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Abstract

Working memory (WkM) is a fundamental cognitive process that serves as a building block for
higher order cognitive functions. While studies have shown that children and adolescents utilize
similar brain regions during verbal WkM, there have been few studies that evaluate the
developmental differences in brain connectivity. Our goal was to study the development of brain
connectivity related to verbal WkM in typically developing children and adolescents.

Thirty-five healthy children and adolescents, divided into three groups: 9-12 (children), 13-16
(young adolescents) and 17-19 (older adolescents) years, were included in this fMRI study. The
verbal WKM task involved a modified Sternberg item recognition paradigm using three different
loads. Brain connectivity analysis was performed using independent component analyses and
regressing the components with the design matrix to determine task-related networks.

Connectivity analyses resulted in four components associated solely with encoding, four solely
with recognition and two with both. Two networks demonstrated age-related differences with
respect to load, 1) the left motor area and right cerebellum, and 2) the left prefrontal cortex, left
parietal lobe, and right cerebellum. Post hoc analyses revealed that the first network showed
significant effects of age between children and the two older groups. There was increasing
connectivity with increasing load for adolescents. The second network demonstrated age-related
differences between children and older adolescents. Children have higher task-related connectivity
at lower loads, but they tend to equalize with the adolescents with higher loads. Finally, a non-load
related network involving the orbital frontal and anterior cingulate cortices showed less
connectivity in children.
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1. Introduction

Working memory (WKM) is considered to be one of the building blocks for higher cognitive
functioning. It provides an essential interface between perception, attention, memory and
action (Baddeley, 1996). WKM involves three primary processes: encoding information,
actively maintaining this information on-line in memory, and finally, using the information
to guide behavior. These processes are necessary for completing complex tasks (Baddeley,
1996). During encoding, the participant must attend to a task and construct an internal
representation of the object. This mental representation must then be maintained in memory
during a delay period, after which the mental representation may be used to decide upon a
course of action.

There have been considerable efforts in non-human primates to understand the underlying
neurobiology associated with WKkM (Goldman-Rakic et al., 2004). Previous studies in
humans have shown that WkM performance continues to improve from childhood, through
adolescence, and into early adulthood (Luciana and Nelson, 2000; Luna et al., 2004). This
development is associated with brain maturation, although the key elements involved have
not yet been clearly delineated. There have been a number of functional imaging studies
evaluating WKkM in children and adolescents (Crone et al., 2006; Finn et al., 2010;
Klingberg et al., 2002; O'Hare et al., 2008; Thomas et al., 1999). While children have been
shown to activate similar brain regions as adults (Nelson et al., 2000; Olesen et al., 2003)
there are several distinct developmental differences, although the findings are inconsistent.

(O'Hare et al., 2008) evaluated developmental differences in 12 children (7-10 years), 10
adolescents (11-15 years), and eight young adults (20-28 years) during an fMRI WKM task.
They found increasing activation with increasing load in frontal, parietal and cerebellar
regions in adolescents and adults, while children recruited only the left ventral prefrontal
cortex with increasing WKM load. (Crone et al., 2006) also compared three age groups (8-
12 years; n=14, 13-17 years; n=12, and 18-25 years old; n=18) and found that while
children had poorer performance on a WKM task compared with adolescents and adults, they
found no differences in the activation profile of the ventrolateral prefrontal cortex, a region
associated with online maintenance. (Finn et al., 2010) followed ten female adolescents in
their longitudinal fMRI study and found that younger adolescents have more activation in
the hippocampus and older adolescents have a stronger relationship between behavioral
performance and functional activity in the prefrontal cortex. (Klingberg et al., 2002) used
functional MRI to measure brain activity during a WkM task in 13 participants between 9—
18 years of age, and found a positive correlation between age-related increases in WkM
capacity and brain activity in the superior frontal and intraparietal cortex. While a summary
of these studies that utilized different age groups, methodologies, and regions of interest is
challenging, nearly all studies show that there are age-related increases in specific areas
associated with adolescent development.
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WKM is disrupted in a number of psychiatric and neurological disorders, such as
schizophrenia and Attention-Deficit/Hyperactivity Disorder (Diwadkar et al., 2011;
Martinussen et al., 2005; White et al., 2011). Therefore, understanding the normal
developmental trajectories of WKM is important to better understand when trajectories go
awry. It is often unclear when during the course of development these abnormalities in
WKM occur. Thus, having a good understanding of the normal development of WkM will
help determine when in the course of development abnormal trajectories diverge from the
normal trajectories.

Since brain function involves distributed neural networks, approaches that measure
functional connectivity are well suited to study age-related network differences between
childhood and late adolescence. Since the prefrontal cortex has a protracted development,
our hypothesis was that connections between the prefrontal cortex and other outlying
regions would strengthen from childhood through adolescence. Therefore our aim was to
determine specific connections between the prefrontal cortex with other brain regions while
performing a WkM task. The application of a data driven approach (Independent
Component Analysis; ICA), allowed us to test other networks that are involved in verbal
WKM. Therefore, our secondary aim was to assess alternative networks that show age-
related differences in brain connectivity during verbal WkM tasks in typically developing
children and adolescents. To our knowledge no other studies have examined developmental
differences in functional connectivity associated with WkM performance in typically
developing children and adolescents. However, there has been one recent study evaluating
functional connectivity in adolescents (Finn et al., 2010).

2. Methods

2.1 Participants

Our participants consisted of typically developing children and adolescents between the ages
of 9 and 19 years. To evaluate age-related differences, these participants were divided into
three groups consisting of children (between the ages of 9 and 12 years; n=10), young
adolescents (between the ages of 13 and 16 years; n=12), and older adolescents (between the
ages of 17 and 19 years; n=13). Participants were recruited from advertisements in the local
community, and via families who had participated in other MRI studies from our research
group (Karatekin et al., 2010; White et al., 2011). Participants were excluded if they were
pregnant, had a history of any psychiatric disorder, including a history of substance
dependence or on-going substance abuse (within the past month), neurological disorders,
head injuries, or a medical illness that involved the brain. Participants were also screened to
assure that they had no contraindications for participation in an MRI study such as metal
implants or claustrophobia. All participants underwent a thorough diagnostic assessment
using the Kiddie-SADS-PL (Kaufman et al., 1997). Their socioeconomic status (SES) was
measured by using the Hollingshead SES scale (Cirino et al., 2002). This study was
performed at the University of Minnesota in compliance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki) and was approved by the Institutional
Review Board at the University of Minnesota. Informed consent and assent was obtained
prior to participation.
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2.2 Working Memory Paradigm

Verbal WkM was tested using a modified Sternberg Item Recognition Paradigm (SIRP)
using three WKM loads (Sternberg, 1966) (Figure 1). The modified SIRP targeted encoding
and retrieval of information and was easy enough to be performed well by children. The
stimuli were designed as an integrated block and event-related paradigm and each run
consisted of two blocks for each WkM Load (total = 6 blocks per run) (Roffman et al., 2008;
White et al., 2011). During a WKM block, participants were initially presented with the word
‘Learn’. This was followed by the simultaneous presentation of one, three, or five digits for
seven seconds (‘Encode”). After a short delay of 2.5 seconds, 16 single digits were presented
sequentially at a rate of 2.7 seconds for each digit (‘Recognition’). The participants pushed
their right thumb if the digit was a member of the memorized set (‘Target’), or their left
thumb if the digit was not a member of the memorized set (‘Foil’). Accuracy and response
time were measured for each response. All the participants who participated in this study
had two practice sessions prior to the fMRI session. During the first practice session,
participants were seated in a chair in front of a monitor and performed the WKM task with a
team member describing the task. The second practice session was performed inside a mock
scanner with stimuli identical to that used during the fMRI session. The participants
practiced until they understood and were comfortable performing the task. Participants were
told to respond as quickly as possible without making mistakes. During the fMRI session, a
vacuum bag was placed around the back of the head to reduce head motion. The paradigm
was programmed using E-Prime (Psychology Software Tools, Inc.) The participants wore a
set of fMRI compatible gloves with buttons associated with each finger and thumb. There
were three runs, each lasting five minutes and 58 seconds.

2.3 MRI Sequence

The MRI images were acquired with a 3T Siemens MR system (Erlangen, Germany) located
at the Center for Magnetic Resonance Research at the University of Minnesota. After an
initial localizer scan was obtained, a coronal scout image (12 slices; field of view (FoV) 224
mm, TR 2000 ms; TE 72 ms; resolution 2.3 x 1.8 x 2 mm) was obtained to locate the
coronal midline. A second scout image was then attained using sagittal images acquired
along the coronal midline (12 slices; FoV 224 mm; TR 2040 ms, TE 62 ms; resolution 1.2

x .9 x 2 mm). These sagittal slices were used to orient the volume along the anterior/
posterior commissure (ACPC) plane. Functional images were obtained using a gradient echo
sequence with 27 axial slices and an in-plane resolution of 3.4 x 3.4 mm, 4 mm slice
thickness, and a 1 mm gap. Additional sequence parameters included: TE =30 ms, TR =
2000 ms, flip angle = 90 degrees and FoV = 220 mm. A total of 177 volumes were obtained
for each of the three runs (531 volumes in total).

2.4 Image Processing

All the functional images were preprocessed using a combination of Analysis of Functional
Neurolmages (AFNI, http://afni.nimh.nih.gov/) (Cox, 1996) and FMRIB’s Software Library
(FSL, FMRIB Software Library; FMRIB, Functional Magnetic Resonance Imaging of the
Brain; http://www.fmrib.ox.ac.uk/fsl/) (Smith et al., 2004). Following the conversion from
DICOM to the Nifti format, slice timing correction and motion correction were performed
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using AFNI (Cox, 1996). Participants who were unable to complete three runs of the SIRP
or participants who had greater than 2.5 mm of motion in the X, y, or z directions were
excluded from the analyses. Images were oriented to standard Montreal Neurological
Institute (MNI) space utilizing FSL in a 3-stage process. First, for each individual a mean
echo planar imaging (EPI) image was generated from the fMRI time series. This mean EPI
image was registered to an EPI template in standard space using a 12-parameter
transformation (Jenkinson et al., 2002; Jenkinson and Smith, 2001). Finally, the 12-
parameter transformation was applied to the entire fMRI time series for each individual and
each run. The data were spatially smoothed using an 8-mm full width at half-maximum
Gaussian kernel (White et al., 2001).

2.5 Independent Component Analysis

Following the preprocessing steps, a group Independent Component Analysis (ICA) was
performed on the preprocessed data (Calhoun et al., 2001a, b). The methods prescribed by
this process were performed using GIFT (Matlab toolbox version 1.3c http://
icath.sourceforge.net). ICA allows a model free analyses of the data and thus was well suited
as an initial step to derive specific brain networks. From this, we were able to test which of
these networks were associated with our WKM task. We chose to use this approach, as it was
our intent to initially extract network information and to use these networks to assess age-
related differences in connectivity during WkM.

ICA is a statistical and computational data-driven technique that is designed to extract
temporally related signals that are hidden within sets of random or unrelated variables. It
assumes that the fMRI time series are linear mixtures of independent source signals that are
buried within noise. The algorithm (infomax) was designed to extract maximally
independent signals and their mixing coefficients. The principle behind ICA is that these
maximally independent source signals represent temporally coherent groupings of BOLD
signal change, often referred to as component maps. These components map the functional
connectivity between different brain regions. Since ICA is a data-driven approach, the
functional networks are generated without any assumptions about the shape of the
hemodynamic time courses. The spatial maps generated by ICA were averaged together
across the three scan sessions and the dimensionality was not constrained. This resulted in
26 independent component (IC) spatial maps for every participant. These IC spatial maps
represent the regions of the brain related to a specific time course. Every voxel within a
component spatial map contains a z score, with high z scores reflecting a greater
contribution to the associated time course.

2.6 Component Selection

One of the strengths of ICA is its ability to detect noise-related components that represent
signal artifacts such as head motion and eye movement. Thus, we first evaluated each of the
spatial maps and eliminated those with motion or other artifacts. These were readily
identified by symmetric activations on the opposite sides of the skull, activations within the
ventricles, or activation within the eye itself. The second phase consisted of identifying and
limiting the components to only those that were task-related. The SIRP has the advantage to
be able to parse out the encoding, maintenance, and retrieval phases as separate time series.
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We did not calculate connectivity during the maintenance phase of the task, as the optimum
method would be to parametrically alter the delay period to assess for effects of delay.
Adding this additional measure would also have significantly increased the acquisition time,
which would have been difficult especially for the younger children. The effect of load was
determined via a mixed-model repeated measures ANCOVA using the beta weights that
reflect task modulation at the different loads. The ICA component time courses were
regressed against the design matrix for the working memory task in GIFT using a SPM5
general linear model (GLM) to obtain the beta weights for each load of the working memory
task. The design matrix included columns for both encoding and recognition for each of the
three WKM loads. The resulting beta weights from this regression analysis represent the
degree to which each component was associated with the WKM task relative to the fixation
baseline (i.e., a high beta weight represents a large task-related modulation of a component
for a given regressor). The components that showed a statistically significant effect of load
or age-related differences for either encoding, recognition or both were included in the
study. These components were used to assess group differences using a mixed-model
repeated-measures analysis of variance (ANOVA).

2.7 Statistical Analyses

3. Results

The demographic data was assessed using chi-square for categorical data and ANOVA for
normally distributed continuous data. We used the Kruskal-Wallis test for non-normally
distributed continuous data. A 3 (age group) by 2 (encode/recognition) by 3 (load) by 3 (run)
mixed-model repeated measures ANOVA was performed using age group, task, and load as
the fixed effects, and subject as the random variable. We also used repeated measures
ANOVA for post-hoc analysis comparing the three different age groups. The task-related
beta-weights for each of the individual components were entered into a 3 (age group) by 3
(load) mixed-model repeated-measures ANOVA. To examine performance differences
between the different age groups, a 3 (age group) by 3 (run) by 3 (load) mixed-model
analysis of covariance (ANCOVA) was performed using response time (RT) and accuracy
as covariates. We also analyzed age as a continuous variable using a mixed-model
regression analysis. We examined differences in head motion during scanning using a 3 (age
group) by 3 (run) repeated measures ANOVA. A Bonferroni correction was conducted to
correct for multiple testing. The analyses were performed using SAS version 9.2 (Institute
Inc., Cary, NC, USA).

3.1 Study Population

From a total of 41 participants who completed scanning, six children were excluded due to
significant motion. The 35 participants included in the study were between 9 and 19 years of
age with a mean age £ S.D. of 15.0 + 3.0. The total group included 16 girls and 19 boys.
Age group subsamples included 10 children aged 9-12 (10.9 £ .9), 12 young adolescents
aged 13-16 (15.2 £ 1.0) and 13 older adolescents aged 17-19 years old (18.1 £ .9). No
significant differences in gender, socioeconomic status or handedness were found between
these subgroups (Table 1). There were no significant differences in movement across age
groups using both the maximum (Fy 101 = 1.74, p = .190) and mean movement parameters
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derived from AFNI (F1 101 = .02, p = .903). All participants were debriefed after the task and
were asked what strategy that they used to remember the numbers. All participants used the
same strategy of repeating the numbers sequentially in their mind. They did this in the order
that the numbers were presented, thus, without reordering and none of the subjects reported
using a visual spatial strategy.

3.2 Behavioral Results

Probe response time and probe accuracy—A mixed-model repeated-measures
ANOVA found that both age group (F2 6s = 8.24, p <.001) and WKM load (F2 513 = 160.0, p
< .0001) significantly affected probe response time (probe RT), and these factors did not
interact. Children responded more slowly than older participants, and in all groups and the
RT increased with increasing WKM load. For the probe accuracy there were significant main
effects of run (F2 515 = 8.00, p <.001), age group (F2 63 = 5.0, p <.001), and load (F2 508 =
45.49, p <.0001). There was also an interaction between age group and load (F4 508 = 5.42,
p < .001) for probe accuracy. With increasing loads and successive runs, accuracy
decreased. Thus, children between 9-12 years had longer response times and were less
accurate for both probes and foils compared to the older participants (Figure 2).

Comparing the children and the younger adolescents in the post-hoc analysis showed that
there were significant main effects of age group (F2, 46 = 12.47, p <.001), load (Fy, 336 =
105.1, p <.0001), and run ((F2, 341 = 3.78, p = .02) for the probe RT using the mixed model
repeated measures. In addition, there was an interaction effect of run by load (F4, 336 = 2.50,
p = .04). There were significant main effects of age group (F1, 42 = 6.30, p <.02), load

(F2, 331 =40.9, p <.0001), and run ((F2, 338 = 7.29, p < .001) for the probe accuracy using
the mixed model repeated measures analysis. In addition, there was also an interaction effect
of age group by load (F,, 331 = 5.22, p = .006).

When comparing the children with the older adolescents, we found significant main effects
of both age group (F, 43 = 12.03, p =.001) and load (F2 331 = 97.7, p <.0001) for the probe
RT. No interaction effects were observed. There were significant main effects of age group
(F1, 40 = 6.40, p = .02), load (F, 327 = 35.2, p <.0001), and run ((F2, 331 = 5.09, p = .006) for
the probe accuracy. In addition, there was also an interaction effect of age group by load

(F2, 327 = 9.15, p <.001) and run by load (F4 327 = 3.43, p =.009).

Finally, when comparing the younger adolescents with the older adolescents in the post-hoc
analysis, the results showed a significant main effect of load (F, 335 = 118.5, p <.0001) for
the probe RT using the mixed model repeated measures. No interaction effects were
observed. There were significant main effects of both load (F» 358 = 17.2, p <.0001) and
run ((F2, 358 = 4.17, p = .02) for the probe accuracy using the mixed model repeated
measures. No interaction effects were observed.

Foil response time and foil accuracy—The mixed-model repeated-measures ANOVA
showed that there were significant main effects for run (F, 517 = 3.56, p < .05), age group
(F2, 68 = 6.83, p <.001), and load (F» 512 = 76.82, p <.0001) for foil response times. The
response time for the foils (foil RT), with successive runs. There was also a run by load
interaction (F4 512 = 5.51, p <.001) with shorter response times associated with lower loads.
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The accuracy of the foil conditions showed main effects for both age group (F2, g4 = 3.49, p
<.05), and load (F2 508 = 14.49, p <.001). In addition, the accuracy of the foil condition
also had an age group by load interaction (F4, 508 = 7.19, p <.001) (Figure 2).

In the post-hoc analysis we found significant main effects when comparing the children with
the younger adolescents for age group (Fz, 45 = 8.62, p = .005), and load (F,, 335 = 48.82, p
<.0001) for the foil RT. In addition, there was an interaction effect of run by load (F4 335 =
3.26, p = .01). There were significant main effects for both age group (F2, 42 = 4.87, p = .03)
and load (F», 331 = 16.73, p <.0001) for the foil accuracy. There was also an interaction
effect of age group by load (F,, 331 = 8.44, p <.001).

In the comparison between the children and the older adolescents we found significant main
effects for run (F1, 43 = 12.29, p =.001) and load (F2, 330 = 49.15, p <.0001) for the foil RT.
In addition, there was an interaction effect of run by load (F4 330 = 6.47, p <.0001). There
were significant main effects for both age group (F2, 409 = 4.46, p = .04), and load (F2 327 =
12.65, p <.0001) for the foil accuracy. There was also an interaction effect of age group by
load (F2, 327 = 10.52, p <.001) and an interaction effect of run by age group (Fz 330 = 3.42,
p =.03).

Finally, we compared the younger adolescents with the older adolescents and found a
significant main effect for load (F5, 355 = 56.7, p <.0001) for the foil RT. In addition, we
found an interaction effect of run by load (F4, 355 = 2.70, p = .03). There were no significant
main effects for the foil accuracy using the mixed model repeated measures. No interaction
effects were observed.

3.3 Imaging Results

Out of a total of 26 components, 7 components were related to motion or other artifacts and
were removed. We first evaluated networks that were related to load. Ten load-related
components were grouped depending on whether they were significantly related to the
encoding phase, recognition phase, or both using a mixed-model repeated-measures
ANOVA,; four ICs were associated solely with encoding, four solely with recognition, and
two with both (Table 2 & Figure 3). Two IC networks demonstrated age-related differences
with respect to load. A network involving the left motor area and the right cerebellum
demonstrated age-related differences during encoding (F2 273 = 6.3, p = .002). This same
network also showed an age group by run interaction (F 269 = 4.8, p = .009). A network
involving the left prefrontal cortex, the left parietal lobe, and the right cerebellum
demonstrated age-related differences during recognition (F2 245 = 4.4, p = .013) (Table 2 &
Figure 3).

Post hoc analyses were performed to assess differences between each of the three different
age groups. We found that the left motor/right cerebellar network showed a significant effect
of age between the child group compared with both the younger adolescent group (F1 170 =
4.9, p =.029) and the older adolescent group (Fy 188 = 11.0, p = .001). With greater load,
adolescents showed greater functional connectivity within this network compared to the
children (Figure 4a). There were no significant differences between the younger adolescent
group and the older adolescent group. The interaction between age group and run showed a
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significant difference between the child group and the older adolescent group (F1 176 = 8.3, p
=.005) (Figure 5a). These analyses were repeated using a mixed-model repeated measures
ANCOVA with each of the behavioral measures (response time and accuracy) as covariates.
None of the findings remained significant when performance was used as a covariate. When
performing a separate analysis in which we compared the lowest load of the children with
the highest load of the younger and older adolescents, we found significant differences
during encoding (p = 0.024) for this network.

The left prefrontal/left parietal/right cerebellar network showed age-related differences only
between the child group and the older adolescent group (F1 185 = 9.2, p = .003). There were
no significant differences between the child and young adolescent group, nor between the
young adolescent and older adolescent groups (Figure 4b). There was also an age group by
run interaction between the child group and the older adolescent group (F1 176 =4.1,p =.
043) (Figure 5b). None of the findings remained significant when the analyses were repeated
using a mixed-model repeated measures ANCOVA with each of the behavioral measures
(response time and accuracy) as covariates. The comparison of the lowest load of the
children with the highest load of the younger and older adolescents, showed no significant
differences during recognition (p = 0.476).

3.4 Age-related Differences Unrelated to Load

A network involving the anterior cingulate cortex and orbital frontal cortex demonstrated
age-related differences during encoding (F, 301 = 3.1, p = .047). This network was related to
the overall working memory task, but was not related to WkM load. Using post-hoc analysis
we found that the anterior cingulate cortex and the orbital frontal cortex showed age-related
differences only between the child group and the older adolescent group (Fq 197 =5.7, p=.
018), although there was a trend between the younger and older adolescents (F1 215 = 3.0, p
=.086, Figure 6). We also found an age group by run interaction between the child group
and the older adolescent group (F1 197 = 3.9, p = .050). None of these findings remained
significant when we used performance as a covariate. When comparing the lowest load of
the children with the highest load of the younger and older adolescents, we found significant
differences during encoding (p < 0.0001) in this network.

3.5 Age as a Continuous Variable

To confirm the age-related differences found in the three above described networks, we ran
a mixed-model regression analysis with age as the random variable and load and run as fixed
effects. The left motor area and right cerebellum network showed significant differences
during encoding (F1 g9 = 4.7, p = .032) and the left prefrontal, left parietal cortex, and the
right cerebellum network showed significant differences during recognition (F 99 = 5.1, p
=.026). The third network involving the anterior cingulate cortex and the orbital frontal
cortex, however, did not show significant differences during encoding using the mixed-
model regression.
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4. Discussion

In this fMRI study of typically developing children and adolescents, we demonstrated age-
related differences between brain connectivity and verbal WKM in several distinct brain
networks. These networks can be sub grouped into load-dependent and load independent
networks. The age-related differences related to load were found in two specific brain
networks involving 1) the left motor area and right cerebellum, and 2) the left prefrontal
cortex, left parietal lobe, and right cerebellum. The first network is associated with motor
functioning and the second network involves brain regions shown in prior studies to be
involved in WKM performance (Nelson et al., 2000; Olesen et al., 2003; Thomas et al.,
1999). Activations in the cerebellum have also been found in previous fMRI studies on
WKM (Kirschen et al., 2010).

There have been several fMRI studies that evaluate developmental differences in working
memory (Crone et al., 2006; Klingberg et al., 2002; Kwon et al., 2002; Thomas et al., 1999),
although to our knowledge only one study has evaluated functional connectivity within
working memory networks and found developmental differences in prefrontal and
hippocampal connectivity (Finn et al., 2010). A major strength of this study was the
longitudinal design and the homogeneous population of 10 females. However, they
evaluated changes between mid- (mean age 15.1 years) to late adolescence (mean age 18.3
years), where we notice the major differences taking place between the children and mid- to
late-adolescents. Thus, while there is clear overlap between our studies within the prefrontal
cortex, the differences in motor networks could be attributed to the age of the sample or
methodological differences between the two studies (data driven approach versus a region of
interest approach).

Studies using traditional GLM analyses have shown age-related increases in activity in
several brain regions: focal regions of the left and right dorsolateral prefrontal cortex, left
ventrolateral prefrontal cortex, left premotor cortex and the left and right posterior parietal
cortex. (Kwon et al., 2002) has shown that age was most predictive of brain activity.
(Klingberg et al., 2002) found that older children showed higher activation in the superior
frontal cortex and intraparietal cortex than younger children. We found age-related
differences in functional connectivity in regions overlapping with these prior studies.

Several studies have compared resting state activity or baseline epochs with brain activation
during a WKM task (Newton et al., 2011; Pyka et al., 2009; Pyka et al., 2012; Sala-Llonch et
al., 2011; Zou et al., 2012). Zou et al. found that resting state activity can predict the
behavioral performance and brain activation during WKkM (Zou et al., 2012). Another study
showed that connectivity during resting-state predicted the individual performance on a
WKM task (Sala-Llonch et al., 2011). To our knowledge the relationship between resting
state scans and brain activation during a WkM task has not been performed in children or
adolescents. Since we did not collect resting-state fMRI scans as a part of this protocol, we
are unable to test whether this relationship is also true during development. With the
exponential rise in resting state studies, this is an important area for future research.
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One network in which we found load- and age-related differences in functional connectivity
between the child group and the older adolescent group was a left prefrontal, left parietal,
and right cerebellar network. As this network has long been implicated in WKM function
(Levy and Goldman-Rakic, 1999) it is not surprising that age-related differences would be
identified within this network. Since performance suggests significant improvement with
age, it is possible that the increased functional connectivity associated with age is tied to a
better orchestration of brain function, translating to better performance. The fact that we
found no differences between the child group and young adolescent group, or between the
young adolescent and older adolescent group supports the idea of a developmental pathway
in which young adolescents lie between children and older adolescents. The strength of the
connectivity was stronger in children compared to the older adolescents, suggesting that
children required greater coherence of neuronal activity with increasing WKkM loads (Figure
4-b). This difference was no longer present when controlling for WkM performance,
suggesting that performance differences were tied to the functional connectivity differences.
This finding would be expected, given the strong relationship between task performance and
age. This network does not survive stringent Bonferroni correction for multiple testing, thus
it is possible that it is a Type Il error. However, there is considerable evidence from prior
studies as above described that would implicate that this network is associated with age-
related differences in working memory.

In addition, we found age-related differences in a network associated with motor functioning
(left motor area right cerebellum). In contrast with the above-mentioned network, this
network showed differences between the child group compared with both the two older age
groups. These differences in the motor network could possibly be a result of the prolonged
developmental course of the cerebellum. It takes more time for the cerebellum to reach the
peak volume in comparison with the cerebrum (Tiemeier et al., 2010). In this case there was
greater functional connectivity in the adolescents compared to the children (Figure 4-a).
Children had increasingly lower performance with increasing load compared to adolescents,
and thus the differences could reflect less coherence with motor response networks in
children. However, the age-related differences in this network were found during the
encoding phase. Therefore, this age-related difference would be more difficult to explain by
the manual motor response, as the participants did not press the button during the encoding
phase.

The age-related differences that we found between children and adolescents performing a
WKM task were not what we expected. In the cognitive network, involving the left
prefrontal, left parietal, and right cerebellar network, the strength of the connectivity was
stronger in children compared to the older adolescents, while in the motor network involving
the left motor area and right cerebellum the functional connectivity was greater in
adolescents in comparing to the children. We would have predicted that connectivity
strengthens with age, especially in the cognitive domain. However, the measurement of task-
related connectivity may be different than resting-state or structural connectivity. For
example, increased effort on a task may translate to greater measured connectivity between
regions. Alternatively, different brain regions could have different developmental
trajectories, and this mismatch in regional development could influence network
connectivity.
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The network in which the connectivity is higher in adolescents is the network of the left
motor area and the right cerebellum. This is the network that is specifically related to motor
function. As mentioned above, this could be explained by the prolonged developmental
course of the cerebellum, with the motor circuit in adolescents having more coherent
connectivity due to better-developed cerebellar networks. The reason that the parietal/
prefrontal/cerebellar network does not show the same pattern is perplexing. It may be that
the children are exerting more effort for task completion, and thus there is greater
connectivity within this network, including the cerebellar component. Another possibility is
that adolescents are using alternate brain regions to complete the task, which results in more
synchronous regions and greater noise in the system. This could have resulted in age-related
differences in the strength of connections between the different regions.

The network including the left motor area and right cerebellum showed age-related
differences during the encoding phase, while the more cognitive network including the left
prefrontal, left parietal, and right cerebellar network showed significant differences during
the recognition phase. Marvel and Desmond (Marvel and Desmond, 2010a) found that the
dorsal cerebellar dentate co-activated with the SMA during encoding and that this likely
represents the activation of an articulatory motor trajectory. During recognition they found
that the ventral cerebellar dentate co-activated with prefrontal regions. These findings
correspond very nicely with our results, as we found age-related motor differences during
encoding and age-related cognitive differences during recognition. We can also distinguish
between the motor and more cognitive pathways of the cerebellum during WkM (Marvel
and Desmond, 2010a, b).

Interestingly, apart from the age-related differences, the cerebellum is involved in seven of
the ten networks related to WKkM in children (Table 2). This emphasizes the important role
of the cerebellum in WKM tasks, which has been also documented from lesion (Kirschen et
al., 2008) and transcranial magnetic stimulation (Desmond et al., 2005) studies.

A mixed-model regression analysis with age as the random variable and load and run as
fixed effects was also performed on these two networks that were significantly related to
load and age. We found that these two networks also showed age-related differences with
age as a continuous variable in the model. These networks are strongly related with
development along a linear trajectory.

A network involving the anterior cingulate cortex and orbital frontal cortex showed age-
related differences that were not related to the load of the WKM task. Thus, this network
showed age-related differences during encoding that was independent of the load. However,
this network was not significant using age as a continuous variable, and thus it is possible
that this network shows more non-linear effects, as evidenced in Figure 6.

Equally as interesting as the age-related differences in brain networks associated with WKM,
is the fact that the majority of networks that we found were not different between the three
age groups. This shows that the majority of functional brain networks associated with WkM
show strong functional connectivity during the school age years and remain strong with
development. We found four specific brain networks that were associated with encoding: 1)
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the right motor area and right cerebellum, 2) the right prefrontal and parietal cortex and left
cerebellum and two networks involving both the occipital lobe (3 and 4). Four brain
networks were associated with recognition: 1) the posterior cingulate cortex, 2) right motor
area and left cerebellum, 3) left parietal and pre-frontal cortex and right cerebellum, and 4) a
network involving the anterior and posterior cingulate cortex and medial cerebellum. We
also demonstrated that the bilateral pre-frontal and parietal cortex and bilateral cerebellum
and the right cerebellum and bilateral motor areas were associated with both encoding and
recognition.

(Nelson et al., 2000) found comparable associations between working memory in children
and activations in the prefrontal, posterior parietal, and anterior cingulate cortex. (Olesen et
al., 2003) also found fronto-parietal activation associated with WKM in children. Thus, we
provide evidence for mature functional connectivity patterns in children and adolescents
within a number of WKM networks.

As expected, age-related differences were present in our behavioral data (Luciana and
Nelson, 2000; White et al., 2010). Children had a significantly longer response time for both
probes and foils compared to adolescents. The accuracy of the working memory task was
also lower for all the three working memory loads in children.

A limitation of the study is the relatively small sample size per subgroup. Nevertheless,
literature describing the development of brain connectivity associated with WKM is sparse
and our findings mesh well with the sample sizes of the GLM and connectivity studies in the
literature. To confirm our results, we also analyzed the age-related differences using a
mixed-model regression analysis. Age as a continuous variable effectively increased the
sample size and provided support for developmental differences in two load-dependent
networks. Larger sample sizes may identify additional brain regions with smaller effect sizes
that show age group-related differences in WKM performance. On the other hand, additional
components could potentially be more prone to type Il errors. Also, the test for age effects is
certainly susceptible to type 1l error. However, when using Bonferroni correction, only the
left motor area remains significant. Another limitation of our study is that considerable
scanning time was spent during the retrieval phase of the task. Therefore the encoding phase
has less power in comparison with the retrieval phase. An optimal design would have a
balance between the encoding and retrieval time periods. However, we found significant
age-related differences in connectivity in the left prefrontal cortex, left parietal lobe and
right cerebellum during retrieval. Furthermore, there were as many load-related and age-
related components during retrieval as during encoding. So the distribution of the networks
during encoding and retrieval is the same, even with discrepancies in the duration of the
encoding and retrieval phase. The question rises if the results would have been different if
the study had been run with more even periods of encoding, maintaining and retrieval.
Future studies could help to answer this question and possibly further optimize the design of
the task. Another limitation is that we only used visually presented stimuli in this study.
With auditory-presented stimuli, it is possible that we could have identified other age-related
networks (Kirschen et al., 2010). As described by Kirschen et al. auditory presented stimuli
during a WkM task are associated with greater medial cerebellar hemisphere activations
while visual presented stimuli are associated with greater lateral hemisphere activations.
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Another limitation is that fatigue could have occurred during such long WKM trials.
However, as presented in figure 5, the age-related networks look more alike during run 3
than the earlier runs, which may mean that fatigue tends to create a situation in which even
older adolescents fall back to more basic network strategies.

In conclusion, it is important to better understand the developmental trajectories in
functional connectivity as children progress through adolescence into early adulthood. It is
an age period where the risk for specific psychiatric disorders increases dramatically. We
found age-related differences in performance and brain connectivity during WkM tasks in
9-19 year old typically developing children and adolescents. An important finding in this
study is evidence for a developmental trajectory in the left prefrontal, left parietal and right
cerebellar network. This is an important network that has been shown to be associated with
WKM performance. Future neuroimaging studies should evaluate brain connectivity in larger
populations, beginning at a younger age, and using longitudinal designs. These studies may
help inform when in the course of development the trajectories go awry in children with
emerging psychopathology.
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Figure 3.
Independent Components related to load
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Beta Weights for connectivity a) Left motor area, right cerebellum, b) Left parietal and pre-

frontal cortex, right cerebellum
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Independent Components related to load

Table 2

Brain network

Effect of load

Anterior and posterior cingulate cortex, medial cerebellum

Encoding NumDF/DenDF/F/P
*
2/269/18.71/<.0001
Left motor area, right cerebellum
2/269/4.81/.0089
Right pre-frontal and parietal cortex, left cerebellum
L 2 2/301/24.41/<.0001
Occipital lobe
2/269/12.91/<.0001
Occipital lobe
Recognition NumDF/DenDF/F/P
L 2 2/269/7.54/.0006
Posterior cingulate cortex
2/269/7.08/.0010
Right motor area, left cerebellum
4
2/269/3.07/.0479
Left parietal and pre-frontal cortex, right cerebellum
4
2/269/8.55/.0003

Encoding and Recognition

NumDF/DenDF/F/P Encoding | NumDF/DenDF/F/P Recognition

Bilateral cerebellum, pre-frontal and parietal cortex

2/305/14.40/<.0001 2/272/16.34/<.0001

*

Right cerebellum, bilateral motor areas

2/301/7.72/.0005 2/269/16.98/<.0001

Age-related Differences

NumDF/DenDF/F/P Encoding | NumDF/DenDF/F/P Recognition

*

Left motor area, right cerebellum

2/273/6.27/.0022 -

L g

Left parietal and pre-frontal cortex, right cerebellum

- 2/245/4.40/.0133

NumDF = Numerator degrees of freedom, DenDF = Denominator degrees of freedom, F = F value
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