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The ability to voluntarily inhibit responses to task-irrelevant stimuli, which is a fundamental component of cognitive control, has a
protracted development through adolescence. Previous human developmental imaging studies have found immaturities in localized
brain activity in children and adolescents. However, little is known about how these regions integrate with age to form the distributed
networks known to support cognitive control. In the present study, we used Granger causality analysis to characterize developmental
changes in effective connectivity underlying inhibitory control (antisaccade task) compared with reflexive responses (prosaccade task) in
human participants. By childhood, few top-down connectivities were evident with increased parietal interconnectivity. By adolescence,
connections from prefrontal cortex increased and parietal interconnectivity decreased. From adolescence to adulthood, there was evi-
dence of increased number and strength of frontal connections to cortical regions as well as subcortical regions. Together, results suggest
that developmental improvements in inhibitory control may be supported by age-related enhancements in top-down effective connec-
tivity between frontal, oculomotor, and subcortical regions.

Introduction
Although core cognitive functions are online early in develop-
ment (Diamond, 1989; Diamond and Goldman-Rakic, 1989),
control functions that support mature goal-directed behaviors
show continued refinement through adolescence into adult-
hood (Luna et al., 2001, 2004). A well characterized distrib-
uted neural network is known to support mature inhibitory
control, including the anterior cingulate cortex (ACC), the
inferior frontal gyrus (IFG), the dorsal lateral prefrontal cor-
tex, the frontal eye field (FEF), the posterior parietal cortex,
the striatum, and the cerebellum (Rubia et al., 2003; Curtis et al.,
2005). Previous studies have characterized immaturities in the
function of segregated brain regions in this circuitry (Casey et al.,
1997; Luna et al., 2001; Bunge et al., 2002; Durston et al., 2002;
Rubia et al., 2007; Velanova et al., 2008, 2009). However, there are
known brain processes that underlie the integration of functions
across regions (Luna et al., 2010). For example, the continued my-
elination of axons beyond early childhood (Yakovlev et al., 1967;
Paus et al., 1999) and synaptic pruning (Huttenlocher, 1979; Rakic et
al., 1986) enhance the efficiency of neuronal transmission through-
out distributed circuitries (Olesen et al., 2003; Boorman et al., 2007;

Stufflebeam et al., 2008). Furthermore, resting state functional con-
nectivity magnetic resonance imaging (rs-fcMRI) studies have
shown that functional connectivity between distant regions in-
creases with age (Fair et al., 2007, 2009). These findings indicate that
intrinsic functional organization has a protracted development.

It is still unclear, however, how these intrinsically integrated
circuits behave across development during active cognitive pro-
cessing. Individuals must be able to actively reconfigure func-
tional interactions between distributed regions under different
behavioral contexts. For example, during selective attention, top-
down modulation between frontal, parietal, and occipital regions
increases to facilitate information processing (Bressler et al., 2008).
In contrast, when processing unexpected but salient stimuli,
bottom-up signals are transmitted from the parietal cortex to the
frontal cortex (Buschman and Miller, 2007). In the case of inhibitory
control, how top-down modulation and basic sensory-relay pro-
cesses (i.e., effective connectivity) that support cortical–cortical and
cortical–subcortical communications become established in adult-
hood is not well understood. In the current study, we used Granger
causality analysis (GCA), an effective connectivity method that al-
lows the estimation of directionality between functional regions
(Roebroeck et al., 2005; Bressler and Seth, 2010), to characterize the
development of top-down and bottom-up connectivity underlying
inhibitory control.

Our aims were to delineate the effective connectivity support-
ing inhibitory control and to characterize its development. We
measured effective connectivity between functional regions while
subjects performed an inhibitory control task, the antisaccade
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task (AS) (Hallett, 1978), and a basic oculomotor task, the pro-
saccade task (PS). Given evidence for continued improvements
in inhibitory control through adolescence (Luna et al., 2004),
known changes in white matter connectivity (Paus et al., 1999;
Asato et al., 2010), as well as the effect of top-down modulation
on cognitive control (Miller and Cohen, 2001), we predicted that
frontal to oculomotor and subcortical top-down connectivity
would show protracted development.

Materials and Methods
Participants
Ninety-eight individuals aged 8 –27 years participated in the study.
Twenty participants (9 children, 10 adolescents, and 1 adult) were ex-
cluded as a result of equipment failure, noncompliance, or artifacts/noise
in the imaging data. Thus, we report data from 78 participants, including
26 children (aged 8 –12 years, 11 males and 15 females), 25 adolescents
(13–17 years, 10 males and 15 females), and 27 adults (18 –27 years, 11
males and 16 females). We defined age groups based on our past behav-
ioral studies indicating differential cognitive performance on the antisac-
cade task (Luna et al., 2004). All participants were native English speakers
with no history of neurological or psychiatric conditions in themselves or
a first-degree relative as established by interview. All had normal or
corrected-to-normal vision. All had normal full-scale intelligence quo-
tients, and these did not differ significantly across age groups. Naive
participants spent �15 min in a mock scanner to acclimate them to the
MR environment before entering the research scanner. Experimental
procedures for this study complied with the Code of Ethics of the World
Medical Association (1964 Declaration of Helsinki) and the Institutional
Review Board at the University of Pittsburgh. Subjects or their guardians
provided informed consent, and subjects were paid for their participa-
tion. Functional MRI (fMRI) data from these subjects, analyzed using
conventional procedures, has been reported in previous publications
from our laboratory (Velanova et al., 2008, 2009).

fMRI data acquisition
Data were acquired using a Siemens 3 tesla MAGNETOM Allegra scan-
ner with a standard head coil. Pillows and tape were used to minimize
head movement. Stimuli were viewed via a mirror attached to the head
coil that reflected images projected onto a screen at the head of the
scanner bore. Structural images were acquired first using a sagittal
magnetization-prepared rapid gradient-echo T1-weighted sequence
[repetition time (TR), 1570 ms; echo time (TE), 3.04 ms; flip angle (a), 8°;
inversion time, 800 ms; voxel size, 0.78125 � 0.78125 � 1 mm]. Func-
tional images were then acquired using an echo-planar sequence sensi-
tive to blood oxygenated level-dependent (BOLD) contrast (T2*) (TR,
1.5 s; TE, 25 ms; a � 70°; voxel size, 3.125 � 3.125 mm in-plane resolu-
tion; 29 contiguous 4 mm slices). Participants performed four functional
runs (each lasting 6 min 15 s), followed by up to three runs of an unre-
lated experiment. The first six images in each run were discarded to allow
stabilization of longitudinal magnetization.

Behavioral tasks
The study was conducted as a mixed block/event-related design (Visscher et
al., 2003). In each run, participants alternated between blocks of AS perfor-
mance, blocks of PS performance, and extended periods of fixation. Spe-
cifically, each run started with a block of 36 s (24 volumes) of fixation
(control), followed by a 118.5 s task block (during which participants
performed the AS or PS task; 79 frames), a second block of fixation (48 s;
32 MR volumes), a second task block (118.5 s; 79 MR volumes), and a
final block of fixation (39 s; 26 MR volumes). The order of tasks was
counterbalanced across runs (within participant) and randomized across
participants. An instruction screen was presented for 3 s at the beginning
of each task block to inform participants of the type of block that was
about to begin (either “Start LOOK-AWAY game” for AS blocks, or
“Start LOOK-TOWARD game” for PS blocks). Within AS and PS task
blocks, the duration of intervals between task trials was jittered. For AS
trials, participants were instructed to look to a point on the screen oppo-
site the location of a peripheral target stimulus. For PS trials, participants
were instructed to look toward the target stimulus. Each task block (AS

and PS) consisted of 12 trials, with a total of 48 AS and 48 PS trials across
runs. Each trial began with a 3 s fixation crosshair (subtending �0.7° of
visual angle). The crosshair color could be green, cueing participants to
make a prosaccade, or red, cueing an antisaccade. Each target stimulus
was a solid yellow circle, subtending �0.5°, and was presented on the
horizontal meridian at one of six unpredictable eccentricities (at �3, 6,
or 9°). Fixation periods between trials varied from 3 to 9 s (two to six
volumes). Each task block ended with a 3 s “task end” cue, indicating that
a long period of fixation would follow.

Eye tracking
A long-range optics eye-tracking system (model R-LRO6; Applied Sci-
ence Laboratories) was used to obtain eye movement measurements in
the scanner. Nine-point calibration was conducted immediately before
scanning, during which subjects were asked to fixate on points on a 3 �
3 grid. Eye movements were scored offline using ILAB (Gitelman, 2002)
and an in-house scoring suite. The proportion of times when eye move-
ments were made to correct locations and latencies to initiate correct
responses were measured. Correct saccades were identified as eye move-
ments with velocities exceeding 15°/s toward the correct direction and
with latency �67 ms.

Imaging data analysis
Our analysis stream consisted of three stages: (1) regions of interest
(ROIs) selection, (2) effective connectivity analysis using GCA, and (3)
functional connectivity analysis (FCA). First functional imaging data
were preprocessed and analyzed with the general linear model (GLM)
(Friston et al., 1995) to identify brain regions significantly activated by
the AS task. Significant peaks known to be associated with oculomotor
and cognitive control were selected as ROIs for connectivity analyses.
Functional time series were extracted from each ROI. We then applied
GCA and FCA to functional time series to delineate the connectivity
profile underlying inhibitory control across different age groups.

Regions of interests selection. Regions of interest were defined in a two-
step manner by first empirically identifying task-related activity in the
present dataset and subsequently further defining areas in a hypothesis-
driven manner. First, we used a GLM to identify activated peaks that
showed significant signal modulations of AS trial activity estimates. List
of activated peaks were obtained for each age group using GLM proce-
dures outlined by Velanova et al. (2008). Peaks were defined separately
for each age group to allow for the possibility that different age groups
could use a different set of regions to accomplish the task. To delineate
the circuitry associated with oculomotor and cognitive control in a
hypothesis-driven manner, we compared ROIs generated from the coor-
dinates of our activated peaks with a theoretically defined template. The
template consisted of peaks based on our groups’ previous finding on the
development of oculomotor control/response inhibition (Luna et al.,
2001) and two meta-analyses reports on general cognitive control pro-
cesses (Dosenbach et al., 2006, 2007). We also highlighted subcortical
regions and the ACC, a region well characterized subserving cognitive
monitoring processes (Carter et al., 1998; Rushworth et al., 2004; Vela-
nova et al., 2008). Activated peaks within 10 mm radius of template peaks
were selected as ROIs (Fig. 1). For each age group, ROIs were created by
generating 8-mm-radius clusters around these selected peaks.

Effective connectivity analysis. Granger causality is an effective connec-
tivity method that quantifies the improvement in predicting the signal of
one brain region that results from inclusion of the signal of another
region into the prediction (Roebroeck et al., 2005; Bressler and Seth,
2010). This method could potentially provide estimates of the strength
and directionality of information flow between brain regions during ac-
tive tasks. Unlike structural equation modeling approaches such as dy-
namic causal modeling (Friston et al., 2003), which requires that one
make assumptions about the existence of connectivity between selected
regions, GCA is model free and data driven. For our study, a model-free
approach is optimal because the developmental differences in brain con-
nectivity underlying inhibitory control processes have not been estab-
lished. GCA is often prematurely dismissed because of the sluggish
nature of the BOLD signal, and GCA aims to assess neuronal transmis-
sion that occurs at a much faster rate than the sampling rate of fMRI.
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However, evidence exists to suggest that fMRI can successfully identify
sequences of cognitive processes (mental chronometry) when neuronal
events are separated by at least 100 –200 ms (Menon et al., 1998). Fur-
thermore, the ability for GCA to detect neuronal interactions in fMRI
data has been demonstrated in a study that simulated fMRI data by
convolving standard canonical hemodynamic response functions with
local field potentials recorded from the macaque cortex (Deshpande et
al., 2010). Results showed that data collected using a 1.5 s TR (sampling
rate) reliably detected neuronal delays of 300 – 400 ms. In the antisaccade
task, human and primate electrophysiology studies show peak activation
at �180 ms after stimulus cue onset in frontal cortex (Clementz et al.,
2007) with downstream subcortical activity that continues to peak until
the saccade onset (Ford and Everling, 2009). In our paradigm, subjects
are cued 3 s before presentation of the target stimulus. This results in a
time lag between cue and saccade onset that is longer than 400 ms, pro-
viding a feasible temporal resolution for GCA. We acknowledge that
neural interactions associated with control processing are likely occur-
ring at a timescale under 300 ms (Ringo et al., 1994; de Pasquale et al.,
2010), and GCA cannot reliably detect these connections. In contrast,
correlational connectivity analysis such as FCA does not rely on temporal
precedence to detect connectivity patterns and should be more sensitive
to these fast interacting connections. Thus, we also performed FCA to
capture these fast interacting connections, acknowledging that both FCA
and GCA cannot uncover the directionality of these connections.

We adopted several approaches to optimize our GCA. First, because
GCA can produce spurious false positives when considering a unidirec-
tional influencing term, we calculated the differenced influence term
(DOI) (the degree of x influencing y � the degree of y influencing x). DOI
reflects the “dominant” effective connectivity strength and direction be-
tween ROIs (Roebroeck et al., 2005). Because DOI only measures “dom-
inant” influencing direction between ROIs, it cannot detect reciprocal
causal connectivity in which effective connectivity strength is symmetri-
cal in both directions. Second, because the hemodynamic delay may not
be uniform across the brain (Handwerker et al., 2004), differences in
hemodynamic properties across ROIs could bias the GCA results (Chang
et al., 2008; David et al., 2008). We addressed this limitation by contrast-
ing DOIs across different tasks (AS and PS). Connections that are mod-
ulated by task condition should be reliable, given that the hemodynamic
delay is unlikely to change across conditions. Furthermore, connections
that were significantly greater for AS when compared with PS are more
likely associated with active inhibitory control processes because basic
perceptual and oculomotor processes are equivalent between AS and PS.
Contrasting DOIs across conditions has the advantage of minimizing
false positives and controlling for hemodynamic inhomogeneity, but
DOI can only detect asymmetrical effective connectivity and comes with
the cost of missing reciprocal connections. A DOI of AS � PS can indi-
cate that effective connectivity strength from one region to another is
stronger for AS compared with PS, or effective connectivity strength is
more asymmetrical for AS compared with PS. Finally, we note that con-
cerns regarding possible developmental differences in neurovascular
coupling have now been well addressed. A seminal paper has indicated
that the hemodynamic response is equivalent across ages throughout
different brain regions while performing different types of tasks (Kang et
al., 2003).

In the current study, GCA was performed based on methods described
by Roebroeck et al. (2005), Sridharan et al. (2008), and Duann et al.
(2009). First functional imaging data were preprocessed to remove noise
and artifacts. Preprocessing steps included slice timing correction, mo-
tion correction, and spatial normalization into a standardized Talairach
template (Talairach and Tournoux, 1988). Then nuisance variables were
removed from preprocessed images by regression of the following vari-
ables: six-parameter rigid-body head motion, signals averaged over the
lateral ventricle masks, and white matter ROIs. Ventricle and white mat-
ter masks were created using Freesurfer (Fischl et al., 2002). Residual
images were converted into percentage signal change. Mean block time
series from the 14th to the 79th images of each AS block and PS block
were extracted from each ROI across all subjects. The first 13 images were
excluded before applying the model to prevent the instructional task-cue
onset effect (Konishi et al., 2001; Dosenbach et al., 2006) from contam-

inating the effects of interest. Thus, each subject provided 4 blocks � 26
ROIs � 104 time series per condition (two conditions of AS and PS), with
each time series consisting of 66 time points. Task blocks with excessive
head motion were excluded from additional analyses. Measures of head
movement were obtained from the output of the rigid-body rotation and
translation algorithm. Translations and rotations in the x, y, and z di-
mensions were averaged across frames, and total root mean square
(RMS) linear and angular precision measures were calculated for each
run. Blocks in which a participant’s total RMS movement exceeded 1 mm
or degree were discarded.

After excluding block time series with excessive head motion, 15,652
time series were analyzed. Time series were checked for covariance sta-
tionary with the augmented Dickey Fuller test (Hamilton, 1994), a nec-
essary assumption for GCA. Ninety-nine time series were nonstationary
and therefore excluded and treated as missing values in subsequent anal-
yses. Time series were then imported into MATLAB for GCA, using the
Causal Connectivity Toolbox (Seth, 2010). For each subject, bivariate
Granger causality was assessed for each ROI pair and for each block
separately. The order of the autoregressive model was selected using the
Bayesian information criterion (Schwartz, 1978). The Bayesian informa-
tion criterion selected low model orders (1 or 2) for the majority of the
autoregressive models (Roebroeck et al., 2005) (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). For model
validation, we performed the statistical consistency test (Ding et al.,
2000) to assess the portion of the data captured by the autoregressive
model, and results showed that the autoregressive model adequately cap-
tured the data (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). We calculated the DOI of each block, took the
median within each subject, and submitted the median DOI to group
analyses.

For each ROI pair, we calculated the median DOI of each age group
and performed statistical inference analyses using bootstrapping proce-

Figure 1. Regions selected as ROIs. Both left- and right-hemisphere regions are placed on
the right hemisphere to aid with visualization, and coordinates of each ROI are listed in Table 1.
Twenty-six regions known to be involved in oculomotor control/response inhibition (Luna et al.,
2001) and general cognitive control processes (Dosenbach et al., 2006, 2007) were selected.
These regions can be sorted into different functional subgroups based on published literatures
and their anatomical locations. We specified ROIs that comprised the oculomotor circuitry,
including the SEF, bilateral FEF, bilateral IPreCS, bilateral IPS, bilateral SPC, and bilateral SMG
(Luna et al., 1998, 2001; Berman et al., 1999; Merriam et al., 2001). We also identified several
cognitive control regions in the frontal cortex associated with task control (Müri et al., 1998;
Dosenbach et al., 2006, 2007), attentional processes (Corbetta and Shulman, 2002; Bressler et
al., 2008), working memory (Curtis and D’Esposito, 2003), and response inhibition (Aron et al.,
2004), including the right MFG, right IFG, and bilateral insula. The ACC was included because of
its association with monitoring the consequences of actions or conflicts between motor re-
sponses (Paus et al., 1993; Carter et al., 1998; Braver et al., 2001; Rushworth et al., 2004).
Subcortical regions included bilateral putamen (denoted as BG for basal ganglia), bilateral
dorsal medial thalamus (TH), the SC, and the cerebellum (Cere), and these are also known to be
involved in the inhibitory control of saccades (Sweeney et al., 1996; Müri et al., 1998; Luna et al.,
2001). Abbreviations apply to all figures.
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dures (Efron and Tibshirani, 1994) together with nonparametric tests
(Roebroeck et al., 2005). We determined the significance threshold by
generating an empirical null distribution of no influence and controlling
for multiple comparisons using the false discovery rate (FDR) correction.
For each ROI, we segmented its time series into 17.5 s (11 volumes)
mini-blocks and then generated 1000 surrogate time series by shifting the
order of the mini-blocks. DOIs obtained from these surrogate time series
satisfied the null hypothesis of no influence (DOI of 0) because timing
was distorted and any influence detected between time series could only
be attributable to chance. Time–frequency analyses were performed to
verify that this time-shuffling procedure did not affect the overall tem-
poral smoothness of the time series, and the power spectrum between the
original time series and surrogate time series were found to be compara-
ble (supplemental Fig. 3, available at www.jneurosci.org as supplemental
material).

For each ROI pair, a null distribution was generated by computing the
DOI over all surrogate time series and pooling across the median of each
age group. The significance level of the DOI of each age group can be
determined by measuring the proportion of values in the empirical null
distribution that were more extreme than the DOI computed from the
real time series (supplemental Fig. 4, available at www.jneurosci.org as
supplemental material). Connections that exceeded the threshold of
FDR of 0.05 were determined to be significant. Each age group generated
two effective connectivity profiles: one for the AS network and one for the
PS network. We then contrasted DOIs for the AS network versus the PS
network to identify connections associated with inhibitory control pro-
cesses. For each age group, the significance levels of contrasted DOIs (AS
DOI � PS DOI) were also determined using the bootstrap procedure
described above, by generating a null distribution of AS DOI � PS
DOI � 0 for each ROI pair and controlling for multiple comparisons
with the same threshold (FDR of 0.05).

Group differences were examined for significant connections in which
AS � PS. We used Kruskal–Wallis one-way ANOVA tests, with age group
as the independent variable and AS DOIs as the dependent measure,
correcting for multiple comparisons with the Bonferroni correction. A
significant group difference indicated that the strength of effective con-
nectivity was significantly different across age groups. We then per-
formed a Mann–Whitney U test to test for between-group directionality
(e.g., adults significantly greater than teenagers, children significantly
greater than adults).

Functional connectivity analysis. To provide confirmation of results
obtained using GCA, we performed FCA to characterize the develop-
ment of the functional connectivity network of AS. The preprocessing
steps for FCA were the same as GCA, and time series were extracted
from the same time window (14th to 79th) for each ROI. The time
series from each region was correlated with the time series from every
other region, creating a 26 � 26 correlation matrix for every subject.
Correlation coefficients were Fisher z-transformed to improve nor-
mality, and connections in which r � 0.2 were submitted to group
analyses examining developmental differences. Developmental changes
were tested using an one-way ANOVA, with age group as the independent

Table 1. List of regions of interests

Regions Age group

Talariach coordinates

Brodmann areax y z

SEF Adult �4 3 55 6
Teenagers 0 1 57 6
Children 0 0 58 6

R FEF Adult 26 �6 59 6
Teenagers 27 �5 52 6
Children 25 �7 58 6

L FEF Adult �28 �9 60 6
Teenagers �28 �9 54 6
Children �28 �10 57 6

R IPreCS Adult 50 4 35 6
Teenagers 45 2 34 6
Children 45 4 36 6

L IPreCS Adult �38 9 45 6
Teenagers �34 7 41 6
Children �51 �1 36 6

R MFG Adult 39 25 25 9
Teenagers 46 14 30 9
Children 47 20 33 9

R IFG Adult 56 5 20 44
Teenagers 55 5 17 44
Children 54 3 19 44

vmPFC Adult 2 38 5 24
Teenagers 3 34 2 24
Children 11 33 4 24

R Insula Adult 36 17 10 13
Teenagers 34 17 8 13
Children 35 17 9 13

L Insula Adult �34 14 10 13
Teenagers �33 13 11 13
Children �35 17 6 13

R SMG Adult 58 �46 22 40
Teenagers 56 �45 20 40
Children 54 �47 19 40

L SMG Adult �57 �49 22 40
Teenagers �55 �44 18 40
Children �54 �46 24 40

R SPC Adult 19 �69 51 7
Teenagers 20 �71 53 7
Children 18 �72 52 7

L SPC Adult �18 �68 52 7
Teenagers �22 �67 49 7
Children �17 �69 54 7

R IPS Adult 26 �59 52 7
Teenagers 26 �63 55 7
Children 30 �59 44 7

L IPS Adult �26 �63 50 7
Teenagers �29 �62 52 7
Children �31 �54 47 7

R Putamen Adult 20 3 11
Teenagers 21 1 11
Children 20 3 15

L Putamen Adult �20 1 11
Teenagers �21 4 8
Children �21 5 15

R Dorsal medial thalamus Adult 10 �20 11
Teenagers 12 �21 15
Children 11 �20 14

L Dorsal medial thalamus Adult �11 �20 10
Teenagers �14 �20 17
Children �13 �21 13

R Cere Adult 32 �61 �22
Teenagers 31 �40 �31
Children 34 �57 �21

L Cere Adult �31 �59 �21
Teenagers �31 �45 �36
Children �34 �64 �25

(Table continued)

Table 1. Continued

Regions Age group

Talariach coordinates

Brodmann areax y z

SC Adult 5 �29 �3
Teenagers 6 �28 �4
Children 4 �30 �6

R Visual Adult 11 �80 6 17
Teenagers 11 �80 1 18
Children 11 �82 4 17

L Visual Adult �4 �86 4 17
Teenagers �6 �82 4 17
Children �6 �86 4 17

ACC Adult 7 12 39 32
Teenagers 6 10 44 32
Children 5 12 41 32

L, Left; R, right; Cere, lateral cerebellum, Visual, lingual gyrus/visual cortex.
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variable and z-transformed correlation coefficients as the dependent
measure, correcting for multiple comparisons with FDR at q � 0.05. Post
hoc t tests were then performed for connections that showed significant
group modulations to test for directionality.

Results
Behavioral results
Details of behavioral performance were reported by Velanova et
al. (2009). The proportion of correctly performed AS trials in-
creased with age (main effect of age group, F(2,75) � 18.51, p �
0.0001; mean � SD accuracy: adults, 0.77 � 0.13; adolescents,
0.66 � 0.2; children, 0.46 � 0.22) with improvements from child-
hood to adolescence (t(49) � 2.86, p � 0.01) and from adoles-
cence to adulthood (t(49) � 2.10, p � 0.05). As expected, correct
performance of PS trials was at ceiling (accuracy across age
groups � 0.98, SD � 0.02) and did not differ between age groups
(main effect of age group, F(2,75) � 1.04, p � 0.35).

Not surprisingly, across age groups correctly performed PS
trials had latencies that were significantly shorter than correctly

performed AS trials, which have addi-
tional cognitive demands (main effect of
condition, F(2,75) � 339.25, p � 0.01; AS
mean � SD latency: adults, 486 � 63 ms;
adolescents, 493 � 64 ms; children, 539 �
81 ms; PS mean � SD latency: adults,
349 � 49 ms; adolescents, 362 � 34 ms;
children, 395 � 45 ms). There was no age
group � condition interaction (F(2,75) �
0.254, p � 0.77). Latencies for correctly
performed AS and PS trials were signifi-
cantly longer for children than for adults
and adolescents (AS, F(2,75) � 4.63, p �
0.02; PS, F(2,75) � 4.18, p � 0.02). There
were no latency differences between ado-
lescents and adults, nor between children
and adolescents.

Regions of interests
Twenty-six regions per age group were
selected for inclusion in analyses (Table
1, Fig. 1). ROIs included the presupple-
mentary motor area/supplementary eye
field (preSMA/SEF), bilateral superior
precentral sulcus or the putative human
FEF, bilateral inferior precentral sulcus
(IPreCS), bilateral intraparietal sulcus
(IPS), bilateral superior parietal cortex
(SPC), bilateral supramarginal gyrus
(SMG), and the visual cortex. ROIs also
included several frontal cortex regions,
such as the right middle frontal gyrus
(MFG), the IFG, bilateral insula, and the
ACC. Finally, several subcortical regions
were also identified and included bilateral
putamen, bilateral dorsal medial thala-
mus, the superior colliculus (SC), and bi-
lateral superior lateral cerebellum.

Effective connectivity analysis
Effective connectivity underlying AS
performance

Across age groups, we observed dominant
influence connectivity from frontal re-

gions, including the ACC, the right MFG, the right IFG, bilateral
insula, the SEF and bilateral FEF to cortical parietal regions
(bilateral IPS, bilateral SPC), the visual cortex, and subcortical
regions (bilateral putamen, bilateral dorsal medial thalamus,
SC and bilateral cerebellum) (Fig. 2, Table 2). Connections
were also evident from cortical parietal regions to subcortical
regions, visual cortex to thalamus, and SC to the basal ganglia.
The median DOI of each connection and its significance level
derived from the bootstrapping procedure are presented in
supplemental Tables 1–3 (available at www.jneurosci.org as
supplemental material).

Effective connectivity underlying PS performance
Across age groups, PS activity generated a similar effective con-
nectivity pattern to AS activity and included a range of cortical–
cortical and cortical–subcortical connections (Fig. 2, Table 2).
The notable difference is that the PS connectivity profile lacked
connections seen in AS from the right frontal cortex (the right

Figure 2. The results of effective connectivity analysis for both the AS and PS tasks, separated by age group and task (A, adults;
B, adolescents; C, children). Both left- and right-hemisphere connections are placed on the right hemisphere to aid with visual-
ization. Arrows connecting two ROIs represent significant effective connectivity from one ROI to another. Only significant connec-
tions (FDR � 0.05) are displayed. For the AS task, across age groups we observed dominant influencing connectivity from frontal
regions to parietal regions and subcortical regions. Connections were also evident from parietal regions to subcortical regions. The
PS connectivity profile lacked connections seen in AS from the right frontal cortex to parietal and subcortical regions.
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MFG, the right IFG). The median DOI of each connection and its
significance level derived from the bootstrapping procedure are
presented in supplemental Tables 4 – 6 (available at www.
jneurosci.org as supplemental material).

AS versus PS
Compared with the AS network, the PS network lacked dominant
influencing connections from the right lateral prefrontal cortex and
showed fewer connections. For adults and adolescents, influencing
connections from the right lateral frontal cortex (the right MFG, the
right IFG) to parietal and/or subcortical regions were significantly
stronger or more asymmetric in the AS network compared with the
PS network, whereas for children, effective connectivity within
the parietal cortex was stronger or more asymmetric (Fig. 3, Table
3). The AS compared with PS network also showed stronger or
more asymmetric connections from the ACC to parietal and sub-

Figure 3. The results of contrasting effective connectivity between task conditions sepa-
rated by age group. Both left- and right-hemisphere connections are placed on the right hemi-
sphere to aid with visualization. These are connections in which effective connectivity strengths
were significantly greater or more asymmetric for AS compared with PS (FDR � 0.05). These
connections are likely involved in active inhibitory control processes. For all age groups, no
connections showed greater effective connectivity strength for PS compared with AS.

Table 2. List of significant connections for each age group and condition

Source ROI Target ROI

Adults Adolescents Children

AS PS AS PS AS PS

preSMA/SEF R FEF x x x x � �
preSMA/SEF R Thalamus x � x x � �
preSMA/SEF L Putamen x x x x x �
R FEF R IPS x x x x x x
R FEF L Putamen x x x x � �
R FEF R Thalamus x x � � � �
R FEF R Cerebellum x x x x � �
L FEF L IPS x x x x � �
L FEF R SPC x x x x x x
L FEF L Putamen x x � � � �
L FEF L Thalamus x � x x � �
L FEF R Thalamus � � x x x �
R IPreCS R IPS x � x x � �
R IPreCS L IPS x x x � x x
L IPreCS L IPS x x x x � �
L IPreCS R IPS � � � � x x
R MFG R FEF x � � � � �
R MFG L FEF x � � � � �
R MFG L IPS x � � � � �
R MFG R Putamen x � x � � �
R MFG R Thalamus x � � � � �
R IFG preSMA/SEF x � � � � �
R IFG R FEF x � x � x �
R IFG L FEF x � � � � �
R IFG L Putamen x � x � x �
R IFG R Thalamus x � x � x �
R IFG R Cerebellum x � x � x �
R IFG L Cerebellum x � x � � �
vmPFC R Putamen x x x � x �
vmPFC R Insula x � x x � �
vmPFC L Putamen � x � � � �
R Insula L Putamen x x x x � �
R Insula R Thalamus x x � � � �
L Insula L Putamen x x x x � �
L Insula L Thalamus x x x x � �
R IPS R Putamen x x x x x �
R IPS R Cerebellum x x x x x �
L IPS R Thalamus x x x x x �
L IPS R Cerebellum x x x x x �
R IPS L SPC � � � � x �
R IPS L IPS � � � � x �
R SPC R IPS � � � � x x
L SPC L IPS � � � � x x
R SMG R IPS � � x x x x
R SMG R SPC � � � � x �
L SMG L IPS � � x � x �
L SMG L SPC � � � � x x
SC R Putamen x x x x x x
R Visual R Thalamus x x x x x x
R Visual L Thalamus x x x x x x
L Visual L Thalamus � x � � � x
ACC R FEF x � x x � �
ACC R MFG x � x � � �
ACC R IPS x � x x x x
ACC L IPS x � x x x x
ACC R Putamen x x x x x �
ACC R Thalamus x x x � x �
ACC L Thalamus x x x x x �
ACC R Cerebellum x x x x x �
ACC L Cerebellum x x � � � �

L, Left; R, right; Visual, lingual gyrus/visual cortex; x, significant connection; �, no significant connection.
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cortical regions. For all age groups, no connections showed stron-
ger or more asymmetric connectivity strengths in the PS network
compared with the AS network. The median of the contrasted
DOI (AS � PS) of each connection and its significant level
derived from the bootstrapping procedure are presented in supple-
mental Tables 7–9 (available at www.jneurosci.org as supplemental
material).

Developmental changes of effective connectivity
Developmental patterns of connections that were greater for the
AS network compared with the PS network showed two key de-
velopmental differences: (1) compared with adults and adoles-
cents, children showed stronger short-range connections within

the parietal cortex, and (2) influencing connections from frontal
regions to other regions increased with age. We summarize the
developmental changes of effective connectivity in Figures 4 and
5, dividing connections into two overarching developmental pat-
terns: developmental increases and developmental decreases.

Developmental increases
From childhood to adolescence, effective connectivity increased
in the following pathways: SEF to the thalamus, ACC to the right
MFG, the right MFG to the putamen and the right thalamus.
During the transition from adolescence to adulthood, the
strength of effective connectivity from frontal regions (ACC,
right MFG, right IFG, FEF, IPreCS) to multiple downstream sen-
sorimotor regions, including the IPS and subcortical regions
(thalamus and cerebellum), increased with age.

Developmental decreases
In contrast, short-range connectivity strengths within the parietal
cortex decreased with age. Effective connectivity from SMG to
the IPS decreased with age from childhood to adolescence and
adulthood. Connections between the right SMG and the right
SPC, the right IPS and the left SPC, the left SPC and the left IPS
decreased with age from childhood to adolescence. Developmen-
tal decreases in effective connectivity within the parietal cortex
appear mostly complete by adolescence, because from adoles-
cence into adulthood fewer decreasing connectivity changes were
found.

Functional connectivity analysis
Developmental changes in functional con-
nectivity underlying inhibitory control pri-
marily paralleled our effective connectivity
results. We found that short-range con-
nections within the frontal and the pari-
etal cortex decreased in strength with
age for the AS task (Fig. 6). Within the
frontal cortex, we found decreases in func-
tional connectivity between right MFG
and the right insula, the ventromedial
prefrontal cortex (vmPFC) and the right
IFG, the right IFG and left insula, the left
FEF and left IPreCS, the right MFG and
bilateral IPreCS, and the ACC and the
right IFG with age. Within the parietal
cortex, similar to our effective connectiv-
ity results, we found decreases in func-
tional connectivity between bilateral SMG
and the right IPS, and the right IPS and
bilateral SPC. Most of these short-range
decreases were complete by adolescence,
whereas a few connections within the

frontal cortex showed continuing decreases into adulthood (e.g.,
ACC–right IFG and right MFG–right insula). Similar to our ef-
fective connectivity results, long-range functional connectivity
between distant ROIs also showed increases with age. We found
increases in functional connectivity strengths between right IFG
and the left IPS, the right IFG and the right SPC, bilateral SMG
and the right putamen, the right SMG and SC, the left SMG and
the right cerebellum, the left insula and the right putamen, and
the ACC and the right IFG.

Discussion
The overall goal of our study was to characterize the development
of inter-regional interactions that support active inhibitory con-

Figure 4. Developmental patterns of effective connectivity underlying inhibitory control. These are connections in which effective
connectivity strengths were significantly different across age groups (children, adolescents, adults). Both left- and right-hemisphere con-
nections are placed on the right hemisphere to aid with visualization. Connections are grouped into two overarching developmental
patterns: developmental increase and developmental decrease. Left shows connections that showed developmental increase in effective
connectivity strengths (adults significantly greater than adolescents and/or adolescents significantly greater than children). Right shows
connections that showed developmental decrease in effective connectivity strengths (children significantly greater than adolescents
and/or adolescents significantly greater than adults). Solid lines with arrows represent developmental increasing connections, and dashed
lines with arrows represent developmental decreasing connections. Connections from frontal to parietal and subcortical regions increased
with age, whereas connections within the parietal cortex decreased with age. A, Adults; C, children; T, adolescents.

Table 3. List of significant connections in which AS > PS

Source ROI Target ROI Adults Adolescents Children

preSMA/SEF R Thalamus x � �
preSMA/SEF L Putamen � � x
R MFG R FEF x � �
R MFG L FEF x � �
R MFG L IPS x � �
R MFG R Putamen x x �
R MFG R Thalamus x � �
R IFG preSMA/SEF x � �
R IFG R FEF x x �
R IFG L FEF x � �
R IFG L Putamen x x �
R IFG R Thalamus x x x
R IFG R Cerebellum x x �
R IFG LCerebellum x x �
R IPS R Cerebellum � � x
R IPS L SPC � � x
L IPS R Thalamus � � x
L SPC L IPS � � x
R SMG R SPC � � x
L SMG L IPS � � x
ACC R IPS x � �
ACC L IPS x � �
ACC R MFG x x �
ACC R Thalamus � x x
ACC L Thalamus � � x
ACC R Cerebellum � � x

L, Left; R, right; x, significant connection; �, no significant connection.
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trol. Our results suggest that adults’ ma-
ture inhibitory control was supported by
exerting top-down cognitive control from
multiple frontal regions to downstream
cortical and subcortical regions associated
with oculomotor processing (Müri et al.,
1998; Munoz and Everling, 2004; Everling
and Desouza, 2005; Pierrot-Deseilligny et
al., 2005; Bressler et al., 2008; Duann et al.,
2009). Developmentally, our results indi-
cate that developmental improvements in
inhibitory control are supported by en-
hanced in top-down connectivity from
frontal cognitive control regions to down-
stream effector regions and decreases in
short-range connectivity within parietal
and frontal regions.

Mature inhibitory control is supported
by the integration of multiple
distributed cortical regions through
top-down connectivity
To identify connections that were associated
with active inhibitory control processes, we
examined connections in which effective
connectivity strengths were significantly
greater or more asymmetric for the AS
compared with the PS condition. Our re-
sults suggest that establishing top-down
connectivity from frontal cortical regions
to cortical and subcortical oculomotor re-
gions supports inhibitory control. These
top-down connections originated from
the ACC, the right MFG, and right IFG.
The right MFG has been implicated to be
involved in attentional control (Corbetta
and Shulman, 2002), task-rule represen-
tation (Crone et al., 2006), task-set mainte-
nance (Sakai, 2008), and working memory
processes (Curtis and D’Esposito, 2003).
Effective connectivity from the right MFG
to the basal ganglia and FEF may assist
with the programming of eye-movement
output and connections to the thalamus
that have been found to support the gen-
eration of antisaccades (Kunimatsu and Tanaka, 2010). The right
IFG is associated with cognitive inhibition (Konishi et al., 1998;
Aron et al., 2003, 2004; Duann et al., 2009). Connectivity from
the right IFG may contribute to inhibition of the prepotent PS
output that is being prepared in the SEF, the FEF, the putamen,
and the cerebellum. The ACC has consistently been found to
support performance monitoring (Paus et al., 1993; Rushworth
et al., 2004; Velanova et al., 2008) and to signal error (Schall and
Boucher, 2007) or conflict (Carter et al., 1998; Kerns et al., 2004;
Cavanagh et al., 2009). We found connections from ACC to oc-
ulomotor regions (IPS and FEF) and to the right MFG. Com-
pared with the PS task, the AS task created more conflict in
response preparation and induced more behavioral error (as ev-
ident in our behavioral results). ACC may enhance cognitive con-
trol functions through the right MFG (Cavanagh et al., 2009) and
assist in preparing oculomotor regions for making the correct
motor output. Compared with the AS task, the PS task lacked
these dominant influencing top-down connections from the

frontal cortex, which could reflect its relatively lighter cognitive
demand.

Several significant connections were found when examining
the AS and PS effective connectivity networks separately, and
these were found to be equivalent across the AS and PS condi-
tions. These connections extended from visual cortex to the thal-
amus, and the SC to basal ganglia. These connections may reflect
basic sensory-relay functions from the visual cortex to the thala-
mus (Kawamura et al., 1974; Guillery and Sherman, 2002; Cappe
et al., 2009) and reflect saccade programming coordination between
the basal ganglia and the SC (Munoz and Everling, 2004). We also
found several connections within the oculomotor circuitry in both
the AS and PS conditions, such as FEF to IPS and IPreCS to IPS.
These connections are likely involved in coordinating oculomotor
functions for executing eye movement outputs (Miller et al., 2005;
Pierrot-Deseilligny et al., 2005; Brown et al., 2007).

Multiple top-down connections act in concert to support in-
hibitory control. Our results suggest that there is no single ana-

Figure 5. Box plots of developmental changes in effective connectivity. These are connections in which effective connectivity
strengths were significantly different across age groups (also see Fig. 4). For every box plot, the dependent measure ( y-axis) is the
effective connectivity strength (difference of influencing strength, DOI) of the AS task. A shows connections that showed develop-
mental increase in effective connectivity strengths (adults significantly greater than adolescents and/or adolescents significantly
greater than children). B shows connections that showed developmental decrease in effective connectivity strengths (children
significantly greater than adolescents and/or adolescents significantly greater than adults). L, Left; R, right.
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tomical region that is the locus of inhibitory control functions.
Instead, active inhibitory control is accomplished by collaborat-
ing oculomotor function, task goal maintenance, attentional
control, and response inhibition across a distributed circuitry.

Developmental improvements in inhibitory control are
supported by enhancing top-down connectivity from the
frontal cortex
The mature (adult-level) inhibitory control circuitry was charac-
terized by strong top-down connectivity between the frontal
cortex and parietal and subcortical regions, but developing pop-
ulations showed a qualitatively different connectivity pattern.
Children did not show top-down connectivity from the right
MFG and had fewer and weaker connections from the right IFG.
When examining the AS and PS networks separately, children
showed effective connectivity between key oculomotor regions
such as the FEF and IPS, suggesting that basic oculomotor func-
tion is established by childhood. However, for inhibitory control
(i.e., AS � PS connections), children’s effective connectivity pro-
file was dominated by strong short-range connectivity within the
parietal cortex. This could be attributable to children’s relatively
weaker communication between the cognitive resources of the
frontal cortex and downstream sensorimotor functions, prompt-
ing reliance on visuospatial attention strategies that are coordi-
nated in the parietal cortex. These results are similar to our
previous study that also found a robust recruitment of parietal
regions in childhood (Luna et al., 2001). For adolescents, top-
down connections from the right IFG that were already estab-
lished in childhood continued to increase their connectivity
strength with age. Furthermore, several new top-down connec-
tions from the right MFG and ACC emerged. The strong within-
parietal connectivity pattern weakened from childhood to
adolescence and was absent by adulthood. These results suggest
that adolescents had stronger connectivity that enabled frontal
cortex to exert cognitive control over downstream oculomotor
regions. However, when compared with adults, adolescents’ top-
down connectivity was still not adult-like. Preexisting top-down
connectivity from right IFG to the thalamus and ACC to the right
MFG continued to strengthen from adolescence to adulthood.
New connections from right MFG to the thalamus and the FEF
emerged in adulthood. Together, these results suggest that, during

adolescence, there is continued strengthen-
ing of top-down influence from frontal to
downstream effector regions.

Results from the developmental pro-
file of effective connectivity associated
with active inhibitory control (i.e., AS �
PS) revealed two overarching patterns
(Figs. 4, 5). First, top-down connectivity
from the frontal cortex strengthened with
age. In particular, top-down connections
that support cognitive control continued
to develop from childhood to adolescence
and into adulthood, whereas basic oculo-
motor connectivity was adult-like by
adolescence. Second, short-range connec-
tions that are close in anatomical space
decreased with age. Results showed strong
connectivity within the parietal cortex in
children that was greatly reduced by ado-
lescence and no longer seen in adults. A
parallel pattern was also found in our FCA
results (Fig. 6), which showed that short-

range connections within frontal and parietal cortex weakened
from childhood to adulthood.

Overall, our developmental results are consistent with previ-
ous rs-fcMRI reports (Fair et al., 2007) indicating that connectiv-
ity strength between distant regions increases with age, whereas
regions close in proximity gradually segregate from each other
(Fair et al., 2009). Additionally, we found that the development of
top-down effective connectivity from cognitive control regions is
critical in supporting active inhibitory control. This result is also
consistent with previous reports that developmental changes in
effective connectivity are associated with age-related improve-
ments in cognitive processes (Bitan et al., 2006, 2009; Stevens et
al., 2007). Critically, we found that changes in both the strength
and the number of connections underlie developmental im-
provements in inhibitory control. Interestingly, developmental
increases in top-down connectivity are in contrast to visual per-
ceptual learning studies showing that with training the reverse is
evident (Lewis et al., 2009), underscoring that the nature of de-
velopmental improvements in response inhibition are supported
by establishing top-down connectivity for cognitive control. To-
gether, these results support our proposal that what characterizes
the transition from adolescence to adulthood is engagement of
more distributed networks that act in a collaborative manner to
support top-down executive control of behavior (Luna and
Sweeney, 2004). The antisaccade task is also associated with a
wide range of cognitive control processes beyond inhibitory con-
trol. The developmental changes we found in cortical–subcortical
pathways could potentially be involved in a broader realm of
executive control functions such as error-related cognitive con-
trol and behavioral adjustment (Ide and Li, 2010).

Developmental enhancements in top-down connectivity are
likely supported by the maturation of white matter tracts con-
necting distributed cortical regions. Brain maturation processes,
including myelination and synaptic pruning, support white mat-
ter integrity (Yakovlev et al., 1967; Huttenlocher, 1979), and both
enhance neuronal communication. Our results are in accord with
our recent findings that the integrity of association and projec-
tion white matter tracts that provide connections between fron-
tal, subcortical, and parietal regions are still immature in
adolescence (Asato et al., 2010). Functionally, increased white
matter integrity would support better synchronization of neural

Figure 6. Developmental patterns of functional connectivity associated with the AS task. Connections are grouped into two
overarching developmental patterns: developmental increase and developmental decrease. Both left- and right-hemisphere
connections are placed on the right hemisphere to aid with visualization. Left shows connections that showed developmental
increases in functional connectivity (adults significantly greater than adolescents and/or adolescents significantly greater than
children). Right shows connections that showed developmental decreases in functional connectivity (children significantly greater
than adolescents and/or adolescents significantly greater than adults). Solid lines represent developmental increasing connec-
tions, and dashed lines represent developmental decreasing connections. Functional connectivity between distant regions in-
creased with age, whereas functional connectivity within the frontal and parietal cortex decreased with age. A, Adults; C, children;
T, adolescents.
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signals across a distributed cortical circuitry (Olesen et al., 2003;
Boorman et al., 2007; Stufflebeam et al., 2008).

Conclusions
Our results suggest that, in addition to known immaturities in
localized function, top-down connectivity from the frontal cor-
tex also continues to mature into adulthood. Developmental im-
provements in inhibitory control thus may be supported by both
the maturation of localized brain function and enhancement in
coordinating cognitive control functions through top-down con-
nectivity between frontal, oculomotor, and subcortical regions.
Immaturities in the development of effective connectivity could
provide important insights into the emergence of psychopathol-
ogy and risk-taking behaviors in adolescents.
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