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Abstract
Development of working memory (WM) aptitude parallels structural changes in the frontal-parietal
association cortices important for performance within this cognitive domain. The cerebellum has
been proposed to function in support of the postulated phonological loop component of verbal WM,
and along with frontal and parietal cortices, has been shown to exhibit linear WM load-dependent
activation in adults. It is not known if these kinds of WM load-dependent relationships exist for
cerebro-cerebellar networks in developmental populations, and whether there are age-related changes
in the nature of load-dependency between childhood, adolescence, and adulthood. The present study
used fMRI and a verbal Sternberg WM task with three load levels to investigate developmental
changes in WM load-dependent cerebro-cerebellar activation in a sample of 30 children, adolescents,
and young adults between the ages of 7 and 28. The neural substrates of linear load-dependency were
found to change with age. Among adolescents and adults, frontal, parietal and cerebellar regions
showed linear load-dependency, or increasing activation under conditions of increasing WM load.
In contrast, children recruited only left ventral prefrontal cortex in response to increasing WM load.
These results demonstrate that, while children, adolescents, and young adults activate similar cerebro-
cerebellar verbal working memory networks, the extent to which they rely on parietal and cerebellar
regions in response to increasing task difficulty changes significantly between childhood and
adolescence.

Introduction
Working memory (WM) is a psychological construct thought to represent the transient storage
and manipulation of information that is required for concurrent cognitive computation and
behavioral guidance (Baddeley, 1986, Baddeley, 1992, Smith and Jonides, 1998, Smith et al.,
1998, Baddeley, 2003). Behavioral studies have shown that the development of working
memory follows a protracted course of maturation reaching adult-like levels around middle
adolescence (Luciana and Nelson, 1998, Gathercole, 1999, Luna et al., 2004). Development
of WM ability parallels the lengthy course of structural changes in grey matter (Giedd et al.,
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1999, Sowell et al., 1999, Sowell et al., 2003, Sowell et al., 2004) and white matter (Klingberg,
2002, Nagy, 2004) in the frontal-parietal association cortices important for the performance of
WM.

Studies of verbal WM in adults have typically used variations of the classic Sternberg delayed
response task (Sternberg, 1966) to define the functional specificity of prefrontal, parietal, and
cerebellar regions for WM operations, because these tasks are especially effective at
dissociating the encoding, maintenance, manipulation, and retrieval components of WM
(Rypma, 2006), and have been used within parametric designs to characterize the load-
dependency of the WM network. The observation of linear increases in activation with
increasing WM memory load in frontal and parietal regions suggests that these regions track
task difficulty, and imply that increases in WM demands result on frontal-parietal networks
“working harder” to perform a more difficult task (Gould et al., 2003). However, nonlinear
relationships between activation and task difficulty could reflect a lack of distinction between
some but not other load levels, or could also indicate that different brain regions are
differentially recruited in response to increasing task difficulty (Gould et al., 2003). Systematic
analyses of the effects of WM load on frontal, parietal (Callicott et al., 1999) and cerebellar
(Kirschen et al., 2005) activity in adults have demonstrated that these regions show linear
responses to increasing WM load, however, no studies have investigated potential
developmental changes in the dynamics of load-dependency.

Several fMRI studies have examined developmental changes in visual-spatial WM (VSWM).
These studies have demonstrated that children recruit superior frontal and parietal cortical
regions during task performance (Thomas et al., 1999, Nelson et al., 2000, Klingberg, 2002,
Kwon et al., 2002, Olesen, 2003), a pattern of activation similar to that found in adults, where
numerous investigations have demonstrated activation in dorsal lateral prefrontal cortex
(DLPFC), ventral lateral prefrontal cortex (VLPFC), premotor cortex, and posterior parietal
cortex (Courtney et al., 1998, Postle et al., 2000, Rowe et al., 2000, Pessoa et al., 2002, Curtis
et al., 2004). Studies directly comparing children, adolescents, and adults have demonstrated
that increasing age correlates with increasing activation in this VSWM network (Klingberg,
2002, Kwon et al., 2002). Recent reports have emphasized developmental shifts in the networks
of brain regions that children, adolescents, and adults rely upon during performance of VSWM
(Scherf et al., 2006) and categorical object-based WM (Ciesielski et al., 2006). Specifically,
children and adolescents have been shown to recruit regions such as the striatum and cerebellum
during the performance of VSWM (Scherf et al., 2006) and complex object WM (Ciesielski
et al., 2006). These regions have been conceptualized to function in support of WM processes
(Scherf et al., 2006). In contrast, adults appear to recruit prefrontal and parietal regions for
performance of the same tasks, suggesting reliance on brain regions that have been
conceptualized as highly critical for WM performance (Scherf et al., 2006). These
developmental changes in brain network recruitment were associated with only modest
behavioral improvements, possibly suggesting a distinction between brain regions that are
sufficient for task performance (striatal and cerebellar regions) and those that are performance
enhancing (association corticies).

In contrast to the number of studies that have investigated developmental changes in VSWM
and object WM, to our knowledge, only two fMRI studies (Casey et al., 1995; Crone et al.,
2006) have examined verbal WM in children, and neither of these examined potential shifts in
cognitive networks as increasing WM load placed higher demands on the system. Casey and
colleagues reported activation of inferior and middle frontal gyri during the performance of a
verbal WM task among children aged 9–11 years (Casey et al., 1995). These results mirrored
those observed in adults performing an identical version of the task (Cohen et al., 1994),
suggesting, that like VSWM, both children and adults recruit similar brain regions in response
to verbal WM challenge. More recently, Crone and colleagues observed that while children
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and adults had similar activation profiles within the VLPFC during the maintenance phase of
a object WM task (objects were chosen to be highly verbalizable, thus tapping verbal
maintenance processes), children failed to recruit right DLPFC and bilateral superior parietal
cortex during a delay period containing an additional manipulation demand (Crone et al.,
2006). This suggests that frontal-parietal WM networks are less functionally developed in
children and raises the possibility that differences in activation between children and adults
may not be evident except under conditions of increasing WM demand.

Given findings demonstrating a developmental shift from reliance on brain regions thought to
support task performance to recruitment of highly task-specific networks for visual-spatial and
object WM (Scherf et al., 2006; Ciesielski et al., 2006), there may be age-related changes in
the brain regions recruited in response to increasing verbal WM load. To date, however, no
studies have conducted systematic analyses of developmental changes in neocortical and
cerebellar verbal WM load-dependency. Thus, the purpose of the present study was to
investigate the contribution of cerebro-cerebellar networks to verbal working memory in
children and adolescents, and to characterize developmental changes in the WM load-
dependency of this network by examining linear and quadratic components of WM load-
dependent brain activation across childhood, adolescence, and adulthood. Based on the
demonstration of linear load-dependency in cerebro-cerebellar networks in adults on verbal
WM tasks (Braver et al., 1997; Kirschen et al., 2005), and recent findings suggesting less
developed posterior cortical representations of verbal WM among children and adolescents
(Crone et al., 2006), we predicted that linear load-dependency in older participants would be
characterized by increased recruitment of posterior cortical regions important for verbal WM
maintenance.

Materials and Methods
Participants

Thirty-two typically developing individuals participated in this study. Participants included 14
children (aged 7–10, mean=9.0, SD=1.35), 10 adolescents (aged 11–15, mean=13.6, SD=3.29),
and 8 young adults (aged 20–28, mean=24.0, SD=2.93) (see Table 1). Because there is no
definitive age range that defines adolescence (reviewed in Spear, 2000), we used age groupings
roughly similar to those used in previous reports (Sowell et al., 2003) in an effort to equate the
numbers of subjects in each group and to allow for comparability across studies. One child
subject was excluded due to excessive head motion. A second child subject failed to make
behavioral responses during scanning and was also excluded. All subjects were screened for
neurological impairments, psychiatric illness, history of learning disability, and developmental
delay. All participants (and their parents if the participant was under age 18) gave their informed
assent/consent to participate in the study, which was approved by the Institutional Review
Board of the University of California, Los Angeles.

Stimuli and Task Parameters
Subjects performed a parametric verbal Sternberg working memory task, similar to that used
by Desmond and colleagues to examine cerebro-cerebellar networks in adults (Desmond et al.,
2003, Chen and Desmond, 2005). Stimuli consisted of a horizontal array of uppercase
consonant letters and pound (#) symbols. There were three types of arrays: high WM load (6
letters), medium WM load (3 letters and three “#” symbols), and low WM load (one letter and
five “#” symbols). For the medium and low load stimuli, letter array position was
counterbalanced across all possible array positions. Within the task, the overall appearance of
a given letter was counterbalanced, as was the order of presentation of load conditions. Stimuli
were generated using MacStim 3.0 psychological experimentation software (CogState, West
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Melbourne, Victoria, Australia) and were visually presented to subjects in the scanner using
magnet-compatible 3-D goggles (Resonance Technology, Northridge, CA).

Subjects were instructed to remember the letters in each array. Letter arrays were presented
for 1.5 seconds, followed by a three second delay (see Figure 1). Following this delay, a
lowercase letter probe stimulus was presented for 1.5s. For all load conditions, the probe
stimulus matched the previously presented letter(s) on half of the trials. Position of the probe
stimulus within the array was counterbalanced. Subjects were instructed to respond by pushing
a button with their index finger if the probe stimulus matched an array letter and to push a
button with their middle finger when the probe stimulus did not match an array letter. The task
consisted of four blocks of each load condition (12 WM blocks total), with four trials in each
24-second block. Thirteen 12-second rest blocks, in which subjects fixated on a cross hair,
alternated with the WM blocks, for a total task time of 7 minutes, 24 seconds.

Subjects were trained on the task prior to the start of the scanning session. Training included
a verbal description of the task and then two practice runs, each containing 5 trials. All subjects
were able to perform the task prior to the start of the scanning session. Once the subject was
in the scanner, task instructions were reviewed again before the start of the task.

Data acquisition
Functional imaging data were collected on the UCLA Division of Brain Mapping’s research-
dedicated 3 Tesla Siemens Allegra head-only magnet. Multi-slice echo-planar imaging (EPI)
was used with a gradient echo EPI sequence. We used a TR of 3 sec, with a TE of 25. Slice
thickness was 3 mm with a 1 mm skip, 36 total slices, with 64x64 pixels yielding a resolution
in-plane of 3mm with whole-brain acquisition. A high-resolution T2-weighted EPI volume
was collected in the anterior commissure-posterior commissure plane (slice thickness=3mm,
36 total axial slices covering the entire brain with 1mm gaps between slices, TR=5000ms,
TE=33ms, flip angle=90 degrees, matrix size 128 x 128 with 1.5 x 1.5 mm in-plane voxel
dimensions), coplanar with the functional scan, to allow for spatial registration of each subject’s
data into a standard coordinate space.

Image and Statistical Analysis
Functional imaging data were analyzed using FSL (FMRIB’s Software Library,
http://www.fmrib.ox.ac.uk/fsl/index.html, (Smith et al., 2004). Data were corrected for
possible motion artifacts by co-registering each BOLD image in the time series to the middle
volume in the series using a 6-parameter rigid-body transformation. Volumes that had more
than 2mm of head motion were excluded and the remaining time series data were analyzed.
For a given subject, if excessive head motion occurred on more than 17 volumes within each
task condition, that subject was excluded. Slice timing correction was applied to correct each
voxel’s time series given that slices were acquired in an interleaved fashion. Data were spatially
smoothed using a 6 mm (FWHM) Gaussian kernel and a high pass filter cutoff period of 50
seconds was imposed. Finally, all data were registered in a two-step process. First, each
subject’s EPI data were registered to their own T2-weighted structural image with a 6-
parameter transformation for within subject analyses, and then to the MNI-152 standard space
template with a 12-parameter transformation for group averaging (Jenkinson and Smith,
2001, Jenkinson et al., 2002).

Single subject analyses were carried out using FMRIB’s fMRI Expert Analysis Tool (FEAT,
version 5.63). In these analyses, low, medium, and high WM loads were modeled separately.
The hemodynamic response function (HRF) was specified as a gamma variate function (mean
lag of 6 seconds) and convolved with the modeled components. Statistical analysis of the time
series data was carried out using FMRIB’s Improved Linear Model (FILM). A voxel-wise
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general linear model was applied so that each voxel’s time course was individually fit to the
model with local autocorrelation correction (Woolrich et al., 2001). Overall WM responses
were determined by comparing WM activity (collapsed across loads) with rest. Orthogonal
contrasts were then used to compute linear and nonlinear response functions across load
conditions. Linear functions were modeled as [−1 0 1] and identified voxels that showed
increasing activity with increasing WM load. Nonlinear functions were modeled as [−1 2 −1]
to investigate the extent to which the change between easy and medium loads differed from
the change between medium and hard loads. Z statistic images were thresholded using clusters
determined by Z > 1.7 and a (corrected) cluster significance threshold of p = 0.05.

Higher-level group analysis was carried out using FLAME (FMRIB’s Local Analysis of Mixed
Effects). FLAME takes each subject’s time series data and models all subjects in each group
(children, adolescents, young adults). Thus, group average responses for the linear and
nonlinear contrasts were derived. Thus, a one-way analysis of variance (ANOVA) with the
factor of age group was used to examine group differences in activation for these contrasts.

Results
Demographic and Behavioral data

Demographic, accuracy (percent correct) and response time (RT) data for all subjects are
presented in Table 1. Age groups did not differ significantly on IQ [F(29)=1.124, NS], and a
chi-square analysis confirmed that gender distributions were equal between groups [χ2 =0.268,
NS]. A repeated measures ANOVA examining the effects of WM load level on accuracy found
no interaction of age and load [F(4,29)=0.163, p=0.957], and no main effect of age [F(2,29)
=1.549, p=0.219]. There was a main effect of load [F(2,29)=20.878, p<0.001]. Post hoc tests
revealed that accuracy for high trials was significantly less than for either medium (p<0.001)
or low load trials (p<0.001). There was no significant difference for accuracy between low and
medium trials. A repeated measures ANOVA examining the effects of WM load on RT found
no interaction of RT and load [F(4,29)=0.951, p=0.439]. There was a main effect of age [F
(2,29)=7.260, p=0.001]. Post hoc tests revealed that adults had significantly faster RTs than
children (p=0.002), but not adolescents (p=0.092). There was also a main effect of load [F
(2,29)=7.126, p=0.001]. Post hoc tests revealed that RT for low trials was significantly faster
than for either medium (p=0.029) or high trials (p=0.006).

Functional Imaging Data
Talairach coordinates, local Z statistic values, and Brodmann areas for the maximum Z value
within each cluster are presented for all analyses in Tables 2 through 5. Anatomical locations
of neocortical activations were determined using Talairach and Tournoux’s stereotaxic atlas
(Talairach, 1988). Cerebellar anatomical locations were determined using Schmahmann’s atlas
of the human cerebellum (Schmahmann et al., 2000). Note that space limitations led to
rendering of only the most relevant slice views for all analyses described below, and some
regions listed in the tables of cluster maximums may not be shown in the figures.

Linear and Nonlinear Verbal WM Load Effects: Children—Among children, voxels
exhibiting linear load-dependency, or increasing activation under conditions of increasing WM
load were limited to left ventral prefrontal regions (Table 2 and Figure 2A). No regions reached
significance for nonlinear responses to increasing WM load in children.

Linear and Nonlinear Verbal WM Load Effects: Adolescents—As predicted, among
adolescents, linear load-dependency was observed bilaterally in ventral lateral prefrontal
cortex, left middle and superior frontal gyri, and left precentral gyri (Table 3 and Figure 2B).
Additional regions showing linear load-dependency were observed in visual cortices, including
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left middle and inferior occipital gyri, and the fusiform gyrus. Linear load-dependency was
also observed bilaterally in the superior cerebellar hemispheres (lobule VI/Crus I), in the right
inferior cerebellum (VIIA/VIIB), and in inferior lobule IX.

Figure 2B (right-side) shows statistical maps of regions displaying significant inverted U-
shaped quadratic effects (i.e., the response to the medium load is greater than that to low and/
or high loads) for adolescents. Regions displaying this pattern were found in medial prefrontal
and parietal areas, and the left angular gyrus.

Linear and Nonlinear Verbal WM Load Effects: Young Adults—Among adults,
voxels exhibiting linear load-dependency, or increasing activation under conditions of
increasing WM load, were found bilaterally in middle frontal and inferior frontal gyri and the
left superior parietal lobule (Table 4 and Figure 2C). Linear load-dependency was also observed
in the cerebellum. The bilateral superior cerebellar hemispheres (lobule VI/Crus I) and right
inferior cerebellum (VIIA/VIIB) demonstrated increasing activation with increasing WM load.
Adults did not display any regions showing nonlinear responses to increasing WM load (right
side of Figure 2C).

Age Group Differences in WM Load-Dependency—Group differences were observed
for linear load-dependent relationships. As predicted, linear load-dependent functional activity
was significantly increased among adolescents and young adults, relative to children, in the
left superior parietal lobule (BA7), the right superior cerebellum (VI/Crus I), and the right
inferior cerebellum (lobules VIIA/VIIB) (Table 5 and Figure 3). Relative to young adults,
adolescents showed increased activation, in premotor and supplementary motor areas, under
conditions of increasing WM load. Nonlinear load-dependent functional activity (the response
to medium load trials was greater than to either low or high load trials) was significantly
increased among young adults, relative to children in right ventral prefrontal cortex (Table 5
and Figure 3).

Discussion
The results of the present study demonstrate that children, adolescents, and adults engage
cerebro-cerebellar networks in response to verbal WM challenge. Qualitatively, differences
among age groups in WM load-dependency suggest that with increasing age the number of
brain regions showing linear load-dependency expands. Specifically, while children display
increasing activation in response to increasing WM load in left ventral prefrontal cortex only,
adolescents and young adults show this pattern in right prefrontal, left parietal, superior
cerebellum bilaterally (VI/Crus I), and right inferior cerebellum (VIIA/VIIB) regions as well.
Age group effects for linear load-dependency were found to be statistically significant.
Specifically, adolescents and young adults showed increased linear load-dependent activation
in the left superior parietal lobule and right superior cerebellum when compared to the children.
These data extend findings from adult studies by showing that the neural substrates of linear
load-dependency change from childhood to adolescence, and implicate increasing reliance on
posterior parietal and cerebellar regions as crucial for this process.

The observation of load-dependent increases in bilateral middle and inferior frontal gyri, the
left superior parietal lobule, right inferior cerebellar regions (VIIA/VIIB), and bilateral superior
cerebellar hemispheres (VI/Crus I) among the adults studied here replicates previous findings
within the prefrontal cortex (Braver et al., 1997, Rypma et al., 1999) and cerebellum (Desmond
et al., 1997, Kirschen et al., 2005). We extend these observations by demonstrating that linear
load effects in frontal, parietal, and cerebellar regions, while present on a limited basis among
children, are fully present in adolescence. Consistent with Desmond’s model of cerebellar
function in verbal WM, we postulate that load-dependent increases in activation in bilateral

O’Hare et al. Page 6

Neuroimage. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



superior cerebellar hemispheres (VI/Crus I) reflects increased input from ventral frontal regions
involved in the articulatory control system of the phonological loop. Further, we speculate that
load-dependent increases in right inferior cerebellar regions (VIIA/VIIB) reflect increased
input from parietal regions important for phonological storage (Desmond et al., 1997; Kirschen
et al., 2005; Chen and Desmond, 2005a). This cortical-cerebellar network relies on anatomical
connectivity between these regions (Schmahmann, 1991, Schmahmann, 1996, Schmahmann
and Pandya, 1997). Thus in our study, parametric increases in activation in cerebellar regions
are interpreted to reflect increased WM processing demands.

The increased cerebellar activation among adolescents and adults relative to children during
verbal WM reported here is inconsistent with previous studies that have reported decreasing
cerebellar activation with age during the performance of object WM (Ciesielski et al., 2006)
and VSWM (Scherf et al., 2006). It is important to note however, that the cerebellum is thought
to play a crucial role in covert speech and phonological storage (Desmond & Fiez, 1998; Chen
& Desmond, 2005a; Chen and Desmond, 2005b), processes that are presumably more involved
in the maintenance of verbal information than that of the visual information presented in other
studies. Thus, our findings provide evidence of developmental changes in cerebellar
involvement in verbal WM that are consistent with known developmental improvements in
behavioral measures of phonological storage and covert speech (Gathercole, 1999). These
changes may be functionally distinct from developmental changes in cerebellar involvement
in other types of WM and suggest a conceptualization of the role of the cerebellum in verbal
WM development. It is also important to note that the previous studies reporting decreasing
cerebellar activation with increasing age were examining the main effects of cerebellar
activation for object (Ciesielski et al., 2006) and VSWM (Scherf et al., 2006). In contrast, the
present study examined linear and nonlinear changes in brain activation under conditions of
increasing WM load. It is also possible that the differences between the results of the present
study and those of previous investigations are related to the use of differences contrasts. Future
studies comparing developmental changes in cerebellar involvement in different types of WM
within the same subjects will be needed to test these hypotheses.

Consistent with the role of the ventral prefrontal cortex in WM maintenance processes
(D'Esposito et al., 1999, D'Esposito et al., 2000, Veltman et al., 2003), we observed increasing
activation with increasing WM load in ventral prefrontal cortex within all age groups studied
here, suggesting that WM maintenance systems are mature by age 7. In contrast, parietal and
cerebellar involvement in linear load-dependency was observed only in the adolescent and
young adult age groups, suggesting continued development of those WM processes supported
by parietal and cerebellar regions between childhood and adolescence. Although there is some
disagreement about its precise location (Becker et al., 1999), recent neuropsychological (for a
review see (Muller and Knight, 2006) and neuroimaging (Ravizza et al., 2004) work has
implicated the parietal cortex as the site of the phonological storage component of verbal WM
and suggests that the dorsal parietal cortex is particularly sensitive to manipulations of verbal
WM load. As noted above, several studies have described a role for the cerebellum in the
phonological loop component of verbal WM (Desmond et al., 1997; Chen et al., 2005; Kirschen
et al., 2005). Thus, our findings suggest that developmental differences in verbal WM may
relate specifically to changes in the phonological storage component of verbal WM
maintenance. Additional investigations using event related designs will be needed to isolate
the maintenance stage of verbal WM within a given trial to further address this hypothesis.
Future studies will also need to directly manipulate phonological storage processes by varying
both the length of the maintenance period or the quality of encoding.

Nonlinear responses to increasing WM load were observed in adolescents, but not children or
young adults. Among adolescents, inverted U-shaped responses were observed in medial
parietal and prefrontal regions, consistent with previous observations in adults (Rypma et al.,
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1999; Kirschen et al., 2005; Caseras et al., 2006). Nonlinear load-dependent activation was
significantly increased in right ventral prefrontal cortex among young adults, relative to
children, although this region was not observed in the young adult mean activation map,
perhaps to due to differences in the sample sizes between age groups. Nonetheless, young adult
subjects displayed statistically significant increases in nonlinear load-dependent activation,
relative to children, in right ventral prefrontal cortex. Nonlinear load-dependency may indicate
recruitment of different working memory mechanisms at different WM loads (Braver et al.,
1997, Gould et al., 2003). Regions showing nonlinear responses to increasing WM load showed
increased activation to medium load trials and similar levels of activation to low and high load
trials. This pattern is consistent with the notion of a brain region being recruited as task demands
increase (from low to medium WM loads), but then “dropping out” as task demands become
overly difficult (from medium to high WM loads).

Dissociating developmental changes in brain activation from changes that may be due to
performance differences among different age groups is an important and complex issue
(Durston and Casey, 2006). In the present study, adolescents and adults recruited several brain
regions not recruited by children, with no apparent benefit to accuracy, given that accuracy did
not vary with age. Response time differences may contribute to observed differences in brain
activation between young adults and children, but it is important to note that although adults
were significantly faster than children there were no accuracy differences between these
groups. Furthermore, there were no significant differences in RT between adolescents and
children, and adolescents displayed increased linear-load dependent activation relative to
children in the same location as young adults subjects. Perhaps group differences in RT stem
from adults performing low and medium trials at ceiling, and the more diffuse pattern of
activation among older participants would facilitate performance only if the task were more
demanding. Three WM load levels may not be sufficient to characterize the full spectrum of
parametric changes in both behavior and BOLD signal that occur in response to WM challenge.

The present study extends knowledge of WM development in several important ways. First,
although linear load effects have been shown in adults, the present findings are the first, to our
knowledge, to investigate load effects in verbal WM across childhood, adolescence, and
adulthood. Developmental changes in the network of regions recruited in response to increasing
WM load suggest that changes in phonological processing may be most prominent, as
evidenced by increasing activation with age in parietal and cerebellar regions crucial for this
cognitive process. Second, cerebellar support of verbal WM develops between childhood and
adolescence, and our results suggest that the role of the cerebellum in the cognitive
development of verbal WM may differ from its role in visual-spatial WM. These results
demonstrate that, while children, adolescents, and young adults activate similar cerebro-
cerebellar verbal working memory networks, the extent to which they reply on parietal and
cerebellar regions in response to increasing task difficulty changes significantly between
childhood and adolescence.
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Figure 1.
Verbal Sternberg Working Memory Task. The correct responses for the three items presented
in the figure are “yes” for the high load and low load examples, and “no” for the medium load
example.
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Figure 2.
Surface renderings and coronal sections displaying linear and nonlinear load-dependent
cerebro-cerebellar activation during verbal WM for children (A), adolescents (B), and young
adults (C). The left-hand panel depicts regions where significant (Z > 1.7 and a corrected cluster
significance threshold of p = 0.05) linear increases in activation were observed with increasing
WM load for the three age groups. Regions in red correspond to those voxels that displayed a
linear response to increasing WM load. The right-hand panel depicts regions where significant
(Z > 1.7 and a corrected cluster significance threshold of p = 0.05) nonlinear responses were
observed for the three age groups. Regions in blue correspond to those voxels that displayed
an inverse U-shaped quadratic response to increasing WM load. Voxels are displayed on the
brain surface only if they intersect with the surface. Axial and coronal slices show frontal,
cerebellar, parietal, and precuneus activation. Y values correspond to Talairach standard space
coordinates.
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Figure 3.
Surface renderings and coronal sections displaying age group differences for linear (panels A,
B, and C) and nonlinear (panel D) load-dependent cerebro-cerebellar activation. Shown here
are regions of significant (Z > 1.7 and a corrected cluster significance threshold of p = 0.05)
activation for linear and nonlinear load-dependency. Panel A depicts regions where adolescent
subjects display greater linear load-dependent activation relative to children. Panel B depicts
region where young adults display greater linear load-dependent activation relative to children.
Panel C depicts regions where adolescents display greater linear load-dependent activation,
relative to young adults. Panel D depicts regions where young adults display greater nonlinear
load-dependent activation, relative to children. Voxels are displayed on the brain surface only
if they intersect with the surface. Y values correspond to Talairach standard space coordinates.
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Table 1
Demographics and Behavioral Performance on the Verbal Sternberg Working Memory Task

Children (n=12) Adolescents (n=10) Young Adults (n=8)
Age 9.0 (1.4) 13.6 (1.5) 23.8 (3.0)

Female/Male 6/6 6/4 4/4
FSIQ 116 (18) 106 (15) 113 (17)

Low Accuracy 96 (7) 95 (6) 99 (2)
Medium Accuracy 93 (16) 92 (14) 98 (3)

High Accuracy 74 (16) 77 (18) 82 (13)
Low RT 0.86 (0.18) 0.71 (0.18) 0.66 (0.10)

Medium RT 0.96 (0.17) 0.84 (0.13) 0.77 (0.10)
High RT 0.91 (0.17) 0.91 (0.16) 0.85 (0.11)

Values presented as mean (SD). Accuracy given as percentage correct. Reaction Time (RT) in seconds.
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