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Abstract
BACKGROUND—Prenatal alcohol exposure has been consistently linked to neurocognitive
deficits and structural brain abnormalities in affected individuals. Structural brain abnormalities
observed in regions supporting spatial working memory (SWM) may contribute to observed
deficits in visuospatial functioning in youth with fetal alcohol spectrum disorders (FASDs).

METHODS—We used functional neuroimaging (fMRI) to assess the blood oxygen level
dependent (BOLD) response in alcohol-exposed individuals during a spatial working memory
(SWM) task. Subjects were 22 youth (aged 10–18) with documented histories of heavy prenatal
alcohol exposure (ALC, n=10), and age-, and sex-matched controls (CON, n=12). Subjects
performed a SWM task during fMRI that alternated between 2-back location matching (SWM)
and simple attention (vigilance) conditions.

RESULTS—Groups did not differ on task accuracy or reaction time to the SWM condition,
although CON subjects had faster reaction times during the vigilance condition (617ms vs. 684ms,
p=. 03). Both groups showed similar overall patterns of activation to the SWM condition in
expected regions encompassing bilateral dorsolateral prefrontal lobes and parietal areas. However,
ALC subjects showed greater BOLD response to the demands of the SWM relative to the
vigilance condition in frontal, insular, superior and middle temporal, occipital, and subcortical
regions. CON youth evidenced less increased brain activation to the SWM relative to the vigilance
task in these areas (p<.05, clusters > 1,664 µl). These differences remained significant after
including Full Scale IQ as a covariate. Similar qualitative results were obtained after subjects
taking stimulant medication were excluded from the analysis.

CONCLUSIONS—In the context of equivalent performance to a SWM task, the current results
suggest that widespread increases in BOLD response in youth with FASDs could either indicate
decreased efficiency of relevant brain networks, or serve as a compensatory mechanism for
deficiency at neural and/or cognitive levels. In context of existing fMRI evidence of heightened
prefrontal activation in response to verbal working memory and inhibition demands, the present
findings may indicate that frontal structures are taxed to a greater degree during cognitive
demands in individuals with FASDs.

The negative effects of prenatal alcohol exposure on the developing embryo and fetus are
well documented and include a wide range of physical anomalies and neurocognitive
deficits. The diagnosis of fetal alcohol syndrome (FAS) requires a triad of characteristics:
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(1) pre- or post-natal growth deficiency, (2) cranio-facial abnormalities (e.g. indistinct
philtrum, thin upper vermillion, small palpebral fissures) and (3) evidence of central nervous
system (CNS) dysfunction (Jones and Smith, 1973; Jones et al., 1973). While FAS is
considered to be at the most severe end of the outcome spectrum, it is recognized that
prenatal alcohol exposure is associated with cognitive and behavioral deficits even in the
absence of the facial features and growth deficiency required to make a diagnosis of FAS.
Consequently, the National Task Force on Fetal Alcohol Syndrome and Fetal Alcohol
Effects has adopted the non-diagnostic umbrella term Fetal Alcohol Spectrum Disorders
(FASDs) to describe the range of effects resulting from gestational alcohol exposure
(Bertrand et al., 2005). The incidence of FASDs has been estimated at 10 per 1,000 live
births (May and Gossage, 2001) and impairments in general intelligence, attention, learning,
memory, language, and several related domains have been demonstrated in such individuals
(Mattson and Riley, 1998; Vaurio et al., 2008).

Neuropsychological studies have suggested that individuals with FASDs have visuospatial
cognitive deficits (Coles et al., 1991; Hamilton et al., 2003; Kaemingk et al., 2002; Mattson
and Riley, 1998; Mattson et al., 1996; Olson et al., 1998; Streissguth et al., 1989; Uecker
and Nadel, 1996; Willford et al., 2004) and exhibit poor working memory abilities
(Jacobson et al., 1998; Olson et al., 1998; Streissguth et al., 1990). These reports
demonstrated impaired learning and recall for both simple and complex figures (Mattson
and Roebuck, 2002), locations (Hamilton et al., 2003; Kaemingk et al., 2002; Uecker and
Nadel, 1996) and digit span backwards (Jacobson et al., 1998; Olson et al., 1998; Streissguth
et al., 1989). Evidence of poor visuospatial cognition and working memory suggests that
spatial working memory (SWM), or the maintenance of the spatial location of a remembered
visual stimulus (Constantinidis and Wang, 2004), may also be impaired in individuals with
prenatal alcohol exposure.

Structural brain abnormalities observed in regions supporting SWM may contribute to
observed deficits in visuospatial functioning in youth with FASDs. For example, alterations
in the size and structure of frontal, parietal, and temporal cortices have been reported
(Archibald et al., 2001; Sowell et al., 2001b; Sowell et al., 2002a; Sowell et al., 2002b).
Disproportionate reduction in white matter relative to gray matter volumes in the parietal
regions (Archibald et al., 2001), increased gray matter density in lateral temporal and
inferior parietal lobes (Archibald et al., 2001; Sowell et al., 2001b; Sowell et al., 2002a), and
abnormal glial cell metabolism (Fagerlund et al., 2006) suggest that white matter may be
particularly vulnerable to alcohol-induced pathology. Observed increases in cortical
thickness, that may reflect an abnormality in the process of white matter deposition or
synaptic pruning (Sowell et al., 2008a), and reduced fiber integrity in the corpus callosum
(Ma et al., 2005; Wozniak et al., 2006) suggest that microstructural abnormalities may
contribute to poorer cognitive abilities in many alcohol-exposed individuals (Fryer et al.,
2008; Sowell et al., 2008a). Thus, altered white matter integrity in regions important for
SWM may contribute to the behavioral deficits observed in this population.

Patterns of brain response to cognitive demands in youth with FASDs may elucidate the
neural mechanisms (perhaps stemming from structural abnormalities) of cognitive deficits.
Functional neuroimaging (fMRI) studies have revealed altered patterns of BOLD response
in alcohol-exposed individuals during cognitive task performance. In controlled
comparisons, greater blood oxygen level dependent (BOLD) response during inhibition and
verbal learning has been observed in prefrontal regions of youth with FASDs (Sowell et al.,
2007a), while reduced response has been demonstrated in the right caudate during inhibition
(Fryer et al., 2007) and in medial and posterior temporal cortices during verbal encoding and
retrieval (Sowell et al., 2007). A previous fMRI study of BOLD response during a SWM
task reported increased functional activity of inferior middle frontal brain regions in children
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and adults with FASDs, but relatively decreased brain response in superior frontal and
superior parietal areas (Malisza et al., 2005). Due to the very small body of functional
neuroimaging evidence in alcohol-exposed populations and limited overlap of the cognitive
domains sampled, the neural mechanisms of cognitive deficits in this population remain
speculative.

In light of alcohol-exposed individuals’ documented deficits in the component processes of
SWM and evidence of structural and functional abnormalities in brain regions underlying
SWM, we examined functional brain response to SWM demands in youth with FASDs. In
the current study, age- and sex-matched youths performed a task that alternated between 2-
back location matching (SWM) and baseline (vigilance) conditions during fMRI. Despite
differences in task demands, greater prefrontal brain activation has been reported across the
three previous fMRI studies of youth with FASDs (Fryer et al., 2007b; Malisza et al., 2005;
Sowell et al., 2007). Therefore, we anticipated that alcohol-exposed individuals would have
comparatively increased BOLD response in prefrontal brain regions during SWM relative to
vigilance conditions. Any observed group differences in BOLD response during SWM
might provide insight into the underpinnings of impaired cognitive function in youth with
FASDs.

METHODS
Subjects

Subjects (Table 1) were 10 children and adolescents with heavy prenatal alcohol exposure
(ALC) and 12 typically developing peers (CON); they were between 10- and 18-years-old,
right-handed, and fluent in English. Subjects were excluded for history of head trauma,
contraindication for MRI scanning, claustrophobia, serious medical conditions, or sensory
problems that would interfere with the scanning procedure. Thirty-two percent of youth
screened for the study were excluded, typically for MRI contraindications (e.g., orthodontic
braces). On the day of the scan 7 of 10 ALC and 5 of 12 CON subjects were taking
prescription medications. In the ALC group, 3 of 7 medicated subjects were taking CNS
stimulants (i.e., Adderall, Concerta); other medications included Neurontin, Seroquel,
Clonidine, Risperdal, Wellbutrin, Desipramine, Lithium, Abilify, Trazodone, Zoloft,
Depakote, Cogentin, Strattera and Propanolol. One of the three unmedicated ALC subjects
had discontinued use of Depakote ten days prior to the scan and the other two ALC subjects
had no prescriptions. In the CON group, one subject was taking a stimulant (i.e., Ritalin),
and the 4 other medicated youth were taking asthma and acne medications including
Albuterol, Tetracycline, Doryx, and Accutane.

Subjects were drawn from a larger multidisciplinary project assessing children and
adolescents with histories of prenatal alcohol exposure at the Center for Behavioral
Teratology (CBT), San Diego State University (SDSU). A detailed description of
recruitment procedures can be found in earlier reports (Mattson et al., 2006). As part of this
larger study, all subjects had recently undergone neuropsychological testing from which
full-scale intelligence quotients (FSIQ) were collected using the Wechsler Intelligence Scale
for Children – third edition (WISC-3) (Wechsler, 1991).

All individuals in the ALC group had documented histories of heavy prenatal alcohol
exposure, and all but one of them were evaluated by Dr. Kenneth Lyon Jones, a
dysmorphologist specializing in alcohol teratogenesis. The group included six individuals
who met the full criteria for FAS, three individuals who did not meet full criteria for FAS
but demonstrated some physical characteristics consistent with prenatal alcohol exposure,
and one individual with a documented history of heavy prenatal alcohol exposure who had
not yet had an evaluation with Dr. Jones. Subjects in both groups were matched for age,
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socioeconomic status, race, and sex. Estimates of FSIQ ranged from 61 to 128, and alcohol-
exposed subjects were not excluded for psychiatric conditions or low IQ, as deficits in
general intelligence (Aragon et al., 2008) and increased rates of psychopathology (Fryer et
al., 2007a) are common in individuals with prenatal alcohol exposure.

Research protocols were approved by the Institutional Review Boards of SDSU and the
University of California, San Diego (UCSD). Prior to participation, written informed
parental consent and child assent were obtained. Subjects were compensated $50 for
participation.

Procedures
Eligible subjects completed a 1-hour scan session during which structural and functional
neuroimaging data were collected. Before the scan, directions were given in verbal and
pictorial form, and pre-scan practice data was collected under administrator supervision.
Images were acquired on a 3.0 Tesla General Electric Signa scanner at the UCSD Center for
Functional Magnetic Resonance Imaging. A high-resolution structural image (TR = 8000
ms, TE = 3.1 ms, flip angle = 12 degrees, 256×192 matrix, 1-mm slice thickness, field of
view = 24 cm, acquisition time = 7 minutes, 24 seconds) was collected in the sagittal plane
for co-registration of functional data. Functional imaging was collected in the axial plane
using echo planar imaging (TR = 3000 ms, TE = 32 ms, flip angle = 90 degrees, in-plane
resolution = 3.43 mm × 3.43 mm, 4 mm slice thickness × 30 slices for whole brain coverage,
24 cm field of view, 156 repetitions, and acquisition time = 7 minutes, 48 seconds). The
SWM task was administered last as part of the larger scan protocol. Subjects watched an
animated movie during scans that did not require their response.

Subjects were placed comfortably in the scanner gurney with their heads positioned in an 8-
channel head coil, stabilized with padding, and taped across the forehead to minimize
motion. The task was administered from a laptop projected to a screen in the scan room near
the foot of the scanner bed. Subjects viewed task stimuli through a mirror mounted on the
head coil. The scan operator localized the head position, ensured the participant had full
view of the display, provided short reminders of task instructions prior to their
administration, and asked the participant to test the four-button fiber optic response box in
their right hand.

The SWM task (Kindermann et al., 2004; Tapert et al., 2001), adapted from McCarthy and
colleagues (1994), was chosen to assess the integrity of brain regions subserving SWM.
While we hoped to highlight relationships between brain activation and behavioral response,
it was most important that the groups performed similarly on the task to facilitate BOLD
comparison. Therefore, the restricted range of acceptable performances (69% to 100% total
accuracy) somewhat limits the descriptive utility of behavioral performance. The task
consisted of eighteen 20-sec blocks alternating between experimental (SWM) and baseline
(vigilance) conditions (see Figure 1). Blocks of rest, during which a fixation cross appeared
at the center of the screen, were interspersed at the beginning, middle, and end of the task. In
the SWM condition, figures appeared serially in one of eight possible locations. Stimuli
consisted of abstract line drawings at irregular angles from the center to minimize verbal
memorization strategies. Subjects were asked to press a button with the index finger of their
dominant hand when a design appeared in a location more than once during the block.
Approximately 30% of the 10 total stimuli in each block were repeat locations of stimuli
presented 2 prior (2-back). In the vigilance condition, the same stimuli were presented in the
same manner as in the SWM condition (1 of 8 of the serial positions), but subjects were
directed to press the button only when a figure with a dot appeared (30% of trials within that
block). Stimuli were each presented for 1000 ms with 1000ms interstimulus intervals (20
sec/block, repetition time = 3000 ms, 156 repetitions). The vigilance condition was
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administered to control for simple motor and attention processes required by the
experimental condition. Accuracy and response times from both conditions were recorded
via a fiber-optic response system (LumiTouch response system; Vancouver, BC).

Data Analysis
Analysts blind to group classification processed and analyzed data using Analysis of
Functional NeuroImages (AFNI; afni.nimh.nih.gov (Cox, 1996). Motion in the time series
data was corrected by registering each acquisition to a representative repetition with an
iterated least squares algorithm (Cox and Jesmanowicz, 1999) to estimate three rotational
(roll, pitch, yaw) and three displacement (superior-to-inferior, left-to-right, posterior-to-
anterior) parameters for each participant. Trained raters examined the time series data and
removed repetitions that still contained excessive head motions. Subjects were excluded if >
20% of repetitions were removed (prenatal alcohol exposure (ALC=1), typically developing
peers (CON=1) not described in this study). Of those subjects who met the criterion for
inclusion, an average 6% of repetitions were removed due to movement. Time series data
were deconvolved with a reference vector coding the alternating task conditions modeling
typical delays in the hemodynamic response (Bandettini et al., 1993; Boynton et al., 1996)
while covarying for linear trends and the degree of motion correction applied to control for
spin history effects (Bandettini et al., 1993). This resulted in a fit coefficient for each voxel
that represented BOLD response to SWM relative to the vigilance task condition. Functional
data were transformed into standard space (Lancaster et al., 2000; Talairach and Tournoux,
1988), resampled into 4.0 mm3 voxels, and a spatial smoothing Gaussian filter (full-width
half maximum = 5.0 mm) was applied. Only activations that consisted of at least 26
contiguous significantly (a=.05) activated voxels (1,664 µl) were interpreted to control for
Type-1 error (Forman et al., 1995).

To determine if motion during the task differed between groups, each participant’s absolute
mean for each of the six motion parameters (e.g., roll, pitch, and yaw rotations; superior,
left, and posterior displacements) across the time series data were evaluated using non-
parametric statistics. For estimating task-correlated motion, the six parameters were
correlated with the task reference vector for each participant, and resulting values were
compared between groups using non-parametric Mann-Whitney tests.

Mean reaction times and accuracy scores to SWM and vigilance conditions were measured.
SWM accuracy reflects the percentage of correctly identified repeat locations. Accuracy in
the vigilance condition was the total percentage of trials that were correctly identified as
having a dot above the stimulus figure. Accuracy and reaction times were compared
between groups using analysis of variance (ANOVA). To decrease the possibility that the
results would be confounded by inattention or disengagement from the task, subjects were
excluded from all subsequent analyses if they either scored below 69% on accuracy on
SWM or vigilance tasks (total, first or second half means), or indicated during the post-scan
questionnaire administration that he or she did not understand the purpose of the task (2
ALC). All subjects’ reaction times for each task (total, first and second half means) fell
within 3SD of the mean, suggesting reliable responding. Subjects included in all further
analyses were 10 children and adolescents with documented prenatal alcohol exposure
(ALC) and 12 typically developing peers (CON) (Table 2). Of those included in the final
sample, three subjects’ behavioral data was lost due to recording device failure (2 ALC, 1
CON). An additional two CON subjects’ accuracy scores were lost and replaced with
practice data collected on the identical task during the training session just prior to the scan.
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RESULTS
Behavioral Analyses

A one-way, between-subjects ANOVA found no significant differences due to group
membership on mean task accuracy for the SWM or vigilance conditions; reaction times for
the SWM condition were also statistically equal. Mean reaction time for the vigilance
condition was slightly faster in CON subjects (Table 1). To increase the sensitivity of the
behavioral analysis we also analyzed first and second half task performances. We hoped to
identify individuals whose attention may have waned over one half of the task (e.g., fatigue)
or subjects who perhaps improved with increasing numbers of trials. Therefore, we
attempted to obtain information about cognitive style and to exclude subjects whose first or
second half performances were deficient. First and second half of SWM and vigilance task
accuracy and reaction times were statistically equal between groups. Average vigilance
reaction times were slower for ALC individuals on both first and second halves of the task
(p=.03).

For both groups, decreasing FSIQ was significantly inversely correlated to reaction times on
the second half of the vigilance condition (r=−.54, p=.02) and directly correlated to accuracy
on the first half of the vigilance condition (r=.49, p=.03). However, FSIQ was not
significantly correlated to total mean reaction times or accuracy scores across subjects and
did not mediate the effect of group on second half response times to the vigilance condition
(ps>.05) (e.g., the relationship between first half accuracy scores on the vigilance condition
and group reached near significance after controlling for FSIQ, p=.07).

Motion
To ensure that movement during the task did not affect results differently for each group, we
performed Mann-Whitney tests comparing average movement in each direction (i.e., roll,
pitch, yaw, superior, left, posterior) during the task and total number of repetitions removed
between groups. The number of repetitions removed due to movement did not differ
between groups (mean totals included were ALC=148.9±2.9, CON=144.4±2.7).
Comparisons for bulk motion were also non-significant between groups (ps=0.3–0.7). Task-
correlated motion values were also statistically comparable (ps≥.05). Motion corrections
related to roll, pitch, yaw, superior-to-inferior, left-to-right, and posterior-to-anterior axis
displacement for the CON group were −.06, −.16, .26, −.27, −.05, −.04, and for the ALC
group were .07, .19, .20, .33, −.06, −.05. Between-group analyses on task-correlated motion
artifact estimates were also non-significant (ps>.2), suggesting that movement artifact is not
a significant concern for interpreting the data described in this study.

BOLD response
Single sample t-tests (1164µl, α=.05) examined SWM relative to vigilance response within
ALC and CON groups and characterized each groups’ general pattern of activation (Figure
2). Each group demonstrated the expected pattern of dorsolateral fronto-parietal activation
associated with the task in typically developing individuals (Nelson et al., 2000;Thomas et
al., 1999). However, differences in the extent of activation were evident upon qualitative
comparison, where ALC subjects had relatively greater activation within the expected
regions, in addition to increased activation in less expected subcortical regions. Closer
examination of these single-sample t-tests (i.e., unthresholded comparisons) indicated that
group differences were primarily due to CON subjects’ relatively greater activation to the
vigilance condition and ALC subjects’ greater response to the SWM task. Additional single-
sample t-tests were conducted in ALC and CON groups for SWM and vigilance relative to
fixation conditions (1164µl, α=.05). These comparisons confirmed greater BOLD activation
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in ALC subjects in response to both SWM and vigilance conditions across widespread brain
regions.

Independent samples t-tests were conducted to compare BOLD response contrast between
groups on SWM relative to vigilance conditions to assess for statistically significant
differences in BOLD response during the SWM condition. ALC individuals demonstrated
significantly greater BOLD activation during SWM blocks relative to vigilance blocks
compared to CON subjects across widespread cortical regions including bilateral middle,
superior and inferior frontal gyri, left and right superior temporal gyri, left parahippocampal
gyrus, right supramarginal, middle temporal, and precentral gyri, and left lingual gyrus and
cuneus. Increased activation to the SWM relative to the vigilance condition was also
observed in youth with FASDs in bilateral insulae, claustra, globus pallidum, and putamina
(Table 3, Figure 3). We then assessed whether these differences in activation were
secondary to the discrepancy across groups in FSIQ. While we found that increasing FSIQ
was negatively related to each of the reported 6 clusters of brain activation (ps ≤ .10), when
the clusters were regressed onto diagnosis, the addition of FSIQ to the model did not
contribute a significant amount of variance to any relationship (partial regression
coefficients ps>.10) (Baron and Kenny, 1986; Judd and Kenny, 1981). Therefore, FSIQ did
not mediate differences in BOLD activation to SWM relative to vigilance conditions.

Based on the evidence that central nervous system (CNS) stimulants (e.g., Ritalin) can
positively skew BOLD activation (Bush et al., 2008; Shafritz et al., 2004), we conducted a
separate comparison excluding the 2 ALC individuals and 1 CON participant who were
taking stimulants. Although the total number of subjects for this new comparison was
smaller (ALC=8, CON=11), we found strikingly similar results. Alcohol exposed subjects
had qualitatively and statistically significantly greater BOLD activation in areas comparable
to those demonstrated in the larger group comparison (1164µl, a=.05).

Behavioral Correlates of BOLD Response
Relationships between BOLD response and task performance can help to illustrate the
behavioral relevance of observed BOLD response alterations in the ALC group. For
instance, relationships between increased SWM accuracy and degree of BOLD response in
particular brain regions might underscore areas supporting effective SWM, whereas
associations between decreased SWM accuracy and degree of regional BOLD response
might indicate less effective patterns of brain activation. Within each group, each
participant’s average BOLD activation in the regions of significant difference was correlated
with individual SWM and vigilance task accuracy and reaction times. For the CON group,
increased BOLD response in the right middle frontal gyrus/ BA 8, 6, medial frontal and
superior frontal gyri was related to decreased reaction times in the first half of the vigilance
condition (r=− .64, p=.04). There were no significant correlations with performance in the
ALC group.

Age, Behavioral Performance, and BOLD Response
As spatial working memory abilities have been demonstrated to improve over the course of
development (Klingberg et al., 2002; Kwon et al., 2002; Schweinsburg et al., 2005; Smith et
al., 1996; Thomas et al., 1999), we examined the relationship between age and task
performance. With increasing age ALC subjects responded faster to the first half of the
vigilance condition (r=−.72, p=.05), were more accurate on the second half of the same task
(r=.74, p=.04), but less accurate on the second half of the SWM condition (2nd half range=
75 to 93%, r=−.74, p=.04). Age was not significantly correlated with any of the behavioral
outcomes in the CON youth or to SWM relative to vigilance BOLD response in either
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group, although this was not surprising given the restricted range of performance (SWM
accuracy SD=10; vigilance accuracy SD=8) and small sample size.

Evaluation of Total Brain Volume
Finally, structural abnormalities in alcohol-exposed individuals may complicate localization
of BOLD response, therefore, total brain volume was considered as a potential factor
accounting for between group BOLD response differences. In order to address this question,
the high resolution anatomical image of each participant was processed with the FSL brain
extraction and automated segmentation tools (FMRIB’s Software Library,
http://www.frib.ox.ac.uk/fsl/index.html; (Smith, 2002; Zhuang et al., 2005) and whole-brain
voxel counts were conducted using AFNI’s 3dROIstats function (Cox, 1996; Cox and Hyde,
1997). A post hoc between-group comparison of total brain volume indicated that brain size
did not differ between alcohol-exposed and comparison subjects (F(1,21)=1.06, p = 0.32),
suggesting that BOLD response patterns observed in this study are unlikely influenced by
between-group differences in total brain volume.

DISCUSSION
This study employed fMRI methodology to compare BOLD response between youth with
histories of prenatal alcohol exposure and non-exposed age, sex, and performance-matched
controls in response to a SWM paradigm. Alcohol-exposed individuals had lower FSIQ
scores (WISC-3), and these scores were related to response latency in the latter half and
accuracy on the first portion of the baseline vigilance condition, although group differences
were only significant for reaction time. These findings suggest that across the entire sample,
individuals with higher FSIQ scores were better able to meet task demands, initially
responding more accurately and with increased speed as the task progressed. Interestingly,
this relationship with FSIQ was only noted in the control (vigilance) condition and there was
no relationship between FSIQ and performance on the SWM condition, highlighting the
importance of considering lower order task demands when assessing higher-order cognitive
domains. In CON individuals, we also observed that increased BOLD response in the SWM
relative to the vigilance condition in the right middle, medial, and superior frontal gyri
predicted improved response times during the first half of the “dot-detection” or vigilance
condition, suggesting that increased utilization of these regions supported faster response in
the context of sustained attention. This relationship was not observed in ALC subjects, and
is especially interesting considering prior evidence of hypoactivation of right prefrontal
regions during motor-inhibition tasks in youth with ADHD (Rubia et al., 1998; Rubia et al.,
2005; Smith et al., 2006). Finally, we did not observe improved SWM performance in
relation to increasing age, although this was not surprising given our small sample size and
restricted acceptable range of performance.

In terms of BOLD response to SWM, both groups showed similar overall patterns of
activation to the SWM task condition in expected regions encompassing bilateral
dorsolateral prefrontal lobes and parietal areas (Nelson et al., 2000; Thomas et al., 1999).
However, ALC subjects activated more to the SWM relative to the vigilance condition in
bilateral inferior, middle, and superior frontal gyri, superior temporal and occipital gyri,
lentiform nuclei, and insulae. These results may suggest that increased brain response in
prefrontal and subcortical areas was necessary to maintain adequate performance to the
SWM condition in alcohol-exposed individuals. Indeed, previous studies of alcohol-exposed
individuals have demonstrated differences compared to controls in the size and structure of
frontal cortices (Archibald et al., 2001; Sowell et al., 2001b; Sowell et al., 2002a; Sowell et
al., 2002b) and subcortical regions (Archibald et al., 2001; Mattson et al., 1994), suggesting
that increased BOLD response may represent a compensatory mechanism for altered brain
anatomy. However, our groups had no brain volume discrepancies. It also remains unclear
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as to whether changes in brain structure reliably predict BOLD response in any particular
direction (Nagel et al., 2005). Alternatively, heightened activation may be required in the
face of challenging SWM task demands. Previous studies suggest that regions of increased
BOLD response might reflect greater recruitment of neural resources to compensate for
poorer neurocognitive abilities. For example, in a study of typically developing adolescents,
poorer neuropsychological performance on tests of working memory (e.g., WAIS-3 Digits
backward and Arithmetic) positively predicted brain response to the SWM task used in the
present study in many of the brain regions where greater activation was observed in alcohol-
exposed subjects (i.e., bilateral inferior frontal gyri, insulae, claustra, superior frontal gyri,
and right lingual gyrus (Nagel et al., 2005). While our intentionally easy task did not
illustrate relationships between ALC group performance and BOLD response, there is
evidence of poorer working memory and visuospatial abilities in youth with FASDs, and
these deficits may be associated with increased BOLD activation during SWM.

Examination of neurofunctional development in typically developing youth suggests
increased reliance on specialized networks in response to cognitive demands from childhood
to adulthood (Casey et al., 2005). Interestingly, ALC subjects demonstrated greater BOLD
response in regions outside recognized SWM regions (Ungerleider and Haxby, 1994) (i.e.,
insulae, temporal and occipital areas, putamina and globus pallidum), suggesting that youth
with FASDs may have employed a “non-expert” network of activation in response to SWM.
Also, whereas ALC subjects demonstrated greater activation in bilateral insulae, Scherf and
colleagues reported decreasing reliance on the insula during a SWM task in adults versus
adolescents and children (Scherf et al., 2006). These findings may indicate developmentally
immature patterns of BOLD response in youth with FASDs, although future studies are
needed to specifically test this hypothesis.

Previous fMRI studies in youth with FASDs also suggest alterations in functional response
to cognitive demands. As with the current study, Malizsa and colleagues (2005) also
observed greater brain response in ALC subjects relative to CON subjects during a SWM
task in inferior frontal regions, although superior frontal and parietal regions demonstrated
less response relative to a healthy comparison group in their study. Differences in methods
may have contributed differential findings (for a commentary on this study see Bookheimer
and Sowell, 2005). Furthermore, both studies detected group differences despite the lack of
apparent structural anomalies in ALC subjects. Other fMRI studies examining verbal
learning and response inhibition also reported increased BOLD activation in the prefrontal
cortex compared to control groups despite comparable task performance (Fryer et al., 2007b;
Sowell et al., 2007). Sowell and colleagues (2007a) suggested that alcohol-exposed youth
may rely more extensively on prefrontal cortices to carry out the demands of verbal learning
(i.e., encoding, retrieval) in the presence of compromised medial temporal regions, where
relative decreases in BOLD activation and relative increases in gray matter have been
observed. Our group also previously reported heightened BOLD response across frontal
regions in conjunction with reduced striatal (caudate) response during a behavioral
inhibition task (Fryer et al., 2007b) which could also reflect compensatory activation of
frontal regions for deficient caudate function. While differences in task demands and
methodologies constrain our ability to draw conclusions across studies, one might theorize
that decreased activation in regions important for task demands (i.e., caudate during
inhibition, medial temporal lobe during verbal learning and memory) necessitates
hyperactivity in prefrontal regions. However, in the current study we did not observe any
regions of decreased activation in the ALC group as compared to the CON youth.
Alternatively, it may be the case that across verbal working memory, inhibition, and SWM
tasks, frontal structures are taxed to a greater degree during cognitive demands (Sowell et
al., 2007).
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In the context of equivalent performance to a SWM task, the current results suggest that
widespread increases in BOLD response in youth with FASDs could indicate either
decreased efficiency of relevant brain networks, or compensation for deficiency at neural
and/or cognitive levels. We observed greater brain activation in regions outside those
“expert” in SWM processing (e.g., insula) in ALC youth, which could be viewed as
evidence for less efficient coordination of neural resources (Casey et al., 2005). Also,
previous studies have reported that decreased neuropsychological performance positively
predicts brain activation to SWM in many of the regions in which we observed increased
activation in our ALC group (Nagel et al., 2005), supporting the notion that heightened
neural recruitment may be necessary to compensate for poorer neurocognitive abilities.
Although our groups performed equally on SWM, the ALC group had lower FSIQ scores,
and FSIQ moderated group differences in brain response. Therefore, compromised
neuropsychological function may suggest a greater need for neural resources to adequately
complete the task. Finally, although our groups were matched on total brain volume, we
cannot rule out that microstructural abnormalities in alcohol-exposed individuals (Fryer et
al., 2008) and their adverse impact on neurocognitive skills (Sowell et al., 2001a), (O'Hare et
al., 2005; Sowell et al., 2008a; Sowell et al., 2008b) may have contributed to differential
BOLD activation and neurofunctional changes.

Study Limitations
There are several limitations to the current study. Differences in BOLD activation in
alcohol-exposed youth could be interpreted as a difference in either cognitive strategy or
processing at the neuronal level (Price and Friston, 1999). Although we attempted to
ascertain cognitive strategy using a post-scan questionnaire, the majority of subject
responses were too vague to interpret any differences meaningfully. Therefore we cannot
rule-out the possibility that the alcohol-exposed youth in our current sample employed
different cognitive strategies from CON subjects, resulting in the observed differential
BOLD activation.

In addition, small sample size (n=22) restricts the generalizability of these findings and
maturational differences among the large age range sampled (10–18 years) may confound
detection and interpretation of group differences. Also, we did not match subjects based on
FSIQ scores, psychiatric diagnoses, or psychoactive mediations. However, despite between-
group differences in intelligence, the BOLD response differences observed in this study
were not mediated by FSIQ scores. In terms of medications, a separate comparison
excluding subjects taking CNS stimulants confirmed that these results were not simply an
artifact of stimulant prescriptions. However, subjects in the ALC group were also taking
anti-depressants, anti-convulsants and mood stabilizers. Because of the high incidence of
psychiatric comorbidities in individuals with prenatal alcohol exposure (Fryer et al., 2007a),
excluding medicated subjects would limit the generalizability of these results. Although
asking subjects to abstain from medication prior to scanning would have been an alternative
option, we did not believe this was in the best interest of our subjects. Furthermore, we did
not want to jeopardize subjects’ ability to tolerate the scanning procedure by removing them
from their routine medication. If possible, future studies might consider excluding subjects
who are prescribed stimulant medications that may affect baseline performances, and
attempt to limit subjects prescribed other psychotropic medications whose effects on brain
activation are less well characterized.

Conclusions
Differences in BOLD response to a SWM task, in which alcohol-exposed individuals
performed as well as the comparison group, were significant above and beyond
contributions of age, brain volume, FSIQ, and CNS stimulant medication use. In addition,
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activation in brain regions outside those typically thought to subserve SWM performance
was observed in ALC youth, but not in CON youth. Current findings suggest that increased
BOLD response in largely prefrontal and subcortical regions could mark decreased
effectiveness of pertinent brain networks or compensation for deficiency at neural and/or
cognitive levels. Future studies might employ parametric manipulation of task stimuli and
utilize rapid event related designs to discriminate whether individuals with FASDs can
compensate at more challenging levels of performance. Future studies might also ascertain
whether heightened activation in task relevant areas or activation of less efficient brain
networks, or both, result from paradigms with increasing task difficulty.
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Figure 1.
Spatial working memory task stimuli
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Figure 2.
Within group t-tests (1,664µl, α=.05) demonstrate expected dorsolateral frontal parietal
activation patterns to SWM relative to vigilance in both groups. ALC group (right) has
relatively greater activation within the expected regions of activation as well as in
subcortical regions than CON group (pictured left).
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Figure 3.
Regions of SWM BOLD response (i.e., bilateral inferior, middle, and superior frontal gyri,
superior temporal and occipital gyri, lentiform nuclei, and insulae) that were significantly
greater in the alcohol-exposed (ALC) group compared to control (CON) group in the SWM
relative to vigilance comparison (1,664µl, α=.05).
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Table 1

Demographics and intelligence scores for children with heavy prenatal alcohol exposure (ALC) and controls
(CON).

N(%) or mean ± SD Control (n = 12) ALC (n = 10) Statistical test

Age at MRI scan 13.6 ± 2.6 14.7 ± 1.9 F=1.25, p = .28

Male 5 (42%) 6 (60%) χ2=. 73, p = .39

Female 7 (58%) 4 (40%)

Caucasian 5 (42%) 7 (70%) χ2=1.76, p = 18

Non-Caucasian 7 (58%) 3 (30%)

Full Scale IQ (WISC-III) 106 ± 15 87 ± 12 F=11.11, p = .003

Hollingshead SES scores 52 ± 13 49 ± 5 F=. 42, p = .52
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Table 2

SWM Task Performance in children with heavy prenatal alcohol exposure (ALC) and controls. Data are
presented as mean +/− standard deviation.

Variable Control (n = 12) ALC (n = 10) Statistical Test

Vigilance accuracy (%)  93% ± 8 90% ± 11 F=. 91; p=.35

SWM accuracy (%)  87% ± 10 84% ± 9 F=. 41; p=.53

Vigilance reaction time (ms)*  617ms ± 47 684ms ± 73 F=5.97; p=.03

SWM reaction time (ms) 569ms± 67 561ms± 125 F=.03; p=.87

*
p ≡ .03
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