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Abstract: Although children with heavy prenatal alcohol exposure may exhibit the distinctive facial
dysmorphology seen in full or partial fetal alcohol syndrome (FAS/PFAS), many lack that dysmor-
phology. This study examined the functional organization of working memory in the brain in three
groups of children—those meeting diagnostic criteria for FAS or PFAS, heavily exposed (HE) nonsyn-
dromal children, and healthy controls. A verbal n-back task (1-back and 0-back) was administered to
47 children (17 with FAS/PFAS, 13 HE, and 17 controls) during fMRI. Intra-group one-sample t-tests
were used to identify activity regions of interest central to verbal working memory including the dor-
sal prefrontal cortex (dPFC), inferior frontal gyrus, caudate/putamen, parietal cortex, and cerebellar
Crus I/lobule VI and lobule VIIB-IX. Whereas groups did not differ in task sensitivity, fMRI analyses
suggested different patterns of sub-network recruitment across groups. Controls primarily recruited
left inferior frontal gyrus (Broca’s area). By contrast, HE primarily recruited an extensive set of fronto-
striatal regions, including left dPFC and left caudate, and the FAS/PFAS group relied primarily on
two cerebellar subregions and parietal cortex. This study is, to our knowledge, the first to demonstrate
differential recruitment of critical brain regions that subserve basic function in children with different
fetal alcohol spectrum disorders compared to controls. The distinct activation patterns seen in the two
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INTRODUCTION

Studies spanning four decades have identified a broad
range of cognitive and behavioral deficits in children with
fetal alcohol spectrum disorders (FASD). Fetal alcohol syn-
drome (FAS), the most severe form of FASD, is character-
ized by distinctive craniofacial dysmorphology (short
palpebral fissures, thin upper lip, flat, or smooth phil-
trum), small head circumference, and growth retardation
[Stratton et al., 1996]. Partial FAS (PFAS) is diagnosed
when there is a history of heavy maternal drinking during
pregnancy, the presence of two of the three principal alco-
hol-related facial anomalies, and small head circumference,
growth retardation, or cognitive and/ or behavioral dys-
function [Hoyme et al., 2005]. Other heavily exposed chil-
dren lack the distinctive facial anomalies but exhibit
cognitive impairment in the same domains as syndromal
children that is generally somewhat less severe [Coles
et al., 1997; Dodge et al., 2009; Jacobson et al., 2008; Matt-
son et al., 1998]. In one of the few studies to compare re-
gional brain volumes among syndromal, nonsyndromal
HE, and nonexposed children, virtually all the volumetric
differences were limited to the children with FAS [Archi-
bald et al., 2001]. Children who meet diagnostic criteria for
FAS or PFAS are generally the most heavily exposed
[Jacobson et al., 2008].

Although differences among sub-groups in the FASD
spectrum have been examined extensively in the neuropsy-
chological literature, potential differences among these sub-
groups in the implementation of fundamental processes,
such as working memory have not been investigated with
fMRI. Most fMRI studies relating to FASD have compared
heavily exposed subjects with nonexposed controls [e.g.,
Fryer et al., 2007; Sowell et al., 2007; Spadoni et al., 2009],
presumably because too few children meeting diagnostic
criteria for FAS were available to examine separately.

Working memory refers to a cognitive system that pro-
vides temporary storage and manipulation of the informa-
tion required to perform a higher order cognitive task
[Baddeley, 1992, 1996]. Baddeley’s model of verbal work-
ing memory hypothesizes a phonological loop that permits
the short-term maintenance of verbal information. This
loop has two components—a phonological store, which
can hold speech-related items for 1–2 s, and an articulatory
control system, which involves subvocal rehearsal to pre-
vent their rapid decay. Working memory is mediated by a
well-characterized cortico-striatal-cerebellar network. In
both children and adults, the frontal lobe reliably responds
when subjects are asked to maintain verbal tokens tempo-

rarily, and, in adults, the working memory response in
both dorsal prefrontal cortex (dPFC) and Broca’s area is
load dependent [Cohen et al., 1997]. The working memory
network also extends to other cortical and subcortical
regions, including the basal ganglia (caudate and puta-
men), parietal cortex, and cerebellum [Wager and Smith,
2003]. Meta-analyses suggest that the ventral aspects of the
prefrontal cortex, particularly Broca’s area, are sensitive to
demands involving articulatory rehearsal (e.g., verbal n-
back paradigms involving letters), whereas the dorsal
aspects are particularly responsive during maintenance
and manipulation of information regardless of stimulus
type [Chein et al., 2002]. The basal ganglia subserve work-
ing memory function by integrating signals with the pre-
frontal cortex [Chang et al., 2007; Voytek and Knight,
2010]. In the cerebellum, several regions have been impli-
cated in working memory-related processing, including
the junction of Crus I/lobule VI, as well as lobule VIIB/
VIIIA within the inferior cerebellum, which is believed to
be involved in maintenance of information over delays
[Marvel and Desmond, 2010; Stoodley and Schmahmann,
2009].

Working memory has emerged as an important cogni-
tive domain in the study of FASD. Kodituwakku et al.
[1995] have suggested that the neuropsychological tasks
that best discriminate alcohol-exposed from nonexposed
children are those that depend on the ‘‘ability to manage
goals in working memory in a flexible manner’’ (p. 1562).
In a factor analytic study, Burden et al. [2005] found that
working memory was the component of attention most
strongly related to moderate-to-heavy prenatal alcohol ex-
posure in our Detroit prospective longitudinal cohort at
7.5 years. Working memory deficits have also been docu-
mented in alcohol-exposed children and adolescents in a
prospective longitudinal study conducted at the University
of Washington [Olson et al., 1998; Streissguth et al., 1993]
and in adults with FASD [Connor et al., 2000; Kerns et al.,
1997]. Although working memory is a critical component
of the general cognitive competence assessed on IQ tests,
the fetal alcohol-related deficit in working memory is evi-
dent even after statistical adjustment for overall IQ [Bur-
den et al., 2005; Connor et al., 2000]. Yet, the neural bases
of working memory function in FASD have only been
investigated to a limited degree, and differences in neural
recruitment between children with FAS or PFAS and other
heavily exposed children have never been examined.

Working memory is a potentially informative domain to
investigate using fMRI as studies have (a) clarified the cor-
tico-striatal-cerebellar bases of its implementation in
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populations of diverse ages [Wager and Smith, 2003], (b)
demonstrated its developmental bases [Edin et al., 2007],
and (c) provided evidence of alternative functional archi-
tectures and compensatory mechanisms associated with
alcohol exposure [Pfefferbaum et al., 2001]. In a recent
study, O’Hare et al. [2009] used fMRI to study working
memory (with a Sternberg task) in 20 children and adoles-
cents with FASD and 20 typically developing controls
(mean age ¼ 10.8, range ¼ 7–15 years). Children were
instructed to encode an array of letters for 1.5 s and were
then shown a series of individual letters and asked to
identify whether each was or was not part of the previous
array. Because the controls performed more accurately
than the exposed children on the trials with one-letter
arrays, only the fMRI data from the more difficult three-
and six-letter array trials were examined. Both groups acti-
vated essentially the same cortico-cerebellar networks,
including diffuse portions of dorsolateral prefrontal cortex,
superior parietal cortex, and cerebellum. However, the
exposed children showed greater activation particularly in
the dorsal frontal, left inferior parietal, bilateral posterior
temporal, and superior cerebellar regions.

In this work, we report findings from an fMRI study of
working memory in a more heavily exposed cohort of chil-
dren than that examined by O’Hare et al. [2009], using a
simpler working memory task. This is the first fMRI study
to use an n-back task to examine working memory effects
in FASD. This is also, to our knowledge, the first study to
compare regional brain activations in three groups of chil-
dren—a group diagnosed with FAS or PFAS, a nonsyndro-
mal heavily exposed (HE) group, and a healthy control
group whose mothers abstained or drank no more than
minimally during pregnancy. This study was conducted in
Cape Town, South Africa, where there is a very high prev-
alence of heavy alcohol use during pregnancy in the Cape
Coloured (mixed ancestry) community [Croxford and Vil-
joen, 1999; Jacobson et al., 2008] and the incidence of FAS
is 18–141 times greater than in the United States and
among the highest in the world [May et al., 2000, 2007].
On the basis of the previous neuropsychological studies,
we predicted that the alcohol-exposed children would per-
form adequately on a simple 1-back task but would prob-
ably perform more poorly than controls on a more
challenging 2-back paradigm. Given the heavier exposure
and unique dysmorphology in the children with FAS or
PFAS, we examined whether, in an fMRI study, the FAS/
PFAS group might exhibit different patterns of neural acti-
vation than those seen in the nonsyndromal HE group.

METHODS

Participants

Participants were 47 children (27 males and 20 females)
from a prospective longitudinal cohort in Cape Town,
South Africa, who ranged in age from 8.9 to 10.6 years
[Jacobson et al., 2008]. Their mothers were recruited

between July 1999 and January 2002 at the antenatal clinic
of a midwife obstetric unit that serves an economically dis-
advantaged, predominantly Cape Coloured population.
This population, composed mainly of descendants of white
European settlers, Malaysian slaves, Khoi-San aboriginals,
and black African ancestors, historically comprised the
large majority of workers in the wine-producing and fruit-
growing region of the Western Cape Province of South
Africa. The high prevalence of FAS is a consequence of the
very heavy maternal drinking during pregnancy com-
monly found in this community, due to poor psychosocial
circumstances and the traditional dop system, in which
farm laborers were paid, in part, with wine. Although the
dop system has been outlawed, heavy alcohol consumption
persists in certain sectors in urban and rural Cape Col-
oured communities [Carter et al., 2005; Jacobson et al.,
2006], and weekend binge drinking is a major source of re-
creation for many in the community.

Each gravida was interviewed at her first antenatal visit
regarding her alcohol consumption during pregnancy,
using a timeline follow-back interview [Jacobson et al.,
2002, 2008]. Any woman averaging at least 1.0 oz absolute
alcohol (AA) per day, the equivalent of two standard
drinks, or reporting at least two incidents of binge drinking
(five standard drinks/occasion) during the first trimester of
pregnancy was considered a heavy drinker and invited to
participate. Women initiating antenatal care who drank <
0.5 oz AA/day and did not binge drink during the first tri-
mester were invited to participate as controls. All women
who reported drinking during pregnancy were advised to
stop or reduce their intake and offered referral for treat-
ment. Women <18 years of age and those with diabetes,
epilepsy, or cardiac problems requiring treatment were not
included. Religiously observant Muslim women were also
excluded, because their religious practices prohibit alcohol
consumption, and they would, therefore, have been dispro-
portionately represented among the controls. Infant exclu-
sionary criteria were major chromosomal anomalies, neural
tube defects, multiple births, and seizures.

Each mother was transported to our UCT laboratory by
a staff driver and research nurse once during mid-preg-
nancy and again at 1-month postpartum and interviewed
using the timeline follow-back approach regarding her
alcohol, smoking, and drug use during the middle and
later parts of pregnancy, respectively. Volume was
recorded for each type of beverage consumed and con-
verted to oz of AA. The data from the antenatal clinic,
antenatal laboratory, and postpartum visits were averaged
to provide three summary measures of alcohol use during
pregnancy: average oz AA/day and AA/drinking day
(dose/occasion) and frequency (days/week).

Each child was examined for growth and FAS dysmor-
phology at 5 years of age by two expert US-based dysmor-
phologists using a standard protocol [Hoyme et al., 2005]
during a 6-day clinic held in September 2005 at a neighbor-
hood church [Jacobson et al., 2008]. There was substantial
agreement between the two dysmorphologists regarding
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assessment of all the dysmorphic features, including the
three principal facial anomalies—philtrum and vermilion
measured on the Astley and Clarren [Astley and Clarren,
2001] rating scales and palpebral fissure length (r’s ¼ 0.80,
0.84, and 0.77, respectively)—and between them and a Cape
Town-based dysmorphologist, who examined a small subset
of children who could not attend the clinic (median r ¼
0.78). The dysmorphologists, SJ, JJ, and CM, subsequently
conducted a case conference to reach consensus regarding
which children met criteria for the FAS and PFAS diagnoses.

PROCEDURE

Working memory was assessed at 9 years on an n-back
task administered as part of a neuropsychological test bat-
tery at our UCT Child Development Research Laboratory
and subsequently using fMRI at the Cape Universities Brain
Imaging Centre. The examiners who conducted the assess-
ments were blind with regard to maternal alcohol history
and the child’s diagnostic status, except in the most severe
cases where FAS status was obvious. Written informed con-
sent was obtained from the mothers and oral assent from
the children. Approval for human research was obtained
from the Human Investigation Committee at Wayne State
University and the Faculty of Health Sciences Research
Ethics Committee at the University of Cape Town. Mothers
and children were given breakfast, lunch, and a snack dur-
ing the morning at each visit. At the end of each visit, the
mother received a small monetary compensation and photo-
graph of her child, and the child was given a small gift.

Neuropsychological Assessment

n-Back

The n-back task was adapted from Casey et al. [1995].
The child sat in front of a computer, on which a series of
letters was displayed. The ‘‘F’’ and ‘‘J’’ keys on the com-
puter were each covered with a white sticker. In the 1-
back condition, which was administered first, the child
was instructed to press the left key if the letter that
appeared on the screen was the same as the previous let-
ter; the right key if it was not. Four consecutive 12-letter
blocks were administered. Each letter appeared on the
screen for 500 ms, followed by a 2500-ms interstimulus
interval (ISI). A fixation cross was presented for 15 s
between each block. In the 2-back condition, the child was
instructed to press the left button if the letter on the screen
was the same as the one that appeared two letters before;
the right key, if it was not. Four consecutive 2-back blocks
were administered using the same timing as in the 1-back
condition. Behavioral data are missing for the 1-back task
from six children due to a computer malfunction and from
one who did not complete the task. The principal behav-
ioral outcome was d-prime, which measures number of
correct button presses, adjusted for false alarms, to correct

for any tendency to press the same button regardless of
whether the stimulus was seen previously.

IQ assessment and handedness

All the children were administered the Wechsler Intelli-
gence Scale for Children, fourth edition (WISC-IV) at the
9-year visit in English or Afrikaans, depending on the lan-
guage used in the child’s elementary school classroom.
The WISC-IV was translated into Afrikaans by a clinical
psychologist whose first language is Afrikaans. At the 5-
year follow-up of this cohort, we had administered the
Junior South African Intelligence Scale [JSAIS; Madge
et al., 1981], which is available in Afrikaans and English
and has been normed for South African children. Seventy-
one of the children from that follow-up were administered
the WISC-IV at 9 years. IQ scores obtained using the JSAIS
at 5 years were strongly correlated with the 9-year WISC
scores, r ¼ 0.79, P < 0.001. Handedness was assessed on
the Annett (1970) Behavioral Handedness Inventory.

Neuroimaging Assessment

Each child was scanned on a 3 T Allegra MR scanner
(Siemens, Erlangen Germany). A magnetization-prepared
rapid gradient echo structural image was acquired in a
sagittal orientation with the following parameters: TR ¼
2,300 ms, TE ¼ 3.93 ms, TI ¼ 1,100 ms, 160 slices, flip
angle 12�, voxel size ¼ 1.3 � 1.0 � 1.0 mm3, and scan time
¼ 6:03 min. During the fMRI protocol, 180 functional vol-
umes sensitive to blood oxygen level dependent contrast
were acquired with a T2*-weighted gradient echo, echo
planar imaging sequence [TR ¼ 2,000 ms, TE ¼ 30 ms, 34
interleaved slices, 3 mm thick, gap 0.9 mm, 200 � 200 mm
field of view (in-plane resolution 3.125 � 3.125 mm2)]. The
first four volumes were discarded from all analyses in
order to allow the signal to reach steady state.

Letters were projected in sequence (presentation time:
500 ms; ISI: 2,500 ms). In the zero-back (control) condition,
subjects pressed the left button with their right index fin-
ger every time they saw a letter other than the letter ‘‘D’’
and their right middle finger for the letter ‘‘D.’’ In the 1-
back condition, they pressed the left button with their
right index finger for every letter they saw except if the
letter was the same as the one shown previously in the
sequence, in which case they pressed the button under
their right middle finger. Conditions were blocked (12 let-
ters per block and 36 s duration). Each active block was
preceded by an instruction slide displayed for 5 s indicat-
ing either a 0-back (‘‘Target ¼ D’) or 1-back (‘‘1-BACK’’)
condition. Subjects were presented with six active blocks
(three of each condition) in randomized order. A fixation
cross was presented for 15 s preceding each active block
and following the final active block. Total task duration
was 5 min and 51 s and was triggered by the scanner to
start automatically after the acquisition of the first four
dummy scans. Each child practiced the task initially in a

r Diwadkar et al. r

r 1934 r



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, Pittsburgh,
PA) and presented using a data projector positioned in the
control room behind the scanner in line with the bore of
the magnet. Images were projected through a waveguide
onto a rear projection screen mounted behind the scanner,
which subjects viewed using the standard mirror system
that mounts to the single channel head coil. Responses
were recorded using a Lumitouch response system (Pho-
ton Control, Burnaby, Canada). 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.

fMRI processing

MR images were preprocessed and analyzed using SPM8
(Statistical Parametric Mapping, Wellcome Department of
Imaging and Neuroscience, London, UK). For fMRI, all
images were manually oriented to the AC-PC line, real-
igned to correct for head movement, spatially normalized
to the Montreal Neurological Institute template brain,
resliced (2 mm3), and smoothed spatially by a Gaussian fil-
ter of 8-mm full-width half maximum. An autoregressive
AR(1) model was used to account for serial correlation, and
regressors modeled as a 36-s box-car vectors (for each of
the task-related conditions) were convolved with a canoni-
cal hemodynamic reference wave form, with the six motion
parameters included as covariates of no interest. To isolate
memory-related processing, first level contrasts were based
on 1-back > 0-back contrasts for each subject.

The a priori working memory network, including Broca’s
Area (inferior frontal gyrus), dPFC, basal ganglia (caudate
þ putamen), parietal cortex, and Crus I/lobule VI and
lobules VII-IX of the cerebellum, was defined based on
previously published methods [Maldjian et al., 2003;
Tzourio-Mazoyer et al., 2002] (see Supporting Information
Fig. 1). Cluster level significance to detect minimum extent
thresholds of contiguous voxels (P < 0.01) was set at PFWE

< 0.05 [Ward, 2000]. Intragroup one-sample t tests were
used to identify clusters of significant activation in three
groups of children: children who met diagnostic criteria
for FAS or PFAS, nonsyndromal HE children, and con-
trols. The first level contrasts (1-back > 0-back) for each of
the clusters were then subjected to second-level random
effects analyses of variance with group as the single factor,
and the eigenvalues (betas) for each subject were extracted
for use in subsequent analyses.

Statistical Analysis

Eleven control variables were assessed for consideration
as potential confounders of the effect of alcohol exposure
group on n-back performance: maternal socioeconomic sta-
tus, years of education, marital status, age at delivery, par-

ity, and smoking during pregnancy, and child gender,
total intracranial volume, age at assessment, IQ, and post-
natal lead exposure based on a venous blood lead sample
obtained from the child at 5 years of age. Each control
variable was examined in relation to each behavioral out-
come and cluster of interest. Any control variable that
related at P < 0.10 to a behavioral or neuroimaging out-
come was considered a potential confounder of the effect
of exposure group on that endpoint. Analysis of covari-
ance (ANCOVA) was used to determine whether the effect
of exposure on each outcome remained significant after
adjustment for potential confounders.

We first report the results of ANCOVAs comparing the
performance of the three groups (FAS/PFAS, HE, and con-
trols) on the two behavioral tasks. Next, we present contrast
maps indicating the regions recruited under working mem-
ory conditions (1-back > 0-back) for each group separately.
We then report the results of ANCOVAs comparing the
beta values (derived as noted above) for the three groups on
the clusters of interest that emerged in the intragroup analy-
ses, adjusted, where necessary, for potential confounders.

RESULTS

Sample Characteristics

Demographic and background characteristics are sum-
marized in Table I. Six (20.0%) children born to the 30
heavy drinking mothers met the revised Institute of Medi-
cine criteria [Hoyme et al., 2005] for full FAS: at least two
of the principal dysmorphic features (short palpebral fis-
sures, thin upper lip, flat, or smooth philtrum), small head
circumference (bottom 10th percentile), and low weight or
short stature (bottom 10th percentile); 11 met criteria for
PFAS. Thirteen children, the nondysmorphic HE group,
were born to heavy drinking mothers but did not meet cri-
teria for FAS or PFAS, and 17 children, the healthy control
group, were born to women who abstained or drank at
very low levels during pregnancy.

Although the women in the two alcohol consuming
groups concentrated their drinking on 1.2–1.4 days/week
on average and the women in both groups met criteria
for the revised NIAAA criterion for binge drinking by
women (four or more drinks/occasion), the mothers in
the FAS/PFAS group averaged substantially more alcohol
intake per occasion—8.0 drinks/occasion, compared to 5.4
for the HE group, P ¼ 0.036. By contrast, all but two
women in the control group abstained; one woman drank
only three times during pregnancy (two drinks/occasion);
the other drank three drinks/occasion twice/month.
None of the women reported using cocaine or methaqu-
alone (‘‘mandrax’’), and two mothers of children with
PFAS reported light marijuana use (1–3 days/month) dur-
ing pregnancy. There were no between-group differences
for social class, marital status, maternal age at delivery,
smoking, child gender, or blood lead levels, all P’s > 0.10
(Table I). Mothers of children in the FAS/PFAS and HE
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groups completed fewer years of school than control
mothers and had more children than those in the other
two groups. The children in the HE group were slightly
older than those in the two other groups at scan. As
expected, the IQ scores of the children in the FAS/PFAS
group were lower than the controls, P ¼ 0.002, and
tended to be lower than those in the HE group, P ¼
0.073; IQ scores of the HE and control groups were not
significantly different, P > 0.20.

Behavioral Findings

The three groups did not differ on any of the behavioral
measures for the 1-back task (Table II). The 2-back task was
much more difficult for all the children; nine (22.5%) of the
40 who completed the 1-back task were not able to perform
the 2-back. The d-prime scores for those who completed
both tasks were markedly lower for the 2-back task, t(30) ¼
9.60, and P < 0.001. The d-prime scores for the 2-back did

TABLE 1. Sample characteristics

FAS/PFAS
(N ¼ 17) HE (N ¼ 13) Controls (N ¼ 17)

F or v2M or % SD M or % SD M or % SD

Maternal characteristics
Education (years) 7.4 1.9 8.5 3.2 10.5 1.6 8.20*
Marital status (% married) 23.5 23.1 52.9 4.24
Age at delivery 27.1 7.2 25.2 5.4 27.8 4.7 0.68
Parity 2.8 1.6 1.9 0.8 1.7 0.9 4.16**
Socioeconomic status 35.1 31.1 26.9 20.9 30.7 16.5 0.44

Child characteristics
Blood lead concentration (lg/dL)a 10.8 5.1 9.9 4.1 7.9 2.9 2.04
Age at scan 9.3 0.2 9.7 0.6 9.3 0.4 3.92**
Gender (% male) 52.9 53.8 41.2 0.64
Handedness (% right-handed) 94.1 100.0 100.0 1.80
IQ 66.8 6.3 72.2 8.4 75.8 8.6 5.64***
Total intracranial volume (�106 mm3)b 1.3 0.2 1.4 0.1 1.4 0.1 5.25***

Prenatal alcohol exposure
oz AA/day 0.9 0.8 0.5 0.5 0.008 0.03 11.72*
oz AA/drinking day 4.0 2.1 2.7 1.7 0.2 0.4 25.82*
Drinking days/week 1.4 0.9 1.2 0.9 0.03 0.1 19.00*

Prenatal cigarette exposure 8.0 5.3 8.7 7.5 3.5 9.6 2.17

aMissing for 1 FAS/PFAS, and 1 HE.
bAcquired with an magnetization-prepared rapid gradient echo sequence using a real-time motion correction procedure developed by
van der Kouwe and colleagues [Tisdall et al., 2009] and measured with FreeSurfer [Fischl et al., 2002].
*P < 0.001.
**P < 0.05.
***P < 0.01.

TABLE II. n-Back performance inside and outside of scanner

FAS/PFAS HE Controls

FM SD M SD M SD

Outside scanner

1-Back N ¼ 14 N ¼ 11 N ¼ 15
Hit rate 0.71 0.20 0.70 0.15 0.70 0.20 0.02
False alarm rate 0.05 0.04 0.08 0.06 0.07 0.06 0.74
d0 2.41 0.78 2.12 0.75 2.25 1.01 0.35

2-Back N ¼ 12 N ¼ 9 N ¼ 11
Hit rate 0.53 0.19 0.52 0.21 0.56 0.14 0.13
False alarm rate 0.17 0.11 0.23 0.21 0.14 0.12 0.43
d0 1.13 0.67 0.99 0.47 1.39 0.72 1.05

Inside scanner 1-Back N ¼ 17 N ¼ 13 N ¼ 17
Hit rate 0.73 0.19 0.71 0.18 0.76 0.17 0.22
False alarm rate 0.07 0.05 0.06 0.06 0.07 0.06 0.02
d0 2.14 0.81 2.12 0.80 2.26 0.81 0.13
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not differ significantly among the exposure groups, primar-
ily because four of the controls also performed poorly on
that task. In a secondary analysis, we examined how many
of the exposed children performed as well as the better per-
forming children in the control group, defined as a d-prime
score in the top tercile for that group. Based on this crite-
rion, only one (4.8%) of the alcohol-exposed children per-
formed well on the 2-back task, compared to 36.4% of the
children in the control group, v2 ¼ 5.58, P < 0.025. All three
groups performed well on the 1-back task in the scanner.

Neuroimaging Findings

Intra-group one-sample t-tests revealed highly distinct
patterns of network recruitment across groups during the
1-back relative to the 0-back. The control group increased
activity in Broca’s area (with no other regions reaching sig-
nificance). The HE group increased activity in a fronto-
striatal network that included bilateral dPFC, caudate, and
putamen. Finally, the FAS/PFAS group increased activity
in Crus I/lobule VI and lobule VIIB/VIIIA of the cerebel-
lum and the inferior parietal cortex. Individual peaks and
cluster extents for each of the analyses are depicted in Ta-
ble III. Surface projections of thresholded clusters for each
of these analyses are depicted in Figures 1–3.

To compare potential differences in the fMRI response
across groups, we modeled group differences in second-
level random effects analyses of variance. Analyses of the
overall main effect of group examined functionally defined
region of interest masks created based on the intragroup
analyses (Figs. 1–3; Table III). This hierarchical approach
allowed us to identify preferred working memory net-
works within each of the groups (using identical statistical
thresholds) and then to explore group differences in acti-
vation in those networks.

Table IV presents the results of the ANCOVAs examin-
ing the fMRI responses for each of the clusters of interest
generated in the intra-group analyses across the three sub-
groups adjusted, where necessary, for potential confound-
ers. Post hoc comparisons show that activations in the left

dPFC, caudate, and putamen were significantly greater in
the HE group than in either the FAS/PFAS or control
groups. The children in the FAS/PFAS group exhibited
significantly less activation in the region of Broca’s area
that is known to mediate subvocal rehearsal than either of

TABLE III. Regional activations from the intragroup analyses (1-back vs. 0-back)

Mean x Mean y Mean Z Number of voxelsa Max t

Control group
L inferior frontal gyrus/Broca’s area �50 16 �2 161 6.4

HE group
R dorsolateral prefrontal cortex 50 6 40 169 5.4
L caudate �12 �10 20 78 5.0
R putamen 26 �22 4 96 4.8
L dorsolateral prefrontal cortex �34 30 40 145 4.1
L putamen �40 18 2 82 4.0

FAS/PFAS group
R parietal 40 �36 34 723 5.3
L cerebellum Crus I/lobule VI �30 �36 �36 212 4.0
L inferior cerebellum (lobule VIIB–VIIIA) �24 �40 �44 200 4.1

aP (uncorrected) < 0.01.

Figure 1.

Regional activations (P < 0.05, cluster level) from the intra-group

analysis for the control group are projected to ventral and lateral

cortical surfaces. Control subjects increased activity in Broca’s

area more in the 1-back relative to the 0-back condition. The

radiating graph depicts the between-group comparison of beta

values drawn from the main effect of group in Broca’s area indi-

cating the preferential activation of this region in controls, with

markedly reduced activation in FAS/PFAS. Error bars are � SD.

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 2.

Regional activations (P < 0.05, cluster level) from the intra-group

analysis for the heavily exposed nonsyndromal group (HE) are pro-

jected to the left medial and bilateral axial surfaces of the brain. (a)

The figure depicts recruitment of the basal ganglia (including the

caudate and the putamen). (b) Bilateral recruitment of the dorsal

prefrontal cortex is shown. HE subjects increased activity in these

areas more in the 1-back relative to the 0-back condition. The radi-

ating graphs depict between-group comparison of beta values in the

depicted clusters. Error bars are � SD. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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the other groups and significantly more activation than the
controls in lobule VIIB/VIIIB, which has been implicated
in maintenance of information over delays.

DISCUSSION

This is the first study to examine working memory in
FASD using an n-back task and the first to explore differ-

ences between subgroups in the FASD spectrum in cor-
tico-striatal-cerebellar recruitment during basic working
memory processing. Behaviorally, both groups of exposed
children performed more poorly than controls on a chal-
lenging 2-back task, but all three groups performed well
on a simple 1-back paradigm both in and outside the scan-
ner. Intra-group analyses of the fMRI data indicated that
the three groups recruited distinct elements of the cortico-
striatal-cerebellar network known to subserve working

Figure 3.

Regional activations from the intra-group analysis for the FAS/

PFAS group are projected to the bilateral sagittal and axial surfa-

ces. As seen, FAS/PFAS subjects increased activity in parietal and

cerebellar areas more in the 1-back relative to the 0-back condi-

tion. Radiating graphs depict between-group comparisons of beta

values for those regions (see also Supporting Information Fig. 2).

Error bars are � SD. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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memory function. Whereas controls increased activity in
Broca’s area more during the simple 1-back (relative to the
0-back) task, the HE group showed this pattern of activity
increase in an extensive fronto-striatal network that is usu-
ally activated for performing more challenging 2-back
paradigms. Finally, the most heavily exposed children—
those with FAS or PFAS—increased activity in the parietal
and cerebellar regions. These differential patterns of intra-
group functional recruitment were partially corroborated
by between-group differences in activation; significant
intergroup activation differences in 1-back relative to 0-
back were observed in Broca’s area, the basal ganglia, and
the dPFC. Notably, none of the FASD subgroups were
behaviorally impaired on the 1-back task, indicating that
the observed differences in network recruitment were not
confounded by performance deficits in the exposed
groups. These findings confirm the utility of using a sim-
plified task that all three groups can perform well in the
scanner. Differences in brain regional activation are thus
not confounded with differences in performance, making
it possible to study a cognitive domain in which group
differences are clearly evident outside the scanner.

The recruitment of working memory networks in the brain
is highly adaptive, reflecting multiple constraints including
memory load, sensory modality of processing, attentional
demands, and neurodevelopment [Bledowski et al., 2010;
Edin et al., 2007]. In general, the meta-network is thought to
include frontal cortex, basal ganglia, parietal lobe, and cere-
bellum, all of which have been consistently implicated in
meta-analyses of working memory tasks, such as the n-back.

Ascribing precise roles to each of the regions involved
in working memory has proved challenging. In normally

developing children and adults, working memory tasks
with verbal or phonological demands result in robust
recruitment of Broca’s area [Casey et al., 1995; Smith and
Jonides, 1998; Strand et al., 2008]. Chein et al. [2002] identi-
fied two distinct subregions of the left inferior frontal
gyrus that are activated—a dorsal region (pars opercularis,
BA 45), related to response organization and automation,
and a ventral region (pars triangularis, BA 44), sensitive to
sublexical phonological processing, which is the site where
we observed activation in controls. In our control subjects,
this activation appears to be sufficient to sustain working
memory at the relatively low level of load in the 1-back
task.

As seen in Figure 2, the HE group activated a fronto-
striatal subnetwork that includes the dPFC, caudate, and
putamen. On more complex verbal working memory tasks,
such as the Sternberg task, responses in the dPFC, and ba-
sal ganglia are highly sensitive to increases in load, partic-
ularly during the encoding, maintenance, and
manipulation of memoranda [Chang et al., 2007; Lewis
et al., 2004], and fronto-striatal synchrony appears essen-
tial in subserving more complex working memory process-
ing. Activation of the basal ganglia also appears to
facilitate attentional control of the extended working mem-
ory network by filtering of task irrelevant information
[McNab and Klingberg, 2008] and through explicit syn-
chronization of activity [Chang et al., 2007]. Therefore,
fronto-striatal activation in the HE group suggests a neural
response of increased complexity to this simple task, lead-
ing to the recruitment of a compensatory pathway that is
typically activated only under complex memory conditions
in controls.

TABLE IV. Between-group comparisons of the regions of interest from the intragroup analyses (1-back vs. 0-back)

Group means

F

Post hoc comparisons (P values)

Controls HE FAS/PFAS
HE versus

controls
HE versus
FAS/PFAS

Controls versus
FAS/PFAS

L inferior frontal gyrus/
Broca’s area

0.780 (0.586) 0.570 (1.303) �0.106 (0.792) 4.40* n.s. 0.048 0.006

R dorsolateral prefrontal cortex 0.054 (0.733) 0.463 (0.340) 0.181 (0.672) 1.61 0.083 n.s. n.s.
L caudate 0.057 (0.628) 0.578 (0.583) �0.031 (0.723) 3.17* 0.048 0.024 n.s.
R putamen 0.154 (0.621) 0.323 (0.423) 0.179 (0.619) 1.14 n.s. n.s. n.s.
L dorsolateral prefrontal cortex �0.038 (0.511) 0.927 (0.984) �0.004 (0.639) 8.33** 0.001 0.001 n.s.
L putamen 0.123 (0.692) 0.746 (0.791) 0.130 (0.936) 2.72y 0.044 0.046 n.s.
R parietal 0.356 (1.192) 0.370 (1.307) 0.572 (0.532) 0.22 n.s. n.s. n.s.
L cerebellum Crus I/lobule VI 0.248 (0.748) 0.264 (0.495) 0.325 (0.389) 0.09 n.s. n.s. n.s.
L inferior cerebellum

(lobule VIIB/VIIIA)
�0.004 (0.508) 0.207 (0.301) 0.253 (0.241) 2.24 n.s. n.s. 0.051

Values are mean (standard deviation) beta values. None of the control variables met the P < 0.10 criterion for inclusion as covariates in
any of these analyses, except that child’s age at assessment was related to the activation of L caudate and R putamen. The values and
post hoc comparisons shown for those ROIs, therefore, adjust for child’s age at assessment in this table.
n.s., not significant.
*P < 0.05.
**P < 0.001.
yP < 0.10.
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The FAS/PFAS group activated cerebellar and parietal
regions and within the former recruited the two principal
regions known to be involved in verbal working memory.
One of these regions, which is located in the superior cere-
bellum at the junction of Crus I and lobule VI, is notable
for its anatomical connectivity with the inferior frontal
gyrus and premotor cortex [Chen and Desmond, 2005].
The superior cerebellum has been proposed as a supple-
mentary region for phonological rehearsal [Desmond
et al., 1997; Durisko and Fiez, 2010] and is known to sub-
serve covert speech [Marvel and Desmond, 2010] and
verbal and nonverbal auditory working memory [Salmi
et al., 2009; Stoodley et al., 2010]. The connectivity of this
region to Broca’s area is believed to facilitate the rapid
translation of letters into an articulatory trajectory required
to initiate the phonological loop [Chen and Desmond,
2005; Marvel and Desmond, 2010]. Crus I has also been
implicated in rapid naming difficulties in children with
dyslexia [Eckert et al., 2003] and is activated more in high-
load working memory tasks by alcoholics, suggesting a
compensatory increase in a cerebro-cerebellar circuit that
may be compromised by chronic alcohol consumption
[Desmond et al., 2003]. The second cerebellar region acti-
vated by the FAS/PFAS group is located in lobule VIIB/
VIIIA within the inferior cerebellum, a region that receives
inputs originating in parietal and temporal regions and is
believed to facilitate short-term phonological storage [Des-
mond et al., 1997; Kirschen et al., 2005]. The area of parie-
tal activation seen in the FAS/PFAS group corresponds to
Ravizza et al.’s [2004] dorsal inferior parietal cortex, which
is highly sensitive to memory load in both verbal and non-
verbal working memory tasks. This region has been char-
acterized as part of a ‘‘frontal-executive system’’ that is
believed to be important in focusing attention on items in
working memory, retaining temporal order, and rapidly
switching attention.

These differences in the activation of regions across
groups were largely corroborated by differences in BOLD
signal change between groups. Signal change in FAS/
PFAS subjects was significantly reduced in the basal gan-
glia and the dPFC compared to HE and in Broca’s area
compared to controls. However, with the exception of
lobule VIIB/VIIIA, significant intergroup differences were
not observed in the parieto-cerebellar regions preferen-
tially recruited in the FAS/PFAS group. To explore possi-
ble bases for the relative lack of significant group
differences in these regions, we conducted a conjunction
analysis using the minimum inference statistic [Nichols
et al., 2005] to investigate potential overlap in working
memory-related activation across groups. The results of
this analysis (see Supporting Information Fig. 2) suggest
significant overlap in activation principally in the parieto-
cerebellar subnetwork. This overlap indicates significant
common bases of activation in the parietal cortex and Crus
I/lobule VI within the cerebellum, though the preferential
recruitment in the FAS/PFAS group at robustly employed
statistical thresholds confirms a cerebellar compensatory

mechanism that has been hypothesized to characterize
working memory implementation in alcoholic adults
[Chen and Desmond, 2005].

Pathology in childhood and adulthood affects working
memory network function in highly variable ways. For
example, in both children and adults with ADHD, hypo-
recruitment of frontal, striatal, and cerebellar structures
during working memory has been reported [Dickstein
et al., 2006; Wolf et al., 2009]. Similar patterns have been
reported in adolescents with dyslexia [Vasic et al., 2008].
In schizophrenia, working memory appears to result in
inefficient cortical recruitment, particularly of prefrontal
regions [Callicott et al., 2003; Jansma et al., 2004], and
these patterns of cortico-cortical inefficiency have been
observed in adolescent at-risk offspring of patients as well
[Bakshi et al., 2011; Diwadkar et al., 2012].

Several of the brain regions known to be involved in
working memory appear to be particularly vulnerable to
fetal alcohol exposure. Volumetric MRI studies have
reported disproportionate size reductions in caudate nu-
cleus [Archibald et al., 2001; Astley et al., 2009b; Nardelli
et al., 2011], putamen [Astley et al., 2009a,b; Nardelli et al.,
2011], and in the parietal lobe and cerebellum [Archibald
et al., 2001]. Differences in cortical thickness and brain sur-
face area have been reported in frontal regions for children
with FASD [Sowell et al., 2002, 2008].

Our data suggest that the brain in FASD is differentially
sensitive to comparable levels of memory load, with simi-
lar levels of demand resulting in differential patterns of
recruitment across the memory network depending on the
severity of the disorder. The distinctly different activation
patterns seen in the FAS/PFAS and HE groups are likely
related to the substantial differences in average alcohol
dose/occasion to which these two groups were exposed
during gestation. The differential recruitment of structures
in these two subgroups is suggestive of alternative devel-
opmental trajectories that may characterize these different
forms of fetal alcohol disorder. Thus, if very high levels of
alcohol exposure during pregnancy negatively impact
striatal dopamine [Schneider et al., 2005], which is strongly
associated with working memory [Landau et al., 2009], the
children in the FAS/PFAS group, who are the most heav-
ily exposed, may rely on working memory subcircuits that
exclude the basal ganglia. In groups that are less exposed,
such as HE, the striatal deficit may not reach the threshold
of a functional impairment. In this group, the increased
activation of the fronto-striatal network compared to con-
trols likely reflects an increased sensitivity to task diffi-
culty. Thus, simple tasks, such as those used in this study,
allow us to probe the basic integrity of functional net-
works in this clinical phenotype. Patterns of regional
recruitment in these subgroups may reveal latent func-
tional deficits in the brain, the full impact of which may
not be fully expressed until later in life, when marked
increases in cognitive competence are demanded [Luna,
2009]. Recently, important demonstrations that network
engagement in children exposed to methamphetamine is
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partially distinct from that seen in children exposed to
alcohol [Roussotte et al., 2011] further highlight the com-
plex and distal effects of fetal alcohol exposure on this
fundamental cognitive domain.

The exposure group differences in the response for the
nine ROIs that emerged from the intragroup analyses were
not attributable to group differences in maternal age at
delivery, parity, smoking during pregnancy, or years of
education; family socioeconomic status; or child gender,
age at assessment, or postnatal lead exposure. Given that
the responses were adjusted for IQ, the group differences
in brain activation were also not attributable to the poorer
overall intellectual function of the FAS/PFAS group. Thus,
these findings are consistent with the hypothesis that fetal
alcohol exposure may specifically target the neural regions
and pathways mediating verbal working memory.

These data are consistent with the findings from more
complex working memory tasks in the literature, provid-
ing further support for the speculation that the exposed
sub-groups found the simplest level of the n-back to be
more difficult than the control task. Often when task diffi-
culty increases, regional recruitment extends bi-laterally,
reflecting dynamic cortical responses to demand-sensitive
variations. Our intragroup differences in the right parietal,
right prefrontal, and left superior cerebellum may, in part,
reflect contra-lateral activations that are reflective of the
increased demand in the exposed samples.

Our findings of preferential activation of different com-
ponents of the working memory network in children with
different FASD phenotypes differ from those reported by
O’Hare et al. [2009]. One important difference between
these studies is that the 1-back paradigm we used is a
much simpler task, which our controls could perform by
relying primarily on Broca’s area. By contrast, the more
challenging Sternberg task in the O’Hare et al. [2009] study
required much more extensive fronto-parieto-temporal
activations even by the control children. Because of the rel-
atively small number of syndromal children in their
cohort, they were not able to examine differences in pat-
terns of activation between FAS/PFAS and heavily
exposed nonsyndromal children. A strength of our
approach is that it allowed us to compare correlates of
working memory recruitment in different alcohol-related
disorders in the context of the simplest and most basic
level of working memory processing.

To our knowledge, only one prior FASD study has com-
pared BOLD responses among dysmorphic, nondysmor-
phic exposed, and control subjects, but the results of that
study are difficult to interpret, because behavioral per-
formance also differed among the groups [Santhanam
et al., 2009]. Previous fMRI studies of alcohol-exposed
groups comprised both syndromal and nonsyndromal
individuals have reported increased frontal cortical activa-
tion across a broad range of cognitive domains, including
learning and memory [Sowell et al., 2007], response inhibi-
tion [Fryer et al., 2007], and spatial working memory [Spa-
doni et al., 2009]. In these studies, the exposed children

appeared to rely on prefrontal cortical activations to com-
pensate for less efficient processing in neural networks
specialized for the tasks in question, a pattern that Hal-
perin and Schulz [2006] have also described in ADHD. By
contrast, in a study of arithmetic comparing a group of
children with FAS or PFAS with nonexposed controls, in
which the control children activated the fronto-parietal
network specialized for number processing, the syndromal
children did not show an increased frontal BOLD response
but instead showed extensive parietal activations (angular
gyrus, posterior cingulate, and precuneus) to perform a
simple magnitude comparison task [Meintjes et al., 2010].
For simple addition problems, these very heavily exposed
children exhibited cerebellar activations that have been
reported in adults only when more complex and rapid
arithmetic processing is required [Menon et al., 2000].
Thus, the data in the present study provide additional evi-
dence for the recruitment of more extensive neural net-
works, which are normally engaged in more challenging
problems, when there is impairment in the neural circuitry
that is most efficient for performance of a relatively simple
cognitive task.

CONCLUSIONS

This is the first study to examine working memory in
FASD using an n-back task and the first to explore differ-
ences between subgroups in the FASD spectrum in cor-
tico-striatal-cerebellar recruitment during basic working
memory processing. These data suggest that the effects of
exposure across subgroups may differentially impair criti-
cal brain regions that subserve basic function. Notably,
neither FASD subgroup was behaviorally impaired on the
1-back task, indicating that the observed differences in net-
work recruitment were not confounded by performance
deficits in the exposed groups. The distinctly different acti-
vation patterns seen in the FAS/PFAS and HE groups are
likely related to the substantial differences in average alco-
hol dose/occasion to which these two groups were
exposed during gestation. This study is, to our knowledge,
the first to demonstrate that children who meet diagnostic
criteria for FAS and PFAS may use qualitatively different
compensatory strategies than heavily exposed nonsyndro-
mal children to perform a simple cognitive task. Future
studies in FASD may need to account for phenotypic var-
iations in the spectrum that may have differential effects
on behavior and functional brain organization.
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