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Abstract: Inhibitory and performance-monitoring functions have been shown to develop throughout ado-
lescence. The developmental functional magnetic resonance imaging (fMRI) literature on inhibitory control,
however, has been relatively inconsistent with respect to functional development of prefrontal cortex in the
progression from childhood to adulthood. Age-related performance differences between adults and chil-
dren have been shown to be a confound and may explain inconsistencies in findings. The development of
error-related processes has not been studied so far using fMRI. The aim of this study was to investigate the
neural substrates of the development of inhibitory control and error-related functions by use of an individu-
ally adjusted task design that forced subjects to fail on 50% of trials, and therefore controlled for differences
in task difficulty and performance between different age groups. Event-related fMRI was used to compare
brain activation between 21 adults and 26 children/adolescents during successful motor inhibition and
inhibition failure. Adults compared with children/adolescents showed increased brain activation in right
inferior prefrontal cortex during successful inhibition and in anterior cingulate during inhibition failure. A
whole-brain age-regression analysis between 10 and 42 years showed progressive age-related changes in
activation in these two brain regions, with additional changes in thalamus, striatum, and cerebellum. Age-
correlated brain regions correlated with each other and with inhibitory performance, suggesting they form
developing fronto-striato-thalamic and fronto-cerebellar neural pathways for inhibitory control. This study
shows developmental specialization of the integrated function of right inferior prefrontal cortex, basal
ganglia, thalamus, and cerebellum for inhibitory control and of anterior cingulate gyrus for error-related
processes. Hum Brain Mapp 28:1163-1177, 2007.  ©2007 Wiley-Liss, Inc.
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INTRODUCTION

Basic cognitive functions are established in childhood;
however, more complex self-regulatory functions such as
inhibitory control, interference inhibition, performance
monitoring, including conflict and error detection, and
cognitive flexibility have been shown to develop through-
out adolescence [Levin et al.,, 1991]. Rudimentary forms of
inhibitory control and error monitoring can be observed as
early as about the age of 4 [Jones et al., 2003], but the de-
velopment of these self-regulatory and performance-moni-
toring functions appears not to be fully mature until mid

ST @WILEY .
4 InterScience®

DISCOVER SOMETHING GREAT




¢ Rubia et al. ¢

to late adolescence. The development of selective motor
response inhibition in the go/no-go task has thus shown
to peak at about 12 years [Levin et al., 1991], whereas
withholding of an already triggered motor response in the
more difficult stop task has been shown to peak between
13 and 17 years [Williams et al., 1999]. Performance- and
error-monitoring functions appear to develop well into
puberty [Davies et al., 2004a,b]. The late development of
inhibitory control processes have been related to the rela-
tively late anatomical maturation of the frontal lobes [Bjor-
klund and Harnishfeger, 1990; Dempster, 1992], which has
been confirmed by functional imaging findings of prefron-
tal mediation of inhibitory control [Durston et al., 2002a;
Garavan et al., 1999; Menon et al., 2001; Rubia et al., 2000,
2001, 2003].

Important brain maturational changes continue well into
late adolescence and early adulthood such as synaptic
pruning and reorganization, programmed cell death, and
dendritic and axonal arborization [Changeux and Danchin,
1976; Huttenlocher and Dabholkar, 1997]. These matura-
tional changes have been related to progressive morpho-
logical changes in white to grey matter ratio in most brain
areas from early childhood to late adolescence, presumably
reflecting myelination [Giedd et al.,, 1999; Gogtay et al.,
2004; Paus et al., 1999; Sowell et al., 2004]. The myelination
processes appear to develop in a posterior-to-anterior-shift,
with frontal brain regions myelinating last. Myelination
processes in some frontal brain regions peak as late as in
midadulthood [Gogtay et al., 2004; Sowell et al., 2004]. The
late development of frontal lobe structures that mediate in-
hibition has made inhibitory control an important target of
developmental functional imaging studies.

Functional imaging has the advantage of elucidating the
dynamic nature of cognitive development [Rubia, 2002].
The existing functional imaging literature on the develop-
ment of inhibitory control functions, however, has been
relatively inconsistent with respect to the maturation of
prefrontal function. Some developmental fMRI studies
have reported increased frontal activation in adults com-
pared with children during tasks of inhibitory control
functions [Bunge et al., 2002; Luna et al., 2001; Rubia et al.,
2000, 2007; Tamm et al., 2002], supporting a maturational
hypothesis of brain function where brain regions that
mature latest are also brain regions that increase in func-
tion with age. Some of the same studies also reported the
recruitment of different prefrontal brain regions in chil-
dren compared with adults, which has been interpreted as
a reflection of alternative strategies for task management
[Luna et al.,, 2001; Rubia et al., 2000; Tamm et al., 2002].
Other developmental imaging studies on inhibitory con-
trol, however, have found increased activation in frontal
and parietal lobes in children and adolescents compared
with adults, which has been interpreted as a reflection of a
more diffuse and less specialized prefrontal function in
children, related to the need for greater effort in children
to manage task performance [Booth et al., 2003; Casey
et al., 1997; Durston et al., 2002b].

The majority of developmental fMRI studies on inhibi-
tory control were based on relatively small sample sizes
and have used block design fMRI (with the exception of
the studies by Bunge et al. [2002] and Durston et al.,
[2002b, 2006]), which may partly explain the inconsisten-
cies in findings. Performance differences in block and
event-related fMRI studies have been shown to be an im-
portant confound in the comparison of functional imaging
data of different age groups and to contaminate real find-
ings of age-related brain activation differences in geriatric
[Grossman et al.,, 2002; Murphy and Garavan, 2004] and
developmental populations [Brown et al.,, 2005; Schlaggar
et al., 2002]. Performance mismatch in developmental data
has been shown to lead to a false attribution of such differ-
ences between age groups to effects of maturation per se
[Brown et al, 2005; Schlaggar et al., 2002]. Different
approaches have been used to disentangle performance-
related effects from age-related effects in developmental
imaging data. One approach is to examine correlations
between neural activity, performance, and age or to covary
for performance [Casey et al., 1997, 2002; Thomas et al,,
2004]. Another is to compare subgroups from different age
groups that are matched in performance [Brown et al.,
2005; Bunge et al., 2002; Schlaggar et al., 2002]. A third
approach is to incorporate different difficulty levels in the
task design, with the aim to post-hoc compare between
matched (easy trials) and nonmatched (difficult trials)
performance [Durston et al, 2002b]. These approaches,
however, do not address strategy differences that may
exist between children and adults and the fact that tasks
may be inherently more difficult and effortful for children,
even when task performance is matched by external task
scores.

The aim of this study was to apply an alternative, novel
approach to avoid the problem of differences in difficulty
levels between different age groups by the use of a cogni-
tive paradigm that is individually adjusted to control for
differences in task difficulty and therefore performance lev-
els between different age groups. We thus aimed to clarify
the relationship between the development of inhibitory con-
trol and prefrontal brain function in a study design that
controlled for potential confounds of task difficulty and per-
formance mismatch between children and adults. For this
purpose, we combined event-related fMRI with a cognitive
paradigm that adjusted for individual performance. The
fMRI adaptation of the individually adjusted tracking stop
task [Rubia et al., 2003] requires withdrawal of a motor
response when a go-signal is shortly followed by a stop sig-
nal. The time interval between go and stop signal is altered
according to each subjects’ performance, making sure that
each subject succeeds and fails to 50% of the stop trials
throughout the task. Each subject is therefore working at the
edge of his/her own inhibitory capacity, providing homoge-
nous difficulty levels between subjects and groups [Rubia
et al., 2003].

Another advantage of the tracking stop task is that it
also measures neural networks related to error-related
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functions such as error detection and performance moni-
toring during the 50% trials of stop failure. Developmental
imaging studies using electroencephalography (EEG) have
shown that the error related negative potential (ERN), pre-
sumably originating in anterior cingulate gyrus, matures
relatively late during adolescence [Davies et al.,, 2004a;
Ladouceur et al., 2004] reaching into mid adulthood
[Davies et al., 2004b]. No fMRI studies, however, exist so
far on the development of error-related functions.

In healthy adults, the visual tracking stop task has been
shown to elicit brain activation in right inferior prefrontal
cortex during successful stop trials and in right mesial pre-
frontal cortex, anterior cingulate gyrus, and parietal lobes
during stop failures [Rubia et al., 2003]. Based on the evi-
dence for development of inhibitory and error detection
functions in midadolescence, for anatomical maturation of
the prefrontal cortex until midadulthood and for postado-
lescent functional maturation of inferior and mesial pre-
frontal brain regions during self-control functions [Bunge
et al.,, 2002; Rubia et al., 2000, Tamm et al., 2002], we
hypothesized that when performance was matched
between groups, children, and adolescents compared with
adults would show reduced brain activation in right
inferior prefrontal cortex during stop trials and in mesial
prefrontal cortex and anterior cingulate gyrus during stop
failures. We furthermore hypothesized that there would be
progressive linear changes in these two brain regions
across all subjects in the age range of 10-42 years.

METHOD
Subjects

Forty seven male right-handed children and adults par-
ticipated, 21 adults and 26 children and adolescents. The
adults were in the age range of 2042 years (mean age =
28(5)) and the children and adolescents in the age range of
10-17 years (mean age = 15(2)). Exclusion criteria were
history of substance abuse, head injury, mental retardation,
or mental, clinical or neurological disorder.

fMRI Activation Task Design

Rapid, mixed trial, randomized presentation, and event-
related fMRI design was used. Interstimulus-intervals (ISI)
were randomly jittered between 1.6 and 2 s, and the
appearance of target events was randomized to optimize
statistical efficiency (Burrock et al., 1998; Dale, 1999; Dale
and Buckner, 1997].

Subjects were practiced once on the stop task prior to
scanning to ensure correct understanding of the task
instructions. The stop task was presented on a mirror
within the MRI scanner during the scan and response data
were recorded on a PC.

Tracking Stop Task

The tracking stop task requires withholding of a motor
response to a go stimulus when it is followed unexpect-
edly and unpredictably by a stop signal [Logan et al,
1997]. In our visual fMRI adaptation of this task [Rubia
et al., 2003], arrows (of 500 ms duration) pointing either to
the left or right side appeared on the middle of the screen
with a mean ISI of 1.8 s. Subjects were instructed to
respond to the arrow direction by making a button
response with their left or right thumb. On the unpredict-
able, infrequent stop trials (20% of trials), the arrows point-
ing left or right were followed (about 250 ms later) by
arrows pointing upwards, and subjects had to inhibit their
motor responses. The time interval of 250 ms between go-
signal and stop signal onsets changes according to each
subject’s performance and is calculated based on the sub-
ject’s overall probability of inhibition on all previous trials,
which is recalculated after each stop trial. If the overall
probability of inhibition on previous trials was over 50%,
then the stop signal delay would increase in steps of 50
ms, thus making it harder to inhibit. If the overall proba-
bility of inhibition of all previous trials reaches below 50%
after any given stop trial, the stop signal delay would
decrease in steps of 50 ms, making it easier to inhibit. The
tracking algorithm makes sure the task is equally challeng-
ing and difficult for each individual, providing 50% suc-
cessful and 50% unsuccessful inhibition trials. Forty stop
trials were pseudorandomly interspersed with 156 go trials
(78 left and 78 right pointing arrows) and at least three
repetition times apart for adequate separation of the hemo-
dynamic response. Since the algorithm of the task design
makes sure that subjects fail to half of all stop events, suc-
cessful and unsuccessful stop events control each other
perfectly for low frequency (i.e. 20 each).

In the event-related fMRI analysis, brain activation to
the 50% successful stop trials is contrasted with that of the
50% unsuccessful stop trials (i.e. successful stop trials—
unsuccessful stop trials). Brain activation to unsuccessful
stop trials are thus subtracted from brain activation to the
successful stop trials to control for attentional effects of the
low frequency appearance of stop trials. Activation to go-
response trials is subtracted from activation to unsuccess-
ful stop trials to control for brain activation related to
motor response execution (i.e. unsuccessful stop—go trials)
[for details of the task see Rubia et al., 2003, 2005b].

Analysis of Performance Data

Univariate ANOVAs with IQ as covariate was used to
compare groups in their task performance using the fol-
lowing variables: mean reaction time (MRT) to go trials;
stop signal reaction time (SSRT), calculated by subtracting
the mean stop signal delay (SSD: the average time between
go and stop signal at which the subject managed to inhibit
to 50% of trials) from the mean reaction time (MRT) to go
trials, i.e. MRT — SSD [Logan et al., 1997]; and probability
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of inhibition (PI) to stop trials. The SSRT is an indicator of
the speed of the inhibitory process. P-values were adjusted
for multiple testing using the false discovery rate [FDR;
Benjamini and Hochberg, 1995]. Pearson correlations were
performed to examine linear correlations between age and
performance measures across all subjects; significance lev-
els were adjusted using the FDR.

fMRI Image Acquisition

Gradient-echo echoplanar MR imaging (EPI) data were
acquired on a GE Signa 1.5T Horizon LX System (General;
Electric, Milwaukee, WI) at the Maudsley Hospital, Lon-
don. Consistent image quality was ensured by a semiauto-
mated quality control procedure. A quadrature birdcage
head coil was used for RF transmission and reception. In
each of 16 noncontiguous planes parallel to the anterior—
posterior commissural, 196 Ty*-weighted MR images
depicting BOLD (Blood Oxygen Level Dependent) contrast
covering the whole brain were acquired with TE = 40 ms,
TR = 1.8 s, flip angle = 90°, in-plane resolution = 3.1 mm,
slice thickness = 7 mm, and slice-skip = 0.7 mm. This EPI
dataset provided almost complete brain coverage.

fMRI Individual Analysis

The data were first realigned [Bullmore et al., 1999] to
minimize motion related artifacts and smoothed using a
Gaussian filter (FWHM 7.2 mm). Time series analysis was
then carried out by first convolving each experimental con-
dition (i.e. stop—go trials; unsuccessful stop—go trials) with -y
variate functions, modeling delays of 4 and 8 s, respectively
(to allow variability within this range). Go trials were used
as implicit baseline trials and subtracted from the two main
experimental conditions (successful and nonsuccessful stop
trials). The third contrast of interest (successful stop—unsuc-
cessful stop) is a direct subtraction of the two primary con-
trasts. The weighted sum of these two convolutions that
gave the best fit (least-squares) to the time series at each
voxel was then computed and a goodness of fit statistic was
computed at each voxel, consisting of the ratio of the sum of
squares of deviations from the mean intensity value due to
the model (fitted time series) divided by the sum of squares
due to the residuals (original time series minus model time
series). This statistic is called the SSQ-ratio.

Significance of the SSQ ratio volumes obtained was
tested using the wavelet-based time series permutation
method described in detail by Bullmore et al. [2001].

fMRI Group Mapping

Statistical maps for each contrast of interest were trans-
formed into standard space, as previously described by
Brammer et al. [1997] and tested for significance using per-
mutation methods at voxel and cluster levels [Brammer
et al, 1997; Bullmore et al., 2001]. Zero false positive

activated clusters were expected at a P-value of <0.05 at
voxel and of <0.0025 at cluster-levels.

A two-tailed t-test was performed to test for between-
group differences in 3D motion for the x, y, z rotation and
X, y, z translation during task performance.

ANCOVA for Group Comparisons in Brain
Activation

Analysis of variance with IQ as covariate was carried out
on the SSQ ratio maps in standard space by first computing
the difference in median SSR ratio between groups at each
voxel. Subsequent inference of the probability of this differ-
ence under the null hypothesis was made by reference to the
null distribution obtained by repeated random permutation
(1,000 times) of group membership and recomputation of the
difference in median SSR ratios between the two groups
obtained from the resampling process. Cluster-level maps
were then obtained as described above [Bullmore et al.,
1999]. For this particular group comparison, less than one
false activated cluster was expected at a P-value of P < 0.05
for voxel-comparison and P < 0.025 for cluster comparison.

Phase Analysis

For any given experimental contrast, information can be
obtained not only about the size but also the direction of
the activation from the general linear model fit to the time
series of activation. The sign of BOLD response with
respect to baseline can be either positive (in “phase” with
the activation condition) or negative (in “phase” with the
baseline condition). This estimation can then be taken into
account to determine whether a group difference reflects a
difference between positive or negative BOLD responses.
This analysis was performed at a group level, and was
based on the positive or negative average SSQ ratios for
each group in any of the between-group activation clus-
ters. For all between-group activation differences for all
contrasts, only BOLD responses were considered in both
groups that were positive-based on the average SSQ ratio
of each group relative to the activation condition of inter-
est. This also applies to the correlation analyses.

Whole-Brain Correlation Analysis Between Age
and Brain Activation

A regression analysis was conducted between brain activa-
tion and age with IQ as covariate across all subjects, inde-
pendent of their group status. For this purpose, the Pearson
product-moment correlation coefficient was first computed at
each intracerebral voxel in standard [Talairach and Tour-
noux, 1988] space between the age data and the BOLD
response (% change in signal) over all subjects. Random per-
mutation testing (of the age data, 50 times) was used to assess
the probability of any particular correlation coefficient under
the null hypothesis. Statistical analysis was extended to clus-
ter level as described by Bullmore et al. [1999]. A P-value of

* 1166 *



+ Development of Inhibition and Error Detection in fMRI ¢

TABLE I. Group brain activation foci for adults and children/adolescents on

the stop task and brain activation differences

Brain regions of activation (BA) Tal. coord N voxels
Successful stop—unsuccessful stop trials
Adults R inferior frontal gyrus (BA 45/47) 41, 26, 11 113
L inferior frontal gyrus (BA 45) —44,29, 6 31
R medial frontal gyrus (BA 9) 9, 40, 22 21
L medial temporal gyrus (BA 37) —45, =59, -7 27
R cerebellum/occipital gyrus (BA 19) 33, —-73, —11 75
L cerebellum —22, —40, —-19 29
L posterior cingulate (BA 30) —-10, =53, 9 43
Children/adolescents R inferior frontal gyrus (BA 47/45) 46,15, —4 48
R medial frontal gyrus (BA 10/46) 29,54, 8 48
L medial frontal gyrus (BA 9) —22,13, 40 29
L medial prefrontal gyrus (BA 9) —40, 1, 41 24
R premotor cortex (BA 6) 37, =9, 40 22
L insula/superior temporal gyrus (BA 22) —44, 4,4 81
R superior temporal gyrus (BA 21/38) 37,5, —28 15
R precuneus (BA 7) 4, —-56, 46 21
R cerebellum 18, —79, —22 28
Adults > children/adolescents R inferior prefrontal gyrus (BA 45) 43, 33,9 50
Unsuccessful stop—go trials
Adults Mesial frontal/anterior cingulate (BA 10/32/24) 1,52,17 217
L inferior frontal gyrus (BA 45) —49,29, 5 17
R superior/middle temporal gyrus (BA 22/38) 48, -9, 3 173
L superior temporal gyrus (BA 22) —49, -29, 29 111
L inferior parietal lobe (BA 39) —57, =28, 20 10
R posterior cingulate gyrus (BA 31) 2, —48,27 24
R middle cingulate gyrus (BA 23) 2, —18,29 24
Children/adolescents Mesial frontal/anterior cingulate (BA 9/32) -5, 44, 31 293
L middle temporal gyrus (BA 21) —54, —26, -3 125
L middle temporal gyrus (BA 39) —40, —60, 21 49
R middle temporal gyrus (BA 21) 47, -18, -1 122
R inf. parietal gyrus (BA 39) 42, —59, 24 30
Posterior cingulate/precuneus (BA 23/30/31) 2, —54, 20 134
Adults > children/adolescents Anterior cingulate gyrus (BA 24/32) 0, 30, 26 31

Group Brain Activation maps were conducted at P < 0.05 at voxel and P < 0.0025 at cluster-levels. ANOVAs were conducted at P <
0.05 at voxel and P < 0.01 at cluster level for the comparison between adults and children/adolescents.
Tal. coord., Talairach coordinates, shown for the peak of the 3D activation cluster; BA, Brodman area; N voxels, number of voxels.

Only clusters larger than 10 voxels are reported.

P < 0.05 at voxel and P < 0.025 at cluster-levels was chosen,
resulting in less than one error cluster.

To investigate whether age-correlated brain activation
clusters during successful inhibition were correlated with
inhibitory performance, the SSQ ratios were extracted for
each subject for every voxel in each of the age-correlated
activation clusters, and the mean values of these SSQ
ratios for all voxels in the chosen clusters calculated for
each subject. Pearson correlations were then performed
between SSRT/PI and the mean SSQ ratios for each subject
for all age-correlated clusters.

RESULTS

Task Performance

There were group differences on the intelligence scores
on the Raven’s Standard Progressive Matrices Intelligence

Questionnaire (IQ) [Raven, 1960] (adults: mean converted
nonverbal 1Q: 114 (11); children/adolescents mean IQ: 106
(13), t = 2.7, df = 45, P < 0.034). Consequently, all analy-
ses were performed with IQ as covariate.

Univariate ANCOVAs showed no group differences in
performance. Probability of inhibition to stop trials was
close to 50% in all subjects, suggesting that the tracking
stop mechanism was successful (PI (standard deviation
(SD)) adults: 54% (7%); children/adolescents: 50% (4%),
F =18, df =2, P = 0.07). No significant group differences
were observed in SSRT (SD): adults 225 (277); children: 273
(254), F = 0.3, df = 2, n.s. No significant differences were
observed for MRT to go trials (SD): adults: 863 (167); Chil-
dren 763 (188), F = 0.2, df = 2, P < 0.08).

Across all subjects, no significant linear correlations
were observed between age and performance measures
(PL: r = 0.3, P = n.s.; SSRT:r = —0.1, P = n.s.; MRT go: r =
—0.1, P = n.s.).
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Figure 1.

Clusters of brain regions of within-group activation are shown in
horizontal slices in adults and in children/adolescents for (a): the
contrast of successful stop trials—unsuccessful stop trials and (b):
the contrast of unsuccessful stop trials—go trials. Group activa-
tion maps are thresholded at P < 0.05 at voxel and at P <

Wi ithin-Group Brain Activation

During successful stop trials (contrasted with unsuccess-
ful stop trials), adults and children/adolescents showed
predominantly right but also left inferior prefrontal and
bilateral medial prefrontal activation (see Table I, Fig. 1a).
In adults, activation in right (r = —0.4, P < 0.05) and left
inferior prefrontal cortex (r = —0.4, P < 0.59) correlated
negatively with SSRT (suggesting that subjects with faster
inhibitory speed showed greater activation in this area). In
adolescents, no activation correlated with SSRT; probability

0.0025 at cluster levels. For the horizontal sections, the z-coor-
dinate is indicated in distance (mm) from the anterior-posterior-
commissure. The left side of the brain corresponds to the left
side of the image. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

of inhibition was correlated with activation in superior
temporal gyrus (r = 0.6, P < 0.007).

During unsuccessful stop trials (contrasted with go-tri-
als), adults and children/adolescents showed similar acti-
vation foci in mainly mesial prefrontal cortex, anterior,
and posterior cingulate gyrus (see Table I, Fig. 1b).

Group Differences in Motion

All subjects were within acceptable limits of head
motion. No significant group differences were observed in
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the extent of 3D motion for the x, y, z rotation and x, y, z
translation during task performance.

Between-Group Differences in Activation

ANCOVA (with IQ as covariate) for between-group dif-
ferences in brain activation for the successful stop trials
contrasted with unsuccessful stop trials showed that adults
compared with children/adolescents showed a significant
increase of activation in right inferior prefrontal cortex,
reaching from orbitofrontal to inferior prefrontal gyrus,
bordering premotor cortex (see Table I, Fig. 2a). No brain
regions were significantly more activated in children/ado-
lescents compared to adults.

ANCOVA for between-group differences in brain activa-
tion for the contrast of unsuccessful stop trials with go tri-
als showed that there was increased brain activation in
adults compared with children/adolescents in pregenual,
rostral anterior cingulate gyrus (see Table I, Fig. 2b). No
brain regions were significantly more activated in chil-
dren/adolescents compared with adults.

Whole-Brain Correlation Analysis Between
Age and Brain Activation

For the successful stop trials compared with unsuccess-
ful stop trials, the whole-brain linear regression analysis
with age of all subjects and brain regions showed a
positive linear correlation between age and activation in
bilateral inferior prefrontal cortex in a large cluster in pre-
dominantly right thalamus, insula, caudate, and in the cer-
ebellum. SSRT correlated negatively with activation in
bilateral thalamus and caudate and the vermis of the cere-
bellum. Probability of inhibition correlated positively with
bilateral inferior prefrontal gyri, caudate, thalamus, and
cerebellum (see Table II, Fig. 3a).

Negative correlations with age were observed in bilateral
insula and in predominantly left thalamus, putamen, and
posterior cingulate gyrus. SSRT did not correlate with any of
the activation clusters, but probability of inhibition corre-
lated negatively with activation in posterior cingulate gyrus,
left parietal lobe, and left thalamus (see Table II, Fig. 3a).

For the unsuccessful stop trials compared with go trials,
positive correlations with age were observed mostly in
frontal pole and anterior and posterior cingulate. Negative
correlations with age were observed in predominantly left
thalamus, basal ganglia, and posterior cingulate and parie-
tal cortices (see Table II, Fig. 3b).

Correlation Between Areas of Linear
Progressive Changes During Stop Trials

If brain areas of positive linear changes in right and left
inferior prefrontal cortices, thalamus, caudate, and cerebel-
lum constitute fronto-strio-thalamic and fronto-cerebellar
pathways, they should be intercorrelated. To test for this

a) Successful — unsuccessful stop trials

+10 + 14 + 20 +25

b) Unsuccessful stop trials — go trials

Figure 2.

Brain regions of increased activation in adults compared to chil-
dren/adolescents (P < 0.01) during (a): successful stop trials
contrasted with unsuccessful stop trials. Shown is increased acti-
vation in right inferior prefrontal cortex (BA 47/45/44) in adults
compared with children/adolescents in 3D and in the horizontal
sections. (b) Unsuccessful stop trials contrasted with go-trials.
Shown is increased activation in adults compared with children/
adolescents in rostral anterior cingulate gyrus (BA 24) in 3D and
in the horizontal sections. For the horizontal sections, the z-
coordinate is indicated in distance (mm) from the anterior-pos-
terior-commissure. The left side of the brain corresponds to the
left side of the image. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

hypothesis, the mean values of the SSQ ratios for all voxels
in the age-correlated clusters were calculated for each sub-
ject, and Pearson correlations (corrected for multiple test-
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TABLE Il. Whole-brain regression analysis showing brain areas of positive and negative linear correlations with age
for the successful and unsuccessful stop conditions

Tal. coord. Correlation Correlation
Brain area (BA) (x,y, 2) N voxels with SSRT, r (P) with PI, r (P)
Successful stop—unsuccessful stop trials
Positive correlations with age
R inferior prefrontal (BA 45) 43,26, 1 24 —0.3 (0.08) 0.4 (0.008)
L inferior prefrontal (BA 46) —40,41,9 96 0.4 (0.002)
L medial frontal (BA 9) —4,37,31 12
L superior temporal (BA 22) —58,0, 4 22 0.4 (0.003)
R thalamus/caudate/insula/temporal / parietal / 43, 26, 31 332 0.3 (0.05)
posterior cingulate (BA 22/40)
R thalamus/caudate 22, =22,15 —0.4 (0.009)
L and R precuneus/posterior cingulate (BA 30/19) —7, —44, -2
R inferior parietal/superior temporal (BA 40/22) 43, —26, 31
L thalamus —11, -30, 4 13 —0.4 (0.01) 0.4 (0.003)
L caudate —-15,19, -2 10 0.4 (0.005) 0.4 (0.003)
R cerebellum/lingual gyrus (BA 19/30) 30, -70, -7 102 0.3 (0.04)
M vermis of cerebellum 0, —66, —24 39 —0.3 (0.05) 0.3 (0.04)
L cerebellum -25, —63, —13 5
L precuneus (BA7) —11, —67, 31 36
Negative correlations with age
R insula/premotor (BA 6) 40, -4, 4 34 n.s.
R superior temporal (BA 22) 60, —4, -1 10 n.s.
L thalamus/medial temporal/ —28, —26,9 73 ns. 0.3 (0.04)
posterior cingulate (BA 22/39/30)
L putamen/thalamus/insula -28,0,9 50 n.s.
R precuneus/posterior cingulate (BA 31) 7, =70, 26 31 ns. —0.4 (0.008)
R inferior parietal (BA 40) 40, —52, 26 16 n.s.
L inferior parietal (BA 40) —36, —33, 37 11 ns. 0.4 (0.002)
Unsuccessful stop—go trials
Positive correlations with age
Frontal pole (BA 10) 0, 56, 15 30
Anterior cingulate (BA 32) 0, 29, 26 22
R premotor (BA 6) 46, —3, 20 10
R posterior cingulate (BA 31) 3, —41, 31 14
R occipital (BA 19) 3, —66, —2 10
R occipital (BA 19) 39, —74, -7 40
Negative correlations with age
L thalamus/caudate/medial temporal/
posterior cingulate (BA 29/30) —26, —22, =7 492
L caudate —25, =22, -7
L putamen -22,-11,9
L thalamus —-22,-37,4
L posterior cingulate (BA 30) —25, =56, 9
R putamen 21, —-11,3 18
R caudate 21, —15, 26 28
R inferior parietal (BA 40) 43, —29, 20 27
R posterior cingulate (BA 29/31) 22, =56, 9 18

Whole brain regression analyses with age as regression variable and IQ as covariate were conducted at P < 0.05 at voxel and P < 0.025

at cluster-levels.

Tal. coord., Talairach coordinates, shown for the peak of the 3D activation cluster; BA, Brodman area; N voxels, number of voxels.

2D clusters are shown in italic for the larger 3D clusters.
Only cluster larger than 10 voxels are reported.

Pearson correlation coefficient r is reported for correlation between brain activation and inhibitory performance measures (SSRT, stop

signal reaction time; PI, probability of inhibition).

ing using the FDR) were then performed between these
mean SSQ ratios for each subject for each cluster of
interest. Figure 4 shows the inter-regional intercorrelation
findings between bilateral age-correlated activation areas
of inferior prefrontal cortex, caudate, thalamus, and cere-

bellum. Both right and left inferior prefrontal cortices cor-
related with bilateral caudate, thalamus, and lateral cere-
bellum. Right and left caudate and thalamus correlated
with each other and with the vermis of the cerebellum (see
Fig. 4).
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a) Successful Stop — unsuccessful Stop trials

Positive correlations with age
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b) Unsuccessful Stop trials — go trials

Positive correlations with age

Figure 3.

Linear positive and negative correla-
tions with age are shown on horizon-
tal slices for (a) Successful stop
trials—unsuccessful stop trials and (b)
unsuccessful stop trials—go trials. The
z-coordinate is indicated in distance
(mm) from the anterior posterior
commissure. Correlation maps are
thresholded at P < 0.05 at voxel and
at P < 0.025 at cluster levels. The left
side of the brain corresponds to the
left side of the image. [Color figure
can be viewed in the online issue,
which is available at www.interscience.
wiley.com.]

; \/’

Group Activation Differences in a Subgroup of
Performance-Matched Subjects

To rule out that subtle differences in performance strat-
egies could have influenced the between-group difference
findings, the data were reanalyzed in more closely per-
formance-matched subgroups (excluding the three worst
performers from the adolescent group). The group activa-
tion differences remained essentially unchanged.

Group Activation Differences in a
Subgroup of 1Q-Matched Subjects

Although inhibitory dependent measures of the stop
task have been shown to be unrelated to IQ [Rubia et al.,

2\ 4
AN AN NN,

Negative correlations with age

1998a,b, 2007], the group comparison was reanalyzed in
IQ-matched subgroups, excluding seven participants with
values at the extreme end of the distribution (IQ scores:
Adults (SD): 113 (11), Adolescents: 109 (11), df = 38, P =
n.s.). The group activation differences remained at a
P-value of P < 0.05 for voxel and P < 0.05 for cluster
comparisons.

DISCUSSION

An individually adjusted tracking stop paradigm was
used to compare brain activation between adults and chil-
dren/adolescents during equal numbers of successful and
failed stop trials and to investigate linear age effects.
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Figure 4.

Inter-regional correlations (Pearson’s correlations r) between
statistical BOLD response in age-correlated brain activation clus-
ters that also correlated with inhibitory performance. Bold lines
represent correlations at P < 0.01, thin lines at P < 0.05, dashed
lines significance at uncorrected P-value. P-values are corrected
for multiple testing using the FDR.

Despite comparable task performance, adults showed
increased brain activation compared with children/adoles-
cents in right inferior prefrontal cortex during successful
inhibition and in rostral anterior cingulate gyrus during
stop failures. The main findings remained when IQ-
matched and more tightly performance-controlled sub-
groups were being compared, suggesting that neither IQ
nor nonsignificant strategy differences accounted for the
activation differences. Whole-brain regression analysis
with age between the age span of 10 and 42 years across
all subjects showed linear progressive changes during stop
trials in bilateral inferior prefrontal cortex and in bilateral,
but predominantly right thalamus, caudate, and cerebel-
lum. These areas of positive linear changes correlated with
each other and with measures of inhibitory task perform-
ance, suggesting that they form fronto-striato-thalamic
[Alexander et al., 1986] and fronto-thalamo-cerebellar path-
ways [Middleton and Strick, 2000] mediating inhibitory
control. Linear progressive changes during inhibition
failures were observed in predominantly anterior and pos-
terior cingulate gyri and medial frontal lobe. Linear re-
gressive changes during both conditions were observed in
predominantly left hemispheric temporo-parietal and sub-
cortical brain regions. The findings show age-related devel-
opment of the integrated function of inferior prefrontal
cortex, basal ganglia, thalamus, and cerebellum during in-
hibitory control and of a midline attentional network com-
prising anterior and posterior cingulate gyrus during
error-related processes in a task design that controls for
differences in difficulty levels.

The increased activation in adults in right inferior pre-
frontal cortex and the linear age correlation in this area
during stop trials was hypothesized. Right inferior pre-
frontal cortex has consistently been implicated in motor
response inhibition in functional imaging studies during
the stop [Aron and Poldrack, 2006; Rubia et al., 2000, 2001,
2003] and go/no-go tasks [Kawashima et al., 1996; Konishi
et al., 1998; Menon et al., 2001], which has been confirmed
by lesion [Aron et al, 2003] and transcranial magnetic
stimulation studies [Chambers et al., 2006]. The direct
comparison between adults and adolescents elicited right
inferior prefrontal activation increase in adults, whereas
the whole-brain regression analysis showed progressive
linear changes in bilateral inferior prefrontal cortex. The
findings are in line with previous evidence for age-related
changes in right and left inferior prefrontal cortex during
motor inhibition. Activation increase has been observed in
bilateral [Bunge et al., 2002] and in right inferior prefrontal
cortex [Durston et al., 2002b] in adults compared with chil-
dren during event-related go/no-go tasks. The findings of
linear age-related changes in left inferior prefrontal cortex
extend previous findings of linear age-related changes in
this brain region during block design go/no-go [Tamm
et al.,, 2002] and stop tasks [Rubia et al., 2000] between the
age ranges of 8 and 20 and 12 and 40, respectively,
whereas the findings of linear progressive changes in right
inferior prefrontal activation in the age range of 10-42
years extends similar findings between the ages of 9 and
11 years in a combined longitudinal and cross-sectional
study [Durston et al., 2006].

The findings of progressive frontal changes with devel-
opment in a task design that controls for differences in dif-
ficulty levels supports the evidence for frontal lobe
increase [Bunge et al.,, 2002; Durston et al., 2006; Rubia
et al., 2000; Tamm et al., 2002], rather than decrease with
age during inhibition [Booth et al., 2003; Casey et al., 1997;
Durston et al., 2002b]. Previous findings of increased acti-
vation in prefrontal brain regions in children compared
with adults during motor response inhibition [Booth et al.,
2003; Casey et al., 1997; Durston et al., 2002b] may reflect
the need for greater effort in children to manage perform-
ance on tasks that are not adjusted for difficulty levels.
This underlines the importance of adjusting for difficulty
levels in developmental studies.

To our knowledge, the findings of progressive changes
in subcortical brain regions including thalamus and cere-
bellum during motor inhibition are novel. Since the linear
developmental activation changes in left and right thala-
mus and cerebellum correlated with each other, with the
developmental changes in bilateral inferior prefrontal
cortices and caudate, and with inhibitory performance
measures, they are likely to form developing fronto-striato-
thalamic and fronto-thalamo-cerebellar neural networks
mediating inhibitory capacity. The findings extend previ-
ous evidence for post-adolescent functional maturation of
the frontal lobes during inhibitory control by showing
postadolescent maturation of the subcortical parts of
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fronto-stiato-thalamic and fronto-thalamo-cerebellar path-
ways of motor inhibition.

Inhibitory motor response in go/no-go and stop tasks
has been suggested to be mediated by fronto-striato-tha-
lamic pathways, based on evidence from lesion [Godefroy
et al.,, 1996; Rieger et al., 2003] and imaging studies impli-
cating the basal ganglia [Kelly et al., 2004; Rubia et al,,
1999, 2000, 2006] and the thalamus [Garavan et al.,
2002; Liddle et al., 2001] in motor inhibition tasks. In stud-
ies using the stop task in healthy adults, the basal ganglia
[Vink et al., 2005] and the thalamus [Aron and Poldrack,
2006] have been found to correlate with SSRT and to be
more strongly activated in better performers. Although
there is thus evidence from adult studies for the involve-
ment of frontal, striatal, and thalamic brain regions for in-
hibitory control, the evidence for functional development
of the striatal and thalamic parts of fronto-striato-thalamic
networks for inhibitory control, however, has been incon-
clusive so far. Two previous studies have shown activation
increase in left and right caudate, respectively, in adults
compared with children during a go/no-go task [Durston
et al., 2002b; Rubia et al., in press-a,b]. Other studies, how-
ever, found left caudate to be decreased in adults com-
pared with adolescents during go/no-go [Booth et al,
2003] and stop tasks [Rubia et al., 2000], or not to differ
between children and adults during a go/no-go task
[Bunge et al, 2002]. The use of relatively small subject
numbers in previous developmental imaging studies of in-
hibition may be responsible for these relatively inconsis-
tent findings of caudate maturation, which may only be
observable with larger detective power in fMRI. In this
study, we observed progressive changes in predominantly
right basal ganglia and thalamus with regressive changes
in predominantly left hemispheric homologue areas. Shifts
in laterality of basal ganglia activation from left to right
with increasing age would reconcile apparent inconsisten-
cies in previous findings. Although no previous studies
have reported progressive changes in thalamus, the regres-
sive changes in left thalamus are in line with findings of
Booth et al. [2003] of increased activation in left thalamus
in children. The progressive age-related shift in right-later-
alization of basal ganglia and thalamus is also in line with
evidence for a prominent role of right hemispheric fronto-
striato-thalamic networks for inhibitory control in adults
[Aron and Poldrack, 2006; Aron et al., 2003; Durston et al.,
2002a; Rieger et al., 2003; Rubia et al., 2001, 2003, 2006].
Shifts in laterality have previously been observed in devel-
opmental imaging studies of cognitive control in frontal
brain regions [Bunge et al.,, 2002; Rubia et al., 2000] and
may reflect progressive focalization of lateralized neural
networks for task performance.

Developmental functional changes in fronto-striato-tha-
lamic neural networks parallel structural developmental
changes in striatal and thalamic brain regions alongside
prefrontal lobe changes between childhood and midadult-
hood [Castellanos et al., 2002; Giedd et al., 1999; Sowell
et al, 1999b; Sowell et al., 1999a]. They are also in line

with recent evidence for progressive structural maturation
of fronto-striatal fiber tracts between the age range of 7-31
years, which correlated with inhibitory performance on a
go/no-go task [Liston et al., 2005].

The cerebellum has rarely been measured in older fMRI
studies because of technical limitations of whole brain
coverage. In more recent imaging studies, however, the
cerebellum has been shown to be activated in adults dur-
ing inhibitory control in the go/no-go task [Bunge et al.,
2002; Garavan et al., 2003; Liddle et al., 2001, Mostofski
et al,, 2003; Rubia et al.,, 2006]. In this study, the lateral
cerebellum was activated in both children and adults dur-
ing stop trials. The lateral cerebellum projects via the thal-
amus to motor, but also prefrontal cortical areas [Kim
et al., 1994; Middleton and Strick, 2000] and is likely to
assist in both the preparation and inhibition of movement
[Luna et al., 2001; Mostofski et al., 2003]. Related to our
findings of progressive changes in cerebellum during
motor response inhibition are findings of linear changes in
left cerebellum between the ages of 8 and 30 during reflex
inhibition in the antisaccade task [Luna et al., 2001]. The
findings of age-correlated progressive recruitment of the
lateral cerebellum and vermis concomitantly and in corre-
lation with right inferior prefrontal cortex and thalamus
suggest a developmental functional enhancement, possibly
reflecting fine-tuning of the projections between frontal
cortex, thalamus, basal ganglia, and cerebellum that medi-
ate inhibitory control.

The finding of increased brain activation in adults in an-
terior cingulate gyrus and of progressive age-related
changes in this area and medial frontal cortex during inhi-
bition failure is also in line with the apriori hypothesis. As
far as we are aware, this is the first developmental fMRI
study of error-related brain activation. Subjects received
implicit feedback when they made an error to stop trials
by seeing the stop signal appear after they pressed the
response button. Although enhanced in adults, anterior
cingulate and medial frontal activation was observed in
both age groups, in line with the postulated role of this
brain region in error detection during no-go [Garavan
et al., 2002; Hester et al., 2004; Liddle et al., 2001, Menon
et al.,, 2001] and stop trials [Rubia et al., 2003]. These first
developmental fMRI findings of a positive age-correlation
in anterior cingulate are in line with EEG studies showing
discrete and positive linear changes in the error-related
negative amplitudes—shown to be originating in anterior
cingulate—between early childhood to late adolescence
[Davies et al., 2004a; Ladouceur et al., 2004] and into mida-
dulthood [Davies et al., 2004b].

It has been debated whether anterior cingulate activa-
tion, in particular the rostral part, in tasks of response con-
flict is specifically error-related [Fiehler et al., 2004; Gara-
van et al.,, 2002, 2003; Hester et al., 2004; Ridderinkhof
et al.,, 2004; Ullsperger and von Cramon, 2001, 2004a,b) or
whether it has a more general role of a conflict detector,
independent of whether errors are being committed or not
[Botvinick et al., 1999; Braver et al., 2001; Carter et al.,

* 1173



¢ Rubia et al. ¢

1998, 1999, 2000]. Our findings support the role of rostral
anterior cingulate gyrus for error-related processes since
we did not observe anterior cingulate activation during the
successful inhibition trials, which had the same load in
response competition as the unsuccessful stop trials.

It is also possible that anterior cingulate activation is
related to more general functions that are triggered after
committing an error, such as autonomic arousal [Critchley
et al., 2000; Fellows and Farah, 2005] or generic motor atten-
tion functions [Mesulam et al., 2001; Rubia et al., 1998a,b,
2000; Small et al., 2003]. In fact, developmental effects in
rostral anterior cingulate activation have been observed
during other cognitive functions that are not specifically
error-related, including performance on go/no-go [Bunge
et al., 2002; Rubia et al., in press-a,b], Switch [Rubia et al.,
2006], Stroop [Adleman et al., 2002], and motor timing tasks
[Rubia et al., 2000]. Relatively context-independent func-
tions of executive attention, arousal, and performance-mon-
itoring mediated by anterior cingulate gyrus may thus be
key functions underlying cognitive development that
mature progressively into midadulthood.

Regressive changes were observed during both task con-
ditions in predominantly left hemispheric thalamo-striatal,
temporo-parietal, and posterior cingulate regions. Regres-
sive changes are likely to reflect more immature brain acti-
vation patterns, possibly compensating for the decreased
activation in more focalized right fronto-striato-thalamic
and fronto-thalamo-cerebellar networks for inhibitory con-
trol. This is supported by the negative correlation between
probability of inhibition and negative age-correlated brain
regions during stop trials in left thalamus, posterior cingu-
late, and posterior parietal lobe, suggesting that poorer in-
hibitory capacity is related to increased posterior brain
activation.

The findings of postadolescent linear regressive changes
in posterior brain regions during stop task performance
extend previous imaging studies that found increased acti-
vation in younger subjects compared with older ones in
posterior brain regions, including temporal, parietal, and
posterior cingulate cortices during go/no-go tasks [Booth
et al., 2003; Durston et al., 2002b, 2006; Rubia et al., 2006].
Our findings largely support the evidence-based suggestion
that development is characterized by a shift from more dif-
fuse to more focal, task-relevant activation patterns as well
as shifts in laterality [Durston and Casey, 2006].

These findings of progressive functional maturation
between childhood and adulthood of fronto-strio-cerebellar
networks for inhibition may elucidate the neural substrates
of impulsive adolescent behavior. They also have implica-
tions for childhood pathologies of impulsiveness that are
thought to be caused by a maturational delay such as chil-
dren with ADHD [Castellanos et al., 2002; Rubia et al.,
2000] or preterm birth [Petersen et al., 2002]. Both patholo-
gies show reduced brain activation compared with age-
matched controls during inhibition tasks in similar foci of
inferior prefrontal [Nosarti et al.,, 2006; Rubia et al., 1999,
2005b), caudate, thalamus, and cerebellar regions [Nosarti

et al., 2006; Rubia et al.,, 1999, 2000] that were age-corre-
lated in this study, which is in support of the maturational
delay hypothesis of these pathologies.

CONCLUSIONS

The findings of this study show that during an individu-
ally adjusted stop task that controlled for group differen-
ces in task difficulty and performance, adults compared
with children/adolescents show increased activation in
right inferior prefrontal cortex during inhibition and in
anterior cingulate gyrus during inhibition failures. Whole-
brain regression analysis with age confirmed linear pro-
gressive changes in these brain regions between the ages
of 10 and 42, and in addition showed progressive changes
in bilateral inferior prefrontal, striato-thalamic, and cere-
bellar brain regions. Areas of progressive changes corre-
lated with each other and with inhibitory performance,
suggesting they form developing fronto-striato-thalamic
and fronto-cerebellar networks that mediate efficient
response inhibition. The study gives evidence for neuro-
cognitive specialization and age related development of
the integrated function of prefrontal, striato-thalamic, and
cerebellar brain regions in relation to inhibitory capacity
and of cingulate regions in relation to performance-moni-
toring skills in the transition from childhood to adulthood.
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