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a  b  s  t  r  a  c  t

While  most  measures  of  working  memory  (WM)  performance  have  been  shown  to  plateau  by  mid-
adolescence  and developmental  changes  in fronto-parietal  regions  supporting  WM  encoding  and
maintenance  have  been  well  characterized,  little  is  known  about  developmental  variation  in WM  fil-
tering.  We  investigated  the  possibility  that the  neural  underpinnings  of  filtering  in WM  reach  maturity
later  in  life than  WM  function  without  filtering.  Using  a  cued  WM  filtering  task  (McNab  and  Klingberg,
eywords:
orking memory
orking memory filtering

asal ganglia
dolescence

2008), we  investigated  neural  activity  during  WM  filtering  in a sample  of  64  adults  and  adolescents.
Regardless  of  age,  increases  in WM  activity  with  load  were  concentrated  in the  expected  fronto-parietal
network.  For  adults,  but not  adolescents,  recruitment  of  the  basal  ganglia  during  presentation  of  a  filtering
cue was  associated  with  neural  and  behavioral  indices  of successful  filtering,  suggesting  that  WM  filtering
and  related  basal ganglia  function  may  still be  maturing  throughout  adolescence  and  into  adulthood.

© 2016  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Working memory (WM)  is the ability to maintain representa-
ions of recently experienced or recalled information over a short
eriod of time (Curtis and D’Esposito, 2003). The capacity of work-

ng memory in humans is limited (Cowan, 2001; Miller, 1956),
nd individual differences in capacity are correlated with a vari-
ty of cognitive and social outcomes including school performance
Dumontheil and Klingberg, 2012; Finn et al., 2014; Gathercole
t al., 2003). Working memory encoding and maintenance without
istractors is reliant on the middle frontal gyrus (MFG) and supe-
ior parietal cortex, specifically, the intraparietal sulcus (IPS; Todd
nd Marois, 2004). Recent research has shown that WM filtering
bility – the ability to filter extraneous or distracting information
rom WM during encoding – is strongly associated with overall

M capacity and accuracy (Vogel et al., 2005). Evidence from neu-
oimaging suggests that the basal ganglia (BG) play an important
ole in filtering out extraneous information (McNab and Klingberg,
008). Although a variety of studies have tracked the develop-
ent of WM and associated neural systems from childhood to
arly adulthood (Asato et al., 2010; Curtis and D’Esposito, 2003;
enroot and Giedd, 2006; Sowell et al., 1999, 2004), developmental

∗ Corresponding author. Tel.: +1 734 276 0246.
E-mail address: sheridan.margaret@unc.edu (M.A. Sheridan).

ttp://dx.doi.org/10.1016/j.dcn.2016.02.004
878-9293/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article 

/).
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

variation in patterns of neural function that support WM filtering,
specifically, remain largely unexplored.

Contemporary neurocognitive theories of WM function suggest
that, during encoding and maintenance, activity in the MFG  reflects
a top-down control process that serves to maintain representa-
tions of visual stimuli which are processed in the IPS (Curtis and
D’Esposito, 2003). Research on WM in humans and other primates
has consistently shown activity in the MFG  (Goldman-Rakic, 1996)
and IPS (Hartley and Speer, 2000; Nelson et al., 2000; Thomas et al.,
1999) during tasks where working memory load is manipulated.
The MFG  and IPS appear to make distinct contributions to WM.
Activity in the MFG, but not IPS, is implicated in top-down con-
trol over representations in WM (Feredoes et al., 2011; Sakai et al.,
2002). Activity in the IPS appears to reflect actual WM storage or
maintenance; this idea is supported by several ERP studies which
have found that contralateral delay signal over parietal scalp scales
with WM load but plateaus when load exceeds the capacity of
the subject (McCollough et al., 2007; Vogel and Machizawa, 2004;
Vogel et al., 2005). Functional magnetic resonance imaging (fMRI)
studies have localized this ‘contralateral delay’ signal to the IPS,
such that blood oxygen level dependent (BOLD) signal in the IPS
is associated with the number of items being maintained in WM
(Todd and Marois, 2004; see also: Xu and Chun, 2006).
Recent research additionally suggests a crucial role for the BG in
filtering information into WM.  Evidence for this hypothesis comes
from several sources. Computational models of WM that model
the BG as responsible for selectively updating information in WM
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(M = 49.4, SD = 11.26, t(45) = 2.772, p = .008). When including this
estimate of IQ as a covariate modified our results, we report this
difference.

1 Because some of the children in the previous study’s sample had been exposed to
violence (e.g., maltreatment, community violence) a composite violence exposure
score was calculated based on measures of exposure to home and neighborhood
violence using the Screen for Adolescent Violence Exposure (Hastings and Kelley,
1997) and the Childhood Trauma Questionnaire (Bernstein et al., 1997). Violence
M. Peverill et al. / Developmental C

eproduce core human WM abilities including acquiring new filter-
ng rules, selective rapid encoding of new information, and robust

aintenance (Frank et al., 2001; Hazy et al., 2006). Importantly,
eneral hypotheses about patterns of neural activity during WM
asks based on these models have been tested successfully in empir-
cal studies (Braver and Bongiolatti, 2002; Frank, 2005; Frank et al.,
004; Koechlin et al., 2000, 2003; for review, see Hazy et al., 2006).
owever, none of these studies attempted to isolate the BG’s role

n filtering specifically. McNab and Klingberg (2008) addressed this
roblem directly with a novel task in which subjects were pre-
ared for a delayed match to sample task via a cue, which indicated
he presence or absence of distractors in the upcoming encoding
eriod. Neural activity during cues which indicated the upcom-

ng presence of distractors compared to cues which did not was
hought to reflect activity in filtering-related structures absent con-
ounding activity from encoding or maintenance processes (McNab
nd Klingberg, 2008; Sakai and Passingham, 2006). In this study the
uthors demonstrated that activity in the BG was  increased for dis-
ractor cues relative to non-distractor cues in their adult sample.
his increased filter preparatory activity in the BG was  associated
ith reduced encoding of distractors as measured by reduced IPS

ctivity during maintenance as well as better task performance.
dditional studies of the BG’s role in filtering have shown that indi-
iduals with lesions in the BG are more likely to attend to irrelevant
nformation in WM tasks (Baier et al., 2010; Voytek and Knight,
010).

.1. Development of WM during childhood

The greatest increases in WM capacity occur before mid-
dolescence, with gains continuing more gradually into young
dulthood (Cowan et al., 2006; Gathercole, 1999; Kwon et al., 2002;
ander et al., 2011). The fronto-parietal WM network follows a sim-
lar developmental course, with frontal and parietal gray matter
olume peaking between 10 and 14 years of age and decreasing
nto the twenties (Dempster, 1992; Lenroot and Giedd, 2006).
hese structural changes have been associated with changes in WM
bility (Darki and Klingberg, 2014; Kharitonova et al., 2013). Addi-
ionally, WM related activity in the prefrontal and parietal cortices
ncreases with increasing age during childhood and throughout
dolescence (Casey et al., 1995; Klingberg et al., 2002; Kwon et al.,
002; Thomas et al., 1999; Thomason et al., 2008). As children
evelop they are better able to recruit brain regions associated
ith WM encoding and maintenance (e.g. MFG, IPS) and their per-

ormance on WM tasks improves in parallel to the structural and
unctional development of these structures.

Few studies have examined the development of WM filter-
ng specifically. Spronk et al. (2012) found that 12–16 year olds
how reduced WM filtering capability relative to adults. WM per-
ormance without filtering was also impaired in adolescents in
his study, suggesting a possible confounding effect of simple WM
erformance. Other research has suggested that age-related dis-
repancies in filtering performance may  occur only when WM
apacity is taxed (Cowan et al., 2010). Alternately, the develop-
ent of filtering ability may  drive increases in WM capacity in
iddle childhood and early adolescence, as several authors have

inked filtering ability and related brain activity to WM capacity in
dults (McNab and Klingberg, 2008; Vogel et al., 2005). Simple WM
ncoding and maintenance performance appears to stabilize by late
dolescence, but performance on more complex WM tasks, such
s those involving distraction or manipulation of stimuli in mem-
ry, have shown performance gains during this period (Bunge and

right, 2007; Crone et al., 2006; Schleepen and Jonkman, 2010).

elatedly, the BG appear to mature into young adulthood (Asato
t al., 2010; Lenroot and Giedd, 2006; Østby et al., 2009; Sowell
t al., 1999) suggesting that WM filtering may  continue to develop
ve Neuroscience 18 (2016) 78–88 79

throughout adolescence even after simple maintenance and encod-
ing processes have reached adult levels. Examination of filtering
function in later adolescence may  help disentangle changes in WM
filtering function from developmental changes in WM encoding
and maintenance.

No studies to date have examined the functional neurodevel-
opment of WM filtering in late adolescence. The present study
addresses these gaps in the literature by adapting an established
fMRI paradigm (McNab and Klingberg, 2008) for use in a sample of
older adolescents, around 16 years in age on average, and adults.
Given that WM maintenance is likely to be well developed by late
adolescence, but WM filtering may  continue to mature, we hypoth-
esized that adolescents would perform worse on filter trials than
adults and that they would recruit the BG less robustly than adults
in response to cues indicating the presence of distractors.

2. Methods

2.1. Sample

A sample of 64 adolescents and adults aged 13–36 participated.
Of these, three adolescents and one adult participant whose total
accuracy were less than 2.5 SD below the mean (<39% correct)
were excluded as behavioral outliers. Of the remaining participants,
Forty-three were adolescents age 13–18 (M = 16.74, SD = 1.22, 70%
female) and 17 were adults age 19–36 (M = 24.44, SD = 5.18, 53%
female). Exclusion criteria included psychiatric medication use
with the exception of stimulant medications for ADHD (discontin-
ued 24 h before the scan), metal orthodontics unsuitable for MRI,
claustrophobia incompatible with entering the MRI  machine, active
substance use disorder, major developmental or genetic disorders,
and non-English speaking. All procedures were approved by the
institutional review board for the protection of human subjects at
Boston Children’s Hospital.

47 subjects (43 adolescents and 4 adults) were recruited as part
of a previous study. These participants took part in a two-session
lab visit that included assessments of IQ using the 2-subtest short
form of the Wechsler Abbreviated Scale of Intelligence (WASI), vio-
lence exposure, mental health, and emotional reactivity. Of these
approximately 1/3 of the subjects reported experiencing some form
of violence during childhood1. Data from this study are described
elsewhere (McLaughlin et al., 2015). The remaining 13 adults were
recruited from the Boston and Cambridge area using flyers and
word of mouth. These individuals participated in a one-session
lab visit that included MRI  and fMRI only. To estimate IQ in this
group, we administered the matrix reasoning subscale of the WASI;
t-scores on this subscale were used for all participants as an index
of IQ.

Matrix reasoning data were missing for 13 subjects due to exper-
imenter error. In the entire sample, matrix reasoning ability was
significantly higher in adults (M = 59.8, SD = 6.81) than adolescents
scores for the additional adult sample who were not part of the original study were
imputed from the mean score of the control group from the original study which
assumes that adults were not exposed to traumatic violence. We performed all anal-
yses with and without this variable as a control and found that it did not account
for any finding presented in this paper.
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ig. 1. Schematic diagram of task showing Cue, Encoding, Delay, and Probe Phase. T
epending on the presence of a distractor cue. (For interpretation of the references

.2. Task design

A delayed match to sample WM task with and without distrac-
ors was administered during fMRI scanning (see Fig. 1). This task
as modeled after an existing filtering task with some modifica-

ions (McNab and Klingberg, 2008). Participants first viewed a cue,
ither a square or a trapezoid. This cue lasted 3–5 s and indicated
f there would be distractors present on the subsequent trial. The
pecific shape indicating distractors was counterbalanced across
ubjects. Following the cue, an encoding screen was  presented for

 s. During encoding participants viewed an array of 16 circles pre-
ented in a circle around a centrally located fixation cross with red
r yellow stars with eyes in 2 or 4 of the circles. Participants were
old to remember the location of the stars. There were four condi-
ions: low load where participants saw 2 red stars, high load where
articipants saw 4 red stars, distraction trials where participants
aw 4 stars (two red and two yellow) and were cued to ignore the
ellow stars, and high load-two color trials where participants saw

 red and 2 yellow stars but were cued to remember the locations
f all stars. A delay period lasting 2, 3, or 4 s followed encoding.
uring the delay period, participants saw a fixation cross hair and
eeded to maintain in memory the location of the stars viewed
uring encoding. Following delay, participants viewed the same 16
ircle array for 2 s. One circle had a question mark in it, and par-
icipants indicated with a button press if that question mark was
n the same location as one of the to-be-remembered stars. The
ext trial began 2, 3, or 4 s after the probe ended. Participants com-
leted scanning in four functional runs lasting 9 min  each. Each
un contained 10 trials of each condition, for a total of 160 trials
er subject.

Equal numbers of all durations for cue, delay, and ITI were
resent across each condition and run (each cue and delay duration
as used in 33% of trials, and each ITI duration in 50% of trials). Red

tars in the encoding phase were placed in a pseudorandom fash-
on such that they were distributed evenly across available spaces.
n distraction and high load-two color trials, yellow stars regu-
arly occurred in one of 4 patterns, which were counterbalanced
y subject between high-load two color and distraction conditions.

 recognition test given immediately post-scan showed no sen-
itivity to the presence of these patterns, indicating that pattern

earning was not a significant factor in performance. In 56% of tri-
ls, the probe was presented in a target location (match trials). On
rials with a distractor present, the probe was presented in the loca-
ion of a distractor for 31% of trials. For trials where the probe was
ith red and yellow stars were modeled as high load-two color or distraction trials
or in this figure legend, the reader is referred to the web version of this article.)

presented in a previously empty circle (non-match trials), the probe
was located 1 space away from a filled circle in 90% of trials.

Prior to scanning, participants were given instructions on how
to complete the task and the meaning of the distraction cue. Partic-
ipants practiced the task and were quizzed as to the meaning of the
distraction cues prior to completing it in the scanner. To ensure that
all participants had equally good knowledge of the meaning of the
‘distractor’ cue and the ‘non-distractor’ cue, all participants were
quizzed on the meaning of different cues directly prior to imaging
the task. They were allowed to continue once they correctly iden-
tified if the square or trapezoid indicated that there would be a
distractor present on a trial at least 2 times in a row.

2.3. Image acquisition

Scanning was performed on a 3T Siemens Tim Trio scan-
ner at the Harvard Center for Brain Science using a 32-channel
head coil. Anatomical scans (T1-weighted multi-echo MPRAGE vol-
umes) were acquired for co-registration with fMRI (TR = 2530 ms,
TE = 1640–7040 ms,  flip angle = 7◦, FOV = 220 mm, 176 slices, in-
plane voxel size = 1 mm3). To reduce motion-related artifacts a
navigator echo was used prior to scan acquisition, which com-
pares slices to this echo online and permits up to 20% of slices be
re-acquired.

BOLD signal during functional runs was acquired using a
gradient-echo T2*-weighted EPI sequence. Thirty-two 3 mm thick
slices were acquired parallel to the AC-PC line (TR = 2 s, TE = 30 ms,
flip angle = 90◦, bandwidth = 2240 Hz/Px, echo spacing = 0.51 ms,
FOV = 216 mm,  matrix size = 64 × 64). 270 Volumes were acquired
for each of four functional runs. Prior to each scan, four images
were acquired and discarded to allow longitudinal magnetization
to reach equilibrium. An online prospective motion correction algo-
rithm (PACE) was  used to reduce the effect of motion artifacts.

2.4. Image processing

Pre-processing and analysis of fMRI data was performed in
Nipype, a platform that implements analysis tools from multi-
ple software packages using the Python programming language
(Gorgolewski et al., 2011). fMRI pre-processing included a 4-

dimensional spatial realignment and slice-time correction (Sladky
et al., 2011) followed by spatial smoothing (6 mm FWHM)  imple-
mented in FSL. Data were inspected for artifacts using the RapidART
library in Nipype; single point outlier regressors were generated
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or any volume in which scan to scan motion of any center point
f a cuboid drawn around the brain exceeded 1.5 mm or in which
ver-all image intensity was more than 3 standard deviations from
he mean. 6 Rigid-body motion regressors were included as nui-
ance covariates in person-level models. Person and group-level
odels were estimated in FSL. A component-based anatomical

oise correction method was used to reduce noise associated
ith physiological fluctuations (Behzadi et al., 2007). Following

stimation of person-level models, the resulting contrast images
ere normalized into standard anatomical space, and anatomi-

al co-registration of the functional data with each participant’s
1-weighted image was performed using Advanced Normalization
ools (ANTs) software (Avants et al., 2011).

To identify regions of interest based on structurally defined
oundaries, each participants T1 weighted images were automati-
ally segmented and parcellated using FreeSurfer (Destrieux et al.,
010; Fischl et al., 2002). FreeSurfer morphometric procedures
ave demonstrated good test-retest reliability across scanner man-
facturers and field strengths (Han et al., 2006). In addition, these
rocedures have been successfully used in studies of children as
oung as age four (Ghosh et al., 2010).

.5. Statistical analysis

.5.1. Behavioral performance
Behavioral task response was indexed using discrimination sen-

itivity (d′) (Stanislaw and Todorov, 1999). Reaction time (RT) was
ot considered a measure of performance on this task because of the

ong delay between encoding and probe. This is consistent with pre-
ious studies showing weak associations between performance and
T using the delayed match to sample task (Sheridan et al., 2010).
ehavioral response was analyzed using a 4 × 2 within-subjects
NOVA (trial type × age group). Within the ANOVA model of task
erformance we defined contrasts to test for effects of load, dis-
raction, and stimulus color (high load vs. high load-two color) on
′.

.5.2. fMRI analysis (whole brain)
Regressors were created by convolving a boxcar function of

hase duration and amplitude one with the standard hemody-
amic response function (HRF) for each phase of the task: cue,
ncoding + delay, and probe. Previous work has demonstrated that
se of the standard HRF is appropriate when comparing adults
o children as young as 7 (Kang et al., 2003; Moses et al., 2014;
ichter and Richter, 2003). Cue was modeled separately for “dis-
ractor instruction” (i.e., cues that indicated participants were in
 distraction trial) and “no distractor instruction” (i.e., cues that
ndicated all other trials) trials. The encoding + delay period was

odeled as a single regressor, and all four encoding + delay condi-
ions were modeled separately (low load single color, low load with

able 1
′ , response time, and accuracy by trial type.

Low load High load 

M SD M SD

d′ Adol. 2.15 1.15 1.47 1.1
Adults  2.56 0.93 1.70 0.6
Total  2.26 1.10 1.54 1.0

Response time (s) Adol. 1.06 0.17 1.16 0.1
Adults  1.11 0.22 1.24 0.2
Total  1.08 0.18 1.18 0.2

Accuracy (% correct) Adol. 0.81 0.13 0.74 0.1
Adults  0.87 0.09 0.79 0.0
Total  0.83 0.12 0.76 0.1
ve Neuroscience 18 (2016) 78–88 81

distractors, high load single color, high load two  colors). Probe was
also modeled separately for each of these four conditions. Using
FSL, a general linear model (GLM) was constructed to estimate the
association between variation in BOLD signal and task demands
across time for each subject, prior to normalization. Individual-
level estimates of BOLD activity were submitted to group-level
random effects models that contrasted activity across conditions.
We defined contrasts to examine the effect of load (high load > low
load) at encoding + delay, the effect of distraction (distraction > low
load) at encoding + delay, and the effect of the distractor instruc-
tion (distractor instruction > no distractor instruction) at cue. We
corrected for multiple comparisons to p < .05 using cluster-level
correction in FSL; our primary threshold was  z > 2.3. We  exam-
ined differences in BOLD response during contrasts of interest as a
function of age group (adults vs adolescents). For each trial phase,
accurate and inaccurate trials were modeled separately; only accu-
rate trials were used to examine neural activity at the whole brain
level.

2.5.3. fMRI analysis (region of interest)
We examined 8 a priori regions of interest (ROIs), defined struc-

turally, in the BG and IPS. The “Intra-Parietal and Parietal Transverse
Sulcus” area from FreeSurfer’s 2009 atlas (Destrieux et al., 2010)
was used to define the IPS and ROIs were defined for the puta-
men, caudate, and globus pallidus from the subcortical atlas (Fischl
et al., 2002) (see Fig. 2 for a visual depiction of all ROIs). These ROIs
were defined in each participant’s native space using FreeSurfer
and the average parameter estimate from the contrast of interest
in the functional data was extracted for each participant within the
structurally defined region. The ROI analysis was used to specifi-
cally test hypotheses engendered by models of failures in filtering
and filtering preparatory activity. To capture potential errors due
to encoding of distractors, both accurate and inaccurate trials were
included in the ROI analysis. Following methods in previous work
(McNab and Klingberg, 2008), we  tested regression models in
which distractor-related maintenance activity in the IPS (repre-
senting the encoding of distractors) was predicted by age group
(adolescents vs. adults), filter preparatory activity in the BG, and the
interaction between age group and BG filter preparatory activity.
Significant age × preparatory activity interactions were followed
up by examining these associations separately within each group
(adults, adolescents).

3. Results

3.1. Behavioral results
Performance (d′) on the task, including all trial types, indicated
that both adolescents and adults were able to perform the task well
(see Table 1, Fig. 3). A 4 × 2 (trial type × age group) ANOVA showed

High load–two
colors

Distraction Total

 M SD M SD M SD

2 1.37 0.96 2.12 1.00 1.69 0.86
6 1.84 0.80 2.44 0.82 1.99 0.54
1 1.50 0.94 2.21 0.96 1.78 0.79

9 1.15 0.19 1.05 0.18 1.10 0.17
4 1.19 0.23 1.09 0.21 1.16 0.22
1 1.16 0.20 1.06 0.19 1.12 0.18

4 0.73 0.13 0.82 0.12 0.78 0.12
9 0.79 0.12 0.86 0.08 0.83 0.07
3 0.75 0.13 0.83 0.11 0.79 0.11
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Fig. 2. Anatomical ROIs for the caudate, putamen, globus pallidus (a) and intra-

 significant effect of trial type on performance (F(3,56) = 21.781,
 < 001, �p

2 = .274). Contrasts demonstrated that d′ varied with
oad–scores were higher on low load trials relative to high load
rials (F(1,58) = 63.414, p < .001, �p

2 = .522). However, performance
id not vary between distraction and low load (F(1,58) = 285,

 = .596, �p
2 = .002) or between high load and high load-two color

rials (F(1,58) = 037, p = .849, �p
2 = .023). No significant main effect

f age was found, nor was there any interaction of age and trial
ype. Performance trends were similar for response time and accu-

acy, with low load and distraction trials showing higher accuracy
nd faster response times than high load and high load—two color
rials.

Fig. 3. d′ by trial type and age group.
al sulcus (b) as identified by the aseg and aparc-2009 atlases within FreeSurfer.

3.2. fMRI data (whole brain)

3.2.1. Main effects of task on BOLD response
Across all participants, BOLD signal was greater in the bilateral

IPS, bilateral occipital cortex, left MFG, and left fusiform gyrus for
cue trials with a distraction instruction than trials with a no dis-
tractor instruction (see Table 2 and Fig. 4 for all main effects of
task).

We observed a main effect of load (high load > low load) on BOLD
response during encoding and delay bilaterally in the IPS and MFG,
as well as in the thalamus and occipital cortex. We  observed a main
effect of filtering during encoding and delay (distraction > low load)
in a network of regions including the bilateral IPS, superior frontal
gyrus (SFG), caudate, inferior frontal gyrus (IFG), and occipital cor-
tex.

3.2.2. Interaction of task contrasts with age
No significant interaction of BOLD response with age was found

in the cue phase. During encoding + delay, adolescents showed
greater BOLD response with increased load than adults bilaterally
in the precuneus as well as in the left temporoparietal junction and
cerebellar vermis (See Table 3, Fig. 5). Adults did not show greater
load-related recruitment as compared with adolescents. There
were no significant differences in neural activation between adults
and adolescents during encoding + delay in the distraction > low
load contrast at the whole-brain level. In order to allow compar-
ison with McNab and Klingberg (2008), we examined this contrast
for BG activity prior to correction for multiple comparisons and
found activity in the right putamen, but this result did not survive
correction for multiple comparisons.

3.3. Filter preparatory activity
In our ROI data, there was  no main effect of filter preparatory
activity (distractor instruction > no distractor instruction during
cue) in the caudate, putamen, or globus pallidus on distractor-
related activity in the ipsilateral IPS (distraction > low load during
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Table  2
Main effects of task on BOLD response.

Contrast Cluster label x y z Voxels t Value

Cue: distractor instruction > no
distractor instruction

L IPS −30 −62 40 2715 5.61
R  IPS 34 −62 46 1541 4.84
L  Fusiform gyrus −34 −64 −12 1133 4.25
Bilateral occipital cortex −36 −68 −22 * 3.15
L  MFG  −36 2 32 1020 4.55

Encoding + delay: load (high
load > low load)

Bilateral IPS −22 −64 42 48,239 6.82
Bilateral occipital cortex 6 −90 12 * 6.5
Bilateral middle frontal gyrus −24 2 56 * 5.08
Thalamus 16 −24 12 * 5.05
Bilateral anterior cingulate† −6 2 30 * 4.1
L  Pallidum† −18 −10 2 * 3.82

Encoding + delay: distraction
(distraction > low load)

Bilateral IPS 12 −68 62 13,415 5.87
Bilateral SFG −24 0 54 8340 5.58
Bilateral caudate† −10 6 6 4332 4.72
Bilateral IFG† 32 26 −2 * 4.46
Bilateral occipital cortex 14 −92 −12 1985 4.03

Probe: Load Anterior cingulate −6 20 32 1840 4.14

Probe: Distraction (no significant results)

* Contiguous with above region.
† Not significant when cluster-level correction was applied with a primary threshold of p = .001 (all reported results were cluster-level corrected at p = .05–see Woo  et al.

(2014)).

Table 3
Interaction of Age with task-related activity.

Contrast Cluster Label X Y z Voxels t Value

Cue: distractor instruction (No significant differences)

Encoding + delay: load
adolescents > adults

Precuneus (bilateral)† 4 −48 46 1126 4.92
L  Temporoparietal Junction† −44 −22 8 614 3.68
L  Cerebellar Vermis† −22 −38 −20 560 3.90

Encoding + delay: distraction (No significant differences)

Probe: Load (No significant differences)

Probe: distraction
adults > adolescents

Bilateral IPS† 2 −72 54 4286 4.28
Bilateral Occipital Cortex† −4 −94 26 * 4.05

* Contiguous with above region.
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† Not significant when cluster-level correction was applied with a primary thresh
2014)).

ncoding + delay) (all p values >.22). To examine the effect of
ge, we first tested a model wherein IPS preparatory activity was
redicted by the interaction of BG preparatory activity and the cen-
ered square of age and found a quadratic interaction of age with
utamen preparatory activity in the right hemisphere (  ̌ = −.363,
(54) = −2.007, p = .05)2. This quadratic interaction was  driven by
he strength of the effect in the adult sample. In group analy-
is we found an interaction between age group and preparatory
ctivity for the left (  ̌ = −.284, t(56) = −2.072, p = .043) and right

 ̌ = −.386, t(56) = −2.639, p = .011) putamen, indicating an effect
f age group on the relationship between filter preparation and
istractor related activity3.

In adults, we observed the expected negative relationship
etween filter preparatory activity in the putamen and distractor

aintenance in the IPS in both the left (  ̌ = −.656, t(15) = −3.37,

 = .004) and right (� = −.643, t(15) = −3.256, p = .005) hemispheres
see Fig. 6); these relationships were maintained in a skipped

2 This relationship became marginal (p = .057) when violence exposure was not
ncluded as a covariate, and thus it is included here.

3 Including IQ as a regressor in these models reduced the number of adult par-
icipants to 7 and the number of adolescents to 42. The interaction of age and filter
reparatory activity was no longer significant when IQ was modelled as a covariate.
f p = .001 (all reported results were cluster-level corrected at p = .05—see Woo  et al.

correlation model where extreme data points were removed
(Wilcox, 2004). In adolescents these associations were not signifi-
cant in the left (  ̌ = −.01, t(41) = −.069, p = .945) or right (  ̌ = −.002,
t(41) = −.013, p = .99) hemisphere. In order to allow direct compari-
son to results from McNab and Klingberg (2008), who identified this
negative relationship for filter preparatory activity in the pallidum,
we also tested the relationship between filter preparatory activity
in the pallidum and distractor maintenance in the IPS in adults only.
This relationship was  in the expected direction, but only marginally
significant for both the left (  ̌ = −.469, t(15) = −2.059, p = .057) and
right (  ̌ = −.401, t(15) = −1.696, p = .11) hemispheres.

3.4. Relationship of brain activity to task performance

Our measure of IPS inefficiency correlated negatively with per-
formance (d′) in the distraction condition of the task in both the left
(  ̌ = −.3, t(57) = −2.904, p = .005) and right (  ̌ = −.322, t(57) = −3.19,
p = .002) hemispheres while controlling for performance in the low
load condition. There was  no main effect of filter preparatory activ-

ity in the putamen on distraction performance while controlling
for low load performance, however an interaction of preparatory
activity in the putamen with age group was  significant in the
left (  ̌ = .753, t(55) = 2.467, p = .017) and right (  ̌ = .964, t(55) = 2.65,
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Fig. 4. Main effects of task in the 

 = .011)4 hemispheres. This interaction was driven by an effect of

utamen preparatory activity on distraction performance (again,
ontrolling for low load performance) in adults only in the left

 ̌ = .525, t(14) = 2.332, p = .035) and right (  ̌ = .629, t(15) = 3.064,

4 Interaction of right putamen activity with age was  marginally related to distrac-
ion performance (p = .06) when controlling for IQ and low load performance.
) and encoding + delay (b) phases.

p = .008) putamen. This effect was not significant in adolescents
(p > .14).

4. Discussion
This study examined neural activity related to WM filtering in
a sample of older adolescents and adults. Our primary hypothe-
sis was  that adolescents would show worse performance in WM
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Fig. 5. Interaction of Age on load-

ltering trials relative to adults and exhibit a different pattern
f neural activity in WM filtering related networks. Unexpect-
dly, adolescents and adults performed equally well in filtering
rials of the WM task. However, the predicted negative relationship
etween filter preparatory activity in the BG and activity related to
istractor encoding in the IPS was present in adults but not ado-

escents. Relatedly, filter preparatory activity was not correlated
ith distraction trial performance in adolescents but it was for

dults. These findings suggest that adolescents did not recruit their
G in response to filter instructions so as to support later filter-

ng, whereas adults did. The finding that adolescents do not recruit
he BG in support of filtering in the same manner as adults pro-
ides evidence that filtering-related neurodevelopment is ongoing
n late adolescence which is consistent with our initial hypothesis.

Across age, main effects of WM activity on BOLD response gen-
rally conformed to existing theoretical models and empirical data
f neural recruitment during WM function. Increased WM load was
ssociated with activity in the MFG, IPS, and globus pallidus dur-
ng encoding + delay, consistent with prior work highlighting these
reas’ role in encoding and maintenance of items in WM (Hartley
nd Speer, 2000; Nelson et al., 2000; Postle and D’Esposito, 1999;
homas et al., 1999). BOLD response during encoding + delay in
he distraction condition, relative to same load no-distractor trials,
ncluded the MFG  and IPS as well as a strong cluster of BG activ-
ty centered in the caudate nucleus. Increased BG activity during
ncoding in the presence of distractors is consistent with theoreti-
al models of WM filtering wherein the BG serve to selectively filter
timuli into WM (Hazy et al., 2006).

Compared to adults, adolescents showed greater activity with
ncreasing WM load in a network of regions involved in processing
isual stimuli during encoding + delay. These included the pre-
uneus, temporoparietal junction, and cerebellar vermis. This
ncrease in activity for adolescents relative to adults may  indi-
ate inefficient processing, more effort or time devoted to visual

rocessing of stimuli, or differences in strategy. However, there
ere no corresponding differences in MFG  or IPS activity. This

quivalence is consistent with previous evidence suggesting
hat systems devoted to WM maintenance are reasonably well
 activity during encoding + delay.

developed by late adolescence (Darki and Klingberg, 2014;
Dempster, 1992; Kharitonova et al., 2013; Lenroot and Giedd,
2006).

At the group level, adults and adolescents exhibited no dif-
ferences in neural recruitment in support of WM filtering during
encoding or cue. However, as described above, recruitment of the
BG when preparing to filter was associated with a neural index
of successful filtering as well as behavioral performance on filter-
ing trials in adults but not in adolescents. This difference suggests
that adolescents may  use different cognitive strategies to support
WM in the presence of distractors. These findings parallel those in
other work wherein children switch from a reactive (responding
to task demands as they arise) to proactive (preparing ahead of
time to meet task demands) cognitive control style as they develop
(Chatham et al., 2009).

Our study had a number of limitations that should be addressed
in future research. First, the study utilized a cross-sectional design
to examine a developmental question. A longitudinal design would
better control for individual differences in the sample. Second, it
is possible that the task, particularly the low load and distraction
conditions, was too easy. Over-all WM load in the task was reduced
relative to McNab and Klingberg (2008) in order to adapt the task to
a younger sample. A more difficult low load condition might have
revealed greater performance differences between low load and
distraction trials, providing a behavioral index of how distracted
participants were by the yellow stars. Third, complete data on IQ
(both a complete estimate of IQ and IQ data on all participants)
may have helped clarify our findings. However, the lack of perfor-
mance differences between groups suggest that a gross difference
in cognitive ability, as indexed by estimated IQ was not a major
factor in our findings. Additionally, IQ is not an ideal control for
ability differences in the sample as WM capacity may be related
to IQ (Fukuda et al., 2010). We observed that some of our signifi-
cant effects were attenuated when IQ was  included as covariate.

This may  be because of the known correlation between IQ and
WM capacity or because including estimated IQ in our models
reduced our sample size dramatically. Fourth, our adult and ado-
lescent sample sizes were unequal. A larger sample of adults would
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ave provided greater sensitivity. This limitation might explain the
bsence of some effects observed in McNab and Klingberg (2008)
n our adult sample, such as the lack of a main effect of filtering on
G activity (this is supported by the marginal activity found in the
ight putamen when comparing adults to adolescents in the distrac-
ion > no-distraction contrast during encoding + delay). It is unlikely
hat unequal sample sizes explain our group differences. If any-
hing, the smaller adult sample would undermine our observation
f group differences because it limits the reliability of our estima-
ions in the adult sample. Finally, future research should examine

M filtering beginning at earlier developmental stages. Although
nvestigating brain development in older adolescents is important
o capture later development in filtering related structures, differ-
nces in neural recruitment between older adolescents and adults
n this study were subtle. Studies with a wider age range may  help
solate age differences related to maturity in filtering and encoding
elated structures.

Overall, our findings support the conclusion that brain networks
upporting WM filtering are still maturing in later adolescence. For
nstance, predicted BG-IPS correlations indicating preparatory fil-

ering activity were not observed in adolescents, but were observed
n adults. In contrast, while we observed differences between
dolescents and adults in recruitment of visual attention and
rocessing areas for encoding of high vs. low load, recruitment
 with putamen and pallidum filter preparatory activity (distractor instruction > no

of WM specific regions (MFG, IPS) was  similar for adults and
adolescents.

Although we  observed differences in neural recruitment
between adolescents and adults, we  did not observe differences in
behavioral performance. This lack of behavioral difference suggests
that observed neural differences reflect differences in maturity or
strategy but not gross failure to perform the task. If replicated, these
findings could complicate models of WM development in which
the ability to filter extraneous information from WM is a core com-
ponent of WM capacity (Vogel et al., 2005). The observation that
WM filtering and WM capacity may  be dissociated developmentally
makes the argument that they are intrinsically linked less strong.
Finally, immaturity of WM filtering in adolescence could have wide-
ranging implications for adolescent cognition and development.
Such a deficit might have implications for adolescents’ ability to
focus on long-term goals in the presence of distraction and sug-
gests that adolescents might benefit from additional support in
maintaining focus in clinical and educational contexts.
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