
 

 

 

Electrophysiological evidence for different effects of
working memory load on interference control in
adolescents than adults
Citation for published version (APA):

Spronk, M., & Jonkman, L. M. (2012). Electrophysiological evidence for different effects of working
memory load on interference control in adolescents than adults. International Journal of
Psychophysiology, 83(1), 24-35. https://doi.org/10.1016/j.ijpsycho.2011.09.019

Document status and date:
Published: 01/01/2012

DOI:
10.1016/j.ijpsycho.2011.09.019

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.1016/j.ijpsycho.2011.09.019
https://doi.org/10.1016/j.ijpsycho.2011.09.019
https://cris.maastrichtuniversity.nl/en/publications/fffc6e8c-0b66-472c-9226-9858268fe134


International Journal of Psychophysiology 83 (2012) 24–35

Contents lists available at SciVerse ScienceDirect

International Journal of Psychophysiology

j ourna l homepage: www.e lsev ie r .com/ locate / i jpsycho
Electrophysiological evidence for different effects of working memory load on
interference control in adolescents than adults

Marjolein Spronk ⁎, Lisa M. Jonkman
Faculty of Psychology and Neuroscience, Section of Developmental Cognitive Neuroscience, Maastricht University, The Netherlands
⁎ Corresponding author at: Department of Cognitive
versity, PO Box 616, 6200 MD, Maastricht, The Netherl
fax: +31 43 388 4125.

E-mail address: marjolein.spronk@maastrichtuniver

0167-8760/$ – see front matter © 2011 Elsevier B.V. All
doi:10.1016/j.ijpsycho.2011.09.019
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 April 2011
Received in revised form 22 September 2011
Accepted 23 September 2011
Available online 11 October 2011

Keywords:
Development
Event-related potentials
Working memory
Cognitive control
Attention
The present study investigated how the development of interference control is influenced by the development of
workingmemory (WM) capacity during adolescence. In a dual-task, 17 adolescents (12–16 years) and 19 adults
(18–48 years) performed a gender word–face Stroop task, while WM-capacity was manipulated by a concur-
rently performed N-back task. Behavior (reaction times, % errors and % misses) and event-related potentials
associated with the detection (N450) of the Stroop conflict and response selection (sustained positivity; SP)
were measured without or with a concurrent WM load. Adolescents had lower accuracy on N-back and Stroop
trials than adults. N450 results showed Stroop conflict above temporal–occipital cortex which was suggested
to be caused by processing of distracter faces. This N450 conflict response was smaller in adults and only present
when holding a simultaneous WM-load, whereas adolescents' N450 conflict responses were already present
without a concurrent WM-load and did not further increase with load. These N450 results indicate poorer
distracter suppression in adolescence which is suggested to be due to insufficient attentional resources for
top–down control. Irrespective of WM-load, adolescents also had larger parietal SP conflict responses than
adults, suggesting inefficient response selection in case of activation of two conflicting responses. The main
conclusion is that adolescents have worse distracter suppression than adults, caused by lower availability of
resources for top–down control.
Neuroscience, Maastricht Uni-
ands. Tel.: +31 43 388 4535;

sity.nl (M. Spronk).
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1. Introduction

Inhibition-related functions are known to play an important role in
the development of cognitive abilities such asfluid intelligence (Burgess
and Braver, 2010), reasoning (Krawczyk et al., 2008), and problem solv-
ing (Passolunghi et al., 1999). One type of inhibition, interference con-
trol, is the ability to select task-relevant information while
simultaneously suppressing the influence of distracting information
that conflicts with task demands, such as for example in Stroop tasks
(Stroop, 1935). In the past decade a considerable number of studies
have provided evidence that the ability to control interference is related
to the capacity of one's working memory (WM), i.e. the space to store
and process information for short periods of time. One line of evidence
comes from behavioral studies showing that adults with low WM-
span experience more interference from distracters than adults with
high WM-span in conflict-tasks such as Stroop and flanker tasks (Kane
and Engle, 2003). On the basis of these studies Engle and Kane (2004)
proposed their executive-attention theory of WM-capacity, which
explained the better performance of adults with high-WM-capacity by
a better ability to maintain goal-related information in memory and
resolve response conflict. In a series of studies Lavie and colleagues
have used a within subjects design to study WM-capacity-selective
attention/interference control relations more directly by manipulating
WM-capacity and interference control experimentally within one para-
digm (de Fockert et al., 2001; Lavie and De Fockert, 2005; Lavie et al.,
2004). These studies led to the conclusion thatWM-capacity is of crucial
importance for the ability to suppress the influence of distracting or
conflicting information, because reductions inWM-resources led to en-
hanced interference in Stroop or flanker tasks. The aim of the present
study was to investigate how the development of interference control
is influenced by manipulations of WM-resources (thought to reduce
frontal–top–down control) during adolescence byusing aWM-selective
attention task similar to that used in de Fockert et al. (2001). Below
more information about this task will be provided.

The present study focuses on adolescence since bothWM-capacity
and inhibitory control have been consistently reported to follow a
protracted qualitative development into this period, especially in sit-
uations that are highly cognitively demanding (Anderson et al., 2001;
Davies and Rose, 1999; Demetriou et al., 2002; Gathercole, 1999;
Klingberg et al., 2002; Kwon et al., 2002; Leon-Carrion et al., 2004;
Luciana et al., 2005; Luna et al., 2004, 2010; Schleepen and Jonkman,
2010; Segalowitz et al., 2010). For example in a review article,
Gathercole (1999) showed that especially complex working memory
(compared to phonological and visuospatial short-term memory) un-
dergoes late development until 16 years of age. Also other studies
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have shown that mature WM-capacity is not reached before late ado-
lescence when executive control demands are high. Luciana et al.
(2005), who used nonverbal WM tasks with varying degrees of exec-
utive demands, reported that WM-capacity in a spatial WM task in
which sequences of visually presented information (block tapping)
had to be recalled in backward order (requiring maintenance andma-
nipulation) did not reach mature levels in adolescents until 13 or
15 years of age. Schleepen and Jonkman (2010) showed particularly
late development of non-spatial WM-capacity into adolescence in
task conditions that required simultaneous maintenance, updating
and suppression of irrelevant information in a verbal N-back task.
Luna et al. (2004) also showed ongoing development of working
memory throughout adolescence using an oculomotor delayed re-
sponse task (requiring eye movements guided by a target location
in memory), as well as late development in adolescence of inhibitory
control in an anti-saccade task. Immature suppression of irrelevant
information has furthermore been reported in adolescents by Leon-
Carrion et al. (2004) who examined interference control in a Stroop
task and found a decrease in interference from irrelevant information
in adolescence until 17 years of age. This late development of WM-ca-
pacity and inhibitory control has been attributed to the protracted de-
velopment of brain networks including frontal and parietal brain
regions that are known to be involved in both WM and interference
control (Bunge and Wright, 2007; Durston et al., 2002; Hopfinger et
al., 2000; Klingberg et al., 2002; McNab and Klingberg, 2008; Rubia
et al., 2006). Especially, the maturation of dorsolateral prefrontal cor-
tex (DLPFC), a structure known to be involved in the resistance to in-
terference when holding information in WM, has been shown to be
immature in adolescence (Giedd, 2004; Lenroot and Giedd, 2006).
DLPFC activation has been found during maintenance of items in
memory and particularly when WM-load is high (Grimault et al.,
2009; Rypma et al., 2002), or when WM content is threatened by dis-
traction (Dolcos et al., 2007). Such findings indicate that frontal areas
are essential in keeping cognitive performance levels high through
top–down attentional control.

One way to investigate the dependency of interference control on
WM-capacity is through the use of so-called dual-task paradigms. As
was already shortly mentioned above, in a series of studies including
healthy adults Lavie and colleagues manipulated WM-load by letting
subjects hold smaller or larger amounts of information inWMwhile con-
currently performing tasks requiring selection/enhancement of task-
relevant information and simultaneous suppression of task-irrelevant in-
formation, such as in Stroop, flanker or visual search tasks (de Fockert et
al., 2001; Lavie and De Fockert, 2005; Lavie et al., 2004). In all these stud-
ies higher occupancy of WM led to increased distracter interference in
the concurrently performed selective attention tasks as measured by
delayed reaction times and reduced accuracy when targets and distrac-
ters evoked conflicting responses, i.e. were incongruent (e.g. the word
red printed in green in the Stroop task) as opposed to when both were
congruent. In the fMRI study by de Fockert et al. (2001), interference in
the Stroop task was manipulated by presenting subjects with names of
famous people that had to be categorized as being from a politician or
pop star. Nameswere superimposed on distracter faces that had to be ig-
nored and could either be congruent (name and face of Bill Clinton) or
incongruent with the to-be-categorized names (e.g. name of Bill Clinton
and face of Mick Jagger). This fMRI study showed that healthy adults ex-
periencedmore interference fromdistracter faceswhenWMwasheavily
loaded (leading to lower availability of frontal resources for top–down
control), as shown by slower responding in the Stroop task and higher
activation in fusiform face-processing areas with highWM-load, the lat-
ter being indicative of higher processing of task-irrelevant distracter
faces.

A task similar to that used in de Fockert et al. (2001) was used in the
present study to examinewhether the dependency of interference con-
trol on WM-capacity shows developmental changes from adolescence
to adulthood. To prevent influences of differences in familiarity of
famous faces between adolescents and adults, Stroop interference was
manipulated by presenting thewordsmale/female (in Dutch in the pre-
sent study) superimposed onmale or female faces that were unfamiliar
to the subjects (Egner et al., 2010; Padmala et al., 2011). Subjects had to
categorize the words male/female by giving left/right responses, WM-
load was manipulated by a concurrently performed letter N-back task.
In addition to behavior, event-related brain potentials (ERPs) were
measured to get a precise view on when in time reductions in available
WM-capacity influence interference control the most in the different
age groups. More specifically, the effect of loading WM was measured
on two Stroop-related ERP components; the so called “N450” and the
“sustained positivity” (SP), that have been reported to occur in regular
color–word Stroop tasks (Lansbergen et al., 2007; Liotti et al., 2000;
Markela-Lerenc et al., 2004; Qiu et al., 2006; West, 2003, 2004), but
have recently also been reported in a face–name Stroop task (Jongen
and Jonkman, 2011). The N450 represents a reduced positive compo-
nent (negativity) in the incongruent condition relative to the congruent
condition between 350 and 500 ms and has been associated with the
process of conflict detection on the basis of its sensitivity to different ex-
perimental manipulations of conflict strength (Lansbergen et al., 2007;
Liotti et al., 2000; Tillman andWiens, 2011; West and Alain, 2000). The
conflict SP (sometimes also called the P600 in the Stroop-ERP literature)
that follows the N450 in time represents an enhanced positive compo-
nent in the incongruent condition relative to the congruent condition
starting around 600 ms. On the basis of the Stroop-ERP literature parie-
tal-SP effects are suggested to reflect enhanced processing of response-
relevant information used to guide response selection in incongruent
trials (Chen et al., 2011; Jongen and Jonkman, 2008; Lansbergen et al.,
2007; Liotti et al., 2000; Markela-Lerenc et al., 2004; Qiu et al., 2006;
West, 2003). Parietal-SP effects have been localized to parietal cortex
in adults (Chen et al., 2011) and fMRI studies have reported evidence
for a role of parietal cortex in supporting stimulus–response mappings
that facilitate response selection in the Stroop task (Bunge et al., 2002;
Casey et al., 2000; Rushworth et al., 2001).

Whereas these N450 and SP conflict components have been studied
frequently in adults, studies in children or adolescents are scarce. In a
developmental study using an object-Stroop task stimulus–response
mappings were manipulated to study the differential contributions of
stimulus and response interference to behavioral and electrophysiolog-
ical Stroop effects across age (Jongen and Jonkman, 2008). Stimulus in-
terference was not present in children (6–12 years of age) or adults.
Response interference effects were present on reaction time and accu-
racy in all 6–12 year-old children and adults, but children made rela-
tively more errors than adults in the response-incongruent than the
stimulus-incongruent condition. The fact that 12-year-olds still made
more errors in the response-incongruent condition than adults points
to continued maturation of response conflict processing during adoles-
cence. An N450 conflict response with a parietal, lateral occipital distri-
bution was larger to response incongruent than stimulus incongruent
stimuli in 10–12 year-old children and adults, but was not present
below10 years of age. An SP effectwith a broad scalp distribution across
frontal, central and parietal electrodes was present in all children and
adults. The facts that this SP-conflict response was larger on response-
than stimulus-incongruent trials and that its magnitude was correlated
with the RT response interference effect confirmed its relation to the
process of conflict resolution also in children.

To our knowledge, no ERP studies have so far been done to directly
examine the relationship betweenWMand interference control in ado-
lescents in a dual-task. In a prior ERP study by Jongen and Jonkman
(2011) the time-course of WM-load effects on Stroop interference in a
name–face task similar to that used in the fMRI study by de Fockert
et al. (2001) was investigated in university students. They found that
only the SP interference effect associated with conflict resolution was
modulated by WM-load; SP interference effects at parietal electrodes
increased linearly with higher concurrent WM-loads, and only when
holding the highest WM-load of 4 letters in memory additional frontal
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SP activation was found. This suggests that in healthy young adults ad-
ditional frontal top–down control on posterior areas to prevent distrac-
ter processing is only needed when holding concurrent loads that are
close to maximum WM-capacity. Because of the relative immaturity
of fronto-parietal networks in adolescence we expect that they will
show an inability to suppress distracter processing in the Stroop task al-
ready with lower concurrent WM-loads and/or that processing bottle-
necks will become visible earlier in the information processing chain,
e.g. at the level of conflict detection. In the present Stroop task, conflict
is expected to occur when the genders of the name and distracter face
do not match and can only occur after the gender of the face has been
processed. Since neuroimaging studies have shown that the processing
of stable aspects of faces such as gender takes place in inferior occipito-
temporal regions and fusiform gyrus (Haxby et al., 2000, 2002) we ex-
pect the first (N450) interference effects associated with conflict detec-
tion (and effects of WM load manipulation on this) to take place in
occipito-temporal cortex. Support for this also comes from studies by
Fruhholz et al. (2009a,b), who previously investigated the effects of
congruent and incongruent contextual information on the processing
of facial expressions (valence recognition of faces). Their fMRI study
revealed increased activity for incongruent compared to congruent tri-
als in V4, the mid-lateral fusiform gyrus (BA 37) and the inferior occip-
ital gyrus (BA 18). The activity in fusiform gyrus was thought to be
related to categorical face processing (Fruhholz et al., 2009b). In anoth-
er study, ERP data collected with the same task showed interference ef-
fects similar to the N450 (reduced positivity for incongruent compared
to congruent trials) at parietal and occipital electrodes; source activity
for these effects as shownbyprincipal component analysis were located
in parietal cortex (Fruhholz et al., 2009a).

2. Methods

2.1. Subjects

Originally, 40 healthy subjects (native Dutch speakers) participated
in the study (20 adolescents and 20 adults), of which 4 were excluded
during statistical analyses due to outliers in behavioral measures (3 ad-
olescents and 1 adult). The 17 subjects (8 boys and 9 girls) in the ado-
lescent group were recruited from preparatory secondary vocational
education schools, which is the lowest secondary level of regular educa-
tion attended by 60% of the Dutch adolescents, and therefore thought to
be most representative of typically developing adolescents. The 19
adults (11 male and 8 female) were recruited from the normal popula-
tion via advertisements in local newspapers and had educational levels
similar to the adolescents (i.e. all adults completed non-compulsory
post-secondary education). Mean age was 14.5 years in the adolescent
group (range 12.9–16.4 years; SD=1.1) and 32.6 years in the adult
group (range 18.7–48 years; SD=11.4).

To check for absence of attention- and/or ADHD behavioral prob-
lems, the adolescents themselves filled out the Youth Self Report
form (YSR; Achenbach, 1991b) and one of their parents filled out
the Child Behavior Checklist (CBCL; Achenbach, 1991a). In adoles-
cents, mean score on the ADHD subscale was 54.5 on the CBCL
(SD3.8, range 50–62) and 53.5 on the YSR (SD 3.7, range 50–63),
and on the Attention subscale mean score was 54.1 on the CBCL
(SD3.8, range 50–61) and 52.2 on the YSR (SD 2.6, range 50–57). Par-
ticipating adults filled out the Adult Self Report (ASR; Achenbach and
Rescorla, 2003). Mean score was 53.4 on the ADHD subscale (SD 4.2,
range 50–65) and 54.1 on the Attention subscale (SD 4.5, range 50–
63). None of the subjects scored within the clinical range on the
ADHD or attention subscales. Furthermore, all subjects were free of
other neurological or somatic health problems.

To check for IQ, subjects in the adolescent group were adminis-
tered the Vocabulary and Block design subtests of the Wechsler Intel-
ligence Scale for Children (WISC-III; Wechsler, 1991). Subjects in the
adult group were administered the same subtests of the Wechsler
Adult Intelligence Scale (WAIS-III; Wechsler, 1997). Mean reliability
and validity of this estimated IQ-score compared to the complete
IQ-test has been reported to be .9 for both scales (Jeyakumar et al.,
2004; Spreen and Strauss, 1998). The mean IQ-score was 95.0 (SD
11.0) in the adolescent group and 102.2 (SD 12.4) in the adult
group. IQ-scores did not significantly differ between groups. The pre-
sent study was approved by the Local Ethical Committee of the Facul-
ty of Psychology and Neuroscience at Maastricht University, and prior
to the study a written informed consent was obtained from the chil-
dren and their caretakers and the adults according to the Declaration
of Helsinki. All subjects were paid for their participation in the
experiment.

2.2. Procedure

The entire experimental session lasted 2.5–3 h. The session started
with the Block Design test, Vocabulary test and the Digit Span test,
followed by the attachment of the electrodes. During the experimen-
tal session all participants sat in front of a 17-inch VGA monitor with
their eyes aligned to the center of the screen at a distance of approx-
imately 70 cm. They were instructed to minimize eye blinks and re-
frain from making movements during task performance. The
experimental session started when all tasks were practiced until a
predetermined performance criterion (75% correct responses) was
reached.

2.3. Experimental task

The experimental task, programmed in Presentation (version 11.0)
consisted of a Stroop task combined with an N-back task, in such a
way that each N-back trial was followed by a Stroop trial (see Fig. 1).
A gray background (131, 131, 131) was displayed throughout the task.
Stroop stimuli consisted of the Dutch equivalents of the words MALE/-
FEMALE (“MAN” or “VROUW” printed in white color, font size 60)
superimposed on faces of men and women (width 450 pixels, height
600 pixels) that were either congruent (e.g. the face of a man and the
word “MAN”) or incongruent (e.g. the face of a woman and the word
“MAN”)with each other, andwere presented at the center of the screen.
The face stimuli consisted of a selection of 16 neutral faces from theKar-
olinska Emotional Faces Set (Lundqvist et al., 1998) from which 8 men
and 8 women were matched as much as possible on hair color and
hair length. Pictureswere displayed in grayscale. In the Stroop task sub-
jects were instructed to attend to the word and ignore distracter faces
and press a left button with the left index finger when the word stimu-
lus shown was “MAN” (50% of all trials; 25% congruent with distracter
face of a man, 25% incongruent with distracter face of a woman) or
press a right buttonwith the right index fingerwhen theword stimulus
was “VROUW” (other 50% of trials; 25% congruent with distracter face
of a woman, 25% incongruent with distracter face of a man). The level
of interference is determined by comparing reaction time and accuracy
between congruent and incongruent Stroop stimuli.

To vary the level ofWM-load, differentN-back trialswere presented.
N-back stimuli were the letters A, S, X, B, T, F, H, G, K, L, W and Z (white
color, font size 50). In the 0-load condition, subjects performed a simple
detection task by pressing the left button whenever a letter X was pre-
sented and pressing the right button to all other letters (A, S, B, T, F, H, G,
K, L, W and Z). The 1-load condition was a 1-back task and subjects
reported whether the presented letter was similar to (left button
press) or different from (right button press) the preceding letter.
Comparable WM-face/name Stroop dual-tasks have been used in
other studies that investigatedWM-load interference/attention control
interactions in healthy adults (de Fockert et al., 2001; Jongen and
Jonkman, 2011; Pecchinenda and Heil, 2007). Note that 0-back and
1-back dual tasks consisted of exactly the same stimuli and required
similar goal maintenance and dual-task responses. The task goals and
response requirements in the Stroop task were exactly the same
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Fig. 1. Illustration of two trials from the combined N-back and face–word Stroop task. In this task a presentation of a letter was followed by a Stroop trial in which the subject had to
discriminate between the word “MAN” (male) and “VROUW” (female). In the WMload-0 condition the subject had to indicate for each letter whether it was an X or not. In the
WMload-1 condition the subject had to indicate for each letter whether it was the same letter as the previous one, or different.
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between 0- and 1-back conditions, so the only differencewas that in the
1-back condition one had to maintain the letter in memory during
Stroop performance whereas no maintenance was required in the 0-
back task.

The WM-Stroop task was administered in two blocks, differing in
WM-load (one 0-back block and one 1-back block), and the order of
the blocks was counterbalanced between participants within groups.
Each block consisted of 112 N-back and Stroop trials, with 50% con-
gruent and 50% incongruent trials in the Stroop task (56 trials per
condition). Similarly, N-back trials required an equal amount of left
button presses (preceding 25% of congruent and 25% of incongruent
Stroop trials) and right button responses (preceding 25% of congruent
and 25% of incongruent Stroop trials).

A total trial (one N-back+one Stroop stimulus) lasted 3700–
4200 ms, a trial started with a fixation cross presented for 1000 ms, fol-
lowed by an N-back letter stimulus presented for 500 ms, followed by a
fixation cross with a duration varying between 1700 and 2200 ms, fol-
lowed by a Stroop stimulus of 500 ms duration (see Fig. 1).

2.4. Electrophysiological recording and analysis

For measurement of the EEG, an Easycap consisting of 60 Ag/AgCl
electrodes was used (Fpz, Fz, FCz, Cz, CPz, Pz, Oz, Fp1, Fp2, AF7, AF8,
AF3, AF4, F7, F5, F3, F1, F2, F4, F6, F8, FT7, FC5, FC3, FC1, FC2, FC4,
FC6, FT8, T7, C5, C3, C1, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CP2, CP4,
CP6, TP8, P7, P5, P3, P1, P2, P4, P6, P8, PO7, PO3, PO4, PO8, O1, O2,
and the right mastoid A2). During measurement all electrodes were
referenced to the left mastoid (A1) and one of the electrodes in the
cap (AFz) was used as ground. Offline, EEG data were re-referenced
to the average of the right and left mastoids. The vertical EOG was
recorded from infraorbital and supraorbital electrodes placed in line
with the pupil of the left eye. The horizontal EOG was recorded
from two electrodes that were attached to the outer canthi of both
eyes. All electrode impedances were kept below 10 kΩ, with the ex-
ception of reference and ground electrodes that were held below
5 kΩ. Signal acquisition was accomplished using Neuroscan synamps
amplifiers and Brain Vision Recorder software (version 1.10). EEG and
EOG signals were continuously sampled at 250 Hz with a high-pass
filter of 0.05 Hz and a low-pass filter of 30 Hz.

The continuous EEG of the Stroop trials was divided into 112
epochs of 1850 ms, from 200 ms prestimulus to 1650 ms poststimu-
lus, all aligned to a baseline from −200 to 0 ms preceding the Stroop
stimulus. First, vertical EOG artifacts (blinks) were removed from the
data by applying an eye-movement correction algorithm (Semlitsch
et al., 1986) provided in the Neuroscan analysis software package. In-
stead of using the automatic procedure, for the computation of re-
gression coefficients between VEOG and the EEG-signals at the
different electrodes, adequate eye blinks were manually selected
and checked. After having removed eye blinks from the EEG via the
above described procedure, epochs containing artifacts or horizontal
eye movements exceeding±100 μV were rejected from the database.

Next, average ERPs were computed separately for each subject in
four different task conditions: (1) 0-load congruent stimuli, (2) 0-
load incongruent stimuli, (3) 1-load congruent stimuli, and (4) 1-
load incongruent stimuli. In the averaging procedure, only trials
with correct responses on the Stroop trials as well as on the following
N-back trial were included. There were a maximum number of 224
trials in the task (112 trials in the 0-back-Stroop block and 112 trials
in 1-back-Stroop block). The minimum number of included trials per
block (WM load 0 or 1) was 60. The mean number of artifact-free EEG
epochs contained in the single-subject averages was 184 trials (SD
27) in the adult group and 143 trials (SD 29) in the adolescent group.

Based on findings in previous studies (see introduction) two effects
of Stroop interferencewere expected in the present ERP data. For incon-
gruent relative to congruent trials an increased negativity has been ob-
served around 450 ms (in the Stroop literature also referred to as the
“N450”; Lansbergen et al., 2007; Liotti et al., 2000; Tillman and Wiens,
2011; West and Alain, 2000) and an increased positivity was expected
around 600 ms (in the literature referred to as the "P600" or the “SP”;
Chen et al., 2011; Jongen and Jonkman, 2008, 2011; Lansbergen et al.,
2007; Liotti et al., 2000; Markela-Lerenc et al., 2004; Qiu et al., 2006;
West, 2003). Consistent with this, inspection of global field power
(GFP) plots of grand average ERP activity in both groups (averaged
across all leads and all subjects in the separate groups) confirmed the

image of Fig.�1
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presence of these interference effects (with similar timing) in our face–
name Stroop task in both adults and adolescents (see Figs. 4 and 5; plots
derived from BESA 5.0 software). In both groups the N450-interference
effect was most pronounced between 420 and 460 ms and was distrib-
uted over parietal (P1, P2) and parietal–occipital (PO7, PO8) sites. The
SP interference effect was most pronounced between 620 and 780 ms
in adolescents and between 760 and 840 ms in adults at centro-parietal
(CP1, CP2) and parietal (P1, P2) sites.

2.5. Statistical analysis

2.5.1. Behavioral measures
To be able to check for potential group differences in verbal short-

term memory (STM) and verbal working memory span Forward and
Backward Digit span measures were obtained from all adolescents
and adults (derived from WISC-III for adolescents and WAIS-III for
adults). Forward-span scores are considered to be measures of verbal
STM, whereas backward-span scores are considered measures of ver-
bal WM-capacity, at least in children (St. Clair-Thompson, 2010). Raw
scores on forward and backward digit span tests were entered in uni-
variate ANOVA to check for age differences. Apart from raw scores,
standardized digit span scores were also computed (according to
the WISC-III and WAIS-III manuals) in each group.

For 0-back and 1-back WM trials, reaction time (RT) for correctly
detected targets (0-back) or WM-probes (1-back), percentage of in-
correct responses (% errors) and percentage of missed responses
(% omissions) were computed. A repeated measures ANOVA with
within-subjects factor Load (0-back, 1-back) and between-subjects
factor Age (adolescents, adults) was conducted.

Furthermore, reaction time for correct responses (RT), % errors and
% omissions for Stroop trials were computed. Tests were performed
for all behavioral Stroop measures to examine effects of WM-load
(low or high) on Stroop interference (congruent vs. incongruent trials)
by conducting a repeated measures ANOVA with within-subjects fac-
tors Load (Stroop trials preceded by a 0-back or a 1-back trial) and Con-
gruence (congruent, incongruent), and between-subjects factor Age
(adolescents, adults). Significant Load×Congruence interactions were
further explored by testing the congruence effects of the separate levels
of WM-load. Two-tailed significance levels of 5% were adopted.

2.5.2. ERP measures
For both expected components of Stroop interference, conflict de-

tection (N450) and conflict resolution (SP), mean voltage values in
the specified timewindows and at the specified locations were entered
into a 2 (Load; 0-load, 1-load)×2 (Congruence; congruent, incongru-
ent)×2 (Location; see specified locations per component)×2 (Hemi-
sphere; Left, Right)×2 (Age; adolescents, adults) repeated measures
ANOVA. Significant 5 or 4-way interactions were followed up by per-
forming 4 or 3-way ANOVA's respectively at the different levels of the
Location factor. In case such interactions (involving levels of Load, Con-
gruence and Age) were found, further testingwas done by first splitting
Table 1
Group means (standard deviations between brackets) of the behavioral parameters for the

N-back trials

RT (ms) Errors (%) O

Adolescents (N=17) WMload 0 708 (133) 7 (8)

WMload 1 790 (171) 18 (12) 1

Adults (N=19) WMload 0 752 (120) 3 (3)

WMload 1 852 (129) 12 (6)

RT = reaction time, C = Congruent, IC = Incongruent
up on the Load factor to explore Age×Congruence effects in both Load
(0-back vs. 1-back) conditions. Age×Congruency interactions were ex-
plored further by testing Congruency effects in the separate Age groups.
For all repeated measures ANOVAs two-tailed significance levels of 5%
were adopted. Partial-eta squared effect sizes are reported with the
ANOVA effects.

3. Results

3.1. Behavioral results

3.1.1. STM and WM-capacity (digit span)
No significant Age differences were found for raw Forward and

Backward digit span scores: Forward digit span was 8.8 (SD 2.1) in ad-
olescents, and 9.6 (SD 2.4) in adults (Age effect F(1,34)=1.0, P=.32),
and Backward digit span was 6.1 (SD=1.8) in adolescents, and 6.7
(SD=2.8) in adults (Age effect F(1,34)=0.6, P=.44). Mean standard-
ized digit span scores (including both forward and backward scores; for
computation seeWISC-III/WAIS-III manual) were 10.1 (SD3.3) and 10.4
(SD 3.5) in adolescent and adult groups respectively and were not sig-
nificantly different (Age effect: F(1,34)=0.1, P=.83).

3.1.2. N-back task performance
Means of RT, percentage of incorrect responses (errors) and

percentage of missed responses in the 0-back and 1-back tasks
are displayed in Table 1. Reaction times for correctly responded
trials (F(1,34)=19.4, Pb .0005, ηp2=0.36), % errors (F(1,34)=
98.3, Pb .00001, ηp2=0.74) and% omissions (F(1,34)=7.30, Pb .05,
ηp2=0.18) increased in the 1-back condition compared to the 0-
back condition in which no information had to be retrieved from
memory, but similar left/right categorization responses had to be
given (see Fig. 2A and B for reaction times and % errors). A main ef-
fect of Age (F(1,34)=4.7, Pb .05, ηp2=0.12) for % errors confirmed
worse performance in adolescents (compared to adults) in the 1-
back as well as the 0-back task. No Age×Load interaction and no
Age effects for RT and % omissions were found in the N-back task.

3.1.3. Stroop task performance
Means of RTs, percentage of incorrect responses and percentage

of missed responses in the Stroop task are displayed in Table 1. For re-
action time (RT), a main effect of Load (F(1,34)=10.3, Pb .005,
ηp2=0.23) showed slower Stroop responses in the 1-back condition
compared to the 0-back condition (see Fig. 3A). Amain effect of Congru-
ence (F(1,34)=17.1, Pb .0005, ηp2=0.34) showed slower responding
to incongruent than to congruent Stroop stimuli. Similar to RT,
the percentage of errors also increased with Load (F(1,34)=55.0,
Pb .0001, ηp2=0.62;more errors in 1-back than0-back) and Congruence
(F(1,34)=7.7, Pb .01, ηp2=0.18; more errors in response to incongru-
ent vs. congruent Stroop stimuli) (see Fig. 3B). Main Age effects were
present for % errors (F(1,34)=15.2, Pb .001, ηp2=0.31) and % omissions
(F(1,34)=9.8, Pb .005, ηp2=0.22), indicating less accurate Stroop
N-back trials and Stroop trials in the combined N-back and face-word Stroop task.

Stroop trials

missions (%) RT (ms) Errors (%) Omissions (%)

4 (3) C 740 (176) 18 (13) 0.7 (1.6)
IC 755 (184) 20 (17) 1.4 (2.5)

1 (15) C 781 (178) 36 (18) 1.2 (1.4)
IC 816 (197) 39 (14) 1.4 (1.9)

3 (2) C 778 (129) 6 (6) 0.1 (0.4)
IC 803 (132) 9 (8) 0.4 (1.3)

6 (7) C 835 (100) 20 (12) 0.0 (0.0)
IC 865 (105) 20 (15) 0.5 (0.8)



Fig. 2. Bar graphs of (A) average reaction times (in ms) and (B) percentage of errors for
adolescents and adults in the WMload-0 and WMload-1 conditions of the N-back task.
Error bars indicate 95% confidence intervals.
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performance in adolescents than adults, reaction times were not differ-
ent between the age groups. No Load×Congruence or Age×Load×
Congruence interaction effects were found.
3.2. ERP results

3.2.1. N450
The N450 interference effect was analyzed in a window from 420 to

460 ms at left and right occipito-temporal (PO7, PO8) and at parietal
(P1, P2) electrodes. Selection of this timewindow and electrodes for an-
alyses is based on: 1) global field power information, 2) topographic
maps of N450 interference effects at maximum amplitude (for points
1 and 2; see Fig. 4), 3) the average ERPs (see Fig. 5) and 4) prior neuro-
imaging studies reporting on the location of gender face processing in
occipito-temporal cortex (Haxby et al., 2000, 2002).

The ANOVA analyses yielded a significant Load×Congruence×
Age×Location×Hemisphere interaction F(1,34)=6.0, Pb .05,
ηp2=0.15. This 5-way interaction was further explored by performing
Load×Congruence×Age×Hemisphere analyses separately at parietal
and occipito-temporal electrodes (per level of the Location factor).
For the occipital–temporal (PO7, PO8) electrodes the 4-way Load×
Congruence×Hemisphere×Age interaction (F(1,34)=4.11, P=.051,
ηp2=0.11) was significant. This 4-way interaction was further explored
by testing for 2 (Age)×2 (Congruence)×2 (Hemisphere) interactions
per level of the Load factor. In the Load-0 (0-back) condition, the ana-
lyses yielded significant Congruence (F(1,34)=4.7, Pb .05, ηp2=0.12)
and significant Age×Congruence effects F(1.34)=10.6, Pb .005,
ηp2=.24). There were no effects of Hemisphere. Further testing per
Table 2
Mean area values and standard deviations (between brackets) of the N450 (420–460 ms fo
760–840 ms) windows in the Stroop task, for congruent and incongruent stimuli in load-0

Stroop trials

N450

(P1/2)

Adolescents (N=17) WMload 0 C 14.5 (9.1)
IC 12.3 (8.8)

WMload 1 C 13.4 (10.7)
IC 10.7 (9.1)

Adults (N=19) WMload 0 C 6.7 (6.8)
IC 7.0 (6.9)

WMload 1 C 7.0 (5.5)
IC 5.8 (5.5)

C = Congruent, IC = Incongruent
Age group showed that adults had no significant N450 interference ef-
fect in the 0-back condition (Load 0: Congruence: F(1,18)=1.1,
P=.307, ηp2=0.06) whereas adolescents did show a N450 interference
effect (F(1,16)=8.3, Pb .05, ηp2=0.34), marked by larger negativity to
incongruent trials (see Fig. 5). In the Load-1 (1-back) condition, the anal-
ysis yielded significant effects of Congruence (F(1,34)=11.6, Pb .005,
ηp2=0.28), Congruence×Hemisphere (F(1,34)=9.8, P=b.005,
ηp2=0.22) and a trend-significant Age×Congruence×Hemisphere in-
teraction (F(1,34)=3.9, P=.06, ηp2=0.10). Follow-up testing of this
3-way interaction did not reveal significant Age×Congruence interac-
tions at PO7 (P=.08) or PO8 (P=.58), but main Congruence effects
were significant at PO7 (F(1,34)=16.5, P=b.0001, ηp2=0.33) and
PO8 (F(1,34)=5.1, Pb .05, ηp2=0.13), although the latter effect would
not survive Bonferroni correction. This signifies similar N450 interfer-
ence effects in adolescents and adults above left occipital cortex in the
1-back condition.

Further 2 (Load)×2 (Congruence)×2 (Hemisphere)×2 (Age) ana-
lyses at parietal (P1, P2) electrodes only showed significant Congruence
(F(1,34)=15.4, Pb .001, ηp2=0.31) and Age×Congruence effects
(F(1.34)=7.4, Pb .05, ηp2=0.15) and amarginally significantHemisphere
effect (P=.07), no further effects of Hemisphere or Load effects were
found. The Congruence×Age interaction was followed up by testing for
Congruence effects in separate groups. Adolescents showed a significant
main Congruence effect at parietal electrodes (Congruence: F(1,16)
=12.8, Pb .005, ηp2=0.45), indicating higher parietal negativity to incon-
gruent than congruent Stroop stimuli, irrespective of n-back condition.
Adults did not show a significant main Congruence effect (F(1,18)=1.7,
P=.20, ηp2=0.09) at parietal leads. A post-hoc analyses however showed
that thiswas caused by the presence of a Load×Congruence interaction at
parietal leads in adults (F(1,18)=5.6, Pb .05, ηp2=0.24), further testing
per Load level revealed no significant N450 interference effect in the
0-back condition (F(1,18)=0.37, P=.55, ηp2=0.02), but there was a sig-
nificant N450 interference effect in the 1-back condition when a concur-
rent load had to be maintained in WM (F(1,18)=9.4, Pb .01, ηp2=0.34).

Summarizing these N450 results; in the 0-back condition when
there was no concurrent WM-load adolescents showed significant
N450-interference effects at all parieto-occipital (PO7, PO8) and parietal
(P1, P2) electrodes whereas adults did not. In the 1-back condition,
when a letter had to be maintained inWMwhile performing the Stroop
task, adolescents and adults now both showed significant N450-inter-
ference effects at PO7, P1 and P2 electrodes, but not at PO8.
3.2.2. SP/P600
The SP interference effect was analyzed in a window from 760 to

840 ms in adults and from620 to 780 ms in adolescents at centro-parietal
(CP1, CP2) and parietal (P1, P2) electrodes at which the SP reachedmax-
imal amplitude (see topographic maps and GFP plots in Fig. 4). Mean
area amplitude measures in the above mentioned time windows were
r adolescents and adults) and SP and frontal effect (adolescents: 620–780 ms; adults:
and load-1 conditions.

N450 SP SP Frontal effect

(PO7/8) (P1/2) (CP1/2) (F5/7)

8.2 (6.0) 5.9 (6.0) 5.1 (5.1) 0.3 (6.5)
6.1 (5.7) 8.5 (7.6) 7.2 (6.8) 1.6 (6.0)
7.2 (6.9) 7.4 (6.5) 6.1 (5.7) 2.6 (6.7)
5.3 (5.2) 10.5 (7.3) 9.4 (6.3) 3.4 (5.7)
2.7 (4.2) 2.0 (3.2) 2.1 (3.7) −.7 (4.1)
3.1 (4.6) 3.1 (3.5) 3.2 (3.8) −.1 (3.9)
3.0 (3.7) 3.8 (2.8) 3.6 (2.8) 1.9 (2.1)
2.1 (3.6) 4.2 (3.1) 4.2 (3.5) 1.8 (3.8)
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entered in Repeated Measures Age×Load×Congruence×Location
(CP, P)×Hemisphere (left, right) ANOVAs. This analysis did yield no
five-, four- or three-way interactions, but revealed only three two-way
interactions:

1) A significant Congruence×Age interaction (F(1,34)=7.8, Pb .01,
ηp2=0.17), of which further testing showed significant centro-pari-
etal SP Congruence effects in both groups (e.g. higher SP amplitude
in incongruent Stroop trials), but effects had larger effect sizes in ad-
olescents (Congruence: F(1,16)=16.8, Pb .001, ηp2=0.51) than in
adults (F(1,18)=7.3, Pb .05, ηp2=0.29).

2) A Location×Age interaction (F(1,34)=5.0, Pb .05, ηp2=0.13)
showed maximum centroparietal SP amplitude in adolescents
(Location: F(1,16)=5.7, Pb .05, ηp2=0.26), whereas SP amplitude
did not differ between centroparietal and parietal locations in
adults (Location: F(1,18)=.002, P=.967, ηp2=0.00).

3) A Load×Hemisphere interaction (F(1,34)=11.5, Pb .005, ηp2=0.25)
showed that SP amplitude increased on both congruent and incon-
gruent trials when a concurrent WM-load was imposed (1-back)
as compared to when no load was imposed (0-back) (see Table 2),
this increase was larger above the left (F(1,34)=8.3, Pb .01,
ηp2=0.20) than right (F(1,34)=5.8, Pb .05, ηp2=0.15) centroparietal
cortex.
3.2.3. Frontal activity in the SP window
An additional analysis at frontal leads in the SP time window was

conducted since clear amplitude differences between conditions were
observed in the average ERPs and topographic maps over left frontal
leads (see SP/P600 maps in Fig. 4). A 2 (Age)×2 (Load)×2 (Congru-
ence)×2 (Electrode; F5, F7) repeated measures ANOVA did not
yield a four-way interaction or any effects of the Congruence factor.
There however was a three-way Load×Electrode×Age interaction
(F(1,34)=4.7, Pb .05, ηp2=0.12). This interaction was further ex-
plored by testing for Electrode×Load effects in separate groups. In
adults there was a main Load effect (F(1,18)=19.0, Pb .001,
ηp2=0.51), indicating larger left frontal SP activity with increased
load during processing of both congruent and incongruent stimuli
at both F5 and F7. In adolescents, a Load×Electrode interaction
was found (F(1,16)=5.1, Pb .05, ηp2=0.24); the Load effect was
only significant at F5 (F(1,16)=6.0, Pb .05, ηp2=0.27), but not at F7
(F(1,16)=2.8, P=.11, ηp2=0.15).
Fig. 3. Bar graphs of (A) average reaction times (in ms) and (B) percentage of errors for ad
Congruent and WMload-1 Incongruent conditions of the Stroop task. Error bars indicate 95
4. Discussion

In this study a dual-task paradigmwas used to measure the effects
of WM-load manipulation on the control of interference by distract-
ing stimuli (faces) in a word–face Stroop task in adolescents and
adults. In adults, decreases in interference control or the ability to
suppress the influence of distracters have previously been
reported when WM is occupied by holding high loads of information
(de Fockert et al., 2001; Lavie and De Fockert, 2005; Lavie et al., 2004).
Since fronto-parietal networks that are involved in the regulation
of such WM-maintenance-interference control interactions are still
immature in adolescents, we expected adolescents to have more
problems than adults with suppressing the processing of distracter
faces, especially when demands on prefrontal cortex (PFC) increase
by manipulating distraction and WM-load at the same time.

4.1. Behavioral Stroop interference and effects of WM-load

Manipulation ofWM-loadwas successful as shown by significantly
lower accuracy and slower responding in the 1-back than 0-back task.
Manipulations of Stroop congruence (interference) were also success-
ful. Both with and without a concurrent WM-load, responding slowed
and errors and omissions increased in the presence of incongruent
distracter faces, compared to when faces were congruent with the to
be categorized word (e.g. face of a female and word female). Besides
these effects for all participants, it was found that adolescents made
more errors than adults in 0-back, 1-back and Stroop tasks and also
missed more trials in the latter. This suggests that attention/cognitive
control functions still continue to develop throughout adolescence, as
was suggested in previous studies (Casey et al., 2005; Luna et al., 2001,
2010).

The expected extra increase in interference with a concurrent
WM-load was however not revealed by the behavioral data, not in
adults nor in adolescents. According to Load theory, an active top–
down mechanism of attentional control mediated by prefrontal corti-
cal areas depends on WM and plays an important role in the mainte-
nance of goal directed behavior in the presence of interference (Lavie
et al., 2004). When WM is loaded, distracter interference in a Stroop
task is suggested to increase because resources necessary for goal
maintenance are consumed by concurrent WM processes. Evidence
for this theory has been shown, mainly by Lavie and co-workers, in
a number of studies (for a review, see Lavie and De Fockert, 2005).
olescents and adults in the WMload-0 Congruent, WMload-0 Incongruent, WMload-1
% confidence intervals.
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Fig. 4. Global Field Power of Stroop trials and Topographic maps of Stroop N450 effects (420–460 ms in adults and adolescents) and SP and frontal effects (620–780 ms in adoles-
cents and 760–840 ms in adults) across 60 electrodes in WMload-0 and WMload-1 conditions. The plots and maps are based on the amplitudes of Incongruent minus Congruent
conditions; maps depict time points at which the effects were maximal.
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However, there are also behavioral studies that did not replicate WM
load effects on interference control in adults when using similar face–
word or other paradigms (Jongen and Jonkman, 2011; Kim et al.,
2005; Park et al., 2007; Woodman et al., 2001). One explanation
might be that subjects do experience higher distracter interference
with load but have enough capacity to resolve conflict online so that
it is no longer visible in the response. In this case load×congruence
effects should be visible in ERPs, for which there is some evidence
that will be discussed below.

4.2. Effects of WM-load on conflict detection (N450)

Stroop interference effects (N450 and SP) were observed in adults
and adolescents. In line with previous studies (Chen et al., 2011; Jongen
and Jonkman, 2011; Lansbergen et al., 2007; Liotti et al., 2000;Markela-
Lerenc et al., 2004; Qiu et al., 2006; West, 2003, 2004) the N450 effect
was the first interference effect in the brain and was marked by en-
hanced negativity around 450 ms in response to incongruent compared
to congruent stimuli. On the basis of its sensitivity to different experi-
mental manipulations of conflict strength the N450 has been linked to
the process of conflict detection (Lansbergen et al., 2007; Liotti et al.,
2000; Tillman and Wiens, 2011; West and Alain, 2000; West et al.,
2005). In our study the N450 response had a posterior distribution
above parietal and occipital–temporal cortex in contrast to the cen-
tral–frontal distribution reported in color–word Stroop tasks. This pos-
terior distribution is similar to “N450” distributions reported in the only
other ERP study that we know of that used a highly similar word–face
Stroop task (Jongen and Jonkman, 2011) and in a developmental
study in which a color–object Stroop task was used (Jongen and
Jonkman, 2008). The present occipital–temporal N450 effect would be
in linewith higher attentional processing of the (gender of) the distrac-
ter face in the incongruent condition. Whereas we did no source locali-
sation in the present study, prior fMRI (Haxby et al., 2000, 2002) and
ERP studies (Sun et al., 2010) have provided evidence for gender–face
processing in/above fusiform cortex and face processing studies have
localized activity above temporal–occipital cortex to fusiform cortex
(Rossion et al., 2003; Schweinberger et al., 2002). Furthermore two
studies by Fruhholz et al. (2009a,b) provided evidence that interference
effects similar to N450 can be observed at parietal and occipital elec-
trodes when processing face stimuli (in the presence of irrelevant con-
textual information), and that increased activity for incongruent trials
in the fusiform cortex is related to this face categorization. On the
basis of this literature we suggest that the posterior N450 response in
our word–face Stroop task reflects enhanced processing of the distrac-
ter faces when to-be categorized gender names are incongruent with
the distracter.

Based on Load theory and the protracted development of frontal–
parietal networks used for interference control in adolescents (Luna et
al., 2004, 2010) we expected ERP conflict responses (N450 and/or SP) to
be increased in adolescents due to reduced availability of resources for
top–down control, especially in situations when high demands are put
on top–down executive control such as when one has to hold a load in
workingmemorywhile simultaneously suppressing Stroop-induced con-
flict (as in the current 1-back-Stroop task). This hypothesis was partly
confirmed by a 5-way Load×Congruence×Age×Location×Hemisphere
interaction effect for the N450. Further testing of this interaction showed
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that in adults the posterior N450-interference response was modulated
by WM-load (Load×Congruence interaction) as predicted by Load theo-
ry. More specifically, adults did not show an N450 interference effect
when no concurrent WM-load had to be maintained (in the 0-back con-
dition). However, when simultaneous refreshing of letter information in
the 1-back task was required during performance of the Stroop task,
therewas a significant N450 Stroop interference effect above left occipital
cortex (PO7) and parietal cortex. In contrast, adolescents already showed
a significant N450 Stroop interference effect when no information had to
bemaintained concurrently inWM(e.g. in the 0-back condition).When a
concurrent WM task was performed, the N450-interference effect was
still present above left temporal–occipital cortex and parietal cortex, but
did not further increase. We suggest that the higher parietal–occipital
N450 conflict response found in adults when holding a concurrent WM-
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load is caused by reduced (frontal) top–down control on distracter, in this
case face, processing. Such an interpretation would be consistent with
findings from a prior fMRI study that used a similar WM-face-name
Stroop task and reported increased activation in fusiform face areas asso-
ciated with distracter face processing when higher WM-loads were im-
posed in their adult subjects (de Fockert et al., 2001). It is not clear why
adolescents did not show a further increase in the N450 interference ef-
fectwith increasingWM-load. One explanationmight be that adolescents
already reached a maximum level of resource depletion in the 0-back
condition (due to dual-task demands) allowing no further rise in interfer-
ence effects (or distracter processing), but such a conclusion would need
further experimentation. Nevertheless, the overall reduced accuracy in
the Stroop and 0- and 1-back tasks and the larger N450-interference ef-
fect in the 0-back condition in adolescents suggest that they have still im-
mature attentional or interference control functions. Although this cannot
be confirmed in the present study this is suggested to be caused by the
protracteddevelopment of thenetworks including frontal, striatal andpa-
rietal brain regions (Sowell et al., 1999) known to be involved inWMand
distracter suppression (Bunge and Wright, 2007; Hopfinger et al., 2000;
Klingberg et al., 2002; Luna et al., 2010; McNab and Klingberg, 2008).
4.3. Effects of WM-load on the SP/P600 interference effects

A conflict SP effect (sometimes also called a P600 effect in the
Stroop literature) followed the N450 and was marked by enlarged
positivity above centro-parietal cortex when the gender of the dis-
tracter face was in conflict with the to-be-categorized gender–word
compared to when it was not. A significant Age×Congruence interac-
tion showed that this centro-parietal SP Stroop interference effect
was significantly larger in adolescents than adults in both load condi-
tions. On the basis of the Stroop-ERP literature parietal-SP effects are
suggested to reflect enhanced processing of response-relevant infor-
mation used to guide response selection in incongruent trials (Chen
et al., 2011; Jongen and Jonkman, 2008, 2011; Lansbergen et al.,
2007; Liotti et al., 2000; Markela-Lerenc et al., 2004; Qiu et al.,
2006; West, 2003). Parietal-SP effects have been localized to parietal
cortex in adults (Chen et al., 2011) and fMRI studies have reported ev-
idence for a role of parietal cortex in supporting stimulus–response
mappings that facilitate response selection in the Stroop task
(Bunge et al., 2002; Casey et al., 2000; Rushworth et al., 2001).
When adopting this response-selection SP relation, the higher SP in-
terference effects in adolescents might reflect the recruitment of
more resources to guide response selection in situations with high re-
sponse-conflict. Such increased resource demands for response selec-
tion on incongruent trials in adolescents is not surprising in light of
the above discussed N450 findings of their higher conflict detection
responses above occipital cortex. Higher detection of conflict (e.g.
higher processing of distracter-faces) might have led to higher activa-
tion of the incorrect response requiring more resources for subse-
quent selection of the correct response. The centro-parietal SP
increased in amplitude in both age groups when a WM-load was im-
posed, but this increase occurred for both the congruent and incon-
gruent Stroop trials (main Load effect) and was hence thought to be
associated with general depletion of resources. In an earlier ERP
study using a similar WM-Stroop task (Jongen and Jonkman, 2011),
adults only showed a WM-load effect on the later SP/P600 and only
on incongruent trials. In our adults processing bottlenecks occurred
earlier in time, already on the N450, and during the response selec-
tion (SP/P600) stage affected both congruent and incongruent pro-
cessing. This might be due to the fact that our subjects were
collected from a community sample to match them with our adoles-
cents on education level and thus had lower verbal STM/WM capacity
and considerably lower IQ scores than the adults in the Jongen and
Jonkman (2011) study, perhaps causing earlier depletion of
resources.
Adults additionally showed a higher load-related amplitude in-
crease above left frontal cortex in the time window in which the cen-
tro-parietal SP occurred. This load-related increase in left frontal
activity was also seen in adolescents but only at electrode F5 and
with a much smaller effect size. Since these load-related increases
were not specific for situations in which there was conflict between
names and faces they are thought to reflect enhanced attention con-
trol needed for dual-task performance. There are two possible expla-
nations for this higher left frontal activity when subjects had to hold a
letter from the 1-back task in WM during Stroop processing. The first
explanation is that it reflects higher top–down control on posterior
conflict processing areas when holding a concurrent load. Such a con-
clusion is supported by an fMRI study from Egner and Hirsch (2005)
in which a similar face–name Stroop task was used (without WM
load manipulation) and PFC activation was accompanied by a de-
crease in behavioral Stroop interference. But since ERP results do
not allow for strong conclusions about sources based solely on scalp
topography such conclusions remain speculative at this stage. The
weaker load effect on frontal activity in the Stroop task in adolescents
is supported by earlier Stroop and inhibition studies also reporting re-
duced PFC activity in adolescents (Adleman et al., 2002; Rubia et al.,
2000). A second possibility is that the load-related left PFC activity in-
crease is a reflection of the rehearsal or refreshment of letters from
the n-back task during Stroop processing. Left PFC activation has
been linked to processes of rehearsal in prior studies (Braver et al.,
1997; Curtis and D'Esposito, 2003). Adopting such a rehearsal ac-
count, the weaker left frontal load effects of adolescents might
mean that they engaged in less rehearsal and this would be congruent
with the larger number of memory errors made by adolescents in
the 1-back task and with findings that individuals with higher WM-
capacity showmore PFC recruitment inWM tasks that are demanding
(Osaka et al., 2003). Moreover, in a previous study adults were also
found to have larger increases in frontal activation with increases in
WM-load than children (Thomason et al., 2009). But such conclusions
need further investigation.

5. Conclusion

The present combination of a WM-Stroop dual-task and the appli-
cation of ERPs has provided new information about the time-point at
which WM-capacity influenced selective attention processes needed
during interference control in adolescents and adults. ERP results sug-
gest that interference control is differentially affected by changes in
WM-capacity in adolescents than adults. Adolescents performed
worse than adults on Stroop trials and WM trials. In adults, enhanced
N450 interference effects were found above face processing areas
when a concurrent WM-load had to be held in memory and based
on the literature this was interpreted as evidence for enhanced inter-
ference from distracter faces in the face–name Stroop task. N450 re-
sults in adolescents showed that they experienced stronger
interference from distracter faces than adults and this interference
was already present when WM was not loaded. SP results showed
higher conflict responses at parietal sites in adolescents than adults,
irrespective of WM-load. Based on the literature these parietal SP in-
terference effects were suggested to reflect higher recruitment of re-
sources for selection/enhancement of the correct response and/or
suppression of the incorrect response in incongruent trials. This
higher SP response in adolescents is consistent with their larger
N450 conflict detection response that might have evoked larger in-
correct response activation the suppression of which needed more re-
sources during the later SP-response-processing stage. In addition,
load-related increases above left frontal cortex in the SP interval
were present in both groups, but were weaker in adolescents and
might reflect immature rehearsal processes or reduced top–down at-
tentional control over posterior areas involved in conflict processing.
The main conclusion is that adolescents have worse distracter
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suppression than adults, caused by lower availability of resources for
top–down control.
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