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a  b  s  t  r  a  c  t

Working  memory  (WM)  –  temporary  storage  and  manipulation  of  information  in the  mind  – is  a  key
component  of  cognitive  maturation,  and  structural  brain  changes  throughout  development  are associ-
ated  with  refinements  in  WM.  Recent  functional  neuroimaging  studies  have  shown  that  there  is greater
activation  in  prefrontal  and  parietal  brain  regions  with  increasing  age,  with  adults  showing  more  refined,
localized  patterns  of activations.  However,  few studies  have  investigated  the neural  basis  of  verbal  WM
development,  as  the  majority  of reports  examine  visuo-spatial  WM.

We used  fMRI  and  a 1-back  verbal  WM  task  with  six  levels  of difficulty  to examine  the  neurodevelop-
mental  changes  in WM  function  in  40 participants,  twenty-four  children  (ages  9–15  yr) and  sixteen  young
adults  (ages  20–25  yr).  Children  and  adults  both  demonstrated  an  opposing  system  of  cognitive  processes
with  increasing  cognitive  demand,  where  areas  related  to WM  (frontal  and  parietal  regions)  increased  in
activity, and  areas  associated  with  the  default  mode  network  decreased  in  activity.  Although  there  were
many  similarities  in the  neural  activation  patterns  associated  with  increasing  verbal  WM  capacity  in chil-
dren  and  adults,  significant  changes  in  the fMRI  responses  were  seen  with  age.  Adults  showed  greater
load-dependent  changes  than  children  in WM  in  the  bilateral  superior  parietal  gyri,  inferior  frontal  and
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left middle  frontal  gyri  and  right  cerebellum.  Compared  to children,  adults  also  showed  greater  decreas-
ing activation  across  WM  load  in the  bilateral  anterior  cingulate,  anterior  medial  prefrontal  gyrus,  right
superior  lateral  temporal  gyrus  and  left  posterior  cingulate.  These  results  demonstrate  that  while  chil-
dren  and  adults  activate  similar  neural  networks  in  response  to verbal  WM  tasks,  the  extent  to  which  they
rely on  these  areas  in  response  to increasing  cognitive  load  evolves  between  childhood  and  adulthood.

© 2015  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
. Introduction

Working memory (WM)  allows for the temporary storage and
anipulation of information (Baddeley, 1992). WM capacity, the

umber of items that can be held in WM at one time, plays an impor-
ant role in the development of other complex cognitive skills,
uch as reading ability (Engle, 2002; Cain et al., 2004), math per-
ormance (Dumontheil and Klingberg, 2012), social ability (Dennis
t al., 2009), as well as in general intelligence (Colom et al., 2007;
ngle et al., 1999), overall learning (Gathercole and Alloway, 2004)

nd academic achievement (Gathercole et al., 2004a; Alloway,
009). Impaired WM capacity has been linked to a number of neu-
odevelopmental disorders, such as Attention Deficit Hyperactivity

∗ Corresponding author at: Diagnostic Imaging, Hospital for Sick Children, 555
niversity Avenue, Toronto, Canada M5G  1X8. Tel.: +1 416 813 7654x304299.

E-mail address: Vanessa.vogan@sickkids.ca (V.M. Vogan).

ttp://dx.doi.org/10.1016/j.dcn.2015.10.008
878-9293/© 2015 The Authors. Published by Elsevier Ltd. This is an open access
y-nc-nd/4.0/).
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Disorder (ADHD; see Martinussen et al., 2005) and Autism Spec-
trum Disorder (ASD; Southwick et al., 2011), and various learning
(Hwang and Hosokawa, 2007; Wang and Liu, 2007) and language
processing difficulties (see Wright and Fergadiotis, 2012).

Behavioral studies have documented improvements in WM
ability throughout childhood to adulthood (e.g., Conklin et al., 2007;
Gathercole et al., 2004b; Huizinga et al., 2006; Zald and Iacono,
1998). Whereas many other executive function components show
development typically only up until mid-adolescence, WM contin-
ues to show protracted development well into young-adulthood
(Huizinga et al., 2006), making it particularly susceptible to
developmental disturbances. Structural brain changes throughout
development are associated with refinements in various cognitive
functions, including WM (Tamnes et al., 2013). Specifically, changes

in structure and function of brain regions involved in WM,  such as
parietal and frontal regions, occur later than many regions, consis-
tent with the protracted maturation of WM functions (Sowell et al.,
1999). Given the key role WM plays in cognitive maturation, it is
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mportant to understand and characterize the neural basis of this
evelopment.

Recent functional neuroimaging studies that have examined
he neural underpinnings of WM across development have shown
hat with increased age, children and adolescents exhibit greater
ctivation in prefrontal (Klingberg et al., 2002; Scherf et al.,
006) and parietal (Nagel et al., 2013; Spencer-Smith et al., 2013;
lingberg et al., 2002; Scherf et al., 2006) regions on visuo-spatial
M tasks. Adults showed similar neural patterns as children

nd adolescents on these tasks, but with more refined, localized
ctivation (Scherf et al., 2006), and some increased activity in
performance-enhancing” regions, such as the dorsolateral pre-
rontal cortex (DLPFC; Jolles et al., 2011; Scherf et al., 2006). For
xample, Scherf et al. (2006) found that children showed lim-
ted recruitment of critical WM substrates (DLPFC and parietal
egions) during a visuo-spatial WM task, and instead relied mainly
n ventromedial prefrontal regions. However, they observed more
pecialized networks (i.e., DLPFC, ventrolateral prefrontal cor-
ex [VLPFC] and supramarginal gyrus) as adolescents moved into
dulthood. This developmental pattern of brain activity has also
een characterized as a shift from posterior to anterior activa-
ion, with adults showing increased activity in the DLPFC and
LPFC (Kwon et al., 2002; Scherf et al., 2006). Thus, previous

iterature suggests that the development of higher-level WM func-
ion involves a combination of increasing localization within core

M regions and their integration with performance-enhancing
egions.

Fewer studies have examined the neural basis of verbal WM
evelopment, as the majority of studies utilized visuo-spatial or
ther nonverbal tasks. Verbal WM is particularly important, given
ts vital role in linguistic processes that are necessary for language
nd other higher-level cognitive functions (Smith et al., 1998).
rahmbhatt et al. (2008) found similar activation patterns between
dolescents and adults during an n-back visual word task, with both
roups showing activation in the bilateral fusiform gyrus, ante-
ior cingulate, left precentral gyrus, left superior anterior temporal
yrus, left DLPFC, premotor cortex and left thalamus. Age-related
hanges were evident in the left parietal lobe, in which adults
howed significantly greater activity than adolescents. In addition
o the nature of tasks, the pattern of brain activation also depends
n the amount of information (i.e., load) that needs to be maintained
n WM.  Previous literature exploring age-related changes in brain
ctivity associated with verbal WM under conditions of increasing
oad found that adolescents and adults showed a greater increase in
ctivation across load in left parietal (O’Hare et al., 2008; Thomason
t al., 2009), left lateral prefrontal (Thomason et al., 2009) and right
erebellar (O’Hare et al., 2008) regions than children. In contrast,
olles et al. (2011) did not find age-related load sensitivity in chil-
ren and adults. Also, previous reports used only up to three levels
f difficulty.

The present study examined the effects of increasing load, with
ix difficulty levels in a verbal WM task, and how load-dependent
hange in brain function differed in children and adults. Prior
evelopmental visual verbal WM studies that included load as a
anipulation used complex tasks that required maintenance and

eordering (Jolles et al., 2011) or changed stimuli appearance and
ize (O’Hare et al., 2008; Thomason et al., 2009) as difficulty level
ncreased. In a typical n-back task, participants view a series of stim-
li and indicate whether the currently presented stimulus matches
ne presented ‘n’ (e.g., 0, 1, 2 or 3) trials prior. As difficulty level
ncreases, the number of interfering stimuli between the target
nd relevant stimulus increases, requiring the utilization of dif-

erent mental strategies at each level (e.g., 0-back: recognition;
-back: maintenance; 2-back: maintenance and monitoring). These
anipulations increase both memory load and executive function

emands (i.e., strategy needed to complete the task) in a non-linear
ive Neuroscience 17 (2016) 19–27

fashion from each level to the next, making function-specific alter-
ations difficult to quantify and relate with specific brain regions. To
avoid these confounds, we used a 1-back letter matching task (LMT)
which manipulated memory load while keeping executive func-
tion uniform across the difficulty levels, allowing us to investigate
directly the impact of cognitive load on verbal WM.  The execu-
tive demands (i.e., procedural strategies for solving the task) were
constant across all levels of the LMT; what varied with each level
was the number of items (letters) that had to be remembered. A
visuo-spatial analogue of LMT  has been used successfully to explore
WM in functional neuroimaging studies of adults (Arsalidou et al.,
2013) and children with and without ASD (Vogan et al., 2014).
Observations from these studies point to a linear pattern of WM
function across load. Our task can capture neural correlates associ-
ated with this linear pattern of activation with cognitive load, and
our objective is to determine whether patterns of activation in WM
processing change across development.

Understanding the effect of age on brain regions implicated in
WM and WM capacity can provide insight into the developmen-
tal trajectory of verbal WM networks, and enhance our ability to
determine optimal timing for interventions in paediatric popula-
tions with WM difficulties. Given previous literature and findings
from our recent work using the visuo-spatial version of LMT, we
expected frontal and parietal cortical areas associated with WM
would be under-recruited in children compared to adults, and these
differences would increase with increasing cognitive load. Further,
neural activation in both groups would be left-hemisphere dom-
inant, given the verbal nature of the task (e.g., Brahmbhatt et al.,
2008), and this localized pattern would be less evident in children
who are more likely to demonstrate diffuse activation (Scherf et al.,
2006).

2. Methods

2.1. Participants

Twenty-four typically developing children aged 9–15 (M = 12.8,
SD = 1.7; 7 female) and 16 young adults aged 20–25 (M = 22.7,
SD = 1.5; 8 female) were included in the analyses. Sixteen other
children (i.e., 40 were tested in total) were excluded from the
analyses due to excessive movement (n = 1), inadequate task per-
formance (n = 13) or a combination of these factors (n = 2). A
chi-square analysis confirmed that sex distribution did not dif-
fer between age groups, �2

(1) = 1.78, p = 0.18). Cognitive function
of child participants was  assessed using the Wechsler Abbrevi-
ated Scale of Intelligence-II (Wechsler, 2003) to ensure IQ > 80
(M = 114.6, SD = 8.1). All subjects were screened and not included
on the basis of any current significant psychiatric comorbidities
(APA, 2013), neurological disorders, medical illnesses, prematurity,
uncorrected vision, as well as standard MRI  contraindicators (e.g.,
ferromagnetic implants). A history of developmental disorders,
learning disability or ADHD was also used to exclude participants.
Participants were recruited through email lists, posters in the hos-
pital and community, private schools and word of mouth. Informed
consent and MRI  scanning were performed at the Hospital for Sick
Children in Toronto. Experimental procedures were approved by
the Research Ethics Board at the Hospital for Sick Children, and all
participants provided informed consent; for the children; parents
gave written consent while children gave verbal assent.

2.2. The letter matching task (LMT)
In the current study, LMT  is considered a verbal WM task;
although it is not auditory in nature, it uses completely verbal (i.e.,
linguistic) stimuli. Participants were required to attend to letters
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Fig. 1. Protocol description of the Letter Matching Task (LMT).  (A) There were 6 levels of difficulty where the number of relevant letters (A, B, E, K, N, M,  N, T) increased by one to
increase  the difficulty level. Difficulty = (# of relevant letters) + 2. Participants were asked to ignore the global “A” figure, letter location, letter repetition and irrelevant letters
(O  and P). (B) It was a block design task, where each run consisted of six 32s task blocks (for each difficulty level) followed by 20s baseline blocks where figures are presented
with  only O and P (irrelevant letters). Task blocks were presented pseudo-randomly within each run. (C) Example of part of a sequence in a baseline block. Participants were
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nstructed not to respond. (D) Example of part of a sequence in a task block; partic
revious figure. All stimuli were presented for 3s followed by a 1s inter-stimulus fix

mbedded in a figural letter ‘A’. Participants were taught to ignore
he global figure ‘A’ and two of the embedded letters (‘O’ and ‘P’) that
ere defined as irrelevant, and focus on the other letters, defined

s relevant. The task included eight relevant letters (A, B, E, H, K,
,  N, T), all were presented in upper case. We  included relevant

nd irrelevant letters, as tasks that contain misleading or irrelevant
actors cause interference and increased cognitive control; these
ypes of tasks have been shown to provide more reliable measures
f WM capacity and estimates of development (Arsalidou et al.,
010; Powell et al., 2014). In addition to irrelevant letters, the large
gural ‘A’ was also used to evoke interference and elicit cognitive
ontrol. The number of ‘n’ relevant letters (capacity) in the figures
as increased by one for each increase in level of difficulty. LMT
as two functions that each require attention: participants must
rst identify the relevant letter(s) embedded in the ‘A’ figure and
econd, remember if they are the same or different letters from the

revious stimulus. As such, items with one relevant letter (e.g. n = 1)
ave a difficulty level of n + 2 (e.g., 3; Fig. 1A) to account for the addi-
ional functions mentioned above. The stimuli were presented one
t a time. Participants indicated after each stimulus whether the
 indicated if the current figure “A” contained of the same or different letters as the
 cross.

relevant letters of the current figure matched those from the imme-
diately preceding figure (i.e. 1-back), disregarding letter location
and repetition. Using a dual-key MRI  compatible keypad with the
right hand, participants responded in the scanner by pushing one
button for ‘same’ when the stimulus contained the same embedded
letters as the immediately previous stimulus and another button for
‘different’ when the stimulus had different embedded letters. Non-
matching stimuli (i.e., ‘different’ stimuli) differed from the previous
stimuli by only one letter for all levels. Prior to scanning, all partic-
ipants were trained and successfully completed practice trials on a
computer outside the scanner with accuracy of 80% or greater.

Twenty-four task blocks (with a total of 168 task trials) and 24
baseline blocks were presented across four runs. Each run included
six 32-s blocks, one for each of the six difficulty levels; each task
block consisted of eight stimuli of the same difficulty level and the
six difficulty levels were randomized within each run (Fig. 1B). Task

blocks alternated with 20-s baseline blocks (Fig. 1C), where the ‘A’
figures contained only ‘O’ and ‘P’, the irrelevant letters, and partic-
ipants were instructed to look at the figures but not respond. The
same four runs were presented to all participants in the same order.



2 Cognit

P
a
(

r
c
i
r
n
t
r
t
w
f
w
c

2

M
t
A
(
T
i
a
M
a
F
v
w
d
s

2

c
i
a
p
o
e
T
a
a
D

2

b
L
u
m
p
(
t
u
m
a
p
u
p
w

2 V.M. Vogan et al. / Developmental 

articipants had 3 s to view a stimulus and respond, followed by
 1-s inter-stimulus interval where a fixation cross was  presented
Fig. 1D). The fMRI task took approximately 22 min  of scan time.

Behavioral data were recorded for accuracy (proportion cor-
ect) and reaction time; items were correct if subjects responded
orrectly within 3-s of stimulus onset. Participants were excluded
f they did not reach at least 70% accuracy (averaged across four
uns) on the two easiest levels, and were also excluded if they did
ot have at least two out of the four runs where 50% or more of
he blocks were acceptable in terms of performance (70% accu-
acy) and motion. A 70% accuracy criterion was chosen to ensure
hat participants were performing better than chance (50%). Motion
as considered acceptable if participants moved less than 1.5 mm

rom their median head position in at least 60% of the volumes
ithin a task block. See Section 2.5 for a description of displacement

alculations.

.3. Image acquisition

All imaging data were acquired using a 3T Siemens Trio
RI  scanner with a 12-channel head coil. Motion restric-

ion and head stabilization were achieved with foam padding.
 high-resolution T1-weighted 3D MP-RAGE structural scan

Sagittal; FOV = 192 × 240 × 256 mm;  1 mm isometric voxels;
R/TE/TI/FA = 2300/2.96/900/9), was used as an individual anatom-
cal reference for the fMRI images. During structural MRI
cquisition, participants watched their choice of movie using
R compatible goggles and earphones. Functional images were

cquired with a single-shot echo planar imaging sequence (Axial;
OV = 192 × 192; Res = 64 × 64; 30 slices 5 mm thick; 3 × 3 × 5 mm
oxels; TR/TE/FA = 2000/30/70). Visual stimuli for the LMT  task
ere displayed on the MR  compatible goggles. Stimuli were
isplayed and behavioural performance was recorded using Pre-
entation (Neurobehavioral Systems Inc., Berkeley, CA, USA).

.4. Behavioral data analyses

Behavioral accuracy (% correct) and reaction times were cal-
ulated for each difficulty level, averaging across runs for each
ndividual. Children showed poor accuracy on difficulty levels 7
nd 8 (D7: M = 0.64, SD = 0.12; D8: M = 0.57, SD = 0.13), where they
erformed only marginally above chance (50%). Thus analyses of
nly the first four difficulty levels (D3 to D6) were completed to
liminate performance as a confounding factor in brain activation.
he data were analyzed using repeated measures analyses of vari-
nce (ANOVA), with a between-subject factor of group (children
nd adults) and a within-subject factor of difficulty level (i.e., load;
3, D4, D5, D6).

.5. fMRI data analyses

Image preprocessing of fMRI data was completed using a com-
ination of tools from AFNI (Cox, 1996) and FMRIB’s Software
ibrary (FSL; Worsley, 2001). We  discarded the first three vol-
mes of each run for scanner stabilization. After slice-timing and
otion correction (using 3dvolreg), the data were smoothed in-

lane using a FWHM Gaussian kernel (6 mm),  temporally filtered
lower and upper cut-off frequencies of 0.01 Hz & 0.2 Hz), and
hen converted to percent signal change from the baseline vol-
mes. The maximum Euclidean displacement (MD) that any voxel
oved within the brain was calculated using 3dvolreg from AFNI,

nd was performed during the motion correction stage of pre-

rocessing. We  used the MD  metric to flag those volumes with
nacceptable motion (greater than 1.5 mm from the median head
osition). If more than 1/3 of volumes exceeded these criteria
ithin a task block, the block was considered to have excessive
ive Neuroscience 17 (2016) 19–27

motion. We  explored group differences in head motion using the
average MD for each subject. Although more motion was  found
in children (M = 0.32 mm,  SD = 0.21 mm)  than adults (M = 0.14 mm,
SD = 0.11 mm),  t(38) = 3.50, p = 0.001, both groups had minimal aver-
age motion of under 0.35 mm.  To further control for motion, the MD
signal was included as a no-interest covariate in the GLM. Finally,
prior to group-level analyses, the images were registered to the
MNI-152 template.

Data were analyzed with the FSL fMRI Expert Analysis Tool
(FEAT; Worsley, 2001). Data were fit first to a block-design general
linear model convolved with a gamma  function to model hemody-
namic response, using the task parameters (D3 to D6). To examine
areas that showed increasing activation with increasing load in
each group, linear trend analyses were conducted from D3 to D6
using fixed-effects higher level modeling for each group separately.
Individual results were then averaged across runs for each sub-
ject in a second level analysis. To examine group differences in
load-dependent growths of activation, a mixed-design ANOVA was
used, testing for a Group × Load interaction. Between-group com-
parisons were carried out using FMRIB’s Local Analysis of Mixed
Effects-1 (FLAME 1; Worsley, 2001) to obtain an accurate between-
subject variance estimation, which increased our ability to detect
real activation (Woolrich et al., 2009). Significant activations were
reported using cluster-based thresholding determined by Z > |2.3|,
and a corrected cluster significance threshold of p < 0.05.

2.6. Laterality index calculation

Laterality indices (LI) were calculated between all bilateral
regions on the AAL 90-region atlas. A 5 mm radius sphere was
drawn around each coordinate in the atlas and was transformed to
each subjects’ functional space. The average statistical value within
each sphere was  calculated and used to calculate LI as follows:

LI = left − right
left + right

A negative index represents right-lateralized activation whereas
positive LI represents left-lateralized activation. False discovery
rate (FDR) was  used to correct for multiple comparisons.

2.7. Brain-behavior exploratory analyses

An exploratory analysis was  conducted to understand the link
between LMT  performance (i.e., accuracy) and neural activation.
Pearson’s r was  computed to explore whether increasing activation
from D3 to D6 (i.e., D6 > D3 contrast) was  related to performance
at the most difficult level (D6) in areas that demonstrated a signif-
icant Load × Group interaction in the fMRI analysis above. An FDR
threshold of p= 0.05 was  used to correct for multiple comparisons.

3. Results

3.1. Behavioral data

To ensure that there was  no sex distribution difference in
our sample, we  analyzed behavioral performance across difficulty
for males and females. Findings demonstrated that there was
no sex × load interaction (F(1) = 0.691, p = 0.495); both males and
females were showing similar performance trends across difficulty,
regardless of their group.

Due to violations of sphericity, we only report significant results
that also survived Greenhouse–Geisser correction. To test age

and load effects on LMT  accuracy, a repeated measures ANOVA
was performed with load (D3–D6) as within-subjects variable
and with group (children and adults) as a between-subjects fac-
tor. The ANOVA demonstrated a main effect of load on accuracy,
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Table  1
LMT  behavioral performance: accuracy and response times.

Difficulty level Children Adults

Accuracy (%) S.D. (%) Accuracy (%) S.D. (%)

D3 0.94 0.08 0.96 0.06
D4  0.90 0.09 0.96 0.04
D5  0.83 0.14 0.92 0.10
D6 0.75 0.16 0.86 0.13

RT (s) S.D. (s) RT (s) S.D. (s)

D3 1.21 0.20 1.09 0.24

F
i
c
r
(
c
b
a
�
a
a
f
p
f

L
r
t
P
n
(

F
s
e

D4  1.48 0.23 1.29 0.25
D5  1.74 0.21 1.57 0.27
D6  1.89 0.22 1.74 0.21

(3) = 24.84, p < 0.001, �p
2 = 0.40, with accuracy decreasing with

ncreasing load in both children and adults. Post hoc pairwise
omparisons, adjusted for multiple comparisons using Bonferroni,
evealed that accuracy significantly decreased with increasing load
p < 0.05), except between the two easiest and two  most diffi-
ult levels in children. In adults, accuracy significantly decreased
etween D3 and D6 and between D4 and D6 (p < 0.05). There was
lso a significant effect of group on accuracy, F(1) = 6.66, p = 0.01,
p

2 = 0.15, with adults performing significantly better on D4, D5
nd D6 (see Table 1 and Fig. 2A). However, children performed well
bove-chance (>75%) on all difficulty levels, and between group dif-
erences in brain activity were not confounded by inadequate task
erformance for either group. A Group × Load interaction was not
ound in accuracy scores, F(3) = 2.20, p = 0.12.

A similar ANOVA was conducted to test age and load effects on
MT  response times. Overall, there was a main effect of load on
esponse times, F(3) = 182.90, p < 0.001, �p

2 = 0.83, with response

imes increasing as function of load for both children and adults.
ost hoc comparisons confirmed that response times increased sig-
ificantly at each difficulty level in children (p < 0.01) and adults
p < 0.05). There was also a significant main effect of group on

ig. 2. LMT  behavioral performance. (A) Mean proportion correct for D3 to D6 and
tandard error bars. * p < 0.05. (B) Mean response times for D3 to D6 and standard
rror bars. * p < 0.05.
ive Neuroscience 17 (2016) 19–27 23

response times, F(1) = 6.28, p < 0.05, �p
2 = 0.14, with children show-

ing longer response time than adults at D4, D5 and D6 (see Table 1
and Fig. 2B). A Group × Load interaction was  not found in response
times.

3.2. Functional imaging results

The fMRI analyses determined if the pattern of brain activity dif-
fered as a function of the WM load (i.e., difficulty level) and between
children and adults. Linear trend analyses (D3 to D6) showed that
some brain areas showed increases in activity with difficulty level,
while others decreased. We use ‘increasing activation’ to refer to an
increase in the BOLD signal with an increase in WM load (i.e., a pos-
itive linear relation between BOLD activity and task difficulty level)
and ‘decreasing activation’ to refer to a decrease in the BOLD sig-
nal with an increase in load (i.e., a negative linear relation between
BOLD activity and task difficulty).

3.2.1. Task-related activation within group: Children
The influence of load on functional activity was  first exam-

ined separately in children and adults. As shown in Fig. 3, areas
that exhibited increasing activation (i.e., showed a positive linear
relation) under conditions of increasing WM load among children
were: bilateral insula, anterior cingulate extending to the medial
prefrontal cortex, middle frontal gyrus, precuneus, middle occip-
ital gyrus, temporal occipital fusiform cortex, cerebellum and left
medial frontal gyrus extending to the cingulate. Areas that exhib-
ited decreasing activation (i.e., showed a negative linear relation)
under conditions of increasing WM load were: left anterior medial
frontal cortex, right middle temporal gyrus, left angular gyrus and
left posterior cingulate (see Supplementary material Table 1).

3.2.2. Task-related activation within group: Adults
Among adults, areas that exhibited increasing activation as a

function of WM load were: bilateral insula, inferior frontal gyrus,
precuneus, middle occipital gyrus, cerebellum, middle frontal gyrus
and left superior frontal gyrus extending to the cingulate. Areas
that displayed decreasing activation as a function of WM load were:
bilateral anterior medial prefrontal cortex, superior temporal gyrus,
left angular gyus and left posterior cingulate (see Supplementary
material Table 2).

3.2.3. Group differences in WM load-dependent activation
A Group × Load analysis tested for age effects in WM load-

dependent activation. Group differences were observed for both
negative and positive linear load-dependent relations. As shown
in Fig. 4, with increasing WM load, BOLD activity was signifi-
cantly greater in adults than children in the bilateral superior
parietal gyrus extending to the precuneus, inferior frontal gyrus,
left middle fontal gyrus and right cerebellum. Compared to chil-
dren, adults showed significant decreases in activation across WM
load in the bilateral anterior cingulate, anterior medial prefrontal
gyrus, right superior lateral temporal gyrus and left posterior cin-
gulate (Table 2).

3.2.4. Laterality analyses
For both children and adults, none of the 45 bilateral AAL regions

tested exhibited an LI that was  significantly different from 0 (using a
2-tailed t-test), suggesting that BOLD activity was  symmetric across
hemispheres.

3.2.5. Brain-behavior correlations

Brain-behavior relations were explored in frontal and pari-

etal areas that demonstrated significant Load × Group interactions.
When collapsing adult and child groups, accuracy at D6 (high-
est load) was significantly positively correlated with the D6 > D3
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Fig. 3. Group activation maps for the linear trend analysis in children and adults during LMT. Significant activations using cluster-based thresholding determined by Z > |2.3|
and  a corrected cluster significant threshold of p = 0.05 (using the FEAT toolbox of FSL). Areas in red depict regions of increasing activation as a function of difficulty level,
and  areas in blue depict regions of decreasing activation as a function of difficulty level. mPFC = medial prefrontal cortex, MidFG = middle frontal gyrus, PCC = posterior
cingulate cortex, Cing = cingulate, AngG = Angular Gyrus; Prec = precuneus, ACC = anterior cingulate cortex, IFG = inferior frontal gyrus, amPFC = anterior medial prefrontal
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ontrast of brain activation in the bilateral superior parietal gyrus
Left: r(38) = 0.42, p = 0.006; Right: r(38) = 0.44, p = 0.004), left inferior
rontal gyrus (r(38) = 0.51, p = 0.001) and left middle frontal gyrus
r(38) = 0.40, p = 0.011), FDR corrected for multiple comparisons
sing a threshold of p = 0.05. In other words, as D6 performance

ncreased, the change in activation from D3 to D6 also increased
n these frontal and parietal areas. However, when exploring

ithin group brain-behavior correlations at D6, children showed no
egions in which D6 performance was correlated with neural acti-
ation. However, adults showed a significant correlation between
6 accuracy and change in activation from D3 to D6 in the left infe-

ior frontal gyrus (r(14) = 0.67, p = 0.005), FDR-corrected for multiple
omparisons with a threshold of p = 0.05.

. Discussion
The present study examined age-related differences in the
eural correlates of verbal working memory, and the impact of

ncreasing cognitive load, using a task that isolated WM from exec-
tive function demands. Although adults performed better than
cFusG = temporal occipital fusiform gyrus. (For interpretation of the references to

children on the three higher difficultly levels of the task (LMT), dif-
ferences were only moderate and both groups had at least a 75%
accuracy rate on all levels. Therefore, functional neural activation
in response to LMT  was  not confounded by inadequate task perfor-
mance for children or adults. Neuroimaging results demonstrate
many similarities in children and adults in the neural activation
patterns associated with increasing verbal WM capacity. Both age
groups also demonstrated an opposing system of cognitive pro-
cesses where areas related to WM (frontal and parietal regions)
increased in activity, and areas associated with the default mode
network (DMN) decreased in activity with increasing cognitive
demand. However, there were age group differences observed for
linear-load dependent functional activation.

Although children exhibited task-related activity in many of the
same brain regions as adults, they failed to exhibit the same degree
of increasing activation across cognitive load as adults in multi-

ple frontal and parietal cortical regions, consistent with previous
studies (Thomason et al., 2009; O’Hare et al., 2008). These areas
included the bilateral superior pariety gyrus extending to the pre-
cuneus, bilateral inferior frontal gyrus, left middle frontal gyrus and
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Fig. 4. Results from the Group × Load interaction analysis. Significant activations using cluster-based thresholding determined by Z > |2.3| and a corrected cluster significant
threshold of p = 0.05. Areas in red depict regions where adults showed greater increasing activation as a function of difficulty level compared to children. Areas in blue depict
regions of where adults showed greater decreasing activation as a function of difficulty level compared to children. MidFG = middle frontal gyrus, PCC = posterior cingulate
cortex,  Cing = cingulate, ACC = anterior cingulate cortex, IFG = inferior frontal gyrus, amPFC = anterior medial prefrontal cortex, Sup Parietal Gyrus = superior parietal gyrus;
Prec  = precuneus, SupTempG = superior temporal gyrus, Cereb = cerebellum. (For interpretation of the references to color in this figure legend, the reader is referred to the
web  version of this article.)

Table 2
Areas that showed a significant group × load interaction.

Regions where adults showed greater activation as a function of difficulty level than children

Region Hem MNI Coordinates Cluster Size (voxels) Z value P-value

x y z

Superior Parietal Gyrus extending to Precuneus L −30 −64 46 2962 6.35 2.96 × 10−10

Superior Parietal Gyrus extending to Precuneus R 36 −60 54 2595 6.19 2.68 × 10−9

Inferior Frontal Gyrus L −48 26 18 924 5.05 3.94 × 10−4

Inferior Frontal Gyrus R 38 30 14 682 4.64 3.56 × 10−3

Cerebellum R 24 −64 −24 634 4.54 5.66 × 10−3

Middle Frontal Gyrus L −34 6 58 456 4.65 0.04

Regions  where adults showed less activation as a function of difficulty level than children

Region Hem MNI Coordinates Cluster size (Voxels) Z value p-Value

x y z

Anterior medial prefrontal cortex L −4 62 22 3155 6.49 9.62 × 10−11

Anterior cingulate/cingulate gyrus L −4 18 24 X 5.51
Anterior cingulate/cingulate gyrus R 4 14 26 X 4.69
Anterior medial prefrontal cortex R 12 68 10 X 5.05
Heschl’s gyrus R 42 −20 14 1707 4.88 8.94 × 10−7
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ote: the p-value shown for each cluster represents the estimated significance as d

ight cerebellum. Thus, although the number of brain regions show-
ng load-dependent activation did not change across age, the extent
o which participants relied on these areas in response to increasing
ognitive load changed between childhood and adulthood.

Increased recruitment of frontal and parietal areas during work-
ng memory tasks has been shown to underlie improvements in

orking memory and cognitive control over the course of devel-
pment (see Bunge and Wright, 2007, for a review). The DLPFC
i.e., middle frontal gyrus) is referred to as a core “performance-

nhancing” region believed to play a critical role in holding
nformation ‘online’ (Powell and Voeller, 2004) and mediating
trategic organization and data compression processes (Rypma
t al., 2002; Bor et al., 2003). This is consistent with the dorsolateral
 36 1094 4.24 9.42 × 10−5

ined by the FEAT toolbox of FSL; X = peak local maximas within cluster.

prefrontal cortex being sensitive to increasing cognitive demand
in ours and other studies (Scherf et al., 2006; Thomason et al.,
2009). The inferior frontal gyrus has also been identified as an area
involved in higher cognitive monitoring (e.g. choosing, comparing,
judging and retrieving), as well as language processing, specifically
in the left hemisphere (see Liakakis et al., 2011 for review; Strand
et al., 2008). Findings from our study suggest that adults are increas-
ingly recruiting these regions, more so than children, to adjust for
increasing task demand.
In contrast with some developmental neuroimaging studies of
verbal WM,  (Thomason et al., 2009; Nagel et al., 2013), we did not
find the expected left hemisphere lateralization of neural activa-
tion. Similar to Tamnes et al. (2013) who also did not find left
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ateralization in a verbal WM ‘Keep Track Task’, we used a complex
ask with visually presented stimuli and visual-search component
hat might depend on a wider, more general neural network. Partic-
pants may  not have transformed visually presented verbal stimuli
i.e., letters) into a phonological code, and instead may  have relied
n visual-search strategies. Adults may  have been more likely
han children to rely on such visual-search strategies as cognitive
emand increased, given the greater reliance on the precuneus with

ncreasing cognitive load – an area responsive to spatial visual pro-
essing (Ungerleider and Mishkin, 1982) and widely implicated as a
ub region in the brain (e.g., Mishkin and Ungerleider, 1982; Smith
t al., 1998; van den Heuvel and Sporns, 2011) – as task difficulty
ncreased.

In addition to the increased activation with task difficulty, we
lso found the inverse, with decreases as a function of load in areas
ypically associated with the default-mode network (Raichle et al.,
001), including the medial prefrontal, precuneus and posterior
ingulate. This pattern of decreases was also seen in the visual-
patial analogue of this task in adults (Arsalidou et al., 2013) and
hildren (Vogan et al., 2014). In the current study, both children
nd adults showed these decreases with increasing load, but the
ffects were greater in the adults, suggesting that they are better
ble to modulate mind-wandering (Buckner et al., 2008), during
erformance of a demanding task. Both groups showed decreases

n the left angular gyrus, close to Wernicke’s area, involved in lan-
uage function. This area is implicated in reading and suggested
hat both children and adults, needed to supress the activity in this
rea, to stop reading the letters, to complete the harder levels of
his task.

Cerebellar activation was seen in both children and adults, with
he interaction showing greater right cerebellar involvement in
dults with increasing memory load. Many studies have shown
he cerebellum is implicated in cognitive and executive functions
for reviews see De Smet et al., 2013; Strick et al., 2009), and
eficits associated with cerebellar dysfunction are often reported

n working memory and verbal fluency in adults and children
Bellebaum and Daum, 2007; Gottwald et al., 2004; Levisohn et al.,
000). Consistent with our findings, particularly right cerebellar
ctivations are seen in adults in verbal tasks (Chen and Desmond,
005; Kirschen et al., 2005; O’Hare et al., 2008). The specific role
f the cerebellum in cognitive functions is still to be delineated
Timmann and Daum, 2007; Stoodley, 2012); however, our find-
ngs of increasing cerebellar activation with increasing verbal WM
oad, with age-related differences, aligns with the model of its role
n executive functions which show marked development between

id-childhood and adulthood.
To avoid performance being a confounding factor in the neural

ctivation during LMT, individuals with inadequate task perfor-
ance were excluded from the present study. Consequently, our

ample may  be less representative of children with lower WM
apacity. Further, due to the complex nature of LMT, we could not
nalyze the highest two task difficulty levels (D7 and D8) where
hildren performed only slightly above chance. Understanding WM
rocessing at very high cognitive demands is important in our
nderstanding the development of WM capacity. In addition, as
any cognitive tasks, selective attention is required when complet-

ng LMT. However, we did not administer an independent measure
f selective attention, and therefore its specific influence on this
ask cannot be analyzed. The current study extends knowledge
f verbal WM development by using a novel task that isolated
ognitive load on WM,  holding executive function constant, and
tilizing multiple difficulty levels to examine the impact of cogni-

ive load. Performance on this complex task depended on a general
eural network rather than a left lateralized neural system, and
ur findings demonstrate that with development, the degree to
hich individuals rely on frontal and parietal regions increases
ive Neuroscience 17 (2016) 19–27

with cognitive demands. Future studies will compare normative
developmental patterns of verbal WM processing to clinical popu-
lations who  have cognitive and memory dysfunction.
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