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Abstract

AIM

Dorsal extrastriate visual areas, which include regions specialized for motion

processing, are thought to be particularly vulnerable to the effects of abnormal
neurodevelopment. This thesis aimed to test the hypothesis that global motion perception,
an index of dorsal stream function, would be affected by two distinct perinatal risk factors for
abnormal neurodevelopment: prenatal exposure to recreational drugs and neonatal
hypoglycemia. Both of these risk factors are commonly reported among infants in developed
countries.

METHODS

Global motion perception was assessed using random dot kinematograms in a

large cohort of 4.5-year-old children who participated in one of two multi-disciplinary,
longitudinal studies; the Infant Development, Environment and Lifestyle (IDEAL) study or the
Children with Hypoglycemia and their Later Development (CHYLD) study. This thesis is divided
into four parts. The first part explored the influence of early visual functions, such as contrast
sensitivity for motion direction discrimination and visual acuity on global motion perception
in 4.5-year-old children. The second part focused on the association between global motion
perception and neuromotor functions, both of which are thought to involve the dorsal
stream. The third and fourth parts investigated whether global motion perception was
affected by prenatal exposure to recreational drugs or neonatal hypoglycemia respectively.

RESULTS

Global motion perception was found to be independent from contrast

sensitivity and visual acuity. Moreover, global motion perception was associated with
neuromotor function in children born at risk of abnormal neurodevelopment. With regard to
neurodevelopmental risk factors, global motion perception was significantly affected by
prenatal drug exposure whereby exposure to alcohol worsened and exposure to marijuana
improved motion processing in children. In addition, global motion perception was
ii

significantly poorer in children who experienced neonatal hypoglycemia compared to
children who were euglycemic despite having risk factors for neonatal hypoglycemia.

CONCLUSIONS

Global motion perception in children reflects visual function beyond

the stage of contrast encoding and is associated with motor function. Global motion
perception is also influenced by perinatal risk factors in children. These results are consistent
with the dorsal stream vulnerability hypothesis and support the use of global motion
perception as a tool to investigate abnormal neurodevelopment in children.
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Chapter 1

1.1

Introduction

Overview

Vision is the primary sense in many primates, including humans. Vision is important
for a broad spectrum of behaviours including the guidance of motor function
(Hadders-Algra, 2010). One influential model of visual information processing within
the cortex suggests that vision is processed through two distinct pathways: the dorsal
stream and the ventral stream. The dorsal stream receives input from the
magnocellular layers of lateral geniculate nucleus (LGN) and includes area V1 (primary
visual cortex), extrastriate areas V2, V3a, V5 (the homologue of macaque middle
temporal area, MT) and the posterior parietal lobe. This stream is thought to mediate
motion perception, spatial awareness and visual-motor coordination (de Haan &
Cowey, 2011; Goodale & Milner, 1992; Goodale, 2013; Grinter, Maybery, & Badcock,
2010). The ventral stream, on the other hand, receives input from the parvocellular
layers of LGN and includes V1, V2, V4 and the inferotemporal cortex. The ventral
stream mediates form perception, object recognition and visual memory (Almeida,
Mahon, & Alfonso, 2010; Goodale, 2013; Johnson & Grafton, 2003; Rizzolatti &
Matelli, 2003). The dorsal and ventral stream model provides a valuable framework
for investigating and interpreting visual function. However it is important to note that
there are significant interconnections between these two pathways in the healthy
brain (Cloutman, 2013; Himmelbach & Karnath, 2005; Zanon, Busan, Monti, Pizzolato,
& Battaglini, 2010) as is necessary for the seamless integration of form and motion
that defines normal visual perception.

In 2003 Braddick et al. (Braddick, Atkinson, & Wattam-Bell, 2003) postulated selective
vulnerability of the dorsal visual stream to the effects of neurodevelopmental
disorders. This hypothesis was based on a series of previous studies investigating
visual function in participants with different neurodevelopmental disorders (Atkinson
1

et al., 1997; Atkinson et al., 2003). Since then, several studies have found deficits in
global motion perception, a function of the dorsal visual stream, in children born with
developmental risk factors such as dyslexia, autism, a history of preterm birth and fetal
alcohol syndrome (Brieber et al., 2010; Grinter et al., 2010; Gummel, Ygge, Benassi, &
Bolzani, 2012; Gunn et al., 2002; Manning, Charman, & Pellicano, 2013; Raymond &
Sorensen, 1998; Taylor, Jakobson, Maurer, & Lewis, 2009). However, ventral visual
stream function remained intact in such children (Atkinson et al., 1997; Taylor et al.,
2009).

The dorsal stream vulnerability hypothesis has stimulated a body of research
demonstrating that neurodevelopmental disorders can affect the cortical processing
of visual information. By extension, this raises the possibility that measures of visual
function may provide a useful indicator of neurodevelopment (Grinter et al., 2010).
The research presented in this thesis built upon this previous work to investigate the
effects of two common perinatal risk factors for abnormal neurodevelopment on
visual function. The risk factors were neonatal hypoglycemia and prenatal drug
exposure (described below). Global motion perception was chosen as the primary
outcome measure on the basis of the dorsal stream vulnerability hypothesis (Braddick
et al., 2003). Specifically, global motion perception is commonly used as a
psychophysical measure of dorsal stream function because it is closely linked to
processing in area V5 within the dorsal visual stream (Newsome & Pare, 1988).
Furthermore, according to the two-streams theory, a deficit in dorsal steam
processing would affect not only vision, but also visuomotor function, with important
implications for general neurodevelopment (Goodale & Milner, 1992).

Two unique cohorts of children took part in the research described in this thesis. The
children were recruited from two large scale, interdisciplinary, longitudinal studies of
neurodevelopment that both included a developmental assessment at 4.5 years of
age. These studies were the Infant, Development, Environment and Lifestyle (IDEAL)
study and Children with Hypoglycemia and Later Development (CHYLD) study. The
IDEAL study was specifically designed to investigate the effect of prenatal
methamphetamine exposure on subsequent neurodevelopment in children. This was
2

a follow-up study of a cohort of children who had experienced prenatal
methamphetamine exposure and a group of closely matched controls who were not
exposed to methamphetamine. Moreover, the majority of children in both the
methamphetamine group and the control group were exposed to a range of
recreational drugs other than methamphetamine, such as marijuana, alcohol and
nicotine.

The CHYLD study, on the other hand, aimed to investigate the development of young
children who were born at risk of developing neonatal hypoglycemia. The cohort
included children who were small or large for gestational age, born during late
preterm, and children of diabetic mothers. Including children from both the IDEAL and
CHYLD cohorts in the studies reported in this thesis allowed for global motion
perception to be assessed in children with a diverse range of perinatal risk factors.

Previously the IDEAL study group has reported deficits in motor (Wouldes et al., 2014)
and behavioral (LaGasse et al., 2011) outcomes between 1 and 3 years of age in
children born with prenatal methamphetamine exposure. The research presented in
this thesis involved data collected from assessments made when the IDEAL study
cohort reached 4.5 years of age. Vision testing was added to the 4.5-year assessment
because the impact of prenatal drug exposure on visual function in preschool age
children is largely unknown, although previous studies of younger children have
indicated that the visual cortex is susceptible to the detrimental effects of prenatal
drug exposure (Hamilton et al., 2010; McGlone et al., 2013, 2014).

Neonatal hypoglycemia has also been associated with abnormal visual development.
For example, major visual impairments such as macular hypoplasia, cortical blindness
and visual field defects have been noted in small cohorts of children who experienced
severe neonatal hypoglycemia (Burns, Rutherford, Boardman, & Cowan, 2008;
Kabakus et al., 2005; Tam et al., 2008). In addition, it has been suggested that posterior
brain areas, including the striate and extrastraite visual cortex, may be particularly
susceptible to neonatal hypoglycemia (Tam et al., 2008). This suggests that, even in
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the absence of cortical blindness, accurate cortical processing of visual information
may be affected by neonatal hypoglycemia.

Importantly, visual deficits indicative of abnormal cortical processing are not always
detectable by standard clinical measures and, therefore, require tests that directly
target mid- to high-level cortical processing of visual information (Grinter et al., 2010).
Consistent with this idea is the finding that adults with induced hypoglycemia for a
period of one hour experience marked impairment of visual information processing
on neuropsychological tests of vision, although standard clinical measures of visual
function, such as visual acuity, remained unaltered (McCrimmon, Deary, Huntly,
MacLeod, & Frier, 1996).
Both the IDEAL and CHYLD studies thus provided an exciting opportunity to evaluate
the effect of distinct perinatal risk factors on visual development, especially global
motion perception at 4.5 years of age.

1.2

Specific Objectives

The objectives are listed according to the sequence of results reported in this thesis.
(i)

To assess whether global motion perception is independent of contrast sensitivity
and visual acuity in children born with developmental risk factors

Previous studies have reported impaired global motion perception in school-age
children born with developmental risk factors (Jakobson et al., 2006; Manning et al.,
2013). These impairments may have been due to abnormal motion integration,
which has been linked to V5. Alternatively, the impairments could have been due to
deficits earlier in the visual processing hierarchy that impaired the quality of
information available for subsequent global motion processing. For example,
abnormalities in functions that have been linked to V1 such as visual acuity or
contrast sensitivity could affect downstream processing of global motion. To assess
whether early visual processing influenced global motion perception in our study
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cohorts, we tested whether global motion was related to contrast sensitivity for
motion direction discrimination when both functions were measured using identical
stimuli. The relationships between global motion perception and other clinical
measures of vision, such as visual acuity and stereoacuity, were also assessed as a
part of this study.

(ii)

To investigate the relationship between visual function and other measures of
neurodevelopment.

The data from our vision assessment were compared against standardized
measurements of visual-motor integration and fine and gross motor control that
were included in the IDEAL and CHYLD studies. This allowed us to assess the
association of visual function with the overall neurodevelopment of children born
with risk factors.

(iii)

To assess whether prenatal exposure to recreational drugs or neonatal
hypoglycemia influences global motion perception at 4.5 years.

This objective related to the primary hypothesis of my thesis, which was that prenatal
drug exposure and neonatal hypoglycemia would affect visual development, as
measured using global motion perception. In the IDEAL study, performance on
psychophysical tests of global motion perception was investigated for children with
prenatal exposure to individual drugs. A statistical model was used to explore effects
drug exposure, gender and race on global motion perception. In the CHYLD study,
performance on a global motion task was compared between children who
experienced neonatal hypoglycemia and those that remained euglycemic despite
having risk factors for neonatal hypoglycemia.

5

1.3

Thesis Outline

This thesis consists of eight chapters including this introduction. Chapter 2 provides
an overview of the existing literature relevant to this thesis. The first part of the
literature review introduces the physiology of the visual system and its maturation.
The subsequent sections describe the effect of perinatal risk factors on visual
development and the vulnerability of global motion perception, a function of dorsal
stream. The association between visual function and other measures of
neurodevelopment, such as motor and cognitive function are also described. Chapter
3 describes the methodology used in the IDEAL and CHYLD studies. Chapters 4-7
report the results of analyses conducted to address each of the objectives described
above:


The relationships between global motion perception, visual acuity and contrast
sensitivity for motion direction discrimination (Chapter 4)



The relationship between global motion perception and measures of visual–
motor integration, fine and gross motor function and cognitive ability (Chapter
5)



The effect of prenatal exposure to recreational drugs on global motion
perception (Chapter 6)



The effect of neonatal hypoglycemia on global motion perception (Chapter 7)

Chapters 4 to 7 are written according to the publication requirements of individual
journals to which they have been published (Chapters 4 and 6) or are soon to be
submitted (Chapters 5 and 7).

Finally, Chapter 8 discusses the overall results of the thesis in light of the existing
literature. Chapter 8 concludes with highlighting the significance of this study in the
context of clinical optometry and basic science as well as highlighting future research
directions needed to address some of the unanswered questions.
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Chapter 2

2.1

Literature Review

Visual Processing

2.1.1 Parallel Visual Processing Within Retino-Geniculate Pathway
Visual input is encoded at the retinal level across millions of ganglion cells in two
dimensions in terms of distribution of light intensity, wavelength and time (Nassi &
Callaway, 2009). Sensory visual information is then transmitted to the visual cortex
where cues such as contrast, disparity, orientation and motion are extracted from the
retinal image and recombined to support conscious visual perception.

From the retina, visual information passes through the optic nerve to the lateral
geniculate nucleus of the thalamus and on to the visual cortex. In this process parallel
streams of visual information are formed. Overall, there are approximately 17 types
of ganglion cells, and each type has its own characteristic morphological features, such
as field size and density (Watanabe & Rodieck, 1989). Ninety percent of ganglion cells
are categorized as either midget, parasol or bistratified ganglion cells. Moreover,
parasol and midget cells are thought to contribute to magnocellular and parvocellular
processing respectively (Dacey, 2000). In the lateral geniculate nucleus (LGN), the two
innermost layers are comprised of magno cells and the outer four layers are comprised
of parvo cells (Nassi & Callaway, 2009). In between these principal layers, within the
interlaminar region, lie the koniocellular layers, which receive input from bistratified
ganglion cells (Dacey, 2000). The koniocellular pathway involves only 8% of the total
ganglionic cell population (Nassi & Callaway, 2009) and therefore the majority of
research into visual processing streams has focused on the magno and parvocellular
pathways. The functional properties of parvo cells and magno cells are distinctly
different with parvo cells well suited for processing colour and fine spatial detail
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whereas magno cells are suited for processing temporal information (Nealey &
Maunsell, 1994). Differences between magno and parvo cells are shown in Table 2-1.

Table 2-1

Functional comparisons between magno and parvo cells
Features

Magno

Parvo

Chromatic sensitivity
(red and green)
Conduction velocity

No

Yes

Fast

Slow

Size of receptive field

Large

Small

Operational
frequency
Ganglionic cell inputs

Low spatial and
high temporal
Parasol cells

High spatial and low
temporal
Midget cells

2.1.2 Cortical Architecture of Parallel Processing
Most of the models of parallel information processing have described the
parvocellular and magnocellular pathways as being anatomically and functionally
independent (Merigan & Maunsell, 1993; Nassi & Callaway, 2009). This segregation is
thought to be maintained within the LGN and the input layers of the primary visual
cortex (V1) (Merigan & Maunsell, 1993; Nassi & Callaway, 2009). The visual
information from the parvo cellular pathway goes to the layer 4Cβ of V1, whereas the
magno cellular layer projects to layer 4Cα of V1 (Figure 2-1) (Schwartz, 2009).

Studies have described a general model of parallel visual information processing
within the striate and extrastriate cortex (Livingstone & Hubel, 1988; Van Essen &
Gallant, 1994) (Figure 2-1). According to the model, within V1, magnocellular
information from 4Cα passes on to layer 4B from which it moves on to the thick stripes
of area V2 and, subsequently, to the middle temporal (MT) area of the extrastriatal
cortex, which contributes to motion perception. This forms the basis of the dorsal
stream of visual processing. On the other hand, the parvocellular information passes
from layer 4Cβ into the blobs and interblobs of layer 2/3 within V1 and from there the
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blobs send information to the thin stripes of the extrastriatal area V2 and,
subsequently, to area V4. This forms the ventral stream of visual processing that is
specialized for processing colour and form. The blobs of layer 2/3 in V1 also receive
additional input from koniocellular neurons of the LGN, which may contribute to blueyellow colour perception.

Figure 2-1
Schematic diagram of parallel visual information processing within
the visual cortex (modified from Sincich & Horton, 2005)

However, later studies on animal models (Hendry & Yoshioka, 1994; Nassi & Callaway,
2009; Nealey & Maunsell, 1994) have refined our understanding of the physiological
separation of the magnocellular and parvocellular pathways. These models have
suggested that blobs and interblobs of layer 2/3 within V1 receive input from both the
magnocellular and parvocellular pathways (Hendry & Yoshioka, 1994). The blobs also
receive further input from the sparsely distributed koniocellular cells. This is also
evident from the fact that lesions in any of the three pathways at the level of the LGN
impair the functionality of layer 2/3 within V1 (Nealey & Maunsell, 1994). Similar
cross-talk between the visual streams has also been reported within other layers of
V1 (Callaway & Wiser, 1996). Therefore, while the functional properties of cells
receiving magnocellular or parvocellular input appear to be relatively distinct, the two
pathways are interconnected at multiple stages of the visual pathway.
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2.1.3 Extrastraite Visual Processing
Visual inputs from striate area V1 and extrastriate area V2 project further into the
extrastriate cortex and maintain segregation as parallel pathways in the form of the
dorsal (involving occipito-parietal regions) and ventral streams (involving occipitotemporal regions). Within the dorsal stream, V3a and the middle temporal area
(MT)/V5 area are specialized to process motion (Wattam-Bell et al., 2010). In contrast,
ventral stream area V4 is specialized for form processing (Orban, 2008).

To date nearly 30 distinct visual areas have been identified within the extrastriate
cortex (Van Essen, Anderson, & Felleman, 1992), each with their own retinotopic
representation of the visual field (Orban, 2008). Recent studies have revealed that the
dorsal pathway extends beyond MT/V5 to the middle superior temporal (MST) area,
the fundus of superior temporal area (FST), the superior temporal polysensory area
(STP), the ventral intra parietal area (VIP) and the lateral intra parietal area (LIP)
(Andersen, 1997; Distler, Bachevalier, Kennedy, Mishkin, & Ungerleider, 1996;
Rizzolatti & Matelli, 2003; Rudolph & Pasternak, 1999; John Wattam-Bell et al., 2010).
Projections might further extend to areas V6 and V7A. In the same way, the ventral
stream includes various areas of the inferotemporal cortex (IT) which are
hierarchically above area V4 (Distler, Boussaoud, Desimone, & Ungerleider, 1993;
Ungerleider, Galkin, Desimone, & Gattass, 2008; Webster, Bachevalier, & Ungerleider,
1994). Most of the visual areas within the dorsal stream are sensitive to motion
(Orban, 2008). In addition, neurons within the MST (Page & Duffy, 2003) and the VIP
(Bremmer, Klam, Duhamel, Ben Hamed, & Graf, 2002) areas also integrate motion
signals with the vestibular inputs arising from head movement. Similarly, within the
ventral stream, hierarchically higher-placed visual areas, such as IT, are involved in
processing simple and complex shapes, defined by motion, texture, luminance (Sary,
Vogels, & Orban, 1993) or disparity (Tanaka, Uka, Yoshiyama, Kato, & Fujita, 2001).
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Figure 2-2
Interconnections among visual areas within striate and extrastriate
cortex (reproduced with permission from Nassi & Callaway, 2009). The dorsal and
ventral streams are separated in the figure by a black vertical dotted line.
Interconnected areas are shown with red arrows. V1, V2, V3, V3A, V4, V7, 7A indicate
respective visual areas. Abbreviations of other brain areas: VP, ventral posterior; MT,
middle temporal; VOT, ventral occipitotemporal; FST, fundus of superior temporal;
STP, superior temporal polysensory; AIT, anterior inferotemporal; CIT, central
inferotemporal; PIT, posterior inferotemporal; VIP, ventral intraparietal; LIP, lateral
intraparietal; MIP, medial intraparietal; PIP, posterior intraparietal; MST, medial
superior temporal, DP, dorsal parietal; PO, parieto-occipital; MDP, medial dorsal
parietal. The suffix (in smaller case, after each abbreviation) indicates position within
the visual cortex (d, dorsal; v, ventral; l, lateral; a, anterior; p, posterior; t, transitional).

Although the two streams were thought to be functionally segregated, significant
cross-talk has been reported in the form of a feedback and feedforward mechanism
between visual areas of the dorsal and ventral streams (Cloutman, 2013; Distler et al.,
1993; Webster et al., 1994). Most notably, interconnections between the
inferotemporal and inferoparietal regions have been well reported. For example,
cytoarchitectonic areas TEO and TE within the ventral visual stream showed
projections to V3A, MT, MST, FST and LIP within the dorsal visual stream (Distler et al.,
1993; Webster et al., 1994). Moreover, V4 of the ventral stream also sends projections
to dorsal areas MT, FST and STP (Ungerleider et al., 2008). Furthermore, there are
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certain other areas in the human brain where the dorsal and ventral pathways share
a common space, such as the superior temporal sulcus (STS) and the prefrontal cortex
(Baizer, Ungerleider, & Desimone, 1991; Distler et al., 1993). Areas such as the frontal
eye fields and the rostral portion of the superior temporal sulcus receive equal input
from both the dorsal and ventral streams (Cloutman, 2013; Distler et al., 1993). The
interconnections between various visual areas within the dorsal and ventral streams
are shown schematically in Figure 2-2. It is evident from the schematic diagram that,
although dorsal and ventral visual areas are functionally specialized for visually guided
action and form recognition respectively (see Section 2.1.4), the two streams have
multiple anatomical and physiological connections. Thus an idea of absolute
segregation of the dorsal and ventral streams would not be appropriate.

2.1.4 Functions of the Dorsal and Ventral Stream
The effects of dorsal and ventral stream lesions on visual function have been studied
extensively. Excitotoxins such as ibotenic acid and acrylamide can induce selective
lesions to the parvocellular (associated with the ventral stream) and magnocellular
(associated with the dorsal stream) pathways in non-human primates (Lynch, Silveira,
Perry, & Merigan, 1992; Schwarcz et al., 1979). Animal studies have shown that
induced lesions of the magnocellular layers of the LGN did not affect colour vision and
visual acuity. However, they severely affected the visibility of high temporal and low
spatial frequency stimuli, indicating a role of the magnocellular pathway in processing
such stimuli. In addition, and as expected, motion perception was impaired when
tested with low contrast gratings; however, this deficit was not as apparent for high
contrast gratings (Merigan, Byrne, & Maunsel, 1991; Merigan & Maunsell, 1990). This
suggests that motion processing for high contrast gratings may involve some
parvocellular processing. On the other hand, lesions within the parvocellular layers of
the LGN preferentially affected chromatic contrast detection, contrast detection with
high spatial and low temporal frequency stimuli and visual acuity (Lynch et al., 1992;
Merigan, Katz, & Maunsell, 1991), with no influence on motion perception.
Interestingly, complex shape discrimination had been reported to be largely
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unaffected by parvocellular lesions, suggesting that more downstream extrastriate
areas that receive input from both the ventral and dorsal pathways might be
responsible for processing such tasks (Lynch et al., 1992). Thus it is evident that motion
and form processing are not unique to the dorsal and ventral pathways, and both
motion and form processing survive despite the occurrence of magnocellular or
parvocellular LGN lesions. These studies clearly demonstrate the presence of crosstalk between the parallel pathways of visual processing.

It is evident from Figure 2-2 that the dorsal stream projects to parietal visual areas,
whereas the ventral stream projects to temporal visual areas (DeYoe et al., 1996;
Milner & Goodale, 1995; Mishkin & Ungerleider, 1982). Over two decades ago,
Goodale and Milner proposed the functional duality of the dorsal and ventral visual
streams following their observations of patients with parietal and temporal lesions.
Goodale et al. reported on a patient (D.F.) with profound visual form agnosia from
carbon monoxide poisoning which caused damage in the ventrolateral occipital lobe
within the ventral stream (Goodale, Milner, Jakobson, & Carey, 1991; Goodale &
Milner, 1992). Patient D.F., although experiencing severe difficulties in recognizing
shapes and orientations, had normal contrast, depth perception and motion
perception (Milner et al., 1991). Moreover, grasping and reaching activities were also
reported to be normal (Goodale et al., 1991). This finding was soon followed by a
contrasting report of a patient (R.V.) who had bilateral lesions of the occipito-parietal
area within the dorsal stream. R.V. showed the opposite pattern of deficits to D.F.
Specifically, R.V. was impaired at a task that involved grasping objects with two
fingers, thus requiring a precise visuomotor control. R.V’s motion perception was also
impaired, but the ability to discriminate between various shapes and to recognize
objects remained intact (Goodale et al., 1994). From these observations, along with
electrophysiological studies on monkeys, Goodale and Milner proposed that the
ventral stream serves visual input for object recognition (vision for perception),
whereas the dorsal stream uses visual information to guide motor action (vision for
action) (Goodale et al., 1994; Goodale & Milner, 1992; Goodale, 2013).
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This postulation was later supported by a large body of work in children and adults
with abnormal neurodevelopment. For example, selective deficits of global motion
perception (described in Section 2.1.7.1) and visuomotor control were reported in
children with Williams’ syndrome (Atkinson et al., 1997). Subsequent studies revealed
the same pattern of dorsal stream impairment in children with autism (Milne et al.,
2006). The role of dorsal visual stream in visuomotor control has been further
described in Section 2.2.4 of this chapter.

Although a great deal of research into the functional properties of the dorsal and
ventral streams has focused on the effects of localized lesions or abnormal
development, in an individual with typical neurodevelopment, the action of the dorsal
and ventral streams is heavily interlinked, as is evident from Figure 2-2. Therefore,
when the ventral stream acts to identify an object, the dorsal stream helps to localize
the object, based upon the information from the ventral stream, and mediates
visuomotor actions such as reaching towards the object or grasping the object.
However, deficits in either one of these visual streams may lead to abnormal
neurodevelopment.

2.1.5 Assessing the Dorsal and Ventral Visual Streams
Dorsal and ventral stream functions have been investigated extensively using
psychophysical techniques. Psychophysically, the dorsal stream is commonly assessed
by using random dot kinematograms (Newsome & Pare, 1988) to measure global
motion perception. Random dot kinematograms (RDKs) consist of a population of
coherent dots (signal) moving in one direction and another population of dots moving
in random directions (noise) (Figure 2-3A). The observer’s task is to identify the
direction of coherent dot movement. This requires integration of the signal noise and
segregation of the noise dots. The motion coherence threshold is calculated as the
minimum proportion of signal dots that is required by the observer to correctly
identify the direction of coherent motion. To prevent an observer tracking the local
elements of dots, limited lifetime dots are usually employed in the global motion
paradigm. Limited lifetime dots disappear from one frame and reappear in another
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frame and thus give a better estimate of global motion integration (Santos, Gnang, &
Kowler, 2012).The local signals of motion within RDKs are detected by neurons within
V1, whereas, the integration of motion information occurs within at network of brain
areas including V3a and V5 (Braddick et al., 2001).

Early dorsal stream functions have often been assessed by low spatial frequency and
high temporal frequency flickering contrast stimuli (Pellicano, Gibson, Maybery,
Durkin, & Badcock, 2005; Pellicano & Gibson, 2008), which target the magnocelluar
pathway within the retino-geniculate area (Evans, Drasdo, & Richards, 1994). Previous
studies using flicker contrast sensitivity and global motion tasks in children with autism
have shown normal flicker contrast sensitivity, with poorer global motion perception,
indicating a deficit only in extrastriate dorsal stream function. However, using the
same stimuli, dyslexic children exhibited deficits in both flicker contrast and global
motion perception, suggesting a generalized deficit of dorsal visual function (Pellicano
& Gibson, 2008). More recent studies have also used RDKs with fixed coherence and
varying contrast dots to assess contrast sensitivity for motion prior to the integration
of local motion signals (Blumenthal, Bosworth, & Dobkins, 2013). The advantage of
using RDK-based contrast stimuli over flicker contrast stimuli is that the RDK stimuli
target cortical processing, while the flicker-based stimuli may recruit both cortical and
subcortical regions (Skottun, 2000).

Dorsal stream function can also be assessed using tests of visual motor function, which
target the function of the whole pathway rather than specific visual functions. These
tests are complex to administer but a number of standardized assessment batteries
are available (Sections 3.5.1 & 3.5.2, Chapter 3). The relationship between visual tests
of dorsal stream function and tests of motor control is not well established and is
addressed in objective (ii) of this thesis.
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B

Figure 2-3
(A) Random dot kinematogram and (B) Glass pattern, to measure
global motion and global form, respectively. The black arrows in panel (A) indicate
signal dots moving coherently in one specific direction (‘down’ in the given figure)
and the white arrows indicate noise dots moving in random directions. Panel (B)
shows an example of a 100% coherent concentric Glass pattern.

The ventral stream, on the other hand is often assessed using global form tasks such
as Glass patterns (Glass, 1969, Glass & Pérez 1973) or an arrays of segmented lines
(Atkinson et al., 1997). Glass patterns consist of randomly distributed static dots
(diploes), a proportion of which are aligned in pairs to present a contour (concentric
or parallel) (Figure 2-3B). Similar to RDKs, a population of dipoles is randomly oriented
to create a noise background. The form coherence threshold of an observer is given
by the minimum number of aligned dipoles required to perceive the contour from the
population of signal and noise dots. In the segmented line array, instead of dots, short
high-contrast lines are used. Similar to dipoles, the lines are oriented in a particular
fashion so as to present a geometric pattern (vertical, horizontal or concentric). Such
tasks require local form cues to be integrated so that a global form can be perceived.
Orientation tuned cells within V1 are known to encode the local signals for form
perception, while the integration of these signals into global form is thought to occur
within V4 (Wilson & Wilkinson, 1998). One disadvantage of using a segmented line
array is that it involves a considerable amount of local signal processing within V1; it
might not, therefore, be a true representation of processing within the extrastriate
areas of the ventral stream, such as V4 (Loffler, 2008).
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2.1.6 Developmental Trajectory of the Dorsal and Ventral Streams
Functional development of global form and motion processing in macaque monkeys
suggests that both the dorsal and ventral streams reach adult levels of maturity at
approximately the same age (Kiorpes, Price, Hall-Haro, & Movshon, 2012). Kiorpes et
al. used translational (horizontal left or right) and rotational motion (clockwise or
counter-clockwise) to test global motion and linear and concentric Glass patterns
(Glass, 1969) to test global form perception in macaques. The key findings of their
study include: i) sensitivity to global motion emerges earlier in development than
sensitivity to global form ; ii) motion coherence sensitivity of the animals was twice
that of form coherence sensitivity, and this was consistent across all ages; iii) within
the different types of motion and form stimuli, macaques were most sensitive to
translational motion and concentric glass patterns; iv) the rate of development and
the age of complete maturation (3 years) for both motion and form sensitivity are the
same in the macaque. The authors argued that since the motion detection mechanism
in primates starts developing earlier than form detection, any perinatal risk factors
would preferentially influence motion processing. In other words, motion perception
(supported by the dorsal stream) might be more vulnerable to early neurological
disruption than form perception (supported by the ventral stream). The results of this
study are consistent with earlier physiological studies on the macaque visual system
involving mapping of dorsal and ventral stream areas using C142- deoxyglucose, which
stains neurons with a recent history of activation (Distler et al., 1996). Distler et al.
reported that extrastriate visual areas such as MT and MST develop earlier than
ventral areas in macaques. The uptake of C142- deoxyglucose usually increases within
visual areas, which are specifically responsible for a particular task. For example,
dorsal visual areas exhibit higher uptake of C142- deoxyglucose while performing
motion-based tasks. In agreement with the findings of Distler et al.
electrophysiological recordings of newborn monkeys have also revealed neurons in
the MT area to be more responsive than those in the IT area in early infancy (Rodman,
Scalaidhe, & Gross, 1993). In summary, studies of macaques indicate that while the
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dorsal and ventral stream reach maturity at a similar age, the dorsal stream has a
longer period of maturation because it begins development earlier. This may render
the dorsal stream more vulnerable to the effects of perinatal risk factors that, by
definition, are only present at an early stage of development.

The earlier developmental onset of motion-sensitive visual brain areas has also been
reported in humans. Wattam-Bell et al. measured visual event related potentials using
global motion and form stimuli in infants aged 4-5 months (Wattam-Bell et al., 2010).
In agreement with the findings from the non-human primates described previously,
the authors found stronger signal for motion coherence stimului than for form
coherence. Also in agreement with macaque data, the human dorsal stream has a
longer period of maturation than the ventral stream, however the difference in
maturation time between the two streams is much greater in humans. For example,
Gunn et al. reported that global form perception reaches the adult level by the age of
6-7 years, while global motion perception did not mature to an adult-like level until
the age of 10-11 years (Gunn et al., 2002). Similarly, Hadad et al. also reported that
global motion perception does not attain maturity before the age of 12-14 years for
both fast-moving (18°/sec) and slow-moving dots (4°/sec) (Hadad, Maurer, & Lewis,
2011). In general agreement with age of maturation of global motion perception from
the previous studies, Bogfjellmo et al., using an equivalent noise paradigm, reported
that global motion discrimination thresholds reached adult levels by the age of 14
years (Bogfjellmo, Bex, & Falkenberg, 2014). The equivalent noise paradigm takes into
consideration both internal noise and global motion pooling as possible factors
affecting overall global motion development. Internal noise depends upon the
estimation of each dot’s local direction, whereas the pooling depends upon global
sampling of local dot directions (Dakin, Mareschal, & Bex, 2005). Bogfjellmo et al. did
not find any change in internal noise for the children between 6 and 17 years of age,
suggesting that a gradual improvement in sampling of motion signals was the
underlying cause of the development of motion processing in children. In agreement
with this, Manning et al. also found that internal noise reached adult levels by 7 years
of age; however, the age-dependent trajectory of global motion sampling extended
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until 9 years of age for fast-moving dots (6°/sec) and 11 years of age for slow-moving
dots (1.5°/sec) (Manning, Dakin, Tibber, & Pellicano, 2014).

However, not all studies have reported such late maturation of global motion
perception. For example, Parrish et al., reported adult-like motion perception in
children as young as 4 years (Parrish, Giaschi, Boden, & Dougherty, 2005). However,
Parrish et al. used a slow dot speed (1.2°/sec), which is below the preferred bracket of
optimal speed processing of MT neurons (Maunsell & Van Essen, 1983). Similarly, dot
density in the study described by Parrish et al. was 32dot/deg 2, in comparison to
sparse dot density in the studies described previously. As shown in a previous study
(Narasimhan & Giaschi, 2012), higher dot density offers easier spatial integration of
motion signals, and might not, therefore, be a true reflection of global motion
perception in children. These factors might have contributed to the adult-like
performance of 4-year-old children on the global motion task used by Parrish et al.
(2005).

2.1.7 Dorsal Stream Vulnerability in Developmental Disorders
The dorsal stream vulnerability hypothesis postulates that, in the event of abnormal
neurodevelopment, global motion perception, which involves dorsal stream
processing, exhibits a selective deficit; however, performance on global form tasks,
which involve the ventral stream, remain unaffected. The vulnerability of global
motion perception to abnormal neurodevelopment is described in the following
subsection.

2.1.7.1

Williams Syndrome

Atkinson et al. provided some of the earliest evidence of dorsal stream vulnerability
in developmental disorders (Atkinson et al., 1997). Global motion and form perception
were tested on a group of children (mean age: 9.7 years) with Williams syndrome
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(WS), a genetic condition with a known deficit of cognitive and visuomotor
performance. To compare their performance on global motion and form tasks, a group
of normal subjects were also recruited (mean age: 8.1 years). Children with WS
exhibited a higher motion coherence threshold, suggesting poor global motion
perception, in comparison with normal subjects. However, the form coherence
thresholds were comparable to typically developing normal subjects. In addition, the
children with WS also performed poorly on visuomotor tasks, involving posting cards
through slots of varied orientations. Later, Atkinson et al. studied the dorsal stream
vulnerability hypothesis in a larger cohort of children (n = 45; mean age: 9.5 years)
born with WS (Atkinson et al., 2003). There was also a control group of healthy
children and young adults. Interestingly, although a group of children performed
poorly on the global motion task with a normal form coherence threshold, there was
another subset of children who performed poorly in both global motion and form
tasks. The findings of this study were, therefore, inconclusive for selective
vulnerability of the dorsal visual stream. Moreover, the authors also acknowledged
that many children in the cohort were quite young (from 4 years and 8 months to 15
years and 4 months) and both global motion and form perception would not have
reached adult levels. In order to further investigate the dorsal stream vulnerability
hypothesis in WS, Atkinson et al. assessed both global motion and form in a cohort (n
= 45) of adults with WS aged 16-42 years, along with a group of healthy adults (n =
19). Overall, adults with WS had impaired global motion perception, with form
perception intact. As a whole, these findings of global motion perception deficits
alongside intact global form perception in children and adults with Williams syndrome
support the dorsal visual stream vulnerability hypothesis.

2.1.7.2

Dyslexia

Another condition where dorsal stream vulnerability has been widely explored is
developmental dyslexia. Developmental dyslexia is a specific impairment in reading
and learning abilities of an individual, which cannot be explained by deficits in general
intelligence, learning opportunity, audition or visual acuity (Habib, 2000). There is a
growing body of evidence suggestive of a magnocellular (a therefore dorsal stream)
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deficit in developmental dyslexia. Supporting this hypothesis, studies have found
impaired contrast sensitivity in individuals with developmental dyslexia (Cornelissen,
Hansen, Hutton, Evangelinou, & Stein, 1998; Cornelissen, Richardson, Mason, Fowler,
& Stein, 1995; Skottun, 2000). However, Cornilessen et al. produced the first strong
evidence of a downstream dorsal visual stream deficit (Cornelissen et al., 1995), when
they reported that children with dyslexia (mean age: 9.6 years) had 3-4% higher
motion coherence thresholds than healthy normal participants. Talcott et al. tested
the effect of spatial and temporal manipulations on the motion coherence thresholds
of dyslexic adults (mean age: 25.2 years) in comparison with normal adults (Talcott,
Hansen, Assoku, & Stein, 2000). In the first experiment, stimuli were presented at 200,
451, 902 and 1804 milliseconds. In the second experiment the dot density was varied
and presented at 1.5, 3.1, 6.1 and 12.2 dot/deg2. In both the experiments dyslexic
adults performed worse than normal adults for each presentation time and density of
stimuli. These findings provided evidence that the dorsal stream deficit of dyslexics is
independent of the spatial and temporal characteristics of the global motion stimuli.
Hansen et al. also reported the selective impairment of dorsal stream function over
ventral stream function in adult dyslexics (mean age: 24 years) by comparing their
performance on motion coherence and form coherence tasks (Hansen, Stein, Orde,
Winter, & Talcott, 2001). However, it is not clear from these reports whether the
dorsal stream deficit is a cause of dyslexia or a consequence of poor reading ability, or
a third factor which might explain both these deficits. Pellicano and Gibson tested the
integrity of the dorsal stream in both subcortical and extrastriate regions for dyslexic
children by using flicker contrast and global motion tasks respectively (Pellicano &
Gibson, 2008). They found that the performance of dyslexic children in both lower and
higher level dorsal stream tasks was worse in comparison with typically developing
children, suggesting an overall vulnerability of the dorsal stream in such children.
Recently, Olulade et al. have used functional magnetic resonance imaging (fMRI) to
demonstrate lower activity within area MT in dyslexics in comparison with an agematched control group in performing a reading task (Olulade, Napoliello, & Eden,
2013). However, when dyslexics were matched with control subjects of a similar
reading level but of a younger age, equivalent activity within area MT was observed in
both dyslexics and control participants. Furthermore, after a reading intervention, the
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neural activity within area MT became equal to the age-matched controls, suggesting
a deficit in the dorsal visual stream as a consequence rather than as a cause of reading
disability.

However, there are studies which have reported equivalent deficits in both the dorsal
and ventral streams in dyslexia, suggestive of a general deficit in global visual
integration (Tsermentseli, O’Brien, & Spencer, 2008; White et al., 2006). Furthermore,
one study reported that the dorsal stream deficit was limited to a specific subgroup of
children with dyslexia and not found in others (Slaghuis & Ryan, 1999). Nevertheless,
the majority of studies have supported the dorsal stream vulnerability hypothesis in
abnormal neurodevelopment associated with dyslexia.

2.1.7.3

Autism

Autism is another developmental disorder that has been explored in the light of dorsal
stream vulnerability. Spencer et al. compared global motion and form coherence
thresholds in children with autism and normal controls (Spencer et al., 2000). The
motion coherence thresholds of autistic children were significantly impaired, while the
form coherence thresholds remained normal, suggesting a selective vulnerability of
the dorsal visual stream. In agreement, Davis et al. also found autistic children
performing poorly in motion discrimination but not in form discrimination tasks
(Davis, Bockbrader, Murphy, Hetrick, & O’Donnell, 2006). Moreover, Milne et al. also
reported higher motion coherence thresholds (poor global motion perception) in
children with autism (Milne et al., 2002). Pellicano et al. investigated the regional
selectivity of dorsal stream vulnerability in children with autism (Pellicano & Gibson,
2008). They used flicker contrast and global dot motion stimuli to target subcortical
and extrastriate visual areas respectively. The children with autism exhibited poor
performance in global motion tasks but not in flicker contrast stimuli tasks, suggesting
vulnerability only of downstream dorsal processing. Moreover, the dot speed of a
global motion task is another determining factor in the performance of autistic
children (Manning et al., 2013). Slower dot speed (1.5 deg/sec) seemed to pose more
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difficulty in global motion tasks than intermediate dot speed (6 deg/sec), which might
be suggestive of a different motion signal integration mechanism for slow dot speed
in autism.

Similar to that found for dyslexia, the majority of studies have reported a selective
deficit of global motion perception in children with autism, supporting the dorsal
stream vulnerability hypothesis. However, at least one study has also reported a
deficit of both global motion and form in children with autism (Spencer & Brien, 2006),
indicative of a general deficit in integration of visual information rather than a
selective deficit affecting only the dorsal stream.

2.1.7.4

Birth-Related Risk Factors

Global motion perception has also been used as an index of visual development in
children born preterm and those with low birth weight for gestational age.

Atkinson and Braddick et al. compared visually evoked potentials (VEP) using
directional motion and orientation stimuli in preterm infants (gestational age: <32
weeks) and typically developing term infants at 9.9 to 17.1 weeks post birth (Atkinson
& Braddick, 2007). The direction-reversal stimulus consisted of random dots moving
horizontally at 8.5°/sec. On the other hand, the orientation-reversal stimulus
consisted of a grating pattern, alternated between 45° and 135°, at a rate of eight
reversals per second. The motion direction reversal response was significantly worse
in preterm infants in comparison with term infants. However, there was no significant
difference in orientation reversal between preterm and term infants, suggesting
vulnerability of motion processing at a very early stage of visual development.
Guzzetta et al. tested translational and circular global motion, segmented motion and
form perception in three groups of children (aged 8-13 years) who were 1) born
preterm (gestational age: <34 weeks) without any lesions, 2) preterm with
periventricular brain injury (involving optic radiation), and 3) a healthy full-term
control group (Guzzetta et al., 2009). They reported that global motion perception
(translational and circular) was worse in preterm children, both with and without brain
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lesions. However, on segmented motion and form perception tasks only, preterm
children with brain lesions performed poorly in comparison with both healthy fullterm and preterm children without brain lesions. These findings indicate that global
motion perception is adversely affected in preterm children, even without detectable
brain injury; however, form perception, which is thought to be a ventral stream task,
is only affected when there is a presence of obvious damage in the visual pathway.
Consistent with this, Taylor et al. reported four times higher impairment of global
motion than global form perception in preterm children (gestational age: <32 weeks)
when compared to normal full-term children measured at 5-9 years of age (Taylor et
al., 2009). Biological motion, which involves the integration of local motion signals to
recover motion typical of humans or other animals, was found to be at an
intermediate level of impairment between global motion and global form. In addition,
MacKay et al. also found impaired global motion perception in children with low birth
weight (<1500 g), measured at 5-8 years of age (MacKay et al., 2005). The presence of
retinopathy of prematurity and/or intraventricular hemorrhage increased the odds of
global motion impairment; however, the deficits were also observed in children
without any obvious ocular or cerebral defects.

Thus it is obvious that children born with perinatal risk factors such as preterm birth
and low birth weight might show subtle cortical deficits, even in the absence of
obvious brain damage that could be detected clinically. Importantly, global motion
perception is particularly vulnerable in such children and could, therefore, be a key
tool in understanding subsequent neurodevelopment. On the basis of current
evidence it is not possible to assess whether prematurity or low birth weight is the
primary contributing factor to the neurodevelopmental processes that result in
impaired global motion perception.

2.1.7.4

Other Developmental Risk Factors

Impaired global motion perception has also been reported in conditions such as fragile
X syndrome, fetal alcohol syndrome and infantile epilepsy. Kogan et al. reported
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elevated motion coherence thresholds in a group of young adults (mean age: 20.3
years) who had a history of fragile X syndrome, a form of inherited learning disability
(Kogan et al., 2004). However, the form coherence thresholds of these patients
remained intact in comparison with an IQ-matched control group. The study also
provided genetic evidence of a selectively increased level of a protein that has been
linked to the neurodevelopmental deficits caused by fragile X syndrome within dorsal
stream visual areas. Similarly, a deficit in global motion perception was also reported
in children with fetal alcohol syndrome (Gummel et al., 2012). However, the deficit
was observed both in global motion integration (in the presence of noise) and motion
direction discrimination (without noise). A more recent study found similar results in
children with Dravet syndrome (Ricci et al., 2015), a type of infantile epilepsy. Children
exhibited a range of dorsal processing deficits, including elevated motion coherence
thresholds, poor stereopsis and poor performance on a visuomotor task, whereas
form coherence thresholds remained normal.

The exact etiology of the specific vulnerability of the dorsal stream is not well
understood. However, this can be speculated in the light of physiological studies on
glaucoma, which is associated with a similar vulnerability of dorsal stream function. It
has been reported that the M-cells of the dorsal stream have larger cell bodies and
axon diameters (Quigley, Dunkelberger, & Green, 1988), which might make the dorsal
stream susceptible to developmental insults. Furthermore, as the density of M-cells in
the dorsal stream is lower than that of P-cells in the ventral stream (Dacey & Petersen,
1992), neuronal loss within the dorsal stream might have a great functional impact
and could therefore be more easily detected (McKendrick, Badcock, & Morgan, 2004).
Furthermore, as evident from the previous section (Section 2.1.6), global motion
perception development begins earlier and ends later than form perception
development. This extended period of development may render global motion
perception more vulnerable to the effects of abnormal neurodevelopment.
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2.1.8 Global Motion Perception and Other Visual Functions
Motion signals are derived from early visual areas such as V1, and are then integrated
within the extrastriate MT area to elicit a perception of global motion (Morrone, Burr,
& Vaina, 1995). Any abnormality within the early visual areas or areas which are
connected to the motion processing centres might, therefore, adversely influence
global motion perception. The following subsections describe the existing literature
on the relationship between global motion perception and other visual functions.

2.1.8.1

Global Motion Perception and Disparity Processing

Stereopsis in primates, as well as in humans, is processed both in terms of absolute
and relative retinal disparity. Relative disparity relates to the differences in depth
between different objects and is independent of the point or plane of fixation.
Absolute disparity encodes the distance of an object from the observer (Neri, Bridge,
& Heeger, 2004). However, it is difficult to isolate a brain area or visual stream that is
responsible for disparity processing. Studies on both animals and humans have
suggested that disparity processing involves V1 and spans both the dorsal and ventral
streams (Anzai, Chowdhury, & DeAngelis, 2011; Cottereau, McKee, & Norcia, 2012;
Cumming & DeAngelis, 2001; Neri et al., 2004; Neri, 2005).

The primary visual cortex (V1) plays a dominant role in disparity processing. Both
simple and complex cells within the V1 integrate and encode visual signals from two
eyes and provides the processing platform for the first stage of binocular disparity
(Cumming & DeAngelis, 2001). Electrophysiological recordings from rhesus monkeys
revealed that early visual areas such as V1, V2 and V3, and dorsal stream areas (V3A
and MT), process absolute disparity, whereas the ventral stream area V4 processes
both absolute and relative disparities (Anzai et al., 2011; Cottereau et al., 2012; Neri,
2005). DeAngelis and Ulka reported that MT neurons are stronger and more broadly
tuned in terms of disparity selectivity than V1 or V4 neurons (DeAngelis & Uka, 2003).
Their study involved electrophysiological recordings from macaques using an absolute
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disparity stimulus. The reverse was seen when the stimulus involved relative disparity
(Umeda, Tanabe, & Fujita, 2007), whereby both V2 and V4 were tuned for encoding
such disparity. Consistent with this, Neri et al. using fMRI and two transparent depth
planes in which both absolute and relative disparities could be individually
manipulated, showed that the early visual areas (V1, V2, V3) exhibited a low level of
activity with both types of disparity stimulus, while dorsal areas (V3A, MT, V7) showed
more activity for absolute disparity and ventral areas (V4, V8) showed more
adaptation for relative disparity (Neri et al., 2004). In the context of the dual visual
processing stream model, absolute disparity will provide information about spatial
navigation and relative disparity will help with fine disparity discrimination in
perceiving a three-dimensional object, pertaining to the functional aspects of dorsal
and ventral streams respectively (Goodale & Milner, 1992).

Clinically, stereopsis measurement involves identifying forms and objects on a
vectographic slide (polarized testing plates with cross polarizing filters, e.g. the Titmus
fly test) or in real depth (e.g. the Frisby test). One would imagine that these sorts of
test modalities would involve considerable cross-talk between dorsal and ventral
streams in children with typical visual development. Such cross-talk among various
visual brain areas, within both dorsal and ventral streams, has been highlighted by
previous studies. For example, Cottereau et al. recorded VEP responses to a wide
range of horizontal disparity stimuli in humans and reported that neurons in V1, dorsal
areas V3a and MT, ventral areas V4 and the lateral occipital complex (LOC) are all
tuned for disparity processing (Cottereau, McKee, Ales, & Norcia, 2011). Furthermore,
using disparity defined shapes and by manipulating coherence levels of the stimulus,
Chandrasekaran et al. reported that psychophysical measurement of perceived
shapes for disparity at various levels of coherence was significantly correlated with
activity within the dorsal areas V3 and MT and the ventral area LOC (Chandrasekaran,
Canon, Dahmen, Kourtzi, & Welchman, 2007).

In the context of visual development in preschool children, on which this thesis is
primarily focused, understanding the development of disparity processing is also
important. Visually evoked potentials elicited using random dot stereograms revealed
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that disparity processing emerges at 10 to 19 weeks post birth (Petrig, Julesz, Kropfl,
Baumgartner, & Anliker, 1981). Stereopsis then reaches an adult stage between 5-6
years of age (Ciner, Schanel-Klitsch, & Herzberg, 1996; Tomac & Altay, 1999). A
number of studies have also compared the psychophysical measurement of global
motion perception and clinical assessment of stereoacuity in children. MacKay et al.
assessed global motion perception in a group of children at 6-7 years of age, with a
medical history of low birth weight (MacKay et al., 2005). Stereoacuity was measured
with the Titmus fly test. There was a significant correlation (r=0.60, p<0.05) between
motion coherence thresholds and stereoacuities. Consistent to this, Yu et al. also
reported a significant correlation between global motion perception and stereoacuity
in a group of 2-year-old children who were born at risk of neonatal hypoglycemia (this
is part of CHYLD follow-up study which is reported in this thesis). The motion
coherence thresholds were measured by an eye-movement-based paradigm and
stereoacuities were measured using the Frisby Near stereotest and the Lang
stereotests I and II. Motion coherence thresholds were positively correlated with both
Frisby (r=0.18, p=0.013) and Lang I and II stereotests (r=0.28, p<0.001) in the cohort.

2.1.8.2

Global Motion Perception and Contrast Sensitivity

Contrast is processed across striate (V1) and extrastriate visual areas of the dorsal
(V3A, MT) and ventral streams (V4) (Avidan et al., 2002; Boynton, Demb, Glover, &
Heeger, 1999). However, visual processing within the early visual areas primarily
depends on contrast whereas extrastriate visual processing is, to a large extent,
contrast invariant (Avidan et al., 2002).

A widely accepted theory of motion perception suggests that global motion
perception involves a two-stage process: local processing which depends upon the
contrast response in area V1 and a complex or global processing of motion which
involves the integration of local motion information in MT/V5 (Simoncelli & Heeger,
1998). The receptive fields of neurons within V5 are up to ten times larger than those
within V1 (Majaj, Carandini, & Movshon, 2007) and receive input from multiple V1
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neurons. Electrophysiological recordings from adult monkeys revealed that a subset
of V1 neurons project to the MT area, and are highly specialized for motion direction
(Movshon & Newsome, 1996). The authors further argued that directional
information of motion is not processed within the MT area; rather it is involved in the
complex integration of local motion signals from V1.

Morrone et al. provided psychophysical evidence showing the global motion
perception within RDKs is limited by the contrast detection mechanism at the first
stage of motion processing (Morrone, Burr, & Vaina, 1995), which is consistent with
the model described by Simoncelli and Heeger. Therefore, testing motion coherence
thresholds across a wide range of stimulus contrasts can separate contrast-based
processing from global motion processing. Using such techniques on adult amblyopes,
Simmers et al. have reported a global motion deficit that is independent of any
contrast sensitivity deficit (Simmers, Ledgeway, Hess, & McGraw, 2003). Moreover,
change of contrast level is well tolerated for global motion perception in normal
adults, until it becomes sufficiently low to limit local motion signal detection (Hess,
Hutchinson, Ledgeway, & Mansouri, 2007).

Allen et al. used random dot kinematograms, with varied dot contrast, to test global
motion perception in elderly individuals (mean age: 73 years) (Allen, Hutchinson, &
Gayle, 2010). The authors found that with decreasing contrast the motion coherence
threshold increased, and this relationship was further mediated by age. However,
senile changes in the crystalline lens could not account for this effect, as 0.5 neutral
density filters showed no influence on global motion perception for young adults. The
authors argued that the age-related decline in global motion perception is caused by
deficits in the contrast detection mechanism in the aging visual system. Similarly,
Blumenthal et al. found that development of global motion perception, measured by
an eye-movement-based task, in infants (3-7 months) is underpinned by the
development of the contrast sensitivity function, on which the local motion detectors
depend (Blumenthal et al., 2013). Normalizing for contrast did not show any significant
difference between motion perception in infants and that of adults. The authors
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postulated that global motion perception development follows a flat trajectory when
contrast detection of the stimulus is controlled.

The dependence of global motion on stimulus contrast is currently unclear. However,
abnormal neurodevelopment associated with perinatal risk factors, on which this
thesis is primarily focused, might affect the early stages of motion processing within
the V1 area. It would be important, therefore, to rule out any possible influence of
contrast sensitivity on global motion integration in such children. This has been
addressed in objective (i) of the thesis.

2.1.8.3

Global Motion Perception and Visual Acuity

Visual acuity is primarily processed within V1 (Duncan & Boynton, 2003) by
parvocellular neurons. Induced lesions within parvocellular layers 4 and 6 of the LGN
of adult monkeys showed severe impairment of grating acuity (Merigan, Katz, &
Maunsell, 1991). Similarly, lesions within V4 also impaired visual acuity, more so on
an orientation-based acuity task than grating acuity (Merigan, 1996).

The relationship between global motion perception and visual acuity has not been
widely studied. However, a few studies in patient populations such as strabismic,
anisometropic or mixed amblyopia in children (Ho et al., 2005) and adults (Simmers,
Ledgeway, & Hess, 2005; Simmers et al., 2003) have found no association between
global motion perception and visual acuity. Similarly, Ellemberg et al. reported no
association between global motion deficits and visual acuity deficits in children and
young adults with deprivation amblyopia (Ellemberg, Lewis, Maurer, Brar, & Brent,
2002). In one of the few studies to measure both visual acuity and global motion
perception, the CHYLD study cohort, at its 2-year follow-up point (cross-sectional data
of the 4.5-year-old follow-up is reported in this thesis) did not find any significant
correlation between eye-movement-based measurement of global motion perception
and visual acuity at 2 years of age (Yu et al., 2013).
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Furthermore, global motion perception remained unaltered under dim illumination
conditions in normal adults, although visual acuity deteriorated by twenty-fold
(Grossman & Blake, 1999). However, detection of form from motion and biological
motion was impaired in such conditions. It was also reported that normal adults could
tolerate blur of up to 4 Diopters without any detectable deficit in global motion
perception (Trick, Steinman, & Amyot, 1995).

Overall, the existing literature indicates that visual acuity, being a ventral visual stream
substrate, is not associated with global motion perception. Nevertheless, severely
impaired visual acuity might be a limiting factor in seeing the dots in a random dot
kinematogram task and hence needs to be ruled out before using such paradigms.

2.1.9 Scope for Future Research
Dorsal stream vulnerability is well reported in populations with abnormal
development. But most of the studies have been focused on the early period of visual
development (e.g. Atkinson & Braddick, 2007; Blumenthal et al., 2013) or on schoolaged children (e.g. Atkinson et al., 1997, 2003; Cornelissen et al., 1995). Moreover,
other pertinent questions such as the influence of contrast processing on global
motion perception need to be investigated, since between 4 and 5 years of age
contrast sensitivity reaches near-adult levels. Furthermore, the studies so far have
been limited to small subsets of clinical populations, whereas the research reported
in this thesis provided an opportunity to assess dorsal stream function in children with
a range of perinatal risk factors associated with prenatal drug exposure and neonatal
hypoglycemia. The findings of this thesis will add weight to the use of global motion
perception as a marker of overall neurodevelopment in children.
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2.2

The Dorsal Visual Stream and Visuomotor Control

2.2.1 The Link between the Dorsal Visual Stream and Visuomotor
Control – a Background
The importance of vision on motor function has been well established since the late
nineteenth century (Woodworth, 1899). Often it is argued that, even in the absence
of obvious motor deficits, a child with poor sensory ability, such as a visual processing
deficit, performs poorly in selecting the best strategy to execute a motor task in a
given situation (Hadders-Algra, 2010). Global motion perception is often used to
assess the dorsal stream function, and it is important to understand its relationship
with neuromotor function, arguably the overall purpose of the dorsal stream. .

Neuroimaging studies have revealed that ventral brain areas are activated when an
individual performs tasks involving object discrimination or form identification, but
not while performing visuomotor tasks (Goodale, 2011). Therefore, in the event of
abnormal visual development, which might preferentially affect one or other visual
stream, specific functional abnormalities such as deficits in object and shape
recognition (in ventral stream damage) or visuomotor control (in dorsal stream
damage) become evident. For example, patients with bilateral lesions within the
temporal occipital lobe, which houses the ventral visual stream, have been reported
to have normal visuomotor performance and motion perception, but difficulties
recognizing shapes and orientations (Milner et al., 1991). In contrast, patients with
lesions within the bilateral parietal lobe, which receives input from the dorsal visual
stream, have normal shape and orientation recognition but profound deficits in
visuomotor control, suggesting an involvement of the dorsal stream in such tasks
(Goodale et al., 1994).

Thus the influence of dorsal stream function in visually guided motor action is evident.
The subsequent review will focus on the brain areas involved in visuomotor functions
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and the functional impact of dorsal stream visual deficits on visuomotor tasks in
children born at risk of abnormal neurodevelopment.

2.2.2 Brain Areas Involved in Visuomotor Control
Electrophysiological studies on macaques have revealed that within the parietal lobe
of the dorsal stream a complex circuit involving the anterior intraparietal sulcus (aIPS),
medial intraparietal sulcus (MIP) and parieto-occipital sulcus (area V6A), plays an
important role for visuomotor actions such as reaching and grasping (Fattori et al.,
2010; Fattori, Breveglieri, Amoroso, & Galletti, 2004; Galletti, Kutz, Gamberini,
Breveglieri, & Fattori, 2003). Sectioning V6A in monkeys has revealed deficits in both
reaching and grasping movements. On the other hand, lesions of AIP showed deficits
only in grasping, and lesions of the MIP area showed impairment only in the reaching
movement (Turella & Lingnau, 2014). This indicates that, within the parietal lobe,
specific areas process highly specialized visuomotor functions in primates.

The presence of multiple anatomical sites within the posterior parietal cortex of
humans, specialized to process visuomotor tasks, has also been supported by recent
functional imaging and brain stimulation studies (Cavina-Pratesi et al., 2010; Tunik,
Frey, & Grafton, 2005). Virtual lesion studies, using transcranial magnetic stimulation
(TMS) on the human aIPS within the posterior parietal lobe, have shown deficits in a
reach-to-grasp task (Tunik et al., 2005). TMS was applied to three specific regions
involved in motor control: the aIPS, the posterior occipital complex (homologue to
area V6 of macaque) and the hand area of the primary motor cortex. TMS adversely
influenced gripping aperture both for gross (by using all fingers) and fine grasping (by
using only index finger and thumb) in normal adults, which is mediated by visual
feedback. However, this was observed only when TMS was applied to the aIPS area
and not to V6 or the primary motor cortex, suggesting a specific role of the aIPS area
in reach-to-grasp kinematics. Cavina-Pratesi et al. conducted a functional imaging
study where adults performed tasks involving grasping and reaching, both near and
far (Cavina-Pratesi et al., 2010). Interestingly, the aIPS area showed more activity
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during grasping at both far and near, whereas the posterior occipital complex revealed
more activity during the reaching activity.

2.2.3 Assessment of Visuomotor Control
Visuomotor control in adults has been assessed within a lab environment using
psychophysical tests. Many studies have used an infrared tracker motion capture
device to precisely estimate the movement kinematics in children and adults. Infrared
markers are attached to the wrist, index finger and thumb, as well as to the target
object (Grant et al., 2007; Melmoth et al., 2009). The recorded movement kinematics
captured by the infrared device are segregated into various phases, such as movement
onset latency (measure of movement planning), movement duration (total time for
performing the motor task), peak velocity, latency between onset and peak velocity,
time duration of the reaching phase (touching the object/point of contact), latency of
grip (time between movement onset and grip), grip closure time, grip size (aperture
of the grip) at the final reaching phase, and finally, the post contact time (time
between gripping and moving/lifting an object). Thus it is evident that psychophysical
testing of visuomotor control provides an explicit understanding of the movement
kinematics of an individual. But employing these protocols outside of highly
specialized research settings is challenging, as the equipment required is expensive
and difficult to operate. The testing protocols also require a level of compliance from
the participants that is difficult to achieve with young children.

Visuomotor control in children is usually tested with standardized clinical tests such
as the Beery-Buktenica Developmental Test of Visual–Motor Integration (Beery’s
VMI). this test has been widely used in assessing the association between visuomotor
control and both clinical and psychophysical measures of vision in children with typical
(Ho et al., 2015; Memisevic & Hadzic, 2013; Sortor & Kulp, 2003) and atypical
neurodevelopment (Geldof, van Wassenaer, de Kieviet, Kok, & Oosterlaan, 2012;
Hrisos, Clarke, Kelly, Henderson, & Wright, 2006; Liebhardt, Sontheimer, &
Linderkamp, 2000; Ricci et al., 2015; Torrioli et al., 2000). Beery’s VMI consists of three
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components: visual-motor integration, visual perception and motor coordination. The
visual-motor integration component involves both visual and motor demand; whereas
the visual perception component involves visual-spatial analysis and motor
coordination and tests visually guided motor action.

Fine motor and gross motor performances are also routinely tested in children using
standard clinical tests of motor control, such as the Movement Assessment Battery
for Children (M-ABC) and the Peabody Developmental Motor Scales – 2 (PDMS-2).
Both these tests consist of gross motor activities, such as locomotion (jumping,
running and walking), catching and throwing a bean bag or ball, and fine motor
activities, such as grasping, object manipulation (building blocks) and posting coins
through oriented apertures. Both M-ABC (Bos, Van Braeckel, Hitzert, Tanis, & Roze,
2013; Celano, Hartmann, DuBois, & Drews-Botsch, 2015; Foulder-Hughes & Cooke,
2003; Jongmans et al., 1996) and PDMS-2 (Cools, 2009; Foulder-Hughes & Cooke,
2003; Wymelenberg, Deitz, Wendel, & Kartin, 2006) have been widely used in
children.

More detail on Beery’s VMI, M-ABC and PDMS-2 are given in Section 3.5, Chapter 3.

2.2.4 The Role of the Dorsal Visual Stream in Visuomotor Control
From the previous section (Section 2.2.2), it is evident that the posterior parietal area
within the dorsal stream of primates is highly specialized for various components of
visuomotor control. Furthermore, the direct relationships between dorsal stream
visual function and visuomotor control were studied in adults and children who have
had lesions within the dorsal visual steam, or for whom the dorsal areas were
manipulated by brain stimulation techniques, or children who were born at potential
risk of dorsal stream vulnerability resulting from abnormal neurodevelopment.

In the early nineteen nineties, in what is now a classic case study, Goodale et al.
reported a patient with bilateral occipito-parietal lesions (a condition called optic
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ataxia) resulting from stroke. The patient exhibited difficulty in grasping, although the
ability to discriminate between various shapes and recognize objects remained intact
(Goodale et al., 1994). This suggests a selective deficit of visuomotor function in the
presence of dorsal stream lesions. Moreover, Goodale and Milner reported a
contrasting deficit in another patient with lesions (resulting from carbon monoxide
poisoning) within the temporal lobe, which houses the ventral stream (Goodale,
Milner, Jakobson, & Carey, 1991; Goodale & Milner, 1992). The patient was reported
to have visual agnosia (severe impairment of object recognition), with intact
visuomotor performance along with no impairment for contrast and motion
perception, which are thought to involve dorsal stream processing. These studies of
dorsal and ventral stream lesions showed that visuomotor control could be attributed
to the dorsal stream.

A number of studies have built on the now classic double dissociation between
visuomotor function and object recognition reported in neuropsychological patients
by Goodale and Milner. In this context, Schenk et al. compared the visuomotor
performance of a patient who was diagnosed with akinetopsia (motion blindness)
resulting from bilateral damage to the V5 area and its underlying white matter, with
controls (Schenk, Mai, Ditterich, & Zihl, 2000). The patient was found to have a poor
reaching threshold, with longer observation times, providing evidence of the
involvement of the dorsal stream area V5 in visuomotor action. Furthermore, in a
separate study (Schenk, Ellison, Rice, & Milner, 2005) Schenk et al. specifically
stimulated the V5 area by repetitive transcranial magnetic stimulation (rTMS), while
normal subjects were tested in two visuomotor tasks involving catching a moving
object and reach-to-grasp for a stationary object. The subjects performed poorly in
the former task in comparison to the latter, as catching a moving target needed more
visual motion cues than reaching towards a stationary object. Similar observations
were made by Antal et al. Stimulating area V5 with cathodal transcranial direct current
stimulation (tDCS) showed improved visuomotor performance, involving tracking a
moving target, with a concurrent improvement in global motion perception in healthy
adults (Antal et al., 2004).
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Studies have also explored the link between global motion perception and visuomotor
control in children born at risk of abnormal neurodevelopment. In a widely cited study,
Atkinson et al. reported poor performance of children with Williams’ syndrome in both
global motion and a motor task involving posting cards through oriented slots.
However, those children had normal performance on a global form task (Atkinson et
al., 1997). In a subsequent study, Milne et al. (Milne et al., 2006) reported a significant
positive correlation between global motion perception and tests of fine motor control
in children with autism (n = 23) and controls (n = 23). In agreement with this finding,
Jakobson et al. (Jakobson et al., 2006) found a significant relationship between
performances on a form-from-motion task, designed to target V5 function, and scores
on two standardized neuropsychological tests of motor development in a group of
children with a history of preterm birth (n = 43) and term-born controls (n = 19). The
two standardized tests employed by Jakobson et al. were Beery’s test of Visual–Motor
Integration (Beery’s VMI) and the Movement ABC. A more recent study found similar
results in children (n=5) with Dravet syndrome (Ricci et al., 2015), a type of infantile
epilepsy. Although their global form perception was normal, these children exhibited
a range of deficits including elevated motion coherence thresholds and poor
performance on Beery’s VMI. Overall, the current data indicate a link between visual
tests of dorsal stream function such as global motion perception and visuomotor
control, although prior studies have had small sample sizes and have often involved
patients with lesions or neurodevelopmental disorders. The question of whether
global motion perception and motor function are related in a large sample of children
is addressed in objective (ii) of this thesis.
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2.2.5 Other Visual Functions and Visuomotor Control
Stereopsis has also been identified as a key predictor of visuomotor function. Visual
areas V3A and MT within the dorsal visual stream have been identified as being
involved in coding retinal disparity in both humans and non-human primates
(Cottereau et al., 2012; DeAngelis & Uka, 2003; DeAngelis, 1998). Previous studies
have reported the association between stereoacuity and global motion perception,
which has been discussed in Section 2.1. Similarly, the association between
stereoacuity and visuomotor control has been also reported in previous studies.

Melmoth et al. compared prehension (grasping) in twenty adults with
stereodeficiency and twenty normal adults (Melmoth, Finlay, Morgan, & Grant, 2009).
Stereo deficiency resulted from strabismus, ansiometropia or a combination of both.
They further induced stereoacuity loss in twelve normal adults by placing defocussing
plus lenses in front of one of the eyes. The authors reported that both real and
simulated stereo loss were associated significantly with error in the end phase of
reaching towards an object (before making the final contact) and gripping the object.
In a similar study by Grant et al. eye-hand coordination was investigated in 55 children
between 5 to 9 years of age with either strabismic or ansiometropic amblyopia which
impairs stereopsis and monocular visual acuity. The children had varied levels of
stereoacuity (100-300 secs of arc) and, moreover, twenty-nine children had no
measurable stereoacuity. Reaching and grasping errors were observed in amblyopic
children. A subset of those children was followed-up longitudinally (n=4), as the
children were undergoing regular amblyopia treatment, involving refractive
adaptation and occlusion therapy. Interestingly, one of those children gained back
binocularity (60 secs of arc from no-measurable stereoacuity) over the course of
treatment, which was associated with improved performance on visuomotor tasks.
This could not be accounted for by an improvement in visual acuity and is suggestive
of an independent effect of stereoacuity on overall performance in the visuomotor
task. Similar deficits in the grasping task were also observed in adult amblyopes
(Grant, Melmoth, Morgan, & Finlay, 2007). However, all these were reported by using
psychophysical paradigms to test motor function. Webber et al. employed the
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Bruininks-Oseretsky Test of Motor Proficiency, a clinical measurement of motor
function, and reported a deficit in fine motor function in children with amblyopia
(Webber, Wood, Gole, & Brown, 2008). Performance on such a task was correlated
with stereoacuity and type of amblyopia, with strabismic amblyopes performing
worse than deprivation amblyopes.

Studies have also shown an association between poor visual acuity and deficits in
visuomotor performance. Striate area (V1) is thought to be the site for coding visual
acuity (Duncan & Boynton, 2003). A recent study by Ho et al. found only a small
contribution (R2, between 1-3%) of near visual acuity towards the variance within
visual-motor integration and visual perception in a cohort of normal preschool
children (n=174) between 4 to 7 years of age (Ho, Tang, Fu, Leung, & Pang, 2015).
However, age of the children was a significant predictor in this study and may have
masked any other relationships. Consistent with the idea that visual acuity is
associated with motor function, Celano et al. found significant variation within
standard scores of M-ABC, which could be attributed to visual acuity, but not
stereoacuity, in a cohort of children (n=114) at the age of 4.5 years, who had been
surgically corrected for unilateral aphakia (Celano et al., 2015).

2.2.5 Scope for Future Research
Dorsal stream vulnerability in the course of abnormal neurodevelopment is well
established in the literature. However, little is known about the impact of dorsal
stream deficits on motor development in children born with developmental risk
factors. So far the studies involving global motion perception and visuomotor control
have been limited to clinical populations with brain lesions, or significant neurological
disorders, such as Williams syndrome, autism and infantile epilepsy. It would,
therefore, be worth further study, in terms of understanding the overall
neurodevelopment of children, to investigate the relationship between visual and
visuomotor components of the dorsal stream in a large population of at-risk children,
without any obvious clinical manifestation of abnormal neurological signs. Moreover,
exploring the relationship between global motion perception and visuomotor control
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will also reveal whether global motion perception reflects a specific dorsal stream
function or whether it provides a general measure of performance over a range of
dorsal stream tasks, such as different components of visuomotor control.
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2.3

Prenatal Drug Exposure

2.3.1 Incidence of Maternal Drug Use and Consequences
Maternal substance use is becoming increasingly common in developed countries. In
the USA over 4.4% of women take one or more than one recreational drug during
pregnancy (Wendell, 2013). A more recent study reported a 27% incidence rate of
neonatal abstinence syndrome (NAS), a drug-withdrawal syndrome commonly found
following prenatal exposure to opioids, among 674,845 children admitted in neonatal
intensive care units across the USA (Tolia et al., 2015).

In Oceania the trend of maternal drug use is quite similar. A study in South Australia
(Kennare, Heard, & Chan, 2005) has found that 0.8% (707 out of 89,080) of women
self-reported substance use during pregnancy. Marijuana (38.9%) was the most
commonly used drug, followed by methadone (29.9%), amphetamine (14.6%),
heroine (12.5%) and alcohol (7.6%). Moreover, 18.8% of the substance users reported
using multiple drugs. In addition, tobacco smoking was reported among 23.6% of
women (n = 21,039), which was kept outside the definition of substance use in the
study protocol. However, the overall alcohol drinking proportion was not reported in
the study. In New Zealand it has been reported that 26% of pregnant women
continued consuming alcohol in all three trimesters and even a higher proportion of
women (54%) took alcohol during the breastfeeding period (McLeod, Pullon, Cookson,
& Cornford, 2002). Moreover, several mothers who were on a prescribed dosage of
methadone (an opioid agonist) as a part of a drug rehabilitation programme to treat
opioid withdrawal symptoms continued using benzodiazepines, tobacco and
marijuana regularly (Wouldes, Lagasse, Sheridan, & Lester, 2004). Recently, the Infant
Development Environment and Lifestyle (IDEAL) study, a large-scale, longitudinal
follow-up research study designed to investigate the effect of prenatal
methamphetamine exposure on neurodevelopment of children in New Zealand and
the United States in two parallel cohorts, has reported a higher incidence of substance
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use in New Zealand in comparison with the USA in the study cohort (Table 2-2). The
cohort consisted of a group of children who experienced prenatal methamphetamine
exposure and a group of matched controls. However, mothers of children in both
methamphetamine-exposed and control groups might have been polydrug users.
Details of the IDEAL study are described in Section 3.2, Chapter 3.

Table 2-2

Maternal substance use in the USA and NZ cohorts of the IDEAL
study
Substance Use

USA (n=320)

NZ (n=207)

Methamphetamine

41%

57%

Meth in all trimesters

15%

35%

Other amphetamines

4.8%

14.6%

Ecstasy

2.4%

18.8%

Tobacco

47%

69%

Alcohol

25%

59%

Marijuana

16%

41%

It is quite evident from these studies that maternal drug problem is a major problem
in antenatal care, which has direct implication on healthcare policies due to the
additional burden of medical care for affected infants with conditions such as NAS
(Roussos-Ross, Reisfield, Elliot, Dalton, & Gold, 2015). Moreover, these children often
grow up in disturbed environment (Walsh, MacMillan, & Jamieson, 2003; Wolock &
Magura, 1996) which might also adversely affect their subsequent development.

Moreover it should be noted that most of these surveys were self-reported
questionnaires, in which mother could have under reported substance use, as had
been seen in previous studies (Ford, Tappin, Schluter, & Wild, 1997).
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2.3.2 Effect of Substance Use on Neurophysiological Mechanism
There is a growing interest in understanding the role of neurotransmitters in the
maintenance of synaptic connections and in the neurodevelopmental process.
Neurotransmitters such as monoamines were thought to modulate the course of
development of the central nervous system (Lauder & Bloom, 1975). These
neurotransmitters perform specific roles in the development process. Dopamine, for
example, mediates the cell cycle and dendritic growth (Ohtani, Goto, Waeber, &
Bhide, 2003). Serotonin, besides acting as a growth factor, also helps in cell division,
differentiation myelination and synaptogenesis (Alexandre, Torii, Wang, Rakic, &
Levitt, 2007; Buznikov, Lambert, & Lauder, 2001). Gamma amino butyric acid (GABA)
regulates the maturation of dendritic morphology (Yoon, Gokin, & Martin-Caraballo,
2010) and also assists in the migration of the developing neurons (Behar, Schaffner,
Scott, Greene, & Barker, 2000). N-methyl-D-asparate (NMDA), a subclass of
glutamate, plays an important role in cell differentiation, growth and survival. NMDA
not only controls the long-term potentiation by mediating the influx of Ca2+ and Na+,
but it also helps in synaptogenesis during the development and maturation of the
brain (McDonald et al., 1990).

It has been found that the functionality of these neurotransmitters, especially
glutamate, suffers interference due to maternal exogenous factors such as stress and
drugs, including alcohol, cocaine and marijuana, which adversely affect fetal brain
development (Griesmaier & Keller, 2012; Huizink & Mulder, 2006). This modulation of
glutamate during the critical stage of development causes cell death, which is different
from usual apoptosis (Ikonomidou et al., 1999; Ikonomidou et al., 2001). Apoptosis is
the programmed cell death which happens during the normal course of
neurodevelopment (Saikumar et al., 1999; Sastry & Rao, 2000). Studies on animal
models have revealed that prenatal exposure to cocaine disrupts cortical architecture
during postnatal development and these effects persist throughout adulthood (Levitt,
Harvey, Friedman, Simansky, & Murphy, 1997).
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2.3.3 Mayes’ Neurobehavioural Teratogenic Model
The detrimental effect of prenatal drug exposure is influenced by several factors.
Neurobehavioural teratology studies this cluster of factors which might modulate or
mediate the effect of prenatal drug exposure on a child’s subsequent
neurodevelopment (Minnes, Lang, & Singer, 2011).

The relationship between

prenatal drug exposure and subsequent neurodevelopmental outcomes is far from
linear. This is because most of the mothers are usually polydrug users and suffer from
various psychiatric disorders (Wouldes et al., 2013). Psychological illness and maternal
stress have been linked to a broad range of adverse neurodevelopmental outcomes in
offspring (Davis & Sandman, 2010; Elysia Poggi Davis, Glynn, Waffarn, & Sandman,
2011; Goodman, Rouse, Hall, & Heyward, 2011), and this could be a confounding
factor in the complex relationship between prenatal drug exposure and subsequent
neurodevelopment in children. Moreover, previous studies have suggested that the
effect of prenatal drug exposure depends not only upon the dose or type of drug being
used, but also upon the genetic architecture of the infant (Lee et al., 2008; Minnes et
al., 2011; Yu, Lee, Wang, & Li, 1999), which might make an infant more susceptible to
one particular drug than others.

Mayes’ model of neurobehavioral teratogenicity (Mayes, 2002) incorporates several
perinatal factors other than prenatal drug exposure, such as maternal education,
stress, polydrug use, postnatal drug exposure, parental care, and neurodevelopment
aspects including executive function, motor function, cognitive ability and language
development. A modified form of Mayes’ model is shown in Figure 2-3. As an addition
to Mayes’ original model, vision has been added at two levels, as a component of
developmental competency and as one of the predictors of adult competency. This is
primarily because visual deficits at retinal and cortical level have been reported
following prenatal drug exposure (Hamilton et al., 2010; McGlone et al., 2014; Stone
et al., 2006). Moreover, previous studies have also argued that vision is one of the key
predictors of motor development (Braddick & Atkinson, 2013; Grant & Moseley, 2011;
Niechwiej-Szwedo, Goltz, Chandrakumar, Hirji, & Wong, 2010, 2011; NiechwiejSzwedo, Goltz, Chandrakumar, Hirji, Crawford, et al., 2011) and of cognitive
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development (Atkinson, Braddick, Wattam-Bell, Akshoomoff, Newman, Girard, Dale,
2014; Braddick & Atkinson, 2013; Dutton, 2003; Grant & Moseley, 2011; NiechwiejSzwedo et al., 2010; Niechwiej-Szwedo, Goltz, Chandrakumar, Hirji, & Wong, 2011;
Niechwiej-Szwedo, Goltz, Chandrakumar, Hirji, Crawford, et al., 2011), which is of
paramount importance for academic achievement (Goldstand, Koslowe, & Parush,
2005).
Figure 2-4
Model to predict the effect of prenatal drug exposure on
developmental outcomes (modified from Mayes’ model, 2002). 1Vision was not
included in the original model and is the developmental factor investigated within
this thesis.
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2.3.4 Effect of Prenatal Drug Exposure on Brain Development
The patterns of brain abnormalities following prenatal drug exposure have been
investigated by both structural and diffusion imaging studies. Proton magnetic
resonance spectroscopy studies on children with prenatal exposure to cocaine and
methamphetamine have found high levels of creatine within the striatum, which is
suggestive of an abnormality in cerebral metabolism in children with prenatal
exposure to those drugs (Smith, Chang, Yonekura, Gilbride, et al., 2001; Smith, Chang,
Yonekura, Grob, et al., 2001). However, it is not clear how that functionally affects
neurodevelopment in such children.

Analysis of brain volume by volumetric MRI has revealed reduced cortical grey matter
and total parenchymal volume in children exposed to cocaine, alcohol, tobacco and
marijuana (Rivkin et al., 2008). Diffusion tension imaging (DTI) in adolescents who
have experienced prenatal exposure to nicotine has shown decreased fractional
anisotropy (FA) in the premotor cortex and supplementary motor areas, suggesting an
effect on the white matter of those regions (Liu, Cohen, Gongvatana, Sheinkopf, &
Lester, 2011). A similar effect on white matter was also observed in children with
prenatal exposure to methamphetamine and alcohol. Cloak et al., reported diffusion
restriction within frontal and parietal areas in children aged 3-4 years following
prenatal methamphetamine exposure. The authors speculated that more compact
axon fibre and greater dendritic branching and spine densities might have contributed
to the diffusion restriction, suggesting an adverse effect on white matter maturation
(Cloak, Ernst, Fujii, Hedemark, & Chang, 2009). Consistent to that, Sowell et al.
reported white matter pathologies, specifically in the lateral splenium-parietal region,
in children between 7 and 15 years of age who were born with heavy prenatal alcohol
exposure. In addition, the FA values within those brain areas were correlated with
performance on visuomotor task measured by the Beery-Butenika Visual-Motor
Integration test (Sowell, Johnson, et al., 2008). Quantitative MRI data from Sowell et
al. showed an increased cortical thickness within the occipital, parietal, temporal and
frontal areas of children, adolescents and young adults (age range 8 to 22 years) with
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prenatal alcohol exposure (Sowell, Mattson, et al., 2008). Moreover, thickness of
cortices was correlated with performance on the California Verbal Learning Test and
the Rey-Osterrieth Complex Figure Test, measuring verbal skill and visuospatial
analysis respectively, whereby greater cortical thickness was associated with poor
performance on cognitive tasks.

Thus, studies have found an adverse influence of prenatal drug exposure on the
human cortex. However, none of these studies have correlated the imaging findings
with clinical or behavioural measurements of vision.

2.3.5 Effect of Prenatal Drug Exposure on Visual Development
Susceptibility of ocular development to prenatal exposure to a specific drug depends
upon the type of drug and time of maternal drug use (Stromland, Miller, & Cook,
1991). This is because fetal ocular structures in utero develop in phases (BrémondGignac et al., 1997) from the early gestational period to birth. The adverse influence
of prenatal exposure to individual drugs on ocular and visual function development is
described in the subsequent subsections.

2.3.5.1 Ophthalmic Findings in Children with Prenatal Drug Exposure
Prenatal drug exposure and ocular development of children has focused primarily on
children with fetal alcohol syndrome (FAS) and prenatal exposure to cocaine and
methadone.

Ocular anomalies following prenatal drug exposure have been reported to affect both
anterior and posterior segments. The anterior segment is particularly vulnerable to
prenatal alcohol exposure. FAS has been found to be associated with a spectrum of
anterior segment anomalies such as microcornea, corneal opacity, iris coloboma,
decentered pupil and corneal endothelial abnormalities leading to diffuse corneal
clouding (Rosett, 1980; Stromland et al., 1991; Strömland, 2004; Strömland & PinazoDurán, 2002). Sporadic cases of glaucoma and cataract have also been reported (Miller
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et al., 1984). Similar anterior segment anomalies, such as microcornea, iris coloboma
and ptosis (Behnke, Eyler, Garvan, & Wobie, 2001; Block, Moore, & Scharre, 1997),
have been also observed in children who have experienced prenatal cocaine exposure.
However, exposure to drugs such as nicotine and methamphetamine seems to have
no effect on anterior segment structures, as no such cases have been reported in the
literature.

On the other hand, the common posterior segment anomalies in FAS include optic
nerve hypoplasia and increased tortuosity of retinal blood vessels (Miller et al., 1984).
Strömland reported optic nerve hypoplasia and abnormal tortuosity of retinal arteries
in nearly half of 30 FAS infants in Sweden (Strömland, 1985). These children had
moderate to severe visual impairment, whereby 19% of children had visual acuity
within 0.2 logMAR and 46% had visual acuity between 0.3-0.6 logMAR. Moreover,
isolated cases of optic disc anomalies have also been reported in infants with prenatal
cocaine exposure (Dominguez, Aguirre Vila-Coro, Slopis, & Bohan, 1991). Retinal blood
vessel abnormalities have also been found in children who have experienced
methadone exposure prenatally (Hamilton et al., 2010). Similarly to the anterior
segment, the posterior segment seems to also be robust to prenatal exposure to other
recreational drugs.

Other ocular malformations, such as microphthalmos, buphthalmos, hypertelorism,
epicanthal folds, narrow palpebral fissure and posterior staphyloma, have also been
reported to be associated with FAS (Strömland & Hellström, 1996; Stromland et al.,
1991; Strömland, 1985, 2004; Strömland & Pinazo-Durán, 2002), prenatal exposure
to marijuana (Giese, 1994) and cocaine (Behnke et al., 2001; Block et al., 1997).
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2.3.5.2. Visual Acuity and Binocularity following Prenatal Drug
Exposure
Poor visual acuity and refractive error are common findings in children with prenatal
drug exposure, especially those with FAS. Poor emmetropization has been
consistently reported in children with FAS. However, there is a lack of clear trend in
the type of refractive error in such children, as high myopia to high hyperopia (+4D to
-4D) have been reported in these children (Strömland & Hellström, 1996; Strömland,
1985, 2004). Poor visual acuity has been also reported in infants with prenatal
methadone exposure. Incidentally, many of the mothers who were on a prescribed
dose of methadone during pregnancy continued using other drugs such as opioids,
cocaine, amphetamine, benzodiazepine, marijuana and other recreational drugs
(Hamilton et al., 2010; McGlone et al., 2013, 2014; Cornish, Hrabovsky, Scott,
Myerscough, & Reddy, 2013). This maternal polydrug use makes it difficult to isolate
the effect of any specific drug on a child’s neurodevelopment. McGlone et al. have
reported reduced visual acuity (>0.9 logMAR) measured by the Cardiff acuity chart in
22% (18/81) of 6-month-old infants exposed to methadone (McGlone et al., 2014).
The relative risk of having an abnormal visual assessment in methadone-exposed
children was five times higher than for the controls. Similarly, Cornish et al. also
reported a high incidence of refractive error at 5 years of age in a cohort of 301
children born to mothers who were enrolled in a maternal methadone programme in
Scotland (Spiteri Cornish et al., 2013). Nearly 32% of children (96/301) were referred
from preliminary eye screening for comprehensive eye examination in a tertiary care
hospital due to various visual anomalies, of which 92 were hypermetropic (mean
spherical equivalent +1.48D). Of those referred, 28.2% had visual acuity of 0.3 logMAR
or worse and 18.8% had refractive error of more than -1D myopia or +3.5D hyperopia.
Consistent with those findings, Hamilton et al. also reported poor visual acuity in 82%
(9/11) of a small cohort of methadone-exposed infants aged between 3 and 7 months,
measured by step VEP (Hamilton et al., 2010). Incidence of high refractive error (-3D
to +6.5D) has also been associated with prenatal exposure to other drugs such as
cocaine (Block et al., 1997).
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Strabismus is also a common occurrence in children prenatally exposed to recreational
drugs. Esotropia is more commonly associated with FAS than exotropia ( Strömland &
Hellström, 1996; Strömland, 1985). Strömland and Hellström found esotropia in 10/25
and exotropia in 2/25 children. Two children in the study cohort also had concurrent
nystagmus (Strömland & Hellström, 1996). Mulvihill et al. reported a cohort of
preschool children (n=14, mean age: 37.2 months) with infantile nystagmus following
prenatal exposure to opiates and/or benzodiazepine (Mulvihill, Cackett, George, &
Fleck, 2007).

Typically, the nystagmus was pendular and horizontal in nature.

Strabismus was also present in 7/14 children (6 esotropes and 1 exotrope). Gupta et
al. later, in a larger cohort exposed to opiates and benzodiazepines (n=24, median age
22 months), reported a similar incidence of nystagmus and strabismus (Gupta,
Mulvihill, Lascaratos, Fleck, & George, 2011). Reduced visual acuity was also reported
in both of these studies. Similarly, Gill et al. reported a ten-fold increase in the
incidence of strabismus in infants exposed to opiates than in the controls (Gill et al.,
2003). Consistent to that, Cornish et al. reported that, in a cohort of 301 children
prenatally exposed to recreational drugs, 15.3% had strabismus, while 3.7% had
nystagmus. When compared with a control group of children, the risk of developing
strabismus (with an odds ratio of 5.7) and nystagmus (with an odds ratio of 90.34) was
many times higher in the exposed group. Similarly, nystagmus (11%) and strabismus
(9%) were also reported in children with prenatal methadone exposure (McGlone et
al., 2014).

Overall, visual acuity and binocularity appears to be compromised in children with
prenatal exposure to drugs, particularly in relation to methadone, opiates, cocaine,
and those born with FAS. However, the visual function of children following exposure
to marijuana, nicotine, methamphetamine and alcohol, but without any obvious
syndrome (such as FAS), is less well understood.

2.3.5.3. Visual Processing in Children with Prenatal Drug Exposure
Several studies have used electrophysiological techniques to investigate the integrity
of the visual pathway in children who have experienced prenatal drug exposure.
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Pattern VEP, with checkerboard stimulus, is normally used in older infants (> 6
months), whereas in younger infants, flash VEP is used because of their poor visual
fixation ( McGlone, Mactier, & Weaver, 2009; Odom et al., 2004).

In one such study, Scher et al. longitudinally tested VEP from birth until 18 months of
age, in a cohort of children who had been prenatally exposed to a range of drugs,
including marijuana, alcohol and tobacco (Scher et al., 1998). They reported abnormal
VEP response at birth, 1 month and 18 months of age, but the change in specific
components of VEP response was specific to individual drugs and the trimester in
which those drugs were used during pregnancy. Interestingly, delayed latency of P1
wave at birth was only associated with exposure to nicotine in all three trimesters,
and not with any other drugs. At 1 month it was associated only with use of alcohol in
the first trimester and use of marijuana in the third trimester. At 18 months of age,
delayed latency to P1 wave was associated with maternal nicotine use in all three
trimesters and marijuana use in the third trimester. These findings suggest an effect
of maternal substance use on the visual cortex. In agreement with this suggestion,
McGlone et al. also reported an altered VEP response measured by flash VEP within
three days post birth in a cohort of 100 methadone-exposed children in comparison
with healthy controls (n=50). Comorbidity of other recreational drugs was also
observed among the mothers. Even after controlling for birth weight, maternal
smoking and alcohol use, abnormal waveforms were found to be associated with
exposure to methadone, indicating an independent effect of methadone on cortical
development (McGlone et al., 2013). Such an effect of methadone remained
consistent at 6 months age when measured by pattern VEP (McGlone et al., 2014).
Similarly, delayed VEP latencies were also found in a small cohort of 4.5-month-old
children (n=8) exposed to amphetamines, cocaine, nicotine and alcohol (Hansen,
Struthers, & Gospe, 1993). Thus these electrophysiological studies have consistently
reported higher latencies in VEP responses, which is indicative of a delay in cortical
visual maturation in such children.

Behavioral tasks involving psychophysical tests have also been employed in three
studies to investigate the effect of prenatal drug exposure or active drug use on
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cortical visual processing. However, two of those studies were carried out using adult
participants who were either abstinent or active drug users.

Gummel et al. compared global motion perception between a group of children with
FAS and a healthy control group (Gummel et al., 2012). The children with FAS
performed worse than the control group at all coherence levels, including when there
were no noise dots (100% coherence). The authors speculated that poor performance
on the global motion task, as well as the failure in direction discrimination at 100%
coherence level, could be because of deterioration in both lower (V1) and higher level
(V5) visual areas in such children. In a separate study, Skosnik et al. measured gamma
oscillation by electroencephalography (EEG) while adult heavy cannabis users and
control subjects viewed coherent motion stimuli (Skosnik, Krishnan, D’Souza, Hetrick,
& O’Donnell, 2014). Adult cannabis users were found to have lower induced gamma
power than healthy controls. However, this could not be explained in the light of
deficits in visual processing in the primary visual cortex as early EEG potentials (events
related potentials at N100 and P200) of cannabis users were not different from nonusers. The authors thus speculated that chronic cannabis use affects higher visual
brain areas, which are involved in processing motion. Another study on adult cannabis
users (12 abstinent, 12 active users and 19 controls) employed functional MRI, while
the subjects were tested on a psychophysical task involving tracking multiple targets
(2-4 balls among 10 randomly moving balls) in a simulated Brownian motion (Chang,
Yakupov, Cloak, & Ernst, 2006). Interestingly, both abstinent and active cannabis users
performed better than controls in the tracking task with two balls. However, there
was no difference in performance when more than two balls were involved. The task
produced activation of the visual-attention network, spanning across the occipital,
parietal, cerebellum, bilateral dorsal medial and lateral prefrontal cortices, although
the activation was less in abstinent and active cannabis users in comparison with
healthy controls. Furthermore, both groups of marijuana users performed normally
on a series of neuropsychological tests, which included assessing attention, memory,
psychomotor speed, fine motor, gross motor, executive function, mood and an
estimate of intellectual functioning. The authors attributed these counterintuitive
findings to neuroadaptation to chronic marijuana use. Moreover, recently it has been
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found in primates that endocannabinoid receptors are present throughout the visual
pathway, with particularly high expression within the brain areas connected by the
dorsal stream, such as middle temporal and medial superior temporal areas (Javadi,
Bouskila, Bouchard, & Ptito, 2015). Both these areas are motion sensitive areas within
the extrastriate cortex, and it would be of interest, therefore, to see how prenatal
exposure to cannabis might modulate these receptors and influence the developing
visual system in children.

2.3.6 Scope for Future Research
To sum up, prenatal drug exposure appears to adversely influence visual development
in children. However, existing literature shows that the research has mostly focused
on the more extreme cases of maternal drug use resulting in complex syndromes, such
as FAS. It is plausible, however, that children of those mothers who have used drugs
moderately might go undetected for potential visual deficits in routine clinical
examination. Therefore, this warrants further investigation, therefore, through
behavioral, electrophysiological and imaging studies of infants and children to
establish a causal relationship between maternal drug use and subsequent visual
development.
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2.4

Neonatal Hypoglycemia

2.4.1 Neonatal Hypoglycemia – Background
Glucose serves as the primary energy source of the brain. Thus it plays an important
role in cerebral activities (McCrimmon et al., 1996; Rozance & Hay, 2010). In general
terms, hypoglycemia is a condition when the blood glucose (or blood sugar) level falls
below a certain concentration, which is necessary to support the energy requirements
for the normal physiological mechanisms of a human (or animal) body. This happens
when there is an imbalance in the equilibrium between the glucose supply and the
utilization in the human body. Physiological hypoglycemia is observed in the majority
of healthy and term neonates and lasts for a few hours after birth (Hawdon, Ward
Platt, & Aynsley-Green, 1992). This is because of the cessation of the placental
nutrition supply and the introduction of external nutrition sources, such as from
breast feeding, which are low in calories in comparison to placental nutrients (Hawdon
& Aynsley-Green, 1994). However, long and recurrent episodes of hypoglycemia in
neonates

results

in

irreversible

brain

damage,

which

has

long-term

neurodevelopmental consequences (Aynsley-Green, 1982; Lucas, Morley, & Cole,
1988; Yalnizoglu, Haliloglu, Turanli, Cila, & Topcu, 2007). Neonatal hypoglycemia (NH)
is the most common metabolic disorder of newborns, affecting 5 to 15% of otherwise
healthy neonates in early infancy (Cornblath et al., 2000; Hay, Raju, Higgins, Kalhan, &
Devaskar, 2009).

Early detection is important, therefore, in order to prompt

treatment which can prevent abnormal neurodevelopment, as shown by Harris et al
(Harris, Weston, Signal, Chase, & Harding, 2013).

Moreover, NH had been found to be associated with preferential damage to the
parieto-occipital brain area (Murakami et al., 1999; Tam et al., 2008; Yalnizoglu et al.,
2007), which is the primary visual processing centre. The effect of NH on subsequent
visual development is, therefore, important in the light of overall neurodevelopment
in children.
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2.4.2 Definition and Controversies
Over the years there had been lack of consensus among clinicians in terms of a blood
glucose threshold below which neonates should be actively treated (Cornblath et al.,
2000; Rozance & Hay, 2010).

One of the earliest references describing hypoglycemia (Hartmann, Jaudon, &
Morton, 1937) defined and categorized it into mild (~2.2-3.3 mmol/L), moderate
(~1.1-2.2 mmol/L) and extreme (~<1.1 mmol/L) hypoglycemia. Cornblath et al. later
proposed an “operational threshold”, based on evidence from existing literature,
defined as “that concentration of plasma or whole blood glucose at which clinicians
should consider intervention” (Cornblath et al., 2000). However, operational
threshold did not suggest a definite threshold; instead it suggested that the treatment
threshold would vary among children and would depend upon associated perinatal
risk factors. For example, Cornblath et al. suggested a breastfed term infant, even with
lower blood glucose concentration, may not need active treatment in the absence of
any clinical manifestations. However, when a child has associated clinical signs (such
as hypothermia, tremor, seizures, hypotonia, evidence of having been poorly fed,
changes in level of consciousness, or coma), appropriate intervention would be
required at <2.5 mmol/L.

Currently, however, 2.6 mmol/L is widely considered as the clinical threshold below
which neonates should be actively treated (Rozance & Hay, 2010). Delayed
neurodevelopmental outcomes had been reported at 18 months of age in infants who
had recurrent episodes of glycemic level <2.6 mmol/L (Lucas, Morley, & Cole, 1988).
Another study had reported cerebral palsy, mild to severe motor and cognitive delay,
seizures and cortical visual impairment in a cohort of children with symptomatic NH
with a median glucose level at 1 mmol/L (Burns, Rutherford, Boardman, & Cowan,
2008).
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2.4.3 Glycemic Changes in the Neonatal Period
During the intra uterine period, the maternal and fetal blood glucose level bears a
linear relationship. Even at birth glucose concentration remains approximately 80% of
the maternal level (Cornblath et al., 2000; Heck & Erenberg, 1987). The glucose level
in a fetus depends upon the umbilical venous plasma glucose concentration. The level
of plasma glucose decreases as soon as the child is born because the umbilical
connection ceases. The physiological and metabolic mechanisms experience a sudden
change while adapting to the new environment. At this stage the fuel demand of the
body, particularly that of the brain, drastically increases. The neonate also starts being
fed external nutrients and it takes two to three hours for the liver to start secreting
glucose. Thus within this transition period of cessation of maternal glucose supply, to
the initiation of hepatic glucose secretion, there is a hypoglycemic shift (Heck &
Erenberg, 1987). Further, breastfed infants have been seen to have higher ketone
concentrations in their blood. Ketones are considered to be an alternative fuel in the
event of glucose level depletion (Hay et al., 2009). Many breastfed term infants have
been seen to have depleted blood glucose levels for up to four days of post-natal life,
which had been thought to be because of the low calorie content of human breast
milk in comparison with the intra uterine plasma glucose concentration of the fetus
(Hawdon et al., 1992). This suggests that factors such as availability of alternate
metabolic fuels should be taken into consideration in clinical decision making while
treating neonatal hypoglycemia.

2.4.4 Risk Factors for Neonatal Hypoglycemia
In some neonates symptomatic hypoglycemia becomes recurrent and prolonged,
which affects the cerebral energy utilization, resulting in short-term and long-term
neurological sequelae and other systemic effects (Tam et al., 2012, 2008; Cornblath et
al., 2000). The neurodevelopmental sequelae of NH are dealt with in detail in
subsequent sections. The common factors, which cause increased maternal risk of

56

neonatal hypoglycemia, are shown in Table 2-3, and neonatal risk factors that may
lead to neonatal hypoglycemia are shown in Table 2-4.

Table 2-3

Maternal risk factors that may lead to neonatal hypoglycemia
(reproduced with permission from Rozance & Hay, 2010)
Aetiology

Effect/duration

Poorly controlled maternal diabetes

Transient

Pregnancy-induced or essential hypertension
Drug treatment – oral hypoglycemic agents,
beta agonists
Intrapartum administration of glucose

Transient

Table 2-4

Categories

Transient

Neonatal risk factors that may lead to neonatal hypoglycemia
(reproduced with permission from Rozance & Hay, 2010)
Aetiology

Mechanism



Small for
gestational age
(SGA)




Reduced
production
of glucose

Transient


Large for
gestational age
(LGA)





Preterm


Reduced ketone levels
Poor tolerance to external
nutrients
Higher risk of necrotizing
enterocolitis
Intra uterine hypoxia, acidosis,
hypoglycemia
Excessive fetal growth
(macrosomia) leads to
hyperinsulism
Abrupt drop in blood glucose
level in neonatal condition
Reduced glycogen storage
Poor counter response to
balance the glucose level in
blood
Impaired ketogenic response to
provide alternate fuels
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Effect /
duration

Transient

Transient

Transient

Enzyme disorders











Glucose-6phosphate
Fructose 1-6
diphosphate
Glycogen
synthetase
Phosphorylase
Endocrine
disorders



Prolonged



Prolonged

Perinatal asphyxia



Hyperinsulism





β cell
hypoplasia/ad
enoma
 Erythroblastos
is fetalis
Acute brain injury



Disruption of glucose
equilibrium inside the body

Growth
hormone
Adreno cortico
trophic
hormone
Hypopituitaris
m
Glucocorticoid
deficiency
Hypothyroidis
m
β cell
hypoplasia


Increased
glucose
utilization

Enzymes are essential for
glycogenolysis, neoglucogenesis
and synthesis of other
functional fuel

Restriction of external nutrients
in SGA
High fuel requirement during
anaerobic metabolism
Dysfunction of the ATPdependent potassium channel in
the β cells of the pancreas

Transient

Prolonged



Increased need of fuel for
counter response

Trauma
Haemorrhage
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Prolonged

2.4.5 Signs and Symptoms of Neonatal Hypoglycemia
Symptoms of NH include a wide range of physiological and behavioral abnormalities,
most of which are not specific to NH alone. A clinical diagnosis solely on the basis of
NH symptoms is, therefore, not feasible. Rozance and Hay list the common symptoms
associated with NH (Rozance & Hay, 2006), which are shown in Table 2-5.

Table 2-5

Common symptoms of neonatal hypoglycemia (reproduced with
permission from Rozance & Hay, 2006)
Categories

Signs & Symptoms
Abnormal cry

General findings

Poor feeding
Hypothermia
Diaphoresis
Tremors and jitteriness
Hypotonia

Neurological signs

Irritability
Lethargy
Seizures
Cyanosis

Cardiorespiratory
disturbances

Pallor
Tachypnea
Apnea
Cardiac arrest

2.4.6 Effect of Neonatal Hypoglycemia on Cerebral Cortex and Visual
Development
In neonatal conditions, symptomatic hypoglycemia has often been found to be
associated with a wide range of developmental disorders such as recurrent seizures,
cerebral palsy, mental retardation, learning disabilities and coma (Rozance & Hay,
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2010). To date, there have been many studies, involving animal models and humans,
investigating the effect of neonatal hypoglycemia at cortical level.
Neonatal hypoglycemia generally affects the cerebral mechanism of a neonate brain.
This has been supported by various imaging studies, which have shown diffuse cortical
damage in the white matter of the occipito-parietal lobes (Alfonso & Rerecich, 2007;
Burns et al., 2008; Kinnala et al., 1999; Tam et al., 2008). Animal studies involving nonhuman primates and rodents have shown that neurons in layers 2 and 3 of the cerebral
cortex and dorsolateral striatum were particularly susceptible to hypoglycemiainduced damage (Auer & Siesjö, 1993). Insulin-induced hypoglycemia in monkeys has
shown that neurological damage happens after a prolonged duration (5-6 hours) of
blood glucose concentration lower than 1.1 mmol/L (Kahn & Myers, 1971). Consistent
with this finding, Schrier et al. reported that newly born rhesus monkeys performed
poorly on behavioral tasks involving matching and discrimination at 8 months of age
after inducing hypoglycemia (<1 mmol/L) for ten hours (Schrier et al., 1990). Cryer, in
a 2007 review article, argued that permanent neurological damage amounting to
functional brain failure and brain death does not happen until the blood glucose
concentration remains severely low (<1 mmol/L) for a prolonged period. The exact
mechanism behind this hypoglycemic damage is not clear. However, studies using
mice as models have shown that oxidative stress, which results in neuronal death, is
caused by a mechanism involving activation of NADPH oxidase and extracellular zinc
oxidase during the reperfusion phase following a prolonged period of hypoglycemic
coma (Sang, Gum, Hamby, Chan, & Swanson, 2007).

The effect of NH in children has been investigated using both structural and diffusion
imaging. Such studies have often reported parieto-occipital injury involving white
matter, which is typical of NH (Burns et al., 2008; Karimzadeh, Tabarestani, &
Ghofrani, 2011; Kinnala et al., 1999; Tam et al., 2008; Yalnizoglu et al., 2007). Alkalay
et al. reported a pattern of brain damage and neurodevelopmental outcomes for an
infant following NH and also reviewed 22 other cases from the existing literature
(Alkalay, Flores-Sarnat, Sarnat, Moser, & Simmons, 2005). They reported an abnormal
imaging pattern involving the occipital lobe in 82% of the infants, of which 50% had
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various forms of visual impairment. However, all of those children had an extreme
form of hypoglycemia, the median blood glucose level being <1 mmol/L. In another
extreme case of NH, Kabakus et al. reported a 4-year-old girl with cortical visual
impairment, with an absence of optokinetic nystagmus (Kabakus et al., 2005). The
child could, however, perceive light with normal pupillary reflex and retinal finding.
Imaging revealed bilateral gliotic lesions within the occipital areas, with an absence of
cortical response from VEP. The medical history of the child showed severe
hypoglycemia on her second day, post birth. There were recurrent hypoglycemic
events for one week and the blood glucose level never reached above 1.7 mmol/L,
even after active treatment. However, the detail of the treatment was not reported.
Consistent with this, Tam et al. also reported cortical blindness in two newborns within
a small cohort of eighteen cases of NH (Tam et al., 2008). Both of those children had
experienced prolonged (≥ 2 days) hypoglycemia, with blood glucose levels of < 2.1
mmol/L. Diffusion-weighted imaging revealed a characteristic diffusion restriction
within the occipital lobe. Similarly, Burns et al. also reported vision impairment, such
as squint, field defect, cortical visual impairment, immature visual attention, tracking
and visuospatial difficulties, in a cohort of infants with NH (Burns et al., 2008). The
majority of those children had a blood glucose level less than 1.5 mmol/L (30/35) and
involvement of posterior lobe and white matter. Similar involvement of the occipitoparietal area was also found by Yalnizoglu et al. in a retrospective study of a cohort of
twenty-four infants, of which ten infants had bilateral parieto-occipital or occipital loss
of volume or gliosis (Yalnizoglu et al., 2007). Four children had visual impairment,
including two with cortical blindness, one had optic atrophy, and one had exotropia
and horizontal nystagmus with associated visuospatial difficulties. Similarly, in another
retrospective study, Murakami et al. also reported visual impairment in four out of
eight infants who had occipito-parietal injury with focal atrophy at the cortical level
(Murakami et al., 1999). The neonatal blood glucose levels were not mentioned in
either of the two retrospective studies.

However, not all children with occipital injury had abnormal visual outcomes. For
example, Burns et al. did not find a linear relationship between the visual outcomes
and magnitude of brain injury, as a small subset of children with severe occipital injury
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had no measurable visual deficit (Burns et al., 2008). Moreover, these brain injuries
showed signs of “recovery” as early as six days post birth, and no signs of persisting
diffusion restrictions were found in those children (Tam et al., 2008). As an addendum
to their original paper, Tam et al. speculated that this sign of recovery might be
attributed to the phenomenon called “pseudo-normalization”, which has also been
reported to be associated with neonatal stroke. In pseudo-normalization, the rate of
diffusion of the impaired brain area is equal to that of the healthy areas. This happens
because, in a chronic state of infraction, the cellular walls are ruptured, causing the
diffusion restriction to wane. Moreover, this happens faster and earlier for infants
when compared to adults, which might be because of the immature blood-brain
barrier and incomplete myelination in newborns (Mader, Schöning, Klose, & Küker,
2002).

Subsequent detection of the adverse influence of NH on visual development is made
even more difficult because often the physiological changes associated with NH do
not translate to measurable clinical vision deficits. For example, the incidence of
refractive error (Karimzadeh et al., 2011) and strabismus (Burns et al., 2008;
Karimzadeh et al., 2011; Murakami et al., 1999; Yalnizoglu et al., 2007) reported in
children with a history of NH was no different than that reported elsewhere in normal
preschool children (Chia et al., 2010; Multi-ethnic Pediatric Eye Disease Study Group,
2008). Furthermore, a study has demonstrated that healthy adults with induced
hypoglycemia by infusion of insulin did not show any measurable abnormities in a
clinical measure of vision, such as visual acuity and stereoacuity. However,
performance on visual processing tasks such as visual inspection time, change and
movement detections was adversely affected (McCrimmon et al., 1996).
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2.4.7 Scope for Future Research
Studies to date have found that hypoglycemic neonates who have a history of occipital
lobe injury are also shown to have concurrent deficits in visual outcomes, at least in
the majority of cases. With the advent of advanced brain imaging and
electrophysiological techniques, the effect of NH on functional aspects of visual
processing should be further probed in a large-scale longitudinal study. Also, it is not
only severe NH that is capable of causing brain lesions, but the more common mild to
moderate transient changes in the neonatal glycemic level may also cause subtle
neural damage. The Children with Hypoglycemia and their Later Development (CHYLD)
study, which is a multidisciplinary, follow up research study of 455 children born at
risk of NH, is important, therefore. (More details of the CHYLD study are given in
Section 3.3, Chapter 3.) In the overall cohort, 265 children experienced hypoglycemia
(blood glucose <2.6 mmol/L) and the remaining 195 children were euglycemic. The
blood glucose level was recorded by heel-prick sampling and continuous glucose
monitoring for a period of two to seven days (Harris, Battin, Weston, & Harding, 2010).
The hypoglycemic children received appropriate treatment as and when the glycemic
level reached below the threshold of 2.6 mmol/L. Surprisingly, at follow-up at 2 years
of age no significant difference was found in clinical measures of vision and
extrastriate global motion processing between hypoglycemic children and the
controls (McKinlay et al., 2015). As described in Section 2.1.7 (Chapter 2), global
motion perception is an index of the dorsal visual stream and is thought to be
particularly susceptible to abnormal neurodevelopment (Grinter et al., 2010; Guzzetta
et al., 2009; Olulade et al., 2013; Reiss, Hoffman, & Landau, 2005). Additionally, as
postulated by Maurer et al. in the event of neurological insults in the early phase of
development, deficits in certain neural substrates are manifested only at later stages
of development (Maurer, Mondloch, & Lewis, 2007a, 2007b). In this context,
therefore, children in the CHYLD cohort ought to be followed up for a long duration in
order to observe the effect of NH on subsequent visual and other neurobehavioral
development.
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2.5

Summary of the Literature Review

Visual information from retino-geniculate level to the cortical areas is projected
through dorsal and ventral visual streams, which are thought to be functionally
segregated. However, significant cross-talk between the two streams at various levels
has been recently reported. Studies of children with abnormal neurodevelopment
have suggested that global motion perception, an index of the dorsal visual stream, is
particularly vulnerable in conditions such as Williams syndrome, dyslexia, and autism,
among others. Moreover, concurrent deficits in global motion perception and
visuomotor control (a function of the dorsal stream) have also been reported in small
subsets of children who were born with neurodevelopmental disorders such as
Williams syndrome, dyslexia, autism and infantile epilepsy.

Building on the existing literature, this thesis reports global motion perception in two
large cohorts of at-risk children. Those children were born with either prenatal
exposure to recreational drugs (the IDEAL study) and socio-economic risk factors or
were at risk of developing neonatal hypoglycemia (the CHYLD study), both of which
have been found to be associated with abnormal visual development. This thesis also
describes the relationship between global motion perception and neuromotor
function in children within the two cohorts, providing substantial evidence of the
association between vision and motor control, two key components of
neurodevelopment, within the context of the dorsal stream vulnerability hypothesis.
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Chapter 3

Methodology

This chapter presents the background, rationale, study design, inclusion and exclusion
criteria and recruitment protocols of the IDEAL and CHYLD studies. The chapter also
covers the vision assessment protocols and the standardized tests used within this
research, namely, the Beery-Buktenica Developmental Test of Visual-motor
Integration, the Peabody Developmental Motor Scales, the Movement Assessment
Battery for Children and the Wechsler Preschool and Primary Scale of Intelligence.

3.2

IDEAL Study

3.2.1 Background and Rationale
The IDEAL study was designed to investigate the longitudinal effect of prenatal
methamphetamine exposure on subsequent neurodevelopment of children. This
study was conducted in collaboration with Brown University, USA, at several sites in
two countries – New Zealand and the United States of America. In both countries, data
were collected post-partum (LaGasse et al., 2011; Wouldes et al., 2013). The study
was funded by the National Institute on Drug Abuse, which is an affiliated body of the
National Institutes of Health, USA. Vision assessment was only conducted in the New
Zealand arm of the IDEAL study. This thesis, therefore, will henceforth only discuss the
New Zealand cohort.

3.2.2 Study Design
The IDEAL study was a prospective, longitudinal follow-up study, which was designed
to investigate the neural development of children following prenatal exposure to
methamphetamine. However, this thesis has reported only the cross-sectional data
regarding the development of children at 4.5 years of age, as this was the only age at
which visual function was assessed. This part of the study was a prospective,
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observational, masked cohort study. The researcher was masked to the nature of drug
exposure until the completion of vision assessments.

3.2.3 Inclusion and Exclusion Criteria
Children were recruited based on the following inclusion criteria:


Mothers older than 17.5 years of age (legal age of consent in New Zealand)



Mothers who used methamphetamine



Matched mothers who did not use methamphetamine, but may have used
other drugs including nicotine, alcohol and marijuana, and matched for socioeconomic condition and parental education level



English or Māori speaking mothers

Children were excluded from the IDEAL study if any of the following criteria applied:


Non-English or non-Māori speaking mothers



Mothers who used hallucinogens



Mothers who used cocaine or other opiates were excluded from the COMP
group, but not from the ME group



Mothers having history of psychosis or history of psychotic treatment



Siblings of the child already enrolled in the study



Multiple births (such as, twins and triplets)



Children born with congenital anomalies and history of chromosomal disorder



Children

with

history

of

perinatal

TORCH

cytomegalovirus and herpes simplex) infection
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(toxoplasma,

rubella,

3.2.4 Recruitment Protocol
The mothers were recruited upon referral by the maternity service of the participating
hospitals (Auckland City Hospital, North Shore Hospital and Waitakere Hospital) and
individual midwives and Plunket (early childhood) nurses. The referrals were further
screened for the suitability of participants according to the inclusion criteria. Research
assistants from the study then met the mothers and explained the study purpose and
protocol. Written consent was then obtained from parents once they had agreed to
participate in the study. Once the infant was born, the research assistants revisited
the mothers and reconfirmed their consent for study participation. At birth, clinicians
from the study collected meconium, which was sent to a central lab in the USA for
drug metabolites analysis using gas chromatography–mass spectrometry. The parents
were compensated forty New Zealand dollars for taking part in the study. They were
also compensated for travel expenses incurred.

Of the 207 children recruited into the IDEAL-NZ study, 97 were exposed to
methamphetamine (ME) and 110 participants were in the comparison group (COMP).
Both ME and COMP groups had mothers who had used certain other drugs such as
nicotine, alcohol and marijuana. At 4.5 years, in addition to the vision assessment,
neurodevelopment assessments which included evaluation of visual-motor
integration, motor function and cognitive ability were also performed. The IDEAL
study in New Zealand obtained ethics approval from Auckland District Health Board
(DHB), Waitematā DHB, and the Northern Regional Ethics Committee, prior to the
study. Because the cohort included Māori participants, approval was also taken from
the Māori Research Committees at both the Auckland DHB and the Waitematā DHB.
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3.3

CHYLD Study

3.3.1 Background and Rationale
The Children with Hypoglycemia and their Later Development (CHYLD) study was
designed to investigate the role of neonatal hypoglycemia in subsequent
neurodevelopment of children (McKinlay et al., 2015). The study involved a multidisciplinary team of researchers from vision science, neonatology and psychology
backgrounds. The current CHYLD cohort consisted of 4.5-year-old children who were
born at Waikato Hospital, Hamilton in the northern island of New Zealand, between
December 2006 and November 2010.

3.3.2 Study Design
The CHYLD study was a prospective, longitudinal follow-up study, which was designed
to investigate the neurodevelopment outcomes of children born at risk of neonatal
hypoglycemia. This thesis has dealt with only the cross-sectional data regarding the
development of children at 4.5 years of age. This part of the study was a prospective,
observational, masked cohort study. The researcher was masked to the neonatal
blood glucose parameters until the completion of data collection from the cohort.

3.3.3 Inclusion and Exclusion Criteria
In the CHYLD study, children were recruited based on the following inclusion criteria:


Corrected age at 4.5 years or 54 + 2 months. Corrected age was calculated
based on the gestational age of the child. If the child was born at <37 weeks
then expected date of delivery was used to calculate the corrected age. On the
other hand, if the child was born at >37 weeks, then the date of birth was used
to calculate the corrected age.



Small for gestational age (birth weight: less than <2.5 kg or <10th percentile)



Large for gestational age (birth weight: less than >245 kg or >90 th percentile)
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Late preterm infants (babies born > 35 weeks gestational age)



Maternal or gestational diabetes



Other, e.g. babies who had history of birth asphyxia, sepsis, hemolytic disease
of the newborn, respiratory distress, congenital heart disease or babies who
were not feeding well

Children were excluded from the CHYLD study cohort in the event of any of the
following:


The child had suffered brain or other neurological injury from a known
accident or documented serious illness



The child had died



The age of the child was outside the assessment window (54 + 2 months)



The parents/legal guardians/caregivers declined to participate in the study

3.3.4 Recruitment Protocol
The children were recruited from two parallel yet closely related cohorts: Babies and
Blood Sugar’s Influence on Electroencephalography Study (BABIES, n = 102) (Harris et
al., 2011; West, Harding, Williams, Nolan, & Battin, 2011), and the Sugar Babies (n =
514) study (Harris et al., 2010, 2013). Invitations were sent to the parents/legal
guardians/caregivers of each of the children to take part in the CHYLD study. A study
coordinator explained the purpose and protocol of the study over the telephone.
Furthermore, written consent was obtained from the parents on the day of
assessment. The parents were compensated with petrol vouchers to cover the cost of
transportation. No further compensation was given to participate in this study.

The BABIES study was designed to investigate the relationship between glucose
concentration (measured using continuous interstitial glucose monitoring and heelprick blood glucose sampling) and brain function (monitored by cot-side
electroencephalogram) in neonates born at risk of neonatal hypoglycemia (Harris et
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al., 2011; West et al., 2011). Blood glucose concentration was measured by using heelprick sampling, which was further analyzed by using a blood gas analyzer (Radiometer,
ABL800Flex, Copenhagen) and following the glucose oxidase method according to the
standard clinical guidelines (Harris, Weston, & Harding, 2012). In addition, blood
glucose was also monitored by a continuous blood glucose sensor (CGMS ® System
Gold™, Medtronic, MiniMed, Northridge, CA, USA), which was inserted into the lateral
aspect of the thigh soon after the recruitment (Signal et al., 2012). The sensor
monitored blood glucose for at least forty-eight hours and up to seven days. The Sugar
Babies study, on the other hand, was a randomized clinical trial, which was aimed at
investigating the efficacy of oral dextrose gel (40% concentration) in reversing
neonatal hypoglycemia within the first 48 hours of birth (Harris et al., 2013). When
blood glucose concentration lowered to <2.6mmol/l, which was defined as
hypoglycemia for the purpose of this study (Harris et al., 2013), children were treated
with oral dextrose gel. In the Sugar Babies study, neonates were either treated by
dextrose gel or by identical placebo gel, which was determined by randomization
(Harris et al., 2013).

In this thesis, only heal-prick blood glucose sampling (which is the current clinical gold
standard), taken within the first 48 hours after birth, was used to group children into
hypoglycemic (blood sugar <2.6 mmol/L) and euglycemic (>2.6 mmol/L). Of the 455
children in the cohort, 190 were euglycemic and 265 hypoglycemic. Moreover, a
subset of children (n = 152) was born with multiple risk factors for neonatal
hypoglycemia, which includes being small or large at birth, preterm birth and child of
a diabetic mother. Similar to IDEAL study, vision and neurodevelopment measures of
visual-motor integration, motor function and cognitive ability were assessed at 4.5
years of age. Ethics approval for the CHYLD study was obtained from the Northern Y
Regional Ethics Committee.
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3.4

Vision Assessments

In the IDEAL study, vision assessments were carried out by either Arijit Chakraborty
(AC) or Dr Nicola Anstice, an experienced pediatric optometrist based at the School of
Optometry and Vision Science (SOVS), the University of Auckland. The CHYLD study,
on the other hand, had Mr Nabin Paudel (NP), graduate student at SOVS, as an
additional vision assessor. Both AC and NP were duly accredited by Dr Anstice and
Associate Professor Robert Jacobs from SOVS before they independently carried out
the vision assessments.

3.4.1 Venue of Assessments
The vision assessments were mostly conducted in distraction-free, well-lit rooms (400
lux), which were at least 4 metres in length. The room illumination and size were of
particular importance due to the requirement for measuring habitual visual acuity and
stereoacuity.

Participants in the IDEAL study were primarily assessed at the Well Child Clinic,
affiliated to the Department of Psychological Medicine, at the University of Auckland.
A subset of children (n = 13) was also seen in their homes, when requested by their
families.

The CHYLD participants were each assessed at one of the following venues:


Kahikatea Research House, in Hamilton, Waikato, which is affiliated to the
Liggins Institute, University of Auckland



Well Child Clinic, affiliated to the Department of Psychological Medicine, at the
University of Auckland



Braemar Hospital in Hamilton



Clinical rooms within local hospitals, well child clinics or health centres when
the assessments were outside Auckland or Hamilton



At the homes of children, when requested by the families
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3.4.2 Vision Tests
Global motion perception was assessed first, and was followed by an optometric
examination and measurement of contrast sensitivity.

3.4.2.1

Global Motion Perception

Global motion perception was tested psychophysically by a set of random dot
kinematograms. The stimuli and the procedure of the experiment are described as
follows.

Stimuli
Random dot kinematograms consisted of 100 circular dots (dot diameter 0.24, dot
density 1.27 dot/deg2) presented within a circular aperture (10 diameter) at a viewing
distance of 60 cm. Dots were displaced by 0.1 every 17ms to achieve a speed of
6/second. The stimuli were presented for 1 second. These parameters were chosen
on the basis of previous studies that have investigated global motion perception in
children (Narasimhan & Giaschi, 2012; Gunn et al., 2002; Lewis & Maurer, 2005). Dots
had a limited lifetime, whereby each dot had a 5% chance of disappearing on each
frame and being redrawn in a random location. The mean lifetime was 300 msec.
Bright dots were presented on a grey background (45 cd/m2) and dot contrast was
defined using the Michelson equation: (Ldots – Lbackground) / (Ldots + Lbackground).

Motion coherence thresholds were measured using an RDK constructed from dots
presented at maximum brightness (137 cd/m2). Signal dots moved coherently
upwards or downwards and noise dots moved in random directions. Upon reaching
the edge of the circular display aperture the dots “wrapped-around”, thereby
reappearing from the opposite edge of the aperture.
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A

B

C

Figure 3-1
An example of random dot kinematograms stimulus at (A) 100%
coherence level, (B) 50% coherence level and (C) 25% coherence level

Stimuli used for motion coherence threshold measurement were generated using
MATLAB 2013a and psychtoolbox-3 (Pelli, 1997). Stimuli were presented on a 15” Dell
cathode ray tube (CRT) monitor (model: E771p), with a 120 Hz refresh rate and
1024x768 resolution, connected to a PC running a Windows operating system.

Procedure
Participants viewed the stimuli binocularly using their habitual vision correction. Prior
to threshold measurement, children were familiarized with the stimuli and task. First,
the children were presented with 100% coherent (all signal dots), high contrast RDKs
moving up or down (example of a RDK stimulus is shown in Figure 3-1). After four
successive correct responses at the 100% coherence level, the experimenter manually
varied the direction and coherence of the RDK to demonstrate the appearance of RDKs
with different coherence levels. Once the child was familiar with the stimulus and task,
a 2-down-1-up adaptive staircase test was used to vary the coherence of the RDK in
order to measure a motion coherence threshold (contrast was fixed at 100% of
maximum). The staircase began at 100% coherence and had a proportional step size
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of 50% until the first reversal and 25% thereafter. The staircase was terminated after
five reversals and the threshold was calculated by averaging the last four reversals.

3.4.2.2

Contrast Sensitivity

Contrast Sensitivity for coherent motion direction discrimination was also tested
psychophysically on a subset of children (n = 125) from the IDEAL and CHYLD studies
to assess whether measures of global motion perception using high contrast stimuli
were independent from lower level visual functions such as contrast sensitivity for
motion direction discrimination. This was because lower level visual function may also
have been affected by developmental risk factors. Only a subset of children were
tested because these measurements were not part of the main study protocols for the
IDEAL and CHYLD studies and therefore represented a nested sub-study. The stimuli
and the procedure of this experiment are described as follows.

Stimuli
Similar to the global motion perception experiment, observers in this experiment
viewed the test stimuli binocularly with habitual refractive correction. The stimulus
parameters to test contrast sensitivity for coherent motion discrimination were
matched with the global motion perception described in 3.4.2.1. However, RDK dots
in this experiment were fully coherent (signal dots only) with variable dot contrast.
Stimuli used for contrast thresholds were generated using Psykinematix software
(Beaudot, 2009) which allows for a 10.8-bit contrast resolution by using a bit-stealing
algorithm (Kontsevich & Tyler, 1999). Stimuli were presented on a 15” Dell cathode
ray tube (CRT) monitor (model: E771p), with a 120 Hz refresh rate and 1024x768
resolution, connected to a Mac mini or Macbook Pro (OSX).

74

Procedure
A second familiarization session was conducted prior to the measurement of contrast
thresholds for coherent motion direction discrimination. Participants viewed a fully
coherent RDK at 70% of maximum contrast. Motion direction was varied (up/down)
until the participant was able to correctly identify the motion direction on four
consecutive trials. Dot contrast was then manually varied to demonstrate the
appearance of the stimulus at different contrast levels. A contrast threshold for
coherent motion direction discrimination was then measured using a 2-down-1-up
adaptive staircase that varied dot contrast (RDK coherence was fixed at 100%). The
starting contrast was 70% of maximum and the staircase employed a proportional step
size of 50% before the first reversal and 25% thereafter. The staircase ran for 5
reversals and the threshold was calculated as the mean of the last 4 reversals.

3.4.2.3

Visual Acuity

Monocular and binocular habitual visual acuities were tested using the crowded
Keeler test in the IDEAL cohort and the crowded linear Lea symbols test in the CHYLD
cohort. The visual acuities were recorded in log minimum angle of resolution
(logMAR). Subsequent references to visual acuity should be interpreted as the better
eye’s monocular habitual visual acuity. The use of two separate visual acuity tests was
because this research involved testing two parallel cohorts, and the study protocols
for each cohort differed slightly. Previous studies (Anstice et al., 2014; Jacobs, Anstice,
Watkins, 2012) have shown comparable measurements between crowded Lea symbol
and Keeler logMAR charts. The visual acuity results from this study’s two cohorts
should, therefore, be comparable.
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Apparatus
The Keller logMAR Crowded test has separate sets (booklets) for testing right and left
eyes and also a logMAR uncrowded test booklet. This is a matching letter test with
four letters at each acuity level, intended to measure from 0.8 logMAR (6/38) to -0.3
logMAR (6/3). Thus each letter contributes to 0.025 logMAR. A matching acuity key
card was provided with the testing kit, which allowed the child to match the letters on
the testing booklet with those on the key.

The Crowded Lea symbol test has a similar design, except that it has pictures instead
of letters. There were five picture-symbols in each of the visual acuity lines designed
to measure visual acuity from 0.6 logMAR (6/24 Snellen) to -0.10 logMAR (6/4.8
Snellen). Each picture-symbol thus contributes to 0.02 logMAR. There were two
versions of the crowded Lea symbol test: a single line crowded version and a single
optotype crowded version. The former was used to test most of the children in this
study, while the latter was kept as a backup for those children who were unable to
comprehend crowded single-line test. Both tests had respective matching key cards.
A

Figure 3-2

B

Keeler logMAR chart (A) and Crowded Lea symbol chart (B).

Courtesy: Respective manuals – retrieved from http://www.keeler.co.uk/logmarcrowded-test-200.htm and https://www.good-lite.com/
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Procedure
Habitual visual acuity was measured following the assessment of motion coherence
thresholds. The child sat at a distance of 3 metres from the examiner in a well-lit room.
Care was taken so that the charts did not face the window or the source of light
directly, to avoid unwanted glare. Monocular and binocular visual acuity was tested
for children in both the IDEAL and CHYLD cohorts. Monocular acuity was first assessed
by testing the child using an occluding frame. This was followed by binocular
assessment of visual acuity. To maintain uniformity in the testing paradigm, a key card
was given to the child or parents to hold. The children were asked to match the letters
(Keeler logMAR chart) or shapes (Lea symbol chart) on the key card against the handheld charts at 3 metres. The children were initially familiarized with the test at a closer
distance (about 30-40 cm) and once the examiner was sure that the child had
understood the task, the testing chart was held at a distance of 3 metres. To arrive at
the visual acuity threshold, the examiner was allowed to adjust the testing distance
(farther away or closer) depending upon the child’s sub-normal or super-normal visual
acuity; that is, when the child’s visual acuity threshold fell outside the testing range of
the visual acuity charts. When the child was not able to match a letter or symbol
correctly, the remaining letters or picture-symbols in the same line and subsequent
line were also tried. If the child failed to match any of the remaining letters or picturesymbols, the test was terminated and the logMAR value of the smallest symbol that
the child could match correctly was recorded as the visual acuity threshold. As
previously stated, each of the symbols on the linear Lea symbol chart have a value of
0.02 logMAR and those on the Crowded Keeler chart have a value of 0.025 logMAR,
so a child who could match three symbols out of five on a 0.3 logMAR line of Lea
Symbol chart would have a visual acuity score of 0.34 logMAR.
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3.4.2.4

Stereoacuity

Stereoacuity is the measurement of depth perception threshold. A description of the
apparatus and the procedure of the test follows.

Apparatus
Stereoacuity was measured using the VAC FLY Stereo Acuity Test with Lea SYMBOLS ®,
which has graded stereo-circles for both IDEAL and CHYLD cohorts (Figure 3-3). The
presence and absence of gross stereopsis was assessed using Section A of the stereo
fly test, which has various disparity levels for the different parts of its body (for
example, right wing – 4800 seconds of arc, left wing – 3500 seconds of arc, thorax –
3200 seconds of arc, and eyes – 3000 seconds of arc). Further, it has three rows of Lea
symbols (Section C), which exert 400, 200 and 100 seconds of arc. The estimation of
stereoacuity threshold was done using the graded circles within boxes (Section B of
the stereo fly test), which are designed to measure disparity from 400 seconds of arc
to 20 seconds of arc.

Section A

Section B
Section C

Figure 3-3

FLY Stereo Acuity Test with Lea SYMBOLS®

Courtesy: Vision Assessment Corporation manual, retrieved from
http://www.visionassessment.com/pdf/Vision-Assessment-Product-Line.pdf
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Procedure
Stereoacuity was tested at a distance of 40 centimetres, with the participant’s habitual
correction in place. The child wore polarized glasses (on the top of habitual correction,
if any) and presence or absence of stereopsis was ascertained by asking the child to
identify the position of wings, thorax and eyes of the fly in Section A (See Figure 3-3).
A more detailed estimation of stereoacuity was performed by asking the child to
identify which shape in the three rows of Section C pops out. Furthermore, estimation
of stereoacuity threshold was carried out by asking which circle pops out in each of
the blocks of Section B. The graded circles within the blocks from 1 to 10 in Section B
presented disparity of increasing difficulty, i.e. better stereoacuity. Once the child
could not identify, or incorrectly identified, circles in two continuous blocks, the test
was terminated and the stereoacuity was recorded as the last correctly identified
stereoacuity level.

3.4.2.5

Other Clinical Vision Tests

An examination of ocular motility and external ocular health was also conducted in
order to rule out any significant ocular impairment, which might limit the performance
of the children in psychophysical tests.

Apparatus
Ocular motility and near point of convergence were examined using an LED torch and
a Lang Fixation Stick. Using a cover paddle, ocular alignment was tested. Motor fusion
was assessed by a 20-prism base out test. Using a direct ophthalmoscope, a gross
external ocular heath examination, a pupillary examination and a red reflex test were
carried out.
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Figure 3-4

Lang Fixation Stick.

Retrieved from http://www.lang-stereotest.com/lang/index.php

Procedure


Using a broad-H test, the child was assessed for any restriction or overaction
of extraocular muscles, abnormal tracking or nystagmus.



Near point of convergence was tested by keeping the child’s attention on the
LED torch as the examiner brought the target (Lang Fixation Stick) closer to the
child’s nose. Near point of convergence was recorded as normal if the child
could maintain binocular fixation and the corneal reflexes remained
symmetrical, <15cm from nose.



The Hirschberg corneal reflex test was performed by projecting the direct
ophthalmoscope light onto both eyes of the child simultaneously from
approximately 50 centimetres away. The corneal reflex was observed for its
symmetry. An asymmetric corneal light reflex is suggestive of strabismus which
would then be further investigated by a cover test.
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A unilateral cover test was performed by covering one of the eyes (e.g. right
eye) and observing the movement of the uncovered eye (e.g. left eye) of the
child. It was then repeated for the other eye. Normal alignment was recorded
when no movement was recorded in either eye. In case of tropia laterality
(right eye/left eye/alternate), direction (exotropia, esotropiam hypertropia) of
misalignment and the amount of deviation was measured by using prisms.



Motor fusion was evaluated by placing a 20Δ prism, base out, in front of each
eye and observing the eye movements (both eyes), while the child fixated on
a target (Lang Fixation Stick) at 40 centimetres. Suppression was ruled out if
the eye underneath the prism moved towards the apex of the prism (nasal
movement to maintain fixation). If no movement was seen, the eye may be
suppressed. In a typical situation, the opposite eye (without the prism) should
first move in the same direction as the other eye (i.e. temporally) and then
make a fusional movement in the other direction (i.e. nasally). If no movement
is seen then there is no fusion or the child has insufficient fusional reserve to
overcome this amount of prism. “Suppression: R/L/Alternating” was recorded
if suppression was present. “Lack of fusion” (right eye/left eye/both eyes) was
recorded if no fusional recovery movement was seen.



A red reflex test was performed alongside the Hirschberg test using a distant
direct ophthalmoscope (at 50 cm) to detect any medial opacities such as
cataract, retinal pathologies, retinal tumours and ocular colobomas.



Pupillary examination was also carried out using a direct ophathlmoscope by
swinging flash light test. Shape of the pupils, direct and consensual light
reflexes, relative afferent pupillary defect and anisocoria (unequal pupil size
when the two eyes are compared) were screened.
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An external ocular health examination was performed for ocular abnormalities
such as ptosis, normal head posture, redness, corneal opacity, external tumour
and microphthalmos.

3.4.4 Incidental Findings and Referral Criteria for Vision
Incidental findings criteria for both the IDEAL and CHYLD studies were the same and
are as follows:

Visual acuity


Worse than 0.300 in either eye (Snellen equivalent of less than 6/12)



More than one line difference (>0.1 logMAR) between the eyes.



Unable to obtain a monocular acuity on either or both eyes

Ocular alignment:


Any manifested deviation at distance or near, whether constant or
intermittent



If motor fusion is not present, when measured using the 20-prism base out test



Any muscle restriction or weakness

External ocular health


Any suspected ocular pathology, such as media opacities, ptosis, significant
ocular asymmetry and other ocular abnormalities



Absence or asymmetrical red reflex

In the absence of a referral system in the IDEAL study, the results of the optometric
screening were clearly explained to the parents. If referral criteria were met, parents
were advised to take their children to an eye care practitioner (optometrist or
ophthalmologist) for a comprehensive eye examination. However, the CHYLD
participants were referred to an appropriate eye care practitioner through their family
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general practitioner. A summary of the vision assessment findings was also sent to the
families following the assessment.

3.5

Neurodevelopmental Assessment

Standardized neurodevelopmental tests were administered in both the CHYLD and
IDEAL studies. The results of motor function tests were used in this thesis to allow for
a comparison between visual development and motor development. Furthermore, a
measure of verbal IQ was used to control for any effects of general cognitive or
language function on the performance of the vision or motor tests. The standardized
tests that provided data used within this thesis are described below.

3.5.1 Visual-Motor Integration
All children in the IDEAL and CHYLD studies completed the Beery-Buktenica
Developmental Test of Visual-Motor Integration (Beery’s VMI). It is a reliable and wellvalidated (Preda, 1997) paper-pencil based test, which assesses an individual’s
integration of visual and motor skills. The test has three components, a test of visualmotor integration (VMI) and two subcomponents: visual perception (VP) and motor
coordination (MC). VMI involves copying (drawing) various geometric shapes, from
simple to complex levels of difficulty. The VP subtest tests a child’s visual-spatial
analytical skills in the absence of motor demand. It tests the child on matching a
geometrical shape with a set of given shapes. The MC component evaluates the motor
performance of an individual while minimizing visual demand. The child traces the
interior of geometric shapes, which range from simple to complex patterns. The raw
score results from the test were converted to “standard scores” based on the
published norms derived from a population sample of 12,500 children in the USA
(Beery & Beery, 2010).
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3.5.2 Motor Control
Motor control was assessed using the Peabody Developmental Motor Scales – 2nd
edition (PDMS-2) in the IDEAL study and Movement Assessment Battery for Children
(M-ABC) in the CHYLD study.

PDMS-2 is a standardized test to extensively evaluate a child’s motor abilities
(Tavasoli, Azimi, & Montazari, 2014). PDMS-2 has six subscales: 1) reflex (only used
with infants ≤12 months of age), 2) stationary balance, to test control of body in
retaining equilibrium (e.g. standing on one leg) 3) locomotion, to test walking, jumping
and running 4) object manipulation, involves catching and throwing, 5) grasping, tests
the ability to grasp objects and control fingers and, 3) visual-motor integration,
involves building blocks and copy designs. All these subcomponents fit into either
gross motor or fine motor scores, which then combine to provide a total motor score.

The M-ABC is also well a validated (Niemeijer, van Waelvelde, & Smits-Engelsman,
2015) and comprehensive package to evaluate fine and gross motor skills in children,
which was used only in the CHYLD study. Movement ABC has two components: a
performance test and a teachers’ observational checklist. For the CHYLD study, only
the standardized performance test was used. This was again divided into three
subcomponents based on different motor skills: manipulative skills (posting coins,
threading beads and trailing a line with a pencil); throwing and catching skills; and,
balance skills (jumping, standing on one leg, and walking on toes on a line).

The raw scores of PDMS-2 and M-ABC were converted to percentile ranks based on
the conversion tables given in the test manuals (Folio & Fewell, 2000; Henderson &
Sugden, 1992). A previous study (Waelvelde, Peersman, & Leuven, 2007) comparing
the total score of PDMS-2 and M-ABC has shown a good correlation (rho = 0.76, p <
0.01). However, these tests could not be used interchangeably as both these tests
have shown moderate correlation in assessing the fine motor component (rho = 0.48,
p<0.05) and lower agreement in testing children with performance difficulties (K =
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0.29). In this thesis the percentile rank data from PDMS-2 and M-ABC were combined
by using an approach explained in Chapter 5, Section 5.3.1.

3.5.4 Verbal IQ
The Wechsler Preschool and Primary Scale of Intelligence™ - Third Edition (WPPSI™ III) was administered in both IDEAL and CHYLD study cohorts to assess cognitive
function. It is standardized for children between the ages of 2.5-years to 7-years, 3months (Welscher, 2002). WPPSI-III consists of a battery of tests, which measure
various components such as, verbal IQ, performance IQ, processing speed and general
language ability. However, only verbal IQ scores were used in the research presented
in this thesis. This is because verbal IQ provides a measure of cognitive function that
is completely independent from any tests that rely directly on visual function. The
verbal IQ component of the WPPSI-III includes tests of acquired knowledge, verbal
reasoning and attention to verbal stimuli.

3.6

Statistical Analyses

Data were analyzed using SPSS v22 (IBM Corp, Armonk, NY, USA). The Shapiro-Wilk
test was used to test whether data were normally distributed and appropriate
parametric and non-parametric tests were used accordingly. If a motion coherence
threshold measure was attempted but a reliable threshold could not be recorded, a
score of 100% coherence was assigned. Similarly, a score of 3000 arc seconds was
given to children who had no measureable stereopsis. Specific statistical analyses are
described in each individual chapter.
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Chapter 4

Global Motion Perception is Independent
from Contrast Sensitivity for Coherent Motion
Direction Discrimination and Visual Acuity in
4.5-year-old Children

This chapter has been published in Vision Research. Chakraborty A, Anstice NS, Jacobs
RJ, Paudel N, Wouldes TA, Harding JE, Thompson B. Global motion perception is
independent from contrast sensitivity for coherent motion direction discrimination and
visual acuity in 4.5-year-old children. Vision Research. 2015; 115, 83-91

4.1

Abstract

Global motion processing depends on a network of brain regions that includes
extrastriate area V5 in the dorsal visual stream. For this reason, psychophysical
measures of global motion perception have been used to provide a behavioural
measure of dorsal stream function. This approach assumes that global motion is
relatively independent of visual functions that arise earlier in the visual processing
hierarchy such as contrast sensitivity and visual acuity. We tested this assumption by
assessing the relationships between global motion perception, contrast sensitivity for
coherent motion direction discrimination (henceforth referred to as contrast
sensitivity) and habitual visual acuity in a group of 4.5-year-old children (n = 117). The
children were born at risk of abnormal neurodevelopment resulting from prenatal
drug exposure or risk factors for neonatal hypoglycemia. Motion coherence
thresholds, a measure of global motion perception, were assessed using random dot
kinematograms. The contrast of the stimuli was fixed at 100% and coherence was
varied. Contrast sensitivity was measured using the same stimuli by fixing motion
coherence at 100% and varying dot contrast. Stereoacuity was also measured. Motion
coherence thresholds were not correlated with contrast sensitivity or visual acuity.
However, lower (better) motion coherence thresholds were correlated with finer
stereoacuity (rho=0.38, p=0.004). Contrast sensitivity and visual acuity were also
correlated (rho= -0.26, p=0.004) with each other. These results indicate that global
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motion perception for high contrast stimuli is independent of contrast sensitivity and
visual acuity and can be used to assess motion integration mechanisms in children.

Keywords:

4.2

visual development, extrastriate visual cortex, preschool vision
assessment, at risk infant

Introduction

A well-established theory of functional organization across visual brain areas suggests
that visual information is processed within two distinct pathways: the ventral stream
and the dorsal stream (Goodale & Milner, 1992). The ventral stream receives
parvocellular input and includes V2, V4, and the inferior temporal cortex. The dorsal
stream, on the other hand, receives magnocellular input and includes V2, V3a, V5 (the
homologue of the macaque middle temporal area; MT), and the posterior parietal
lobe (de Haan & Cowey, 2011; Goodale & Milner, 1992; Goodale, 2013; Grinter,
Maybery, & Badcock, 2010). Functionally, the ventral stream has been shown to
underpin object recognition, whereas the dorsal stream supports object localization
and visuomotor control (Almeida, Mahon, & Alfonso, 2010; Goodale, 2013; Johnson
& Grafton, 2003; Rizzolatti & Matelli, 2003), although there is significant cross-talk
between the two pathways (Cloutman, 2013; Himmelbach & Karnath, 2005; Zanon et
al., 2010).

The dorsal stream vulnerability hypothesis proposes that neurodevelopmental
problems have a greater impact on dorsal than ventral stream development (Braddick,
Atkinson, & Wattam-Bell, 2003; Spencer et al., 2000). Much of the evidence for this
hypothesis comes from the measurement of global motion perception, which involves
the integration of local motion signals. Global motion perception is measured typically
using random dot kinematograms (RDKs), which consist of two populations of moving
dots; a signal population that move in the same direction and a noise population that
move randomly. The observer identifies the direction of the signal dots and the
relative proportion of signal to noise in the stimulus is varied to measure a
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psychophysical

‘motion

coherence’

threshold

(Newsome

&

Pare,

1988).

Neurophysiological (Andersen, 1997; Edwards & Badcock, 1994), neuroimaging
(Braddick et al., 2001; Klaver et al., 2008), lesion (Newsome & Pare, 1988; Rudolph &
Pasternak, 1999) and brain stimulation studies (Cai, Chen, Zhou, Thompson, & Fang,
2014; Kaderali, Kim, Reynaud, & Mullen, 2015; Salzman, Britten, & Newsome, 1990)
have shown that the perception of global motion in RDKs involves dorsal stream
extrastriate area MT/V5 in macaques and humans, although a range of other brain
areas may also be involved (Braddick et al., 2001).

Impairments in global motion perception due to abnormal visual cortex development
have been reported in adults with strabismic and anisometropic amblyopia (Simmers
& Bex, 2004; Simmers et al., 2003; Simmers, Ledgeway, Mansouri, Hutchinson, & Hess,
2006) and children with deprivation amblyopia (Ellemberg et al., 2002). Furthermore,
in support of the dorsal stream vulnerability hypothesis, impaired global motion
perception has been reported in children with William’s syndrome (Atkinson et al.,
1997), dyslexia (Raymond & Sorensen, 1998), autism (Brieber et al., 2010; Manning et
al., 2013; Manning & Charman, 2015) a history of preterm birth (Taylor et al., 2009),
and fetal alcohol syndrome (Gummel et al., 2012). However, not all
neurodevelopmental studies report visual deficits that are consistent with the dorsal
stream vulnerability hypothesis (Bertone & Faubert, 2006; Bertone, Mottron, Jelenic,
& Faubert, 2003).

In addition to motion integration, global motion perception also relies on accurate
processing of local motion signals (Simoncelli & Heeger, 1998). Therefore, global
motion deficits may originate from abnormal processing of local motion, abnormal
motion integration or both. One technique for separating these possibilities is to
measure motion coherence thresholds for RDKs presented at a range of different
contrast levels (Simmers, Ledgeway, & Hess, 2005; Simmers, Ledgeway, Hess, &
McGraw, 2003). This approach is based on psychophysical data indicating that
contrast thresholds for the detection of global motion in RDKs are limited by local
mechanisms that are sensitive to motion direction (Morrone et al., 1995). Specifically,
contrast thresholds for direction discrimination of coherent RDKs do not exhibit
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spatial summation, whereas motion coherence thresholds benefit from spatial
summation. In macaques, cells in V1 that project to MT are tuned for motion direction,
have high contrast sensitivity and may support the processing of local motion signals
in global motion stimuli (Movshon & Newsome, 1996). By extension, human V1 may
be involved in the local processing of motion in RDKs.

In adult observers with normal vision, motion coherence thresholds remain stable
over a broad range of dot contrasts and then rapidly increase for contrasts that are
sufficiently low to impair local motion processing (Hess et al., 2007). Using the same
technique of measuring motion coherence thresholds at different stimulus contrasts,
Allen et al. (2010) investigated global motion perception in elderly observers. A deficit
in global motion perception was observed in the older observers. Reduced contrast
sensitivity rather than impaired motion integration was found to be the key factor.
Similarly, Blumenthal et al. (2013) found no difference in motion coherence thresholds
for 3 and 7 month old infants when the stimulus dots were presented at a fixed
multiple of their contrast threshold for coherent motion direction discrimination. The
authors suggest that previous reports of global motion development in infancy
(Banton & Bertenthal, 1996; Mason, Braddick, & Wattam-Bell, 2003; Wattam-bell,
1996; Wattam-Bell, 1994) reflect changes in local motion processing rather than
motion integration.

However, deficits in motion integration that are not due to abnormal local motion
processing have also been reported (Raymond & Sorensen, 1998; Schellekens, Van
Wezel, Petridou, Ramsey, & Raemaekers, 2013). For example, adults with amblyopia
exhibit global motion deficits that are independent from stimulus contrast and
therefore likely reflect abnormal development of extrastriate areas such as V5
(Simmers, Ledgeway, Mansouri, Hutchinson, & Hess, 2006; Simmers & Bex, 2004;
Simmers et al., 2005, 2003). Global motion impairments in studies of dorsal stream
vulnerability are also interpreted typically in the context of abnormal motion
integration (Atkinson et al., 1997; Brieber et al., 2010; Palomares & Shannon, 2013).
Many of these studies were conducted with preschool or school aged children and
used high contrast stimuli in order to minimize any effects of reduced acuity or
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contrast sensitivity deficits on task performance (Gummel et al., 2012; Manning &
Charman, 2015). However, the influence of contrast dependent local motion
processing on global motion perception is largely unknown in this population. A
number of studies have measured both contrast sensitivity and global motion
perception in children with neurodevelopmental disorders, but different stimuli were
used for each type of task (Cornelissen et al., 1995; Pellicano, Gibson, Maybery,
Durkin, & Badcock, 2005; Pellicano & Gibson, 2008). This is because the studies were
designed to target different stages of dorsal stream processing and not explore the
relationship between local and global motion processing. For example, Pellicano et
al., (2005) and Pellicano & Gibson (2008) tested global motion perception with RDKs
and contrast sensitivity by measuring detection thresholds for a low spatial frequency,
high temporal frequency stimulus that was designed to target early magnocellular
processing. Tasks designed to target different stages of dorsal stream processing do
not correlate well with one another (Dakin & Frith, 2005; Goodbourn et al., 2012), and
therefore current data do not directly address the question of whether contrast
sensitivity impacts global motion perception in children.

The relationships between motion coherence thresholds and clinical measures of
vision such as visual acuity and stereopsis have also been investigated. Visual acuity,
which involves processing in V1 (Duncan & Boynton, 2003) and relies on parvocellular
function (Merigan et al., 1991), was not significantly correlated with motion
coherence thresholds in children ( Ho et al., 2005a) or adults (Simmers et al., 2003)
with strabismic, anisometropic or mixed amblyopia. Similarly, Ellemberg et al.
reported a dissociation between acuity deficits and global motion deficits in a group
of children and young adults with deprivation amblyopia (Ellemberg et al., 2002).
More recently, Giaschi et al. have reported deficits for a form-from-motion task
designed to target global motion processing in a group of children with amblyopia that
persisted despite visual acuity improvements following occlusion therapy (Giaschi,
Chapman, Meier, Narasimhan, & Regan, 2015).

Results that are consistent with the dissociation between visual acuity and motion
coherence thresholds in patients with amblyopia have also been found in observers
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with normal vision. For example, motion coherence thresholds are unaffected by
stimulus manipulations that significantly impair visual acuity such as low lighting
conditions (Grossman & Blake, 1999) and optical defocus (Trick & Silverman, 1991;
Trick et al., 1995). Furthermore, no relationship between visual acuity and motion
coherence thresholds was found in a group of 2-year old children born at risk of
neonatal hypoglycemia (Yu et al., 2013). Therefore the available data suggest that
global motion processing is largely independent of visual acuity.

Stereoacuity has been linked to processing in both the dorsal and ventral streams
(Anzai et al., 2011; Neri, 2005; Parker, 2007; Uka & DeAngelis, 2004; Umeda et al.,
2007). Within the dorsal stream, areas that are sensitive to global motion such as V3A
and MT/V5 have also been found to exhibit sensitivity to retinal disparity (Anzai et al.,
2011; Cottereau et al., 2012; DeAngelis & Uka, 2003; Gregory C. DeAngelis, 1998;
Rokers, Cormack, & Huk, 2009). This may provide the basis for the correlations
between finer stereoacuity and lower motion coherence thresholds that have been
reported in a number of populations such as young children born at risk of neonatal
hypoglycemia (Yu et al., 2013) and children with a low birth weight (MacKay et al.,
2005). However, the inverse relationship has also been reported whereby poorer
stereopsis was related to lower (better) motion coherence thresholds in children with
amblyopia (Ho et al., 2005).

Building on this previous work we investigated the relationship between contrast
sensitivity for direction discrimination with fully coherent RDKs and motion coherence
thresholds for high contrast RDKs in a group of one hundred and twenty five 4.5-yearold children born at risk of abnormal neurodevelopment. The children were enrolled
in one of two longitudinal follow up studies that both included optometric screening
at 4.5 years of age. Therefore, we were also able to assess the relationship between
motion coherence thresholds and both visual acuity and stereoacuity.
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4.3

Materials and Methods

One hundred and twenty five children aged 54 (±2) months took part in the study. Of
these, one hundred and seventeen (94%; 59 boys, 58 girls) were able to complete all
psychophysical and clinical tests and were therefore included in the final analyses. The
description of the cohorts is given in Chapter 3, Sections 3.3 and 3.4. The stimuli and
procedure of psychophysical experiments for the assessment of global motion
perception and contrast sensitivity for coherent motion direction discrimination are
described in Chapter 3, Sections 3.4.2.1 and 3.4.2.2, respectively. The optometric tests
to measure visual acuity and stereoacuity are also described in Chapter 3, Sections
3.4.2.3 and 3.4.2.4, respectively.

4.3.1 Statistical Analyses
Contrast thresholds for coherent motion direction discrimination were converted to
log contrast sensitivity. Data were analyzed using SPSS v22 (IBM Corp, Armonk, NY,
USA). The Shapiro-Wilk test was used to assess whether data were normally
distributed and parametric (ANOVA) or nonparametric (Kruskal Wallis, Mann-Whiney
U and Spearman’s rank correlation coefficients) statistical tests were chosen
accordingly. Data are reported as mean and standard deviation or median and range.

4.4

Results

One hundred and twenty five children aged 54 (± 2) months took part in the study. Of
these, one hundred and seventeen (94%; 59 boys, 58 girls) were able to complete all
psychophysical and clinical tests and were therefore included in the final analyses.
Distributions for motion coherence thresholds, log contrast sensitivity for direction
discrimination, better eye visual acuity and stereoacuity are shown in Fig 1. Motion
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coherence thresholds (Figure 4-1A, median 49%, range 11% to 86%), better eye visual
acuity (Figure 4-1C, median 0.06 logMAR, range -0.06 logMAR to 0.30 logMAR) and
stereoacuity (Figure 4-1D, median 63” of arc, range 25” to 300” of arc) were not
normally distributed. Log contrast sensitivity (Figure 4-1B) was normally distributed
with a mean of 1.7 + 0.2 logCS.
(A)

(B)

(C)

(D)

Figure 4-1
Distribution (n = 117) of (A) motion coherence thresholds (B) log
contrast sensitivity for coherent motion direction discrimination (C) visual acuity
and (D) stereoacuity.

4.4.1 Correlations involving motion coherence thresholds
Motion coherence thresholds and log contrast sensitivities were not correlated
significantly (rho = -0.06, p = 0.52; Figure 4-2A). Motion coherence thresholds were
also not correlated with visual acuities (rho = 0.005, p = 0.96, Figure 4-2B).
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(A)

(B)

Figure 4-2
Relationships between motion coherence thresholds and contrast
sensitivity for coherent motion direction discrimination and (B) visual acuity.

To further test for any relationships between motion coherence threshold and
contrast sensitivity for coherent motion direction discrimination, motion coherence
thresholds (MCT) were divided into quartiles (Q) (Q1 = MCT < 31.75%, Q2 = MCT ≥
31.75% to < 48.75%, Q3 = MCT ≥ 48.75% to < 59.75% and Q4 = MCT ≥ 59.75%; Fig 3A).
Contrast sensitivity did not vary significantly across motion coherence threshold
quartiles (ANOVA, F3,113 = 1.42, p = 0.24) (Figure 4-3A). Similarly, visual acuity (Figure
4-3B) did not vary significantly across each of the motion coherence threshold
quartiles (Kruskal Wallis χ2(3) = 0.81, p = 0.85).
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(A)

(B)

(C)

Figure 4-3
Comparison of (A) log contrast sensitivity for coherent motion
direction discrimination, (B) visual acuity, and (C) stereoacuity across four quartiles
of motion coherence threshold. In panel A, horizontal lines indicate the mean log
contrast sensitivity for each quartile of motion coherence threshold. Mean log
contrast sensitivity values are given to the right of each data point. The error bars
show standard deviation and open circles indicate outliers (values larger or smaller
than 1.5 times the interquartile range). In panels B and C, horizontal lines indicate
medians with the median value given to the right of each data point. In these panels,
error bars show the range and open circles indicate outliers. Absent error bars indicate
that no data points (excluding outliers) fell outside of the relevant box plot boundary.

Motion coherence thresholds were correlated moderately and statistically
significantly with stereoacuity (rho = 0.38, p = 0.004) whereby lower (better) motion
coherence thresholds were associated with lower (better) stereoacuity scores. In
agreement with this correlation, stereoacuity varied significantly across the four
quartiles of motion coherence threshold [Kruskal Wallis, χ2(3) = 16.5, p = 0.001; Fig
4.3C], with a significant difference between the stereoacuity scores for children in the
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first and fourth quartiles of motion coherence thresholds (post hoc Mann-Whitney, U
= 193.5, p < 0.001).

4.4.2 Correlations among contrast sensitivity for direction
discrimination, visual acuity and stereoacuity
A statistically significant positive correlation was observed between better eye visual
acuity and contrast sensitivity for coherent motion direction discrimination (rho = 0.26, p = 0.004). Furthermore, visual acuity varied significantly across the four
quartiles of contrast sensitivity (Q1 = logCS < 1.58, Q2 = logCS ≥ 1.58 to < 1.76, Q3 =
logCS ≥ 1.76 to < 1.88 and Q4 = logCS ≥ 1.88, χ2(3) = 9.67, p=0.022; Figure 4-4), with a
statistically significant (but clinically small) difference between the visual acuities of
children in the first and fourth quartiles of contrast sensitivity (U = 239, p = 0.004,
difference = 0.08 logMAR). No significant relationships were found between visual
acuity and stereopsis or contrast sensitivity and stereopsis.

Figure 4-4
Variation in visual acuity as a function of log contrast sensitivity for
coherent motion direction discrimination quartile. Data are shown as in Figure 4-3.

4.5

Discussion

The aim of this study was to assess whether motion coherence thresholds in preschool
age children were independent from contrast thresholds for coherent motion
direction discrimination measured using the same stimuli. This question is important
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as studies investigating the dorsal stream vulnerability hypothesis often interpret
elevated motion coherence thresholds as evidence for abnormal motion integration
in extrastriate visual areas (Raymond & Sorensen, 1998; Schellekens et al., 2013), but
elevated thresholds could be related to impairments at earlier stages of visual
processing .

In our large group of 4.5-year-old children born at risk of abnormal
neurodevelopment, we found no evidence for a relationship between contrast
thresholds for coherent motion direction discrimination and motion coherence
thresholds for the same RDK stimuli. Motion coherence thresholds were also
unrelated to visual acuity, as has previously been reported for patients with amblyopia
(Ellemberg et al., 2002; Simmers et al., 2003). This suggests that motion coherence
thresholds for high contrast RDKs are independent of normal variations in contrast
sensitivity for direction discrimination and acuity in children. Therefore, elevated
motion coherences thresholds for high contrast RDK stimuli are likely to reflect
abnormal motion integration, a visual function that involves dorsal stream extrastriate
visual areas such as V5. This is in agreement with recent work using equivalent noise
techniques indicating that integration processes limit global motion perception in 511 year old children and not local motion processing (Manning et al., 2014). Our
results are also consistent with previous work demonstrating that, in adults, motion
coherence thresholds are constant across a wide range of stimulus contrasts (Hess et
al., 2007).

The absence of a relationship between contrast thresholds for coherent motion
direction discrimination and motion coherence thresholds in our group of 4.5-yearold children is not consistent with studies that have reported a link between contrast
sensitivity and global motion perception. Blumenthal et al. (2013) found that motion
coherence thresholds were dependent on contrast thresholds for direction
discrimination in infants 3-7 months of age. Furthermore, they argued that motion
integration mechanisms function at adult levels by 3 months of age and that apparent
maturation of global motion perception is primarily a result of contrast sensitivity
development. The discrepancy between the results of Blumenthal et al., (2013) and
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those we report here could result from a number of factors. Contrast sensitivity
develops significantly between early infancy (3-7 months as assessed by Blumenthal
et al., (2013) and childhood (4.5 years of age, as assessed in the current study).
Therefore it is possible that stimulus contrast has a more pronounced effect on global
motion processing for young infants than for 4.5-year-old children whose contrast
sensitivity is closer to adult levels (reviewed in Daw, 2003). In addition, Blumenthal et
al., (2013) used an eye movement based measure of global motion perception, which
may involve both cortical and subcortical mechanisms in children below the age of 2
years (Lewis, Maurer, Chung, Holmes-Shannon, & Van Schaik, 2000).

Although motion coherence thresholds were not correlated with contrast sensitivity
for coherent motion direction discrimination or acuity, there was a moderate and
statistically significant correlation with stereoacuity. This is consistent with a previous
study of the CHYLD study cohort at 2 years of age, which reported a moderate and
significant correlation between an eye-movement-based motion coherence threshold
measure and stereo acuity (Yu et al., 2013). Neurophysiological recordings from
macaques have identified cells in MT that encode both global motion and retinal
disparity (DeAngelis & Uka, 2003; Felleman & Essen, 1987; DeAngelis, 1998). If human
V5 also supports both global motion perception and disparity processing, these
correlations may reflect parallel development of these two important visual functions.
We also observed a weak but statistically significant correlation between better eye
visual acuity and contrast sensitivity for coherent motion direction discrimination
suggesting a partial relationship between these two measurements of spatial (visual
acuity) and spatio-temporal (RDK contrast sensitivity) vision. Although both visual
acuity (Duncan & Boynton, 2003) and motion direction encoding (Movshon &
Newsome, 1996) involve V1, these two processes primarily rely on parvocellular and
magnocellular inputs from the LGN respectively, and therefore the neural basis for
this relationship is unclear .

In summary, motion coherence thresholds for high contrast RDK stimuli were
independent from contrast sensitivity for coherent motion direction discrimination
and visual acuity in our sample of 4.5-year-old children. This suggests that motion
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coherence thresholds measured with high contrast RDK stimuli reflect the function of
motion integration mechanisms within extrastriate areas of the visual cortex. In
practical terms, the results indicate that RDK stimuli can be used to investigate motion
integration in studies of dorsal stream development and function.
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Chapter 5

Global Motion Perception is Associated with
Neuromotor Function in 4.5-year-old Children
Born at Risk of Abnormal Development

This chapter is a manuscript in preparation. Chakraborty A, Anstice NS, Jacobs RJ,
LaGasse LL, Lester BM, Wouldes TA, McKinlay C, Harding JE, Thompson B. Global
Motion Perception is Associated with Neuromotor Function in 4.5-year-old Children
Born at Risk of Abnormal Development.

5.1

Abstract

Aim

Global motion perception is often used as an index of dorsal visual cortical

stream function in neurodevelopmental studies. However the relationship between
global motion perception and visual motor control, a primary function of the dorsal
stream, is unclear.

Methods

Six hundred and six children 4.5-year-old children born at risk of

abnormal neurodevelopment were assessed. Motion coherence thresholds (MCT; a
measure of global motion perception) were measured using random dot
kinematograms and a staircase psychophysical procedure. Neuromotor function was
measured using the Beery-Buktenica Developmental Test of Visual-Motor Integration
as well as the Movement Assessment Battery for Children (n = 441) or the Peabody
Developmental Motor Scales-2 (n = 165). Visual acuity and stereoacuity were assessed
with age appropriate clinical tests. The Wechsler Preschool and Primary Scale of
Intelligence was also administered and verbal IQ scores were extracted.
Results

MCT was significantly correlated with neuromotor function and was a

significant predictor of visual motor integration and total motor scores independent
of visual acuity, stereopsis, sex and verbal IQ.
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Interpretation

Global motion perception is associated with neuromotor

function in children born with developmental risk factors in agreement with the
concept of a dorsal visual processing stream.

5.2

Introduction

A primary role of human vision is the guidance of motor functions such as reaching,
grasping and locomotion. In fact, a dominant theory of visual processing posits two
parallel streams; one specialized for object recognition (the ventral stream) and one
for visual-motor control or “vision for action” (the dorsal stream) (Goodale & Milner,
1992). The dorsal stream includes V1, extrastriate visual areas V2, V3a, and V5 and
projects to regions of the posterior parietal lobe that are involved in visuomotor
control (de Haan & Cowey, 2011).

This processing pathway has been of interest from a developmental perspective due
to the dorsal stream vulnerability hypothesis, which proposes that abnormal
neurodevelopment preferentially affects dorsal stream function (Atkinson et al., 1997;
Grinter et al., 2010). The most commonly used measure of dorsal stream function in
studies of child development is global motion perception. This is typically measured
using random dot kinematograms (RDKs), which consist of two populations of moving
dots; signal dots that move in a common coherent direction and noise dots that move
randomly. The observer’s task is to detect the direction of the coherent signal dots
and the relative proportion of signal to noise in the stimulus can be varied to estimate
a motion coherence threshold (the percentage of signal dots required for a particular
level of task performance) (Newsome & Pare, 1988). It is well established the motion
sensitive middle temporal area (MT) or V5, a key area within the dorsal stream, plays
a central role in detecting coherent motion in RDKs (Andersen, 1997; Kaderali et al.,
2015; Klaver et al., 2008; Schenk & Zihl, 1997). However, the relationship between
global motion perception and visuomotor control, arguably the primary function of
the dorsal stream, is less well established.
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In an influential study, Atkinson et al. found that children with William’s syndrome
exhibited impairments for both global motion perception and a motor task involving
posting cards though slots (Atkinson et al., 1997). These children performed normally
on a global form task leading to the suggestion that they had a specific dorsal steam
deficit. Subsequent studies have also found relationships between performance on
motion tasks designed to target V5 function and standardized tests of neuromotor
function in small groups of children with autism and controls (Milne et al., 2006),
children born preterm and controls (Jakobson et al., 2006) and children with Dravet
syndrome (Ricci et al., 2015).

Visual functions other than global motion perception may also be related to
neuromotor development. For example, impaired stereopsis due to amblyopia has
been associated with visual motor control deficits (Grant et al., 2007; Melmoth et al.,
2009). Similarly, impaired visual acuity (Celano et al., 2015) due to a history of
congenital cataract contributes to impaired neuromotor function. However, a recent
study found that neuromotor function was unrelated to stereopsis and only very
weakly related to visual acuity in a group of 174 preschool age children (Ho et al.,
2015), although any relationships may have been masked by a very strong effect of
age on neuromotor development in this study.

Building on this previous work, we investigated the relationship between global
motion perception and performance on well validated, standardized tests of
neuromotor function in a large group of preschool children (n = 616) born with
developmental risk factors. The potentially confounding effect of age (Ho et al., 2015)
was excluded in our study by assessing all children at the age of 4.5 years. In addition,
although the visual acuity and stereoacuity tests used in this study were designed for
use in preschool children, global motion perception tasks are more commonly used
with school-aged children (Jakobson et al., 2006; Manning et al., 2013). Therefore,
verbal IQ (V-IQ) scores from the Wechsler Preschool and Primary Scale of Intelligence
(WPPSI)-III were used as a control for the effect of cognitive development on
performance of the global motion task. The V-IQ score was chosen as it does not
involve any measures of visual processing (Jarrold, Baddeley, & Hewes, 1998).
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5.3

Materials and Methods

Six hundred and sixteen participants were recruited from IDEAL and CHYLD studies.

The methods of this chapter have been already detailed in Chapter 3. The backgrounds
of CHYLD and IDEAL studies are described in Sections 3.2 and 3.3, respectively. The
protocol for measuring global motion perception is outlined in Section 3.4.2.1 and
clinical measures of visual function, which include visual acuity and stereoacuity, are
given in Sections 3.4.2.3 and 3.4.2.4, respectively. The clinical tests for neuromotor
function and verbal IQ are described in Section 3.5.

5.3.1 Statistical Analyses
The following techniques were used to combine data from the M-ABC and the PDMS2 tests of motor development. Gross motor control: Gross motor (GM) percentile rank
from the PDMS-2 or the mean of the aiming and catching (A&C) and balance percentile
ranks from the M-ABC. Fine motor control: fine motor (FM) percentile rank from the
PDMS-2 or the manual-dexterity (MD) percentile rank from the M-ABC. Total motor
score: The TM percentile rank from the M-ABC or the PDMS-2. This approach to
combining PDMS-2 and M-ABC datasets has been used previously (Waelvelde et al.,
2007).

Data were analyzed using SPSS v22 (IBM Corp, Armonk, NY, USA). The Shapiro-Wilk
test was used to assess the normality of data distributions. Three analyses were then
conducted. Firstly, Spearman’s Rho was used to test for correlations between
measures of vision (MCT, stereoacuity and visual acuity) and measures of motor
development (VMI, VP, MC, GM, FM, TM). P-values were corrected for multiple
comparisons using the false discovery rate algorithm (Benjamini & Hochberg, 1995).
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Secondly, partial correlations were used to test for a mediating effect of verbal IQ on
the relationship between MCT and neuromotor function. Spearman’s Rho was used
to test for correlations between MCT and verbal IQ as well as verbal IQ and each
measure of neuromotor function. A binary score for verbal IQ was then used to allow
for partial correlations between MCT and each measure of neuromotor function to be
calculated. Children were classified as having below normal verbal IQ if their
composite score was below 85 (corresponding to the 15th percentile in the normative
dataset used to standardize the test). All other children were classified as having
normal verbal IQ.

Thirdly, linear regression analyses were conducted to assess the relative ability of
global motion perception, stereopsis and acuity to predict measures of motor
control (the dependant variable). A separate regression analysis was conducted for
each measure of neuromotor function. All data were converted to z-scores for
regression analyses.
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5.4

Results

Motor and vision data were collected from six hundred and six participants (CHYLD, n
= 441, IDEAL, n = 165, boys = 319). Motion coherence threshold, stereoacuity and
visual acuity data were not normally distributed (Figure 5-1).

A

B

55

C

0.10

63

Figure 5-1
Distributions of (A) motion coherence threshold (B) visual acuity, and
(C) stereoacuity. The blue arrows indicate medians. Visual acuity and stereoacuity
could not be measured in 14 and 47 participants respectively.

Motion coherence thresholds were modestly but significantly correlated with the VMI,
VP and MC scores from the Beery VMI test and measures of gross, fine and total motor
control (Table 5-1). Stereoacuity and visual acuity were also significantly correlated
with each measure of motor control (Table 5-1).
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Table 5-1

Correlations among measures of vision and neuromotor function†

Neuromotor
Components
Visual-Motor
Integration

Motion Coherence
Threshold
-0.15

-0.20

-0.17

(<0.001)*

(<0.001)*

(<0.001)*

Visual Perception

-0.18

-0.20

-0.25

(<0.001)*

(<0.001)*

(<0.001)*

-0.15

-0.20

-0.12

(<0.001)*

(<0.001)*

(0.013)*

-0.12

-0.15

-0.18

(0.004)*

(0.003)*

(<0.001)*

-0.15

-0.22

-0.25

(<0.001)*

(<0.001)*

(<0.001)*

-0.15

-0.20

-0.23

(<0.001)*

(<0.001)*

(<0.001)*

Motor Coordination

Gross Motor

Fine Motor

Total Motor

Stereoacuity

Visual Acuity

†Spearman’s

rho is shown for each correlation along with the associated p values (in
parenthesis). Significant correlations are highlighted with asterisks* after the
application of the false discovery rate correction for multiple comparisons (q < 0.02).
Although MCTs were not normally distributed, skewness (0.09) and kurtosis (0.79)
were within the recommended limits for partial correlations (Tabachnick & Fidell,
2012). All components of Beery’s VMI: visual-motor integration, visual perception and
motor coordination were significantly correlated with MCT after adjusting for V-IQ.
However, for tests of motor control, only the fine motor and total motor scores were
correlated with MCT after controlling for verbal-IQ (Figure 5-2).

106

Figure 5-2
Mediation analysis of the relationships between MCT and each
measure of neuromotor function controlling for verbal-IQ (V-IQ). Each diagram
shows Spearman’s Rho correlation coefficients and p values for the correlations
between MCT and V-IQ (left diagonal) and V-IQ and a measure of neuromotor function
(right diagonal). The lower, horizontal arrows show the partial correlations between
MCT and each measure of neuromotor function controlling for V-IQ (classified as
below normal or normal). Row A shows analyses for each component of Beery’s VMI:
(i) visual-motor integration (VMI), (ii) visual perception (VP) and (iii) motor
coordination (MC). Row B shows analyses for tests of motor control: (i) gross motor
(GM), (ii) fine motor (FM) and (iii) total motor (TM).

Regression analyses (Table 5-2) indicated that measures of vision (MCT, visual acuity
and stereoacuity) accounted for 11-14% and 5-12% of the variance within the
measurements of visual motor integration and motor control respectively. Motion
coherence threshold and visual acuity both showed a significant, independent
contribution to the variability within each measure of visual motor integration (VMI,
VP and MC). For measures of motor control, motion coherence threshold contributed
significantly towards variation within total motor scores, but not the individual
subcomponents (FM and GM). Visual acuity, on the other hand, independently
accounted for variation within all the three subcomponents of motor control. No
significant effects of stereoacuity were found within the regression analyses.
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Table 5-2

Motor
tests

Results of regression analyses with motion coherence threshold,
visual acuity and stereoacuity as predictors of each measure of
neuromotor function [visual-motor integration (VMI), visual
perception (VP), motor coordination (MC), gross motor (GM), fine
motor (FM) and total motor (TM)]†

Subcomponents

VMI

Beery’s

MCT

Visual Acuity

Stereoacuity

β (p)

β (p)

β (p)

-0.12

-0.16

-0.01

(0.010)*

(<0.001)*

(>0.05)

-0.14

-0.21

-0.05

(0.001)*

(<0.001)*

(>0.05)

Motor

-0.12

-0.09

-0.04

coordination

(0.007)*

(0.039)*

(>0.05)

Fine motor

-0.08

-0.18

-0.02

(0.061)

(<0.001)*

(>0.05)

-0.01

-0.14

-0.02

(>0.05)

(0.002)*

(>0.05)

-0.09

-0.19

0.004

(0.047)*

(<0.001)*

(>0.05)

Visual perception

VMI

Motor

R2

Predictor variables

Gross motor

control
Total motor

†Standardized

0.11

0.14

0.11

0.08

0.05

0.12

β are given for motion coherence threshold, visual acuity and
stereoacuity. R2 indicates the overall variance within the neuromotor measures
explained by the combined measures of vision. Statistical significance is indicated with
grey shading and asterisks.
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5.5

Discussion

Global motion perception is often used to assess dorsal stream function in studies of
child development because it thought to reflect the function of V5; a key dorsal stream
area. However, the relationship between global motion perception and neuromotor
function, a primary purpose of the dorsal stream, is not well understood. We
addressed this issue by investigating whether global motion perception was related to
standardized tests of neuromotor function in a large group of 4.5-year-old children
born with developmental risk factors.

Motion coherence thresholds, were significantly correlated with all measures of
neuromotor function, with lower (better) thresholds associated with better
neuromotor scores. These relationships remained significant for each subcomponent
of Beery’s VMI when verbal IQ was controlled for within a mediation analysis and
when visual acuity, stereopsis, verbal IQ and sex were included in a regression model.
The relationships we observed were modest, but this is to be expected in a study
involving young children and a combination of psychophysical measures and
standardized tests.

On the other hand, only the total motor score from the PDMS-2 or M-ABC tests was
significantly related to motion coherence threshold within both the mediation and
regression analyses. Partial correlations showed that verbal IQ played an important
role in tests of gross motor control and strongly mediated the relationship between
gross motor control and motion coherence threshold. Verbal IQ could not account for
the relationship between motion coherence threshold and fine motor control.
However this relationship did not reach significance in the regression model. This may
reflect a weak relationship between motion coherence threshold and fine motor
control. Alternatively, the necessity of combining data across two different tests may
have reduced our ability to detect relationships for this variable.
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Overall, our results are broadly consistent with previous reports of relationships
between global motion perception and standardized measures of motor control in
smaller groups of children with William’s syndrome, autism, a history of preterm birth
and infantile epilepsy (Atkinson et al., 1997; Jakobson et al., 2006; Milne et al., 2006;
Ricci et al., 2015). Our results are also in agreement with studies linking V5 function to
visual motor control (Schenk et al., 2005). Overall, it appears that V5 function assessed
using global motion perception is at least partially related to neuromotor function.

We also found that visual acuity was significantly associated with each measure of
neuromotor function and was the strongest independent predictor of neuromotor
function within the regression analysis. This is consistent the findings of Celano et al.
who found that visual acuity was a significant predictor of visual-motor integration
scores in children with a history of congenital cataract (Celano et al., 2015). Therefore
normal visual acuity may be required for optimal motor development (Hadders-Algra,
2010). Furthermore, pencil and paper based tests of neuromotor function, such as
Beery’s VMI, require normal visual acuity in order to accurately resolve the finely
detailed visual stimuli used within many of the tasks. For such tests it is difficult to
separate the effects of reduced visual acuity on a child’s ability to resolve the visual
components of each task from its effects on neuromotor function per se.

Finally, although stereo acuity was significantly correlated with performance on each
measure of neuromotor function, it was not a significant predictor in the regression
model when global motion perception, acuity, sex and verbal IQ were accounted for.
This is unexpected because stereopsis has been shown to play an important role in
laboratory based measures of reaching and grasping in patients with amblyopia (Grant
et al., 2007; Melmoth et al., 2009). These tests may be more sensitive to binocular
function than the standardized tests we employed as they involve precision reaching,
grasping and threading. In addition, the majority of children within our study had good
stereoacuity (80% children had stereoacuity within 100secs of arc) limiting our ability
to detect any association between stereopsis and neuromotor function. Moreover,
the development of stereopsis is not complete at 4.5 years of age (Ciner, SchanelKlitsch, & Herzberg, 1996; Tomac & Altay, 1999). Therefore stereopsis may only
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become important for motor control when fine disparities can be resolved later in
childhood.

In conclusion, our data indicate that global motion perception is at least partially
related to neuromotor function in 4.5-year-old children. This is consistent with the
concept of a dorsal processing stream that involves motion sensitive area V5 and
projects to areas of the posterior parietal lobe involved in visual motor control.
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Chapter 6

Prenatal Exposure to Recreational Drugs
Affects Global Motion Perception in Preschool
Children

This chapter has been published in Scientific Reports. Chakraborty A, Anstice NS, Jacobs
RJ, LaGasse LL, Lester BM, Wouldes TA, Thompson B. Prenatal exposure to recreational
drugs affects global motion perception in preschool children. Scientific Reports. 2015;
5, 16921; doi: 10.1038/srep16921

6.1

Abstract

Prenatal exposure to recreational drugs impairs motor and cognitive development;
however it is currently unknown whether visual brain areas are affected. To address
this question, we investigated the effect of prenatal drug exposure on global motion
perception, a function of the dorsal extrastriate visual cortex that is thought to be
particularly vulnerable to abnormal neurodevelopment. Global motion perception
was measured in one hundred and forty five 4.5-year-old children who had been
exposed to different combinations of methamphetamine, alcohol, nicotine and
marijuana prior to birth and 25 unexposed children. Self-reported drug use by the
mothers was verified by meconium analysis. We found that global motion perception
was impaired by prenatal exposure to alcohol and significantly improved by exposure
to marijuana. Exposure to both drugs prenatally had no effect. Other visual functions
such as habitual visual acuity and stereoacuity were not affected by drug exposure;
prenatal exposure to methamphetamine was not found to influence visual function.
Our results demonstrate that prenatal drug exposure can influence visual cortex
development, but that the effects are critically dependent on the specific drugs used
during pregnancy.
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6.2

Introduction

Prenatal exposure to recreational drugs is a growing problem (Kuczkowski, 2007;
Wouldes, Lagasse, Sheridan, & Lester, 2004). Research into the impact of prenatal
drug exposure (PDE) has focused primarily on cognitive and motor development
following exposure to opioids such as cocaine or methadone (Miller-Loncar et al.,
2005; Minnes et al., 2010; Nulman et al., 2001). More recently, the effects of prenatal
exposure to amphetamine-type stimulants such as methamphetamine have been
investigated due to the high prevalence of users, particularly within Australasia (Abar
et al., 2013; Wouldes et al., 2013). Such studies include the Infant Development,
Environment and Lifestyle (IDEAL) study which has reported impaired motor
development in young children exposed prenatally to methamphetamine (Wouldes et
al., 2013, 2014).

The effect of PDE on visual development is less well understood, however current
evidence suggests that PDE does affect the visual system. A recent large-scale
retrospective comparative case series found substantial increases in the rate of
strabismus and nystagmus in infants with prenatal drug exposure that persisted at 5
years of age (Cornish, Hrabovsky, Scott, Myerscough, & Reddy, 2013). There is also
recent evidence that PDE can affect visual cortex function. McGlone et al. found that
6-month old infants with prenatal exposure to methadone exhibited abnormal visual
evoked potentials (McGlone et al., 2014), suggesting disruption within the visual
pathway. Abnormal visual cortex responses have also been reported in a small group
of children with prenatal exposure to amphetamine (Hansen et al., 1993).

Participants in the IDEAL study were recruited to two groups on the basis of prenatal
methamphetamine exposure (methamphetamine exposed vs. controls). Many
mothers of methamphetamine exposed children were poly-drug users and therefore
the control group included children who were exposed to a range of drug
combinations with the exception of methamphetamine as well as non-drug exposed
children. Prenatal drug exposure was objectively verified by meconium analysis.
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Therefore, this group of children provided a unique opportunity to study the effects
of prenatal exposure to a range of substances on visual development.

The aim of this study was to investigate higher-level processing within the extrastriate
visual cortex in 4.5-year-old children enrolled in the New Zealand arm of the IDEAL
study. Specifically, we assessed the effect of PDE on global motion perception, which
is dependent on visual areas such as V5 in the dorsal visual stream. This particular
stream connects the magnocellular layers of the lateral geniculate nucleus, the
primary visual cortex and extra striate areas such as V3a and V5 within the occipitoparietal cortex (de Haan & Cowey, 2011; Grinter et al., 2010). Visual areas V3a and V5
are thought to process global motion by integrating local motion signals from the
primary visual cortex (Andersen, 1997).

Global motion perception was chosen as a measure of extrastriate visual function
because it has been suggested that dorsal stream function is particularly vulnerable to
the effects of abnormal neurodevelopment; the dorsal stream vulnerability
hypothesis (Braddick et al., 2003; Spencer et al., 2000). For example, global motion
perception has been found to be impaired in children born with developmental risk
factors such as William’s syndrome, dyslexia, autism spectrum disorder and fetal
alcohol syndrome (Atkinson et al., 1997; Gummel, Ygge, Benassi, & Bolzani, 2012;
Gunn et al., 2002; Manning, Charman, & Pellicano, 2013; Raymond & Sorensen, 1998).
Poor global motion perception has also been associated with deficits in visuomotor
tasks involving reaching, grasping, and locomotor action (Almeida, Mahon, & Alfonso,
2010; Atkinson et al., 1997; Atkinson & Braddick, 2007). Performance of such tasks is
mediated by regions of the posterior parietal lobe that receive input from the dorsal
visual stream (Goodale & Milner, 1992; Goodale, 2013). In this context, our choice of
global motion perception was further motivated by the delayed motor development
at birth (LaGasse et al., 2011) and between 1 and 3 years of age (Wouldes et al., 2014)
that has been found within the IDEAL study cohort.
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6.3

Materials and Methods

The IDEAL study protocol has been described in Section 3.2 of Chapter 3. The method
for assessing global motion perception and clinical vision screening are described in
Section 3.4 of Chapter 3.

6.3.1 Statistical Analysis
To understand the effect of individual drugs on global motion perception, a univariate
general linear model was constructed with fixed factors of drug exposure, sex and
ethnicity and covariates of verbal IQ, stereoacuity and better eye habitual visual
acuity. The fixed factor of drug exposure coded exposure to each of the following
drugs as yes or no; nicotine, alcohol, marijuana and methamphetamine. Note that
exposure to opiates was an exclusion criterion for the IDEAL study. Significant main
effects and interactions were investigated using post-hoc paired sample t-tests.

As a secondary analysis, we assessed the relationship between the estimated extent
of drug exposure and global motion perception using multiple linear regression. This
analysis was conducted only for marijuana and alcohol use, because only these two
drugs had significant effects on global motion perception in the primary analysis.
Furthermore, this analysis was conducted only for children who were exposed to
marijuana in the absence of alcohol, or vice versa, as the effects of marijuana and
alcohol were found to interact in the primary analysis.

Drug exposure was estimated from the Substance Use Inventory based on the subset
of questions that addressed the frequency (how many times marijuana or alcohol was
used per week) and amount (amount of marijuana or alcohol that was consumed on
each occasion) of drug use. The frequency of use was categorized as <1 day per week,
1-4 days per week, or 5-7 days per week. For marijuana, the amount of drug was
categorized as light (<1 joint per occasion), moderate (1-2 joints per occasion), or
heavy (>2 joints per occasion). Because joints can be shared, these responses were
modified to reflect the consumption of whole joints based on additional questionnaire
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data relating to joint sharing. For alcohol, the amount of drug was categorized as light
(<2 drink per occasion), moderate (2-5 drinks per occasion), or heavy (>5 drinks per
occasion). Within the Substance Use Inventory, these questions were completed
separately for each trimester of pregnancy. A single estimate of frequency and a single
estimate of amount of drug use were calculated for each participant from the
responses for each trimester. To achieve this, we ranked the frequency of drug use in
each of the trimesters (1 for < 1 day a week, 2 for 1-4 days a week, and 3 for 5-7 days
a week) and then took the median of the ranks across all trimesters. Similarly, the
amount of drug (marijuana or alcohol) use was also ranked for each of the trimesters
(1 for light users, 2 for moderate users and 3 for heavy users), and the median of the
ranks across all trimesters was used for the analysis. These categories were dummy
coded (no = 0, yes = 1) for multiple linear regression analyses. The multiple regression
model controlled for other drug use (yes/no for methamphetamine and nicotine), sex,
ethnicity, stereoacuity, visual acuity, and verbal IQ.

6.4

Results

One hundred and seventy 4.5-year-old (54 ± 2 months) children were recruited from
the New Zealand arm of IDEAL study. One hundred and sixty five children (93 male)
successfully completed a psychophysical measure of global motion perception and a
comprehensive vision screening including habitual visual acuity, stereoacuity, ocular
motility assessment and external eye examination. Demographically the cohort was
52.5% European, 36.5% Maori and 11% other. The children had been exposed to a
range of different drugs: 75.2% to nicotine, 56.4% to alcohol, 44.2% to
methamphetamine and 40% to marijuana. The majority of children (81.3 %) had been
exposed to multiple drugs. Twenty-five children (15%) had no drug exposure.

Only alcohol and marijuana exposure were found to have independent effects on
global motion perception [quantified using motion coherence thresholds for random
dot kinematograms (Newsome & Pare, 1988)] after controlling for the effects of
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multiple drug exposure, verbal IQ, ethnicity, habitual visual acuity, stereoacuity and
sex. Children who were prenatally exposed to alcohol were found to have elevated
(worse) motion coherence thresholds (Figure 6-1A) whereby global motion perception
was significantly poorer than children not exposed to alcohol [alcohol exposed (n =
95): 59 + 21% motion coherence threshold vs alcohol non-exposed (n = 70): 50 + 23%,
p = 0.002). Unexpectedly, children exposed to marijuana had significantly lower
(better) motion coherence thresholds (Figure 6-1B) than children not exposed to
marijuana [marijuana exposed (n = 67): 46 + 20 % vs marijuana non-exposed, n = 98:
63 + 25%].
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Figure 6-1
The effect of prenatal exposure to alcohol, marijuana and their
combination on motion coherence thresholds, a measure of global motion
perception. (A) Prenatal alcohol exposure impaired global motion perception (B)
Prenatal marijuana exposure improved global motion perception (C) Exposure to
marijuana in the absence of alcohol was associated with a substantial improvement in
global motion perception that was significantly better (p < 0.001) than children with
no history of drug exposure (dotted line). Error bars and the shaded area show
standard error of the mean.
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A significant interaction between the effects of alcohol exposure and marijuana
exposure on motion coherence thresholds was also found (Figure 6-1C, F1,114 = 7.7, p
= 0.006), whereby exposure to marijuana in the absence of alcohol was associated
with improved global motion perception (mean motion coherence threshold = 34 +
11, n = 20), which was significantly lower (better) (t41= 4.417, p < 0.001) than children
who had not experienced prenatal drug exposure (mean motion coherence threshold
= 58 + 23 %, n = 25). However global motion perception for children exposed to both
marijuana and alcohol (mean motion coherence threshold = 53 + 24, n = 48) was no
different (t70 = -0.28, p = 0.39) from children who had no drug exposure (mean motion
coherence threshold = 58 + 23, n = 25).

No other significant main effects or interactions between drugs were found for global
motion perception. Also, visual acuity (measured with habitual refractive correction if
worn), stereoacuity, and verbal IQ (measured with Wechsler Preschool and Primary
Scale of Intelligence-III) were unaffected by drug exposure in this group of children.

Multiple linear regression conducted on the subset of children (n = 20) who were
exposed to marijuana, but not to alcohol, revealed that both the frequency of
maternal marijuana use (β = -0.90; F3,16 = 28.19, p < 0.001; adjusted R2 = 0.75) and
amount of joints consumed per occasion (β = -0.89; F3,16 = 33.26, p < 0.001; adjusted
R2 = 0.78) had a negative linear association with motion coherence threshold. More
frequent maternal use of marijuana (Figure 6-2A) during pregnancy and more joints
smoked per occasion (Figure 6-2B) were associated with lower motion coherence
thresholds, indicating better global motion perception. The opposite of this was true
for children (n = 46) exposed to alcohol, but not to marijuana, whereby both frequency
of maternal alcohol use (β = 0.62; F3,42 = 10.81, p < 0.001; adjusted R2 = 0.39) and
amount of alcohol consumed per occasion (β = 0.67; F3,42 = 12.06, p < 0.001; adjusted
R2 = 0.42) had a positive linear association with motion coherence threshold. More
frequent maternal use of alcohol (Figure 6-2A) during pregnancy and more number of
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alcohol drinks per occasion (Figure 6-2B) were associated with higher motion
coherence thresholds, indicating poorer global motion perception.
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5-7 days /
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Figure 6-2
The relationship between motion coherence thresholds and the (A)
frequency and (B) amount of maternal marijuana or alcohol use. The red and blue
lines indicate maternal marijuana and alcohol use, respectively. Data points in panel
(A) indicate mean motion coherence thresholds for children who were prenatally
exposed to marijuana or alcohol <1 day / week (marijuana n = 6, alcohol n = 10), 1-4
days / week (marijuana n = 5, alcohol n = 14), or 5-7 days / week (marijuana n = 9,
alcohol n = 22). Data points in panel (B) indicate mean motion coherence thresholds
for children whose marijuana or alcohol exposure on each occasion was light
(marijuana, <1 joint, n = 6; alcohol, <2 drinks, n = 19), moderate (marijuana, 1-2 joints,
n = 7; alcohol, 2-5 drinks, n = 9), or heavy (marijuana, >2 joints, n = 7; alcohol, >5 drinks,
n = 18). Drug use data are maternal self-report; see methods for further details. The
error bars indicate standard error of the mean. Other drug use (yes/no for
methamphetamine and nicotine), sex, ethnicity, stereoacuity, visual acuity, and verbal
IQ were controlled for in the multiple regression model.
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6.5

Discussion

Our results indicate that 1) global motion perception, a behavioural measure of
extrastriate visual function, is susceptible to the effects of prenatal drug exposure, and
2) interaction effects occur when children are exposed to multiple drugs. Specifically,
we found that alcohol exposure impaired, and marijuana exposure improved, global
motion perception. These effects were dependant on the frequency and amount of
prenatal marijuana or alcohol exposure. Furthermore, these effects appeared to
cancel one another whereby prenatal exposure to both drugs resulted in no effect on
global motion perception.

Our finding that prenatal alcohol exposure was associated with impaired global
motion perception is consistent with previous reports documenting detrimental
effects of alcohol exposure on neurodevelopment (Landgren, Svensson, Strömland, &
Andersson Grönlund, 2010) and ocular development (Strömland, 2004; Kerstin
Strömland & Pinazo-Durán, 2002). However, the majority of prior studies have
focused on children with foetal alcohol syndrome. In contrast, none of the children in
this study had been diagnosed with foetal alcohol syndrome. This suggests that
prenatal exposure to levels of alcohol that are not sufficient to induce foetal alcohol
syndrome can still impair the cortical processing of visual information as assessed
using a behavioural measure of global motion perception. Furthermore, this deficit
would not be evident from the results of a vision screening, as clinical measures of
visual perception such as habitual visual acuity and stereoacuity were unaffected in
our group of children. However, clinical tests of stereopsis such as the VAO Fly
Stereotest used in this study are unlikely to be sensitive enough to detect small
differences in stereoacuity.

The finding that prenatal marijuana exposure influenced global motion perception
was consistent with the idea that extrastriate visual cortex development is effected by
maternal drug use. However, the direction and size of the effect was unexpected; the
children exposed to marijuana in the absence of alcohol were almost 50% better at
the global motion task than children with no drug exposure. It is important to note
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that although prenatal marijuana exposure has not been studied widely, detrimental
effects have been reported for motor and cognitive development (Huizink & Mulder,
2006). Therefore our results cannot be extrapolated beyond global motion perception
or interpreted as marijuana having beneficial effects on foetal development.
Furthermore, superior performance on a single behavioural task does not necessarily
indicate supernormal neurodevelopment. For example, children with autism have
superior performance on a mirror symmetric global pattern task compared to controls
(Perreault, Gurnsey, Dawson, Mottron, & Bertone, 2011); however their motor
control is poorer than non-autistic individuals (Jansiewicz et al., 2006; Mostofsky et
al., 2009; Nayate, Bradshaw, & Rinehart, 2005).

One possible explanation for the improved global motion perception we observed in
marijuana-exposed children relates to the potential neurochemical effects of this drug
on the developing visual system. Endocannabinoid receptors are present throughout
the visual pathway of non-human primates and have particularly high expression
within dorsal stream brain areas such as the middle temporal area (MT; the primate
equivalent of human V5) and the middle superior temporal area (MST) (Javadi,
Bouskila, Bouchard, & Ptito, 2015). Both MT/V5 and MST are motion sensitive areas
within the extrastriate visual cortex of humans and non-human primates (Braddick et
al., 2001; Rudolph & Pasternak, 1999). Although the role of endocannabinoid
receptors in dorsal stream function is unknown, there is evidence that cannabinoids
can enhance the function of specific neural pathways. For example, cannabinoids
improve movement and locomotion of rats in a dose-dependent manner (SañudoPeña, Tsou, & Walker, 1999). Therefore, it is possible that prenatal marijuana
exposure acts upon endocannabinoid receptors in MT/MST in a way that improves
global motion perception in human infants. It has also been found that cannabinoids
facilitate neurogenesis by acting as anti-oxidants and regulating mitochondrial activity
in preclinical models of neurodegenerative disorders (Bilkei-Gorzo, 2012). These
effects may also occur within the extrastriate visual cortex.

Previous studies have reported that prenatal exposure to heavy marijuana use impairs
performance on a range of standardized neuropsychological tests of attention,
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memory, and executive function that involve a visual component (Day et al., 1994;
English, Hulse, Milne, Holman, & Bower, 1997; Fried, Watkinson, & Gray, 1998; Fried,
Watkinson, & Gray, 2003; Fried & Watkinson, 2000; Smith, Fried, Hogan, & Cameron,
2006). These tests typically require the encoding, memorization, and recognition of
visual patterns and objects. Therefore, they may involve processing within the ventral
visual stream that includes regions of extrastriate visual cortex specialized for object
recognition (Goodale & Milner, 1992; Goodale, 2013). In combination with our results,
this raises the interesting possibility that prenatal marijuana exposure may improve
dorsal stream function but impair ventral stream function. Alternatively, the
detrimental effects of marijuana on visual processing reported in previous studies may
reflect impairments at the level of visual attention, visual memory, or response
inhibition rather than visual perception (Smith et al., 2006).

The antagonistic effects we report for marijuana and alcohol exposure on motion
processing highlight the importance of considering poly-drug interactions when
investigating prenatal drug exposure consequences. Marijuana neutralizes the effect
of nicotine in an animal model of addiction (Han, Liu, Ren, & Zhang, 2011); however
interactions between drugs administered prenatally have not been explored
comprehensively in animal models. If antagonistic drug effects on foetal and infant
neurodevelopment can be confirmed, a pathway for the development of interventions
that minimize the harmful effects of prenatal drug exposure may be opened.

The absence of any effect of prenatal nicotine exposure on global motion perception
is consistent with previous neuropsychological studies suggesting that nicotine
impairs global cognitive function and auditory processing rather than tasks that
involve visual processing (Fried et al., 2003; Fried & Watkinson, 2000). However,
deficits in visual attention have been reported in children with prenatal nicotine
exposure (Jacobsen, Slotkin, Mencl, Frost, & Pugh, 2007). Our data indicate that any
deficits in visual attention do not impact on habitual visual acuity, stereopsis, or global
motion perception in children with prenatal nicotine exposure. Similarly, prenatal
exposure to methamphetamine did not affect habitual visual acuity, stereopsis, or
global motion perception in our study cohort. No previous prospective studies have
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investigated the effect of methamphetamine on visual development in humans,
although there is evidence for ocular and optic nerve abnormalities in rats parentally
exposed to methamphetamine (Melo, Moreno, Vázquez, Pinazo-Durán, & Tavares,
2006; Melo, Rodrigues, Silva, & Tavares, 2006). No children in our study exhibited
visual deficits that would suggest serious ocular or optic nerve pathology; however
retinal structure was not specifically investigated as part of our study protocol.

The average motion coherence thresholds we report for non-drug exposed children
are slightly elevated (worse) compared to a number of previous studies of global
motion perception in preschool children (MacKay et al., 2005; Parrish, Giaschi, Boden,
& Dougherty, 2005). This was likely because of differing stimulus parameters and
psychophysical techniques. However, because children within the IDEAL study were
matched for factors such as socioeconomic status and maternal education, it is
possible that low socioeconomic status and its related risk factors had a negative
impact on global motion development for the whole group. We also note that other
studies have reported higher (worse) global motion thresholds than ours for normally
developing children of a similar age (Hadad, Maurer, & Lewis, 2011).

Overall, our results demonstrate that the development of global motion perception is
affected by prenatal exposure to alcohol or marijuana but not nicotine or
methamphetamine. Our finding that global motion perception was improved by
marijuana exposure and that marijuana reduced the negative effect of alcohol
exposure may provide a foundation for further studies investigating new ways to
prevent or ameliorate the negative developmental effects of prenatal drug exposure.

6.5.1 Additional Commentary
The descriptive of global motion perception, visual acuity and stereoacuity were
beyond the scope of this chapter, which has been published as an original article,
hence has been described here as an addendum (Figure 6-3).
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Histograms of (A) motion coherence threshold, (B) visual acuity and (C)
stereoacuity. The vertical red arrows indicate median of each of the variables
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Chapter 7

Impaired Global Motion Perception in
Children with a History of Neonatal
Hypoglycemia Relative to Euglycemic Controls

This chapter is a manuscript in preparation. Chakraborty A, Anstice NS, Jacobs RJ,
Paudel N, Harding JE, Thompson B. Impaired Global Motion Perception in Children with
a History of Neonatal Hypoglycemia Relative to Euglycemic Controls.

7.1

Abstract

Objective

Hypoglycemia is a common metabolic disorder in newborn children.

Imaging studies have indicated the parieto-occipital lobe and its underlying white
matter are preferentially affected in neonatal hypoglycemia. However, the effect of
neonatal hypoglycemia on visual development is not well understood in children. To
address this question, we investigated the effect of neonatal hypoglycemia on global
motion perception, an index of the dorsal visual stream, which is thought to be
vulnerable to abnormal neurodevelopment.

Methods

Global motion perception was assessed using random dot

kinematograms in two hundred sixty five 4.5-year-old children who had history of
neonatal hypoglycemia and one hundred and ninety children, who had normal
glycemic level (euglycemia) but were born at risk of developing neonatal
hypoglycemia. Visual acuity and stereoacuity were also measured as part of
optometric vision screening.

Results

Global motion perception was significantly impaired in children who

had history of neonatal hypoglycemia compared with euglycemic children. Moreover,
global motion perception was poorer in children with 2 or more risk factors for
neonatal hypoglycemia than those with only one risk factor. Visual acuity and
stereoacuity were not significantly affected by neonatal hypoglycemia.
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Conclusions

Neonatal hypoglycemia was associated with poorer global motion

perception, a visual function that has been linked to the dorsal visual processing
stream in the extrastriate visual cortex. This suggests that neonatal hypoglycemia may
affect visual cortex development

7.2

Introduction

Glucose is necessary to support the energy requirement for normal physiological
activity of the human brain (McCrimmon et al., 1996; Rozance & Hay, 2010). Neonatal
hypoglycemia (NH) is the most common metabolic disorder of newborn infants,
affecting 5 to 15% of otherwise healthy children in early infancy (Cornblath et al.,
2000; Hay et al., 2009). However, the incidence rises to 51% among children born at
risk of NH (Harris et al., 2012). Risk factors for NH include maternal diabetes, being
small or large for gestational age, preterm birth and poor feeding (Cornblath et al.,
2000; Rozance & Hay, 2010). Long and recurrent episodes of hypoglycemia may result
in irreversible brain damage, which has long-term neurodevelopmental consequences
(Aynsley-Green, 1982; Lucas et al., 1988; Yalnizoglu et al., 2007). Early detection for
hypoglycemia is the key, therefore, to initiating prompt treatment, which can prevent
brain damage. Currently, a blood glucose level of 2.6 mmol/L is widely considered as
the clinical threshold below which neonates are actively treated (Cornblath et al.,
2000; Rozance & Hay, 2010).

The parieto-occipital cortex, which houses the primary visual cortex and a portion of
the extrastriate visual cortex, may be particularly susceptible to the detrimental
effects of NH (Murakami et al., 1999; Tam et al., 2008; Yalnizoglu et al., 2007). A
retrospective study of 25 babies who experienced neonatal hypoglycemia and
underwent diffusion weighted brain imaging found that 12 babies exhibited diffusion
restrictions (low apparent diffusion coefficient; ADC) in the occipital region, suggestive
of ischemia. Two of those children, both of whom had experienced severe and
prolonged NH, had cortical blindness. Visually evoked potentials were also recorded
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from 20 of the children in this study. Eleven of the 20 children had abnormal or absent
cortical responses that were associated with lower occipital ADC (Tam et al., 2008)
and therefore were likely to be a result of occipital lobe injury secondary to NH.

Similarly, Burns et al. reported cortical visual impairment (2/35), visual field defects
(2/35), along with deficits in visual attention and tracking (1/35) and visuospatial
analysis (1/35), in a small cohort of babies with a history of NH (specific details of the
vision tests used were not provided by the authors). Brain imaging revealed that the
majority of the babies with vision deficits also had posterior brain injury (Burns et al.,
2008). Smaller retrospective case series have also reported visual impairment and
parieto-occipital lobe injury in children with a history of neonatal hypoglycemia.
(Murakami et al., 1999; Yalnizoglu et al., 2007).

However, not all children with parieto-occipital injury linked to NH have abnormal
visual outcomes in infancy. For example, Burns et al. reported a subset of children
with severe occipital injury but no measurable visual deficit (Burns et al., 2008).
Moreover, there is evidence that parieto-occipital brain areas may rapidly recover
from the effects of neonatal hypoglycemia. The diffusion restriction reported by Tam
et al. was only evident in children imaged within 6 days post birth. Babies imaged after
6 days of age did not show signs of parieto-occipital abnormalities and may, therefore,
have recovered from the effects of NH, at least in terms of ADC (Tam et al., 2008).

NH has also been linked to a range of other atypical visual outcomes including
strabismus (Burns et al., 2008; Karimzadeh et al., 2011; Murakami et al., 1999;
Yalnizoglu et al., 2007) and the presence of refractive error (Karimzadeh et al., 2011).
However, the rates of strabismus and refractive in children with NH do not appear to
differ from those reported elsewhere in normal preschool children (Chia et al., 2010;
Multi-ethnic Pediatric Eye Disease Study Group, 2008). Overall, therefore, it is
currently unclear whether NH has an impact on visual development.

The impact of NH and NH risk factors on visual development was recently investigated
as part of the longitudinal Children with Hypoglycemia and their Later Development
127

(CHYLD) study. This was a multidisciplinary, follow-up study of 455 children born at
risk of NH that included clinical and psychophysical measures of visual function. In the
overall cohort, 265 children experienced hypoglycemia (blood glucose <2.6 mmol/L)
and the remaining 195 children were euglycemic (normal blood sugar levels). Blood
glucose levels were recorded by heel-prick sampling and continuous glucose
monitoring for a period of two to seven days (Harris et al., 2010). Hypoglycemic
neonates were promptly treated and therefore experienced only mild to moderate
NH.

The CHYLD study cohort was assessed at 4.5 years of age. The assessment included
optometric vision screening along with a psychophysical measurement of global
motion perception. Global motion perception was chosen for two reasons. Firstly,
global motion perception has been strongly linked to processing within the dorsal
visual cortical stream, particularly dorsal stream area V5 at the junction of the
occipital, parietal and temporal lobes. The dorsal stream extends from the primary
visual cortex via V5 to the posterior parietal lobe and is therefore coincident with the
parieto-occipital areas that may be preferentially affected by NH. Secondly, global
motion perception has a known vulnerability to the affects of abnormal neural
development (Atkinson et al., 1997; Grinter et al., 2010; Gunn et al., 2002; MacKay et
al., 2005) and therefore was expected to be sensitive to even subtle effects of NH on
the visual cortex.

7.3

Material and Methods

The CHYLD study protocol has been described in Section 3.3. The methods for
assessing global motion perception and clinical vision screening are described in
Section 3.4 of Chapter 3.
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7.3.1 Statistical Analyses
Data were analyzed using SPSS v22 (IBM Corp, Armonk, NY, USA). The Shapiro-Wilk
test revealed that data were not normally distributed and therefore nonparametric
tests were adopted. The Mann-Whitney U test was used to test for differences in
motion coherence threshold, visual acuity and stereoacuity between hypoglycemic
and euglycemic children. As a secondary analysis, motion coherence thresholds were
converted to z scores and univariate general linear modelling was used to test for
motion coherence threshold differences between hypoglycemic and euglycemic
children, while controlling for gender, ethnicity, verbal IQ, visual acuity and stereopsis.
Verbal IQ was chosen to control for any differences between the groups in their ability
to comprehend the test. Furthermore, verbal IQ provided an index of general
cognitive development that did not involve a visual processing component. The results
of this analysis were treated with caution, as the data did not meet all assumptions
for parametric testing. Finally, the Kruskal-Wallis test was used to test for any effect
of NH risk factor group (maternal diabetes, preterm birth, small for gestational age,
large for gestational age and other) or number of risk factors (1, 2 or 3) on motion
coherence threshold, visual acuity and stereopsis.

7.4

Results

Four hundred and fifty-five 4.5-year-old children (239 boys) were assessed. The
median and interquartile ranges for each visual outcome measure are shown in Table
7-1.
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Table 7-1

Quartiles, median and range of MCT, stereoacuity and visual acuity
Variables

Median

Interquartile Range

Motion coherence threshold (%)

54

8.50 to 100†

Stereoacuity (secs of arc)

63

20 to 3000††

Visual acuity (logMAR)

0.10

-0.10 to 0.60

†Could

not measure in 12 participants
not measure in 27 participants

††Could

7.4.1 Comparison of Global Motion Perception and Clinical Measure of
Vision Between the Euglycemic and Hypoglycemic Groups
Children who were euglycemic within the first 48 hours of birth had significantly lower
(better) motion coherence thresholds than children who were hypoglycemic. Other
visual variables, including stereoacuity and visual acuity, did not differ significantly
between the two groups. Group differences are shown in Table 7-2.

Table 7-2

Comparison of motion coherence threshold, stereoacuity and visual
acuity between euglycemic and hypoglycemic groups

Motion
coherence
Threshold (%)
Stereoacuity
(secs of arc)
Visual acuity
(logMAR)

Glycemic
Groups

N

Median

Interquartile
Range

Euglycemia
Hypoglycemia

190
264

49
56

33-66
38-71

Euglycemia
Hypoglycemia

182
245

63
63

50-100
50-100

Euglycemia
Hypoglycemia

190
265

0.10
0.10

0.02-0.16
0.00-0.16
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MannWhitney
U = 21595.50
p = 0.012*
U = 20868
p = 0.250
U = 25151
p = 0.986

A post hoc power calculation (Cohen, 1988) showed that 22% of the motion coherence
threshold distributions for the hypoglycemic and euglycemic groups were nonoverlapping (Cohen’s d = -0.32; Figure 7-1). The same analysis for stereoacuity (d = 0.15) and visual acuity (d = -0.05), indicated almost complete overlap of the
distributions for the hypoglycemic and euglycemic groups.
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Figure 7-1
Histograms of (A) motion coherence threshold, (B) visual acuity and
(C) stereoacuity for the euglycemic and hypoglycemic groups. Blue bars represent
euglycemic children and red bars represent hypoglycemic children. The blue and red
arrows indicate the median for the euglycemic and hypoglycemic groups respectively.

A secondary analysis was conducted comparing motion coherence thresholds
between children who were euglycemic and those who were hypoglycemic after
adjusting for verbal IQ, gender and ethnicity. Children in the hypoglycemia group
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(MCT, mean = 54 ± 22) still had significantly higher (worse) thresholds than those in
the euglyciemic group (MCT, mean = 48 ± 23; F1, 360 = 6.14, p = 0.014).

7.4.2 Comparison of Global Motion and Clinical Measure of Vision
across Primary Risk Factor Groups
Motion coherence thresholds, stereoacuity and visual acuity did not vary significantly
across the groups of primary risk factors, which included maternal diabetes, preterm
birth, small for gestational age, large for gestational age and other factors. The
median, interquartile range, Kruskal-Wallis χ2 and p values are shown in Table 7-3.

Table 7-3
Visual
Functions
Motion
coherence
threshold
(%)

Stereoacuity
(secs of arc)

Visual acuity
(logMAR)

Comparison of motion coherence threshold, stereoacuity and visual
acuity across primary risk factor groups
Primary risk factors

N

Maternal diabetes
Preterm birth
Small for gestational age
Large for gestational age
Other
Maternal diabetes
Preterm birth
Small for gestational age
Large for gestational age
Other
Maternal diabetes
Preterm birth
Small for gestational age
Large for gestational age
Other

172
159
69
37
17
166
142
67
37
15
172
159
70
37
17

Median

54
54
55
41
59
63
63
63
63
63
0.10
0.10
0.10
0.10
0.10

Interquartile
Range
37-71
50-100
50-100
31-60
44-76
40-100
50-100
50-100
50-100
40-100
0.02-0.14
0.00-0.16
0.04-0.20
0.02-0.12
0.02-0.10

KruskalWallis

χ2(4) = 7.67
p = 0.105

χ2(4) = 8.97
p = 0.062

χ2(4) = 7.12
p = 0.130

A subset of children (n = 152) in the CHYLD cohort were born with multiple risk factors
for neonatal hypoglycemia in addition to the primary risk factor. Therefore, motion
coherence threshold, stereoacuity and visual acuity were compared in terms of
number of risk factors (Table 7-4). None of children in the cohort had more than three
risk factors. There was a significant difference in motion coherence threshold
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according to the number of risk factors present at birth. Children with multiple risk
factors (two or three risk factors) performed significantly worse on the global motion
perception task (higher motion coherence threshold) than children with single risk
factors. There was no effect of the number of risk factors on stereoacuity and visual
acuity. The median and interquartile range of motion coherence threshold,
stereoacuity and visual acuity as a function of risk factor number are presented in
Table 7-4. However, the number of risk factors did not influence the incidence rate of
NH in the cohort (Table 7-5).

Table 7-4

Comparison of motion coherence threshold, stereoacuity and visual
acuity according to number of risk factors of neonatal hypoglycemia

Visual Functions

Motion
coherence
threshold (%)
Stereoacuity
(secs of arc)
Visual acuity
(logMAR)

Table 7-5

Number
of Risk
Factors
1
2
3

N

Median

Interquartile
Range

KruskalWallis

302
135
17

50
57
57

33-67
39-73
39-77

χ2(2) = 7.40
p = 0.025

1
2
3

166
142
67

63
63
63

50-100
50-100
40-100

χ2(2) = 0.64
p = 0.725

1
2
3

172
159
70

0.10
0.10
0.14

0.02-0.16
0.02-0.14
0.04-0.20

χ2(2) = 2.72
p = 0.257

Incidence of neonatal hypoglycemia among children with single risk
factor and multiple risk factors (two or three)
Single Risk
Factor
N (%)

2 Risk Factors

3 Risk
Factors

Chi-square

N (%)

Euglycemia

118 (62.1)

67 (35.3)

N (%)
5 (2.6)

Hypoglycemia

185 (69.8)

68 (25.7)

12 (4.5)
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χ2(2) = 5.49
p = 0.068

7.4.3 Relationship between Motion Coherence Threshold,
Stereoacuity and Visual Acuity in Children Born at Risk of
Neonatal Hypoglycemia

Motion coherence threshold was moderately correlated with stereoacuity (rho = 0.29,
p < 0.001), whereby children with better motion coherence threshold had better
stereoacuity. However, motion coherence threshold was not correlated with visual
acuity (rho = 0.04, p = 0.351). The relationship between motion coherence threshold
and stereoacuity was further investigated by dividing the motion coherence threshold
(%) into quartiles (Q) (Motion coherence threshold: Q1 < 35, Q2 ≥35 <54, Q3 ≥54 <69,
Q4 ≥69). Stereoacuity varied significantly across the motion coherence threshold
quartiles [Kruskal-Wallis, χ2(3) = 38.91, p < 0.001], with a statistically significant
difference between the stereoacuities for children in the first and fourth quartiles of
motion coherence thresholds (post hoc Mann-Whitney, U = 3173.5, p < 0.001). The
variation in stereoacuity across the quartiles of motion coherence threshold is shown
in Figure 7-2.

Figure 7-2
Comparison of stereoacuity across four quartiles of motion coherence
threshold. Horizontal lines indicate the median stereoacuity for each quartile of
motion coherence threshold. The error bars show the interquartile range of
stereoacuity; open circles and asterisks indicate outliers (open circles: values beyond
1.5 times the inter quartile range, asterisks: values beyond 3 times the interquartile
range).
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7.4.4 Prevalence of Ocular Anomalies in the CHYLD Study Cohort
The prevalence of ocular anomalies within the CHYLD study cohort is shown in Table
7-6. The most common visual anomaly observed in the cohort was poor habitual visual
acuity (monocular or binocular), followed by strabismus. Mild visual impairment
(Dandona & Dandona, 2006) (VA poorer than 0.3 logMAR in both eyes) was found in
4.3% of the study cohort.

Table 7-6

Prevalence of ocular anomalies in the CHYLD cohort

Ocular Anomalies

Number of
Cases (%)

Glycemic Condition
Euglycemia (%)

Hypoglycemia (%)

More than 0.1 logMAR 44 (10)
difference between the
two eyes

18 (9.4)

26 (9.8)

Worse than 0.3
logMAR for either eye

25 (5.7)

11 (5.8)

14 (5.3)

Worse than 0.3
logMAR for both right
and left eye

19 (4.3)

8 (4.2)

11 (4.2)

Visual acuity

Strabismus & ocular motility
Exotropia

2 (0.5)

0

2 (0.5)

Esotropia

4 (0.9)

1 (0.5)

3 (1.1)

Extraocular muscle
imbalance
Motor fusion absent

2 (0.5)

0

2 (0.7)

5 (1.1)

1 (0.5)

4 (1.5s)

Nystagmus

1 (0.2)

0

1 (0.4)

Abnormal red reflex

2 (0.5)

1 (0.5)

1 (0.4)

Abnormalities of the
pupillary reflex

1 (0.2)

1 (0.5)

0
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7.5

Discussion

This study investigated the effect of neonatal hypoglycemia on visual development in
a large cohort of 4.5-year-old children born at risk of neonatal hypoglycemia. Our
results indicate that NH and the presence of multiple risk factors for NH impair global
motion perception, a psychophysical measure of visual integration that has been
linked to processing in the dorsal visual stream. Neither NH nor its risk factors
significantly affected clinical measures of visual function.

The findings of this study are important, as this is the first major study that has shown
an adverse effect of neonatal hypoglycemia on visual function in preschool aged
children. In the light of previous reports based on diffusion and structural MRI (Tam
et al. and Kinnala et al.) where hypoglycemic neonates have been shown to recover
from lesions as early as six days post birth (Kinnala et al., 1999; Tam et al., 2008), the
finding that children still exhibit a subtle deficit in global motion processing at 4.5
years of age is noteworthy. It would be expected that cortical plasticity would
compensate for any hypoglycemic brain injury at early stages of development.
Consistent with this, children in the CHYLD study cohort at 2 years of age showed no
effect of neonatal hypoglycemia on global motion perception, measured by an eyemovement based paradigm (McKinlay et al., 2015). However, a motion-processing
deficit was revealed in this follow-up study at 4.5-years. This could be interpreted in
the context of recent findings by Maurer et al. which show that infants with congenital
cataract, who had received treatment by surgical intervention as early as one month
after birth, appeared visually normal for the first 5 years, but they showed deficits in
spatial vision and holistic face processing tasks at 7-8 years and 15 years of age,
respectively. The authors postulated that early visual deprivation disrupted the
development of crucial neural networks, however the effect of this disruption was
only detectable later in development (Maurer, Lewis, & Mondloch, 2005; Maurer et
al., 2007a, 2007b). Moreover, Maurer et al. also reported that early bilateral
deprivation due to congenital cataract causes a severe global motion perception
deficit; however, developmental deprivation that happens later in infancy does not
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(Maurer et al., 2005). Similarly, neonatal hypoglycemia disrupts cortical areas within
the first few days of birth (Tam et al., 2008), which might have adversely influenced
the development of global motion perception with the effects only becoming
detectable during this follow-up study at 4.5 years of age.

This study, however, did not find any differences in clinical measures of vision such as
visual acuity and stereoacuity between hypoglycemic and euglycemic children. This is
in agreement with findings from healthy adults where experimentally induced
hypoglycemia had no affect on visual acuity and stereoacuity, but did impair higher
level visual processes such as inspection time, movement detection and change
detection (McCrimmon et al., 1996). It may be that NH only affects higher-level visual
tasks such as global motion perception. However, it is also possible that clinical tests
have poor sensitivity for detecting subtle cortical processing deficits.

Previous studies have reported isolated cases of severe visual impairment, such as
cortical blindness, homonymous hemianopia (unilateral visual field loss), optic
atrophy and nystagmus, in small subsets of children with a history of NH (Burns et al.,
2008; Murakami et al., 1999; Tam et al., 2008; Yalnizoglu et al., 2007). However, most
of those children had marked occipito-parietal injuries such as focal atrophies
(Murakami et al., 1999), gliosis (Yalnizoglu et al., 2007), cortical infraction (Burns et
al., 2008) and evidence of occipital lobe ischemia (Tam et al., 2008). Children in the
CHYLD cohort, however, were all monitored for hypoglycemia for 48 hours to 7 days
post birth and received appropriate medical treatment in the event of hypoglycemic
changes being detected (Harris et al., 2013). Therefore it is not surprising that clinical
ocular findings in the CHYLD study cohort, who only experienced mild to moderate
NH, are different from those reported elsewhere. The finding that global motion
perception is impaired in such children is important as it suggests that even transient,
mild to moderate NH can influence visual development at 4.5 years, possibly due to
transient disruption of parieto-occipital function or a permanent effect on cortical
development.
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The incidence of strabismus and poor visual acuity (an index of refractive error) in our
study cohort was not different from normal children of a similar age group as reported
elsewhere (Chia et al., 2010; Multi-ethnic Pediatric Eye Disease Study Group, 2008).
This is consistent with previous studies of NH (Karimzadeh et al., 2011) (C. M. Burns
et al., 2008; Karimzadeh et al., 2011; Murakami et al., 1999; Yalnizoglu et al., 2007) .

The limitations of this study include the absence of a control group of healthy children
who had no history of risk factors for NH or any other abnormal neurodevelopment.
Nevertheless, this study had a group of children who, although born with risk factors
of NH, remained euglycemic allowing the effect of NH to be isolated. Moreover,
because of the time constraint of a multi-disciplinary study in which the whole test
battery (assessment of vision, motor, cognitive and pediatric examination) spanned
several hours, testing ventral stream function with a global form of task was not
feasible. Thus the study could not evaluate the possibility of selective dorsal stream
vulnerability in children born with neonatal hypoglycemia as has been reported for
children with Williams syndrome (Atkinson et al., 1997) and autism (Spencer et al.,
2000). Future studies would benefit from functional brain imaging measures to assess
the neural basis of the global motion deficits reported here.

To conclude, our findings suggest that the current threshold of <2.6mmol/L for
treating neonatal hypoglycemia is effective in preventing significant visual
impairment; however, children might still experience deficits in global processing of
vision, which would go undetected in routine clinical tests. If this impairment reflects
a general dorsal stream deficit, visuomotor control may also be affected (Atkinson et
al., 1997; Goodale & Milner, 1992). However, follow-up research is needed in order
to investigate how extrastriate cortical visual functions develop in these children in
subsequent years, as global motion perception does not reach maturity until 12-14
years of age (Bogfjellmo et al., 2014; Hadad et al., 2011).
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Chapter 8

Overview and Future Directions

This chapter provides a general discussion of the overall themes within the thesis in
order to complement the more detailed and specific discussions provided within each
results chapter (Chapters 4-7).

8.1

Current Perspectives on Visual Development Following Prenatal
Drug Exposure and Neonatal Hypoglycemia

Perinatal risk factors influence neurodevelopmental outcomes in children. Two such
risk factors, prenatal drug exposure and neonatal hypoglycemia, were the main focus
of this thesis.

Prenatal exposure to recreational drugs has become a common occurrence in the
developed world. However, research into the effect of prenatal drug exposure on
neurodevelopment has mostly been restricted to the cognitive and motor domains. In
recent years there has been a particular interest in understanding the
neurodevelopment of children following prenatal exposure to amphetamines in
Australasia, due to high maternal use of these drugs in this region (Abar et al., 2013;
Wouldes et al., 2013). Such studies include the Infant Development, Environment and
Lifestyle study, which has reported deficits in motor and cognitive functions in
children between 1-3 years and 3-5 years of age respectively (Lagasse et al., 2012;
Wouldes et al., 2014). However, the effect of prenatal drug exposure on the visual
cortex remained unclear. Recently, electrophysiological studies have indicated
evidence of deficits within the visual cortex in children following prenatal exposure to
methadone (McGlone et al., 2014). Another retrospective comparative case series
involving 300 children who experienced prenatal drug use, reported higher incidences
of strabismus, nystagmus and poor visual acuity at 5 years of age (Cornish et al., 2013).
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Neonatal hypoglycemia is also a common problem, with an incidence of 15% among
apparently healthy newborn babies (Hawdon & Aynsley-Green, 1994; Salhab,
Wyckoff, Laptook, & Perlman, 2004). As such, hypoglycemia represents the most
common preventable cause of brain damage in newborn babies (Volpe, 2008). Despite
this problem having been recognized for more than 70 years, the best approach to
diagnosis and management remains unclear (Boluyt, van Kempen, & Offringa, 2006;
Cornblath et al., 2000). Furthermore, the current international consensus on the
threshold blood glucose concentration for initiating treatment, 2.6 mmol/L or below,
is based on two studies published in 1988. One study involved a retrospective analysis
of data from a cohort of low birth weight, preterm babies (Lucas et al., 1988) and the
other only included five newborns (Koh, Aynsley-Green, Tarbit, & Eyre, 1988).
Accordingly, there have been repeated calls from clinical experts and researchers for
new prospective, well-designed studies to provide more reliable evidence upon which
management decisions can be made (Boluyt et al., 2006; Cornblath et al., 2000). To
date visual impairments such as macular hypoplasia, cortical blindness and visual field
defects have been noted in small cohorts of children who have suffered severe
neonatal hypoglycemia. However, it has been suggested that posterior brain areas
including the striate and extrastriate visual cortex may be particularly susceptible to
neonatal hypoglycemia (Tam et al., 2008). This indicates that even in the absence of
cortical blindness accurate cortical processing of visual information may be affected
by neonatal hypoglycemia. A recently concluded large-scale follow-up research,
Children with Hypoglycemia and Later Development (CHYLD) study has investigated
the neurodevelopment, including visual development, in a large cohort of children
who had experienced neonatal hypoglycemia (McKinlay et al., 2015).

Building on the existing literature, this thesis describes the visual development in
children who were prenatally exposed to recreational drugs or were born with risk
factors for neonatal hypoglycemia. Along with clinical measures of visual function,
dorsal visual stream function, specifically global motion perception, was the primary
focus of this research because of its known vulnerability to abnormal
neurodevelopment (Braddick, Atkinson, & Wattam-Bell, 2003; Spencer et al., 2000).
Global motion perception involves the integration of motion signals within the
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extrastriate visual cortex. However, detection of those motion signals within lower
visual areas is also a key element of global motion processing (Morrone, Burr, & Vaina,
1995). Thus there is the possibility that upstream visual functions, such as contrast
sensitivity and visual acuity may influence the global motion perception in children.
This issue has been addressed within the thesis. Furthermore, the functional
implications of dorsal stream function have also been explored in a large cohort of atrisk children who were part of IDEAL and CHYLD studies by exploring the association
between global motion perception and neuromotor function.

8.2

Is Global Motion Perception Independent of the Functions of
Early Visual Areas?

In this thesis global motion perception, indexed by motion coherence threshold, was
used to assess the impact of perinatal risk factors on visual development. However, in
using global motion perception as a tool to understand visual development following
prenatal drug exposure or neonatal hypoglycemia, the effect of local motion detection
in the primary visual cortex, which might depend upon contrast sensitivity and visual
acuity, had to be investigated. In the first experiment, presented in Chapter 4, the
influences of contrast sensitivity for motion direction discrimination and visual acuity
on global motion perception were investigated. The results of this study showed that
global motion perception, when measured with high contrast stimuli, is independent
of contrast sensitivity and visual acuity. To the best of our knowledge, this is the first
study to report that global motion perception is not dependent on normal variations
in upstream visual processing in 4.5-year-old children.
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8.3

The Relationship Between Global Motion Perception and Other
Measures of Dorsal Stream Function

The second objective of this thesis was to investigate the relationships between global
motion perception and measures of visual-motor integration and motor control,
which are also thought to be processed within the dorsal stream. This helped us to
understand the broader implications of possible global motion deficits on other
aspects of neurodevelopment. Chapter 5 describes a significant association between
motion coherence thresholds and standard clinical measurements of visual-motor
integration and motor control outcomes. We found an additional influence of visual
acuity on these neuromotor measures. Previous studies have also indicated a
significant role of visual acuity in typical motor development (Celano et al., 2015; W.
Ho et al., 2015). Furthermore, pencil and paper based tests of neuromotor function,
such as Beery’s VMI, require normal visual acuity in order to accurately resolve the
finely detailed visual stimuli used within many of the tasks. For such tests it is difficult
to separate the effects of reduced visual acuity on a child’s ability to resolve the visual
components of each task from its effects on neuromotor function in isolation. This
study also took into account an influence of verbal IQ, as a measure of non-visual
cognitive processing, in the association between global motion perception and
neuromotor functions. After controlling for verbal IQ, global motion perception still
showed a residual association with neuromotor functions.

The findings indicate a functional relationship between motion-sensitive extrastriate
visual areas and the posterior parietal cortex (which is thought to control neuromotor
function), both of which are accommodated within the dorsal stream. This also
suggests that global motion impairment, if found in children with abnormal
neurodevelopment, might also be related to their motor performance.
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8.4

Does Prenatal Exposure to Recreational Drug and Neonatal
Hypoglycemia Alter Global Motion Perception?

Chapter 6 of this thesis showed that prenatal exposure to recreational drugs
influenced the extrastriate visual cortex in children at 4.5 years of age. However, the
direction of the effect was specific to the drug being used. Specifically, prenatal
exposure to alcohol deteriorated global motion perception, while prenatal exposure
to marijuana improved it.

In Chapter 7 it is reported that global motion perception was poorer in children born
with neonatal hypoglycemia when compared with euglycemic controls, even when
the latter group was also born with risk factors for hypoglycemia. Although the
difference in global motion perception was modest, it was robust even after
controlling for cognitive influence (verbal IQ), gender, ethnicity and socio-economic
status. In addition, global motion perception was poorer in children born with multiple
risk factors for neonatal hypoglycemia in comparison with those born with a single risk
factor. It could be speculated from this finding that children who were more unwell at
birth might have less optimal neurodevelopment.

The IDEAL and CHYLD studies are the first to report influences of prenatal drug
exposure and neonatal hypoglycemia on extrastriate motion processing in preschool
children. The results of these two studies add weight to the large body of research on
the dorsal stream vulnerability hypothesis. However, testing with a ventral stream
task would be required to assess whether the dorsal stream effects observed in this
study are selective or whether they reflect a general change in global integration
within the visual system.
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8.5

What Does This Thesis Add?

The IDEAL and CHYLD study cohorts represented a unique opportunity to answer
questions, which are relevant to both basic science and clinical practice. The key
findings reported in this thesis are as follows.

1) This thesis is the first to report that global motion perception is independent
of normal variations in contrast sensitivity for motion direction discrimination
and visual acuity at 4.5 years of age. These results demonstrate that motion
coherence thresholds are likely to represent the function of motion integration
mechanisms rather than the properties of early visual processing stages.

2) The findings reported in this thesis also suggest that neonatal hypoglycemia
and prenatal exposure to alcohol impair global motion perception, whereas
prenatal exposure to marijuana enhances it, indicating that the question of
dorsal stream vulnerability is more complex than it has been reported in
previous studies (Braddick et al., 2003; Grinter et al., 2010). Nevertheless, the
effect of perinatal risk factors was only evident on global motion perception
and not on any clinical measures of vision, including visual acuity and
stereoacuity.

3) This thesis also suggests an association between global motion perception and
neuromotor development, supporting the argument of a dorsal stream
influence on motor control (Goodale & Milner, 1992; Goodale, 2013).

4) This thesis includes the first report of a beneficial effect of prenatal drug
exposure in children. This new finding will provide a platform for future work
aiming to further investigate these potentially beneficial effects. This could
lead to new insights into infant neurodevelopment and the prevention or
amelioration of drug-related neurodevelopmental disorders.
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5) The thesis also includes in its results the first report of the influence of
neonatal hypoglycemia on global motion perception in preschool children.
Previous studies have reported that the parieto-occipital lobe, which houses a
part of the dorsal visual stream, is selectively damaged in neonatal
hypoglycemia. Impaired global motion perception may reflect the impact of
neonatal hypoglycemia on parieto-occipital development. .

6) The thesis also shows the influence of non-visual cognitive ability (verbal IQ)
on psychophysical tasks, such as global motion perception, and standard
clinical measures of visual-motor integration and motor control in preschool
children. Cognitive processing, therefore, needs to be accounted for, while
interpreting performances of children on psychophysical and clinical
measurement of neural development.

Overall, this thesis shows that global motion perception, a measure of extrastriate
dorsal visual function, can be measured in a large cohort of at-risk children. Global
motion perception also has implications for motor control in children. Furthermore,
from the findings of the influence of prenatal exposure to recreational drugs and
neonatal hypoglycemia, it appears that deficits in higher-level visual functions are not
detectable by routine clinical vision tests in preschool children. Psychophysical tests
targeting extrastriate visual processing should be considered, therefore, for exploring
visual function in such populations.

8.6

Limitations of the Thesis

Although the thesis involves two large-scale multidisciplinary studies, which provided
a platform to test dorsal stream function and other important questions related to
clinical practice and developmental neuroscience, there are certain limitations.

Firstly, the research was conducted as part of multidisciplinary team, which resulted
in a time constraint on the visual component of the assessment. For example, global
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form perception could not be tested in the study cohorts. Although the results support
the idea that the dorsal stream is affected by abnormal neurodevelopment, its
selective vulnerability could not be established in the absence of a global form task.

Secondly, as seen from Chapter 7, we did not have a control group of children born
without risk of neonatal hypoglycemia. Comparing the motion coherence threshold of
the cohort with a control group could have provided additional information on the
role of risk factors alone in influencing the extrastriate cortex.

Lastly, due to the multidisciplinary nature of the study, where each assessment
session takes almost three hours, we did not have the opportunity to perform a
comprehensive eye examination with cycloplegic refraction. Electrophysiological
studies and fMRI could also have provided additional information on the nature of
cortical changes in children born with perinatal risk factors.

8.7

Future Recommendations and Conclusion

The studies presented in this thesis have answered key questions pertinent to
developmental neuroscience and with that have also raised several questions, which
ought to be addressed in future research. For example, we have found that perinatal
risk factors influence dorsal stream function. Future research based on these findings
should use functional and structural imaging to explore changes within the dorsal
brain areas of children born at risk of abnormal neurodevelopment. This would help
to elucidate the neural basis of the global motion perception deficit. It would also be
interesting to follow up these children for a longer duration to see whether the degree
of global motion deficit changes with age, as global motion perception does not
mature until 12-14 years of age (Bogfjellmo et al., 2014; Hadad et al., 2011). Also, we
have found that global motion perception is associated with neuromotor functions.
Previous studies have indicated concurrent enhancement of global motion perception
and visuomotor control with direct current stimulation (Antal et al., 2004) and
perceptual learning (Law & Gold, 2008) in normal adults and macaques respectively.
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It would be intriguing, therefore, to explore the possibility of applying brain
stimulation or perceptual learning or a combination of both, as a potential treatment
modality, for training global motion perception in young adults with dorsal stream
deficit.

Overall, this thesis provides evidence of dorsal stream deficits in two commonly found
perinatal risk factors for abnormal neurodevelopment: prenatal drug exposure and
neonatal hypoglycemia. The results demonstrate that visual development at 4.5 years
of age can be affected by experiences around the time of birth and provide a
foundation for the inclusion of psychophysical measures of visual function in largescale studies of infant neurodevelopment.
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in 4.5yearold Children; Association of Research in Vision and Ophthalmology,
Denver, USA (Paper presentation)



Chakraborty A, Anstice N, Jacobs R J, Thompson B, Wouldes T, (2014). The effect
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of age; Association of Research in Vision and Ophthalmology, Orlando, USA (Paper
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