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To explore  the neurocognitive  mechanisms  underlying  individual  differences  in executive
function  during  the  preschool  years,  high-density  electroencephalography  (EEG)  was  used
to record  event-related  potentials  (ERPs)  from  99 children  (between  35  and 54  months
of age)  during  performance  on  the  Dimensional  Change  Card Sort  (DCCS),  a  widely  used
measure of  executive  function  in  which  participants  are  required  to sort  bivalent  stimuli
first by  one  dimension  and  then  by another.  ERP  analyses  comparing  children  who  switched
eywords:
xecutive function
ognitive flexibility
onflict  monitoring
lectrophysiology

flexibly  (passed)  to  those  who  perseverated  on post-switch  trials  (failed)  focused  on  the  N2
component, which  was  maximal  over fronto-central  sites.  N2 amplitude  was  smaller  (less
negative) for  children  who  passed  the  DCCS  than  for  children  who  failed,  suggesting  that  the
N2, often  associated  with  conflict  monitoring,  may  serve  as  a neural  marker  of  individual
differences  in  executive  function.  Implications  for learning  and  education  are  discussed.

© 2011 Elsevier Ltd. All rights reserved.
Executive function refers to the deliberate, top-down
eurocognitive processes involved in the regulation of
hought, action, and emotion – processes such as cogni-
ive flexibility, inhibitory control, and working memory
Miyake et al., 2000). Individual differences in executive
unction in childhood have been found to predict impor-
ant  developmental outcomes, including math and reading
kills  in preschool and the early school grades (e.g., Blair
nd  Razza, 2007), and SAT scores in adolescence (e.g., Shoda
t  al., 1990). Indeed, executive function is often a better pre-
ictor  of achievement than is IQ, and teachers often report
hat  the most important determinant of classroom success

n  kindergarten and early school grades is the extent to

hich  children can sit still, pay attention, and follow rules
e.g.,  McClelland et al., 2007).
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E-mail  address: zelazo@umn.edu (P.D. Zelazo).

878-9293/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
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Children with poor executive function may  be at a
disadvantage in educational contexts for a number of rea-
sons,  including poor attention, poor emotional control, an
increased  likelihood of causing behavioral disruptions, and
teachers’  diminished expectations of children’s success.
From a cognitive perspective, however, it has also been
suggested that children with better executive function may
approach  learning opportunities in a more reflective, self-
directed  way that allows them to be goal-directed and
proactive in seeking out new information instead of learn-
ing  in a more passive, incremental fashion (Marcovitch
et al., 2008). For example, children who are more likely to
reflect  upon and monitor their own knowledge may  display
greater  cognitive flexibility and be better able to override
the  influence of habits or predispositions that interfere
with learning.
It  is now well known that executive function undergoes
particularly marked changes between the ages of 3 and 6
years  (Zelazo et al., in press), just as children face sharp
increases in the demands placed on their self-regulation
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http://www.sciencedirect.com/science/journal/18789293
http://www.elsevier.com/locate/dcn
mailto:zelazo@umn.edu
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Fig. 1. Sequence of events for the compute

(e.g., as they transition to school). A widely used measure
of  executive function during these years of rapid change
is  the Dimensional Change Card Sort (DCCS; Zelazo, 2006;
see  Fig. 1). In the standard version of this task, children are
shown  two target cards (e.g., a blue rabbit and a red boat)
and  asked to sort a series of bivalent test cards (e.g., red rab-
bits  and blue boats) first according to one dimension (e.g.,
color)  and then according to the other (e.g., shape). Regard-
less  of which dimension is presented first, most 3-year-olds
sort correctly on the pre-switch trials but then perseverate
during the post-switch trials, continuing to sort test cards
by  the first dimension despite being told the new rules
on  every trial, and despite correctly answering questions
about the post-switch rules. By 5 years of age, most chil-
dren  switch flexibly (e.g., Bialystok, 1999; Bohlmann and
Fenson,  2005; Brace et al., 2006; Diamond et al., 2005; Dick
et  al., 2005; Kirkham et al., 2003; Kloo and Perner, 2005;
Munakata and Yerys, 2001; Zelazo et al., 2003). The DCCS
shows  excellent test-retest reliability during this age range
(ICCs  = .90–.94; Beck et al., 2011).
How  best to explain children’s performance on the DCCS
is  currently a matter of debate. According to the Cogni-
tive Complexity and Control theory-revised (CCC-r; Zelazo
et  al., 2003), for example, children who perseverate on the
rsion of the Dimensional Change Card Sort.

DCCS  have difficulty reflecting on their rule representations
and formulating a hierarchical rule system that resolves the
conflict  inherent in the bivalent stimuli. The rapid develop-
ment  of self-reflection during the preschool years allows
children to understand that they know two  different ways
of  approaching the task: “If I’m sorting by color, then the
red  rabbits go here; but if I’m sorting by shape, then they
go  there.” This approach suggests that performance on the
DCCS  should provide a measure of self-reflection, or moni-
toring  one’s rule knowledge, that will predict the efficiency
of  later learning. In contrast to the CCC-r theory, other
approaches emphasize other cognitive processes, such as
the  need to maintain rules in working memory (e.g., Morton
and  Munakata, 2002) or to inhibit attention to pre-switch
rules (e.g., Kirkham et al., 2003).

Regardless of how one characterizes the processes that
make  it possible for children to switch on the DCCS,
however, there is general agreement that these processes
depend importantly on neural networks involving lateral
prefrontal cortex, as shown in several recent neuroimag-

ing studies using the DCCS (Moriguchi and Hiraki, 2009;
Morton et al., 2009; Waxer and Morton, 2011a). In the
single  study to date to examine preschoolers, Moriguchi
and Hiraki (2009) used near-infrared spectroscopy (NIRS)
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o measure the concentration of oxygenated hemoglobin
oxy-Hb) in ventrolateral prefrontal cortex during perfor-

ance  on the task. Following presentation of the test cards,
oth  5-year-olds and those 3-year-olds who switched flex-

bly  on the task showed an increase in oxy-Hb bilaterally,
hereas 3-year-olds who failed the task did not.

Whereas lateral prefrontal cortex may  mediate switch-
ng  on the DCCS, performance on the task likely involves

ultiple cognitive processes (Waxer and Morton, 2011b).
n  a study with older children (9–11 years), adolescents,
nd adults that used a mixed block version of the DCCS
with switch trials followed by three repeat trials), Waxer
nd  Morton (2011b) assessed the role of conflict process-
ng  by comparing performance on trials involving the usual
ivalent  test stimuli that could be sorted by either color or
hape  to trials involving univalent test stimuli that only
atched one target stimulus. High-density (128-channel)

lectroencephalography (EEG) was used to record event-
elated  potentials (ERPs), and the authors found that the
2  component of the stimulus-locked ERP was larger on
ivalent  than on univalent trials at all ages (although the
uthors  referred to the second negative-going deflection as
he  N4 in children given its longer latency).

The N2 component of the ERP is usually observed at
edial-frontal sites between 200 and 400 ms  (with a longer

atency  for children than for adults) following stimulus
resentation on various measures of executive function,

ncluding Go–Nogo tasks (e.g., Eimer, 1993; Falkenstein
t al., 1999; Jodo and Kayama, 1992; Jonkman et al., 2003;
amm  et al., 2006) and versions of the Eriksen flanker task
e.g.,  Forster et al., 2011; Rueda et al., 2005; van Veen and
arter,  2002). The amplitude of the N2 has been found to
ary  as a function of conflict and the need for cognitive
ontrol. For example, amplitudes are larger (i.e., more neg-
tive)  on Nogo trials than on Go trials in Go–Nogo tasks,
hey are larger when discriminability between Nogo and
o  stimuli is difficult (see Folstein and van Petten, 2008,

or  review), and they increase as a function of target-
istractor compatibility on a flanker task (Forster et al.,
011).  For these and other reasons, the N2 is often taken as
n  index of executive function in general and conflict mon-
toring  in particular (e.g., Botvinick et al., 2001; Botvinick,
007; Lahat et al., 2010; Lamm et al., 2006; Nieuwenhuis
t al., 2003; Rueda et al., 2004; Waxer and Morton, 2011a;
eung and Nieuwenhuis, 2009). Conflict monitoring may

nitiate  processes associated with lateral prefrontal cor-
ex  (e.g., Botvinick et al., 2001; Gehring and Knight, 2000;
idderinkhof et al., 2004), such as higher order rule use
e.g.,  Bunge and Zelazo, 2006) or the representation of
ttention-guiding rules (e.g., Waxer and Morton, 2011a).

The  current study used EEG to examine conflict-related
rocessing during a standard version DCCS in preschool age
hildren.  In particular, the N2 component of the ERP was
xamined in relation to children’s performance (passing vs.
ailing)  on the post-switch phase of the task. In contrast to
o–Nogo  tasks, in which greater conflict may  be expected
n  Nogo versus Go trials (e.g., Crone et al., 2006), the stan-

ard  version of the DCCS has the potential to elicit conflict
n  all trials (i.e., both pre- and post-switch trials) because
ll  trials involve bivalent stimuli, which pull for competing
esponse options. Source analysis of the N2 in adults and
 Neuroscience 2S (2012) S49– S58 51

children  has suggested cortical generators in both cingulate
cortex and right orbitofrontal cortex (Bokura et al., 2001;
Jonkman et al., 2007; Lewis et al., 2006, 2008; Nieuwenhuis
et al., 2003; for review, see van Veen and Carter, 2002),
although in children the cingulate sources may  be relatively
posterior compared to older adolescents and adults (Lamm
et  al., 2006). Developmental research on the N2 has gen-
erally  shown a decrease with age in both amplitude and
latency  (Davis et al., 2003; Johnstone et al., 2005, 2007;
Jonkman, 2006; Jonkman et al., 2003; Lewis et al., 2006;
Rueda et al., 2004), and individual differences in amplitude,
in  particular, appear to be related to executive function in
school-age children and adolescents (Lamm et al., 2006).

A  prediction derived from CCC-r theory is that chil-
dren who understand the hierarchical structure of the task
and  effectively resolve the conflict inherent in the biva-
lent  stimuli should not only switch flexibly but also show
smaller N2 amplitudes on pre- and post-switch trials, con-
sistent  with the down-regulation of ACC-mediated conflict
detection via top-down control (e.g., Forster et al., 2011).
Children who fail to understand the hierarchical structure
of  the task should not only perseverate on the task but also
display  evidence of unresolved conflict between the com-
peting  affordances of the bivalent stimuli, manifested as
larger  N2 amplitudes. A similar prediction could be made
on  the basis of accounts emphasizing working memory
(e.g., Morton and Munakata, 2002). According to inhibitory
control accounts (e.g., Kirkham et al., 2003), however,
children who perseverate on the DCCS understand the hier-
archical  structure of the task but simply cannot inhibit
attention to the pre-switch rules on the post-switch phase
(i.e.,  once the pre-switch rules have become prepotent
through use). Therefore, inhibitory control accounts would
presumably predict that compared to children who switch,
children who perseverate should only experience higher
levels  of response conflict (and higher N2 amplitudes) on
the  post-switch phase, but not on the pre-switch phase. Do
children  who switch versus perseverate on the DCCS differ
in  N2 amplitude, and do these differences appear on the
pre-switch phase, the post-switch phase, or both?

1. Method

1.1. Participants

The final sample included 99 children (36 males; aged
35–54 months: M age = 41.79; SD = 4.29). These children
were predominantly (82%) Caucasian, from middle to
upper-middle class backgrounds. Parents and their chil-
dren  were recruited through a database of parents who
had  expressed interest in participating in studies and
through advertisements posted in the community. An
additional 42 children (20 males; M age = 40.24, SD = 4.37)
were  tested but excluded from the final sample for the
following reasons: (a) they failed to perform better than
chance on the pre-switch phase of the DCCS and/or did

not  unambiguously pass or fail the post-switch phase (see
pass/fail  criteria below; n = 24); (b) they were inattentive
and moved or vocalized excessively (n = 10); (c) their ERP
data  did not contain 15 or more usable post-switch trials
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(n = 8). Exclusion of all participants was carried out by an
experimenter blind to children’s pass/fail status.

1.2. Procedure

Children were tested individually (with their parent
present) in a room decorated according to a space theme.
They  were shown an electrode sensor net, referred to as a
“space  hat”, and informed that they were going to drive a
rocket  ship once the experimenter put on the hat. When
children were comfortable, the net was applied and chil-
dren  were seated 45 cm in front of a 17′′ computer monitor,
next to an experimenter. Overhead lights were turned off,
and  the room was illuminated by a 100-W lamp located
200  cm away from the monitor. Children were asked to sit
as  silently and as still as possible throughout the session.
Children were administered a computerized-version of the
DCCS.

The  Dimensional Change Card Sort (DCCS). The DCCS was
adapted from the standard version (Zelazo, 2006). Shape
was  always the pre-switch dimension and color was the
post-switch dimension. On each trial, a test stimulus (blue
rabbit  or red boat) was presented at a central location above
and  between two target stimuli (blue boat on the left and
red  rabbit on the right). Test stimuli remained onscreen
until children responded by pressing (using the index finger
of  their dominant hand) one of two laminated replicas of
the  target stimuli that were affixed to buttons on a response
pad  (see Fig. 1). After a response, the test stimulus disap-
peared while a fixation-cross appeared until the next trial.
The  experimenter initiated the next trial by pressing the
space  bar on a keyboard after a minimum of 1000 ms,  with
an  average inter-trial interval of 2668.19 ms  (SD = 418.86).
Stimuli were presented in the same pseudo-random order
for  all children, such that a particular stimulus was never
presented more than twice in a row and each of the two
stimulus types (blue rabbit and red boat) were presented
equally often on the post-switch phase.

To begin, children were given six practice trials. The
pre-switch rules were stated before each of these trials.
On  the first practice trial, the experimenter demonstrated
a correct response, emphasizing the importance of press-
ing  gently and quietly. Children were then asked to respond
without assistance on the five remaining practice trials and
were  rewarded with a sticker on each trial that they sat still,
remained  silent, and pressed the correct button without
extraneous hand movements. If children hesitated or were
unsure  of the correct response, the experimenter pointed
to  the correct button. The practice trials were designed
to ensure that children understood the task and practiced
responding in an efficient fashion. Children then received
15  pre-switch and 30 post-switch trials that were adminis-
tered  in the same way as the last 5 training trials except that
(a)  children did not receive stickers or feedback of any kind,
(b)  children were only told the relevant rules on the initial
trial  of each phase and every 5th trial thereafter, and (c)
if  children hesitated, the experimenter provided only gen-

eral  encouragement to respond (and never pointed to the
correct  button). Between the pre- and post-switch phases,
children were explicitly told to switch: “Now we’re going
to  play a new game – the color game – and the color game
e Neuroscience 2S (2012) S49– S58

is  different. In this game if you see a blue one, press this one
[the  experimenter pointed to the correct button], but if you
see  a red one, press that one [the experimenter pointed to
the  correct button]. Okay?”

EEG  Testing. EEG data were recorded using a 128-
channel Geodesic Sensor Net (Tucker, 1993). Data were
sampled at 250 Hz and recorded using NetStation 4.1.2
(EGI  Software: EGI, Eugene, OR). Impedances were kept
below  80 k� at the beginning of the session. All chan-
nels were referenced to Cz during recording and later
rereferenced to an average reference. An FIR 1–30 Hz band-
pass  filter was  applied. Data were stimulus-locked to
the  onset of the test stimulus. Segments were based on
400  ms  pre-stimulus to 700 ms  post-stimulus. For each seg-
ment,  channels were marked as bad and replaced through
interpolation of neighboring electrodes if the fast aver-
age  amplitude exceeded 200 �V; the differential average
amplitude exceeded 100 �V; and/or the channel had zero
variance. Ocular artifacts were corrected using the ocular
artifact removal tool in Net Station. The EOG sensitiv-
ity, which uses the slope of the eye blink to differentiate
eye blinks from eye movements so that separate correc-
tion  factors can be applied to every EEG channel (EGI;
NetStation Waveforms Technical Manual, 2006), was  set
at  1.35 �V. This sensitivity level produced a good balance
between rejection of unusable segments and preserva-
tion of segments relatively unaffected by artifacts. Data
for  each child were also individually inspected to ensure
that  the algorithms used were appropriate, with good tri-
als  included and bad trials excluded. Finally, segments
were excluded if they contained more than 25 bad chan-
nels  and/or eye blinks or eye movements (using a 100 �V
threshold). As a result of the artifact detection process, 27%
of  pre-switch segments and 30% of post-switch segments
were rejected (similar to rejection levels seen in previous
research with young children, e.g., Rueda et al., 2004). Aver-
aged  ERPs from individual children were grand-averaged
and adjusted using the 200 ms  prior to stimulus as baseline.

As  is common in research with young children (e.g.,
Lewis et al., 2006, 2007; Rueda et al., 2004, 2005; Todd
et  al., 2008), amplitude of the N2 was calculated based
on  the peak within the coded region (300–500 ms  post-
stimulus) that (a) occurred after the N1 and (b) had a
fronto-central topography. Latency was calculated as the
time  in milliseconds from stimulus onset to peak ampli-
tude. An experimenter blind to participants’ pass/fail status
carried  out the coding of the ERPs.

2. Results

2.1. Preliminary analyses

By  design, all children included in the final sample
passed the pre-switch phase (p ∼ .05, based on the bino-
mial theorem), sorting correctly on 11 or more trials out
of  15 (M = 13.92, SD = 1.17). Preschoolers’ post-switch per-
formance on the DCCS is typically bimodal, with children

either clearly passing or clearly failing, although the inclu-
sion  in the current version of many more trials than is usual,
as  well as the presence of the sensor net, was  expected to
reveal  intermediate patterns of responding and/or increase
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Table  1
Mean  N2 Amplitude (�V) and (SDs) at frontal-midline sites for children
who passed vs. failed the post-switch phase of the DCCS.

Phase Site Passers Failers

Pre-switch 129  −5.51 (4.94) −9.04 (6.10)
6 −6.46 (5.41) −10.68 (7.55)

11 −7.08 (6.16) −10.35 (6.71)
16 −6.52 (6.28) −9.62 (6.35)

Post-switch 129 −5.02  (4.25) −7.73 (4.17)
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Table 2
Mean N2 latency (ms) and (SD) for children who passed vs. failed the
post-switch phase of the DCCS.

Phase Site Passers Failers

Pre-switch 129 427.11 (67.59) 426.67 (68.42)
6  452.27 (65.04) 444.96 (71.16)

11 457.60  (70.86) 447.78 (77.93)
16 444.53  (74.80) 454.59 (79.85)

Post-switch 129 406.76 (59.04) 427.11 (54.87)

6 −5.66 (4.84) −8.13 (4.82)

11 −5.75 (5.52) −7.70 (6.07)
16 −5.19 (5.74) −7.56 (6.33)

he likelihood of occasional random responding due to dis-
raction.  Children were classified as passing the DCCS as a
hole  (i.e., passing the post-switch phase) if they were cor-

ect  on 20 or more trials out of 30 on the post-switch phase
p  < .05), and children were classified as failing the DCCS
f  they made 20 or more errors on the post-switch phase
p  < .05). Altogether, 45 children passed, with an average
f  26.38 (SD = 2.53) post-switch trials correct, whereas 54
hildren  failed, making an average of 26.83 (SD = 2.55) post-
witch  errors.

Preliminary analyses did not reveal any significant dif-
erences between children who passed and children who
ailed  the DCCS in terms of sex, ethnicity, mean number
f  pre-switch errors, median pre- or post-switch reaction
imes, or mean number of trials contributing to the ERP
aveforms for the pre- or post-switch phases. Subsequent

nalyses collapsed across these variables. Children who
assed  were significantly older than children who  failed,
owever, by approximately 3 months (passers: M = 43.40
onths, SD = 4.11; failers: M = 40.44 months, SD = 3.99, F(1,

7)  = 3.62, p < .01), so age was used as a covariate in the
ollowing analyses.

.2.  ERP analyses

Analyses of ERPs during the post-switch trials were
ased on correct trials for children who switched (passers)
nd  incorrect trials for children who perseverated (failers).
he  mean number of trials contributing to the post-switch
2s was 20.27 (SD = 4.22), comparable to trial counts used

n  previous neurodevelopmental research (e.g., Rueda et al.,
005;  Todd et al., 2008). In order to increase the ratio
f  ERP signal to noise, however, we employed a much
arger sample of participants than is typical. N2 amplitudes

ere examined at four frontal midline sites including sites
29,  6, 11, and 16, corresponding roughly to Cz, Fcz, Fz,
nd  Afz respectively (Luu and Ferree, 2000), across which
mplitudes were maximal. See Fig. 2 for grand-averaged
aveforms at these sites, and Table 1 for mean N2 ampli-

udes for passers and failers.

.3. N2 amplitude

Post-switch N2 amplitudes (�V) at each of the four

ronto-central sites were examined via a repeated mea-
ures  analysis with performance status (passers vs. failers)
s  a between-subjects variable and age (in months)
s a covariate. Results revealed a significant effect of
6  418.31 (61.91) 435.56 (59.19)
11  442.84 (74.41) 444.59 (66.31)
16 433.69  (75.53) 444.37 (62.95)

performance status, F(1, 96) = 4.92, p = .03, �2
p = .05, shown

in  Fig. 3. Univariate results were significant at three
sites: site 129, F(1, 96) = 6.22, p = .01, �2

p = .06, site 6, F(1,
96)  = 3.82, p = .05, �2

p = .04, and site 16, F(1, 96) = 3.93,
p = .05, �2

p = .04, but not at site 11, F(1, 96) = 2.38, p = .13,
�2

p = .04, with smaller N2 amplitudes for passers. Age was
not  a significant covariate, F(1, 96) < 1.00, and the same
pattern of results was obtained when trial count or N2
latency was included as a covariate.

The mean number of pre-switch trials available for
analysis was  only 10.79 (SD = 2.48), so analysis of ERPs
on  pre-switch trials should be considered exploratory.
Despite the low trial count, however, a repeated mea-
sures analysis (sites) with performance status (passers
vs.  failers) as a between-subjects variable and age (in
months) as a covariate revealed a significant effect of
performance status F(1, 96) = 10.71, p < .01. Univariate
results were significant at all four sites: site 129, F(1,
96)  = 7.95, p < .01, �2

p = .08; site 6, F(1, 96) = 8.67, p < .01,
�2

p = .08; site 11, F(1, 96) = 8.64, p < .01, �2
p = .08; and site

16, F(1, 96) = 9.12, p < .01, �2
p = .09, with smaller pre-switch

amplitudes for passers. Age was not a significant covariate,
F(1,  96) < 1.00, and the same pattern of results was  obtained
when trial count or N2 latency was included as a covariate.

2.4.  N2 latencies

For  all children, the peak of the N2 considered across
both the pre-switch and post-switch phases and across all
four  sites occurred at 438.29 (SD = 48.40) ms  post-stimulus.
To determine whether N2 latencies differed between chil-
dren  who  passed and children who  failed the DCCS, a set
of  repeated measures analyses analogous to those used to
examine  amplitude were carried out on N2 latencies (i.e.,
repeated measures analyses with sites as a within-subjects
variable, performance status as a between-subjects vari-
able,  and age as a covariate). Results revealed no significant
effects of performance status at any site on either the pre-
or  the post-switch phase, all Fs(1, 96) < 2.55, p > .12 (see
Table 2 for means and standard deviations). Age was not
a  significant covariate, F(1, 96) < 1.00, and the same pattern
of  results was obtained when trial count was included as a
covariate.
2.5.  N2 topography and source analysis

The topography of the N2 is shown separately for
passers and failers in Fig. 4 (top row). Also shown is the
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6, 11, a
Fig. 2. Grand-averaged pre-switch and post-switch ERPs at sites: 129, 

Dimensional  Change Card Sort.

topography of a difference wave created by subtracting
the peak N2 amplitudes for passers from the peak N2
amplitudes for failers at each electrode site. This differ-
ence wave captures potential differences between failers
and  passers in N2 topography. As can be seen, there was
a  negativity across a broad fronto-central region, and dif-
ferences  between failers and passers were located within
this  region. EEG source imaging was performed using

the  standardized low resolution brain electromagnetic
tomography (sLORETA) method (Pascual-Marqui, 2002), as
implemented  in the NetStation GeoSource 2.0 software
package. This method relies on a Sun-Stok 4-shell Sphere
nd 16, for children who  passed vs. failed the post-switch phase of the

head  model with a Tikhonov regularization of 1 × 10−4.
Results are shown in Fig. 4 (bottom), separately for failers
and  passers, and for the difference wave, which allowed us
to  focus on the sources of scalp electrical activity that dif-
ferentiated children who  passed versus failed the DCCS. As
can  be seen in the bottom right panel, there were several
frontal and cingulate cortical source activations that likely
contributed to the N2 differences. These sources included:

ventral anterior cingulate cortex (BA 25, 24, and 32), central
cingulate cortex (BA 23 and 31), posterior cingulate cortex
(BA  29 and 30), medial orbitofrontal cortex (BA 11), and
lateral  orbitofrontal cortex (BA 47).
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ig. 3. Mean pre-switch and post-switch N2 amplitudes across sites 129
epresent  95% confidence intervals).

The results of source analyses should always be inter-
reted with caution, and this is especially true when the
nalyses are based on EEG data from preschool age children

ecause these data tend to be more variable than those of
lder  participants and because there is no age-appropriate
ead model (i.e., model of how neural activation propa-
ates from neural sources to the scalp). See Luck (2005) and

ig. 4. Topographic maps of the N2 at the latency of peak amplitude are present
he  scalp voltages were submitted to sLORETA, and the resulting source activatio
nd 16 for passers and failers (‘*’ indicates significant at p < .05; error bars

Michel  et al. (2004) for thoughtful reviews of EEG source
analysis methodology.
3.  Discussion

Compared to children who perseverated on the DCCS,
children who  switched flexibly on the DCCS showed

ed for Failers, Passers, and the difference wave of Failers minus Passers.
ns for each group are plotted below their respective topographic map.
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smaller N2 amplitudes during the post-switch phase of
the  task. Exploratory analyses revealed that children who
switched also showed smaller N2 amplitudes on pre-
switch trials. Source analysis of the N2 suggested sources in
cingulate  and orbitofrontal regions. Consistent with previ-
ous  research (e.g., Lamm et al., 2006), the cingulate sources
were  more posterior than is typically found with adults. The
source  analysis findings need to be replicated using pedi-
atric  head models when these models become available.

Previous research has found that the amplitude of the
N2  generally decreases with age and is associated with EF
(e.g.,  Lamm et al., 2006). In the current study, this more
mature pattern of N2 amplitudes was observed in chil-
dren  who switched versus perseverated on the DCCS even
when  age, the number of trials contributing to the ERPs,
and  latency were controlled for statistically. No differences
between children who switched and children who perse-
verated were observed in N2 latencies, although the N2
occurred later than is normally observed in adults, consis-
tent  with previous pediatric research on ERP latencies in
general  (Thierry, 2005).

Children who switched were older than children who
perseverated by about 3 months, but age was used as a
covariate in the analyses, so it is difficult to explain the
differences in N2 amplitude in terms of age differences or
incidental  changes such as changes in skull thickness. In
addition,  the number of usable trials did not differ between
children who switched and children who perseverated (i.e.,
artifacts  were not more problematic for one group than the
other),  so it is unlikely that systematic differences in artifact
contamination played a role. Instead, the smaller N2 ampli-
tudes  seen in children who switched versus perseverated
support the suggestion that the N2 may  be a reliable neu-
ral  marker of early individual differences in performance
on the DCCS, complementing previous work establishing
a  role for ventrolateral prefrontal cortex (Moriguchi and
Hiraki,  2009). It should be noted, however, that recent
research shows intra-subject variability in N2 amplitude
depending on the specific processing context (Forster et al.,
2011;  Waxer and Morton, 2011a,b).

In adults, the N2 has been related to conflict monitoring
(Carter et al., 1998) and detection of the need for top-down
cognitive control mediated by lateral prefrontal cortex (e.g.,
Gehring  and Knight, 2000; Ridderinkhof et al., 2004). Chil-
dren  who pass the DCCS may  resolve the conflict inherent
in  the bivalent stimuli more efficiently than children who
fail,  resulting in smaller N2 amplitudes. This interpretation
is consistent with the CCC-r theory (Zelazo et al., 2003),
according to which children who switch flexibly are chil-
dren  who understand the hierarchical structure of the task.
That  is, according to this theory, children who pass the
DCCS  immediately resolve the conflict inherent in the biva-
lent  stimuli (i.e., even during the pre-switch phase) by
recognizing that they know two ways of sorting the stimuli.

Although the findings of this study are consistent with
CCC-r  theory, other interpretations are also possible. From a
working  memory perspective (e.g., Morton and Munakata,

2002), children who switch flexibly may  resolve the con-
flict  inherent in the stimuli by keeping the relevant rules
firmly  in mind. It is less clear, however, how the observed
differences in N2 amplitude could be explained by accounts
e Neuroscience 2S (2012) S49– S58

emphasizing inhibitory control (e.g., Kirkham et al., 2003).
Although poor inhibitory control might lead to both per-
severation and larger N2 amplitudes on the post-switch
phase (i.e., in the presence of response conflict), there
should be no differences in N2 amplitude during the pre-
switch  phase, in the absence of both response conflict and
inhibitory demands.

The  most obvious source of conflict in the DCCS is the
conflict inherent in the bivalent stimuli, but for children
who  fail, there is additional conflict on the post-switch
phase between the explicit post-switch instructions (i.e.,
sort  by color) and children’s perseverative behavior (i.e.,
sorting  by shape). The finding that differences in N2 ampli-
tudes  were evident even on the pre-switch phase, while
preliminary, suggests that the most relevant source of
conflict  may  have been that inherent in the stimuli, how-
ever.  Moriguchi and Hiraki (2009) also found that children
who  switch and children who  perseverate differed on pre-
switch  as well as post-switch trials. In that study, children
who  perseverated on the task showed much less lateral
prefrontal activation on both pre- and post-switch trials.
In  other words, it has now been found in two independent
studies with preschoolers that what differentiates children
who  pass from children who fail the DCCS is not some-
thing that occurs only during the post-switch phase. Taken
together with Moriguchi and Hiraki’s finding, the current
findings suggest the following account. Children who pass
the  DCCS detect the conflict inherent in the bivalent stimuli
and  then reflect upon their conflicting rule representations,
recruiting lateral prefrontal cortex as they resolve the con-
flict  by formulating (and keeping in mind) a representation
of the hierarchical structure of the task (Bunge and Zelazo,
2006;  cf. Badre and D’Esposito, 2007; Botvinick, 2008;
Christoff and Gabrieli, 2000; Koechlin et al., 2003; Goldberg
and  Bilder, 1987) and/or by keeping the appropriate post-
switch  rules in mind (e.g., Waxer and Morton, 2011a).
Children who perseverate on the DCCS also detect the con-
flict  inherent in the stimuli but they fail to reflect upon their
rule  representations, fail to recruit lateral prefrontal cortex,
and  fail to understand the hierarchical structure of the task.
For  these children, unresolved conflict continues to be pro-
cessed  throughout the task, resulting in larger N2 ampli-
tudes (current study) and reduced activation in lateral
prefrontal cortex (Moriguchi and Hiraki, 2009). To confirm
that  N2 amplitudes as measured in the current study are
indeed  associated with conflict processing, it will be nec-
essary  to compare ERPs on trials involving bivalent stimuli
to  ERPs on trials involving univalent stimuli, as in the
study Waxer and Morton (2011b). The current interpreta-
tion generates the strong prediction that both children who
switch  and children who  perseverate would show greater
N2  amplitudes on bivalent compared to univalent trials.

Future  research should also address more directly the
hypothesized link between indices of conflict monitoring,
such as N2 amplitude, and indices of prefrontally mediated
hierarchical rule use. It is possible that what develops
during the preschool period is a functional network linking

ACC  to lateral prefrontal cortex. It is also possible that
understanding the ways in which ACC interacts with lateral
prefrontal cortex will shed light on the co-occurrence dur-
ing  early childhood of changes in executive function, error
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onitoring, metacognition, and uncertainty monitoring
reviewed in Lyons and Zelazo, 2011). Although these
onstructs are often studied independently of one another,
imilar patterns of development are observed across all
our  constructs, with substantial improvement observed in
arly  childhood and more gradual improvements evident
ell  into adolescence.

The  current findings complement previous research
ointing to the N2 as a neural marker of individual differ-
nces in executive function (e.g., Lamm et al., 2006), and
xtend  previous work with adolescents and adults (e.g.,
axer  and Morton, 2011a) by examining ERPs in rela-

ion  to performance on a standard version of the DCCS in
reschool-aged children. The findings support a characteri-
ation of performance on this task that highlights the role of
onflict  detection in a cascade of processes that eventuate
n  cognitive and behavioral flexibility.

Conflict detection and top-down executive function are
uch  fundamental neurocognitive skills that it is perhaps
ot  surprising that individual and developmental differ-
nces  in these skills are associated with a wide range of
evelopmental outcomes. Moffitt et al. (2011), for exam-
le,  found that executive function in childhood predicts
as  a gradient) physical health, substance dependence,
ocioeconomic status, and the likelihood of a criminal
onviction at age 32 years, even after controlling for
ocial class of origin and IQ. Although much remains to be
earned  about the nature of these far-reaching longitudinal
orrelations, the proposed account of individual differ-
nces in executive function as measured by the DCCS may
elp  shed light at least on the relation between executive

unction and educational achievement (e.g., Blair, 2002;
cClelland et al., 2006, 2007). Reflecting on conflict,

ncluding gaps in one’s understanding, may  go hand in
and  with the adoption of a more active, goal-directed,
op-down approach to learning. Children with better
xecutive function may  spontaneously monitor their own
nderstanding and seek actively to improve it. Further
esearch might usefully investigate the conditions under
hich  reflection is facilitated, in an effort not only to

xercise children’s executive function, but also potentially
o  transform the way in which children learn.

. Conclusion

Children who switch flexibly on the DCCS, a key mea-
ure of executive function during the preschool years,
how smaller N2 amplitudes, consistent with the down-
egulation of ACC-mediated conflict detection in children
ho  reflect upon their conflicting rule representations and

pprehend  the hierarchical structure of the task. These
ndings implicate conflict detection in flexible rule use
uring  a period of rapid development in executive func-
ion,  and they point to the possible emergence during this
eriod  of a functional neural network linking ACC and lat-
ral  prefrontal cortex.
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