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Rationale. Individuals prenatally exposed to alcohol often have impaired working 

memory. Neuropsychological studies have further suggested that spatial working memory 

(SWM) may be significantly affected in this group. Studies of the neural correlates of 

working memory have consistently shown the involvement of a fronto-parietal network. 

Despite evidence for microstructural and functional abnormalities in frontal and parietal 

regions in individuals prenatally exposed to alcohol, the relation and contribution of these 



 

 xiii 

abnormalities to SWM deficits remain unclear. The main goal of this study was to expand 

on previous research by using a multimodal imaging approach to examine brain structure 

and function associated with SWM deficits in children prenatally exposed to alcohol.  

Design. Children ages 10 to 16 with histories of heavy prenatal alcohol exposure 

(AE group; n = 18) and non-exposed controls (CON group; n = 19) underwent functional 

magnetic resonance imaging while performing a SWM task and diffusion tensor imaging. 

Whole-brain blood oxygen level dependent (BOLD) response to SWM relative to 

vigilance trials (SWM – vigilance contrast) was computed for each participant. Whole 

brain task-related functional connectivity of bilateral dorsolateral prefrontal cortex 

(DLPFC) and posterior parietal cortex (PPC) seed regions were estimated for each 

participant using a psychophysiological interaction approach. Fractional anisotropy and 

mean diffusivity were used as indices of white matter integrity. Independent samples t-

tests were used to examine group differences in BOLD response contrast, task-based 

functional connectivity, and white matter integrity of the superior longitudinal fasciculus 

(SLF) and genu of the corpus callosum (GCC).   

Results. Children in the AE group were less accurate than children in the CON 

group when performing the SWM task (p = .008). Group differences in neural activity to 

the SWM – vigilance contrast were found primarily in frontal, parietal, and cingulate 

regions. In all regions, the CON group showed greater BOLD response contrast 

compared to the AE group. Results from the functional connectivity analyses revealed 

positive coupling between bilateral DLPFC seeds and regions within the fronto-parietal 

network in the CON group, whereas the AE group showed negative connectivity. In 

contrast to the CON group, the AE group showed positive connectivity between PPC 



 

 xiv

seeds and frontal lobe regions. Across seeds, weaker negative coupling with regions 

outside the fronto-parietal network (e.g., left middle occipital gyrus) were observed in the 

AE group relative to the CON group. Functional data clusters were considered significant 

at p < .05 (with an uncorrected voxelwise threshold: p < .05; minimum cluster volume: 

63 voxels). No significant groups differences were noted with respect to white matter 

integrity in the SLF and GCC. 

Conclusions. Overall findings suggest that localized alterations in neural activity, 

aberrant fronto-parietal network synchrony, and poor coordination of neural responses 

with regions outside of this network may help explain SWM deficits in individuals with a 

history of heavy prenatal alcohol exposure. Greater understanding of the neural 

mechanism underlying cognitive deficits in children prenatally exposed to alcohol may 

contribute to the development of targeted interventions, and may serve as a potential 

neurobiological marker of treatment outcomes.  
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CHAPTER 1: INTRODUCTION 

Alcohol use during pregnancy is a leading preventable cause of birth defects, 

intellectual disabilities, and neurodevelopmental disorders (American Academy of 

Pediatrics, 2000; Pulsifer, 1996). According to the U.S. Surgeon General’s Advisory on 

alcohol use in pregnancy there is no amount of alcohol that has been identified as safe to 

consume during pregnancy. The advisory urges women who are pregnant or who may 

become pregnant to abstain from drinking alcohol because of the potential harmful 

effects on the developing embryo and fetus. However, despite increasing public 

awareness of alcohol’s teratogenic (i.e., damaging to the developing embryo or fetus) 

effects, an estimated 10.2% of women in the United States report drinking alcohol during 

pregnancy, and 3.1% of these women report binge drinking, or consuming four or more 

drinks on one occasion (Centers for Disease Control and Prevention, 2015). Maternal 

binge drinking can be especially harmful to the developing embryo and fetus because it 

results in exposure to higher blood alcohol concentration levels (Flak et al., 2014; Maier 

& West, 2001; Pierce & West, 1986; Thomas, Wasserman, West, & Goodlett, 1996). 

Heavy prenatal alcohol exposure has been associated with cognitive and behavioral 

impairments across several domains, including general intelligence, memory, language, 

attention, executive function, visuospatial ability, fine and gross motor skills, and social 

and adaptive functioning (for reviews, see Glass, Ware, & Mattson, 2014b; Mattson, 

Crocker, & Nguyen, 2011). Moreover, many factors, including timing, dose, and 

frequency of alcohol exposure, nutrition, socioeconomic status, and maternal 

characteristics such as age, gravidity, and parity, can contribute to the severity of the 

possible consequences associated with prenatal alcohol exposure (May & Gossage, 2011; 
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May et al., 2005). The cognitive and behavioral deficits associated with prenatal alcohol 

exposure can persist into adulthood and may result in adverse outcomes such as disrupted 

education, trouble with the law, and substance abuse (Spohr, Willms, & Steinhausen, 

2007; Streissguth et al., 2004; Streissguth, Sampson, & Barr, 1989). Research that 

explores these deficits is crucial for improving diagnosis, treatment, and overall quality of 

life for those affected by prenatal alcohol exposure. For example, increased knowledge of 

the mechanisms underlying the cognitive and behavioral impairments commonly seen 

among individuals who have been prenatally exposed to alcohol may lead to the 

development of targeted treatments that could not only remediate these deficits, but also 

prevent associated secondary disabilities.  

One of the most severe and widely known consequences associated with heavy 

prenatal alcohol exposure is fetal alcohol syndrome (FAS), which was first introduced in 

the medical literature over 40 years ago (Jones & Smith, 1973; Jones, Smith, Ulleland, & 

Streissguth, 1973; Lemoine, Harousseau, Borteyru, & Menuet, 1968). Since the original 

description of FAS, diagnostic criteria have remained largely consistent over time. These 

criteria are based on three features: prenatal and/or postnatal growth deficiency, a unique 

pattern of facial anomalies, and central nervous system dysfunction. Although the 

physical features of FAS are often the most noticeable aspect of the syndrome, alcohol’s 

effect on the developing central nervous system can be one of the most devastating. 

Importantly, individuals who lack the characteristic facial features or growth retardation 

associated with FAS may exhibit similar cognitive and/or behavioral deficits as compared 

to those who meet full diagnostic criteria for the syndrome (Mattson et al., 2011; 

Mattson, Riley, Gramling, Delis, & Jones, 1998) Thus, the non-diagnostic umbrella term 
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Fetal Alcohol Spectrum Disorder(s) (FASD) has been adopted to encompass the range of 

potential outcomes associated with prenatal alcohol exposure (Bertrand, 2004). In a 

recent study based on a randomly selected group of first grade students from a 

representative Midwestern U.S. community, the prevalence of FAS was estimated at 0.6-

0.9% while the total prevalence of FASD was estimated at 2.4% to 4.8% (May et al., 

2014). This is consistent with previous reports on the prevalence of FASD, which has 

been shown to be as high as 2% to 5% in the U.S. and some Western European countries 

(May et al., 2009). These rates highlight the public health concern that prenatal alcohol 

exposure represents.  

In the absence of the physical features, particularly the facial dysmorphism 

associated with FAS, identifying individuals who have been prenatally exposed to 

alcohol presents a major challenge. Obtaining accurate histories of maternal alcohol 

consumption is difficult due to mothers’ denial, recall bias, and/or reluctance to disclose 

true levels of alcohol consumption during pregnancy (Clarren, Carmichael-Olson, 

Clarren, & Astley, 2000; McNamara, Orav, Wilkins-Haug, & Chang, 2005). The 

discovery of biomarkers of prenatal alcohol exposure would be a major step forward in 

helping to identify these nondysmorphic cases, particularly when maternal exposure data 

are not available. Neuroimaging techniques have the potential to identify brain 

biomarkers of prenatal alcohol exposure, rather than emphasizing the physical 

characteristics of FAS. Such biomarkers might also be able to indicate the severity of 

exposure, and could be used to assess treatment outcomes, at the neural system level. 

Thus, continued research in this area is critical. In particular, the application of multiple 

imaging modalities, such as structural magnetic resonance imaging (MRI), functional 
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MRI (fMRI), and diffusion tensor imaging (DTI) would allow for a comprehensive 

evaluation of the effects that prenatal alcohol exposure has on brain structure and 

function.  

1.1 Working Memory Deficits in Individuals with FASD 

Working memory is an essential component of executive function. It refers to the 

process of temporarily storing and manipulating information, and is necessary for a wide 

range of cognitive tasks (Baddeley, 1986, 1992). In 1974, Baddeley and Hitch proposed 

the highly influential and enduring multi-component model of working memory. Their 

original model consisted of three components: the central executive, and two subsidiary 

systems, the phonological loop, and the visuospatial sketchpad. The model was later 

updated by Baddeley (2000) to include a fourth component, the episodic buffer. The 

central executive component is assumed to act as an attention control system responsible 

for directing the actions of the other components. The phonological loop is responsible 

for the temporary storage and manipulation of verbal information. Similarly, the 

visuospatial sketchpad is used for the temporary storage and manipulation of visuospatial 

information. The episodic buffer is comprised of a limited-capacity temporary storage 

system, which is capable of integrating information from the subsidiary systems of 

working memory (i.e., the phonological loop and the visuospatial sketchpad) and from 

long-term memory.  

Findings from neuropsychological studies generally indicate deficits in children 

and adolescents who have been prenatally exposed to alcohol, in comparison to non-

exposed controls, in both verbal (Aragon et al., 2008; Burden, Jacobson, Sokol, & 

Jacobson, 2005b; Carmichael Olson, Feldman, Streissguth, Sampson, & Bookstein, 1998; 
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Jacobson, Jacobson, Sokol, & Ager, 1998; Paolozza et al., 2014; Quattlebaum & 

O'Connor, 2013) and non-verbal (Green et al., 2009; Hemington & Reynolds, 2014; 

Paolozza et al., 2014; Quattlebaum & O'Connor, 2013; Rasmussen, Soleimani, & Pei, 

2011) working memory tasks. While most of the studies examining neurobehavioral 

deficits associated with prenatal alcohol exposure have focused on children and 

adolescents, some evidence suggests that working memory deficits may also persist into 

adulthood (Connor, Sampson, Bookstein, Barr, & Streissguth, 2000; Kerns, Don, Mateer, 

& Streissguth, 1997). 

It has also been suggested that spatial working memory (SWM), the temporary 

storage of spatial locations for further manipulation (Baddeley, 1986) may be 

significantly impaired in individuals with prenatal alcohol exposure (Green et al., 2009; 

Rasmussen et al., 2011). Green and colleagues (2009) found that, across a series of 

executive function measures, the effect size for SWM deficits was the largest, suggesting 

that prenatal alcohol exposure may affect SWM to a greater degree than it does other 

executive function domains. Another study used eight subtests from the Cambridge 

Neuropsychological Test Automated Battery (CANTAB) to examine executive function, 

visual memory, and attention in children prenatally exposed to alcohol (Rasmussen et al., 

2011). Using an alpha level of ≤ .01 to correct for multiple comparisons, findings 

revealed that, relative to non-exposed controls, children prenatally exposed to alcohol 

scored significantly lower on the Reaction Time, Spatial Working Memory, and Rapid 

Visual Information Processing subtests. Children prenatally exposed to alcohol also 

appeared more impaired than control participants on the Spatial Span subtest, although 

this difference only trended toward significance. Notably, out of four executive function 
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subtests (Spatial Span, Stockings of Cambridge, Intra-Extra Dimensional Set Shift, and 

Spatial Working Memory) children prenatally exposed to alcohol were only impaired on 

the two that depend heavily on SWM (Spatial Span and Spatial Working Memory). The 

authors also found that the Spatial Span subtest was the only one that differentiated 

children who met criteria for an FASD-related diagnosis from those who were prenatally 

exposed to alcohol but did not meet diagnostic criteria according to the Four-Digit 

Diagnostic Code (Astley, 2004). Children with an FASD related diagnosis performed 

worse on the CANTAB Spatial Span subtest, a measure that depends heavily on intact 

SWM, than did the non-diagnosed children with prenatal alcohol exposure. Similarly to 

the study by Green and colleagues (2009), Rasmussen et al. (2011) concluded that SWM 

appears to be specifically impaired in children with FASD. The authors also hypothesized 

that the SWM impairment observed in FASD is related to Baddeley’s subsidiary 

visuospatial sketchpad system. In an attempt to further define a neurobehavioral profile 

of FASD, a previous study found that measures of executive function and spatial 

processing are among the most sensitive to prenatal alcohol exposure (Mattson et al., 

2010b). Thus, it is not surprising that deficits in these areas are likely to result in 

significant SWM impairments.  

In addition to neuropsychological studies, neuroimaging techniques have allowed 

researchers to examine the neural correlates of cognitive dysfunction associated with 

prenatal alcohol exposure. Within the past decade, four fMRI studies have investigated 

the neural correlates of SWM in individuals with FASD (Malisza et al., 2005; Malisza et 

al., 2012; Norman et al., 2013; Spadoni et al., 2009). These studies will be discussed in 

further detail in subsequent sections. It is important to note that while differences in 
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methodology and subject characteristics make direct comparison of these studies 

challenging, these studies together identify aberrant brain activity that contributes to 

SWM impairment in individuals who have been prenatally exposed to alcohol compared 

to their non-exposed peers. In an attempt to clarify and expand on previous findings, the 

present study will further characterize the neural substrates underlying SWM deficits in 

youth with histories of heavy prenatal alcohol exposure using a multimodal imaging 

approach. 

1.2 Neural Underpinnings of Spatial Working Memory 

Neuroimaging techniques such as fMRI have led to new insights into the neural 

correlates of human cognition. Studies of the neural correlates of working memory have 

consistently shown the involvement of a fronto-parietal network (Owen, McMillan, 

Laird, & Bullmore, 2005; Rottschy et al., 2012; Wager & Smith, 2003). Prefrontal and 

posterior parietal brain regions, including the dorsolateral prefrontal cortex (DLPFC) and 

the posterior parietal cortex (PPC), are key regions involved in SWM (Koch et al., 2005; 

Nee & D’Esposito, 2015; van Asselen et al., 2006). While the majority of studies 

examining the neural underpinnings of SWM have focused on adults, it appears that 

similar brain regions are recruited in children and adolescents (Nelson et al., 2000; 

Thomas et al., 1999). However, children and adolescents show a more widespread neural 

response pattern than adults, suggesting that the neural circuits involved in SWM 

continue to refine as the brain develops (Geier, Garver, Terwilliger, & Luna, 2009; 

Kwon, Reiss, & Menon, 2002; Scherf, Sweeney, & Luna, 2006). Furthermore, children 

and adolescents generally show greater activation in bilateral prefrontal and parietal 

regions during SWM tasks with increasing age (Geier et al., 2009; Klingberg, Forssberg, 
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& Westerberg, 2002; Kwon et al., 2002; Nagel, Herting, Maxwell, Bruno, & Fair, 2013; 

Schweinsburg, Nagel, & Tapert, 2005; Spencer-Smith et al., 2013). Consistent with these 

findings, previous studies have shown a positive correlation between white matter 

structure of the pathways between the frontal and parietal lobes, including the superior 

longitudinal fasciculus (SLF), and working memory capacity during childhood and 

adolescence (Darki & Klingberg, 2015; Ostby, Tamnes, Fjell, & Walhovd, 2011; Peters 

et al., 2012; van Asselen et al., 2006).  

1.3 Effects of Prenatal Alcohol Exposure on Brain Structure and Function in 

Relation to Spatial Working Memory: Review of Structural MRI and fMRI Studies 

Structural brain abnormalities have been documented in individuals with FASD 

(for reviews, see Lebel, Roussotte, & Sowell, 2011; Moore, Migliorini, Infante, & Riley, 

2014), such as disproportionate volumetric reductions of the frontal (Astley et al., 2009) 

and parietal lobes (Archibald et al., 2001; Sowell et al., 2002). Previous studies have also 

found increased cortical thickness in large areas of frontal and parietal cortices (Sowell et 

al., 2008b; Yang et al., 2012) as well as increased gray matter and decreased white matter 

density in bilateral inferior parietal regions (Sowell et al., 2002). Although less research 

has been published in this area, more recent longitudinal MRI studies have suggested that 

there are alterations in the developmental trajectories of regional brain volume in children 

prenatally exposed to alcohol. One study found aberrant developmental trajectories of 

cortical brain volume in posterior areas, particularly the parietal cortex, in children with 

heavy prenatal alcohol exposure compared to non-exposed control subjects (Lebel et al., 

2012). Children prenatally exposed to alcohol showed a more linear decline in volume 

across childhood and adolescence in comparison to demographically similar non-exposed 
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controls, who showed an inverted U-shaped growth trajectory consistent with the 

expected developmental trajectory. The atypical neurodevelopmental trajectory in 

alcohol-exposed youth may indicate reduced neuroplasticity in brain regions important 

for SWM. In contrast, similar rates of white matter (Gautam et al., 2015; Gautam, Nunez, 

Narr, Kan, & Sowell, 2014) and subcortical gray matter growth (i.e., a similar 

developmental trajectory) between subjects prenatally exposed to alcohol and non-

exposed subjects have been observed (Treit et al., 2013). 

In addition to structural neuroimaging studies, over the past decade several studies 

have examined brain function in FASD using primarily fMRI techniques (for reviews, 

see Coles & Li, 2011; Moore et al., 2014). Non-invasive measurement and localization of 

brain activity can be achieved with fMRI, which detects fluctuations in blood flow and 

oxygenation levels. These fluctuations are referred to as the blood oxygen level 

dependent (BOLD) signal. The underlying mechanism of BOLD signal relates to the 

magnetic susceptibility arising from deoxyhemoglobin concentration in the brain (Kwong 

et al., 1992; Ogawa, Lee, Kay, & Tank, 1990). It has been well established that BOLD 

response measured by fMRI represents an indirect, yet valid measure of neural activation 

(Logothetis, 2008). 

Previous fMRI studies of individuals prenatally exposed to alcohol have found 

aberrant patterns of neural activation associated with SWM; however, findings have been 

somewhat inconsistent. The first fMRI study to examine the neural correlates of SWM in 

FASD evaluated children and adults with prenatal alcohol exposure compared to age-and 

sex-matched controls (Malisza et al., 2005). In this study, different conditions of an n-

back task, which is commonly used to investigate working memory, were administered 
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during the fMRI session. The results showed increased activation in inferior and middle 

frontal brain regions for the low manipulation condition of the n-back task in both 

children and adults prenatally exposed to alcohol, relative to controls. Conversely, control 

participants showed significantly greater activity in superior frontal and parietal brain 

regions. In addition to increased activation patterns, alcohol-exposed children also 

exhibited decreased activity in the frontal lobe with increasing task difficulty, while the 

opposite pattern was observed among control children. However, failure to account for 

between-group differences in task performance, and a lack of between-group statistical 

comparisons make interpretation of these findings difficult (Bookheimer & Sowell, 

2005). A subsequent study by Spadoni et al. (2009) examined neural activation during a 

SWM task in youth with heavy prenatal alcohol exposure compared to a group of 

non-exposed controls. Though there were no statistically significant group differences in 

task performance, the alcohol-exposed participants showed greater BOLD response to 

SWM relative to vigilance trials in frontal, insular, superior and middle temporal, 

occipital, and subcortical regions. Over the past few years, two additional fMRI studies 

have examined the impact of prenatal alcohol exposure on neural correlates of SWM. 

Malisza et al. (2012) compared brain activation patterns during a SWM task in children 

with alcohol-related neurodevelopmental disorder (ARND), children with attention-

deficit/hyperactivity disorder (ADHD), and non-exposed controls. Children with ARND 

had greater activation in the DLPFC and PPC in comparison to children with ADHD and 

non-exposed controls. Similar to a previous study by Malisza et al. (2005), the authors 

found differences in task performance between the groups. Children with ARND 

performed similarly to non-exposed children with ADHD, but both of these groups were 
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less accurate and had greater response time variability during the SWM component of the 

task as compared to typically developing non-exposed controls. Of note, differences in 

task performance between groups are not an ideal outcome in fMRI experiments because 

these differences make interpretation of BOLD response challenging. For example, one 

could argue that differences in brain activity are related to the differences in task 

performance. A more recent study examined the neural correlates of SWM in children 

with heavy prenatal alcohol exposure, non-exposed children with a confirmed family 

history of alcohol use disorders, and non-exposed controls (Norman et al., 2013). In 

comparison to non-exposed control children, children prenatally exposed to alcohol had 

increased activation in four clusters that included areas of the left middle and superior 

frontal gyrus, lingual gyrus and cuneus, lentiform nucleus and insula, and the right 

middle frontal gyrus. Although the authors reported group differences in task 

performance, a post-hoc analysis indicated that these differences in activation patterns 

remained significant after accounting for differences in task performance.  

While previous studies have examined the neural correlates of SWM in 

individuals with FASD, methodological and sampling differences have made it difficult 

to draw conclusions regarding the impact of prenatal alcohol exposure on the neural 

mechanisms of this cognitive domain. Nevertheless, findings do suggest aberrant 

activation patterns in alcohol-exposed individuals in comparisons to non-exposed 

controls. Therefore, further research examining this domain is warranted. This 

dissertation project aims to expand on previous studies using a multimodal imaging 

approach to examine the impact of prenatal alcohol exposure on the functional 

connectivity and underlying white matter integrity associated with SWM. 
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1.4 Effects of Prenatal Alcohol Exposure on Functional Network Connectivity  

The majority of the functional neuroimaging research (e.g., fMRI research) that 

has been conducted to date has focused on the localization of brain regions that are active 

during specific tasks. However, identifying patterns of functional interaction between 

brain regions is critical given that no specific brain region works in isolation (Fox et al., 

2005; McIntosh, 2000). Functional connectivity methods examine the degree to which 

distinct brain regions form functional networks by measuring temporal correlations in 

BOLD signal fluctuations (Biswal, Yetkin, Haughton, & Hyde, 1995). These correlations 

enable the investigation of resting state (Biswal et al., 1995; Deco, Jirsa, & McIntosh, 

2011; Lowe, Mock, & Sorenson, 1998) and task specific (Arfanakis et al., 2000; Friston 

et al., 1997; Lowe, Dzemidzic, Lurito, Mathews, & Phillips, 2000) neural networks.  

Previous studies have examined patterns of functional connectivity at rest in 

children prenatally exposed to alcohol (Wozniak et al., 2013; Wozniak et al., 2011) and 

adults (Santhanam et al., 2011). Wozniak et al. (2011) examined inter-hemispheric 

functional connectivity in children prenatally exposed to alcohol in comparison to 

demographically similar controls with no history of prenatal alcohol exposure. 

Specifically, the authors focused on brain regions known to have white matter alterations 

at the microstructural level. Findings indicated lower inter-hemispheric connectivity in 

paracentral regions in the alcohol-exposed group as compared to the non-exposed control 

group (i.e., the correlations between contralateral paracentral BOLD response were lower 

in the FASD group than in the control group). Another study examined resting state 

functional connectivity of the default-mode network in adults with prenatal alcohol 

exposure compared to healthy controls (Santhanam et al., 2011). Results of this study 
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showed that alcohol-exposed adults displayed reduced connectivity between the middle 

prefrontal cortex and posterior cingulate cortex as compared to control participants. A 

more recent resting state functional connectivity study examined global cortical 

connectivity in children prenatally exposed to alcohol relative to non-alcohol exposed 

controls (Wozniak et al., 2013). The results revealed altered network connectivity in 

children with prenatal alcohol exposure that indicated overall less efficient brain 

circuitry. 

Unlike resting state functional connectivity, task-based functional connectivity 

can provide new insights into the functional organization of brain networks during 

different cognitive tasks. Psychophysiological Interaction (PPI) analysis is a statistical 

technique that provides a measure of task-based functional interactions between different 

brain regions’ activity (Friston et al., 1997). This approach can enhance our 

understanding of the pathophysiological mechanisms of cognitive dysfunction in 

individuals with FASD. For example, a study by Roussotte and colleagues (2012) using 

simple correlational analysis between BOLD signal fluctuations found that, compared to 

a group of control children, children with prenatal alcohol exposure showed greater 

connectivity between putamen seeds and frontal areas, but decreased connectivity with 

caudate seeds. While these findings suggest altered corticostriatal connectivity, the 

methodological approach used does not allow for the possibility that the correlation of 

neural activity in different brain regions may change as a function of task. That is to say 

that the correlations observed by Roussotte and colleagues (2012) may actually have been 

a function of non-task-related spontaneous BOLD signal activity. To address this, PPI 

provides a useful exploratory technique that allows for examination of connectivity 
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between two brain regions as a specific function of the task of interest. No studies to date 

have used this approach to examine task-based functional connectivity in FASD.  

1.5 Effects of Prenatal Alcohol Exposure on White Matter Microstructure  

DTI is a MRI-based technique that allows for the examination of white matter 

microstructure in a way that is not possible with traditional structural MRI. More 

specifically, DTI assesses the direction and integrity of white matter fibers by measuring 

the Brownian motion of water molecules (Basser & Jones, 2002; Basser & Pierpaoli, 

1996; Le Bihan et al., 2001). Fractional anisotropy (FA) and mean diffusivity (MD) are 

two widely used measures of white matter integrity. FA is a scalar measure of the degree 

of anisotropy (i.e., directional variation) and is calculated from the diffusion rates across 

all three principal axes of the diffusion ellipsoid (Pierpaoli & Basser, 1996). FA ranges 

from 0 to 1, with 0 indicating completely random diffusion (i.e., isotropic diffusion) and 

1 indicating completely directional diffusion (i.e., anisotropic diffusion), such as that seen 

in densely packed, myelinated axonal fiber bundles. Mean diffusivity refers to the 

average diffusion over all directions, with possible values ranging from 0 to 1. Values 

closer to 1 denote an increased rate of diffusion, while values approaching 0 indicate 

reduced water movement (Basser & Pierpaoli, 1996). These metrics are thought to be 

indicative of different biological properties, such as myelination, axonal diameter, and 

cellular densities (Alexander, Lee, Lazar, & Field, 2007). Disruptions in white matter 

integrity may disrupt signal transmission between brain regions, resulting in altered 

functional network organization. For example, axon myelination increases the speed of 

signal propagation. Increased myelination or packing density has been associated with 

decreased radial diffusivity and increased FA (Sen & Basser, 2005). An appropriate 
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degree of myelination is necessary for the smooth, efficient, and integrated connections 

between white matter fiber pathways.  

DTI studies have revealed white matter abnormalities in several brain regions 

among individuals prenatally exposed to alcohol (for review, see Wozniak & Muetzel, 

2011). One of the most consistent findings resulting from DTI studies in FASD is altered 

white matter integrity in the corpus callosum (Fryer et al., 2009; Lebel et al., 2008; Li, 

Coles, Lynch, & Hu, 2009; Ma et al., 2005; O'Conaill et al., 2015; Sowell et al., 2008a; 

Wozniak et al., 2006; Wozniak et al., 2009). Abnormalities in white matter fibers 

innervating frontal, temporal, and occipital regions of the brain have also been reported in 

youth with heavy prenatal alcohol exposure (Fryer et al., 2009; Lebel et al., 2008; 

O'Conaill et al., 2015; Sowell et al., 2008a). Findings from a longitudinal study by Treit 

et al. (2013) showed alterations in the developmental trajectory of white matter integrity 

in frontal association fibers in children prenatally exposed to alcohol as compared to non-

exposed controls. Specifically, compared to non-exposed controls, children with FASD 

showed greater reductions in MD with age. According to the authors, the greater age-

related reductions in MD suggest delayed compensatory mechanisms of underlying 

cellular events than what would be expected in typically developing children. More 

recent studies suggest that abnormalities in white matter integrity following prenatal 

exposure to alcohol are evident in the early neonatal period (Donald et al., 2015; Taylor 

et al., 2015).  

White matter integrity is critical for high-level cognitive processes such as 

attention, executive functioning, non-verbal visuospatial processing, and processing 

speed (for review, see Filley, 2010). Aberrant white matter integrity as a result of prenatal 
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alcohol exposure may contribute to many of the cognitive deficits characteristic of 

individuals with FASD. For example, Sowell and colleagues (2008a) found that among a 

group of children and adolescents with FASD, lower FA in bilateral splenium was 

associated with poorer performance on visuomotor integration tests.  

1.6 Purpose of the Current Study 

One deficit often found in individuals with FASD is impaired working memory 

(Connor et al., 2000; Gautam et al., 2014; Green et al., 2009; Paolozza et al., 2014; 

Rasmussen et al., 2011). More specifically, SWM may be particularly deficient in youth 

prenatally exposed to alcohol (Green et al., 2009; Rasmussen et al., 2011). A fronto-

parietal network has consistently been shown to activate during working memory tasks 

(Owen et al., 2005; Rottschy et al., 2012; Wager & Smith, 2003). Despite evidence for 

microstructural and functional abnormalities in frontal and parietal brain regions in 

individuals prenatally exposed to alcohol, the relation and contribution of these 

abnormalities to SWM deficits remain unclear. An increasing number of studies are 

combining measures of white matter microstructure and functional connectivity to 

explore the anatomical substrates of the functional organization in the brain (for review, 

see Rykhlevskaia, Gratton, & Fabiani, 2008). The main goal of the current study was to 

expand on previous research by examining the brain structure and function underlying 

SWM deficits in children with FASD using a multimodal imaging approach. Specially, 

task-based fMRI and DTI were used to delineate the effects of prenatal alcohol exposure 

on the neural substrates underlying SWM. Identification of the brain abnormalities in 

individuals with FASD may yield brain biomarkers, which have the potential to aid in the 

identification of individuals who experience cognitive deficits associated with FASD in 
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the absence of facial dysmorphism. It will also enable assessment of the severity of 

deficiencies associated with prenatal alcohol exposure. Moreover, such knowledge can 

inform the development of treatment approaches designed to improve the efficiency of 

neural networks underlying the cognitive deficits associated with prenatal alcohol 

exposure. 

1.7 Specific Aims and Hypotheses  

Aim 1: Examine brain activation associated with SWM in children with 

heavy prenatal alcohol exposure compared to non-exposed controls. Using fMRI 

response to a SWM paradigm previously shown to be sensitive to the effects of heavy 

prenatal alcohol exposure (Norman et al., 2013; Spadoni et al., 2009), whole-brain 

between group differences in BOLD response (expressed as a percent signal change) to 

SWM relative to vigilance trials (SWM – vigilance contrast) were assessed.  

 Hypothesis 1. Based on previous findings showing that individuals with FASD 

display functional abnormalities during SWM (Malisza et al., 2005; Malisza et al., 2012; 

Norman et al., 2013; Spadoni et al., 2009), it was hypothesized that children with heavy 

prenatal alcohol exposure would show greater BOLD response to the SWM – vigilance 

contrast in expected frontal and parietal brain regions in comparison to non-exposed 

controls. It was also hypothesized that these children would show more widespread 

neural activity in comparison to non-exposed controls, despite equivalent task 

performance.  

Aim 2: Examine group differences in task-based functional connectivity with 

frontal and parietal seed regions subserving working memory for spatial 

information. Four seed regions within the bilateral DLFPC and PPC were selected. 
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Group differences in task-based functional connectivity between each of the selected 

seeds and every voxel in the brain were examined for the SWM – vigilance contrast using 

a PPI approach.  

Hypothesis 2. Based on previous findings of inefficient network connectivity in 

individuals prenatally exposed to alcohol (Santhanam et al., 2011; Wozniak et al., 2013; 

Wozniak et al., 2011), it was hypothesized that, relative to non-exposed controls, children 

prenatally exposed to alcohol would show reduced functional connectivity of the DLPFC 

and PPC seed regions with other task-related brain regions.  

Aim 3: Examine group differences in white matter integrity underlying the 

fronto-parietal network implicated in SWM. Group differences in white matter 

integrity, as measured by FA and MD, for the superior longitudinal fasciculus (SLF) and 

the genu of the corpus callosum (GCC) were examined. These white matter tracts 

subserve frontal and parietal seed regions discussed in Hypothesis 2. 

Hypothesis 3. Previous DTI studies have shown atypical white matter integrity of 

these regions associated with prenatal alcohol exposure (Fryer et al., 2009; Lebel et al., 

2008; Ma et al., 2005). Based on prior research, it was hypothesized that children 

prenatally exposed to alcohol would show altered white matter integrity in the SLF and 

GCC as compared to non-exposed controls, as evidenced by reductions in FA and/or 

increases in MD.
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CHAPTER 2: METHODS 

2.1 Participants 

Study participants were recruited through the Center for Behavioral Teratology 

(CBT) at San Diego State University (SDSU) as part of a larger, ongoing study on the 

Collaborative Initiative on Fetal Alcohol Spectrum Disorders (CIFASD). A multifaceted 

recruitment strategy was employed, including referrals from diagnostic clinics and other 

professionals, and community outreach via advertising at various child-related agencies 

and venues. Primary caregivers completed questionnaires and participated in interviews 

about their children to determine study eligibility. A total of 40 eligible (criteria described 

below) children between the ages of 10 and 16 ultimately participated: 21 children with 

histories of heavy prenatal alcohol exposure (AE group), and 19 demographically similar 

non-exposed controls (CON group). Data from three participants in the AE group were 

excluded from the analyses due to excessive head motion during scanning, resulting in a 

total sample of 37 participants.  

Inclusion/Exclusion Criteria and Group Characterization. To participate in 

the present study, children must have: (1) been between the ages of 10:0 and 16:11, (2) 

been fluent in English, and (3) met the requirements for one of the groups detailed below. 

General exclusion criteria included the following: (1) history of significant head injury 

with loss of consciousness for more than 30 minutes, (2) evidence of any other known 

causes of mental deficiency, or significant physical, neurological, or psychiatric disability 

that would prevent participation in the study, (3) adopted from abroad after the age of 

five or less than two years before the assessment, and (4) any contraindication for MRI 

procedure (e.g., metallic implants). Participants were excluded from the CON group if



 

 

 

20

they met diagnostic criteria for a psychiatric illness based on the NIMH Diagnostic 

Interview Schedule for Children Version IV (C-DISC-4.0; Shaffer, Fisher, Lucas, 

Dulcan, & Schwab-Stone, 2000). The inclusion/exclusion criteria used in this study were 

identical to those used in the CIFASD project. Thus, children eligible for the 

neuroimaging component of the CIFASD project were considered for participation in the 

current study.  

AE group. Participants in the AE group were evaluated by Dr. Kenneth Lyons 

Jones, a pediatric dysmorphologist with expertise in alcohol teratogenesis, who 

determined the presence of FAS diagnosis using standardized criteria defined by the 

Dysmorphology Core of the CIFASD project. A diagnosis of FAS was sufficient to meet 

study criteria for inclusion in the AE group. FAS diagnosis was based on the presence of 

two or more key facial features (short palpebral fissures, smooth philtrum, and thin 

vermilion border of the upper lip) and either evidence of growth deficiency (height and/or 

weight ≤ 10th percentile) or microcephaly (head circumference ≤ 10th percentile) (for 

details, see Jones et al., 2006; Mattson et al., 2010a). Three subjects met these criteria for 

a diagnosis of FAS. When maternal self-report was available, heavy prenatal alcohol 

exposure was defined as maternal consumption of ≥ 4 drinks per occasion at least once 

per week or ≥ 13 drinks per week several times during pregnancy. For the remaining 

subjects in the AE group, mothers were reported to be “alcoholic” or to have had alcohol 

abuse or dependence during pregnancy. Of note, direct maternal self-report was generally 

unavailable, as many children with heavy prenatal alcohol exposure were no longer 

residing with their biological families at the time of study participation. While 

prospective measures of alcohol consumption are valuable as they allow for consideration 
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of alcohol dose and timing, such data were not available for the majority of participants 

in the AE group.  

CON group. Participants in the CON group had minimal to no prenatal alcohol 

exposure, defined as no more than one drink per week on average and never more than 

two drinks on a single occasion during pregnancy. Because the majority of participants in 

the CON group resided with their biological mothers, unlike the children in the AE 

group, screening for exposure to alcohol or other teratogens was determined through 

direct maternal self-report in most cases.  

2.2 Study Procedures 

General study procedures. Written informed parental consent and participant 

assent were obtained prior to participation. The Institutional Review Boards of SDSU and 

the University of California San Diego (UC San Diego) approved all study procedures. 

Participants received a financial incentive for participation in the study. As part of this 

larger study, a general conceptual ability (GCA) score from the Differential Ability 

Scales–Second Edition (DAS–II) (Elliott, 2007), which is a composite score related to 

general reasoning and conceptual abilities that is similar to a Full Scale IQ score, was 

computed. Socioeconomic status (SES), as measured by the Hollingshead Four Factor 

Index of Social Status (Hollingshead, 1975), was also determined for all study 

participants.  

Familiarization with scanner environment. All participants habituated to the 

scanning environment using a mock scanner located at the CBT. The mock scanner 

simulates the actual scanner experience in the absence of a magnetic field. During this 

session participants practiced staying still while lying in the mock scanner. All 
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procedures to be used at the actual neuroimaging session were replicated, including 

placement of the participant’s head into the head coil, stabilization with padding and tape, 

and movement into the magnet bore. Completion time for the mock scanning procedure 

was approximately 30-45 minutes.  

Scan session. Participants were scanned at the UC San Diego Center for 

Functional Magnetic Resonance Imaging (CfMRI) on a General Electric Discovery 

MR750 3.0 Tesla whole body magnet using an 8-channel gradient head coil. Upon arrival 

to the CfMRI, participants were re-screened for contraindications for MRI scanning and 

inspected for metal on their person using a hand-held metal detector. Immediately before 

the scan session, participants were provided with instructions and a practice session of the 

fMRI experimental task to ensure they understood the task demands, and to alleviate 

task-related confusion during scanning. Upon entering the scanner room, the scan 

operator reminded participants of the scanning procedures. Participants were instructed to 

lie supine on the scanner bed. The participant’s head was then adjusted within the head 

coil and stabilized with padding and tape to minimize head motion. All participants wore 

earplugs to further attenuate scanner noise, and padding was placed inside the head coil 

to restrict head movement. After localizing the head position and ensuring that the 

participant was comfortable and had a full view of the display screen, the operator left the 

room and initiated image acquisition. The total time in the scanner was approximately 45 

minutes per participant. 

Localizer. A localizer (13 s) was obtained at the beginning of each scan session to 

ensure good head placement and slice selection covering the whole brain. 

Anatomical scan. A high-resolution T1-weighted anatomical scan was acquired 
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in the sagittal plane using a three-dimensional inversion recovery spoiled echo (IR-

SPGR) pulse sequence [repetition time (TR) = 8.1 ms, echo time (TE) = min full, 

inversion time = 640 ms, flip angle = 8 degrees, field of view (FOV) = 24 cm, frequency 

=256, phase =192, slice thickness 1.2 mm, number of slices = 170, acquisition time = 8 

min, 33 s)]. All T1-weighted anatomical scans were collected using real time prospective 

motion correction (PROMO) (White et al., 2010).  

DTI. Diffusion weighted images were acquired in the axial plane along 30 

diffusion directions (b value = 1000, TR = 12000 ms, TE = minimum, frequency = 96, 

phase = 96, slice thickness = 2.5 mm, acquisition time = 7 min, 36 s).  

Field maps. Two B0 field maps were collected to correct for echo planar imaging 

(EPI) distortions caused by the static-field-inhomogeneity. 

Task-based fMRI. A T2-weighted functional scan was acquired in the axial plane 

using gradient echo EPI (TR = 3000 ms, TE = 30 ms, flip angle = 90 degrees, FOV = 24 

cm, frequency = 64, phase = 64, number of slices = 32, slice thickness = 3.8 mm, in plane 

resolution = 3.75 mm x 3.75 mm, repetitions = 156, acquisition time = 7 min 48 s). Task 

stimuli were back-projected from a laptop onto a screen at the foot of the scanner bed, 

and were visible via an angled mirror mounted to the head coil. During fMRI acquisition, 

participants were administered a task designed to probe brain regions subserving SWM 

(Kindermann, Brown, Zorrilla, Olsen, & Jeste, 2004; Tapert et al., 2001). The SWM task 

(see Figure 1), originally adapated from McCarthy et al. (1994), consisted of three blocks 

of rest, during which a fixation cross appeared in the center of the projection screen, and 

18 experimental blocks (20 s in duration) that alternated between baseline (vigilance) and 

experimental (SWM) conditions. A 1 s cue word (‘LOOK,’ ‘DOTS,’ or ‘WHERE’) 
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appeared at the center of the screen immediately before each block to indicate the 

beginning and type of condition. Rest blocks, prefaced by the word ‘LOOK,’ were 

followed by 20 s of viewing a cross. Figures presented during the vigilance and SWM 

conditions consisted of abstract Kimura line drawings (Kimura, 1963). The baseline 

vigilance condition began with the word ‘DOTS,’ which cued the participant to press the 

button every time a dot appeared above a figure, approximately 30% of the time. The 

vigilance condition allowed for control of visual attention and simple motor processes 

involved during SWM. In the SWM condition, figures were individually presented in one 

of eight locations. The SWM began with the word ‘WHERE,’ cueing participants to press 

the button every time a figure appeared in the same location as a previous figure within 

that block. Of the ten stimuli presented in each block, an average of three were target 

trials, or figures that were presented in the same location as the figure presented two trials 

ago (2-back). For each condition, stimuli were presented on the screen for 1000 ms with 

an inter-trial stimulus interval of 1000 ms. Accuracy and reaction time (RT) data were 

logged using a response box designed for MRI studies. 

2.3 Data Processing and Statistical Analyses  

Continuous variables were tested for normality using the Shapiro-Wilk test, 

skewness and kurtosis statistics, and visual inspection of outliers via Q-Q plots. In 

instances where the assumption of normality was not met after removal of potential 

outliers, the non-parametric Mann-Whitney U test was used. 

Demographic and fMRI behavioral data. Analyses were conducted using IBM 

Statistical Package for Social Sciences (SPSS) version 22. Group differences in 

demographic characteristics (i.e., sex, race, ethnicity, handedness, age, SES, and GCA) 
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were examined using independent samples t-tests and chi-squared tests. A total accuracy 

cut-off of 69% was set for both task conditions (vigilance and SWM), so that only 

participants who were engaged during cognitive task performance were included in the 

analyses. Total accuracy was calculated as the percentage of correct responses for all 

trials belonging to the same condition. Similar criteria have been used in prior studies of 

youth with heavy prenatal alcohol exposure using the same SWM task (Norman et al., 

2013; Spadoni et al., 2009). Group differences in vigilance and SWM total accuracy and 

RT were examined using independent samples t-tests. 

Imaging data. All image processing and analyses were conducted using the 

Analysis of Functional NeuroImages (AFNI) software (Cox, 1996), the University of 

Oxford's Center for Functional Magnetic Resonance Imaging of the Brain (FMRIB) 

Software Library (FSL) software (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 

2012; Smith et al., 2004), and SPSS. Researchers conducting the image preprocessing 

were blinded to participants’ group classification.  

fMRI. Each T1-weighted anatomical scan was first transformed to Montreal 

Neurological Institute 152 (MNI152) standard space by first using FSL’s linear image 

registration, FLIRT (Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson & Smith, 

2001), followed by FSL’s FNIRT for non-linear registration (Andersson, Jenkinson, & 

Smith, 2007a, 2007b). Next, functional data were visually inspected for scanner artifacts 

(e.g., spikes, ghosting). Distortions caused by inhomogeneities of the magnetic field were 

corrected using field maps. Post-corrected images were examined and compared to the 

non-corrected images to ensure that the application of the field map correction did not 

introduce any artifact. To correct for small movements over time, image repetitions were 
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registered to a selected base volume using a three-dimensional algorithm implemented 

via AFNI’s 3dvolreg (Cox & Jesmanowicz, 1999). The time series of the motion 

parameters were used in the linear regression analysis of individual data to control for 

spin history effects (Friston, Williams, Howard, Frackowiak, & Turner, 1996). 

Participants were excluded from the analysis if more than 15% of repetitions were 

discarded due to excessive motion. In addition, series data were visually inspected for 

gross movement artifacts by examining plots of estimated head motion and functional 

images. Participants with excessive motion, operationalized as greater than 4 mm 

movement (the size of one voxel), within the run were excluded from group analyses. 

Next, functional data were resampled into 4 mm3 isometric voxels and transformed into 

the subject’s anatomical space. This was followed by transformation into standard space 

using the previously computed anatomical to MNI152 standard space transformation 

matrix. Images were spatially smoothed by a Gaussian filter with 6 mm full-width half 

maximum using AFNI program 3dBlurInMask. Next, AFNI’s 3dDeconvolve algorithm 

was used to estimate the general linear model (GLM) through deconvolution of the time 

series. The GLM used reference vectors for the SWM and vigilance conditions convolved 

with the hemodynamic response function. Estimated motion and linear trends were also 

included as nuisance variables. The resulting model generated scaled beta coefficient 

maps representing the mean percent BOLD signal change for each condition of the task 

relative to fixation trials and for SWM relative to vigilance trials.  

Functional connectivity. Task-based functional connectivity analyses were 

conducted in AFNI using a generalized psychophysiological interaction (gPPI) approach 

(McLaren, Ries, Xu, & Johnson, 2012), with seed regions in bilateral DLPFC and PPC. 
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PPI analysis evaluates the degree to which brain activity in one seed region can be 

explained by an interaction between an experimental factor and activity in another part of 

the brain (Friston et al., 1997). Using the standard PPI approach, the different task 

conditions are multiplied and then convolved with the hemodynamic response function 

for the psychological regressor in the GLM, whereas in the gPPI each condition of the 

task (e.g., SWM and vigilance) is separately convolved with the hemodynamic response 

to form separate psychological regressors, allowing for improved model fit at the single 

subject level (McLaren et al., 2012). The selection of seed regions within the bilateral 

DLPFC and PPC (i.e. regions of the fronto-parietal network) was based on activation to 

the SWM – vigilance contrast collapsing across all participants, and a priori knowledge 

of the involvement of these regions in SWM (Glahn et al., 2002; Koch et al., 2005; Owen 

et al., 2005; van Asselen et al., 2006). For all participants combined as one sample, 

activation to the SWM – vigilance contrast was determined using a one-sample t-test with 

AFNI’s 3dttest++ program. Correction for multiple comparisons using a cluster threshold 

based on Monte Carlo simulations was implemented via AFNI program 3dClustSim 

(Forman et al., 1995). A corrected significance level of p < .05 (with an uncorrected 

voxelwise threshold: p < .05; minimum cluster volume: 63 voxels) was used for all 

analyses. Because the t-test results yielded large clusters of activation covering multiple 

regions, AFNI’s 3dExtrema program was used to identify the local maxima within 

bilateral DLPFC and PPC from which corresponding seeds were selected. Specifically, 

activation peaks were located in bilateral middle frontal gyri (right: x = 35.50, y = 28.50, 

z = 34.50; left: x = -32.50, y = 4.50, z = 54.50), and bilateral superior parietal lobes 

(right: x = 27.50, y = -51.50, z = 50.50; left: x = -36.50, y = -47.50, z = 58.50). 



 

 

 

28

Functional seeds were defined as spheres (5 mm radius) around the local maxima within 

each region. For each participant, the average time series of the BOLD signal was 

extracted for the four seeds, and trends were removed with 3dDetrend. A deconvolution 

of the seed’s time series, using a gamma function, was calculated with AFNI’s 3dTfitter 

program. PPI regressors (interaction terms) for each condition (SWM, vigilance) were 

computed by multiplying the mean time series of the deconvolved seed with the 

condition vector of interest, and then convolved with a gamma basis function using AFNI 

program Waver. Separate voxelwise GLMs were conducted for each seed at the 

individual subject level. Each GLM contained the PPI regressors, the physiological 

regressor (seed time series), the psychological regressors (i.e. task condition regressors), 

and nuisance variables (i.e., the motion regressors from the prior fMRI analysis). A total 

of four gPPI analyses corresponding to each seed were performed at the single subject 

level, and the resulting contrast images were transformed into a z-score using Fisher’s z 

transformation for subsequent group level analyses.  

DTI. In order to correct for head motion, each diffusion image was registered to a 

reference volume via affine registration. Next FSL’s topup (Andersson, Skare, & 

Ashburner, 2003) and eddy-correct tools were applied to correct for susceptibility-

induced distortions and eddy currents induced artifacts by gradient coils, respectively. 

Images were visually inspected for quality, followed by skull stripping using FSL’s Brain 

Extraction Tool (BET) (Smith, 2002). FSL Diffusion Toolbox (FDT) DTIfit was then 

used to fit a diffusion tensor model at each voxel and to compute the scalar FA and MD 

maps derived from the tensor’s eigenvalues (Behrens et al., 2003). The next steps 

implemented for data processing were obtained using FSL’s Tract-Based Spatial 
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Statistics (TBSS) pipeline (Smith et al., 2006). Briefly, the first step was to slightly erode 

FA images and zero end slices in order to remove any outliers from the diffusion tensor 

fitting. Next, every FA image was aligned to every other one using nonlinear registration. 

The former step was conducted in order to identify the most representative image as the 

target. The target image was then affine-aligned into MNI152 standard space. 

Subsequently, each participant’s FA image was transformed into 1 × 1× 1 mm MNI152 

space using the previously estimated nonlinear and affine transformations. The resulting 

images were averaged to create a mean FA image, which was then thinned to create a 

mean FA skeleton. A threshold (> 0.2) was applied to the mean skeleton prior to any 

statistical analyses. The same non-linear transformations were applied to the 

corresponding MD maps. Both analyses of FA and MD used the same mean skeleton.  

Given the involvement of the frontal and parietal regions in SWM, this study used 

a region of interest (ROI) approach to examine white matter integrity of tracts known to 

subserve these cortical regions. Tract-based ROI analyses focused on the bilateral SLF 

and GCC. Predefined masks for the selected ROIs were obtained from the ICBM-DTI-81 

stereotaxic white matter parcellation map within FSL (Mori et al., 2008). Masks were 

subsequently restricted to voxels only within the mean skeleton to avoid including voxels 

located outside the tracts in averages. Mean FA and MD values were extracted for each 

participant within each ROI along the mean skeleton using fslmeants. These values were 

exported for subsequent group analyses.  

Hypotheses testing. 

Hypothesis 1. It was hypothesized that children with heavy prenatal alcohol 

exposure would show greater BOLD response to the SWM – vigilance contrast in 
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expected frontal and parietal brain regions in comparison to non-exposed controls. It was 

also hypothesized that these children would show more widespread neural activity in 

comparison to non-exposed controls, despite equivalent task performance.  

Between group differences in BOLD response to the SWM – vigilance contrast 

were examined across the whole brain using an independent samples t-test with AFNI’s 

3dttest++ command. Correction for multiple comparisons were applied using AFNI 

3dClustSim at a corrected significance level of p < .05 (with an uncorrected voxelwise 

threshold: p < .05; minimum cluster volume: 63 voxels). To further clarify the 

directionality of significant group differences, the mean percent BOLD signal change for 

the SWM relative to fixation, and vigilance relative to fixation, within each significant 

cluster was extracted for each participant. Within group analyses of BOLD response to 

the SWM – vigilance contrast were also examined to further characterize and explain 

group differences in brain activation using one-sample t-tests.  

Hypothesis 2. It was hypothesized that, relative to non-exposed controls, children 

prenatally exposed to alcohol would show reduced functional connectivity of the DLPFC 

and PPC seed regions with other task-related brain regions.  

Four previously defined seeds (bilateral DLPFC and PPC) were used in these 

analyses. Each seed’s connectivity with other brain areas was examined separately. The 

z-transformed contrast image was used to denote the strength of the functional 

connectivity between regions whose task-dependent connectivity with the specific seed 

changed as a function of SWM. Whole-brain between group differences in functional 

connectivity were estimated using an independent samples t-test via AFNI 3dttest++. To 

correct for multiple comparisons, the same correction applied to the original BOLD 



 

 

 

31

analyses (see Hypothesis 1) was used for the functional connectivity analyses.  

Hypothesis 3. It was hypothesized that alcohol-exposed youth would show 

reduced white matter integrity in the SLF and GCC compared to non-exposed youth.  

An ROI approach was used to examine white matter integrity (measured by FA 

and MD) for the right and left SLF and GCC. Group differences in FA and MD for these 

regions were examined using independent samples t-tests. To correct for multiple 

comparisons, a Bonferroni correction was applied. Results were considered significant at 

p < .017 (α = .05/3 ROIs).   

Exploratory analyses. 

 Effect of age as a covariate. During childhood and adolescence the brain 

undergoes significant changes in brain structure and function (Barnea-Goraly et al., 2005; 

Casey, Giedd, & Thomas, 2000; Spear, 2000). Among other cognitive processes, working 

memory continues to improve throughout childhood and adolescence (Demetriou, 

Christou, Spanoudis, & Platsidou, 2002; Klingberg et al., 2002; Luna, Garver, Urban, 

Lazar, & Sweeney, 2004). In a previous fMRI study using a SWM task identical to the 

one used in the present study, findings indicated age-related changes in fronto-parietal 

neural networks involved in SWM in a group of typically developing adolescents 

(Schweinsburg et al., 2005). Therefore, to examine the potential contribution of age on 

brain activation, functional connectivity, and white matter integrity, all analyses were 

repeated with age included as a covariate.  

Relationship between functional and structural data. Pearson’s product-moment 

correlations were used to examine the association between white matter integrity 

measured by FA and MD in each of the selected ROIs (i.e., right SLF, left SLF, and 
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GCC), and the BOLD response extracted from clusters showing significant group 

differences in activation to the SWM – vigilance contrast. Correlations were examined 

within each group separately. Only clusters of anatomical correspondence to the white 

matter tract(s) were examined. These analyses were exploratory in nature; therefore, 

corrections for multiple comparisons were not applied. 
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CHAPTER 3: RESULTS 

3.1 Sample Characteristics  

The final sample consisted of 37 participants (18 AE and 19 CON) with a mean 

age of 13.70 years (SD = 2.09). Demographic characteristics of study participants are 

presented in Table 1. There were no significant group differences in terms of sex, χ2(1) = 

.02, p = .886, race, χ2(4) = 4.92, p = .295, ethnicity, χ2(2) = 3.96, p = .138, handedness, 

χ2(2) = 2.81, p = .246, age, t(35) = .49, p = .63, or SES, t(35) = -1.02, p = .313. As 

expected, children with heavy prenatal alcohol exposure had significantly lower GCA 

scores on the DAS-II than non-exposed controls, t(35) = -5.92, p < .001.  

3.2 Task Performance  

All participants with usable imaging data (N = 37) performed with greater than 

70% total accuracy for the vigilance and SWM condition, demonstrating that participants 

performed better than chance. The Shapiro-Wilk test revealed a non-normal distribution 

of vigilance accuracy scores in both the AE (W = .83, p = .005) and CON (W = .81, p = 

.002) groups, as well as a non-normal distribution of SWM accuracy scores in the CON 

group (W = .82, p = .005). For vigilance accuracy, two outliers were identified in the AE 

group. For SWM accuracy, two outliers were found in the CON group. While removal of 

outliers improved the normality of the data, doing so did not change the overall findings. 

Therefore, these subjects were not excluded from the analyses in an effort to increase 

power. Given these findings, data were analyzed using the non-parametric Mann-

Whitney U test. These analyses yielded the same results in terms of significance as those 

obtained from the independent samples t-test. Thus for ease of interpretation, the 

parametric test results are provided. Group differences were found on SWM total 
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accuracy, t(35) = -2.82, p = .008, such that the CON group was more accurate (M = 

90.56, SD = 6.18) than the AE group (M = 83.41, SD = 9.05). Groups did not differ with 

respect to vigilance total accuracy. The mean RT for correct response for trials in the 

vigilance and SWM conditions did not differ between groups. Task performance by 

group is displayed in Figure 2.   

3.3 fMRI  

Between group differences in BOLD response. Significant between group 

differences in BOLD response to the SWM – vigilance contrast were found in four 

clusters, located primarily in frontal, parietal, and cingulate regions (see Table 2 and 

Figure 3). In all clusters, the CON group had greater BOLD response than the AE group. 

The largest cluster, which had a peak in the right posterior cingulate cortex, also extended 

to the right precuneus and middle temporal gyrus. Additional differences in activation 

were found in a right hemisphere cluster with a peak in the inferior parietal lobule 

extending to the precuneus and sensorimotor cortex (including the paracentral lobule and 

postcentral gyrus), a left hemisphere cluster with a peak in the precuneus extending to the 

inferior parietal lobule, and a bilateral cluster encompassing the medial frontal gyri and 

anterior cingulate cortex, extending into the right middle frontal gyrus. The peak 

activation for this final cluster was located in the left medial frontal gyrus. Effect sizes 

estimated using Cohen’s d, reflecting differences between groups in BOLD response to 

the SWM – vigilance contrast, were medium to large.  

To further assess the nature of these group differences, the mean percent signal 

change for the SWM trials (SWM – fixation) and vigilance trials (vigilance – fixation) 

were separately extracted for each significant cluster identified from the between group 
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analysis (see Figure 4). In all four clusters, children in the CON group showed greater 

BOLD response to SWM trials in comparison to vigilance trials. Children in the AE 

group did not show consistent activation across clusters. In the right posterior cingulate 

cluster, this group showed increased BOLD response to vigilance trials compared to 

SWM trials. For the right inferior parietal lobule cluster and the left medial frontal gyrus 

cluster, children in the AE group showed similar activation pattern to both SWM and 

vigilance trials. Similar to the CON group, the AE group showed greater BOLD response 

to SWM trials relative to vigilance trials in the left precuneus cluster; however, the 

difference in activation between these conditions was greater in the CON group.  

Within group BOLD response. One-sample t-tests revealed largely similar 

patterns of activation during the SWM – vigilance contrast in the AE and CON group 

(see Figure 5). Both groups showed significant activation in expected frontal and parietal 

regions associated with SWM. In addition, both groups showed activation in occipital 

regions (middle occipital, lingual, cuneus), as well as bilaterally in the insula. The AE 

group also showed bilateral activation in the middle temporal gyri. Bilateral caudate 

activation was only observed in the CON group.  

3.4 Functional Connectivity  

Clusters showing significant group differences in functional connectivity in 

response to the SWM –vigilance contrast (examined via gPPI) using bilateral DLPFC and 

PPC seeds are described below. The peak activation coordinates and additional 

information for each significant cluster are presented in Table 3.  

Right DLPFC seed. Significant group differences in functional connectivity with 

respect to the right DLPFC were found in five clusters (see Figure 6). Compared to the 
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CON group, the AE group showed weaker negative connectivity between the right 

DLPFC seed and clusters encompassing bilateral superior frontal gyri, left inferior 

temporal gyrus (extending to the fusiform), and left middle occipital gyrus. The CON 

group showed positive connectivity between the right DLPFC and a cluster with peak 

connectivity within the right inferior parietal lobule extending to the superior parietal 

lobule, postcentral gyrus, and medially to the precuneus and paracentral lobule, as well as 

a cluster encompassing bilateral middle frontal gyri and medial regions (bilateral medial 

frontal gyri and right cingulate). In contrast, the AE group showed negative connectivity 

between the seed and these regions.  

Left DLPFC seed. In comparison to the CON group, the AE group showed 

weaker negative connectivity between the left DLPFC and one cluster encompassing 

bilateral superior frontal gyri, and a cluster in the left middle occipital gyrus. Relative to 

the AE group, the CON group showed greater connectivity between the left DLPFC and 

three clusters. These included a right hemisphere cluster with peak connectivity within 

the inferior parietal lobule, extending to the paracentral lobule, and precuneus, a cluster 

encompassing the left middle frontal gyrus and medial frontal gyrus, and a cluster in the 

temporal gyrus extending to the supramarginal gyrus. Regions of significant group 

differences in connectivity with the left DLPFC are depicted in Figure 7. 

Right PPC seed. In comparison to the CON group, the AE group showed weaker 

negative connectivity between the right PPC seed and a cluster encompassing bilateral 

middle occipital gyri and cuneus. Positive connectivity between the seed and a cluster 

encompassing bilateral superior frontal gyri (see Figure 8) was observed in the AE group 
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relative to the CON group. There were no clusters in which the CON group showed 

positive connectivity with the right PPC seed. 

Left PPC seed. Weaker negative functional connectivity between the left PPC 

seed and four clusters (see Figure 9) was observed in the AE group as compared to the 

CON group. The largest cluster encompassed bilateral superior frontal gyri extending into 

middle frontal gyri. Additional clusters were seen in the left middle occipital gyrus 

extending bilaterally into the cuneus, the right insula and middle frontal gyrus, and the 

left paracentral lobule and cingulate. Children in the AE group showed increased 

connectivity between the seed and cluster encompassing the left inferior and middle 

frontal gyri. There were no clusters in which children in the CON group showed positive 

connectivity with the seed. 

3.5 DTI  

Between group differences in DTI indices: FA and MD. Group comparisons 

with respect to FA and MD indices were examined for each of the predefined ROIs (right 

and left SLF and GCC). For the AE group, FA in the right SLF was not normally 

distributed (W = .83, p = .004). For this tract, an outlier in the AE group was detected and 

removed, which resulted in normal distribution of the data (W = .96, p = .711). After 

Bonferroni correction (α = .017), no significant group differences in FA or MD were 

found in any of the selected white matter ROIs. A nominally significant group difference 

was observed with regards to FA in the right SLF at the unadjusted α = .05. The AE 

group showed increased FA (M = .49, SD = .02) in comparison to the CON group (M = 

.47, SD = .03).  
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3.6 Results from Exploratory Analyses 

Effect of age as a covariate. Analyses of BOLD response, functional 

connectivity, and DTI metrics were repeated controlling for age. Results yielded the same 

pattern of significance as those without age as a covariate. Thus, results from the more 

parsimonious model are presented.  

Correlations between BOLD response and white matter integrity. For the AE 

group, there was a significant negative correlation between BOLD signal from a cluster 

with a peak in the right inferior parietal lobule (peak coordinates = 48, -40, 54) and FA in 

the right SLF (r = -.55, p = .022). This association was not significant for the CON group 

(p = .637). Correlations between FA in the left SLF and an anatomically associated 

cluster with a peak in the left precuneus (peak coordinates = -12, -68, 50) were not 

significant for either the AE group (p = .259) or the CON group (p = .211). Similarly, no 

significant correlations were found between FA in the GCC and a cluster with a peak in 

the left medial frontal gyrus (peak coordinates = -0, -0, 58) for the AE group (p = .164) or 

for the CON group (p = .160). There were no significant correlations between BOLD 

response contrast and MD for any of the tracts examined (all ps >  .05). 
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CHAPTER 4: DISCUSSION 

 Using a multimodal imaging approach, this study examined brain function and 

structure associated with SWM in children with FASD. Specifically, the study examined 

brain activation and functional connectivity during a SWM task, as well as white matter 

microstructure of the SLF and GCC. The first aim of the study was to compare BOLD 

response to SWM (relative to a baseline vigilance condition of the task) in children with 

prenatal alcohol exposure (the AE group) and children with no history of prenatal alcohol 

exposure (the CON group). The second aim of the study was to examine group 

differences in task-related functional connectivity between seeds in the fronto-parietal 

network that have previously been consistently implicated in SWM tasks (Owen et al., 

2005; Rottschy et al., 2012; Wager & Smith, 2003), and the rest of the brain. For this 

second aim, bilateral DLPFC and PPC seed regions were selected based on clusters 

showing significant BOLD response to the SWM – vigilance contrast across all 

participants combined. The third aim of the study was to examine group differences in 

white matter microstructure of the right and left SLF and GCC. For this aim, FA and MD 

were used as proxies of white matter microstructure. The SLF, the main fronto-parietal 

white matter connection, was examined because it has been previously shown to be 

associated with SWM performance (Darki & Klingberg, 2015; Klingberg, 2006; 

Vestergaard et al., 2011). The GCC, a midline structure that includes fibers that connect 

the medial and lateral surfaces of the frontal lobes, was also examined, as it has been 

previously implicated in tasks of SWM (Nagy, Westerberg, & Klingberg, 2004).   

4.1 Behavioral Performance 

Children in the CON group performed more accurately on SWM trials than 
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children in the AE group. This is consistent with SWM deficits frequently reported in 

FASD (Aragon et al., 2008; Burden et al., 2005b; Green et al., 2009; Hemington & 

Reynolds, 2014; Mattson et al., 2013; Paolozza et al., 2014; Quattlebaum & O'Connor, 

2013; Rasmussen et al., 2011). Overall accuracy in the AE group was relatively high at 

approximately 83%; however, this may be in part because study participants needed to 

achieve greater than 69% overall accuracy to be eligible for participation to ensure above 

chance performance across subjects. There were no differences between groups on 

vigilance accuracy. This suggests that children prenatally exposed to alcohol were not 

able to perform at the same level as participants in the CON group during the SWM 

condition despite being actively engaged in the task. No significant group differences 

were found with respect to RT on either the SWM condition or the vigilance condition, 

suggesting that differences in performance accuracy could not be explained by slower 

processing speed, as is typically observed among children prenatally expose to alcohol 

(e.g., Burden, Jacobson, & Jacobson, 2005a), but rather indicated deficits in SWM.  

4.2 Brain Activation during SWM 

Within group analyses of BOLD response during a SWM task revealed largely 

similar patterns of activation in the expected fronto-parietal network, including clusters 

encompassing DLPFC and PPC, in both the AE and CON groups. Contrary to the first 

study hypothesis, levels of activation associated with SWM were lower in the AE group 

than the CON group. These differing levels of activation were found primarily in the 

frontal, parietal, and cingulate cortices. Specifically, for all clusters the difference 

between BOLD response to the more challenging SWM condition and BOLD response to 

the vigilance condition was greater in the CON group than in the AE group. The 
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difference in activation between conditions was less marked in the AE group. One 

possible interpretation for these findings is that children prenatally exposed to alcohol 

may have needed to exert a greater amount of effort for the simple vigilance condition, 

and thus may have been unable to exert as much effort for the SWM condition. In other 

words, children in the AE group may have had to “work” harder than children in the 

CON group to pay attention during the vigilance condition, leaving fewer neural 

resources available for the more challenging SWM condition. The fact that accuracy was 

similar across groups for the vigilance condition, but the AE group performed less 

accurately on the SWM condition relative to the CON group, further supports this 

interpretation. These findings suggest impaired neural efficiency in children prenatally 

exposed to alcohol, and are in line with results from a recent study by O’Conaill and 

colleagues (2015), which found similar patterns of brain activation during both 

disjunction and conjunction visual search in children with ARND. The authors concluded 

that the more challenging conjunction search may require more effort than children with 

ARND are able to exert, suggesting a neurological limit to the effective utilization of 

both bottom-up and top-down attention mechanisms.  

Converging evidence from more neuroimaging studies of SWM has linked the 

PPC to the maintenance of spatial information (Curtis, 2006; Nee & D’Esposito, 2015). 

Within the PPC, the inferior parietal lobule has been implicated in working memory 

coding of spatial representations (Ackerman & Courtney, 2012), as well as in sustaining 

attention over time (Adler et al., 2001; Vandenberghe, Gitelman, Parrish, & Mesulam, 

2001). Findings of reduced activation in bilateral inferior parietal lobules observed in the 

AE group (relative to the CON group) suggest that deficits in sustained attention may be 
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underlying the observed SWM deficits in children prenatally exposed to alcohol. Such 

deficits in sustained attention have been frequently reported in FASD (Coles, Platzman, 

Lynch, & Freides, 2002; Glass et al., 2014a; Infante et al., 2015b). Unlike the differences 

observed with regard to the SWM condition, the AE group performed similarly to the 

CON group on the vigilance condition of the task. This may be explained by the fact that 

the vigilance task was not sensitive or challenging enough to detect behavioral 

performance differences in terms of attention.   

Abnormal BOLD response patterns to SWM have been reported previously in 

children and adolescents prenatally exposed to alcohol (Malisza et al., 2005; Malisza et 

al., 2012; Norman et al., 2013; Spadoni et al., 2009). In general, previous studies have 

reported increased activation during SWM (after accounting for the effects of simple 

attention) in children prenatally exposed to alcohol as compared to non-exposed controls, 

suggesting compensatory mechanisms. In contrast, the present study found decreased 

activation in select cortical regions in the AE group relative to the CON group. However, 

this discrepancy between prior research and the current findings may be explained by 

differences in statistical approach, sample size/power, sample characteristics, and data 

processing steps (Barch & Yarkoni, 2013; Thirion et al., 2007).  

4.3 Whole Brain Functional Connectivity with Bilateral DLPFC and PPC Seeds as a 

Function of SWM 

The majority of fMRI studies in FASD have focused on the detection of brain 

activation associated with different cognitive functions (for review, see Moore et al., 

2014). Building on this technique, examining task-based functional connectivity may be 

an important step towards understanding local changes in brain activity during 
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performance of a task by exploring the neural network in which information is shared and 

integrated in response to different cognitive processes (Ernst, Torrisi, Balderston, Grillon, 

& Hale, 2015). This study further explored the brain’s functional organization associated 

with SWM using four seeds within the fronto-parietal network: bilateral DLFPC and 

bilateral PPC. Group differences in functional connectivity patterns between each seed 

and all other voxels in the brain were examined using the generalized form of PPI 

analyses (gPPI; McLaren et al., 2012). In contrast to the more traditional measure of 

functional connectivity, which is based on correlations among measures of neural 

activity, PPI provides a measure of the relation or “functional coupling” between two 

neural regions as a function of the task (Cisler, Bush, & Steele, 2014; Friston et al., 

1997). Of note, this is the first study to examine functional connectivity during a SWM 

task using this type of approach in children with FASD.  

As hypothesized, the AE group showed decreased functional connectivity in 

response to the SWM – vigilance contrast, evidenced by negative coupling between the 

bilateral DLPFC seeds and clusters encompassing the right inferior parietal lobule. On 

the contrary, the CON group showed increased connectivity between these regions. 

Children in the AE group also showed negative connectivity between the DLPFC seed 

and both ipsilateral and contralateral prefrontal cortex regions, whereas the CON group 

showed positive connectivity between these regions. Research has shown that functional 

connectivity between cortical regions is an important marker of cognitive ability 

(Rychwalska, 2013). A fronto-parietal network has been implicated in top-down control 

mechanisms required for working memory (Dosenbach, Fair, Cohen, Schlaggar, & 

Petersen, 2008; Gazzaley & Nobre, 2012). Alterations in the functional coupling between 
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the DLPFC and the right inferior parietal lobule may underlie SWM deficits in FASD, 

and suggest possible deficits in the top-down control mechanisms. The observed negative 

connectivity between these regions in the AE group may be reflective of activity in one 

brain region suppressing activity in another region (Fox et al., 2005; Friston et al., 1996). 

However, it should be noted that PPI is a correlational based type of approach, and 

therefore does not provide information regarding the causal direction between functional 

coupled regions (O'Reilly, Woolrich, Behrens, Smith, & Johansen-Berg, 2012).  

Functional connectivity analyses with bilateral PPC as seed regions revealed 

group differences in connectivity primarily in regions within the DLPFC (superior, 

middle, and inferior frontal gyri). Children in the AE group showed increased 

connectivity compared to the CON group. These findings are contrary to the hypothesis 

that decreased connectivity would be found in the AE group. Of note, the PPC seeds used 

in the current study were centered on the peak voxel of clusters within the right and left 

superior parietal lobe. The superior parietal lobe, along with the DLPFC, has been 

implicated specifically on the manipulation of information on working memory tasks 

(Koenigs, Barbey, Postle, & Grafman, 2009). Enhanced positive functional connectivity 

between the PPC seed and DLPFC regions may suggest a compensatory reallocation of 

cognitive resources, or less efficient communication of neural regions.  

Other areas of significant group differences in functional connectivity were noted 

outside the fronto-parietal network. This is not surprising given that SWM also involves 

processing of visual information, and thus requires the coordination of visual cortex areas 

with the prefrontal cortex. In comparison to the CON group, children in the AE group 

showed weaker negative functional connectivity between each seed and the left middle 
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occipital gyrus. A possible interpretation concerning SWM deficits in the AE group may 

be related to the ineffective inhibition of posterior visual processing areas (i.e., the middle 

occipital gyrus) required for successful task performance. Previous fMRI studies have 

shown that deficits in neural suppression may be a key component of selective 

performance deficits (Bressler, Spotswood, & Whitney, 2007; Gazzaley, Cooney, 

Rissman, & D'Esposito, 2005). This interpretation is supported by the increased 

activation found during vigilance trials in contrast to the more challenging SWM trials, 

demonstrating that children prenatally exposed to alcohol may have experienced the 

SWM component of the task as more cognitively taxing than those in the CON group. 

They may in turn have necessitated increased recruitment of visual processing regions to 

complete the task. Other studies also support the possibility that SWM deficits in FASD 

may be secondary to visual processing, which is consistent with alterations in the bottom-

up processing in children with ARND suggested by O'Conaill et al. (2015). For example, 

a study by Malisza et al. (2012) found decreased occipital activation during a 0-back task 

in children with ARND relative to controls, indicating inefficient visual processing 

pathways or compromised visual attention in the ARND group.  

4.4 White Matter Integrity of the SLF and GCC is Not Related to SWM BOLD 

Response 

The third aim of this study was to examine the white matter integrity, measured 

by FA and MD, of a fronto-parietal tract (SLF) and a midline tract (GCC). Contrary to 

the hypothesis, no significant group differences were found in either FA or MD 

corresponding to the SLF and GCC. However, it should be noted that children in the AE 

group had significantly higher FA values than children in the CON group when the 
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Bonferroni adjustment was not applied. Although higher FA is typically thought to reflect 

increased directionality of the diffusion or greater white matter integrity, increased FA 

has been reported in children with neurodevelopmental disorders, such as Williams 

syndrome (Arlinghaus, Thornton-Wells, Dykens, & Anderson, 2011; Hoeft et al., 2007), 

attention deficit hyperactivity disorder (Davenport, Karatekin, White, & Lim, 2010), and 

autism spectrum disorders (Bode et al., 2011; Cheng et al., 2010). It has been argued that 

this increase in FA may be due to a number of factors, such as increases in myelination or 

decreases in axonal diameter and fiber packing density (Beaulieu, 2002).    

Exploratory correlational analyses examined the relationship between BOLD 

response extracted from clusters showing significant group differences during the SWM 

– vigilance contrast and measures of white matter integrity for the selected tracts. With 

one exception, results showed no significant correlations. Overall, these findings suggest 

that white matter integrity in these tracts could not explain functional abnormalities 

during performance of a SMW task. The one significant correlation that was found 

revealed a significant negative correlation between BOLD response to the SWM – 

vigilance contrast in a cluster encompassing the right inferior parietal lobule and FA in 

the right SLF for the AE group. This finding supported a potential association between 

disrupted neural activity and underlying white matter directional coherence in children 

prenatally exposed to alcohol that was not observed in the control group. It should be 

noted; however, that these analyses were exploratory in nature and corrections for 

multiple comparisons were not applied. Thus, this finding must be interpreted with 

caution until it is replicated in future research. 
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It is also possible that the underlying etiology of the functional deficits may be 

due other white matter alterations, such as volume loss. White matter volumetric 

reductions of frontal and parietal lobes have been previously reported in FASD 

(Archibald et al., 2001). Other explanations include potential gray matter abnormalities in 

the AE group. For example, parietal lobe structural abnormalities have been frequently 

reported in individuals prenatally exposed to alcohol, including disproportionate 

volumetric lobar reductions (Archibald et al., 2001; Sowell et al., 2002), decreased 

cortical folding (Infante et al., 2015a), shape abnormalities (Sowell et al., 2002), 

increased cortical thickness (Sowell et al., 2008b; Yang et al., 2012), and altered 

developmental trajectory of posterior parietal regions (Lebel et al. (2012). This 

reasonably strong evidence of structural abnormalities in the parietal lobe among 

individuals with FASD may help to explain the aberrant BOLD response in the inferior 

parietal lobule and disrupted functional connectivity with PPC regions in and outside of 

the fronto-parietal networks.  

4.5 Limitations  

Potential limitations of the present study must be noted. The majority of children 

in the AE group met criteria for at least one psychiatric diagnosis. ADHD was the most 

common diagnosis in the sample, with 11 (61 %) children meeting diagnostic criteria. It 

is possible that the abnormal activation and functional connectivity patterns observed in 

the present study were due to comorbid psychopathology rather than specifically to heavy 

prenatal alcohol exposure. However, it should also be noted that previous studies have 

also reported increased rates of psychopathology, such as ADHD, in youth prenatally 

exposed to alcohol (Fryer, McGee, Matt, Riley, & Mattson, 2007; Ware et al., 2013). 
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Thus, excluding individuals who met criteria for a psychiatric disorder may have 

diminished the representativeness of the present sample. Additionally, doing so may have 

limited the generalizability of the present results to only apply to children who have been 

least affected by prenatal alcohol exposure. Another limitation to consider is that 

psychotropic medications may have impacted cerebral blood flow, contributing to the 

altered BOLD signals that were observed. While primary caregivers were asked to refrain 

from giving participants any psychoactive medication (e.g., methylphenidate) on the day 

of scanning, it was not possible or ethical to require abstinence for inclusion in the 

present investigation. Accordingly, three children in the AE group took psychotropic 

medication on the same day of their appointment, prior to their scan time. Post hoc 

analyses indicated that results did not significantly change if data provided by these three 

children were excluded from analyses; however, it is nonetheless possible that the effect 

sizes or other statistics may have been impacted.  

Interpretation of “negative” percent BOLD signal change must be acknowledged 

as a potential limitation. There are a number of reasons that could explain the negative 

BOLD signal, including neural inhibition, vasoconstriction (Devor et al., 2007), and/or 

non-modeled events contained within the implicit baseline. These potential alternative 

explanations make interpretation of findings more challenging; however, at this point the 

mechanisms underlying this finding remain controversial and require further study (Ma et 

al., 2016). 

Another important consideration in the present study is the use of ROIs for the 

evaluation of white matter integrity. By using ROI-based analyses, results were restricted 

to the regions chosen based on the a priori hypotheses. As a result, this approach was not 
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able to detect biologically meaningful differences outside of the predefined ROIs. 

However, an advantage of this approach is that it reduces the possibility of Type I error 

by limiting the number of statistical tests. It also increases power to detect group 

differences. Because the use of multimodal imaging is relatively new and limited in 

FASD, one of the goals of this study was to take a first step toward determining if there is 

any relation between the BOLD response to SWM and white matter integrity. Thus, 

despite the limitations of this approach, ROI-based analysis was nonetheless an ideal 

strategy for the present investigation. 

Finally, although overall accuracy for the SWM trials was relatively high in the 

AE group (83.41%), this performance was significantly lower than the CON group 

(90.56%). Thus, it is possible that performance differences may have impacted the fMRI 

results. However, the clusters that showed significant differences in activation between 

groups remained significant after accounting for behavioral performance in post hoc 

analyses. 

4.6 Future Research Directions  

Replication of these findings with a larger sample size would increase the 

generalizability of the results. Future studies with a larger sample size should examine the 

potential role that psychiatric disorders (e.g., ADHD) may play in the brain mechanisms 

of children prenatally exposed to alcohol. The multimodal imaging approach and data 

analyses used in the current study were appropriate given its exploratory nature and 

available sample size. However, given recent advances in multimodal imaging 

techniques, future research with a larger sample size should use more precise techniques 

to study brain function and structure relations in individuals with heavy prenatal alcohol 
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exposure. For example, future studies could use fMRI in combination with DTI 

probabilistic tractography to study the functional and structural integrity of the fronto-

parietal network in children affected by gestational exposure to alcohol. Multimodal 

fusion applications may also be a promising avenue for future research (Sui, Huster, Yu, 

Segall, & Calhoun, 2014). Furthermore, dividing the SLF into smaller subcomponents in 

future studies may lead to an increased understanding of how this large white matter tract 

is impacted by prenatal alcohol exposure (Schmahmann et al., 2007). Future work may 

also investigate white matter integrity in the subcomponents of this tract.  

4.7 Summary and Conclusions  

Overall findings suggest that both localized alterations in neural activity, aberrant 

fronto-parietal network synchrony, and poor coordination of neural responses with 

regions outside of this network may help explain SWM deficits in individuals with a 

history of heavy prenatal alcohol exposure. The present study extends prior work 

reporting spatial working memory deficits in FASD. Although behavioral data suggested 

that participants understood the task and were engaged, children in the AE group 

performed worse than children in the CON group in the SWM condition. Beyond the 

behavioral performance, results from this study revealed differences in neural activity in 

response to the demands of SWM. These differences may have been the result of 

increased neural recruitment by the AE group when performing the less challenging 

vigilance condition of the task. This interpretation is consistent with sustained attention 

deficits previously reported in FASD (Coles et al., 2002; Glass et al., 2014a; Infante et 

al., 2015b). The current study also expands on previous findings by examining functional 

connectivity during a SWM task. This is the first known study to use PPI to examine 
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task-based functional connectivity in children with FASD. Results showed altered fronto-

parietal network connectivity during SWM, and suggested that children prenatally 

exposed to alcohol may have struggled to update spatial information necessary for 

successful completion of the task. This may have been driven by a reliance on posterior 

regions involving the parietal and occipital cortices. Disruption in the functional 

connectivity between task-related regions may have been related to alterations in top-

down control mechanisms and/or ineffective inhibition of posterior visual processing 

areas required for successful task performance. No significant groups differences were 

noted with respect to white matter integrity in the SLF or the GNN. These findings 

suggest that the integrity of fronto-parietal white matter pathways cannot explain 

functional abnormalities during performance of a SMW task.  

In conclusion, the present study adds to the growing body of research on the 

neurobiological impact of gestational exposure to alcohol, and advances understanding of 

the mechanisms underlying cognitive deficits in FASD. Additionally, although further 

research is needed in this area, this study may help identify potential neurobiological 

markers of intervention effectiveness. Further research in this population using 

multimodal imaging is now needed to better understand the pathophysiology of cognitive 

deficits as result of prenatal alcohol exposure. A better understanding of the neural 

mechanisms that lead to working memory impairments in children with FASD could lead 

to the development of targeted, and more effective interventions to ameliorate these 

deficits. 
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FIGURES 

 

 
 

Figure 1. Schematic of the Spatial Working Memory task 
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Figure 2. Behavioral performance in AE and CON participants on the SWM task. (A) 

Mean percent accuracy and (B) mean reaction time for SWM and vigilance trials. Error 

bars indicate SE. 
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Figure 3. Regions showing group differences in brain activation to the SWM – vigilance 

contrast. In all regions the CON group showed greater BOLD response compared to the 

AE group. Images are displayed in the neurological convention (i.e., left side of brain 

corresponds to left side of image). Bar graphs represent the average percent signal change 

for the SWM –vigilance contrast in each group. Error bars indicate SE. R = Right; L = 

Left; PCC = Posterior Parietal Cortex; IPL = Inferior Parietal Lobule; Pcun = Precuneus; 

MedFG = Medial Frontal Gyrus. 
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Figure 4. Bar graphs show the average percent signal change during the SWM and 

vigilance trials (each relative to fixation) for the AE and CON groups. Error bars indicate 

SE. 
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Figure 5. Regions showing significant BOLD response to the SWM – vigilance contrast 

in the AE (top row) and CON (bottom row) groups. Images are displayed in the 

neurological convention (i.e., left side of brain corresponds to left side of image). 
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Figure 6. Regions showing group differences in functional connectivity with the right 

dorsolateral prefrontal cortex seed during the SWM – vigilance contrast. Images are 

displayed in the neurological convention (i.e., left side of brain corresponds to left side of 

image). Bar graphs depict extracted measures of connectivity (PPI parameter estimates) 

within each group. Error bars indicate SE. R = right; L = left; DLPFC = dorsolateral 

prefrontal cortex; IPL = inferior parietal lobule; SFG = superior frontal gyrus; MFG = 

middle frontal gyrus; ITG = inferior temporal gyrus; MOG = middle occipital gyrus.  
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Figure 7. Regions showing group differences in functional connectivity with the left 

dorsolateral prefrontal cortex seed during the SWM – vigilance contrast. Images are 

displayed in the neurological convention (i.e., left side of brain corresponds to left side of 

image). Bar graphs depict extracted measures of connectivity (PPI parameter estimates) 

within each group. Error bars indicate SE. R = right; L = left; DLPFC = dorsolateral 

prefrontal cortex; IPL = inferior parietal lobule; SFG = superior frontal gyrus; MFG = 

middle frontal gyrus; MTG = middle temporal gyrus; MOG = middle occipital gyrus.  
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Figure 8. Regions showing group differences in functional connectivity with the right 

posterior parietal cortex seed during the SWM – vigilance contrast. Images are displayed 

in the neurological convention (i.e., left side of brain corresponds to left side of image). 

Bar graphs depict extracted measures of connectivity (PPI parameter estimates) within 

each group. Error bars indicate SE. R = right; L = left; PPC = posterior parietal cortex; 

MOG = middle occipital gyrus; SFG = superior frontal gyrus. 
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Figure 9. Regions showing group differences in functional connectivity with the left 

posterior parietal cortex seed during the SWM – vigilance contrast. Images are displayed 

in the neurological convention (i.e., left side of brain corresponds to left side of image). 

Bar graphs depict extracted measures of connectivity (PPI parameter estimates) within 

each group. Error bars indicate SE. R = right; L = left; PPC = posterior parietal cortex; 

SFG = superior frontal gyrus; MOG = middle occipital gyrus; INS  = insula; PCL = 

paracentral lobule; IFG = inferior frontal gyrus.
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TABLES 

 

Table 1. Demographic characteristics of study participants by group  

 Group 

Variable AE (n = 18) CON (n = 19) 

Sex [n (%) Female] 8 (44.4) 8 (42.11) 

Race [n (%) White] 10 (55.56) 7 (36.84) 

Ethnicity [n (%) Hispanic] 7 (38.89) 3 (15.79) 

Handedness [n (%) Right] 14 (77.78) 18 (94.74) 

Age in years [M (SD)] 13.89 (2.09) 13.52 (2.52) 

SES [M (SD) 43.78 (12.88) 47.87 (11.41) 

GCA [M (SD)]* 85.83 (8.75) 110.58 (15.55) 

Note. SES = socioeconomic status; GCA = general conceptual ability score. *Significant 

at the p < .001 level.
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Table 2. Regions showing significant group differences in BOLD response to the  

SWM – vigilance contrast 

Anatomic location Voxels MNI coordinates t(35) Cohen’s d 

  x y z   

R posterior cingulate 165 4 -48 14 -2.08 -0.70 

R inferior parietal lobule 89 48 -40 54 -2.63 -0.89 

L precuneus  87 -12 -68 50 -2.76 -0.93 

L medial frontal gyrus 85 -0 -0 58 -2.27 -0.77 

Note. Coordinates refer to location of the peak voxel within the cluster. Peak coordinates 

are reported in MNI152 space. MNI = Montreal Neurological Institute; R = right; L = 

left. 
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Table 3. Regions showing significant group differences in functional connectivity 

Seed  Voxels MNI coordinates t(35)  

 

Cohen’s d 

Anatomic location  x y z  

R DLPFC       

R inferior parietal lobule 378 40 -40 42 -3.40 -1.15 

R superior frontal gyrus 254 32 24 54 3.80 1.28 

R middle frontal gyrus 189 24 -8 58 -2.39 -0.81 

L inferior temporal gyrus 94 -60 -20 -22 3.10 1.05 

L middle occipital gyrus 77 -20 -100 10 3.61 1.22 

L DLPFC       

R inferior parietal lobule 298 36 -40 42 -3.52 -1.19 

L superior frontal gyrus 242 -24 20 54 2.70 0.91 

L middle frontal gyrus 102 -24 -8 50 -2.80 -0.95 

R middle temporal gyrus 101 32 -64 26 -2.69 -0.91 

L middle occipital gyrus 84 -20 -100 10 3.47 1.17 

R PPC       

L middle occipital gyrus 291 -20 -96 10 3.49 1.18 

R superior frontal gyrus 149 20 36 50 3.07 1.04 

L PPC        

R superior frontal gyrus 1738 20 36 50 3.58 1.21 

L middle occipital gyrus 655 -20 -96 10 3.37 1.14 

R insula 210 40 8 22 3.08 1.04 

 



 

 

 

82

Table 3: Continued 

Seed Voxels MNI coordinates t(35) 

 

Cohen’s d 

Anatomic location x y z 

L paracentral lobule 88 -4 -12 46 2.40 0.81 

L inferior frontal gyrus 79 -48 16 26 3.85 1.30 

Note. Coordinates refer to location of the peak voxel within the cluster. Peak coordinates 

are reported in MNI152 space. MNI = Montreal Neurological Institute; R = right; L = 

left; DLPFC = dorsolateral prefrontal cortex; PPC = posterior parietal cortex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




