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Abstract
Changes in frontal lobe electroencephalographic (EEG) activity recorded during the
performance of a spatial working memory task in children with Fetal Alcohol Spectrum
Disorder (FASD).
Background: Prenatal alcohol exposure causes behavioural, growth and central nervous
system deficits in the offspring, termed Fetal Alcohol Spectrum Disorder (FASD). Our
lab has previously shown that structured saccadic eye movement tasks probe executive
functioning and can be used to measure cognitive dysfunction in children with an FASD,
because performance of these tasks reflects the structural integrity of brain areas shown
to be vulnerable to prenatal alcohol exposure. Recently developed portable
electroencephalographic (EEG) devices record brain activity using a single dry-sensor
electrode. Our objectives were: 1) to assess attention and working memory via a delayed
memory-guided saccadic eye movement task of varying mnemonic load and 2) to explore
the use of a portable single-channel EEG recording device in measuring differences in
frontal lobe activity in children with FASD during the performance of this eye movement
task. Methods: A total of 18 children with an FASD diagnosis and 19 typically
developing control children performed a memory-guided saccadic eye movement task
with one, two or three target stimuli. During the task, frontal lobe EEG was recorded
using the Neurosky Mindwave Mobile® portable recording device.
Results: In the delayed, memory-guided task when two or three target stimuli were
required to be held in working memory, children with an FASD performed the task
correctly less often than children in the control group. During task performance, children
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with FASD exhibited a reduction in theta frequency band power, and in alpha frequency
band power only at higher mnemonic loads, suggesting that children with FASD
recruited more cognitive resources to complete the task.
Conclusion: The results of this study suggest that a portable EEG recording device can
be used to assist in the recognition of underlying neural mechanisms of executive
functioning deficits in children with FASD. Portable devices offer greater user comfort
than typical EEG recording equipment as well as flexibility for use outside the laboratory.
This could greatly facilitate the study of children with FASD, and other groups who may
be less tolerant of typical laboratory environments.

iii

Co-Authorship
The research described in this thesis was conducted by Kasey Hemington under the
supervision of Dr. James Reynolds. The data were collected by Kasey Hemington with
the assistance of Chantel Duncan and analyzed by Kasey Hemington. The first draft of
the thesis was written by Kasey Hemington.

iv

Acknowledgements
To begin I would like to thank all of the participants and their families, who
generously donated their time to participate in this research study and who ask the most
important questions of our research. Your candid sharing, patience, and hope for a future
where children with FASD are understood, accepted, and provided the support necessary
to succeed is an inspiration.
Thank you to my supervisor, Dr. James Reynolds, for your incredible
commitment to your students and your guidance and vision for this project. Though after
three years I shouldn’t be, I continued to be surprised every time I walked out of your
office at the progress we’d made on what I thought was the impossible going in. Thank
you to Dr. James Brien, for your infectious enthusiasm for FASD research and interest in
this project. To Dr. Courtney Green, Dr. Amy Hewitt and Christine Dobson, for being
such a fantastic group to work with and bounce ideas off of, and to Hong Weng for
technical support. To Lucy Russo-Smith, Kelly Moore, and the rest of the CNS staff for
your administrative support and encouraging words.
To Angelina, my partner-in-crime for the past three years. Thank you for helping
me stay sane as we celebrated the successes and worked through the struggles. To Don
Brien, for your technical support, excellent advise, and label-making expertise. To
Chantel, for your fresh new ideas and your support in completing this project. To Noor,
Ben, Angela, Angela, Myuri, and everyone else in the neuroscience labs. Thank you for
your sense of humour and for helping to make my days here enjoyable!
v

To my best friend Josh, for your patience, tough love, and uncanny knack for
obtaining obscure statistical resources. To my parents, for your unwavering support and
encouragement, and your insistence on impromptu family poster presentation sessions
despite inevitable boredom on your end. And finally, to my brave grandmother, for
persistent offers throughout six years of post-secondary education to personally
reprimand my professors if they ‘gave me too much homework’.
This research was supported by NeuroDevNet which is funded by the Networks
of Centres of Excellence, a program of the federal government to advance science and
technology. Thank you for your financial support.

vi

Table of Contents
Abstract ............................................................................................................................................ ii
Co-Authorship ................................................................................................................................ iv
Acknowledgements .......................................................................................................................... v
List of Figures .................................................................................................................................. x
List of Tables .................................................................................................................................. xi
List of Abbreviations and Symbols................................................................................................ xii
Chapter 1 Introduction ..................................................................................................................... 1
Chapter 2 Literature Review ............................................................................................................ 3
2.1 Statement of the research problem ......................................................................................... 3
2.2 FASD Diagnosis .................................................................................................................... 4
2.2.1 Early Diagnosis ............................................................................................................... 4
2.2.2 Current Diagnostic Systems ............................................................................................ 6
2.3 Prenatal Alcohol Exposure: The Effects on Brain and Behaviour ......................................... 7
2.3.1 Effects of Prenatal Alcohol Exposure on Brain Structure .............................................. 7
2.3.2 Cognitive and Behavioural Deficits in Children with FASD........................................ 11
2.3.3 The Cognitive Behavioural Phenotype and Cognitive Assessment in FASD ............... 12
2.4 The Assessment of Brain Injury via Functional Neuroimaging with Focus on the Frontal
Cortex......................................................................................................................................... 13
2.4.1 Functional Magnetic Resonance Imaging ..................................................................... 13
2.4.2 Additional Functional Neuroimaging Methods ............................................................ 15
2.4.3 Electroencephalography (EEG) .................................................................................... 16
2.5 Saccadic Eye Movement Testing in the Assessment of Cognitive Functioning .................. 20
2.5.1 The Neurocircuitry of Saccadic Eye Movements ......................................................... 21
2.5.2 Saccadic Eye Movement Tasks..................................................................................... 21
2.6 Instrument Used, Research Rationale, Hypotheses and Objectives ..................................... 24
Chapter 3 Materials and Methods .................................................................................................. 28
3.1 Participants........................................................................................................................... 28
3.2 Experimental Setup: Single Channel EEG Recorded during a Saccadic Eye Movement
Task ............................................................................................................................................ 29
3.3 Saccadic Eye Movement Experimental Paradigm ............................................................... 30
vii

3.4 Preliminary Study Methodology: Ordered and Randomized Task Design in Healthy Young
Adults ......................................................................................................................................... 32
3.5 Eye Movement Data Analysis.............................................................................................. 32
3.6 Single-Channel EEG Signal Processing and Analysis ......................................................... 33
3.7 Statistical Analysis: .............................................................................................................. 35
3.7.1 Demographic Data ........................................................................................................ 35
3.7.2 Task Performance ......................................................................................................... 35
3.7.3 Resting Condition Analysis .......................................................................................... 35
3.7.4 EEG Frequency Band Power Analysis during the delayed memory-guided task
paradigm ................................................................................................................................ 36
3.7.5 Correlational Analysis between Task Performance and EEG Frequency Band Power 37
Chapter 4 Results ........................................................................................................................... 38
4.1 Preliminary Study: Ordered and Randomized Task Design in Healthy Young Adults ....... 38
4.1.1 Demographic Data ........................................................................................................ 38
4.1.2 Task Performance ......................................................................................................... 38
4.1.3 Comparison of Eyes Open and Eyes Closed Resting Conditions ................................. 40
4.1.4 EEG Frequency Band Power Analysis during the Delayed Memory-Guided Task
Paradigm ................................................................................................................................ 40
4.2 Children with or without FASD ........................................................................................... 46
4.2.1 Demographic Data ........................................................................................................ 46
4.2.2 Task Performance ......................................................................................................... 46
4.2.3 Eyes Open and Eyes Closed Resting Conditions .......................................................... 52
4.2.4 EEG Frequency Band Power Analysis during the Delayed Memory-Guided Task
Paradigm ................................................................................................................................ 52
4.2.5 Correlational Analysis .................................................................................................. 55
Chapter 5 Discussion ..................................................................................................................... 60
5.1 EEG Recording during a Delayed Memory-Guided Saccadic Eye Movement Task
Paradigm in Children with or without FASD ............................................................................ 60
5.1.1 Delayed Memory-Guided Saccadic Eye Movement Paradigm Task Performance
Measures ................................................................................................................................ 62
5.1.2 EEG Band Power during Resting Conditions ............................................................... 66

viii

5.1.3 EEG Band Power during the Delayed Memory-Guided Saccadic Eye Movement
Paradigm ................................................................................................................................ 67
5.1.4 Correlational Analysis: Band Power and Task Performance ........................................ 70
5.2 Preliminary Study in Healthy Young Adults ....................................................................... 71
5.3 Clinical Relevance ............................................................................................................... 73
5.4 Limitations ........................................................................................................................... 74
5.5 Future Directions ................................................................................................................. 75
Chapter 6 Summary and Conclusions ............................................................................................ 76
References ...................................................................................................................................... 78
Appendix A Consent Form

........................................................................................................ 88

Appendix B Assent Forms

....................................................................................................... 93

Appendix C Participant Information Form

............................................................................. 100

ix

List of Figures
Figure 2-1 Delayed memory-guided saccade task paradigm. ........................................................ 25
Figure 4-1 Task Performance measures during one, two and three stimuli conditions in healthy
young adults. .................................................................................................................................. 39
Figure 4-2 Absolute Alpha Frequency Power during eyes closed and eyes open resting conditions
in healthy young adults. ................................................................................................................. 41
Figure 4-3 Absolute theta and alpha frequency power during task performance in healthy young
adults. ............................................................................................................................................. 43
Figure 4-4 Task Performance measures during one, two and three stimuli conditions in children
with or without FASD.................................................................................................................... 49
Figure 4-5 A) Absolute alpha frequency power and B) Theta/beta frequency power ratio during
eyes closed and eyes open resting conditions in children with or without FASD. ........................ 53
Figure 4-6 Absolute theta and alpha frequency power during task performance in children with or
without FASD. ............................................................................................................................... 57
Figure 4-7 The difference between post- and pre-stimuli timepoint theta/beta power ratio and task
performance. .................................................................................................................................. 58

x

List of Tables
Table 4-1 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Theta
Frequency Power in Healthy Young Adults. ................................................................................. 42
Table 4-2 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Alpha
Frequency Power in Healthy Young Adults. ................................................................................. 45
Table 4-3 Demographic information for FASD and control groups. ............................................. 47
Table 4-4 Selected Saccadic Eye Movement Measures................................................................. 51
Table 4-5 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Alpha
Frequency Power in Children with or without FASD.................................................................... 54
Table 4-6 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Theta
Frequency Power in Children with or without FASD.................................................................... 56

xi

List of Abbreviations and Symbols
ADHD
ANOVA
ARND
BOLD
CNS
DLPFC
DTI
EEG
FAE
FAS
FASD
FEF
fMRI
IOM
IQ
MRI
PAE
PET
p-FAS
SPECT
SRT
SEF
®
<
°
=

Attention deficit/hyperactivity disorder
Analysis of variance
Alcohol related neurodevelopment disorder
Blood-oxygen level dependent
Central Nervous System
Dorsolateral prefrontal cortex
Diffusion Tensor Imaging
Electroencephalography
Fetal Alcohol Effects
Fetal alcohol syndrome
Fetal alcohol spectrum disorder
Frontal eye fields
Functional magnetic resonance imaging
Institute of Medicine
Intelligence quotient
Magnetic resonance imaging
Prenatal alcohol exposure
Positron emission tomography
Partial fetal alcohol syndrome
Single-photon emission computer tomography
Saccadic reaction time
Supplementary eye fields
Registered trademark
Less than
Degree
Equal

α

Alpha

xii

Chapter 1
Introduction
The term Fetal Alcohol Spectrum Disorder (FASD) encompasses the full range of
adverse developmental outcomes in children that occur as a consequence of prenatal alcohol
exposure (PAE). PAE is the leading known preventable cause of developmental delay,

with FASD potentially affecting as much as 2-5% of the North American population
(May et al., 2009; National Institute of Alcohol Abuse and Alcoholism, 1990). Since the
term Fetal Alcohol Syndrome (FAS) was first used by Jones and Smith (1973), it has
become apparent that PAE may result in growth restriction, physical birth defects, and
facial feature anomalies. In addition, devastating effects on the central nervous system
(CNS) including intellectual or learning disability and deficits in cognitive domains
including working memory, attention and executive functioning (behavioural inhibition,
planning, and cognitive flexibility) have been documented (Chudley et al., 2005; Green et
al., 2009b; Kodituwakku et al., 2007).
Saccadic eye movement tasks can objectively measure brain function, including
both automatic and voluntary behaviours, and are useful in the assessment of clinical
populations (Leigh & Zee, 1999). Additionally, the neurocircuitry of eye movements has
been extensively studied, meaning deficits in eye movements can be traced to
dysfunction in specific brain regions. Previous studies have established the role of
saccadic eye movement tasks in effectively characterizing executive functioning deficits
in children with FASD, using tasks probing sensorimotor processing and behavioural

inhibition (Green et al., 2007; 2009a). Recently, these deficits were further explored
when the metrics or measures of the quality of motor process in eye movements were
examined, and increased variability of saccade accuracy was found (Paolozza et al.,
2013). That study also employed the use of a delayed memory-guided eye movement
task, and found amplified eye movement dysfunction as the task placed an increased load
on higher cortical structures. One of the goals of this research project was to characterize
eye movement behavior of the FASD population in a modified delayed memory-guided
eye movement task, with different experimental conditions that resulted in a varied
mnemonic load.
Frontal lobe brain injury is a primary characteristic in FASD (Chudley et al.,
2005; Wass et al., 2001), and may be responsible for the deficits in executive function
that characterize the disorders (Rasmussen, 2005). Recently, single-channel EEG
recording devices with electrodes that are placed over the frontal lobes have been
developed. Research on these devices has shown that they are sensitive to expected
changes in psychological state whether participants are actively engaged in a cognitive
task or at rest (Johnstone et al., 2012). Therefore, a second goal of this research was to
utilize a single-channel EEG recording device during the modified delayed memoryguided eye movement paradigm to investigate the potential neurophysiological correlates
underlying the deficits in performance of eye movement tasks in children with FASD.
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Chapter 2
Literature Review
2.1 Statement of the research problem
FASD is an umbrella term used to describe the wide range of adverse outcomes
that may occur in children as a result of PAE. While FASD itself is not a diagnosis, it
encompasses three specific diagnoses according to current Canadian Diagnostic
Guidelines: Fetal Alcohol Syndrome (FAS), partial Fetal Alcohol Syndrome (p-FAS) and
Alcohol-Related Neurodevelopmental Disorder (ARND) (Chudley et al., 2005). Central
to the three diagnoses is the requirement for cognitive impairment in at least three (CNS)
domains. A diagnosis of FAS additionally requires a child to present with the three
classic facial anomalies associated with prenatal alcohol exposure (short palpebral
fissure, smooth or flattened philtrum and thin upper lip) and growth deficiency. To obtain
a p-FAS diagnosis a child must present with two of the three facial anomalies, while
ARND can be diagnosed solely on the basis of CNS dysfunction. A diagnosis within the
spectrum requires concurrent confirmation of maternal consumption of alcohol, unless
every criterion of FAS is met.
Since Fetal Alcohol Syndrome (FAS) was first described as an altered pattern of
growth by Jones and Smith (1973), significant progress has been made in describing the
teratogenic effects of alcohol. A variety of diagnostic guidelines have endeavored to
distinguish the effects of PAE from other prenatal factors affecting development, and
accompanying public health messages have outlined these effects. Despite known
3

teratogenicity and adverse outcomes, FASD is the leading known cause of preventable
developmental disability in Canada, estimated to occur in approximately 1 in every 100
live births (Public Health Agency of Canada, 2003). Indirect and direct costs of FASD in
Canada including medical care, education, social services and productivity losses are
estimated at $6.2 billion per annum (Thanh et al., 2010b). Consequently, FASD is
becoming increasingly recognized by policy makers as a massive public health issue in
urgent need of attention.
2.2 FASD Diagnosis
2.2.1 Early Diagnosis

The term FAS was first used in 1973, when Drs. Kenneth Jones and David Smith
recognized anomalies in the development of three newborns born to alcoholic mothers.
The three cases were characterized by a broad range of growth problems, as well as CNS
deficits and craniofacial dysmorphology (Jones & Smith, 1973). Jones and Smith also
documented the first autopsy on an infant born with FAS, in which disorganization of
neurons and glia, an absent corpus callosum, and incomplete brain development were
observed (Jones & Smith, 1975). While Jones and Smith studied cases at the severe end
of what is considered a spectrum of disabilities today, they laid the groundwork in
identifying common characteristics that could lead to a specific diagnosis.
Despite this progress, skepticism as to the real origin of FAS remained. A 1978
paper by Clarren and Smith clarified three common misconceptions (Clarren & Smith,
1978b). First, it was thought that the anomalies could be caused by malnutrition, or other
substances typically co-ingested with ethanol such as nicotine (Clarren & Smith, 1978).
4

The authors emphasized that the characteristic effects of FAS could be found in children
of mothers who had not used substances other than alcohol during pregnancy and were
not malnourished. Second, it was commonly thought that low intelligence quotient (IQ)
in children with FAS was the result of parenting from alcoholic mothers. Clarren and
Smith took the critical step of comparing children raised by their birth mother versus
adoptive parents, and concluded that the cause of low IQ was likely prenatal alcohol
exposure. Presently, the effects of maternal nutrition, quality of parenting, substance
abuse and other genetic and environmental factors are still being explored in relation to
PAE (Jacobson et al., 2004, 2006; Reynolds et al., 2011; Rufer et al., 2012). While the
role of these factors as protective or harmful should not be underemphasized and may in
part explain the variance seen in PAE-related outcomes, PAE is the sole cause of FAS.
Finally, Clarren and Smith speculated that there was a general reluctance within
the medical community to diagnose children with FAS who did not present with the
classic facial phenotype. It was suggested that cases in which PAE was suspected without
facial dysmorphology be identified as “suspected fetal alcohol effects” (FAE). This
would be the first step towards modern diagnostic criteria that encompass individuals
presenting with or without physical features. In 1980 the Fetal Alcohol Study Group of
the Research Society on Alcoholism followed up on the work of Clarren and Smith to
establish the first standardized guidelines for FAS diagnosis, emphasizing that the
following three elements must be present for diagnosis: (1) Growth retardation, (2) CNS
Involvement, and (3) at least two of the three characteristics of facial dysmorphology
(Rosett, 1980). At the time, the group preserved the original FAE label suggested by
5

Clarren and Smith for children without the facial phenotype, though it is no longer in use
today.
2.2.2 Current Diagnostic Systems
Presently, several sets of diagnostic guidelines are in use globally. Recently
established, the Canadian FASD Guidelines (Chudley et al., 2005) combine strengths of
two previously established sets; the 1996 Institute of Medicine (IOM) FASD guidelines
(Stratton et al., 1996) and the FASD 4-digit Diagnostic Code (Astley & Clarren, 2000).
The FASD 4-digit Diagnostic Code allows for objective measurement of four key
features of FASD: facial phenotype, brain dysfunction, growth deficiency and PAE. A 4point Likert scale is used for each feature, resulting in a 4 digit code with 256 possible
combinations. Canadian guidelines employ the 4-digit diagnostic code while borrowing
the categories FAS, p-FAS and ARND from the IOM guidelines in order to add clinical
meaning and simplicity to the scale. Canadian guidelines advise that a trained
multidisciplinary team including a physician trained in FASD diagnosis, case
coordinator, psychologist, speech therapist and occupational therapist should work
together in the diagnostic process. This multidisciplinary approach was designed to
ensure that FASD was a diagnosis of exclusion, and that an accurate diagnostic profile
was created in order to match individuals to appropriate social services and treatment.
Despite Canada’s commitment to advancing FASD diagnosis and the successful
creation of nationwide diagnostic system, many hurdles still stand in the way of accurate,
timely diagnosis in Canada. In many clinics, funding for a multidisciplinary team to make
the extensive time commitment necessary for a diagnosis is inadequate. Further, partial
6

reliance on the facial phenotype is problematic because facial dysmorphology can change
or diminish with age, and is not present in every case (Benz et al., 2009). A 2011
assessment of Canada’s clinical capacity to diagnose FASD noted that the number of
diagnostic clinics has decreased from 55 to 44 since the Canadian Guidelines were
introduced in 2005 and that a 17-fold increase in diagnostic capacity would be necessary
to assess every Canadian who may have an FASD (Clarren et al., 2011).
2.3 Prenatal Alcohol Exposure: The Effects on Brain and Behaviour
2.3.1 Effects of Prenatal Alcohol Exposure on Brain Structure
Some of the first autopsies of children with FAS found abnormalities in brain
structure, specifically in the corpus callosum, cerebellum, and basal ganglia, in addition
to disorganization at the cellular level throughout the CNS (Jones & Smith, 1975; Clarren
et al., 1978a). However, autopsies are typically conducted on only the most severe cases
and may not be representative of the wide range of brain damage found in FASD.
Therefore, brain imaging techniques must be considered in conjunction with post-mortem
observations. Imaging studies are advantageous because they show additional, subtle
structural anomalies and assist in delineating a relationship between brain damage and
behavioural deficits (for review see: Riley & McGee, 2005, Roebuck et al., 1998).
Below, anatomical anomalies and behavioral correlates of brain areas commonly
damaged by PAE are discussed:
Corpus Callosum
A common abnormality in the FASD population lies in the corpus callosum, a
fibre tract which connects the two hemispheres of the brain. While the earliest known
7

autopsy showed agenesis of the structure entirely, subsequent autopsies have observed
smaller corpus callosa or partial agenesis in children with PAE (Clarren et al., 1978,
Jones & Smith, 1975; Peiffer et al., 1979). More recently, magnetic resonance imaging
(MRI) studies have allowed for in vivo observation in humans. Riley and colleagues
(1995) were the first to confirm the corpus callosum agenesis observed during autopsy
via MRI. The authors used structural MRI to determine that three of five specific callosal
regions were selectively smaller in several of the 13 children with PAE studied, even
after controlling for an overall reduction in brain size.
Diffusion tensor imaging (DTI) is an MRI technique that has also been used to
study FASD. DTI enables the tracing of neural tracts throughout the brain and thus is
particularly useful in the study of the corpus callosum. In FASD, these studies have
shown decreased white matter and disorganized neural tracts throughout the corpus
callosum, and in particular in the genu and splenium (Lebel et al., 2008; Wozniak et al.,
2006). Behaviourally, irregularities of the corpus callosum have been associated with
deficits in visuomotor integration and motor skills, as the structure is partially responsible
for delivering information to the motor areas of the brain (Spadoni et al., 2007). In 2008,
a study by Sowell and colleagues demonstrated a relationship between abnormalities in
white matter integrity and impairments on a visuomotor task, confirming that the degree
of damage to the corpus callosum does indeed relate to sensorimotor deficits.
Cerebellum
The cerebellum plays a key role in functions such as balance, muscle tone,
posture, and gait, as well as higher cognitive functions such as spatial orientation and
attention (Baillieux et al., 2008; Paquier & Marien, 2005). The structure is frequently
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affected by PAE, and neuronal cell loss in the cerebellum has frequently been reported
(Archibald et al., 2001; Goodlett & Lundahl, 1996). Reduced cerebellar volume and
surface area have also been observed (Olney, 2004). Behaviourally, the consequences of
cerebellar damage in children with FASD typically include motor performance deficits
and problems with balance and attention (Bookstein et al., 2001).
Basal Ganglia
The basal ganglia are a group of nuclei with connections to both cortical and
subcortical structures such as the frontal cortex and thalamus respectively (Devinsky &
D’Esposito, 2004). As a result of a strong connection with the frontal lobes, the basal
ganglia contribute significantly to the regulation of voluntary motor control including eye
movements, and contribute to both cognitive and motivational aspects of behaviour
(Devinsky & D’Esposito, 2004). Mattson and colleagues performed an MRI study on six
children with FAS and found that, after adjusting for overall microencephaly, the children
had reduced basal ganglia volumes (Mattson et al., 1996). Notably, the caudate nucleus
within the basal ganglia was further reduced in size. While several basal ganglia nuclei
receive input from motor areas, the caudate specifically receives input from the prefrontal
cortex. Damage to the caudate may therefore result in cognitive deficits, including
attention, working memory and executive functioning. Archibald and colleagues
conducted a follow-up MRI study with 14 FAS participants and found that while the
basal ganglia were disproportionately smaller in size, the caudate nucleus was the most
severely affected (Archibald et al., 2001).
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Frontal Cortex
While children with FASD exhibit deficits in executive functioning associated
with the frontal lobes, few studies have been able to find structural differences in this
region in children with FASD (Riley & McGee, 2005). Recent technological advances
lend themselves to the identification of deficits in alternate ways. Wass and colleagues
performed ultrasonographic assessments on 167 pregnant women and documented a
negative relationship between frontal brain size and PAE in the fetus that was not present
in other brain areas (Wass et al., 2001). More recently, individualized brain surface maps
of children with FASD were created (Riley et al., 2004). The study found a decrease in
surface area in the frontal lobes in participants with FASD compared to controls. Finally,
in 2008, Sowell and colleagues studied the cortical thickness in participants with FASD
and found increased thickness compared to controls in frontal, occipital, temporal, and
parietal cortices. This increased thickness suggested that less cortical thinning, typical
during childhood, was occurring.
A pivotal study on the structural correlates of functional damage to the frontal
lobes in PAE was performed by Burke and colleagues in 2009. Frontal lobes of offspring
of vervet monkeys that voluntarily consumed ethanol during the equivalent of the third
trimester were studied using immunohistochemistry. A 35% neuronal reduction in
offspring exposed to alcohol was found, specifically in the dorsolateral prefrontal cortex
(DLPFC), a brain area that controls executive functions, and is damaged in children with
FASD. Thus, further study at the neuronal level in humans may be needed in order to
more fully elucidate the frontal cortex neuropathology underlying known behavioural
deficits associated with PAE.
10

2.3.2 Cognitive and Behavioural Deficits in Children with FASD
Children with an FASD commonly exhibit deficits in cognition while also
displaying sensorimotor impairments and behavioural problems that may result from
cognitive deficits (See Guerri et al., 2009, for review). Cognitive deficits in FASD
commonly fall under the executive functioning umbrella that refers to conscious, goaloriented behaviour comprising skills such as response inhibition, planning, and attention
shifting. These deficits, along with those in attention and working memory, are
considered characteristic of the disorders (Kodituwakku et al., 2001, Rasmussen, 2005).
While some children with FASD also exhibit lower intellectual functioning, several
studies have shown that impairments in executive functioning can be seen even after
controlling for IQ, suggesting that these deficits may uniquely identify prenatal alcohol
exposure (Conner et al., 2000; Mattson et al., 1997; Vaurio et al., 2011). Executive
functioning abilities are essential not only in a school setting, but in successfully
completing everyday tasks necessary for independent living such as self-care and money
management. Unfortunately, as most children with an FASD are not classified as
mentally deficient (IQ below 70 points), their disability is often overlooked. They may be
disqualified from social support services such as academic or workplace support
necessary due to executive functioning deficits (Kerns et al., 1997).
Sensory processing impairments in areas such as information processing speed
and efficiency are also present in this population (Burden, Jacobson & Jacobson, 2005).
Like executive functioning abilities, sensory processing deficits may affect behavioural
outcomes. In 2010, Carr, Sabrina & Keightley performed a study in which sensory
11

processing and adaptive behavior (e.g. social skills, communication, use of community
resources) were measured. It was found that children who exhibited poor sensory
processing abilities also performed poorly on measures of adaptive behaviour, suggesting
sensory deficits and deficits in efficient information processing could be the underlying
cause of behavioural problems.
Behaviourally, children with FASD are commonly observed to exhibit a lack of
impulse control, learning disabilities, poor social skills, poor judgement and decisionmaking, and an inability to think abstractly and learn consequences. (See Koren et al.,
2003, for review). Taken together, these behaviours identify youths with FASD in
particular as a vulnerable group that may end up in trouble with the law (Thanh &
Jonsson, 2010).
2.3.3 The Cognitive Behavioural Phenotype and Cognitive Assessment in FASD
Cognitive and behavioural deficits in FASD are typically assessed via
neuropsychological tests and behavioural checklists administered by qualified
professionals (Chudley et al., 2005). However, FASD lacks a definitive cognitivebehavioural phenotype due to the wide range of cognitive impairments and resulting
negative behavioural outcomes (Chudley et al., 2005; Kodituwakku, 2007). In addition,
wide variability in the amount and timing of ethanol consumption during pregnancy, as
well as factors such as maternal health and early life environment of the child mean that it
is difficult to establish a direct relationship between PAE and CNS damage (Riley &
McGee, 2005). One recently emerging overarching theme in the assessment of children
with FASD is that as a population, they tend to perform simple tasks without difficulty,
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and show deficits only when given more complex tasks measuring the same skill or
ability. For example, in a study by Burden and colleagues (2005), reduced processing
efficiency was found in the clinical group only in tasks requiring greater cognitive
processing, whereas this was not the case with a simpler task. In a study of learning
ability, children with FAS performed a virtual Morris water task, requiring navigation to
a platform. When the platform was visible the group could perform the task easily,
however, when required to use visual clues to navigate to a hidden platform, they took
longer to find the platform relative to a control group (Hamilton et al., 2003). Finally, a
2008 study by Aragon and colleagues classified a variety of neurocognitive tests as
simple or complex based on the number of different cognitive processes simultaneously
required. The authors found that complex tests better discriminated between the control
and clinical groups than simple tasks. These studies suggest that further exploration of a
hierarchical model of simple to complex cognitive testing would be beneficial in
developing a neurocognitive profile of FASD.
2.4 The Assessment of Brain Injury via Functional Neuroimaging with Focus on
the Frontal Cortex
2.4.1 Functional Magnetic Resonance Imaging
Functional magnetic resonance imaging (fMRI) employs blood oxygen level
dependent (BOLD) magnetic resonance signals (Ogawa et al., 1990). Increased
metabolism and energy consumption at the neuronal level increases blood oxygenation
levels which changes the MR signal produced. In children with FASD, fMRI has
generally been applied to study differences in brain activation while a cognitive task is
13

performed, in order to better understand the neurophysiological correlates of cognitive
deficits in this population (for review, see Coles & Li, 2011). Several studies in particular
have shown correlates to executive functioning deficits including working memory and
inhibition. A 2005 study by Malisza and colleagues employed an n-back working
memory task on which a group of children with FASD performed equivalently to a
control group. However, children with FASD showed greater inferior-middle frontal lobe
activity in comparison to greater superior frontal lobe activity for control children. The
study, one of the first to examine working memory in FASD, is notable because it
demonstrated that functional differences in the FASD brain can be found in humans in
the absence of significant anatomical findings.
Following this work, a study measuring response inhibition via a go/no-go task
similarly showed differences in brain activity even when task performance did not differ
between groups (Fryer et al., 2007). A greater BOLD response was found throughout the
prefrontal cortex in the FASD group when response inhibition was required. The authors
suggest the result could indicate more cognitive effort is required by children with FASD
to successfully inhibit behaviour.
Finally, in 2009 the same group published an fMRI study that assessed working
memory in a group with heavy PAE and a control group, with a paradigm similar to that
of Malisza et al. (2005) (Spadoni et al., 2009). While no group differences in task
performance measures were found, greater BOLD responses were found in frontal,
insular, superior, occipital and subcortical regions in children with heavy PAE. The study
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provides further validation for the theory that during cognitively demanding tasks,
increased frontal lobe processing occurs in the clinical group.
Overall, fMRI has greatly contributed to the field of FASD research, in particular
in the frontal lobes where deficits may not be visible anatomically. While the technique
demonstrates high spatial resolution, a limitation is the low temporal resolution of the
acquired images. As well, the technique may not be geographically or financially
accessible for larger studies in an FASD population.
2.4.2 Additional Functional Neuroimaging Methods
Single-photon emission computer tomography (SPECT) and positron emission
tomography (PET) techniques, on rare occasion, have also been used in neuroimaging of
FASD. Relying on radioactivity and gamma ray detection, SPECT and PET are useful as
measures of blood flow and metabolism. However, the techniques are invasive and
therefore usually only used clinically. In 1999, a SPECT study was performed and
identified hypoperfusion in alcohol-exposed individuals in the left hemisphere of the
(Riikonen et al., 1999). Later, a PET study identified decreased metabolic rates of the
basal ganglia of PAE individuals (Clark et al., 2000). As both studies were performed
during resting states, they are unable to shed light on any functional or behavioural
deficits in the population.
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2.4.3 Electroencephalography (EEG)
The Physiological Basis of EEG Activity
Hans Berger was the first to demonstrate differences in electrical potential
relating to cortical processing in the human brain (1929). Specifically,
electroencephalographic (EEG) activity is thought to detect depolarizations and
hyperpolarizations within pyramidal cells in the brain (Lopes de Silva, 1991). Synaptic
currents come from ionic pumps and channels within the cell membrane, and these
currents sum temporally and spatially allowing for detection from the surface of the
scalp. Typically, a number of electrodes placed on the scalp surface are used to detect and
record the electrical activity of the underlying cortical brain tissue. In monopolar
recording, a site unassociated with EEG activity such as the ear is chosen as a reference
electrode location. In frequency band analysis, patterns or rhythms of EEG activity are
used in an attempt to detect the level of arousal and mental state of the individual.
Different frequency patterns are grouped together and named after Greek letters of the
alphabet. They include delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz)
and gamma (30-60 Hz) frequencies, among others. Frequency band power is typically
measured in microvolts squared (µV2).
EEG and the Assessment of Children with FASD
A limited number of studies have investigated the neuropathology of FASD using
EEG, and within this body of research very few studies have focused on recordings in
awake participants at developmental stages past infancy (see D’Angiulli et al., 2006, for
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review). A 1996 study of children with FAS, Down Syndrome and typically developing
children (n=18 for each group) recorded EEG activity while participants were resting
with eyes closed (Kaneko et al., 1996). Fifty percent of the recordings in children with
FAS were considered abnormal or borderline abnormal by clinical standards, with low
recording voltage or amplitude observed globally compared to control children. In
addition, reduced fronto-central alpha activity was recorded in children with FAS,
suggesting slow brain maturation, while reduced alpha activity in Down syndrome
children was found posteriorly compared to controls. These results complemented those
of a previous case study on two children with FAS by Mattson and colleagues (Mattson
et al., 1992). The study found theta range rhythms to be dominant in the children,
indicating cognitive slowing. To date, few studies have assessed EEG activity in children
during cognitive tasks, despite the success of a longitudinal study in 1987 that suggested
this type of testing was beneficial (Spohr & Steinhausen, 1987). That study followed 72
children with FAS and performed EEG and psychological testing both before and after an
attempted rehabilitation period of 3-4 years. The percentage of children found to exhibit a
frequency disturbance was 56% and 14% before and after rehabilitation, respectively.
The cognitive abilities of these children also improved, suggesting EEG recordings can
provide a valuable assessment of cognitive functioning. In particular, EEG activity
recorded from the frontal lobes while participants are actively engaged in a task as
compared to a resting state could provide insight into changes in brain activity in this
clinical group when cognitive effort is required.
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Frontal Lobe EEG and Attention Deficit /Hyperactivity Disorder (ADHD)
ADHD is the most common comorbidity seen in those with FASD, and both
diagnoses share many similar symptoms such as inattention, hyperactivity and
impulsivity. In addition, both groups have been found to have common dysregulation in
neurotransmitter systems (for review, see O’Malley & Nanson, 2002). The electrical
activity of the brain in ADHD has been thoroughly studied, and thus may complement
the sparse literature available on brain activity in FASD. A characteristic pattern shown
in those with ADHD is an increased ratio of theta to beta frequency band power. The
pattern is seen globally in a resting state condition, but most often at frontal and central
electrode locations (for review, see Snyder & Hall, 2006). A 2002 study on theta/beta
ratio in ADHD exemplifies these typical findings in the population (El-Sayed et al,
2002). Thirty-six children with ADHD and 63 controls underwent EEG recording during
an eyes open resting state and during a continuous performance task measuring attention.
An increase in frontal region theta/beta ratio was found in children with ADHD during
the resting state, and a greatly increased theta/beta ratio was found in the continuous
performance task. This pattern of activity may reflect decreased prefrontal arousal
commonly seen in children with ADHD.
Following these findings, a number of studies initiated research in healthy
participants under various cognitive conditions, in order to better understand the clinical
implications. One study in 2010 used a go/no-go response inhibition paradigm in healthy
young adults and found theta/beta ratio to be negatively correlated to self-reported
attentional control in averaged frontal and central recording locations (Putman et al.,
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2010). This research indicates that trends found in ADHD may extend to typically
developing individuals and possibly other clinical populations.
Frontal Lobe EEG and Cognition
Electrodes placed over the frontal lobes of the brain have shown differential
activity during a memory task versus a simple sensory task (Geffen et al., 1997). In the
analysis of frequency spectrum data during a working memory task in healthy adults,
increases in theta and beta band activity in frontal regions occurred with an increased
number of items required to be held in memory (Onton et al., 2005). A similar study by
Gevins and colleagues employed a task requiring the verbal or spatial comparison of a
stimulus to previous stimuli (Gevins et al., 1997). Increased task difficulty was found to
be associated with increased magnitude in frontal midline theta power.
Changes in frontal alpha power can also be found during tasks requiring increased
cognitive engagement. During a task measuring semantic memory performance,
Klimesch (1999) found decreased alpha power frontally in healthy adults, specifically in
the left hemisphere. A corresponding increase in theta power was also found in the
frontal region. Generally speaking, alpha power represents cortical idling and decreases
in alpha power reflect an increased mental effort required during task performance
(Gevins et al., 1979; Klimesch, 1996).
Simultaneous EEG-fMRI studies allow for objective comparison of these two
important functional imaging techniques. In a recent study, trial by trial coupling was
performed between alpha and theta EEG and BOLD signals (Scheeringa et al., 2009).
Twenty healthy young adults performed a working memory task in which they were
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required to memorize a string of 0, 3, 5 or 7 letters. The authors found that, as cognitive
load of the task increased, a decrease in the BOLD signal in prefrontal areas coincided
with an increase in frontal theta power. Conclusions of the study indicated increased
frontal theta power may be a direct consequence of decreased activity in the default mode
network, a network of brain regions active when an individual is awake and at rest often
shown in fMRI studies.
2.5 Saccadic Eye Movement Testing in the Assessment of Cognitive Functioning
Saccadic eye movement tasks can objectively assess brain function, including
both automatic and voluntary behaviours (Leigh & Zee, 1999). Saccadic eye movements
are the simultaneous movement of both eyes in order to centre a target in the visual field
on the fovea, the area of highest visual acuity on the retina. While humans make saccades
to interact with the visual world in everyday life, tasks measuring specific eye
movements have been successful as an objective screening tool for brain function in
clinical populations. For example, Fukushima and colleagues found that abnormal goaldirected eye movements in schizophrenic patients corresponded with frontal cortical
lesions (Fukushima et al., 1994). Individuals with ADHD were found to have reduced
ability to inhibit unwanted saccades, supporting the hypothesis of a fronto-striatal defect
(Munoz et al., 2003). Green and colleagues assessed eye movement control in children
with FASD and found greater error rates and longer reaction times in tasks measuring
attention, inhibition and memory than in typically developing children (Green et al.,
2007; 2009a). Thus, the neural circuitry controlling voluntary eye movement is
understood to probe higher cognitive functions.
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2.5.1 The Neurocircuitry of Saccadic Eye Movements
The neurocircuitry of a saccadic eye movement involves many brain areas
including the basal ganglia, superior colliculus, cerebellum, brainstem, and the frontal
and parietal cortices (Leigh & Zee, 1999). The role of each area can be confirmed via
electrophysiology as well as fMRI (Sweeney et al., 2007).
The Frontal Cortex and Saccadic Eye Movement Neurocircuitry
Saccades are initiated via innervation from neurons in the brainstem reticular
formation. The intermediate layer of the superior colliculus is the area that controls these
premotor neurons (Sparks, 2002). The frontal cortex, which receives information from
the visual cortex, connects to the basal ganglia, cerebellum, and superior colliculus
(Munoz & Fecteau, 2002). Specifically, within the frontal cortex, the frontal eye fields
(FEF), supplementary eye fields (SEF) and DLPFC connect to each other in addition to
having projections to the superior colliculus. The FEF and SEF also have direct
connections to the basal ganglia, cerebellum and brainstem, all of which assist in eye
movement control (Munoz et al., 2007; Schall & Thompson, 1999). Thus, damage to the
frontal lobes can affect eye movement control and can be identified using saccadic eye
movement tasks.
2.5.2 Saccadic Eye Movement Tasks
Working memory, decision-making, attentional control, learning and behavioural
inhibition are all cognitive processes that influence saccadic eye movements (Hutton,
2008). Saccade experiments can be tailored in order to assess specific areas of cognition
and the associated neuropathology can then be identified.
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The Prosaccade Task
The prosaccade can be considered a type of automatic saccade triggered by the
appearance of a visual target within the environment. In a saccadic eye movement
paradigm, the prosaccade task probes the ability of the individual to initiate automatic
visually triggered eye movements. Typically, a participant is asked to fixate briefly on a
central fixation point on a screen. The fixation point then disappears, and a visual target
appears to the left or right of the central fixation point. The participant is instructed to
look towards the target when it appears.
The Antisaccade Task
The antisaccade task consists of the same visual display as in the prosaccade task,
with a different set of instructions. The participant is asked to look away from the target
when it appears instead of towards it. When a subject correctly performs a saccade away
from the target, this is considered a voluntary saccade. Thus, the participant has
successfully suppressed an automatic prosaccade to the target and initiated a new,
voluntary saccade. The antisaccade task requires input from higher brain areas such as the
frontal cortex and basal ganglia while the prosaccade task does not (Munoz & Everling,
2004). Therefore, the antisaccade task can be used to assess a participant’s executive
functioning abilities–specifically that of inhibition. Green et al. (2007, 2009a) and
Paolozza and colleagues (2013) recorded eye movements in children with an FASD and
found that participants mistakenly made saccades toward a target more often than control
children in the antisaccade condition, indicating that the task may sensitively measure
behavioural inhibition deficits in this group.
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The Memory-Guided Saccade Task
A memory-guided saccade task is one in which there is an intended delay between
target presentation and the correct execution of a saccade to the target, in order that the
participant must make a saccade to the correct location from memory. In a typical
delayed memory-guided paradigm, a participant might be asked to fixate on a central
fixation point that stays lit while a peripheral target, or a number of peripheral targets
flash briefly one after another. The participant must then wait until the central fixation
point is extinguished before making saccades to the remembered location(s) of the
peripheral targets. Such a task therefore measures not only working memory but also
response inhibition, because the participant must suppress the automatic saccades to
visual targets in a similar manner to the antisaccade task. In the study of Paolozza and
colleagues (2013) it was found that children with an FASD made a greater number of
errors in timing saccades correctly and in accurately remembering the location of the
targets, indicating deficits in behavioural inhibition and working memory.
Saccadic Eye Movement Tasks used in the Current Study
The current study employs a delayed memory-guided saccade paradigm similar to
the one described above as a means to probe working memory and behavioural inhibition
in children with or without FASD. However, unlike the paradigm described above, the
number of targets that are presented varied between one and three in an attempt to vary
the mnemonic load and level of difficulty within the task (Fig 2.1).
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2.6 Instrument Used, Research Rationale, Hypotheses and Objectives
This thesis research focuses on the neural circuitry of the frontal cortex underlying
memory-guided saccadic eye movement tasks in children with FASD. Saccadic eye
movements have previously been shown to be a non-invasive and objective way to assess
executive functioning deficits in children with FASD (Green et al., 2007, 2009a).
Recently developed portable EEG recording devices provide a non-invasive method with
which brain activity can be assessed. Therefore, such a device could provide information
regarding neural activity during a saccadic eye movement task probing attention and
working memory.
In the current study, the Mindwave Mobile® (Neurosky, San Jose, CA) is
employed. Recently, Johnstone et al. (2012) used the Mindwave device to demonstrate
that EEG recording using a single-channel device is a valid method, with results at the
Fp1 location comparable to those of multi-channel EEG research systems at the adjacent
F3 electrode location (International 10-10 System). Specifically, Johnstone and
colleagues showed that the brain activity recorded with the Mindwave Mobile® was
sensitive to expected changes in psychological state in humans during active states such
as during tasks that measure attention or cognitive load, as compared to resting states.
Therefore, the results of this study suggest that this single-channel recording device can
be used to help determine underlying neural mechanisms of deficits in executive
functioning abilities. Additionally, portable EEG recording devices require minimal setup
and offer greater user comfort than typical EEG recording equipment as well as
flexibility for use outside the laboratory environment.
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Figure 2-1 Delayed memory-guided saccade task paradigm.
A) One-stimuli condition B) Two-stimuli condition and C) Three-stimuli condition. The
participant begins by fixating on to the central fixation point. The participant is asked to
remember the location of one (A) two (B) or three (C) peripheral target stimuli that flash
sequentially for 100 ms each. After the central fixation point disappears, participants must initiate
saccades to the remembered locations of the peripheral stimuli in the order in which they flashed.
Grids are not visible to participants.
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The aim of this study is to assess the use of a portable EEG recording device as a
novel approach to assess frontal lobe activity underlying executive functioning deficits in
the FASD population as measured via memory-guided saccadic eye movement tasks.
Thus, the present study is designed to meet the following objectives:
1. To assess attention and working memory via a delayed memory-guided saccadic
eye movement task of varying mnemonic loads (Fig 2.1).
2. To explore the use of a portable single-channel EEG recording device to
sensitively measure differences in frontal lobe activity due to varying mnemonic
load or FASD diagnosis.
The study is designed to test the following hypotheses: During a memory-guided
saccadic eye movement task:
1. Children with FASD will exhibit deficits in task performance as compared to
typically developing children. Specifically, children with FASD will make
more sequence and/or timing errors in the delayed memory-guided saccade
task with increasing mnemonic load.
2. a) Children with FASD will exhibit a higher theta/beta frequency band power
ratio during a resting condition (with eyes open) compared to typically
developing children.
b) In children with FASD, a negative relationship between theta/beta
frequency band power ratio and task performance will be observed.
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3. Typically developing children, but not children with FASD, will exhibit an
increase in theta power with an increase in mnemonic load during task
performance.
4. Children with FASD, but not typically developing children, will exhibit a
decrease in alpha power with an increase in mnemonic load during task
performance.
5. Typically developing children, but not children with FASD, will exhibit an
increase in beta power with an increase in mnemonic load during task
performance.
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Chapter 3
Materials and Methods
3.1 Participants
All experimental procedures were reviewed and approved by the Queen’s
University Human Research Ethics Board. Children with an FASD diagnosis as assessed
by Canadian Diagnostic Guidelines aged 8-18 were recruited from communities in
Southeastern Ontario and the Ottawa region (Chudley et al., 2005). Typically developing
children aged 8-18 were recruited from communities in Southeastern Ontario. Prior to
data collection, parents of children under 18 years of age provided informed consent for
study participation. Children completed a written assent form, with oral explanation
provided to young children. Exclusion criteria for control participants included
neurological and psychiatric disorders. Exclusion criteria for both groups included visual
disorders other than requiring corrective lenses, which could be worn throughout the
study as necessary. Parents or legal guardians were requested to provide information
regarding the child’s medical and psychological history, as use of pharmacological agents
and comorbid psychiatric disorders are common in this population. Participants were
asked to withhold any medications typically taken on the day of testing to minimize any
drug-induced alterations in eye movement behaviour. All participants completed a single
session lasting approximately one hour and were given $10 in gift certificates for their
participation. A snack and beverage were provided to each participant and breaks were
given whenever necessary throughout the session.
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3.2 Experimental Setup: Single Channel EEG Recorded during a Saccadic Eye
Movement Task
Saccadic eye movement data were collected using a remote/head free eye tracker:
the Eyelink 1000 (SR Research, Mississauga, ON). Participants were seated comfortably
in a stable chair in a darkened, quiet room 58-60 cm away from a 17” LCD monitor and
mounted infrared eye tracking camera, capable of tracking the participant’s pupil
movements. The setup was designed to measure movements of the participant’s left
pupil, which was located by the eye tracker using a small target sticker placed on the
forehead as part of the remote eye tracking system. A nine-point calibration was
performed to ensure proper saccade measurements. The nine targets covered the entire
visual field of the screen (one central, eight peripheral). The calibration was then
validated to ensure the error between fixation and the calibration target was <2°.
A Neurosky Mindwave Mobile® headset that records EEG activity using a single
dry sensor was then fitted onto the participant’s head. The headset is worn in a manner
similar to a headband, with an arm that allows the dry-sensor to rest on the forehead at
approximately the Fp1 electrode location (International 10-10 System). The headset was
placed just behind the ears, and the reference sensor attached to the headset was clipped
onto the left earlobe.
To begin the session, two baseline EEG recordings were taken. First, participants
were asked to sit quietly with their eyes closed for four minutes (eyes closed resting
condition) while the EEG signal was recorded. In order to allow participants to adjust to
the environment, data recorded in the first two of four minutes were discarded. Next,
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participants were instructed to fixate on a red central fixation point (0.5° in diameter) on
the screen for two minutes (eyes open resting condition) while the EEG signal was
recorded. Finally, participants performed the saccadic eye movement task while EEG
signal was recorded continuously.
3.3 Saccadic Eye Movement Experimental Paradigm
Participants performed three blocks of the saccadic eye movement task paradigm.
Each block lasted approximately seven minutes, and participants took approximately a
five minutes break between blocks. Prior to each block of the task, the nine-point
calibration was redone and the Mindwave Mobile® device was checked to ensure a
proper fit.
Each block of the task consisted of 72 delayed memory-guided saccadic eye
movement trials, and drift correction was performed every 10 trials (Fig 2.1). Participants
were first presented with 24 trials of the one-stimulus condition (Fig 2.1A) followed
immediately by 24 trials of the two-stimuli condition (Fig 2.1B) and finally by 24 trials of
the three-stimuli condition (Fig 2.1C). Participants were asked to fixate on the central
fixation point while remembering the order and spatial location of the one, two or three
peripheral stimuli that appeared. Instructions were given to maintain fixation until the
central fixation point disappeared (the ‘go signal’), and to then saccade to the one, two or
three remembered locations of the peripheral stimuli in the same order as they originally
appeared. Prior to commencing the task, participants practised one of each type of trial in
order to ensure understanding.
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In all three stimuli conditions, the central fixation point appeared for a time period
randomized between 800 and 1200 ms prior to the onset of the first peripheral stimulus.
Subsequently, the peripheral stimuli flashed in quick succession for 100 ms each.
Therefore, one peripheral stimulus flashed for 100 ms in the one-stimulus condition; two
peripheral stimuli flashed sequentially for a total of 200 ms in the two-stimuli condition;
and three stimuli flashed sequentially for a total of 300 ms in the three-stimuli condition.
Following presentation of the peripheral stimuli in all conditions, the central fixation
point remained illuminated for a time period randomized between 800 and 1200 ms
before disappearing (the ‘go signal’). Participants were then given 1000 ms in the onestimulus condition, 2000 ms in the two-stimuli condition and 3000 ms in the three-stimuli
condition to make sequential saccades to the remembered locations of the one, two or
three peripheral target stimuli, respectively. The intertrial interval was 1000 ms.
In the one-stimulus condition, the peripheral stimulus was presented randomly
10° to the left or right of the central fixation point. In the two and three stimuli
conditions, locations of the peripheral target stimuli were chosen randomly from one of
thirty-six possible locations in four quadrants of the LCD display (upper right, lower
right, upper left, lower left). Once a peripheral target stimulus appeared in one of the four
quadrants, subsequent peripheral stimuli in the same trial were not presented in the same
quadrant. Each quadrant was composed of a square grid with 9 possible target locations
centered 10° from the fixation point. The grid was not visible to participants.
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3.4 Preliminary Study Methodology: Ordered and Randomized Task Design in
Healthy Young Adults
Due to the novelty of the delayed memory-guided saccadic eye movement task
paradigm employed in this study and the uncertainty surrounding the effects that the
paradigm might have on the recorded EEG signal, a preliminary study was conducted
prior to the main experiment with 20 healthy young adults between the ages of 19 and 24
recruited from Kingston, Ontario. The same exclusion criteria were applied as that of the
child control group, and the adult participants provided informed consent prior to the start
of the study. Ten adults were recruited to participate in an experiment with setup and task
paradigm identical to that described above (hereby referred to as the ‘Ordered Design’
group). Subsequently, ten adults were recruited to participate in an experiment with
identical setup and a similar, but not identical, experimental paradigm. In this group, the
72 one, two and three-stimuli condition trials were randomized throughout the block,
instead of 24 one-stimulus condition trials followed by 24 two-stimuli trials and finally
24 three-stimuli trials. This group with randomized trial presentation is hereby referred to
as the ‘Randomized Design’ group.
3.5 Eye Movement Data Analysis
Eye movements were sampled at a frequency of 500Hz, and the data were then
analyzed using custom software developed in MATLAB (Version R2009b; Mathworks,
Inc., Natick, MA). Saccades were defined as having a speed greater than 50°/second, and
saccadic reaction time (SRT) was defined as the time from central fixation point
disappearance to initiation of the first saccade with a speed greater than 50°/second for
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saccades to the first, second and third peripheral target. Accuracy was measured as the
difference (in degrees) between the location of the last peripheral target and the location
of the final fixation in a given trial.
Any trials in which eye tracking was lost or in which no eye movement was
detected were not considered viable and were discarded. Greater than 50% of trials in
each condition within a block needed to be viable in order for the block to be included in
data analysis, and a minimum of one block containing greater than 50% viable trials was
necessary for a participant to be included in data analysis. Within a trial, if the correct
motor sequence was executed, but the first saccade was made prior to the go signal
(disappearance of the central fixation point), or <90ms after the disappearance of the
central fixation point (Munoz et al., 1998), then the trial was classified as a timing error.
Similarly, if the motor sequence was executed incorrectly, regardless of whether the
timing of execution of the first saccade was correct, then the trial was classified as a
sequence error. This approach was adopted so that the analysis might focus specifically
on deficits in spatial working memory, which are presumably reflected by errors in the
motor sequence. Correct trials are those in which no timing or sequence errors were
made. Percentages of correct trials, trials with sequence errors or trials with timing errors
were calculated by dividing the number of trials in each category by the total number of
viable trials within a condition for each participant.
3.6 Single-Channel EEG Signal Processing and Analysis
The EEG signal was recorded from the single dry-sensor channel at a sampling
rate of 512Hz and was processed onboard the device via Neurosky’s ThinkGear®
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technology including blink detection and noise cancellation (Neurosky, 2009). The
reference electrode placed on the earlobe acts as both a ground and reference. The EEG
signal was then sent wirelessly via Bluetooth to a computer and analyzed offline using
custom software developed in MATLAB (Version R2009b; Mathworks, Inc., Natick,
MA). Automatic artifact rejection at 100µV was applied to exclude recordings with
excessive eye movement or muscle activity. Data were band-pass filtered (0.3-40 Hz) and
a short-time Fourier Transformation was applied. Absolute frequency band power data
were obtained for theta (4-8 Hz), alpha (8-12 Hz) and beta (12-30 Hz) bands. Data for
delta and gamma bands were not obtained because prior changes in frontal delta and
gamma power have not been found in children with FASD or similar clinical groups.
Further, gamma power rhythms have been found to be heavily contaminated by
electromyographic activity (Whitham et al., 2008), and thus a single-channel device was
not likely an optimal tool for the exploration of gamma band power in this population.
Only EEG signals corresponding to correct trials were analyzed. Within a trial,
absolute frequency band power epochs corresponding to fixation periods were extracted.
Specifically, frequency band power data corresponding to the 800-1200 ms fixation
period before and 800-1200 ms fixation period after the presentation of peripheral target
stimuli were analyzed. These fixation periods are referred to as the ‘pre-stimuli
timepoint’ and ‘post-stimuli timepoint’, respectively. Isolated in this manner, differences
in EEG band power between the two timepoints can be attributed to the maintenance of
one, two or three peripheral target stimuli locations in working memory. This selectivity
also helped to ensure that the EEG activity analyzed was free of eye movement artifacts.
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Finally, frequency band power at each timepoint was then averaged within a given
condition for each individual.
3.7 Statistical Analysis:
All statistical analysis was performed using SPSS (version 21: SPSS Inc., Chicago, IL,
USA).
3.7.1 Demographic Data
Unpaired two-tailed t-tests were performed to compare age between the two
participant groups. In this analysis and throughout this thesis, α is set to 0.05 unless
otherwise specified. This analysis was performed in both the preliminary study on
healthy young adults and in children.
3.7.2 Task Performance
Two-way repeated measures analysis-of-variance (ANOVA) tests with
Bonferroni post hoc correction were used to compare different measures of task
performance with task condition as the within-subject factor and group as the betweensubject factor. This analysis was performed in both the preliminary study on healthy
young adults and in children.
3.7.3 Resting Condition Analysis
Two-way repeated measures ANOVA was used to compare alpha frequency band
power in the eyes open and eyes closed resting conditions. Group was a between-subject
factor and resting condition was a within-subject factor. Assessment of the two resting
conditions was performed in order to compare findings to those of prior studies that
employed identical resting conditions. All subsequent analysis in which a resting
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condition was used employed the eyes open resting condition, as this resting condition
can be considered a more direct baseline for a cognitive task. An unpaired two-tailed ttest was also performed on the theta/beta band power ratio during eyes open resting state
in children.
3.7.4 EEG Frequency Band Power Analysis during the delayed memory-guided task
paradigm
A linear mixed model design was used to model the relationships of the effects
and interactions of group, timepoint during the eye movement task (pre-stimuli fixation
and post-stimuli fixation) and task condition (one, two or three stimuli) on EEG band
power with age as a covariate, for each frequency band. Group, timepoint and task
condition were considered to be fixed effects. In order to account for different within
individual variances due to repeated measures, intercept, timepoint and task condition
were included as random effects within each individual. Similarly designed mixed
models were used to compare eyes open resting condition frequency band activity to
activity at the first, pre-stimuli timepoint during the saccadic eye movement task. In this
case, group, and state (resting versus active) were considered fixed effects, and intercept
and state were considered random effects within each participant. In each model, a
compound symmetry covariance matrix for random effects was employed. A top-down
approach to model building was used as described in West, Welch & Galecki (2007).
Therefore, a full-factorial model was used as a base model. Subsequently, models were
reduced on an individual basis if the fit could be significantly improved as determined by
a Likelihood ratio test of the -2 REML log likelihood. Residuals were assessed for
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normality using a Kolmogorov-Smirnov test and post-hoc Bonferroni-correlated pairwise
comparisons were used to follow up on significant effects. This analysis was performed
in both the preliminary study on healthy young adults and in children. In healthy young
adults, age was not included as a covariate, and block was added as a fixed effect due to
the possibility of an interaction between the experimental paradigm (group) and changes
in EEG frequency band power over time (across Blocks 1, 2 and 3).
3.7.5 Correlational Analysis between Task Performance and EEG Frequency Band
Power
Pearson partial correlations to control for age were performed between absolute
band power (theta/beta ratio, theta, alpha, beta) and the percentage of correct trials within
both control and FASD groups. The residuals for band power and the percentage of
correct trials were calculated as the difference between the observed value and the
regression line for that value.
Throughout this thesis, focus is placed on descriptions of relative statistical
parameters for comparisons between the control and FASD groups.
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Chapter 4
Results
4.1 Preliminary Study: Ordered and Randomized Task Design in Healthy Young
Adults
4.1.1 Demographic Data
The Ordered Design group (n=10) had a mean age of 22.3±0.5 years while the
Randomized Design group (n=10) had a mean age of 21.2±0.1 years. The Randomized
Design group was significantly younger than the Ordered Design group (t18=2.240;
p=0.038), however, this was likely simply due to higher variability in age in the Ordered
Design group, as mean age differed by only 1.1 years. The male:female ratio for the
Ordered Design group was 4:6, and 2:8 for the Randomized Design group.
4.1.2 Task Performance
Percentage of trials performed correctly, percentage of trials with sequence errors
and percentage of trials with timing errors were all analyzed using a two-way repeated
measures ANOVA. No group differences were found in percentage of correct trials,
percentage of trials with sequence errors or percentage of trials with timing errors (Fig
4.1). However, a main effect of task condition on the percentage of correct trials was
found (Fig 4.1A; F(2,36)=16.48, p<0.001). Bonferroni post-hoc testing revealed that a
significantly greater percentage of correct trials was found in the one and two-stimuli
conditions compared to the three-stimuli condition (p<0.01). A corresponding increase in
the percentage of trials with sequence errors between the two and three-stimuli conditions
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Figure 4-1 Task Performance measures during one, two and three stimuli conditions in
healthy young adults.
A) The percentage of viable trials that were correct, classified by task condition. B) The
percentage of viable trials that contained sequence errors, classified by task condition. C) The
percentage of viable trials that contained timing errors, classified by task condition. Data are
mean ± SEM for both ordered and random design groups. ‡p<0.05 *p<0.001
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was also found (Fig 4.1B; F(1,18)=32.72, p<0.001). Sequence errors in the one-stimulus
condition are not shown because participants made virtually no sequence errors in this
condition (floor effect). An effect of condition was found for the percentage of timing
errors only between the one- and three-stimuli conditions (Fig 4.1C). This suggests that a
decrease in the percentage of correct trials from the two- to three-stimuli condition is
mainly due to an increased number of sequence errors in the three-stimuli condition.
4.1.3 Comparison of Eyes Open and Eyes Closed Resting Conditions
A two-way repeated measures ANOVA revealed an effect of resting condition on
absolute alpha frequency power and no effect of group (Fig 4.2; F(1,18,)=25.00,
p<0.001). Absolute alpha frequency power is higher during the eyes closed resting
condition than the eyes open resting condition, which is consistent with previous research
using the Mindwave Mobile® (Johnstone et al., 2012). The lack of a group effect
indicates that Ordered and Randomized Design groups have statistically similar baseline
alpha power levels.
4.1.4 EEG Frequency Band Power Analysis during the Delayed Memory-Guided
Task Paradigm
Table 4.1 summarizes all effects found in a linear mixed model of absolute theta
frequency power. A significant main effect of Timepoint and an interaction between
Group X Task Condition X Timepoint was found (p<0.001). A post-hoc examination of
the Group X Task Condition was conducted and the results are illustrated in Figure 4.3A
and Figure 4.3B. In Figure 4.3A, a significant drop in theta band power is seen in the two
(p<0.001) and three-stimuli (p<0.05) conditions in participants of the Ordered Design
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Figure 4-2 Absolute Alpha Frequency Power during eyes closed and eyes open resting
conditions in healthy young adults.
Data are mean ± SEM for both ordered and random design groups. *p<0.001
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Table 4-1 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Theta
Frequency Power in Healthy Young Adults.
Effect

df 1

df 2

F

Timepoint

1

77.983

14.882**

Task Condition

2

87.281

1.092

Group

1

18.068

.507

Block

2

85.350

.647

Group X Timepoint

1

77.983

1.278

Group X Task Condition

2

87.281

.454

Timepoint X Task Condition

2

198.407

1.110

Group X Block

2

85.350

.647

Block X Task Condition

4

201.990

1.986

Block X Time

2

201.189

.409

Group X Block X Time

2

201.189

.409

Target X Block X Time

4

198.407

.582

Group X Task Condition X Timepoint

2

198.407

7.238**

Task Condition X Group X Block

4

201.990

1.986

**p<0.001
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Figure 4-3 Absolute theta and alpha frequency power during task performance in healthy
young adults.
A) Absolute theta power in the Ordered Design group. B) Absolute theta power in the
Randomized Design group. C) Absolute alpha power in the Ordered Design group. D) Absolute
alpha power in the Randomized Design Group. Data are estimated marginal means±SEM for both
ordered and random design groups. *p<0.01 ‡ p<0.05
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group when comparing pre to post-stimuli timepoints, while no comparable decrease in
theta power is seen for the one-stimulus condition. In the randomized design group, a
significant drop from pre to post-stimuli timepoints was seen in all three conditions
(Figure 4.3B; p<0.001). The results suggest that the brain activity of healthy young adults
may differ depending on the randomization of a delayed memory-guided saccadic eye
movement paradigm and thus presumably on cognitive load.
In a mixed model of alpha power, a significant main effect of timepoint was
found (Table 4.2; p<0.01). Even with a lack of significant interaction between timepoint
and group, visual inspection of the data elicited suspicion that the result was driven by
one group. Therefore, subsequent models in which group was separated were built.
Figure 4.3C and D show the effect of time separated by group. A significant decrease in
alpha band power (Fig 4.3D; F(1,31.42)=13.95, p<0.01) was seen in the randomized
group from pre to post stimuli timepoint, while no significant effect was seen in the
ordered group (Fig 4.3C). These results demonstrate that while alpha power in healthy
adults does not appear to change with mnemonic load, the Randomized Design group
appears to exhibit a greater change than the Ordered Design group between timepoints.
No significant effects were observed in a model of beta power identical to that of theta
power. In addition, neither eyes open resting condition theta, alpha nor beta power
differed significantly from that during the pre-stimuli timepoint.
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Table 4-2 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Alpha
Frequency Power in Healthy Young Adults.
Effect

df 1

df 2

F

Timepoint

1

75.767

7.447*

Task Condition

2

87.729

0.254

Group

1

18.059

1.094

Block

2

85.098

3.077

Group X Timepoint

1

75.767

0.062

Group X Task Condition

2

87.729

0.719

Timepoint X Task Condition

2

198.06

0.271

Group X Block

2

85.098

3.077

Block X Task Condition

4

202.495

1.01

Block X Time

2

201.653

1.875

Group X Block X Time

2

201.653

1.875

Target X Block X Time

4

198.06

1.318

Group X Task Condition X Timepoint

2

198.06

0.741

Task Condition X Group X Block

4

202.495

1.01

*p<0.01
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4.2 Children with or without FASD
4.2.1 Demographic Data
Demographic information was collected for both the FASD and the control
groups and is listed in Table 4.3. There was no significant difference between the mean
ages in the two groups (FASD n=18, age = 14.4±0.6 years, age range = 9-17 years;
Control n=19, age=13.0±0.7years, age range = 8-17 years ; t35=1.392, p=0.173).
Amongst children with FASD, the most common diagnosis was ARND followed
by pFAS and finally FAS. Fourteen of the children diagnosed with an FASD were
regularly taking some type of medication. Nine children were regularly taking a stimulant
medication such as Ritalin® or Concerta®, and five children were regularly taking
another medication such as Citalopram, an antidepressant, or Risperidone, an
antipsychotic. Comorbidities in the group included ADHD, Oppositional Defiant
Disorder, Anxiety, Autism Spectrum Disorder, Obsessive Compulsive Disorder and
Attachment Disorder. At 61.1%, ADHD was by far the most common comorbidity while
only 33.3% were not diagnosed with any comorbidity. Two FASD and two control
participants were excluded entirely from analysis because their theta, alpha or beta band
power activity was much greater than three standards deviations away from the mean of
the group, and thus were considered extreme outliers. None of their data is included in
the demographic data above.
4.2.2 Task Performance
Two-way repeated measures ANOVAs were performed for percentage of correct
viable trials, percentage of viable trials with sequence errors and percentage of viable
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Table 4-3 Demographic information for FASD and control groups.
Control (n=19)

FASD (n=18)

Age ± SEM

13.02±0.732

14.36±0.610

Male:Female

8:11

9:9

Diagnosis

n (%)

FAS

3 (16.7)

pFAS

7 (38.8)

ARND

8 (44.4)

Medication*
Stimulant
Other

9 (50)

‡

5 (27.7)
7 (38.8)

None
Comorbidities*
ADHD

11 (61.1)

Oppositional Defiant Disorder

5 (27.7)

Anxiety

3 (16.7)

Autism Spectrum Disorder

2 (11.1)

Obsessive Compulsive Disorder

1 (5.5)

Attachment Disorder

1 (5.5)

None

6 (33.3)

*Percentage totals greater than 100 because some participants are on more than one type of
medication or have more than one comorbidity. ‡Other drugs includes antidepressants and
antipsychotics.
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trials with timing errors. Figure 4.4A reveals a significant main effect of group
(F(1,70)=4.735, p<0.04) and of condition (F(2,70)=39.64, p<0.001) on the percentage of
correct trials. Specifically, FASD diagnosis and condition with a greater number of
stimuli predict worse task performance. In addition, a significant group X condition
interaction was found (F(2,70)=4.24, p<0.02). Post-hoc analysis revealed that the
interaction could be explained by significant differences between groups in two and three
stimuli conditions (p<0.05) but no significant group difference in the one-stimulus
condition (Fig 4.4A). Thus, it seems likely that the FASD group found the two and threestimuli conditions significantly more challenging than the control group.
Figure 4.4B depicts the percentage of viable trials with sequence errors in the two
and three-stimuli conditions. A significant main effect of condition indicates that on
average, all participants displayed a greater number of sequence errors in the threestimuli condition (F(1,35)=83.21, p<0.001). This is expected, as a greater number of
items must be held in working memory and correctly relocated in the three-stimuli
condition. A group X condition interaction indicates that, in particular, children with
FASD made significantly more errors than control children in the three-stimuli condition
(F(1,35)=11.02, p<0.003). Sequence errors in the one-stimulus condition are not shown
because participants made virtually no sequence errors in this condition (floor effect).
Figure 4.4C displays the percentage of viable trials with timing errors. No
significant effect of group was found, however, a trend towards increased timing errors in
the FASD group can be seen compared to control participants in the one- and two-stimuli
conditions. Figure 4.4C also indicates a significant main effect of condition
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Figure 4-4 Task Performance measures during one, two and three stimuli conditions in
children with or without FASD.
A) The percentage of viable trials that were correct, classified by task condition. B) The
percentage of viable trials that contained sequence errors, classified by task condition. C) The
percentage of viable trials that contained timing errors, classified by task condition. Data are
mean ± SEM for both FASD and control groups. *p<0.001 #p<0.05
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(F(2,370)=21.50, p<0.001). As no sequence errors were present in the one stimuli
condition, the only type of error that occurred in the one-stimulus condition was a timing
error. In contrast, for the two and three stimuli conditions, trials in which the motor
sequence was incorrect and in which the participant also made the first saccade prior to
90 ms after disappearance of the central fixation were counted as sequence errors, not
timing errors.
Table 4.4 displays saccadic reaction times (SRTs), accuracy of the final fixation
and percentage of viable trials for the three different task conditions and two different
groups. In two-way repeated measures ANOVAs within both two and three-stimuli
conditions, saccade number was the repeated factor. A significant effect of saccade
number was inevitable in the two and three-stimuli conditions because the SRT for each
saccade was measured from the time at which the central fixation point was extinguished.
No significant group effects for SRT were detected, however, children with FASD appear
to have faster SRTs than control children on average in all three conditions.
In a two-way repeated measures ANOVA of accuracy of the final fixation with
condition as the within-subject factor and group as the between-subject factor, accuracy
was found to decrease as the number of stimuli presented increased (p<0.001). Accuracy
of the final fixation is defined as the difference (in degrees) between the location of the
last peripheral target and the location of the final fixation in a given trial. A higher
number indicates lower accuracy. Finally, Table 4.4 shows the percentage of viable trials
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Table 4-4 Selected Saccadic Eye Movement Measures
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analyzed via a two-way repeated measure ANOVA with group and condition as the
between and within-subject factors respectively. A main effect for group was found
(p=0.041) indicating that across all conditions, a lower percentage of trials from
participants with FASD were viable. It is possible this effect is due to a greater number of
trials in which eye tracking was lost, and/or a greater number of trials in which
participants did not move their eyes in the FASD group. Both seem likely in this clinical
population due to the presence of attention deficits, distractibility, and hyperactivity,
resulting in the child moving in their seat, looking away from the screen or failing to
focus on remembering and then looking to the peripheral targets appropriately.
4.2.3 Eyes Open and Eyes Closed Resting Conditions
A two-way repeated measures ANOVA revealed an effect of resting condition on
absolute alpha frequency power and no effect of group (Fig 4.5A; F(1,35)=36.83,
p<0.001), which is consistent with the literature. A lack of a group effect indicates that
the FASD and control groups had baseline alpha power levels that were not different.
An unpaired t-test was conducted on the theta/beta power ratio during the eyes
open resting condition between the two groups, and no significant difference was found
(Fig 4.5B).
4.2.4 EEG Frequency Band Power Analysis during the Delayed Memory-Guided
Task Paradigm
In Table 4.5, effects of a linear mixed model of absolute alpha power are
displayed. Post-hoc pairwise comparisons of the significant (p<0.05) Timepoint X Task
Condition X Group interaction were performed, and the results are illustrated in Figure
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Figure 4-5 A) Absolute alpha frequency power and B) Theta/beta frequency power ratio
during eyes closed and eyes open resting conditions in children with or without FASD.
Data are mean ± SEM for both Control and FASD groups. *p<0.001
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Table 4-5 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Alpha
Frequency Power in Children with or without FASD.
Effect

df 1

df 2

F

Timepoint

1

82.822

.175

Task Condition

2

112.173

.809

Age

1

34

.025

Group

1

34

.047

Group X Timepoint

1

82.822

5.913**

Group X Task Condition

2

112.173

.609

Timepoint X Task Condition

2

67.586

.337

Timepoint X Age

1

82.822

.429

Task Condition X Age

2

112.173

1.870

Timepoint X Task Condition X Age

2

67.586

2.149

Timepoint X Task Condition X Group

2

67.586

3.362*

*p<0.05, **p<0.02
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4.6A and B. The results indicate that changes in alpha power are found only in the FASD
group when Timepoint and Task Condition are altered
(p<0.004). Specifically, a decrease in absolute alpha power is observed when the pre
versus post-stimuli timepoint were compared. However, these differences were only
found for the two- and three-stimuli conditions, suggesting that the relationship of alpha
activity and timepoints during a working memory task differs depending on mnemonic
load in children with FASD. A significant interaction of timepoint X group is also found
in Table 4.5, indicating there may also be a general decrease in alpha power from pre to
post-stimuli timepoints that holds in both groups.
Table 4.6 displays a mixed model of theta power in FASD and control groups. A
significant main effect of age on theta power was observed. In addition, a significant
interaction of group X timepoint was present. For both effects, p<0.05. This interaction is
explored in Figure 4.6C and D. No significant change in theta power over timepoints was
present in the control group; however, a significant decrease is seen in the FASD group
from pre- to post-stimuli timepoints. This indicates that, across all three task conditions,
participants with FASD have lower theta power at the post-stimulus timepoint than the
pre-stimulus timepoint. No significant effects were observed in a model of beta power or
of theta/beta power ratio identical to that of alpha power.
4.2.5 Correlational Analysis
Pearson partial correlational analysis correcting for age was performed between the
theta/beta power ratio at the post-stimuli timepoint minus the theta/beta power ratio at the
pre-stimuli timepoint, and the percentage of viable trials that were marked as correct. A
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Table 4-6 Type III F-Tests of Fixed Effects in a Linear Mixed Model of Absolute Theta
Frequency Power in Children with or without FASD.
Effect

df 1

df 2

F

Timepoint

1

60.313

.561

Task Condition

2

132.668

1.964

Age

1

34

4.349*

Group

1

34

1.397

Group X Timepoint

1

60.313

4.304*

Group X Task Condition

2

132.668

.345

Timepoint X Task Condition

2

73.056

.586

Timepoint X Age

1

60.313

2.814

Task Condition X Age

2

132.668

2.382

*p<0.05
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Figure 4-6 Absolute theta and alpha frequency power during task performance in children
with or without FASD.
A) Absolute alpha power in the control group. B) Absolute alpha power in the FASD group. C)
Absolute theta power in the control group. D) Absolute theta power in the FASD group. Data are
estimated marginal means±SEM for both control and FASD groups. *p<0.004.
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Figure 4-7 The difference between post- and pre-stimuli timepoint theta/beta power ratio
and task performance.
A) No relationship is seen between post-pre theta/beta ratio and task performance in the control
group. B) A significant positive relationship between post-pre theta/beta power ratio and task
performance is seen in the FASD group. Residuals are presented in order to correct for age.
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significant positive relationship (Pearson’s r=0.33, p=0.01) was seen between these two
variables in the FASD group (Fig 4.7B), while no relationship was seen for the control
group (Perason’s r=0.09, p=0.51) (Fig 4.7A). Subsequent partial correlation analyses
were performed for post-stimuli timepoint minus pre-stimuli timepoint alpha, theta and
beta band power and task performance, however, no significant correlations were found.
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Chapter 5
Discussion
5.1 EEG Recording during a Delayed Memory-Guided Saccadic Eye Movement
Task Paradigm in Children with or without FASD
The current study sought to investigate the use of a single-channel EEG recording
device during the performance of a memory-guided saccadic eye movement task in
children with FASD. The memory-guided eye movement paradigm was designed with
three different conditions in order to vary the mnemonic load and probe working
memory, attention and executive functioning deficits in the FASD population.
Application of the recording electrode at approximately the Fp1 location (International
10-10 System) assessed electrophysiological activity of the frontal cortex at rest and
during the eye movement paradigm.
Significant differences in task performance measures between the FASD and
control groups were demonstrated. Children with FASD exhibited 1) a greater proportion
of trials with sequence errors in the three-stimuli condition and 2) an increased frequency
of incorrect trials in the two and three-stimuli conditions. The data support the hypothesis
that task performance of children with FASD on the memory-guided task would be worse
than that of a control group as a function of increasing mnemonic load.
Differences in EEG frequency band power between the FASD and control groups
during the performance of the eye movement task were also found. We had specifically
hypothesized that during task performance, typically developing children, but not
children with FASD, would exhibit increases in theta and beta power with increasing
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mnemonic load, and that children with FASD, but not typically developing children,
would exhibit a decrease in alpha power with increasing mnemonic load. As predicted,
there was a decrease in alpha power in only the FASD group from pre to post-stimuli
timepoints during two- and three-stimuli conditions of the eye movement task. We also
found that, across all task conditions, theta power decreased in children with FASD but
not typically developing children, from pre to post-stimuli timepoints. There was no
change in theta power with increasing mnemonic load in the control group. However,
differences were found between the two groups in that theta power was lower during the
memory maintenance phase of the task in the FASD group. Our hypothesis of increased
beta band power with increasing mnemonic load in the control but not FASD group was
not supported, as no significant changes were found for either group. Finally, we
predicted higher theta/beta power ratio during the eyes open resting state and a negative
relationship between post-stimuli timepoint theta/beta ratio minus pre-stimuli timepoint
theta/beta ratio and task performance were expected in the FASD group. The data did not
support this hypothesis as no significant difference was found at rest between the
experimental groups and a positive relationship between theta/beta ratio and task
performance was found in the FASD group.
This study is the first to demonstrate differences in EEG band power between
children with FASD and typically developing children during a cognitive task, and the
first to use a portable single-channel EEG recording device to explore potential
neurophysiological correlates to executive function deficits in children with FASD. Our
results suggest that children with FASD differ from the control group in terms of task
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performance on a memory-guided saccade task and underlying patterns of neural
recruitment, dependent on the mnemonic load of the task.
5.1.1 Delayed Memory-Guided Saccadic Eye Movement Paradigm Task
Performance Measures
The memory-guided saccade task assesses executive control of internally guided
saccades, as memory-guided saccades require the integration of multiple executive
functioning domains including response inhibition and working memory. In the FASD
group, a greater percentage of sequence errors was made in the three-stimuli condition
but not the two-stimuli condition when compared to the control group. Sequence errors,
as previously defined in this study, are trials on which participants failed to execute the
motor sequence correctly, regardless of whether the timing of execution of the first
saccade was correct. These results suggest that participants with FASD have the most
difficulty using sensory input to generate a correct motor response when also required to
remember the location and sequence of three target stimuli. Children with FASD may
also have had difficulty inhibiting automatic responses, because sequence error trials in
which the timing of the execution of the first saccade was incorrect are likely to include a
visually triggered, automatic response to the last visual stimulus, rather than resulting
from premature execution of a correctly planned motor sequence (Abel & Douglas, 2007;
LeVasseur, Flanagan, Riopelle, & Munoz, 2001). No group difference in the frequency of
timing errors was present, although visual inspection of the data suggests a trend of
increased timing errors in the FASD group in the one and two-stimuli conditions (Fig
4.4C). This trend likely contributed to the significantly lower percentage of trials
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performed correctly seen in the FASD group in both the two- and three-stimuli
conditions, because a significant group difference in sequence error frequency was only
seen in the three-stimuli condition. The main effect of condition on the percentage of
trials performed correctly validates the task design with the number of peripheral stimuli
varying between one and three in order to study effects related to change in mnemonic
load. Further, performance deficits in the two and three-stimuli conditions in the FASD
group are consistent with the literature indicating children with FASD tend to perform
similarly to control groups on simple tasks and only reveal deficits on more complex
tasks in which multiple executive functioning domains must be integrated (Aragon et al.,
2008; Burden, 2005; Hamilton et al., 2003).
The Role of Frontostriatal Circuitry in Memory-Guided Eye Movements
Deficits in the memory-guided saccade task in children with FASD indicate
damage to the prefrontal cortex and basal ganglia, areas known to control internally
guided saccades (Pierrot-Desilligny et al., 2004). Within the prefrontal cortex, the
DLPFC plays crucial roles in both spatial working memory and the inhibition of
automatic saccades, as demonstrated in a study of three patients with lesions affecting
this brain area (Pierrot-Deseilligny et al., 2003). The patients exhibited errors of larger
amplitudes in the memory-guided saccades, in addition to increased unwanted automatic
saccades. Similarly, children with FASD show deficits in spatial working memory as
demonstrated by an increased frequency of sequence errors in the three-stimuli condition
in the current study. Moreover, the FASD population has previously shown abnormal
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BOLD responses in the DLPFC during spatial working memory tasks as assessed by
fMRI (Kodituwakku et al., 2001; Rasmussen, 2005, Spadoni et al., 2009).
The FEF and SEF also have major roles in the execution of memory-guided
saccades. The FEF are principally involved in the generation of intentional saccades and
delaying planned responses, while the SEF contribute to the planning of complex motor
sequences (Gaymard, Ploner, Rivaud, Vermersch, & Pierrot-Deseilligny, 1998; PierrotDesilligny et al., 2004; Munoz & Everling, 2004). As children with FASD had greater
difficulty generating two or three saccades in correct sequence in the present study, we
suspect the FEF and SEF to be amongst the prefrontal areas damaged by PAE.
Comparisons to a Previous Memory-Guided Oculomotor Study in FASD
Since first demonstrating the merit of the prosaccade and antisaccade eye
movement tasks in the assessment of executive functioning in children with FASD
(Green et al., 2007; 2009a), we have recently described the first study to employ a
delayed memory-guided eye movement task in this population (Paolozza et al., 2013). In
the previous study, 27 children with FASD and 27 controls matched for age and sex
completed a delayed memory-guided saccade paradigm similar to the one described in
the two-stimuli condition of the current study. Upon comparison of this recent study to
the current one, differences can be observed in measures of accuracy, SRT, and
behavioural errors.
Paolozza et al. (2013) found lower final fixation accuracy in children with FASD,
while the same result was not found in the two stimuli or any other condition in the
current study. We propose several possible reasons for this discrepancy. First and
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foremost, adaptations made to the experimental paradigm to facilitate EEG recording
during the task mean that the current experimental paradigm was similar but not identical
to the previous one. In that study, after completing prosaccade and antisaccade tasks,
children performed 72 trials of a memory-guided task with two target stimuli, wherein the
pre-stimuli timepoint was 200 or 1000 ms in length and the post-stimuli timepoint was 0,
600, 1200 or 1800 ms in length. Secondly, while no significant age differences are
present between groups in the current study, the previous study utilized precise age and
sex matching, and had a larger n value. It is possible that increasing the n value in the
current study and the facilitation of age and sex matching would result in similar
outcomes in the two studies. The factors outlined above may also shed light on the
differences in SRT observed between the two studies. Faster SRTs to the second target
were found in children with FASD and were hypothesized to be the result of a speedaccuracy trade-off. While no group differences in SRT were found in the current study,
children with FASD consistently displayed faster SRTs than the control group to the
second and third visual stimuli (Table 4.4).
Finally, similarly to the two-stimuli condition of the current study, Paolozza et al.
(2013) found no group differences in the frequency of sequence errors. However, the
previous study did find an increase in the frequency of timing errors in children with
FASD, unlike the two-stimuli condition of the current study. It is possible that differences
in the length of the post-stimuli timepoint, and the inclusion of a number of different eye
movement experiments in a single session in the previous study could have contributed to
this result. In addition, the previous study defined a timing error to include motor
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sequences that were executed incorrectly which could have led to an increased frequency
of timing errors.
5.1.2 EEG Band Power during Resting Conditions
Alpha power during the eyes closed and eyes open resting conditions and
theta/beta power ratio during the eyes open condition were compared between the two
experimental groups. The decrease in alpha power observed from eyes closed to eyes
open resting conditions was in agreement with literature in both single and multi-channel
devices, which helped to ensure subsequent analysis was not biased by abnormal baseline
band power levels (Barry et al., 2007; Johnstone et al., 2012). In addition, a lack of group
effect provided evidence for equivalent alpha power baselines for both FASD and control
groups, meaning subsequent group differences during the eye-movement task could be
considered task-related.
High theta/beta frequency ratio during rest has previously been found in similar
clinical populations such as ADHD (Snyder & Hall, 2006). Theta/beta frequency band
power ratio was therefore hypothesized to be higher for the FASD group than the control
group in the eyes open resting condition; however, no group effect was found. Theta/beta
band power ratio is thought to reflect cortical arousal, and this result suggests that both
the clinical and control group started from the same baseline arousal level (El-Sayed et
al., 2002).

66

5.1.3 EEG Band Power during the Delayed Memory-Guided Saccadic Eye
Movement Paradigm
Alpha Frequency Band Power
The expected reduction in alpha band power in the FASD group at higher
mnemonic loads was observed. No difference in alpha power between pre and poststimuli timepoints was found in the control group, while a significant decrease from pre
to post-stimuli timepoints in the two and three-stimuli conditions was found in the FASD
group. Likely, the FASD group found the two and three-stimuli conditions significantly
more difficult than the one-stimulus condition, as indicated by their differential task
performance. Suppressions in alpha power have been found to occur with increased
cognitive effort or task difficulty, suggesting an inverse relationship between alpha power
and cortical resources engaged in the task at hand (Gevins et al., 1997). This
interpretation is supported by other studies which have shown a negative relationship
between alpha power and the BOLD signal in areas such as the DLPFC, and a positive
relationship between alpha power and the BOLD signal in areas known to be involved in
the default mode network such as the anterior cingulate cortex and medial prefrontal
cortex (Michels et al., 2010). These alpha power effects are commonly only seen in
occipitoparietal networks (Gevins et al., 1997). However, several recent studies have
demonstrated that prominent alpha power suppression corresponding to task difficulty
can be found in the frontoparietal network as well (Brier et al., 2010; Sauseng, 2005). As
no differences between pre- and post-stimuli timepoint alpha power were found in the
control group, the results suggest that the increase in mnemonic load from one stimulus
to three stimuli did not require significantly greater recruitment of cognitive resources,
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unlike in children with FASD. This conclusion is in line with that of FASD fMRI studies
suggesting greater prefrontal cortex activation is present in children with FASD even in
the absence of performance deficits (Fryer et al., 2007; Malisza et al., 2005; Spadoni et
al., 2009).
Theta Frequency Band Power
We hypothesized that the control group, but not the FASD group, would exhibit
an increase in theta band power with increasing mnemonic load. The data disagreed with
the hypothesis to some extent, as no change from pre to post-stimuli timepoint was found
in the control group, and a decrease in theta band power was found across all task
conditions in the FASD group. Nonetheless, a difference at the post-stimuli timepoint
was still seen between the two groups, and overall lower theta band power at the poststimuli timepoint in the FASD group was noted.
A large body of literature highlights the relationship between greater frontal theta
band power and a greater number of items retained in working memory in a variety of
mnemonic paradigms (Freunberger et al., 2011; Gevins et al., 1997; Michels et al., 2010;
Onton et al., 2005). It must be emphasized, however, that the focus of these studies tends
to be on theta power of the frontal midline. In a simultaneous EEG-fMRI study by
Scheeringa and colleages (2009), an increase in frontal midline theta power measured at
the Fz electrode location was directly related to a decrease in BOLD activity in structures
at the frontal midline that form the default mode network, which is expected to occur
with increased mnemonic load. The authors expressed surprise at the lack of any
relationship between theta power and the BOLD signal in the DLPFC, because they
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employed a working memory task paradigm, and the DLPFC is known to be involved in
working memory. The F3 electrode location has been shown to be situated directly over
the DLPFC, and the Fp1 electrode location used in the current study neighbours the F3
location (Brune et al., 2012). Therefore, electrical activity detected at F3 or Fp1 locations
might correlate more closely to the BOLD signal of the DLPFC. Kilner and colleagues
(2005) studied the hemodynamic correlates of EEG and suggested that theta (and other
slow wave band powers including delta) is negatively correlated to BOLD activity. This
means that, in a working memory task where task-related increased BOLD activity is
present in the DLPFC, theta power should not change or should decrease in line with the
increased effort to maintain items in memory - results seen in the control and FASD
groups, respectively. This research is supported by findings of the first study to examine
theta power prior to the execution of a memory-guided saccadic eye movement
(Velasques et al., 2011). The study found a main effect of electrode location while
recording theta power at three frontal electrode locations (Fz, F4 and F3) post-stimuli
presentation, with lowest theta band power found at the F3 location.
Beta Frequency Band Power
The data did not support the hypothesis that an increase in beta power would be
found in the control group with increasing mnemonic load. No significant effects of beta
band power, or of theta/beta band power ratio, were found in either group during task
performance. The hypothesis was based in part on the results of a study by Onton et al.
(2005), suggesting increased beta activity was found only for letters that were intended to
be memorized in a visual working memory task in which three letters were to be
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memorized and three were to be ignored. However, the authors noted that a beta power
increase during memory encoding had not been found prior to the study. Thus the effect
may be specific only to this particular paradigm and to the brief memory encoding
period, and may not generalize to other visual and specifically spatial working memory
tasks.
5.1.4 Correlational Analysis: Band Power and Task Performance
In the current study, a negative relationship between theta/beta power ratio and
task performance was predicted in children with FASD, as high theta/beta power ratio is
present in ADHD, an overlapping clinical population, and is found to correlate with low
task performance (El-Sayed et al, 2002). The opposite relationship was found, meaning
that children with FASD who exhibit an increase in theta/beta power ratio between pre
and post-stimuli timepoints performed better than children who exhibited no increase or a
decrease.
While many similarities exist between children with FASD and ADHD, we must
caution against the interpretation that both groups exhibit identical brain dysfunction. We
have recently shown that, while viewing natural scenes, children with ADHD exhibit
distinctly different bottom-up attentional guidance and top-down responses compared to
children with FASD (Tseng et al., 2013). In addition, a recent psychometric study found
differences in learning and memory abilities between the two groups on a delayed recall
trial paradigm, suggesting the delayed memory-guided paradigm must be interpreted in
the context of the specific disorder (Crocker et al., 2011).
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High theta/beta band power ratio is typically associated with hypoarousal in
ADHD; however, a 2001 study by Clarke et al. demonstrated that more than one pattern
of EEG activity existed within a group of children with ADHD. A subgroup was found to
display a pattern of low slow/fast wave power and hyperarousal. It is possible that
children with FASD fit more closely with this subgroup, meaning the children who
exhibit a decrease in theta/beta band power ratio are hyperaroused and perform poorly on
the task, whereas children who exhibit an increase are displaying a more normal level of
arousal and thus perform more optimally.
5.2 Preliminary Study in Healthy Young Adults
In order to examine the effects of having participants perform the eye movement
task in order of increasing mnemonic load (24 trials of one stimulus, 24 trials of two
stimuli and 24 trials of three stimuli per block), we conducted a preliminary study on
healthy young adults. We wished to mitigate the concern that the placement of a specific
condition in the same order for each block may contribute to band power, masking or
accentuating differences in band power between each stimuli condition.
Ordered Design and Randomized Design groups performed the delayed memoryguided saccade task. No differences in task performance measures were observed
between the groups, suggesting that both groups understood the task instructions well and
that randomization did not impact performance negatively. Further, there were no effects
or interactions with ‘block’ (ie. the block number) within each condition and between the
groups. This indicated that band power outside of and within each condition did not
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depend on the order or randomization of the different conditions of the trials, and that
differing practice effects between the conditions were not a major concern.
Several group differences in EEG band power were found. A significant decrease
in theta power was found between the pre and post-stimuli timepoints in the Randomized
Design group for all three stimuli conditions. The same decrease was found in the
Ordered Design group for all but the one-stimulus condition. A likely explanation for this
difference is that during the one-stimulus condition, adults in the Ordered group had time
to acclimatize to the relatively easy task and therefore a suppression in theta power was
less likely to be seen for any given trial. When alpha power was modeled, a significant
decrease was found between the pre and post-stimuli timepoints in the Randomized
Design group but not in the Ordered Design group. This result suggests that the
Randomized Design group needed to recruit more cognitive resources in order to
complete the task correctly because the unpredictable nature made it slightly more
difficult for this group.
Despite some differences in band power between the two groups, upon
completion of the preliminary study with adults the decision was made to go ahead with
the Ordered Design in children. While there were no differences in performance between
the two adult groups, ultimately it was decided that the Randomized Design may still be
too difficult for children with FASD due to its unpredictable nature. Children with FASD
completed 37% of trials correctly in the three-stimuli condition with the Ordered Design.
A smaller number of correct trials could have resulted in the inability to measure EEG
band power during the eye movement task.
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No direct comparisons were made between band power during task performance
in the adults and children, because both theta power and alpha power have been found to
change drastically with age (Segalowitz et al., 2010). Additionally, block comparisons
could not be made in children due to an insufficient number of trials in the different
conditions across different blocks.
5.3 Clinical Relevance
The results of the current study suggest that a modified delayed memory-guided
saccadic eye movement task with three different conditions that produce different
mnemonic loads can be used in the assessment of executive functioning abilities in
children with FASD. The task paradigm builds on the knowledge that children with
FASD only exhibit performance deficits on more complex versions of a simple task,
probing more than one executive functioning domain. The eye movement task paradigm
therefore included a relatively easy, one-stimulus level in which no performance deficits
were seen, and two more complex task levels involving multiple stimuli in which
performance deficits were observed, all of which can be easily compared because they
are different versions of the same basic task.
Another finding was that the Mindwave Mobile® as a tool was sensitive enough
to reveal group differences in EEG activity in the alpha and theta frequency bands during
task performance. The Mindwave Mobile® or another similar portable EEG recording
device therefore has the potential to enrich a variety of different studies in which only
behavioural data are usually collected. A portable EEG recording device can provide an
economical way to better understand the neurophysiological underpinnings of a
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behavioural task inside or outside of a laboratory setting. In comparison with typical
research-grade multi-channel systems, portable EEG recording devices are minimally
invasive, wireless, require minimal setup, and have noise-cancelling technology,
rendering them ideal for use in clinical and child populations. An example of use outside
of the laboratory setting would be to perform executive functioning tests such as the
delayed memory-guided eye movement task while recording EEG from a portable device
before and after an in-school or at-home intervention in children with FASD.
5.4 Limitations
`

Several methodological limitations of the current study must be taken into

account. First, only 19 typically developing children and 18 children with FASD were
included in the analyses. Ideally, a larger group would have allowed for a) better
quantification of the deficits of the group on this specific task, b) a better comparison to
the study of Paolozza et al. (2013) and c) consideration of the performance and
corresponding band power for children binned into smaller age groupings within the age
range (8-18 years) studied.
Experimental design must also be considered. Trials with one, two and three
target stimuli were grouped within each block, possibly masking or accentuating practice
effects. A preliminary study was designed in order to compare strengths and weaknesses
of both Randomized and Ordered task designs in an attempt to confirm that expected
changes were due to condition and not practice effects, block or fatigue.
The memory guided eye movement task was designed in order to have two eyemovement-artifact-free periods in which to measure an EEG signal. However, this meant
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that trials in which a timing error was made could not be studied without fear of
significant artifacts. Also due to the task design, the EEG signal during trials in which a
sequence error was made could not be studied because not every participant made a
sufficient number of errors to provide sufficient EEG signal data for analysis.
5.5 Future Directions
1. Investigation of this modified delayed memory-guided saccadic eye movement
task with a larger sample size would ensure confirmation of the observed deficits
in the clinical population
2. The use of a portable EEG recording device with various behavioural paradigms
(with or without the use of saccadic eye movement tasks) would assist in further
isolating the neurophysiological correlates of specific executive functions. For
example, a portable EEG recording device could be used in strictly attention
versus working memory tasks in order to probe specific correlates.
3. The use of a portable multi-channel EEG recording device would clarify
contributions made by other brain areas to the observed behavioural deficits.
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Chapter 6
Summary and Conclusions
This thesis tested the following general hypotheses:
1. Children with FASD demonstrate deficits in task performance in a delayed
memory-guided saccadic eye movement paradigm with varying mnemonic load.
It was hypothesized that deficits would be greater at higher mnemonic loads.
2. EEG recorded during the delayed memory-guided saccadic eye movement
paradigm via a portable single-channel device would show differences in
frequency band power between children with FASD and typically developing
children, during correctly executed trials and in particular at higher mnemonic
loads.
Compared to a typically developing control group, children with FASD
demonstrated deficits in spatial working memory during the delayed memory-guided task
at higher mnemonic loads, suggesting injury to the frontal cortex, executive functioning
deficits and difficulty integrating multiple executive functioning domains.
Furthermore, differences in alpha and theta band power between children with
FASD and a typically developing control group suggested that patterns of underlying
neural recruitment differ between the groups at higher mnemonic loads. The use of a
portable EEG recording device during cognitive tasks may assist in understanding the
neurophysiological correlates of cognitive deficits in children with FASD.
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Future studies should employ the use of a portable EEG recording device in a
range of cognitive tasks including saccadic eye movement paradigms and other tasks
measuring attention, working memory, and behavioural inhibition, in order to better
understand EEG correlates of these abilities as measured with a portable device. The use
of the device in a variety of non-laboratory settings and with different clinical
populations should be explored.
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