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Abstract

Velocardiofacial syndrome (VCFS), also known as 22g11.2 deletion syndrome, is a neurogenetic
disorder that is associated with both learning disabilities and a consistent neuropsychological
phenotype, including deficits in executive function, visuospatial perception, and working memory.
Anatomic imaging studies have identified significant volumetric reductions in the parietal lobe of
individuals with VCFS, but several studies have reported that the frontal lobe is relatively preserved.
We used functional magnetic resonance imaging to investigate the neural correlates of non-spatial
working memory in 17 youths with VCFS, 10 of their unaffected siblings, and 10 community controls
(with the same proportion of learning disabilities as the VCFS youths). Task performance of siblings
tended to be more accurate than children with VCFS, who did not differ from community controls.
All three study groups recruited parietal regions that were equivalent in location and magnitude.
Whereas the sibling group also recruited the dorsolateral prefrontal cortex (DLPFC), Broca’s area,
and anterior cingulate, DLPFC activation was absent in the whole brain analyses of children with
VCEFS and controls. Moreover, the magnitude of frontal activation in VCFS participants was
restricted relative to both siblings and controls. These findings suggest that VCFS participants exhibit
frontal hypoactivation that is not attributable to performance. In addition, VCFS children and controls
(many with idiopathic learning disabilities) appear to rely on phonological rehearsal to hold
information on line instead of the DLPFC. Despite previous anatomic MRI reports of preserved
frontal lobe volumes in VCFS therefore, these fMRI findings suggest that the frontal component of
the distributed network subserving executive function and working memory may be disrupted in
youth with this disorder.
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1. Introduction

Velocardiofacial syndrome (VCFS) is a multiple anomaly syndrome caused by a microdeletion
of chromosome 22 at the q11.2 band (Driscoll et al., 1992;Scambler et al., 1992). VCFS is
associated with a characteristic facial appearance, including a long face, a prominent nose and
vertically narrow eyes. The physical phenotype can include palatal, cardiac vascular, renal,
limb, spine, and immunologic anomalies (Robin and Shprintzen, 2005;Shprintzen, 2005).
Speech and language impairments are very common (Shprintzen, 2005). Individuals with
VCFSalso display a distinct cognitive phenotype, which includes a wide range of 1Qs, spanning
from the average to the mild/moderate retardation range (Swillen et al., 1997). Nearly all
children with VCFS have learning disabilities. Exhibiting a fairly consistent
neuropsychological phenotype, those with VCFS typically score relatively low on tests of
attention, executive function, emotional processing, sensorimotor processing, visuospatial
processing, and working memory (Bearden et al., 2001;Sobin et al., 2004;VVan Amelsvoort et
al., 2004;Bish et al., 2005).

Working memory is the ability to temporarily sustain and manipulate task related information
and is a key component of cognition and executive functioning; working memory undergirds
other executive functions such as language production and acquisition, learning, and problem
solving (Baddeley, 1992;Gathercole et al., 2004;Nelson, 1995). Previous neuropsychological
studies have shown that subjects with VCFS demonstrate relatively lower performance in tasks
of working memory, including verbal working memory and visual spatial memory (Baker et
al., 2005;Bearden et al., 2001;Lajiness-O’Neill et al., 2005;Sobin et al., 2005).

Relatively few functional imaging studies have investigated working memory in typically
developing children and adolescents, and only a subset of those have examined non-spatial
working memory. These studies suggest that typically developing children and adolescents
recruit a network consisting of the dorsolateral prefrontal cortex and the parietal cortex (Casey
et al., 1995;Thomas et al., 1999;Nelson et al., 2000;Klingberg et al., 2002; see review by
Dowker, 2006). As typical individuals approach adulthood, this network broadens to include
temporal and subcortical regions (Braver et al., 1997;Lewis et al., 2004). The few studies that
have focused on the developmental trajectory of brain function have reported that prefrontal
and parietal activation increased with age during working memory tasks (Klingberg et al.,
2006;Kwon et al., 2002). This is most likely consistent with developmental changes in cortical
structure (see Lenroot & Giedd, 2006) that have been described during the past decade.
Longitudinal studies have shown that whereas total frontal and parietal gray matter volumes
peak in girls at ages 11.0 and 10.2, respectively, and in boys at ages12.1 and 11.8, respectively,
the dosolateral prefrontal cortex specifically undergoes a prolonged maturational trajectory,
with cortical thickening continuing into late adolescence (Gotgay et al., 2004).

Volumetric MRI studies have shown that many of the regions included within the working
memory network are altered in VCFS. Although several volumetric studies based on a semi-
automated method of cerebral parcellation suggest that the frontal lobe is relatively preserved
in VCFS, we have recently reported preliminary findings based on manual measurements of
the frontal lobe that suggest that frontal volumes are altered in VCFS (Kates et al., 2004).
Furthermore, reductions in white matter volumes of superior and medial frontal regions have
been found in adults with VCFS (Van Amelsvoort et al., 2001). Volumetric data also support
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the presence of robust deficits in the parietal lobes of individuals with VCFS (Eliez et al.,
2000;Kates et al., 2001), and diffusion tensor imaging studies (Barnea-Goraly et al., 2003;
Simon et al., 2005) suggest that frontal — parietal connectivity may be disrupted in children
with the disorder. However, none of these studies investigated the association between frontal-
parietal alterations and deficits in working memory. Conducting an fMRI study of working
memory in VCFS is critical to our understanding of the neurophysiology that contributes to
the cognitive deficits and learning disabilities that are so well documented.

Insofar as the studies of cognitive deficits and learning disabilities in VCFS have largely been
descriptive and global in their approach, one goal of the current study was to determine whether
potential disturbances in neural functioning of children with VCFS were due to VCFS per se,
or instead to more general CNS dysfunction that may characterize all children with deficits in
learning and attention. Several studies (Feinstein et al., 2002;Swillen et al., 2001) suggest that
psychiatric and behavioral disorders are not specific to VCFS but instead are associated with
overall cognitive dysfunction. However few, if any, studies of neuroanatomy or neurofunction
in VCFS have included a cognitively matched control group that would address this question
of specificity. This is due, in part, to the methodological risks inherent in recruiting a
cognitively matched sample that may include children with significant intellectual disabilities
of unknown etiology (making data interpretation difficult). For this reason, we decided not to
recruit a control sample whose range of cognitive function matched our VCFS sample. Instead,
we chose to recruit a control sample that was cognitively similar to our higher functioning
VCFS subjects, most of whom had learning disabilities.

Accordingly, in this study we investigate the neural correlates of non-spatial working memory
in children with VCFS, age-matched siblings, and a sample of community controls, many of
whom have idiopathic learning disabilities. We expect that children with VCFS will rely on a
neural network during a working memory fMRI paradigm that is distinct from both their
typically developing siblings and from peers who also exhibit learning disabilities but do not
have VCFS.

2. Experimental Procedure

2.1 Subjects

Forty-three children aged 8-15 years originally participated in the study. One control subject,
one sibling and seven children with VCFS (57% female) were excluded from analyses due to
poor behavioral performance (see section 4.5, analysis of behavioral data). The children with
VCFS who were excluded from the study did not differ from VVCFS children who were included
in FSIQ (p = .41) or age (p = .11).

The final study groups consisted of 17 children with VCFS (7 females, 10 males), 10 siblings
of VCFS subjects (5 females, 5 males) and 10 age-matched controls (4 females, 6 males).
Children with VCFS were recruited from the Center for the Diagnosis, Treatment, and Study
of VCFS at SUNY-Upstate Medical University. All participants with VCFS had 22q11.2
deletions confirmed by FISH (fluorescence in situ hybridization). Siblings of children with
VCFS were enrolled if they were within the same age range of the VCFS-affected participants,
and if they met the inclusion criteria listed below. Our control participants were recruited from
local public schools. In an effort to match our controls to our higher-functioning VCFS
participants as closely as possible, we did not exclude controls that displayed learning
disabilities or ADHD.

We used two methods to determine if children had learning disabilities: Children were
designated as learning disabled 1) if they exhibited a discrepancy of 1.5 standard deviations
between their FSIQ and their total composite score on the academic achievement assessment;

Neuropsychologia. Author manuscript; available in PMC 2008 January 1.
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or 2) if they attained a composite score on the WIAT-11 below 85. Our operationalization of
learning disabilities was consistent with other definitions (Stanovich and Siegel, 1994) and is
based on research demonstrating that 1Q-discrepant and low achieving children overlap and
are strikingly similar across multiple behavioral and cognitive parameters (Fletcher et al.,
2002;Hoskyn and Swanson, 2000;Stuebing et al., 2002).

Children with an identifiable genetic disorder (other than VCFS) and/or children with an
identifiable neurological condition (e.g., traumatic brain injury; birth weight under 2500 grams
as reported by parent; seizure disorder) that is known to affect cognitive or psychiatric function
were excluded from participation. The institutional review board of the Upstate Medical
University approved the protocol. Informed consent/assent was obtained from all subjects.

2.2 Psychological Assessment

1Q was assessed with the Wechsler Intelligence Scale for Children — 3" Edition (Wechsler,
1991). Only full-scale 1Q (FSIQ) scores were used for the analyses in this report. Academic
achievement was assessed with the Wechsler Individual Achievement Test — 2" edition
(WIAT-II). The WIAT-II (Wechsler, 2001) is an individually administered test of academic
achievement, the scores of which are aggregated into four composite scores: reading,
mathematics, language, and writing, as well as a total composite score. Only the total composite
score was used for the analyses in this report.

2.3 Experimental Design

We administered a two — back, non-spatial working memory task, which consisted of
alternating presentations of three experimental blocks and three control blocks. For the
experimental blocks of the paradigm, subjects are asked to respond, via a button box (Rowland
Institute, Cambridge, MA) when they saw the same letter as two letters back (Fig. 1a). During
the control block subjects responded only to the letter “X” (Fig. 1b). Blocks consist of 25
stimuli. The duration of each stimulus was 1250 ms with an interstimulus interval of 1250 ms.
Instructions were presented on screen for 7.5 s before each block was shown. For each block,
32% of the trials required a response. Response reaction time was noted. Prior to scanning
subjects were trained on the task to the point that they displayed adequate out-of-scanner
performance, as defined by correct responses to experimental stimuli at a rate of 65% or greater.

2.4 Image Acquisition

Stimuli were created with the EPRIME software package (Psychological Software Tool, Inc.,
Pittsburgh, PA). This software was also connected to the button box with which subjects
responded to stimuli, and as such, it also served as the stimulus output device and recorded
stimulus responses and reaction times. The stimuli were projected via a magnet-compatible
projection system onto a screen positioned at the bore of the magnet.

Data were acquired on a 1.5-T Philips scanner, equipped with a quadrature RF head coil and
echo-planar imaging (EPI) capabilities. The subject’s head was immobilized, to reduce head
motion artifact, using a vacuum beanbag. Functional scans were acquired using a GRE pulse
sequence (TR 2,500 msec, TE 60 msec. FA 90, dynamics=188) over 23 axial slices (4mm,
1mm gap) with a 24 cm FOV and a 64 x 64 matrix (in-plane voxel resolution of 3.75 x 3.75
mm). For accurate anatomical localization, matched T1-weighted high-resolution images were
acquired during the scanning session.

2.5 Analysis of Behavioral Data

The hit rate, false alarm rate, reaction time and d — prime were calculated for each subject. The
hit rate refers to the percentage of trials in which the subject responded correctly with a button

Neuropsychologia. Author manuscript; available in PMC 2008 January 1.
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press to a stimulus that was seen two times back. The false alarm rate refers to the percentage
of trials in which the subject responded with a button press when no response was needed. D-
prime represents a summary score of signal detection, and is derived by calculating the
difference between the normalized values of the hit rates and false alarm rates (McFall & Treat,
1999). Our goal was to exclude subjects who responded in a random manner to the task. Extant
literature on signal detection theory does not provide an optimal cutoff d-prime score (McFall
& Treat, 1999). We considered excluding subjects who achieved a hit rate of < 50% and a false
alarm rate of > 50%, thereby receiving a d-prime score of O or below. However, we chose a
more conservative d-prime cutoff of .88, which required that subjects respond with a hit rate
> 66% and a false alarm rate < 33%. In this way, we included subjects who may have responded
to the task somewhat poorly, but who did not respond randomly. As noted above, this resulted
in the exclusion of 1 control subject, 1 sibling, and 7 subjects with VCFS from our original
sample of 43 youth for whom we had 2-back data.

2.6 Imaging Data Analysis

3. Results

Individual and group brain activity analyses based on BOLD signal changes were carried out
using FEAT the FMRIB analysis software package (Smith et al., 2004), www.fmrib.ox.ac.uk/
fsl). Pre-statistical processing was applied as following: Head movement was corrected using
MCFLIRT (Jenkinson et al., 2002), volumes were smoothed with a Gaussian kernal of FWHM
5mm, intensity normalized, and filtered with a nonlinear high pass temporal filter (50 seconds).
Non-brain tissue was removed using BET (Smith, 2002).

Individual subject statistical analyses were carried out using FILM (Woolrich etal., 2001). The
working memory (WM) and control conditions were each used as event vectors in the model.
A head motion vector (derived from motion correction) was used in the model as a covariate
of non-interest to remove and further head motion artifact. Statistical parametric maps, of the
contrast WM minus Control, using a voxel by voxel fit to the model were calculated (Z> 2.3
and a cluster significance of P=0.05, corrected) (Forman et al., 1995;Friston et al.,
1994;Worsley et al., 1992).

Group activity maps were calculated using FLAME (Beckmann et al., 2003) for the VCFS,
sibling and Control groups (as well as for our secondary analyses of the subset of VCFS
participants who exhibited dorsal activation). These statistical activation maps were
thresholded at Z>2.3 and a cluster significance of P=0.05 were registered into standard MNI
space using FLIRT (Jenkinson et al., 2002;Jenkinson and Smith, 2001). Coordinates of local
maxima were located in MNI space for identification of activated brain regions.

Group contrasts (ie., Control - VCFS; Siblings — VCFS; VCFS — Controls) were also calculated
using FLAME. Contrast masking was employed to remove any influence that negative z values
may have had on the resultant activity maps. The statistically significant group activation map
(2>2.3, cluster significance of P=0.05) of the group being subtracted had any voxels with a
Z<0removed from the analysis. Fixed analyses were utilized to take into account within session
variances. The statistical activation maps were thresholded with the above-mentioned values
and MNI coordinates of clusters and local maxima were noted.

3.1 Demographic Characteristics

Study groups did not differ significantly in age (F [df 2,34] = .54 ; p = .59; n2 =.03) or gender
ratio (32 = .26; p = .88). All study groups differed significantly in full-scale 1Q scores (VCFS
< controls < siblings) (F [df :2,34] = 31.9; p < .000; n2 =.65). Sixty-five percent of children

with VCFS and 60% of controls were diagnosed with a learning disability (x2 = .06; p = .81),

Neuropsychologia. Author manuscript; available in PMC 2008 January 1.
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based on the criteria described above. No sibling met our criteria for a diagnosis of a learning
disability.

3.2 Behavioral Analysis

Study groups did not differ in reaction time to the experimental condition (F [df 2,34] = 1.35;
p =.27; w2 =. 07). D-prime scores did not differ significantly between study groups, although
VCFS-affected children tended to perform below the level of their siblings (Overall ANOVA:
F [df 2,34] = 2.04; p = .15; 12 =. 11; Sibling/VVCFS contrast: p = .06). As noted above, d-prime
was calculated on the basis of the hit rate and the false alarm rate. Study groups differed
significantly in hit rate (F [df 2,34] = 4.6; p = .02; n2 =.21), due primarily to the differences
between VCFS-affected children and their siblings (p = .007); however, the hit rate of children
with VVCFS tended to be lower than controls as well (p = .07). Study groups did not differ
significantly in the rate of false alarms (F [df 2,34] = 1.89; p = .17; n2 =.10).

Although study groups differed significantly in 1Q scores, as noted above, within — group
correlations between 1Q and d-prime scores were not significant for any group (Controls: R
=.19; p = .59; Siblings: R = —.05; p = .89; VCFS: R =.20; p = .45).

3.3 Brain Activation: Whole Brain Analysis

3.3.1 Community control participants—Relative to the control condition, community
controls exhibited significant activation during the experimental condition in the left precentral
gyrus and cingulate, the right inferior frontal gyrus (pars opercularis), and the right superior
parietal lobule. (Figure 2) Control participants activated a total of 2,324 voxels in the frontal
lobe (spanning Brodmann areas [BA] 6, 32, 44, 45, and 48), and a total of 3,587 voxels in the
parietal and occipital lobes, primarily in BA 7, 39, and 40).

3.3.2 Siblings—During the experimental condition (relative to the control condition) siblings
showed significant activation in the thalamus, the left lingual gyrus, the left and right middle
(dorsolateral prefrontal) and inferior frontal (pars opercularis) gyri, the left and right cingulate,
the left and right angular gyrus, the right cuneus and the right occipital lobe. (Figure 3.) Siblings
activated a total of 4,598 voxels in the frontal lobe (spanning BA 9, 10, 24, 32, 44, 45, 46, and
48), 4188 voxels in the parietal/occipital lobes (primarily in BA 7, 19 and 40), and 435 voxels
in the thalamus.

3.3.3 VCFS Participants—During the experimental condition (relative to the control
condition) individuals with VCFS exhibited significant activation in the left and right inferior
frontal gyri and the left and right inferior parietal lobule. (Figure 4.) Participants with VCFS
activated a total of 772 voxels in the frontal lobe (primarily in BA 44, 45 and 48) and 3,905
voxels in the parietal and occipital lobes, primarily in BA 7, 19 and 40.

3.3.4 Control/VCFS Contrasts—A control — VCFS contrast indicated that relative to
VCFS participants, community controls displayed increased activation in the right middle and
inferior frontal gyri (BA 45, 46, and 48), the left and right inferior and superior parietal lobules
(BA 7,39 and 40), and the left and right occipital lobes (BA 19). (Table 1, Figure 5A.) AVCFS
— control contrast indicated that relative to controls, VCFS participants displayed increased
activation in the left orbitofrontal cortex (BA 11), the right cingulate (BA 32), and the right
cuneus and occipital cortex (BA 19) (Table 2, Figure 5B).

3.3.5 Sibling/VCFS Contrasts—Assibling — VCFS contrast indicated that relative to VCFS
participants, siblings displayed increased activation in the left and right cingulate (BA 24 and
32), the left and right angular gyrus (BA 7 and 39), and the left and right occipital lobe (BA
19). (Table 3, Figure 6.) A VCFS - sibling contrast yielded no significant net activation.

Neuropsychologia. Author manuscript; available in PMC 2008 January 1.
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3.4 Analyses of Performance — Matched Groups

Since group differences in performance nearly reached significance, we reanalyzed the data
on a subset of subjects who were matched for performance. This subsample consisted of 9
youth with VCFS (6 females), 8 controls (4 females), and the original 10 siblings (5 females).
Subgroup differences in hit rate (F [2,24] = 1.76; p = .19; Scheffe post-hoc contrasts: VCFS
vs. controls, p =.31; VCFS vs. siblings, p =.27), false alarms (F [2,24] = 1.81; p = .19; Scheffe
post-hoc contrasts: VCFS vs. controls, p = .80; VCFS vs. siblings, p = .19), and d-prime scores
(F [2,24] = .604; p = .55; Scheffe post-hoc contrasts: VCFS vs. controls, p =.99; VCFS vs.
siblings, p = .55) were not significant.

3.4.1 Control/VCFS Contrasts—Several patterns of activation were comparable to the
contrasts for the total sample: relative to the VCFS subgroup, the control subgroup displayed
increased activation in the right middle and inferior frontal gyri (BA 45, 46, and 48), the left
and right inferior and superior parietal lobules (BA 7, 39 and 40), and the left and right occipital
lobes (BA 7). However, the control subsample also displayed increased activation in the left
inferior frontal operculum (BA 44 and 48), the left precentral gyrus (BA 6) and the cingulum
(BA 24 and 32) relative to the performance — matched VVCFS subgroup. (See Table 4, Figure
7)

3.4.2 Sibling/VCFS Contrasts—Several patterns of activation were comparable to the
contrasts for the total sample: relative to the VCFS subgroup, siblings displayed increased
activation in the left and right cingulate (BA 24 and 32), the left and right angular gyrus (BA
7 and 39), and the left and right occipital lobe (BA 19 and 7). In addition, however, siblings
displayed increased activation in the left precentral gyrus (BA 6), the left frontal operculum
(BA 44), and the left and right thalamus relative to the performance-matched VVCFS subgroup.
(See Table 5, Figure 8.)

4. Discussion

4.1 Overview of findings

Toour knowledge, this is the first report of the neural correlates of non-spatial working memory
in youth with VCFS. Although the overall d-prime score did not differ between study groups,
the hit rate for siblings was significantly higher than for participants with VCFS, who tended
to perform less accurately than controls as well. Whole brain analyses indicated that the sibling
group recruited a network of 9,221 voxels consisting of DLPFC, Broca’s area, anterior
cingulate, superior and inferior parietal lobules, and occipital lobe. Siblings recruited roughly
equivalent numbers of voxels in the frontal lobe as the parietal/occipital lobes. Controls
recruited a smaller network of 5,911 voxels including Broca’s area, the anterior cingulate,
superior and inferior parietal lobules and the occipital lobe. In contrast to siblings, controls
recruited somewhat fewer voxels in the frontal lobe, and virtually no significant voxels in the
DLPFC. Children with VCFS also recruited a smaller (4,611 voxels) network than siblings;
however, in contrast to siblings and controls, significantly activated voxels in the parietal lobe
exceeded those in the frontal lobe by a ratio of about 5:1. Activation in the frontal lobe was
restricted primarily to Broca’s area in youth with VCFS.

These findings were even more pronounced when we reanalyzed the data on a subset of subjects
who were matched for performance. Relative to performance-matched youth with VCFS, both
the control and the sibling samples recruited significantly more voxels in the frontal cortex,
including the cingulate, the precentral gyrus and to some extent, the operculum.

Accordingly, our data suggest that siblings recruited a prefrontal - parietal network that has
been robustly identified in previous studies of working memory in typical children (Casey et

Neuropsychologia. Author manuscript; available in PMC 2008 January 1.
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al., 1995;Klingberg, 2006;Klingberg et al., 2002;Kwon et al., 2002;Nelson et al., 2000; Thomas
et al., 1999) and typical adults (Cabeza et al., 2002); see review by Cabeza and Nyberg
(2000). Whereas parietal activation in siblings was roughly equivalent to that of children with
VCFS and controls (in both magnitude and location), the frontal component of this network
appears to be disrupted in children with VCFS and to a lesser extent in controls. Secondary
analyses comparing performance-matched subgroups suggest that frontal lobe disruption is
most likely not due to performance differences between groups.

4.2 Frontal lobe disruption in VCFS

This pattern of activation in children with VCFS was unexpected for two reasons. We had
anticipated relatively reduced recruitment of the parietal lobe in VCFS participants in light of
the anatomic MR literature that suggests that the volumes of the parietal lobe are significantly
smaller in children with VCFS. In addition, reduced activation of the frontal lobe was
unexpected insofar as several volumetric studies report that the frontal lobe is preserved in
children with VCFS. Our findings suggest that frontal lobe function is disrupted in youth with
VCFS despite the relative preservation of frontal lobe volumes.

4.2.1 Absence of dorsolateral prefrontal activation in VCFS and control samples
—Both the control and the VCFS groups did not recruit the dorsal prefrontal cortex during this
task. Previous imaging studies of working memory suggest that the ventral prefrontal cortex
supports the maintenance component of working memory and that the dorsolateral prefrontal
cortex (DLPFC) supports the update/executive component of working memory (Fletcher &
Henson, 2001; Collette & Van der Linden, 2002). Since extant neuropsychological studies of
working memory in either VCFS or idiopathic learning disabilities do not dissociate the
maintenance and update components of the task, we do not know specifically which aspects
of working memory poses the greatest challenge for youth with VCFS or controls. However
the absence of DLPFC activation supports the notion that the update component of working
memory may have been challenging for both VCFS youth and community controls. The
activation patterns of both controls and VCFS participants suggested that instead of recruiting
the dorsolateral prefrontal cortex (DLPFC) when they attempt to update information, children
in both study groups compensated by relying primarily on phonological rehearsal, as suggested
by their relatively robust recruitment of the operculum (although results from the performance
— matched samples suggest that the controls recruit more voxels in the operculum than youth
with VCFS). The presence of learning disabilities in both the control and the VCFS samples
suggests that the neurocognitive dysfunction that is common to both samples may have
contributed to the absence of DLPFC activation.

4.2.2. Absence of cingulate activation in VCFS sample, but not control sample
—Our data suggest that reduction in frontal lobe activation extends beyond the DLPFC in
children with VCFS. In contrast to both controls and siblings, children with VCFS did not
recruit the cingulate. The cingulate is thought to play a role in the executive component of
working memory, through its mediation of cognitive control and allocation of attention (Otsuka
et al., 2006;Bush et al., 2000). Bish and colleagues (2005) have demonstrated pronounced
deficits in executive control in children with this disorder on tasks requiring conflict
monitoring, thus supporting the notion that a neural network that includes the DLPFC and
anterior cingulate is disrupted. Interestingly, however, Scherf and colleagues (2006) have noted
developmental maturation in the neural circuit underlying working memory functions. They
found that whereas children exhibited limited activation in DLPFC and virtually no activation
in cingulate during a spatial working memory task, adolescents relied much more heavily on
these regions. These findings raise the question of whether the absence of DLPFC and cingulate
activation in VCFS is due to a delay, as opposed to a disruption, in the prefrontal aspect (ie.,
DLPFC and cingulate) of the circuit that subserves working memory. Either longitudinal
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studies, or cross-sectional studies that include larger samples spanning a wider age range,
would help to clarify this question.

Neural “hypoactivation” is often attributable to performance deficits on functional tasks. Since
children with VCFS tended to perform more poorly than their peers, we analyzed a subset of
performance-matched subjects in order to rule out the contribution of performance deficits to
the relative absence of frontal lobe activation in youth with VCFS. We found that relative to
controls and siblings, performance — matched subjects with VCFS continued to demonstrate
less frontal lobe activation; instead, they relied primarily on posterior brain regions when
completing the task. However, we cannot rule out the possibility that other behavioral factors
could have contributed to prefrontal “hypoactivation” as well, including increased
distractibility, inability to keep pace with the rapid rate of stimulus presentation, or lack of
motivation (Manoach, 2003).

In sum, these data suggest that the absence of expected activation in the DLPFC (BA 10 and
46) in the control and VCFS samples may be due to the neurocognitive dysfunction that is
present in both study groups. However, the frontal hypoactivation that we observed in children
with VCFS extended beyond DLPFC disruption to the cingulate, suggesting that children with
VVCFS may have difficulty bringing to bear their neural resources on several components of
working memory, including not only update functions but also cognitive control and attentional
allocation. This is consistent with previous reports of prefrontal (Kates et al., 2004) alterations,
as well as of deficits in the frontal-mediated executive control system in children with this
disorder.

4.3 Limitations

Our data are limited to VCFS-affected children whose working memory skills were relatively
intact. Thirty percent of the total number of VCFS-affected children to whom we administered
the task obtained a d-prime score of lower than .88, and therefore were excluded from analyses.
Although the demographic characteristics of children who were excluded did not differ from
those who were included, our results may not be generalizable to children with VCFS who
have more severe working memory deficits. Nonetheless, we believe that the inclusion of poor
performers in the sample would have posed challenges to data interpretation.

We cannot rule out the possibility that group differences in 1Q scores contributed to the
differences in behavioral performance or patterns of activation during the working memory
task. However, we found that within-group correlations between 1Q and behavioral
performance were not significant. Although the absence of significant correlations may be due
to lack of power, it also may suggest that 1Q does not affect performance on working memory
tasks in intellectually-disabled samples to extent that it does in more typical populations. Future
analyses with larger, 1Q-stratified samples could clarify this question.

4.4 Implications

Several volumetric imaging reports, including our own, have reported that frontal lobe is
relatively preserved, whereas posterior regions, particularly the parietal lobe, are affected in
VCFS. The data that we report here suggest that despite the relative preservation of prefrontal
cortex volume, its function appears to be disturbed. This is consistent with neuropsychological
studies that demonstrate that children with VCFS have deficits in frontal-based skills such as
executive function, cognitive control and allocation of attention (Bearden et al., 2001;Sobin et
al., 2004;VVan Amelsvoort et al., 2004;Bish et al., 2005). Future research should consider how
best to apply the apparent reliance of VCFS-affected children (and potentially, children with
idiopathic learning disabilities) on Broca’s area during working memory tasks to the
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educational domain. It seems plausible that phonological rehearsal/repetition may be effective
in helping these children maintain non-spatial information.
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Figure 1.

Example of the 2-back task subjects viewed during scanning. (A) Experimental Block-
participants pressed the response button when they saw the same letter as 2 letters back. (B)
Control Block - participants pressed the response button when they saw the letter “X”.
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Figure 2.

Activation map of the 2-back cognitive task minus control task in control subjects. Axial slices
are orientated in radiological convention. R=right brain, L= left brain. Superior- inferior
distance from the AC-PC line is indicated. The bar is a visual representation of the range of z
values present in this activation map.
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Figure 3.
Activation map of the 2-back cognitive task minus control task in sibling subjects. See Figure
2 for abbreviations.
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Figure 4.
Activation map of the 2-back cognitive task minus control task in VCFS subjects. See Figure
2 for abbreviations.
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Figure 5.

Activity resultant from the subtraction of (A) VCFS subjects’ activation map from control
subjects’ activation map (B) control subjects’ activation map from VCFS subjects’ activation
map. See Figure 2 for abbreviations.
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Figure 6.
Activity resultant from the subtraction of VCFS subjects’ activation map from siblings’
activation map
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Figure 7.
Activity resultant from the subtraction of performance-matched VCFS subjects’ activation map
from control subjects’ activation map.
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Figure 8.
Activity resultant from the subtraction of performance-matched VVCFS subjects’ activation map
from siblings’ activation map.
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