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Cognitive and brain maturational changes continue
throughout late childhood and adolescence. During
this time, increasing cognitive control over behavior
enhances the voluntary suppression of reflexive/im-
pulsive response tendencies. Recently, with the ad-
vent of functional MRI, it has become possible to char-
acterize changes in brain activity during cognitive
development. In order to investigate the cognitive and
brain maturation subserving the ability to voluntarily
suppress context-inappropriate behavior, we tested
8–30 year olds in an oculomotor response–suppression
task. Behavioral results indicated that adult-like abil-
ity to inhibit prepotent responses matured gradually
through childhood and adolescence. Functional MRI
results indicated that brain activation in frontal, pa-
rietal, striatal, and thalamic regions increased pro-
gressively from childhood to adulthood. Prefrontal
cortex was more active in adolescents than in children
or adults; adults demonstrated greater activation in
the lateral cerebellum than younger subjects. These
results suggest that efficient top-down modulation of
reflexive acts may not be fully developed until adult-
hood and provide evidence that maturation of func-
tion across widely distributed brain regions lays the
groundwork for enhanced voluntary control of behav-
ior during cognitive development. © 2001 Academic Press
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INTRODUCTION

Elementary cognitive processes are in place by early
childhood; however, the capacity for abstract thought,
planning, and cognitive flexibility develop throughout
adolescence (Levin et al., 1991). Concurrent with cog-
nitive development are important brain maturational
events that continue into early adulthood, including
synaptic pruning, elaboration of dendritic arborization
1

(Huttenlocher, 1990; Changeux et al., 1976), and in-
creased myelination (Yakovlev et al., 1967; Giedd et al.,
1999; Paus et al., 1999). It has been traditionally be-
lieved that cognitive development during late child-
hood and adolescence is subserved primarily by the
relatively late incorporation of the prefrontal cortex,
either by its intrinsic late structural maturation (Bour-
geois, 1993; Sowell et al., 1999) or by the maturation of
other neocortical regions (Rakic, 1995; Chugani, 1998)
that influence their functional integration with pre-
frontal cortex (Thatcher et al., 1987). Initial fMRI stud-
ies of frontal regions indicate a higher magnitude of
activation in the prefrontal cortex in children com-
pared to adults during a Go-No-Go task, providing
evidence for a late integration of this area (Casey et al.,
1997).

While it is generally accepted that the prefrontal
cortex plays a crucial role in higher-order cognition, it
is also now well-established that higher-order cogni-
tive functions are subserved by widely distributed and
integrated brain systems rather than by the prefrontal
cortex independently (Goldman-Rakic, 1988). Hence, it
is possible that in conjunction with developmental im-
provements in function in frontal cortex, there may be
increased integration with other brain regions as well.
We do not yet know, however, about the maturation of
the functional integration of widely distributed cir-
cuitry.

Essential to the emergence of adult-level cognition is
the ability to voluntarily suppress responses to task-
irrelevant information that hamper adaptive informa-
tion-processing (Dempster, 1993; Bjorklund et al.,
1990). The antisaccade task is a paradigm that re-
quires subjects to voluntarily stop a reflexive eye move-
ment to a prepotent visual stimulus (a novel stimulus
in the visual field), and instead move their gaze to the
mirror location (Hallett, 1978). It has been used suc-
cessfully to characterize development of the ability to
voluntarily suppress prepotent responses throughout
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2 LUNA ET AL.
late childhood and adolescence (Fischer et al., 1997;
unoz et al., 1998). The brain systems subserving per-

ormance on the antisaccade task have been well-de-
ineated in monkeys (Burman et al., 1997; Everling et
l., 1999; Funahashi et al., 1993; Gottlieb et al., 1999;
chlag-Rey et al., 1997) and adult humans (Guitton et
l., 1985; Sweeney et al., 1996; Muri et al., 1998; Doric-
hi et al., 1997; O’Driscoll et al., 1995). These areas
nclude the frontal eye field (FEF), supplementary eye
elds (SEF), dorsolateral prefrontal cortex (DLPFC),
osterior parietal cortex, anterior cingulate cortex,
asal ganglia, thalamus, and superior colliculus. It is
ow possible, using the noninvasive imaging procedure
f functional magnetic resonance imaging (fMRI), to
haracterize the reorganization of brain maturation
nderlying cognitive development through childhood
nd adolescence in such widely distributed brain cir-
uitry.

MATERIALS AND METHODS

ubjects

Eleven 8- to 13-year-old children (mean 5 10.9 years,
D 5 1.5, females 5 8); 15 14- to 17-year-old adoles-
ents (mean 5 15.7 years, SD 5 1.2, females 5 6); and
0 18- to 30-year-old adults (mean 5 24.2 years, SD 5
.9, females 5 6) participated in the study. All subjects,
ith the exception of one adult, were right-handed.
dditional subjects with head motion over the course of
n fMRI study of more than one half of a voxel (five
hildren and one teenager) were excluded. Experimen-
al procedures complied with the Code of Ethics of the

orld Medical Association (1964 Declaration of Hel-
inki) and the standards of the University of Pitts-
urgh Internal Review Board. Subjects and/or their
egal guardians provided informed consent after the
ature and possible consequences of the studies were
xplained.

TASKS

Laboratory eye movement testing was completed on
day prior to brain scanning and included an antisac-

ade task with 36 trials and a prosaccade (eye move-
ents to visual targets) task with 54 trials, each task

asting approximately 5–10 min. The latency, velocity,
mplitude, and duration of eye movements were mea-
ured. During the antisaccade task, the number of
imes subjects erroneously looked at the peripheral cue
prosaccade error rate) was also obtained. This testing
ssisted in verifying normal oculomotor function and
onfirming subjects’ ability to understand and perform
asks. Immediately prior to entering the scanner, sub-
ects were familiarized with testing procedures again.
ye movement activity was not monitored in the scan-
er, but was presumed to be similar to behavioral
erformance measured in the laboratory, as in other
tudies (Kastner et al., 1988; Petit et al., 1997, 1999;
orbetta et al., 2000). Additionally, extensive develop-
ental data indicate that the behavior observed in

aboratory testing was characteristic of this age period
Fischer et al., 1997; Munoz et al., 1998).

In the scanner, subjects performed a prosaccade vs
fixation task to characterize basic sensorimotor control
and an antisaccade vs prosaccade task to probe volun-
tary response suppression. Tasks were presented in a
block design. In the prosaccade vs fixation task, sub-
jects fixated a central white crosshair for 6 blocks of
30 s that alternated with 30-s blocks of making eye
movements to targets appearing in the horizontal axis
at an unpredictable location (3°, 6°, and 9° of visual
angle to the left and right of center). The antisaccade vs
prosaccade task required that subjects look toward the
mirror location of a peripheral target during blocks of
trials with a red fixation stimulus (antisaccade trials)
and look toward the target during trials with a green
fixation stimulus (prosaccade trials). As depicted in
Fig. 1, all stimuli were white on a black background
except for the fixation targets. Prosaccades were used
as the comparison condition for the antisaccade task in
order to highlight the cognitive rather than sensory
and motor components of antisaccade task perfor-
mance. Our behavioral results demonstrated that sub-
jects performed approximately 2 saccades to acquire
the desired locations in the antisaccade task (in order
to compensate for prosaccade errors) versus 1.5 sac-
cades in the prosaccade task. Subjects usually make
more saccades in antisaccade compared to prosaccade
trials because of prosaccade errors and greater diffi-
culty in shifting the eyes to desired locations without
sensory guidance. Hence, in the fMRI study, peripheral
stimuli were presented every 2.0 s in the antisaccade
task and every 1.5 s during the prosaccade task. In this
manner, we minimized the possibility that more sac-
cades would be performed in the antisaccade than the
prosaccades blocks, which would have increased the
contribution of sensorimotor control to brain activa-
tion. Subjects performed 8 blocks of prosaccade trials
alternating every 36 s with 7 blocks of antisaccade
trials.

fMRI studies were performed on a 3.0 Tesla Signa
whole-body MR scanner (General Electric Medical Sys-
tems, Milwaukee, WI) with echoplanar imaging capa-
bility (Advanced NMR Systems, Inc., Wilmington,
MA). Gradient-echo echoplanar imaging was per-
formed using a commercial head RF coil. Acquisition
parameters were: TE 5 25 ms; TR 5 5.0 s; single shot;
ull k-space; 128 3 64 acquisition matrix with a field of
iew (FOV) 5 40 3 20 cm. In order to cover the whole
rain and cerebellum, 23 3-mm-thick oblique slices
ith a 2-mm gap were aligned to the base of the genu
nd splenium of the corpus callosum, generating iso-
ropic 3-mm3 voxels. Structural images were obtained
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3FUNCTIONAL BRAIN MATURATION
with a 3-D volume spoiled gradient-echo (SPGR) pulse
sequence acquired with 1.5-mm slices in the axial
plane. Subjects’ heads were placed in a RF head coil
packed with cushions in order to minimize head mo-
tion. Immediately prior to the imaging session, sub-
jects spent approximately 20 min in a simulation scan-
ner that reproduced the sounds and confinement of an
MR scanner to acclimate them to the MR environment
(Rosenberg et al., 1997).

Fifteen regions of interest (ROI) in each hemisphere
ere defined: the insula, intraparietal sulcus (IPS),
asal ganglia, thalamus, supramarginal gyrus (SMG),
entate nucleus of the cerebellum, lateral cerebellar
ortex, superior colliculus (SC), superior precentral
ulcus, inferior precentral sulcus, presupplementary
otor area (preSMA), SEF, DLPFC, precuneus, and

nterior cingulate cortex. Since brain volume is estab-
ished by school age (Caviness et al., 1996), ROIs were

initially drawn on the SPGR of a representative subject
that had been normalized to Talairach coordinates us-
ing anatomical landmarks. After the template was
completed, it was compared to each individual subject’s
Talairach-transformed SPGR, and the size and shape
of ROIs were adjusted to assure that each individual’s
anatomic ROI was included and that no ROI’s over-
lapped. Analyses were then performed on Talairach
transformed brains.

The FEF comprised the full extent of the superior
and inferior aspects of the precentral sulcus and were
considered separately. The dorsomedial frontal cortex

FIG. 1. Stimuli presented during periods of antisaccade trials an
7.5 cycles of antisaccades alternating with prosaccades every 36 s.
above the cingulate sulcus was divided at the anterior
commissure into the immediately caudal SEF and the
immediately rostral pre-SMA. DLPFC was defined as
the area of the middle frontal gyrus including the in-
ferior and superior frontal sulci, and the gyral surface
between them. The anterior cingulate cortex was de-
fined as the cingulate region rostral to the anterior
commissure. The precuneus included the area along
the interhemispheric fissure, anterior to the parieto-
occipital sulcus, posterior to the marginal ramus of the
cingulate sulcus, and dorsal to the subparietal sulcus.
The SMG was defined as the gyrus that wrapped
around the posterior tip of the lateral sulcus. The gray
matter encompassing the basal ganglia was clearly
visible and included the head of the caudate nucleus,
putamen, and globus pallidus. The lateral cerebellum
was delineated as the cerebellar cortex dorsal to the
horizontal fissure. The superior colliculus (SC) in-
cluded the superior knobs dorsal to the cerebral aque-
duct and posterior to the posterior commissure.

ANALYSES

FIASCO software (Functional Imaging Analysis
Software - Computational Olio (Eddy et al., 1996)) was

sed to apply cubic spline functions to remove slow
ignal drift, shift the data by 6 s to compensate for
OLD response recovery functions (Cohen, 1997), and
enerate functional activation maps based on t tests
nd percentage BOLD signal change. Multivariate

rosaccade trials. Each block of trials lasted 36 s. Subjects performed
d p
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analyses were performed to compare the percentage
signal change in ROI between groups. We also explored
the associations between age as a continuous variable
and activation in ROI through curve-fitting regression
analyses. The threshold value of 4.0 for the t statistic
was used because it has yielded a reasonable empirical
error rate over many studies that our group, as well
as other investigators, have performed with our partic-
ular scanner and single-shot echoplanar pulse se-
quence.

FIG. 2. Group activation maps (t $ 4.0) during an antisaccade t
tructural anatomic image of a representative subject (26 y.o. F) war
ge group. Rows depict the orientation (rows 1 and 2 5 sagittal; 3 a
rain regions of interest. Ant-Cing, anterior cingulate; DM-TH, d
upplementary eye fields; Prec, precuneus; SC, superior colliculus;
ntraparietal sulcus; BG, basal ganglia; DLPFC, dorsolateral prefron
N, dentate nucleus.
We used Analysis of Functional NeuroImages
(AFNI) software (Cox, 1996) to overlay the functional
data onto co-planar anatomic images. Each individual
subject’s data were smoothed with a 5.6-mm full-
width–half-maximum filter and transformed into Ta-
lairach space. Then data were averaged across subjects
in each age group. AFNI was also used for defining
ROIs, as described above, and for 3-D motion correc-
tion. AFNI was used to perform voxelwise group com-
parisons at a t value $ 3.0. This analysis yielded the

relative to a visually guided prosaccade task superimposed on the
into Talairach space. Columns show the average activation for each
4 5 axial; 5 and 6 5 coronal) that optimally illustrate activation in
omedial thalamus; Pre-SMA, presupplementary motor area; SEF,
EF, superior precentral sulcus aspect of the frontal eye field; IPS,
cortex; SMG, supramarginal sulcus; Lat Cer, lateral cerebellum; and
ask
ped
nd
ors
sF

tal
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5FUNCTIONAL BRAIN MATURATION
number of voxels in each ROI reflecting significant
group differences.

RESULTS

Behavioral results demonstrated that the prosac-
cade error rate in the antisaccade task decreased sig-
nificantly with increasing age (Multiple R 5 0.65; P ,
0.001, using an inverse curve fit), consistent with pre-
vious findings (Fischer et al., 1997; Munoz et al., 1998).
The peak velocity, accuracy, amplitude, duration, and
latency of antisaccades did not change significantly
with age demonstrating the early maturation of basic
sensorimotor processing.

Figure 2 depicts the brain activation during antisac-
cade task performance for each age group. All groups
demonstrated activation in the FEF, SEF, pre-SMA,
DLPFC, anterior cingulate, precuneus, IPS, SMG, insula,
basal ganglia, and thalamus. Adults showed additional
activity in the lateral cerebellar cortex, dentate nucleus of
the cerebellum, and superior colliculus. As depicted in
Table 1, the proportion of each ROI activated in the group
maps indicates that children had the highest activation
among all groups in the SMG. Adolescents showed the
most activated voxels, in comparison to the other age
groups, in the inferior aspect of the FEF, pre-SMA, and
DLPFC. The number of activated voxels in the superior

TABLE 1

Proportion of ROI Activated at a t Value $ 4.0
for Each Group Map

Children
(8–13 years old)

N 5 11

Adolescents
(14–17 years old)

N 5 15

Adults
(18–30 years old)

N 5 10

ROI Left Right Left Right Left Right
FEF

SupPCS 4% 4% 6% 16% 13% 20%
InfPCS 0.4% 14% 13% 24% 8% 20%

Pre-SMA 0 1% 9% 19% 6% 7%
SEF 0 13% 3% 23% 15% 20%
DLPFC 0 1% 4% 12% 1% 7%
IPS 20% 30% 40% 46% 46% 29%
Precuneus 44% 65% 57% 71% 39% 67%
SMG 1% 42% 2% 30% 0 6%
Ant-Cing 2% 8% 8% 15% 6% 9%
Insula 3% 12% 11% 13% 6% 16%
BG .2% 2% 9% 12% 6% 8%
Thalamus 11% 21% 19% 28% 15% 27%
Lat Cer 3% 3% 4% 1% 29% 14%
Dentate 0 0 0 0 10% 4%
Nucleus
SC 0 0 0 10% 44% 10%

Note. ROI, region of interest; FEF, frontal eye field; supPCS,
superior precentral sulcus; infPCS, inferior precentral sulcus; Pre-
SMA, presupplementary motor area; SEF, supplementary eye fields;
DLPFC, dorsolateral prefrontal cortex; IPS, intraparietal sulcus;
SMG, supramarginal gyrus; Ant-Cing, anterior cingulate; BG, basal
ganglia; Lat Cer, lateral cerebellum; SC, superior colliculus.
aspect of the FEF, lateral cerebellum, and superior col-
liculus was most robust in adults.

Multivariate (group, task, hemisphere, and ROI)
tests on differences in percentage signal change re-
vealed a main effect for group (F2,33 5 6.17, P , 0.05)
nd ROI (F13,21 5 21.60, P , 0.0001). Significant inter-
ctions were present for task by group (F2,33 5 3.953,

P , 0.05), task by ROI (F13,21 5 5.43, P , 0.0001),
hemisphere by task by group (F2,33 5 3.44, P , 0.05),
nd hemisphere by ROI (F13,21 5 4.00, P , 0.01).
Regression analyses were performed in order to exam-

ine the association of age as a continuous variable with
percent signal change at each ROI. Analyses revealed
significant associations between age and activation in
bilateral intraparietal sulcus and right FEF in both the
antisaccade vs prosaccade comparison (left-IPS 5 F31 5
6.82, P , 0.05; right-IPS 5 F29 5 4.03, P , 0.05; right-

EF 5 F30 5 5.93, P , 0.01) and the prosaccade vs
xation comparison (left-IPS 5 F31 5 6.03, P , 0.05;
ight-IPS 5 F29 5 4.37, P , 0.05; right-FEF5 F30 5 9.97,

P , 0.0001), indicating that these areas may be reflecting
both the maturation of response suppression and basic
sensorimotor and attention systems. Activation in the
left lateral cerebellum was found to increase with age
only in the antisaccade vs prosaccade comparison (F29 5
3.42, P , 0.05), indicating that this area is specific to the
maturation of voluntary response suppression. Similar
results were found when analyses were performed on the
number of significantly activated voxels. The number of
activated voxels increased with age in the left lateral
cerebellum (F(1,33) 5 6.10, P , 0.05). Additionally, post-
hoc group comparisons showed that adults had signifi-
cantly more activated voxels than children in the left
dentate nucleus (t19 5 2.30, P , 0.05).

In addition to group comparisons of ROIs, we also
erformed voxelwise comparisons. Voxelwise group com-
arisons demonstrated that children had a significantly
igher percentage signal change than adults in the right
MG. Adolescents had a significantly higher percentage
ignal change than either children or adults in right
LPFC. Adults had significantly higher percentage sig-
al changes than both younger groups in the superior
EF (bilaterally in comparison to children, and in the left
EF in comparison to adolescents), and in left thalamus,

eft IPS, left lateral cerebellum, left dentate nucleus, and
he superior colliculus. There were no gender differences
n the number of voxels activated. Activation was greater
n the right hemisphere in the antisaccade task in regions
ncluding: superior precentral sulcus, SEF, insula, precu-
eus, anterior cingulate, and SMG.

DISCUSSION

rain Regions Subserving Antisaccades

Consistent with prior neuroimaging studies, our re-
ults indicate that the antisaccade task activates the
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6 LUNA ET AL.
FEF, SEF, DLPFC, posterior parietal cortex, anterior
cingulate, striatum, and thalamus, more robustly than
do prosaccades (Schlag-Rey et al., 1997; Guitton et al.,
1985; Sweeney et al., 1996). Activation in the posterior
parietal cortex was found within the IPS, in the pre-
cuneus, and in the SMG of the inferior parietal lobe.
We also found activation in the insula, pre-SMA, lat-
eral cerebellar cortex, dentate nucleus, and superior
colliculus, which, to our knowledge, has not been re-
ported previously in humans in an antisaccade task.

Activation in the DLPFC, anterior cingulate, and
intraparietal sulcus reflects the executive functions at-
tributed to these regions, including maintaining a cog-
nitive plan to initiate stop signals (Rowe et al., 2000;
Funahashi et al., 1993). Activation in SC and FEF
probably reflect the metabolic demands of inhibitory
processes that according to Munoz et al. (1998), are
necessary to dampen the activity of saccade-generating
pyramidal neurons when subjects anticipate the need
to suppress an impending saccade.

Developmental Changes

Our results demonstrate both great overlap and
qualitative differences in the pattern and extent of
brain activation across age groups paralleling the en-
hanced voluntary control of behavior throughout ado-
lescence. The presence of robust activation in several
cortical regions in children indicates that these regions
already participate in voluntary response suppression
in childhood. Similar results have been shown in de-
velopmental fMRI studies of response suppression (Ca-
sey et al., 1997) and nonspatial working memory tasks
(Thomas et al., 1999). Our study indicated that activa-
tion in SEF, insula, precuneus, and anterior cingulate
did not show developmental changes during the anti-
saccade task, suggesting that children, like older sub-
jects, were accessing these elements of basic oculomo-
tor and attention circuitry that enable voluntary
saccadic responses.

Both children and adolescents demonstrated less ac-
tivation than adults in the superior FEF, IPS, thala-
mus, lateral cerebellum, dentate nucleus of the cere-
bellum, and the superior colliculus. These regions may
form part of a widely distributed network subserving
antisaccade responses. Preparatory attenuation of sac-
cade-related neuronal activity in the SC (Everling et
al., 1999) and FEF (Everling et al., 2000) has been
ound to underlie the ability to successfully suppress a
accade during antisaccade tasks. The cerebellum, via
halamic inputs to prefrontal and premotor areas
Middleton et al., 1994; Kim et al., 1994), may be in-
olved in establishing the task-appropriate inhibitory
reparatory activity necessary to successfully suppress
utomatic behavioral responses (Deiber et al., 1996).
he relatively late integration of these widely distrib-
ted regions into this brain network may be an impor-
ant basis for the ability of adults to optimize the
reparedness required to consistently suppress prepo-
ent responses on antisaccade tasks.

As evident in the group maps, in adolescence and
dulthood, in comparison to younger children, we ob-
erved activation in the basal ganglia. The appearance
f significant activation in the striatum in adolescence
ay represent a first step in the maturation of cortico-

triato-thalamocortical loops (Alexander et al., 1986)
hat appear to be important for maintaining stable
nticipatory response sets and generating voluntary
ehavior. Children, in contrast, showed increased acti-
ation in the SMG, perhaps reflecting a reliance on
isuospatial processing to compensate for immature
ccess to widely distributed regions required to main-
ain appropriate response sets. Adolescents demon-
trated greater activation than both children and
dults in the DLPFC, indicating their greater reliance
n executive prefrontal behavior control systems. This
ctivation in the DLPFC, possibly facilitated by in-
reased functional integrity of cortico-striato-thalamo-
ortical loops, could provide inhibitory inputs to FEF
nd SEF to improve performance on the antisaccade
ask until the maturation of widely distributed func-
ion—especially the integration of cerebellar inputs—
an sustain adult-level suppression of prepotent re-
ponses. Unlike the Casey et al. (1997) results
ndicating increased activation of prefrontal cortex in
hildren compared to adults during a Go-No-Go task,
e found increased prefrontal activation in adoles-

ents. This is not surprising since performance in the
o-No-Go task matures earlier (at approximately 12
ears of age—Levin et al., 1991) than in the antisac-
ade task (15–20 years of age—Fischer et al., 1997;
unoz et al., 1998). The difficulty of the antisaccade

ask may preclude the efficient use of DLPFC in our
oungest subjects who often made many errors per-
orming the task. Adolescents may have recruited
LPFC at high levels, as did the children in the Casey

t al. (1997) study, because of the greater difficulty
erforming the antisaccade task correctly.
Data from our whole brain fMRI study provide pro-

ocative new evidence indicating that the development
f the ability to voluntarily initiate and suppress be-
avior in humans is influenced by the maturation of

ntegrated function among the neocortex, striatum,
halamus, and cerebellum. Synaptic pruning and my-
lination during childhood and adolescence are impor-
ant for enhancing widely distributed brain functions
y refining synaptic connections and enhancing the
ransfer of information throughout the brain in a rapid
anner. Such maturational changes may help estab-

ish and maintain patterns of neuronal activity needed
or working memory and response preparedness. On
he other hand, the immature functional connectivity
f the child’s brain could make it difficult to integrate
he function of many distant brain regions, thus ham-
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pering the ability to maintain states of preparedness
that facilitate the voluntary suppression of reflexive
behavior and the generation of adaptive context-appro-
priate voluntary responses.
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