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Abstract

Alcohol use and alcohol use disorders contribute a significant proportion of the burden
of disease in low, middle, and high-income countries. As a result, fetal alcohol spectrum
disorders (FASD) represent one of the most common preventable causes of intellectual
disability globally. Understanding the core brain areas of susceptibility to prenatal alcohol
as they manifest in early life is key to developing strategies for early focused identifica-

tion and intervention.

This thesis explored the relative impact of prenatal alcohol exposure on the brain in
infants as measured by multimodal brain imaging and the relationship of these findings
to early neurobehavioral and developmental status. The specific aims the thesis ad-
dressed included leveraging structural magnetic resonance imaging (MRI), diffusion tensor
imaging (DTI), proton magnetic resonance spectroscopy (*H-MRS) and resting sate functional
MRI (rs-fMRI) scans in approximately 100 infants (50 alcohol exposed and a matched number
of control, unexposed babies) at 2-4 weeks of age, to assess group differences in early brain
development. Correlations between multimodal neuroimaging measures and neonatal neurobe-
havioral assessments and associations between early structural imaging findings and later infant
developmental, as measured by the Bayley Ill assessment at 6 months, were further explored in
the same group of infants. These studies addressed the hypothesis that maternal alcohol
use in pregnancy would result in quantitative MRI abnormalities demonstrable at 2-4
weeks of age and that these changes would correlate with early indicators of neurobe-

havior and development.

Chapter 1 presents the rationale and outline of the thesis. The burden of fetal alco-
hol spectrum disorders (FASD) is described in the context of different resource settings
around the world with detailed reference to South Africa. Chapter 2 presents a published
systematic literature review of published studies of MRI in children and adolescents with
prenatal alcohol exposure. Chapter 3 provides an overall description of the methods and
context for this study. Although the results chapters each include a focused methods
section, the word restrictions of journal articles did not allow for adequate contextual

detail for the project as a whole. Subsequently the thesis includes four results chapters,



incorporating related aspects of this work presented as separate journal publications.
In chapter 4 and 5 evidence for the structural and microstructural effects of prenatal al-
cohol exposure on gray matter (chapter 4) and white matter (chapter 5) of the neonatal
brain are presented using structural MRI and DTI data respectively. In the following two
chapters, | subsequently describe how functional aspects of brain development may
be affected by alcohol exposure in utero. In chapter 6 | report the results of an analysis
of *H-MRS imaging of parietal white matter of neonates exposed to alcohol in utero. In
chapter 7 the resting state connectivity networks in infants exposed to prenatal alcohol
is explored. In chapter 8 the significance of the findings from the previous four chapters

are discussed and future directions explored.

The systematic review describes a huge variety of structural, microstructural, neuro-
chemical and functional effects of prenatal alcohol exposure in the brains of exposed
children. Identification of the gaps in the extant literature is presented, including the
paucity of neuroimaging data in the crucial first weeks and months of life. The structural
MRI paper describes reduced volume in posterior cingulate cortex and inferior temporal
gyrus in infants with prenatal alcohol exposure. These findings persist even when con-
trolling for sex, age at scanning and maternal smoking status. In addition early infant
neurobehavior as measured by the Dubowitz neurobehavioral optimality scale as well as
Bayley Scales of infant development lll, correlate with volume findings across multiple
brain areas. In the DTI paper we describe reduced white matter microstructural integrity
in the superior longitudinal fasciculus in neonates with alcohol exposure in utero. In the
functional chapters I report reduced levels of glutamate-glutamine concentrations in pari-
etal white matter of alcohol exposed boy infants and in the final results chapter describe
altered functional connectivity in six key networks in the brains of infants with prenatal

alcohol exposure.

| conclude that this data provides preliminary evidence for the effect of alcohol on very
early structure and organisation of the brain at a structural, microstructural, neurochemi-
cal as well as functional organisational level. Further evidence for this is the widespread
correlations between developmental outcomes at 6 months and gray matter volume at

birth. These data underscore the fact that the harmful effects of prenatal exposure to



alcohol on brain structure are already discernible in newborns, well before the age fetal
alcohol syndrome (FAS) and FASD are typically diagnosed. Future areas for research

priority in this area are discussed.
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Abbreviations and style

A note on spelling and style convention: The papers that comprise the majority of the
thesis have been submitted to or published by American journals. | have therefore used
United States standard academic spelling conventions. Where the papers were pub-
lished in European journals, | have changed only the spelling in the papers so as to
maintain internal consistency through the thesis. | have also used Vancouver referencing
throughout the thesis for the same reason. For the rest the papers are reproduced in the
thesis as they were submitted/published with the exception of some particularly repeti-
tious sections in the methodology made inevitable by the nature of how these papers
fit into the parent project. Where | have deleted a paragraph for this reason | refer the

reader to where the detail for that section can be found.

FAS: Fetal alcohol syndrome
FASD: Fetal alcohol spectrum disorders

DCHS: Drakenstein Child Health Study

LMIC: Low and middle-income countries
WHO: World Health Organization

CNS: central nervous system

MRI: Magnetic resonance imaging

CuBIC: Combined Universities brain imaging center

TR: Relaxation time

TE: Echo time

TI: inversion time

DTI: Diffusion Tensor Imaging
FA: Fractional anisotropy
MD: mean diffusivity

TBSS: Tract based spatial statistics

'H-MRS: Proton magnetic resonance spectroscopy
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NAA:

Cho:

Cr:

Glu:

RS-fMRI:

ICA:

CHESS:

PRESS:

EPI:

BOLD:

PAE:

N-acetyl aspartate

Choline

Creatinine

Glutamate

Resting state functional magnetic resonance imaging
independent component analysis

chemical shift selective pulses

point resolved spectroscopy

echo planar imaging

Blood oxygen level dependent

prenatal alcohol exposure
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Chapter 1

Introduction

1.1 Rationale and problem statement

1.1.1 Context of alcohol-exposure effects

Alcohol is reported as the one of the top three risk factors for premature mortality, dis-
ability and loss of health worldwide. Globally, the World Health Organization (WHO)
estimates the use of alcohol to result in approximately 3.3 million deaths annually (5.9%
of deaths), and further that 5.1% of the global burden of disease may be attributed to
alcohol consumption. (1-3) Global trends have shown that there has been an increase in
both affordability as well as alcohol consumption in many low and middle income coun-

tries (LMICs) in recent years. (4,5)

In Southern regions of sub-Saharan Africa, alcohol ranks as the leading risk factor for
mortality and morbidity. (6) In absolute terms, the proportion of South Africans who drink
alcohol is fairly low (in the 2013 South African National Health and Nutrition Survey 39 %
of men and 16 % of women reported drinking alcohol in the previous year). (7) However,
amongst those individuals who do drink, South Africa has one of the highest per-capita
rates of alcohol consumption in the world, (1,2,8) as well as a pattern of alcohol con-

sumption associated with greater detrimental effects. (8,9)

The physical and neurodevelopmental effects of prenatal alcohol exposure have been for-
mally documented in the medical literature since the seminal reports published by Jones
et al 40 years ago. (10,11) Since then there has been growing recognition that the full-
blown presentation of Fetal Alcohol Syndrome (FAS), defined by three criteria (central
nervous system dysfunction, pre- and postnatal growth deficits and specific craniofacial
features) represents the extreme end of the spectrum of effects caused by alcohol expo-
sure on the developing infant. This recognition has resulted in a number of terms repre-
senting “milder” forms of the syndrome (including fetal alcohol effects, partial FAS and

alcohol-related neurocognitive disorder). Current literature most commonly uses the term
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Fetal Alcohol Spectrum Disorders (FASD) to incorporate all these terms and refers to the

effects of prenatal alcohol exposure, especially those not part of the criteria for FAS. (12)

Figure 1: South Africa with nine provinces labelled.

Estimates of prevalence for FAS internationally are reported most recently at between

2-7/1000 and between 20-50/1000 for FASD. (13) In South Africa (Figure 1), though
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no national data are available, prevalence has been reported to be extremely high in
specific communities (as high as 63-91/1000 for FAS and 135-207/1000 for FASD in a
periurban Western Cape community). (14) Infants born to these mothers frequently face
the cumulative effects of multiple exposures in utero as well as postnatal exposure to a
deprived environment, in which poverty and a relative lack of developmental stimulation

may be seen. (15-17)

1.1.2 Mechanisms for damaging effects of alcohol

Alcohol abuse may affect the fetus via direct and indirect mechanisms. Direct effects in-
clude teratogenicity (effects on primary structural development) on the developing brain
in utero as well as later effects, which can be subtler. These may involve brain growth,
maturation, neurotransmitter concentration and dynamics as well as neural pathway de-
velopment. Indirect effects may be due to placental insufficiency as a result of altered de-
livery of substrate or through maternal behaviour related to alcohol abuse: poor nutrition,
poor health-seeking behaviour, increased exposure to violence, risk of mental iliness and
infection. (18-21) Alcohol passes freely across both placental and blood brain barrier
and animal models have demonstrated that maternal levels are reflected significantly in

the foetal brain. (22-26)

The current evidence from animal studies suggests that the primary mechanisms for the
damaging effects of alcohol on the developing brain include influencing the regulation
of key developmental processes, interfering with the early development of midline sero-
tonergic neurons and disrupting their regulatory signalling function for other target brain
structures, interfering with both growth regulation as well as pruning mechanisms. (27)
Pruning improves the efficiency of impulse transmission (across nerve synapses) by
reducing the number of redundant connections and constitutes a crucial aspect of early

brain maturation processes. (28-30)

1.1.3 Neuroimaging in Alcohol-exposure

Advances in neuroimaging methods over the last decade have allowed researchers to
study structural, metabolic, and functional abnormalities resulting from prenatal expo-

sure to drugs of abuse. Publications to date investigating the structural effects of alcohol

17



on the developing brain have primarily focused on older children and adolescents. Neu-
roimaging studies of prenatal alcohol exposure have reported differences in the structure
and metabolism of many brain circuits, including those in frontal, parietal, and temporal
regions, in the cerebellum and basal ganglia, as well as white matter tracts that connect

these brain regions with the most consistent findings being in the corpus callosum. (31)

There are limited data on children < 8 years of age and there are currently no reports on
the effects of alcohol in the critical period covering early infancy. Brain imaging in young
infants is technically difficult and has traditionally required sedation, which has limited its
use in this age group for research purposes. In addition, the neonatal brain is physically
much smaller, with a higher water content making differentiation of specific tissues and
structures much more challenging both in analysis and interpretation of data. However,
more recently studies have been successful in acquiring imaging data on unsedated

infants during quiet sleep. (32-34)

Brain development is incomplete at birth and continues throughout childhood into early
adulthood. However, growth and maturation is most rapid during the first 2 years of life.
(28-30) There is limited data on the effect of teratogens on brain structure and function at
this important age. | hoped to establish whether evidence of the effects of alcohol could
be identified on neuroimaging data of young infants exposed to alcohol in the prenatal
period. | aimed to describe their early neurobehavioral and developmental patterns and
establish if there was a relationship between imaging findings and developmental pro-
files. These insights may ultimately help clinicians develop better diagnostic tools and
devise appropriate therapeutic interventions to improve the condition of children with
prenatal exposure to alcohol. From a public health perspective, a better understanding
of the relevant mechanisms is key, as this may ultimately drive preventative/therapeutic
approaches. Indeed, in the South African setting, where the bulk of the population is
under 30, expectant mothers and their young infants are a particularly important focus
group. Much more attention is needed to address maternal and infant health, in order to

decrease early mortality and later morbidity in this vulnerable population.
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1.2 Aims, objectives and overview

In this section, | present the aims and objectives, and an overview of the contents of the

rest of the thesis.

The general aim of this project was to assess the relative impact of prenatal alcohol
exposure on the brain in infants as measured by multimodal brain imaging and the rela-

tionship of these findings to early neurobehavioral and developmental status.

The specific aims were to:

1. Undertake structural Magnetic resonance imaging (MRI), Diffusion tensor imaging
(DTI), proton magnetic resonance spectroscopy (*H-MRS) and resting state blood
oxygen level dependent (BOLD) functional MRI (rs-fMRI) scans in approximately
100 infants (50 alcohol exposed and a matched number of control, unexposed ba-

bies) at 2-4 weeks of age, in order to assess group differences in neuronal integrity.

2. Determine the correlation between the multimodal neuroimaging markers above

and neonatal neurobehavioral assessment scores.

3. Determine the correlation between early structural imaging findings and later infant
developmental assessment as measured by the Bayley Il assessment at 6 months

in the same group of infants

Hypothesis 1:

It is expected that there would be between-group differences in volume and/or morphom-
etry in particular regions, such as the parietal and temporal areas when comparing in-
fants exposed to alcohol in utero with their unexposed age matched control counterparts
at 2-4 weeks of age using T2 MRI scans. It is also expected that reduced volume would

correlate with early neurobehavior and developmental function at 6 months of age.

Hypothesis 2:

It is expected that there would be between-group differences in the metrics of white

matter microstructural integrity in the central white matter tracts when comparing infants
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exposed to alcohol in utero with their unexposed age matched control counterparts at
2-4 weeks of age using diffusion tensor imaging and that reduced white matter integrity

would correlate with early neurobehavior.

Hypothesis 3:

It is expected that there would be between-group differences in glutamate/glutamine lev-
els in the parietal white matter when comparing infants exposed to alcohol in utero with
their unexposed age matched control counterparts at 2-4 weeks of age using 'H-MRS

and that this would correlate with early neurobehavior.

Hypothesis 4:

It is expected that infants with prenatal alcohol exposure would show alteration in their
functional connectivity metrics particularly in sensorimotor networks and that this would

correlate with early neurobehavior.

This proposal to combine multimodal computational neuroimaging methods to pursue questions
regarding the effects of prenatal exposure to alcohol on brain structure, function and neurochem-
istry in a very young human cohort is a novel one. In the following chapter the background
literature regarding the neuroimaging findings across modalities in children exposed to

alcohol in utero is described and discussed.

Overview:

Chapter 1 presents the rationale and outline of the thesis. The burden of FASD is de-
scribed in the context of different resource settings around the world with detailed refer-

ence to South Africa. An outline of all chapters is given.

Chapter 2 presents a systematic literature review of published studies of magnetic res-
onance imaging (MRI) in children and adolescents with prenatal alcohol exposure. The
published systematic review describes a huge variety of structural, microstructural, neu-
rochemical and functional effects of prenatal alcohol exposure identified in the brains of
exposed children. Identification of the gaps in the extant literature is presented, including

the paucity of neuroimaging data in the crucial first weeks and months of life.
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Chapter 3 provides an overall description of the methods and context for this study. Al-
though the results chapters do individually include a focused methods section, the word
restrictions of journal articles did not allow for adequate contextual detail for the project

as a whole.

Subsequently, the thesis includes four results chapters, and includes imaging data of a
group of prenatal alcohol exposed neonates compared to an unexposed control group
from the same community. This cohort is a sub-study of the Drakenstein Child Health
Study (DCHS). All these chapters are related aspects of this work and are presented as
separate journal publications. In chapters 4 and 5 the evidence for the structural and
microstructural effects of prenatal alcohol exposure on gray matter (chapter 4) and white
matter (chapter 5) of the neonatal brain, using structural MRI and diffusion tensor imag-
ing data respectively is cited. In the subsequent two chapters, | describe how functional
aspects of brain development may be affected by alcohol exposure in utero. In chapter
6 we reported the results of the analysis of white matter 1H-MRS imaging of the parietal
white matter of neonates exposed to alcohol in utero. In Chapter 7 the resting state con-

nectivity networks in infants exposed to prenatal alcohol are explored.

Chapter 4

The structural MRI paper describes reduced volume in posterior cingulate cortex and
inferior temporal gyrus in infants with prenatal alcohol exposure. These findings persist
even when controlling for sex, age at scanning and maternal smoking status. In addi-
tion early infant neurobehavior as measured by the Dubowitz neurobehavioral optimality
scale as well as Bayley Scales of infant development Ill, correlate with volume findings

across multiple brain areas. This paper addresses aspects of all three specific aims.

Chapter 5

In the DTI manuscript | focus on the diffusion tensor imaging effects of prenatal alco-
hol exposure in neonates compared to an unexposed group. Reduced white matter
microstructural integrity in the superior longitudinal fasciculus in neonates with alcohol
exposure in utero in this cohort is described and correlation of cerebellar peduncle white

matter microstructure with neonatal neurobehavior is presented. This paper addresses
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aspects of both aims 1 and 2.

Chapter 6

This manuscript focuses on the evidence for the effects of prenatal exposure on gluta-
matergic function in the parietal region. This dynamic measure is a key aspect to inves-
tigate with respect to toxin exposure on the very young brain. In this chapter reduced
levels of glutamate/glutamine complex concentrations in parietal white matter of alcohol
exposed infants is discussed. This manuscript specifically addresses the functional as-

pects of aim 1 and 2.

Chapter 7

This manuscript is based on the resting state functional magnetic resonance imaging
data of a group of prenatal alcohol exposed neonates compared to an unexposed con-
trol group from the same community. These data represent the activation of areas of
the brain during rest and provides information about functional networks in the first few
weeks of life and how these may be impacted by prenatal alcohol exposure. Here, | de-
scribe altered functional connectivity in six networks in the brains of infants with prenatal
alcohol exposure. This manuscript further addresses the functional aims of the thesis,

though failed to show correlation with infant neurobehavior.

Chapter 8 the significance of the findings from the above four chapters is discussed and
future directions explored. We conclude that these data provide preliminary evidence
for the effect of alcohol on very early structure and organisation of the brain at a struc-
tural, microstructural, neurochemical as well as functional organisational level. Further
evidence for this is the widespread correlations between developmental outcomes at 6
months and gray matter volume at birth. These data underscore that the harmful effects
of prenatal exposure to alcohol on brain structure are already discernible in newborns,
well before the age FAS and FASD are typically diagnosed. Future areas for research

priority in this area are discussed.
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manuscript. HZ is Pl of the umbrella DCHS and is responsible for the overall design of
the parent project. In addition to this critical role she provided input on the contextual
factors of relevance to the study. RW, KN and DS all provided expert advice both at the
conceptual stages of the project and all authors provided contributions to the intellectual

content of the publication.

5. Inter-hemispheric functional brain connectivity in neonates with prenatal alco-
hol exposure. Donald, KA; Roos, A; Fouche, J, Koen, N; Biswal, B; Howells, FM; Riley,
EP; Woods, RP; Zar, HJ; Narr, KL; Stein, DJ. Under review, Alcoholism: Clinical and

Experimental Research

As for the above papers, this aspect of the project formed part of my neuroimaging
sub-study of the Drakenstein Child Health Study (DCHS). | designed the neuroimaging
project, finalized the imaging sequences and developed the method for imaging these
infants safely without sedation in our context. | also led the design of the infant neurobe-
havioral data. | was involved in post-processing of the neuroimaging data, analysis (with
J Ipser), final correlational analyses and interpretation of the data. | wrote the first draft
of the paper and integrated contributions from the other authors. A Roos, F Howells were
involved in the acquisition of the neuroimaging data and in discussions around analysis

strategy. N Koen was involved in the design and roll-out of the psychosocial aspects
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of the umbrella DCHS, from whom the infants were recruited. HZ is Pl of the umbrella
DCHS and is responsible for the overall design of the parent project. In addition to this
critical role she provided input on the contextual factors of relevance to the study. ER,
RW, KN and DS all provided expert advice both at the conceptual stages of the project
as well as at the intellectual content of the publication. All authors read and approved the

manuscript for submission.
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Abstract

Objective: This paper reviews the magnetic resonance imaging (MRI) literature on the

effects of prenatal alcohol-exposure on the developing human brain.

Method: A literature search was conducted through the following databases: PubMed,
PsycINFO and Google Scholar. Combinations of the following search terms and key-
words were used to identify relevant studies: ‘alcohol’, ‘fetal alcohol spectrum disorders’,
‘fetal alcohol syndrome’, ‘FAS’, ‘FASD’, ‘MRI',/DTI’, ‘MRS, ‘neuroimaging’, ‘children’ and

‘infants’.

Results: Atotal of 64 relevant articles were identified across all modalities. Overall, stud-
ies reported smaller total brain volume as well as smaller volume of both white and grey
matter in specific cortical regions. The most consistent reported structural MRI findings
were alterations in the shape and volume of the corpus callosum, and smaller volume in
the basal ganglia and hippocampi. The most consistent findings in diffusion tensor imag-
ing studies is lower fractional anisotropy in the corpus callosum. Proton magnetic reso-
nance spectroscopy studies are few to date, but show altered neurometabolic profiles in
the frontal and parietal cortex, thalamus and dentate nuclei. Resting state functional MRI
studies report reduced functional connectivity between cortical and deep grey matter

structures.

Discussion: There is a critical gap in the literature of MRI studies in alcohol-exposed
children under 5 years of age across all MRI modalities. The dynamic nature of brain
maturation and appreciation of the effects of alcohol exposure on the developing trajec-
tory of structural and functional networks, argues for the prioritization of studies which
include a longitudinal approach to understanding this spectrum of effects and potential

therapeutic time-points.

Keywords: Neuroimaging, fetal alcohol spectrum disorders (FASD), fetal alcohol syn-

drome (FAS), magnetic resonance imaging (MRI)
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Summations:

1.

Prenatal alcohol exposure results in smaller total brain volume, specific gray and
white matter, cortical regions and abnormalities in neurochemistry and functional

connectivity.

There is a gap in the literature of neuroimaging studies in alcohol-exposed children

under 5 years of age across all the modalities of neuroimaging.

The dynamic nature of brain maturation calls for the prioritization of studies which
include a longitudinal approach to understanding the effects of alcohol exposure on

the developing human brain.

Considerations:

1.

Differing methodologies make inter-study comparisons difficult.

Reporting of structural or microstructural alterations in single regions of interest has
resulted in the effects on specific regions being very well documented at the ex-

pense of a more exploratory approach.

Controlling for polysubstance abuse, environmental factors, and age is needed to

assess consistency of results and inter-study comparisons.
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Introduction

The term fetal alcohol syndrome (FAS) was only formalized in the 1970s when Jones
and Smith (1973) described abnormalities and disabilities in children born to mothers
with alcoholism. (1,2) The World Health Organization’s (WHO) 2014 global status report
on alcohol and health,(3) reports that harmful alcohol usage ranks in the top five contrib-
utors to disease, disability and mortality. FAS is further recognized as one of the major
disease and disability categories within alcohol-related disorders. (4-6) Studies indicate
the global prevalence of FAS, ranges between 2-7 per 1000 births, and fetal alcohol
spectrum disorders (FASD) between 20-50 per 1000 births (7-9) with the highest rates in
South Africa. (10) However, May and colleagues (11-14) argue that current prevalence
estimates of FASD represent an underestimate, and FASD presents a much larger pub-
lic health issue than previously recognized, especially in emerging economies such as

South Africa.

FASD animal studies using MRI modalities demonstrate a spectrum of changes on
the developing brain structure. (15) Findings in rodent and mouse FASD models in-
clude reports of enlarged ventricles, (16) diffuse reductions in brain volumes including:
whole brain volume, (17-19) cortical gray matter volume, (19) caudate-putamen volume,
(16) hippocampal volume, (20) cerebellar volume, (20) while pituitary and septal regions
showed increased volumes. (20) Lipinski and colleagues (2012) have described the cor-
relation between dysmorphology and brain abnormalities in mice models with prenatal
alcohol exposure at different stages of gestation. (21) A single rat FASD diffusion tensor
imaging study showed increased fractional anisotropy in cortical tissue. (22) In addition,
a single spectroscopy FASD rat study has shown, post-natal day 4-9, neonatal alcohol
exposure results in reduced NAA and taurine in the striatum and cerebellum, increased

myo-inositol in the cerebellum. (23)

Early investigations into the effects of alcohol on the structure of the human brain have
reported on autopsies of children who had died in infancy though likely to have been on
the extreme severe end of the spectrum of alcohol exposure effects. Findings included

microcephaly (most consistently), but also agenesis corpus callosum, ventriculomegaly,
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a small cerebellum as well as a few further malformations due to neuronal and glial mi-
gration abnormalities. (24,25) Advances in neuroimaging methods over the last decade
have allowed researchers to study structural, metabolic, and functional abnormalities

resulting from prenatal exposure to drugs of abuse more closely.

Aims of the study

The aim of this paper is to review the current magnetic resonance imaging (MRI) litera-

ture on the effects of prenatal alcohol-exposure in children.

Methods
Search methods for identification of studies

An initial electronic search was conducted to identify studies. A search was conducted
through the following databases: PubMed, PsycINFO and Google Scholar. Combina-
tions of the following search terms and keywords were used to identify relevant stud-
ies: ‘alcohol’, ‘fetal alcohol spectrum disorders’, ‘fetal alcohol syndrome’, ‘FAS’, ‘FASD’,
‘MRI'’DTI, ‘MRS’ ‘neuroimaging’, ‘children’ and ‘infants’. No starting date limits were
enforced to restrict the search, however, the search extended to 15 August 2014 and
papers were restricted to those that included human subjects <18 years of age as a pro-
portion of their cohort and that were published in English language journals. Abstracts
were manually examined in order to confirm relevance. Further studies were identified
by searching the reference lists of studies identified in the initial database search. This
was done to ensure any studies which were missed in the initial search were identified.

A total of 64 relevant articles were identified and included in this review.

A qualitative approach was taken for this review instead of a quantitative comparison
such as meta-analysis. Reasons for this decision included: data required to compute ef-
fect size was not always available; the methodological detail to define regions of interest
in different studies varied considerably, preventing clear comparisons; there were import-
ant differences in secondary variables across different studies (in particular age, gender,
extent and timing of alcohol exposure and polysubstance exposure); and finally different
analytic methods were used to report the imaging findings (for example voxel-based ver-

sus regions-of-interest (ROI)-based) across studies. As a result, a qualitative approach
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seemed more appropriate for this particular review, which covers over two decades of

neuroimaging studies on the effects of prenatal alcohol exposure on the brain.

Results

Structural magnetic resonance imaging (MRI) in prenatally alcohol-exposed chil-

dren

Since the early 1990’s MRI technology has been used to report quantitative effects on
the brains of children exposed to alcohol in the antenatal period. Structural neuroimaging
studies of prenatal alcohol exposure have been most widely reported and 32 relevant

studies were identified for this review and are listed alphabetically in Table 1.
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Diffusion tensor imaging (DTI) in prenatally alcohol-exposed children

White matter in the brain provides the connections that comprise the brain’s structural
neural networks. Its integrity is essential for the effective functioning of a wide spectrum
of complex cognitive processes. In particular, white matter integrity has been demonstrat-
ed to play a critical role in normal executive function, attention and processing speed.

(59-61)

White matter microstructure can be measured in vivo with diffusion tensor imaging (DTI),
as well as other diffusion MRI approaches, and can estimate the overall directional diffu-
sion of water molecules along fiber pathways. (62,63) Analysis of these data allows the
degree of structural and organization of areas within the brain tissue to be determined.
Traditional scalar metrics derived from DTI data include fractional anisotropy (FA), which
quantifies the overall directionality of diffusion, and may represent variations in axon
integrity and/or packing density. Mean diffusivity (MD), provides a measure of aver-
age diffusivity and may primarily reflect myelin breakdown, decreased cellular density
or increased extra- or intracellular volumes although these relationships are less clearly
defined in the developing brain. High FA and low MD values are typically associated with
healthier neural microstructure in adults, whereas low FA and high MD values may indi-
cate white matter pathology. However, it is also relevant to note that during brain matura-
tion in healthy children and adolescents, axonal pruning and other biological processes

may also lead to reduced FA. (64-66)

Studies reporting the effects of prenatal alcohol exposure on the white matter micro-
structure in children extend back 10 years . Seven studies have been reported using this

modality and are detailed in Table 2.
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Proton magnetic resonance spectroscopy (*H-MRS) in prenatally alcohol-

exposed children

Both basic and clinical research has begun to implicate a number of neurometabolic pro-
cesses that may underlie the association between maternal alcohol abuse and subse-
guent negative outcomes in offspring. (72,73) Proton magnetic resonance spectroscopy
(*H-MRS) is a non-invasive magnetic resonance technique which measures the concen-
tration of several brain metabolites. Levels of individual brain metabolites may suggest
abnormalities in neuronal microstructure and/or neurometabolism. The most commonly
reported metabolites include N-acetyl aspartate (NAA) which is an indicator of neuronal
integrity and or viability, choline metabolites (Cho), an indicator of neuronal-membrane
turnover and myelination, creatine metabolites (Cr), energy metabolism and glutamate
with its precursor glutamine (GIx), the brains major neuroexcitatory neurotransmitter.
(74,75) Published *H-MRS studies only include 4 studies which were performed on chil-

dren and adolescents, these data are present in Table 3.
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Functional MRI (fMRI) in prenatally alcohol-exposed children

Increasingly, over recent years, investigators have sought to document correlations be-
tween the functional deficits reported in children with FASD and the underlying neuro-
biology. Animal work (79,80) and human imaging studies in school-age children have
demonstrated that in utero exposure to alcohol alters brain morphology and reduced
white matter microstructural integrity. (15,26,36,37,59,67,81-85) However, there are few
data on functional connectivity in these children. Functional connectivity in the imaging
literature has been defined as dependencies among observed neurophysiological re-
sponses or “temporal correlation between spatially remote neurophysical events”. (86)
Here, intrinsic brain activity is measured in the absence of an experimental task or “at
rest” or during overt behavior. The ability of the brain to coordinate areas of activity in
specific functional networks follows a developmental trajectory, reflected in increased
functional network connectivity with age in childhood and early adulthood. (87) Two pre-
liminary reports from a single cohort have described interhemispheric and global func-

tional connectivity abnormalities in older children (10-17 years) with FASD.

Task-based fMRI is a directed method for investigating the function of the brain in hu-
mans. The technique measures the dynamic distribution of blood flow to specific regions
of the brain during a defined motor or cognitive activity. The choice of tasks investigated
has largely focussed on functional deficits previously described in children prenatally ex-
posed to alcohol and include working memory,(88-95) sustained attention, (38) response
inhibition , (96,97) verbal learning (98) and mathematical tasks.(99,100) Rousotte and
colleagues have also reported connectivity in alcohol exposed and in polydrug exposed

children aged 7-15 years, during a working memaory task. Table 4.
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Discussion

The neuroimaging literature of the past 20 years has documented the deleterious effects
of prenatal alcohol exposure on many important systems in the developing brain. These
findings in children are consistent with animal neuroimaging literature, which has demon-
strated the teratogenic effects of alcohol on the immature nervous system via a number
of cellular and molecular mechanisms leading to structural, functional and metabolic

abnormalities in a wide spectrum of brain regions.

Structural magnetic resonance Imaging (MRI)

Early reports on structural neuroimaging effects of prenatal alcohol exposure, focused
largely on global effects and on the severe end of the FASD spectrum. Studies consis-
tently reported smaller whole brain volume as well as more specifically in smaller volume
of both white and grey matter across the whole brain. A small minority found proportion-
ally greater volume differences in overall deep grey matter (42) or white matter (26) when
controlling for overall brain volumes and though cortical thickness alterations have been
reported, the direction of change remains mixed across studies. (37,44,48,54,56-58)
However, these findings are not specific to alcohol-exposure and research focus moved

to the identification of volume and shape differences of more defined regions.

The most consistent finding across studies of structural MRI in alcohol exposed children
remains alterations in the volume, shape and area of the corpus callosum. Given that
this structure represents the largest white matter tract in the brain, an important midline
structure as well as the primary connection between the hemispheres, alterations in its
shape and volume might be reasonably hypothesised in the context of alcohol exposure.
Reported variations range from total absence of the structure or partial agenesis in indi-
vidual cases (45) to more subtle between-group differences in volume, (47,48,56) area
or length (27,28,47,103) and position (103) relative to unexposed children. These find-
ings are likely to represent, in part, the well-described vulnerability of midline structures
to alcohol-induced damage in exposed individuals, but also may represent downstream
effects of alterations in other areas of the brain resulting in reduction in connections be-
tween these regions across the hemispheres. Finally, though these studies confirm that

the corpus callosum is a heavily affected region in prenatal alcohol exposure, as can be

57



seen from Table 1, the region has frequently been singled out for discrete ROI analysis
and so effects on the brains of these exposed children may in fact be more extensive

than they would seem from these reports.

Differences in gray matter volumes and/or thickness have been reported for cortical
regions as well as the deep gray matter. Frontal, parietal and temporal cortices have
been implicated, though the direction of effect is not consistent between studies.
(37,51,52,57,58) In particular the relationships between abnormalities of cortical struc-
ture have been related to cognitive functional outcomes as well as the differences in
cortical development over time in alcohol exposed versus control groups have been
reported by Sowell and colleagues. (37,52,54) This argues for the clinical importance of

damage to these areas after prenatal alcohol exposure.

Other areas which have been reported as consistently affected include the deep gray
matter structures. Most consistently reported is volume reduction in the hippocampi, even
when corrected for total brain volume. (26,42,55) Additional studies found the hippocam-
pi to have smaller volumes in proportion to overall brain volume reduction. (27,48) Basal
gangliavolume reductions in alcohol-exposed children in comparison to their non-exposed
peers have been reported by a number of authors. (16,26,33,40,42,46,48,76) Alcohol-ex-
posure effects on the caudate have been most frequently cited, (16,26,33,40,42,46,48,76)
but also discrete changes in the globus pallidus, (42,48,54) putamen, (42,46,48,54,76)
or the lenticular nucleus as a whole. (40) The implication of alcohol targeting on these
subcortical nuclei is not well established due, in part to the paucity of functional out-
come data linked to these changes. However, their role in critical networks regulating be-
haviour and impulse control, amongst other functions, could be considered a consistent

hypothesis in this group of affected children. (104)

Areas where findings have showed greater discrepancy include the thalamus which has
been reported to have smaller volumes even when correcting for brain volume by some
groups (39,42,54) and changes only in proportion to overall brain volume by others.
(26,48) The diencephalon overall has also been reported as displaying reduced volume

(40) or area (28) or no significant structural changes at all. (16)
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The body of literature reporting structural brain changes associated with in utero alco-
hol exposure using cross-sectional study designs, described above, is now quite large.
The studies have focused on a range of ages from 5 years through to young adulthood.
However, the majority of participants were either in late childhood or adolescence and
very few studies grouped participants in a narrow age-bracket. As a result, although
there is reasonable consistency in the location of the PAE effects on the developing
brain, there is very little clarity on when these changes have onset, the nature and func-
tional importance of changes in specific areas at particular time points and the devel-
opmental trajectory of these changes across childhood or into later adulthood. There
is established documentation of age-related changes in the developing brain, both at
structural and microstructural level. (64,65,105,106) These changes do not necessarily
follow linear trajectories and the different areas of the brain appear to follow different
maturational patterns. (106) The CIFASD group, in one of the only reported longitudinal
studies in alcohol-exposed children have reported altered trajectory of cortical develop-
ment compared to non-exposed peers. (37,54) Particularly, parietal and some temporal
regions demonstrated either inverted or flattened volume curves over time. Of interest
are the different effects that were noted at different ages in specific areas. For example
a cross sectional comparison of these groups at age 5-6 years may have demonstrated
increased volume in the parietal cortex in prenatally alcohol exposed children whereas at
age 11-12 years the volume relationship may have been reversed. This study supports
the view that developmental trajectories may be a better indicator of atypical brain de-
velopment, and emphasizes the conspicuous absence of data in children with prenatally
alcohol exposed during the early years of life which represents the most rapid period of

brain growth.

Diffusion tensor imaging (DTI)

DTl has proved to be a particularly useful tool in the investigation of the more subtle effects
of the spectrum of alcohol and polysubstance exposure on white matter integrity of the
developing brain. (59) The available data on DTI findings in children prenatally exposed
to alcohol have consistently demonstrated reduced fractional anisotropy in the corpus

callosum. Abnormalities in mean diffusivity have also been reported, though the nature
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and specific location of these changes has been different across studies. (60,71,107) A
recent review of seven DTI studies in older children and young adults exposed to alcohol
prenatally reported white matter microstructural abnormalities (lower FA) in the corpus
callosum, anterior-posterior fibre bundles and the cerebellum. (59,68,69,71,71,82,108)
These abnormalities have also been reported in frontal, (36,67) temporal lobe regions
(36,60) and subcortical structures (globus pallidus, thalamus and putamen). (36,37)

(Table 2)

Very few studies have addressed associations between white matter microstructural
abnormalities and specific measures of cognitive and behavioral function. (60,84,84)
Though negative findings exist for several functional domains, Sowell and colleagues
(81) showed associations between reduced performance on a measure of visuomotor in-
tegration and reduced FA in the splenium of the corpus callosum and parietal white mat-
ter. Lebel et al reported significant associations between reduced FA in the left parietal
lobe, cerebellum and brainstem with mathematical ability in 5-13 year old children. (108)
These results suggest clinical significance of the DTI findings in these brain regions, at
least in school-age children. However, existing studies have generally used relatively low
angular resolution data (with between 6 and 35 gradient directions) and spatial resolu-
tion equal or greater than 2.5 mm. Thus more sensitive non-tensor based models have
not been applied, which may have greater sensitivity. To date, almost no data exists
regarding the impact of prenatal alcohol exposure in early infancy before higher-level
brain networks have become established or the confounding post-natal environmental
influences to which children from these backgrounds are exposed have come into play.
Moreover, there are few data on when changes in white matter structural integrity have
onset, regional specificity in early brain development, and whether there are any early

neurobehavioral associations.

Proton magnetic resonance spectroscopy (*H-MRS)

The first reported *H-MRS study in children exposed to alcohol in utero, reported in-
creased NAA concentration in the caudate nucleus in a group of children with full-blown
FAS. The group also reported relationships between NAA concentration and facial dys-

morphometry. (33) A second study in slightly older children identified decreased NAA/Cr
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and NAA/Cho ratios in multiple regions including cortical and subcortical regions. These
changes where identified in regions including the parietal and frontal cortices, thalamus
and cerebellar dentate nucleus as well as in the frontal white matter and corpus callo-
sum. (77) These changes in neurometabolite ratios are suggested to reflect changes in
glial proliferation (Cho and Cr) rather than decreased neuronal integrity/viability (NAA)
in the children with FASD. A subsequent study in a larger cohort found reduced choline
in frontal and parietal white matter of children with FASD compared to exposed children
without the FAS facial phenotype or cognitive/behavioral dysfunction and unexposed
children. Another group has also reported reduced Cho, but in the left striatal region in
a group of children with a diagnosis of FASD compared to a control group. (109) Finally
a well-characterised group of FASD children in South Africa were found to have low-
er NAA levels in the deep cerebellar nuclei associated with prenatal alcohol exposure
around conception. Higher levels of alcohol consumption during pregnancy were related
to reduced Cho and with increased concentrations of GLx in the deep cerebellar nuclei.
(78) Despite discrepencies in site and type of neurometabolites reported in these stud-
ies, these individual studies indicate alterations in the neurochemistry across important
areas in grey and white matter regions in children exposed to alcohol in utero. However,
brain metabolism and associated neurochemistry is dynamic and site-specific. Certainly
age specific changes in concentrations of these metabolites are documented (74) and
the findings described above represent a broad age range as well as differing approach-
es to clinical classification for comparison groups. In addition to above, technical factors
such as choice of the location of voxel placement make comparison across the studies

largely unhelpful.

To date, no studies have reported the use of *H-MRS to explore the effects of prenatal al-
cohol exposure on the developing infant brain. This is an important period to investigate
as the neurometabolic milieu at this early stage of development is likely to have a signif-
icant impact on subsequent brain development (74) and less likely to be contaminated
with environmental factors. In particular Glutamate (Glu), an excitatory neurotransmitter,
also plays a key role in early life in the regulation of cell proliferation, migration and
pruning (110) and prenatal alcohol-exposure has been shown to disrupt this process in

animal models. (23,72)
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Functional magnetic resonance imaging (fMRI)

Functional changes in brain activity activation relating to specific tasks in children ex-
posed to prenatal alcohol exposure across a number of cognitive domains. Working
memory is the domain which has been most widely investigated (88-95) although other
areas of cognitive function have been described. (38,96-100) All these studies reported
differences in the distribution of activated brain areas during a working memory task in
prenatal alcohol exposure compared to unexposed peers even in the absence of be-
tween group differences on the task itself. Alterations in blood flow regulation appear
most consistently in the frontal regions in these studies and although the particular dis-
tribution of these changes is not consistent, there appears to be a more generalised pat-
tern of activation in the prenatal alcohol exposed children possibly representing reduced
efficiency in activation of specific neural pathways. Whether this relates to delayed func-
tional maturation or more permanent impairment will be addressed by studies tracking

these important cognitive functions over time and specifically into early adulthood.

Wozniak and colleagues in their initial study demonstrated that their children with pre-
natal alcohol exposure had abnormalities in white matter microstructural connectivity in
the corpus callosum compared to healthy unexposed controls, as well as a disturbance
of functional connectivity in the alcohol exposed group in this region. (71,102) A subse-
gquent analysis, demonstrated further abnormalities in global measures of network con-
nectivity using a graph theory approach. (101) The authors reported significantly higher
characteristic path length and lower global efficiency in the brains of those children with
prenatal alcohol exposure. These exploratory findings are an early indication that the
dynamic activation of brain regions may provide key insights into the neuropathological

basis of functional impairments demonstrated by children with FASD. (Table 4).

The central nervous system (CNS) development and maturation require a carefully pat-
terned sequence of events and processes more complex and extending over a longer
period than that of any other organ system. The brain is particularly vulnerable to prena-
tal environmental influences which may have long-term effects on its structure and func-
tion. (111,112) The complexity of the brain’s structural and functional networks increase

rapidly in the early months of life, representing a rapid acquisition of abilities across
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motor, sensory and cognitive areas. (62,65,87,105) Although information is emerging on
the effects of alcohol exposure on the longitudinal structural development of the brain
in later childhood, (37) there are few human data on when changes have onset, where
they are located at this initial stage, and how complex early behavioral milestones relate
to functional and structural changes of the underlying neural substrate. More specifically,
while preliminary studies have shown altered connectivity in the more mature brains of
school-age children, the specific effects of alcohol exposure on the establishment of in-
trinsic connectivity in early infancy has not been explored. Characterizing the connectivi-
ty of regions in the brain that are key to early neurodevelopmental functional integration,
including the thalamus and the motor cortex, may therefore serve as a sensitive indicator

of the neuropathological effects of alcohol exposure in the human infant. (113)

Conclusions

The body of evidence documenting the neuroimaging changes associated with children
and young adults exposed to alcohol during the prenatal period is now substantial. Lim-
itations common to work in this field and which are likely to have had an impact on the
consistency of the results include the issue of polysubstance abuse, even though alcohol
exposure was in most cases the predominant reported exposure. Though expensive, the
emerging use of biological measures of alcohol exposure such as biomarkers obtained
from hair or nails are likely to improve the quantification of prenatal alcohol exposure in
studies going forward. The exclusion or careful control of subjects with other substance
misuse may also be improved with approaches such as urine identification of excreted

drugs and cotinine measurements for tobacco exposure.

Differences in age and gender between subjects in neuroimaging studies were noted
(Tables 1-4). These differences are unlikely to have affected within-study results as
exposed and control groups were generally carefully matched. However, it is possible
that age in particular, but also gender differences within studies may have affected the
sensitivity for detecting changes between these two groups. As has been discussed in
relation to the specific imaging modalities above, a particularly critical gap in the extant
literature is the lack of neuroimaging studies in prenatally alcohol-exposed children un-

der 5 years of age or those over 25 years of age when brain maturation has occurred
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across all the modalities of imaging. In addition the dynamic nature of brain maturation
and appreciation of the effects of a significant insult such as alcohol exposure on the
developing trajectory of structural and functional network, argues for the prioritisation of
studies which include a longitudinal approach to understanding this spectrum of effects.
Hypothesis driven studies which include longitudinal time points as well as providing an
integrated approach using a number of modalities at one age point, neuropsychological
and behavioural outcomes and links to genetic vulnerabilities are likely to provide the
most robust understanding of the neurobiological effects of prenatal alcohol-exposure on
the developing brain. Refining our understanding at a neurobiological level is critical in
developing not only earlier identification of the spectrum of prenatal alcohol-exposure ef-

fects, but also targeted interventions during this important window for early intervention.

In the next chapter we will discuss the detail of the methodology for this neuroimaging

project overall.
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Chapter 3

Study outline and methods

In the previous chapter a critical review of the literature describing current knowledge
of the effects of prenatal alcohol exposure on multimodal neuroimaging markers of the
developing brain was presented. Here, an overview of the birth cohort in which this study

is nested and specific methodological details of the this thesis project is described.

3.1  Study design and population

3.1.2 Background overview

Study participants are members of the established Drakenstein Child Health Study
(DCHS), a birth cohort recruited from the Drakenstein sub-district, located near the Cape
Winelands, Western Cape, South Africa (current N = 1100 mother-infant dyads) designed
to study the etiology of childhood pneumonia and the determinants of child health in a
peri-urban area in South Africa, funded by the Gates Foundation. The cohort consists of
a South African sample of English, Afrikaans or isiXhosa mother-infant dyads (mothers
will be aged 18+). The primary aim of the parent study is to investigate etiology, pro-
gression and risk factors for childhood pneumonia and the impact on child health. The
study investigates the role and interaction of possible risk factors in seven areas (envi-
ronmental, infectious, nutritional, genetic, psychosocial, maternal and immunological risk

factors) that may impact child health.

Figure 1 shows a conceptual framewaork for the study design. The birth cohort design re-
cruits pregnant women attending one of two primary health care clinics serving different
populations - TC Newman (serving a mixed race population) and Mbekweni (serving a
black African population). Consenting women complete study questionnaires and spec-
imen collection and are scheduled for follow-up study visits. Antenatal and postnatal
follow-up visits occur at primary health care clinics, with the birth, 6 week and annual
study visits taking place at Paarl hospital. Infants are followed at routine well baby visits
according to the current national program, at 10 and 14 weeks and 6, 9, 18, 30, 42 and
54 months post delivery.

75



Figure 1: DCHS: Study Timeline Overview

In the nested sub-study used for this thesis project we assessed infants with significant

alcohol exposure and infants with no significant history of substance abuse (Figure 2).

Figure 2: DCHS: Infant Imaging Sub-Study Timeline
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The DCHS is located in the Drakenstein area in the town of Paarl, a peri-urban area, 60
km outside Cape Town, South Africa with a population of approximately 200,000. The
community is stable, with low levels of immigration or emigration. The local economy is
based around commercial agriculture and light industry. More than 90% of the population
access health care in the public sector including antenatal and child health services. (1)
This area has a well established, free primary health care system, with high coverage
for childhood immunizations including Hemophilus B and 13-valent Pneumococcal con-

jugate vaccine. The public health system is comprised of 23 primary health care clinics
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and one centralized hospital, Paarl Hospital, where all births and all hospital based pe-
diatric care, including admissions occur. Similar to many low-middle income countries
(LMICs), the area has a high burden of childhood diseases and pneumonia (2) and a
high prevalence of risk factors associated with pneumonia or severe disease, such as al-
cohol exposure, tobacco smoke exposure, malnutrition and poverty. Mother-infant dyads

are enrolled at 20-28 weeks’ gestation and followed until children reach 5 years of age.

3.1.2 Recruitment and enrolment

Pregnant mothers were screened by the DCHS study staff at one of the two antenatal
clinics in the community, TC Newman Hospital or Mbekweni clinic. Mothers were asked
to provide informed consent to participate in the parent study and enrolled from 20-28
weeks’ gestation during their routine antenatal visit for ultrasound scanning at Primary
Health Care facilities or at Paarl Hospital. Exclusion criteria for the parent study were
minimal in order to maximize generalizability: those who do not live in the region and thus
cannot be readily followed-up or those who intended to move out of the district within the
following 2 years. Infants were enrolled at birth and mother infant pairs followed up for 5

years on the parent study. This sub-study followed the infants to age 6 months.

Following written informed consent, women who wished to participate were requested
to complete a selection of self-report questionnaires. Trained female fieldworkers ad-
ministered the measures to study participants in the language of their choice (English,
Afrikaans, or isiXhosa). Fieldworkers were fluent in English and either Afrikaans or isiX-
hosa, they had appropriate research experience as well as traits previously described as
affecting women’s willingness to divulge personal information. Prior to commencement
of data collection, fieldworkers received in-service training on all aspects of Good Clinical
Practice (GCP). Although most of these measures were designed to be self-adminis-
tered, a study-wide decision was made that fieldworker-administration would improve
data quality, and would minimise bias in data collection. This is standard practice in
South African studies such as ours as a result of low literacy rates in our population. (3)
Translation of questionnaires from English to Afrikaans and isiXhosa was done using

standard forward- and back-translation processes.
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The prenatal assessment included detailed sociodemographic enquiry. Alcohol and oth-
er drug use were measured by WHO'’s Alcohol, Smoking and Substance Involvement
Screening Test (ASSIST), which has been validated for local pregnant populations. (4,5)
Biological sampling included a blood draw and urine dipstick testing at clinic visits to
serve as biomarkers of substance use. (6) This approach was taken in order to ensure
that the problem of polysubstance abuse in the selected sample was minimized as far
as possible. A cut-off score of moderate-severe alcohol use risk on the ASSIST tool was

used for inclusion in the alcohol-exposure group.

A range of measures were used to assess medical, nutritional, psychological and sociological
variables that may play a central role in impacting positively or negatively on maternal and child
health in general. Several such measures have been well validated in local studies of maternal

mental health, and in the South African Stress and Health Survey (4,5,7,8).

Inclusion/exclusion criteria for this sub-study varied depending on into which group the
infant was being recruited. For inclusion into the alcohol exposed group, mothers report-
ed a minimum score of 11 on the alcohol questions on the ASSIST . In addition to this
initial screen, mothers were required to give a positive history of alcohol use in any of the
3 trimesters of pregnancy at levels consistent with WHO moderate-severe alcohol use
(either drinking 2 or more times a week or 2 or more drinks per occasion). The healthy
control group scored below above cut-off scores on the ASSIST and had a negative urine
screen for any drugs of abuse. Exclusion criteria for both groups included a positive urine
screen for other drugs of abuse (any group), prematurity (<34 weeks), low apgar scores
(<7 at 5 minutes) and/or history of NICU admission for hypoxic ischemic encephalopathy
or other significant neonatal complication (such as neonatal jaundice requiring photo-
therapy) and an identified genetic syndrome or congenital abnormalities (such as spina

bifida or hydrocephalus).

Mothers were contacted telephonically in the weeks after birth based on above inclusion
criteria. The mother had an opportunity to ask questions about the testing and an appoint-
ment was made then to attend the Combined Universities Brain Imaging Centre (CU-

BIC), at Tygerberg Hospital campus when the infants were 2-4 weeks of age. Although
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mothers had signed consent as part of the parent protocol consent for the imaging, they
had the opportunity of withdrawing consent to participate with imaging sub-study with-
out affecting their participation in the parent project when they were approached at this
stage. Because this was an extra visit and not situated at the normal study sites, infants
and mothers were collected from home and transported to CUBIC. After the scan and

neurobehavioral assessment they were transported back to their homes.

At the imaging appointment the imaging team ensured the mother had received sufficient
information about testing by going through a more detailed consent form and answering
any questions. Mothers were asked to sign this separate consent form for infant brain

imaging. (Appendix A)

3.2 Investigations and data collection

From the time of their first antenatal visit (week 20-28), mothers were assessed using
scales as per DCHS protocol. This assessment included validated questionnaires ad-

dressing socioeconomic factors and substance use as detailed below.

The following psychosocial measures were included:

3.2.1 Maternal measures

Sociodemographic variables - A guestionnaire to evaluate socioeconomic status
(SES), modified from the version used in the South African Stress and Health Study
(SASH), (8) assessed income and education; governmental financial assistance in the
form of social grants; household composition; food security and amenities (including

piped water electricity, electric stove and functional telephone).

Alcohol and Substance Misuse - Substance use was evaluated using the World Health
Organisation’s Alcohol, Smoking and Substance Involvement Screening Test (ASSIST)
(5) (Appendix B) This tool was originally developed to detect substance use disorders
in the primary care setting. It has good reported reliability, feasibility and validity across

global, multisite studies. (4,5) The ASSIST comprises seven items assessing alcohol
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and other drug use across ten categories (ie. tobacco products; alcoholic beverages;
cannabis; cocaine; amphetamine-type stimulants; inhalants, sedatives or sleeping pills;
hallucinogens; opioids; and a general category entitled “other”); as well as an eighth item
enquiring about a history of intravenous drug use. Total scores are obtained for each
substance by summing individual item responses - a higher score is indicative of greater
substance-related risk. Scores of 0 — 10 for alcohol and 0 — 3 for illicit drugs were used
to indicate that a participant was at low risk for substance-related health problems; 11-26
(alcohol) and 4-26 (illicit drugs) to indicate moderate risk; and scores >26 to indicate
that a participant was at high risk of experiencing severe problems, with likely substance
dependence. (5) Urine substance abuse screen was performed on all mothers at their

antenatal visits. (6)

3.2.2 Infant measures

Infant anthropometry- Weight, length and head circumference were measured at the
imaging visit. Trained clinical staff recorded infant weight, using a digital scale with a
precision level of 10 g. Low weight-for-age Z (WAZ) score (standard deviation score) is
defined as a score less than or equal to 2 standard deviations below the mean weight-
for-age value (WHO 1995). Similarly, infants with low head circumference-for-age z
score (HCAZ) were categorized as falling 2 or more standard deviations below the mean
head circumference-for-age cut-off. The Z-score classification system is advantageous,
as it is sex-independent, employs a linear scale, and enables a comparison of results

across age groups and indicators.

Dubowitz neurobehavioral scale - This is a well-validated measure which has been
used to study early neurological and behavioral changes. This measure was performed
at the same visit as the neuroimaging in a quiet, warmed room on a comfortable surface

in the Combined Universities Brain Imaging Centre. (Appendix C). (9)

Bayley lll Scales of Infant Development at 6 months - This is a well-validated indi-
vidually-administered developmental assessment tool used in infants from 0-42 months
of age. (10) The primary purpose of this instrument is to identify children with develop-

mental delay both at a point in time as well as longitudinally in order to provide informa-
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tion regarding a child’s developmental profile as well as changes over time. (11,12) The
Bayley lll assesses infant development across five scales - cognitive, language, motor,
socio-emotional and adaptive behavior. These composite scales are further divided into
subscales: the language scale into receptive and expressive communication subscales;
the motor scale into gross and fine motor; and the adaptive behavior scale into ten
subscales, seven of which are applicable to infants younger than one year — commu-
nication, health and safety, leisure, self-care, self-direction, social and motor. The cog-
nitive, language and motor assessments are largely conducted using directly observed
items administered to the infant. The socio-emotional and adaptive behavior domains
are assessed using reported responses from a questionnaire completed by the prima-
ry caregiver. Items included in the Bayley Il were informed by developmental theory
and research identifying key behaviors typifying normal developmental in infants and
toddlers. Psychometric data for this tool suggest a high degree of internal consistency
(reliability) across all five scales, as well as construct validity within scales (ie. each item
was found to have a higher correlation with the scale in which it is placed than with the
other scales). (11,12) This assessment tool has been used widely in LMIC settings such
as South Africa, (13) and remains a gold-standard measure of developmental milestones

in infants and toddlers globally.

While no overall (total) developmental score is provided by the Bayley I, it does provide
four types of norm-referenced scores across the subscales: scaled scores, composite
sores, percentile ranks, and growth scores. For our purposes, scaled scores were cal-
culated from captured total raw scores on each subtest using the specialised software
Bayley-11l Scoring Assistant Update Version 2.0.2 with Bayley-11l PDA conduit (Bayleylll_
PDA_2 0 _2.exe). Scaled scores represent a child’'s performance on a subtest relative
to his or her same-age peers and are sensitive to subtle differences in developmental
outcomes. They are scaled to a metric with a range of 1 to 19, a mean of 10 and a stan-
dard deviation of 3. While there is no universally accepted definition of developmental
delay, criteria based on standard deviations (SDs) below the mean of a reference group

is the most widely-used approach. (12)

Bayley Ill Scales of Infant Development was administered at 6 months of age at either
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the TC Newman or Mbekweni clinic study site. The sites have a dedicated room in a
quiet section of the clinic in close proximity to the well-baby clinic. The Bailey Il was
administered by one of a team of 3 trained professionals: Dr Kirsty Donald (Pediatric
Neurologist and sub-study PI, KD), Sr. Robyn Kalan (professional nurse, RK) and Mrs
Elizabeth Honeth (physiotherapist, EH). Dr Donald has trained as a pediatric neurologist
at Red Cross War Memorial Children’s Hospital, University of Cape Town. She has train-
ing and experience in a range of developmental assessment tools including the Bayley
[ll Scales of Infant Development. RK received training in the Bayley Il in 2010 during
her involvement in another infant outcome study and is certified and experienced in the
use of the tool. EH is an experienced physiotherapist with expertise in the assessment
of young infants. She was trained in Cape Town by KD and RK. Quality control of the
testing took place regularly in order to ensure fidelity to the verbatim instructions for test
administration as well as detailed instructions for data scoring. KD visited sites regularly
for the duration of the study to ensure compliance with the test manual and standard-
ized data collection, and all completed protocols were checked independently to ensure
accurate scoring procedures had been implemented. Individuals involved in Bayley Il
administration were periodically required to complete an assessment under observation

to ensure overall accuracy in the assessment process.

Neuroimaging-lmaging was performed on a Siemens 3 Tesla Magnetom Allegra MRI
scanner at CUBIC, situated on the Stellenbosch University Health Sciences Campus.
This is a compact, small bore (22cm field of view), dedicated brain scanner. The Allegra
system is equipped with a single channel head coil. Imaging children in this age group
without sedation is a significant logistical challenge which is not under-estimated by our
group. According to (14) Matthias, et al., in their review of Pediatric Magnetic Resonance
Research and the Minimal Risk Standard., the use of sedation in pediatric imaging con-
stitutes greater than minimal risk. (1) (15) Natural sleep remains a good way of achieving
MRI imaging in this young age group. In particular stage 3 sleep, with its higher arousal
threshold and reduced spontaneous movements. This stage of sleep tends to occur ear-

ly after sleep initiation, especially in young children.
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Technical protocol (Appendix D)

3.2.3 Imaging summary:
Structural MRI:

MRI technology detects differences between various tissue-types based on the response
of water molecules to a high intensity magnet. These data are reconstructed to produce
visual images. Measures of structural MRI reported include qualitative descriptions as
well as quantitative methods, which include morphometric properties of particular brain

structures and volumetric analyses.(16)

Two T2 images, saggital

3D T2-weighted MRI: repetition time (TR)=3500ms; TE (echo time)=354ms; slice thick-

ness 1mm; 128 slices; voxel size 1.0x1.0x1.0mm. Scan time: 5min41s / scan.

Two T1l-weighted images

3D T1-weighted multi-echo MRI: TR=2530ms; TE(1-4)=1.53, 3.21, 4.89, 6.57; flip an-
gle=7¢; slice thickness 1mm; 128 slices; voxel size 1.3x1.0x1.3 mm. Scan time: 6min45s

/ scan.

1H-MRS voxels

Use of proton magnetic resonance spectroscopy (*H-MRS) in brain research is the study
of concentrations of specific metabolites important in neurotransmitter production and

metabolism, measured in chosen regions of interest.

Sagittal T1-weighted images were captured using a five-echo 3D magnetization pre-
pared rapid-gradient echo sequence [repetition time (TR) = 2530; echo time (TE) = 1.64,
3.5, 5.36, 7.22, 9.08; inversion time (T1) = 1200; flip Angle = 7°; field of view = 256 x 256
mm; matrix = 256 x 256, 1-mm thick slice, 192 slices; generalized autocalibrating partial-

ly parallel acquisitions (GRAPPA) acceleration factor = 2].

These images were used to define an 'H-MRS voxel in the anterior cingulate. Spectros-

copy data were acquired in the anterior cingulate using a motion-navigated point resolved
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spectroscopy (PRESS) sequence with 2 mL voxels and 64 excitations. This sequence,
which allows motion-correction, was developed through collaboration of UCT with Mas-
sachusetts General Hospital and uses an echoplanar imaging volumetric navigator to
track motion and correct both voxel position and shim in real time for each TR. Chemical
shift selective pulses (CHESS) water suppression was applied and an unsuppressed
reference scan of 8 excitations was acquired for each voxel. Data were analyzed using
LCModel to estimate metabolite ratios, in particular N-acetyl-aspartate (NAA)/Creatinine
(Cr), Choline (Cho)/Cr and myo-Inositol (ml)/Cr. Absolute concentrations of glutamate,

glutamine, NAA, Cho, Cr and ml were also calculated.

Brain area 1: Parietal white. Sequence: PRESS, TR=2000, TE=30 (128 averages); Vox-

el size 25x25x25 mm. Scan time: less than 6min total with water scaling.

Brain area 2: Parietal gray matter. Sequence: PRESS, TR=2000, TE=30 (128 averag-

es); Voxel: mm, 25 x 25 x 25 mm. Scan time: less than 6min total with water scaling.

These areas provide reproducible *H-MRS data in neonates and allow a good compatri-

son between the developing white and gray matter tissue.
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Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is an MRI technique that determines the diffusion direction
of water molecules. (17,18) Analysis of this data allows the degree of structural organi-
zation of a particular tissue to be determined. DTl measures are generally reported in

terms of:

1. Fractional Anisotropy (FA): this represents the magnitude of the fraction tensor due
to anisotropic diffusion (ie. The degree to which the diffusion direction of molecules

is differentially restricted by, for example, cell membranes or myelin)

2. Mean diffusivity (MD): this represents the average orientation and magnitude of

molecular diffusion in three dimensions.

Typically, higher FA and lower MD values are found in intact as compared to dam-
aged/abnormal white matter. (18,19) However, DTI measures do not identify isolat-
ed aspects of white matter integrity or maturation, but are likely to represent integrity

of axonal structure as well as organization at different levels

Spin echo EPI sequence: Two diffusion-weighted images per phase direction an-
terior-posterior (AP) and posterior-anterior (PA) respectively, each with the follow-
ing parameters: 45 diffusion directions; 1 b=0sec/mm2; repetition time 7900 ms;
echo time 90 ms; b-value of 1000sec/mm2; slice thickness of 1.6 mm; voxel size:

1.3x1.3x1.6 mm. Scan time: 6min27s / scan.

Ep2d_bold_resting
BOLD EPI: TR 2000 ms; TE 30 ms; flip angle=77° slice thickness 4 mm; 25 slices; voxel

size: 2.5x2.5x4.0 mm. Scan time: 6min04s.

Total scan time: 55 minutes
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Statistical Analysis

A preliminary power analysis based on existing neonatal imaging data indicated that our
sample size was appropriate. Analysis of variance was undertaken to compare imag-
ing variables in the subject groups. An n of 50 in each group was calculated to enable
detection of an effect of Cohen’s d of .5, with alpha at .05 and power at .80 for cross
sectional analysis. For within subjects analysis, there is more power and detection of
an effect size of .36 is possible. Correlational analyses were undertaken to explore the
relationship between structural MRI volumes, DTI variables, resting blood oxyegen level
dependent (BOLD) variables, prenatal exposure to alcohol, and early behavioral and de-
velopmental measures. The analyses were designed to provide a key understanding of
functional and structural brain abnormalities in infants after moderate to heavy prenatal

alcohol exposure.

Structural MRI: Images were brain extracted with FSL 5.0 brain extraction tool (BET) (20)

and exported to SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8) for further processing.

Within SPM8, the T2 images were co-registered to a custom infant T2 template in Mon-
treal Neurological Institute (MNI) standard space created by a group at the University
of North Carolina (UNC). (21) After co-registration, images were inspected for proper
alignment before non-linear registration to the same infant template. After non-linear
registration, images that displayed excessive warping or other problems with registration
were discarded (28 alcohol-exposed and 45 control infants were included for the final
analysis). T2 images were then segmented into gray and white matter maps by utilizing
infant priors designed by UNC. (21) To preserve the regional volumetric information, the

T2 images were modulated during the transformation to the gray matter priors.

Volumetric information was extracted from the gray matter segmented images for 90 an-
atomical regions as defined by the automated anatomical labeling (AAL) atlas. (22) The

volumes were then exported to SPSS 22.0 for further statistical analysis.

Evaluation for correlations between imaging data as above and the functional mea-

sures of development and behaviour were made.
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DTI: Traditional scalar metrics derived from DTI data were analyzed and included frac-
tional anisotropy (FA), which represents axon integrity and/or packing density, and mean
diffusivity (MD), which represents the mean water mobility within the white matter. Dif-
fusion tensor images were analyzed using the FMRIB’s Diffusion Toolbox (FDT) and
Tract-Based Spatial Statistics (TBSS) (FMRIB Software Library - FSL v5.0). (23) Each
subject’s diffusion weighted image was registered to the corresponding b=0 image to
correct for motion and eddy current distortion. The susceptibility-induced off-resonance
field was estimated for the pair of images using the FSL topup tool after which the two im-
ages were combined into a single corrected image. (24) Images were then brain-extract-
ed with Brain Extraction Tool and diffusion tensors were calculated with a weighted least
squares fit of the tensor model to the diffusion data. Fractional anisotropy (FA) and mean
diffusivity (MD) maps were extracted. Evaluation for associations between measures of
white matter microstructural integrity and the functional measures of development and

behaviour were made.

Resting State fMRI

BOLD data were despiked, motion-corrected and registered into UNC 2 year-old atlas
space (Shi 2011) in a single step, spatially smoothed with a 6mm full width at half maxi-
mum (FWHM) gaussian kernel, and temporally filtered to exclude frequencies outside of
the 0.01 to 0.1 Hz frequency band, in accordance with best practice guidelines and as
implemented in the Analysis of Functional Images (AFNI) afni_proc script (afni.nimh.nih.
gov/afni). Placing the echo-planar images (EPIs) into a common space was achieved via
displacement parameters obtained through registering brain extracted T2 anatomical im-
ages to the UNC atlas Rigid-body motion estimates and their first order derivatives were

regressed from the BOLD using 3dDeconvolve, prior to bandpass filtering.

In order to identify spatially orthogonal intrinsic functional networks, a group probabilistic
independent components analysis (ICA) was conducted using the melodic package pro-
vided as part of the FSL imaging software. Group networks were obtained by applying
ICA to the temporally concatenated preprocessed residual time-series from each par-
ticipant. This data-driven approach to identifying intrinsic connectivity networks has the

advantage that connectivity patterns resulting from motion and physiological artifact are
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identified as separate networks that can be excluded from the analysis.

Regions of interest (ROIs) for subsequent intra and inter motor network comparisons
were subsequently defined through using AFNI's 3dExtrema to identify the most repre-
sentative voxels on a slice-by-slice basis in components corresponding to the somato-
sensory motor network. In order to be included in the motor network masks, seeds were
required to fall within masks of the pre-central and post-central gyrus extracted from the
UNC AAL atlas, with any voxels within the contralateral hemisphere omitted. Surviving
seeds were dilated by a single voxel, and constrained to fall within an 80% thresholded

probabilistic gray matter segmentation mask for the UNC atlas.

3.3 Ethical considerations

Informed consent was obtained from the parents, caregivers or legal guardians of the
infants. The informed consent form was written in a language that is easy to understand
and its contents were explained fully and translated if needed. As much as possible steps
and methods of the study were explained to the participants (mothers) and their verbal

and written consent obtained.

The study was approved by the Faculty of Health Sciences, Human Research Ethics
Committee, University of Cape Town (401/2009) and by the Western Cape Provincial
Health Research committee. Written informed parental consent was obtained from for
all participants at the time of enrolment. This sub-study protocol was independently re-

viewed and approved in 2012 (HREC REF 525/2012). (Appendix E)

Only the most recent ethics approval document has been included in the attachments.
This is dated October 2014. The reason Professor Zar is addressed is that she is the PI
of the Drakenstein Child Health study in which this sub-study is nested. Original Universi-
ty of Cape Town Human Research Ethics Committee approval was received in February

2012, well before we started recruiting to the study.

Following this chapter on the study design and methodology, | now describe the specif-
ic effects of prenatal alcohol exposure on the neonatal brain using structural MRI and

correlations with infant neurobehavior and early developmental outcomes.
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Abstract

Background

Neuroimaging studies have indicated that prenatal alcohol exposure is associated with
alterations in the structure of specific brain regions. However, the temporal and regional
specificity of such changes and their behavioral consequences are less known. Here we

explore the brain structure of infants with in utero exposure to alcohol shortly after birth.

Methods

T2 structural MRI images were acquired from 28 alcohol-exposed infants and 45 de-
mographically matched healthy controls at 2-4 weeks of age on a 3T Siemens Allegra
system as part of large birth cohort study, the Drakenstein Child Health Study (DCHS).
Neonatal neurobehavior was assessed at this visit; early developmental outcome as-
sessed on the Bayley Scales of Infant Development Il at 6 months of age. Volumes of
cortical regions were estimated based on the segmentations of the University of North

Carolina neonate atlas.

Results

Significantly smaller gray matter volume was demonstrated for the alcohol-exposed co-
hort compared to healthy control infants in the right posterior cingulate and the right in-
ferior temporal gyrus. These findings persisted even when correcting for infant age and
gender, and maternal smoking status. Both early neurobehavioral and developmental
adverse outcomes at six months across multiple domains were significantly associated
with smaller regional volumes primarily in the parietal and frontal lobes in infants with

prenatal alcohol exposure.

Conclusion

Alcohol exposure during the prenatal period has potentially enduring neurobiological
consequences for exposed children. The effects of prenatal alcohol exposure on brain
growth is present very early in the first year of life, a period during which the most rapid

growth and maturation occurs.
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Introduction

Four decades have passed since the physical and neurodevelopmental effects of pre-
natal alcohol exposure were first formally documented in the seminal reports of Jones
and colleagues. (1,2) Documentation of the adverse effects of alcohol on the structure
of the brains of children exposed in the prenatal period has grown exponentially since
the introduction of magnetic resonance imaging (MRI) technology in the early 1990's.
Smaller whole brain volumes were reported in exposed children in addition to reduced
global volumes of both white and gray matter. (3,4) In subsequent studies, frontal, pari-
etal and temporal alterations in cortical volume and thickness have been reported. (5-9)
Associations reported between gray matter alterations and functional outcomes (both
cognitive and behavioral), particularly in temporal and parietal areas, (5,7,10,11) under-
scores the functional and clinical consequences of damage to these areas after prenatal

alcohol-exposure.

Though the effects of prenatal exposure to alcohol on central nervous system (CNS) de-
velopment are now well-documented, prior studies leave several questions unanswered.
First, reports to date have focused largely on ages 5 years through to young adulthood
with the majority in late childhood or adolescence. (5,10) There is a paucity of data in
children with prenatally alcohol-exposure during the first years of life, a period during
which the most rapid brain growth occurs. (4,12) Second, questions remain regarding
the impact of alcohol doses and timing of exposure. That is, the effects of alcohol expo-
sure beyond the first trimester has been the period for which there has traditionally been
the focus in determining CNS effects of alcohol exposure in previous studies. Finally,
interactions of prenatal alcohol exposure with other specific contextual factors such as

smoking have not been well studied.

South Africa is one of the regions in the world where FASD is highly prevalent. (13) We
used a South African birth cohort sample to investigate whether the impact of prenatal
alcohol exposure on early brain structure may be discernible in neonates and whether
associations with neurobehavior and early development are present. We assessed al-

cohol doses and timing of exposure, as well as interactions with smoking. Based on the
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literature in children and adolescents with FASD, we predicted that volume alterations
would occur and be most prominent in temporal and parietal regions in the neonatal pe-

riod even before formal diagnosis of FASD. (3,14)
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Materials and Methods

Study design, population and procedures

This is a nested sub-study that included infants enrolled in a larger population-based birth
cohort study, the Drakenstein Child Health Study (DCHS). The details of the umbrella
study structure and methodology are detailed in chapter 3. (15) In this nested sub-study,
73 infants were selected and assessed; 28 infants with significant alcohol exposure and

45 infants with no significant history or biological evidence of substance exposure.

Mothers were recruited at 20-28 weeks gestation, written informed consent obtained, and back-
ground data collected for the DCHS. (16) For the group with alcohol exposure, mothers were
identified based on a minimum score of 11 (moderate to high risk of experiencing severe
problems as a result of their current pattern of use) on the alcohol questions on the
ASSIST questionnaire — a widely validated World Health Organization scale to assess
comorbid substance use. (17,18) Mothers were further required to give a positive histo-
ry of alcohol use in any of the 3 trimesters of pregnancy at levels consistent with WHO
moderate-severe alcohol use (either drinking 2 or more times a week or 2 or more drinks
per occasion; Table 2). After birth, infants from mothers identified through this approach
were included for study unless the mothers had a positive urine screen for any other
drug abuse, (19) the infant was premature (<36 weeks) or had a low apgar score (<7 at
5 minutes) and/or admission for hypoxic ischemic encephalopathy or other significant
neonatal complication (such as neonatal jaundice requiring phototherapy). Infants were

also excluded if they had an identified genetic syndrome or congenital abnormality.

Two to four week old infants underwent brain magnetic resonance imaging. They were
wrapped, fed and then imaged in quiet, natural (unsedated) sleep. Earplugs and mini-
muffs were used for double ear protection; a pulse oximeter was used to monitor pulse
and oxygenation, and a qualified neonatal nurse or pediatrician was present with the in-
fant in the scanner room for the duration of the imaging session. At the time of scanning,
basic anthropometry was acquired including weight, occipito-frontal head circumference
and length. The Dubowitz neurobehavioral scale, a well-validated measure of neonatal

neuromotor and neurobehavioral status, was used to study early neurological and be-
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havioral state. This tool includes an optimality score allowing it to be used for quantitative
analysis of potential associations with neuroimaging findings. The score is based on the
distribution of the scores for each item in a population of low-risk term infants. The total
optimality score is the sum of the optimality scores of individual items. For this study,
specific item clusters were chosen as being of particular interest in this population. As
defined by the Dubowitz scale authors, the “behavior” cluster includes items scoring irri-
tability, cry, consolability, alertness, visual and auditory orientation and eye movements.
The “abnormal signs” cluster has focus on posture, tremor and startle items. (20,21)
Infant developmental function was assessed using the Bayley Scales of Infant and Tod-
dler Development, Third Edition (BSID-III). (22) Either a pediatric physiotherapist or a
registered neonatal nurse administered this assessment independently, at the age of
6 months. Administrators had background experience in pediatric clinical and research
environments and were blinded to the exposure status of the infants. Assessors were
trained and piloting took place prior to formal data collection to ensure fidelity to specific
instructions for test administration and data scoring. A pediatric neurologist (KD) per-
formed regular site visits to ensure compliance with test administration, and completed

protocols were checked systematically to ensure scoring accuracy.

The BSID Il assesses infant development across five scales - cognitive, language, mo-
tor, socio-emotional and adaptive behavior. (22,23) The language scale is further subdi-
vided into receptive and expressive communication subtests; the motor scale into gross
and fine motor subtests; and the adaptive behavior scale into ten subtests, seven of
which are applicable to infants younger than one year — communication, health and
safety, leisure, self-care, self-direction, social and motor. The cognitive, language and
motor assessments are conducted using items administered directly to the infant, while
the socio-emotional and adaptive behavior domains are assessed via a questionnaire
completed by the primary caregiver. This tool has been used widely across low and mid-
dle income country settings such as South Africa, (24) and is considered a gold-standard

measure of developmental milestones in infants and toddlers.

Ethical approval for human subjects research was obtained from the Research Ethics

Committee of the Faculty of Health Sciences of University of Cape Town (HREC UCT
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REF 401/2009) for the Drakenstein Child Health Study. This sub-study protocol was in-
dependently reviewed and approved by the same institutional ethics committee (HREC
UCT REF 525/2012). Informed consent was signed by the mothers on behalf of herself

and her infant for participation in this study.

Image acquisition

Magnetic resonance imaging (MRI) was acquired at the Cape Universities Brain Im-
aging Centre (CUBIC), Tygerberg, Cape Town. Images were acquired on a Siemens
Magnetom 3T Allegra MRI system with a one-channel RF transmit/receive head coil. To
overcome limitations with scanning smaller volumes of tissue, voltage was reduced to
optimize signal, and the head coil was loaded with a wet clay inlay (40 x 40 cm with a
thickness of 2 cm, standard sculpting clay commercially bought — white stoneware clay
with grog). A 3D T2 image was acquired on the 3T Siemens Allegra in the sagittal direc-
tion with the following parameters: FOV = 160 x 160mm, TR = 3500ms, TE = 354ms, 128

slices, in-plane resolution = 1.3mm x 1.3mm and a slice thickness of 1.0mm.

Image processing

Images were brain extracted with FSL 5.0 brain extraction tool (BET) (25) and exported

to SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8) for further processing. Within SPM8,

the T2 images were co-registered to a custom infant T2 template in MNI standard space
created by a group at the University of North Carolina (UNC). (26) After co-registration,
images were inspected for proper alignment before nonlinear registration to the same
infant template. After non-linear registration, images that displayed excessive warping
or other problems with registration were discarded (28 alcohol-exposed and 45 control
infants were included for the final analysis). T2 images were then segmented into gray
and white matter maps by utilizing infant priors designed by UNC. (26) To preserve the
regional volumetric information, the T2 images were modulated during the transforma-

tion to the gray matter priors.

Volumetric information was extracted from the gray matter segmented images for 90 an-
atomical regions as defined by the automated anatomical labeling (AAL) atlas. (27) The

volumes were then exported to SPSS 22.0 for further statistical analysis.
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Statistical analysis

Group effects and age-by-group interaction effects were investigated for gray matter
volumes of the 45 AAL regions of interest per hemisphere in SPSS 22.0 by utilizing a
general linear model that included total gray matter volume, age, gender and maternal
smoking status as covariates of no interest. Bonferroni correction was considered overly
conservative, particularly in view of the available literature documenting volume changes
predominantly in frontal, temporal and parietal regions in older children and our a priori
hypotheses. Hence, a two-tailed p-value of .05 was used at the threshold of statistical
significance. To investigate associations of gray matter volume with behavior, partial cor-
relational analyses were performed between the neonate gray matter volumes and BSID

[l scores acquired from the same infants at 6 months of age.

Results

The final sample for analysis included 28 alcohol-exposed and 45 healthy control infants
(Table 1). There was no significant difference in length of neonates, gestation, age, gen-
der or weight of the infants between groups. However alcohol-exposed infants showed
a significantly smaller head circumference compared to controls. In addition maternal
smoking status was significantly different between the groups, where the ratio of smok-
ers to non-smokers was higher in the alcohol-exposed group compared to the control
group. For the Dubowitz scores, no significant differences were apparent between the
two groups. Distribution of alcohol exposure by trimester in terms of frequency and inten-
sity is presented in Table 2 and highlights that, though the majority of the infants in this
study were exposed to alcohol in the 1% trimester of pregnancy, a significant proportion

were also exposed during the later trimesters.
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Table 1: Demographic, anthropometric and Dubowitz data of infants

Alcohol-exposed | Controls (n=45) | Statistics
(n=28)
Gestation (weeks, SD) 38.75 (1.78) 38.80 (1.83) t=0.12, p=0.91
Maternal smoking (yes/no) 12/16 8/37 X2=5.46, p=0.02*
Age (days, SD) 20.54(5.98) 22.24(6.11) t=1.18, p=0.24
Gender (male/female) 11/17 28/17 ¥x2=3.65, p=0.06
Weight (kg, SD) 3.80(0.68) 4.09(0.66) t=1.76, p=0.08
Head circumference (cm, SD) | 35.55(1.37) 36.71(1.62) t=3.25, p=0.002*
Length (cm, SD) 51.27(5.03) 50.92(3.97) t=-0.31, p=0.76
Dubowitz optimality scores
(mean,(SD))
Tone (/10) 7.93(2.11) 8.44(1.37) t=1.25, p=0.22
3 Reflex (/6) 4.69(0.56) 4.77(0.56) t=0.60, p=0.55
Spontaneous movement (/2) 1.93(0.30) 1.95(0.18) t=0.42, p=0.68
Behavior (/7) 4.54(1.32) 4.22(1.26) t=-1.02, p=0.31
Abnormal signs (/3) 2.86(0.36) 2.60(0.93) t=-1.37, p=0.18

*p<0.05

Table 2: Frequency and quantity of maternal

alcohol use by trimester

Trimester 1 Trimester 2 Trimester 3

Alcohol usage (n, %) 22, 78.6% 11, 39.3% 7, 25%
Once per week or less 15 6 3
2 to 3 times per week 7 5 4
Number of drinks per
occasion

<2 2 0 0

2to 3 20 11 7

Volumetric analyses controlled for age, gender, maternal smoking status and total gray

matter volume. There was no significant interaction of age and group for any region. Sig-

nificantly lower gray matter volume was demonstrated for the prenatal alcohol-exposed

cohort compared to healthy control infants (p < 0.001). Prior to correction for total gray

matter volume all regions (with the exception of the limbic subcortical regions) were sig-

nificantly different between infants with prenatal alcohol exposure and unexposed con-

trol infants with p values ranging from p=0.05 to p=0.001. Regions that displayed lower

volume (after correction for overall gray matter volume) were the right posterior cingulate

and inferior temporal gyrus (Table 3, Figure 1)
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Table 3: Regions with significant differences in gray matter volumes between

healthy and alcohol-exposed infants

AAL region

temporal gyrus

Hemisphere Mean gray matter volume (mm3) F-value |p-value
Controls (SD) | Alcohol-exposed
(SD)
Controls > Alcohol-exposed
Posterior Right 423.9 (93.9) 394.7 (98.0) 5.657 0.020
cingulate gyrus
Inferior Right 3557.1(903.4) | 3332.5(972.2) 7.231 0.009

AAL - Automated anatomic labeling. Analyses were controlled for age, gender, maternal smoking status
and total gray matter volume at p < 0.05. There was no significant interaction of age and group within these

regions

Figure 1 Mean volume images showing regions of decreased gray matter volume
in alcohol-exposed infants compared to healthy controls.

Areas showing decreases in posterior cingulate cortex volume are presented in green and inferior temporal
gyrus volume are presented in red (p < 0.05). Results are presented in the form of bar graphs where mean
volume is shown in mm3 , as well as superimposed onto a representative infant atlas image in mid-saggital,
coronal and axial slices (from left to right).
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The significant associations between the early neurobehavioral outcomes and specific

brain regions are presented in Table 4 and between the BSID Ill at 6 months and specific

brain regions in Table 5. Regions with which there were widespread associations includ-

ed areas in the frontal and parietal lobe.

Table 4: 7 Significant associations between BSID lll scores and gray matter vol-
umes in alcohol-exposed infants (n = 19)

‘ Hemisphere

AAL region ‘ R-value p-value
CS General Adaptive Behavior
Medial orbitofrontal gyrus Right 0.763 0.004
Middle frontal gyrus Right 0.627 0.029
CS Socio-Emotional
Inferior frontal gyrus Left -0.625 0.030
Precentral gyrus Right -0.643 0.024
Amygdala Left 0.651 0.022
Superior parietal gyrus Left -0.650 0.022
CS Motor
Inferior frontal gyrus Left -0.627 0.029
Middle occipital gyrus Left -0.617 0.033
Inferior occipital gyrus Right -0.631 0.028
Superior orbitofrontal gyrus Right 0.607 0.036
Precuneus Right 0.798 0.002
CS Language
Inferior parietal lobule Left 0.711 0.010
Right 0.674 0.016
Supramarginal gyrus Left 0.676 0.016
CS Cognitive
Superior frontal (dorsal) gyrus | Left -0.616 0.033
Superior occipital gyrus Right -0.623 0.030
Angular gyrus Right 0.639 0.025
Rolandic operculum Left 0.753 0.005

Results shown at p < 0.05. The model included total gray matter volume, maternal smoking status, age and
gender as covariates of no interest. AAL - Automated anatomic labeling. CS — Composite score, AB — Adap-

tive Behavior

Table 5: Significant associations between Dubowitz optimality scores and gray
matter volume in alcohol-exposed neonates (n=27)

gyrus

AAL region Hemisphere R-value P-value
Dubowitz abnormal signs

Calcarine cortex Right 0.538 0.008
Dubowitz behavior

Inferior orbitofrontal Right -0.463 0.026

102




Medial orbitofrontal gyrus | Right -0.492 0.017
Rectus gyrus Right -0.460 0.027
Dubowitz spontaneous
movement
Rolandic operculum Left 0.718 <0.001
Right 0.803 <0.001
Olfactory gyrus Left -0.461 0.027
Medial orbitofrontal gyrus | Left -0.511 0.013
Insula Left 0.544 0.007
Right 0.674 <0.001
Anterior cingulate gyrus | Right 0.602 0.002
Posterior cingulate gyrus | Right -0.427 0.042
Parahippocampal gyrus Left -0.527 0.010
Amygdala Left -0.448 0.032
Calcarine gyrus Left -0.550 0.007
Right -0.472 0.023
Cuneus Left 0.520 0.011
Lingual gyrus Left -0.518 0.011
Right -0.441 0.035
Superior occipital gyrus Left 0.471 0.023
Middle occipital gyrus Right 0.572 0.004
Inferior occipital gyrus Left -0.555 0.006
Supramarginal gyrus Left 0.451 0.031
Caudate Right -0.511 0.013
Pallidum Left -0.435 0.038
Thalamus Left -0.553 0.006
Right -0.431 0.040
Heschl gyrus Right 0.509 0.013
Superior temporal gyrus | Left 0.590 0.003
Right 0.658 0.001
Middle temporal pole Right -0.523 0.011
Dubowitz reflex
Precuneus Left 0.480 0.021
Dubowitz tone
Supramarginal gyrus Left 0.437 0.037

Results shown at p < 0.05. The model included total gray matter volume, maternal smoking status, age and
gender as covariates of no interest. AAL - Automated anatomic labeling
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Discussion

To our knowledge this is the first report of the effect of prenatal alcohol exposure on the
volume of brain regions in the first weeks of life. Neonates in this study were found to
have reduced volumes in the right posterior cingulate cortex and right inferior temporal
gyrus corrected for overall brain volume. These findings persisted even when correcting
for infant age, gender and maternal smoking status. We also report correlations between
early infant neurobehavior and 6-month developmental outcomes and smaller gray mat-

ter volumes in the neonatal period.

In this analysis in addition to controlling for key factors such as age, sex and maternal
smoking, we additionally controlled for overall gray matter volume. The rationale for this
was for us to be able to highlight the areas that are proportionally the most affected in our
cohort with prenatal alcohol exposure compared to unexposed controls. Nevertheless,
absolute smaller volume of individual regions and structures may still be important for

these children in functional terms and should still be viewed as important.

The finding of decreased posterior cingulate cortex is consistent with previous literature
on FASD in older children. This region is situated in the medial aspect of the inferior pa-
rietal lobe. (28) It is a region, which is highly connected with many brain networks. Adult
imaging studies suggest a role for the posterior cingulate cortex for processing pain as
well as episodic memory retrieval. (29) Of particular interest in the context of prenatal
alcohol exposure is the role of the posterior cingulate cortex as a key node in the default
mode network. Dysfunctional activation of the default mode network has been docu-
mented to result in deficits in cognitive function, visual attention and executive motor
control. (28) These domains are all highly implicated in prior literature documenting the
multidimensional cognitive effects of prenatal alcohol exposure in older children. (30,31)
Further and most importantly, Lebel and colleagues (5) have implicated this region as
being affected in their longitudinal study of prenatal alcohol exposure in the brains of

school-age children over time.

The inferior temporal gyrus is situated in the anterior aspect of the temporal lobe. This
region of the brain is reported to play a central role in visual object recognition (faces,

patterns and objects) as well as in more general involvement in visual perception and
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spatial processing and receives processed visual information from the occipital visual
cortex. (32,33) The neuroimaging literature on the structural effects of prenatal alcohol
exposure has repeatedly implicated the temporal lobe and in particular the right side in
children with a diagnosis of alcohol related neurocognitive disorder (no facial features)
(34) and those more generally on the FASD spectrum. (5) The consistency with which
this area has been reported in this group implicates it as particularly susceptible to pre-

natal alcohol exposure.

Adverse neonatal neurobehavioral measures shortly after birth as well as multiple do-
mains in both developmental and adaptive behavioral outcomes at 6 months of age on
the BSID Ill were associated with decreased volumes in particularly parietal and fron-
tal regions in the prenatal alcohol exposed infants. Associations between gray matter
volumes, and motor, language and cognitive outcomes, indicate the global nature of
the effects of prenatal alcohol exposure on the developing brain. This effect of prenatal
alcohol exposure on multiple developmental domains in early life is consistent with a
meta-analysis of nine studies of infants with any reported prenatal alcohol exposure. (35)
The authors reported significantly lower mental development index at 12—13 months of
age on the BSID for the exposed group. To our knowledge ours is the first report of struc-

tural abnormalities associated with developmental deficits at this early age.

Our study has a number of limitations. First, our findings were based on a relatively small
sample size. Although the sample is adequately powered for the primary outcome anal-
ysis, secondary analyses with breakdown of prenatal alcohol exposure severity and tim-
ing with respect to gray matter volume outcomes was not possible. Second, although our
study employed a cross-sectional design where infants were matched for age, gender,
and maternal smoking during pregnancy, longitudinal study data on this group is going
to be key in establishing the trajectory of developing brains exposed to alcohol during

prenatal life and relationship with facial characteristics of FASD.

Despite these limitations, this is a very well characterized group of infants recruited as
part of a population-based prospective study design, and the selection of the infant age-

group is an additional strength. For this study, two to four week old infants were chosen
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for imaging because cerebral changes are particularly intense during the last weeks of
gestation and the first postnatal months; neuroanatomical abnormalities may be present
and identified at this early age that may lead to motor and cognitive dysfunction in the
later years. Secondly, imaging during the early postnatal period may more accurately
reflect the effects of prenatal alcohol exposure on brain structure before postnatal risk

factors known to be highly prevalent in our cohort can compromize brain development.

In summary, this paper addresses a critical gap in the literature. Given progressive as
well as regressive developmental processes of gray and white matter, including myelin-
ation, synaptogenesis, pruning and synaptic modification, (36) it is important to under-
stand the early impact of prenatal exposure. The findings here are consistent with work
in older children, and correlation with neurodevelopmental measures suggests clinical
relevance. Here we have shown that the effects of prenatal alcohol exposure manifest
in structural brain changes very early in life and that changes in brain structure in the

neonatal period correlate with poorer neurodevelopmental outcomes at 6 months of age.

Following this description of the structural effects of prenatal alcohol exposure on the
neonatal brain, in the next chapter | now move on to discuss the effects at a microstruc-

tural level as measured by diffusion tensor imaging.
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Abstract

Background

Neuroimaging studies have indicated that prenatal alcohol exposure is associated with
alterations in the structure of specific brain regions in children. However, the temporal
and regional specificity of such changes and their behavioral consequences are less
known. Here we explore the integrity of regional white matter microstructure in infants

with in utero exposure to alcohol, shortly after birth.

Methods

Twenty-eight alcohol-exposed and 28 healthy unexposed infants were imaged using
diffusion tensor imaging sequences to evaluate white matter integrity using validated
tract-based spatial statistics analysis methods. Secondly, diffusion values were extracted
for group comparisons by regions of interest. Differences in fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD) were compared
between groups and associations with measures from the Dubowitz neonatal neurobe-

havioral assessment were examined.

Results

Lower AD values (p < 0.05) were observed in alcohol exposed infants in the right superi-
or longitudinal fasciculus compared to non-exposed infants. Altered FA and MD values in
alcohol-exposed neonates in the right inferior cerebellar peduncle were associated with

abnormal neonatal neurobehavior.

Conclusion

These exploratory data suggest that prenatal alcohol exposure is associated with re-
duced white matter microstructural integrity even early in the neonatal period. The as-
sociation with clinical measures reinforces the likely clinical significance of this finding.
The location of the findings is remarkably consistent with previously reported studies of
white matter structural deficits in older children with a diagnosis of fetal alcohol spectrum

disorder.
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Introduction

The current literature most commonly uses the term Fetal Alcohol Spectrum Disorders
(FASD) to incorporate a range of conditions relating to maternal alcohol abuse, including
a defined range of effects of prenatal alcohol exposure in individuals not meeting full cri-
teria for fetal alcohol syndrome (FAS). (1-3) Central nervous system (CNS) development
and maturation require a carefully patterned sequence of events. These developmental
processes are more complex and extend over a longer period than those of any other
organ system. Thus, the CNS is particularly vulnerable to prenatal environmental influ-
ences. (4,5) Animal work and human imaging studies have demonstrated that in utero
exposure to alcohol alters brain morphology and neurocircuitry across multiple brain

regions. (6,7)

White matter microstructure can be measured in vivo with diffusion tensor imaging (DTI)
and can estimate the overall directional diffusion of water molecules along fiber path-
ways. (8,9) Analysis of this data allows the degree of microstructural integrity and or-
ganization of areas within the brain tissue to be determined. Traditional scalar metrics
derived from DTI data include fractional anisotropy (FA), which quantifies the overall
directionality of diffusion, and may represent variations in axon integrity and/or packing
density. In contrast, mean diffusivity (MD), which provides a measure of average diffu-
sivity, may reflect myelin degradation, decreased cellular density or increased extra- or
intracellular volumes. High FA and low MD values are typically associated with healthier
neural microstructure and improved behavioral function, whereas low FA and high MD
values may indicate white matter pathology. (10,11) Radial diffusivity (RD) specifically
reflects perpendicular diffusion towards membranes; RD is higher when myelination is
reduced or there is myelin damage. Axial diffusivity (AD) specifically measures diffusion
along axons. This is believed to be increased when neurofilaments are damaged (12) or
decreased when axonal damage is present. (13,14) However, it is also relevant to note
that during brain maturation in healthy children and adolescents, axonal pruning and

other biological processes may also lead to reduced FA. (15,16)

A recent review of DTI studies in older children and young adults exposed to alcohol

prenatally reported white matter microstructural abnormalities (lower FA) in the corpus
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callosum, anterior-posterior fiber bundles and the cerebellum. (7,17-19,19-22) These ab-
normalities have also been reported in frontal (23,24) and temporal lobe regions, (24,25)
and within subcortical structures (globus pallidus, thalamus and putamen). (24,26) Rel-
atively few studies have addressed associations between white matter microstructural
abnormalities and specific measures of cognitive and behavioral function. (25,27,27) Al-
though negative findings have been reported for several functional domains, Sowell and
colleagues (2008) showed associations between reduced performance on a measure
of visuomotor integration and reduced FA in the splenium of the corpus callosum and
parietal white matter. (25) Lebel et al reported significant associations between reduced
FA in the left parietal lobe, cerebellum and brainstem with mathematical ability in 5-13
year old children. (17) Correlations between white matter microstructural integrity and
eye-blink conditioning have been reported by Fan et al. (28) and oculomotor control by
Green et al, (29) in a group of school age children with prenatal alcohol exposure. These
results suggest the clinical significance of the DTI findings in these brain regions, at least
in children of school-going age. To date, very little data exists regarding the impact of
prenatal alcohol exposure in early infancy before higher-level brain networks have be-
come established or the confounding post-natal environmental influences to which chil-
dren from these backgrounds are exposed have come into play. Taylor and colleagues
have reported altered axial diffusivity (AD) in 11 alcohol exposed neonates in six major
network areas, including the association networks (superior longitudinal fasciculus, infe-
rior longitudinal fasciculus and uncinate fasciculus). (30) Beyond this recent report, there
remains few other data on white matter microstructure at this early period or an associa-

tion with functional measures such as early neurobehavior.

To address gaps in the current literature concerning the presence, timing and regional
specificity of altered white matter structural integrity in association with prenatal alcohol
exposure, we conducted this study in South Africa, where estimates of prevalence for
FAS are extremely high in certain communities. That is, globally quoted prevalence is
between 2-7 per 1000 for FAS and between 20-50 per 1000 for FASD. (31) In contrast,
though no national data are available, in South Africa prevalence has been reported to
be as high as 63/1000 for FAS and 155/1000 for FASD in a periurban Western Cape

community. (32) Using a cohort from this community, the current study thus investigated
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whether the impact of prenatal alcohol exposure on early white matter microstructural
integrity may be discernible in neonates and whether associations with neurobehavioral
and physical measures of neonatal neurological health such as head circumference are
present. Based on the literature in children and adolescents with FASD, we predicted
that disruptions in white matter integrity would occur in association pathways connecting

frontal and temporal regions and in the cerebellum. (33)

Methods

Study design, population and procedures

The current investigation is a nested sub-study that included infants enrolled in a larger
population-based birth cohort study, the Drakenstein Child Health Study (DCHS) de-
scribed in chapter 3. In this nested sub-study, 116 infants were assessed; 54 infants
with significant alcohol exposure and 62 infants with no significant history or biological

evidence of substance abuse.

Mothers were recruited at 20-28 weeks gestation, written informed consent obtained, and back-
ground data collected for the umbrella study as described by Stein and colleagues. (34) For the
group with alcohol exposure, mothers were screened based on a minimum score of 11 (indi-
cating that a participant is at moderate to high risk of experiencing severe problems as a
result of their current pattern of use) on the alcohol questions on the ASSIST question-
naire — a widely validated World Health Organization (WHO) scale to assess comorbid
substance use. (35,36) In addition to this initial screen, mothers were required to give
a positive history of alcohol use in any of the 3 trimesters of pregnancy at levels con-
sistent with WHO moderate-severe alcohol use (either drinking 2 or more times a week
or 2 or more drinks per occasion), Table 2. After birth, infants from mothers identified
through this approach were included for study unless the mothers also had a positive
urine screen for other drugs of abuse (any group), (37) the infants were premature (<36
weeks) or had low apgar scores (<7 at 5 minutes) and/or history of neonatal ICU ad-
mission for hypoxic ischemic encephalopathy or other significant neonatal complication
(such as neonatal jaundice requiring phototherapy). Infants were also excluded if they

had an identified genetic syndrome or congenital abnormalities.
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Two to four week old infants underwent brain imaging, wrapped and fed, in quiet natural
(unsedated) sleep. Earplugs and mini-muffs were used for double ear protection; a pulse
oximeter was used to monitor pulse and oxygenation, and a qualified neonatal nurse or
pediatrician was present with the infant in the scanner room for the duration of the imag-
ing session. At the time of scanning, basic anthropometry was acquired including weight,
occipito-frontal head circumference and length. The Dubowitz neurobehavioral scale, a
well-validated measure of neonatal neuromotor and neurobehavioral status, was used
to study early neurological and behavioral state. This tool includes an optimality score
allowing it to be used for quantitative analysis of potential associations with neuroim-
aging findings. The score is based on the distribution of the scores for each item in a
population of low-risk term infants. The total optimality score is the sum of the optimality
scores of individual items. However, for this study, specific item clusters were chosen as
being of particular interest in this population. As defined by the Dubowitz scale authors,
the “behavior” cluster includes items scoring irritability, cry, consolability, alertness, visual
and auditory orientation and eye movements. The “abnormal signs” cluster has focus on

posture, tremor and startle items. (38,39)

Ethical approval for human subjects research was obtained from the Research Ethics
Committee of the Faculty of Health Sciences of University of Cape Town (HREC UCT
REF 401/2009) for the Drakenstein Child Health Study. This sub-study protocol was in-
dependently reviewed and approved by the same institutional ethics committee (HREC

UCT REF 525/2012).

DTl acquisition

Diffusion weighted images were acquired on a Siemens Magnetom 3T Allegra MRI sys-
tem with a RF transmit/receive head coil using a spin-echo, echo-planar sequence and
including 45 non-collinear directions. To overcome limitations with scanning smaller vol-
umes of tissue, voltage was reduced to optimize signal, and the head coil was loaded
with a wet clay inlay (40 x 40 cm with a thickness of 2 cm, standard sculpting clay
commercially bought — white stoneware clay with grog). Images were obtained in the
transverse plane with both anterior-posterior and posterior-anterior phase encoding to

control for anatomic distortions and increase signal-to-noise. Parameters were as fol-
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lows: repetition time (TR) 7900ms; echo time (TE) 90ms; slice thickness 1.6mm; field of
view (FOV) 160mm; voxel size 1.3x1.3x1.6mm?; b-values 0 and 1000s/mm?. Scan time
per phase encoding acquisition was 6:27 minutes with a total time of 12:54 minutes for

both acquisitions.

Data processing

Data were analyzed using a whole-brain approach followed by selected regions of in-
terest. Firstly, the FMRIB’s Diffusion Toolbox and Tract-Based Spatial Statistics (TBSS)
processing streams (FSL v5.0) (40) were used to investigate diffusion of the whole brain,
selecting a representative anatomical template from the sample as is described below.
Secondly, diffusion values were extracted after preprocessing with FSL and data ex-
ported to Statistica 12 (Statsoft Inc.) for group comparisons by regions of interest that
include white matter tracts that connect temporal and cerebellar regions with cortical
areas. Analyses were controlled for gender and age, due to the rapidly evolving white

matter maturation that occurs early in infant life. (16,41)

Preprocessing using FSL

Acquiring images in such small infants poses technical and logistical challenges. To en-
sure good quality data, strict criteria (images with at least 12 acquisition volumes without
artifact) were deemed as the cut-off for inclusion for data pre-processing and statistical
analyses. The Diffusion Toolbox was applied following manual quality control of data
from each subject. Each subject’s diffusion weighted image was registered to the corre-
sponding b=0 image to correct for motion and eddy current distortion. Three b0 images
were acquired. The susceptibility-induced off-resonance field was estimated for the pair
of images using the FSL top-up tool after which the two images were combined into a
single corrected image. (42) Images were then brain-extracted with the Brain Extraction
Tool and diffusion tensors were calculated at each voxel with a weighted least squares fit
of the tensor model to the diffusion data. FA, MD, AD and RD images were subsequently

attained for each subject.

Whole-brain tract-based spatial statistics

The standard TBSS pipeline was applied. (40) However, the FMRIB adult FA template
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is not appropriate for neonatal DTI analysis. Standard practice in FSL allows the user to
identify an anatomical target after preprocessing that included stringent eddy correction
and outlier rejection. Thus, every subject was registered to a representative target that
was pre-selected from the control cohort. Each subject was registered to every other
subject to find the most representative target, that is, the target with the lowest mean

warp coefficient.

Individual FA images were aligned into the target image space and upsampled to 1x1x-
1mm? voxel size taking into account previous estimated transformations. An average FA
map was created and thinned to generate a mean FA skeleton. This skeleton represents
the centre of all white matter tracts common to the study group. The skeleton was thresh-
olded at an FA value of 0.2. As this study was explorative, we opted for a more stringent
threshold compared to that of some previous infant studies that used a threshold of 0.15.

FA and MD data were projected onto this skeleton prior to statistical analysis.

Variations in DTl metrics were examined voxelwise using FSL's Randomise tool. Spe-
cifically, t-tests and correlational analyses (5000 permutations per test) were used to
investigate group differences. Analyses were corrected for multiple comparisons using

threshold-free cluster enhancement (TFCE).

Analysis by regions of interest

Group main effects were investigated using extracted diffusion data by region of interest
after FSL preprocessing. Individual brains were registered to the standard FMRIB58_FA
template using affine registration. Mean diffusion values were then extracted by subject
for regions of interest using the Johns Hopkins University white-matter atlas. (43) Re-
gions of interest were major white matter tracts that connect temporal and cerebellar
regions to the cortex. These included association fibers (superior longitudinal fasciculus,
superior fronto-ocipital fasciculus and uncinate fasciculus), tracts of the brain stem and
cerebellum (cerebellar peduncles, corticospinal tract and cerebral peduncle), projection
fibers (posterior thalamic radiation, fornix and cingulum) and commissural fibers (corpus
callosum). Separate general linear models were used with infant age (in days) and gen-

der as covariates. Results were Bonferroni corrected. Partial correlational analysis was
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used to investigate associations between diffusion parameters and behavior, controlled
for age and gender. Raw scores on the Dubowitz behavior and abnormal signs sub-
scales, were converted to optimality scores as described by Dubowitz et al (1998) (39)

for comparison. Tests were two-tailed and considered significant at p<0.05.

Results

From the cohort of infants enrolled in the study, 13 scans from the initial alcohol-ex-
posed group (n=54) and seven scans from the control group (n=62) were excluded due
to movement or other artifacts and DTI imaging data were not acquired (infants awoke
during the sequence so it could not be completed) for an additional 13 alcohol-exposed
infants and 27 controls. Thus the final sample for the present analysis included 28 alco-
hol exposed infants and 28 healthy infants (Table 1). There were no significant differenc-
es in the mean values for gestational age, postnatal age at scanning, weight, length and
head circumference for alcohol-exposed infants compared to controls. Although mater-
nal smoking in pregnancy was prevalent in this cohort, there was no difference in this ex-
posure between alcohol exposed and control infants. There was a significant difference
between the scores on the behavior subscale of the Dubowitz for the infants exposed to

alcohol prenatally compared to control infants [t=2.13, p=0.04].
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Table 1: Demographic, anthropometric and Dubowitz data of infants

Alcohol-exposed | Controls Statistics
(n=28)
(n=28)
Gestation (weeks, SD) 38.36(1.81) 38.50(1.80) =-0.30, p=0.77
Maternal smoking (yes/no) 13/15 19/9 -x2=2.63,p=0.11
Age (days, SD) 20.71(5.29) 19.96(4.92) t=0.55, p=0.58
Sex (male/female) 13/15 19/9 X2=2.63, p=0.11
Weight (kg, SD) 3.69(0.56) 3.99(0.71) t=-1.77, p=0.08
Head circumference (cm, SD) | 35.63(1.28) 36.18(1.75) t=-1.34, p=0.18
Length (cm, SD) 49.81(3.40) 50.56(4.59) t=-0.69, p=0.49
Dubowitz optimality scores
(mean,(SD))
Tone (/10) 8.09(1.83) 8.32(1.35) t=0.54, p=0.59
Reflex (/6) 4.83(0.46) 4.79(0.37) t=0.42, p=0.67
Spontaneous movement (/2) | 1.98(0.09) 2.00(0.00) t=1.00, p=0.32
Behavior (/7) 4.39(1.13) 3.74(1.14) t=2.13, p=0.04*
Abnormal signs (/3) 2.79(0.42) 2.61(0.92) t=0.94, p=0.35

*p<0.05

Alcohol exposure was clustered to the first trimester, with 86% of mothers reporting al-

cohol use in this trimester. However, a third of mothers in the exposed group reported

continued drinking through the second and third trimesters and those who continued to

drink throughout demonstrated a pattern of heavier alcohol use (Table 2).

Table 2: Alcohol use of mothers by trimester

Trimester 1 Trimester 2 Trimester 3

Alcohol usage (n,%) 24(86) 12(43) 9(32)

Once per week or less 18 7 3

2 to 3 times per week 5 5 6

4 to 5 times per week 1 0 0

Daily 0 0
Number of drinks per occasion

<2 2 1 0

2to 3 6 3 1

4 or more 16 8 8
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Whole-brain group comparison of diffusion parameters

There were no significant group differences in any diffusion parameter. Head circumfer-
ence was significantly positively correlated with FA, and significantly negatively correlat-

ed with MD, AD and RD across groups essentially in all white matter tracts.

Using general linear models by region of interest, there was evidence for a significant
difference in diffusion by group in major white matter fibers that interconnect temporal,
frontal and parietal regions. There was significantly lower AD in the right superior longitu-
dinal fasciculus of alcohol-exposed infants compared to controls [F(3,52)=3.46, p=0.023]
after correction for age and gender (Table 3, Figure 1). Behavioral measures Scores
on the behavioral subscale were positively correlated with FA (r=0.42, p=0.033) and
negatively correlated with MD (r= -46, p=0.018) in the right inferior cerebellar peduncle

of alcohol-exposed infants.
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Figure 1. Association tracts superimposed on a 3D brain template.

Yellow (SLF): superior longitudinal fasciculus, green (ILF) inferior longitudinal fasciculus, blue (UNC): unci-
nate fasciculus. Axial diffusivity was significantly lower in the right superior longitudinal fasciculus of alco-
hol-exposed infants compared to controls.

Discussion

Here, we report the effects of prenatal alcohol exposure on the white matter integrity of
exposed infants as compared to a well-matched unexposed control group. Prenatal alco-
hol exposed infants were found to have lower AD in the superior longitudinal fasciculus
compared to controls. Lower FA and higher MD in the inferior cerebellar peduncle were
both correlated significantly with neonatal neurobehavioral scores in infants with prenatal

alcohol exposure.

White matter microstructural abnormalities have been described in the anterior-posterior
association pathways in prenatal alcohol exposed children, (33) specifically in the su-

perior longitudinal fasciculus (22) and more recently even in the neonatal age group in
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these areas. (30) Our findings in a larger, independent group of infants exposed to alcohol
during prenatal life, replicating the report of reduced AD in the superior longitudinal fascic-
ulus, reinforces the significance of these findings. The superior longitudinal fasciculus is
one of the major fiber bundles linking frontal, temporal and parietal association cortices.
Functions of these networks are believed to include associative tasks, higher level motor
tasks, visual perception and attention. While these are not functions that can be teased
out in the neonatal age group, they are functional areas which have been identified as be-
ing affected in children with prenatal alcohol exposure. (44,45) Following up these infants
with developmental and behavioral assessments as they mature may help further define

the functional significance of the abnormal white matter microstructure in these tracts.

Cerebellar structure has been found to be affected by prenatal alcohol exposure in chil-
dren even taking into account differences in overall brain volumes. (7,46) In addition,
O’Hare and colleagues demonstrated impaired verbal learning as a cognitive correlate
of abnormal cerebellar vermis morphology. (47) Further, Fan et al., (28) have reported
lower FA and higher MD associated with eye-blink conditioning and Green et al, (29)
a correlation of FA with oculomotor control in a group of school age children with pre-
natal alcohol exposure. In our alcohol exposed infants, the presence of an association
between infant neurobehavior scores with bilateral reduced FA and higher MD in the
cerebellar peduncles, which link the cerebellum to the important cerebral motor and lan-
guage networks, reinforces the role of these pathways in the primary effects of alcohol

exposure on early brain development.

There was a significant association between reduced FA and smaller head size in these
infants across both groups. This was a robust and widespread finding across multiple
white matter areas and suggests that infants who have poorer overall brain growth in
the antenatal and immediate post-natal period demonstrate poorer white matter organi-
zation. Although there was a reduced mean occipito-frontal circumference in the alco-
hol-exposed group compared to the unexposed controls, this finding did not reach sta-
tistical significance. This is not entirely surprising as the infants in the alcohol-exposed
group have not been categorized by anything other than their exposure status and many

of them may represent milder forms of the FASD spectrum. Follow up of this group of
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prenatal alcohol-exposed children will be critical. Clinical outcomes may well vary in later
childhood where other factors such as social, nutritional and other environmental factors

may have impact.

The rate of brain development and in particular the rapidly maturing white matter tracts in
the first weeks and months of life, as well as the paucity of imaging literature in this age
group mean that the dynamics of exactly how DTI metrics relate to tissue microstructural
integrity and organization is still incompletely understood. What is known is that the rate
of white matter maturation is most rapid in the first 3 months of life (as compared to any
other period) and that deep white matter structures (such as those we have reported
here), already achieve approximately one half of the mean adult FA at this age. How-
ever, peripheral white matter remains barely discernible at the thresholds of detection.
(8,48) In this context one has to assume that abnormal results especially in the large

midline tracts should be considered as potentially relevant.

Limitations of the current study relate to the reduction of sample size due to movement
artefact, this also led to an unbalanced ratio of female to male infant data used in the
current analyses. In addition, although information was collected on the timing and se-
verity of alcohol exposure, the number of infants for whom we acquired usable DTI data
was insufficient to make meaningful comparisons between these exposure categories
in order to help define particular windows of vulnerability to the effects of alcohol during
the prenatal period. It is important to note that analyses were conducted in infants before
any formal diagnosis could be made and thus effect sizes are expected to be smaller.
Further, given the strong influence of age on DTI parameters (reflecting the rapid chang-
es in myelination and maturation), although this was controlled for in the analysis, may
have masked group differences resulting from prenatal alcohol exposure. The paucity of
data in this age cohort it is an important knowledge gap and it remains highly relevant
to provide observations of differences in white matter integrity to inform future studies
and aid with the interpretation of the available data in older children. These data, repre-
senting congruent trends in an age-group which has not been previously described, is a

meaningful addition to the literature in this important area.
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In conclusion, the results reported here indicate that the neurobiological effects of pre-
natal alcohol exposure are observable in newborns, with reduced white matter integrity
in major midline white matter tracts. The location of the findings is consistent with pre-
viously reported studies of white matter tracts in older children with FASD. Future work
with larger cohorts may be able to identify specific windows of vulnerability to the effects
of alcohol on the developing brain. In addition, the presence of findings such as these in
such a young cohort presents the possibility of exploring the effectiveness of early ther-

apeutic approaches using non-invasive neuroimaging techniques.

Following chapter 4 and 5, which discuss structural and microstructural effects of alcohol
exposure in utero, the following chapter introduces data on a functional measure of brain

status as measured by *H-MRS findings in this group of neonates.
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Abstract

Background

In utero exposure to alcohol leads to a spectrum of fetal alcohol related disorders
(FASD). However, few studies used have used proton magnetic resonance spectroscopy
(*H-MRS) to understand how neurochemical disturbances relate to the pathophysiology
of FASD. Further, no studies to date have assessed brain metabolites in infants exposed
to alcohol in utero. We hypothesize that neonates exposed to alcohol in utero will show
decreased glutamatergic activity, pre-emptive of their clinical diagnosis or behavioral

phenotype.

Methods

Single voxel *H-MRS data, sampled in parietal white and gray matter, were acquired
from 36 neonates exposed to alcohol in utero, and 31 control unexposed neonates, in

their 2nd-4th week of life.

Results

Absolute glutamate with glutamine (GIx) concentrations of parietal white matter (PWM)
was decreased in male infants exposed to alcohol in utero (n=8), compared with male
controls (n=10; p=0.008). Absolute glutamate concentrations of PWM was decreased
in male infants exposed to alcohol in utero (n=8), compared with male controls (n=10;

p=0.02) and female infants exposed to alcohol in utero (n=9; p=0.02).

Conclusions

We found absolute concentrations of GIx and Glu were decreased in male neonates
exposed to alcohol in utero. We suggest that thyroid hormone activity may underlie the
decreased Glu in white matter of male neonates exposed to alcohol in utero, and further
study is required to elucidate the relationship between glutamate, thyroid hormone activ-

ity, and oligodendrocyte maturation.

Keywords

MRS, alcohol exposure, gray matter, oligodendrocytes, thyroid hormone activity
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Introduction

Proton magnetic resonance spectroscopy (*H-MRS) may be particularly useful insofar
as it can be used to infer information about cellular microstructure in vivo and to point
to abnormalities in neurotransmission and cellular metabolism in fetal alcohol spectrum
disorder (FASD). However, to date very few studies have investigated brain metabolite
concentrations in FASD using *H-MRS in children and adolescence, while there are no

studies in neonates exposed to alcohol in utero.

One study including 11 children with fetal alcohol syndrome (FAS) and four controls
found increased n-acetyl-aspartate (NAA), a marker of neuronal integrity, in the caudate
nucleus in FAS and reported associations between NAA and facial dysmorphometry
measures (11). In contrast, a second study in adolescents and young adults with FASD
(n=10 with FASD and n=10 controls) found decreased NAA in parietal and frontal cor-
tices, frontal white matter, and the corpus callosum, thalamus, and cerebellar dentate
nucleus (12). Athird *H-MRS study reported decreased choline, a marker of phospholipid
membrane turnover and myelination, in frontal/parietal white matter of preadolescent
children with FASD or partial FASD (n=20) compared to children without the FAS facial
phenotype or cognitive/behavioral dysfunction and controls (n=61) (13). A second study
reported a decreased choline in the left striatum in eight male children with FASD com-
pared to eight controls (14). Finally, a more recent study which assessed 37 children with
heavy alcohol exposure and 17 non- or minimally exposed controls, has shown several
'H-MRS relationships within the cerebellum and alcohol consumption; decreased NAA
was related to increased maternal use of alcohol around time of conception, decreased
choline was related to higher levels of alcohol consumption during pregnancy, and al-
cohol consumption around time of conception and during pregnancy were related to

increased glutamate with glutamine (GlIx) (15).

These studies demonstrate the utility of *H-MRS for targeting neurochemical abnormal-
ities associated with symptoms of FASD during childhood. However, differences in the
age range and clinical profiles of the developmental samples studied differences in the

anatomic locations of *H-MRS voxel placement and variations in imaging acquisition and
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analysis approaches have made it difficult to compare results across studies. Thus fur-

ther empirical investigation at different stages of development is required.

It is important to characterize the permanent effects or outcome of in utero exposure to
alcohol in children and adolescence, however is it feasible to intervene and improve the
clinical and behavioral outcome of these children at a younger age — as neonates. The
teratogenic effects of alcohol have not been fully elucidated; due to the complex cellular
influences it exerts (16). The severity of FASD has been associated with the ability of
the mother to metabolize alcohol, and the production of acetaldehyde — a highly toxic
metabolite (17). Alcohol has been shown to decrease DNA synthesis, inhibit growth fac-
tors and protein synthesis, and reduce available glucose — all of which are necessary
for healthy development (18). Studies in heonates exposed to alcohol in utero primarily
assess the severity of FASD, investigating clinical phenotype through dysmorphometry
and biomarkers obtained from meconium (19). As yet no studies have been able to sug-
gest strategies for intervention to improve the neurobiological effects of in utero alcohol

exposure.

Glutamate, the brain’s major excitatory neurotransmitter is required to signal process-
es of myelination; achieved by glutamate’s activation of a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), kainate and NMDA receptors on immature oligo-
dendrocytes (20). The expression of these glutamate receptors on oligodendrocytes is
achieved by the release of neuregulin and brain derived neurotrophic factor (BDNF) re-
quired for natural brain maturation (21), which is reportedly lacking in FASD (22). Oligo-
dendrocytes sheath axons to ensure fast and efficient communication between brain re-
gions, which is again lacking in children and adolescents with FASD (2,3,10). In healthy
neonates glutamate concentration increases exponentially in white matter, and gray mat-
ter, during the first three months of life, then tapers to a steady level in the second year
of life (23). Could this be a window of opportunity to develop an intervention, instead of

simply characterizing metabolite profiles in childhood and adolescence.

We hypothesize that neonates exposed to alcohol in utero will show decreased glutama-

tergic activity, pre-emptive of their clinical diagnosis or behavioral phenotype. To address
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these important gaps in the literature, the current investigation used single voxel *H-MRS
to compare metabolite concentrations in infants exposed to alcohol in utero (Table 2),
who have not yet been diagnosed with FASD, during their second to fourth week of life,
hypothesizing that neonates exposed to alcohol in utero would show decreased Glu

concentrations.

Materials and Methods

Participants and recruitment

We report data from 36 infants (19 female, 17 male) who were exposed to alcohol in
utero and 31 infants (10 female, 21 male) who were not exposed to alcohol in utero, i.e.
no history or biological evidence of substance abuse by the mother. Ethical approval for
this study was obtained from the Faculty of Health Sciences Research Ethics Committee
at the University of Cape Town (HREC REF 525/2012). The study was conducted in ac-

cordance with the Declaration of Helsinki .(24)

Infants and their mothers were recruited from a larger population-based birth cohort
study, the Drakenstein Child Health Study. The details of the broader study and recruit-

ment to this sub-study are described in chapter 3.

The infants were scanned in the second to fourth week after birth. On the day of scan-
ning physical attributes were recorded, including: length (cm), weight (kg), and head cir-
cumference (cm). The Dubowitz neurological exam, a validated measure of infant neu-
romotor and neurobehavioral status (28) was performed by a qualified neonatal nurse

(Table 1). Drug use history was also taken.

MRI scanning of infants and 'H-MRS data collection

All infants were scanned without anaesthesia during natural sleep after they had been
fed. During scanning, infants were wrapped in cotton swaddling with earplugs and mini-
muffs for ear protection. A pulse oximeter was used to monitor oxygen staurations and
heart rate, and a qualified neonate nurse or pediatrician was present with the infant in the
scanner room for the duration of the imaging session. Imaging data were acquired on a

3T Allegra Siemens head-only system using a transmit-receive head coil. To overcome
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limitations with scanning smaller volumes of tissue, voltage was reduced to optimize
signal, and the head coil was loaded with a wet clay inlay (40 x 40 cm with a thickness

of 2 cm, standard sculpting clay commercially bought — white stoneware clay with grog).

Anatomical images were obtained for 'H-MRS voxel placement using a T2-weighted
sequence (TR = 3000 msec, TE 355 msec, FOV = 220 mm, slice thickness = 1.0 mm,
128 slices, scan time 6:29 min). The T2-weighted images were reconstructed in 3D to
facilitate accurate placement of voxels in left parietal white matter, which was positioned
dorsolateral to the trigone of the lateral ventricle (PWM; standard placement Figure 1)
and bilateral parietal gray matter, the center of this voxel was the divide of the two hemi-
spheres and included bilateral precuneus and posterior cingulate (PGM; standard place-
ment Figure 2). 'H-MRS acquisition included a standard point resolved spectroscopy
(PRESS) sequence (TE = 30 msec, TR = 2000 msec, 128 averages, delta = -2.6 ppm
delta frequency, volume of interest (VOI) 25 x 25 x 25 mm, scan time 4:24 min, and water

reference (2 averages, scan time 0:12 min).

Figure 1: Positioning of parietal white matter proton magnetic resonance spec-
troscopy (*H-MRS) voxel and example spectra, left hemisphere.
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Figure 2: Positioning of parietal gray matter proton magnetic resonance spectros-
copy (*H-MRS) voxel and example spectra, midline.

137



H-MRS data processing

Processing of *H-MRS data were performed using the widely validated LCModel soft-
ware package (29) and basis sets for PRESS sequences with a TE = 30 msec. Default
parameters (ppmend = 0.2 and ppmst = 3.85) were used and a Cramér-Rao lower bound
of < 20% was determined as the criterion for filtering out low quality spectra, we addition-
ally report the full width at half maximum (FWHM) and the signal to noise ratio (SNR).
From 36 infants exposed to alcohol in utero visually acceptable *H-MRS scans were
obtain after the filtering these spectra — 31 PGM and 19 PWM spectra survived. From
31 control infants visually acceptable *H-MRS scans were obtained after filtering these
spectra — 25 PGM and 21 PWM spectra survived. Absolute concentrations of glutamate
(Glu) and glutamate with its precursor glutamine (GIx), n-acetyl-aspartate and n-ace-
tyl-aspartyl-glutamate (NAA+NAAG), n-acetyl-aspartate (NAA), choline containing me-
tabolites (GPc+PCh), myo-inositol (ml), creatine containing metabolites (PCr+Cr), and a
robust macromolecule and lipid (MMO9 & Lip09) are reported (Table 3). We additionally

report and included FWHM and SNR for these voxels in our analysis.

Statistical analysis

Statistical analyses were performed using the Statistica software package (version 12)
(30). Factorial analysis of variance (ANOVA) was used to model group differences for
each brain area, PGM or PWM, and gender. We were unable to include brain area as a
within variable due to the fall-out of either PWM or PGM creating a mismatch of data and
the model were compromised. Significant findings were followed by Tukey’s post-hoc

tests, p-value < 0.05.

Correlation analyses were performed to determine whether there were significant rela-
tionships between clinical measures and metabolite concentrations, p-value < 0.01 were

considered significant.
Results

No differences in physical properties (age, weight, length, head circumference) were
found by group. No differences were found in outcome from the Dubowitz neurological
exam or its subscales by group. No differences were found for number of active smokers
(Table 1). Use of alcohol us by the mother during pregnancy is reported in Table 2.
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Table 2: Maternal drinking during pregnancy

Trimester 1 Trimester 2 Trimester 3

Alcohol usage (n,%) 30(83) 15(42) 10(28)

Once per week or less 19 11 4

2 to 3 times per week 5 4 6

4 to 5 times per week 1 0 0

Daily 0 0 0
Number of drinks per occasion

<2 3 1 0

2to 3 10 5 2

4 or more 16 9 8

Use of alcohol during the three trimesters for alcohol exposed infants, consistent with WHO moderate-se-

vere alcohol use (either drinking 2 or more times a week or 2 or more drinks per occasion).

IH-magnetic resonance spectroscopy

Parietal white matter (PWM) showed a significant effect of alcohol exposure for group by

gender (F

(10,20)

in male infants prenatally exposed to alcohol (n=8). GlIx was lower when compared with
male control infants (n=10; p=0.008) and Glu was lower in male infants exposed to alco-
hol in utero when compared with male controls (n=10; p=0.02) and females exposed to
alcohol in utero (n=9; p = 0.02) (Table 3). No further differences were found for PWM and

no differences were found for PGM. In addition, no significant correlations were found to

hold for either Glu or Glx when applying a p-value of 0.01.
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Discussion

This is the first study to examine variations in glutamate (Glu) and glutamate with gluta-
mine (GIx) in neonates with and without prenatal exposure to alcohol. Our main findings
indicate that parietal white matter (PWM) - GIx and Glu concentrations were decreased
in male infants exposed to alcohol (Table 3). This study provides support of our devel-
oping hypothesis: decreased glutamate concentrations may account for the maturational
lag in neonates exposed to alcohol in utero — i.e. decreased oligodendrocyte maturation
in white matter. We would suggest to the following line of enquiry, which may serve as
a potential route of intervention, in at least male neonates that have been exposed to

alcohol in utero, improvement of thyroid hormone signalling.

As previously mentioned, glutamate, is required to signal processes of myelination;
achieved by glutamates activation of AMPA/kainate and NMDA receptors on immature
oligodendrocytes (20), so to is effective thyroid hormone signalling required for the devel-
opment and maturation of oligodendrocytes (31-35). Oligodendrocytes sheath axons to
ensure fast and efficient communication between brain regions, which is again lacking in
children and adolescents with FASD (2,3,10) — i.e. oligodendrocytes are primarily found

in white matter, the brain region we found affected in males exposed to alcohol in utero.

It has been shown that in utero alcohol affects thyroid hormone signalling — increased
thyroid stimulating hormone and decreased thyroxine 4 (36). This may be related to de-
creased feedback from activated a-1 thyroid hormone receptors; as a-1 thyroid hormone
receptor mMRNA encoding is reduced in rodents exposed to alcohol in utero (Scott et al.,
1998). Arecent human and rabbit study has comprehensively shown that treatment with
thyroxine restores myelination and clinical recovery after neonatal intraventricular hae-
morrhage, by induction of necessary oligodendrocyte transcription factors (37). These
data suggest that the reduced Glu found in the current study may be a result of delayed

maturation of oligodendrocytes.

Why did we find this decrease in Glu and GlIx only in the male infants exposed to alco-
hol in utero? As mentioned earlier, thyroid hormone signalling is affected in neonates

exposed to alcohol in utero — increased thyroid stimulating hormone and decreased
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thyroxine 4, these levels are further affected in male infants exposed to alcohol in utero
(36). This supports the proposed relationship between decreased glutamate, decreased
thyroxine, and immature oligodendrocytes. We now need to determine the reason(s)
why this relationship is limited to males exposed to alcohol in utero and whether females

exert compensatory mechanisms.

Limitations of the present study include those associated with scanning neonates - in-
cluding the loss of data due to movement artefact, with infants waking during the scan.
Limitations of the *H-MRS protocol include the lack of partial volume correction, we also
did not address the issue of chemical shift artefact related to the overlap of metabolite
and water scans. Larger 'H-MRS voxel sizes were also chosen to improve the signal-to-
noise ratio, which may affect the homogeneity of tissue within selected voxels. Finally,
though also a strength of this study, neonates were examined prior to diagnosis and thus
were compared on the basis of known alcohol exposure only. While this suggests that
GlIx and Glu concentrations are an independent marker of prenatal alcohol exposure, we
cannot rule out the possibility that some reports of maternal history of alcohol exposure

may be less accurate.

In conclusion, we found absolute concentrations of GIx and Glu were decreased in male
neonates exposed to alcohol in utero. We suggest that thyroid hormone activity may un-
derlie the decreased Glu in white matter of male neonates exposed to alcohol in utero,
and further study is required to elucidate the relationship between glutamate, thyroid

hormone activity, and oligodendrocyte maturation.

Leading on from this manuscript which identified neurochemical changes observable
using *H-MRS imaging, | now describe the final functional data acquired on this group of

alcohol exposed neonates using resting state functional MRI.
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Abstract

Background

Children exposed to alcohol in utero demonstrate reduced white matter microstructural
integrity. While early evidence suggests altered functional brain connectivity in the lat-
eralizion of motor networks in school-age children with prenatal alcohol exposure, the
specific effects of alcohol exposure on the establishment of intrinsic connectivity in early

infancy has not been explored.

Methods

Sixty subjects received functional imaging at 2-4 weeks of age for 6 to 8 minutes during
quiet natural sleep. Thirteen alcohol-exposed (PAE) and 14 age-matched control (CTRL)
participants with usable data were included in a multivariate model of connectivity be-
tween sensorimotor intrinsic functional connectivity networks. Post-hoc seed-based
analyses of group differences in inter-hemispheric connectivity of intrinsic motor net-
works were also conducted. The Dubowitz neurological assessment was performed at

the imaging visit.

Results

Prenatal alcohol exposure was associated with significant increases in connectivity
between somatosensory, motor networks, brainstem/thalamic and striatal intrinsic net-
works. A reduction in inter-hemispheric connectivity of motor and somatosensory net-

works at trend level was also observed.

Conclusion

Though results are preliminary, findings suggest pre-natal alcohol exposure may disrupt
the temporal coherence in blood oxygenation utilization in intrinsic networks underlying
motor performance in new-born infants. Studies that employ longitudinal designs to in-
vestigate the effects of in utero alcohol exposure on the evolving resting state networks
will be key in establishing the distribution and timing of connectivity disturbances already

described in older children.

150



Keywords: Blood oxygen level-dependent, functional MRI, newborn, intrinsic

brain activity, resting state MRI, alcohol exposure, FASD

151



Introduction

The complexity of the brain’s structural and functional networks increase rapidly in the
early months of life, representing a rapid acquisition of abilities across motor, sensory
and cognitive areas. (1-4) The brain is likely to be particularly vulnerable during this
developmental window to prenatal environmental influences, including maternal alcohol
consumption during pregnancy, and these may have long-term effects on its structure
and function. (5,6) Indeed, documentation of the physical and neurodevelopmental ef-
fects of prenatal alcohol exposure have a long tradition, extending back in the medical

literature for the last 40 years. (7-12)

Investigators have increasingly sought to document correlations between the functional
deficits reported in children who have been exposed to alcohol in-utero and underlying
neurobiology. These endeavours have been given added impetus by the observation of
functional deficits associated with prenatal alcohol exposure, even in cases where chil-
dren do not exhibit the facial features required for a diagnosis of fetal alcohol syndrome
(FAS). (12) The wide range of physical, behavioral and developmental abnormalities
in children exposed to alcohol in utero is recognised by the inclusion of the Fetal Alco-
hol Spectrum Disorders (FASD) in extant classification systems. Indeed, animal work
(13,14) and human imaging studies in school-age children with FASD have demonstrat-
ed that in utero exposure to alcohol alters brain morphology and reduces white matter

microstructural integrity. (15-25)

However, few data exists regarding the impact of prenatal alcohol exposure in early
infancy, before higher-level brain networks have become established, and before con-
founding postnatal environmental factors come into play. This is particularly striking with
regards to the study of functional brain connectivity, described in the imaging literature as
dependencies among observed neurophysiological responses or “temporal correlation
between spatially remote neurophysical events” . (26) The ability of the brain to coor-
dinate these areas of activity follows a developmental trajectory, reflected in increased

functional network connectivity with age in childhood and early adulthood. (1)

Two preliminary reports have described interhemispheric and global functional connec-
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tivity abnormalities in older children with FASD. Wozniak and colleagues in their initial
study demonstrated that children with prenatal alcohol exposure (PAE) had abnormal-
ities in white matter microstructural connectivity in the corpus callosum compared to
healthy unexposed controls, as well as a disturbance of functional connectivity in the
alcohol exposed group in this region. (27,28) A subsequent study demonstrated further
abnormalities in global measures of network connectivity using a graph theory approach.
The authors reported significantly higher characteristic path length and lower global ef-
ficiency in the brains of those children with PAE. (29) Roussotte and colleagues (2012)
subsequently reported between - group abnormalities in frontostriatal connectivity in both
alcohol and polydrug exposed children aged 7-15 years, during rest breaks between
a working memory task. In both exposed groups, functional connectivity between the
dorsal caudate and frontal executive network decreased while increases were noted in
frontal cortical coupling with the posterior putamen, a brain region typically more strong-
ly synchronised with the motor network. (30) These exploratory findings are an early
indication that the dynamic activation of brain regions may provide key insights into the

neuropathological basis of functional impairments demonstrated by children with FASD.

Nevertheless, despite this literature in older children, the effects of alcohol exposure
on the longitudinal structural development of the brain in later childhood is still poorly
characterized (23), with few human data on the onset of these effects, where they are
located at this initial stage, and how the complex early behavioral milestones relate to
functional and structural changes of the underlying neural substrate. More specifically,
while preliminary studies have shown altered connectivity in the more mature brains
of school-age children, the specific effects of alcohol exposure on the establishment
of intrinsic connectivity in early infancy has not been explored. Based on the literature
reviewed, characterizing the connectivity of regions in the brain that are key to early
neurodevelopmental functional integration, including the thalamus and the motor cortex,
would seem to be promising candidate markers of the neuropathological effects of alco-

hol exposure in the human infant. (31)

This study was conducted in an economically disadvantaged community in South Af-

rica, in order to address gaps in the current literature concerning the presence, timing
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and regional specificity of altered functional network integrity associated with prenatal
alcohol exposure in a context in which FAS is rife. We hypothesized that there would be
differences in functional brain networks in the first weeks of life as a result of gestational
alcohol exposure. We also hypothesized that neonatal quantitative abnormalities associ-
ated with maternal alcohol use in pregnancy and detected using resting state functional
magnetic resonance imaging (rs-fMRI) would correlate with early indicators of neurobe-

havioral health.

Materials and Methods

The current investigation is a nested sub-study that includes infants enrolled in a larger
population-based birth cohort study, the Drakenstein Child Health Study (DCHS). (32,33)
In this nested sub-study, rs-fMRI scans were acquired for 30 healthy unexposed infants
and 30 alcohol-exposed infants at 2-4 weeks of age. Mothers and infants were recruited

and screened using the approach described in chapter 3. (36,37)

Two to four week old infants underwent brain imaging. Basic anthropometry, including
weight, occipito-frontal head circumference and length was acquired at the imaging visit.
The Dubowitz neurobehavioral scale, used to study early neurological and behavioral
changes, was also administered at this time. The Dubowitz is a well-validated measure
of neonatal neuromotor and neurobehavoral status. The tool includes an optimality score
which enables it to be used for quantitative analysis of potential associations with neuro-
imaging findings in this study. (39) The score is based on the distribution of the scores
for each item in a population of low-risk term infants. The total optimality score was the
sum of the optimality scores of individual items. However, for this study specific item
clusters were chosen as being of particular interest. As defined by the authors of the tool,
the “behavior” cluster includes items scoring irritability, cry, consolability, alertness, visual

and auditory orientation and eye movements.

Intrinsic functional brain connectivity MRI scans were acquired on a 3T Siemens Alleg-
ra system at the Cape Universities Brain Imaging Centre, using a single channel head
coil. Infants were in quiet natural (unsedated) sleep during the course of the scan, after

being wrapped and fed. Earplugs and mini-muffs were used for double ear protection;
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a pulse oximeter was used to monitor pulse and oxygenation, and a qualified neonatal
nurse or pediatrician was present with the infant in the scanner room for the duration
of the imaging session. Quality control procedures identified poor tissue specificity in
T1-weighted MPRAGE images that were acquired to facilitate the anatomical localization
of group differences in functional brain connectivity. Accordingly, these were substituted
with a 5 minute T2-weighted image sequence (TR=3500ms; TE=354ms; slice thickness
1mm; 128 slices; voxel size 1.0x1.0x1.0mm). Whole-brain 3T gradient echo T2-weight-
ed echoplanar images (EPI) were acquired for 6 minutes (TR 2000 ms; TE 30 ms; flip
angle=77° slice thickness 4 mm;33 slices, voxel resolution = 2.5x2.5x4.0mm). The EPI
sequence was extended to 8 minutes (238 volumes) towards the end of the study, whilst

holding all other scanning parameters the same.

Image preprocessing was conducted using AFNI. (40) The first four volumes of the EPI
sequence were removed, to allow for stabilization of the magnetic field, and outlier sig-
nal intensities in each voxel's time-series were truncated using 3dDespike. The blood
oxygen level dependent data (BOLD) was subsequently motion-corrected (via rigid-body
alignment of each of the EPI volumes to the 3" volume), resampled to 2.5mm in the three
spatial dimensions, and registered into University of North Carolina (UNC) neonatal atlas
space (via displacement parameters obtained through the intermediary registration with
the brain extracted T2 anatomical images, (41) all in a single step. As the final step, the
data were spatially smoothed with a 5mm full width at half-maximum (FWHM) Gaussian
kernel. Only participants for whom more than two-thirds of their BOLD data would have
been retained after removing time-points with excessive movement, defined as 0.3mm
relative to the preceding time-point, were included in the analysis. This corresponded
to a minimum of 4 and 5.2 minutes of data for infants with the shorter and longer EPI

sequences, respectively.

Motor networks, as well as networks that previous functional and resting-state connec-
tivity analyses have implicated as being functionally integrated with the motor network,
including the somatosensory, thalamic and striatal networks, were identified using prob-
abilistic independent components analysis (ICA), as implemented in FSL's melodic tool.

(42) ICA employs a model-free signal separation algorithm to identify spatially orthogonal
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components based on voxel time-series, and allows investigators to identify connectivity
patterns resulting from motion and physiological sources of no interest as separate net-
works that can be excluded from the subject’'s data prior to conducting between-group
analyses. It was with this in mind that ICA was performed individually for each infant’s
rs-fMRI dataset in this study, in order to identify networks using the criteria of Kelly et
al. (2010) (43) that corresponding to motion artefacts, as well as signals of no interest
from white matter (WM) and cerebrospinal fluid (CSF) tissue (please see the supple-
mentary material for the exact criteria employed). The time-series for these components
were subsequently regressed from the preprocessed EPI data for that subject, using the

fsl_redfilt tool.

Components corresponding to the motor, somatosensory, striatal and thalamic networks
across the entire sample were obtained by applying ICA to the temporally concatenated
denoised time-series from each participant, after truncating each individual dataset at
176 volumes and normalising the mean intensity of each volume. Voxels with a BOLD
time-course that mapped onto the component’s time-course, using a Z-score threshold
of greater than 4 were designated as members of this component. Verification of candi-
date networks of interest were obtained through visual comparison with the published
literature on neonate and adult ICA networks, (31,42,44) and through consulting the
automated anatomical labeling (AAL) anatomical segmentation map provided with the

University of North Carolina (UNC) infant atlas.

A multivariate general linear modelling (MVM) framework was employed to assess the
effect of prenatal alcohol exposure on connectivity between the time-courses for six
networks identified through ICA as being of interest (see results section). To prepare
the data for this analysis, group component spatial maps were regressed from each in-
fant’s pre-processed 4D EPI dataset, yielding subject-specific separate time-series cor-
responding to each of the group components. Group differences in Fisher Z transformed
Pearson’s correlation connectivity estimates between the network time-courses were
identified using a wrapper to AFNI's 3dMVM tool, provided as part of the FATCAT tool-
box. (45) 3dMVM allows one to treat correlations between each pairwise combination of

regions of interest as within subject repeated-measure factors, whilst, uniquely amongst
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MRI imaging analysis software packages, simultaneously adjusting for the effect of con-
tinuous covariates. (46) A significant effect for an omnibus model of group differences in
connectivity between any of the networks can be used to justify the subsequent inspec-
tion of the results of post-hoc models for each pair-wise comparison, to help determine
specifically which of the networks are differentially connected as a result of prenatal alco-
hol exposure. Subject age in days and gender were included as covariates of no interest

for both the omnibus and post-hoc models in this paper.

The clinical significance of differences in connectivity between the six networks was
assessed by correlating the networks time-series for each infant with both the total and
subscale scores from the Dubowitz neurological examination. In addition, the modera-
tion by group of any association between development and inter-network connectivity
was assessed by multivariate modelling of an interaction effect of group status and Du-

bowitz total score on Fisher Z transformed connectivity scores.

Ethical approval was obtained from the Research Ethics Committee of the Faculty of
Health Sciences of UCT (HREC REF 401/2009) for the Drakenstein Child Lung Health
Study. This sub-study protocol was independently reviewed and approved (HREC REF
525/2012).

Results:

Resting-state fMRI data were acquired from sixty infants, at 2-4 weeks of age (30 CTRL,
30 PAE). Thirteen alcohol-exposed (PAE) and 14 age-matched control (CTRL) partici-
pants were included in the analysis. A total of 33 participants were excluded (16 CTRL,
17 PAE). Reasons for excluding data included excessive subject motion (7 CTRL, 5
PAE), missing EPI or T2 anatomical data (8 CTRL, 3 PAE), pronounced EPI signal loss
(2 CTRL,7 PAE), and poor registration of the EPI into standard space (2 PAE). Five of
the CTRL infant and two PAE children were scanned with the longer eight minute EPI
sequences. Low rates of psychopathology were observed in this sample, with a single

PAE mother screening positive for depression on a self-report measure.

Table 1 presents the comparison of the PAE and CTRL infants on demographic and de-

velopmental variables. The groups were comparable with respect to sex, with boys rep-
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resenting approximately half of the infants in the PAE (N = 7) and CTRL (N = 8) groups,
as well as with respect to physical development (alpha > 0.2 for all comparisons of
weight, length, and head circumference). The average age at scan was 21 days (range:
11-32), and also did not differ by group. The proportion of mothers of PAE infant who
drank, as well as the quantity of alcohol consumed per occasion was highest in the first
trimester, with only a third (4/12) of the PAE mothers who drank during the first trimester
still drinking during the third (Table 2). With respect to performance on the Dubowitz
scale, no differences were observed between the PAE and CTRL participants for the
tone, behavior and total scores. Very low variability in scores for spontaneous motion,
reflex and abnormal movement prevented any meaningful comparison of group differ-

ences on these subscales (Table 1).

Table 1: Comparison of alcohol exposed and un-exposed neonates on demograph-
ic and developmental variables

PAE (N = 13) CTRLS (N = 14) Test statistic

Gestation in weeks 38.55 2.07 38.11 1.54 Z=0.691, p=0.490
Age (in days) 21.38 (5.5) 20.71 (5.25) Z=0.244,p=0.981
% Male 53.85 57.14 Chi-sq 0.030, p = 0.863
Weightb (kilograms) | 3.86 (0.69) 3.98 (0.66) Z=-0.489, p = 0.625
Lengthb (cm) 49.88 (4.11) 50.93 (4.39) Z=-0.619, p=0.536
Head circumferenceb | 35.66 (1.45) 36.16 (1.6) Z=-0.876,p =0.381
Dubowitz scale

Tone subscalec 8.27 (1.69) 8.54 (1.22) Z=-0.104, p=0.917
Behavior subscale 4.35 (1.3) 4.43 (1.34) Z=0.075,p=0.941
Total scoreb 22.23(2.9) 22.42 (2.67) Z=-0.283,p=0.777

Table 1. All continuous variables reported as Means (SDs). Mann-Whitney tests conducted for group com-
parisons on all continuous variables.

aData missing for 3 PAE and 5 CTRL participants

b Data missing for a single PAE patrticipant

¢ Data missing for a single CTRL participant
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Table 2: Alcohol use of PAE mothers by trimester

Trimester 1 Trimester 2 Trimester 3

Alcohol usage (n,%) 12 (92.3) 7 (53.8) 4 (30.8)
Once per week or less 10 5 2

2 to 3 times per week 2 2 2
4 to 5 times per week 0 0 0
Daily 0 0 0
Number of drinks per occasion

<2 1 2 1

2to 3 3 1 3

4 or more 8 4 0

The number of components from the individual-level ICA ranged from 27 to 103, with
more than half (57.5%, mean = 34.61, SD = 14.16) identified as resulting from artefacts
or from non-GM sources, and regressed from the infant’s rs-fMRI EPI sequences. A total
of 30 group-level components were subsequently extracted from the denoised data. Of
the 30 ICA networks, six were selected as networks suited to test the hypothesis that

intra-uterine alcohol exposure will affect motor connectivity (Figure 1).
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Figure 1: Axial, sagittal and coronal slices of ICA derived networks.

Figure 1 (a) Figure 1(b)
Figure 1(c) Figure 1(d)
Figure 1(e) Figure 1(f)

Figure 1. Axial, sagittal and coronal slices of ICA derived networks (shown in orange-yellow), thresholded at
Z = 4 and superimposed on the UNC neonatal template (radiological convention: left of display equals right
side of brain). Networks: (a) anterior motor, (b) posterior motor, (c) left somatosensory, (d) right somatosen-
sory, (e) striatal and (f) brainstem/thalamic.

Of the six networks identified, two extended bilaterally within the precentral gyrus, and
were designated as representing motor networks. The first was located more anteri-
orly, and included the supplementary motor area (SMA) and the superior frontal gyrus

(Figure 1a). A more posterior network included the postcentral gyrus, the SMA and
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the paracentral lobule (Figure 1b), as well as a separate small (10 voxel) cluster in the
left thalamus. Two networks primarily situated within the postcentral gyrus, and largely
mirroring one another in their more lateral position within the left and right hemispheres,
were considered to represent somatosensory networks (Figures 1c and 1d). The right
somatosensory network also included a relatively small (72 voxel) cluster in the left post-
central gyrus. A bilateral network was evident in the striatum, with strongest activation
in the left and right putamen, but also including the bilateral caudate and palladium, as
well as part of the left anterior insula (Figure 1e). Finally, a diffuse network was located
in the brainstem, and included the bilateral thalamus, as well as parahippocampal gyrus,

hippocampus, amygdala, and palladium. (Figure 1f).

The MVM analysis revealed a significant effect of group in connectivity between all 6
networks (Chi-square = 11.080, df = 1, p < 0.001), after adjusting for age in days and
gender (no significant effects on connectivity were observed for either of these covari-
ates). Examination of the post-hoc comparisons of connectivity between particular net-
works indicated that alcohol exposure increased connectivity between the brainstem and
the anterior motor network (t = 2.426, df = 23, p = 0.024), with a trend-level effect in the
same direction observed between the brainstem and the left somatosensory network (t =
2.0125, df = 23, p = 0.056). Increased connectivity in the PAE infants was also observed
between the striatum and both the anterior (t = 3.045, df = 23, p = 0.006) and posterior
motor networks (t = 3.257, df = 23, p = 0.004). In the only instance of attenuated in-
ter-network connectivity in the PAE relative to CTRL infants, the alcohol exposed infants
displayed trend-level attenuation of inter-hemispheric connectivity between the left and

right somatosensory networks (t = -1.929, df = 23, p = 0.066).

On the basis of the finding of a possible association between prenatal alcohol expo-
sure and hemispheric asymmetry in the somatosensory network, a post-hoc seed-based
analysis was conducted to further investigate the effect of prenatal alcohol exposure
on connectivity between the hemispheres for both the anterior and posterior motor net-
works. A standard preprocessing pipeline was applied to the dataset described above,
prior to denoising, and included regression of nuisance parameters, such as signal from

a WM mask, mean, linear, quadratic and cubic temporal trends, as well as the 6 rigid-
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body motion parameter estimates and their first order derivatives. Censoring of high
motion volumes was also applied to the data. Fisher Z transformed Pearsons correlation
coefficients were subsequently calculated between the time-series extracted separately
from each hemisphere, per network, and compared using multiple linear regression pro-
cedures, controlling for infant gender and age in days (please refer to the supplementary

documentation for additional information).

Although the hemispheric connectivity estimates were lower for the PAE than the CTRL
infants in the anterior motor network (Mean; SD = 0.69; 0.1 and 0.75; 0.12), and margin-
ally so for the posterior motor network (Mean; SD = 0.80; 0.07 and 0.82; 0.10) networks,
these differences did not achieve statistical significance (Mann Whitney Z = -1.359,

p-value = 0.174 and Z = -0.679, p-value = 0.497, respectively).

Finally, the MVM analysis of the clinical significance of inter-network differences failed to
detect evidence for a moderating effect of group status on the association between in-
ter-network connectivity and Dubowitz total, behavior and tone in this small cohort. Of the
15 post-hoc comparisons conducted, only connectivity between the striatum and anterior
motor network achieved significance (t =-2.2290, df = 22, uncorrected p = 0.0363). Post-
hoc non-parametric correlation tests revealed that greater connectivity between these
networks predicted higher total clinical deficits on the Dubowitz scale in the CTRL infants
(Spearman Rho = 0.609, p = 0.027), with no association detected amongst the PAE
neonates (Rho =-0.238, p > 0.1). Replicating these analyses for the Dubowitz behavior
and tone subscales produced no evidence of a moderating effect of group for behavior
(chi-square = 0.165, df = 1, p = 0.684), but a possible effect for tone (chi-square = 3.288,
df =1, p = 0.070). Inspection of post-hoc connectivity between networks suggested that
prior alcohol exposure had the greatest effect on the association between tone and stri-
atal connectivity, with differences observed between this structure and both the anterior
motor network (t = -2.145, df = 22, p = 0.043) and the left somatosensory network (t =
-2.249, df =22, p = 0.035). In line with the findings for the correlation tests using the total
Dubowitz score, positive associations between striatal motor connectivity and tone for
these networks (Rho = 0.549, p = 0.052 and Rho = 0.529, p = 0.062) were not evident in
PAE infants (Rho =-0.309, p = 0.305 and Rho =-0.307, p = 0.308, respectively).
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Discussion

This study reports preliminary data on functional network connectivity in alcohol exposed
infants compared to controls. In this small sample, there were significant group differ-
ences in functional connectivity between networks underlying motor behavior, after cor-
rection for gender and age differences. Our results support the possibility that prenatal

alcohol exposure may be associated with altered sensorimotor connectivity.

The only previous group to report resting state functional network abnormalities in al-
cohol exposed children reported robust asymmetry in inter-hemispheric connectivity of
the sensorimotor cortex in exposed versus unexposed children. (28) Additional analyses
by the authors revealed associations between hemispheric asymmetry in their cohort
and the compromised microstructural integrity of the posterior corpus callosum, as well
as impaired perceptual reasoning. We were able to replicate the findings of disrupted
functional sensorimotor connectivity across brain hemispheres in a relatively immature
sample, albeit at a trend level. In addition, our data suggests that intrinsic connectivity

may be related differently to developmentally relevant behavioral measures.

Reductions in inter-network connectivity and increased connectivity within networks in
adult intrinsic functional networks compared to healthy infants was recently argued as a
hallmark of the functional compartmentalisation and segregation of brain networks. (47)
The finding reported in this paper that alcohol exposure was associated with greater con-
nectivity of the striatal and brainstem/thalamic networks to the rest of the sensorimotor
system, but with possible reductions in inter-hemispheric motor and somatosensory con-
nectivity is therefore consistent with the notion that exposure may play a role in delayed
development of maturing brain networks. Apparently contradictory findings of increased
inter-hemispheric connectivity of the motor and somatosensory networks as infants ap-
proach term, as well as greater thalamic connectivity to these networks (31) may reflect
the dynamic nature of brain maturation, and underscores the importance of more finely
grained longitudinal analyses of the maturation of functional brain networks in the first

years of life.

Much literature in developmental neuroscience has focused on localizing and classifying

the function of specific brain areas and how these regional specializations arise. The
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sensorimotor cortex is a region that traditionally has been associated with tasks of motor
planning and control. However, more recent functional models have explored broader
involvement of this region in the integration of sensory stimuli, as well as the dynamic
organization of the sensorimotor cortex during the generation of a wide range of complex
cognitive and motor functions. (48,49) Although very little has been reported with respect
to early neurobehavior in alcohol exposed neonates, studies that have investigated this
outcome have identified poor habituation and low levels of arousal along with motor ab-
normalities in the infants of women who used alcohol heavily during pregnancy. (50,51)
Sensitive functional outcomes in this age group remain difficult to define because struc-
tural and functional networks are still in their earliest stages. Published work on infants
born prematurely suggests that the emerging connectivity of the thalamus at term with
the visual, auditory and motor networks is indicative of its important developmental role
in the formation of these networks. (31) Further, effective development of the structural
core connecting the medial cortical regions, has been characterised as an integrated
system that is critical to the coordination of left and right hemispheres. (1) It is therefore
not surprising that previous work has revealed that this core network is particularly sus-

ceptible to the damaging effects of alcohol exposure during development. (52)

Imaging infants remains technically difficult both in terms of imaging acquisition as well
as the inherent challenges in reliably analyzing data from brains that are small, have
high water content and poor grey-white matter differentiation. (1,3,4) Subject motion has
been identified as a potential source of artefactual group differences in rs-fMRI connec-
tivity, particularly for pediatric samples. (53) Approximately half of the infants scanned for
this study were excluded due to factors that included motion-induced imaging artefacts
and signal attenuation. In addition, a series of steps were implemented to adjust for sub-
ject motion in the data that was included in this study. However, despite these efforts,
it is possible that motion may have introduced confounding of the data. The results of
this study should therefore be considered preliminary, and warrant replication in larger

studies.

This study begins to address gaps in the current literature concerning the feasibility of

functional connectivity studies in infants of this age and in particular of brain functional
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connectivity studies in association with prenatal alcohol exposure. Studies that employ
longitudinal designs to investigate the effects of in utero alcohol exposure on the evolving
resting state networks will be key in establishing the distribution and timing of connec-
tivity disturbances already described in older children. Preliminary study outcomes are
starting to elucidate the early neurodevelopmental mechanisms leading to subsequent
behavioral and neurological disturbances, which may allow opportunities for targeting

interventions when brain plasticity is still relatively fluid.
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Supplementary material (chapter 7)

Denoising of resting-state EPI datasets

Components of no interest were identified using the criteria of Kelly et al. (2010); (1)
candidate components for removal included those (a) with minimal (< 10%) overlap with
gray matter (as determined using the GM mask from the UNC atlas), (b) with rimming
effects identified as resulting from subject motion, (c) that corresponded to the spatial
distribution of WM or CSF spatial compartments, (d) with greater than 10% gray matter
coverage but with a blotchy or speckled appearance resulting from small clusters, and
(e) those components containing large motion spikes, defined as exceeding a difference
of five standard deviations relative to the preceding volume. A similar denoising proce-

dure has been effectively implemented in other neonate rs-fMRI datasets. (2)

Preprocessing of EPI data for seed-based inter-hemispheric connectivity analyses

Prior to calculating connectivity measures, a series of preprocessing steps were applied
to the EPI timeseries for each participant, using the AFNI imaging suite. (3) The first four
volumes of the EPI sequence were removed, to allow for stabilization of the magnetic
field, and outlier signal intensities in each voxel’s time-series were truncated using 3dDe-
spike. The blood oxygen level dependent data (BOLD) was subsequently motion-cor-
rected (via rigid-body alignment of each of the EPI volumes to the 3rd volume), resam-
pled to 2.5mm in the three spatial dimensions, and registered into University of North
Carolina (UNC) neonatal atlas space (via displacement parameters obtained through
the intermediary registration with the brain extracted T2 anatomical images, (4) all in a
single step. Following spatial smoothing with a 5mm full width at half-maximum (FWHM)
Gaussian kernel, nuisance and motion estimates were regressed from the EPI time-se-
ries using AFNI's 3dDeconvolve. These regressors included the mean, linear, quadratic
and cubic temporal trends, as well as the 6 rigidbody motion parameter estimates and
their first order derivatives. In addition the influence of physiological sources of artefact
was addressed through regressing out the average timeseries from a WM mask con-
structed from a tissue-segmented UNC atlas. The time-series was averaged over voxels

in the mask identified as having a greater than 99% probability of being WM. Finally, as
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an additional control against motion, the set of regressors also included a vector identi-
fying volumes that deviated by at least 0.3mm relative to the preceding volume. These
volumes, and a single subsequent volume, were censored from the data, in an attempt

to mitigate the propagation of the effects of motion down the time-series. (5)

Inter-hemispheric connectivity estimates were obtained by partitioning 50% gray matter
thresholded masks for the anterior and posterior motor networks along the midline of
the brain (x = 0 in MNI152 atlas space), calculating the mean time-series for the hemi-
sphere-specific masks for each network, and correlating the mean times-series within
each network for each subject. The Pearson’s correlations coefficients were transformed
using the Fisher Z algorithm, to improve the distributional qualities of the data, and sub-
sequently compared between groups using linear multiple regression in the R statistical

computing platform (version 3.1.3), controlling for infant gender and age in days.
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Chapter 8

Discussion

Alcohol use and alcohol use disorders contribute a significant proportion of the burden
of disease in low, middle, and high-income countries. Taken together, substance use
disorders comprise one of the largest public health problems globally. (1) Secondary
neurological disorders are a significant threat to childhood health in the world, according
to the World Health Organization (WHO), and may severely impact children for a lifetime.
(1-3) For neurodevelopmental disorders, studies have consistently shown that early in-
tervention leads to better long-term outcomes. But early intervention is predicated on
early detection and targeted interventions. Understanding the core areas of susceptibility
to prenatal alcohol effects as they manifest in early life is key to developing strategies for

early focused identification and interventions.

The general aim of this thesis was to assess the impact of prenatal alcohol exposure
on the brain in infants as measured by multimodal brain imaging and the relationship
of these findings to early neurobehavioral and developmental status. The specific aims
included undertaking structural MRI, DTI, 1H-MRS and rs-fMRI scans in approximately
100 infants (50 alcohol exposed and a matched number of control, unexposed babies) at
2-4 weeks of age, in order to assess group differences in both structural, microstructural,
neurochemical and functional brain development. We also aimed to determine the cor-
relation between multimodal neuroimaging extracted from the above imaging modalities
and neonatal neurobehavioral assessment and the correlation between early structural
imaging findings and later infant developmental assessment as measured by the Bayley
[l assessment at 6 months in the same group of infants. These studies addressed the
hypothesis that maternal alcohol use in pregnancy would result in quantitative MRI ab-
normalities demonstrable at 2-4 weeks of age and that these changes would correlate

with early indicators of neurobehavior and development.
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8.1 Study endpoints and applicability

The five papers presented in the body of this thesis address these aims directly and are
summarised separately here. Following this, a section on the limitations of this neuroim-
aging substudy data chapters are reported and general conclusions for the whole thesis

are discussed.

8.1.1 Systematic review

The extant literature on neuroimaging (MRI) in the field of FASD are outlined in chapter
2 and describe the range of abnormalities in structure and function of both general and
specific regions of the brain. A total of 64 relevant articles were identified across all mo-
dalities. Overall, studies reported smaller total brain volume as well as smaller volume
of both white and gray matter in specific cortical regions. The most consistent reported
structural MRI findings were alterations in the shape and volume of the corpus callosum,
and smaller volume in the basal ganglia and hippocampi. The most consistent findings in
diffusion tensor imaging studies was lower fractional anisotropy in the corpus callosum.
Proton magnetic resonance spectroscopy studies are few to date, but showed altered
neurometabolic profiles in the frontal and parietal cortex, thalamus and dentate nuclei.
Resting state functional MRI studies reported reduced functional connectivity between
cortical and deep gray matter structures. Important questions which remained to be an-
swered after review of the literature included a relative paucity of data in the preschool
age group, limited longitudinal data on the evolving trajectory of brain development in
the context of children exposed to alcohol during the prenatal period as well as limited
understanding of the windows of vulnerability during pregnancy for different types or

degrees of effect.

Limitations to interpration and generalisability of the findings in this systematic review
included the following. Firstly, authors reported differing methodologies both in magnetic
resonance acquisition as well as in post-processing and analysis approaches. This made
inter-study comparisons difficult. Secondly, studies reporting on structural, microstructur-
al or spectroscopy alterations in single regions of interest have resulted in the effects

on specific regions being very well documented at the expense of a more exploratory

174



approach. Thirdly, there remains variation in how authors have chosen to control (or not)
for a variety of important contextual factors which include polysubstance abuse, environ-
mental factors, and age. Clear reporting on these aspects in future studies is needed in
order to assess consistency of results and inter-study comparisons across the literature
and argues the need for large multicentre collaborative efforts to pool data and employ

consistent methods across data acquisition as well as analysis strategy.

8.1.2 Structural MRI

In chaper 4, we reported the results of a comparison between 28 prenatal alcohol ex-
posed infants and 45 unexposed control infants at 2-4 weeks of age using the T2 struc-
tural MRI sequence. In the manuscript we reported reduced volume in posterior cin-
gulate cortex and inferior temporl gyrus in the infants with prenatal alcohol exposure.
These findings persisted even when controlling for overall gray matter volume, sex, age
at scanning and maternal smoking status. In addition early infant neurobehavior as mea-
sured by the Dubowitz neurobehavioral optimality scale, correlated with volume findings
across multiple brain areas. BSID-III scores at 6 months of age across motor, language
and general cognitive subscales as well as parental report of adaptive behavior correlat-
ed with the volumes of brain regions which extended widely, but particularly in the frontal

and parietal regions.

The vast majority of infants reported in this analysis (78%) had maternal history of mod-
erate-severe alcohol use during the first trimester. Although the pattern of drinking ap-
peared to follow that of “binge drinking” (ie mothers reported drinking heavily rather than
primarily with high frequency). This is a pattern which has been previously documented
in South African communities and appears to be associated with more severe effects on

children exposed to alcohol in this pattern during antenatal life. (4)

Recent work from the NIAAA sponsored Collaborative Initiative on Fetal Alcohol Spec-
trum Disorders (CIFASD) (5,6) has established that prenatal alcohol exposure affects
the volumes of specific brain regions in different ways at different time points in older
children. At 5-6 years, alcohol exposed children demonstrated larger cortical volumes

(particularly in the parietal cortex) compared to unexposed control subjects. Over time
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these regions in alcohol-exposed children showed a linear drop-off in volume with ulti-
mately lower volumes in adolescence than control children. This suggests reduced ef-
ficiency and plasticity in brain development. However, information on the critical infant
years when the greatest changes in brain volumes occur has remained a largely missing
piece in understanding the initial effects of prenatal alcohol exposures until now. Imaging
neonates safely and successfully is challenging. This study represents one of the first
and largest cohorts at this critical age investigating the neurobiological effects of prenatal
alcohol exposure. Our findings in this paper are in regions consistent with those report-
ed in these longitudinal cohorts in older children and reinforces the importance of these
areas as particularly susceptible to prenatal alcohol exposure. This also highlights the
focus of these areas as being primarily an alcohol effect rather than an effect from the
multiple additional postnatal risk factors children in these environments experience and

which may confound investigations in older children.

8.1.3 Diffusion Tensor Imaging

In chapter 5 we reported the investigation of the effects of alcohol on the microstructur-
al integrity of the major white matter tracts which constitute the structural connections
between gray matter regions. In this manuscript we reported 28 alcohol-exposed and
28 healthy unexposed infants who were imaged using DTI sequences to evaluate white
matter integrity using validated tract-based spatial statistics analysis methods. Secondly,
diffusion values were extracted for group comparisons by regions of interest. Differenc-
es in fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial
diffusivity (RD) were compared between groups and associations with measures from
the Dubowitz neonatal neurobehavioural assessment were examined. Lower AD values
(p < 0.05) were observed in alcohol exposed infants in the right superior longitudinal
fasciculus compared to non-exposed infants. Altered FA and MD values in alcohol-ex-
posed neonates in the right inferior cerebellar peduncle were associated with abnormal

neonatal neurobehaviour.

The superior longitudinal fasciculus forms part of the major central association pathways
of the brain and is one of the major fiber bundles linking frontal, temporal and parietal

association cortices. (7) These networks are believed to include associative tasks, high-
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er level motor tasks, visual perception and attention. While these are not functions that
can be easily teased out in the neonatal age group, they are functional areas which have
been identified as being affected in children with prenatal alcohol exposure. In addition,
the location of this important connecting white matter tract between the parietal and
temporal regions in which we have described gray matter volume changes in neonates
exposed to alcohol in the prenatal period is further evidence for the coherence of the

argument for this region being susceptible to alcohol exposure in utero.

Further, early neurobehavioral outcome correlated with reduced white matter microstruc-
tural integrity in the inferior cerebellar peduncles. Cerebellar structure has previously
been described as being a key area affected by prenatal alcohol exposure in children
both in structural and functional studies. (8-10) In addition, of all the areas reported to
be associated with clinical or neuropsychological outcomes, the cerebellar peduncles
seem to be a prominently implicated region. Fan and colleagues, (9) reported lower FA
and higher MD associated with eye-blink conditioning and Green et al, (12) a correlation
of FA with oculomotor control in a group of school age children with prenatal alcohol
exposure. In our alcohol exposed infants, the presence of an association between infant
neurobehavior scores with bilateral reduced FA and higher MD in the cerebellar pedun-
cles, which link the cerebellum to the important cerebral motor and language networks,
reinforces the role of these pathways in the primary effects of alcohol exposure on early

brain development.

8.1.4 '*H-MRS

In the previous two chapters | have described evidence for the structural and micro-
structural effects of prenatal alcohol exposure on the neonatal brian. In the following two
chapters, | now describe how functional aspects of brain development may be affected
by alcohol exposure in utero. In chapter 6 we reported the results of the analysis of white
matter 'H-MRS imaging of the parietal white matter of neonates exposed to alcohol in
utero. Few studies used have used 'H-MRS to investigate how neurochemical distur-
bances relate to the pathophysiology of FASD. Further, no studies to date have reported
assessing brain metabolites in the infant age group with a history of prenatal alcohol

exposure in utero.
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We demonstrated that in this group, at this age, altered glutamate/glutamine complex
concentrations were present in the parietal WM of the exposed infants. Absolute gluta-
mate with glutamine (GIx) concentration of parietal white matter (PWM) was decreased
in male infants exposed to alcohol in utero (n=8), compared with male controls (h=10;
p=0.008). Absolute glutamate concentration of PWM was decreased in male infants ex-
posed to alcohol in utero (n=8), compared with male controls (n=10; p=0.02) and female

infants exposed to alcohol in utero (n=9; p=0.02).

This study provides possible support for the hypothesis that reduced concentrations of
glutamate may reflect delay in the brain maturation in neonates exposed to alcohol in
utero. However, neurochemical concentrations are a very dynamic measure of brain
function which are highly likely to change not only with age and brain development,
but also with length of time from the last exposure (birth). Although these findings are
consistent in terms of region with the effects of prenatal alcohol exposure that we have
described in the structural analyses at this time point, evaluating these measures at later

ages will give us clearer understanding of their long-term significance.

8.1.5 Resting state fMRI

In the final paper of this thesis we explored the functional connectivity networks using
resting state fMRI imaging in a small group of neonates with prenatal alcohol exposure
compared to healthy control infants. Using an independent component analysis approach
we demonstrated that there were indeed differences between the default mode networks
of infants exposed to alcohol in utero and their unexposed counterparts. Prenatal alco-
hol exposure was associated with significant increases in connectivity between somato-
sensory, motor networks, brainstem/thalamic and striatal intrinsic networks. Trend-level
evidence for reductions in inter-hemispheric connectivity of motor and somatosensory
networks was also observed. Though again, results are preliminary, findings suggest
pre-natal alcohol exposure may disrupt the temporal coherence in blood oxygenation

utilization in intrinsic networks underlying motor performance in new-born infants.
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8.2 Limitations of this study

Imaging infants remains technically difficult both in terms of imaging acquisition as well
as the inherent challenges in reliably analysing data from brains that are small, have
high water content and poor gray-white matter differentiation. (13-15) As with the other
imaging studies in this age group, this project was limited by the reduction of sample size
due to movement artefact across all the modalities. In certain modalities (such as the
resting state fMRI sequence), data on nearly half of the original sample scanned with this

sequence had to be excluded from the final analysis.

Information was collected on the timing and severity of alcohol exposure. However, the
number of infants for whom we acquired usable MRI data was insufficient to make mean-
ingful comparisons between these exposure categories in order to help define particular
windows of vulnerability to the effects of alcohol during the prenatal period. Further, the
influence of age on parameters across the modalities (reflecting the rapid changes in
structural and functional maturation) is particularly strong in these early weeks of life.
Although this was controlled for in the analysis, it may in fact have masked group differ-

ences resulting from prenatal alcohol exposure.

Specific technical limitations of the *H-MRS protocol included the lack of partial volume
correction. In addition, the issue of chemical shift artefact related to the overlap of me-
tabolite and water scans was not addressed in the analysis. Large *H-MRS voxel sizes
were necessary to improve the signal-to-noise ratio in this age group. This may have had
an effect on the homogeneity of tissue within selected voxels. Finally the selection of one
specific area for investigation, though hypothesis driven, nevertheless means that other

key areas which may have shown differences have not been identified in this study.

Although our study employed a cross-sectional design where infants were matched for
age, gender, and active maternal smoking during pregnancy, longitudinal study data on
this group is going to be key in establishing the trajectory of alterations in structure and
function in developing brains exposed to alcohol during prenatal life. Despite these con-
siderations, | believe this work to demonstrate preliminary evidence for the direct effects

of alcohol exposure on the developing brain using complimentary, but different neuroim-
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aging modalities in the first weeks of life. The results of this study warrant replication in

larger studies in independent samples.

8.3 So what does this information tell us?

Putting the data together there is evidence for gray matter volume differences, differenc-
es in the integrity of white matter microstructure in white matter tracts which connect to
both these areas, abnormal glutamate/glutamine concentrations in the parietal lobe as
well as differences in the organisation of functional networks for a small group of these
infants. Together this provides evidence for the effect of prenatal alcohol exposure on
the brain at a structural, microstructural, neurochemical as well as functional organisa-
tional level in the same group of infants. This has not been previously reported. These
alterations suggest prenatal alcohol exposure affects multiple biological processes that
result in physical growth of the brain (overall as well as regional volume changes), quality
and maturation of the connecting circuitry (white matter miscrostructural metrics), neu-
rotransmitter concentrations in the first weeks of life (glutamatergic function) as well as
functional connectivity, both within intrinsic networks as well as between hemispheres.
Although some of these effects may represent delayed maturation, the coherance of
the described regions with previously described findings in older children as well as in
our understanding of the functional deficits we expect to see in children on the FASD
spectrum argues against this as the only explanation. (17) The regions and connecting
circuitry described here are likely to be at least part of the primary core effect of alcohol

exposure on the developing brain.

It is important to note that analyses were conducted in infants before any formal diag-
nosis could be made and thus effect sizes are expected to be smaller. This is true of
all the analyses described here, the changes described represent the group effects of
infants wiith moderate-severe alcohol exposure at any stage in the prenatal period. This
was a potentially risky strategy to adopt for defining the alcohol exposed group (against
describing the severe end of the exposure spectrum). However, based on the previous
literature in the imaging and developmental psychology fields, | believed that there was
evidence for the harmful effects of any prenatal alcohol on the developing brain. The

combined data which is described in this thesis provides support for this hypothesis.
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Further evidence for this effect are the widespread correlations between developmental
outcomes at 6 months and gray matter volume at birth. These data underscore the fact
that the harmful effects of moderate-severe prenatal exposure to alcohol on brain de-
velopment at neurobiological and clinical level are already discernible in the first months
of life, well before the age FAS and FASD are typically diagnosed. Although the use of
the newer quantitative MRI techniques are not yet easily translatable into use in individ-
ual identification (these reports represent between group effects), this is something that
could be developed. Approaches such as identifying “cut-off” values/ranges for any of
the different MRI modalities described at a specific age, outside of which exposed chil-
dren could be considered at risk, especially if they had additional clinical concerns may
be avenues for adding the huge bulk of imaging information the research community has
acquired over the last 25 years, to pathways to care. However, to do this effectively, large
collaborative analyses using data from multiple populations will be necessary and data

collected across understudied time-points, especially the early years.

8.4 Future directions

Most of our infants were exposed to alcohol during the first trimester of pregnancy with a
significant minority being exposed through all three trimesters. It is well documented that
early pregnancy alcohol exposure puts infants at risk of developing significant central
structural defects. (18,19) Our data were unable to answer the question of whether later
exposure only also puts children at risk of neurobiological damage. As understanding of
the mechanisms of brain maturation evolves, the importance of the secondary processes
of radial migration and maturation of cortical neurons has become apparent. The pro-
cess of cortical migration can be affected at a number of discrete steps and each step
can be affected in different ways depending on the type, dose and timing of an insult.
(20,21) It remains to be seen exactly how prenatal alcohol exposure affects these more

subtle processes.

Our study was not designed to answer this question. However, what is known is that
disruption of normal neuronal migration and plasticity mechanisms may result in subtle
disorders of neuronal position resulting in behavioral symptoms ranging from mild to

severe. Evidence is emerging that indicates that exposure to neurotoxins during critical
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periods in development may impact not only the number and size of neurons in affect-
ed areas, but may also impact the highly sensitive processes of secondary neuronal
migration and axonal guidance, network formation and selective pruning necessary for
cerebral maturation. The specific role of prenatal alcohol exposure in the etiology of
abnormalities of higher brain function are unknown. Large numbers and innovative in
vivo techniques may be required to detect subtle changes in achieving proper neuronal
position and connections caused by exposure to neurotoxins such as alcohol. Animal
studies may be able to answer some of these questions or at least provide direction, but

ultimately understanding how these processes generalize to human beings is necessary.

Expanding the understanding of how exposure to neurotoxic substances during fetal life
and subsequent early development leads to permanent structural and plasticity deficits
is clinically relevant. Critical future focus areas that are needed to begin to explain the
variation in clinical phenotype of children with prenatal alcohol exposure and hence risk,
include the following: the investigation of hypothesis driven candidate gene expression/
alterations (with the SRC/Fyn gene being a promising current candidate in cohorts with
European ancestry), epigentic modification of genetic code in prenatal alcohol exposure
both at an individual and intergenerational level which may explain the gene-environ-
ment interactions which we know exist. (20,21) Studies which explore these critical
areas and relate them to both clinical, neuroimaging and facial morphological outcomes
are likely to provide a deeper understanding of the mechanisms for vulnerability to the
effects of prenatal alcohol exposure and in so doing providing potential directed targets
for biological interventions to ameliorate the effects of prenatal alcohol on subsequent
brain development and functional outcomes when prevention fails. There is a need for
a better understanding of the underlying mechanisms of development if we want to pro-
mote optimal development, not only in terms of cognition, but also in reducing risk for

later alcohol use disorders in these children as they emerge into adolesence.

The other key remaining question is that of the meaning of these findings in the context
of these children’s later brain development both at a neuroanatomical and functional lev-
el. Documenting the trajectory over time, may further address gaps in our understanding

of which areas and networks have key functional importance for this group of children.
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An independent study has reported volume changes in prenatal alcohol exposed infants
using tensor-based morphometry analysis. (22) These findings were most prominent in
cerebellum, striatal and frontal midline areas. The location of these results is remarkably
consistent with an established theme in prenatal alcohol exposure studies of the impor-
tance of midline structures. We expect that the identification of alcohol effects on key
midline structures in the infant brain may be an early marker for later functional cognitive
and behavioral deficits. However, only longitudinal imaging, developmental and behav-
ioral data will enable us to confirm the clinical significance of very early identification of
these children. Further, our preliminary resting state functional MRI analysis demon-
strated significant differences in the motor network in neonates with prenatal alcohol
exposure and suggests that alcohol exposure disrupts the temporal coherence in blood
oxygen utilisation across the brain at rest. This highly sensitive approach may prove to
be valuable in identifying affected children early as well as monitoring the effectiveness
of interventions. A longitudinal approach may consolidate these early findings by the
addition of later time points and establish relationships between structural and functional
imaging findings and clinical measures including not only formal cognitive or develop-
mental and behavioral assessments, but also more integrative outcomes such as aca-

demic achievement in real-world settings.

This project is an early step towards forming an effective strategy to detect and identi-
fy targets for ameliorating interventions for the devastating long-term effects of alcohol
exposure on brain development in young children. These data will form the basis for a
future research to extend these findings to subsequent imaging time-points with a larger
range of developmental and neurobehavioral assessments to further examine the lon-
gitudinal effects of prenatal alcohol exposure on the trajectory of the developing brain in
these critical early years. In addition, the interaction between structural and functional
connectivity and manifest developmental states will need to be analyzed to explore the
long-term clinical significance of these neurobiological findings. The goal is to enable
routine, early detection of childhood brain disorders from all causes, opening a window

of opportunity for prevention or reduction of symptom severity.
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Appendix A: Informed consent 525/2012

PARTICIPANT INFORMATION LEAFLET AND CONSENT FORM FOR USE BY
PARENTS/LEGAL GUARDIANS

Infants Control Version

TITLE OF THE RESEARCH PROJECT: Alcohol exposure effects in infants:
MRI, DTI, MRS and neurobehavioural correlates

REFERENCE NUMBER: HREC 525/2012
PRINCIPAL INVESTIGATOR: Dr Kirsty Donald

ADDRESS: School of Child and Adolescent Health, Red Cross Children’s
Hospital and the University of Cape Town

CONTACT NUMBER: (021) 6585322

Your child is being invited to take part in a research project. Please take some time to
read the information presented here, which will explain the details of this project. Please
ask the study staff or doctor any questions about any part of this project that you do not
fully understand. It is very important that you are fully satisfied that you clearly under-
stand what this research entails and how your child could be involved. Also, your child’s
participation is entirely voluntary and you are free to decline to participate. If you say no,
this will not affect you or your child negatively in any way whatsoever. You are also free
to withdraw him/her from the study at any point, even if you do initially agree to let him/

her take part.

This study has been approved by the Committee for Human Research at the University
of Cape Town and will be conducted according to the ethical guidelines and principles
of the international Declaration of Helsinki, South African Guidelines for Good Clinical

Practice and the Medical Research Council (MRC) Ethical Guidelines for Research.

In the event of an injury or iliness that is determined to be directly related to the use of the
study medication or properly performed study procedures, the University of Cape Town
will pay all reasonable and necessary medical expenses that treat such illness or injury

through their no fault insurance policy which covers this trial, provided you have followed

186



the directions of the study doctor and his/her staff. Compensation will be in accordance
with the Association of British Pharmaceutical Industry guidelines. Your doctor has a

copy of the guidelines if you would like to review them.

What is this research study all about?

This study looks at the structure of your child’s brain using a brain scan (Magnetic res-
onance imaging). By doing so we hope to get a better understanding of how the brain
looks and also what goes wrong in certain disorders so (in the long term) we can identify

problems and develop better treatments.

Why has your child been invited to participate?

We would like to look at the structure of his/her brain compared to other babies of the

same age.

What will your responsibilities be?

You would be required to bring your baby to the unit (we will collect you from Paarl hospi-
tal and return you there) so we can get the images and wait with your child while we are

scanning. The visit will take 1-2 hours in total.

Will your child benefit from taking part in this research?

Your baby’s’s development will be assessed and brain scanned. Possible problems may
be picked up early and your child will be referred for treatment. We will provide you with

a picture of your child’s brain after the scan.

Are there any risks involved in your child taking part in this research?

No. We will wrap your baby in a blanket and let them sleep naturally, they will experience
no pain. If at any time they become upset, the task will be stopped. There will be a neo-

natal nurse and/or medical doctor present at all times.

Who will have access to your child’s medical records?

Only members of the research team will have access to the data gathered here. All infor-
mation will remain confidential and if the results of this study are published no participant

will be identified.
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Will you or your child be paid to take part in this study and are there any costs

involved?

You or your child will not be paid to take part in the study, but your/your child’s transport
and meal costs will be covered for each study visit. There will be no costs involved for

you if your child does take part.

Is there any thing else that you should know or do?

» You should inform your family practitioner or usual doctor that your child is taking

part in a research study.

» You can contact Dr Kirsty Donald at tel 021-6585322 if you have any further queries

or encounter any problems.

» You can contact the Committee for Human Research if you have any concerns or

complaints that have not been adequately addressed by your child’s study doctor.

» You will receive a copy of this information and consent form for your own records.
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Declaration by parent/legal guardian

By signing below, | (name of parent/legal guardian) .............ccoeviiiiiiiiiie e
agree to allow my child (name of child) ..o, who'is ..........

years old, to take part in a research study entitled (insert title of study)

| declare that:

. | have read or had read to me this information and consent form and that it is
written in a language with which | am fluent and comfortable.

* | have had achance to ask questions and all my questions have been adequately
answered.

* | understand that taking part in this study is voluntary and | have not been
pressurised to let my child take part.

* | may choose to withdraw my child from the study at any time and my child will
not be penalised or prejudiced in any way.

* My child may be asked to leave the study before it has finished if the study doc-
tor or researcher feels it is in my child’s best interests, or if my child does not
follow the study plan as agreed to.

Signed at (Place) ......coovviiiiiiiei e on(date) ........covveeiiiiiinnnnns 2010.

Signature of parent/legal guardian Signature of witness
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Declaration by investigator

* | explained the information in this documentto .............ooociiiiiiii i,
* | encouraged him/her to ask questions and took adequate time to answer them.

* | am satisfied that he/she adequately understand all aspects of the research, as

discussed above

« | did/did not use a translator (if a translator is used, then the translator must sign

the declaration below).

Signed at (Place) ....coovvveiiiiiiii e on(date) .........oeeeveiiiiiinnnnn. 2010.

Signature of parent/legal guardian Signature of witness
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Declaration by translator

* | assisted the investigator (NAME) .......oeiiiiiiiiiiiiii e to
explain the information in this document to (name of parent/legal guardian)

....................................... using the language medium of Afrikaans/Xhosa.

e We encouraged him/her to ask questions and took adequate time to answer

them.
» | conveyed a factually correct version of what was related to me.
* | am satisfied that the parent/legal guardian fully understands the content of

this informed consent document and has had all his/her questions satisfactorily

answered.
Signed at (PIace) ....coovvviiiiiiiie e on(date) ........coeeveeiiiiinnnn. 2010.
Signature of parent/legal guardian Signature of witness
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Appendix B: ASSIST

ASSIST QUESTIONNAIRE — WHO

These are some questions about your experience of using substances across your lifetime and in the past

three months. These substances can be smoked, swallowed, snorted, inhaled, injected or taken in the form
of pills. Some of the substances listed may be prescribed by a doctor (like amphetamines, sedatives, pain
medications). For these questions, do not record medications that are used as prescribed by your doctor.

However, if you have taken such medications for reasons other than prescription, or taken them more

frequently or at higher doses than prescribed, please record these. While we are also interested in knowing
about your use of various illicit (illegal) drugs, please be assured that information on such use will be treated

as confidential.

In your life, which of the following substances have you ever used?
(NON-MEDICAL USE ONLY)

b
O

YES

Tobacco products (cigarettes, chewing tobacco, cigars, etc.)

Alcoholic beverages (beer, wine, spirits, etc.)

Cannabis (marijuana, pot, grass, hash, dagga, etc.)

Cocaine (coke, crack, etc.)

Amphetamine-type stimulants (speed, diet pills, ecstasy, Tik, etc.)

Inhalants (nitrous, glue, petrol, paint thinner, etc.)

Sedatives or Sleeping Pills (Valium, Serepax, Rohypnol, etc.)

Hallucinogens (LSD, acid, mushrooms, PCP, Special K, etc.)

— IO Mmoo 0 W >

Opioids (heroin, morphine, methadone, codeine, etc.)

oOjlo/ojooojo|o|o

J

Other — specify:

0

WWW W W w w w w w

If all answers are negative:
“Not even when you were in school?”

If “No” to all items, go to Question 6.
If “Yes” to any of these items, answer Question 2 for
each substance ever used.

In the past three months, how often have you used the substances
you mentioned (FIRST DRUG, SECOND DRUG, ETC)?

Twice

Almost Daily

Tobacco products (cigarettes, chewing tobacco, cigars, etc.)

Alcoholic beverages (beer, wine, spirits, etc.)

Cannabis (marijuana, pot, grass, hash, dagga, etc.)

Cocaine (coke, crack, etc.)

Amphetamine- type stimulants (speed, diet pills, ecstasy, Tik, etc.)

Inhalants (nitrous, glue, petrol, paint thinner, etc.)

Sedatives or Sleeping Pills (Valium, Serepax, Rohypnol, etc.)

Hallucinogens (LSD, acid, mushrooms, PCP, Special K, etc.)

— I MmMmo 0O w >N

Opioids (heroin, morphine, methadone, codeine, etc.)

J

Other — specify:

o oloojo|lo|o|o|o|o| Never

NININININININININ|IN|Once or

W w W w W w w w w w Monthly

SA A s s IS IsA D Weekly

o oo oo o o o o o|Dailyor

If “Never” to all items in Question 2, skip to Question 6.

If any substances in Question 2 were used in the previous three months, continue with Question 3,4 & 5
for each substance used.
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3 g
During the past three months, how often have you had a strong E %
desire or urge to use (FIRST DRUG, SECOND DRUG, ETC)? < G =) = S}

3 s |8 |5 8 |33

z O = |2 |co
A Tobacco products (cigarettes, chewing tobacco, cigars, etc.) 0 3 4 5 6
B Alcoholic beverages (beer, wine, spirits, etc.) 0 3 4 5 6
C Cannabis (marijuana, pot, grass, hash, dagga, etc.) 0 3 4 5 6
D Cocaine (coke, crack, etc.) 0 3 4 5 6
E Amphetamine-type stimulants (speed, diet pills, ecstasy, Tik, etc.) 0 3 4 5 6
F Inhalants (nitrous, glue, petrol, paint thinner, etc.) 0 3 4 5 6
G Sedatives or Sleeping Pills (Valium, Serepax, Rohypnol, etc.) 0 3 4 5 6
H Hallucinogens (LSD, acid, mushrooms, PCP, Special K, etc.) 0 3 4 5 6
| Opioids (heroin, morphine, methadone, codeine, etc.) 0 3 4 5 6
J Other — specify: 0 3 4 5 6

>

During the past three months. how often has your use of (FIRST _ "g

I_DRUG_, SECOND DRUG, ETC) led to health, social, legal or . 8 o g = S

financial problems? % 3 g S 2 %‘E

4 z |OF|= |2 o<
A Tobacco products (cigarettes, chewing tobacco, cigars, etc.) 0 4 5 6 7
B Alcoholic beverages (beer, wine, spirits, etc.) 0 4 5 6 7
(¢} Cannabis (marijuana, pot, grass, hash, dagga, etc.) 0 4 5 6 7
D Cocaine (coke, crack, etc.) 0 4 5 6 7
E Amphetamine-type stimulants (speed, diet pills, ecstasy, Tik, etc.) 0 4 5 6 7
F Inhalants (nitrous, glue, petrol, paint thinner, etc.) 0 4 5 6 7
G Sedatives or Sleeping Pills (Valium, Serepax, Rohypnoal, etc.) 0 4 5 6 7
H Hallucinogens (LSD, acid, mushrooms, PCP, Special K, etc.) 0 4 5 6 7
| Opioids (heroin, morphine, methadone, codeine, etc.) 0 4 5 6 7
J Other — specify: 0 4 5 6 7

>

During the past three months, how often have you failed to do g

what was normally expected of you because of your use of (FIRST | _ S E‘ 5 S %

DRUG, SECOND DRUG, ETC)? % é .§ g g %‘ g

5 Z |IOF = |2 |o<
A Tobacco products (cigarettes, chewing tobacco, cigars, etc.) 0 5 6 7 8
B Alcoholic beverages (beer, wine, spirits, etc.) 0 5 6 7 8
C Cannabis (marijuana, pot, grass, hash, dagga, etc.) 0 5 6 7 8
D Cocaine (coke, crack, etc.) 0 5 6 7 8
E Amphetamine-type stimulants (speed, diet pills, ecstasy, Tik, etc.) 0 5 6 7 8
F Inhalants (nitrous, glue, petrol, paint thinner, etc.) 0 5 6 7 8
G Sedatives or Sleeping Pills (Valium, Serepax, Rohypnol, etc.) 0 5 6 7 8
H Hallucinogens (LSD, acid, mushrooms, PCP, Special K, etc.) 0 5 6 7 8
| Opioids (heroin, morphine, methadone, codeine, etc.) 0 5 6 7 8
J Other — specify: 0 5 6 7 8
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| Answer Questions 6 & 7 for all substances ever used (i.e. those endorsed in Question 1)

Has a friend or relative or anyone else ever expressed concern
about your use of (FIRST DRUG, SECOND DRUG, ETC)?

the past 3
months

in the past 3
months

Tobacco products (cigarettes, chewing tobacco, cigars, etc.)

Alcoholic beverages (beer, wine, spirits, etc.)

Cannabis (marijuana, pot, grass, hash, dagga, etc.)

Cocaine (coke, crack, etc.)

Amphetamine-type stimulants (speed, diet pills, ecstasy, Tik, etc.)

Inhalants (nitrous, glue, petrol, paint thinner, etc.)

Sedatives or Sleeping Pills (Valium, Serepax, Rohypnol, etc.)

Hallucinogens (LSD, acid, mushrooms, PCP, Special K, etc.)

IO MmO 0 w > o

Opioids (heroin, morphine, methadone, codeine, etc.)

(o

Other — specify:

OOOOOOOOOONO,Never

oo oo oo o oo o|Yes, in
W w | w W w w w w w ® Yes butnot

Have you ever tried and failed to control, cut down or stop using
(FIRST DRUG, SECOND DRUG, ETC)?

in the past 3

3 months
months

Tobacco products (cigarettes, chewing tobacco, cigars, etc.)

Alcoholic beverages (beer, wine, spirits, etc.)

Cannabis (marijuana, pot, grass, hash, dagga, etc.)

Cocaine (coke, crack, etc.)

Amphetamine-type stimulants (speed, diet pills, ecstasy, Tik, etc.)

Inhalants (nitrous, glue, petrol, paint thinner, etc.)

Sedatives or Sleeping Pills (Valium, Serepax, Rohypnol, etc.)

I @ MmO 0| ®m| >

Hallucinogens (LSD, acid, mushrooms, PCP, Special K, etc.)

Opioids (heroin, morphine, methadone, codeine, etc.)

[

Other — specify:

OOOOOOOOOONO’Never
oo oo o o o o o o|Yes inthe past

W W w W w w w w w ® Yes butnot

(e¢]

Have you ever used any drug by injection? (NON-MEDICAL USE
ONLY)

J No, never
U Yes, in the past 3 months
0 Yes, but not in the past 3 months
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IMPORTANT NOTE

If you have injected drugs in the last 3 months, please indicate your pattern of injecting during this period
(below):

PATTERN OF INJECTING INTERVENTION GUIDELINES

Once weekly or less or Brief intervention including information

on risks associated with injecting

\

Fewer than 3 days in a row
More than once per week or

Further assessment and more intensive
treatment

\/

3 or more days in a row

SCORING GUIDELINES

For each substance (labeled A to J) add up the scores received for questions 2 through 7 inclusive. Do not
include the results from either Q1 or Q8 in this score. For example, a score for cannabis would be calculated
as: Q2c + Q3c + Q4c + Q5c + Q6¢ + Q7c

Note that Q5 for tobacco is not coded, and is calculated as: Q2a + Q3a + Q4a + Q6a + Q7a

Record specific No intervention Receive brief More intensive

substance score intervention treatment
Tobacco 0-3 4-26 27+
Alcohol 0-10 11-26 27+
Cannabis 0-3 4-26 27+
Cocaine 0-3 4-26 27+
Amphetamine 0-3 4-26 27+
Inhalants 0-3 4-26 27+
Sedatives 0-3 4-26 27+
Hallucinogens 0-3 4-26 27+
Opioids 0-3 4-26 27+
Other drugs 0-3 4-26 27+

Scoring: Count up questions 2-7

Total: Drug 1: (name of drug) __ (score)
Total Drug 2: (name of drug) __ (score)
Total Drug 3: (name of drug) __ (score)
Total Drug 4: (name ofdrug) __ (score)




Appendix C: Dubowitz nuerobehavior assessment

CRFOX: Dubowitz Scale

[ Visit: [] Neonatal imaging Mother ParticipantID: _ [ [ [ _ Date: __/ / ]

Child Participant ID:  _ [ _ [ | _ DD/ MMM/ YYYY

- -

CRFOX: Dubowitz Scale Page 1/4 Study v 4 - July 2012
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CRFOX: Dubowitz Scale

Visit: [ Neonatal imaging Mother ParticipantID: _ [ [ [ Date: / /

Child Participant ID: [ | | __ DD/ MMM/ YYYY

CRFOX: Dubowitz Scale Page 2/4 Study v 4 - July 2012
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CRFOX: Dubowitz Scale

Visit: [J Neonatal imaging

Mother ParticipantID: _ [ [ [

Child Participant ID:

DD/ MMM/ YYYY

SPONTAMNEOUS  no movement
MOVEMENT
(quantity)

Watch infunt lying

supine
SPONTANEOUS  only stretches

sporadic and short isolated

stretches and random

frequent isolated

Huent movements but

frequent generalised  continuous exaggerated

fAuent aleernating ® cramped synchronised;

MOVEMENT abrupt movements; some monotonous movements of ® mouthing

{quality) smooth movements arms + legs; ® jerky or other abn. mov.
Watch infant lying good variability

supine

CRF0X: Dubowitz Scale Page 3/4 Study v 4 - July 2012
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CRFOX: Dubowitz Scale

Visit: [ Neonatal imaging Mother ParticipantID: _ [ [ [ Date: / /

Child Participant ID: [ | | _ DD/ MMM/ YYYY

(
\

CRF Completed by: Date: [/ __ |
DD/MMM/YYYY
CRF0X: Dubowitz Scale Page 4/4 Study v 4 - July 2012
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Appendix D: MRI imaging protocol

1. Structural:

Two T2 images, saggital
t2_tse3d_sag: repetition time (TR)=3500ms; TE (echo time)=354ms; slice thickness

1Imm; 128 slices; voxel size 1.0x1.0x1.0mm. Scan time: 5min4ls / scan.

Two T1-weighted images

tfl_mge_me: TR=2530ms; TE(1-4)=1.53, 3.21, 4.89, 6.57; flip angle=7°; slice thickness

1Imm; 128 slices; voxel size 1.3x1.0x1.3 mm. Scan time: 6min45s / scan.

2. 1H-MRS voxels

Brain area 1: Parietal white. Sequence: PRESS, TR=2000, TE=30 (128 averages) with
water scaling (30, 75, 100, 144, 500, 1000) and water reference (0 water suppression);

voxel size 18x18x18 mm. Scan time: 6min.

Brain area 2: Parietal grey matter. Sequence: PRESS, TR=2000, TE=30 (128 averages)
with water scaling (30, 75, 100, 144, 500, 1000) and water reference (0 water supres-

sion); Voxel 18x18x18 mm. Scan time: 6min.

3. Diffusion Tensor Imaging

ep2d_diff_ MGH: Two diffusion-weighted images per phase direction AP and PA respec-
tively, each with the following parameters: 45 diffusion directions; 1 b=0sec/mm?2; repeti-
tion time 7900 ms; echo time 90 ms; b-value of 1000sec/mmz2; slice thickness of 1.6 mm;

voxel size: 1.3x1.3x1.6 mm. Scan time: 6min27s / scan.

4. Resting state

ep2d_bold_resting: TR 2000 ms; TE 30 ms; flip angle=77° slice thickness 4 mm:; 25 slic-

es; voxel size: 2.5x2.5x4.0 mm. Scan time: 6min04s.

Total scan time: 55min49s
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Appendix E: Ethical approval HREC 525/2012

COTEE Q0 A

HREC office use only (FWAQ0001637; IRB00001938)

This serves as notification of annual approval. Including any documentation described below.

Approved Annual progress report | Approved until/next renewal date -?x:‘:‘ Ve? ]<a'=—=i§
O Not approved See attached commants
Signature Chairperson of the HREC Date Signed / { _/ /\h ’y

Commenis to Pl from the HREC

1. Protocol information

Date

(when submitting this form) SFelizdlio

HREG REF Number 525/2012 Current Ethice Approval was granted until I;;?ZM 4
Muttimedal imaging and neurobehavioural correlates of alcohol and

Protocol fitle methamphetamine exposed infants in Cape Town

Protocol number

summary of the budget

{if apphcable)
Are there any sub-studies linked to this study? OYes N
if yes, could you please provide the HREC Reaf's for ail *This study is a sub-study of the Drakenstein
sub-studies? Note: A separats FHS018 must be Child Lung Health Study (401/2009)
submitied for each sub-study.
Principat Investigator Dr. K.A Donald

alth
Department / Office dren’s Hospital, Klipfontein
internal Mail Address 701

Kirsty.donald@uct.ac.za
1.1 Does this protocol receive US Federal funding? O Yes M No
1 2 If the study receives US Federal Funding. does the annual report O Yes O N
require full committee approval? o
A ;

1.3 Has sponsorship of this study changed? if yes, please attach a revised O Yes No

Page 1of 8

23 July 2014

(Note: Please complete the Closure form (FHS5010) if the study is completed within the approval period)
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