myopic defocus of 2.00 D was applied to the experimental eye for 60
minutes, yet the thickness of the choroid did not change significantly (Figure 5.18, Table 5.4). The
thickness of the choroid also did not change in the control eye with no retinal image defocus,
suggesting that the choroid remained rather stable across the two visits when there was no
intervention. The results from the experimental eye are, however, slightly surprising and do not
accord with a growing body of literature that has conclusively demonstrated that the choroid
modulates its thickness in response to retinal image defocus (see section 4.3.3 for review).
In light of these previous findings, it seems perplexing that the choroidal thickness remained
stable despite the application of +2.00 D defocus for 60 minutes. However, there may be several
reasons for this conflicting result. First, in previous studies, the choroidal thickness was monitored
in a well-controlled experimental setting under distance viewing condition, in which the subjects
watched a video binocularly at 5–6 metres. At this distance, the visual field is dioptrically flat, so
the eye is expected to receive a relatively constant level of defocus throughout the video-watching
duration (Flitcroft, 2012). In this study, however, subjects wore the defocussing contact lenses one
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hour before the second visit, so the exposure to defocus was under real-life environment. More
importantly, subjects could carry on with their routine tasks during the period of contact lens
wear. Although it is anticipated that the level of myopic retinal defocus would be at least 2.00 D
(even more if the eyes accommodated during near-work), this is true only at the foveal level (i.e.
foveocentric view).
However, the visual world is far from being dioptrically uniform at various distances as would
occur in real-life viewing when the retinocentric view is considered. Indoors, the magnitude of
defocus across the visual field varies considerably, and the retina is generally bathed in hyperopic
defocus irrespective of the task (Flitcroft, 2012), which could potentially offset the effect of myopic
defocus induced by the application of contact lenses. The level of defocus can further vary
centrally and peripherally, often leading to competing signs of blur. Although the eye still
responds to myopic defocus even in the presence of competing blur upon simultaneous
presentation of myopic and hyperopic defocus (Benavente-Perez et al., 2012; Tse et al., 2007), one
would expect a rapid change between the sign of defocus (i.e. alternating myopic and hyperopic
defocus) to produce no effect (Winawer and Wallman, 2002). In fact, the pattern and the level of
defocus received by the eye in real-life viewing has been shown to be a complex interaction of
environment, accommodation, fixation distance, and off-axis refraction (Flitcroft, 2012), and the
integration of defocus has been shown to occur in a non-linear manner (Zhu, 2013). In addition,
the influence of other real-life tasks on choroidal thickness adds further variability to the
measures, as the choroid is known to change its thickness in response to a variety of factors
including accommodation (Mallen et al., 2006; Woodman-Pieterse et al., 2015) and exercise (Read
and Collins, 2011; Sayin et al., 2015).
Another reason for the absence of choroidal response to myopic defocus could be that the
changes in thickness were computed across visits in this study in contrast to a difference of preand post-thickness computed in a single setting in the studies mentioned above. Although
measures were made at the same time of the day and under similar dim illumination in both visits
to account for diurnal fluctuations (Chakraborty et al., 2011; Read et al., 2008) and effect of light
levels (Read et al., 2018b), further variability in choroidal thickness across visits might have
influenced the sensitivity to establish small but expected changes in choroidal thickness.
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5.4.5. Correlation between choroidal thickness and blood perfusion
This study found a weak correlation between baseline choroidal thickness and chorio-retinal
perfusion measurements (Figure 5.19), suggesting that thickness and perfusion in the choroid are
likely to be unrelated to each other. While this association was evaluated by averaging choroidal
thickness across the entire scan length to better correspond to the ROI-based perfusion measures,
the lack of association between these two outcomes is somewhat surprising. Indirect evidence of a
possible positive relationship between choroidal thickness and blood perfusion comes from chick
studies investigating the role of choroidal blood flow in eye growth regulation (see section 4.5.6).
As transient and substantial increases in choroidal blood flow occur in much the same way as the
thickening of the choroid elicited in chick eyes recovering from form-deprivation myopia
(Fitzgerald et al., 2002), changes in choroidal blood flow presumably mediate the subsequent
onset of choroidal thickening. This expansion of the choroid is also linked to enlargement of
lymphatic lacunae, which connects to the choroidal vessels (De Stefano and Mugnaini, 1997;
Junghans et al., 1998; Wallman et al., 1995). Similar findings are observed in guinea pig myopia
models in which both choroidal thickness and blood flow decrease during form-deprivation but
increase during recovery from myopia (Zhang et al., 2019). Whether this association between
thickness and blood flow is also applicable in humans is unclear. However, these studies
collectively provide firm evidence that thickness and blood flow are related.
Human studies, particularly on ischemic retinal diseases, such as AMD and DR, have also indicated
some linkage between thickness and blood flow in the choroid (see section 4.5.6). Although none
of these studies directly point to an apparent relationship between choroidal thickness and blood
flow, they do suggest that this might well be the case. To that end, this study provides the first
direct investigation of the relationship between choroidal thickness and blood perfusion, an end
product of choroidal blood flow. Contrary to a possible positive association between thickness and
blood flow, this study found a very weak correlation between these outcomes, if any. However,
this finding needs to be interpreted with caution, as the resolution of the OCT used for thickness
measurements is substantially better than that of the MRI used for measuring perfusion. In
addition, the small sample size of this study is probably not powerful enough to draw such an
observational inference. Furthermore, choroidal thickness measurements were made in a sitting
position, while perfusion was measured in a supine position inside the scanner. This disparity in
posture may offset the correlation between these outcome measures, as a postural change from
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sitting to supine position increases both the thickness (Shinojima et al., 2012) and blood flow
(Longo et al., 2004) in the choroid.

5.4.6. Limitations of the current study
Although this study has successfully demonstrated the feasibility of using MRI for measuring
blood perfusion in the human eye and aided our understanding of perfusion responses to myopic
defocus, it has some limitations These are described below as general (related to the MRI) and
specific (related to the interpretation of the results in the study) limitations.

5.4.6.1. General limitations
Spatiotemporal resolution
One significant disadvantage of ASL-MRI is its relatively poor spatial resolution. The in-plane
spatial resolution of the ASL data was increased from ~3–4 mm (in typical brain studies) to 1.3 mm
in our study. However, this resolution still compares poorly to the thickness of the retina/choroid
complex (~600 µm, Géhl et al., 2014; Vincent et al., 2013) and yields a significant partial volume
effect (~50% of retina-choroid thickness), as the retina/choroid complex is surrounded by the
vitreous and sclera, which have very different signal intensities. Because of the limited spatial
resolution offered by the technique, this study was unable to obtain separate quantitative
measures of retinal and choroidal perfusion. However, because choroidal blood flow is
significantly higher than retinal blood flow (~8-10x, Muir & Duong, 2011), it is reasonable to
assume that choroidal blood flow dominated our measures of chorio-retinal perfusion. It has
previously been shown that the profile of MRI measures of blood perfusion along the length of
the retina peaks at the fovea, which is solely perfused by the supply of blood from the choroidal
circulation (Peng et al., 2011; Yi Zhang et al., 2012).
While technical advances in increasing ASL sensitivity have led to the development of strategies to
correct for partial volume effects in the brain (Zhao et al., 2017), methods to reasonably estimate
the partial volumes of retina, choroid, sclera, and the vitreous are still work in progress. Therefore,
no attempts were made to correct for these effects in this study. Theoretically, an increase in
resolution could be achieved by reducing the SNR, but ASL-MRI inherently has a low SNR (of the
order of 1-5% of the tissue signal intensity, Wang et al., 2008) because the total amount of
labelled water delivered to the tissue by perfusion during the time of ASL acquisition is only a
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fraction of the volume of tissue water. This presents a significant challenge in increasing the
resolution because up-sampling would further decrease the signal. Increasing the magnet
strength offers a potential solution to this conundrum; however, a higher magnetic field is likely to
present additional challenges, including the safety of the participants and B0 and B1 field
inhomogeneities (Ugurbil, 2014).
Another limitation of the ASL-MRI compared to optical imaging techniques such as laser Doppler
flowmetry is its relatively poor temporal resolution. ASL-MRI relies upon the subtraction of control
and label images to nullify the static tissue signal, and a number of these C-L pairs need to be
acquired to suppress the noise and generate good quality perfusion images. Therefore, it takes
considerably longer time (~5–10 minutes) to quantify perfusion in contrast to laser-based
methods, which provide flow measurements within a matter of seconds (Riva et al., 1985).
Motion artefacts
Like any time-series MRI modality, ASL-MRI is also susceptible to head motion, which can lead to
spurious signals. These potential movement artefacts are exacerbated during ASL imaging of the
human retina/choroid complex by several factors. First, in ASL, blood perfusion is derived from a
relative change in signal intensity (i.e. paired subtraction) between control and label images, and
an offset between each C-L pair can easily confound the perfusion measures. Second, the
retina/choroid complex is bounded by the vitreous on the inner side and the sclera on the outer
side. Since both the vitreous and the sclera have very different signal intensities to that of the
retina/choroid complex, any image misregistration likely leads to the errors in perfusion
estimation. Third, thermal noise, physiological variations, and temperature-induced frequency and
signal drifts often lead to global signal fluctuations and residual motion artefacts. To deal with
these potential issues, we used de-noising techniques, such as temporal filtering and SCORE
algorithm, for rejecting outliers (Dolui et al., 2017; Wang, 2012a). Additionally, a modified motion
correction method that takes into account the zig-zag nature of C-L signal intensities and prevents
the systematic difference in C-L intensities being regarded as an apparent motion was
implemented (Wang, 2012a).
As ASL-MRI is sensitive to motion artefacts, eye movements can significantly affect the ASL data
(Peng et al., 2011). It might well be that such eye movements were enhanced upon constant
fixation for a prolonged period, as is the case with acquiring two simultaneous runs. This could
150

potentially explain our finding that the inter-visit correlation in choroidal perfusion measures was
likely to be similar or even poorer with averaging of two runs when compared with a single run,
although the lack of eye-tracking data makes it difficult to confirm our speculation. To minimise
eye movement artefacts during the scans, we used strategies aimed at reducing eye motion, such
as blink and breathing synchronization (Peng et al., 2011), besides using a fixation target (Thaler et
al., 2013) that is known to best minimise small involuntary eye movements (e.g. drifts, tremors, and
micro-saccades) and stabilize visual fixation. Furthermore, background suppression employed in
this study is known to increase the SNR (Alsop et al., 2015; Maleki et al., 2012) and potentially
minimised the static tissue signal from the vitreous and the sclera.
The region of interest analysis
In this study, ROIs were manually defined in the anatomical images to best represent the
retina/choroid complex, and the perfusion images were registered to the anatomical space before
obtaining chorio-retinal perfusion measures from the ROIs. While such ROI-based analyses are
routinely done in functional MRI studies to investigate activation patterns in specific regions in the
brain, the co-registration of perfusion image to the anatomical image and subsequent resampling
involves a spatial transformation from a lower-resolution space to a higher-resolution space using
interpolation methods (Wells et al., 1996). This method has the potential to generate ambiguous
voxels and data points in the resampled image (one inevitable outcome with interpolation), which
are not otherwise present in the original perfusion image.

Furthermore, regions of interest

derived from the anatomical images with higher spatial resolution than the perfusion images may
result in an underestimation of the perfusion values due to partial volume effects.
Measures of chorio-retinal perfusion in this study were based on ROIs encompassing a limited
area of the retina/choroid complex. Future improvements to our methods may potentially yield
chorio-retinal perfusion maps that can provide further information regarding the distribution of
perfusion as a function of the spatial location. Such perfusion maps would be particularly useful
for highlighting areas of non-perfusion and impaired perfusion associated with ischemic retinal
diseases, such as AMD and DR.
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Perfusion quantification
In the absence of valid parameters for ASL MRI imaging of the eye, parameter values derived from
cerebral perfusion studies, such as labelling efficiency, tissue/water partition coefficient, and blood
relaxation time were used for quantifying chorio-retinal perfusion (Herscovitch and Raichle, 1985;
Wu et al., 2010, 2007). Although a few other research groups (Maleki et al., 2011b; Peng et al.,
2011) investigating ocular perfusion with ASL-MRI have previously used these parameters, it is
plausible that parameters such as labelling efficiency and tissue/water partition coefficient ()
differ between ocular and cerebral tissues. At least in cases of , the difference is likely to be small,
as it is between 0.8 and 1 for most neural and vascular tissues (Herscovitch and Raichle, 1985).
While the use of tissue-specific parameters would be critical for the accurate quantification of
chorio-retinal perfusion going forward, optimisation of these parameters was outside the scope of
this thesis work.

5.4.6.2. Specific limitations
Differences in physiological parameters, such as heart rate and blood pressure, might have
increased the variability in perfusion measurements within a single session and across visits.
Furthermore, such differences might have contributed to the rather surprising reduction in chorioretinal perfusion in the control eyes compared with the experimental eye. However, physiological
parameters were not measured in this study; therefore, it is difficult to establish the influence of
these parameters on the perfusion outcomes. Another limitation specific to this study is that the
defocus was applied to the experimental eye in a real-life viewing environment, which can
influence the thickness outcomes, as discussed previously. In addition, the order of defocus
application was not randomised: the experimental eye was exposed to myopic defocus on the
second visit in all subjects. Therefore, the effect of day, as indicated by the results from the control
eye, is even more difficult to ascertain. Furthermore, subjects viewed the fixation target at 2.20
metres, which is likely to induce some accommodative response (~0.50 D) and thus might have
influenced the retinal image position in both the control and the experimental eyes, leading to a
departure from the desired level of focus.
In relation to the ASL-MRI, this study did not correct for the geometric distortion resulting from
the inhomogeneity in the magnetic field (B0 field) of the main superconducting scanner coil
(Jahanian et al., 2011). Such distortions are more prominent around the location of the eyes
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around the air-filled sinuses and have the potential to interfere with image registration. However,
neither the gradient-echo field maps nor the reversed phase-encode images (i.e. blip-up-blipdown images) that are required to correct for such distortions (Andersson et al., 2003; Madai et al.,
2016) were acquired in this study. Additionally, the 3D ‘gradient and spin-echo’ readout is often
associated with blurring in the slice direction, which can introduce further distortions in the MRI
image (Galazzo et al., 2014). Because the ASL toolbox used for ASL-MRI data analysis in this study
does not account for such blurring, no attempts were made to correct for these distortions. A
further limitation is that smoothing of the ASL data was achieved by the use of a Gaussian
smoothing kernel of a fixed spatial extent parameter instead of using an adaptive smoothing
paradigm that allows the data to dictate the smoothing used (Woolrich et al., 2009). One final
limitation is that because of the registration of the low-resolution perfusion image to the highresolution structural image, the ROIs used to quantify perfusion may have consisted of some
interpolated perfusion values, which could influence the accuracy of our perfusion measures.
While it is difficult to estimate the impact of these limitations on the outcomes, the effects are less
likely to confound the findings given the within-subject design of the study. Nevertheless,
attempts are made to account for these limitations in Chapter 6.

5.4.7. Conclusions
This chapter has provided evidence that ASL MRI is a promising modality for quantifying chorioretinal blood perfusion, opening up a potential application of ASL-MRI in tracking chorio-retinal
perfusion changes over time and in investigating new treatments for reducing ischemia and
inhibiting the progression of ischemic retinal diseases. Further advances and fine-tuning of the
technique seem warranted for accurate estimation of perfusion measures. Nonetheless, ASL-MRI
offers a useful means of assessing blood perfusion quantitatively without limitations commonly
associated with conventional imaging and blood flow measurement techniques. Besides, ASL-MRI
can also be applicable in studying perfusion responses to changes in tissue metabolism and
investigating the effects of physiological vicissitudes on chorio-retinal perfusion.
The study described in this chapter found no evidence to suggest that the acquisition of two runs
potentially results in improved inter-visit repeatability. Hence, a single-run pCASL scan with
adequate C-L pairs could well be sufficient for obtaining repeatable measures of perfusion in the
eyes. However, ASL-MRI does have some inherent limitations, as discussed in Section 1.4.7.1.
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Therefore, there is potential for further improvement in spatial resolution and sensitivity of ASLMRI, which would aid in the precise quantification of ocular tissue perfusion in vivo.
This chapter has also offered a preliminary indication that imposing myopic defocus to the eye
can significantly alter chorio-retinal blood perfusion relative to the eye with no defocus. However,
there were some specific limitations to the study (as discussed in section 1.4.7.2), which make
these results equivocal. Therefore, caution must be applied in interpreting the perfusion responses
to defocus observed in this study. For this reason, a clinical trial with improved design and
methodology was carried out to investigate whether the application of myopic defocus increases
blood perfusion in the human choroid. The next chapter describes the design and the results of
the clinical trial.
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6. Chorio-retinal perfusion responses to myopic defocus
6.1. Introduction
The previous chapter presented the preliminary study that investigated the feasibility and
reliability of using ASL-MRI for measuring blood perfusion in the human retina/choroid complex.
In addition, the preliminary study provided some suggestive evidence that ASL-MRI measures of
chorio-retinal blood perfusion changed in response to imposed optical defocus. However, these
results were ambiguous partly because the study was limited in several respects (see section
5.4.6.2). Therefore, a clinical trial was conducted to further investigate chorio-retinal perfusion
responses to myopic defocus. This chapter describes the study design of the clinical trial, presents
the results, and discusses the study findings and limitations. This trial was registered with the
Australian New Zealand Clinical Trials Registry (ANZCTR 12617001529336) on 3 November 2017.
The overall aim of this clinical trial was to investigate the effect of short-term imposed myopic
retinal defocus on blood perfusion response of the human retina/choroid complex. The null
hypothesis was that myopic defocus does not affect chorio-retinal perfusion measurements, and
the alternate hypothesis was that chorio-retinal perfusion responds to the short-term imposed
myopic optical defocus.

6.2. Methods
6.2.1. Study design
This trial was a prospective, repeated-measures, within-subject, two-way study in which one eye of
the subject was randomly assigned as the experimental eye, and the contralateral fellow eye
served as the control. The study comprised two visits: in one of the visits, both the experimental
eye and the control eye were fully corrected with single vision contact lenses, whereas in the other
visit, a contact lens inducing +2.00 D of myopic defocus was worn on the experimental eye, while
a fully correcting lens was worn on the control eye. Similar to the preliminary study described in
Chapter 5, the eye receiving the defocussing lens was randomised. However, unlike the
preliminary study in which the defocussing lens was always applied in the second visit, the order
of clear or defocus condition was also randomised in this clinical trial.

155

Figure 6.1. Summary of the study design of the clinical trial. EE, experimental eye; CE, control eye.

The study design, as described above, was chosen for several reasons. First, the repeated
measures, within-subject design not only facilitates paired-eye comparisons but also allows the
comparison of outcome measures in each eye over the two visits. Second, as the paired-eye
nature of the study allows the outcomes from the experimental eye to be contrasted with the
outcomes from the control eye in the same subject, fewer subjects are required to establish the
treatment effect compared with between-subject study design, but with the same statistical
power. Finally, the within-subject paired-eye study design results in a reduction of error variance
due to differences between subjects because the conditions are almost identical with regards to
such individual differences, as the subjects are the same in all the experimental conditions (i.e.
defocus and no-defocus conditions). One weakness of the within-subject design is that there may
be ‘carryover’ effects, as the outcome variable on the second visit may be affected by participation
in the first visit (due to practice, fatigue, etc.). As pointed out in Chapter 5, such a carryover effect
may have inadvertently affected the results in the preliminary study because defocus was induced
in visit two in all subjects. Therefore, in this clinical trial, the condition of defocus was randomised
between visit one and visit two to account for such potential confounding effects. Figure 6.1
presents a summary of the study design so that the reader is familiar with the repeated measures,
within-subject nature of the study.
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6.2.2. Subjects
Thirty-two healthy young adults were recruited primarily from the staff and the students of the
Faculty of Medical and Health Sciences at the University of Auckland through advertisements. The
University of Auckland Human Participants Ethics Committee provided ethical approval for the
study (reference: 017982) after amendments were made to the existing ethics application. Out of
32 subjects recruited for the study, one was lost on follow-up, and another subject could not
undergo MRI scanning on the second visit due to scanner malfunction. Hence, data from 30
subjects (12 males, age: 25 ± 4 years, range: 20–35 years) were included in the final analysis. Table
6.1 presents the descriptive statistics for the 30 subjects enrolled in the study.
Table 6.1. Baseline data of 30 subjects included in the clinical trial.
Gender
Male

12 (40%)

Male: Female

Female

18 (60%)

2
𝜒𝑦𝑎𝑡𝑒𝑠
(1) = 0.83, p = .36

Age (years)

25.3 ± 4.13

Mean spherical equivalent refraction (SER, Dioptres)
Control eye

-0.54 ± 5.58

Experimental eye

-0.46 ± 5.59

t(19) = 1.45, p = .16

Experimental eye
Right eye

17 (45%)

Right eye: Left eye

Left eye

13 (55%)

2
𝜒𝑦𝑎𝑡𝑒𝑠
(1) = 1.30, p = .25

Visit 1

15 (50%)

Visit 1: Visit 2

Visit 2

15 (50%)

2
𝜒𝑦𝑎𝑡𝑒𝑠
(1) = 0.07, p = .79

Defocus visit

Each subject was provided with a participant information sheet that outlined the nature of the
study and the risks of the experiment before the commencement of the study. Then, informed
consent was obtained in writing. All subjects were treated in accordance with the tenets of the
Declaration of Helsinki.
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6.2.3. Inclusion and exclusion criteria for subjects
Before entering into the study, each subject underwent visual acuity testing and auto-refraction to
ensure eligibility for participation. The inclusion and the exclusion criteria for this study were
similar to the preliminary study and are outlined below.

6.2.3.1. Inclusion criteria
•

Age: 18 and 35 years inclusive. Similar age criterion has been used in previous studies
investigating choroidal thickness responses to defocus (Chiang et al., 2015; Read et al.,
2010).

•

Refractive error: Spherical equivalent refraction (𝑆𝐸𝑅 = 𝑆𝑝ℎ𝑒𝑟𝑒 +

𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟
)
2

within +3.00 D

to -3.00 D inclusive in both eyes. This refractive error criterion of emmetropia or mild
ametropia was chosen, as choroidal responses may be different in subjects with differing
amount of ametropia (Chiang et al., 2015).
•

Visual acuity: Best-corrected visual acuity of 0.00 logMAR in both eyes. The criterion of
good visual acuity was set to ensure that the desired level of defocus was achievable, and
subjects did not have any unexplained visual loss or conditions that reduced vision (e.g.
amblyopia). Subjects underwent visual acuity testing monocularly on a Medmont AT-20R
computerised acuity tester (Medmont Pty Ltd, Australia) at 6 metres. All 30 subjects had
best-corrected visual acuity of 0.00 logMAR or better in each eye.

•

Good ocular and systemic health: Subjects were required to have had a comprehensive eye
examination in the last three months prior to the study, as the structure and the
physiological mechanisms underlying blood flow regulation in the retina and the choroid
of the eye are affected by a range of ocular and systemic conditions (Kur et al., 2012; Tan
et al., 2016).

•

History of contact lens wear: The study involved prolonged periods of watching a video or
viewing a fixation target wearing contact lens. First-time users of the contact lens may find
it difficult to maintain fixation and may frequently blink, which has the potential to affect
the quality of the MRI images. The study used contact lenses to induce optical defocus
instead of spectacle lenses, primarily because contact lenses were MRI compatible and
readily available, while spectacle lenses needed prior ordering to fit in an MRI safe frame
and were uncomfortable (due to a very tight fit in the MRI head coil). Another advantage
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of contact lens over spectacles is that the contact lens moves with the eye, maintaining
optical alignment and giving a constant level of defocus at any particular retinal location,
although correction with contact lens also interacts with off-axis refraction to give residual
peripheral refractive errors like the spectacle lens (Backhouse et al., 2012).

6.2.3.2. Exclusion criteria
•

Ocular and systemic pathologies: Subjects with any known ocular or systemic diseases,
binocular abnormalities, and any history of ocular surgery or trauma were excluded from
the study, because of their potential effects on the retina and the choroid. Subjects with
amblyopia or strabismus were also excluded from the study.

•

Anisometropia and astigmatism (cylindrical refraction in each eye) greater than 1.00 D.
Significant amounts of anisometropia and astigmatism pose challenges in accurately
imposing the level of desired retinal image defocus. Furthermore, inter-ocular asymmetry
in choroidal thickness has been reported in anisometric adults (Vincent et al., 2013), which
would potentially confound paired-eye comparisons in this study.

•

History of myopia control within the last six months: Current treatment for slowing the
progression of myopia include pharmacological and optical interventions (Huang et al.,
2016). Each of these treatments has a potential to alter the amount of refractive status and
to influence choroidal thickness in the short-term (Chen et al., 2016; Chiang et al., 2018b;
Chiang and Phillips, 2018).

•

MRI contraindications that would put the safety of the subjects at risk. These
contraindications included metallic objects or fragments, cardiac pacemakers, brain
aneurysm clips, pregnancy, electronic, metallic or magnetic implants, any prosthesis,
screws, plates, or wired in bones or joints, dentures or partial plate, claustrophobic
reaction, etc. All subjects were screened for potential MRI contraindications before
undergoing the scans in each visit with an MRI safety questionnaire administered by both
the author and an MRI technologist.

6.2.4. Sample size calculation
G*Power

version

3.1.9.2

(University

of

Dusseldorf,

Germany),

available

at

http://www.gpower.hhu.de/en.html, was used to calculate the sample size required for this trial.
Data from the preliminary study described in Chapter 5 were used to obtain an estimate of the
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effect size and to compute the sample size. In the preliminary study, there was a mean difference
of 5.48 ± 9.05 ml/100ml/min in perfusion change between the control and the experimental eyes,
with a medium effect size of 0.61. Post-hoc power calculations using G*Power revealed that the
power of the paired t-test to detect this effect was 73% at an alpha level of 0.05. Using this effect
size, a priori sample size calculation was done using G*power based on the following
considerations.
1.

Power: a minimum of 80% power to detect the effect at 0.05 alpha level.

2.

Test family: t-tests, the difference between two dependent means (matched samples)

3.

Distribution: A two-tailed 5% alpha level

4.

Drop-out rate: a maximum drop-out rate of 20%

Under these considerations, a minimum sample size of 24 subjects was estimated to detect a ±5
ml/100ml/min mean perfusion change between the experimental and the control eyes with a
power of 80% at α = 0.05, and further five subjects were required to account for the drop-out.
Therefore, 30 subjects were recruited into the trial.

6.2.5. Randomisation
In this study, the eye receiving the 2.00 D myopic defocus was randomised between the right eye
and left eye in each subject. In addition, the order of the clear or defocus condition was also
randomised in each subject. A pseudorandom scalar integer either 1 or 2 was obtained using
‘randi’ function in MATLAB twice to randomise the eye and the order of defocus in each subject.
The randomisation of the eyes receiving treatment is the standard of practice when the treatment
can be allocated to either of the two eyes in a two-way design to account for the systematic
difference between the right eye and the left eye if any (Armstrong, 2013). Furthermore, an added
layer of randomisation employed in this trial (i.e. by randomly assigning myopic defocus to a visit)
would account for potential ‘carryover’ or ‘day’ effect, as discussed earlier in section 6.2.1.

6.2.6. Experimental protocol
Subjects attended two separate measurement visits within a week. The two visits were randomly
assigned to be either the experimental (defocus) visit or control (no defocus) visit. In each subject,
the experimental eye was randomly selected, while the contralateral fellow eye served as the
control eye. At the experimental visit, the experimental eye (i.e. either the right or the left eye)
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received 2.00 D myopic defocus, while the fellow (control) eye was fully corrected and had no
imposed defocus. At the control visit, both the experimental and the control eyes were fully
corrected with no imposed defocus (see a summary of the study design in Figure 6.1).
After confirming a subject’s eligibility for participation, an open field auto-refractokeratometer
(NVision-K 5001, ShinNippon, Japan; http://www.shin-nippon.jp/) obtained five consecutive noncycloplegic autorefraction measurements in each eye while the subject fixated a distant target at 6
meters. The mean of these auto-refraction measurements provided an estimate of the refractive
error (SER). For baseline measures of choroidal thickness, subjects underwent OCT scanning and
had chorio-retinal images taken in each eye. Following the OCT testing, a pair of daily disposable
spherical

soft

contact

lenses

(CooperVision

54%

one-day

Silicone

Hydrogel;

https://www.coopervision.com/) were inserted to achieve the desired level of focus/defocus in the
control and the experimental eyes. The powers of the contact lenses were chosen such that only
the experimental eye received a 2.00 D myopic defocus in the experimental visit, while the control
eye was fully corrected in both visits. In ametropic subjects, the refractive error was combined with
the desired level of focus/defocus into one single contact lens power. In addition, a further +0.50
D was added to the final contact lens power in both eyes to correct for the viewing distance in the
mock scanner (~165 cm). Otherwise, subjects were likely to accommodate by ~0.50 D while they
were watching the video, which may influence choroidal thickness (Woodman-Pieterse et al., 2015)
and also alter the level of defocus in each eye. As an example, if the spherical equivalent refraction
of the subject was +0.50 D in the control and the experimental eye, a +3.00 D contact lens was
worn on the experimental eye (to achieve 2.00 D myopic defocus), and a +1.00 D lens was worn
on the control eye.

Figure 6.2. a) Experimental set-up in the mock scanner, with a subject watching a video-movie in the
supine position. b) A schematic diagram of the experimental set-up in the mock scanner.
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After allowing a period of 2–3 minutes for the contact lenses to settle down, the refractive status
was again assessed by taking a set of five consecutive non-cycloplegic auto-refraction
measurements to ensure the desired level of focus in each eye. Subjects were then transferred to
the Centre for Advanced MRI, where they had to fill an MRI safety questionnaire. Once completed,
an MRI technician further evaluated the safety form to establish the eligibility of the subject for
undergoing MRI scans. Subjects then changed to a gown and removed any metallic objects from
their body that would interfere with the MRI scans and/or would put their safety at risk. Prior to
the MRI scans, subjects had to lie in a supine position and watch a video movie
(https://bit.ly/31gyNwZ and https://bit.ly/31i1l9j) binocularly for 40 minutes in the mock scanner.
This was to maximise the effect of induced retinal defocus on the choroid by stabilising the
subjects in a simulated environment closely related to that of the real scanner. The duration was
chosen in accordance with a previous report that has shown, choroidal thickening induced by
short-term imposed myopic defocus peaks around 40 minutes (Chiang et al., 2015). The order of
the videos was randomised between the visits for each subject. Throughout the video-watching
period, heart rate was continuously measured with an optical tracker (Charge HR, Fitbit, USA) worn
on the right wrist. As the choroidal blood flow is known to be influenced by light levels (Longo et
al., 2000), a digital light meter (TES-1335; http://www.tes.com.tw/) measured the ambient and the
bore lighting, which were maintained at 10 and 16 lux respectively, as adopted in similar previous
studies (Chiang et al., 2015; Chiang and Phillips, 2018; Read et al., 2010). At the end of 40 minutes,
blood pressure and pulse were measured with a digital sphygmomanometer (Riester Ri-Champion
N, https://www.riester.de/) before transferring the subjects to the MRI scanning room. In cases
where the MRI scanner was not ready, subjects continued to watch the video in the supine
position, and the additional wait time never exceeded 15 minutes.
The experimental set up in the real MRI scanner closely followed that of the mock scanner. The
only difference was a slightly greater eye-to-screen distance in the MRI scanner compared to the
mock scanner (220 cm vs 165 cm), although this difference is not expected to result in a significant
change in accommodative demand (~0.50 D vs ~0.60 D). Before the subjects were pushed inside
the bore of the scanner, an automatic inflation blood-pressure cuff was fastened around the left
arm, and a pulse oximeter probe was placed on the right index finger. Once inside the scanner,
subjects again lay in a supine position as in the mock scanner and underwent the structural and
perfusion scans while fixating a distant target (a fixation crosshair combined with pictures, see
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section 5.2.2). Prior to the commencement of the ASL sequence, blood pressure, pulse, and
oxygen saturation (SpO2) were measured with a vital sign monitor (Medrad® Veris®); these
measurements were repeated at the halfway point and again immediately after the completion of
the sequence. The ambient lighting in the MRI scanner room (~20 lux) as measured with the
digital light meter was similar to that of the mock scanner. The room temperatures of both the
mock scanner and the MRI scanner were monitored with a digital data logger (HOBO v3.7.14)
throughout the study duration. The average room temperature for the mock scanner and the real
MRI scanner were 22.8 ± 0.5 °C and 25.6 ± 2.41 °C, respectively. Following the MRI scans, some
subjects (n = 21) were taken back to the clinical research room, where the post-MRI OCT scans
were taken in both eyes (Figure 6.3).

Figure 6.3. A summary of the experimental protocol. All procedures were carried out in the same
order on the experimental visit in which the experimental eye received 2.00 D myopic defocus, and
on the control visit in which the experimental eye received no defocus. AR, auto-refraction; CL,
contact lens; OCT, optical coherence tomography.

In the second visit, all procedures were repeated in the same order as in the first visit in an
equivalent setting. While the control eye was again fully corrected and received no defocus, the
experimental eye received the other defocus condition (either 2.00 D myopic defocus or no
defocus depending upon what was done in the first visit). To minimise the influence of diurnal
fluctuations, smoking, and caffeine on choroidal thickness (Altinkaynak et al., 2015; Chakraborty et
al., 2011; Kinoshita et al., 2016a; Tan et al., 2012; Ulaş et al., 2014) and blood flow (Iwase et al.,
2015; Okuno et al., 2002), both visits were scheduled at the same time of the day (± 1 hour), and
all subjects were asked to abstain from exercise, smoking, and caffeine at least 6 hours prior to
each measurement visit.
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6.2.7. Outcome measures
The primary outcome measure of this study was the difference in change of chorio-retinal
perfusion between the control and experimental eyes. The secondary outcomes measures were 1)
changes in physiological measurements, 2) comparison of changes in choroidal thickness between
the control and experimental eyes.
Chorio-retinal perfusion was measured with a non-invasive ASL-MRI technique. Full details of this
technique can be found in section 5.2.4; however, the following section briefly introduces the MRI
scanning protocol and the scan parameters in light of some differences due to further
optimisation of the protocol and a system upgrade.

6.2.8. Magnetic Resonance Imaging (MRI)
Neuroimaging was performed on a 3T MAGNETOM SKYRA clinical MRI (Siemens, Germany), using
a built-in body coil and a 32-element head coil similar to the preliminary study described in
Chapter 5 (see section 5.2.4).

6.2.8.1. Image acquisition
In contrast to the preliminary study in which 2D structural images of a partial field of view were
acquired using T2-weighted turbo-spin-echo sequence, this study acquired 3D whole-brain
structural images. The whole-brain structural images give more precise information for the
estimation of linear spatial transformations during the registration process, allowing more robust
and accurate alignment between the structural and perfusion scans. High-resolution structural
data were acquired using a 3D ‘Magnetisation Prepared Rapid Acquisition Gradient Echo’ T1weighted sequence (Mugler and Brookeman, 1990). The acquisition parameters for the structural
image were as follows: Repetition Time = 1900 ms, Echo Time = 2.22 ms, Inversion Time = 900 ms,
Echo Train Length = 1, pixel bandwidth = 230 Hz/pixel, flip angle = 9°, slice thickness = 0.8 mm,
acquisition matrix = 288×288, image matrix = 288×288, Field of view = 229×229 mm2, voxel size
= 0.8 × 0.8 × 0.8 mm3, parallel imaging mode = GRAPPA, acceleration factor = 2, and phase
encoding direction = anterior to posterior. In total, 208 slices were acquired in just under 5
minutes (acquisition time = 4 minutes 54 seconds).
ASL data was acquired using Siemens 3D ASL prototype PCORE Q2T sequence (v2.2, SIEMENS
Healthcare) with pCASL labelling (Dai et al., 2008) and turbo gradient-spin-echo readout (Trattnig
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et al., 1997) as in the preliminary study. However, the echo time was reduced from 22.4 to 17.1 ms
to minimise T2 contribution to the signal intensity. The inherently low SNR of the ASL data was
further enhanced by increasing the number of C-L image pairs from nine to 12, which were
acquired in just over 10 minutes (acquisition time = 10 minutes 6 seconds). In contrast to the
repetition time of four seconds in the preliminary study, the equilibrium magnetisation (M0) image
was acquired with a sufficiently long repetition time (10 s). The change in time duration was to
precisely acquire the magnetisation of arterial blood required for absolute quantification of
perfusion because the T1 of the tissue may not be estimated accurately with a shorter repetition
time (Alsop et al., 2015). Additionally, another equilibrium magnetisation image of reverse phaseencoding (M0PA) was acquired in this study. While the M0 image with the same phase as the ASL
data is applicable for calibrating perfusion images later in the quantification process, a pair of
reversed phase-encode blips (i.e. M0 and M0PA) is useful for estimating field maps and subsequent
correction of distortion artefacts.

6.2.8.2. Technical details of image processing and analysis
The ASL data was analysed using the FSL tools (v6.0, https://fsl.fmrib.ox.ac.uk/) and MATLAB
(R2017b, Matrix Laboratory, USA). The choice of using FSL (Jenkinson et al., 2012; Woolrich et al.,
2009) over the ASLtbx (Wang, 2012b) used in the preliminary study was made for several reasons.
First, the Bayesian Inference for ASL-MRI (BASIL) toolbox (Chappell et al., 2009) in FSL provides a
means to implement the kinetic model inversion required for the quantification of perfusion.
Contrary to fitting the models with the least-squares technique, BASIL uses the principle of
Bayesian inference, which treats all unknown population parameters as uncertain and describes
them as probability distributions.
Second, the BASIL toolbox allows spatial regularisation of the estimated perfusion image by using
spatial priors (prior distribution of perfusion in neighbouring voxels). With an adaptive spatial
smoothing process, the data per se dictates the degree of smoothing in contrast to the standard
spatial filtering process, which uses a Gaussian filter of a fixed spatial extent (Groves et al., 2009).
Third, FSL offers tools to correct for geometric distortions in ASL data arising from B0 field
inhomogeneity that leads to errors in spatial locations (Andersson et al., 2003; Smith et al., 2004).
In contrast, distortion correction is not available in the current version of ASLtbx and therefore, the
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preliminary study did not implement this correction. Because the eyes are located close to the airfilled sinuses, ocular tissues are susceptible to field inhomogeneity, and the ASL data routinely
shows distortions arising from such inhomogeneity, particularly in the inferio-frontal lobes.
Moreover, distortion correction further enhances the robustness and accuracy of the registration
process between the low-resolution perfusion image and the higher resolution structural image.
Fourth, in addition to the registration between the ASL image and structural image based on the
rigid body transformation with normalised mutual information, oxford_asl tool in FSL
implements a boundary-based registration cost function. This is considerably more robust to
inhomogeneity in intensities and allows more accurate alignment of partial brain images to wholebrain images (Greve and Fischl, 2009), as is the case with the partial field of view ASL images in
this study. Moreover, the boundary-based registration is uniquely suited to the registration of the
perfusion image because the perfusion image provides an excellent grey matter-white matter
contrast due to physiological differences in partial volume effects and tissues types (Chappell et
al., 2017). The perfusion image is, therefore, well suited to derive boundary information between
grey and white matter, making it an ideal template for registration to the structural image after
initialising the registration using the mean ASL image as a template for the rigid body
transformation.
Finally, although not applicable for this study, the BASIL toolbox allows correction for partial
volume effects of grey and white matter and incorporation of natural variability of model
parameters (e.g. labelling and bolus duration, T1 of blood and tissue, etc.) (Chappell et al., 2009). In
order to learn the practice and analysis of ASL data using FSL, the author visited Michael
Chappell’s lab at the Oxford Institute of Biomedical Engineering in early 2018.
The following section describes the processing pipeline implemented in oxford_asl (v3.9.15,
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/oxford_asl/) for the analysis of the ASL data in this study. All
structural and the ASL images obtained in Digital Imaging and Communications in Medicine
format from the scanner were converted into the Neuroimaging Informatics Technology Initiative
format for analysis in FSL (Larobina and Murino, 2014). The T1-weighted structural image was
processed using fsl_anat and prepared for further analysis in a multi-stage pipeline. Initially, the
images were re-oriented to the standard orientation, cropped automatically to remove the neck
and lower head using robustfov, corrected for RF or B1 field inhomogeneity, and skull stripped to
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extract the brain using a brain extraction tool (Smith, 2002). Subsequently, the images were
segmented into various tissue types, including grey matter, white matter, and cerebrospinal fluid
using FMRIB's Automated Segmentation Tool (FAST) based on a hidden Markov random field
model and an associated Expectation-Maximization algorithm (Zhang et al., 2001). The latter
tissue-type segmentation also generated partial volume estimates for the different tissues (Figure
6.4).

Figure 6.4. a) Bias-corrected and cropped T1-weighted structural image b) Segmented grey matter,
white matter, and cerebrospinal fluid (using FAST-tool) overlaid on the structural image. The grey
matter, white matter, and CSF are thresholded at partial volume estimate of ≥ 50%.

As an initial pre-processing step, retrospective correction for head motion was applied to the raw
ASL data using an intra-modal motion correction tool, namely MCFLIRT (Jenkinson et al., 2002),
with normalised correlation cost function in six degrees of freedom and calibration (M0) image as
the reference image (since the static tissue signals in the ASL images were suppressed). Figure 6.5
shows an example of estimated motion parameters using MCFLIRT. The resulting transformations
were adjusted to end up in the middle volume of the ASL data to reduce interpolations. The
transformations were then applied to all ASL images and the calibration image (M0) and further
optimised using trilinear interpolations. In addition, the phase-reversed calibration image (M0AP)
was first linearly registered to the M0 image using rigid body transformation on a fully automated
FMRIB’s Linear Image Registration Tool (FLIRT) (Jenkinson et al., 2002; Jenkinson and Smith, 2001)
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with ‘correlation ratio’ cost function and six degrees of freedom and then transformed to the
motion-corrected ASL space.

Figure 6.5. An example of the time series profile of the estimated motion parameters from MCFLIRT.
a) Estimated translations (in mm) in x, y, and z directions. b) Estimated rotations (in radians) in x, y,
and z directions. c) Estimated absolute mean displacement (calculated as the difference between
transformation matrices of the middle volume to that of the reference time point) and relative mean
displacement (calculated as the difference between transformation matrix at time point N and N+1).

Following motion correction, the time-series ASL data was averaged with fslmaths to generate a
mean ASL image, which was skull-stripped with a fractional threshold of 20% of maximum image
intensity to generate a mask. A simple subtraction of C-L image pairs using asl_file provided a
perfusion-weighted image. Initial registration was then carried out between the mean ASL image
and the bias-corrected and skull-stripped structural image using asl_reg explicitly designed for
the registration of ASL data to another modality by implementing FLIRT. This procedure had two
steps: a translation with three degrees of freedom followed by six degrees of freedom
transformation with a small search region. After initial registration, topup estimated and corrected
the susceptibility distortion in the ASL and calibration images (Jenkinson and Chappell, 2017). This
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tool first estimated the susceptibility-induced off resonance-field from the pair of calibration
images with reversed-phase encoding directions using a method similar to that described in
(Andersson et al., 2003) as implemented in (Smith et al., 2004), with effective echo spacing of
0.315 ms (obtained from MRIConvert v2.1, https://lcni.uoregon.edu/). After combining the two
calibration images, the tool corrected the distortion in the ASL and calibration images using
applytopup without jacobian magnitude correction because subsequent analysis implemented
voxelwise calibration.
Following distortion correction, subtraction of C-L image pairs was repeated on the corrected ASL
images using asl_file to generate the corrected perfusion-weighted image. The perfusionweighted image, together with the calibration images, were masked with a binary mask generated
earlier in the processing step. For quantification of perfusion, a kinetic model of inversion was
created using Bayesian inference principles of BASIL in white paper mode, which follows the
recommendations from an ASL consensus paper (Alsop et al., 2015). In this mode, the T1 values of
both the blood and tissue are set to 1.65 s, and the arterial transit time is set to zero. BASIL
performs the perfusion quantification in multiple steps by inferring various parameters of the
model and re-estimating parameters using spatial priors. Perfusion is then quantified using the
kinetic curve model built into fabber, which follows Buxton model (Buxton et al., 1998) and
assumes a well-mixed, single-compartment model with no dispersion of the bolus (see section
4.7.4.3 for the equation and parameters).
This well-mixed tissue compartment model—with a rapid exchange of intravascular and
extravascular water—is ideal for chorio-retinal perfusion imaging because the rate of water
exchange between intravascular and extravascular pools in the choroid is very high due to richly
fenestrated capillaries (Maleki et al., 2011a). Following kinetic model inversion, the alignment of
the relative perfusion image to the structural image was further optimised by implementing
boundary-based registration using the white matter boundary generated from the white matter
mask at partial volume estimate of 50%. Voxelwise calibration was done using asl_calib to
correct for receiver coil sensitivity as recommended by (Alsop et al., 2015) and to generate
absolute perfusion image in units of ml/100ml/min. Finally, the resultant perfusion image was
smoothed with a median filter, and the non-zero voxels were eroded if there were voxels with zero
intensity in the kernel.
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The ASL consensus paper recommends quantification of overall grey matter for quality assurance
(Alsop et al., 2015). To evaluate the robustness and efficacy of the processing pipeline for the data
specific to this study, mean grey and white matter perfusion were obtained for each subject in
both visits (Figure 6.6). The mean grey matter perfusion was 58.5 (SD = 12.0) ml/100gm/min in
visit 1 and 57.0 (SD= 10.8) ml/100gm/min in visit 2. The mean white matter perfusion in visit 1 and
visit 2 were 18.4 (SD = 12.2) ml/100gm/min and 20.2 (SD = 10.1) ml/100gm/min, respectively.
Although the perfusion maps were of partial field of view (and did not comprise the entire brain
tissues), these perfusion measures accord well with the previous reports of ~50–60 ml/100gm/min
of grey matter perfusion (Donahue et al., 2006; Floyd et al., 2003; Lia et al., 2000; Nagaoka et al.,
2004; Ye et al., 2000a). In addition, the range of grey matter perfusion among all subjects in this
study was 38.1 to 89.1 ml/100ml/min, which is in agreement with the recommendation of the
consensus paper (Alsop et al., 2015). Full details of the scripts for ASL data processing and output
logs of oxford_asl are available in the Appendix (see sections 8.2, 8.3, and 8.4).

Figure 6.6. Examples of a) Conventional perfusion image generated from oxford_asl in absolute
units overlaid on the structural image b) Grey matter perfusion and c) white matter perfusion
obtained from masks thresholded at partial volume estimates of 50%, and overlaid on the structural
image.

For quantification of chorio-retinal perfusion from the perfusion maps, a region of interest (ROI)
based approach described in Chapter 5 was used. Full details of this approach can be found in
section 5.2.4.3. In brief, a linear strip of ROI was manually drawn from the temporal edge of the
optic nerve head to the medial extent of the lateral rectus muscle. Three ROIs were drawn
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corresponding to the anatomical location of the retina/choroid complex: one on axial slice centred
on the optic nerve, and the other two on slices above and below the central slice. Mean chorioretinal perfusion was then calculated in each eye as the average of perfusion values within the
ROIs. In both visits, the same ROIs were used to extract the perfusion data for each subject to
avoid potential experimenter bias.

6.2.9. Physiological measurements
Physiological parameters, such as blood pressure and pulse, were measured using an automatic
inflation sphygmomanometer after 40 minutes of video watching in the mock scanner in both
visits. In addition, heart rate was continuously recorded using an optical tracker (Charge HR, Fitbit,
USA) with a sampling rate of 2-3 seconds throughout the video-viewing duration. Figure 6.7
shows an example of the heart rate profile measured with the tracker.

Figure 6.7. Illustration of heart rate profiles recorded with an optical tracker from a single subject for
an entire viewing period of 40 minutes in the mock scanner.

Physiological data, including systolic and diastolic blood pressure, pulse, and SpO2 levels, were
also acquired using an automatic inflation pressure cuff and finger clip pulse oximeter connected
to a vital sign monitor (Medrad® Veris®) while the subjects underwent ASL scans in the real
scanner. Changes in physiological measures were compared between the two visits to investigate
if there was a systematic difference in these parameters.
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6.2.10. Choroidal thickness measurements
During both visits, OCT images of the posterior eye were obtained in both the experimental and
control eye before transferring the subjects into the mock scanner for watching a video movie. In
a sub-sample (n = 21), OCT images were also obtained after the subjects had undergone MRI
scans in each visit to investigate potential changes in choroidal thickness induced by the
application of defocus. This would indicate any potential change in choroidal thickness pre- and
post-defocus; however, the study design incorporated this outcome measure only after the
enrolment of the first nine subjects. It is worth noting that the MRI facility was in a separate
location to where the OCT device was located. Therefore, upon completion of the MRI scans,
subjects had to change back into their clothing, take the elevator, and travel some distance (~150
m) before the post-MRI OCT measurements were taken. Furthermore, subjects watched the videomovie and underwent the MRI scans in a supine position in between the pre- and post-defocus
OCT measures, which were taken in a sitting position.
OCT scan system
All subjects had cross-sectional chorio-retinal images taken in both eyes on a swept-source OCT
(DRI OCT-1 Atlantis SS-OCT, Topcon Corp., Tokyo, Japan). A 6-mm cross scan, consisting of
horizontal and vertical lines, centred on the fovea was used to acquire the OCT images under the
‘choroid’ mode, which focusses the instrument closer to the posterior eye enhancing the signal
from the choroid compared to the standard ‘vitreous’ mode. Each line of the cross scan consisted
of 32 B-scans, with each B-scan consisting of 1024 A-scans. The OCT software (Topcon FastMap,
v9.0, Topcon Medical Systems, USA) automatically averaged these B-scans, resulting in two final Bscans corresponding to the vertical and the horizontal scan line. The OCT instrument and the
scanning system used in this study were identical to that of the preliminary study, and a detailed
description is available in Chapter 3 (see section 3.2.7.1).
OCT image analysis
All OCT B-scans from all 30 subjects were exported in their original resolution for the
measurement of choroidal thickness. These images were then de-identified and shuffled using a
custom-written script on MATLAB before processing through a semi-automatic segmentation
software (OCT-Tool, v4.0.4, Alonso-Caneiro et al., 2013). Full details of the segmentation and the
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measurement of choroidal thickness can be found in section 3.2.7.2. Following automatic
segmentation, the choroidal thickness was taken as mean thickness along the entire scan length.
Data were further analysed to obtain subfoveal (corresponding to a point directly under the foveal
pit), centre (from foveal centre out to 1 mm), parafoveal (from inner boundary of 1 mm to outer
boundary of 3 mm) and perifoveal (from inner boundary of 3mm to outer boundary of 5 mm).

6.2.11. Statistical analysis
Statistical analysis was carried out using SPSS (v22.0, SPSS Inc. Chicago, USA), MATLAB (R2017b,
MathWorks, Natick, USA), and GraphPad Prism (v7.03, GraphPad Software Inc., USA,
http://graphpad.com/). Normality of the data was tested with the D’Agostino-Pearson omnibus
normality test and verified using graphical methods (histograms and Q-Q plots). Outcome
variables were compared using paired t-test (for a normal distribution), and Wilcoxon matchedpairs signed-rank test (for non-normal distribution). Distribution of perfusion outcome by gender
was assessed with a two-sample t-test. Pearson’s correlation analysis was carried out to analyse
the degree and significance of the association between the variables, and Bland Altman plots were
used to examine the agreement between the variables where appropriate. Statistical testing for
outliers was performed using the Grubbs test on GraphPad Prism. Post-hoc power calculations
were carried out using G*Power version 3.1.9.2 (University of Dusseldorf, Germany) at an alpha
level of 0.05. All statistical tests were two-sided, and results were considered statistically significant
at p < .05. Data are presented as mean [95% CI] unless otherwise stated.

6.3. Results
6.3.1. Chorio-retinal perfusion: Effect of demographic variables
Chorio-retinal perfusion measures from the control eye (i.e. the eye with no imposed defocus) on
the first visit were used to investigate the effect of demographic variables, such as age, gender,
and refractive error on perfusion measures. These perfusion values were normally distributed (p =
.32), and no outliers were identified on the Grubbs test. Because the control eye was randomly
assigned for each subject, data from the control eye comprised data from either the right or left
eye for any subject.
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6.3.1.1. Chorio-retinal perfusion: Effect of age
The age range of subjects in this study was 20–35 years, with a mean age of 25.3 ± 4.13 years.
When chorio-retinal perfusion measures were analysed as a function of age, the slope of the
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model was not significantly different from zero (F(1, 28) = 0.02, p = .89, Figure 6.8).
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Figure 6.8. Distribution of chorio-retinal perfusion by age. Age did not have a significant effect on
chorio-retinal perfusion measures (F(1, 28) = 0.02, p = .89).

6.3.1.2. Chorio-retinal perfusion: Effect of gender
Chorio-retinal perfusion measures were normally distributed in both males (n = 12, p = .15) and
females (n = 18, p = .26). Mean chorio-retinal perfusion was 71.6 [51.5, 91.8] ml/100ml/min in
males and 74.7 [51.5, 91.8] ml/100ml/min in females (Figure 6.9). There was no significant
difference in mean chorio-retinal perfusion measures by gender (two-sample t-test, t(28) = 0.29, p
= .78).
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Figure 6.9. Distribution of chorio-retinal perfusion by gender. Mean chorio-retinal perfusion
measures were not different in males and females (unpaired t-test, t(28) = 0.29, p = .78). Horizontal
black lines represent group mean. Error bars represent ± 1 SD.

6.3.1.3. Chorio-retinal perfusion: Effect of refractive error
In terms of refractive status, only subjects with emmetropia or mild ametropia (SER: -3.00 to +3.00
D inclusive) were eligible for inclusion in this study. Within this narrow range of refraction, the
relationship between chorio-retinal perfusion and refractive status was investigated by plotting
chorio-retinal perfusion measures from the control eye in the first visit against spherical equivalent
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refractive error (see Figure 6.10).
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Figure 6.10. Distribution of chorio-retinal perfusion by refractive error. Regression analysis revealed
that the correlation was very weak and not statistically significant (r = -.13, p = .48).
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The correlation between refractive error and chorio-retinal perfusion was weak and did not reach
statistical significance (r = -.13 [-.47, .24], p = .48). Moreover, the slope of the regression model
was also not significantly different from zero (F(1, 28) = 0.52, p = .48), suggesting that chorio-retinal
perfusion measures are relatively independent of the degree of ametropia within a limited range
of refractive error, as studied in this study.

6.3.2. Chorio-retinal perfusion changes in response to myopic defocus
6.3.2.1. Paired-eye comparison: Change in chorio-retinal perfusion
Chorio-retinal perfusion was measured in both the control and experimental eyes after the 40minute video-watching periods. Measurements were made in two visits: the control visit in which
both eyes of a subject had no imposed defocus and the experimental visit in which the one
randomly selected experimental eye received a 2.00 D myopic defocus, while the fellow eye again
received no defocus. Changes in chorio-retinal perfusion were computed for the control and the
experimental eye by subtracting the measures made in the control visit from the measures made
in the experimental visit. As described in section 5.3.2.2, paired-eye comparison of the change in
outcomes is a powerful method to determine the treatment effect with minimal influence of
between-subject differences. Perfusion changes were normally distributed in the control eyes (p =
.12) but were non-normal in the experimental eyes (p = .02). Therefore, a distribution-free analysis
tested differences in changes of chorio-retinal perfusion between the two eyes.
Control eyes exhibited a median change in chorio-retinal perfusion of +6.95 [-9.51, +17.3]
ml/100ml/min, while experimental eyes showed a median change of +2.34 [-4.92, +16.8]
ml/100ml/min. Changes in chorio-retinal perfusion were not significantly different between the
control and experimental eyes (median difference = -1.69 [-13.8, +7.49] ml/100ml/min, median
absolute deviation (MAD) = 15.5, Wilcoxon p = .69, Figure 6.11). Post-hoc power calculations
revealed that the statistical power of the analysis to detect the difference was modest at 5.23%,
and the sample size required to yield a statistically significant change was not realistically
achievable (n = 10895). No outliers were identified in the difference data from the control eye.
However, in the experimental eye, two data points were outside 1.5 times the interquartile range.
Further analysis was carried out after removal of the data from the subjects that showed the
outliers, but the outcome was unchanged (paired t-test, t(27) = 0.62, p = .61).
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Figure 6.11. Distribution of changes in chorio-retinal perfusion in the control eyes (CE) and the
experimental eyes (EE). Median change in perfusion was not statistically different between CE and EE
(Wilcoxon p = .69). The figure includes split violins, box plots, and raw data.

6.3.2.2. Individual-eye comparison: Absolute chorio-retinal perfusion
Absolute perfusion measures were normally distributed in the control eye for both the control and
experimental visits (all p > .05); however, data from the experimental eyes were non-normal (p <
.05). Absolute measures of perfusion were not significantly different between the control and
experimental eyes in the control visit (i.e. when defocus was not applied to both eyes) (64.2 vs 62.3
ml/100ml/min, median difference = -0.05, MAD = 17.3, Wilcoxon p = .95). For the control eye,
there was no significant difference in absolute chorio-retinal perfusion between the control and
experimental visits (64.2 vs 75.8 ml/100ml/min, median difference = +6.95 [-9.51, +17.3], MAD =
14.5, Wilcoxon p = .15, Figure 6.12). This finding that the between-visit perfusion measures were
not different in the control eye, which received no intervention on both measurement visits,
concords with the finding from the preliminary study that MRI measures of chorio-retinal
perfusion have excellent inter-visit repeatability.
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In the experimental eye, which received no defocus in one visit (i.e. control visit) and myopic
defocus in the other visit (i.e. experimental visit), chorio-retinal perfusion measures were again not
different between the visits (62.3 vs 71.8 ml/100ml/min, median difference = +2.32 [-4.92, +16.8],
Wilcoxon p = .20). Grubbs test revealed one outlier in the data for the experimental eyes for each
of the control and experimental visits. However, the outcome was unchanged on further analysis
even after the removal of the outliers (paired t-test, t(27) = 1.80, p = .08). In other words, chorioretinal perfusion was not statistically different when the experimental eye received 2.00 D of
myopic defocus compared with when the experimental eye received no defocus.

Figure 6.12. Distribution of absolute chorio-retinal perfusion on the control and experimental visits
for a) control eyes (CE) and b) experimental eyes (EE). Median perfusion between the two conditions
was not significantly different for both CE (Wilcoxon p = .15) and EE (Wilcoxon p = .20). The figure
includes split violins, box plots, and raw data.

6.3.2.3. Chorio-retinal perfusion responses to defocus: Effect of refractive error
The inclusion criteria of refractive error in this study were set as -3.00 to +3.00 D inclusive for
subjects to be eligible for participation. Thus, chorio-retinal perfusion responses to defocus could
be studied only in emmetropic or mildly ametropic subjects. To investigate if there was an effect
of refractive error on observed changes in perfusion measures, a linear regression analysis was
performed, as shown in Figure 6.13. Both control and experimental eyes demonstrated a nonsignificant correlation between changes in perfusion and spherical equivalent refractive error
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(control eye: r = .13 [-.24, .47], p = .49; experimental eye: r = -.03 [-.38, .34], p = .89). The slope of
the regression model was not different from zero for the control eye (F(1, 28) = 0.48, p = .49) or the
experimental eye (F(1, 28) = 0.02, p = .89), indicating that observed changes in perfusion were not
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Figure 6.13. Changes in chorio-retinal perfusion (calculated as the difference in perfusion obtained in
the control visit from the experimental visit) for a) control eyes (CE) b) experimental eyes (EE). There
was a statistically non-significant correlation between changes in perfusion and spherical equivalent
refraction (SER) in both CE and EE.

6.3.3. Choroidal thickness changes in response to myopic defocus
6.3.3.1. Baseline choroidal thickness with no defocus
To investigate whether there was a difference in baseline choroidal thickness between control and
experimental eyes, thickness measures obtained in the control visit (i.e. visit in which both the
control and the experimental eyes had no imposed defocus) were regarded as the baseline and
compared between the control and experimental eyes.
Baseline measures of choroidal thickness were normally distributed (all p > .05). Although there
was a large between-subject variability in the thickness measures (ranging from ~200–600 μm),
control eyes and experimental eyes did not differ in baseline choroidal thickness in subfoveal
(paired t-test, t(27) = 0.31, p = .76), central (paired t-test, t(29) = 0.48, p = .63), parafoveal (paired ttest, t(27) = 0.71, p = .48), and perifoveal (paired t-test, t(27) = 0.38, p = .71) regions (Figure 6.14).
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Figure 6.14. Baseline choroidal thickness (i.e. choroidal thickness under no defocus condition) for the
control eyes (CE) and experimental eyes (EE) in a) subfoveal (directly underneath the foveola), b)
central (foveola out to 1 mm), c) parafoveal (1 mm out to 3 mm), and d) perifoveal (3 mm out to 5
mm) regions. There was no difference in baseline choroidal thickness between CE and EE in any of
the regions (all p > .05). Error bars represent ± 1 SD. Black horizontal lines represent group mean.

Figure 6.15. Baseline choroidal thickness in the control eyes (CE) vs experimental eyes (EE) of all
subjects. There was a strong and statistically significant correlation of the baseline choroidal
thickness in all regions between CE and EE (all r > 0.7 and all p < .0001).
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Furthemore, there was a strong positive correlation between the control and experimental eye
thickness for each subject in all the regions (subfoveal: r = .74 [.52, .87], p < .0001; central: r = .75
[.53, .87], p < .0001; parafoveal: r = .79 [.60, .90], p < .0001; perifoveal: r = .82 [.65, .91], p < .0001,
Figure 6.15).

6.3.3.2. Change in choroidal thickness: Control vs Experimental eyes
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Figure 6.16. Median changes in choroidal thickness for the control eyes (CE) and the experimental
eyes (EE) in a) subfoveal, b) central, c) parafoveal, and d) perifoveal regions in the control and
experimental visits. For both CE and EE, the choroid exhibited small but significant thickening in the
parafoveal region irrespective of the defocus condition, while in the perifoveal region, the choroid
thickened slightly, but significantly in the control visit without any imposed defocus. Error bars
represent interquartile range. * denotes p < .05.

Some of the changes in choroidal thickness were not normally distributed (p > .05); hence, nonparametric tests were used to compare the differences. Figure 6.16 shows the median thickness
changes in subfoveal, central, parafoveal, and perifoveal choroid for the control and experimental
eyes in the experimental visit (in which control eye had no defocus, but experimental eye had
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myopic defocus) and control visit (in which both the control and the experimental eyes had no
defocus). For all of the regions studied, there was no significant difference in changes of thickness
between experimental and control visits in either the control eyes or the experimental eyes
(Wilcoxon matched-pairs signed-rank test, all p > .05). However, the control and experimental
eyes exhibited some statistically significant changes when pre- and post-defocus thicknesses were
compared within a visit. In the parafoveal region, control eyes showed a small but significant
increase in choroidal thickness in both the control visit (median change = +7.49 µm, Wilcoxon p =
.002) and the experimental visit (median change = +3.55 µm, Wilcoxon p = .04). Likewise, the
experimental eyes also exhibited a small but significant increase in parafoveal choroidal thickness
in both the control visit (median change = +6.14 µm, Wilcoxon p = .02) and the experimental visit
(median change = +4.92 µm, Wilcoxon p = .02). Similar small thickness changes were also
observed in the perifoveal region in the control visit for both the control eyes (median change =
4.80 µm, Wilcoxon p = .02) and the experimental eyes (median change = +4.84 µm, Wilcoxon p =
.04).
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6.3.3.3. Correlation of thickness and perfusion
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Figure 6.17. Correlation between thickness and perfusion measures. Choroidal thickness exhibited a
weak and non-statistically significant correlation with the perfusion measures. The pink line
represents the regression fit, while the green curves represent 95% CI of the fit.
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To investigate the correlation between the OCT measures of choroidal thickness and the MRI
measures of chorio-retinal perfusion, the association of average choroidal thickness (mean across
6-mm scan length) to chorio-retinal perfusion was analysed for the measures obtained from the
control eye (i.e. the eye with no defocus) in the first visit. Linear regression analysis showed that
the correlation was very weak and did not reach statistical significance (r = .16, p = .40, Figure
6.17), an observation that accords well with the finding from the preliminary study (see section
5.3.4) that thickness and perfusion measures in the choroid may not be related. Furthermore, the
slope of the regression model (0.06 ml/100ml/min per µm) was not different from zero, indicating
that the perfusion did not vary as a function of choroidal thickness (F(1, 28) = 0.72, p = .40).
As outliers have the potential to influence the slope of the regression model significantly, the
presence of outliers was tested with Grubbs test, which did not reveal any outliers for either the
thickness or the perfusion data. However, it was evident that there were high between-subject
variabilities in both the thickness and perfusion measures.

6.3.4. Comparison of physiological measurements: Visit 1 vs Visit 2
Physiological data, such as blood pressure and heart rate, were measured while the subjects were
viewing a video-movie in the mock scanner and being scanned in the MRI scanner in both visits.
This was to determine whether there was a systematic ‘day’ effect on chorio-retinal perfusion
measures due to extraneous factors (e.g. nervousness, anxiety, claustrophobia, etc.).

6.3.4.1. Mock scanner
In the mock scanner, systolic and diastolic blood pressures were measured at the end of the 40minute video-watching period in both visits. In addition, heart rate was continuously monitored,
and an average heart rate was calculated for each session. Some of the changes in these
physiological measurements made in the mock scanner were not normally distributed (e.g. systolic
and diastolic blood pressure, both p > .05). Compared with the measurements made in visit one,
there were small intra-subject changes in visit two. However, the differences in measures between
visit one and visit two were not statistically significant for either the systolic blood pressure
(median change = -0.5 mmHg, Wilcoxon p = .80), the diastolic blood pressure (median change = 0.5 mmHg, Wilcoxon p = .85) or the heart rate (median change = -0.5 beats/min, Wilcoxon p = .16,

183

Figure 6.18). These results suggest that physiological measures in the mock scanner did not vary
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Figure 6.18. Individual and group-averaged changes in physiological measurements obtained in the
mock scanner between the two visits. There were no statistically significant differences in
physiological recordings, such as systolic and diastolic blood pressure, and heart rate between visit
one and visit two (all p > .05). Error bars represent interquartile range. Black horizontal lines
represent the group median.

6.3.4.2. MRI scanner
Like in the mock scanner, physiological recordings were also made in the MRI scanner, as the
presence of real-life setting with loud noises occurring during the scans might create a different
environment to that of the mock scanner. Data on systolic and diastolic blood pressure, pulse, and
SpO2 were collected for 28 subjects in three-time points spread across the perfusion scan: before,
in the middle, and after the ASL sequence. Due to instrument failure, a complete set of
physiological measurements were not available for two subjects, and therefore these subjects
were not included in subsequent analysis. Data for the physiological measures in the MRI scanner
were normally distributed (all p >.05). A two-way repeated-measures analysis of variance was
conducted to test for differences across two within-subject factors: 1) time with three levels and 2)
visit with two levels. Post-hoc pairwise testing was done using the Sidak test for multiple
comparisons, as required.
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Figure 6.19. Mean changes in a) systolic blood pressure b) diastolic blood pressure c) pulse d) oxygen
saturation (SpO2) obtained in the MRI scanner between the two visits. There were no statistically
significant differences in physiological recordings, such as systolic and diastolic blood pressure, pulse,
and oxygen saturation between visit one and visit two (all p > .05). However, systolic and diastolic
blood pressure and SpO2 differed between the various time points of measurements (all p < .05).
Error bars represent ±1 SEM.

There were no significant differences in pulse rate between the visits (F(1, 27) = 1.62, p = .21) or time
points (F(2, 54) = 2.94, p = .06). The effect of day on pulse rate was also not dependent on the three
levels of time (F(2, 54) = 1.46, p = .24). Similarly, systolic blood pressure (F(1, 27) = 0.80, p = .38),
diastolic blood pressure (F(1, 27) = 2.27, p = .14), and SpO2 (F(1, 27) = 0.24, p = .63) were not different
between visit one and visit two. However, there was a significant difference in systolic blood
pressure (F(2, 54) = 13.1, p < .0001), diastolic blood pressure (F(2, 54) = 5.46, p = .007), and SpO2 (F(2, 54)
= 4.02, p = .02) between the time points of measurements. Systolic blood pressure showed a trend
towards a reduction during the perfusion scan: compared to the baseline measure, systolic blood
pressure was significantly lower at 5 minutes (mean difference = -1.80 mmHg, [-0.61, -3.0], t(54) =
3.73, p = .001) and 10 minutes (mean difference = -2.38 mmHg, [-1.18, -3.57], t(54) = 4.91, p <
.0001). Likewise, diastolic blood pressure also reduced significantly after 5 minutes (mean
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difference = -2.02 mmHg, [-0.51, -3.53], t(54) = 3.29, p = .005). A small reduction was also observed
for SpO2 levels, which decreased significantly when measured at the completion of the perfusion
scan (mean difference = -0.29 mmHg [-0.03, -0.54], t(54) = 2.81, p = .02). Collectively, results from
the analysis of the physiological data suggest that although physiological measurements did not
differ between the visits (thus ruling out any ‘day’ effect), subjects tended to demonstrate a higher
level of hemodynamic function (e.g. blood pressure, oxygen saturation) prior to the perfusion
scan, which showed a gradual reduction over the course of the scan.

6.3.5. Combined results from the preliminary study and the clinical trial
To further investigate the relationship between thickness and perfusion, and the effect of myopic
defocus on perfusion measures, data from the subjects in the preliminary study were combined
with data from the subjects in this study. These analyses were conducted to evaluate whether an
increase in sample size would have resulted in different outcomes. However, in general, the results
of these combined analyses were consistent with those of this clinical trial. The association
between thickness and perfusion measures in the control eye (without any imposed defocus) was
not statistically significant (R2 = 0.38, p = .17, a slope of 6.90 [-3.20, 17.1] ml/100ml/min per
micron). Furthermore, the regression model was not significant, indicating that perfusion
measures were relatively independent of the thickness measures (F(1, 48) = 1.90, p = .17) (Figure
6.20a).
Although perfusion measures in the control eye were normally distributed, measures in the
experimental eye were not (p < .05). Figure 6.20b shows the median changes in perfusion in the
control eyes and the experimental eyes between the two visits. In one of these visits, the
experimental eye had 2.00 D myopic defocus, but in the other visit, it had no defocus, while the
control eye had no imposed defocus in both visits. Between-visit changes in perfusion were not
statistically significant for both the control eye (median = -1.90 ml/100ml/min, Wilcoxon p = .94)
and the experimental eye (median = -0.39 ml/100ml/min, Wilcoxon p = .51). Between-eye
difference in changes of perfusion were also not significant (median difference = 2.66, Wilcoxon p
= .46).
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Figure 6.20. a) Distribution of chorio-retinal perfusion by choroidal thickness in 50 subjects (from the
preliminary study and this study). There was a weak and statistically non-significant relationship
between thickness and perfusion. The pink line represents the regression fit, and the green curves
represent 95% CI of the fit. b) Distribution (box and split violin plots) of changes in perfusion in the
experimental eyes (EE, which received no defocus on one visit and +2.00 D defocus in the other visit)
and in the control eyes (CE, which received no defocus on both visits). The between-visit changes in
perfusion were not significant for both the control and experimental eyes. The between-eye
difference of changes in perfusion was also not significant.

6.4. Discussion
6.4.1. Chorio-retinal perfusion responses to myopic defocus
This clinical trial was designed to investigate the effect of short-term induced myopic retinal
defocus on blood perfusion in the human retina/choroid complex. It was hypothesised that the
choroidal thickness changes due to retinal image defocus that have been reported in the literature
(Chiang et al., 2018b, 2018a, 2015; Read et al., 2010; Wang et al., 2016) are mediated via changes
in blood perfusion in the choroid. Using a non-invasive ASL-MRI method that provides
quantitative measures of perfusion, the study aimed to determine changes in chorio-retinal
perfusion when the eye experienced a 2.00 D myopic defocus in a 2 × 2 within-subject design.
This study found that 2.00 D of myopic retinal defocus imposed for 40 minutes did not change
MRI measures of chorio-retinal blood perfusion. These results indicate that mechanisms other
than changes in blood perfusion may account for defocus-induced thickness modulations in the
choroid when the eye is made functionally ametropic using ophthalmic lenses.
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It is now firmly established the choroid can modulate its thickness in response to retinal image
defocus (see section 4.3). One of the proposed mechanisms behind the choroidal thickness
responses to defocus is via alterations in choroidal blood flow. This hypothesis is supported by
findings from chick studies that show a reduction in choroidal blood flow in form-deprivation
myopia (Shih et al., 1993a) and transient increases in blood flow during recovery from the induced
myopia (Fitzgerald et al., 2002). As changes in choroidal blood flow appear to precede choroidal
thickening, it has been suggested that the short-term changes in blood flow presumably drive or
trigger the alterations in choroidal thickness (Fitzgerald et al., 2002). Whatever the underlying
mechanism, these findings point to a strong possibility that changes in blood flow relate to
thickness alterations in the choroid. To that end, several studies have now investigated ocular
blood flow characteristics in myopia, and have demonstrated convincingly that both the retinal
and choroidal blood flow are reduced in myopic eyes, notwithstanding the indirect methods used
in these studies for the assessment of hemodynamic parameters (Benavente-Pérez et al., 2010; Lim
et al., 2011; Yang and Koh, 2015). Evidence for a possible link between changes in choroidal
thickness and blood flow also comes from studies on ischemic retinal diseases that consistently
show thinning of the choroid and a reduction in blood flow (see section 4.5.6).
This study is unique in that no other previous clinical trials have directly explored the effect of
lens-induced defocus on choroidal blood flow. By investigating chorio-retinal perfusion responses
to +2.00 D myopic retinal defocus imposed for 40 minutes in 30 subjects, the study found no
evidence to suggest that short-term myopic defocus imposed to the experimental eye changes
chorio-retinal perfusion (Figure 6.11, Figure 6.12). Perfusion in the control eye, which was
optimally corrected in both measurement visits, were also not different, implying that the
perfusion measures were repeatable, as was demonstrated in the preliminary study described in
Chapter 5 (see section 5.3.1). As the study used the statistical inference in which the observation
was tested against the null hypothesis of no effect (i.e. null hypothesis significance testing model),
one possibility was that the sample size was not large enough, and the study perhaps did not have
an adequate power to detect a meaningful difference. In the absence of any previous reports for
an estimate of the effect size, this study was based on the post-hoc power calculations from the
preliminary study described in Chapter 5. The preliminary study found that changes of perfusion
were statistically different between the control and experimental eyes with a small effect size (d =
0.3), which indicated a sample size of 30 subjects (taking into account the possibility of drop-out)
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was adequate to detect the change (see section 6.2.4). However, it is difficult to rule out the
possibility of a type-II error altogether. To investigate whether a larger sample would influence the
outcome in this study, further analysis was conducted by considering all the data from the
preliminary study and this clinical trial (i.e. n = 50), as an increase in sample size would further
reduce type-II error and maximise the possibility of identifying an effect if there was one.
However, even in the sample of 50 subjects, the outcome was similar: 2.00 D myopic retinal
defocus imposed for 40 minutes did not change the chorio-retinal perfusion measures (Figure
6.20b, see section 6.3.5). Post-hoc power calculations showed that the power of the test to detect
the difference was meagre at 8%, and a sample size of 852 subjects would have been required for
the outcome to be statistically significant at an alpha of 0.05 and 80% power. In view of these
results, it is reasonable to conclude from this study that changes in perfusion between the control
eye and the experimental eye were not different, and that imposed myopic defocus did not cause
a change in chorio-retinal perfusion measure.

6.4.2. Blood flow vs perfusion conundrum
Although the terms ‘blood flow’ and ‘perfusion’ are often used interchangeably, there is a
fundamental difference between these two hemodynamic metrics (see section 4.7.1). As the end
product of blood flow, perfusion mainly relates to the capillary bed where the majority of the
delivery occurs, but the macrovasculature (e.g. arteries, veins) also influences perfusion indirectly
by acting as the conduits of blood. Thus, perfusion mainly reflects the nutritive blood flow (that
ends up in capillaries), with no effect of the non-nutritive flow (directly flow to veins, e.g. in
shunts), and takes into account the tissue weight. On the other hand, several factors have the
potential to affect blood flow, including blood volume, blood viscosity, and blood vessel length
and diameter (Pollock and Makaryus, 2018). While blood viscosity and blood vessel length, in
general, do not change over the short-term, vasodilation (increase in internal diameter) reduces
vascular resistance (resistance to flow) and subsequently increases blood volume and flow
(Secomb, 2016).
One possibility is that choroidal thickening from imposed myopic defocus may have increased
choroidal blood volume due to vasodilation of the larger arteriolar vessels in the stroma, leading
to increased flow. This may not necessarily be the case in the capillary bed, where the speed of
flow is considerably slower than in the larger arteries upstream (Chappell et al., 2017).
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Furthermore, the weight of the tissue may have increased, offsetting increments in perfusion,
which has a reciprocal relationship with tissue weight. However, the simple kinetic model of
inversion does not separate signal contributions from the macrovasculature (e.g. arteries) and the
capillaries. In this model (i.e. single compartment), an increase in blood volume without an
increase in perfusion would also lead to an increase in ASL signal and thus higher perfusion
values. Because the ASL signal did not change between myopic defocus and no defocus in the
experimental eye, it is likely that neither perfusion nor blood volume changed. Although in theory,
no overall ASL signal change is also plausible if perfusion went up and blood volume down, or vice
versa, it is difficult to envisage such an effect physiologically. There are now variants of ASL
methods, both in modelling and acquisition, that attempt to distinguish between perfusion and
arterial blood volume (Chappell et al., 2010; MacIntosh et al., 2010; Okell et al., 2013). However,
these ASL techniques are still in their infancy and will need further optimisation for ocular
application before they are implementable in clinical trials. It is also unknown whether there is
scope for physiological increase in chorio-retinal perfusion in healthy subjects, as chorio-retinal
perfusion could already be at a ‘ceiling’ level. This speculation is plausible given that the blood
flow in the choroid is very high (8–10x greater than retinal flow, Muir & Duong, 2011) and
accounts for 85% of ocular blood flow (Alm and Bill, 1973), indicating that the flow far exceeds the
metabolic demand of the retina. Despite this unusually high blood flow in the choroid, the oxygen
extraction is very low (~3–4%, Alm & Bill, 1970; Cohan & Cohan, 1963; Törnquist & Alm, 1979),
with oxygen content in the venous blood of about 95% of that in the arterial blood (Alm and Bill,
1972b).

6.4.3. Potential mechanisms for alterations in choroidal thickness
The finding of this study that chorio-retinal perfusion may not respond to myopic defocus known
to cause rapid and transient choroidal thickening raises the possibility that a different mechanism
is perhaps responsible for mediating choroidal thickness responses to changes in the state of
focus of the retinal image. Disparate mechanisms underlie the regulation of blood flow and
defocus-induced thickness alterations in the choroid. Central neural mechanisms primarily
regulate choroidal blood flow, as the choroid is heavily innervated by the ciliary ganglion, the
pterygopalatine ganglion, and the superior cervical ganglion along with the oculomotor,
trigeminal and facial nerves (Reiner et al., 2017). In contrast, because visual input guides the
thickness responses of the choroid to defocus, a cascade of local signals originating from the
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retina largely drives these responses (Wildsoet and Wallman, 1995). In addition, changes in blood
flow would likely occur more rapidly (~seconds) than the relatively delayed choroidal thickening
that occurs after imposed defocus (~minutes).
Apart from changes in choroidal blood flow, several other possible mechanisms could explain how
the choroid might alter its thickness in response to retinal defocus (see section 4.5). These
mechanisms include: contraction and relaxation of the non-vascular smooth muscles (Flügel-Koch
et al., 1996; Poukens et al., 1998), changes in permeability of the choroidal vessels (Pendrak et al.,
2000; Summers and Palmer, 2007), changes in the amount of aqueous humour outflow through
the uveoscleral pathway of aqueous drainage (Pendrak et al., 1998; Wallman et al., 1995),
increased rate of synthesis of osmotically active molecules (Nickla et al., 1997; Wallman et al.,
1995), and a mechanism of passive edema through fluid movement across the RPE (Rymer and
Wildsoet, 2005). One commonality among these propositions is that all of them are likely to cause
fluid redistribution in the choroid, leading to a subsequent increase or decrease in thickness.
Unfortunately, these hypotheses have yet to be studied in enough detail for more persuasive
evidence that supports the claim. Considering the finding from this study that changes in chorioretinal perfusion do not occur with imposed myopic defocus, the exact mechanism behind
choroidal thickness modulations to defocus warrants further investigation.
In general, the outcomes of chorio-retinal perfusion responses to defocus from this clinical trial
concord well with those from the preliminary study described in Chapter 5. One caveat is that
changes in perfusion between the control eyes and the experimental eyes were significantly
different in the preliminary study. Conversely, paired-eye changes in perfusion were not different
in this study. Because the preliminary study did not randomise the order in which defocus was
applied to the experimental eye, potential ‘day’ effects might have confounded the results, as
differences in changes of perfusion were primarily due to a slight reduction in chorio-retinal
perfusion in the control eye but not the experimental eye. To explore this possibility, this clinical
trial improved the study design to randomise the defocus order and measure physiological
parameters, such as BP, heart rate, and SpO2. These probable confounders were not different
between the first and second visit (see section 6.3.4), thus ruling out any influence of the
physiological parameters on the chorio-retinal perfusion between the visits. BP and SpO2 measures
were higher at the start of the perfusion scan in each visit and decreased with the duration of the
scan (Figure 6.19). However, because this study quantified perfusion as the average signal
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difference between the control and label images, it is unlikely that the temporal changes in
physiological parameters could have influenced between-eye and between-visit comparisons.
Separate quantification of perfusion at different time points within a session might reveal further
insights into changes in perfusion over time, but the number of control and label pairs in this
study was not adequate to carry out this sub-analysis.

6.4.4. Choroidal thickness responses to defocus
In this study, subjects experienced +2.00 D myopic defocus for 40 minutes in the supine position
in the mock scanner prior to the MRI scans. This design precluded the careful study of whether the
imposed defocus affected the thickness of the choroid in a controlled, lab setting, in which
previous studies have documented these effects. In addition, due to the physical separation of the
OCT and the MRI facility, subjects had to travel a considerable distance (~150 m) with a significant
time delay (~10–15 minutes). Nevertheless, a subset of 21 subjects had choroidal thickness
measured pre- and post-MRI in each visit to explore the potential effects of imposed defocus on
choroidal thickness. However, subfoveal and central choroidal thickness measurements did not
change for both the control and experimental eyes before and after the defocus period (Figure
6.16). It is important to note that the difference in posture between the OCT measures likely
confounds these comparisons, as the subjects lay supine for over an hour (in the mock and the
real MRI scanner) between the baseline and final OCT measures.
Although significant choroidal thickening was observed beyond the central choroid (i.e. parafoveal
and perifoveal regions), changes were similar in both the control and the experimental eye. This
finding suggests a potential diurnal effect (Chakraborty et al., 2011; Tan et al., 2012) rather than
effects of defocus per se, as pre- and post-MRI measures were separated by approximately one
and a half hours. Another and perhaps more significant confounding factor is the lack of
stabilisation of subjects during the period of imposed defocus. As discussed in Chapter 5 (see
section 5.4.4), the continually fluctuating magnitude and sign of imposed defocus coupled with
the rapidly changing dioptric field in the real-life environment presents a significant challenge to
document these responses because of the complex interaction of environment, accommodation,
fixation distance, and off-axis refraction (Flitcroft, 2012). Furthermore, the choroidal thickness
responses happen relatively quickly (~10 min, Chiang et al., 2015; Zhu et al., 2005) compared to
the time lag for travel between the MRI and OCT facilities.

192

6.4.5. Effect of demographic variables on chorio-retinal perfusion
This study showed that within a narrow range of age (criteria: 18 to 35 years) and refractive error
(criteria: +3.00 to -3.00 D inclusive), chorio-retinal perfusion measures are relatively independent
of the effect of age (Figure 6.8) and refractive status (Figure 6.10). In addition, there is no effect of
gender on chorio-retinal perfusion measures (Figure 6.9). Although randomisation of the
experimental eye precluded the study of inter-ocular asymmetry of chorio-retinal perfusion,
findings from the preliminary study (see section 5.3.2.1) indicate that chorio-retinal perfusion
measures are highly correlated between the right and left eye.
It is well documented in the literature that ocular vascular changes have a significant negative
association with age (see review by Ehrlich et al., 2009). In general, ageing impairs choroidal blood
flow and its adaptive regulatory mechanism. Several studies on ocular perfusion in humans have
also shown that foveolar choroidal perfusion reduces with age (Grunwald et al., 1998a; Pauleikhoff
et al., 1990; Ravalico et al., 1996). In a sample of 15 healthy subjects with a considerably wider agerange (24 to 68 years), Nateras et al. (2014) found a significant negative correlation of ASL-MRI
measures of chorio-retinal perfusion with age: perfusion declined at the rate of -2.70
ml/100ml/min per year. In another study on 105 healthy subjects, Ravalico et al. (1996) found that
pulsatile ocular blood flow decreases with age, and more so in subjects older than 50 years.
However, Kavroulaki et al (2010), in their study on choroidal blood flow with laser Doppler
flowmetry, demonstrated no effect of age on blood flow in men, but significant differences in
blood flow between females aged less than 40 years and greater than 55 years. The authors
speculated that this interaction of age and choroidal blood flow in females could be due to their
menopausal status. The effect of gender on ocular blood flow is, however, controversial. While a
study of retrobulbar velocities has shown higher velocity in the ophthalmic artery and lower
velocity in short posterior ciliary artery in men (Ustymowicz et al., 2005), other large populationbased studies have found no significant gender differences in vessel diameters (Wang et al., 2007;
Wong et al., 2003). With regards to the effects of refractive error on ocular blood flow, studies
have consistently shown that high myopia is associated with reduced retinal (Shimada et al., 2004)
and choroidal blood flow (Benavente-Pérez et al., 2010; Yang and Koh, 2015). However, the narrow
range of ametropia in this study prevented the analysis of chorio-retinal perfusion in subjects with
moderate to high refractive errors.
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6.4.6. The choroidal thickness and perfusion relationship
The results from the present study and the analysis of aggregate data from the preliminary and
this study suggest that the OCT measures of choroidal thickness and the MRI measures of chorioretinal perfusion are relatively independent. However, considering the potential influence of
several factors, including postural changes in OCT and MRI measurements and differences in
instrument resolution, the lack of association between thickness and perfusion measures needs
cautious interpretation. Moreover, it is important to bear in mind the difference in the spatial
extent of the choroidal region over which thickness and perfusion measures were made. The
choroidal thickness was measured across the entire axial width, from the RPE-choroid interface to
the choroidoscleral interface in a 6-mm region centred on the fovea. In contrast, ASL-MRI
measures of perfusion were made at the level of capillaries, where the labelled blood water
perfuses from the microvasculature to the tissue microstructure, although there is a slight
possibility of arterial signal contamination in these measures due to lack of information on the
arterial transit time (Chappell et al., 2017). In essence, perfusion was measured in a relatively
narrow region (~30 µm corresponding to the thickness of choriocapillaries, Zhao et al., 2018) in
contrast to the OCT measures of thickness, which extended to a broader region (~600 µm, Géhl
et al., 2014; Vincent et al., 2013). This discrepancy is a potential source of bias in the analysis of
thickness and perfusion relationship in the choroid. Moreover, almost all of the previous studies
that have provided circumstantial evidence about the possible association between choroidal
thickness and perfusion have used indirect methods to obtain ‘proxy’ measures of blood flow
(Berenberg et al., 2012; Garg et al., 2013; Ko et al., 2013; Novais et al., 2015; Vujosevic et al., 2012).
As was observed in the preliminary study, this clinical trial also found wide between-subject
variability in chorio-retinal perfusion measures. For example, chorio-retinal perfusion measures in
the control eye in the first visit ranged from 31.8 to 126.4 ml/100ml/min. Notably, choroidal
thickness also tends to vary widely among subjects (Spaide et al., 2008; Vincent et al., 2013; Wei et
al., 2013). Furthermore, a recent ASL consensus paper has indicated a similar wide variability in
grey matter perfusion, noting that normal perfusion may range from 40 to 100 ml/100ml/min
(Alsop et al., 2015). Consistent with this, the present study also found wide variability in grey
matter perfusion (ranging from 38.9 to 89.1 ml/100ml/min). It is, therefore, likely that the observed
spread in chorio-retinal perfusion measures represents true physiological variability.

194

6.4.7. Further limitations
This study is the first clinical trial to investigate the effects of myopic defocus on chorio-retinal
perfusion. Inevitably, there are several limitations. Although the ASL-MRI technique provides
repeatable measures of chorio-retinal perfusion (Khanal et al., 2019b), its accuracy is still
debatable for many reasons. First, the inversion pulses used in background suppression to remove
the static tissue signal do not have perfect efficiency and may underestimate perfusion measures.
One way to address this limitation is by measuring efficiency for each subject separately, but this is
time-consuming and not recommended (Alsop et al., 2015). Another way is to incorporate a
correction factor based on an empirical estimate of 95% efficiency times the number of pulses (i.e.
0.954 in this study) (Garcia et al., 2005), which would have increased our perfusion measures by a
factor of 1.2x. However, this approach is controversial, as actual efficiency is usually unknown if
not measured for each subject (Michael Chappell, personal communication).
Second, the validity of the voxelwise calibration approach used in this study for quantifying
perfusion, as recommended by the ASL consensus paper (Alsop et al., 2015), is questionable.
Although this approach corrects for regional variations in intensity due to coil sensitivity, it
assumes different values of the magnetisation of arterial blood, which should ideally be a single
value across voxels (Ahlgren et al., 2018; Chappell et al., 2017). Third, perfusion was quantified
using a value of 0.61/s for the longitudinal relaxation rate of the arterial blood for calculating
perfusion. As this rate is dependent on the haematocrit function, temperature and SpO2, it ranges
from 0.57 to 0.67/s (Lu et al., 2004) and significantly influences the perfusion measures depending
on which value is used. Finally, this study quantified perfusion without considering the arterial
transit time (duration in which the labelled blood reaches the tissue) because of which the
possibility of some arterial signal contamination cannot be ruled out. However, the time between
labelling and image acquisition (post-labelling delay) of 1.50 s is well in excess of the value
previously reported for the human retina (Maleki et al., 2011b). Therefore, it is unlikely that the
labelled blood was still in the arterial vasculature upstream, contributing to the ASL signal. Apart
from these limitations, other general shortcomings of the ASL-MRI approach of measuring
perfusion discussed previously in section 5.4.6.1 are also applicable to this study. While these
methodological limitations could affect the accuracy of the perfusion measures, the within-subject
design of this study largely negates the influence of these limitations and lends greater weight to
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the precision. Moreover, this study analysed changes in outcome measures, which further
minimises the influence of between-subject differences.
A further limitation is that the level of accommodation in the two eyes while watching the video in
the ‘mock’ scanner was unknown despite correcting the subjects for the viewing distance of
1.65 m. However, inter-eye difference in the level of defocus is likely to remain constant because
of the yoking of accommodation between the two eyes (Campbell, 1960). Another limitation
relates to the potential effects of video-watching activity on the choroid. While care was taken to
ensure relatively constant ambient lighting (~10 lux) and room temperature between visits and
subjects, it is possible that lighting and special effects of the movie could have influenced
choroidal blood flow. Because the movie was played in dim illumination, light flicker and
brightness changes were inevitable, and it has been shown that diffuse flickering light changes
blood flow in the retina and optic nerve head (Formaz et al., 1997; Garhöfer et al., 2002; Scheiner
et al., 1994). However, such flickering light does not affect blood flow in the choroid (Garhöfer et
al., 2002), which predominates in the chorio-retinal perfusion measures (Muir and Duong, 2011).

6.4.8. Conclusion
Monocular myopic retinal defocus of 2.00 D imposed on the retina for 40 minutes did not change
the chorio-retinal perfusion measured with ASL-MRI. Perfusion measures in the control eye
without any imposed defocus were not different between the visits, in agreement with the
previous demonstration that ASL-MRI provides repeatable measures of chorio-retinal perfusion
(Khanal et al., 2019b). The results from this study suggest that changes in perfusion may not be
responsible for the changes in choroidal thickness seen during imposed optical defocus. This
could imply that one or more of the proposed mechanisms involving fluid redistribution in the
choroid could mediate its thickness modulations in the presence of retinal image defocus.
Alternatively, as blood-flow regulation is a complex process, and the choroid has unusually high
blood flow but low levels of oxygen extraction, imposed defocus may affect other hemodynamic
parameters (e.g. volume, flow, lumen, etc.) without effecting changes in blood perfusion.
Considering these findings, further investigations are needed to better understand the
mechanisms behind choroidal thickness responses to retinal image defocus.
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7. Thesis conclusions
7.1. Thesis summary
The overall objective of this thesis was to improve our understanding of the fundamental issues
underlying the defocus signalling mechanism in relation to the regulation of eye growth and
refractive state. Given the increasing global threat of myopia, there is a pressing need to better
understand the mechanism of how the eye detects the presence of defocus and processes signals
to guide its growth and refractive state. This knowledge can then be applied to unravel the
mystery behind the failure of the emmetropisation mechanism and the subsequent triggering of
excessive eye growth and myopia development. While animal experiments have provided
remarkable insights into the defocus-signalling pathway, knowledge of the basic framework and
underpinning mechanism is still rudimentary and unsatisfactory, as discussed in Chapter 2.
Furthermore, although animal studies are advantageous for testing hypothesis at minute
biochemical and cellular levels under well-controlled conditions, it is necessary to investigate the
generality of these findings to humans. The novelty of this thesis lies in the concept of using
objective techniques in vivo to directly investigate the physiological responses of the human retina
and choroid to defocus. Attempts to understand these responses are crucial not only in identifying
ways to enhance the efficacy of the current myopia control technologies but also in formulating
preventive strategies to delay or preclude the onset of myopia as well as in devising treatment
strategies to halt or even reverse the progression of axial eye growth and myopia. In this respect,
this thesis seeks to address some of the relevant issues that are of utmost practical significance.
Using advanced objective in vivo techniques, the thesis delved into the intricacies of local
signalling mechanisms in the eye and investigated the physiological responses induced by
imposed optical defocus in the retina and choroid—two components of the emmetropisation
system, which ensures that the growing eyes are free of refractive errors. Specifically, this thesis
addressed five cardinal questions central to the defocus signalling mechanisms of eye growth and
refractive control: 1) Do retinal neural responses reflect the ability of the retina to detect the sign
of defocus? 2) Which retinal regions are responsible for the detection and processing of signals
related to image focus? 3) Are retinal neural responses to defocus modified by a myopiainhibiting agent? If so, what are the mechanisms involved? 4) Does a non-invasive MRI technique
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provide the feasibility to quantify reliable physiological measures of chorio-retinal blood
perfusion? 5) Does the short-term application of retinal image defocus alter blood perfusion in the
retina/choroid complex? The first three questions were addressed in Chapter 3, using global flash
multifocal electroretinogram to investigate retinal electrical responses to defocus and atropine in
humans. The experiment revealed a bidirectional response of the retinal neural activity to the sign
of defocus, predominantly in the peripheral retina, and an amplifying effect of atropine on retinal
responses to myopic defocus in the inner layers of the peripheral retina (Khanal et al., 2019a). The
last two questions were addressed in Chapter 5 and Chapter 6 through two separate studies that
implemented a novel, non-invasive ASL-MRI technique to image blood perfusion in the human
retina and choroid. The former demonstrated the feasibility of using ASL-MRI to obtain
quantitative measures of chorio-retinal perfusion with optimal repeatability (Khanal et al., 2019b),
while the latter showed a negligible effect of imposed myopic retinal defocus on the ASL-MRI
measures of chorio-retinal blood perfusion (Khanal et al., 2019c).

7.2. Major outcomes and inferences
This thesis work is novel in several respects: 1) it uses electrophysiological responses of the retina
to directly probe the mechanistic basis of defocus detection and signalling processes as well as
the potential site and mode of action of atropine in vivo in humans; (2) it demonstrates the
feasibility of using ASL-MRI to obtain repeatable and non-invasive measures of chorio-retinal
perfusion in quantitative physiological units; and (3) it provides original evidence for the effects of
retinal image defocus on chorio-retinal blood perfusion. The finding from Chapter 3 that neural
activity exhibits a sign-dependent bidirectional response to defocus further strengthens the
accumulating evidence that the retina of the eye has a striking ability to detect the sign of
defocus. Myopic retinal image defocus enhances the neural activity, whereas hyperopic retinal
image defocus inhibits the neural activity. As peripheral retinal responses interact with the sign of
defocus more vigorously than the central retinal responses, the peripheral retina likely plays a
dominant role in decoding the information related to the direction of defocus. Atropine—a
myopia-inhibiting agent—further amplifies neural responses to myopic defocus but not to
hyperopic defocus. This finding provides an elementary clue to the mechanism underlying the
mysterious efficacy of atropine in controlling eye growth and myopia. While atropine appears to
spare the central retina, it selectively enhances neural responses to myopic defocus from the inner
retina in the retinal periphery. In this regard, the inner retinal layers in the peripheral retina could
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be one site that contains a defocus signal processing system, and the retina may encode or initiate
defocus signals at this level. These findings contribute to further localise the role of the retina, as a
defocus detector, in the signal cascade presented in Figure 2.2.
How these retinal signals of defocus travel downstream in the signalling pathway remains
unknown, but an improved understanding of the fundamental mechanism behind choroidal
responses to defocus may provide clues. Despite a long-standing conjecture that changes in
blood perfusion presumably mediate choroidal thickness responses to defocus, the lack of a direct
and absolute method of measuring choroidal perfusion has impeded testing of this hypothesis.
This thesis further provides insights into the mechanisms underlying choroidal thickness responses
to defocus, employing a sophisticated ASL-MRI technique to image chorio-retinal perfusion. ASLMRI provides a practical means of obtaining reliable quantitative measures of chorio-retinal
perfusion in vivo in absolute physiological units, as shown in Chapter 5. Myopic retinal image
defocus typically causes an increase in choroidal thickness in the short-term and appears to exert
a protective effect on axial elongation and myopia progression in the longer-term. However,
imposed myopic defocus does not affect chorio-retinal perfusion, as demonstrated in Chapter 6.
In the context of existing literature, this intriguing and somewhat unexpected finding suggests
that defocus-induced changes in perfusion may not mediate thickness modulations in the choroid.
In addition to providing evidence against a vascular mechanism for choroidal thickness responses
to defocus, the finding also implies that perhaps one or more of the osmotic mechanisms underlie
defocus-induced thickness alterations in the choroid. This conclusion holds despite combining the
data from Chapter 5 and 6 (to yield a relatively large sample size, n = 50), which argues against
the possibility that the results are an artefact resulting from the lack of sufficient power to reject
the hypothesis. The evidence against an effect of myopic defocus on chorio-retinal perfusion is
particularly important as it emphasises a shift in the investigative paradigm towards the
plausibility of non-vascular osmotic mechanisms of choroidal thickness changes and their
potential synchrony with retinal mechanisms underlying defocus signals upstream in the pathway.

7.3. Clinical significance
In investigating retinal electrophysiological responses to defocus, atropine enhanced the retinal
responses under myopic defocus in the inner layers of the peripheral retina but did not influence
the reduction in retinal responses under hyperopic defocus, a finding perhaps confirmatory of the
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relative potency of myopic defocus in refractive development of the eye. A cautious extrapolation
of this result indicates a possible enhancement in efficacy if the design of clinical myopia
interventions is optimised to increase retinal responses to myopic defocus. As atropine further
potentiates retinal responses already enhanced by the application of myopic defocus, optical and
pharmacological modification of defocus signals are likely to be additive. Combination therapy
could, therefore, result in a potential increase in efficacy and provide more effective control of
axial eye growth and myopia. Furthermore, since atropine, a myopia-inhibiting agent, appears to
act at the level of the inner and peripheral retina, the efficacy of myopia control technologies
could potentially be enhanced if interventions are targeted at the inner layers of the peripheral
retina.
The successful implementation of ASL-MRI technique in this thesis now allows the investigation of
longitudinal changes in choroidal perfusion and thus establishes a valid tool for studying ischemia
over time, for example, in ischemic retinal diseases. However, as described in section 5.4.6, there is
scope for further advancements in ASL-MRI (e.g. increasing resolution for segregation of retinal
and choroidal perfusion), which would substantially enhance the clinical applicability of the
technique for more robust quantification of perfusion in the human eyes. In investigating the
effects of retinal defocus on chorio-retinal perfusion, this thesis explored whether contact lensinduced defocus could provide a potential new treatment for increasing blood perfusion in
ischemic retinal diseases, such as AMD and DR. Findings from this thesis are of significance in this
regard, as they suggest that +2.00 D myopic retinal defocus is likely inadequate to increase the
chorio-retinal perfusion in healthy adults and presumably ineffective in those with ischemic
diseases. However, further alterations in defocus magnitude and duration may provide additional
insights into whether contact lens-induced myopic defocus can be translated for clinical
application in ischemic conditions. It is anticipated that an optical therapy of increasing blood
perfusion would provide a convenient and cost-effective means to alleviate damage due to
ischemia and delay or prevent the loss of visual function associated with these diseases.

7.4. Future directions
The findings from this thesis adequately satisfy the aims outlined in section 1.2 and contribute
towards a better understanding of the mechanism by which the components of the defocus
pathway are likely to process signals related to eye growth and myopia. However, it is essential to
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recognise that several critical questions remain largely unanswered, and a plethora of issues
warrant further investigations. These include: identification of focus-sensitive retinal cells, defocus
cues and signal messengers, interaction of choroidal and retinal mechanisms underlying defocus
signalling process, neural responses to ‘real-life’ (more realistic) complex patterns of defocus,
osmotic mechanisms of defocus-induced alterations in choroidal thickness, disparity/congruity in
signal processing pathway for opposite signs of defocus, dynamic and temporal integration of
defocus signals, accommodative input in signalling defocus, and the molecular basis of defocus
signals. It seems prudent to resolve most of these central issues to obtain a complete picture of
how the eye signals defocus to regulate its growth and refractive state. Although optical and
pharmacological interventions of myopia are rapidly becoming mainstream, the site and mode by
which these interventions act to control myopia continues to be elusive. Isolating layer- and
neuron-specific retinal responses with modified electrophysiology techniques and studying how
myopia interventions interact with such localised responses may provide additional insights into
the underlying mechanisms involved. An improved understanding of the defocus detection and
signalling pathway may inform the pathogenesis of refractive errors and serve as the foundation
for introducing effective therapeutic strategies to inhibit axial eye growth and to slow down the
progression of myopia, a significant public health concern of the 21st century.
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8. Appendices
8.1. Preliminary MRI study - Secondary outcome measures
8.1.1. Ocular biometry
To investigate the potential effect of myopic defocus on ocular biometric measures, baseline
measures of axial length (AL), central corneal thickness (CCT), anterior chamber depth (ACD), lens
thickness (LT) and vitreous chamber depth (VCD), were recorded in visit one. These measures were
again repeated in visit two after the subject had worn +2.00 D defocussing contact lens on the
experimental eye for 60 minutes. Ocular biometry measurements were taken in both eyes with an
optical biometer (LenStar LS900, Haag Streit AG, Koeniz, Switzerland). This instrument is based on
the principle of low coherence reflectometry and automatically measures a range of ocular
dimensions, including AL (distance between the anterior corneal surface to RPE), CCT (distance
between anterior and posterior corneal surface) and ACD (distance between the anterior corneal
surface to the front surface of lens). Although the Lenstar does not give VCD automatically, this
parameter can be calculated as 𝑉𝐶𝐷 = 𝐴𝐿 − (𝐴𝐶𝐷 + 𝐿𝑇). Because the axial length is generally
considered as the distance between the anterior surface of the cornea and internal limiting
membrane, the Lenstar assumes a constant retinal thickness of 200 µm to give an estimate of axial
length. As per the manufacturer’s manual (https://www.haag-streit.com), the LenStar is capable of
measuring axial length within a very large range (12–32 mm) with an in vivo repeatability of 0.035
mm and a resolution of 0.01 mm. LenStar measures of ocular biometry are reliable, valid, and
compare favourably with other instruments for ocular biometry, such as IOLMaster (Buckhurst et
al., 2009; Holzer et al., 2009; Rohrer et al., 2009).

8.1.2. Results
Changes in these biometry measures were calculated as differences in measures between visit two
and visit one and compared between the control and experimental eyes using paired t-tests for
normally distributed data and Wilcoxon signed-rank test for non-normal distributions. In addition,
absolute measures of ocular biometry were compared between the two visits in each eye. Table
5.1 presents the descriptive statistics for the changes in biometry measurements.
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Figure 8.1. Comparisons of biometry measures between the control eyes (CE) and the experimental
eyes (EE). Bar graphs for a) average change b) absolute measure for A) axial length (AL), B) central
corneal thickness (CCT), C) lens thickness (LT), D) anterior chamber depth (ACD), E) vitreous chamber
depth (VCD), and F) contact lens (CL) thickness. ** denote p < .01, *** denote p < .001. Error bars
represent ± 1 SEM (for normal data) or interquartile range (for non-normal data).

Table 8.1. Descriptive statistics for changes in ocular biometry in the control eyes (CE) and the
experimental eyes (EE).
Eye

Mean (mm)

SD

AL

0.009

CCT
ACD
LT
VCD
AL
CCT
ACD
LT
VCD

95% CI

Minimum

Maximum

0.02

-0.03

0.06

-0.007
-0.020
-0.02
-0.08

0.008
0.024
0.09
0.03

-0.03
-0.09
-0.09
-0.38

0.06
0.13
0.38
0.09

0.02
0.006
-0.01
0.001
-0.07

0.05
0.03
0.03
0.10
0.02

-0.03
-0.04
-0.11
-0.01
-0.33

0.07
0.05
0.10
0.38
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Lower

Upper

0.02

-0.002

0.0006
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0.03
-0.03

0.02
0.05
0.12
0.11

0.03
0.02
0.009
0.05
-0.03

0.03
0.03
0.05
0.11
0.10

Control Eye (CE)

Experimental Eye (EE)
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There was a significant difference in AL change between the control and experimental eyes (paired
t-test, t(19) = 3.04, p = .007, Figure 8.1A). Mean AL change in the experimental eyes was greater
than that in the control eyes (mean difference = +0.03 [+0.008, +0.04] mm). The AL increased
significantly in the experimental eyes between visit one and visit two (mean difference = +0.03
[+0.02, +0.05] mm, paired t-test, t(19) =5.36, , p < .001). There was also a significant difference in
CCT change between the control and experimental eyes (median difference = +0.03 mm,
Wilcoxon p = .007). Average CCT change in the experimental eyes was greater than that in the
control eyes (median difference = +0.03 mm, Figure 8.1B). Compared with visit one, mean CCT in
the experimental eyes was significantly greater in visit two (mean difference = +0.02 [+0.008,
+0.03] mm, paired t-test, t(19) =1.65, , p = .002). Similarly, mean LT was significantly greater in visit
two when defocus was applied to the experimental eyes compared to visit one (mean difference =
+0.05 [+0.001, +0.10] mm, paired t-test, t(19) =2.15, p = .045, Figure 8.1C). There were no significant
changes for either anterior chamber depth (ACD, Figure 8.1D) or vitreous chamber depth (VCD,
Figure 8.1E).

Figure 8.2. Examples of A-scan plots from the Lenstar’s software for a) an eye without contact lens b)
an eye with a contact lens. In eye wearing contact lens, three prominent peaks from the anterior eye
are clearly visible in contrast to only two prominent peaks in the eye without the contact lens.

On evaluating the A-scan obtained with the LenStar, three distinct peaks could be identified from
the corneal region (Figure 8.2). This indicated that the biometry measurements incorporated the
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thickness of the contact lens, as the LenStar calculates these measures by assigning the reference
point to the first peak, which would correspond to the anterior surface of the contact lens. Thus,
the contact lens thickness may have confounded the axial length and central corneal thickness
measurements, particularly in experimental eyes, which wore lenses of different powers over the
two visits. To investigate this possibility, the biometry data were further revisited, and attempts
were made to adjust the measurements taking into account the thickness of the contact lens.
However, the system only allowed manual adjustments of all the peaks but the first one.
Therefore, contact lens thickness was measured manually by shifting the peak corresponding to
the posterior corneal surface to the posterior surface of the contact lens. Measures of contact lens
thicknesses were compared between the two visits in both the control and experimental eyes. In
the control eyes, there was no significant difference in the thickness of the contact lens used in
visit one and visit two (median difference = +0.50 µm, Wilcoxon p = .99). In contrast, the thickness
of the contact lens worn on the experimental eyes differed significantly between the two visits
(median difference = +31.5 µm, Wilcoxon p = .001, Figure 8.1F).
These results suggest that the defocussing contact lens (used to impose myopic defocus on the
second visit) was significantly thicker than the fully correcting contact lens worn in the first visit.
This was further verified with measurements of wet central thicknesses for the contact lenses
obtained from the manufacturer (CooperVision Inc., personal communication). The myopic defocus
inducing lens (i.e. lens of relatively greater plus power) had greater wet central thickness than the
fully correcting lens. For example, the wet central thickness of +0.50 D contact lens was 0.10 mm,
and that of +2.50 D contact lens was 0.143 mm. Similarly, the wet central thickness of -3.00 D
contact lens was 0.08 mm, and that of -1.00 D contact lens was 0.13 mm. This observation was,
however, not applicable in a few cases where the power of the lens switched from minus to plus
side while inducing defocus. This might have resulted in some variability, as seen in Figure 8.1F.

8.1.3. Discussion
In this study, the AL and CCT of the experimental eye (exposed to 60 minutes of myopic defocus
in visit two increased compared to the measures made in visit one under the fully corrected
condition, but the vitreous chamber depth did not change. Lens-rearing experiments have
conclusively shown that the eye compensates for the imposed myopic defocus in several
vertebrate species by altering axial ocular dimensions (see section 2.2.2.1), predominantly by
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shortening of the vitreous chamber. When myopic defocus is imposed to the otherwise normal
chick eyes for only 10 minutes, the eye rapidly compensates for the induced defocus by
shortening the AL, primarily by reducing the VCD and increasing the choroidal thickness (Zhu et
al., 2005). Similar rapid compensation in AL also occurs in humans after just 30 minutes of
exposure to +3.00 D myopic defocus induced by spectacle lens wear (Read et al., 2010), mainly
due to changes in VCD with no significant changes in any of the anterior eye biometrics (i.e. CCT,
ACD, and LT). These changes in axial length (primarily via changes in VCD) in a predictable
direction opposite to that of the choroidal thickness suggest that the eye responds to imposed
defocus by altering choroidal thickness in a manner that would attempt to move the retina
towards the image plane.
The finding of this study that myopic defocus induces a small but significant thickening of both
the central cornea and the axial length without affecting the depth of the vitreous chamber is
somewhat unexpected and paradoxical. This rather contradictory result appears to due to subjects
undergoing ocular biometry under contact lens-wear condition in which the optical biometer
calculated the measurements from the anterior surface of the contact lens instead of the anterior
corneal surface, as evident from the A-scan profile of the eye with the contact lens (Figure 8.2).
Furthermore, the average difference in the thickness of the defocussing and non-defocussing
contact lens was 31.5 µm, which is similar to the observed change in AL (30.0 µm) and CCT (20.0
µm). Thus, in this case, it is likely that these changes in AL and CCT could merely be artefacts of
measuring ocular dimensions over contact lenses, as the magnitude of changes in thickness of the
contact lens used over the two visits in the experimental eye is similar to that of the observed
increment in AL and CCT. Changes in contact lens thickness, however, does not explain the trend
towards a slight thickening of the crystalline lens in both the control (30.0 µm) and the
experimental eyes (50.0 µm) observed in this study. Although only the change in the experimental
eye was statistically significant, differences in changes of LT between the two eyes were not. A
possible explanation, therefore, is that the control eye might have accommodated slightly during
the measurements leading to an increased thickness of the crystalline lens in both eyes due to the
classical yoking of accommodation (Campbell, 1960; Dubbelman et al., 2005). It is important to
note that the induced myopic defocus in this study did not produce a change in VCD, which is
consistent with the other finding from the study that the thickness of the choroid was similar
despite the application of defocus.
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8.2. Appendix A1: ASL data analysis log 1
Input file: /Users/skha513/Desktop/myData/sub01/Day1/ASL/PCASL.nii.gz
Analysis in white paper mode
Using structural images (bias corrected) from fsl_anat: /Users/skha513/Desktop/myData/sub01/Day1/MPRAGE/T1.anat
Standard brain is: /usr/local/fsl/data/standard/MNI152_T1_2mm
Structural to standard transformation warp: /Users/skha513/Desktop/myData/sub01/Day1/MPRAGE/T1.anat/T1_to_MNI_nonlin_coeff.nii.gz
Motion correction to calibration image
Number of TIs in list: 1
TIs list: --ti1=3.0
Input ASL format is: ct
Input block format is: tis
Operating in Single TI mode
3.0
Performing registration
Using /tmp/fsl_lW4qar_ox_asl/meanasl_brain as base for inital registration
Bias field extracted from /Users/skha513/Desktop/myData/sub01/Day1/MPRAGE/T1.anat sucessfully
Using mask: /Users/skha513/Desktop/myData/sub01/Day1/meanasl_bet_mask.nii.gz
T1: 1.65
T1b: 1.65
Bolus duration(s): 1.5
Bolus duration: 1.5
BASIL setup
cASL model
Fixed bolus duration
Variable arterial arrival time
Setting prior/initial (tissue/gray matter) bolus arrival time to 0
Employing spatial VB
BASIL options (/tmp/fsl_lW4qar_ox_asl/basil_options.txt):
---#FABBER options created by Oxford_asl --t1=1.65 --t1b=1.65 --casl --tau=1.5 --bat=0
---Initial run of BASIL on data where we have avareged all repeats at each TI
Run time basil options:
--spatial
--Using BASIL step /tmp/fsl_lW4qar_ox_asl/init/basil/step2
Main run of BASIL on ASL data
Run time basil options:
--spatial
--Initial MVN for BASIL is: /tmp/fsl_lW4qar_ox_asl/init/finalMVN
Using BASIL step /tmp/fsl_lW4qar_ox_asl/basil/step2
Final registration
T1t (for calibration): 1.3
Calibration is voxelwise
Mean perfusion in gm is 17.487491
Mean arrival in gm is 0.001520
Mean perfusion in wm is 6.487473
Mean arrival in wm is 0.000120
Mean perfusion_calib in gm is 52.358423
Mean perfusion_calib in wm is 25.885305

207

8.3. Appendix A2: ASL data analysis log 2
Users/skha513/Desktop/oxford_asl/oxford_asl -i "/Users/skha513/Desktop/myData/sub01/Day1/ASL/PCASL.nii.gz" --ibf=rpt --iaf=ct --tis 3.00 --bolus 1.50
--casl --fslanat="/Users/skha513/Desktop/myData/sub01/Day1/MPRAGE/T1.anat" -c "/Users/skha513/Desktop/myData/sub01/Day1/M0_AP/M0_AP.nii.gz"
--tr 10.00 --cgain 1.00 --cmethod voxel --cblip="/Users/skha513/Desktop/myData/sub01/Day1/M0_PA/M0_PA.nii.gz" --echospacing=0.63000 --pedir=y -wp --t1b 1.65 --alpha 0.85 --fixbolus --spatial --mc --artoff -m "/Users/skha513/Desktop/myData/sub01/Day1/meanasl_bet_mask.nii.gz" -o
"/Users/skha513/Desktop"
OXFORD_ASL - running
Version: v3.9.15 Mon Jul 9 15:31:19 2018
Saving results in natve (ASL aquisition) space to /Users/skha513/Desktop/native_space
Saving results in structural space to /Users/skha513/Desktop/struct_space
Pre-processing
Motion Correction
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0000
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0001
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0002
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0003
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0004
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0005
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0006
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0007
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0008
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0009
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0010
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0011
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0012
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0013
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0014
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0015
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0016
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0017
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0018
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0019
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0020
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0021
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0022
/tmp/fsl_SzCRgj_ox_asl/asldata.mat/MAT_0023
Number of voxels is:393216
Number of repeats in data is:12
Outputting ASL data mean at each TI
Done.
Number of inversion times: 1
Number of timepoints in data: 12
Number of repeats in data: 12
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Performing registration
ASL_REG
Input file is: /tmp/fsl_SzCRgj_ox_asl/meanasl_brain
Registration MAIN stage (FLIRT)
Tidying up
ASL_REG - Done.
Distortion correction: running topup
Distortion Correction using TOPUP
Number of voxels is:393216
Number of repeats in data is:12
Outputting ASL data mean at each TI
Done.
Setting up BASIL
Instructing BASIL to use automated spatial smoothing
Calling BASIL on data - conventional perusion image
Creating output directory: /tmp/fsl_SzCRgj_ox_asl/init/basil here
STEP 1: VB - Tissue
---------------------Welcome to FABBER v3.9.2-85-g2205738
---------------------Last commit: Mon Jul 9 14:19:32 2018
Logfile started: /tmp/fsl_SzCRgj_ox_asl/init/basil/step1/logfile
0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 11% 12% 13% 14% 15% 16% 17% 18% 19% 20% 21% 22% 23% 24% 25% 26% 27% 28% 29% 30% 31% 32%
33% 34% 35% 36% 37% 38% 39% 40% 41% 42% 43% 44% 45% 46% 47% 48% 49% 50% 51% 52% 53% 54% 55% 56% 57% 58% 59% 60% 61% 62% 63%
64% 65% 66% 67% 68% 69% 70% 71% 72% 73% 74% 75% 76% 77% 78% 79% 80% 81% 82% 83% 84% 85% 86% 87% 88% 89% 90% 91% 92% 93% 94%
95% 96% 97% 98% 99% 100%
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Final logfile: /tmp/fsl_SzCRgj_ox_asl/init/basil/step1/logfile
STEP 2: Spatial VB Tissue - init with STEP 1
---------------------Welcome to FABBER v3.9.2-85-g2205738
---------------------Last commit: Mon Jul 9 14:19:32 2018
Logfile started: /tmp/fsl_SzCRgj_ox_asl/init/basil/step2/logfile
0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%
Final logfile: /tmp/fsl_SzCRgj_ox_asl/init/basil/step2/logfile
End.
Fabber variance calculator
Working in /tmp/fsl_SzCRgj_ox_asl/init/basil/step2
Calculating variance for: ftiss
FABBER: MVNtool
FabberRunDataNewimage::Loading mask data from '/tmp/fsl_SzCRgj_ox_asl/mask'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=1
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 0, 0, 0, 0
FabberRunDataNewimage::Setting coordinates from extent
FabberRunDataNewimage::Loading data from '/tmp/fsl_SzCRgj_ox_asl/init/basil/step2/finalMVN'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=10
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 1005, 0, 0, 0
FabberRunDataNewimage::Applying mask to data...
FabberRunDataNewimage::Saving to nifti: /tmp/fsl_SzCRgj_ox_asl/init/basil/step2/var_ftiss
Calculating variance for: delttiss
FABBER: MVNtool
FabberRunDataNewimage::Loading mask data from '/tmp/fsl_SzCRgj_ox_asl/mask'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=1
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 0, 0, 0, 0
FabberRunDataNewimage::Setting coordinates from extent
FabberRunDataNewimage::Loading data from '/tmp/fsl_SzCRgj_ox_asl/init/basil/step2/finalMVN'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=10
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 1005, 0, 0, 0
FabberRunDataNewimage::Applying mask to data...
FabberRunDataNewimage::Saving to nifti: /tmp/fsl_SzCRgj_ox_asl/init/basil/step2/var_delttiss
Done.
Creating output directory: /tmp/fsl_SzCRgj_ox_asl/basil
here
STEP 1: VB - Tissue - init with STEP 0
---------------------Welcome to FABBER v3.9.2-85-g2205738
---------------------Last commit: Mon Jul 9 14:19:32 2018
Logfile started: /tmp/fsl_SzCRgj_ox_asl/basil/step1/logfile
0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 11% 12% 13% 14% 15% 16% 17% 18% 19% 20% 21% 22% 23% 24% 25% 26% 27% 28% 29% 30% 31% 32%
33% 34% 35% 36% 37% 38% 39% 40% 41% 42% 43% 44% 45% 46% 47% 48% 49% 50% 51% 52% 53% 54% 55% 56% 57% 58% 59% 60% 61% 62% 63%
64% 65% 66% 67% 68% 69% 70% 71% 72% 73% 74% 75% 76% 77% 78% 79% 80% 81% 82% 83% 84% 85% 86% 87% 88% 89% 90% 91% 92% 93% 94%
95% 96% 97% 98% 99% 100%
Final logfile: /tmp/fsl_SzCRgj_ox_asl/basil/step1/logfile
STEP 2: Spatial VB Tissue - init with STEP 1
---------------------Welcome to FABBER v3.9.2-85-g2205738
---------------------Last commit: Mon Jul 9 14:19:32 2018
Logfile started: /tmp/fsl_SzCRgj_ox_asl/basil/step2/logfile
0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%
Final logfile: /tmp/fsl_SzCRgj_ox_asl/basil/step2/logfile
End.
Fabber variance calculator
Working in /tmp/fsl_SzCRgj_ox_asl/basil/step2
Calculating variance for: ftiss
FABBER: MVNtool
FabberRunDataNewimage::Loading mask data from '/tmp/fsl_SzCRgj_ox_asl/mask'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=1
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 0, 0, 0, 0
FabberRunDataNewimage::Setting coordinates from extent
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FabberRunDataNewimage::Loading data from '/tmp/fsl_SzCRgj_ox_asl/basil/step2/finalMVN'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=10
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 1005, 0, 0, 0
FabberRunDataNewimage::Applying mask to data...
FabberRunDataNewimage::Saving to nifti: /tmp/fsl_SzCRgj_ox_asl/basil/step2/var_ftiss
Calculating variance for: delttiss
FABBER: MVNtool
FabberRunDataNewimage::Loading mask data from '/tmp/fsl_SzCRgj_ox_asl/mask'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=1
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 0, 0, 0, 0
FabberRunDataNewimage::Setting coordinates from extent
FabberRunDataNewimage::Loading data from '/tmp/fsl_SzCRgj_ox_asl/basil/step2/finalMVN'
FabberRunDataNewimage::Dimensions: x=128, y=128, z=24, vols=10
FabberRunDataNewimage::Voxel size: x=1.25mm, y=1.25mm, z=3mm, TR=1 sec
FabberRunDataNewimage::Intents: 1005, 0, 0, 0
FabberRunDataNewimage::Applying mask to data...
FabberRunDataNewimage::Saving to nifti: /tmp/fsl_SzCRgj_ox_asl/basil/step2/var_delttiss
Done.
Performing final registration
Performing registration
ASL_REG
Input file is: /tmp/fsl_SzCRgj_ox_asl/ftiss
Registration FINAL stage (BBR)
'/tmp/fsl_SzCRgj_ox_asl/mask.nii.gz' and '/tmp/fsl_SzCRgj_ox_asl/mask.nii.gz' are the same file
Running BBR
0.707360 0.999868 -0.001414 -0.016187 0.000000 0.000959 0.999604 -0.028120 0.000000 0.016220 0.028101 0.999474 0.000000 -1.212333 -0.471795
3.908834 1.000000
BBR end
Saving FINAL output
'/tmp/fsl_SzCRgj_ox_asl/tissseg.nii.gz' and '/tmp/fsl_SzCRgj_ox_asl/tissseg.nii.gz' are the same file
Tidying up
ASL_REG - Done.
Number of voxels is:265407
Number of repeats in data is:1
Start extrapolation!
Done.
Output is /Users/skha513/Desktop/
OXFORD_ASL - done.
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8.4. Appendix A3: Script for ASL data analysis
%________________________________________________________________________
% asl_eye.m - Script to analyse ASL data from the eye
% Last update: 07/2018
% The script is broken into multiple sections, but can be combined to run % at once
%
%V1.0 Safal Khanal @The University of Auckland
%% Start in a clean state
close all;
clearvars;
clc;
%% Define paths and variables
dataPath='/Users/skha513/Desktop/myData_ChBFstudy';
addpath(genpath(dataPath))
cd(dataPath)
% Change the number of subjects and visits as required!
nSubs=30;
nVisits=2;

%% Run fsl_anat on the structural image - this takes time!
for subject = 1:nSubs
subPath= [dataPath '/sub' sprintf('%02d',subject)];
visitPath= [dataPath '/sub' sprintf('%02d',subject) '/Day1' ]; % structural image is only in Day1
tic
fprintf ('Now running subject%d\n', subject)
% Run segmentation on the structural image
system (['fsl_anat -i ' visitPath '/MPRAGE/T1.nii.gz'])
toc
end
% Check anat images
for subject=1:nSubs
system (['fsleyes ' visitPath '/MPRAGE/T1.anat/T1.nii.gz'])
end

%% Prepare mask, brain extract, and register
for subject =1:nSubs
for visit=1:nVisits
fprintf ('subject%d ; visit%d\n',subject, visit)
tic
subPath= [dataPath '/sub' sprintf('%02d',subject)];
visitPath= [dataPath '/sub' sprintf('%02d',subject) '/Day' sprintf('%d',visit)];
% Get mean asl, brain extract and create mask from motion corrected
% ASL
system(['fslmaths ' visitPath '/ASL/PCASL.nii.gz' ' -Tmean ' visitPath '/meanasl.nii.gz'])
system (['bet ' visitPath '/meanasl.nii.gz ' visitPath '/meanasl_bet.nii.gz -f 0.2 -m'])
system (['flirt -in ' visitPath '/M0_PA/M0_PA.nii.gz -ref ' visitPath '/M0_AP/M0_AP.nii.gz -out ' visitPath '/M0_PA/M0_PA_reg -dof 6'])
%system (['flirt -in ' visitPath '/M0_PA/M0_PA.nii.gz -ref ' visitPath '/M0_AP/M0_AP.nii.gz -omat ' visitPath '/M0_PA/PA2AP.mat -schedule
/users/skha513/fsl/etc/flirtsch/xyztrans.sch'])
%system (['flirt -in ' visitPath '/M0_PA/M0_PA.nii.gz -ref ' visitPath '/M0_AP/M0_AP.nii.gz -init ' visitPath '/M0_PA/PA2AP.mat -applyxfm -out ' visitPath
'/M0_PA/M0_PA_reg'])
toc
end
end
%% run oxford_asl_akl script
for subject =1:nSubs
for visit=1:nVisits
fprintf ('subject%d ; visit%d\n',subject, visit)
tic
subPath= [dataPath '/sub' sprintf('%02d',subject)];
visitPath= [dataPath '/sub' sprintf('%02d',subject) '/Day' sprintf('%d',visit)];
system (['bash -x ../oxford_asl/oxford_asl_akl -i ' visitPath '/ASL/PCASL.nii.gz' ' -o ' visitPath '/oxasl_mc_dc_str' ' --spatial --wp --mc --iaf=ct --ibf=tis -tis=3.0 --bolus=1.5 --casl --tr=10 --artoff --fixbolus --cmethod=voxel --echospacing=0.000315 --pedir=y -c ' visitPath '/M0_AP/M0_AP.nii.gz' ' --cblip='
visitPath '/M0_PA/M0_PA_reg.nii.gz -m ' visitPath '/meanasl_bet_mask.nii.gz' ' --fslanat=' subPath '/Day1/MPRAGE/T1.anat --debug'])
toc
end
end
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%% Check the mean gray matter and white matter perfusion
for subject = 1:nSubs
for visit= 1:nVisits
subPath= [dataPath '/sub' sprintf('%02d',subject)];
visitPath= [dataPath '/sub' sprintf('%02d',subject) '/Day' sprintf('%d',visit)];
tic
fprintf ('subject%d ; visit%d\n',subject, visit)
fileIDg{subject,visit}=fopen(fullfile(visitPath,'/oxasl_mc_dc_str/native_space/perfusion_calib_gm_mean.txt'),'r');
fileIDw{subject,visit}=fopen(fullfile(visitPath,'/oxasl_mc_dc_str/native_space/perfusion_calib_wm_mean.txt'),'r');
formatSpec='%f';
Gm(subject,visit,:)=fscanf(fileIDg{subject,visit},formatSpec);
Wm(subject,visit,:)=fscanf(fileIDw{subject,visit},formatSpec);
toc
end
end
%% Check perfusion images
for subject=1:nSubs
for visit=1:nVisits
subPath= [dataPath '/sub' sprintf('%02d',subject)];
visitPath= [dataPath '/sub' sprintf('%02d',subject) '/Day' sprintf('%d',visit)];
system (['fsleyes ' visitPath '/oxasl_mc_dc_str/native_space/perfusion_calib.nii.gz'])
end
end
%% Transform structural image and masks to ASL space
for subject = 1:nSubs
for visit= 1:nVisits
subPath= [dataPath '/sub' sprintf('%02d',subject)];
visitPath= [dataPath '/sub' sprintf('%02d',subject) '/Day' sprintf('%d',visit)];
fprintf ('subject%d ; visit%d\n',subject, visit)
% inverse transformation to get struc2asl transform
system (['convert_xfm -omat ' visitPath '/oxasl_mc_dc_str/native_space/struct2asl.mat -inverse ' visitPath
'/oxasl_mc_dc_str/native_space/asl2struct.mat'])
% apply the transformation to the structural image
system (['applywarp -i ' subPath '/Day1/MPRAGE/T1.anat/T1.nii.gz -o ' visitPath '/T1_asl_space_str -r ' visitPath
'/oxasl_mc_dc_str/native_space/perfusion_calib.nii.gz --premat=' visitPath '/oxasl_mc_dc_str/native_space/struct2asl.mat --super --interp=spline -superlevel=4'])
% system (['flirt -in ' subPath '/Day1/MPRAGE/T1.nii.gz -ref ' visitPath '/oxasl_mc_dc_str/native_space/perfusion_calib.nii.gz -init ' visitPath
'/oxasl_mc_dc_str/native_space/struct2asl_init.mat -applyxfm -out ' visitPath '/T1_asl_space_str'])
REmaskPath=[subPath '/sub' num2str(subject) '_RE_mask1.nii.gz'];
LEmaskPath=[subPath '/sub' num2str(subject) '_LE_mask1.nii.gz'];
system (['applywarp -i ' REmaskPath ' -o ' visitPath '/REmask_asl_space -r ' visitPath '/oxasl_mc_dc_str/native_space/perfusion_calib.nii.gz --premat='
visitPath '/oxasl_mc_dc_str/native_space/struct2asl.mat --super --interp=spline --superlevel=4'])
system (['applywarp -i ' LEmaskPath ' -o ' visitPath '/LEmask_asl_space -r ' visitPath '/oxasl_mc_dc_str/native_space/perfusion_calib.nii.gz --premat='
visitPath '/oxasl_mc_dc_str/native_space/struct2asl.mat --super --interp=spline --superlevel=4'])
end
end
%% Binarise the masks, remove nan values and extract data
for subject = 1:nSubs
for visit= 1:nVisits
subPath= [dataPath '/sub' sprintf('%02d',subject)];
visitPath= [dataPath '/sub' sprintf('%02d',subject) '/Day' sprintf('%d',visit)];
system (['fslmaths ' visitPath '/REmask_asl_space -thr 0.1 -bin ' visitPath '/REmask_asl_space_bin'])
system (['fslmaths ' visitPath '/LEmask_asl_space -thr 0.1 -bin ' visitPath '/LEmask_asl_space_bin'])
system (['fslmaths ' visitPath '/REmask_asl_space_bin -mul ' visitPath '/oxasl_mc_dc_str/native_space/perfusion_calib.nii.gz ' visitPath
'/REmask_bin_fmri'])
system (['fslmaths ' visitPath '/LEmask_asl_space_bin -mul ' visitPath '/oxasl_mc_dc_str/native_space/perfusion_calib.nii.gz ' visitPath
'/LEmask_bin_fmri'])
system (['fslmaths ' visitPath '/REmask_bin_fmri -nan ' visitPath '/REmask_bin_fmri_nan'])
system (['fslmaths ' visitPath '/LEmask_bin_fmri -nan ' visitPath '/LEmask_bin_fmri_nan'])
REfilename=['sub' num2str(subject) 'Day' num2str(visit) '_REmask_bin_fmri_nan.txt'];
LEfilename=['sub' num2str(subject) 'Day' num2str(visit) '_LEmask_bin_fmri_nan.txt'];
system (['fslstats ' visitPath '/REmask_bin_fmri_nan -V -M -S > ' visitPath '/' REfilename])
system (['fslstats ' visitPath '/LEmask_bin_fmri_nan -V -M -S > ' visitPath '/' LEfilename])
end
end
fprintf ('SUCCESS: ASL data analysis completed \n')
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