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Cognitive control, or the ability to focus attention and select task-appropriate responses, is not static but can
be dynamically adjusted in the face of changing environmental circumstances. Several models suggest a role
for conflict-monitoring in triggering these adjustments, whereby instances of response uncertainty are
detected by the anterior cingulate cortex and strengthen attention-guiding rules actively maintained by
lateral prefrontal cortex. Given the continued development of active maintenance mechanisms into
adolescence, these models predict that the capacity to dynamically modulate control should be protracted
in its development. The present study tested this prediction by examining age-related differences in
behavioral and electrophysiological adaptations to prior conflict. Children, adolescents, and adults were
administered the Dimensional Change Card Sort (DCCS; Zelazo, 2006) – a developmentally-appropriate task
modified so that response conflict varied from trial to trial – as cortical activity was measured by means of
event-related potentials (ERPs). Although all groups showed a robust conflict effect, there were pronounced
age-related differences in behavioral and electrophysiological adaptations to prior conflict. First, responses to
incongruent trials were faster following incongruent trials than following congruent trials, but only for adults
and adolescents. Second, ERP components that indexed response conflict, and the cortical source of these
components, were modulated by preceding conflict for adults and adolescents, but not children. Taken
together, the findings suggest that adults and adolescents take advantage of prior conflict to prepare for the
future, whereas children respond to cognitive challenges as they occur. Theoretical implications are discussed.
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Introduction

Cognitive control is a higher-order cognitive process involved in
the selection of task-relevant stimuli and responses (Miller and
Cohen, 2001). Despite stable individual (Miyake et al., 2000) and
developmental differences (Davidson et al., 2006), cognitive control is
also subject to dynamic moment-to-moment changes in efficacy (for
review, see Mansouri et al., 2009). For example, in stimulus–response
compatibility tasks (Kornblum, 1994), participants adapt to the
relative frequency of incompatible trials, such that interference
costs decrease with increases in the frequency of stimulus–response
incompatibility (Gratton et al., 1992; Botvinick et al., 2001). These
adaptations occur rapidly, as illustrated by trial-to-trial variation in
preparedness for conflict (Kerns et al., 2004), and vary continuously
with parametric manipulations of prior congruency (Durston et al.,
2003; Forster et al., 2011). Understanding the cognitive and neural
basis of these effects is currently an important focus of cognitive
neuroscience research.
According to several models (Botvinick et al., 2001; Braver et al.,
2007), evaluative processes meditated by the anterior cingulate (ACC)
monitor for the presence of conflict in competing response pathways.
When instances of response conflict are detected, the ACC recruits
additional control resources by strengthening attention-guiding rules
maintained by lateral prefrontal cortex (PFC). When strengthened,
rules can more effectively bias the processing of subsequent stimuli in
favor of task-relevant features, leading to diminished conflict effects
on subsequent incongruent trials. Consistent with these models, prior
conflict is associatedwith attenuated activity in the ACC and increased
activity in lateral PFC on subsequent incongruent trials (Liston et al.,
2006; Kerns et al., 2004).

The focus of the current investigation was on possible age-related
changes in such behavioral and neural adaptations to prior conflict.
According to several accounts, (Botvinick et al., 2001; Braver et al., 2007;
Forster et al., 2011), adaptations to prior conflict are made possible in
part by the capacity of lateral PFC to form and maintain strong active
representations of attention-guiding rules. However, bymost anatomical
and physiological measures, lateral PFC, and dorsal regions in particular,
are among the latest developing cortical regions, showing continued
changes in synaptic density (Huttenlocher andDabholkar, 1997), cortical
thickness (Giedd et al., 1999; Sowell et al., 2001; Shaw et al., 2008),
myelination (Klingberg et al., 1999), and restingmetabolic rate (Chugani
et al., 1987) into late adolescence and early adulthood (for review, see
Diamond, 2002). Computational models of development (Spencer et al.,
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Fig. 1. An illustration of two trials from the version of the Dimensional Change Card Sort
task used in the present study. Trials began with an instruction cue indicating the rule
on that trial, followed by a delay period, followed by the presentation of a stimulus to
which the participants responded, followed by a fixation point. Incongruent stimuli
matched each target location on one feature; congruent stimuli matched only one
target location on one feature.
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2009) suggest that one consequence of these protracted changes is that
children have difficulty maintaining strong active representations of
attention-guiding rules (Morton and Munakata, 2009; Munakata et al.,
1997), and are therefore prone to dysfunctional control in object search
(Munakata, 1998) andflexible rule-use tasks (Chevalier andBlaye, 2009;
Morton and Munakata, 2002). One hypothesis that follows from these
ideas is that there should be age-related differences in behavioral and
neural adaptations to prior conflict, with these adaptations more
pronounced in older participants (i.e., adults, adolescents) than in
younger participants (i.e., children).

We tested this hypothesis through the use of converging
behavioral and electrophysiological methods. Children, adolescents,
and adults were administered a modified version of the Dimensional
Change Card Sort (DCCS; Zelazo, 2006) as cortical activity was
monitored bymeans of scalp-measured electrical potentials. Owing to
its transparency and ease of administration, the DCCS is widely-used
in developmental cognitive neuroscience studies of cognitive control
(Moriguchi and Hiraki, 2009; Morton et al., 2009; Waxer and Morton,
in press). In the version of the task used in this study, two bivalent
target stimuli (i.e., a red rabbit and a blue truck) appeared at the top of
the computer screen throughout the task, and on individual trials,
participants sorted an imperative stimulus (centrally-presented)
either by shape or by color (see Fig. 1). Half of the imperative stimuli
embodied conflict insofar as they could legitimately be sorted either
by color or by shape (i.e., they were bivalent stimuli that matched
each target on a single dimension, as for example a blue rabbit), and
half of the imperative stimuli did not (i.e., they were univalent stimuli
that matched one target on one dimension, as for example a blue bar;
henceforth univalent stimuli are referred to as “congruent”1). Because
neither color nor shape is strongly prepotent in this task and to ensure
bivalent stimuli (henceforth referred to as “incongruent”1) were a
robust source of conflict, sorting criteria periodically changed (see
also Liston et al., 2006).

Importantly, the task generates robust behavioral and electro-
physiological congruency effects for participants of all ages (Waxer
and Morton, in press) that parallel congruency effects reported
elsewhere in the literature. First, with respect to behavior, response
times are slower to incongruent than congruent stimuli (see also
Diamond and Kirkham, 2005), an effect that is more pronounced for
younger than older participants and which is orthogonal to the effect
of rule-switching (Waxer and Morton, in press). Second, with respect
to electrophysiology, imperative stimuli elicit a fronto-central
negativity that is greater in amplitude for incongruent than congruent
stimuli (Waxer and Morton, in press). For adults and adolescents, this
congruency effect is evident in the stimulus-locked N2; for children it
appears slightly later, in the stimulus-locked N4. Importantly,
individual differences in the amplitude of these fronto-central
components are associated with individual differences in behavioral
costs of stimulus congruency for participants of all ages. Specifically,
larger (i.e., more negative) differences in the amplitude of these
components on incongruent versus congruent trials are associated
with larger behavioral congruency effects, but orthogonal to behav-
ioral costs associatedwith rule switching. Modulation of the stimulus-
locked N2 by response conflict is well-documented in the literature
(van Veen and Carter, 2002a,b), is thought to index monitoring
processes computed by the ACC (Yeung et al., 2004), and has been
observed across a variety of tasks (Nieuwenhuis et al., 2003; van Veen
and Carter, 2002a,b), including conflict adaptation paradigms (Forster
et al., 2011; Freitas et al., 2009; but see Wendt et al., 2007). The
behavioral and electrophysiological congruency effects elicited by the
1 We refer to univalent stimuli as “congruent” and bivalent stimuli as “incongruent”
in order to relate our methods more seamlessly with the literature, where use of “iI”,
“cI”, “iC”, and “cC” is quite conventional. To the extent that incongruent and our
bivalent stimuli generate response conflict, and congruent and our univalent stimuli
do not, use of these terms is not, in our view, misleading.
DCCS therefore converge with previously reported findings, and
provide a sound methodological basis for the present investigation.

To examine age-related differences in the dynamic modulation of
cognitive control, we measured behavioral and electrophysiological
adjustments to prior conflict in children, adolescents, and adults.
Responses on incongruent trials are typically slower than responses
on congruent trials. However, the degree of slowing is not static but
varies as a function of the prior trial-type. For example, responses on
incongruent trials that immediately follow incongruent trials (i.e., iI
trials) are typically faster than responses on incongruent trials that
immediately follow congruent trials (i.e., cI trials; Gratton et al., 1992;
Kerns et al., 2004). Similarly, stimulus-locked N2 amplitudes on
incongruent trials are smaller following prior incongruent trials than
prior congruent trials (Forster et al., 2011). According to computa-
tional models of conflict monitoring (Botvinick et al., 2001; Braver
et al., 2007), resolving prior incongruence strengthens attention-
guiding rules (Kerns et al., 2004) and amplifies representations of
task-relevant stimulus features (Egner and Hirsch, 2005), leading to
greater preparedness for conflict and diminished N2 amplitudes on
succeeding incongruent trials relative to trials preceded by congru-
ence (Forster et al., 2011; Freitas et al., 2009).

We tested for age-related differences in these behavioral and
electrophysiological effects with the following predictions. On the
hypothesis that prior incongruence attenuates conflict-related activ-
ity in the ACC on subsequent incongruent trials, we predicted smaller
N2 amplitudes on iI compared with cI trials, with the cortical source of
the N2 in the vicinity of the ACC. Second, on the hypothesis that the
development of active maintenance is protracted (Morton and
Munakata, 2009; Munakata, 1998) and extends into adolescence,
we predicted that behavioral and electrophysiological adaptations to
prior conflict would be attenuated in children relative to adults and
adolescents. Given greater latency in the modulation of fronto-central
components by response conflict in children relative to adolescents
and adults, we tested for sequential trial order effects in children both
at the N2 and also at the N4. Finally, we predicted age-related
differences in the association of behavioral (i.e., RT_cI – RT_iI) and
electrophysiological adaptations (i.e., N2_cI – N2_iI) to prior conflict.
Specifically, we predicted that for adults and adolescents, larger
behavioral adaptation effects would be associated with larger (i.e.,
more negative) differences in N2 amplitudes across cI and iI trials,
whereas for children, there would be no such association, either at the
N2 or the N4.
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Materials and methods

Participants

Participants included 40 children (29 males), 20 adolescents (9
males), and 20 young adults (11 males). Children ranged in age from
9- to 11-years (M=10.2), adolescents ranged in age from 14- to 15-
years (M=15), and adults ranged in age from 18- to 25-years
(M=19.4). Children and adolescents were recruited from a database
of families who had expressed an interest in voluntary research
participation; adults were students enrolled in introductory psychol-
ogy courses who participated in exchange for course credit. Adults
provided written consent to their participation. Parents provided
written consent for their children's participation. All participants had
normal, or corrected to normal visual acuity, normal color vision, no
dental braces or metal implants, and all reported being right-handed.

Task and procedures

Participants performed a computer-administered variant of the
Dimensional ChangeCard Sort (DCCS; Zelazo, 2006,Mortonet al., 2009).
On each trial, participants were presented with two bivalent target
stimuli (e.g., a red flower and a blue rabbit) at the top of the screen (see
Fig. 1). The location of the targets was counterbalanced across
participants, but was fixed for each individual participant. Continuously
presented trials began with a 2000 ms instruction period in which a
centrally-presented instruction cue (“S” for shape; “C” for color)
indicated the sorting rule for each trial, followed by a 1000 ms delay
during which the sorting rule had to be maintained. Switch trials were
trials in which the sorting rule changed from the previous trial; repeat
trials were trials inwhich the sorting rule remained the same. Following
the instruction period, either an incongruent or a congruent imperative
stimulus was presented in the center of the screen. Incongruent stimuli
matched each target on a single dimension (e.g., a red rabbit or a blue
flower) and could therefore be legitimately sorted either by color or
shape. Congruent stimuli matched one target on one dimension (e.g., a
black rabbit, black flower, red bar, or blue bar) and could therefore be
legitimately sorted in only one way. Participants sorted stimuli by
depressing a button whose location corresponded with the location of
one of the two target stimuli (e.g., pressing the right button sorted the
red rabbit by color; pressing the left button sorted it by shape).
Responseswere registered on a PSTbutton-box (Psychological Software
Tools, Pittsburgh, PA) and canceled the response period. Individual trials
were separated by a 1000 ms response–cue-interval (RCI).

Switch trials were followed by 3 repeat trials. On 50% of these
trials, the imperative stimulus was incongruent, and on the other 50%,
it was congruent. Because trial orderwas randomized, individual trials
(congruent and incongruent alike) were preceded by congruent trials
as often as they were by incongruent trials. Thus, by design, 25% of
trials were congruent trials preceded by congruent trials (i.e., cC trials,
where lower-case denotes the previous trial and upper-case denotes
current trial), 25% were congruent trials preceded by incongruent
trials (iC trials), 25% were incongruent trials preceded by congruent
trials (cI trials) and 25% were incongruent trials preceded by
incongruent trials (iI trials).

Participants were instructed about the basic nature of the task and
the need to respond as quickly and accurately as possible. To ensure
comprehension of the instructions, all participants completed 16
practice trials. Adolescent and adult participants then completed 6
blocks of 68 trials, and child participants completed 6 blocks of 36
trials. A brief rest was provided after each block.

EEG data collection and processing

Electroencephalogram (EEG) was recorded continuously with a
128-channel Electrical Geodesics system (EGI Inc, Eugene, OR; Tucker
et al., 1993) at 200 Hz, with 0.1–80 Hz analog filtering referenced to
the vertex (channel 129). Impedance of all channels was kept below
50 kΩ. Data were filtered offline using an FIR 1–30 Hz bandpass filter.
Trials rejected prior to averaging included: (1) premature responses
(faster than 200 ms); (2) errors and post-error events; (3) responses
slower than 3 standard deviations from the participants' mean
response time; (4) eye movement artifacts (70 μV threshold);
(5) signals exceeding 200 μV; or (6) fast transits exceeding 100 μV.
Eye blinks were corrected using the algorithm developed by Gratton
et al., 1983. The EEG was then re-referenced to an average reference
(Bertrand et al., 1985, Tucker et al., 1993). Continuous EEG was
segmented into stimulus-locked condition-related epochs ranging
from 200 ms before to 600 ms after stimuli onset. Epochs were
baseline-corrected using data from the first 200 ms of the epoch.

Source-space analysis

Source localization was performed on baseline-corrected ERP data,
using a 4-shell Sun-Stok model (Sun, 1997). Electrode position was
recorded for each participant bymeans of a geodesic photogrammetry
system (EGI Inc, Eugene, OR) andwas used in the construction of each
participant's forward model. The inverse matrix was calculated using
the minimum norm least-squares (L2) method, subject to depth
weighting, orientation weighting, truncated singular value decompo-
sition regularization at 10−4 to stabilize the solution, and using the
LORETA constraint (low resolution electromagnetic tomography; for
review see Michel et al., 2004). Source space was restricted to 2447
cortical voxels (7mm3) that each contained a source dipole and had
assigned spatial coordinates based on the Montreal Neurological
Institute (MNI) probabilistic atlas. All sourcemodeling was performed
using GeoSource software (EGI Inc, Eugene, OR; for a review of source
modeling constraints see Michel et al., 2004).

To estimate the cortical generators of the N2 on cI and iI trials, one
region of interest (ROI) centered on the anterior cingulate cortex
(ACC) was generated using the MNI average adult MRI. Functional
neuroimaging studies and computational models (Botvinick et al.,
2001) of conflict adaptation implicate the ACC (Kerns et al., 2004;
Kerns, 2006; Liston et al., 2006) in these effects. The ACC ROI was
composed of a subset of dipoles from the source model. The latency
range used for the cI and iI N2 was a 40 ms time window centered on
the peak amplitude of the cI and iI N2 identified in the ERP analysis.
Additionally, source waveform amplitudes for the average of all
diploes within an ROI were Log10 transformed for the purpose of
parametric statistical analysis (Thatcher et al., 2005).

Results

Behavioral analysis

Trials with excessively short RTs (b200 ms), error and post-error
trials, and trials with RTs slower than 3 standard deviations from the
participant's mean RT for each trial type were excluded from RT
analysis (Ratcliff and Tuerlinckx, 2002). Response times and error
rates were submitted to separate mixed analysis of variance
(ANOVAs) with Age Group (adults, adolescents and children) as a
between-subjects variable, and Previous Trial Type (congruent and
incongruent), and Current Trial Type (congruent and incongruent) as
within-subjects variables.

Mean RTs for the four different trial types are displayed in Fig. 2.
An ANOVA on RTs revealedmain effects of Age Group, F (2, 77)=19.99,
pb .001, Previous Trial Type, F (1, 77)=5.94, pb .017, and Current Trial
Type, F (1, 77)=79.54, pb .001. This analysis also revealed 2-way
interactions between Previous Trial Type and Age Group, F (2, 77)=
20.84, pb .001, as well as between Current Trial Type and Age Group, F
(2, 77)=4.77, pb .01. Additionally, there was a 3-way interaction
between Previous Trial Type, Current Trial Type, and Age Group, F (2,



Fig. 2. Reaction times as a function of trial type and age group.
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77)=10.03, pb .001. Post-hoc contrasts, Bonferroni corrected for
multiple comparisons, indicated that adults, t (19)=−4.13, pb .005,
and adolescents, t (19)=−4.20, pb .001, were faster on iI trials than cI
trials, whereas children were slower on iI trials than cI trials, t (39)=
4.75, pb .001. Additionally, adults were faster on cC trials than iC trials, t
(19)=−4.60, pb .001, whereas cC trials and iC trials did not differ for
the adolescents, t (58)=−1.13, n.s., and children, t (39)=−0.97, n.s.
These differenceswere not the result of basic age-differences in baseline
response speed, as adaptation effects expressed as a percent facilitation
on iI relative to cI trials (i.e., (cI-iI/cI)*100) indicated that adults, t (59)=
6.44, pb .001, and adolescents, t (59)=6.42, pb .001, showed larger
adaptation effects compared to children, but did not differ from each
other, t (39)=.01, n.s.

To ensure that the aforementioned results were not the result of
associative priming (e.g.,Mayr et al., 2003),we re-analyzed theRTdata
excluding exact stimulus repetition trials. The pattern of results for the
Age Group×Previous Trial Type×Current Trial Type ANOVA excluding
stimulus repetitions was consistent with the analysis present above
(see Table 1). Themain effects of Age Group, F (2, 77)=19.88, pb .001,
and Current Trial Type, F (1, 77)=69.65, pb .001, remained significant.
Additionally, this analysis revealed 2-way interactions between Age
Group and Previous Trial Type, F (2, 77)=23.66, pb .001, as well as
between Age Group and Current Trial Type, F (2, 77)=6.62, pb .01.
Furthermore, the 3-way interaction betweenAgeGroup, Previous Trial
Type, and Current Trial Type, F (2, 77)=11.08, pb .001, remained
significant. Thus, the conflict adaptation effects persisted even after
accounting for the potential contribution of associative priming. Since
the pattern of behavioral results did not meaningfully change when
Table 1
Correlation of behavioral and electrophysiological measures of conflict adaptation.
Greater behavioral adaptation (RT_cI – RT_iI) was associated with larger (i.e., more
negative) differences in N2 amplitude across cI and iI trials in adults and adolescents,
but not children, either at the N2 or the N4.

Age group N2 Diff
Cz

N2 Diff
Fcz

N2 Diff
Fz

Children Adaptation Rt −.09 −.03 −.08
Adolescents Adaptation Rt .004 −.67⁎⁎ −.08
Adults Adaptation Rt −.23 −.59⁎⁎ −.53⁎

Age group N4 Diff
Cz

N4 Diff
Fcz

N4 Diff
Fz

Children Adaptation Rt .03 −.19 −.25

⁎⁎ pb .01, two-tailed.
⁎ pb .05, two-tailed.
trials that would lead to associative priming were removed, ERP
analyses and subsequent source modeling of the ERP data were
conducted on all trials to maximize signal-to-noise ratio.

Mean error rates as a function of Current Trial Type (congruent
versus incongruent), Preceding Trial Type (congruent versus incongru-
ent), and Age Group (children, adolescents, and adults) are displayed in
Fig. 3. An ANOVA on accuracy revealed a main effect of Current Trial
Type, F (1, 77)=96.06,pb .001,with greater accuracy on congruent than
incongruent trials. Additionally, therewere 2-way interactions between
Current Trial Type and Age Group, F (2, 77)=3.39, pb .05, and between
Previous Trial Type and Current Trial Type, F (1, 77)=6.85, pb .01. Post-
hoc contrasts, Bonferroni corrected for multiple comparisons, indicated
that accuracywas greater on cC than on cI, t (79)=10.01, pb .001, and iI,
t (79)=10.00, pb .001, trials. Additionally, accuracy was greater on iC
trials than cI, t (79)=6.21, pb .001, and iI trials, t (79)=9.30, pb .001.

ERP analysis

Fig. 4 shows the stimulus-locked ERP components at FCz for cC, iC, cI,
and iI trials. As is clearly visible, adolescent andadultwaveformsshowed
a pronounced negativity approximately 200 ms post-stimulus (i.e., N2)
whose amplitude was modulated by the interaction of previous and
current trial congruency. To explore these differences further, adaptive
mean N2 amplitudes for previous and current trial type were examined
at 3 frontocentral electrode sites (Cz, FCz/6, and Fz/11). TheN2 adaptive
meanwas defined as the average electrical activity within a 50 ms time
window surrounding the peak of the N2. Adaptive mean N2 amplitudes
were submitted to a 4-way mixed ANOVA with Age Group (children,
adolescents and adults) as a between-subjects variable, Previous Trial
Type (congruent and incongruent), Current Trial Type (congruent and
incongruent), and Electrode Site (Cz, FCz, and Fz) as within-subjects
variables. This analysis revealed main effects of Age Group, F (2, 77)=
21.39, pb .001, Electrode Site, F (2, 156)=40.31, pb .001, and Current
Trial Type, F (1, 78)=6.77, pb .01. There was also a 2-way interaction
between Age Group and Electrode Site, F (4, 156)=3.93, pb .01.
Additionally there was a 3-way interaction between Previous Trial
Type, Current Trial TypeandAgeGroup, F (2, 78)=3.79,pb .05. Post-hoc
contrasts, Bonferroni corrected for multiple comparisons, indicated that
the amplitude of the N2 was larger on cI trials relative to iI trials for
adults, t (19)=−3.16, pb .05, and adolescents, t (19)=−6.84, pb .001,
but not for children, t (39)=−0.13, n.s. The amplitude of theN2 did not
differ between cC trials relative to iC trials for all age groups.

As congruency effects for children appear later in time, at the N4, we
also tested whether conflict adaptation would be evident on this later
component. Thus, children's mean N4 amplitudes were submitted to a
Fig. 3. Error rates as a function of trial type and age group.
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Fig. 4. Grand averaged stimulus-locked waveforms at electrode Fcz for children, adolescents, and adults. Each wave board plots a 200 ms baseline and 600 ms post stimulus onset.
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3-way repeated measures ANOVA with Previous Trial Type (congruent
and incongruent), Current Trial Type (congruent and incongruent), and
ElectrodeSite (Cz, FCz, and Fz) aswithin-subjects variables. This analysis
confirmed that the amplitude of the N4wasmodulated by Current Trial
congruency, F, (1, 39)=5.02, pb .05, but not by preceding trial
congruency, F (1, 39)b1, n.s.

To ensure that the aforementioned ERP findings were not contam-
inated by differences in earlier components, we also examined conflict
modulations at the P1. Adaptive mean P1 amplitudes for each previous
and current trial type were examined at 3 frontocentral electrode sites
(Cz, Fcz, and Fz), where the P1 adaptive mean was defined as the
average electrical activity within a 50 ms timewindow surrounding the
peakof the P1. AdaptivemeanP1 amplitudeswere submitted to a 4-way
mixed ANOVA with Age Group (children, adolescents, and adults) as a
between-subjects variable, Previous Trial Type (congruent and incon-
gruent), Current Trial Type (congruent and incongruent), and Electrode
Site (Cz, FCz, and Fz) aswithin-subjects variables. This analysis revealed
a main effect of age group, F (2, 77)=4.78, pb .001. Post-hoc contrasts,
Bonferroni corrected for multiple contrasts revealed that the overall
amplitude of the P1 was greater for children than adolescents t (59)=
3.09, pb .01. There were no other effects or interactions.
Fig. 5. Modeled source activations (in nA) displayed using the Montreal Neurological Institu
group.
Brain behavior correlation analysis

To examine the relationship between individual differences in the
behavioral conflict adaptation effect (i.e., RT cI – RT iI) and individual
differences in themagnitude of N2 and N4 amplitudemodulation (i.e.,
N2 cI – N2 iI), two-tailed Pearson correlations were conducted at 3
frontocentral electrode sites (Cz, FCz, and Fz). These correlations were
Bonferroni corrected for multiple comparisons and were conducted
separately for each age group (see Table 1). For the adults, greater
reaction time differences were associated with larger N2 amplitude
differences at electrode site FCz, r=−.59, pb .005, and electrode site
Fz, r=−.53, pb .01. For the adolescents, greater reaction time
differences were associated with larger N2 differences at electrode
site FCz, r=−.67, pb .001. However, for children, individual differ-
ences in behavioral adaptation were not associated with individual
differences in N2 or N4 modulation by prior conflict.

Source space analyses

Fig. 5 shows the sourcemodel activations (in nA) for cI and iI trials.
As is clearly visible, adolescent and adult source model activations in
te (MNI) average adult MRI scan for peak N2 amplitude on cI and iI trials for each age

image of Fig.�4
image of Fig.�5


1653M. Waxer, J.B. Morton / NeuroImage 56 (2011) 1648–1654
the vicinity of the ACC were greater for cI trials than iI trials. To
explore these differences further, mean source model activity from
the ACC ROI were submitted to a 2-way mixed ANOVA with Age
Group (children, adolescents and adults) as a between-subjects
variable and Trial Type (cI and iI) as a within-subjects variable. This
analysis revealed main effects Age Group, F (2, 78)=35.12, pb .001,
and Trial Type, F (1, 78)=25.08, pb .001. Additionally there was a 2-
way interaction between Age Group and Trial Type, F (2, 78)=8.68,
pb .001. Post-hoc contrasts, Bonferroni corrected for multiple com-
parisons, indicated that ACC source activity was greater for cI than iI
trials for the adults, t (19)=4.13, pb .001, and adolescents, t (19)=
4.09, pb .001, but not the children, t (39)=0.05, n.s.

Discussion

The present study examined age-related differences in brain and
behavioral adaptations to prior conflict. Children, adolescents, and
adults were administered a modified version of the DCCS (Zelazo,
2006) in which stimulus congruency varied from trial to trial while
cortical activity was monitored by means of EEG. Adults showed
reliable behavioral and electrophysiological effects of prior congru-
ency. Specifically, responses to iI trials were faster and more accurate
compared with cI trials, and the amplitude of a fronto-central N2,
source-localized to the ACC, was smaller on iI compared with cI trials.
Finally, individual differences in N2 amplitude modulation were
associated with individual differences in the magnitude of sequential
trial order effects, with larger (i.e., more negative) differences
between the N2 on cI versus iI trials associated with larger post-
conflict behavioral adjustments. These effects parallel findings of prior
adult studies (Forster et al., 2011; Freitas et al., 2009; but see Wendt
et al., 2007). In one, prior conflict modulated stimulus-locked N2-
amplitudes on subsequent trials, but not response-locked LRPs
(Freitas et al., 2009). In the other, parametric variation in prior
conflict magnitude was associated with parametric modulation in
stimulus-locked N2 amplitudes and behavioral response times on
subsequent incongruent trials (Forster et al., 2011), with greater prior
conflict associated with greater electrophysiological and behavioral
adaptation on subsequent trials. And as in the current data, individual
differences in N2 modulation by prior conflict were negatively
associated with subsequent behavioral adjustment, with greater
(more negative) differences in N2 amplitude across iI and cI trials
associated with greater differences in RT across iI and cI trials. Thus,
while this is the first study to examine behavioral and electrophys-
iological adaptations to prior response conflict using the DCCS, the
results (at least for adults) parallel effects reported in two prior
independent studies.

The present study extends these findings by showing age-related
differences in this overall pattern. Specifically, adolescents showed
effects of previous trial congruency reminiscent of those observed in
adults (in response times, N2 amplitudes, and ACC source activity),
but children showed no evidence of behavioral or electrophysiological
adaptation to prior conflict. This was true despite the fact that children
showed robust effects of congruency in response time and N4
amplitude (Waxer and Morton, in press). In sum, the findings suggest
age-related differences in brain and behavioral adaptations to prior
conflict.

Whether these data unequivocally implicate differences in higher-
order processes is of course unclear. There is evidence, for example,
that conflict adaptation effects can be explained, at least in part, by
associative priming (Mayr et al., 2003) and feature integration
(Hommel et al., 2004). On these accounts, responses on iI trials are
faster than responses on cI trials because of exact stimulus and
response repetitions specific to iI trials. It seems unlikely however that
stimulus-specific processes of this kind could entirely account for the
present findings, as the magnitude of post-conflict behavioral
adjustments did not change when the effects of stimulus repetition
were controlled. Similar findings have been reported elsewhere
(Egner and Hirsch, 2005; Freitas et al., 2009; Kerns et al., 2004;
Ullsperger et al., 2005).

One possibility is that the findings point to developmental changes
in proactive control. As outlined in the Dual Mechanisms of Control
theory (Braver et al., 2007), proactive – or future-oriented – control
involves an anticipatory representation of attention-guiding rules
through sustained activity in lateral PFC. Attention-guiding rules in
turn bias the processing of imperative stimuli in favor of task-relevant
features and help to mitigate conflict before it arises. Reactive – or
moment-to-moment – control is a late-correction process, mediated
by transient ACC and lateral PFC activity, that manages conflict after it
occurs. On the assumption that the effects of prior incongruency carry
forward into the succeeding trial by virtue of the proactive
maintenance of attention-guiding rules, and that the capacity to
form and maintain strong representations of attention-guiding
rules follows a protracted developmental trajectory (Morton and
Munakata, 2009; Munakata, 1998), the DMC model provides a useful
framework for understanding the present findings. On this account,
faster responses, smaller N2 amplitudes, and smaller ACC source
model activity on iI compared with cI trials by adults and adolescents
reflect the impact of proactive control. Prior incongruency establishes
a strong representation of attention-guiding rules that is proactively
maintained into the succeeding trial and partially mitigates conflict
before it arises. Because active maintenance mechanisms are
underdeveloped early in life (Marcovitch et al., 2007; Morton and
Munakata, 2009; Munakata, 1998), these effects are attenuated in
children. Viewed in this way, the current findings converge with
previous evidence (Chatham et al., 2009) that early in development,
children rely predominantly on reactive control, whereas only later in
development do they utilize both reactive and proactive control
processes.

One caveat of the present study though is that the results bear
most heavily on changes in future-oriented – or proactive – control
processes, but don't examine potential differences in spontaneous – or
reactive – control processes. A second caveat is that the current
findings offer only indirect evidence (i.e., attenuated response conflict
effects following conflict trials) of hypothesized changes in future-
oriented control processes. One important goal of future investiga-
tions therefore would be to examine age-related differences in
adaptive control but to focus on processes that temporally-precede
the response conflict effects observed in this study.

The emergence of future-oriented cognition in development has
been the focus of considerable theoretical discussion (Haith et al.,
1994) and is certainly an important hallmark of cognitive develop-
mental change. Limitations notwithstanding, the current study points
to important developmental changes in dynamic future-oriented
control processes and suggests that conflict adaptation effects may be
a useful means of probing these changes.
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