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Abstract 

Parietal Dysfunction in Children with Prenatal Alcohol Exposure 

The parietal lobe has been shown to be one of the regions most affected by prenatal alcohol exposure. Functional 

domains dependent on intact parietal functioning, including mathematical and visuospatial ability, have been 

consistently implicated in fetal alcohol spectrum disorders. This thesis examines, in children, using blood oxygenation 

level dependent (BOLD) functional Magnetic Resonance Imaging, the effect of prenatal alcohol exposure on brain 

activation during symbolic and nonsymbolic number processing, and place learning in a virtual environment.  These 

functional domains were investigated using tasks of proximity judgment and exact addition to assess neural correlates of 

symbolic number processing in 65 children (mean age ± SD = 9.45 ± 0.42 years), nonsymbolic number comparison at 

varying difficulties in 34 children (11.55 ± 1.15 years), and place learning in a virtual reality computer generated (CG) 

arena in 57 children (9.44 ± 0.42 years; 29 boys). 

In the symbolic number processing tasks greater prenatal alcohol exposure was related to less activation in the right 

horizontal intraparietal sulcus known to mediate mental representation and manipulation of quantity. Children with 

fetal alcohol syndrome and partial fetal alcohol syndrome appeared to compensate for this deficit by increased 

activation of the left angular gyrus during the proximity judgment task.  

Syndromal children with fetal alcohol syndrome or partial fetal alcohol syndrome also demonstrated poor recruitment 

of the right horizontal intraparietal sulcus during nonsymbolic number comparison, indicating that mental 

representation and manipulation of quantity are impaired in children with heavy prenatal alcohol exposure, irrespective 

of the representation format used.  This impairment was compensated for by the left angular gyrus, with only exposed 

children needing to recruit the left angular gyrus to a greater extent as number comparison task difficulty increased.  

Further, reduced activation of the right posterior superior parietal lobule in children with increasing prenatal alcohol 

exposure suggests that exposed children may be less able to employ the attentional systems associated with number 

processing.  Notably, activation of nonsyndromal heavily exposed children was impaired in the right posterior superior 

parietal lobule, but spared in the right horizontal intraparietal sulcus. 

In boys only, prenatal alcohol exposure was associated with poorer place learning and reduced activation during place 

learning in the precuneus and posterior cingulate, as well as parahippocampal gyrus, frontal and temporal lobes, 

caudate, insula, claustrum, lentiform nucleus and thalamus. In girls, prenatal alcohol exposure was not associated with 

place learning performance or activation during place learning in any regions. These results confirm that boys and girls 

use different navigation strategies that rely on different brain regions and suggest that the regions used by boys are 

more susceptible to alcohol damage, while the regions used by girls are relatively spared.  
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In conclusion, all the tasks investigated showed prenatal alcohol exposure related alterations in parietal function, with 

the impairments being widespread throughout the parietal lobe bilaterally.  Notably, activation of the bilateral 

precuneus was affected by prenatal alcohol exposure in both the spatial navigation and nonsymbolic number 

comparison tasks. It is possible that this is a key region linking the deficits in number processing and visuospatial skills in 

children with prenatal alcohol exposure.  
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Preface 

This thesis uses neuroimaging to examine parietal dysfunction in children with prenatal alcohol exposure as it pertains 

specifically to number processing and spatial navigation. It includes three independent manuscripts that investigate, 

using functional magnetic resonance imaging (fMRI), the effect of prenatal alcohol exposure on the neural correlates of, 

respectively, symbolic number processing, nonsymbolic number processing, and place learning in a computer generated 

virtual environment. These articles are found in chapters 3 to 5.  These functional domains were selected due to their 

dependence on intact parietal functioning. The first two papers examined the effect of prenatal alcohol exposure on the 

activation of predefined regions of interest in the parietal lobe known to be critically involved in number processing. As 

brain regions associated with spatial navigation are less well understood, the third article used a whole brain analysis to 

examine effects of prenatal alcohol exposure on the neural correlates of spatial location memory during a virtual reality 

spatial navigation task.  The combination of three independent articles into the thesis does lead to necessary repetition 

as each article in itself consists of an introduction, methods, results and discussion. 

Chapter 1 presents a motivation for the study. Fetal alcohol spectrum disorders (FASD) is introduced and neuroimaging 

studies investigating FASD are briefly reviewed, with a specific emphasis on studies of number processing and place 

learning in virtual environments. 

Chapter 2 contains background information relating to fMRI and the effects of prenatal alcohol exposure on the parietal 

lobe, number processing and visuospatial processing. 

The first article, which has been published in the journal Neuroimage: Clinical, is in chapter 3. In this article, fMRI was 

used to investigate the effect of prenatal alcohol exposure on the activation of predefined regions of interest within the 

parietal lobe during two different symbolic number processing tasks, proximity judgment and exact addition.  This article 

was co-authored by Ernesta M. Meintjes, Christopher D. Molteno, Sandra W. Jacobson and Joseph L. Jacobson. 

Ernesta Meintjes provided overall project supervision, contributed to the design of the study, and reviewed the paper. 

Sandra and Joseph Jacobson designed the study, recruited subjects, performed interviews and neurobehavioural 

assessment, provided suggestions regarding data analysis and interpretation, and reviewed the paper. Christopher 

Molteno administered maternal interviews, which included socio-demographic information and alcohol, smoking and 

drug use. 

The second article, which forms chapter 4, used fMRI during a nonsymbolic number comparison task of varying difficulty 

levels to examine prenatal alcohol exposure effects on the same regions of interest.  This manuscript is currently being 

reviewed by the co-authors, Joseph L. Jacobson, Christopher D. Molteno, Sandra W. Jacobson and Ernesta M. Meintjes, 

and has not yet been submitted for publication. 
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The third article is included as chapter 5.  This paper involves a whole brain fMRI analysis that examines the effects of 

prenatal exposure on the neural correlates of place learning in a virtual environment in girls and boys separately. This 

article is under review by the other authors: Sandra W. Jacobson, Kevin G.F. Thomas, Christopher D. Molteno, Joseph L. 

Jacobson and Ernesta M. Meintjes. 

Chapter 6 contains a discussion of the study as a whole.  The role of the parietal lobe in number processing and 

visuospatial skills is discussed, as well as behavioural links between number and spatial processing.  Our results are 

explored in more detail, comparing effects of prenatal alcohol exposure on brain activation during number processing 

and place learning, and between symbolic and nonsymbolic number processing, to highlight similarities and differences 

and possible reasons for these. Finally, the limitations of this study and possible future work are described and 

conclusions are drawn. 
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Chapter 1 : Introduction 

Prenatal alcohol exposure causes impairment in brain structure and function, leading to cognitive and behavioral 

deficits. Impairments in general intelligence [1, 2], attention [3], learning and memory [3-5], executive functioning [3, 

6, 7], language [3], motor skills [3, 8], cognitive processing speed [1, 9-11], visuospatial processing [3, 5], and number 

processing [1, 2, 12-16] have been reported. 

Fetal alcohol syndrome (FAS), the most severe of the fetal alcohol spectrum disorders (FASD), is characterized by 

distinctive craniofacial dysmorphology (short palpebral fissures, thin upper lip (vermillion), flat philtrum), small head 

circumference and pre- and/or postnatal growth retardation [17]. In partial FAS (PFAS), some of the craniofacial 

dysmorphology is seen, as well as either small head circumference, retarded growth, or neurobehavioral deficits. Heavily 

exposed (HE) individuals lacking the distinctive dysmorphology are diagnosed with alcohol related neurodevelopmental 

disorder (ARND) if they exhibit cognitive and/or behavioral impairment [18]. The reported incidence of FASD in the 

Western Cape Province of South Africa is amongst the highest in the world [19]. In some Western Cape communities, 

the prevalence of FASD is 20-28%, in comparison to a prevalence of 2-5% in the USA and Europe [19]. 

The effect of prenatal alcohol exposure was first documented in the medical literature in 1968 [20] and the term FAS 

was introduced in 1973 [21], but until the recent introduction of neuroimaging techniques, most of the knowledge about 

the associated brain abnormalities came from autopsy studies.  Since 1992, neuroimaging techniques have been used to 

advance our understanding of the more subtle structural and functional alterations related to prenatal alcohol exposure 

[22]. 

Numerous studies have examined structural alterations associated with FASD. These have included studies of whole 

brain volume (eg. [23-31]); regional volumes (eg. [23, 25-30, 32-36]), including both tensor-based morphometric (TBM) 

[37] and voxel-based morphometric (VBM) [38] methods; cortical thickness (eg. [24, 39-42]); shape abnormalities (eg. 

[36, 43-45]); and cortical gyrification [46].  Structurally, the parietal lobe has been shown to be one of the most alcohol 

affected regions in the brain (eg. [29, 30, 38, 42, 45]). 

The parietal lobe plays a key role in many domains, including visuospatial processing [47], number processing [48-50], 

language processing [51], response inhibition [52, 53], non-spatial working memory [54], episodic memory [55], 

alertness [56], task switching [57], attention [58] and time perception [59]. 

 As such, it is not surprising that functional domains dependent on intact parietal functioning, including mathematical 

[14, 16, 60] and visuospatial ability [61], have been consistently implicated in FASD. 

In comparison to structural MRI studies, there have been relatively few functional MRI (fMRI) studies of FASD.  The 

author could only find 22 papers using fMRI to investigate effects of prenatal alcohol exposure on brain function prior to 
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the work included in this thesis.  Four of the papers investigated intrinsic connectivity [62-65] and the remaining 18 task 

based activation, including studies of response inhibition [66-68], attention [69, 70], visual working memory [71], verbal 

working memory [72, 73], verbal learning [74], finger tapping [75], spatial working memory [76-80], and number 

processing [60, 81]. Alterations in parietal activation have been reported in response inhibition [66-68], attention [70], 

memory [71, 72, 74, 78, 79], and number processing [60, 81]. 

Despite the large number of behavioural studies that have examined effects of FASD on number processing (eg. [12, 16, 

60, 81-84]), the only two using fMRI [60, 81] both addressed symbolic number processing (eg. Arabic numbers or 

sequences of words). Neural correlates of nonsymbolic number processing (eg. numbers of dots) have not been 

investigated in FASD.  Further, neither of these previous studies using fMRI was able to assess dose dependent effects, 

nor the effect of task difficulty.  

Performance deficits in place learning in virtual environments have also been reported in FASD [61, 85], but the neural 

correlates have only been investigated in a small pilot study performed by our group [86], which compared only the 

most severely affected children with FAS/PFAS to control children and did not investigate associations with degree of 

alcohol exposure, or differences in nonsyndromal alcohol exposed children. 

The aim of this study was to perform a comprehensive investigation of parietal dysfunction in children with prenatal 

alcohol exposure by examining differences in brain activation using blood oxygenation level dependent (BOLD) fMRI 

during symbolic and nonsymbolic number processing, and place learning in a virtual environment. These functional 

domains were investigated using tasks of proximity judgment and exact addition to assess neural correlates of symbolic 

number processing, nonsymbolic number comparison at varying difficulties, and place learning in a virtual reality 

Computer-Generated (CG) arena. 
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Chapter 2 : Background 

2.1. Fetal Alcohol Spectrum Disorder 

2.1.1. The Effect of Prenatal Alcohol Exposure on the Parietal Lobe  

The parietal lobe is one of the four major lobes of the brain.  It is covered by the parietal bone and is situated posterior 

to the frontal lobe, anterior to the occipital lobe and superior to the temporal lobe (see Figure 2.5). The postcentral 

sulcus divides the parietal lobe into the postcentral gyrus and the posterior parietal cortex. The lateral posterior parietal 

cortex is divided into the inferior parietal lobule and superior parietal lobule by the intraparietal sulcus. The inferior 

parietal lobule contains the supramarginal gyrus and angular gyrus.  The medial part of the posterior parietal cortex 

comprises the precuneus and the posterior cingulate/retrosplenial cortex. 

 

 

 

Figure 2.1: The parietal lobe. (adapted from [87]) 

 

The parietal lobe has been shown previously to be particularly vulnerable to effects of prenatal alcohol exposure, with 

volume reductions persisting even after controlling for alcohol-related reductions in whole brain volume.  Both parietal 

grey and white matter volumes are disproportionately reduced [30, 45].   
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Prenatal alcohol exposure has been associated with reductions in the precuneus and superior parietal lobe [37].  The 

bilateral inferior parietal regions have been found to be narrower and have greater grey matter density in participants 

with prenatal alcohol exposure compared to controls [8].  A similar left posterior temporo-parietal region was found to 

have too much grey matter and too little white matter in the same FASD subjects [7]. Studies of the effect of prenatal 

alcohol exposure on cortical thickness have been inconsistent. One study found only thickness decreases associated with 

FASD, including the bilateral superior parietal lobule [40], while others found only FASD related thickness increases, 

including the lateral parietal cortices and the left inferior parietal lobule [39, 41, 42].  One of the reasons for the 

discrepancy in these findings could be the different ages of the participants [24].  Group differences are not necessarily 

stationary, but may vary over time, highlighting the need for longitudinal studies. 

A longitudinal study of cortical volume showed that the developmental trajectories of inferior and superior parietal 

regions differed between controls and alcohol exposed subjects.  Control subjects showed more curvature to their 

development, with volume increases and then decreases over time, while exposed subjects showed less change in 

volume [29]. 

White Matter Microstructure Alterations 

Diffusion Tensor Imaging (DTI) uses the diffusion characteristics of water molecules in brain tissue to evaluate the 

integrity of white matter. Fractional anisotropy (FA), the extent to which water preferentially moves parallel to the 

axonal axis, has been found to be reduced in both the left and right parietal lobes in children with prenatal alcohol 

exposure [88, 89], suggesting compromised parietal white matter integrity. In addition, higher FA in the left parietal 

white matter, directly underlying the IPS, has been shown to be related to better math performance in children with 

prenatal alcohol exposure [90]. In the same regions, greater parallel diffusivity, which is associated with axonal integrity, 

was also associated with higher math scores. 

Functional Alterations 

The activation of a wide range of parietal regions has been implicated in individuals with prenatal alcohol exposure, with 

exposed subjects showing both activation increases and decreases in comparison to control subjects. 

Response inhibition tasks shown mainly increased activation in exposed groups, with increases being seen in the inferior 

parietal lobule, supramarginal gyrus, postcentral gyrus and the precuneus [66-68].  These activation increases have been 

attributed to greater effort during inhibition [66] or an immature pattern of inhibitory processing [68].  In contrast, the 

postcentral gyrus shows activation decreases in exposed individuals during cued trials, possibly as a result of failure to 

make use of the predictive pattern [68].   

Tasks involving attention demonstrate less of an increase in activation of the superior parietal lobule, posterior cingulate 

and postcentral gyrus with increasing task difficulty in exposed individuals [70].  This reduction has been attributed to 
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the exposed group being incapable of recruiting additional neural resources to cope with the more difficult condition 

[70].    

Activation increases have been found in exposed groups in the inferior parietal lobule and superior parietal lobule during 

verbal memory tasks [72, 74].  The superior and inferior parietal lobules also show increased activation during spatial 

location memory, as does the precuneus [79].  These activation increases have been attributed to inefficient processing 

[72] and greater effort [79] requiring additional neural resources by exposed individuals.  In contrast, during an n-back 

visual working memory task the posterior parietal lobe is activated less by exposed groups during the 2-back condition 

[71]. This weaker activation was not evident during the easier 1-back condition, and while the exposed group performed 

worse than the control group during both the 1-back and 2-back conditions, the difference was more pronounced in the 

more difficult 2-back condition.  The difference in activation was attributed to a “ceiling effect”, where exposed 

individuals were unable to recruit additional neural resources to cope with the more difficult 2-back condition [71]. 

During mathematical tasks, exposed groups have demonstrated both activation increases and decreases in parietal 

regions compared to controls.  Activation decreases in the inferior parietal lobule, superior parietal lobule and posterior 

horizontal intraparietal sulcus were attributed to poorer functioning of the number processing network [60, 81]. The 

increases in activation seen in the precuneus, posterior cingulate, angular gyrus and anterior horizontal intraparietal 

sulcus were attributed to increased effort or the fact that exposed individuals employ verbal strategies to compensate 

for deficits in the number processing network [60].   

2.1.2. FASD and Number Processing 

Mathematical ability seems to be especially sensitive to the effect of prenatal alcohol exposure, and mathematical 

deficits remain, even after controlling for effects of alcohol on IQ [1, 2, 12-15].  Although this impairment is well 

established, little work has been done to investigate which components of number processing are impaired.   

Kopera-Frye et al. [83] investigated number processing in adolescents and adults with FASD using a test battery aimed at 

determining the components of number processing that are impaired.  The tasks investigated included number reading 

and writing, approximate and exact arithmetic, proximity judgment (Which of 2 numbers is closer to a third number e.g. 

“Is 3 or 6 closer to 5?”), number comparison and cognitive estimation (where the subject makes an estimate of the 

numerical measure of an object e.g. "What is the normal length of a bus?").  Though individuals with FASD were 

unimpaired in number reading and writing, they were impaired in more complex tasks, such as calculation and cognitive 

estimation.  However, the pattern of impairments varied significantly between individuals, with the most subjects 

impaired in cognitive estimation and approximate subtraction, and only very few impaired in number comparison and 

proximity judgment, both of which involve symbolic magnitude comparison.  
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In contrast, Jacobson et al. [91] found that in children prenatal alcohol exposure was more strongly related to number 

comparison and proximity judgment than to exact or approximate arithmetic.  Although approximate subtraction was 

impaired in children with prenatal alcohol exposure, its relation to prenatal alcohol exposure was completely mediated 

by its relation to magnitude comparison (number comparison and proximity judgment).  It was concluded that 

mathematical difficulties in children with FASD is related to a specific deficit in magnitude representation. In their later 

study of adolescents [16], they obtained similar results, again demonstrating that difficulties in mathematical abilities in 

adolescents with prenatal alcohol exposure is attributable to impairment of the core number system.   

2.1.3. FASD and Visuospatial Deficits 

Prenatal alcohol exposure has been shown to impair spatial location memory [4, 77, 79, 92-98] and place learning during 

virtual navigation [61, 85].  

There is evidence that prenatal alcohol exposure affects spatial location memory in “table top tests”. Uecker et al. [92, 

93] found that children with FAS are more impaired in memory for object location than in the memory for the objects 

themselves. Kaemingk et al. [94] similarly found a specific impairment in spatial location memory. Prenatal alcohol 

exposure related impairment in spatial location memory has also been demonstrated in the Visual Learning task from 

the Wide Range Assessment of Memory and Learning (WRAML) [4, 95, 99] and spatial n-back tasks [77-79]. 

Compared to spatial location memory, the effect of prenatal alcohol exposure on spatial navigation has received little 

attention. In contrast, it has been widely explored in rodents [100-102]. Many of these studies used the Morris water 

maze (MWM) [103], which is the gold standard for testing place learning ability in non-primate mammals [104].  In a 

MWM, the animals are required to learn the position of a platform submerged in water, beginning in different positions 

around the tank. It has been found that prenatal alcohol exposure impairs rodents’ place learning abilities in the MWM 

[100-102].     

More recently, the effects of prenatal alcohol exposure on place learning in humans has been investigated using 

computer simulated 3D virtual versions of the Morris water maze (VWM) [105]. Children prenatally exposed to alcohol 

performed worse during a probe trial [85] and travelled a greater distance to reach a hidden platform [61]. 

To the author’s knowledge, only one pilot study has examined the effects of prenatal alcohol exposure on brain 

activation during spatial navigation [86]. This study was performed in a small subsample of children using a desktop 

based virtual environment, known as the Computer Generated (CG) Arena [106-108]. Although not significant, FAS/PFAS 

children travelled a greater distance to reach a hidden platform. Despite the absence of significant differences in 

performance, children with FAS/PFAS activated frontal, left inferior parietal and cerebellar regions more than control 

children during passive place learning suggesting that greater effort was required by the alcohol exposed children to 

perform at a level similar to the control children. 
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2.1.4. Cape Town FASD cohorts 

In this study, data were acquired from children in two separate cohorts, namely the fMRI cross-sectional cohort and the 

Cape Town longitudinal cohort. In the former, children were recruited retrospectively, while mothers were recruited 

prospectively during pregnancy for the latter. Children in both cohorts are from the Cape Coloured (mixed ancestry) 

community in Cape Town, South Africa, where the incidence of FASD is exceptionally high due to poor socioeconomic 

circumstances and historical practices of compensating farm labour with wine, which have contributed to a tradition of 

heavy recreational weekend binge drinking  [19]. 

This study included 65 right-handed 8- to 12-year-old children from the fMRI cross-sectional cohort, of whom 40 had 

been heavily exposed to alcohol prenatally and 25 were non-exposed controls in the same age range. Thirty-seven 

children were the older siblings of participants in our Cape Town longitudinal cohort [73]. The others were identified by 

screening all of the 8- to 12-year-old children from an elementary school in a rural section of Cape Town, where there is 

a very high incidence of alcohol abuse among local farm workers [60].  

Here, 86 right-handed 8- to 12- year old children from the Cape Town longitudinal cohort were included. Of these, 59 

had been heavily exposed to alcohol prenatally and 27 were non-exposed controls in the same age range.  Their 

mothers, from the same community as the cross-sectional cohort, were recruited between 1999 and 2002 at their first 

antenatal clinic visit [73].  

Each mother was interviewed regarding her alcohol consumption during pregnancy, to determine incidence and amount 

of drinking on a day-by-day basis during a typical week during pregnancy. Any child whose mother reported consuming 

at least 14 standard drinks per week (1.0 oz AA⁄day) on average or engaged in binge drinking during pregnancy (4 or 

more drinks⁄occasion) was considered heavily exposed. Controls were children whose mothers reported abstaining or 

drinking less than 7 drinks per week with no binge drinking during pregnancy.   

Each child was examined for growth and FAS dysmorphology by two expert U.S.-based dysmorphologists during a clinic 

conducted in 2005; a subset of children who could not attend the clinic was examined by a Cape Town-based 

dysmorphologist [73]. There was substantial agreement among the examiners on the assessment of all dysmorphic 

features, including the three principal fetal alcohol-related features—philtrum and vermilion measured on the Astley 

and Clarren [109] rating scales and palpebral fissure length (median r = 0.78). Nine children met the revised Institute of 

Medicine criteria [17] for full FAS: at least two of the principal dysmorphic features, small head circumference (bottom 

10th percentile), and low weight or short stature (bottom 10th percentile). Nine met criteria for PFAS; that is, two 

features and at least one of the following: small head circumference, low weight, short stature, or low IQ (<70).   
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2.2. Functional magnetic resonance imaging (fMRI) 

fMRI is an imaging technique that uses Magnetic Resonance Imaging (MRI) technology to indirectly measure neural 

activity by detecting signal changes associated with blood oxygenation.  The fact that fMRI is noninvasive, does not 

involve exposure to radiation and is safe [110], makes it ideal for use in research. fMRI provides high spatial resolution 

(of the order of 1-3 mm in each direction), is able to image throughout the brain [110]. A disadvantage of fMRI is that it 

does not measure neural activity directly, but instead measures changes in signal that arise from changes in blood 

oxygenation from which neural activity is inferred [110]. Also, activation reflects mass neural activity, and not the 

activity of specific neuronal units [111]. In contrast to its high spatial resolution, fMRI has relatively low temporal 

resolution [110], of the order of seconds, as the slow haemodynamic response restricts its ability to capture rapid 

changes [112]. 

Blood oxygenation level dependent (BOLD) fMRI is the most commonly used form of fMRI and was discovered by Seiji 

Ogawa [113].  BOLD fMRI detects increases in relative blood oxygenation that accompanies neuronal activity. Neural 

activation requires energy, so when neurons fire, blood flow increases to supply the firing neurons with more oxygen 

and glucose to meet the increased metabolic demands.  More oxygen is supplied than the neurons can use, resulting in 

an increase in the ratio of oxyhaemoglobin (oxygenated blood) to deoxyhaemoglobin (deoxygenated blood) in the 

region of neural activation. The change in the BOLD signal accompanying neural activation is a result of the different 

magnetic properties of oxyhaemoglobin and deoxyhaemoglobin.  The magnetic susceptibility of oxyhaemoglobin is not 

very different from brain tissue and therefore causes little or no magnetic distortion.  In contrast, deoxyhaemoglobin is 

paramagnetic and distorts the magnetic field causing signal loss.  Thus the relative increase in oxyhaemoglobin relative 

to deoxyhaemoglobin results in less signal loss and an increase in the MR signal (Figure 2.1) [114, 115]. 

 

Figure 2.2: Schematic illustration of changes in haemodynamic variables resulting from neural activity. (adapted from [114]) 
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In reality neuronal activation does not result in a simple increase in signal and there are various models of the 

haemodynamic response function (HRF), which is the assumed response of the MR signal to neuronal activation.  A 

commonly used model is shown in Figure 2.2. The initiation of neural activation results in an initial dip in the MRI signal 

resulting from the decrease of oxyhaemoglobin before the inflow of blood.  This dip is followed by an increase in signal 

due to the increased level of oxyhaemoglobin following increased blood flow. After the termination of the stimulus, the 

signal drops below baseline (post-stimulus undershoot), before returning to baseline [116].  This undershoot occurs 

because blood flow decreases more quickly than the blood volume, resulting in a greater level of deoxyhaemoglobin 

[117]. 

 

Figure 2.3: Haemodynamic response function (adapted from [116]) 

 

2.2.1. Task Based fMRI 

In tasked based fMRI, a low resolution functional volume of the brain is acquired every few seconds while the subject is 

performing a series of tasks (conditions) interspersed with rest.  The aim of task based fMRI is to identify the regions of 

the brain in which signal changes are temporally correlated with the task being performed. 

The two major design types in task based fMRI are blocked design and event-related design.  In blocked design, the 

design type initially used for fMRI, trials of the same type are grouped together into blocks of roughly 20 to 40 seconds.  

It is assumed that the signal reaches a steady state while performing similar tasks. Each individual trial is therefore not 

modelled separately, but the block as a whole.  Blocked design gives high statistical power, so it is useful to use when 

looking at a task that is not expected to give a strong signal change.  On the negative side, blocked design is sensitive to 

signal drift, for example caused by head motion, especially if there are just a few blocks [110].  All the tasks used in this 

study employed the blocked design.  
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In event-related design, each trial is modelled as a discrete event. The main advantage of event-related design is the 

ability to detect transient BOLD responses.  It allows randomisation of conditions and variation in the time between 

stimulus presentations, reducing the subject’s ability to predict when and what will happen and maintaining their 

attention level throughout the experiment.  Using event-related design, incorrect trials can be modelled separately from 

correct trials.  The downside of this method is that it has lower statistical power, so longer scans are needed [110].   

When analysing fMRI data, changes in activation, rather than the actual level of activation is important.  Because of this, 

blocks of rest are usually included in the experiment.   

While a person is performing a task, their brain is still involved in processes not related to the process of interest, such 

as, for example, visual activity or motor responses.  Because of this, control tasks are also often included to isolate the 

functional domain of interest. A control task is usually designed to differ from the actual task only in the process of 

interest.  If a response is required during the task, it is good for the control task also to include a response, and the 

control task should try and match the task visually as much as possible.  When comparing the activation between the 

task and the control task, the activation should be related to the functional domain of interest.  

An alternative strategy is to include tasks differing in some other aspect, such as, for example, difficulty levels.   

2.2.2. Preprocessing 

In this project, all fMRI analyses were performed using BrainVoyager QX 2.6 (Brain Innovation, Maastricht, the 

Netherlands).  BrainVoyager is coded in C++ and is highly optimized, making it very fast.  Although easy to use, 

BrainVoyager is flexible enough to enable us to perform the statistical analyses we required [118].  

Before statistical analysis, fMRI data usually undergoes a series of preprocessing steps.  This preprocessing is necessary 

to prepare the data for statistical analysis, by making sure that certain assumptions about the data are met and aims to 

increase the signal to noise ratio to maximize the sensitivity of the statistical analysis.   

The statistical analysis of the fMRI data assumes that the whole volume of the brain is measured at the same time while 

in reality it is acquired as a series of 2D slices over the repetition time of the sequence (typically about 2 s).  Slice scan 

timing correction interpolates each voxel’s time course to determine the signal at the beginning of the measurement 

[117].  Here we used cubic spline interpolation. 

If a subject moves in the scanner, the signal time course within a voxel will be contaminated with signals from 

neighbouring voxels. Motion correction involves coregistering each volume to the first volume of the functional run to 

ensure that for every voxel the entire time course of the signal originates from the same anatomical region.  Linear 

interpolation was used to estimate the 6 motion parameters (3 for translation and 3 for rotation), and sinc interpolation 

for motion correction.  Although slow, sinc interpolation is recommended for motion correction because no spatial 
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smoothing is introduced, resulting in corrected functional data closely reflecting the original data [118]. The above 

process does not, however, fully remove motion artefacts due to spin history effects and the fact that motion during 

readout causes incorrect spatial encoding within a volume.  For this reason data with severe motion should be excluded 

from all analyses. For adults, data with motion exceeding 1 mm translation in any direction or 1 degree rotation around 

any axis are typically discarded. In this study of children, the largest continuous section of data with no movement 

greater than 3 mm displacement or 3.0° rotation was analysed.   

Spatial smoothing involves averaging the signal intensity of each voxel with its neighbouring voxels, and is performed on 

each functional volume separately.  The aim of this blurring is to increase the signal to noise ratio by reducing noise but 

keeping the underlying signal of interest [110].  We used no spatial smoothing on our 3 T data, but spatially smoothed 

the 1.5 T data using a Gaussian filter (FWHM 4mm). 

Temporal filtering is performed on each voxel’s time course individually. A voxel’s time course shows how the voxel’s 

signal intensity changes over time. While some of this variance is due to changes in the task stimulus, the rest of the 

variance is due to factors unrelated to the stimulus, including scanner-related drifts, physiological effects, and high 

frequency noise.  The aim of temporal filtering is to remove the unwanted components without removing the signal of 

interest [110].  High-pass filtering removes the low frequency noise, such as scanner drift and physiological effects, while 

low-pass filtering removes the high frequency noise.  We used only a high pass filter of 2 cycles/point. 

After the preprocessing of the functional data, the low resolution functional data needs to be aligned to the 

corresponding subject’s high resolution anatomical MR scan.  To combine results from multiple subjects, anatomical 

images (along with the co-registered functional data) need to be transformed into a common space, such as Talairach 

space which was used in this study [119].   

2.2.3. fMRI Statistical Analysis  

The general purpose of statistical analysis is to determine which regions show significant signal changes in response to 

the task stimulus. A model of the expected response is created, which is fit to the time course of the signal for every 

voxel in the brain using a general linear model (GLM). 

To model the expected response, a stimulation protocol is defined that specifies the timing of the different task 

conditions during the fMRI acquisition. For each condition, except rest, a “box-car” time course is created, where the 

time points belonging to the condition are assigned the value of “1”, while the rest of the time points are given the value 

“0” [118], see Figure 2.3.  This box-car time course is convolved with the HRF (see Figure 2.4), and added to the model as 

a predictor. Usually the subject’s motion profiles throughout the fMRI acquisition are added to the model as predictors 

of no interest as motion events may explain some of the variance in the data.  In this work we Z-transformed each of the 

6 motion parameter estimate time courses before adding them to the model.   
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Figure 2.4: An example of a box-car time course for a single task condition. 

 

 

Figure 2.5: An example of a box-car time course convolved with the haemodynamic response function (HRF). 

 

The GLM calculates, for every voxel, beta values for each predictor. The beta value specifies how much of the variance in 

the signal is explained by a particular predictor. If the absolute value of beta is high, much of the signal variance is 

associated with that task condition, while a low beta indicates that the brain activity is not explained by that condition 

[110].  

Group analysis 

A group analysis using random effects allows for the generalisation of the results to a population, and the comparison of 

activation between groups of subjects.  A random effects analysis is performed on a voxel-by-voxel basis and is often 

performed in 2 separate stages. In the first stage, GLM parameters are estimated for each subject independently.  The 

resulting first-level parameter estimates (betas) from each subject are then used as dependent variables in the 2nd 

analysis stage. The second level analysis uses a standard analysis of variance (ANOVA) approach, which can include 

finding group differences between parameter estimates from the first level analysis. In addition, other variables can be 

included as covariates, extending the ANOVA approach to an analysis of covariance (ANCOVA) [118]. For example, we 

performed a whole brain group analysis using random effects for our CG Arena place learning task.  To find regions 

where activation was correlated with prenatal alcohol exposure, we included alcohol exposure as a covariate in the 

second level analysis. 
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The 2nd level analysis yields p-values based on the uncertainty of the 2nd level parameter estimates [110]. A common 

approach is to consider voxels with significance levels greater than a chosen threshold to be “activated”.  Since the 

statistical analysis is run separately on thousands of voxels, a multiple comparison problem arises.  Using a p-value of 

0.05, even if there was no task stimulus, by chance 5 000 out of the approximately 100 000 voxels in the brain would be 

falsely identified as being “active”. 

There are various methods for dealing with the multiple comparison problem.  Bonferroni correction is a method 

commonly used to maintain strict control of the global error probability. In order to ensure a global error probability of 

p, a single voxel needs to be significant at a level of p divided by the number of voxels. This method tends to be overly 

conservative for neuroimaging data since it assumes that each test is independent, where in reality a voxel is not 

independent from neighbouring voxels [120].  In contrast, spatial extent methods are based on the fact that voxels are 

not activated individually, but rather clusters of voxels are activated together, which makes them more appropriate for 

neuroimaging data [121].  We used a cluster size correction based on Monte Carlo simulations. After applying an initial 

voxel-level threshold, this method uses Monte Carlo simulations to calculate the minimum cluster size considered 

significant at a global error probability for the selected p-value [122]. 

Region of interest analysis 

An alternative to running a whole brain analysis is to perform a region of interest (ROI) analysis.  In an ROI analysis, a 

collection of voxels is chosen and the GLM is run either on the signal time courses of every voxel within the ROI or on the 

average of the signal time courses of all voxels within the ROI. Due to the fact that the analyses are performed in far 

fewer voxels, the multiple comparison problem is severely reduced. The selection of ROIs is normally hypothesis driven. 

In this study, ROI analyses were used in all the experiments examining neural correlates of number processing. Dehaene 

and colleagues [50] in a meta-analysis of number processing studies using fMRI identified five key parietal regions 

involved in number processing. Since the authors attributed specific functions for each of these regions, an ROI analysis 

in these regions enabled us to better interpret our results and avoid the multiple comparison problem.  

For each subject, beta values for each condition were estimated for each ROI by fitting the GLM to the average time 

course of all the voxels within the ROI.  These beta values represent the average percent signal change for a condition 

and further statistical analyses were performed on these beta values. 
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Chapter 3 : Parietal Dysfunction during Number Processing 
in Children with Fetal Alcohol Spectrum Disorders 

Keri J. Woods 1,2, Ernesta M. Meintjes 1,2, Christopher D. Molteno 3, Sandra W. Jacobson 2,3,4, 
and Joseph L. Jacobson 2,3,4  

Abstract 

Number processing deficits are frequently seen in children prenatally exposed to alcohol. Although the parietal lobe, 

which is known to mediate several key aspects of number processing, has been shown to be structurally impaired in 

fetal alcohol spectrum disorders (FASD), effects on functional activity in this region during number processing have not 

previously been investigated. This fMRI study of 49 children examined differences in activation associated with prenatal 

alcohol exposure in five key parietal regions involved in number processing, using tasks involving simple addition and 

magnitude comparison. Despite generally similar behavioural performance, in both tasks greater prenatal alcohol 

exposure was related to less activation in an anterior section of the right horizontal intraparietal sulcus known to 

mediate mental representation and manipulation of quantity. Children with fetal alcohol syndrome and partial fetal 

alcohol syndrome appeared to compensate for this deficit by increased activation of the angular gyrus during the 

magnitude comparison task. 

3.1. Introduction 

 Prenatal alcohol exposure causes impairment in brain structure and function, leading to cognitive and behavioral 

deficits that range in severity [30, 38, 71, 123]. Fetal alcohol syndrome (FAS), the most severe of the fetal alcohol 

spectrum disorders (FASD), is characterized by distinctive craniofacial dysmorphology (short palpebral fissures, thin 

vermillion, flat philtrum), small head circumference and pre- and/or postnatal growth retardation [17]. The craniofacial 

dysmorphology is also seen in partial FAS (PFAS), together with either small head circumference, retarded growth, or 

neurobehavioral deficits. Heavily exposed (HE) individuals lacking the distinctive dysmorphology are diagnosed with 

alcohol related neurodevelopmental disorder (ARND) if they exhibit cognitive and/or behavioral impairment [18].  

Prenatal alcohol exposure is associated with a broad range of cognitive deficits, including low IQ [1, 2], poor attention 

and executive function [6, 7, 124, 125], and slower cognitive processing speed [1, 9-11].  Among the cognitive deficits 

seen in relation to prenatal alcohol exposure, arithmetic is especially sensitive, and mathematical deficits are seen even 

after controlling for IQ [1, 2, 12-15], and impaired numerosity is already seen in infants with FAS  [126]. When academic 
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achievement tests are administered to exposed individuals, arithmetic is consistently more impaired than reading or 

spelling [127-130].   

Although the parietal lobe has been known to be involved in number processing since the beginning of the 20th century 

[131], fMRI has provided a more extensive understanding of the neuroanatomy of this domain of processing. Based on 

brain lesion and neuroimaging findings, Dehaene and associates [132, 133] have proposed a triple-code model of 

number processing that incorporates the three different systems of representation that may be used in number 

processing tasks: the quantity system, the verbal system and the visual system. In addition, they have posited a core 

quantity system—a nonverbal abstract representation of numerical quantity, which has been localized bilaterally in the 

anterior portion of the horizontal segments of the intraparietal sulci (IPS). This area is hypothesized to support number 

processing irrespective of the notation used; that is, whether represented symbolically as Arabic numbers or sequences 

of words or analogically by numbers of dots. The verbal processing of numbers is posited to be based in the left angular 

gyrus (close to the language areas), while the bilateral posterior superior parietal lobules (PSPL) are hypothesized to be 

involved in spatial and non-spatial attentional processes contributing to the visual processing of numbers. Rivera et al. 

[134] found age-related increases in activation of the anterior IPS during number processing between school age and 

early adulthood, which they attributed to the development of increasing functional specialization of this region as 

symbolic number processing becomes increasingly automatic. Results from a meta-analysis of studies comparing 

number processing in children vs. adults generally support Dehaene’s model but suggest that the localization of parietal 

activations is more notation-specific in children and that right IPS activations in nonsymbolic magnitude comparison are 

slightly more anterior than those observed in adults [135]. 

Data from behavioral studies that we have conducted in two different cohorts suggest that a specific deficit in the ability 

to represent and manipulate quantity may play a critical role in the poor arithmetic performance seen in FASD [16].  A 

224-item, 7-subtest, computer-based number processing test that we developed in collaboration with S. Dehaene, was 

administered to 262 adolescents from the Detroit Longitudinal Prenatal Alcohol Exposure Cohort. A factor analysis of the 

seven subtests yielded two factors, one reflecting exact and approximate calculation (“Calculation”). The other factor, 

on which number comparison and proximity judgment loaded most strongly, reflected the ability to represent and 

manipulate quantity (“Magnitude Comparison”), corresponding to Dehaenes’ core quantity system. In a path analytic 

model, the relation of prenatal alcohol exposure to calculation was fully mediated by its effects on magnitude 

comparison, suggesting that magnitude comparison is a core deficit involved in the poor arithmetic performance seen in 

these children. These findings were subsequently confirmed in a sample of school-age children in Cape Town, South 

Africa [126]. In the Detroit cohort, attention-deficit/hyperactivity disorder (ADHD) was related to poorer performance on 

all seven number processing subtests, but, by contrast to the pattern seen in the alcohol exposed children, the 

associations were markedly stronger with calculation than magnitude comparison. Moreover, IQ significantly mediated 

the effect of ADHD on calculation, suggesting that effects of ADHD on aspects of calculation not specific to the 
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representation of number, such as attention and executive function, mediate the poorer number processing seen in that 

disorder.  

This behavioral evidence linking prenatal alcohol exposure to impairment in the core quantity system is consistent with 

evidence from MRI studies reporting alcohol related structural impairment in the parietal region, including 

disproportionate size reductions in the parietal lobe [23, 30].  A high resolution structural MRI, surface-based image 

analysis indicated that the brains of alcohol exposed individuals were narrower in the inferior parietal and perisylvian 

regions [45], and voxel-based morphometry (VBM) analysis revealed gray matter abnormalities that were most 

prominent in the left perisylvian cortices of the parietal and temporal lobes [38]. In addition, significant cortical 

thickness excesses were observed in children with FASD in large areas of bilateral temporal, bilateral inferior parietal 

and right frontal regions [42].  

In the first fMRI study of number processing in FASD, adults with and without prenatal alcohol exposure were 

administered a task involving subtraction from 11 of a series of numbers that appeared on the screen [81]. Exposed 

individuals with alcohol related dysmorphology exhibited poorer task performance and lower activation in regions 

known to be associated with arithmetic processing, including right inferior and left superior parietal regions and medial 

frontal gyrus, compared with controls. However, it was not clear whether the reduced activation in the dysmorphic 

participants reflected a specific deficit in fronto-parietal function or completion of fewer problems due to the difficulty 

of the task. Using simpler proximity judgment and single-digit addition problems, we found that children activate the 

same fronto-parietal regions activated in number processing by adults [136]. Although children with FAS and PFAS 

performed as well as controls on the simple tasks administered in the scanner, they activated a markedly more diffuse 

parietal region extending into the angular gyrus, precuneus and posterior cingulate and for, exact addition, also the 

postcentral gyrus [60]. However, the FAS/PFAS and control groups did not differ significantly in degree of activation in 

the anterior portion of the IPS and other regions linked by Dehaene and associates to number processing, possibly due 

to lack of statistical power in the small sample on which that whole brain voxel-wise analysis was conducted.  

In this study, we examine the effects of both FASD diagnosis and continuous measures of prenatal alcohol exposure on 

brain activation in the five parietal structures found by Dehaene and associates to mediate number processing in a 

larger sample that includes not only children with FAS/PFAS and nonexposed controls, but also nonsyndromal heavily 

exposed (HE) children [137]. We have found that continuous measures of prenatal alcohol exposure based on a 

maternal report obtained during pregnancy are often more sensitive in detecting effects of prenatal alcohol exposure 

than diagnoses based on dysmorphic features in studies using diverse neuroimaging techniques, including tensor-based 

morphometry [138] and magnetic resonance spectroscopy [139]. Based on the behavioral findings from our Detroit and 

Cape Town studies, our central hypothesis was that prenatal alcohol exposure would be associated with reduced 

activation of the anterior IPS, the region believed to mediate abstract representation of numerical quantity. 
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3.2. Methods 

3.2.1. Participants 

Participants were 65 right-handed, 8- to 12-year-old children from the Cape Coloured (mixed ancestry) community in 

Cape Town, South Africa, of whom 40 had been heavily exposed to alcohol prenatally and 25 were controls in the same 

age range [140]. The Cape Coloured community is composed primarily of descendants of white European settlers, 

Malaysian slaves, Khoi-San aboriginals, and black African ancestors. The incidence of FASD in this population is 

exceptionally high due to poor socioeconomic circumstances and historical practices of compensating farm laborers with 

wine, which have contributed to a tradition of heavy recreational weekend binge drinking  [19]. Thirty-seven children 

were the older siblings of participants in our Cape Town Longitudinal Cohort [141]. The others were identified by 

screening all of the 8- to 12-year-old children from an elementary school in a rural section of Cape Town, where there is 

a very high incidence of alcohol abuse among local farm workers [60].  

3.2.2. Procedure 

Our research nurse and staff driver transported the mother and child from their home to our child development 

laboratory at the Faculty of Health Sciences campus of the University of Cape Town (UCT) for a 3-hour 

neuropsychological assessment and to the Cape Universities Brain Imaging Centre (CUBIC) for a neuroimaging 

assessment, which was administered on the following day. All examiners were blind with regard to maternal alcohol 

history and the child’s FASD diagnostic status, except in the most severe cases where it was obvious. Written informed 

consent was obtained from each mother; written assent, from each child. Approval for human research was obtained 

from the Wayne State University Human Investigation Committee and the UCT Faculty of Health Sciences Human 

Research Ethics Committee.  

Each mother was interviewed in her primary language, Afrikaans or English, regarding her alcohol consumption during 

pregnancy, using a timeline follow-back approach [142, 143]. Volume was recorded for each type of beverage consumed 

each day, converted to absolute alcohol (AA) using multipliers proposed by Bowman et al [144], and averaged to provide 

summary measures of alcohol consumption during pregnancy. Two groups of women were recruited:  (1) heavy 

drinkers, who consumed at least 14 standard drinks per week (1.0 oz AA⁄day) on average or engaged in binge drinking (5 

or more drinks⁄occasion) and (2) controls whose mothers abstained or drank only minimally during pregnancy—92.0% 

(all but two) of the control mothers abstained; one drank 2 drinks on 11 occasions; the other, 2 drinks on 1 occasion. 

Data from the alcohol consumption interview were tabulated to provide three continuous measures of drinking during 

pregnancy: average oz AA consumed per day, AA/drinking day (dose/occasion) and frequency (days/week). Number of 

cigarettes smoked on a daily basis was also recorded, as was the use of illicit drugs (days/week).  Mothers were also 

interviewed regarding their education. Mothers and children were given breakfast, lunch, and a snack during the 

morning at each laboratory visit. The mother received a small monetary compensation for each visit and photograph of 

her child, and the child was given a small gift.  
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In September 2005, we organized a clinic in which each child was independently examined for growth and FAS 

dysmorphology by two expert U.S.-based FAS dysmorphologists (H.E. Hoyme and L.K. Robinson) using the Hoyme et al. 

protocol [5]; a subset of children who could not attend the clinic was examined by a Cape Town-based dysmorphologist 

(N. Khaole) [141]. There was substantial agreement among the examiners on the assessment of all dysmorphic features, 

including the three principal fetal alcohol related features—philtrum and vermilion (which were measured on the Astley 

and Clarren [109] rating scales) and palpebral fissure length (median r = 0.78). FAS and PFAS diagnoses were determined 

at a case conference by the dysmorphologists (HEH and LKR), SWJ, JLJ, and CDM. Nine children met the Hoyme et al. 

criteria for full FAS: at least two of the principal dysmorphic features, small head circumference (bottom 10th percentile), 

and low weight or short stature (bottom 10th percentile). Nine met the criteria for PFAS; that is, two features, confirmed 

maternal alcohol consumption during pregnancy, and at least one of the following: small head circumference, low 

weight, short stature, or low IQ (<70).  

FAS and PFAS groups were combined for the analyses, but HE children were treated as a separate group.  The decision 

not to combine the FAS/PFAS and HE groups was based on our findings in Diwadkar et al. [73] that for some aspects of 

cognition, distinctly different brain activation patterns are seen in these two groups. Analyses were repeated with all 

alcohol exposed children combined into one group. 

3.2.3. Neuropsychological Assessment 

Each child was administered the computer-based number processing test described above, which included two 16-item 

subtests, one of which assessed Exact Addition (EA); the other, Proximity Judgment (PJ) [83, 91]. In EA, a series of 

problems involving single and⁄or double digits are displayed on the screen, and the child enters the solution on the 

computer keypad. In PJ, a double-digit number is displayed on the left side of the screen, and the child presses a button 

to indicate which of two double-digit numbers shown on the right side is numerically closer to it. Each child was also 

assessed on 7 of the 10 subtests from the Wechsler Intelligence Scale for Children, Third Edition (WISC-III)—Similarities, 

Arithmetic, Digit Span, Symbol Search, Coding, Block Design, and Picture Completion—and Matrix Reasoning from the 

WISC-IV. The IQ subtests were selected to represent the four dimensions of the WISC-III: Verbal Comprehension 

(Similarities), Perceptual Organization (Block Design, Picture Completion, Matrix Reasoning), Freedom from 

Distractibility (Digit Span, Arithmetic), and Processing Speed (Coding, Symbol Search). Only Similarities were 

administered in the verbal domain because the other verbal subtests appeared to be less valid in this cross-cultural 

context. IQ was estimated from these subtests using Sattler’s [145] formula for computing Short Form IQ; validity 

coefficients for Short Form IQ based on 5 or more subtests consistently exceed r = 0.90. Handedness was assessed with 

the Annett (1970) Behavioral Handedness Inventory.  
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3.2.4. Neuroimaging Assessment 

Magnetic Resonance Imaging Protocol. All scans were acquired using a 1.5T Magnetom Symphony MRI scanner 

(Siemens Medical Systems, Erlangen, Germany). High-resolution anatomical images were acquired in the sagittal plane 

using a three-dimensional inversion recovery gradient echo sequence (72 slices, TR = 1900 ms, TE = 3.93 ms, TI = 1100 

ms, slice thickness 2 mm, 250 mm field of view, resolution 1.4 x 1.0 x 2 mm3). During the fMRI protocol, 154 functional 

volumes sensitive to blood oxygen level dependent contrast were acquired with a T2*-weighted gradient echo, echo 

planar imaging sequence (TR = 2000 ms, TE = 50 ms, 20 interleaved slices, 5 mm thick, gap 1 mm, 230 mm field of view, 

resolution 3.6 x 3.6 x 5 mm3). 

Functional MRI Experimental Tasks. Simplified versions of the EA and PJ subtests from the computer-based number 

processing assessment described above were administered. The tasks were simplified to make it easier for the children 

in the exposed groups to achieve acceptable scores for task accuracy in the scanner. EA was simplified in that the child 

selected the correct answer from two choices displayed on the screen and the sum was never greater than 12. PJ was 

simplified by including fewer difficult problems (i.e., problems with response choices that were only 1-2 units apart). EA 

was selected because it is the easiest of the calculation subtests; PJ was selected to represent magnitude comparison 

because the range of the neurobehavioral scores for Number Comparison is truncated. Each child practiced these tasks 

initially in a mock scanner built for this study, which was important in reducing anxiety and facilitating completion of the 

MRI scans. The experimental tasks were programmed using E-Prime software (Psychology Software Tools, Inc., 

Pittsburgh, PA) and were presented using a data projector and a rear projection screen mounted at the foot of the 

patient bed. The child held a Lumitouch response system (Photon Control Inc., Burnaby, Canada) in his/her right hand 

and responded using the right index and middle finger. The child was able to talk to the examiner using an intercom that 

is built into the scanner and could stop the scan at any time by squeezing a ball held in his⁄her left hand. 

The EA and PJ tasks were administered using a self-paced block design, in which the child completed as many problems 

as possible during each 40 s block. In the active blocks, a fixation square was displayed for 500 ms prior to each trial 

(Figure 3.1A). In the EA blocks, two numbers were displayed one above the other for 1000 ms, after which two possible 

solutions appeared horizontally below the two numbers. The display remained on the screen until either the child made 

a selection or the 40 s time limit for the block expired. Sums were selected randomly from a list in which the solution 

was never greater than 12 and from which tie problems (e.g., 2 + 2) and sums involving unity had been excluded. The 

child selected the correct answer from the two choices displayed below by pressing the button on the same side as the 

correct answer. The control blocks in the EA task (EA_CTL) followed the same format but with two identical Greek 

symbols displayed vertically initially for 1000 ms (Figure 3.1B). Two different Greek symbols were then displayed 

horizontally below the vertical symbols and the child selected the one that was identical to the initial two by pressing 

the button on the side of that symbol. Each block was repeated three times in the following order: EA, EA_CTL, rest, EA, 

EA_CTL, rest, EA_CTL, EA, rest. In the rest blocks, the fixation square was displayed for 20 s, resulting in a total task 
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duration of 5 min. The PJ task followed the same format, the only difference being that a single number (the ‘‘target’’) 

was now displayed for 1000 ms, and the child was instructed to select from two numbers displayed horizontally below it, 

the one numerically closer to the target. Problems were selected randomly from a list of 1-digit and 2-digit numbers. In 

the control blocks for the PJ task, the target consisted of a single Greek symbol, followed by two Greek symbols 

displayed horizontally below it. The child pressed the button on the same side as the symbol that was identical to the 

target. Each block was repeated three times in the order PJ, PJ control (PJ_CTL), rest, PJ, PJ_CTL, rest, PJ_CTL, PJ, rest, 

with the fixation square displayed for 20 s during the rest blocks, for a total task duration of 5 minutes.   

Behavioral Performance. Responses for the number processing tasks administered in the scanner were recorded on a 

computer. Number of trials attempted, number of trials correct, and accuracy (% correct) were computed for each task. 

Functional data were excluded for children with poor task performance (<66% correct) to ensure that all those included 

in the analysis had been mentally engaged in the neuroimaging task.  No imaging data were obtained for 6 children (4 

FAS/PFAS, 1 HE, 1 control). For PJ, data of 9 children (3 FAS/PFAS, 3 HE, 3 controls) were excluded from the 

neuroimaging analyses due to poor performance, and another control child fell asleep during the task. For EA, one HE 

child was not able to perform the task, and data from 19 children (6 FAS/PFAS, 7 HE, 6 controls) were excluded due to 

poor performance. 

fMRI Analysis. All fMRI analyses were performed using Brain Voyager QX (Brain Innovation, Maastricht, the 

Netherlands). Four dummy images were acquired in each run that were excluded from all analyses. Images were motion 

corrected relative to the first volume of the functional run with trilinear/sinc interpolation. Images were corrected for 

different slice acquisition times and linear trends, spatially smoothed using a Gaussian filter (FWHM 4 mm), and 

temporally smoothed with a high pass filter of 2 cycles⁄point. All data exceeding movement criteria 3 mm displacement 

or 3.0° rotation within a functional run were rejected. In addition to the previously noted exclusions for poor 

performance, PJ data for 2 control children and EA data for 1 control child were discarded due to excessive motion. Each 

child’s functional data sets were co-registered to his⁄her high-resolution anatomical MRI, rotated into the AC-PC plane 

and normalized to Talairach space using a linear transform calculated on the anatomical images. The 3.6 x 3.6 x 5 mm3 

fMRI voxels were interpolated during Talairach normalization to 3 x 3 x 3 mm3.  
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Figure 3.1: Schematic of task design showing the format and timing for blocks of (A) Exact Addition trials and (B) control trials. The same format and 
timing were used for the Proximity Judgment task. 

A priori regions of interest (ROIs) were defined for each of the five parietal regions identified in Dehaene et al.’s [50] 

meta-analysis, namely bilateral anterior horizontal intraparietal sulci (IPS), bilateral PSPL and left angular gyrus. Each ROI 

consisted of a sphere, radius 6 mm, centered on the coordinates derived from the meta-analysis.  These regions are 

illustrated in Figure 3.2.  Separate subject analyses were performed on the average signal in each ROI using the general 



22 
 

linear model with predictors based on the known experimental blocks convolved by the standard hemodynamic 

function. The six motion correction parameters were z-transformed and then added as predictors of no interest.  The 

beta values generated by this analysis, which reflect the mean percent signal change for each condition for each subject, 

were used to calculate percent signal change during the numeric task compared to the control task. One outlier with 

percent signal change values > 3 SD beyond the mean for the right and left PSPL and left IPS regions was excluded from 

analyses of those regions on the PJ task, and one outlier for the left PSPL and right IPS was excluded from analyses of 

those regions on EA. 

 

Figure 3.2: Regions identified in Dehaene's meta-analysis that were used as regions of interest in this study.  

3.2.5. Statistical Analyses 

All variables were examined for normality of distribution. AA/day and AA/occasion were positively skewed and were log 

transformed (log X +1). The following variables with outliers greater than 3 SD beyond the mean were transformed by 
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recoding all outlying values to one point beyond the next most extreme observed value: parity (n=1), mother’s grade 

(n=1), lead exposure (n=1), number of correct EA trials inside the scanner (n=1), and PJ accuracy inside the scanner 

(n=2). 

Seven control variables were assessed for consideration as potential confounders of the relation of prenatal alcohol 

exposure to number processing: three demographic characteristics (parity, and mother’s age at delivery and years of 

education), two child characteristics (child sex and age at assessment), and two neurotoxic exposures (maternal smoking 

during pregnancy and postnatal lead exposure) that are known to impact on the child’s academic performance. Lead 

exposure, which was based on a venous blood sample obtained from the child, was included because lead levels in this 

population are within the range in which subtle but meaningful effects on cognitive function have been consistently 

reported (e.g., [15, 146].  Each control variable that was weakly related to a given outcome measure (at p < 0.10) was 

considered a potential confounder of the effect of each exposure measure on the outcome in question. 

The outcome measures were accuracy (% correct) inside and outside the scanner, number of trials attempted and 

number completed inside the scanner, and percent signal change relative to the control task in each of the ROIs for each 

of the tasks. The relation of diagnostic group (FAS/PFAS; heavily exposed (HE) nonsyndromal; control) to each of the 

outcome measures was examined using analyses of variance (ANOVA).  Post hoc comparisons were computed using the 

least-squares difference (LSD) approach. Each ANOVA was then rerun as an analysis of covariance including as covariates 

each of the control variables related to the outcome in question at p < 0.10 to adjust for potential confounding. The 

relation of two continuous measures of prenatal alcohol exposure—AA/day and AA/drinking day—to each of the 

outcome measures was examined using Pearson correlation analysis. Multiple regression analyses were then run 

relating each of the continuous exposure measures to each of the outcomes controlling for potential confounders.  

Pearson correlation was used to examine the relation of percent signal change in each of the ROIs to behavioral 

performance inside and outside the scanner. 

3.3. Results 

3.3.1. Sample Characteristics 

Sample characteristics for the 65 children recruited are summarized in Table 3.1. The mothers of children with FAS and 

PFAS reported having consumed an average of 13.2 standard drinks of alcohol per drinking occasion during pregnancy; 

the mothers of the HE group, 11.8 standard drinks. The groups were generally similar in terms of the control variables, 

except that the mothers of the HE group smoked more during pregnancy than the mothers of the control or FAS/PFAS 

children and that on average, the control children’s primary caregivers were more educated than either of the other 

groups.  There was very little drug use, with only one mother of an HE child reporting use of marijuana during 

pregnancy. The FAS/PFAS and HE groups scored more poorly on the WISC IQ test than the control children; and the 
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FAS/PFAS, more poorly than the HE group. On the WISC subtests, the alcohol exposed children performed more poorly 

than controls in both the number processing (i.e., Arithmetic) and verbal (i.e., Similarities) domains. The low IQ scores of 

all of the children in the sample reflect the highly disadvantaged circumstances and poor quality of education available 

in this community.  

Fifty-nine children were scanned: 14 with FAS or PFAS, 21 HE nonsyndromal and 24 controls. After exclusions due to 

excessive motion and/or poor accuracy, 49 children with usable data for at least one task remained (47 for PJ; 38 for EA). 

For children included in the analyses, mean displacements did not differ between diagnostic groups (F(2, 44) = 1.22, p = 

0.306 and F(2, 35) = 0.22, p = 0.803, for PJ and EA, respectively). The children with usable scanner data did not differ 

from those in the initial sample in terms of alcohol exposure or diagnostic group (all ps >0.15). The excluded children 

were 1.1 years younger on average than those included (t(63)=3.56, p=0.001), and their estimated IQ scores were lower 

(t(63)=2.73, p=0.008), but they did not differ from the children whose data were included in maternal education, parity, 

smoking during pregnancy , and age at delivery, or child sex and blood lead concentrations (all ps>0.10).   

3.3.2. Neuropsychological Assessments 

Behavioural performance on the number processing tasks is summarized by group and in relation to prenatal alcohol 

exposure in Tables 3.2 and 3.3, respectively. All the children in the sample are included in the analyses of the data 

collected outside the scanner, but behavioral performance inside the scanner is shown only for those whose 

neuroimaging data were included in the data analysis. Outside the scanner the FAS/PFAS group performed more poorly 

than the other two groups on PJ and more poorly than controls on EA (Table 3.2). Both continuous measures of prenatal 

alcohol exposure were related to poorer PJ performance outside the scanner, effects that remained significant after 

controlling for potential confounders (Table 3.3).      

By contrast, no group differences in performance accuracy were seen when simplified versions of the tasks were 

administered inside the scanner (Table 3.2). The only differences between the groups on either task was that in PJ the 

FAS/PFAS group attempted fewer trials, reflecting a slower rate of completing the PJ problems, and got fewer trials 

correct than the control group. AA/day and AA/occasion were inversely correlated with number of PJ trials completed 

correctly and accuracy inside the scanner (Table 3.3). 
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Table 3.1: Sample characteristics (N=65). 

  
FAS/PFAS 

(n=18) 

Heavy exposed Control 
F or χ2 

(n=22) (n=25) 

          Prenatal alcohol exposure         

Absolute alcohol/day (oz)a 2.8 (2.1) 2.1 (1.9) 0.0 (0.0) 19.90*** 

Absolute alcohol/occasion (oz)a 6.5 (3.4) 5.9 (5.4) 0.1 (0.3) 21.98*** 

Frequency (days/week)a 2.9 (1.2)  2.6 (1.8) 0.0 (0.1) 41.29*** 

  
        

Potential confounders 

Maternal         

Parity 2.6 (1.2) 2.0 (1.0) 2.1 (1.4) 1.29 

Years of educationb 6.7 (2.5) 6.9 (2.4) 8.5 (2.0) 4.27* 

Smoking during pregnancy (cigs/day)c  6.6 (5.1) 12.1 (9.0) 5.6 (7.1) 4.99** 

Mother’s age at delivery 26.3 (5.9) 24.5 (5.5) 24.0 (5.8) 0.92 

Child         

Sex (% male) 33.3 45.5 48 1 

Age at assessment 10.1 (1.1) 10.6 (1.3) 10.2 (1.2) 1.09 

Blood lead concentration (μg/dl)d 7.0 (3.6) 5.2 (1.9) 6.7 (2.6) 2.56† 

  
        

IQ scores 

WISC Estimated Full Scale IQ scoree 59.8 (10.5) 67.9 (10.2) 76.0 (11.0) 12.25*** 

Freedom from Distractibilityf 74.4 (16.5) 80.6 (10.4) 87.4 (12.4) 5.20** 

Arithmeticg 4.4 (2.5) 5.9 (2.6) 6.9 (2.6) 4.96** 

Digit Spanh 6.3 (3.7) 7.0 (1.7) 8.3 (2.9) 2.80† 

Codingi 4.6 (2.3) 6.5 (2.1) 6.8 (2.5) 4.31* 

Matrix Reasoningj 3.8 (2.1) 4.6 (2.4) 5.4 (2.3) 2.38 

Block Designk 3.6 (2.1) 5.5 (2.6) 6.4 (3.3) 5.24** 

Symbol Searchl 4.0 (2.2) 4.7 (2.5) 6.8 (2.9) 6.86** 

Similaritiesm 2.3 (2.0) 3.7 (2.0) 5.4 (2.4) 11.48*** 

Picture Completionn 4.7 (3.3) 5.2 (3.0) 6.1 (2.9) 1.07 

Means (SD). †p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001. 
   acont<FAS/PFAS, HE, both ps<0.001 

    bcont > FAS/PFAS, p=0.012; cont > HE, p=0.020 
    cHE > cont, p=0.004; HE > FAS/PFAS, p=0.022 
    dFAS/PFAS > HE, p=0.042; cont > HE, p=0.077 
    econt > FAS/PFAS, p=0.001; cont > HE, p=0.012; HE > FAS/PFAS, p=0.019 

  fcont > FAS/PFAS, p = 0.002; cont > HE, p = 0.082 
   gcont > FAS/PFAS, p = 0.003; HE > FAS/PFAS, p = 0.067 
   hcont > FAS/PFAS, p = 0.026 

    iMissing for 4 FAS/PFAS, 1 HE, and 4 controls. cont > FAS/PFAS, p = 0.008; HE > FAS/PFAS, p = 0.017 
 jMissing for 2 FAS/PFAS, 1 HE, and 3 controls. 

    kMissing for 1 control. cont > FAS/PFAS, p = 0.002; HE > FAS/PFAS, p = 0.039 
  lcont > FAS/PFAS, p = 0.001; cont > HE, p = 0.009 

   mcont > FAS/PFAS, p < 0.001; cont > HE, p = 0.006; HE > FAS/PFAS, p = 0.051 
  nMissing for 1 control. 
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Table 3.2: Comparison of behavioural performance on Proximity Judgment and Exact Addition by diagnostic group. 

  FAS/PFAS HE Control  F F a 

Proximity Judgment 
  

      

Outside scanner 
  

      

N 18 22 25     

Age 10.5 (1.0) 10.6 (1.3) 10.2 (1.2) 1.09 1.09 

Accuracy  (% correct) b,c,d 
58.0 

(29.8) 
85.8 

(14.3) 
88.0(11.8) 14.94****f 12.75**** 

  
  

      

Inside scanner (simplified version) 
  

      

N 11 18 18     

Age 10.5 (1.0) 10.9 (1.2) 10.5 (1.2) 0.66 0.66 

Trials attempted b 33.9 (5.6) 38.9 (8.2) 39.3 (6.1) 2.42†g 2.35 

Trials correct b 29.1 (4.4) 32.9 (7.6) 35.2 (5.2) 3.40*h 4.56*  

Accuracy (% correct) b,e 86.3 (8.6) 84.3 (9.1) 90.1 (9.9) 1.73 2.17 

Exact Addition 
  

      

Outside scanner  
  

      

N 18 22 25     

Age 10.5 (1.0) 10.6 (1.3) 10.2 (1.2) 1.09 1.09 

Accuracy (% correct) b,c 
66.3 

(33.8) 
81.8 

(29.2) 
87.8 

(19.5) 
3.30*i 2.63† 

  
  

      

Inside scanner (simplified version) 
  

      

N 8 13 17     

Age 10.6 (1.0) 11.2 (1.2) 10.5 (1.1) 1.57 1.57 

Trials attempted 
28.8  
(7.7) 

34.5 (7.3) 30.4 (8.7) 1.56 1.56 

Trials correct b 
24.4  
(7.4) 

30.5  
(7.6) 

27.1 (9.0) 1.47 0.98 

Accuracy (% correct) b,e 
84.7 

(12.1) 
88.2  
(9.8) 

88.3 (7.4) 0.45 0.56 

Values are means (standard deviation), †p < 0.10, *p <0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. 
 

aadjusted for potential confounders. 
     

bcontrolled for child’s age. 
     

ccontrolled for mother’s age. 
     

dcontrolled for lead exposure. 
     

econtrolled for mother’s smoking. 
     

fcont, HE > FAS/PFAS, both ps<0.001 
     

gcont > FAS/PFAS, p=0.047; HE > FAS/PFAS, p=0.062 
    

hcont > FAS/PFAS, p=0.012 
     

icont > FAS/PFAS, p=0.014; HE > FAS/PFAS, p=0.079 
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Table 3.3: Relation of degree of prenatal alcohol exposure to behavioural performance on Proximity Judgment and Exact Addition. 

  N 

absolute 
alcohol 
per day 

absolute 
alcohol 
per day  

absolute 
alcohol 

per 
occasion 

absolute 
alcohol 

per 
occasion  

r ß  r ß  

Proximity Judgment           

Outside scanner           

Accuracy  (% correct) a,b,c 65 -0.39**** -0.36***  -0.33** -0.32*** 

Inside scanner (simplified version)           

Trials attempted a 47 -0.13 -0.12 -0.15 -0.16 

Trials correct a 47 -0.30* -0.29*   -0.30* -0.31* 

Accuracy (% correct) a,d 47 -0.32* -0.35*  -0.29* -0.31† 

Exact Addition           

Outside scanner            

Accuracy (% correct) a,b 65 -0.22† -0.18 -0.17 -0.15 

Inside scanner (simplified version)           

Trials attempted 38 0.16 0.16 0.1 0.1 

Trials correct a 38 0.05 0.05 0.03 -0.01 

Accuracy (% correct) a,d 38 -0.21 -0.37† -0.15 -0.26 
†p < 0.10, *p <0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.   
acontrolled for child’s age. 

     bcontrolled for mother’s age. 

     ccontrolled for lead exposure. 

     dcontrolled for mother’s smoking. 

      

3.3.4. Neuroimaging Assessments 

The diagnostic groups showed few differences in terms of activation of the five parietal ROIs. On the PJ task, the groups 

differed only in the left angular gyrus (F(2,44)=6.93 p=0.002, means ± standard deviation (Ms ± sd) = 0.17±0.11, -

0.02±0.17 and 0.00±0.11 for the FAS/PFAS, HE and control groups, respectively), with more activation in the FAS/PFAS 

group than in either the HE (p=0.001) or control groups (p=0.003; see Figure 3.3). On the EA task, none of the ROIs 

showed significant group differences., but the effect on the right IPS fell just short of significance (F(2,34)=2.96, 

p=0.065), with the controls showing more activation than the HE group (p=0.020) (Ms ± sd = 0.03±0.10, -0.03±0.15, and 

0.07±0.08 for the FAS/PFAS, HE and control groups, respectively).  When combining the FAS/PFAS and HE groups to 

compare activation in exposed children to unexposed controls, controls showed more activation relative to exposed 

children in the right IPS during EA (t(35)=2.06, p=0.047; Ms ± sd = 0.00±0.13 and 0.07±0.08  for the exposed and control 

groups, respectively).  
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Figure 3.3:  Percent signal change during proximity judgment compared to the control task in the left angular gyrus in each of the 
diagnostic groups (N = 47). Values are means ± standard error. 

By contrast, increasing AA/day and AA/drinking day were both related to lower percent signal change relative to the 

control task in the right IPS on both the PJ and EA tasks (Table 3.4 and Figure 3.4), effects that remained significant after 

control for potential confounders. Since the children in the FAS/PFAS group performed fewer trials during PJ than the HE 

and control children, we also examined whether the effects of alcohol on activation during PJ remained significant after 

controlling for number of trials attempted.  All differences and associations remained essentially unchanged (’s relating 

AA/day and AA/occasion to activation of right IPS were -0.35 and -0.36, respectively; both ps < 0.02). In addition, after 

control for the confounding influences of maternal smoking during pregnancy and age at delivery, greater AA/day was 

related to reduced activation in the left PSPL during EA, suggesting that these control variables were suppressors. The 

relation of both continuous measures of prenatal alcohol exposure to reduced percent signal change in the left angular 

gyrus on the EA task fell short of statistical significance (Table 3.4).  
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Table 3.4: Relation of extent of prenatal alcohol exposure to the percent signal change compared to a control task in the a priori number processing 
regions of interest during (a) proximity judgment and (b) exact addition. 

(a) Proximity Judgment 

      

  
  Talairach co-

ordinates 

Absolute 
alcohol 
per day 

Absolute 
alcohol 
per day 

Absolute 
alcohol 

per 
occasion 

Absolute 
alcohol 

per 
occasion 

N r ß r ß 

R posterior superior parietal lobule  46 15,-63,56 0.06 0.06 0.12 0.12 

L posterior superior parietal lobule a 46 -22,-68,56 -0.08 -0.02 -0.13 -0.06 

L angular gyrus  47 -41,-66,36 0.17 0.17 0.18 0.18 

R horizontal intraparietal sulcus  47 41,-47,48 -0.36* -0.36* -0.37** -0.37** 

L horizontal intraparietal sulcus  46 -44,-48,47 -0.13 -0.13 -0.16 -0.16 

              

(b) Exact Addition 

      

  
  Talairach co-

ordinates 

Absolute 
alcohol 
per day 

Absolute 
alcohol 
per day 

Absolute 
alcohol 

per 
occasion 

Absolute 
alcohol 

per 
occasion 

N r ß r ß 

R posterior superior parietal lobule b 38 15,-63,56 0.25 0.02 0.21 0.01 

L posterior superior parietal lobule c,b 37 -22,-68,56 -0.12 -0.36* -0.12 -0.32† 

L angular gyrus  38 -41,-66,36 -0.29† -0.29† -0.31† -0.31† 

R horizontal intraparietal sulcus c,d 37 41,-47,48 -0.48*** -0.49***  -0.43** -0.46*** 

L horizontal intraparietal sulcus  38 -44,-48,47 -0.05 -0.05 0.04 0.04 
†p < 0.10, *p <0.05, **p < 0.01, ***p < 0.005.   

      aControlled for mother’s grade. 

      bControlled for maternal smoking. 

      cControlled for mother’s age. 

      dControlled for parity. 
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Figure 3.4: Relation of absolute alcohol/day to percent signal change in the right horizontal intraparietal sulcus for PJ (a) and EA (b), respectively. 

Greater percent signal change in the right IPS was related to better EA performance outside the scanner (r=0.35, 

p=0.033). For PJ, greater percent signal change in the right PSPL was associated with poorer accuracy outside the 

scanner, r=-0.31, p=0.037, and greater signal change in the left PSPL was associated with completion of fewer problems 
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correctly inside the scanner, r=-0.35, p=0.016. As can be seen in Figure 3.5, the inverse relation between the left PSPL 

activation and number of correct PJ trials was strongest in the FAS/PFAS group (r = -0.76, p=0.007, for FAS/PFAS, 

compared with  r = -0.40, p = 0.113, for HE and r = -0.31, p = 0.214 for controls).  

 

Figure 3.5: Relation of percent signal change in the left posterior superior parietal lobule during proximity judgment to the number of sums 
answered correctly inside the scanner (FAS/PFAS: R2 = 0.57; HE: R2 = 0.16; control: R2 = 0.10). 

3.4. Discussion  

This study examined the relation of FASD diagnosis and continuous measures of prenatal alcohol exposure to activation 

of the five parietal regions identified by Dehaene et al. (2003) as most critical for number processing, using tasks 

involving simple addition and number comparison. Despite generally similar behavioral performance between diagnostic 

groups on the simplified tasks administered inside the scanner, the effects of prenatal exposure were observed in 

altered patterns of brain activation. Greater prenatal alcohol exposure was related to less activation in the right IPS 

during both the PJ and EA tasks and to less left PSPL activation during EA. In addition, the FAS/PFAS group activated the 

left angular gyrus more than the other groups in the PJ task. 

When more challenging versions of the number processing tasks were administered outside the scanner, FASD diagnosis 

was associated with poorer performance on both EA and PJ, and degree of prenatal alcohol exposure was associated 

with poorer performance on PJ. While neither measure of alcohol exposure was related to performance on the simpler 
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EA task administered in the scanner, the children with FAS or PFAS performed the PJ task more slowly than the other 

groups in the scanner, and the continuous measures of exposure were associated with less accurate in-scanner PJ 

performance. These findings suggest that these heavily exposed children found the magnitude comparison processing 

required for PJ more challenging than simple addition problems that could be solved by rote memory. These findings are 

also consistent with the higher sensitivity of magnitude comparison to prenatal alcohol exposure seen in our Detroit 

longitudinal cohort [16].  

This study is the first to demonstrate a direct effect of prenatal alcohol exposure on activation of the IPS during number 

processing. The bilateral IPS have been repeatedly linked to nonverbal representation of quantity [50]. This region is 

activated when numbers are read even when no arithmetic manipulation is required [147], but activation is greater 

when comparing numbers [148] or performing calculations [148-150] and often larger on the right [133, 148, 151-153]. 

This area is more active when manipulating large numbers [154, 155], performing more complex arithmetic 

manipulations (e.g., with 3 rather than 2 operands [156]), or comparing numbers separated by a small numerical 

distance [133, 151]. It is well-established that numbers closer together (e.g., 2 and 3) are more difficult (i.e., take longer) 

to compare than numbers further apart (e.g,. 2 and 9) [157]. Thus, the observed effect of prenatal alcohol exposure on 

poorer recruitment of the IPS provides evidence of a fetal alcohol related deficit in mental representation and 

manipulation of quantity, which is consistent with the behavioral evidence from our Detroit study suggesting a specific 

effect of prenatal alcohol on magnitude comparison [16].  

Although our continuous measure of prenatal alcohol exposure showed a dose-dependent decrease in activation of the 

right IPS during both tasks, diagnostic group differences were only seen in this region when all alcohol exposed children 

were combined into one group and compared to unexposed controls, a result that seems to be driven by the reduced 

activation in this region during EA in the HE children specifically. This finding is consistent with our previous study, in 

which children with FAS or PFAS from this cohort were compared with healthy controls using a whole brain, voxelwise 

approach [60]. Although only the control children showed significant activation of the IPS in that study, the between-

group difference was not significant. The only other previous study to examine number processing in relation to fetal 

alcohol exposure also found an alcohol exposure-dependent response in a right inferior parietal region that included the 

IPS, with controls showing the most activity, during a subtraction task [81]. The finding that our continuous measures of 

prenatal alcohol exposure were more sensitive than diagnosis in detecting effects on brain function is consistent with 

our findings in several other neuroimaging studies [37, 46, 158]. 

The poorer activation of the right IPS seen in the alcohol exposed children in this study during number processing is also 

seen in children with developmental dyscalculia (DD)  [159-165] and poor arithmetical fluency [166]. DD is a specific 

learning disability believed to be genetic in origin, which is characterized by impairment in the processing of numerical 

and arithmetical information in individuals with normal intelligence. In DD, activations of the bilateral IPS also fail to 

exhibit the increased response to differences in numerical distance seen in normal control children [164].   A voxel-based 
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morphometry study found less gray matter density in left IPS in low birthweight children with DD, compared with 

healthy controls [167]. Impaired recruitment of the IPS during tasks involving number processing has also been found in 

Turner syndrome (TS), a genetic disorder involving a chromosomal defect, in which math is an area where deficits are 

commonly noted [168]. Similarly, in a study of children with Fragile X syndrome, another form of mental retardation, 

Rivera et al [156] found that, although the right IPS was activated by healthy controls during 3-operand arithmetic 

problems, it was not activated by Fragile X patients presented with those problems.  

In the PJ task, we found greater activation in the left angular gyrus in the FAS/PFAS group than either the HE or control 

groups. The angular gyrus is adjacent to the perisylvian language processing network and is associated with the verbal 

processing of numbers [50]. In typically developing children, it is activated more during addition and multiplication than 

during subtraction, presumably because addition and multiplication facts are more likely to be retrieved from long-term 

memory [155, 169, 170]. The increased activation of the angular gyrus suggests that children with FAS and PFAS may rely 

on verbal recitation of the numbers and/or verbally mediated subtraction operations to solve the PJ problems, instead 

of the type of nonverbal quantity processing that has been shown to be mediated by the right anterior IPS [148]. Verbal 

mediation may provide a compensatory strategy for these children, whose ability to activate the IPS appears to be 

impaired. This finding is consistent with results from our previous whole brain voxelwise analysis, in which there was a 

significant group difference in a the same region of the left angular gyrus [-42,-65,36], with greater activation in the 

FAS/PFAS group than the controls [60]. We added the HE group to the analyses in the present study and found that, 

although this group was exposed at similar levels to the FAS/PFAS group, the HE children did not appear to rely on the 

angular gyrus to perform the PJ task. By contrast, on the EA task, in which verbal recall of number facts is presumed to 

be the most efficient strategy, our data suggest less activation of the angular gyrus by the more heavily exposed children 

(Table 3.4).  

Lower levels of activation in the right IPS was related to poorer EA performance outside the scanner. By contrast, Price 

et al. (2013) reported greater activation in the right IPS during single digit arithmetic calculation in adolescents with 

lower math scores. The authors note that their findings suggest that, while IPS-mediated quantity processing 

mechanisms appear to play an important role in the development of elementary arithmetic skills, individuals who 

continue to rely on them in adolescence may achieve poorer mathematical competence than their peers who do not. A 

large body of behavioral research has shown that children typically undergo a process of development in arithmetic skill 

whereby simple calculations are initially computed through procedural strategies, but then gradually come to be solved 

by memory retrieval [171, 172]. Development beyond quantity-based calculation strategies may be essential for the 

development of more advanced mathematical competence.  

In the PJ task, greater activation of the right PSPL was associated with worse performance outside the scanner, and 

greater activation of the left PSPL was associated with fewer trials correct inside the scanner. The PSPL, which is 

activated during counting [173] and a variety of visual-spatial tasks, is believed to support the engagement of attention 
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during number processing [50, 151].  The greater activation of these regions by children with less optimal PJ 

performance suggests engagement of increased attention to compensate for their poorer facility in magnitude 

comparison. As shown in Figure 5, the inverse relation between left PSPL activation and PJ performance was strongest in 

the FAS/PFAS group, which appeared to find the PJ task particularly challenging. By contrast, in the EA task prenatal 

alcohol exposure was related to less activation of the left PSPL, a region that may facilitate attentional engagement 

required for simple addition at this age but may no longer be needed by children who have mastered simple proximity 

judgment.   

Since working memory and attention, which are also mediated, in part, by the parietal lobes (e.g., [73, 174]), contribute 

substantially to number processing performance,  impairments in these domains may play a role in the number 

processing deficits observed in FASD. Moreover, two studies have reported reduced activation in working memory tasks 

in individuals with FASD compared to controls in posterior parietal regions close to the PSPL ROI used in our study [71, 

175]. The specific section of the IPS found to mediate effects of prenatal alcohol exposure on number processing in this 

study has, however, not been implicated in working memory or attention per se.   

One limitation of this study was that the maternal report of drinking during pregnancy was obtained retrospectively 

several years after the child’s birth. Nevertheless, the validity of these reports is supported by our findings that they are 

predictive of neuroimaging and neurobehavioral outcomes [60, 126, 140]. Predictive validity for childhood IQ was r=-

0.36 and -0.40, for AA/day and AA/occasion, respectively, both ps<0.001. A second limitation was the relatively small 

size of the FAS/PFAS and HE groups and the greater variability in performance accuracy outside the scanner in the 

FAS/PFAS group. Not surprisingly, the children who were excluded due to poor performance were younger and had 

lower IQ scores. Presumably, performance on this test will improve with age, and we assume that the fetal alcohol 

related patterns of brain activation seen in this study will also be manifest once these younger children acquire sufficient 

math skills to perform these tasks. With regard to IQ, although proportionately more low IQ children were unable to 

complete the neuroimaging tasks, the sample on whom the neuroimaging data were obtained did include a substantial 

number of children with low IQs (< 70).  Thus, the results can be generalized to all but the most severely retarded 

children. 

Because the children were socioeconomically and educationally deprived, we cannot determine the degree to which the 

results would hold for children from an educationally less deprived background. Moreover, due to the poor educational 

background of the children, we had to use very easy problems to ensure that they would be able to perform them. If 

more difficult problems could have been used, a more pronounced group difference might have been seen. The need to 

use easy problems also precluded use of a potentially more powerful parametric design to examine the effect of 

increasing difficulty on the children’s brain activations. The age range of the children—7.9 to 13.4 years—was relatively 

large, particularly in light of the changes in number processing strategy that may emerge during this period. A smaller 

age range might have yielded stronger associations. Nevertheless, it is interesting, that, although all the behavioural 
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performance measures were related to age, suggesting an age-dependent effect of education, none of the brain 

activations were even weakly related to age but instead showed associations with maternal factors (age, education, 

smoking, and parity). We did not control for multiple comparisons, due to the fact that we examined only a limited 

number of regions rather than the whole brain. Region-of-interest analyses are advantageous in that multiple 

comparisons are much less of an issue and SNR is increased by averaging across the voxels in a region. 

3.5. Conclusions 

This study demonstrates poor recruitment of the right IPS during number processing tasks by children with heavy 

prenatal alcohol exposure, confirming our previous report based on behavioural data of a fetal alcohol related deficit in 

mental representation and manipulation of quantity [16]. Our neuroimaging data also indicated increased activation of 

the angular gyrus in the FAS/PFAS group during the proximity judgment task, suggesting that these children may use a 

verbal mediation strategy to compensate for impairment in magnitude comparison. By contrast, prenatal alcohol 

exposure was related to lower levels of activation of the angular gyrus during the exact addition task, for which verbal 

mediation to retrieve addition facts is presumed to be an efficient strategy. Although activation of the left PSPL, which is 

believed to support attentional engagement during number processing, was increased in children with less optimal PJ 

performance, particularly in the FAS/PFAS group, prenatal alcohol was associated with lower levels of activation of this 

region during the EA task, suggesting less capacity to devote attentional resources to the verbal retrieval of addition 

facts required for simple addition at this age. In summary, these data demonstrate that prenatal alcohol exposure alters 

activation of each of the elements the parietal network known to be critical for number processing, providing additional 

evidence for a specific fetal alcohol related deficit in the core quantity system for representation and manipulation of 

quantity identified by Dehaene and associates [50]. These findings suggest that remediation focused on the core 

quantity concepts might be particularly effectively in children with FASD who exhibit difficulty with mathematical 

processing. 
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Abstract 

The prevalence of fetal alcohol spectrum disorders (FASD) in the Cape Coloured (mixed ancestry) community in the 

Western Cape Province of South Africa is amongst the highest in the world, providing a unique opportunity to study 

neural correlates associated with this disorder. Number processing is a cognitive domain particularly affected in FASD 

and relies on intact parietal functioning. Alcohol-related alterations in brain activation have been found in the parietal 

lobe during symbolic number processing. However, the effects of prenatal alcohol exposure on the neural correlates of 

the numerical distance effect and nonsymbolic number comparison have not been investigated. Using functional 

magnetic resonance imaging (fMRI), we examined differences in brain activation associated with prenatal alcohol 

exposure in five key parietal regions involved in number processing during a nonsymbolic number comparison task with 

varying degrees of difficulty.  

fMRI data were acquired in 34 Cape Coloured children (8 fetal alcohol syndome (FAS)/partial FAS, 5 heavily exposed 

nonsydromal, 21 controls; mean age ± SD = 11.55 ± 1.15 years) on a 3T Siemens Allegra in Cape Town, South Africa. Fetal 

alcohol exposure was assessed by interviewing mothers using a timeline follow-back approach to determine incidence 

and amount of drinking on a day-by-day basis during pregnancy. Separate subject analyses were performed in Brain 

Voyager on the average signal in each of five regions of interest, namely bilateral horizontal intraparietal sulci (HIPS), 

bilateral posterior superior parietal lobules (PSPL), and left angular gyrus (lAG), using the general linear model with 

predictors of interest for number comparison and difficulty level (the distance effect). Mean percent signal change for 

each predictor was extracted for each subject for each region to examine group differences and associations with levels 

of alcohol exposure. 

Although groups did not differ in performance, control children activated the right (r) PSPL more during nonsymbolic 

number comparison than exposed children, and the rHIPS more than syndromal children with FAS/PFAS. These 
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impairments appear to be partly compensated for by the lAG, with more heavily exposed children recruiting this region 

to a greater extent as task difficulty increased (r = 0.46, p < 0.05 for AA/day; AA = oz absolute alcohol). Notably, in 

nonsyndromal heavily exposed children activation was impaired in the rPSPL, but spared in the rHIPS.  

These results extend our previous finding of poor rHIPS recruitment during symbolic number processing, indicating that 

the mental representation of relative quantity in children is affected by heavy prenatal alcohol exposure for both 

symbolic and nonsymbolic representations of quantity. Reduced activation of the rPSPL suggests that exposed children 

may be less able to employ the attentional systems required for optimal number processing.   

4.1. Introduction  

Prenatal alcohol exposure causes impairment in brain structure and function, leading to cognitive and behavioral deficits 

that range in severity [30, 38, 71, 123].  The cognitive deficits include low IQ [1, 2], poor attention and executive 

function [6, 7, 124, 125], and slower cognitive processing speed [1, 9-11].  Among the cognitive deficits seen in relation 

to prenatal alcohol exposure, arithmetic has been found to be especially sensitive, and mathematical deficits remain, 

even after controlling for poorer IQ [1, 2, 12-15]. When academic achievement tests are administered to exposed 

individuals, arithmetic is consistently more impaired than reading or spelling [127-130].   

Fetal alcohol syndrome (FAS), the most severe of the fetal alcohol spectrum disorders (FASD), is characterized by 

distinctive craniofacial dysmorphology (short palpebral fissures, thin upper lip (vermillion), flat philtrum), small head 

circumference and pre- and/or postnatal growth retardation [17]. In partial FAS (PFAS), some of the craniofacial 

dysmorphology is seen, as well as either small head circumference, retarded growth, or neurobehavioral deficits. Heavily 

exposed (HE) individuals lacking the distinctive dysmorphology are diagnosed with alcohol related neurodevelopmental 

disorder (ARND) if they exhibit cognitive and/or behavioral impairment [18].  

The parietal lobe has been known to be involved in number processing since the beginning of the 20th century [131], but 

recently functional Magnetic Resonance Imaging (fMRI) has provided a more extensive understanding of the 

neuroanatomy of this domain of processing.  Based on brain lesion and neuroimaging findings, Dehaene and associates 

[132, 133] have proposed a triple-code model of number processing that incorporates three different systems of 

representation: the quantity system, the verbal system and the visual system. They have posited that the core quantity 

system—a nonverbal abstract representation of numerical quantity—is localized bilaterally in the anterior portion of the 

horizontal segment of the intraparietal sulci (IPS).  This area is hypothesized to support number processing irrespective 

of the notation used; that is, whether represented symbolically as Arabic numbers or sequences of words or 

nonsymbolically by, for example, numbers of dots. The IPS has been shown to be more active when comparing numbers 

that are closer together (e.g., 2 and 3) than numbers further apart (e.g,. 2 and 9) [151, 164, 176, 177] due to the well-

established distance effect [157].   
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The verbal processing of numbers is posited to be based in the left angular gyrus (close to the language areas), while the 

bilateral posterior superior parietal lobules (PSPL) are hypothesized to be involved in spatial and nonspatial attentional 

processes contributing to the visual processing of numbers.      

In the first fMRI study of number processing in FASD, adults with and without prenatal alcohol exposure were 

administered a subtraction task [81]. Exposed individuals with alcohol related dysmorphology exhibited poorer task 

performance and lower activation in regions known to be associated with arithmetic processing, including right inferior 

and left superior parietal regions and medial frontal gyrus, compared with controls.  

Using proximity judgment (PJ) and single-digit addition problems, children with FAS and PFAS performed as well as 

controls on simple tasks administered in the scanner, but activated a markedly more diffuse parietal region extending 

into the precuneus and posterior cingulate and for, exact addition (EA), also into the postcentral gyrus [60]. The 

FAS/PFAS group exhibited significantly greater activation of the left angular gyrus (AG) than the control children in the PJ 

task, but no significant differences were detected in the anterior portion of the IPS and other regions linked by Dehaene 

and associates to number processing, possibly due to lack of statistical power in the small sample on which this whole 

brain voxel-wise analysis was conducted. In a recent follow on study [82], using the same tasks as the previous study, the 

effects of both FASD diagnosis and continuous measures of prenatal alcohol exposure on brain activation in the five 

parietal regions identified by Dehaene et al. [50] as most critical for number processing were examined in a larger 

sample additionally including nonsyndromal heavily exposed (HE) children. During both tasks, greater prenatal alcohol 

exposure was associated with weaker activation of the right IPS.  Additionally, during PJ, children with FAS/PFAS 

activated the left AG more than control or HE children. 

These and other studies examining the effects of prenatal alcohol exposure on neural correlates of number processing 

have, however, focused on symbolic representation of quantity (e.g. using Arabic numbers or written number words) 

[12, 16, 60, 81-84]. To date, no neuroimaging studies have examined nonsymbolic number processing (e.g. dot patterns 

or collections of objects) in alcohol exposed children. 

Though abstract representation of number appears to be localized in the IPS in adults [50], a meta-analysis of studies 

comparing number processing in children vs. adults suggests that the location of parietal activations is more notation 

specific in children [135]. This, combined with findings of an alcohol related deficit in the core quantity system in the IPS 

[16, 82], highlights the need to examine the effect of prenatal alcohol on nonsymbolic number processing in children. 

Though studies of other conditions associated with mathematical difficulties, such as developmental dyscalculia (DD; 

characterized by impairment in the processing of numerical and arithmetical information in individuals with normal 

intelligence) have shown a more pronounced behavioural distance effect in affected children than typically developing 

controls [163, 178] and poorer maths achievement has been associated with a greater distance effect [179], the distance 
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effect has been poorly explored in FASD. In DD, activations of the bilateral IPS fail to exhibit the increased response to 

differences in numerical distance seen in normal control children [164], making this interesting to investigate in FASD. 

To the authors’ knowledge, the effect of prenatal alcohol exposure on the neural correlates of the numerical distance 

effect and nonsymbolic number comparison has not been investigated.  In this study we used fMRI to investigate the 

effect of prenatal alcohol exposure on the neural correlates of the numerical distance effect during a nonsymbolic 

number comparison task. Based on our previous math studies [60, 82] and studies of developmental dyscalculia [163, 

164], we hypothesized that prenatal alcohol exposure would be associated with weaker activation in the right IPS during 

nonsymbolic number comparison, as well as a reduction in the right IPS in activation increases arising from the distance 

effect.  We also expected to find increased compensatory activation in the left AG by children with FASD. 

4.2. Methods 

4.2.1. Participants 

Participants were 34 right-handed children (9.7-13.7 years; median = 11.4 years) from the Cape Coloured (mixed 

ancestry) community in Cape Town, South Africa, of whom 13 had been heavily exposed to alcohol prenatally and 21 

were non-exposed controls in the same age range. The Cape Coloured community is composed primarily of descendants 

of white European settlers, Malaysian slaves, Khoi-San aboriginals, and black African ancestors. The incidence of FASD in 

this population is exceptionally high due to poor socioeconomic circumstances and historical practices of compensating 

farm labor with wine, which have contributed to a tradition of heavy recreational weekend binge drinking  [19]. Fifteen 

children were the older siblings of participants in our Cape Town Longitudinal Cohort [141]. The others were identified 

by screening all of the 8- to 12-year-old children from an elementary school in a rural section of Cape Town, where there 

is a very high incidence of alcohol abuse among local farm workers [60].   

4.2.2. Procedure 

A research nurse and staff driver transported the mother and child from their home to the Cape Universities Brain 

Imaging Centre (CUBIC) located at the Faculty of Health Sciences campus of Stellenbosch University adjacent to 

Tygerberg Hospital. All examiners were blind with regard to maternal alcohol history and the child’s diagnostic status, 

except in the most severe cases where it was obvious. Written informed consent was obtained from each mother and 

assent from each child. Approval for human research was obtained from the Wayne State University Human 

Investigation Committee and the UCT Faculty of Health Sciences Human Research Ethics Committee.  

Each mother was interviewed in her primary language, Afrikaans or English, regarding her alcohol consumption and 

smoking during pregnancy. The alcohol interviews used a timeline follow-back approach [142, 143] to determine 

incidence and amount of drinking on a day-by-day basis during pregnancy. Any child whose mother reported consuming 

at least 14 standard drinks per week (1.0 oz absolute alcohol (AA) ⁄ day) on average or engaged in binge drinking during 
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pregnancy (4 or more drinks ⁄ occasion) was considered heavily exposed. Controls were children whose mothers 

reported abstaining or drinking less than 7 drinks per week and no binge drinking during pregnancy. Volumes recorded 

for each type of beverage consumed each day were converted to absolute alcohol using multipliers proposed by 

Bowman et al [144] to provide three continuous measures of drinking during pregnancy: average oz AA consumed per 

day, AA/drinking day (dose/occasion) and frequency (days/week). Number of cigarettes smoked on a daily basis was also 

recorded, as was the use of illicit drugs.  Mothers were also interviewed regarding their education and occupational 

status and that of their spouse/partner and scored for socioeconomic status (SES) using the Hollingshead [180] scale. 

Mothers and children were given breakfast, lunch, and a snack during the morning at each laboratory visit. At the end of 

the visits, the mother received a small monetary compensation and photograph of her child, and the child was given a 

small gift.  

Each child was examined for growth and FAS dysmorphology by two expert U.S.-based dysmorphologists during a clinic 

conducted in 2005; a subset of children who could not attend the clinic was examined by a Cape Town-based 

dysmorphologist [141]. There was substantial agreement among the examiners on the assessment of all dysmorphic 

features, including the three principal fetal alcohol related features—philtrum and vermilion measured on the Astley 

and Clarren [109] rating scales and palpebral fissure length (median r = 0.78). Five children met the revised Institute of 

Medicine criteria [17] for full FAS: at least two of the principal dysmorphic features, small head circumference (bottom 

10th percentile), and low weight or short stature (bottom 10th percentile). Three met criteria for PFAS; that is, two 

features and at least one of the following: small head circumference, low weight, or short stature.  Five exposed children 

did not meet criteria for either FAS or PFAS, and were designated heavily exposed. 

4.2.3. Neuropsychological Assessment 

Each child was assessed on 7 of the 10 subtests from the Wechsler Intelligence Scale for Children, Third Edition (WISC-

III)—Similarities, Arithmetic, Digit Span, Symbol Search, Coding, Block Design, and Picture Completion—and Matrix 

Reasoning from the WISC-IV. The IQ subtests were selected to represent the 4 dimensions of the WISC-III: Verbal 

Comprehension (Similarities), Perceptual Organization (Block Design, Picture Completion, Matrix Reasoning), Freedom 

from Distractibility (Digit Span, Arithmetic), and Processing Speed (Coding, Symbol Search). Only Similarities were 

administered in the verbal domain because the other verbal subtests appeared to be less valid in this cross-cultural 

context. IQ was estimated from these subtests using Sattler’s [145] formula for computing Short Form IQ; validity 

coefficients for Short Form IQ based on 5 or more subtests consistently exceed r = 0.90. Handedness was assessed with 

the Annett (1970) Behavioral Handedness Inventory.  

4.2.4. Neuroimaging Assessment 

Magnetic Resonance Imaging Protocol. All scans were acquired using a 3T Allegra MRI scanner (Siemens Medical 

Systems, Erlangen, Germany). High-resolution anatomical images were acquired in the sagittal plane using a 
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magnetization prepared rapid gradient echo (MPRAGE) sequence (TR 2300 ms, TE 3.93 ms, TI 1100 ms, 160 slices, flip 

angle 12 degrees, 1.3 × 1.0 × 1.0 mm3, 6.03 min). During the fMRI protocol, 126 functional volumes sensitive to blood 

oxygen level dependent contrast were acquired with a T2*-weighted gradient echo, echo planar imaging sequence (TR = 

2000 ms, TE = 30 ms, 34 interleaved slices, 3 mm thick, gap 0.9 mm, 200 mm field of view, resolution 3.125 x 3.125 x 3 

mm3). 

Functional MRI Experimental Tasks. FMRI data were acquired during a nonsymbolic number comparison task, called 

“Smarties”. The child is presented with a screen split in half, each half containing different numbers of smiley faces. The 

child is required to press the button on the side with the most smiley faces.        

Our nonsymbolic number comparison task was administered using a fixed-paced block design and had 9 task blocks, 

each with 8 problems (16 s), interleaved with 10 s rest blocks.  During the task blocks, the children were shown two 

collections of smiley faces and had to choose the side with more faces.  Each task block comprised problems at 1 of 3 

levels of difficulty, defined in terms of the ratio of number of faces on one side of the screen to the other (1:2, 2:3, 3:4).  

There were 3 blocks of each difficulty level, arranged as shown in Figure 4.1. Stimuli were shown for only 1s to prevent 

counting. During rest blocks the child looked at a fixation square.  

 

Figure 4.1: Timing diagram of the Smarties task. Easy, medium and difficult (Diff) denote the three difficulty levels, with the ratio of smiley faces on 
the two sides of the screen being 1:2, 2:3, 3:4 for the three levels, respectively. 

Each child practiced this task initially in a mock scanner built for this study, which was important in reducing anxiety and 

facilitating completion of the MRI scans. The experimental task was programmed using E-Prime software (Psychology 

Software Tools, Inc., Pittsburgh, PA) and was presented on a rear projection screen using a data projector located in a 

room behind the scanner through a waveguide in-line with the bore of the magnet. The child held a Lumitouch response 

system (Photon Control Inc., Burnaby, Canada) in his/her right hand and responded using the right index and middle 

finger. The child was able to talk to the examiner using an intercom that is built into the scanner and could stop the scan 

at any time by squeezing a ball held in his⁄her left hand. 

Behavioral Performance. Responses for the Smarties tasks were recorded on a computer; the number of problems 

correct and the reaction time for correct responses were tabulated.  Blocks with fewer than 5 correct responses were 

modelled as bad blocks.  Functional data from children with 5 or more bad blocks were excluded (1 FAS, 1 control). All 

children met the performance criterion for at least one block at each difficulty level. 
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The performance criteria were applied to ensure that all children included in the analysis of the neuroimaging data had 

been mentally engaged in the task.  

fMRI Analysis. All fMRI analyses were performed using Brain Voyager QX (Brain Innovation, Maastricht, the 

Netherlands). Four dummy images were acquired in each run that were excluded from all analyses. Images were motion 

corrected relative to its first volume with trilinear/sinc interpolation. Images were corrected for different slice 

acquisition times and linear trends, and temporally smoothed with a high pass filter of 2 cycles⁄point. For each child, 

data from the largest section with no movement greater than 3 mm displacement or 3.0° rotation were analysed.  

Children were excluded from further analyses if the section of usable data did not include at least one block from each 

condition, resulting in 2 additional children being excluded (1 FAS, 1 control). Each child’s functional data were co-

registered to his⁄her high-resolution anatomical MRI, rotated into the AC-PC plane and normalized to Talairach space 

using a linear transform calculated on the anatomical images. The 3.125 x 3.125 x 3 mm3 fMRI voxels were interpolated 

during Talairach normalization to 3 x 3 x 3 mm3.  

A priori regions of interest (ROIs) were defined for each of the five parietal regions identified in Dehaene et al.’s [50] 

meta-analysis, namely bilateral anterior horizontal intraparietal sulci (IPS), bilateral PSPL and left angular gyrus. Each ROI 

consisted of a sphere, radius 6 mm, centered on the coordinates derived from the meta-analysis.  These regions are 

illustrated in Figure 4.2.   

To create a parametric model, difficulty levels were weighted by the ratio of the number of faces on the two sides of the 

stimuli within each block.  We used 2 predictors of interest.  The first predictor (“main”) gives the activation across all 

task conditions in contrast to baseline.  The other predictor (“parametric”) gives the parametric increase in activation 

across the difficulty levels and is a measure of the strength of the distance effect. 

Separate subject analyses were performed on the average signal in each ROI using the general linear model with 

predictors of interest convolved by the standard hemodynamic function. The six motion correction parameters were z-

transformed and then added as predictors of no interest.   

For each predictor of interest, beta maps estimating mean percent signal change were created for each subject for each 

ROI.  
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Figure 4.2: Regions identified in Dehaene’s meta-analysis that were used as regions of interest in this study. 

4.2.5. Statistical Analyses 

All variables were examined for normality of distribution.  AA/day was skewed and was log transformed (log X + 1). The 

following variables with outliers greater than 3 standard deviations beyond the mean were transformed by recoding all 

outlying values to one point beyond the next most extreme observed value: mother’s grade (n = 1), smoking during 

pregnancy (n = 1), AA/occasion (n = 1), and proportional drinking days (n = 1).  

Seven control variables were assessed for consideration as potential confounders of the relation of prenatal alcohol 

exposure to number processing: four demographic characteristics (parity, socioeconomic status, mother’s age at 

delivery, and years of education), two child characteristics (child sex and age at assessment), and one neurotoxic 

exposure (postnatal lead exposure). Lead exposure, which was based on a venous blood sample obtained from the child, 

was included because lead levels in this population are within the range in which subtle but meaningful effects on 
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cognitive function have been consistently reported (e.g., [15, 146]). Each control variable that was weakly related to a 

given outcome measure (at p < 0.10) was considered a potential confounder of the effect of exposure measure on the 

outcome in question.  Although maternal smoking is known to impact on children’s academic performance, it was not 

included as a confounder here as it was strongly related to prenatal alcohol exposure (r = 0.38, p = 0.026 for AA/day; r = 

0.44, p = 0.009 for AA/occasion, r = 0.44, p = 0.010 for drinking frequency).    

The outcome measures were accuracy (% correct), reaction time (RT) of correct responses, and the “main” and 

“parametric” activation within each region of interest. Student t-tests were used to examine differences in outcome 

measures between diagnostic groups (exposed; control). Analysis of covariance (ANCOVA), including as covariates each 

of the control variables weakly related (at p < 0.10) to the outcome in question, was used to test whether differences 

remained significant after controlling for potential confounders. Differences in performance between difficulty levels 

were examined using a repeated measures ANOVA with Greenhouse-Geisser correction. The relation of the three 

continuous measures of prenatal alcohol exposure—AA/day, AA/drinking day and proportional drinking days—to each 

of the outcome measures was examined using Pearson correlation. Multiple regression analyses were then run relating 

each of the continuous exposure measures and potential confounders to each of the outcomes.  

Association of percent signal change in each of the ROIs to behavioral performance was examined using Pearson 

correlation. 

4.3. Results 

4.3.1. Sample Characteristics 

Sample characteristics for the children are summarized in Table 4.1. The mothers of the alcohol exposed children 

reported having consumed an average of 13 standard drinks of alcohol per drinking occasion during pregnancy. The 

groups were generally similar in terms of the control variables, except that the mothers of the exposed group smoked 

significantly more during pregnancy than the mothers of the control children and that primary caregivers of control 

children had more years of formal education than the exposed group.  No mothers reported using drugs during 

pregnancy.  The exposed group scored more poorly in overall cognitive competence than the control children. The low 

IQ scores of these children reflect the highly disadvantaged circumstances and poor quality of education available in this 

community.  
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Table 4.1: Sample characteristics. 

  
Exposed  Control 

t or χ2 (N=13) (N=21) 
        
Prenatal alcohol exposure 

      

Absolute alcohol/day (oz) 2.7 (2.3) 0.0 (0.0) 4.19** 

Absolute alcohol/occasion (oz)  6.5 (3.3) 0.1 (0.3) 6.96*** 

Frequency (days/week)  2.8 (1.4) 0.0 (0.1) 7.39*** 

Potential confounders       

Maternal       

Parity 2.3 (1.1) 2.5 (1.4) 0.47 

Years of education  7.0 (2.7) 8.9 (1.8) 2.46* 
Smoking during pregnancy (cigs per 
day) 8.6 (7.9) 2.0 (3.7) 3.32** 

Mother’s age at delivery 26.5 (5.4) 27.5 (4.4) 0.63 

Child       

Sex (% male) 29.4 33.3 0.41 

Age at assessment 11.8 (1.2) 11.4 (1.1) 0.87 

Blood lead concentration (μg/dl)a 6.4 (2.7) 5.8 (2.0) 0.58 

Potential mediators       

Estimated IQ score 62.8 (9.3) 76.3 (10.7) 3.75*** 
Means (SD). †p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001. 

  adata only available for 25 subjects 
    

Data from one control child were excluded from all data analyses as responses were not recorded due to a technical 

error. Two control children were excluded due to incomplete imaging data. Functional data for one exposed and one 

control child were excluded due to failure to meet the performance criteria, and those of another exposed and control 

child, due to excessive motion. For the remaining children, mean and maximum displacements did not differ between 

diagnostic groups (t(25) = 1.49, p = 0.162 and t(25) = 1.55, p = 0.148, respectively). Data from 1 control child were 

excluded from all data analysis as responses were not recorded due to a technical error. Functional data of one child 

with FAS and 1 control child were excluded due to performance criteria not being met, and that of another child with 

FAS and another control child due to excessive motion. Additionally, 2 control children were excluded due to incomplete 

imaging data.   

After exclusions, 27 children with usable data remained (11 alcohol exposed and 16 controls). Of the 11 heavily exposed 

children, 6 had been diagnosed with either FAS or PFAS, while 5 were nonsyndromal. The children with usable scanner 

data did not differ from those excluded in terms of alcohol exposure or diagnostic group (all ps > 0.45), or other 

demographic variables, including age, IQ, parity, smoking during pregnancy, mother’s education, mother’s age at 

delivery, sex or blood lead concentration (all ps > 0.112).   
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4.3.2. Neuropsychological Assessments 

Behavioural data are summarised in Table 4.2. Overall accuracy and reaction time did not differ between exposed and 

control children (all ps > 0.255), neither did accuracy and reaction time at each difficulty level (all ps > 0.25).  

Table 4.2: Comparison of behavioral performance by diagnostic group. 

  Exposed Control p 

  (N=13) (N=20)   

Accuracy (% correct)       

Easy 87.2 (9.4) 89.2 (9.3) 0.555 

Intermediate 84.0 (13.5) 86.2 (12.5) 0.623 

Difficult 76.0 (14.0) 79.8 (15.3) 0.473 

Overall 82.4 (10.5) 85.1 (10.3) 0.47 

        

RT (ms)       

Easy 703.0 (74.5) 671.9 (76.1) 0.256 

Intermediate 747.9 (75.7) 718.0 (71.7) 0.261 

Difficult 773.2 (109.4) 750.1 (105.3) 0.547 

Overall 737.8 (75.4) 708.8 (66.5) 0.255 

Values are Means (SD). 

   
None of the behavioural measures was related to alcohol exposure, though the relationship between reaction time in 

the easy level of the task and AA/day and AA/occasion fell just short of significance (rs = 0.30 and 0.34 for AA/day and 

AA/occasion, respectively, ps < 0.095), with greater alcohol exposure being associated with slower reaction time.  

Performance accuracy was high in both groups, with scores over 80% for all but the most difficult level. A repeated 

measures ANOVA with Greenhouse-Geisser correction showed that mean accuracies differed significantly between 

levels (F(1.861,59.563) = 12.172, p < 0.0005).  Post hoc tests showed that mean accuracy in the easy and intermediate 

levels were greater than that in the difficult condition (p < 0.0005 and p = 0.001, respectively).   A similar analysis on 

reaction time showed that mean reaction times also differed between difficulty levels (F(1.833,58.651) = 14.912, p < 

0.0005), with reaction times in the easy condition being less than in the intermediate (p < 0.0005) and difficult (p < 

0.0005) conditions. 

4.3.3. Neuroimaging Assessments 

Table 4.3 shows the mean % signal change during number comparison in the Dehaene ROIs for children in each of the 

two groups.  The only significant group difference was in the right PSPL, where the control children showed greater 

activation than the exposed children, who deactivated this region. The left angular gyrus showed a stronger distance 

effect in the exposed children than the control children (see Table 4.4).   
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Table 4.3: Mean percent signal change in the a priori regions of interest during number comparison compared to rest (across all difficulty levels). 

  

Talairach 

coordinates Exposed (N=11) Control (N=16) t Fa 

R posterior superior parietal lobule   15,-63,56 -0.2 (0.4) 0.1(0.4) 2.16* 4.69* 

L posterior superior parietal lobule b,c  -22,-68,56 0.1 (0.5) 0.3 (0.8) 0.78 0.00 

L angular gyrus d -41,-66,36 -0.1 (0.3) -0.2 (0.2) 0.63 0.24 

R intraparietal sulcus c 41,-47,48 0.0 (0.3) 0.1 (0.3) 1.29 0.80 

L intraparietal sulcus b -44,-48,47 0.0 (0.4) 0.1 (0.2) 0.24 0.90 

* p < 0.05 

a d.f = (1, 25); adjusted for potential confounders 

b controlled for maternal education 

c controlled for child’s sex 

d controlled for child’s age 

 

Table 4.4: Mean parametric increase in activation with increasing task difficulty in the a priori regions of interest (parametric effect). 

       

  

Talairach 

coordinates Exposed (N=11) Control (N=16) t Fa 

R posterior superior parietal lobule  15,-63,56 -1.0 (1.9) -0.5 (2.6) 0.49 0.24 

L posterior superior parietal lobule  -22,-68,56 -2.4 (3.0) -1.8 (5.0) 0.39 0.15 

L angular gyrus  -41,-66,36 0.7 (1.1) -0.8 (1.9) 2.42* 5.86* 

R intraparietal sulcus b 41,-47,48 0.0 (1.3) -0.2 (1.2) 0.36 0.90 

L intraparietal sulcus  -44,-48,47 0.2 (1.0) -0.7 (2.1) 1.37 1.46 

* p < 0.05 

      a d.f = (1, 25); adjusted for potential confounders 

b controlled for maternal education 
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Since we did not observe a difference in activation during number comparison between exposed and control children in 

the right IPS as hypothesized, we compared in this region the syndromal FAS/PFAS children only to the controls. As 

hypothesized, the control children activated the right IPS more than the children with FAS/PFAS (t(20) = 2.14 p = 0.045, 

means ± SD = -0.15 ± 0.12 and 0.11 ± 0.28 for the FAS/PFAS and control groups, respectively). Notably, when separating 

the exposed group into children with FAS/PFAS and nonsyndromal HE children, activation patterns in the right PSPL 

were similar for HE and FAS/PFAS children, while activation patterns in the right IPS of HE children were more similar to 

those of controls (Figure 4.3). 

All three alcohol measures were related to greater distance effects in the left angular gyrus (rs = 0.46, 0.41 and 0.45 for 

AA/day, AA/occasion and frequency of drinking, respectively, all ps < 0.05).  More drinking days per week was related to 

reduced activation during number comparison in the right PSPL (r = -0.41, p = 0.036).  

Children who showed a greater distance effect in the left PSPL (i.e. activated the left PSPL more with increasing task 

difficulty) had shorter reaction times (r = -0.43, p = 0.03) and those who showed greater activation of this region had 

better accuracy (r= 0.46, p = 0.02).    

 

Figure 4.3: Mean percent signal change during each difficulty level of the Smarties task in (a) the right horizontal intraparietal sulcus and (b) the 
right posterior superior parietal lobule for each of the diagnostic groups. Values are means ± standard error. 
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4.4. Discussion 

This study examined the effects of FASD diagnosis and extent of prenatal alcohol exposure on activation of the five 

parietal regions identified by Dehaene et al. (2003) as most critical for number processing during a nonsymbolic number 

comparison task with varying degrees of difficulty. Despite similar behavioral performance, the effects of prenatal 

exposure could be observed in altered patterns of brain activation. Control children showed greater activation of the 

right PSPL during nonsymbolic number comparison than exposed children, as well as greater activation of the right IPS 

compared to the subset of children with a diagnosis of FAS/PFAS. In contrast, the children prenatally exposed to alcohol 

showed a greater distance effect in the left angular gyrus than control children. In the right PSPL, the activation patterns 

of HE children were similar to those of the FAS/PFAS children, while in the right IPS their activation patterns were similar 

to that of the controls.  Both greater activation of the left PSPL and a greater distance effect on the activation of this 

region, were associated with better task performance.  

As hypothesized, prenatal alcohol exposure was associated with weaker activation of the right IPS during nonsymbolic 

number comparison, albeit only in syndromal children. Though this is the first time that prenatal alcohol exposure has 

been shown to impair the activation of the right IPS during nonsymbolic number processing, this result  is consistent 

with studies of symbolic number processing [60, 81, 82].  During a subtraction task [81], adults with alcohol related 

dysmorphology showed weaker activation of the right inferior parietal lobe (just slightly superior and posterior to our 

right IPS ROI) than unexposed controls.  In a whole brain analysis [60], we found that control children activated the right 

IPS more than children with FAS/PFAS during a proximity judgement (PJ) task, though this region was centered more 

posteriorly than the right IPS ROI used in this study.  In our previous study of symbolic number processing using the 

same a priori ROIs, we found that increasing alcohol exposure was related to weaker activation of the same right IPS 

region used in the current study during both PJ and simple addition [82].  These results suggest that prenatal alcohol 

exposure impairs the activation of the right IPS during both symbolic and nonsymbolic number processing. 

The bilateral IPS have frequently been linked to nonverbal representation of quantity [50].  This region is activated when 

numbers are attended to, even without any explicit number processing task requirements [147], during number 

comparison [148] and mental arithmetic [148-150]. The region is independent of modality of number and is activated 

whether number is presented as Arabic numbers, written number words, spoken numbers or sets of dots [151, 173, 

181].  It is more active when manipulating large numbers [154, 155], performing arithmetic with 3 rather than 2 

operands [156], approximating addition rather than computing the exact sum [49], or performing subtraction rather 

than multiplication [148, 182].  This region has also been shown to exhibit a distance effect, meaning that it is activated 

more when comparing numbers that are closer together [133, 151].  The poorer recruitment of the IPS in children with 

FAS/PFAS observed here provides further evidence of a fetal alcohol related deficit in mental representation and 

manipulation of quantity, which is consistent with the behavioral evidence from our Detroit study suggesting a specific 

effect of prenatal alcohol on magnitude comparison [16]. 
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Based on the findings from developmental dyscalculia [163, 164], we expected to find a weaker distance effect in the 

right IPS in children with prenatal alcohol exposure, however, this was not the case.  Although the control children 

activated the right IPS more than the children with FAS/PFAS, there was no difference in the distance effect between the 

groups in this region, and the control children consistently activated the region more than the children with FAS/PFAS 

across all difficulty levels.  The lack of a group difference in the distance effect in this region is likely due to the fact that 

the distance effect was not really evident in the right IPS in the control children.  It is possible that they did not show the 

distance effect because they are too young and their brains still too immature.  In a symbolic number comparison task, 

adults showed a distance effect in parietal regions, including the intraparietal sulcus [176], while in an identical 

paradigm, 8 to 12 year old children showed no significant distance effect in any parietal region, even though they 

showed a behavioural distance effect [183].  An alternative reason may relate to task design.  Our “smiley face” stimuli 

remained the same size throughout trials, so it is possible than children used non-numerical cues, such as density of the 

faces, or the total area covered by the faces to select the correct answer.  Other studies have changed the sizes of their 

stimuli so that the participants could not use these non-numerical cues to choose the correct answer [179, 184-187]. 

Another possibility is that the task did not increase enough in difficulty for the additional intraparietal neuronal 

resources to be required.  However, this is unlikely, as the behavioural results did show distance effects.  It is also 

possible that the mechanisms behind the impairment of mathematical ability in prenatal alcohol exposure and 

developmental dyscalculia are different and that prenatal alcohol exposure does in fact have no effect on the distance 

effect in the right IPS. 

Consistent with our hypothesis, exposed children showed compensatory activation of the left AG, demonstrating a 

greater distance effect on left AG activation than typically developing controls. This was also evidenced by an association 

between extent of prenatal alcohol exposure and the distance effect in the left AG. These results suggest that alcohol 

exposed children need to recruit the left AG to a greater extent as the task difficulty increases, possibly to compensate 

for deficits in quantity representation in the IPS. In contrast, controls showed a negative distance effect in this region, 

i.e. reduced left AG activation during the more difficult conditions, presumably due to better functioning of regions 

specialized for quantity representation. This area has been implicated previously in studies of number processing in 

FASD. In a whole brain voxelwise analysis, we found a significant group difference in a nearly identical region of the left 

angular gyrus [-42,-65,36] with greater activation in the FAS/PFAS group than the controls [60]. In a region of interest 

study, we found that during proximity judgment children with FAS/PFAS demonstrated greater activation of the left AG 

ROI than HE or control children [82]. 

The angular gyrus is adjacent to the perisylvian language processing network and is associated with the verbal 

processing of numbers [50]. It is more activated during addition and multiplication than during subtraction, presumably 

because addition and multiplication facts are more likely to be retrieved from long-term memory [155, 169, 170].  It is 

also more active during symbolic number processing than nonsymbolic number processing [188, 189].  Though the left 
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angular gyrus is usually associated with verbal strategies for solving number processing problems, it is not likely to be 

the case here, as these nonsymbolic number comparison problems do not involve the recall of arithmetic facts [190], 

verbal manipulations of number [50], or the mapping from symbols to numerical magnitudes [191, 192].    

The left angular gyrus is involved in visuospatial attention [193-198] and has been shown to hold a spatial representation 

of numbers similar to a mental number line [199].  It is possible that the exposed children rely on this spatial 

representation increasingly as the difficulty of the problems increase, instead of relying on quantity processing mediated 

by the right IPS.   

It is worth noting that the control and exposed groups showed deactivation of the left AG region compared to baseline 

for all difficulty levels, except for the difficult condition in exposed children.  The fact that the left angular gyrus is part of 

the default mode network [200] may explain why this region is activated less during the task. Activation changes in this 

region with difficulty level confirms, however, that it is involved in nonsymbolic number comparison.  

Exposed children activated the right PSPL less than control children and more frequent drinking was associated with 

reduced activation. Though prenatal alcohol exposure has not been shown previously to affect the activation of the right 

PSPL during number processing, the left PSPL has been implicated. In our previous study, using the same ROIs [82], we 

found that greater prenatal alcohol exposure was related to less activation of the left PSPL during exact addition. 

Similarly, a study of subtraction [81] found that a similar region in the left hemisphere was activated more by controls 

than by exposed young adults with alcohol related dysmorphology.    

The PSPL, which is activated during counting [173] and a variety of visual-spatial tasks, is believed to support the 

engagement of attention during visual processing of numbers [50, 151]. These findings suggest that at this age exposed 

children seem to be less able to recruit the attentional systems associated with number processing.    

It is worth noting that for the exposed group, this region on average is deactivated relative to baseline for all difficulty 

levels, as well as for the control group for the most difficult level.  Though not significant, it appears therefore that 

children activate this region less as the task becomes more difficult. The default mode network is often deactivated 

during tasks requiring cognitive processing and shows more deactivation with increasing difficulty of the task [201, 202].  

The superior parietal lobule has been found to be part of the default mode network [203], which could explain the 

pattern of activation found here. 

Interestingly, activation patterns in the right PSPL for the nonsyndromal HE children were similar to those of the 

FAS/PFAS children, while in the right IPS they were similar to controls.  It would appear that the activation of right PSPL 

is impaired, while the functioning of the right IPS is spared in HE children. 
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The impairment of some regions, but sparing of others in heavily exposed children has been demonstrated previously.  A 

DTI study of heavily exposed children and children with FAS/PFAS showed lower fractional anisotropy in both groups in 

some regions, while only children with FAS/PFAS were affected in other regions [204]. Similarly, resting-state functional 

connectivity has been found to be lower in heavily exposed children in only a subset of regions affected in children with 

FAS/PFAS [205]. 

Greater activation of the left PSPL, as well as a greater distance effect on the left PSPL, were both associated with better 

performance.  The PSPL can be engaged when attending to specific quantities on the number line [50].  It is possible that 

the children who are better able to recruit the left PSPL (and recruit it more with increasing difficulty) are better able to 

position each array of stimuli on the mental number line and therefore to make magnitude comparisons more quickly 

and accurately. 

One limitation of this study was that the maternal report of drinking during pregnancy was obtained retrospectively 

several years after the child’s birth. Nevertheless, the validity of these reports is supported by the fact that they are 

predictive of neuroimaging and neurobehavioral outcomes [60, 126, 140]. Predictive validity for childhood IQ was r = -

0.54 and -0.53, for AA/day and AA/occasion, respectively, both ps < 0.001. A second limitation was the relatively small 

size of the FAS/PFAS and HE groups.  Even though the sample sizes were small, it was worthwhile separating the 

exposed group into FAS/PFAS and HE, as this enabled us to demonstrate the fact that the HE children’s activation of the 

right PSPL was impaired, while their ability to use the right IPS was spared. Because the children were socioeconomically 

and educationally deprived, we cannot determine the degree to which the results would hold for children from an 

educationally less deprived background. In this study, we used a block design.  Had we used an event-related design 

with problems of different difficulty levels randomly presented, we might have been better able to detect parametric 

effects. 

We did not control for multiple comparisons, due to the fact that we examined only a limited number of regions rather 

than the whole brain. Region-of-interest analyses are advantageous in that multiple comparisons are much less of an 

issue and SNR is increased by averaging across the voxels in a region. In our task design, the size of the stimuli remained 

the same size throughout the trials, so it is possible that the children could use non-numerical cues, such as luminance, 

or the total area covered by the faces to select the correct answer.  However, even if the children did use non-numerical 

cues, it would still involve some type of a magnitude judgment. Though there is some conflicting evidence, it is likely that 

numbers and other non-numerical magnitudes, including area and luminance, share, at least partly the same magnitude 

representation system [206]. 

4.5. Conclusions 

This study found poor recruitment of the right IPS during nonsymbolic number comparison in syndromal children with 

FAS/PFAS, extending the previous finding of poor right IPS recruitment during symbolic number processing [82]. These 
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results provide convincing evidence that heavy prenatal alcohol exposure impairs mental representation and 

manipulation of quantity for both symbolic and nonsymbolic representations.  As hypothesized, this impairment was 

compensated for by the left AG, with only exposed children needing to recruit the left AG to a greater extent as the task 

difficulty increased, and more so as exposure levels increased. A dose-dependent reduction in the activation of the right 

PSPL in children with prenatal alcohol exposure suggests that alcohol impairs the ability of exposed children to employ 

the attentional systems required for optimal number processing.  Notably, the nonsyndromal HE children’s activation 

was impaired in the right PSPL, but spared in the right IPS. 
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Chapter 5 : Prenatal Alcohol Related Reductions in Brain 
Function during Place Learning Are Evident in Boys Only 

Keri J. Woods 10,11, Kevin G.F. Thomas 12, Christopher D. Molteno 13, Joseph L. Jacobson 10,13,14, 
Sandra W. Jacobson 10,13,14, and Ernesta M. Meintjes 10,11 

Abstract 

Although performance deficits in place learning in virtual environments have been reported in fetal alcohol spectrum 

disorders (FASD), the neural correlates have not been investigated.  This functional magnetic resonance imaging (fMRI) 

study of 57 Cape Coloured children (41 alcohol exposed; 16 controls; mean age ± SD = 9.44 ± 0.42 years; 29 boys) who 

form part of our longitudinal cohort recruited from a community in which the prevalence of FASD is among the highest 

in the world, examined the effects of prenatal alcohol exposure (PAE) on the neural correlates of place learning in a 

virtual reality Computer-Generated (CG) Arena. Timeline follow-back interviews were conducted during pregnancy to 

assess the mother’s alcohol consumption. fMRI data were acquired on a 3T Allegra while children passively viewed a 

recording of an experimenter completing the CG Arena task. During visible-target blocks, the child observed navigation 

to a visible gray platform. During invisible-target blocks, the platform only appeared when the experimenter moved over 

it. All children performed a post-test immediately after the scan during which they had to navigate to the location of the 

invisible platform. Whole brain group analyses were performed in Brain Voyager using the general linear model with 

predictors based on known experimental blocks convolved by the standard hemodynamic function. Although there were 

no group differences in performance (for sex or FASD diagnosis), greater PAE in boys only was associated with poorer 

performance (r=0.38 for path length, r=0.50 for latency, ps<0.044), as well as reduced activation in the parahippocampal 

gyrus (PHG), precuneus, posterior cingulate, frontal and temporal lobes, caudate, insula, claustrum, lentiform nucleus 

and thalamus. In girls, PAE was not associated with performance or activation in any regions. Girls and boys are known 

to use different navigation strategies, with boys relying more on compass directions and gradients (“allocentric 

navigation”), and girls relying more on landmarks. Poorer recruitment of the PHG, a region that has been shown to 

mediate allocentric navigation, in boys exposed to higher levels of alcohol may explain the observed dose-dependent 

place learning deficit. The absence of PAE effects in girls provides further evidence that the landmark strategy may be 

less affected by PAE.  
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5.1. Introduction 

Prenatal alcohol exposure (PAE) is associated with impairment in brain structure and function that may lead to cognitive, 

behavioral, and neurological deficits of variable severity [30, 37, 38, 71, 123]. Fetal alcohol syndrome (FAS), the most 

severe of the fetal alcohol spectrum disorders (FASD), is characterized by small head circumference, pre- and/or 

postnatal growth retardation, and characteristic facial features, including short palpebral fissures, thin vermillion and 

flat philtrum [17]. Two of the three facial features are also seen in partial FAS (PFAS), together with either small head 

circumference, retarded growth, or neurobehavioral deficits. Heavily exposed (HE) individuals lacking the distinctive 

pattern of FAS dysmorphology are diagnosed with alcohol-related neurodevelopmental disorder (ARND) if they exhibit 

cognitive and/or behavioral impairment [17, 18].  

Cognitive deficits associated with PAE include lower IQ [1, 2], poor attention and executive function [6, 7, 124, 125, 

207], impaired learning and memory [4, 208-211], arithmetic difficulties [1, 2, 12-15, 82], slower cognitive processing 

speed [1, 9-11], and compromised visual-spatial ability [212-214].  

Two distinct components of spatial navigation, spatial location memory and place learning, are both also affected by 

PAE. Impairment in spatial location memory has been demonstrated using table top tests [92-94], the Visual Learning 

task from the Wide Range Assessment of Memory and Learning (WRAML) [4, 95, 99], and spatial n-back tasks [77-79]. 

PAE-related place learning deficits have been shown in rodents and in humans. In the Morris water maze (MWM; [215]), 

ethanol-exposed rodents took longer than unexposed controls to learn escape routes [100-102]. In a computer-

simulated version of the MWM [105], boys with prenatal alcohol exposure travelled further than unexposed controls to 

reach the hidden platform [61]. Children prenatally exposed to alcohol performed worse during a probe trial [85], and 

travelled a greater distance to reach a hidden platform [216].  

Functional MRI (fMRI) and positron emission tomography (PET) studies have identified the hippocampus and 

parahippocampal gyrus, precuneus, retrosplenial cortex, posterior and inferior parietal cortices, intraparietal sulcus, 

fusiform gyrus, lingual gyrus, caudate nucleus, thalamus, prefrontal areas, and cerebellum as key regions for navigation 

[217-231]. Although the hippocampus appears to be essential for successful place learning in the MWM in rodents [232-

234] and the virtual versions of the MWM and other virtual environments in humans [235-237], the parahippocampal 

gyrus, posterior parietal regions (especially the precuneus), fusiform gyrus, and thalamus [238, 239] are also involved. 

Sex differences in spatial navigation have been widely reported, with males performing better across a range of ages, 

including young adulthood [105, 240-247], older adulthood [244], pre-pubertal childhood [248], and adolescence [241]. 

Notably, some fMRI studies have shown differences in brain activation between males and females during spatial 

navigation [226, 249], even in the absence of performance differences [250], while others involving passive learning 

have not [251, 252]. In those that found sex differences, females activated the right inferior parietal lobule, right 

superior parietal lobule, left superior frontal and right medial frontal gyri, and the right prefrontal cortex more than 
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males [226, 249], while males showed greater activation of the right and left parahippocampal gyri, left hippocampus 

and left posterior cingulate [226, 249]. These sex differences in performance and patterns of brain activation suggest 

that males and females use different navigation strategies. 

Notably, in rats alcohol-related deficits were evident only in males [253]. Alcohol-related deficits in place learning were 

also observed in the only previous human study, which only examined boys [61]. These findings, combined with the 

known sex differences in strategy and brain activation during navigation, suggest that navigation in males and females 

may be differentially affected by PAE. 

To our knowledge, this is the first study to examine effects of PAE on neural correlates of place learning. This study 

includes children with FAS and PFAS as well as nonsyndromal HE children. It also examines the association of navigation 

performance to brain activation during navigation with continuous measures of PAE and investigates whether there are 

sex differences in the effects of PAE on performance and brain activation during navigation. We hypothesized that 

alcohol-exposed children would perform more poorly than controls and would also show altered patterns of brain 

activation. Further, we predicted that boys would perform better than girls on this task, and that there would be sex 

differences in alcohol-related alterations in brain activation during navigation.  

5.2. Methods 

5.2.1. Participants 

Participants were 57 right-handed 8- to 10-year-old children from the Cape Coloured (mixed ancestry) community in 

Cape Town, South Africa. Forty-one of these children had been heavily exposed to alcohol prenatally [141]. The Cape 

Coloured community is composed primarily of descendants of white European settlers, Malaysian slaves, Khoi-San 

aboriginals, and black African ancestors. The incidence of FASD in this population is exceptionally high due to poor 

socioeconomic circumstances and historical practices of compensating farm laborers with wine, both of which have 

contributed to a tradition of heavy recreational weekend binge drinking [19, 254].  

5.2.2. Procedure 

The children’s mothers were recruited while pregnant between 1999 and 2002 at their first visit to an antenatal clinic. 

Each mother was interviewed, using a timeline follow-back approach [141-143], regarding her alcohol consumption 

during pregnancy. At recruitment, the mother was interviewed regarding the incidence and amount of her drinking on a 

day-by-day basis during a typical 2-week period at time of conception. She was also asked whether her drinking had 

changed since conception; if so, when the change had occurred, and how much she had drunk on a day-by-day basis 

during the preceding 2-week period. This procedure was repeated in mid-pregnancy and again at 1 month postpartum 

to provide information about drinking during the latter part of pregnancy. Volume was recorded for each type of 

beverage consumed each day, converted to ounces of absolute alcohol (AA) using multipliers proposed by Bowman et 
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al. [144], and averaged to provide three continuous measures of alcohol consumption at conception and during 

pregnancy: average ounces of AA consumed/day, AA/occasion and frequency of drinking (days/week).  

Two groups of women were recruited: (1) heavy drinkers, who consumed at least 14 standard drinks per week (1.0 oz 

AA⁄day) on average or who engaged in binge drinking (5 or more drinks⁄occasion), and (2) controls whose mothers 

abstained or drank no more than minimally during pregnancy. Number of cigarettes smoked/day was also recorded, as 

was the use of illicit drugs (days/week). Mothers were also interviewed regarding their age at delivery, education (years 

completed), and marital status.  

In September 2005, we organized a clinic in which each child was independently examined for growth and FAS 

dysmorphology by two expert FAS dysmorphologists (H.E. Hoyme,  MD, and L.K. Robinson, MD) using the Hoyme et al. 

[17] protocol [141]. A subset of children who could not attend the clinic was examined by another FAS dysmorphologist 

(N. Khaole, MD). There was substantial agreement among the examiners on the assessment of all dysmorphic features, 

including the three principal fetal alcohol related features—philtrum and vermilion (which were measured on the Astley 

and Clarren [109] rating scales) and palpebral fissure length (median r = 0.78). FAS and PFAS diagnoses were agreed 

upon at a case conference by the dysmorphologists (HEH and LKR), SWJ, JLJ, and CDM. Eight children met the Hoyme et 

al. criteria for full FAS and 19 for PFAS. The 14 alcohol exposed children who did not meet criteria for either FAS or PFAS 

were designated nonsyndromal HE. 

Written informed consent was obtained from each mother; written assent, from each child. Approval for human 

research was obtained from the Wayne State University and UCT Faculty of Health Sciences Human Research Ethics 

Committees. 

5.2.3. Neuropsychological Assessment 

IQ data were collected from the children on the Wechsler Intelligence Scale for Children-IV (WISC-IV) at 10 years [73, 

140]. At the 5-year follow-up of these children, we administered the Junior South African Individual Scales (JSAIS; [255]), 

which are available in Afrikaans and in English and have been normed for South African children. IQ scores from the 

JSAIS were strongly correlated with the WISC-IV scores for the children in this sample, r = 0.74, p < 0.001, supporting the 

validity of the WISC for use with this population. 

5.2.4. Neuroimaging Assessment 

Magnetic Resonance Imaging Protocol. All scans were acquired using a 3T Allegra MRI scanner (Siemens Medical 

Systems, Erlangen, Germany). High-resolution anatomical images were acquired in the sagittal plane using a three-

dimensional magnetization prepared rapid gradient echo sequence (160 slices, TR = 2300 ms, TE = 3.93 ms, TI = 1100 ms, 

slice thickness 1 mm, resolution 1.3 x 1.0 x 1.0 mm3). During the fMRI protocol, 213 functional volumes sensitive to 

blood oxygen level dependent contrast were acquired with a T2*-weighted gradient echo, echo planar imaging 
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sequence (TR = 2000 ms, TE = 30 ms, 34 interleaved slices, 3 mm thick, gap 1.5 mm, 200 mm x 200 mm field of view, 

resolution 3.125 x 3.125 x 3 mm3). 

Functional MRI Experimental Tasks. We used a virtual navigation environment known as the Computer-Generated (CG) 

Arena [106-108], which presents tasks similar in form and appearance to those presented by the virtual water maze task 

used in the Hamilton [61] FAS study. All participants practised the task using a desktop-based version of the CG Arena 

before scanning, and also listened to a recording of the scanner noises while lying in a mock scanner. During the scan, 

the CG Arena [106, 108] was presented using a data projector positioned in a room behind the scanner. Images were 

projected through a waveguide in line with the bore of the magnet onto a rear projection screen mounted behind the 

scanner, which the children viewed using the standard mirror system that mounts to the head coil. Auditory tones were 

presented using the standard Siemens headphones. The children were able to talk to the examiner using an intercom 

that is built into the scanner. Children could stop the scan at any time by squeezing a ball held in the left hand.  

 

 

Figure 5.1: Timing diagram of the CG Arena task. 

Children were scanned while passively viewing a recording of another person navigating around the CG Arena room to 

the platform, which was sometimes visible (visible-target condition) and sometimes hidden (invisible-target condition). 

The task comprised four repetitions of the visible condition (duration 30s each), followed by four repetitions of the 

invisible condition (duration 30s each), with 21s rest blocks between each active block (Fig 5.1). An initial 19s rest block 

preceded the first visible block, and a final 20s rest block followed the last invisible block (total task duration 426s). 

During rest blocks, a static picture of a waterfall was displayed (Fig 5.2(a)). During visible-target blocks, a gray platform 

was visible on the floor of a circular brick enclosure in a square room (Fig 5.2(b)). To prevent subjects from learning the 

room during visible conditions, there were no pictures on the walls and the location of the platform changed for each 

repetition of the visible block. During invisible-target blocks, the platform was hidden (Fig 5.2(c)) until the person 

navigating moved over it (Fig 5.2(d)). The location of the platform remained the same in each repetition of the invisible 

condition. Hence, the aim was for the subject to learn the location of the invisible platform using distal cues within the 

room, such as pictures on the walls.   
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Behavioral Performance. After completing the scan, the children performed a post-scanner test in a small room adjacent 

to the scanner to confirm that they had learnt the location of the platform during the invisible-target condition. This test 

involved using a joystick to navigate within the CG Arena to that location. The test comprised two trials; during each, the 

subject had 120s to find the platform. Time to navigate to the location of the platform (“latency”) and length of path to 

that location were used to assess task performance. Because the post-scanner assessment indicated that all of the 

participants had been attending to the task, none of the children were excluded based on performance.   

 

 

 

Figure 5.2: (a) picture displayed during rest blocks, (b) example of a visible platform in a room with no pictures, (c) example of a room with an 
invisible platform, (d) the platform appears when the subject moves over it. 

fMRI Analysis. All fMRI analyses were performed using Brain Voyager QX (Brain Innovation, Maastricht, the 

Netherlands). Four dummy images were acquired that were excluded from all analyses. Images were motion corrected 

relative to the first volume with trilinear/sinc interpolation. Images were corrected for different slice acquisition times 

and linear trends and temporally smoothed with a high pass filter of 2 cycles⁄point.  
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Because the present data were acquired near the end of the imaging session, the data contained substantial motion 

artefacts. For each subject, data from the largest continuous section with no movement greater than 3 mm 

displacement or 3.0° rotation were analysed. Children were only included in the analysis if they had usable data from at 

least one block for each condition.  

Each child’s functional data were co-registered to his⁄her high-resolution anatomical MRI, rotated into the AC-PC plane 

and normalized to Talairach space using a linear transform calculated on the anatomical images. The 3.125 x 3.125 x 3 

mm3 fMRI voxels were interpolated during Talairach normalization to 3 x 3 x 3 mm3. 

Whole brain group analyses were performed with a random effect analysis of variance (ANOVA) using a general linear 

model (GLM) with predictors based on the visible-target and invisible-target experimental blocks convolved by the 

standard hemodynamic function. The six motion correction parameters were z-transformed and added as predictors of 

no interest. Beta maps were created for each subject for each condition of interest (i.e., visible-target and invisible-

target). To examine whether the differential activation between the invisible-target and visible-target conditions 

differed by sex,  the beta maps were analysed at the second level using a repeated-measures ANOVA, with one within-

subjects factor (i.e., invisible-target vs visible-target) and one between-subjects factor (i.e., sex).  The voxelwise 

threshold was set to p < 0.01, with cluster-level thresholding to control for multiple comparisons using the Monte Carlo 

simulation tool implemented in Brain Voyager [122]. We then conducted a second GLM analysis in which invisible-target 

vs visible-target was a repeated measure and AA/day across pregnancy was a continuous predictor. We did not control 

for sex because performance did not differ between boys and girls.   

Because previous studies have found that males and females activate different regions during navigation [226, 249, 

250], we identified regions separately in boys and girls where differences in activation between invisible- and visible-

target conditions are associated with extent of PAE. Beta maps were created for each subject for the invisible- vs visible-

target contrast and analysed separately for boys and girls at the second level in a GLM in relation to AA/day. The 

voxelwise threshold was set to p < 0.05, cluster size corrected. In each identified cluster, mean % signal change was 

extracted for each subject for each condition to examine in each region whether the association of degree of PAE with 

the difference in activation between invisible-target and visible-target conditions survives after controlling for potential 

confounders.  

To identify regions crucial for successful place learning, we repeated the second level analysis, again separately for boys 

and girls, with path length and time to target, respectively, as continuous outcome measures. Mean % signal change 

values were extracted in the clusters for each subject to examine whether associations survive after controlling for 

alcohol exposure.  
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5.2.5. Statistical Analyses 

All variables were examined for normality of distribution. The following variables with outliers greater than 3 standard 

deviations (SD) beyond the mean were transformed by recoding all outlying values to 1 point beyond the highest/lowest 

observed value: AA/day across pregnancy (n = 1), smoking during pregnancy (n = 1), mother’s education (n = 1), 

postnatal lead exposure (n = 1), mean % signal change differences between invisible and visible conditions in the clusters 

centered on the right middle frontal gyrus and the bilateral precuneus where boys showed associations with AA/day (n = 

1 each), mean % signal change differences between invisible and visible conditions in the clusters centred on the 

bilateral precuneus and the left middle occipital gyrus where boys showed greater activation than girls (n = 1 each), path 

length to target (n = 2) and latency (n = 1). 

Seven control variables were assessed for consideration as potential confounders of the relation of PAE to spatial 

navigation: three maternal demographic characteristics (mother’s age at delivery and years of education and primary 

caregiver’s marital status), two child characteristics (sex and age at assessment), and two other exposures (maternal 

smoking during pregnancy and postnatal lead exposure) known to impact on the child’s academic performance. Lead 

exposure, based on a venous blood sample obtained from the child at 5 years, was included because lead levels in this 

population are within the range in which subtle but meaningful effects on cognitive function have consistently been 

reported (e.g., [15, 146]. Each control variable that was even weakly related (at p < 0.10) to a given outcome measure 

was considered a potential confounder of the effect of alcohol exposure on the outcome in question. 

The outcome measures were latency (in seconds), path length to reach the target (in arena units), and difference in % 

signal change between the invisible and the visible condition in each of the regions where associations with extent of 

PAE were found for boys and girls separately. Differences between diagnostic groups (FAS/PFAS; HE; control) were 

examined for each of the behavioral measures using analyses of variance (ANOVA).  Post hoc comparisons were 

computed using the least-squares difference (LSD) approach. Sex differences in each of the behavioural measures were 

examined using t-tests.  Sex differences in performance were also examined within each diagnostic group. ANCOVA was 

used to examine whether effects remained significant when controlling for potential confounders related to the 

outcome in question at p < 0.10. The relation of the continuous measure of PAE across pregnancy, AA/day, to each of 

the behavioural measures was examined using Pearson correlation analysis, in all the children combined and in boys and 

girls separately. Multiple regression analyses relating the continuous exposure measure to each of the outcomes, where 

control variables related to the outcome in question at p < 0.10 were controlled for to adjust for potential confounding. 

All analyses were repeated omitting those children whose mothers used drugs other than alcohol during pregnancy. 
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5.3. Results 

5.3.1. Sample Characteristics 

Fifty-seven children were scanned: 27 with FAS or PFAS, 14 HE, and 16 controls. Sample characteristics for these children 

are summarized in Table 5.1. Whereas mothers of children with FAS/PFAS reported having consumed an average of 7.8 

standard drinks of alcohol per drinking occasion during pregnancy as contrasted to 5.2 standard drinks for mothers of 

the HE group, the FAS/PFAS group consumed alcohol about twice as often as the HE mothers. All but one of the control 

mothers abstained from drinking during pregnancy; the one light-drinking control consumed 2 drinks on 3 occasions 

The groups were generally similar in terms of sample characteristics, with a few exceptions. Mothers of children with 

FAS/PFAS had less formal education than the other two groups; mothers of the HE group, fewer years of education than 

mothers of controls. There was little illicit drug use, with three mothers of children with FAS/PFAS reporting use of 

marijuana during pregnancy and one mother of a child with FAS/PFAS reporting use of cocaine. On average, children 

with FAS/PFAS had greater lead concentrations than controls. As expected, children with FAS/PFAS scored more poorly 

on the WISC-IV than HE and control children.   

After exclusions due to excessive motion, 41 children provided usable functional data: 19 with FAS/PFAS (9 boys and 10 

girls), 10 HE (4 boys and 6 girls), and 12 controls (6 boys and 6 girls). Mean and maximum displacements did not differ 

between diagnostic groups (F(2, 38) = 0.245, p = 0.784 and F(2, 38) = 0.914, p = 0.410, respectively). The children with 

usable scanner data did not differ from those excluded in terms of alcohol exposure (t(55) = 1.29, p = 0.20 for AA/day), 

FASD diagnostic group (χ2(2, N = 57) = 0.11, p = 0.95), performance (all ps > 0.90), or any other demographic variable (all 

ps > 0.20).  

5.3.2. Behavioral Performance 

All 57 children in the sample were included in the behavioral analyses, whether or not they provided usable functional 

imaging data. We only report data from the first trial of the post-scanner navigation test because performance on that 

trial reflects whether the child learnt the location of the platform during the scan. All children had practised the task 

extensively before scanning and as such were comfortable with the procedure. 

Performance for the boys and girls was similar for the sample as a whole and within each diagnostic group (all ps > 0.20, 

Table 5.2). No differences in performance were seen between diagnostic groups when looking at all the children (F(2,54) 

= 0.58 for path length and F(2,54) = 0.70 for latency, ps > 0.20). Nor were differences by diagnostic group seen in boys 

(F(2,26) = 0.64 for path length and F(2,26) = 1.40 for latency , ps > 0.20) or in girls (F(2,25) = 0.57 for path length and 

F(2,25) = 0.34 for latency, ps > 0.20), separately.  

Table 5.3 shows the relation of the control variables with the behavioural measures. Path length to target and latency 

were not related (at p < 0.10) to any of the control variables except for lead exposure.   
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The relation of PAE to behavioral performance is shown in Table 5.4, both before and after controlling for lead exposure. 

There was an overall effect of PAE on latency, largely due to the effect on the boys. In boys, increased alcohol exposure 

was associated with both longer path length to target and time taken to reach the target. This relation between alcohol 

exposure and time to target remained significant after controlling for lead exposure. In girls, there was no relation 

between performance and alcohol exposure levels.  

All behavioral findings were essentially unchanged when the analyses were re-run omitting the four children whose 

mothers used illicit drugs during pregnancy. 

 5.3.3. Neuroimaging Assessments 

Boys showed greater increases than girls in activation during the invisible condition compared to the visible condition in 

the right middle frontal gyrus and inferior parietal lobule and left precuneus, superior parietal lobule, lingual gyrus, 

middle occipital gyrus, and middle temporal gyrus (Table 5.5). Between-group differences in activation remained 

significant after controlling for PAE. There were no regions where girls showed greater differences than boys in 

activation between the two conditions. Whereas boys showed increased activation in the invisible-target compared to 

visible-target condition, girls showed reduced activation during the invisible-target condition in diffuse regions across all 

lobes. 

Because we observed differences in brain activation in boys and girls, and because several of our previous imaging 

studies have shown that continuous measures are often more sensitive than diagnostic categorical measures [37, 82, 

158], we examined whether there were regions where differences in activation between the invisible- and visible-target 

conditions were associated with levels of PAE within each sex separately. In girls, there were no regions where 

differences in activity were related to degree of alcohol exposure. In contrast, as shown in Table 5.6, in boys increasing 

alcohol exposure was strongly associated with smaller activation increases between the invisible-target and visible-

target conditions in the right parahippocampal gyrus, superior temporal gyrus, transverse temporal gyrus, precentral 

gyrus, inferior frontal gyrus, middle frontal gyrus, insula and claustrum, bilateral precuneus, caudate, thalamus and 

lentiform nucleus, and the left posterior cingulate (Figure 5.3, Figure 5.4).  

When examining the relation of the control variables with differences in mean % signal change between invisible- and 

visible-target conditions in each of the regions where associations of activation with level of alcohol exposure were 

found in boys, only child’s age at scan was related at p < 0.10 to differences in activation in the cluster centred on the 

right middle frontal gyrus (r = 0.27, p = 0.08); all other ps > 0.20 (Table 5.6). After controlling for the potential 

confounding effects of age in this region, the association with degree of alcohol exposure remained significant.    
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Table 5.1: Sample characteristics (N = 57). 

 

  

FAS/PFAS 
(n = 27) 

Heavily 
exposed 
(n = 14) 

Control 
(n = 16) 

F or χ2 p 

Maternal      

Age at deliverya 29.0 
(7.4) 

25.5 
(5.0) 

25.7 
(3.3) 

2.37 0.103 

Education (years)b 7.1 
(2.2) 

8.6 
(3.1) 

10.6 
(1.6) 

11.49 0.001 

Marital status (% married) 44.4 35.7 68.8 3.71 0.156 

Smoking during pregnancy (cigarettes/day)c 8.0 
(5.7) 

8.4 
(7.2) 

3.4 
(9.9) 

2.36 0.104 

Prenatal alcohol exposure      

AA/day at conception (oz)d 1.8 
(2.1) 

0.6 
(0.6) 

0.0 
(0.0) 

7.18 0.002 

AA/occasion at conception (oz)e 4.3 
(2.5) 

2.6 
(2.5) 

0.1 
(0.3) 

19.57 0.001 

Frequency at conception (days/week)f 2.6 
(1.7) 

1.3 
(1.1) 

0.0 
(0.1) 

21.00 0.001 

AA/day across pregnancy (oz)g 1.2 
(1.4) 

0.5 
(0.5) 

0.0 
(0.0) 

7.66 0.001 

AA/occasion across pregnancy (oz)h 3.9 
(1.9) 

2.6 
(1.6) 

0.1 
(0.3) 

30.40 0.001 

Frequency across pregnancy (days/week)i 2.0 
(1.4) 

1.1 
(0.9) 

0.0 
(0.0) 

18.13 0.001 

Child      

Sex (% male) 51.9 50.0 50.0 0.02 0.990 

Age at scanj 9.4 
(0.3) 

9.6 
(0.6) 

9.4 
(0.4) 

2.31 0.109 

Blood lead concentration (μg/dl)k 11.9 
(9.5) 

9.5 
(3.9) 

7.9 
(3.0) 

3.39 0.041 

WISC Estimated Full Scale IQ scorel 64.5 
(9.5) 

72.8 
(8.2) 

76.4 
(9.1) 

9.43 0.000 

Behavioral performance      

Path length to target (arena units within a 
500x500 grid) 

 140.1 
(130.1) 

 148.6 
(99.0) 

 118.3 
(132.5) 

0.25 0.780 

Latency (s)  31.1 
(31.7) 

 27.1 
(19.9) 

 20.8 
(20.6) 

0.76 0.473 

      Values are Mean (SD) 
FAS = fetal alcohol syndrome; PFAS = partial FAS; AA = absolute alcohol, 1 oz AA ≈ 2 standard drinks.  
aHE, cont < FAS/PFAS, ps < 0.081 
bFAS/PFAS < cont, p < 0.0001; HE < cont, p=0.027; FAS/PFAS < HE, p=0.044 
cCont < FAS/PFAS, HE, ps < 0.71 
dCont < FAS/PFAS, p = 0.001; HE < FAS/PFAS, p = 0.29        
eCont < FAS/PFAS, p < 0.0001; cont < HE, p = 0.002; HE < FAS/PFAS, p = 0.017 
fCont < FAS/PFAS, p < 0.0001; HE < FAS/PFAS, p = 0.002; cont < HE, p = 0.011 
gCont < FAS/PFAS, p < 0.0001; HE > FAS/PFAS, p = 0.036 
hCont < FAS/PFAS, HE, both ps < 0.0001; HE < FAS/PFAS, p = 0.016 
iCont < FAS/PFAS, p < 0.0001; cont < HE, p = 0.005; HE < FAS/PFAS, p = 0.015 
jHE > FAS/PFAS, p = 0.037  
kCont < FAS/PFAS, p = 0.014 
lFAS/PFAS < cont, p < 0.0001; FAS/PFAS < HE, p = 0.008 
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Table 5.2: Comparison of post test performance between boys and girls. 

 

 Group N Boys  Girls p 

Path length     

Diagnostic groups 
combined 29 boys / 28 girls 137.00 (108.27) 122.92 (101.14) 0.614 

Comparison within and between Diagnostic groups: 

FAS/PFAS  14 boys / 13 girls 156.6 (127.0) 108.5 (87.7) 0.267 

HE  7 boys / 7 girls 138.5 (83.9) 158.7 (118.2) 0.719 

Control  8 boys / 8 girls 101.5 (93.2) 115.0 (112.0) 0.797 

  ANOVA p = 0.534 ANOVA p = 0.570  

     

Latency     

Diagnostic groups 
combined 29 boys / 28 girls 25.98 (26.46) 27.58 (23.42) 0.809 

Comparison within and between Diagnostic groups: 

FAS/PFAS  14 boys / 13 girls 34.3 (34.4) 25.6 (22.7) 0.453 

HE  7 boys / 7 girls  20.1 (17.3) 34.0 (21.1) 0.202 

Control  8 boys / 8 girls  16.6 (8.8) 25.1 (28.2) 0.428 

  ANOVA p = 0.265 ANOVA p = 0.717  

     
Values are Mean (SD) 
FAS = fetal alcohol syndrome; PFAS = partial FAS; HE = heavily exposed nonsyndromal. 

 
 

Table 5.3: Correlation between control variables and behavioural measures for all children. 

  N 
Child's sex 

 r (p) 

Child's age  
at scan  

r (p) 

Lead 
exposure  

r (p) 

Maternal 
age  
r (p) 

Maternal  
education  

r (p) 

Smoking 
during  

pregnancy  
r (p) 

Primary 
Caregiver's 

 marital 
status  
r (p) 

All 57               
Path length to target   -0.07 (0.61) -0.05 (0.72) 0.30 (0.03) 0.08 (0.57) -0.16 (0.24) 0.02 (0.86) -0.19 (0.16) 
Latency   0.03 (0.81) -0.15 (0.26) 0.23 (0.09) 0.06 (0.65) -0.16 (0.23) -0.02 (0.88) -0.21 (0.11) 
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Table 5.4: Relation of degree of prenatal alcohol exposure to behavioural performance. 

  AA per day  

  r (p) ß (p) 

All (N = 57)     

Path length to targeta 0.21 (0.113)  0.14 (0.306) 

Latencya 0.26 (0.051)  0.21 (0.124) 

      

Boys (N = 29)     

Path length to targeta 0.38 (0.044)  0.29 (0.163) 

Latencya 0.50 (0.006)  0.47 (0.020) 

      

Girls (N = 28)     

Path length to targeta 0.11 (0.584)  0.06 (0.755) 

Latencya 0.08 (0.699) 0.04 (0.832) 

      

AA = ounces absolute alcohol 

 acontrolled for lead exposure 
 

 Table 5.5: Regions where the difference in activation between the invisible and visible conditions is greater in boys than in girls (p < 0.01, cluster size 
corrected, all clusters > 324 voxels). Co-ordinates are Talairach co-ordinates of the peak voxel. 

 

Lobe Region BA x y z 
No of 
voxelsa 

Mean t 

occipital left lingual gyrus extending to middle occipital gyrus 17, 18 -22 -86 3 394 4.75 

parietal right inferior parietal lobule 40 41 -47 51 354 4.45 

parietal left precuneus extending to superior parietal lobule 7 -19 -71 45 1092 4.75 

frontal right middle frontal gyrus extending to sub-gyral frontal lobe 6 32 -5 48 502 3.97 

occipital left middle occipital gyrus extending to middle temporal gyrus 18, 19, 39 -25 -89 18 1194 4.96 

                

BA=Brodmann area 
aVoxel size refers to the 1x1x1 mm3 resolution of the iso-voxeled structural images 
first region mentioned = region at the peak voxel, other regions arranged in order of decreasing size 
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Table 5.6: Regions in boys only where increasing alcohol exposure is associated with smaller activation increases during the invisible condition 
compared to the visible condition (p < 0.05, cluster size corrected, all clusters > 1026 voxels). Co-ordinates are Tal 

Lobe Region BA x y z 
No of 
voxelsa 

Mean r 
(p) 

Mean  ß 
(p) 

temporal right transverse temporal gyrus, extending to superior temporal gyrus and insula 13, 41, 42 47 -26 12 1041 
-0.72 

(0.001) 
-0.72 

(0.001) 

frontal  
right precentral gyrus extending to inferior frontal gyrus, insula and middle frontal 
gyrus 

6, 9, 13, 44 32 -5 29 2182 
-0.71 

(0.001) 
-0.71 

(0.001) 

basal 
ganglia 

bilateral caudate, extending to thalamus and lentiform nucleus - -10 -2 15 2247 
-0.71 

(0.001) 
-0.71 

(0.001) 

frontal  right middle frontal gyrus extending to claustrum, insula and inferior frontal gyrus b 13,46 38 28 18 1082 
-0.65 

(0.002) 
-0.69 

(0.001) 

limbic  right parahippocampal gyrus extending to lentiform nucleus and claustrum - 23 -2 -9 1888 
-0.71 

(0.001) 
-0.71 

(0.001) 

parietal  bilateral precuneus extending to left posterior cingulate  7, 31 8 -53 45 2100 
-0.63 

(0.004) 
-0.63 

(0.004) 

                  

BA=Brodmann area 

       aVoxel size refers to the 1x1x1 mm3 resolution of the iso-voxeled structural images 

       first region mentioned = region at the peak voxel, other regions arranged in order of decreasing size 

       bControlled for age 

        

Across groups, greater activation increases in boys in the bilateral precuneus and a large left frontal region during the 

invisible condition compared to the visible condition was associated with improved place learning as reflected both by 

shorter path lengths (Table 5.7 (a)) and a shorter latency (Table 5.7 (b)). These correlations remained significant after 

controlling for alcohol exposure (all ps < 0.042). In girls, there were no regions where activation increases were 

associated with better performance. 

All imaging findings were essentially unchanged when the analyses were re-run omitting the four children whose 

mothers used illicit drugs during pregnancy. 
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Figure 5.3: Transverse slices showing regions where activation is negatively related to absolute alcohol per day in boys only (z = Talairach co-
ordinate). 
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Figure 5.4: Relation of absolute alcohol per day to percent signal change in boys only. 
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Table 5.7: Regions in boys only where smaller activation increases during the invisible condition compared to the visible condition are associated 
with  (a) longer path lengths and (b) increasing latency (p < 0.05, cluster size corrected). Co-ordinates are Talairach co-ordinates of the peak voxel.   

 

a)         

Lobe Regions associated with path length BA x y z 
No of 
voxelsa 

Mean r (p) 
Mean  ß (p)b 

parietal bilateral precuneus extending to left cuneus 7, 31 -4 -65 39 1869 -0.61 (0.005) -0.48 (0.035) 

 frontal 
left superior frontal gyrus extending to medial frontal gyrus, middle 
frontal gyrus, cingulate gyrus 

6, 8, 9, 10, 
32 

 -16  43  33  2312  -0.59 (0.008) -0.45 (0.042) 

b)         

Lobe Regions associated with latency BA x y z 
No of 
voxelsa 

Mean r (p) Mean  ß (p)b 

 frontal  
left anterior cingulate extending to medial frontal gyrus, middle 
frontal gyrus, superior frontal gyrus 

6, 8, 9, 10, 
24, 32 

-4 19 24 3370 -0.67 (0.002) -0.64 (0.006) 

 parietal bilateral precuneus extending to cuneus 7 8  -56 51 1520  -0.59 (0.008) -0.55 (0.022) 

 
BA=Brodmann area 
aVoxel size refers to the 1x1x1 mm3 resolution of the iso-voxeled structural images 
first region mentioned = region at the peak voxel, other regions arranged in order of decreasing size 
bControlled for absolute alcohol per day across pregnancy 

 

 

5.4. Discussion 

Although we detected no sex differences in behavioral performance, activation increases during the invisible condition 

compared to the visible condition were greater in boys than in girls in parietal regions, including the precuneus and the 

superior and inferior parietal lobules, as well as in frontal and occipital regions. In contrast, no regions showed greater 

activation increases during the invisible condition in girls. In boys, PAE was associated with poorer place learning and 

reduced activation increases during the invisible condition in the parahippocampal gyrus, precuneus, posterior cingulate, 

frontal and temporal lobes, caudate, insula, claustrum, lentiform nucleus and thalamus, with most of these being right 

lateralised. Notably, better place learning in boys was associated with greater activation increases during the invisible 

condition in a precuneus region similar to that showing PAE effects, as well as a large left frontal region. In girls, PAE was 

not associated with performance or activation differences between invisible and visible conditions in any regions; nor 

was better performance related to activation differences between conditions in any regions. 

Although most studies have found better allocentric navigational performance in males, including pre-pubertal children 

[248], in computer-simulated versions of the Morris water maze [105, 240-247, 256], a few have found no sex 

differences in performance [106, 107, 250]. It is possible that inclusion of a probe trial, where the platform is removed 

unbeknownst to the participants, may have increased sensitivity in detecting sex differences in these studies as a male 

advantage has been demonstrated previously in probe trials even in the absence of performance differences in invisible-

target trials [241, 242].  

Despite the absence of sex differences in performance, our finding that there was no greater increased activation during 

invisible conditions in girls than boys in any regions, compared to greater increases in activity during invisible conditions 
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in parietal, frontal and occipital regions in boys, provide further evidence that males and females use different 

navigation strategies [257-259] and activate different brain regions [250] during place learning. Females tend to navigate 

egocentrically, using mainly landmark cues, whereas males tend to navigate allocentrically, using mainly Euclidean 

information, such as direction, distance, gradient (slope of the floor), and geometry [105, 226, 246, 259-264].  

Although effects of PAE on place learning have been reported in studies involving both males and females [85], at least 

three other studies have reported effects in males only – one, an animal study, in which only male rats showed poorer 

performance in a T-maze [253]; another in which only male rats were examined and which showed poorer and 

perseverative performance on the MWM by those moderately exposed to alcohol [265]; and the third, a human study 

which also did not include girls and which found that boys with FAS took longer paths to find a hidden platform [61]. 

PAE has been shown to have a greater impact on spatial location memory than on object memory. For example, Uecker 

and Nadal [92, 93]  showed impairment in memory for object location in children with FASD, though not in the recall of 

the objects themselves, a finding replicated by Kaemingk and Tanner Halverson [94]. Poorer performance has also been 

demonstrated on the Visual Learning task from the Wide Range Assessment of Memory and Learning [99], in which 

subjects are asked  to remember the location of designs [4, 95]. The findings that PAE appears to affect location memory 

specifically and that males rely more on spatial strategies for navigation may explain why their performance is impaired 

by PAE, whereas performance of females, who rely more on landmarks (object memory), is largely unaffected.  

Notably, the right parahippocampal gyrus, where PAE was related to reduced activation, has been shown to mediate 

allocentric navigation [217, 219, 220, 238, 264, 266-268], which tends to be employed more by males than females [259, 

260, 264]. A number of other regions showing PAE effects in boys, including the precuneus [269], posterior cingulate 

[220, 270], caudate [271],  precentral gyrus [272] and thalamus [268], are also associated with allocentric spatial 

memory. 

Place learning in boys may be more affected by PAE due to the fact that they rely to a greater extent on brain regions 

more vulnerable to alcohol. Notably, two of the regions affected by PAE in boys, the left precuneus and the right middle 

frontal gyrus (see Table 5.6), are amongst the regions showing greater activation increases during the invisible condition 

compared to the visible condition in boys than girls (Table 5.5). Increased activation during invisible conditions in a 

similar region in the precuneus was also associated with better place learning performance in boys only (Table 5.7), 

suggesting that in boys the use of the precuneus is an efficient strategy, while it is not in girls. To explore this idea 

further, we compared brain activation in unexposed boys and girls in those regions showing alcohol related impairment 

in boys. All the regions showing alcohol-related alterations in activation in boys were activated more by unexposed boys 

than unexposed girls. These results suggest that because unexposed boys, more than unexposed girls, rely on regions 

vulnerable to the effects of PAE, due to different strategies employed, their performance is more impaired. It is likely 

that the regions preferentially activated by control girls are less affected by prenatal alcohol exposure.  
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A limitation of this study was the relatively small sample sizes of the groups, especially the HE and control groups. 

Sample sizes were smaller than planned because about 28% of the children (n = 16) were excluded from the functional 

analysis due to motion. Another limitation is the fact that we scanned the children only while they were passively 

learning the arena and not while actively navigating. We followed this procedure because it is very difficult to have the 

children navigate with a joystick and remain still at the same time – even during the passive task we had problems with 

excessive motion. Furthermore, our post-test navigation task did not include a probe trial to test learning. Performance 

on that trial may have been more sensitive to sex differences in performance and could have been used to examine 

differences in navigation strategies. 

Future studies could include an egocentric version of the arena, as well as the allocentric version used here.  It would be 

interesting to see whether PAE affects the performance and neural correlates of boys and/or girls in the egocentric 

version. 

5.5. Conclusions 

Girls and boys are known to use different navigation strategies. These data show that they are activating different brain 

regions and suggest that the regions used by boys are more susceptible to prenatal alcohol exposure damage, while the 

regions used by girls are relatively spared. As such, place learning may only be affected by alcohol exposure during 

pregnancy in boys. 
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Chapter 6 : Discussion and conclusion 

Parietal lobe function 

Both number processing and visuospatial skills rely on intact parietal lobe functioning. 

The parietal lobe is involved in many aspects of visuospatial processing, including spatial attention [54, 273-275], spatial 

memory [276-278], mental imagery [279, 280], mental rotation [281-283], saccadic eye movements [170, 284], reaching 

and grasping [170], pointing [170], visual search [285, 286], and visuospatial transformations [287, 288]. Of particular 

interest here is the parietal lobe’s involvement in spatial navigation and spatial location memory, which both play a role 

during tasks such as virtual versions of the Morris water maze [238, 239, 272].  The posterior parietal cortex is involved 

in an egocentric representation of the environment [225], with the precuneus also being involved in allocentric spatial 

processing [269].  The posterior cingulate is involved in the transformation from an egocentric frame of reference in the 

parietal lobe to an allocentric frame of reference [289-292]. 

As discussed previously, Dehaene et al. [50] identified 5 main regions of the parietal lobe activated during number 

processing: the left and right IPS, the left angular gyrus, and the left and right PSPL.  A 2011 meta-analysis [293], 

however, showed that additional parietal regions play a role during number processing, including the bilateral 

precuneus, inferior parietal lobe, postcentral gyrus and right supramarginal gyrus. 

Link between number and spatial processing  

Considering that both number and spatial processing rely on the parietal lobe, it is not surprising that there are 

behavioural links between them. 

Numbers are intuitively visualized from left to right on a spatial number line in people who read from left to right [294]. 

This mental number line is evidenced by the spatial-numerical association of response codes (SNARC) effect: relatively 

large numbers are responded to more quickly with the right hand, while relatively small numbers are responded to more 

quickly with the left hand [132, 295].  The SNARC effect is observed in a variety of tasks, whether or not numerical 

magnitude is relevant to the task, including parity judgement (odd or even) [295, 296], magnitude comparison [297], 

phoneme detection using number words [296, 298], and judging whether numbers are the same or different [299]. The 

effect is apparent even when a digit unrelated to the task is shown in the background [298, 300], which suggests 

automatic access to the mental number line representation [301]. The SNARC effect does not just hold for Arabic 

numbers, but has been demonstrated when using different notations: number words [295, 298], nonsymbolic number 

[302], and even with auditory presentation [302].  The effect is present in both left and right handers [295] and is not 

affected when the hands are crossed [295].  However, the SNARC effect is affected by reading direction: it is reversed in 

Iranian subjects who read from right to left [295]. The SNARC effect provides evidence for spatial-congruency between 

the response side in egocentric space and the position of the numerical value on a mental number line [301]. 
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Viewing numbers can bias visual attention in a direction congruent with that number’s position on the number line, i.e. 

small numbers bias attention to the left side, while large numbers bias attention to the right side.  Targets on the left 

side are detected more quickly after viewing a small number, while targets on the right side are detected more quickly 

after viewing a large number [303, 304]. In a temporal order judgment (TOJ) task, participants indicated whether a left 

or right stimulus appeared first. When the stimuli appeared simultaneously, more left sided responses were recorded 

after actively attending to a small number [305]. When judging which side of a transected line is longer, viewing small 

numbers caused more correct responses when the left side was longer, while viewing larger numbers caused more 

incorrect responses when the left side was longer [306]. 

Studies of people with left hemifield neglect, resulting from right parietal lesions, provide further evidence for the 

relation between numbers and space.  Patients with left neglect tend to ignore the left portion of space, for example 

when they bisect physical lines they neglect the left portion of the line and tend to place the midpoint too far to the 

right [227, 307]. These patients show similar neglect of the left portion of the number line when performing number 

bisection, overestimating the midpoint, even though the numbers are given to them verbally [308]. When performing 

number comparison, patients with left neglect are slower to decide whether the number immediately to the left of the 

target (i.e. smaller than the target) is greater or less than the target than when the number is immediately to the right 

[309]. 

Comparison of brain activations during visuospatial and number processing 

Despite the above evidence of a relation between numbers and space, the regions found to be affected by prenatal 

alcohol exposure in the mathematical tasks in our studies did not overlap with any of the regions affected by prenatal 

alcohol exposure in the CG arena task.  The bilateral precuneus was the only parietal region where effects of prenatal 

alcohol exposure were found during administration of the CG arena task, with higher levels of alcohol exposure being 

related to smaller activation increases during the invisible condition in boys.  Since in the number processing tasks we 

only examined effects of prenatal alcohol exposure on activation in a priori defined ROIs that did not include the 

precuneus, compared to a whole-brain analysis in the CG arena task, it is not surprising that parietal regions showing 

alcohol effects in the number processing and CG arena tasks did not overlap. We do not know whether activation of the 

precuneus during number processing was affected by prenatal alcohol exposure as it was not directly investigated. Since 

the precuneus is known to be involved in number processing tasks [293], as well as encoding and retrieval of spatial 

location [269], it may be involved in a similar way in number line position and spatial location. Notably, the PSPL 

discussed by Dehaene [50] extends into the precuneus and the right PSPL ROI used in the ROI analysis in our math 

studies is in close proximity to the precuneus region showing alcohol effects in the CG Arena task, suggesting that a 

similar region of the precuneus might in fact be affected by prenatal alcohol exposure during number processing.  In a 

previous whole-brain analysis of a subset of the children studied here, children with FAS/PFAS showed greater activation 
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increases in the precuneus during proximity judgment than controls, which was attributed to greater effort required by 

these children to complete this relatively simple math task due to damage in regions specialized for number processing.  

To explore whether the region showing alcohol effects in boys in the CG Arena task may also show alcohol effects during 

number processing, we extracted for each of the math tasks beta values in that bilateral precuneus region. Activation 

increases during symbolic number processing in this region did not show differences between exposed and unexposed 

children or associations with alcohol exposure levels (all p’s > 0.7). The absence of alcohol effects may be due to the fact 

that this region is much larger (2100 mm3) than the regions showing alcohol effects in the Meintjes et al. [60] paper (two 

regions, sizes 531 and 119 mm3, respectively). Further only the right precuneus from that paper overlaps directly with 

this region, and they only found alcohol effects in the precuneus when controlling for IQ. 

In contrast, in the Smarties nonsymbolic number comparison (NC) task, greater prenatal alcohol exposure was 

associated with smaller activation increases during NC in this region (r = -0.54, p = 0.003 for AA/day; and r = -0.48, p = 

0.011 for AA/occasion). Notably, all children showed alcohol-related reductions in activation in this region during NC, 

not just the boys as was the case in the CG arena task.  These results support our conclusion that the absence of alcohol 

effects in the precuneus in girls during the CG arena task is a consequence of the fact that they use different navigation 

strategies that do not rely on activation of this region.   

Since the precuneus is involved in a variety of visuospatial tasks, including spatial attention, visual rotation, mental 

imagery, and mental navigation [310], it is possible that only NC showed an alcohol effect being more visual than the 

other math tasks.  Supporting this, in a meta-analysis of number processing in children, the left precuneus was shown to 

be activated during nonsymbolic number processing, but not during symbolic number processing [135]. 

With the increased power of ROI analyses, it is possible that some of the number processing ROIs may have shown 

alcohol effects during the CG arena task. To explore this, for each of the a priori defined number processing ROIs we 

extracted the beta values for the invisible vs visible condition. Of the regions showing activation increases during the 

invisible condition, none revealed group differences or associations with alcohol exposure (all p’s > 0.14). This was true 

whether considering all the children, or boys and girls separately. 

Comparison of brain activations during symbolic and nonsymbolic number processing 

While we found that the activation of the right IPS was impaired by PAE during both symbolic and nonsymbolic number 

processing, we found no relationship between alcohol or diagnostic group and activation of the left IPS.  A question that 

arises is whether the right IPS is more affected by prenatal alcohol exposure than the left IPS, or whether they are 

equally affected but only the effect on the right IPS is apparent during number processing because the left IPS is 

recruited to a lesser extent by these tasks. 
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In the Dehaene meta-analysis [50] used to identify the critical parietal number processing regions used in our studies, 

the IPS activation was bilateral in all the studies except two. One of these found increases on the left only when adding 

large numbers compared to small numbers [155], and the other increases on the right during numerosity estimation 

compared to physical matching [311].    

Although the previous two studies of number processing in FASD reported regions impaired by prenatal alcohol 

exposure in close proximity to our right IPS ROI [60, 81], neither found an alcohol effect on the left. Meintjes et al. [60] 

found that although both the right and left IPS were activated during PJ, only the right IPS showed reduced activation by 

children with FAS/PFAS compared to controls.  Similarly, while both the left and right inferior parietal lobules (in close 

proximity to the IPS) were activated during subtraction, only the right showed greater activation by controls than those 

with alcohol related dysmorphology [81].  Together with our own findings here of PAE effects only in the right IPS during 

both symbolic and nonsymbolic number processing, these results suggest that, despite bilateral activation of the IPS 

during number processing, only the right IPS is affected by prenatal alcohol exposure while the left IPS is relatively 

spared. 

To examine whether this absence of an alcohol effect on the left may be due to differences in the degree of activation 

on the left and right, we compared the magnitudes of the activation in the left and right IPS in control children during 

symbolic and nonsymbolic number processing. In control children, neither the left nor the right IPS showed significant 

activation increases during nonsymbolic number processing. One-sample Student t-tests on the percent signal change 

during PJ relative to the control condition in the right and left IPS ROIs showed that the activation increases in control 

children in both the right and left IPS ROIs, albeit small, were significant (right IPS mean % signal change ± SD = 0.09 ± 

0.12, p = 0.007; and left IPS mean % signal change ± SD = 0.07 ± 0.13, p = 0.045). In contrast, during EA, activation of the 

right IPS was stronger and significant (right IPS mean % signal change ± SD = 0.07 ± 0.08, p = 0.003), while that on the left 

was not (left IPS mean % signal change ± SD = 0.02 ± 0.13, p = 0.519). Reduced differential activation of the left IPS 

region may therefore explain the failure to detect PAE effects in this region and more work is required. 

While during PJ and Smarties, exposed children showed compensatory increased activation of the left AG, they did not 

show any compensatory activation during EA.  These results are similar to a previous study [60] that also found 

increased activation of the left angular gyrus in children with FAS/PFAS compared to control children during PJ, but not 

during EA.   

Putting these results together, it seems as if exposed children show compensatory activation of the left angular gyrus 

during magnitude comparison tasks, both symbolic and nonsymbolic, but not during arithmetic tasks relying on verbal 

recall.  While for magnitude comparison tasks, the control children would use the optimal strategy, relying on the core 

quantity system in the IPS, the alcohol exposed children appear to recruit the left angular gyrus to a greater extent due 

to PAE damage to the IPS. In contrast, for arithmetic tasks, verbal recall of number facts (relying on the left angular 
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gyrus) is the most efficient strategy and appears to be used by all children. These results suggest that the left angular 

gyrus is not affected by PAE.  

While prenatal alcohol exposure was associated with lower activation of the right PSPL during the smarties task, no 

association with alcohol exposure was found in this region during either the PJ or EA tasks, and this region has not 

previously been shown to be affected by prenatal alcohol exposure [60, 81].  In contrast, we found alcohol related 

reductions in activation in the left PSPL during EA [82], and in a comparable region during subtraction [81]. 

While it appears that both the left and right PSPL are impaired by prenatal alcohol exposure, the impairment of the right 

PSPL was only evident during nonsymbolic quantity comparison, while impairment of the left PSPL has been observed 

during symbolic arithmetic operations.  Neither of the studies using the PJ task to assess symbolic magnitude 

comparison found alcohol related impairment in the left nor the right PSPL [60, 82].  Another symbolic number 

comparison task (for example, a symbolic version of the smarties task) could provide further insight into the 

lateralization of PAE effects on the PSPL. If prenatal alcohol related impairment was seen in the left PSPL, it would 

suggest differential impairment for symbolic and nonsymbolic domains: left impairment for symbolic number processing 

and right impairment for nonsymbolic number processing.  Conversely, impairment of the right PSPL would suggest that 

PAE affects PSPL activation differently for arithmetic and number comparison: left impairment during arithmetic 

operations and right impairment during number comparison. 

The Dehaene meta-analysis does not provide much insight into the laterality of PSPL activation [50], with 3 studies 

showing bilateral PSPL activation [49, 151, 182], and one study (subliminal quantity priming across notations [312]) 

showing only right PSPL activation. 

Limitations and future work 

Only number processing and spatial navigation were examined in this study. In addition to visuospatial processing and 

number processing, the parietal lobe is also involved in many other domains, including language processing [51], 

response inhibition [52, 53], non-spatial working memory [54], episodic memory [55], alertness [56], task switching [57], 

attention [58] and time perception [59]. Using a wider range of tasks would provide more information on the effect of 

prenatal alcohol on more functional domains and provide a more comprehensive picture of alcohol related parietal 

dysfunction.  

A major limitation of this study relates to the fact that the number processing studies used ROI analyses, while a whole-

brain analysis was used for the spatial navigation study. This limits our ability to compare results from these studies 

directly. Since most studies of brain activation during spatial navigation have focused on the hippocampus, it is not 

known which parietal regions are involved, making the selection of appropriate ROIs difficult. Future work should 
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include a whole brain analysis of the number processing data to provide more insight into the effects of prenatal alcohol 

exposure on other parts of the parietal lobe, as well as other regions of the brain. 

Prenatal alcohol exposure is associated with decreased brain volume [30], as well as brain shape abnormalities [45], 

which could complicate the interpretation of the imaging data. Lower brain volumes in children with FASD could cause 

the non-affine transformations during the normalization procedure to be non-linear, which could potentially yield 

outcome differences related to differences in this transformation. 

Another limitation of this study was that, by contrast to most of the studies our group has conducted in Cape Town, the 

maternal report of drinking during pregnancy was obtained retrospectively several years after the child’s birth for the 

children in the math studies. Nevertheless, the validity of these reports is supported by the fact that they have been 

shown to be predictive of alcohol-related neuroimaging, neurobehavioral, and ERP outcomes in numerous other studies 

(see for example, [60, 140, 313-316]).  

Here we only looked at one task involving spatial location memory.  To the author’s knowledge, the only other task 

involving spatial location memory that has been investigated in FASD is the spatial n-back task [76-80].  It would be 

informative to look at the effect of prenatal alcohol exposure on the neural correlates of mental rotation or an 

egocentric version of the CG Arena task. 

Our findings suggest that during math tasks children prenatally exposed to alcohol compensate for the impairment of 

the right IPS by using verbal strategies that engage the left angular gyrus. This hypothesis could be tested by including a 

verbal distractor task in future experiments.  This would involve interleaving the math tasks with a task that taxes verbal 

resources, such as a task requiring syntactic judgments of words [317].  It is possible that during arithmetic the verbal 

distractor task would impair the performance of control and exposed children, while during a magnitude comparison 

task the performance of only children with prenatal alcohol exposure would be impaired. 

Conclusion 

In conclusion, we found prenatal alcohol exposure based impairments in the parietal lobe in all of the tasks investigated, 

with the impairments being widespread throughout the parietal lobe bilaterally. Of the regions investigated in the 

number processing tasks, only two showed no impairment.  The left AG appears to be unimpaired and may serve to 

compensate for impairments in other parietal regions. Although no evidence of left IPS impairment was found, this may 

be due to reduced recruitment of this region when performing the task, rather than the absence of an alcohol effect.   

Though only one parietal region (the precuneus) was shown to be impaired during the spatial navigation task, this was a 

large bilateral region. Notably, the bilateral precuneus was affected by prenatal alcohol exposure in both the spatial 

navigation and smarties tasks. It is possible that this is a key region linking the deficits in number processing and 

visuospatial skills in children with prenatal alcohol exposure. 
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The parietal lobe has been shown to be particularly affected by prenatal alcohol exposure, both in macrostructure [30, 

45] and in white matter microstructure [89].  This work shows that functionally the effects of prenatal alcohol exposure 

is widespread throughout the parietal lobe, and have shed some light on particular regions affected.  Our findings 

highlight the vulnerability of the parietal lobe to the effects of prenatal alcohol exposure. 
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