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Abstract

■ Cognitive conflict detection and resolution develops with
age across childhood and likely supports age-related increases
in other aspects of cognitive and emotional development. Little
is known about the neural correlates of conflict detection and
resolution in early childhood. In the current study, we investi-
gated age-related change in neural recruitment during a
blocked spatial-incompatibility task (Simon task) in children
ages 5–10 years using fMRI. Cortical thickness was measured
using structural MRI. Across all children, there was greater acti-

vation in right prefrontal and bilateral parietal cortices for
incompatible than compatible conditions. In older children,
compared with younger children, there was decreased activa-
tion and decreased gray matter thickness in the medial pFC.
Thickness and activation changes across age were associated
within participants, such that thinner cortex was associated with
less activation in the rostral ACC. These findings suggest that
developmental change in medial pFC activation supports per-
formance on cognitive control tasks in early childhood. ■

INTRODUCTION

As children grow up, they improve in their ability to self-
regulate (Vazsonyi & Huang, 2010; Murray & Kochanska,
2002). This development is thought to result from the
enhanced ability to identify appropriate actions from a
number of alternatives and suppress less task-relevant
representations (Best, Miller, & Jones, 2009; Garon, Bryson,
& Smith, 2008). In adults, the combined ability to perform
these functions is described as cognitive control. Cognitive
control is hypothesized to be a fundamental cognitive
capacity whose developmental progression across child-
hood supports the maturation of self-regulatory compe-
tence in both cognitive and emotional domains (Lahat &
Fox, 2013; Munakata, Snyder, & Chatham, 2012; Diamond,
2002). Some researchers propose that particularly in early
childhood, before the age of 7 years, changes in cognitive
control drive cognitive development across a range of
tasks, including theory ofmind and task switching (Benson,
Sabbagh, Carlson, & Zelazo, 2012; Carlson & Zelazo, 2011;
Diamond, Carlson,&Beck, 2005). Thus, one important goal
is understanding the neural correlates of development in
this set of fundamental cognitive capacities during early
childhood.
Cognitive control is not a unitary function, but instead

is comprised of a number of cognitive functions includ-
ing suppression or inhibitory control processes, working

memory, task switching, response conflict, and error mon-
itoring, which may rely on different neural substrates
and have different developmental trajectories. The
neural correlates of development in working memory
(Thomason et al., 2009), task switching (Crone, Donohue,
Honomichl, Wendelken, & Bunge, 2006; Crone,Wendelken,
Donohue, & Bunge, 2006), and inhibitory control (Rubia,
Smith, Taylor, & Brammer, 2007; Rubia et al., 2006; Bunge,
Dudukovic, Thomason, Vaidya, & Gabrieli, 2002) have
been widely studied. However, fewer studies to date
have specifically focused on the development of conflict
monitoring/error detection, particularly those employ-
ing fMRI to identify changes in activation across age. In
addition, all early studies of cognitive control have focused
on children in middle childhood, at least 8 years. It is
well documented that early childhood is characterized by
large changes in cognitive ability (e.g., Davidson, Amso,
Anderson, & Diamond, 2006); here we examine the neural
underpinnings of cognitive control in children ages 5–
10 years.

Conflict monitoring theory asserts that one aspect of
cognitive control is the identification of situations in
which more than one incompatible behavioral response
is actively represented (e.g., press right and press left),
resulting in conflicting possible behaviors; among these,
the task-relevant response must be identified and exe-
cuted (Botvinick, Cohen, & Carter, 2004; MacDonald,
Cohen, Stenger, & Carter, 2000; Carter et al., 1998).
Numerous studies indicate that, in adults, a neural sub-
strate of conflict monitoring is the ACC, which is more
active in conditions where multiple responses are actively
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maintained (e.g., the color naming condition of the color–
word Stroop task) compared with conditions where one
response is primarily active (e.g., the reading condition of
the Stroop task; Botvinick et al., 2004; MacDonald et al.,
2000).

The development of response conflict from ages 10
through adulthood has implicated ACC as a region of
functional maturation (Rubia et al., 2007). Participants
ages 10–42 performed an adaptive stop signal task to
assess ACC recruitment across age in conditions of
increased response conflict. The stop task presents par-
ticipants with two “go” stimuli, each of which is paired
with a specific response (e.g., press the right hand to a
rightward pointing arrow, press the left hand to a left-
ward pointing arrow). On a minority of trials (∼20%), par-
ticipants are instructed to withhold responses if a stop
signal (e.g., an upward pointing arrow) is presented. To
isolate conflict monitoring instead of general inhibition
or suppression processes, activation for trials on which
participants pressed to a usual “go” signal was compared
with activation for trials on which participants were unable
to withhold a response and erroneously pressed to a “stop”
signal (thus, two instances of “going” one with increased
conflict monitoring demands). Across all participants, a net-
work of cognitive control-related areas were more active
for failed stop trials compared with go trials including
parietal regions, but only ACC increased activation with
age for this comparison (Rubia et al., 2007).

In the current study, we investigated the functional
brain development of conflict monitoring in younger chil-
dren ages 5–10 years. To accommodate children in this
young age range, we used a very simple spatial response
incompatibility task, the Simon task (Simon & Small,
1969), presented in a blocked design. This Simon task
has been widely used and in adults typically elicits neural
activation in the ACC, dorsolateral pFC (DLPFC), superior
parietal cortex, and precuneus (Liu, Banich, Jacobson, &
Tanabe, 2004; Fan, Flombaum, McCandliss, Thomas, &
Posner, 2003; Dassonville et al., 2001). In addition, this
task has been used successfully with children as young
as 4 years who perform this task at greater than 90%
accuracy (Davidson et al., 2006). The use of a block design
response incompatibility task permitted a relatively short
experimental session, which is needed for children as
young as 5 years. This is the first study, to our knowledge,
examining the neural correlates of conflict monitoring in
children as young as 5 years.

We report a whole-brain analysis followed by hypothesis-
driven investigation of four a priori defined ROIs: the right
inferior frontal gyrus (IFG), the right and left ACC, and
bilateral DLPFC, all areas previously associated with task
performance on this and other cognitive control tasks
(Rubia et al., 2007; Botvinick et al., 2004; Liu et al., 2004;
Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004;
Fan et al., 2003; Bunge et al., 2002; Dassonville et al.,
2001; MacDonald et al., 2000). In a previous study with this
sample, we observed that estimates of gray matter thick-

ness in ACC mediated age-related improvement in re-
solving response conflict on this task (Kharitonova,
Martin, Gabrieli, & Sheridan, 2013), whereas gray matter
thickness in the right IFG was not associated with reso-
lution of response conflict. Thus, here we predict that we
will observe age-related change in activation in ACC but
not the right IFG for trials on which response conflict is
high.

Right IFG

The right IFG has previously been hypothesized to spe-
cifically support inhibitory control (Aron, 2007; Aron,
Robbins, & Poldrack, 2004; Hazeltine, Bunge, Scanlon,
& Gabrieli, 2003), suggesting that this region might be
particularly sensitive to incongruency in the Simon task
and that activation of this region may change with age.
If age-related improvement in this task results from devel-
opment of inhibitory control and its neural substrates, we
predict that increased activation in the right IFG for
the incongruent > congruent contrast will be associated
with age.

ACC

ACC is activated in support of the detection and resolu-
tion of conflicting response possibilities (Botvinick et al.,
1999, 2004) and in support of error detection. Because
the Simon task requires resolution of response conflict
in the incongruent blocks (pressing on the side of the
screen opposite of the stimulus), we predict increased
ACC activation for incongruent > congruent contrast.
If age-related changes in conflict monitoring are what
underlie changing performance on this inhibitory control
task, we hypothesize increased ACC recruitment asso-
ciated with age (as in Rubia et al., 2007, for older children
and adults). An alternate explanation would be that age is
associated with change in errors for the incongruent >
congruent contrast, and thus, age-related change in
ACC activation to this contrast reflects changes in error
detection or monitoring (Ridderinkhof et al., 2004). This
explanation would be predicated on the observation of
age-related change in task performance for incongruent
relative to congruent trials. A final possibility is that neural
activity becomes more efficient with age, which would
predict decreased ACC activation with increasing age.

DLPFC

In adults, the DLPFC is often observed to activate during
spatial incompatibility tasks (Ridderinkhof et al., 2004;
Fan et al., 2003; MacDonald et al., 2000). It is hypothe-
sized that where ACC performs an error or conflict detec-
tion role, the DLPFC may perform a role more consistent
with on-line adjustment of behavior to meet task demands
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in the face of conflict or an implementation of cognitive
control (MacDonald et al., 2000). If differences in task
performance across 5–10 years are primarily because of
increases in oneʼs ability to implement cognitive control
strategies, we would expect changes in DLPFC function
to be associated with age.

METHODS

Participants

Forty children were included as participants in this study.
Of the original 40, 7 were excluded from further analysis:
2 because they could not tolerate the fMRI scanner, 2
because they moved excessively during the functional
scans, and 3 because they did not understand task
instructions. This resulted in a final sample of 33 children
(Mage = 8.1 years, SD= 1.66 years, range = 5.7–10.7 years;
14 female).
We are examining age-related change in activation in

children who are younger than previously reported in
fMRI studies, and some childrenʼs data could not be
included because of movement or tolerating the scanner.
Because of this, one concern would be that younger par-
ticipants were differentially selected than older partici-
pants. To address this concern, we report associations
between age, gender, IQ, and number of movement or
signal change-related outliers using bivariate correlation
or two-sample t tests.

Procedure

All participants came to the Athinoula A. Martinos Center
for Brain Imaging at Massachusetts Institute for Tech-
nology (MIT). The childʼs mother, father, or legal
guardian provided written consent on the same day that
the child participated in the mock scanning session.
Researchers explained mock and real scanning and
testing procedures to parents and children, answered

questions, and provided written consent documents. All
procedures were approved by the institutional review
board at MIT and were conducted in accordance with
the Helsinki declaration on human participants.

Mock Scan Session

Children first participated in a preliminary session where
they lay in a mock brain scanner, listened to recordings of
the sounds they would hear in the scanner, and partici-
pated in a training paradigm that taught them to lie still.
During this training, they watched a movie while their
head motion was monitored using a motion detector. If
they moved their head more than 3–4 mm during the
movie, it would pause to indicate they had moved too
much. This training and experiencing the mock scanner
took approximately 30 min. Children also practiced the
task they would perform in the real scanner while lying
in the mock scanner. Children ages 5–7 years partici-
pated in the “mock scan session” on a separate day from
the real scan. Children ages 8–10 years participated in the
mock scan session on the same day before the real scan.

Behavioral Testing

Following fMRI scanning, children completed a standard-
ized estimate of IQ (KBIT). Two participants did not
complete the KBIT because they had recently completed
this test in another study and their responses would be
invalid.

Spatial Response Incompatibility Task
(Simon Task)

During fMRI scanning, children performed a “Simon task”
(Figure 1). In this task (adapted from Davidson et al.,
2006), children were presented with two kinds of stimuli
(e.g., pink and yellow circles). These stimuli were pre-
sented one at a time on either the right or left side of
the screen. Children were told to press the side-congruent

Figure 1. Design of the
Simon task.
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button for one of these stimuli (e.g., for pink circles pre-
sented on the right, press with your right finger) and the
side incongruent button for the other stimuli (e.g., for
yellow circles presented on the right, press with your
left finger). This task requires response conflict moni-
toring and inhibitory demands: Both the side-congruent
and side-incongruent trials have general spatial atten-
tion and response selection demands in that the correct
motor response must be selected and executed. Only
the side-incongruent trials have an additional cognitive
control demand. On side-incongruent trials, the pre-
potent side-congruent response is automatically rep-
resented, but task demands require that participants
additionally represent side-incongruent responses and
ultimately suppress the side-congruent response while
selecting the side-incongruent response. Thus, the
incongruent > congruent contrast isolates activation
supporting resolving response conflict.

The two task conditions were presented separately by
block. There were three types of blocks: side congruent,
side incongruent, and fixation, each lasting 22 sec. During
fixation, participants were told to relax and look at the
fixation cross-hair. At the beginning of each task block,
participants were reminded of the rule they should use
with an instruction screen that was presented for 2 sec.
Next, they saw 10 trials, lasting 2 sec each, of the task
condition indicated by the instruction screen. Each
child participated in two runs, each of which included
12 blocks (4 congruent, 4 incongruent, 4 fixation). The
order of block was random but fixed within run across
participants, and the order of runs was counterbalanced
across participants. Altogether, the participants saw 80
instances of each task condition (side congruent and side
incongruent). For each trial, accuracy and RT were
recorded.

MRI Data Acquisition

All MRIs were acquired at Athinoula A. Martinos Imaging
Center at MIT on a 3T SiemensMagnetomTimTrio scanner.
Structural MRI was obtained using an MP-RAGE sequence
producing T1-weighted images (echo time = 1.64 msec,
repetition time [TR] = 2530msec, flip angle = 7°, 176 slices
with 1 × 1 × 1 mm isometric voxels) using a 32-channel
head coil. To reduce the imaging acquisition time, parallel
imaging was used with an acceleration factor of 3. BOLD
signal was obtained using a gradient-echo T2*-weighted
EPI sequence (echo time = 30 msec, TR = 2000 msec, flip
angle = 90°, bandwidth = 2300, echo spacing = 0.5, field of
view = 192 × 192, matrix size = 64 × 64, resulting in in-
plane resolution of 3 mm × 3 mm). Thirty-two 3-mm-thick
slices were acquired positioned parallel to the AC–PC
line using noninterleaved acquisition. Before each scan,
four images were acquired and discarded to allow longitudi-
nal magnetization to reach equilibrium. PACE, an on-line
prospective motion correction algorithm, was included to
reduce the effect of motion artifacts.

Data Analysis

fMRI Data Analysis

Processing and statistical analysis of fMRI data were per-
formed using a Nipype, a Python-based software plat-
form that incorporates components of several fMRI
data analysis packages (nipy.sourceforge.net/nipype/ ).
Following reconstruction of images into 3-D space,
realignment and slice timing correction was run using
statistical parametric mapping (SPM8; www.fil.ion.ucl.
ac.uk/spm/ ) to correct for subject movement within
the scanner. Next, artifact detection (ART tool; web.
mit.edu/swg/software.htm) was used to identify for
which frames or TRs we should exclude them from
the overall analysis; these frames are referred to as “out-
liers.” Outliers are fluctuations in signal that exceed a
certain threshold of signal intensity or movement; they
are excluded from analyses by creating unique covari-
ates for each outlier image. Outliers were determined
in two ways: (1) by identifying signal intensity flux
which was 3 standard deviations above or below the
mean and (2) movement in excess of 2 (combined rota-
tion and translation movement parameters). Finally, a
6-mm FWHM isotropic smoothing kernel was used to
smooth the data. The number of frames with extreme
movement and signal fluctuations (outliers) were nega-
tively correlated with age (r(33) = −.38, p = .03); chil-
dren ages 5–7 years (M = 12.5, SD = 14.4) had more
outliers than children ages 8–10 years (M = 4.5, SD =
4.1). To determine if increased movement accounted
for the effects observed across all participants, the
four participants with the most outliers were excluded
and analyses were repeated. Exclusion of these four
participants made the association between age and out-
liers nonsignificant (r(28) = .1, p = .61). After exclud-
ing these four participants, all significant associations
increased in strength, and no reported association
decreased in strength or became insignificant. We
understood this, coupled with the fact that increased
outliers necessarily means less data contributing to
sample estimates, to indicate that these participants
were likely adding noise to our sample; thus, we report
the analyses without those four participants here.
Identification of activations was performed using the

SPM8 analysis package (Friston, Frith, Frackowiak, &
Turner, 1995). Covariates to model blocks of incon-
gruent, congruent, and fixation were entered into the
general linear model. Nuisance covariates for motion
parameters, outliers (from artifact detection), and run
effects were also included in this general linear model.
Contrasts were constructed by directly contrasting
BOLD-related activity in one type of block with the other
(e.g., incongruent–congruent). These individual con-
trasts were then input into a group-level analysis. A
one-sample t test was performed across all participants
to identify significant activation for the incongruent >
congruent contrast. A two-sample t test was performed
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to compare activation in younger children (ages 5–7 years)
to older children (ages 8–10 years). Clusters are reported
if they reached significance at p < .05, corrected using a
false discovery rate cluster correction for multiple com-
parisons implemented in SPM8, with a voxel level sig-
nificance of p < .01.
To examine the a priori hypotheses concerning neural

recruitment across age and task performance, we used an
ROI analysis. We examined incongruent > congruent
activity in four a priori defined ROIs, the right IFG, the
bilateral middle frontal gyrus, and the right and left
ACC. ROIs were identified structurally using the Free-
Surfer image analysis suite, which is documented and freely
available for download on-line (surfer.nmr.mgh.harvard.
edu). FreeSurfer morphometric procedures have demon-
strated good test–retest reliability across scanner manufac-
turers and field strengths (Han et al., 2006). In addition,
these procedures have been successfully used in studies
of children as young as 4 years (Ghosh et al., 2010).
FreeSurfer processing includes motion correction of

a volumetric T1-weighted image, removal of nonbrain
tissue using a hybrid watershed/surface deformation pro-
cedure (Ségonne et al., 2004), automated Talairach trans-
formation, previously validated in pediatric populations
(Burgund et al., 2002), and segmentation of the sub-
cortical white matter and deep gray matter volumetric
structures, separately validated for use with pediatric
populations (Ghosh et al., 2010).
FreeSurfer provided thickness estimates for 148 cor-

tical regions (74 for each hemisphere) according to the
2009 Destrieux Atlas (Destrieux et al., 2010). Of these
regions, we examined three a priori ROIs outlined above
based on hypotheses about regions that should be most
critical for performance on the Simon task. The middle
frontal gyrus region was calculated by examining activa-
tion collapsed across the left and the right middle frontal
gyrus (designated as G_frontal_middle), and the ACC
region was calculated by examining activation in the left
and the right ACC region (designated as G_and_S_cingul_
Ant_thickness). Finally, the right IFG was calculated based
on activation in the right pars triangularis region (desig-
nated as G_frontal_inf-Triangular_part; see freesurfer.net/
fswiki/DestrieuxAtlasChanges for further information on
segmentations in this atlas). ACC and right IFG ROIs used
here are the same as those used to identify associations
between task performance and gray matter thickness in a
previously published report (Kharitonova et al., 2013).
For functional analysis, first, each participantʼs structural

and functional data were coregistered using bbregister
an alignment technique used by FreeSurfer in the nor-
malization process (freesurfer.net/fswiki/bbregister#
Description) and then normalized using standard FSL algo-
rithms. For each participant, functional data were extracted
for their FreeSurfer region corresponding to each ROI (e.g.,
right ACC). This method allowed for the use of indepen-
dently defined structural ROIs without relying on regions
that had been normalized to group space. Additionally,

because we previously reported cortical thickness in these
same participants, we were able to examine the association
between thickness in these ROIs and functional recruit-
ment in the same region using linear regression.

The ROI analysis was conducted using REX on unstan-
dardized beta values from the first-level general linear
model analysis (web.mit.edu/swg/software.htm) for the
incongruent > baseline, congruent > baseline, and in-
congruent > congruent contrast. One participant had
beta values for BOLD activation in the right IFG for in-
congruent > fixation that were more than 3 standard
deviations from the mean beta value of all participants.
As a result, this participant was understood to be an out-
lier and excluded from analyses of the right IFG. To iden-
tify associations between age and activation in these
ROIs, an ordinary least squares linear regression analysis
was performed. In each regression analysis, we con-
trolled for gender and IQ composite. In our linear regres-
sion model, we estimated the association between age
and the incongruency effect by estimating the association
between age and activation for the incongruent > base-
line trials while controlling for activation on congruent >
baseline trials. Although many researchers have used dif-
ference scores when examining tasks like the Simon task,
which use the concept of cognitive subtraction, others
have pointed out that using difference scores is less
powerful, less reliable, and less accurate than examining
the specific measure of interest (e.g., incongruent activa-
tion) when controlling for the baseline condition (e.g.,
congruent activation) to identify the effect of interest
(DeGutis, Wilmer, Mercado, & Cohan, 2013; Cronbach
& Fruby, 1970), the approach we use here.

Behavioral Data Analysis

The effect of our task manipulation on behavior was
estimated using paired subject t tests to compare RT and
accuracy on congruent and incongruent trials. To identify
the association between task performance and age, we
performed regression analyses identical to those described
for the ROI analyses. We used these analyses to identify the
association between age and behavioral performance for
congruent trials, incongruent trials, and the congruency effect.

Brain Behavior Associations

For ROIs that were significantly associated with age, we
examined the association between brain and behavior
using bivariate correlation.

RESULTS

Demographics

Across all children, there was no significant difference in
age or the number of motion outliers between boys and
girls (age: t(26) = 0.31, p = .75; outliers: t(26) = 0.47,

Sheridan et al. 5
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p = .59). In addition, there was not a significant correla-
tion between age and composite IQ as measured by the
KBIT (r(29) = .12, p = .56). Finally, there was no asso-
ciation between IQ and number of outliers (r(29) =
−.23, p = .27). IQ and gender were included as covari-
ates in all subsequent regression analyses.

Behavior

All participants were slower when performing incon-
gruent (M = 664 msec, SD = 114 msec) compared with
congruent (M = 620 msec, SD = 113 msec) trials (t(27) =
5.93, p < .001), but there was no significant difference in
accuracy across conditions (incongruent M = 92%, SD =
11, congruent M = 91%, SD = 12, t(27) = 0.297, p =
.77). Controlling for gender and IQ, there were signifi-
cantly associations between age and accuracy for both
congruent trials (age: β = .54, p = .005) and incon-
gruent trials (age: β = .38, p = .04) where children
improved their accuracy on all trials with age. There
was a nonsignificant trend toward a negative associa-
tion between age and RT for congruent trials (age: β =
−.37, p = .10) and a nonsignificant association between
age and RT for incongruent trials (age: β = −.27, p =
.24). There was no significant association between age
and the incongruency effect for RT (age: β = .08, p =
.34) or accuracy (age: β = −.02, p = .86).

BOLD Response

Consistent with previous investigations of the Simon
task (Liu et al., 2004; Fan et al., 2003; Dassonville
et al., 2001), across all participants there was signifi-
cantly greater activation for incongruent relative to
congruent trials in a network of regions including bilat-
eral superior parietal cortex, inferior parietal cortex,

pFC, caudate, thalamus, and brainstem (Table 1; Figure 2).
In contrast, when younger children were directly com-
pared with older children in a whole-brain analysis, we
observed that children ages 5–7 years activated only
the rostral/subgenual ACC more than children ages 8–
10 years for the incongruent > congruent contrast (Fig-
ure 3). To further explore the association between age
and prefrontal activation in this task, we examined the
four independently identified ROIs described above.

Right ACC

There was a nonsignificant effect of age on activation for
incongruent (age: β = −.36, p = .11), but not congruent
trials (age: β = .07, p = .76) and a significant association
between age and the activation for the incongruency
effect (age: β = −.41, p = .008; Figure 4) where children
activated the right ACC less with age for incongruent >
congruent trials.

Left ACC

There was no effect of age on activation for incongruent
(age: β = −.26, p = .26) or congruent trials (age: β =
.11, p= .66). However, there was a significant association
between age and the activation for the incongruency ef-
fect (age: β = −.35, p = .04; Figure 4) where children
activated the left ACC less with age for incongruent >
congruent trials.

Right IFG

There was no significant effect of age on activation for
congruent trials, incongruent trials, or the incongruency
effect.

Table 1. Areas of Activation for the Incongruent > Congruent Contrast across All Participants and for that Contrast Compared
between Younger (5–7 Years) and Older (8–10 Years) Children

Region x y z Voxels t

Incongruent > congruent MFG [R] 24 −4 46 718 4.62

MFG [L] −24 12 54 272 3.40

Caudate [R&L] −10 4 16 1052 4.12

Brain stem −2 −30 −6 468 4.2

Hippocampus [L] −26 −42 2 277 4.01

Superior parietal [R] 20 −64 56 2080 5.14

Superior parietal [L] −20 −58 62 1271 5.19

Young > old for the incongruent > congruent contrast ACC 0 38 4 330 3.47

Medial pFC −2 64 −12 959 3.68

Activation in the ACC for the young > old contrast was only marginally significant.
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DLPFC

There was no significant effect of age on activation for
incongruent (age: β = −.16, p = .48) and congruent trials

(age: β = .14, p = .53) and a trend toward an association
between age and the activation for the incongruency effect
(age: β = −.27, p = .1) where children activated the
DLPFC less with age for incongruent > congruent trials.

Figure 2. BOLD activity for
the incongruent > congruent
contrast presented on a
representative inflated
FreeSurfer surface. Areas are
shown if they survive false
discovery rate cluster level
correction at p < .05. Please
refer to Table 1 for a list of
significant activations for
this contrast.

Figure 3. BOLD activity for
the incongruent > congruent
contrast was significantly
greater in the rostral ACC/
medial pFC for younger
compared with older children.
Overlaid on top of this brain are
outlines of the segmentation
labels from 2009 Destrieux
FreeSurfer Atlas. In dark green
is the ACC ROI.
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Structure–Function Relationships

Thinning in right ACC was associated with less activation
for the incongruency effect: β = .32, p = .05. The same
association was not significant for left ACC (incongruency
effect: β = .11, p = .52).

DISCUSSION

We examined activation in children ages 5–10 years
performing a spatial response incompatibility task.
Consistent with previous studies of behavioral perfor-
mance on spatial incompatibility tasks in this age range,
we observed a significant effect of side incongruency
on RT across all participants, but no association between
the incongruency effect and age for either accuracy or
RT (Davidson et al., 2006). Across all the children, there
was greater activation for incongruent compared with
congruent trials in a network of brain regions implicated
in cognitive control, including inferior parietal cortex,
superior parietal cortex, and right middle frontal gyrus.
The only brain region in which activation varied with age
was the right ACC, observed both in the ROI analysis and
in the whole-brain two-sample t test. Activation for in-
congruent relative to congruent trials decreased in ACC
as age increased. These findings suggest a specific role of
ACC in the neural development of response conflict mon-
itoring and resolution.

In a previous study in this sample, this same ACC ROI
exhibited cortical thinningwith increasing age (Kharitonova
et al., 2013). Decreasing thickness in ACC could reflect
selective pruning of redundant connections, so that de-
creased activation in this same region reflects increased
neural efficiency in ACC processing. However, there are

several alternate explanations for decreasing activation
with age in this region that should be considered. First,
decreasing activation might be described as cognitive
efficiency. It may be that, as response conflict in this
task becomes easier to resolve, ACC is recruited less
strongly in support of task demands (perhaps because
of development of other cognitive abilities). To further
test the neural efficiency hypothesis, we examined the
relationship between neural activation and cortical
thickness in this region. We observed that thickness
and activation were associated specifically within the
right ACC, enhancing our support for the neural effi-
ciency hypothesis.
Another potential explanation for decreases in ACC re-

cruitment between 5 and 10 years is that ACC is recruited
in the service of error monitoring, not conflict detection
or resolution. There is evidence from work with adults
that ACC can be recruited in the service of error monitor-
ing (Liu et al., 2004) and response uncertainty (Aarts,
Roelofs, & van Turennout, 2008) even in the absence
of explicit response conflict. Although we did observe
increased accuracy across all kinds of trials in our study
between younger and older children, we did not observe
this selectively for the incongruency effect, and across all
participants, there was no difference in accuracy for in-
congruent compared with congruent trials, decreasing
(but not eliminating) the likelihood that ACC activation
for incongruent > congruent trials was because of error
monitoring in this case.
The area of ACC that we define a priori in our ROI or

observe to be different between groups in our whole-
brain analysis is commonly activated as a part of the “de-
fault” network. That is, this area is commonly activated
more during rest compared with task. It is possible that

Figure 4. Association between age and activation in the right and left ACC as defined by the FreeSurfer segmentation for each participant.
Beta values represent association between age and the incongruent > congruent contrast controlling for gender and estimated IQ. Yellow dots
represent activation for incongruent stimuli, and pink dots represent activation for congruent stimuli.
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areas of the brain more active during rest compared
with task will influence findings, a phenomenon some-
times referred to as the “Task B” problem (Church,
Petersen, & Schlaggar, 2010). In the current study, we
do not think this could account for our findings because
(a) there were no significant differences between chil-
dren ages 5–7 years and children ages 8–10 years in
ACC activation during fixation (all ps > .51) and (b)
whereas children ages 8–10 years deactivated ACC in
response to both task conditions (see Figure 4, incong
mean=−.13, cong mean=−.04), children ages 5–7 years
activated ACC in response to incongruent stimuli (incong
mean = .04, cong mean = −.05).
We observed age-related change in ACC in both whole-

brain and ROI analyses, consistent with a previous study
of the development of conflict monitoring (Rubia et al.,
2007). However, our results differed in two ways from
this previous study. First, we observed decreases in
ACC recruitment with age, whereas that study observed
increases in ACC recruitment. There are two possible
explanations for this divergence in findings: Rubia and
colleagues investigated participants ages 10–42 years,
whereas our participants were 5–10 years. It may be that
there are nonlinear changes in ACC recruitment in the
context of conflict monitoring with age. However, it is
more likely that this discrepancy is accounted for by
our divergent approaches to equating difficulty across
participants: We equated task difficulty by ensuring that
all children achieved a high level of accuracy (∼90%) and
that there was no association between age and the incon-
gruency effect. In contrast, Rubia and colleagues ensured
that children and adults achieved similarly low levels of
accuracy by manipulating task demands around their
contrast of interest so that all participants performed at
about 50% accuracy. This difference may account for
the difference in direction of the association between
age and ACC activation in these two studies. Second,
the location of the peak of activation in our study was
more ventral than peak activation observed by Rubia
and others during response conflict tasks (Rubia et al.,
2007; Liu et al., 2004; MacDonald et al., 2000). The peak
difference activation observed in the whole-brain analysis
between younger and older children is located at the
genu of the ACC (see Figure 3). Our a priori defined
ACC ROI encompasses this area and more dorsal areas
that are commonly activated in adults in the context of
response conflict. The locus of the peak of this activation
is in an area of the medial pFC sometimes associated with
self-reflection and with representing the mental states of
others (Jenkins & Mitchell, 2011). However, even within
the context of representing the mental states of others,
the medial pFC appears to be more active in the context
of more ambiguous or conflicting information about
othersʼ mental states ( Jenkins & Mitchell, 2010). It
may be that increased recruitment of this more ventral-
medial pFC region by younger children in the context of
a response conflict task is evidence for a less specia-

lized medial pFC, highlighting the underdeveloped na-
ture of pFC in this age range. This lack of specialization
is not incompatible with the previously described “neural
inefficiency” hypothesis. However, it is also possible that
children are selectively representing the mental state of
the experimenter or engaging in self-reflection more dur-
ing incongruent relative to congruent blocks. Because we
did not (intentionally) experimentally manipulate self-
reflection or mentalizing, we cannot speak to this possi-
bility in the current study.

Limitations

Here we report associations between age and neural
recruitment, which we tentatively interpret in light of
developmental change in neural processing. Although
we observed no association between age and gender or
IQ, without a longitudinal sample we are unable to rule
out the possibility that our older participants differed
from our younger participants on unmeasured variables.
Finally, younger children move more than older children;
however, we were able to partially account for this con-
found by eliminating participants with the greatest num-
ber of movement-related outliers in the fMRI data. After
doing this, we observed no association between age and
outliers, and all associations between age and neural
activity were strengthened. We feel that these analyses
indicate that our findings were robust to movement dif-
ferences across age.

Conclusions

This is the first investigation of neural recruitment sup-
porting cognitive control in children as young as 5 years
using fMRI. Consistent with previous ERP studies (Torpey,
Hajcak, Kim, Kujawa, & Klein, 2012; Maguire, White, &
Brier, 2011; Cragg, Fox, Nation, Reid, & Anderson, 2009;
Davidson et al., 2006) and studies of older children
using fMRI (Durston et al., 2006; Booth et al., 2003;
Tamm, Menon, & Reiss, 2002), we observe decreased
recruitment of ACC and general improvement in task per-
formance across age. We argue that the neural recruit-
ment in older children during this cognitive control task
is more efficient than that of younger children and that
this efficiency may be related to cortical thinning.

Interestingly, this pattern of associations between age
and neural recruitment is substantially different than that
observed for other forms of executive function, specifi-
cally, working memory (e.g., Thomason et al., 2009)
where increased recruitment of task-relevant regions in
pFC and improved performance is observed across age.
It may be that the cognitive function underlying task
performance on cognitive control tasks develops very
early, and therefore, decreased neural recruitment may
represent honing of an existing skill accompanied by
increased differentiation among neural pathways in the
medial pFC.
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