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Abstract 
 

Sensitivity to motion information emerges early in life, but full maturation of motion perception 

can take many years. Reports on the age at which typically-developing children reach adult-like 

global motion perception have ranged from 3-14 years. There are also conflicting reports on 

whether people with amblyopia (a visual disorder that occurs when a young child experiences 

abnormal visual input to one eye for a prolonged period) show deficits on these tasks. This 

dissertation examines the spatio-temporal factors underlying immaturities and deficits in motion 

perception. I tested the hypothesis that perception of motion stimuli created with small spatial 

displacements would mature later than those created with large displacements; and as a 

consequence, children with amblyopia would show selective deficits for these small spatial 

displacements. First, I investigated typical maturation of motion perception across a range of 

stimulus parameters in people aged 7-30 years (Chapter 3). The youngest children performed 

similar to adults for large displacements, but mature performance was not reached until middle 

teenage years for small displacements. Second, I investigated performance for the same stimulus 

parameters in children with amblyopia (Chapter 4). Deficits were only present for parameters 

where healthy control children showed late maturation. Finally, I examined two factors that 

might account for the immaturities and deficits I found: spatial integration and eye stability. I 

determined that increasing the stimulus area had the same impact on coherence thresholds in 4-6 

year-olds and adults (Chapter 5), suggesting children’s immature performance for small 

displacements was not restricted by spatial integration limitations at stages prior to motion 

processing. I also determined that eye stability had no relationship with performance in healthy 

adults (Chapter 6), indicating that poor fixational stability alone could not account for poor 

performance on a global motion task. This work contributes to a better understanding of how the 

developing brain is impacted by amblyopia, in turn providing insight into sensitive periods for 

typical visual development. 
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Lay Summary 
 

Human vision undergoes much development from birth through childhood. A visual disorder 

called amblyopia, or “lazy eye”, can impact healthy development of vision. I studied the 

development of motion perception and how it can be impacted by amblyopia using a task in 

which participants saw moving dots and had to say if they saw motion to the left or the right. I 

measured performance at a range of speeds, so that I could evaluate the pattern of development 

as a function of speed. I found that young children do not show adult-like performance for slow 

speeds until the middle teenage years, and that children with amblyopia have poor performance 

on slow speeds. I also ruled out two non-motion factors that might account for poor performance. 

My work shows that different aspects of motion perception develop at different rates, and the 

aspects that take longest to mature are vulnerable to damage by amblyopia. 
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Dedication 
 

 

When we try to pick out anything by itself, we find it hitched to everything else in the universe. 

- John Muir, My First Summer in the Sierra, 1911. 
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Chapter 1: Introduction 

Sensitivity to motion information emerges early in life, but full maturation of motion perception 

can take many years. Reports on the age at which typically-developing children reach adult-like 

global motion perception have ranged from 3-14 years. There are also conflicting reports on 

whether people with amblyopia (a visual disorder that occurs when a young child experiences 

abnormal visual input to one eye for a prolonged period) show deficits on these tasks. This 

dissertation examines the spatio-temporal factors underlying immaturities and deficits in motion 

perception. In this chapter, I provide an outline of the current research on the development of 

motion perception, first as it develops in children with typical visual experience, then how it 

develops in children with the abnormal visual experience caused by amblyopia. Next, I consider 

other visual functions that may be able to account for the pattern of results I describe in this 

dissertation – spatial integration, and unstable eye fixation.  

 

 

1.1 Typical and atypical visual development 

While much of the human visual system develops in utero, many components continue to mature 

into late childhood, indicating very long periods for typical development. For example, visual 

acuity of infants is poor at birth and improves rapidly in the first six months of life (Mayer et al., 

1995) but does not improve to adult-like levels, depending on the aspect of acuity measured, 

until at least age 11 years (Fern & Manny, 1986; Kothe, 1990). Sensitivity for texture-defined 

borders emerges around 4-9 months of age (Atkinson & Braddick, 1992; Norcia et al., 2005; 

Sireteanu & Rieth, 1992), but the ability to identify texture-defined shapes is not mature until age 

11 (Parrish, Giaschi, Boden, & Dougherty, 2005). Furthermore, the ability to integrate spatially-

separated contours into a form is still developing at age 14 years (Hadad, Maurer, & Lewis, 

2010; Kovács, Kozma, Feher, & Benedek, 1999). Stereopsis – that is, sensitivity to depth 

information from retinal disparity between the two eyes – emerges around 4 months after birth 

(Birch & Petrig, 1996; Fox, Aslin, Shea, & Dumais, 1980; Takai, Sato, Tan, & Hirai, 2005) but 

is not adult-like until at least age 6 years (Heron, Dholakia, Collins, & McLaughlan, 1985; Leat, 

Pierre, Hassan-Abadi, & Faubert, 2001) or age 14 years (Giaschi, Narasimhan, Solski, Harrison, 

& Wilcox, 2013), depending on the task.  
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Abnormal visual experiences during development can cause atypical visual function 

(Lewis & Maurer, 2005). One prevalent naturally-occurring form of abnormal visual experience 

in humans comes as a visual developmental disorder called unilateral amblyopia (“lazy eye”), 

which arises after input to one eye is selectively disrupted early in life. There are multiple 

etiologies for amblyopia. Anisometropia, which is an unequal refractive error between the two 

eyes, and/or strabismus, which is a misalignment in fixation of one eye, are the two most 

common causes of amblyopia (Attebo et al., 1998; Caca et al., 2013; Chia et al., 2010; Høeg et 

al., 2015; Multi-ethnic Pediatric Eye Disease Study Group, 2008; Robaei et al., 2006; Robaei, 

Kifley, Rose, & Mitchell, 2008). Amblyopia can also be caused by more extreme deprivation as 

in developmental cataracts (cloudy lens) or ptosis (a drooping eyelid), which may prevent pattern 

stimulation in one eye altogether. Clinically, amblyopia is identified by assessing visual acuity 

with an optotype (letter or symbol) chart. If a child has at least a two-line difference in visual 

acuity between the eyes, even when the amblyogenic factors have been removed (i.e., through 

the appropriate lens prescription for anisometropia, corrective surgery to align the eyes in 

strabismus, or cataract extraction), amblyopia is diagnosed (Holmes & Clarke, 2006).  

An amblyopic eye is an otherwise healthy eye, and the effects of amblyopia are widely 

assumed to be neural in origin, arising from the imbalance of input to the developing visual 

system during a sensitive period of development. In kittens (Hubel & Wiesel, 1970) and 

macaques (Horton & Hocking, 1997; LeVay, Wiesel, & Hubel, 1980), complete monocular 

deprivation in the weeks after birth causes changes in the lateral geniculate nucleus and early 

visual cortex. However, monocular deprivation induced at 8 or 12 weeks of age for these species, 

respectively, has minimal neural effects, indicating the sensitive period for damage has ended. 

Similarly, amblyopia typically arises between the ages of six months to eight years in humans 

(Holmes & Clarke, 2006; von Noorden, 1990), but if anisometropia, strabismus, or unilateral 

cataract develops later in life, amblyopia does not occur. Thus, amblyopia is a consequence of 

the abnormal progression of visual development during sensitive periods and cannot impact a 

mature visual system. 

While amblyopia is diagnosed based on visual acuity of the effected eye, it is not simply 

a disorder of reduced visual acuity. Children and adults with amblyopia can show deficits on a 

range of other spatial vision tasks, including those that rely on contrast sensitivity (Bradley & 

Freeman, 1981; Hess, Campbell, & Greenhalgh, 1978; Hess & Howell, 1977; Howell, Mitchell, 
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& Keith, 1983; Katz, Levi, & Bedell, 1984; Levi & Harwerth, 1977), Vernier acuity and other 

hyperacuities (Bedell & Flom, 1981; Bedell, Flom, & Barbeito, 1985; Birch & Swanson, 2000; 

Carkeet, Levi, & Manny, 1997; Freeman & Bradley, 1980; Fronius, Sireteanu, & Zubcov, 2004; 

Levi & Klein, 1982a; Levi & Klein, 1982b; Levi & Klein, 1985; Levi, Waugh, & Beard, 1994; 

Rentschler & Hilz, 1985), and tasks that rely on spatially integrating long-range information 

across the visual field (Bonneh, Sagi, & Polat, 2004; Hess & Demanins, 1998; Kovács, Polat, 

Pennefather, Chandna, & Norcia, 2000; Levi, Yu, Kuai, & Rislove, 2007; Mussap & Levi, 2000; 

Rislove, Hall, Stavros, & Kiorpes, 2010; Simmers & Bex, 2004). Notably, these are tasks that 

tend to show long periods of maturation. For example, while the contrast sensitivity function 

generally retains the same shape throughout development (Movshon & Kiorpes, 1988), it is 

reduced at all spatial frequencies in four-year-olds (Atkinson, French, & Braddick, 1981). 

Although differences after around age 8 years can be small (Derefeldt, Lennerstrand, & Lundh, 

1979), contrast sensitivity may not reach adult-like levels until adolescence (Beazley, 

Illingworth, Jahn, & Greer, 1980). Hyperacuity alignment thresholds of typically-developing 

children are not adult-like until five years of age (Zanker, Mohn, Weber, Zeitler-Driess, & Fahle, 

1992) or later (Carkeet et al., 1997; Kim et al., 2000), with some estimates as late as age 14 years 

(Skoczenski & Norcia, 2002). Other hyperacuity tasks, such as the ability to detect minor 

perturbations in a circle, may not reach maturity until 21 years (Wang, Morale, Cousins, & 

Birch, 2009). Finally, it can take until ages 6 to 9 years (Lewis et al., 2004) or even 14 years 

(Hadad et al., 2010; Kovács et al., 1999), depending on the task, for typically-developing 

children to achieve adult-like status in spatial integration tasks.  

In addition to these spatial visual functions, amblyopia is also associated with deficits in 

motion perception, including motion aftereffects (Hess, Demanins, & Bex, 1997), oscillatory 

movement displacement (Buckingham, Watkins, Bansal, & Bamford, 1991; Kelly & 

Buckingham, 1998), motion-defined form (Giaschi, Regan, Kraft, & Hong, 1992; Hayward et al., 

2011; Ho et al., 2005; Wang, Ho, & Giaschi, 2007), maximum motion displacement (Ho et al., 

2005; Ho & Giaschi, 2006; Ho & Giaschi, 2007; Ho & Giaschi, 2009) and attentive motion 

tracking (Ho et al., 2006; Secen, Culham, Ho, & Giaschi, 2011). Some animal models of motion 

perception indicate that the sensitive period for motion perception is very brief (Mitchell, 

Kennie, & Kung, 2009), but these behavioural findings indicate this is unlikely to be the case for 

all aspects of motion perception. In this dissertation, I follow the “last-in-first-out” stack 
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principle of development (Levi & Carkeet, 1993; Lewis & Maurer, 2009) which proposes that 

aspects of visual function that mature later in development are the most vulnerable to disruption 

by disorders that emerge after birth, such as amblyopia. In other words, once an aspect of visual 

function has matured, the period during which it is susceptible to damage has passed; if this 

aspect is immature, however, the plasticity of the mechanisms subserving a visual function can 

lead to abnormal development in the face of abnormal experience. The primary goal of this 

dissertation is to gain a better understanding of the development of motion perception using this 

framework to assess performance on motion tasks in children with typically-developed visual 

systems as a function of age (Chapter 3), and in children whose visual systems have been 

impacted by amblyopia (Chapter 4). I also assess potential spatial (Chapter 5) and oculomotor 

(Chapter 6) influences on performance to rule these out as mitigating factors. 

 

1.2 Global motion tasks 

The motion perception task under study in this dissertation is global motion perception (
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Figure 1.1). Global motion perception, put simply, is the ability to perceive a set of elements 

moving in a coherent direction. A common way to assess global motion is with a random dot 

animation that contains signal dots moving coherently in the same direction and noise dots 

moving in random directions. Sometimes, researchers use Gabor elements or spatially filtered 

dots to control the spatial frequency content of the stimulus. Typically, a translational (left vs. 

right or up vs. down) motion pattern is used, although radial (expanding vs. contracting) and 

rotational (clockwise vs. counter-clockwise) patterns may also be assessed. Using these stimuli, a 

coherence threshold is measured, which represents the minimum proportion of signal dots 

needed to perceive coherent motion.  
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Figure 1.1  Global motion stimuli. 
 

 
 
Note.  Examples of global motion at high (100%; left column) and low (25%; right column) coherence levels. 
Green arrows indicate the direction of movement for signal dots; red arrows indicate noise dots moving in 
random directions. The participant is asked to indicate the overall direction in which the dots appeared to 
move.  
 

While there are debates over the exact computational mechanisms by which the 

perception of global motion is accomplished (for review, see Braddick & Qian, 2001; 

Derrington, Allen, & Delicato, 2004; Snowden & Verstraten, 1999), it is generally considered to 

consist of two stages (See Figure 1.2): 1) a computation of motion vectors at local positions in 

direction-sensitive V1 cells with small receptive fields (Albright, 1984; Gattass & Gross, 1981), 

and 2) integration of these local vectors in MT cells with large receptive fields (Gattass & Gross, 

1981; Mikami, Newsome, & Wurtz, 1986). Area MT (also called V5 or V5/MT+ in humans) is 

one of the most well-established motion processing regions (Tootell et al., 1995; Zeki et al., 

1991), and is traditionally placed in the dorsal processing stream though may be better 

understood as an early visual area prior to the division of dorsal and ventral streams (Milner & 

Goodale, 2006; Schenk, Mai, Ditterich, & Zihl, 2000; Schenk & McIntosh, 2010) or even the 

primary input to a functionally distinct motion processing pathway (Gilaie-Dotan, 2016). 

However, motion processing recruits a network of cortical regions. Motion-sensitive areas in the 

dorsal stream areas include V3A (e.g., Braddick et al., 2001; Dumoulin, Baker, Hess, & Evans, 

2003; Smith, Greenlee, Singh, Kraemer, & Hennig, 1998; Sunaert, van Hecke, Marchal, & 

Orban, 1999; Tootell et al., 1997), V6 in the dorsal parietal occipital sulcus (Cardin & Smith, 

2010; Pitzalis et al., 2010), as well as anterior and inferior sections along the intraparietal sulcus 

(IPS; Bremmer et al., 2001; Helfrich, Becker, & Haarmeier, 2013; Holliday & Meese, 2008; 

Konen & Kastner, 2008; Orban et al., 2003, 2006; Sunaert et al., 1999; Wall & Smith, 2008). 

Global motion tasks also recruit ventral cortical areas (Braddick, O’Brien, Wattam-Bell, 
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Atkinson, & Turner, 2000; Braddick et al., 2001), including parts of the lingual and fusiform gyri 

(Orban et al., 2003; Sunaert et al., 1999).  

 
Figure 1.2  Two-stage model of global motion perception. 

 

 
Note.  According to the two-stage model of global motion perception, local motion vectors are computed in 
cortical area V1, and combined in cortical area MT for a global percept. 

 

As will be discussed below, global motion tasks are widely used in studies of 

development and disorder. Rather than reflecting the sort of motion information we encounter in 

everyday life, these tasks use impoverished stimuli to probe the sensitivity of the cortical 

networks that underlie the ability to integrate local signals across time and space for a global 

percept. Performance is taken as an indicator of the maturity or resilience of these networks, 

which are involved in many visuospatial tasks. For example, motion coherence thresholds and 

stereoacuity are correlated in young children (Yu et al., 2013; Chakraborty et al., 2015), possibly 

reflecting parallel development of these functions as V5/MT+ matures: area MT in healthy 

macaques represents the binocular area of the visual field (Gattass et al., 2005), is sensitive to 

binocular disparity (Maunsell & van Essen, 1983), and are able to integrate motion and disparity 

signals (Bradley, Qian, & Andersen, 1995; Krug & Parker, 2011). Coherence thresholds are also 
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correlated with some measures of reading (Boets, Vandermosten, Cornelissen, Wouters, & 

Ghesquere, 2011; Talcott, Witton, McLean, Hansen, Rees, Green, & Stien, 2000) and math skills 

(Boets, De Smedt, & Ghesquiere, 2011) in typically-developing children. In addition to the 

amblyopic deficits described in this dissertation, there are a broad range of disorders that are 

associated with abnormal global motion processing, although there are some inconsistent reports 

on the presence of deficits as will be discussed below. These include autism (Milne, 

Swettenham, Hansen, Campbell, Jeffries, & Plaisted, 2002; Pellicano, Gibson, Maybery, Durkin, 

& Badcock, 2005; Spencer, O’Brien, Riggs, Braddick, Atkinson, & Wattam-Bell, 2000), bipolar 

disorder (O’Bryan, Brenner, Hetrick, & O’Donnell, 2014), learning disorders such as dyslexia 

(Cornelissen, Richardson, Mason, Fowler, & Stein, 1995; Talcott, Hansen, Assoku, & Stein, 

2000) and dyscalculia (Sigmundsson, Anholt, & Talcott, 2010), long-term MDMA drug use 

(White, Brown, & Edwards, 2014), pre-term birth (Guzzetta et al., 2009; Taylor, Jakobson, 

Maurer, & Lewis, 2009), prenatal exposure to alcohol (Chakraborty, Anstice, Jacobs, LagAsse, 

Lester, Wouldes, & Thompson, 2015; Gummel, Ygge, Benassi, & Bolzani, 2012), schizophrenia 

(Chen, Bidwell, & Holzman, 2005; Chen, Nakayama, Levy, Matthysse, & Holzman, 2003), and 

Williams syndrome (Atkinson et al., 2003; Atkinson et al., 1997; Palomares & Shannon, 2013). 
 
 
1.3 Global motion perception in typical development 

Psychophysical coherence thresholds for direction discrimination in random dot global motion 

tasks have been shown to be adult-like at ages as young as three months (measured via eye 

movements; Blumenthal, Bosworth, & Dobkins, 2013), three years (Parrish et al., 2005), or six 

years (Ellemberg, Lewis, Maurer, Brar, & Brent, 2002). Other studies have shown coherence 

thresholds to be immature at age two years (measured via eye movements; Yu et al., 2013) or 

five years (Ellemberg et al., 2004; Ellemberg et al., 2003; Ellemberg et al., 2010; Narasimhan & 

Giaschi, 2012), with adult-like performance reached by 12 years (Hadad, Maurer, & Lewis, 

2011) or 14 years (Bogfjellmo et al., 2014). Similarly, motion-defined form tasks using random-

dot stimuli have shown maturation by age 7 years (Hayward et al., 2011; Parrish et al., 2005), 10 

years (Gunn et al., 2002), or 15 years (Schrauf, Wist, & Ehrenstein, 1999), depending on the 

stimulus.  

There are many spatial and temporal parameters in a global motion stimulus that, when 

varied, can produce a change in coherence thresholds. When changes in parameters differentially 
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impact performance in children and adults, this is an important indicator of the trajectory of the 

developing motion system. In addition to implications for understanding the developing motion 

system, a consequence of this differential impact of stimulus parameters on coherence thresholds 

is that it may lead to discrepancies in the literature with respect to when motion perception is 

fully mature. This is likely why the literature provides such a wide range of estimates for the age 

at which global motion reaches maturity. Relevant parameters may include the density of a 

stimulus (typically measured in dots per square degree) and dot lifetime (the number of 

animation frames for which a signal dot continues in the signal direction before being replotted 

in a random direction). For example, while adult performance remains unchanged with changes 

in density, children perform more adult-like for more dense stimulus arrays (Narasimhan & 

Giaschi, 2012). Limiting the lifetime of signal dots will increase thresholds in control children 

(Manning, Charman, & Pellicano, 2015) and in adults (Festa & Welch, 1997; Pilly & Seitz, 

2009), but no direct comparisons have been made between the age groups to determine if they 

are impacted to the same extent.  

Dot speed is also important. For example, global motion perception is more immature for 

slow than for fast speeds (Bogfjellmo, Bex, & Falkenberg, 2014; Narasimhan & Giaschi, 2012). 

A similar effect of speed on the maturation of motion perception has been found for global 

motion using Gabor patterns (Ellemberg et al., 2004; Ellemberg et al., 2010), grating direction 

discrimination (Falkenberg, Simpson, & Dutton, 2014), motion-defined form (Hayward, Truong, 

Partanen, & Giaschi, 2011), radial flow (Joshi & Falkenberg, 2015), dot rotation (Kaufmann, 

1995), and speed discrimination (Ahmed, Lewis, Ellemberg, & Maurer, 2005; Manning, Aagten-

Murphy, & Pellicano, 2012). Minimum velocity thresholds decrease with age for tasks using 

moving bars (Aslin & Shea, 1990) or motion-defined form (Giaschi & Regan, 1997; Parrish et 

al., 2005), suggesting a prolonged fine-tuning of mechanisms underlying slow motion perception 

even when mastery of a task at higher speeds has occurred.  

The speed of signal dot movement in deg/s, however, does not fully characterize the 

spatiotemporal displacement properties of a global motion stimulus. The speed of a motion 

stimulus depends on a ratio of spatial and temporal displacements, that is, the distance a dot is 

offset between each pair of animation frames (∆x), and the duration of a single animation frame 

before the next is displayed (∆t). Coherence thresholds in adults can vary when the underlying 

spatial (∆x) and temporal (∆t) displacement parameters are changed but their ratio, and hence 
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stimulus speed, remains the same (Arena, Hutchinson, & Shimozaki, 2012). Crucially, the effect 

of stimulus parameters on coherence thresholds can depend on the age of the observer. While 

coherence thresholds of young macaques and children also vary as a function of ∆x and ∆t 

displacement components, both groups show greater motion sensitivity for stimuli comprised of 

larger spatial displacements regardless of ∆t (macaques: Kiorpes & Movshon, 2004; children: 

Meier & Giaschi, 2014). Consistent with this, Hou, Gilmore, Pettet, and Norcia (2009) found 

visually evoked potential (VEP) responses in 4-6 month old infants were maximal for large 

spatial displacements, suggesting the sensitivity of the developing motion system is tuned for 

faster speeds early in life. This finding indicates that development unfolds in a coarse-to-fine 

fashion such that sensitivity for large spatial displacements is mature early in life, while 

sensitivity to smaller spatial displacements, regardless of speed, is improved with development.  

In previous work that I conducted for my Master’s thesis comparing global motion 

coherence thresholds in children aged 4–6 years to adults (Meier & Giaschi, 2014), I 

demonstrated that some of the discrepant maturational age estimates can be accounted for by 

taking spatial displacement parameters into account. Children demonstrated greater immaturities 

for small displacements, which correspond to slow speeds, and more adult-like responses for 

large displacements, which correspond to faster speeds. This concept is demonstrated in Figure 

1.3. This means that for a given speed, whether a child displays mature performance or not can 

depend on the ∆x parameter of the motion stimulus. In addition to indicating that sensitive 

periods in development rely on the spatial and temporal frequency content of a motion sequence 

and not solely on motion speed, this result clarified some discrepancies in prior work that did not 

support the idea that slow speeds take longer to mature. For example, Hadad et al. (2011) found 

late maturation for both slow and fast speeds. However, they used small ∆x displacements to 

create both speeds, which may explain why they did not capture any age-by-speed interactions. 

Parrish et al. (2005), on the other hand, found young children showed mature performance using 

a slow speed stimulus. This stimulus used a large ∆x parameter, which may explain the early 

maturation described in this work. 
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Figure 1.3  Motion sensitivity as a function of spatial displacement, for children and adults. 

 
Note.  In prior work (Meier & Giaschi, 2014), I demonstrated that children showed greater immaturities for 
small displacements and more adult-like responses for large displacements. This suggests a coarse-to-fine 
pattern of development for motion sensitivity, in which the visual system shows mature performance for 
stimuli that recruit neurons tuned for large displacements earlier in life, with performance for small 
displacements reaching maturity later in life. 

 

Taken together, these findings indicate that mature performance is reached at a later age 

for smaller spatial displacements, but provide no indication of what this age might be. 

Additionally, the pattern of coherence thresholds obtained in my previous study (Meier & 

Giaschi, 2014) suggested that maturity at medium-to-small displacements may be reached earlier 

in life for stimuli presented with a shorter temporal displacement and further evidence is 

necessary to confirm whether or not this is the case. To further describe the trajectory of motion 

development in humans, the first study of my dissertation, described in Chapter 3, was designed 

to track performance on a global motion direction discrimination task across age into young 

adulthood, as a function of different stimulus parameters. I predicted that adult-like performance 

would be reached latest in childhood for stimuli using the smallest spatial displacement, and the 

shortest temporal displacement. Consistent with my prediction, I found that performance for the 

smallest displacement was reached in the middle teenage years. Maturational trajectory was the 

same for both temporal displacements I assessed. 

 

1.4 Motion perception during abnormal development 

Observers with amblyopia show deficits in global motion perception when monocularly viewing 

with the amblyopic eye (Aaen-Stockdale & Hess, 2008; Constantinescu, Schmidt, Watson, & 
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Hess, 2005; Hou, Pettet, & Norcia, 2008; Knox, Ledgeway, & Simmers, 2013; Simmers, 

Ledgeway, Hess, & McGraw, 2003; Simmers, Ledgeway, & Hess, 2005; Simmers, Ledgeway, 

Mansouri, Hutchinson, & Hess, 2006; Thompson et al., 2011). Global motion deficits cannot be 

fully accounted for by stimulus visibility due to poor acuity or contrast sensitivity deficits in the 

amblyopic eye (Simmers et al., 2005; Simmers et al., 2003; Hess, Mansouri, Dakin, & Allen, 

2006; Aaen-Stockdale & Hess, 2008). Deficits in monocular viewing with the fellow eye have 

also been identified, but these are slightly attenuated relative to those measured in the amblyopic 

eye, at least in adults (Simmers et al., 2003; Simmers et al., 2006). Aaen-Stockdale, Ledgeway, 

and Hess (2007) found global motion deficits in both eyes of similar magnitude, but when 

contrast sensitivity deficits were controlled for in both eyes, persistent fellow eye deficits were 

smaller in magnitude than amblyopic eye deficits. The disruption of typical binocular 

development may lead to impaired motion processing in either eye, due to abnormal maturation 

of motion-responsive regions. For example, cells in macaque MT respond to motion presented to 

either eye (Kiorpes, Walton, O’Keefe, Movshon, & Lisberger, 1996; Maunsell & van Essen, 

1983). This supports the notion that atypical development of binocularly-sensitive motion 

regions may be responsible for deficits observed in the amblyopic eye and the fellow eye. 

Consistent with the principles of the last-in-first-out model of disruption during sensitive 

periods, children with amblyopia have shown speed-tuned deficits for slow, but not fast, motion-

defined form tasks (Hayward et al., 2011). Similarly, speed-tuned deficits have been shown in 

global motion tasks for other visual developmental disorders (e.g., autism: Manning, Charman, 

& Pellicano, 2013; reading difficulties: Edwards et al., 2004; Kassaliete, Lacis, Fomins, & 

Krumina, 2015).  Similar to the discrepancies reported in the typical development of global 

motion, motion perception in amblyopia has reported to be deficient in some studies, but 

relatively spared in others (e.g., Ellemberg et al., 2002; Ho et al., 2005; Ho & Giaschi, 2006; 

Wang et al., 2007). As noted above, changes in the spatio-temporal parameters of a global 

motion stimulus can differentially elicit changes in performance for children and adults. 

Likewise, differences in the dot displacement parameter ∆x may explain why not all studies have 

shown global motion deficits in children with amblyopia. Figure 1.4 illustrates this concept. For 

example, no significant group difference in coherence thresholds between children with 

amblyopia and age-matched controls were found by Ho et al. (2005), Ho and Giaschi (2006), and 

Wang et al. (2007). Given that young children demonstrate mature performance for the global 
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motion stimulus used in these studies (Parrish et al., 2005), a lack of deficit in children with 

amblyopia may not be surprising. On the other hand, studies that have found elevated thresholds 

in both the amblyopic and fellow eyes of participants with amblyopia (e.g., Constantinescu et al., 

2005; Simmers et al., 2003; Simmers et al., 2006) generally employ global motion stimuli with 

faster speeds. Macaques with amblyopia show motion sensitivity functions that are depressed 

overall, and shifted to larger ∆x (corresponding to faster speeds; Kiorpes, Tang, & Movshon, 

2006). If the aspects of motion perception that typically mature early are robust to the effects of 

amblyopia, these apparently discrepant findings may be resolved: deficits in global motion 

perception may only be detected, regardless of speed, with a stimulus that is sensitive to 

developmental differences.  

 
Figure 1.4  Motion sensitivity as a function of spatial displacement, for children with typical and atypical 
visual development. 
 

 
Note.  Compare this figure with Figure 1.3, above. Children with amblyopia and other disorders that impact 
the development of vision may only show deficiencies in motion sensitivity for stimulus parameters that 
develop later in life.  

 

The presence of motion perception deficits in amblyopia may also vary by clinical factors 

such as etiological subtype, binocular function and depth of amblyopia. Performance thresholds 

in aspects of spatial vision such as Vernier acuity have been shown to vary by subtype, such that 

participants with strabismic amblyopia tend to perform worse than participants with 

anisometropic amblyopia (e.g., Levi & Klein, 1982b), regardless of age of onset (Birch & 

Swanson, 2000). There is some evidence that children with anisometropic amblyopia perform 

poorer on global motion tasks than children with strabismic amblyopia (Ho et al., 2005; Ho et al., 
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2006), whereas a study with macaques suggests greater deficits in strabismic amblyopia, 

particularly in the fellow eye at small values of ∆x (Kiorpes et al., 2006). Other human studies 

have found no differences between subtypes on motion tasks (e.g., Giaschi, Chapman, Meier, 

Narasimhan, & Regan, 2015; Simmers et al., 2003; Simmers et al., 2005) and motion deficits 

have been shown across subtypes of anisometropic, strabismic, and ansio-strabismic amblyopia 

(e.g., Aaen-Stockdale & Hess, 2008; Simmers et al., 2006; Thompson et al., 2011), as well as 

deprivation amblyopia (Constantinescu et al., 2005). There is some suggestion that binocularity, 

rather than etiology, may be a better predictor of deficits in the amblyopic visual system 

(McKee, Levi, & Movshon, 2003). Poor stereoacuity in participants with amblyopia has been 

shown to correlate with motion perception deficits (e.g., Knox et al., 2013). However, it has also 

been shown to correlate with better global motion perception (e.g., Ho et al., 2005), whereas 

other studies showed no correlation (e.g., Ho et al., 2006). Finally, motion perception deficits 

may be indicative of deeper or more treatment-resistant amblyopia (Ho et al., 2005; Giaschi et 

al., 1992; Giaschi et al., 2015). 

In the second study of my dissertation (Chapter 4), I explored the effects of stimulus 

parameters with different developmental trajectories on global motion direction discrimination 

thresholds in children with amblyopia. I also investigated clinical factors in amblyopia to assess 

whether a predictive relationship exists between these and deficits on global motion tasks. I 

predicted that performance deficits in amblyopia would match the immaturities studied in 

Chapter 3: compared to controls, these children would have elevated thresholds for stimuli using 

the smallest, but not the largest, spatial displacements. I found this to be the case for both 

amblyopic eye and for fellow eye viewing. I also hypothesized that motion deficits may be 

associated with clinical characteristics. However, none of the clinical measures assessed had any 

relationship with the severity of motion deficits on this task.  

 

1.5 Non-motion factors limiting performance in global motion 

Thus far, I have assumed that by manipulating the spatial and temporal parameters comprising 

the speed of a motion stimulus, I am probing the function of a mechanism that operates at a 

global motion processing stage. However, much information is processed prior to reaching 

motion integration regions of the brain, and the final two chapters of this dissertation are 

designed to rule out (or confirm) limitations at these earlier processing stages. In Chapter 5, I 
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consider the role of spatial integration in limiting performance. In Chapter 6, I investigate the 

extent to which an oculomotor factor, fixation stability, may account for poor performance. 

 

1.5.1 Spatial factors 

Spatial integration refers to the general ability to combine visual cues in a stimulus spanning a 

large area of the visual field into a cohesive percept. This information is distributed across 

multiple receptive fields, presumed to be subserved by facilitatory long-range lateral connections 

between cortical cells in V1 (Gilbert, 1998; Li, 1998). If children show limitations in spatial 

integration, a stage prior to global motion integration, then the immaturities and deficits shown in 

the studies above may not solely be a function of motion processing mechanisms.  

Spatial integration shows long developmental trajectories, similar to motion perception: 

sensitivity for Glass patterns (detecting coherent structure from an array of dot pairs) becomes 

adult-like between the ages of 6–9 years (Lewis et al., 2004), and contour detection thresholds 

(detecting correlated orientations in an array of Gabor patches) improve until at least age 14 

(Hadad et al., 2010; Kovács et al., 1999). In developing macaques, Glass pattern detection 

(Kiorpes, Price, Hall-Haro, & Movshon, 2012) and contour integration (Kiorpes & Bassin, 2003) 

mature between 2–3 years of age (equivalent to 8–12 human years). These longer developmental 

trajectories leave these visual functions susceptible to disruption in disorders such as amblyopia. 

For example, children with deprivation amblyopia show deficits in Glass pattern detection 

(Lewis et al., 2002), and adults with strabismic amblyopia show deficits in Glass pattern 

discrimination even after treatment (Joshi, Simmers, & Jeon, 2016). Additional studies in adults 

(Rislove et al., 2010) and macaques (Kiorpes, 2006) with amblyopia indicate these deficits 

appear selectively at small spatial scales. In all of these studies, Glass pattern perception is 

deficient in both eyes of observers with amblyopia compared to controls, though the deficits in 

the fellow eye are typically smaller in magnitude. Similarly, children (Chandna, Pennefather, 

Kovács, & Norcia, 2001; Chandna, Gonzalez-Martin, & Norcia, 2004), adults (Kovács et al., 

2000; Levi et al., 2007), and macaques (Kozma & Kiorpes, 2003) with amblyopia all show 

deficits in contour integration, though there is some evidence that contour integration can 

improve with treatment for amblyopia (Chandna et al., 2004).  

This evidence highlights the fact that spatial factors may potentially mitigate the apparent 

motion perception immaturities observed in children and the deficits observed in amblyopia. 
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Thus, it is important to consider manipulations of spatial aspects of motion stimuli that may 

impact performance by increasing the available motion energy (Adelson & Bergen, 1985) in a 

stimulus. Density is one such parameter. Barlow and Tripathy (1997) assessed performance for 

global motion stimuli from 1.7 to 111 dots/deg2 and found only a very small improvement in 

thresholds (slope = -0.05) with increases in density. Thresholds in adults appear invariant to 

changes in density for a range of 1 to 30 (Narasimhan & Giaschi, 2012) or 1.5 to 12.2 (Talcott, 

Hansen, Assoku, & Stein, 2000) dots/deg2. However, these studies also found that typically-

developing children (Narasimhan & Giaschi, 2012) and adults diagnosed with dyslexia, a 

developmental disorder that can also disrupt motion perception (Talcott et al., 2000), perform 

better when presented with more dense displays when all other stimulus parameters are held 

constant. It is possible that stimuli with greater density are advantageous for performance in 

children and observers with visual dysfunction, while the performance advantage for adults 

plateaus at far lower densities. In this way, global motion immaturities and deficits may be 

exaggerated when assessments are made with very sparse displays. Dense dot displays, on the 

other hand, may yield mature performance. This could explain, in part, why Parrish et al. (2005) 

found adult-like performance in young children: in addition to large values of ∆x, these stimuli 

were presented at a relatively high density of 32 dots/deg2. 

 Another way to increase the available motion energy in a stimulus is through increasing 

the area covered by a motion stimulus. In my previous work (Meier & Giaschi, 2014) and in the 

experiments presented in Chapters 3, 4, and 6, I have used stimuli that are square patches 

measuring 7.72 deg, for total area covering 59.3 deg2. In healthy adults, both motion detection 

and direction discrimination thresholds decrease logarithmically with increases in stimulus area 

between 0.25 to 16 deg2 (Downing & Movshon, 1989). Barlow and Tripathy (1997) also noted a 

logarithmic decrease in direction discrimination thresholds as stimulus area was increased from 3 

to 12 deg2, with only small improvements for areas larger than this, up to 171 deg2. From this 

evidence, it seems unlikely that adult performance would improve with stimulus areas larger than 

I have used previously. However, it is possible that effects of speed on coherence thresholds may 

interact with effects of stimulus area. If so, the developmental differences observed selectively 

for slow speeds in Meier and Giaschi (2014) and in Chapter 3 may be abolished if children are 

presented with larger stimulus areas. Pilly and Seitz (2009) determined that performance 

improvements from 8 to 18 deg2 do not interact with speed, using speeds of 4 and 12 deg/s. 
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However, these are not as extreme as the slow (0.3 and 1 deg/s) and fast (10 and 30 deg/s) speeds 

I assessed previously. Minimum displacement thresholds for grating stimuli are unaffected by 

stimulus area unless the stimuli are presented in the periphery (Boulton, 1987), suggesting that 

perception of global motion using small ∆x displacements may be unaffected by stimulus area. 

However, it has been established that maximum ∆x displacement thresholds can increase as 

stimulus area increases (Baker & Braddick, 1982; Chang & Julesz, 1983; Eagle & Rogers, 1997), 

and as retinal eccentricity increases (Baker & Braddick, 1985a). This finding indicates that larger 

stimulus areas that cover more of the periphery may shift to or recruit additional motion 

mechanisms tuned to large or coarse displacements, and in turn, faster speeds. In fact, the size of 

a direction-selective receptive field in macaque MT is positively correlated with its maximum 

detectable spatial displacement (Mikami et al., 1986), and electrophysiological MT responses 

match psychophysical responses well at faster speeds (Newsome, Mikami, & Wurtz, 1986).  

Taken together, these previous findings suggest that the healthy adults in my studies will 

show better performance with increased stimulus area for fast, but not slow, speeds (when speed 

is manipulated by keeping ∆t constant and changing ∆x). To my knowledge, no one has assessed 

the effect of area in children or in observers with amblyopia or other disorders that impact visual 

development. Therefore, it is unknown if stimulus area has a differential effect on performance 

in these populations. Given that increases in stimulus density can lead to improved performance 

in children, it is important to investigate whether increases in stimulus area may have a similar 

effect. The third study of this dissertation (Chapter 5) is designed to determine whether adults 

show differential effects of area for slow and fast stimuli; and, more importantly, whether 

manipulating stimulus area has the same impact in children. While I predict that the 

performance of children will be immature for slow but not fast speeds, I am specifically 

interested in whether stimulus area and age group have an interactive effect on coherence 

thresholds. I found that coherence thresholds in either age group did not change as a function of 

stimulus area for slow and medium speeds, but improved similarly as a function of area for the 

fast speed. Thus, stimulus area is not likely a mitigating factor for children’s immature 

performance on slow-speed motion tasks. 
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1.5.2 Eye movements 

Fixations are not perfectly stable. For example, microsaccades are small, high-velocity jerks of 

the eye that occur several times per second when a healthy observer is making a fixation. These 

movements are functional, since an image on a perfectly still retina will fade after a few hundred 

milliseconds, and they may also assist with corrective fixation control (for reviews see Martinez-

Conde, Otero-Millan, & Macknik, 2013; Rolfs, 2009). Of interest to my dissertation is whether 

the fixation stability of an observer can impact the perception of global motion during direction-

discrimination tasks. Studies with infants (Blumenthal et al., 2013) and two-year-olds (Yu et al., 

2013) have used optokinetic responses to global motion stimuli as indicators of direction 

discrimination ability to assess coherence thresholds. Microsaccade activity predicts the direction 

of perceived motion in an ambiguous signal (Laubrock, Engbert, & Kliegl, 2008), suggesting 

that fixational eye movements may influence direction discrimination in global motion. 

However, no studies have directly investigated the effect of fixation stability on global motion 

coherence thresholds. Instability is likely to interfere with the alignment of smaller finely-tuned 

motion-sensitive receptive fields, whereas larger receptive fields making coarse matches between 

a dot in two positions over time may be robust to some retinal noise. Indeed, minimum ∆x 

displacement thresholds for random dot patterns are correlated with fixation stability (Murakami, 

2010; Tong, Lien, Cisarik, & Bedell, 2008). Thus, if fixation stability does affect coherence 

thresholds, it may have a selective impact on stimuli using the smallest spatial displacements, 

typically corresponding to slower speeds. 

 Fixation stability may underlie developmental differences on slow global motion tasks if 

stability becomes adult-like at a commensurate rate. Research on stability in children is sparse, 

however. A large-scale cross-sectional study of microsaccades during binocular visual search 

from age 4 to 66 years determined that the frequency of microsaccades increases very slightly 

with age (b = 0.005 Hz per year; Port, Trimberger, Hitzeman, Redick, & Beckerman, 2016), 

though a spline-fit to the data suggests the steepest increase in microsaccade frequency occurs 

between 4 and the late teenage years. Additionally, the density of fixations around a stationary 

fixation target increases between the ages of 4 and 15 years (Aring, Grönlund, Hellström, & 

Ygge, 2007). This suggests a similar trajectory for the stability of gaze and coherence thresholds 

on slow-speed global motion tasks. However, Seemiller, Port, and Candy (2018) found that the 

dispersion area of fixations to binocularly-presented random noise targets was similar for 4- to 
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10-week old infants and adults with healthy vision, and no studies have investigated the stability 

of fixation to moving stimuli in young children. 

Poor fixation stability in amblyopia, on the other hand, has been well-established in the 

literature. Eye movement abnormalities have been documented in both anisometropic and 

strabismic amblyopia, which include increased latency and decreased precision when making 

saccades (McKee, Levi, Schor, & Movshon, 2016; Niechwiej-Szwedo, Goltz, Chandrakumar, 

Hirji, & Wong, 2010, Schor, 1975), abnormal vergence responses to disparity targets (Kenyon, 

Ciuffreda, & Stark, 1980; 1981), and abnormal patterns of smooth pursuit that depend on 

amblyopic subtype (Ciuffreda, Kenyon, & Stark, 1979; Raashid, Liu, Blakeman, Goltz, & Wong, 

2016; Schor, 1975). Of importance to the current work, children and adults with amblyopia have 

poorer stability than control observers when viewing a stationary target with the amblyopic eye 

(Srebro, 1983; Subramanian, Jost, & Birch, 2013), including when viewing fixation targets 

binocularly (González, Wong, Niechwiej-Szwedo, Tarita-Nistor, & Steinbach, 2012). Stability in 

the fellow eye is usually equal, or slightly reduced, when compared to age-matched control eyes. 

Moreover, greater instability is associated with poorer visual acuity in the affected eye (Chung, 

Kumar, Li, & Levi, 2015; Shaikh, Otero-Millan, Kumar, & Ghasia, 2016) and poorer 

stereoacuity (Birch, Subramanian, & Weakley, 2013; Subramanian, Jost, & Birch, 2013). In fact, 

healthy observers wearing a +3 dioptre lens, which led to an acuity of 0.53 logMAR 

(approximately 20/67 Snellen), showed drastic decreases in fixation stability (Vikesdal & 

Langaas, 2016). Some authors have suggested that abnormal fixation patterns in amblyopia 

reflect an oculomotor adaptation in an attempt to increase contrast sensitivity (Shi et al., 2012), 

and others have found improved stability in the amblyopic eye when the contrast to each eye is 

psychophysically balanced to reduce interocular suppression (Raveendran, Babu, Hess, & 

Bobier, 2014). While fixation stability does improve with treatment-related increases in visual 

acuity for the amblyopic eye, fixation stability can remain abnormal in children who have 

completed treatment successfully (reaching at least 0 logMAR, or 20/20 Snellen; Carpineto et al., 

2007). 

Given that less stable fixation is predicted to have a more detrimental effect on the slower 

stimuli created with smaller ∆x displacements, and a common trait in amblyopia is fixation 

instability, it is possible that deficits in motion perception may be a function of poor eye stability 

in the participants with amblyopia, rather than deficient motion mechanisms per se. While it is 
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already known that observers with amblyopia have less stable eye fixations, it is not known if the 

degree of instability is associated with the magnitude of global motion deficits. The final study in 

my dissertation (Chapter 6) is designed to determine the relationship between fixation stability 

and motion coherence. I have investigated this relationship in healthy controls, to determine if 

an individual’s fixation stability predicts their motion coherence threshold and whether fixation 

stability varies parametrically with stimulus coherence level. I found no evidence that fixational 

stability is related to performance on a global motion task at either speed in healthy controls. 

 

1.6 Dissertation overview 

Chapter 2 describes the general research methods used in this dissertation. In Chapter 3, I 

examine the development of motion perception by expanding my previous work in 5-year-old 

children (Meier & Giaschi, 2014) to a visually healthy cross-section of participants aged 7 years 

through young adulthood in order to describe the maturational trajectory of global motion 

perception as a function of spatio-temporal stimulus parameters ∆x and ∆t. In Chapter 4, I assess 

the hypothesis that aspects of motion perception identified in Chapter 3 to reach maturity latest 

in development will show the greatest impairment in children with a history of amblyopia, while 

those that mature earlier in life will be spared. Next, I examine two spatial effects that may at 

least partially account for the immaturities and deficits in global motion perception described in 

Chapters 3 and 4 of this dissertation: the stimulus-driven effect of area (Chapter 5), and the 

observer-driven effect of fixation stability (Chapter 6). I conclude with a discussion in Chapter 7 

that integrates the results described in this dissertation and contextualizes these findings in a 

broader framework. 
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Chapter 2: General methodology used in this paper 

 

2.1 General methods 

All work contained within this dissertation was carried out in accordance with the Code of Ethics 

of the World Medical Association (Declaration of Helsinki) and approved by the University of 

British Columbia’s Children and Women’s Clinical and Behavioural Ethics Board. Informed 

consent was obtained from adults or parents, and children gave written (or verbal, if under 7 

years of age, as in Chapter 5) assent. 

 

2.2 Participant recruitment 

All healthy control participants in these studies were recruited from the community. These 

participants had normal or corrected-to-normal vision and no self- or parental-reported visual, 

developmental, or cognitive disorders. Children with a history of unilateral amblyopia and no 

developmental, cognitive, or additional visual disorders aside from strabismus were recruited 

from the Ophthalmology Clinic at BC Children’s Hospital. 

  

2.3 Visual acuity and stereoacuity 

For each participant, visual acuity was assessed using the Regan high-contrast letter chart 

(Regan, 1988) and stereoacuity was assessed using the Randot Preschool Stereoacuity Test 

(Stereo Optical Co., Inc.). Children who could not reliably name letters were assessed with the 

Lea Symbols picture chart (Hyvärinen, Näsänen, & Laurinen, 1980). These data were used to 

exclude control participants with poor vision from data analysis. Inclusion criteria are listed for 

each study in the Chapters below.  

 

2.4 Apparatus 

An Intel Core i7 Macintosh MacBook Pro running MATLAB R2015a (The MathWorks, Inc.) 

equipped with the Psychophysics Toolbox extension version 3.0.12 (Brainard, 1997; Kleiner, 

Brainard, & Pelli, 2007; Pelli, 1997) was used to generate the stimuli for these experiments. 

Unless described otherwise, a BenQ XL2420T LED-backlit LCD monitor at a resolution of 1920 
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× 1080 and a 60 Hz refresh rate was used to present the stimuli. Participants were seated in a 

dimly-lit room at a viewing distance of 1 m. Responses were collected using a Gravis Gamepad 

Pro controller.  

 

2.5 Stimuli 

Unless described otherwise, the motion stimulus parameters were the same as those used in my 

previous study (Meier & Giaschi, 2014) and were chosen to approximate those of Kiorpes and 

Movshon (2004). Each stimulus consisted of an array of 64 white (260 cd/m2) dots, 1 arcmin 

diameter, on a black (0.7 cd/m2) background. Stimuli subtended a 7.7 x 7.7 deg square area in the 

centre of the screen, yielding a density of 1.1 dots/deg2 in each frame (or 1.7% of area). Signal 

dots moved left or right. A white noise algorithm controlled dot movement: on each update of an 

animation frame, a dot was selected to be a signal dot with a probability equal to the coherence 

value, which could range from 0 to 1. The remaining dots were re-plotted in random locations. 

Thus, signal dot lifetime was determined probabilistically, such that the probability of each 

signal dot disappearing was equal to the stimulus coherence level on any given trial. Stimulus 

duration was 600 ms. 

 
2.6 Procedure 

Unless described otherwise, the procedure for measuring coherence thresholds began with a 

slideshow that presented instructions for how to play a space-themed game. The study used a 

two-alternative forced choice procedure in a direction discrimination task: participants were 

instructed to decide whether they saw a star field moving to the left towards one character, or to 

the right towards another character. The procedure for controlling stimulus coherence is 

described in section 2.7 below. For correct responses, a cartoon character and an auditory chime 

were presented; for incorrect responses, a different cartoon character was presented with no 

auditory feedback. Staircases were conducted sequentially, such that within a given block, only 

one threshold for one condition was being estimated with a single staircase. 

 
2.7 Coherence threshold estimation 

To estimate coherence thresholds, a hybrid approach was used (Hall, 1981; Leek, Hanna, & 

Marshall, 1992) in which a staircase was used to control stimulus levels and a psychometric 
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function was fit to the response data. In general, all psychophysical studies used a two-alternative 

forced choice procedure with a two-down, one-up staircase controlling stimulus coherence level. 

The first trial of each staircase began with a coherence of 1 (full coherence). For subsequent 

trials, coherence levels were decreased (made more difficult) when the participant answered 

correctly on two trials in a row, or increased (made easier) for one incorrect trial. Stimulus 

coherence was adjusted in steps of 0.1 for the first three response reversals after which the step 

size was halved at each reversal until a minimum step of 0.01 was reached. After a minimum of 

40 trials, a staircase terminated after 10 response reversals or 50 trials, whichever occurred first. 

Response reversals at coherence values greater than 0.8 did not contribute to stopping rules in 

order to prevent early mistakes from impacting the range of coherence values reached by the 

staircase. 

To calculate a coherence threshold for each condition, I fit a Weibull function (Watson & 

Pelli, 1983) to participants’ coherence by accuracy data using a maximum-likelihood 

minimization bootstrap procedure. The coherence level at the slope of maximum inflection on 

the Weibull curve (a; 82% correct for a two-alternative forced-choice task; Strasburger, 2001) 

was defined as threshold. Coherence thresholds were bounded between 0 (completely random 

motion) and 1 (completely coherent motion). During threshold estimation, the slope (β) of the 

function was free to vary; initial guess value was set to 3.5. Lapse rate (l) was fixed to 0.01. A 

chi-square goodness-of-fit test was used to assess the psychometric function fit for each 

threshold. Where this goodness-of-fit test failed, trial-by-trial data were inspected and re-fit after 

removing early mistakes at high coherence levels and/or trials reflecting a coherence level that 

was presented only once. If fit was not improved, the participant’s threshold for this condition 

was removed from analysis. 

Additional details about coherence threshold estimation are described in Appendix A.  
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Chapter 3: Typical maturation of global motion perception as a function of 

spatio-temporal stimulus parameters 
 

3.1 Introduction 

The goal of the current study was to investigate global motion maturation in children and adults 

with typical visual development between seven and 30 years of age. In particular, I was 

interested in quantifying the age at which global motion perception can be considered mature 

across six different combinations of spatial (∆x = 1, 5, and 30 arcmin) and temporal (∆t = 17 and 

50 ms) stimulus parameters. This will expand upon our previous finding showing the effect of 

these stimulus parameters in children age 4 to 6 years (Meier & Giaschi, 2014), and also provide 

normative data for future studies involving children with developmental visual disorders. 

 

3.2 Methods 

3.2.1 Participants 

Participants between the ages of seven and 30 years old were recruited from the community to 

participate in this study. Recruitment remained open for all age groups until a minimum of 12 

participants per year of age were included up to age 17 years, and a minimum of 36 adult 

participants between age 17 to 30 years were included. Data from some adult participants were 

collected for a prior study (Meier & Giaschi, 2014) that used the same stimuli as in the current 

study. In total, 217 participants were recruited. For inclusion in the data analysis, a best-corrected 

monocular visual acuity score of 0.15 logMAR (1.4 arcmin resolution; equivalent to 20/28 

Snellen) or better in both eyes, and stereoacuity of 60 arcsec or better (Birch et al., 2008) were 

required.  

Twenty-four participants (aged 7.2–22.7 years, M = 14.9 years) were excluded for poor 

visual acuity and/or poor stereoacuity; and eleven participants (aged 7.1–23.4 years, M = 11.0 

years) were excluded for failing to complete enough of the experiment within the hour either due 

to task misunderstanding or motivational difficulties. In all, data from 182 participants were used 

in the analysis. One participant had data missing from two of the six experimental conditions 

described below (age 16.3 years); thirteen participants had data missing from one of the six 
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conditions (age range 7.1 to 24.2 years), and the remaining 168 participants had data for all six 

conditions. 

 

3.2.2 Stimuli and experimental conditions 

The stimuli used in this experiment are described in section 2.5. Two factors were examined in 

this study: Δx, the spatial displacement of the dots between each pair of animation frames; and 

Δt, the duration of each frame. The six conditions assessed here are a subset of those assessed in 

Meier and Giaschi (2014): three ∆x values (1, 5, and 30 arcmin) crossed with two ∆t values (17 

and 50 ms, equivalent to 60 and 20 Hz, respectively). This combination of parameters yielded 

signal dot speeds of 1, 5, and 30 deg/s in the ∆t = 17 ms condition with a dot density over time of 

66 dots/deg2/sec (36 animation frames total), and 0.3, 1.7, and 10 deg/s in the Δt = 50 ms 

condition with a dot density over time of 22 dots/deg2/sec (12 animation frames total). The total 

stimulus duration for all conditions was 600 ms. 

 

3.2.3 Procedure 

The procedure for measuring coherence thresholds is described in section 2.6. Prior to beginning 

experimental trials, eight trials of a practice staircase were conducted binocularly using the 

parameters of Δx =15 arcmin and Δt = 33 ms. Practice trials were repeated if accuracy was below 

5/8 correct. Experimental trials were conducted monocularly with an eye patch covering the eye 

not being examined. A Latin square was used to determine the condition order for each 

participant to mitigate order and practice effects.  

 

3.2.4 Data analysis 

Our goal for this study was to estimate the age at which performance can be considered mature 

for each condition, and compare this across conditions. A common practice for determining 

whether performance can be considered mature is to create bins of ages (e.g., 7 years, 8 years, 9 

years, and so on; or 7-8 years, 9-10 years, and so on) and compare each age bin to the adult data 

by conducting an analysis of variance with multiple-comparison follow-ups to determine 

significant differences between ages (e.g., Parrish et al., 2005; Hadad et al., 2011; Giaschi et al., 

2013). In keeping with this practice and to allow for easy comparison to other papers, I first 
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present the results of an age-binned analysis of variance. Here, I binned participants into two-

year age bands, which gave the following total number of participants per age group: 29 total 7-8 

year olds; 35 total 9-10 year olds; 27 total 11-12 year olds; 26 total 13-14 year olds; 26 total 15-

16 year olds; and 39 total adults aged 17-30 years old. With this number of participants, I had the 

ability to detect a medium-sized main effect of age (Cohen’s f = 0.27) with a power (1-β) of 0.80. 

For context, the main effect of age in my prior work comparing 4- to 6-year-olds and adults 

(Meier & Giaschi, 2014) was large (Cohen’s f = 0.97). 

However, there are a few problems with the age-binning approach for our specific 

research question: quantifying the age at which global motion perception can be considered 

mature. First, accuracy and precision are lost when a continuous variable, in this case age, is 

turned into a categorical variable. Moreover, the selection of age bin widths is usually arbitrary 

and can impact the outcome of the analysis; for example, whether the “true” maturational age 

falls near the lower limit, middle, or upper limit of an age bin has implications for the calculated 

mean of the binned data. Finally, this approach does not allow us to directly compare ages of 

maturation across conditions – it would only allow us to make statements on whether or not 

children of younger ages appear adult-like for each condition. 

For these reasons, I have used a non-parametric approach to estimate maturational age 

and used a bootstrapping procedure to construct confidence intervals around these estimates in 

order to compare maturational age across conditions. I have used LOESS smoothing (Cleveland 

& Devlin, 1988; Gijbels & Prosdocimi, 2010; Jacoby, 2000), a locally-weighted polynomial 

regression technique, to model our data by fitting a curve to our coherence thresholds as a 

function of age. While some authors have compared the developmental rates of performance 

across tasks by fitting exponential functions and comparing time constants (e.g., Parrish et al., 

2005), this does not allow for direct estimation of maturation age. An additional advantage of the 

LOESS analysis strategy is that this data-driven approach allows us to assess age-related changes 

in coherence thresholds without imposing a functional form on any of the trends across all 

conditions, that is, without assuming any specific mathematical relationships between coherence 

thresholds and age. While I have selected this procedure because I presume that adults will have 

the lowest coherence thresholds, this is not a built-in assumption of the statistical model.  

I conducted a one-way between-subjects analysis of variance (ANOVA) for each of the 

six conditions to test the effect of age on coherence thresholds, using a Welch (1951) correction 
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for heterogeneous variances where appropriate. Children were divided into two-year age bins (7-

8 years, 9-10 years, 11-12 years, 13-14 years, and 15-16 years old) and participants 17 to 30 

years old were binned into one adult group. Significant age effects were followed up with the 

Dunnett procedure (Dunnett, 1955; Dunnett, 1964) comparing coherence thresholds of each age 

bin to the adult bin, using a Welch-Satterthwaite adjustment (Satterthwaite, 1946; Welch, 1947) 

for degrees of freedom to correct for heterogeneous variances. Our LOESS fitting and 

bootstrapping procedures were implemented in R (version 3.3.1; R Core Team, 2013) using the 

boot package (version 1.3-18; Canty & Ripley, 2016; Davison & Hinkley, 1997). For each 

condition, I fit a LOESS curve to coherence thresholds as a function of age using a smoothing 

parameter of 0.50. Next, I determined the age at which the lowest coherence threshold was 

achieved in the fitted data. The value one standard error above this was taken as a LOESS 

threshold value, T. I have defined the age of maturation as the age at which performance reaches 

T. I compared the LOESS fit to T, and took the age at which the fitted values crossed T as our 

point estimate of the age of maturation. Finally, I constructed a 68% bootstrapped bias corrected 

and accelerated (BCa) confidence interval (Carpenter & Bithell, 2000; Efron, 1987) around this 

point estimate, in order to compare estimated ages across all six conditions. Note that the 

obtained confidence intervals are expected to be asymmetric. 

 

3.3 Results 

Mean coherence thresholds for each of the six age bins assessed in the analysis of variance are 

displayed in Figure 3.1. For stimuli using ∆x = 1 arcmin, there was a significant effect of age for 

both ∆t conditions (for ∆t = 17 ms, F(5, 77.2) = 17.12, p < .001; for ∆t = 50 ms: F(5, 76.9) = 

16.37, p < .001). Follow-up tests indicated that children aged 7 to 14 years had significantly 

higher coherence thresholds than adults (for ∆t = 17 ms, 7-8 years: Dunnett’s t(42.3) = 8.51, p < 

.05; 9-10 years: t(47.5) = 4.80, p < .05; 11-12 years: t(39.4) = 2.36, p < .05, 13-14 years: t(43.7) 

= 2.23, p < .05; for ∆t = 50 ms, 7-8 years: t(33.4) = 7.11, p < .05; 9-10 years: t(47.2) = 4.73, p < 

.05; 11-12 years: t(38.0) = 2.45, p < .05; 13-14 years: t(37.2) = 3.42, p < .05), and that coherence 

thresholds for 15-16 year olds were not different from adults (for ∆t = 17 ms, 15-16 years: 

t(50.8) = 0.82, p = .42; for ∆t = 50 ms, 15-16 years: t(62.7) = 0.07, p = .94). There was also a 

significant effect of age for stimuli using ∆x = 5 arcmin for both ∆t conditions (for ∆t = 17 ms, 

F(5, 74.5) = 6.08, p < .001; for ∆t = 50 ms, F(5, 75.6) = 3.26, p = .010). Follow-up tests 
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indicated that the 7-10 year olds, in both conditions, had significantly higher thresholds than 

adults (for ∆t = 17 ms, 7-8 years: Dunnett’s t(30.5) = 4.00, p < .05; 9-10 years: t(42.9) = 2.55, p 

< .05; for ∆t = 50 ms, 7-8 years: t(30.0) = 2.93, p < .05; 9-10 years: t(47.0) = 2.67, p < .05). 

Thresholds for the children aged 11 to 16 were not different from adults (for ∆t = 17 ms, 11-12 

years: t(32.8) = 1.36, p = .18; 13-14 years: t(37.5) = 1.92, p = .062; 15-16 years: t(59.1) = 1.24, p 

= .22; for ∆t = 50 ms, 11-12 years: t(35.1) = 1.48, p = .15; 13-14 years: t(51.3) = 0.74, p = .46 

15-16 years: t(50.6) = 0.59, p = .56). Finally, there was no effect of age for stimuli using ∆x = 30 

arcmin (for ∆t = 17 ms, F(5, 174) = 1.06, p = .38; and for ∆t = 50 ms, F(5, 174) = 0.42, p = .83). 

Notably, the variance in coherence thresholds was not significantly different across age groups 

for stimuli using ∆x = 30 arcmin (by Levene’s test using median-deviated scores: F(5, 174) = 

1.44, p = .21; F(4, 174) = 0.43, p = .82; for ∆t = 17 and 50 ms, respectively), supporting the 

notion that maturation is complete in this condition for all ages.  

The results of the LOESS analysis were consistent with the age-binned analysis of 

variance, and provided point-estimates for the age at which motion perception can be considered 

mature for each condition. Coherence thresholds are plotted as a function of age, for each 

condition, in Figure 3.2. Age of maturation for the ∆x = 1 arcmin conditions was estimated to be 

15.7 (68% CI: 12.1 – 16.5) years and 15.9 (68% CI: 11.5 – 16.46) years for the ∆t = 17 ms and 

50 ms conditions, respectively. For the ∆x = 5 arcmin conditions, age of maturation was 

estimated to be 10.7 (68% CI: 8.8 – 10.9) years and 12.4 (68% CI: 9.3 – 13.6) years for the ∆t = 

17 ms and 50 ms conditions, respectively. For both conditions using ∆x = 30 arcmin, the model 

was unable to generate a point estimate or construct a confidence interval around age because the 

LOESS fit was below T at all ages. This indicates that performance stabilized at adult-like levels 

before age 7 for these conditions. For clearer comparison across conditions, Figure 3.3 displays 

these estimated ages. A maturational age was reached earliest in the ∆x = 30 arcmin conditions, 

with maturation occurring sometime before age 7 years. The remaining conditions yielded 

mature performance later than 7 years: both ∆x = 5 arcmin conditions yielded maturational ages 

in late childhood/early teenage years, and both ∆x = 1 arcmin conditions yielded maturational 

ages in the late teenage years. 

To determine if visual acuity was significantly correlated with coherence thresholds in 

each condition independent of any age effects, I partialled out the effect of participant age in 

correlations between logMAR visual acuity of the eye used to conduct the task, and coherence 
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thresholds in each of the six conditions, using a Holm-Bonferroni adjustment (Holm, 1979) for 

multiple comparisons. Partial correlations between acuity and the three ∆x conditions (1, 5, and 

30 arcmin, respectively) were 0.14, 0.00, and 0.03 in the ∆t = 17 ms condition, and 0.16, 0.16, 

and -0.11 in the ∆t = 50 ms. The largest correlation, 0.16, indicated that acuity explained less 

than 3% of variance in coherence thresholds for these conditions and was not statistically 

significant p = .48). Because all participants obtained a stereoacuity of 40 arcsec, with the 

exception of two younger children who obtained 60 arcsec, I was unable to assess a relationship 

between stereoacuity and coherence thresholds. 
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Figure 3.1  Mean coherence thresholds as a function of age. 
 

 
 
Note. Mean coherence thresholds as a function of two-year age bins for each of the six spatio-temporal 
stimulus parameter conditions. Error bars indicate standard error. Asterisks indicate age groups that were 
found to have significantly higher thresholds than the adult group. No significant effect of age was found in 
either of the ∆x = 30 arcmin conditions (bottom two panels). 
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Figure 3.2  LOESS fits for coherence thresholds as a function of age. 
 

 
Note. Coherence thresholds as a function of age for each of the six spatio-temporal stimulus parameter 
conditions. Red lines indicate the model LOESS fit (span = 0.5). The horizontal dashed line represents T, the 
threshold that the LOESS fit must pass for performance to be adult-like. The age at which the LOESS fit 
passes T (see text section 3.2.4) is the estimated age of maturation. The point estimate of this age is indicated 
in dark blue; the shaded lighter blue area indicates the 68% confidence interval around this estimate. The 
model fits indicated that coherence thresholds for the ∆x = 30 arcmin conditions (bottom two panels) were 
adult-like by age 7, so no age estimates are given. 
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Figure 3.3  Estimated age of maturation for each of the six spatio-temporal stimulus parameter conditions. 
 

 
 
Note. The point estimate of each condition is plotted; error bars indicate the 68% confidence interval around 
this estimate. Model fits indicated that coherence thresholds for the ∆x = 30 arcmin conditions were adult-like 
by age 7, the youngest age assessed in this dataset, so no confidence intervals are available. 
 

 

3.4 Discussion 

I found that adult-like performance was reached on global motion tasks by age 7 years for a large 

spatial displacement parameter (30 arcmin), but not reached until 10-12 years for medium (5 

arcmin) or 15-16 years for small (1 arcmin) parameters. These results confirmed my prediction 

that performance on the smallest spatial displacements mature latest in life. I did not find any 

evidence that performance reaches maturity at an earlier age for longer (50 ms) rather than 

shorter (17 ms) temporal displacements.  

The results of the current study are consistent with our previous work in younger children 

(4 – 6 years old; Meier & Giaschi, 2014) which found that young children demonstrated 

immature performance on global motion stimuli with small spatial displacements, but showed 

adult-like performance on stimuli with large spatial displacements. In that study, performance 



 

 33 

was not determined by signal dot speed, since thresholds were mature on medium speeds using 

larger, but not smaller, displacements. My results are also consistent with research in developing 

macaques indicating that peak ∆x for motion sensitivity decreases as a function of age, regardless 

of stimulus ∆t, until around 3 years of age (Kiorpes & Movshon, 2004). The current study 

indicates a similar coarse-to-fine pattern of development in humans, with full maturity reached 

around age 16 years, a developmentally equivalent age for spatial visual function of 

approximately 4 years in macaques (following the 4:1 rule; Boothe, Dobson, & Teller, 1985). 

While I did not conduct formal analyses on changes in variance across age groups and 

conditions, it is clear from inspection of Figures 3.1 and 3.2 that in the conditions where 

development is still occurring (small and medium spatial displacements), variation decreases 

with age. This likely reflects variation from a number of sources that impact development. Stages 

of development do not begin at precisely the same age; rather, as in many aspects of 

development, some children will mature earlier than their peers, while others will lag behind. 

Moreover, this may reflect differences in the slope of children’s developmental trajectories, such 

that some children take more time to reach maturation than others. It is not possible to estimate 

this slope without conducting a longitudinal study, but doing so may assist in accounting for 

individual differences in coherence thresholds, particularly in younger children at risk for visual 

developmental disorders. It is also clear from the data that variance is stable, but highest, in the 

conditions with the largest displacements, where mature performance is observed for all ages. 

While I ruled out an influence of visual acuity, this variability may be related to individual 

differences in Dmax, the largest displacement for which coherent motion is perceived; larger 

displacements are not perceived as motion. Dmax has been shown to be adult-like by 7 years of 

age (Parrish et al., 2005), though this may also depend on stimulus parameters. In adults, Dmax is 

reduced for stimuli with smaller elements (Morgan, Perry, & Fahle, 1997) and lower densities 

(Eagle & Rogers, 1996), so the large displacement for this condition may be nearing participants’ 

maximum motion displacement limit. 

The results of the current study provide a framework for generating predictions about 

which global dot motion stimuli will elicit the most differences between children and adults in a 

global motion task, resolving inconsistencies across previous studies. Blumenthal et al. (2013) 

found near-adult like coherence thresholds in 3-month-old infants using eye-movement 

responses to large-field stimuli of similar density with ∆x = 25 arcmin (∆t = 13 ms), although 
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these optokinetic responses may not reflect the same processes underlying perceptually-based 

direction discrimination particularly before the first year of life (Mason, Braddick, & Wattam-

Bell, 2003; Morrone, Atkinson, Cioni, Braddick, & Fiorentini, 1999). On the other hand, 

children aged two years had elevated thresholds compared to adults for stimuli using ∆x = 7.8 

arcmin displacements (∆t = 17 ms; Yu et al., 2013), and children up to age 11 years were 

immature on stimuli with ∆x = 3 and 14 arcmin (∆t = 13 ms; Hadad et al., 2011). Parrish et al. 

(2005) found no significant differences between a group of 3 to 4-year-olds compared to adults 

for stimuli using ∆x = 8.5 arcmin, which may not be consistent with the current data; however, 

with larger variance in the youngest age groups they may not have had the power to detect a 

small age effect (Hedge’s g = 0.63). Moreover, their stimulus had a very long ∆t of 107 ms. 

While the temporal displacement parameters assessed in the current study did not appear to have 

an effect on maturation of coherence thresholds, this may not be the case for very long (or even 

very short) ∆t.  
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Chapter 4: The impact of amblyopia on global motion perception as a 

function of spatio-temporal stimulus parameters 
 
4.1 Introduction 

The purpose of this study was to determine the spatio-temporal parameters at which children 

with amblyopia demonstrate global motion perception deficits. I selected the same subset of the 

∆x and ∆t combinations tested previously in typically-developing 4- to 6-year olds (Meier & 

Giaschi, 2014) as used in Chapter 3, and measured motion coherence thresholds for children with 

amblyopia and age-matched controls. Consistent with the last-in-first-out principle, I 

hypothesized that children with amblyopia would show selective deficits for parameter 

combinations that were found to be immature in Chapter 3. In addition to group differences, I 

sought to determine whether motion perception deficits in children with amblyopia were 

predicted by clinical factors such as etiological subtype, binocular function and depth of 

amblyopia. I assessed whether a relationship exists between motion deficits and amblyopic eye 

visual acuity, interocular visual acuity difference, and the number of months a child had 

undergone occlusion therapy.  

 

4.2 Methods 

4.2.1 Participants 

4.2.1.1 Patient group 

Children with a history of unilateral amblyopia and no developmental, cognitive, or additional 

visual disorders aside from strabismus were recruited for this study. Twenty-seven children 

participated in the study; data from one child with a developmental disorder and one child with 

deprivation amblyopia were discarded, and two children had attention-related difficulties with 

conducting the full procedure, leaving a total of 23 children with data available for analysis (M 

age = 10.7 years, SD = 2.3, range = 7.1 – 14.7).  

Patient characteristics are listed in Table 4.1. The initial diagnosis of amblyopia was made 

by an ophthalmologist based on a best-corrected Snellen acuity of 20/30 or worse in the 

amblyopic eye, 20/25 or better in the fellow eye and a minimum two-line difference in Snellen 

acuity (equivalent to 0.2 logMAR) between the eyes. A participant was considered to have 
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anisometropic amblyopia if their visual acuity loss was accompanied by a spherical equivalent 

difference between the eyes ≥ 1 diopter or an astigmatic difference ≥ 1.5 diopter in the absence 

of any ocular manifest deviation (Weakley, 2001). The amblyopia subtype was considered to be 

strabismic if it occurred in the presence of either a heterotropia at distance and/or near or a 

history of strabismus surgery (Pediatric Eye Disease Investigator Group, 2003). Aniso-strabismic 

amblyopia was diagnosed if the participant met criteria for both anisometropic and strabismic 

amblyopia. Twelve of these children had anisometropic amblyopia, eight had strabismic 

amblyopia, and three had aniso-strabismic amblyopia. At the time of testing, most children had 

completed amblyopia treatment and several had normal visual acuity in the amblyopic eye; three 

children were still undergoing occlusion therapy. 
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Table 4.1  Patient characteristics for children with amblyopia included in data analysis. 
 

  Visual acuity at testing 
(logMAR)     

Amblyopia 
subtype 

Age 
(yrs) 

Ambly-
opic eye Fellow eye Refraction at time of 

testing 

Stereo-
acuity 

(arcsec) 
Treatment history Total number of 

deficits‡ 

aniso 7.1 0.11 (L) 0.05 R: -0.25 +0.50 x 85 
L: +0.50 +0.75 x 90† 40 OT: 37 months 11 

aniso 7.8 0.09 (L) -0.11 R: plano +0.50 x 70 
L: -0.25 + 1.75 x 90 40 OT: 42 months 2 

aniso 8.2 0.21 (L) -0.04 R: -0.25 +0.50 x 75 
L: -3.25 +2.00 x 120 200 OT: 16 months 9 

aniso 10.8 0.36 (L) 0.13 R: +0.75 
L: +2.75 +0.75 x 90 NM OT history unavailable 3 

aniso 11.2 0.08 (L) -0.15 R: plano +1.00 x 95 
L: +2.75 +1.50 x 95 100 OT: 17 months 3 

aniso 11.6 0.30 (L) -0.20 R: plano 
L: +2.00 +2.20 x 90 200 OT: 15 months 4 

aniso 11.6 0.43 (L) -0.08 R: +1.00 
L: +7.00 +1.75 x 100 NM OT: 13 months * 8 

aniso 12.0 0.29 (L) -0.06 R: +1.25 +1.50 x 90 
L: plano +4.50 x 85 40 OT: none 1 

aniso 13.1 0.15 (R) -0.20 R: +6.75 +1.75 x 100 
L: +4.00 +1.00 x 100 200 OT: 84 months 1 

aniso 13.2 -0.01 (L) -0.09 R: plano 
L: plano + 1.50 x 90 40 OT: 6 months 4 

aniso 14.4 0.18 (L) -0.20 R: -0.25 
L: +8.00 NM OT: 50 months 2 

aniso 14.7 0.01 (R) -0.08 R: +1.00 
L: plano 200 OT: 13 months 2 

strab 7.5 0.29 (L) 0.05 R: +2.25 +0.75 x 90 
L: +2.25 +0.50 x 85 200 1 surgery;  

OT: 43 months * 11 

strab 7.6 0.10 (L) 0.05 R: +2.25 +1.00 x 95 
L: +2.75 +0.75 x 100 NM 2 surgeries;  

OT: 23 months 5 
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strab 8.3 0.03 (L) 0.05 R: +2.50 +3.00 x 85 
L: +2.25 +2.75 x 95 100 OT: 18 months 10 

strab 9.0 0.11 (R) 0.00 R: +2.50 +2.00 x 100 
L: +2.50 +1.25 x 80 800 1 surgery;  

OT: 56 months 2 

strab 10.1 0.20 (R) -0.03 R: +6.50 +2.25 x 100 
L: +7.00 +2.00 x 80 100 1 surgery;  

OT: 10 months 9 

strab 11.2 0.43 (R) -0.03 R: +6.75 +1.00 x 110 
L: +7.25 +1.00 x 110 200 1 surgery;  

OT: 24 months 7 

strab 11.5 0.24 (L) -0.04 R: +1.00 +2.25 x 90 
L: +1.00 +2.50 x 90 NM 1 surgery;  

OT: 53 months 4 

strab 13.6 0.36 (L) 0.00 R: +4.50 +3.75 x 80 
L: +5.50 +3.50 x 90 NM OT: 10 months 0 

aniso-strab 9.0 0.15 (R) -0.10 R: +2.50 +0.75 x 95 
L: +3.00 +1.75 x 90 800 OT: 58 months * 8 

aniso-strab 10.8 0.11 (L) -0.04 R: +1.00 +1.75 x 20 
L: +3.75 +2.00 x 135 NM OT: 75 months 7 

aniso-strab 11.0 0.30 (L) -0.18 R: +2.00 
L: +3.00 +0.50 x 90 NM OT: 75 months 3 

 
Note: aniso = anisometropic amblyopia; strab = strabismic amblyopia; (L) = left eye amblyopic; (R) = right eye amblyopic; NM = stereoacuity not 
measurable at the largest disparity tested (800 arcsec); OT = occlusion therapy, * = still undergoing occlusion therapy treatment, † = patient did not 
meet definition for anisometropia at time of testing but has a history of a 1.5 dioptre spherical equivalent difference between the eyes, ‡ = see text section 
4.2.4 for details on how this measure is computed. 
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4.2.1.2 Control group 

For each child with amblyopia, data from two age-matched control children were selected for 

analysis. These children were participants in the study described in Chapter 3. To be included in 

the study, control participants needed to have best-corrected monocular visual acuity scores on 

the Regan high-contrast letter chart (Regan, 1988) of 0.1 logMAR (minimum 1.25 arcmin 

resolution; equivalent to 20/25 Snellen) or better, and stereoacuity on the Randot Preschool 

Stereoacuity Test (Stereo Optical Co., Inc.) of 60 arcsec or better (Birch et al., 2008). Data from 

a total of 46 control children were included in the analysis (M age = 10.7, SD = 2.3, range = 7.0 

– 14.8). For an additional analysis, I compared children with amblyopia to 23 visual acuity-

matched controls. These data came from control children who passed the stereoacuity screening 

but did not necessarily have visual acuity better than 0.1 logMAR. Children with poor vision 

were typically those who had not had a recent update to their glasses prescription, or forgot to 

bring their glasses to the research appointment. None of these control children had a difference in 

visual acuity between their eyes greater than two lines. 

 

4.2.2 Stimuli and experimental conditions 

The stimulus used in the current study was similar to the stimulus used in our previous studies 

(Meier & Giaschi, 2014; Chapter 3) and is described in section 2.5. Two factors were crossed in 

the current study: ∆x, the spatial displacement of the dots between each pair of animation frames 

(1, 5, or 30 arcmin); and ∆t, the duration of each frame (17 or 50 ms). The same stimulus 

conditions were used as in Chapter 3. See section 3.2.2 for a full description. 

 
4.2.3 Procedure 

Procedures for assessing visual and stereoacuity are described in section 2.3, and for assessing 

coherence thresholds in sections 2.6 and 2.7. Participants completed eight trials of a practice 

staircase binocularly using the parameters ∆x = 15 arcmin and ∆t = 33 ms, then proceeded to the 

experimental conditions. The motion coherence thresholds used in analysis were obtained under 

monocular viewing conditions, for a total of 12 thresholds obtained per participant (six 

conditions per eye). The condition order for each child was determined using a Latin square to 

mitigate order and practice effects.  
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4.2.4 Data analysis 

Coherence thresholds for each condition were determined by fitting a Weibull function to 

participants’ responses (see section 2.7). Each control child had data from the eye with poorer 

visual acuity assigned to be compared to the amblyopic eye of the patients, and the other served 

as a control for the fellow eye. Where the two eyes of control children had equal visual acuity, 

random assignment was used. To assess group differences between patients and controls, four 

separate analyses of variance (ANOVAs) were conducted. For each eye (amblyopic and fellow) 

at each ∆t condition (17 ms and 50 ms), an ANOVA using the between-subject factor group 

(patient, control) and the within-subjects factor ∆x (1, 5, or 30 arcmin) was performed. Using 

estimates from our previous results (Meier & Giaschi, 2014), with the current sample I had 

adequate power (1-β = .80) to detect a medium-sized (f = 0.27) main effect of group, a small (f = 

0.16) main effect of ∆x, and a small (f = 0.16) interaction between these factors. Degrees of 

freedom were corrected with a Huynh-Feldt adjustment where Mauchly’s test indicated the 

assumption of sphericity had been violated (α = .25). Significant interactions were probed with a 

simple main effects analysis investigating the effect of group at each ∆x.  

To assess individual differences in patients with amblyopia, I examined differences 

between subtypes, as well as bivariate correlations between patients’ number of elevated 

coherence thresholds and their visual acuity and stereoacuity scores. A patient was considered to 

have an elevated coherence threshold if it fell above the upper limit of the 95% confidence 

interval around the control group’s mean performance in the amblyopic control eye. This was 

calculated for each condition separately, so a patient could have up to 12 elevated thresholds in 

total. For differences between subtypes, I had power to detect only a large effect size (f = 0.61) 

with our patient sample. To assess individual differences in the total number of elevated 

coherence thresholds, I had power to detect a medium-to-large effect (r = |.41|). 

 

4.3 Results 

 

4.3.1 Participant characteristics 

There was no difference between the patient and control groups on age, t(67) = 0.09, p = .93, or 

gender, t(67) = 0.67, p = .50. Eight children with amblyopia had no measurable stereopsis on the 
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Randot Preschool Stereoacuity Test; the remaining 15 children had significantly worse 

stereoacuity (M = 217 arcsec, SD = 246) than the control children (M = 40 arcsec, SD = 3), 

t(14.0) = 2.78, p = .015. Visual acuity in the amblyopic eye of patients (M = 0.196 logMAR, SD 

= 0.128) was significantly worse than the control “amblyopic” eyes (M = -0.068 logMAR, SD = 

0.062; 2.6 line difference), t(27.3) = 9.38, p < .001. Visual acuity in the fellow eye of patients (M 

= -0.057 logMAR, SD = 0.089) was significantly different from the control “fellow” eyes (M = -

0.099, SD = 0.062; 0.4 line difference), t(31.3) = 1.91, p = 0.049, but still within the normal 

range (better than 20/20 Snellen, on average). 

 

4.3.2 Global motion perception in children with amblyopia vs. controls 

Coherence thresholds for the amblyopic eye of patients compared to one eye of controls are 

displayed in Figure 4.1. For the ∆t = 17 ms condition, there was a main effect of group, F(1, 67) 

= 4.13, p = .046, f = 0.43; a main effect of ∆x, F(2.0, 133.6) = 38.22, p < .001, f = 0.75; and a 

group by ∆x interaction, F(2.0, 133.6) = 6.25, p = .003, f = 0.30. A simple main effects analysis 

probing the interaction revealed a main effect of group at the two smallest ∆x, such that children 

with amblyopia had elevated coherence thresholds compared to controls: for 1 arcmin, F(1, 67) = 

18.56, p < .001, d = 0.98; and for 5 arcmin, F(1, 67) = 4.65, p = .035, d = 0.54. There was no 

significant effect of group at ∆x = 30 arcmin, F(1, 67) = 0.08, p = .79. Results for the ∆t = 50 ms 

condition were similar: there was a main effect of group, F(1, 67) = 13.36, p = .001, f = 0.45; a 

main effect of ∆x, F(1.8, 233.8) = 32.81, p < .001, f = 0.70; and a group by ∆x interaction, F(1.8, 

233.8) = 6.66, p = .002, f = 0.31. As before, there was a simple main effect of group for ∆x = 1 

arcmin, F(1, 67) = 16.23, p < .001, d = 0.93; and for 5 arcmin, F(1, 67) = 7.26, p = .009, d = 

0.66; but no significant effect of group at 30 arcmin, F(1, 67) = 0.10, p = .75. 

Coherence thresholds for the fellow eye of patients compared to controls are displayed in 

Figure 4.2. For the ∆t = 17 ms condition, there was a significant effect of group, F(1, 67) = 4.13, 

p = .046, f = 0.25; a main effect of ∆x, F(2, 134) = 32.98, p < .001, f = 0.70; and a group by ∆x 

interaction, F(2, 134) = 5.77, p = .004, f = 0.29. Simple main effects analysis revealed children 

with amblyopia had elevated thresholds for ∆x = 1 arcmin, F(1, 67) = 4.69, p = .034, d = 0.54; 

and for ∆x = 5 arcmin, F(1, 67) = 8.62, p = .005, d = 0.71. Thresholds were not significantly 

different in the ∆x = 30 arcmin condition, F(1, 67) = 0.01, p = .73. For the ∆t = 50 ms condition, 

only the main effect of ∆x was significant, F(1.8, 123.0) = 41.75, p < .001, f = 0.79; the effect of 
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group was not significant, F(1, 67) = 2.54, p = .12, f = 0.19; nor was the group by ∆x interaction, 

F(1.8, 123.0) = 0.64, p = .52, f = 0.10.  

 
Figure 4.1  Mean motion coherence thresholds for the amblyopic eye in children with amblyopia and controls. 

 
Note. Data are shown for the ∆t = 17 ms condition (top) and 50 ms condition (bottom). Error bars indicate 
standard error. 
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Figure 4.2  Mean motion coherence thresholds for the fellow eye in children with amblyopia and controls. 

 
Note. Data are shown for the ∆t = 17 ms condition (top) and 50 ms condition (bottom). Error bars indicate 
standard error. 
 

Children with amblyopia have poorer visual acuity in their amblyopic eye compared to 

control children, and it is possible that acuity, rather than amblyopia per se, may be driving 

elevated thresholds. To rule out this potential confound, I compared thresholds in children with 

amblyopia to a group of visual acuity-matched control children. Some of these control children 
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had poor visual acuity; the acuity in the eyes selected for analysis (range = 0.025 – 0.400, M = 

0.176 logMAR, SD = 0.119; 20/30 Snellen equivalent) was not significantly different from the 

amblyopic eyes of the patient group, t(44) = 0.57, p = .57, nor did they differ in mean age (M = 

11.8 years old, SD = 3.0), t(44) = 1.45, p = .15. My analysis focuses on the condition where 

patients demonstrated deficits with the largest effect size (∆t = 17 ms, ∆x = 1 arcmin). Children 

with amblyopia had significantly elevated thresholds compared to the acuity-matched control 

children, t(44) = 3.41, p = .001, confirming that reduced acuity alone is not likely responsible for 

the elevated motion coherence thresholds. In fact, these acuity-matched control children had the 

same coherence thresholds (M = 0.31, SD = .14) as the control children with 0.1 logMAR or 

better acuity in the current study (M = .32, SD = .13), confirming that global motion perception is 

not affected by visual acuity, at least for the range of acuities tested here.   

In summary, children with amblyopia demonstrated group-level deficits at 1 and 5 arcmin 

spatial displacements, but not at the 30 arcmin displacement. In the amblyopic eye, this was true 

for both ∆t values tested. This corresponds to amblyopic eye deficits for speeds of 1 and 5 deg/s 

(∆t = 17 ms) and 0.3 and 2 deg/s (∆t = 50 ms), but not speeds of 30 deg/s (∆t = 17 ms) or 10 

deg/s (∆t = 50 ms). In the fellow eye, these deficits were only seen for the ∆t = 17 ms condition 

(1 and 5 deg/s), but not the 50 ms condition (0.3 and 2 deg/s). Figure 4.3 displays coherence 

thresholds for the amblyopic, fellow, and control eyes plotted as a function of speed. Two points 

are apparent from this graph: first, motion sensitivity is greatest at the medium displacement (∆x 

= 5 arcmin; 2 and 5 deg/s), regardless of speed. Second, the pattern of deficits in both ∆t 

conditions is similar: at ∆x = 1 arcmin, both eyes show elevated thresholds, with the amblyopic 

eye showing greater deficits than the fellow eye; at ∆x = 5 arcmin, the magnitude of the 

amblyopic and fellow eye deficits is nearly identical. Thus, the lack of a significant effect for the 

fellow eye in the ∆t = 50 ms condition likely reflects a lack of power to detect a significant 

interaction. At ∆x = 30 arcmin, children with amblyopia perform the same as controls. 
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Figure 4.3  Coherence thresholds as a function of speed. 
 

 
Note. Mean coherence thresholds for amblyopic eyes (AE), fellow eyes (FE), and control eyes (CE) are plotted 
as a function of signal dot speed. For clarity, error bars have been omitted, but they are shown in Figure 4.1 
and Figure 4.2. Control data from the comparison to the amblyopic eye are plotted; control data for the 
fellow eye were similar. 
 

4.3.3 Clinical factors and deficits in global motion perception 

Mean coherence thresholds by amblyopia subtype are displayed in Figure 4.4. Because there 

were only three children with aniso-strabismic amblyopia, they were grouped with the strabismic 

amblyopia subtype. When coherence thresholds were averaged across the six conditions for each 

eye, there was no significant difference between the anisometropic amblyopia and the strabismic 

amblyopia groups for the amblyopic eye, t(21) = 1.12, p = .27, or the fellow eye, t(21) = 0.92, p 

= .38; nor were thresholds significantly different for any of the 12 conditions individually (all p = 

.27 or greater). 
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Figure 4.4  Coherence thresholds by amblyopia subtype. 

 
 
Note. Mean motion coherence thresholds for the children with anisometropic amblyopia and strabismic or 
aniso-strabismic amblyopia for all 12 conditions of the experiment. Error bars indicate standard error. 
 

Figure 4.5 (top) shows the percentage of children in the amblyopia group with an 

elevated coherence threshold as a function of condition. The total number of elevated coherence 

thresholds in an individual child was taken as an indicator of deficit severity (Figure 4.5 bottom). 

Overall, children had between 0 and 11 total deficits (M = 5.0, SD = 3.5). There was no 

significant relationship between total number of deficits and whether a child had anisometropic 

or strabismic (including aniso-strabismic) amblyopia, t(21) = 1.29, p = .21.  
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Figure 4.5  Deficits in children with amblyopia. 

 
Note. The distribution of motion perception deficits (elevated thresholds) in children with amblyopia across 
conditions (top), and the frequency of the number of deficits in each patient (bottom). 
 

To assess the relationship with stereoacuity, children with non-measurable acuity were 

assigned a value of 1600; there was no significant relationship between total number of deficits 

and stereoacuity scores on the Randot Preschool test, r(21) = -0.23, p = .30, including when 

subtype is controlled for, r(20) = -0.34, p = .12; nor was there a difference in mean number of 

deficits for the 8 children with no measurable stereoacuity vs. the 15 children with any 

measurable stereoacuity, t(19.33) = 1.88, p = .25.  

Finally, indicators of greater depth of amblyopia were not associated with greater motion 

deficits: there was no significant correlation between total number of deficits and amblyopic eye 
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logMAR visual acuity, r(21) = 0.01, p = .95, interocular visual acuity difference, r(21) = -0.24, p 

= .27, or total months of prescribed occlusion therapy in the 20 children who had completed 

treatment at the time of testing, r(18) = -0.15, p = .53. 

 

4.4 Discussion 

The current study varied the spatial and temporal displacement parameters in a global motion 

stimulus to determine the spatio-temporal pattern of motion deficits in children with amblyopia. 

Consistent with my hypothesis, I found that, compared to age-matched controls, children with 

amblyopia between 7 and 14 years old had elevated coherence thresholds for stimuli on which 5-

year-olds were previously found to be immature (∆x = 1 and 5 arcmin; Meier & Giaschi, 2014; 

Chapter 3). Coherence thresholds for stimuli on which 5-year-olds showed adult-like 

performance (∆x = 30 arcmin) were within the typical range. This effect was seen at both ∆t = 17 

and 50 ms when patients viewed the stimuli with the amblyopic eye. In the fellow eye, this effect 

was seen in the ∆t = 17 ms condition only. The lack of an effect in the fellow eye at ∆t = 50 ms 

was possibly due to a lack of power (see Figure 4.3). I found no consistent clinical predictors of 

the number of motion deficits observed in children with amblyopia. 

 

4.4.1 Global motion perception in children with amblyopia vs. controls 

I found that children with amblyopia demonstrated deficits in global motion perception for 

stimuli using small spatial displacements. This is also where young children show the greatest 

immaturities (Meier & Giaschi, 2014; Chapter 3). The current study extends the findings of 

Kiorpes et al. (2006), who found motion sensitivity deficits at small spatial scales in macaques 

with anisometropic or strabismic amblyopia, to children. Similar to young typically-developing 

macaques (Kiorpes & Movshon, 2004), the amblyopic macaques demonstrated a motion 

sensitivity tuning curve in the amblyopic eye that was shifted to greater values of ∆x. El-

Shamayleh, Kiorpes, Kohn, and Movshon (2010) assessed neural responses in MT to motion 

coherence stimuli in these macaques, and determined that this behavioural pattern was reflected 

in MT neuronal population responses. Compared to tuning curves for stimuli presented to the 

fellow eye, response magnitude for stimuli presented to the amblyopic eye was depressed and the 

peak was shifted towards faster speeds or coarser spatial scales. Similarly, Hou et al. (2008) 
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assessed VEPs in adults with mild strabismic amblyopia in response to global motion for a range 

of ∆x parameters, and found that compared to controls, the response curve tuning of the 

amblyopic eye was shifted to larger spatial displacements. Although psychophysical coherence 

thresholds were not assessed in their participants, this reduced cortical sensitivity likely 

translates into elevated coherence thresholds over a selective range of small spatial scales, in 

accordance with the current data. Given VEPs in young infants show maximal responses to large 

spatial displacements (Hou et al., 2009), this is consistent with a deficit in aspects of visual 

function that mature later. 

A reduction at high spatial frequencies is a characteristic feature of amblyopia (Bradley 

& Freeman, 1981; Hess & Howell, 1977; Levi & Harwerth, 1977), so it is quite possible the 

pattern of deficits observed here can be attributed to loss of sensitivity to high spatial frequencies 

in earlier stages of motion processing. I did not assess contrast sensitivity in the children with 

amblyopia in this study to determine whether a relationship exists in our participants. However, 

if this is the case, this frequency-selective deficit observed for translational motion may persist in 

other motion tasks. For example, when slow speeds are defined by smaller spatial displacements, 

children with amblyopia show higher minimum speed thresholds (Giaschi et al., 1992; Ho et al., 

2005) and have higher coherence thresholds at slower speeds (Hayward et al., 2011) compared to 

controls for motion-defined form discrimination tasks embedded in random dot noise. Children 

with amblyopia also show higher minimum speed thresholds in a single object-tracking task that 

does not involve noise (Ho et al., 2006). This speed-tuning may not be independent across tasks, 

nor limited to tasks involving noise. I did not sample thresholds from a large enough spatio-

temporal parameter space to comment on the overall reduction of motion sensitivity curves in 

children with amblyopia, but I predict a similar pattern to that of Kiorpes et al. (2006). 

These results demonstrate that deficits in amblyopia may not be revealed by all global 

motion stimuli. Simmers et al. (2003; 2006) found global motion deficits in adults with 

amblyopia using ∆x = 18 arcmin, ∆t = 53 ms. The current study found deficits for displacements 

of ∆x = 5, but not 30, arcmin. Taken together, these studies suggest stimuli with spatial 

displacements at least as small as 18 arcmin are sensitive enough to detect motion deficits. This 

may be, in part, a function of ∆t. We previously found no global motion deficits in children with 

amblyopia using ∆x = 7.6 arcmin (Ho et al., 2005; Ho & Giaschi, 2006; Wang et al., 2007), but 

this used ∆t = 107 ms to create a slow speed (1.2 deg/s). A temporal displacement this long was 
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not tested in the current study. However, children show more mature performance in stimuli with 

longer ∆t and the peak of the motion sensitivity curve shifts to smaller values of ∆x with 

increases in ∆t (Meier & Giaschi, 2014), so it is possible the pattern of disruption in amblyopia 

shifts similarly with longer values of ∆t. 

 These results are potentially in conflict with those obtained by Knox et al. (2013). Similar 

to the current study, the effects of spatio-temporal parameters of a random-dot global motion 

stimulus were assessed, by either holding ∆x constant and varying ∆t, or vice versa. While 

coherence thresholds of control and amblyopia groups were not directly compared at each 

combination of parameters, an analysis is possible from the data provided in their Table 2. 

Adults with amblyopia demonstrated no deficits when tested using ∆x = 2.4 arcmin, ∆t = 27 ms. 

Results from the current study would predict a deficit at this small displacement, highlighting 

that additional stimulus parameters may be impacting observed deficits in amblyopia. A salient 

difference between tasks is the larger dot size and sparser display used by Knox et al. (58 arcmin 

diameter, 0.19 dots/deg2) compared to those employed in the current study (1 arcmin diameter, 

1.1 dots/deg2). While little work has directly compared the impact of these differences on motion 

coherence thresholds, decreased density and increased dot size may engage high-level feature 

tracking mechanisms in maximum motion displacement (Dmax) tasks (Sato, 1998; Smith & 

Ledgeway, 2001), which may also depend on spatial displacement rather than speed (Baker & 

Braddick, 1985b).  

Finally, the hallmark of amblyopia is reduced visual acuity in one eye, so it is possible 

that visual acuity, and not amblyopia per se, limits global motion perception. Consistent with this 

possibility, children with amblyopia showed deficits for stimuli with very small spatial 

displacements (1 and 5 arcmin). Though prior work has shown that motion deficits persist in 

amblyopia even when stimulus visibility is guaranteed (e.g., Constantinescu et al., 2005; 

Simmers et al., 2006), the stimuli in the current study have not been controlled for visibility. 

While all but three of the patients who participated in the current study had completed occlusion 

therapy, mean visual acuity in the amblyopic eye was significantly worse than controls, and 

some patients with amblyopia showed poor acuity even after treatment (see Table 4.1). However, 

it is unlikely that poor visual acuity accounts for the deficits observed here, since children with 

amblyopia had global motion deficits in their fellow eyes with normal visual acuity. Moreover, 

children with amblyopia had significantly elevated coherence thresholds compared to a group of 
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acuity-matched control children, who performed identical to their better-acuity peers. While this 

is the first direct comparison between patients and controls on global motion thresholds matched 

for visual acuity, the lack of effect of visual acuity on coherence thresholds is consistent with 

prior work (Chakraborty et al., 2015). Similarly, coherence thresholds for global motion are 

unaffected by optical blur at least up to visual acuities as poor as 0.40 logMAR in adults wearing 

blurred lenses (Zwicker, Hoag, Edwards, Boden, & Giaschi, 2006), at least for the stimulus 

parameters showing early maturation used by Parrish et al. (2005). 

 

4.4.2 Clinical factors and deficits in global motion perception 

I did not find any significant predictors of the total number of global motion deficits for each 

child. I assessed etiological subtype, evidence of binocularity, and indicators of depth of 

amblyopia. The data collected in amblyopic macaques (Kiorpes et al., 2006) would predict a 

greater deficit in strabismic amblyopia, particularly in the fellow eye, but this was not observed 

in the current data. Differences in performance by subtype were very small and not statistically 

significant, nor were they indicative of such a pattern. Simmers et al (2003; 2006) found no 

difference in global motion thresholds for adults with strabismic or aniso-strabismic amblyopia; 

the current results confirm this finding and extend it to children with anisometropic amblyopia as 

well. Similar to Ho et al. (2006), I did not find a relationship between stereoacuity and number of 

motion perception deficits. Finally, the three indicators of depth of amblyopia I tested – 

amblyopic eye visual acuity, interocular visual acuity difference, and months spent undergoing 

occlusion therapy – did not predict motion deficits. It is possible that other indicators of depth of 

amblyopia, such as increased interocular suppression (Mansouri, Thompson, & Hess, 2008; 

Narasimhan, Harrison, & Giaschi, 2012) or a lack of coarse stereopsis (Giaschi, Lo, Narasimhan, 

Lyons, & Wilcox, 2013) may provide more direct or sensitive measures. Finally, it is possible 

that greater global motion perception deficits are not indicative of deeper amblyopia, but of 

differing down-stream effects following the impact of amblyopia. If this were the case, however, 

I might expect to see differences in subtype. 

Most patients (87%) had completed occlusion therapy when they participated in this 

study, so these results largely reflect global motion processing in treated amblyopia. Few studies 

have examined the effect of occlusion therapy on global motion processes, so it is uncertain 

whether I should expect deficits in untreated children to be more severe. Treatment has been 
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shown to improve minimum oscillatory motion displacement thresholds (Simmers, Gray, 

McGraw, & Winn, 1999), with the greatest improvements occurring for patients with poorer 

initial thresholds, and not necessarily those showing the greatest recovery in other acuity 

measures. However, deficits in motion-defined form and multiple object tracking persist even 

with improvements in visual acuity (Giaschi et al., 2015). In line with this, the current results do 

not show a relationship between deficits and visual acuity outcomes, suggesting that gains in 

visual acuity following treatment are not sufficient for alleviating motion integration deficits. On 

the other hand, contrast sensitivity in amblyopia improves with treatment (Wali, Leguire, Rogers, 

& Bremer, 1991) so I may expect a similar improvement in motion sensitivity, though not all 

children treated with occlusion therapy achieve normal contrast sensitivity in either the 

amblyopic or the fellow eye (Chatzistefanou et al., 2005). 
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Chapter 5: The effect of stimulus area on global motion thresholds in children 

and adults 

 

5.1 Introduction 

In Chapter 3, I confirmed that global motion perception can mature as late as 16 years of age, 

depending on the stimulus parameters. Some aspects of spatial vision also reach maturity in 

adolescence (see section 1.5.1). This suggests protracted development in global motion tasks 

may depend on spatial-specific aspects of the motion stimulus. One way to selectively target 

spatial integration mechanisms in motion stimuli is increasing the area covered by a stimulus. 

This study was designed to assess the effect of stimulus area on coherence thresholds. 

Maximum ∆x displacement thresholds can increase as stimulus area increases (Baker & 

Braddick, 1982; Chang & Julesz, 1983; Eagle & Rogers, 1997), so I hypothesized that 

participants would show better performance for larger stimulus areas for stimuli with a large, but 

not small, ∆x parameter (corresponding to fast, but not slow, speeds). Additionally, I aimed to 

determine whether children could achieve mature performance for the conditions previously 

found to show late maturation (Meier & Giaschi, 2014; Chapter 3) if stimulus area was 

increased. If so, the immature performance on global motion tasks described previously may be 

attributed to limitations in the mechanisms involved in spatial integration, rather than motion 

perception per se. To this end, I assessed performance for three stimulus speeds as a function of 

area in children and in adults.  

 

5.2 Methods 

5.2.1 Participants 

Children (4–6 years old) and young adults (18–30 years old) were recruited from the community 

to participate in this study. No minimum acuity criteria were imposed, since the results of 

Chapter 4 indicated that this did not impact coherence thresholds in participants with healthy 

vision. However, since participants were requested to have up-to-date corrected vision, those 

with greater than 0.2 logMAR difference in acuity between the two eyes were excluded from 

analysis, as this can be a risk factor for, or indicative of, amblyopia. Because motion processing 

and stereopsis share common cortical networks (Born & Bradley, 2005), participants were 
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required to have stereoacuity scores within the normal limit for their age (200 arcsec for 4- and 

5-year olds, 100 arcsec for 6-year olds, 40 arcsec for adults; Birch et al., 2008). 

A total of 30 children were recruited to participate. However, three children (ages 4.0, 

4.8, and 5.3) did not complete more than two or three conditions of the experiment, and their 

data were excluded from analysis. The remaining 27 children were between the ages of 4.2 and 

6.9 years (M = 5.7, SD = 0.7) and had data for a total of six (one child), seven (one child), eight 

(three children) or all nine (the remaining 22 children) conditions of the experiment (described in 

section 5.2.2). A total of 28 adults were recruited. One adult was excluded for having a visual 

acuity difference between the two eyes that was larger than 0.2 logMAR. The remaining adults 

included in analysis were between the ages of 18.6 and 29.6 years (M = 23.8, SD = 3.5). Four of 

these adults had data for eight of the experimental conditions, and the remaining 23 adults had 

data for all nine conditions. No participants were excluded for poor stereoacuity. 

 
5.2.2 Stimuli and experimental conditions 

The stimuli used in this experiment are described in section 2.5. Two stimulus factors were 

examined: speed and area. As in Chapters 3 and 4, this study assessed performance for three 

spatial displacements (∆x = 1, 5, and 30 arcmin), but used only one temporal displacement (∆t = 

17 ms). This combination of parameters yielded three speeds: slow (1 deg/s), medium (5 deg/s) 

and fast (30 deg/s). See section 3.2.2 for a full description of these conditions. Three stimulus 

areas were assessed: 3 × 3, 6 × 6, and 9 × 9 deg; for total areas of 9, 36, and 81 deg2. 

 
5.2.3 Procedure 

Procedures for assessing visual and stereoacuity are described in section 2.3, and for assessing 

coherence thresholds in sections 2.6 and 2.7. Participants completed eight trials of a practice 

staircase binocularly using the parameters ∆x = 15 arcmin and ∆t = 33 ms at a stimulus area of 8 

× 8 (64 deg2) before proceeding to the experimental conditions. A total of 9 thresholds were 

obtained for each participant, one for each speed by area condition. Participants conducted the 

task monocularly using the eye with best visual acuity; if acuity between the eyes was equal, 

participants chose whichever eye was preferred. The order in which participants conducted each 

condition was determined using a Latin square. 
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5.2.4 Data analysis 

A power analysis was conducted to determine the appropriate sample size for this study. Using 

estimates from the prior work comparing 4–6 year olds to adults (Meier & Giaschi, 2014), I 

calculated that 14 total participants were required to replicate the main effect of age (Cohen’s f = 

0.97) and 56 total participants were required to replicate the age by speed interaction (f = 0.30) 

with a power of 0.80. Based on the magnitude of this interaction, I also used f = 0.30 as the 

minimum meaningful effect size for detecting an age by stimulus area interaction in the current 

study. Thus, I determined I needed a total of 28 participants per age group for this experiment to 

detect significant interactions with age. 

As before, coherence thresholds for each condition were determined by fitting a Weibull 

function to participants’ responses (section 2.7). To quantify the effect of area, I obtained the 

slope of coherence thresholds as a function of the square root of the stimulus area for each 

participant. A negative value indicates that performance is better for larger stimulus areas. Figure 

5.1 illustrates how these values are obtained for an adult participant. This area effect was used as 

a dependent variable in a subsequent ANOVA using the between-subjects factor age (child, 

adult) and the within-subjects factor speed (slow, medium, fast). Degrees of freedom were 

corrected with a Huynh-Feldt adjustment where Mauchly’s test indicated the assumption of 

sphericity had been violated (α = .25). 

The benefit of expressing the effect of area with a slope, rather than entering area as the 

third factor in the ANOVA, is two-fold. For practical reasons, an estimate of the area effect can 

still be obtained for participants who do not complete all three speeds for a given area; and so the 

ANOVA does not need to account for missing data. More importantly, quantifying the area 

effect in terms of a slope provides a directly interpretable value, and this value can be used in 

analyses of individual differences and meaningfully compared with other studies. 
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Figure 5.1  Area effect at each speed for one adult participant. 
 

 
 

Note. For this adult participant, the area effect is 0.00 for 1 deg/s and 5 deg/s; and -0.12 for 30 deg/s. See text 
section 5.2.4 for a description of how these values are obtained. 
 
 Finally, I conducted a bivariate correlation between these slope values and participants’ 

visual acuity to determine if differences in acuity may account for area effects as a function of 

speed. Given a sample size of 54, I had the power to detect a correlation of at least 0.27 in 

magnitude (a = 0.05). Stereoacuity did not vary sufficiently in this healthy sample to obtain a 

meaningful correlation. 

 
5.3 Results 

In adults, mean visual acuity for the eye used to conduct the task was -0.115 logMAR 

(approximately 20/15 Snellen; ranging from -0.213 to -0.025, SD = 0.058). In children, mean 

visual acuity was 0.059 logMAR (approximately 20/23 Snellen; ranging from -0.075 to 0.288, 

SD = 0.101). This difference was significant, t(41.4) = 7.80, p < .001, but within the normal 

range. 

 Mean coherence thresholds for each speed by area condition are shown separately for 

children and adults in Figure 5.2, along with the mean fitted slopes quantifying the area effect. 

This area effect for each speed in each age group is re-plotted in Figure 5.3. There was a 

significant effect of speed, F(1.8, 91.4) = 142.50, p < .001; but no significant effect of age group, 

F(1, 52) = 0.99, p = 0.32, nor a speed by age group interaction, F(1.8, 91.4) = 2.17, p = 0.13. 

Follow-up of the significant speed effect using Bonferroni-adjusted pairwise comparisons 

indicated that the area effect for 30 deg/s was significantly different from the effects at 1 and 5 
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deg/s, both p < .001, but the area effects at 1 and 5 deg/s were not different from each other (p = 

.43). The effect at 30 deg/s (M = -0.093, 95% CI: [ -0.105, -0.81]) was significantly less than 

zero, t(53) = 15.76, p < .001, indicating that performance was better for larger stimulus areas at 

this speed. The effects at 1 deg/s (M = -0.004, 95% CI: [-0.012, 0.003]) and 5 deg/s (M = 0.003, 

95% CI: [-0.003, 0.010]), were not significantly different from zero, t(53) = 1.12 and 1.00, p = 

0.27 and 0.32, respectively, indicating that performance did not differ as a function of stimulus 

size for these slower speeds. 

 The correlations between area effect and the visual acuity of the eye used for the task 

across all 54 participants were 0.04, 0.21, and 0.14 for the 1, 5, and 30 deg/s conditions 

respectively (all p ≥ 0.14, uncorrected), indicating no significant role for visual acuity. 
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Figure 5.2  Coherence thresholds as a function of area for each speed.  

 
 

Note. Error bars indicate 95% CI, determined individually for each mean. Linear fits describe the mean area 
effect at each speed; standard errors for the area effect are displayed in Figure 5.3. 
 
Figure 5.3  Effect of area by speed for both age groups.  
 

 
Note. Error bars indicate standard error, determined individually for each age group. A value of 0 reflects no 
effect of area on coherence thresholds. A negative value indicates coherence thresholds are lower (improve) 
for larger stimulus area. 
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5.4 Discussion 

I assessed coherence thresholds in young children and adults as a function of stimulus area for 

three speeds (1, 5, and 30 deg/s; created with spatial displacements of ∆x = 1, 5, and 30 arcmin). 

My previous work has indicated that young children show immature performance at the slowest, 

but not fastest, speeds assessed in the current study (Meier & Giaschi 2014; Chapter 3). The 

results of this study confirm these immaturities are not limited by the spatial extent of stimulus 

area. Consistent with my hypothesis, I found an area effect at the fastest speed (30 deg/s) only. 

The effect of area was the same for children and adults, regardless of speed.  

 While this work assesses motion coherence thresholds as a function of ∆x and stimulus 

area, prior work on the impact of stimulus area in motion perception has assessed the largest 

spatial displacement in a two-frame animation that is perceived as motion (maximum 

displacement thresholds, commonly termed Dmax). My data are consistent with this work. For 

example, Baker and Braddick (1982) determined maximum displacement thresholds vary 

strongly as a function of stimulus area. At 81 deg2, the largest area assessed in my study, the 

limit approached 40 arcmin; at 36 deg2 the limit was around 30 arcmin, and at 9 deg2, the 

smallest area assessed in my study, they found maximum displacement limits around 20 arcmin.  

The poorer performance at smaller areas for the fast speed stimulus is likely a result of 

these limitations. Discrimination becomes difficult at 36 deg2 for stimuli with ∆x = 30 arcmin, 

because signal dot displacements are approaching the two-frame Dmax. Even greater difficulty is 

observed at 9 deg2, where 30 arcmin displacements are larger than two-frame Dmax. Participants 

are still able to conduct the task, likely due to sequential recruitment mechanisms that increase 

Dmax by taking advantage of multiple animation frames (McKee & Welch, 1985). However, the 

task is clearly difficult: the mean increase in coherence thresholds is 0.48 between 36 and 9 deg2. 

Inspection of the linear fit for the data at 30 deg/s in Figure 5.2 suggests that this area effect is 

unlikely to truly be linear, consistent with previous literature (Baker & Braddick, 1982; 

Nakayama & Silverman, 1984). With only three data points per participant, a non-linear fit could 

not be accurately estimated for this data. It is not surprising that area effects were not observed 

for the speeds created using smaller displacements (1 and 5 deg/s). In fact, results from Baker & 

Braddick (1982) predict that an area effect would not be apparent for these speeds in the current 

study unless stimulus areas below 1 deg2 were assessed. 
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In this study, I found that although children show immature performance compared to 

adults for some spatio-temporal stimulus conditions, the pattern of immaturity does not vary as a 

function of stimulus area. Previous research has suggested that children’s performance may be 

limited by an immaturity in sampling efficiency (Bogfjellmo et al., 2014; Falkenberg et al., 

2014), that is, the ability to make full use of the information available in a motion stimulus. If 

this is the case, it does not appear that increasing the area covered by a stimulus improves 

sampling efficiency in children. The results of the current study indicate that the immaturities 

observed at small ∆x described in my previous studies (Meier & Giaschi, 2014; Chapter 3) 

cannot be accounted for by limitations in spatial integration that selectively impact children’s 

performance, at least when indexed by stimulus area. Moreover, these results indicate that a 

difference in stimulus area across studies is unlikely to underlie any inconsistent results across 

studies of global motion maturation.  
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Chapter 6: The relationship between fixation stability and motion perception 

in healthy controls 

 

6.1 Introduction 

In Chapter 4, I demonstrated that global motion perception is impaired in participants with 

amblyopia whether they are viewing with the amblyopic or fellow eye. This selective deficit is 

for stimuli created with small ∆x displacements. Poor fixational stability is a common trait in 

amblyopia. In section 1.5.2, I hypothesized that if poor fixational stability leads to poor 

performance on a global motion task, it would selectively impact stimuli created with small ∆x 

displacements, which typically correspond to slow speeds.  

This study is designed to determine whether there is any relationship between fixational 

stability and performance on a motion perception task in observers with healthy vision, and 

whether this relationship holds only for slow speeds. Understanding the nature of this 

relationship in controls will help inform the results of a future study designed to investigate this 

link in observers with amblyopia. 

 

6.2 Methods 

6.2.1 Participants 

Twenty-six healthy young adults were recruited from the community to participate in this study. 

Participants were not excluded for poor vision or poor stereoacuity, because variation on these 

characteristics is useful for the goals of this study. However, data from two participants were 

removed for an excessive number of trials with no data (see section 6.2.5.1). A total of 24 

healthy young adults (17 female; 19.6 – 35.9 years old; M age = 28.1 years, SD = 4.9) were 

included in this study.  

 

6.2.2 Apparatus 

In addition to the apparatus described in section 2.4, an Eyelink 1000+ (SR Research Ltd) video-

based eye-tracker was used to monitor monocular gaze position at 1000 Hz. Participants’ heads 

were stabilized with a chin rest positioned 1 m from the monitor. 
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6.2.3 Stimuli and experimental conditions 

The stimuli used in this experiment are described in section 2.5. Two speed conditions were 

presented, using the parameters ∆t = 17 ms for both conditions, and ∆x = 1 arcmin (slow: 1 

deg/s) or ∆x = 30 arcmin (fast: 30 deg/s). The 1 deg/s stimulus corresponds to a condition from 

the previous studies where immature performance (Chapter 3) or deficits in performance 

(Chapter 4) were observed; the fast stimulus corresponds to a condition from these studies where 

no differences in performance were observed. Additionally, a third control condition was 

included in which dots appeared on the screen for the same duration (600 ms), but remained 

stationary. 

 

6.2.4 Procedure 

The general procedure used for this experiment is similar to that described in section 2.6, with 

the addition of an eye-tracking component. Before beginning experimental trials, participants 

first conducted 8 binocular practice trials using the parameters ∆x = 15 arcmin and ∆t = 33 ms. 

All subsequent trials were conducted monocularly with the gaze position of the viewing eye 

being recorded while the non-viewing eye was occluded with an opaque eye patch. A gaze-

contingent display was used to ensure participants were viewing the centre of the display at the 

beginning of each trial: if they were not, the next trial would not advance. In the motion 

conditions, participants were asked to decide if the stimulus moved left or right and press the 

corresponding button on the response pad; in the stationary condition, participants were asked to 

make a response even though there was no movement by pressing a direction button of their 

choice. Condition order across participants (left or right eye; slow, fast, or stationary stimulus) 

was balanced using a Latin square. 

 In this experiment, coherence was controlled similar to the previous experiments as 

described in sections 2.6 and 2.7, but with the following changes. First, each motion staircase 

consisted of 70 (rather than 40) trials and did not terminate early after a given number of 

response reversals. Additionally, a minimum step size of 0.05 (rather than 0.01) was used, so that 

trials of a given coherence level were more likely to be repeated than would be with a smaller 

step. Participants completed each eye ´ condition pairing twice, so that in the slow and fast 

motion conditions, there were 140 trials of data from two staircases for each eye. In the 
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stationary condition, each run consisted of 50 trials conducted once for each eye. 

 

6.2.5 Data analysis 

Based on the estimates from the healthy adult data described in Chapter 3, a total of 12 

participants were necessary to detect a difference in coherence thresholds for the fast and slow 

condition (f = 0.52) with a power of 0.80. A sample size of double this amount, 24, allows for the 

detection of a large effect predicting coherence thresholds from performance (R2 = 0.33, non-

directional).  

In order to examine the influence of visual acuity on fixation stability, and for future 

comparison to participants with amblyopia, data from the two eyes were kept separate for 

analysis. Participants’ eyes were grouped into “worst acuity” and “best acuity” eye to act as 

controls for the amblyopic and fellow eye, respectively. One participant had equal acuity 

between the two eyes, and the left eye was selected at random to be labeled the eye with best 

acuity.  

 

6.2.5.1 Eye movement measures 

Trials that contained any blinks or dropped samples were excluded from further analysis. Two of 

the 26 participants were excluded for dropping more than 15% of all trials they conducted. The 

remaining participants had very few trials with missing data (M = 2% of all trials per 

participant). 

Gaze data were pre-processed offline using custom MATLAB scripts. First, a second-

order low pass Butterworth filter with cut-off frequencies of 20 and 40 Hz, for position and 

velocity respectively, was applied to the raw gaze data. Then, for each trial, the 95% bivariate 

contour ellipse area (BCEA) was determined (Castet & Crossland, 2012). The BCEA is a value 

that quantifies an elliptical area around which 95% of gaze positions fall, following the equation: 

 

!"#$ = 	'()*+*,-1 − 0+,,) (6.1) 

 

where (2 is the chi-square value corresponding to the percentile of interest (in this case, 95%), 

and H and V are vectors of the horizontal and vertical gaze positions for a trial. A larger BCEA 
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value reflects less stable fixation during a trial than a smaller BCEA value. By convention, the 

log10 BCEA for each trial is calculated for final analysis to mitigate skewness in this variable. 

 After calculating these trial-by-trial measures, three participant-level stability measures 

were extracted to compare against behavioural measures: stability during high coherence trials, 

during threshold coherence trials, and during stationary trials. A participant’s mean log10 BCEA 

for high coherence stimuli was calculated for trials with coherence levels between 0.8 and 0.9. 

All participants obtained 100% accuracy on these trials aside from one who obtained 95% 

accuracy, confirming direction discrimination for high coherence stimuli was not difficult. Mean 

log10 BCEA for trials presented at threshold coherence was defined as trials with coherence 

levels spanning 0.05 above and below a participant’s calculated threshold (for example, for a 

threshold of 0.21 this includes trials with coherence of 0.16 to 0.26). Participants’ mean accuracy 

on the trials used in this analysis was 79% (SD = 2.1), indicating the +/- span of 0.05 was 

appropriate to capture near-threshold conditions. Mean BCEA was also calculated for all 

stationary trials; this condition had no psychophysical accuracy measures. 

 

6.3 Results 

6.3.1 Vision assessment 

Participants’ mean best-eye visual acuity was -0.11 logMAR (SD = .07; approximately 20/16 

Snellen; ranging from -0.20 to 0.05 logMAR) and mean worst-eye visual acuity was -0.04 

logMAR (SD = 0.10, approximately 20/18 logMAR; ranging from -0.19 to 0.28 logMAR). The 

acuity difference was significant, t(23) = 4.93, p < .001. Participants’ mean acuity difference 

between the eyes was 0.07 logMAR (equivalent to 0.7 lines of an eye chart), ranging from 0.00 

(no difference) to 0.26 logMAR (equivalent to 2.6 lines on an eye chart). One participant had 

stereoacuity of 100 arcsec; two had stereoacuity of 60 arcsec; and the remaining 21 participants 

had stereoacuity of 40 arcsec. This was not enough variation to conduct further analyses using 

stereoacuity, although visual inspection of the data indicated that the participant with a 

stereoacuity of 100 arcsec was not abnormal on any measures reported. 
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6.3.2 Behavioural performance 

Mean coherence thresholds are plotted in Figure 6.1 for each speed, separated by eye with best 

and worst visual acuity. There was no effect of eye, F(1, 23) = 2.39, p = .14, and a significant 

effect of speed, such that thresholds were higher for slow than for fast motion stimuli, F(1, 23) = 

19.17, p < .001. There was a significant interaction between the two, F(1, 23) = 6.02, p = .022, 

such that the difference in thresholds between the two eyes was greater for slow (.034) than it 

was for fast (.001) motion. As expected, coherence thresholds did not significantly correlate with 

visual acuity in any of these four conditions (all p ≥ .12). 

 
Figure 6.1  Mean coherence thresholds for the two motion conditions in the experiment, separated by eye with 
the best- and worst visual acuity.  
 

 
 
Note. Error bars represent 95% confidence intervals. Grey dots represent individual participants. 
  
6.3.3 Stability measures 

Stability on stationary trials, trials at high coherence, and trials near the participants’ thresholds 

are shown in Figure 6.2, separated by eyes with best (top) and worst (bottom) acuity. A three-

way within-subjects analysis of variance was conducted to examine the effects of speed (slow, 
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fast), coherence (high coherence, threshold coherence), and eye (best acuity, worst acuity) on 

mean log10 BCEA values. This revealed a significant effect of speed, F(1, 23) = 11.08, p = .003; 

a significant effect of coherence, F(1, 23) = 13.04, p = .001; and a coherence by speed 

interaction, F(1, 23) = 22.94, p < .001, such that fixation was less stable on high coherence trials 

than threshold coherence trials for fast stimuli, but not slow stimuli. There was no significant 

effect of eye, F(1, 23) = 0.25, p = .62; nor any interaction between eye and speed, F(1, 23) = 

0.24, p = .63, eye and coherence, F(1, 23) = 0.70, p = .41, or eye, speed, and coherence, F(1, 23)  

= 0.01, p = .93, indicating that, at least for the range of acuities obtained in these participants, 

eye acuity did not impact stability. Similarly, there was no significant difference between eyes 

with best and worst acuity for stability on stationary trials, F(1, 23) = 0.30, p = .59. Finally, to 

compare the stationary condition to all other conditions, pairwise Bonferroni-corrected 

comparisons, collapsing across eye, were conducted. These indicated that fixation was less stable 

in the stationary condition compared to all motion conditions (M difference = 0.24 to 0.26, all p 

£ .036) except for the high coherence stimuli in the fast condition (M difference = 0.02, p = .99). 

 
Figure 6.2  Mean log10 BCEA for the stationary condition, and for the high and threshold coherence stimuli 
for each speed. 
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Note. Top: data from the best-acuity eyes of participants. Bottom: data from the worst-acuity eyes of 
participants. Error bars represent 95% CI. Grey dots represent individual participants. 
 
 
6.3.4 The relationship between stability and performance 

To confirm that visual acuity was not related to eye stability for either motion speed, I 

investigated the bivariate relationships between visual acuity and eye stability on threshold and 

high coherence trials. These are displayed in Figure 6.3. No significant relationships between 

acuity and stability were revealed, all p ≥ .17 (uncorrected). The relationship between visual 

acuity and stability in the stationary conditions is also shown in Figure 6.3. These correlations 

were larger in magnitude (r = 0.34 and 0.33 for best and worst acuity eyes, respectively) but not 
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significantly greater than zero (p = 0.11 and 0.12). Thus, the measurements used in subsequent 

analyses have used the average of the left and right eye for each participant. 

To determine if participants’ eye stability was associated with their coherence threshold, 

correlations were calculated between participants’ coherence threshold and mean stability 

measures (for high and threshold-level coherence trials) for each speed. The correlations are 

presented in Figure 6.4. None of these correlations were significant (all p ≥ .17). 
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Figure 6.3  Correlations between visual acuity and stability. 
 

 

 
Note. Each plot displays acuity for participants’ eye with best (black) and worst (grey) visual acuity, along 
with linear fits for each eye. Lower values indicate better visual acuity or greater stability. Top row, data 
collected in the slow condition; middle row, data collected in the fast condition. Left column shows stability 
on trials at threshold coherence; right column shows stability on trials at high coherence. Bottom shows 
stability on stationary trials. 
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Figure 6.4  Correlations between stability (log10 BCEA) and performance (coherence threshold). 
 

 
Note. Lower values indicate more stable fixation (BCEA), and better performance (threshold). Top row, data 
collected in the slow condition; bottom row, data collected in the fast condition. Left column shows stability 
on trials at threshold coherence; right column shows stability on trials at high coherence. 
 

6.4 Discussion 

The primary goal of this study was to determine whether unstable fixation could account for poor 

performance on a global motion task. I hypothesized that if a relationship could be established, 

poor fixational stability would have a greater impact on performance at slow, rather than fast, 

signal dot speeds. I found that stability did not predict participants’ performance on the global 

motion task at either speed.  

Fixation was most stable when participants were viewing slow dots at high or threshold 

coherence, and fast dots at threshold coherence. The decreased stability observed for the fast, 
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high coherence stimuli may reflect the fact that this condition contains the strongest motion 

signals, which could be inducing small eye movements in the horizontal plane. Optokinetic 

nystagmus (OKN) responses to moving dot fields are typically suppressed when a fixation target 

is provided, though suppression of OKN is not immediate (Wyatt & Pola, 1984). These stimuli 

are likely too small and too short in duration to induce OKN responses, but may still be inducing 

eye drift in the direction of the signal dots. As stimulus coherence decreases, the signal driving 

drift in the direction of the stimulus weakens, and fixations become less dispersed. The velocity 

limits for OKN depend on a range of spatio-temporal stimulus parameters, but the slow speed of 

1 deg/s is expected to be below the lower velocity limit (Schor & Narayan, 1981). Thus, slow-

speed signal dots are unlikely to be moving fast enough to induce drift responses, even at high 

coherence. The current study is the first to compare fixational stability for a stationary pattern to 

stability for a random dot motion stimulus. The decreased stability when participants viewed a 

stationary dot pattern relative to the remaining motion stimuli may reflect the decreased 

attentional demands in this condition, where participants do not need to make a direction-

discrimination decision. It is possible that the more engaging act of conducting a task promotes 

greater diligence in maintaining fixation. In smooth pursuit, for example, the variability of 

position errors is reduced when participants conduct an n-back colour-naming task on the pursuit 

target (Stubbs et al., 2017), indicating that increased attention can enhance oculomotor 

performance. Surprisingly, no studies have investigated this question for the maintenance of 

fixation, as far as I am aware. This could be resolved for the current study by presenting global 

motion stimuli in a passive viewing condition.  

Previous studies have typically recorded fixation to stationary targets for a duration of at 

least a few seconds. In the current study, stability was assessed during 600 ms stimulus 

presentations. For the stationary and high coherence fast stimuli, log10 BCEA was around -0.73 

deg2; for the remaining conditions, log10 BCEA was around -0.98 deg2. These estimates are 

slightly more stable than other studies, which have reported mean log10 BCEA values of -0.59 

deg2 in adults fixating for 15 seconds (González et al., 2012); and -0.46 deg2 in children fixating 

for 45 seconds (Shaikh et al., 2016). Additional studies have reported mean BCEA, so it not 

possible to precisely recover log10 BCEA for comparison, but relative to the estimates reported 

here, other studies have reported more stable fixation during 30 seconds of viewing in adults 

(Chung et al., 2015) or less stable fixation during 30 seconds of viewing in children (Birch et al., 
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2013). Participants with amblyopia in all of these studies have poorer fixational stability than 

controls. González et al. (2012) estimated mean log10 BCEA as -0.52 deg2 in fellow eyes, and -

0.20 deg2 in amblyopic eyes; whereas Shaikh et al. (2016) showed children with amblyopia had 

mean stability values ranging from -0.05 to 0.32 deg2 in the fellow eye and 0.07 to 0.73 deg2 in 

the amblyopic eye, with greater instability observed in the observers with the most severe 

amblyopia. Chung et al. (2015) found fixation instability was greatest for the amblyopic eye in 

strabismic amblyopia, and Birch et al. (2013) demonstrated fixation stability was worse for 

children with elevated or nil stereoacuity. Thus, while the current study found fixational stability 

is generally in agreement with the controls reported in other studies, fixational stability for 

observers with amblyopia may be outside the range captured here.   

I found that visual acuity was not associated with coherence thresholds or fixational 

stability in any condition. A lack of correlation with coherence thresholds is consistent with the 

data reported in the previous Chapters of this dissertation. To my knowledge, no data have been 

published to address such a link between acuity and stability in healthy adults, even during 

stationary target viewing. Using lenses to induce poor visual acuity in healthy observers does not 

impact coherence thresholds (Zwicker et al., 2006), but can cause unstable fixation (Vikesdal & 

Langaas, 2016). Significant relationships between poor stability and poor acuity in observers 

with amblyopia have been reported (Birch et al., 2013; Chung et al.2015; Subramanian et al., 

2013), but these studies did not report analyses on control participants to determine if this 

relationship held in healthy observers. González, Lillakas, Greenwald, Gallie, and Steinbach 

(2014) found a significant relationship between stability and interocular visual acuity, a common 

index of amblyopia severity. Taken together, these results indicate that elevated coherence 

thresholds and greater instability observed in participants with amblyopia are due to the neural 

consequences of amblyopia, rather than poor visual acuity per se. 

Fixation stability cannot account for performance on a global motion task in adults with 

healthy vision, indicating that fixation instability alone is unlikely to account for poor 

performance on global motion tasks with slow signal dots. It remains worth assessing whether 

this finding holds for observers with amblyopia. If a relationship between stability and 

performance had been established in controls, this would suggest that motion perception deficits 

in amblyopia are simply a consequence of degraded input to the visual system. Instead, if a 

relationship between these variables is observed in participants with amblyopia, this may be 
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indicative of a common factor underlying these deficits. Preliminary results from ten adults with 

a history of amblyopia are presented in Appendix B. These data are consistent with the notion 

that poor performance on global motion tasks is not accounted for by poor fixation stability in 

amblyopia. 
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Chapter 7: General Discussion 

 

7.1 Summary of findings 

The primary goal of this dissertation was to investigate the sensitive periods underlying the 

typical development of global motion perception, and the sensitive period for damage as a 

consequence of amblyopia, a visual disorder that occurs after birth but before the age of 6 years. 

I tested the “last-in-first-out” model of development (Levi & Carkeet, 1993; Lewis & Maurer, 

2009) that proposes the aspects of motion perception that take longer to mature will be most 

susceptible to disruption by visual dysfunction that onsets early in life, and those that mature 

early will be unaffected. I studied the development of global motion perception by varying 

spatial (∆x) and temporal (∆t) stimulus parameters to probe behavioural indicators of maturation 

or disorder.  

In Chapter 3, I assessed the developmental trajectory of global motion perception as a 

function of ∆x, for two ∆t parameters, in people 7 to 30 years of age. I employed a non-

parametric technique that allowed me to estimate the maturational age for performance in each 

condition more precisely than the common practice of running age-binned analyses of variance, 

and compare these ages across conditions with the use of confidence intervals. Based on my 

prior work in 4- to 6-year-olds showing the greatest immaturities at the smallest ∆x parameters 

(Meier & Giaschi, 2014), I hypothesized that maturation would be reached at a later age for the 

smallest ∆x tested. Consistent with my prediction, I found that adult-like performance was 

reached before age 7 for the largest ∆x, by 10-12 years for the medium ∆x, and as late as 15-16 

years for the smallest ∆x. I found no evidence to suggest maturation occurred as a function of ∆t 

or speed (the ∆x/∆t ratio). This work helped to resolve inconsistent reports on maturational age in 

the literature (e.g., Blumenthal et al., 2013;  Bogfjellmo et al., 2014; Ellemberg et al., 2010; 

Hadad et al., 2011; Narasimhan & Giaschi, 2012; Parrish et al., 2005; Yu et al., 2013) by 

providing a cohesive framework for incorporating a wide variety of age estimates. More 

importantly, these findings implicate a coarse-to-fine pattern of development in humans, such 

that sensitive periods are closed sooner in life for larger spatial displacements, but extend to the 

middle teenage years for stimuli with the smallest displacements. 

In Chapter 4, I assessed the pattern of performance deficits in children aged 7 to 14 years 

old with a history of amblyopia, compared to age-matched control children with healthy vision. I 
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used the same stimuli as in Chapter 3. I hypothesized that children with amblyopia would have 

elevated motion coherence thresholds only for those parameters that showed late maturation in 

Chapter 3. Consistent with the last-in-first-out model, children with amblyopia showed deficits 

for stimuli using the small and medium ∆x, but not the largest ∆x. As before, there was no 

significant impact of ∆t or stimulus speed. These deficits were apparent whether children were 

viewing with the amblyopic eye or with the fellow eye. No clinical predictors of poor 

performance could be identified in the children with amblyopia: etiological subtype, evidence of 

binocularity, and indicators of amblyopia severity (amblyopic eye visual acuity, interocular 

visual acuity difference, and months spent undergoing treatment) did not show any relationship 

with the severity of motion deficits. These findings provide a framework for understanding 

selective motion perception deficits in amblyopia, and highlight the importance of using stimuli 

that are properly tuned for assessing deficits in visual disorder. Crucially, these findings are 

consistent with the coarse-to-fine development of motion perception described above. This work 

indicates that the sensitive period for damage is over sooner in life for mechanisms underlying 

the perception of larger spatial displacements, but those underlying the smallest displacements 

remain susceptible to visual disruption by amblyopia. 

In Chapters 5 and 6, I examined two factors that may influence motion coherence 

thresholds as a function of ∆x. In Chapter 5, I varied the area of the motion stimulus. I 

hypothesized that coherence thresholds would show a relationship with stimulus area such that 

larger areas led to better performance (lower thresholds), but only for large ∆x displacements. I 

predicted this would be the case for adults, but investigated whether young children would show 

this area effect at large and small ∆x stimuli. Consistent with my prediction, there was an effect 

of area for large ∆x only. This was the case for both adults and children. These results allowed 

me to rule out the possibility that the immature performance observed in children in my previous 

work (Meier & Giaschi, 2014; Chapter 3) could be due to the spatial limitations of the stimulus, 

rather than immaturities in the mechanisms underlying motion perception. In Chapter 6, I 

measured fixational stability in adults while they performed a global motion task using a small 

and a large ∆x. I investigated whether there was a relationship between unstable fixation and 

poor performance. I hypothesized that if a relationship did exist, it would be for stimuli with 

small ∆x only, because the larger receptive fields responsible for computing motion comprised of 

larger ∆x would be less susceptible to small changes in the retinal position of the dots. However, 
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I found no relationship between fixational stability and performance in healthy control adults for 

stimuli of either speed. This indicates that poor fixation stability alone does not cause poor 

performance on a global motion task in healthy adult observers.  

In the next section, I elaborate on the broader context and implications of the research 

described in this dissertation. 

 

7.2 Discussion 

The results of this dissertation support a coarse-to-fine progression of direction-tuned 

mechanisms for the development of global motion perception. Sensitivity to spatial 

displacements in childhood may be achieved by a local displacement-tuned mechanism in early 

visual areas, optimized to large spatial displacements (useful for detection of ecologically-

relevant fast motion) that refines to smaller displacements with development (Introduction, 

Figure 1.3). This may be a function of V1: simple cells in V1 have receptive fields that are 

displacement-tuned, while neurons in MT are largely speed-tuned (Priebe, Cassanello & 

Lisberger, 2003; Priebe, Lisberger & Movshon, 2006). V1 sensitivity may limit the downstream 

development of global, speed-tuned processes in higher visual regions such as V5/MT+ that are 

slowly fine-tuned as the output of V1 matures. In support of this, magnetic resonance imaging in 

young macaques indicates BOLD responses in V1 are present as young as three months, but 

V5/MT+ responses do not emerge until at least one year (Kourtzi, Augath, Logothetis, Movshon, 

& Kiorpes, 2006). Visual evoked potentials (VEPs) to motion stimuli are displacement-tuned 

over occipital cortex in infants, similar to adults; unlike adults, however, infants do not show 

speed-tuned responses over parietal regions (Hou et al., 2009). The late maturation of global 

motion perception described in this dissertation may reflect the improvement of global motion 

processing as motion processing fully matures in V5/MT+ and other regions downstream of 

early visual cortex.  

Rather than maturation within a single region, however, late maturation for slow speeds 

or small displacements in behavioural tasks may also reflect the pruning of connections among 

V5/MT+ and associated regions in response to visual experience. Biagi, Crespi, Toestti, and 

Morrone (2015) found that 7-week-old human infants demonstrated adult-like selectivity for 

coherent flow stimuli in V5/MT+, but functional connectivity between V1 and V5/MT+ was 

decreased compared to adults. These diffuse connections may become more adult-like as visual 
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experience becomes more adult-like. When an adult walks while carrying an infant, head-centred 

and retinal flow speeds for the infant are approximately 10 deg/s faster than for the adult 

(Raudies & Gilmore, 2014). The visual world of infants changes as they develop from sitting to 

crawling to walking, and a child’s height, locomotion speed, or head posture can all contribute to 

different experiences of optic flow patterns (Gilmore, Raudies, & Jayaraman, 2015) with fast 

translational flow making up a large portion of early visual experience. The VEP responses of 

infants indicate that they are most sensitive to coherent translational motion (Gilmore, Hou, 

Pettet, & Norcia, 2007) and fast speeds (Hou et al., 2009). While VEPs to different flow patterns 

in children aged 4 to 8 years show many adult-like properties, speed-selective responses do not 

show a mature distribution (Gilmore, Thomas, & Fesi, 2016). Thus, the coarse-to-fine pattern of 

development shown in the current study may reflect cortical changes that arise in response to 

changes in the visual environment.  

The current work indicates that the motion sensitivity tuning curve in amblyopia is 

shifted to greater values of ∆x compared to age-matched controls, similar to the pattern of results 

we see in young children compared to adults (Introduction, Figure 1.4). Aaen-Stockdale and 

Hess (2008) have suggested that such a shift in sensitivity may arise, in part, from deficits in 

striate cortical areas that are frequency-selective, while an overall reduction in sensitivity is 

likely due to deficits in a broadband global motion integration mechanism that lies downstream 

of V1. In other words, the pattern of global motion deficits observed in amblyopia is determined 

in two independent stages: limitations at early stages of processing truncate the range of spatial 

displacements to which the amblyopic motion perception system is sensitive, and limitations at 

later stages of processing decrease the maximum sensitivity of the system. Consistent with 

deficits at the first stage, Kiorpes et al. (2006) found the shift to larger spatial displacements in 

motion sensitivity was accompanied by similar shifts in the peak of the contrast sensitivity 

function in amblyopic macaques. Consistent with deficits at the second stage, overall reductions 

in sensitivity were not strongly related for contrast and motion, suggesting the latter stage motion 

deficits are independent of deficits in contrast sensitivity. This also implies that later stages of 

global motion processing are likely to be not only independent of contrast sensitivity, but also of 

other motion tasks. Accordingly, deficits for other random-dot motion discrimination tasks (e.g., 

radial, rotational, maximum motion displacement, and motion-defined form) are not strongly 

correlated with deficits in translational global motion tasks (Aaen-Stockdale et al., 2007; Ho et 
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al., 2005; Simmers et al., 2006), although a comprehensive study designed to evaluate this 

hypothesis is warranted. 

The finding that global motion deficits were identified for both the amblyopic and fellow 

eye is informative. Although the visual acuity of the fellow eye is not typically affected by 

amblyopia, the cortical consequences of amblyopia imply the entire binocular visual system is 

atypically developed. I found deficits in the fellow eye that were attenuated relative to those in 

the amblyopic eye, particularly at smaller spatial scales. Hou et al. (2008) found that the fellow 

eyes of observers with amblyopia showed a similar overall reduction in sensitivity compared to 

control eyes; however, fellow eyes did not show similar shifts in sensitivity tuning to larger ∆x 

displacements. This may help explain the smaller magnitude of fellow eye deficits, compared to 

amblyopic eye deficits, found in Chapter 4: both eyes are impacted by deficits in overall motion 

sensitivity at the second stage described in the paragraph above, but only the amblyopic eye is 

limited by the first-stage deficits that are associated with parallel shifts in sensitivity for contrast 

and motion. On the other hand, the fellow eye of children and adults with amblyopia can also 

show contrast sensitivity deficits, particularly at high spatial frequencies (Chatzistefanou et al., 

2005; Leguire, Rogers, & Bremer, 1990; Lewis, Maurer, Tytla, Bowering, & Brent, 1992; Wali 

et al., 1991; see Meier & Giaschi, 2017 for review), so if the shape of the motion sensitivity 

curve is limited by spatial frequency input to the fellow eye at the first stage, this is not reflected 

in the fellow eye tuning curves reported by Hou et al. (2008). The smaller magnitude of fellow 

eye deficits may also be attributed to a greater proportion of MT cells that are sensitive to fellow 

eye input in an amblyopic visual system. El-Shamayleh et al. (2010) found that while most cells 

are driven by the fellow eye, only about half of MT cells were driven by the amblyopic eye. In 

control macaques, nearly all MT cells can be driven by either eye (Kiorpes, Walton, O’Keefe, 

Movshon, & Lisberger, 1996; Maunsell & van Essen, 1983). Given the binocular nature of 

motion integration mechanisms, the deficits observed in both eyes of children with amblyopia 

likely reflect the abnormally monocular nature of MT responses following early disruption of 

binocular development.  

During development, a child’s experience of the visual environment can be disrupted by a 

number of developmental disorders that have an impact on vision. Many studies have measured 

this impact on motion perception, but different conclusions on whether motion perception has 

been disrupted in a variety of disorders have been reported. In addition to amblyopia, these also 
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include disorders such as autism (e.g., deficits: Milne et al., 2002; Pellicano et al, 2005; no 

deficits: Jones et al., 2011), dyslexia (e.g., deficits: Cornelissen, Hansen, Hutton, Evangelinou, & 

Stein, 1998; Talcott et al., 2000; no deficits: Tsermentseli, O’Brien, & Spencer, 2008; White et 

al., 2006); and Williams syndrome (deficits: Atkinson et al., 2003; Atkinson et al., 1997; 

Palomares & Shannon, 2013; no deficits: Nakamura, Kaneoke, Watanabe, & Kakigi, 2002; 

Reiss, Hoffman, & Landau, 2005). The mechanisms underlying motion perception are not all-or-

none, however, as demonstrated by the differential maturational ages reported in Chapter 3. The 

results of Chapter 4 demonstrate that children with amblyopia show age-typical performance for 

stimuli using ∆x = 30 arcmin, but elevated thresholds on 5 and 1 arcmin stimuli. Consistent with 

this, children with autism have shown deficits for stimuli using ∆x = 1.5 arcmin, but not 6 arcmin 

(Manning et al., 2013), and children with dyslexia have shown deficits on ∆x = 1.5 but not 46 

arcmin stimuli (Edwards et al., 2004). Thus, while the findings described in this dissertation were 

conducted using amblyopia as a model of visual development, investigation into the 

generalizability of this model to other disorders is a worthwhile task. 
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Appendices 
 

Appendix A  Staircase threshold estimation 

 

The following appendix includes greater detail on the staircase running procedure and on the 

Weibull-fitting procedure used in this dissertation. 

 

A.1 Inspection of staircase runs during data collection 
 

When research assistants (RAs) or I take participants through the global motion tasks, we inspect 

a plot of the staircase function after each run. Figure A.1 demonstrates one such plot for a good 

run. Figure A.2 demonstrates a plot for an exaggerated run where incorrect responses early in the 

run have prevented the staircase from reaching coherence levels near a participants’ threshold. In 

this scenario, we will re-run the staircase for this condition. If there was not enough time to re-

run this staircase, data from this condition will be excluded from analysis since the data collected 

will not lead to a reliable threshold measurement. 
 
Figure A.1  Example of a good staircase. 
 
 

 
 
Note. Plot shows the coherence of a stimulus from the first trial to the last trial. Response reversals are circled 
in red. 
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Figure A.2  Example of a staircase that never converges. 
 

 
Note. Plot shows the coherence of a stimulus from the first trial to the last trial. Response reversals are circled 
in red. This staircase never converges on a true reversal (i.e., the coherence value continues to decline at the 
end of the experiment, and it has not reached a range of coherence values that the participant finds difficult). 
This is an indication that the participant made some early mistakes that prevented the staircase algorithm 
from presenting trials with coherence near a participant’s threshold.  
 

Figure A.3 demonstrates a run where a participant is responding randomly. This may be 

because they cannot see the stimulus, or because they do not understand the task. If this occurs, 

we will go over the instructions again and give more practice trials if necessary. Such 

performance, particularly in younger children, can also indicate that participants do not care 

about being correct or are not interested in playing the research game. In this case, we will end 

the experiment early.  
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Figure A.3  Example of a staircase that does not advance. 
 

 
Note. Plot shows the coherence of a stimulus from the first trial to the last trial. The staircase above never 
advances. This is an indication that the participant is giving random responses.  
 

 

A.2 Inspection of coherence thresholds during data analysis 
 

As described in section 2.7, a Weibull function was fit to participants’ coherence by accuracy 

data using a maximum-likelihood minimization bootstrap procedure. The coherence level at the 

slope of maximum inflection on the Weibull curve (a; equivalent to 82% correct for this two-

alternative forced choice task) was defined as threshold. For the data in Chapter 4, I used an in-

house version of Denis Pelli’s Quick3.c, modified by a previous student to incorporate variability 

estimates for the bootstrapping procedure, to compute coherence thresholds. For the data in 

Chapters 3, 5, and 6, I used the Palamedes Toolbox (www.palamedestoolbox.org) created by 

Nicolaas Prins and Frederick Kingdom. I opted for the switch because of the greater flexibility of 

Palamedes, which is implemented in MATLAB and can model a variety of other psychometric 

functions that we use in my lab. Prior to switching programs, an analysis was conducted that 

computed coherence thresholds separately using the two programs and compared their values. As 

expected, thresholds calculated by the two programs were extremely similar (r = 0.97, 95% CI: 

[0.94, 0.98]) since they implemented the same methods. 
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A goodness-of-fit test was used to assess the psychometric function fit for each threshold. 

Where this goodness-of-fit test failed, trial-by-trial data were inspected and re-fit after removing 

early mistakes at high coherence levels and/or trials reflecting a coherence level that was 

presented only once. If fit did not improve, the participant’s threshold for this condition would be 

removed from analysis. This scenario occurred rarely, as the majority of the poor fits occurred 

due to early mistakes that impacted fit but not the estimated threshold. Figure A.4 demonstrates 

the plots that are inspected after each coherence threshold is estimated. 
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Figure A.4  Example of a Weibull function fit. 
 

 
 

Note. Both plots show mean accuracy for each coherence level presented (black circles), along with the 
Weibull function fit to this data (blue line) and the coherence threshold (red dashed line). The top function 
shows a poor fit due to a series of mistakes made by the participant at 100% coherence. The bottom function 
shows the same data with the early mistakes removed. Removal of the mistakes affects the goodness-of-fit, but 
not the estimated coherence threshold. 
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A.3 Exclusion of participants and data 
 

The number of participants excluded because we needed to end the experiment early (either 

because they demonstrated random responding, or because they did not want to begin the 

experiment after the practice trials) is described in the individual chapters. In summary: 11 

participants were excluded in Chapter 3; two children with amblyopia were excluded in Chapter 

4; three children were excluded in Chapter 5; and no participants were excluded in Chapter 6. 

The number of participants who did not have complete datasets for all conditions tested 

in each experiment (either due to poor staircase runs, poor Weibull fits, or for running out of 

time) is described in the individual chapters. In summary: for Chapter 3, one participant had data 

missing from two conditions (age 16.3 years); thirteen participants had data missing from one of 

the six conditions (age range 7.1 to 24.2 years), and the remaining 168 participants had data for 

all six conditions. In Chapter 4, no participants were missing data. In Chapter 5, one child had 

data missing from three of the nine conditions, one child had data missing from two of the nine 

conditions, and three children and four adults had data missing from one of the nine conditions 

tested. The remaining participants (22 children and 23 adults) had data for all nine conditions. In 

Chapter 6, no participants were missing data. 
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Appendix B  Eyetracking in participants with amblyopia 
 

The following appendix includes data from adults with a history of amblyopia to complement the 

data presented in Chapter 6. Because collection is ongoing, the data are presented without formal 

statistical conclusions comparing participants with amblyopia and controls. 

 

B.1 Participants 
 

Nine adults (eight female; 27 – 61 years old; M age = 42 years, SD = 13) with a history of 

amblyopia participated in this experiment. Participants’ visual acuity and stereoacuity are 

described in Table B.1.  

 
Table B.1 Vision characteristics for participants with amblyopia included in data analysis. 
 

  Visual acuity at testing (logMAR)  

ID Age 
(years) Amblyopic eye Fellow eye Stereoacuity (arcsec) 

A1 56 n/a (R) -0.05 NM 

A2 29 0.30 (L) 0.04 NM 

A3 29 0.74 (L) 0.01 100 

A4 29 0.05 (L) -0.08 NM 

A5 27 0.26 (L) 0.03 NM 

A6 42 0.26 (R) -0.16 60 

A7 47 0.40 (R) -0.06 NM 

A8 55 0.48 (R) 0.11 NM 

A9 61 0.88 (R) -0.03 NM 

 
Note. (L) = left eye amblyopic; (R) = right eye amblyopic; n/a = participant unable to count fingers at 1.5 m 
distance so no measurement available; NM = stereoacuity not measurable at the largest disparity tested (800 
arcsec). 
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B.2 Behavioural performance 
 

Figure B.1 displays control data from Figure 6.1 along with data from the participants with 

amblyopia in Table B.1. One participant, A1, was unable to see the motion stimulus when 

viewing with the amblyopic eye, so there is no threshold available.  

 
Figure B.1  Mean coherence thresholds, including participants with amblyopia. 

 
Note. Grey dots represent individual control participants. Red triangles represent participants with 
amblyopia, with labels corresponding to Table B.1. The means of the control group (in black) and the 
amblyopia group (in red) are shown with error bars representing 95% confidence intervals. 
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B.3 Stability measures 
 

Stability on stationary trials, trials at high coherence, and trials near the participants’ thresholds 

are shown in Figure B.2 along with the control data from Figure 6.2. Figure B.3 displays the 

relationship between acuity and stability for the amblyopic eye and the fellow eye. Figure B.4 

displays scatterplots of the relationship between stability and performance for participants with 

amblyopia, along with the control data from Figure 6.4. 
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Figure B.2  Mean log10 BCEA for controls and participants with amblyopia for all conditions. 

 
Note. Grey dots represent individual control participants. Red triangles represent participants with 
amblyopia, with labels corresponding to Table B.1. The means of the control group (in black) and the 
amblyopia group (in red) are shown with error bars representing 95% confidence intervals. 
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Figure B.3  Scatterplots showing visual acuity (logMAR) and stability  (log10 BCEA) for participants with 
amblyopia. 

 

 
Note. Each plot displays participants’ amblyopic eyes (dark red) and fellow eyes (light red). Lower values 
indicate better visual acuity or greater stability. Top row, data collected in the slow condition; middle row, 
data collected in the fast condition. Left column shows stability on trials at threshold coherence; right column 
shows stability on trials at high coherence. Bottom panel shows stability on stationary trials. 
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Figure B.4  Scatterplots showing the relationship between stability (log10 BCEA) and performance (coherence 
threshold) in participants with amblyopia. 

 
 
Note. Each plot displays participants’ amblyopic eyes (dark red) and fellow eyes (light red). Lower values 
indicate more stable fixation (BCEA), and better performance (threshold). Top row, data collected in the slow 
condition; bottom row, data collected in the fast condition. Left column shows stability on trials at threshold 
coherence; right column shows stability on trials at high coherence. 
 

0.
0

0.
2

0.
4

0.
6

0.
8

th
re

sh
ol

d

R2 = 0.07  p = 0.53
R2 = 0.11  p = 0.38

SLOW threshold coherence

R2 = 0.07  p = 0.52
R2 = 0.06  p = 0.51

high coherence

−1.5 −1.0 −0.5 0.0 0.5

0.
0

0.
2

0.
4

0.
6

0.
8

log10  BCEA

th
re

sh
ol

d

R2 = 0.10  p = 0.46
R2 = 0.12  p = 0.35

FAST threshold coherence

−1.5 −1.0 −0.5 0.0 0.5

log10  BCEA

R2 = 0.06  p = 0.56
R2 = 0.41  p = 0.06

high coherence


