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The Maturation of Task Set-Related Activation Supports Late
Developmental Improvements in Inhibitory Control

Katerina Velanova,! Mark E. Wheeler,? and Beatriz Luna!
Departments of 'Psychiatry and 2Psychology, University of Pittsburgh, Pittsburgh, Pennsylvania 15213

The ability to voluntarily inhibit a single response is evident early in development, even as the ability to maintain an inhibitory “task set”
continues to improve. To date, functional neuroimaging studies have detailed developmental changes in systems supporting inhibitory
control exerted at the single-trial level, but changes underlying the ability to maintain an inhibitory task set remain little understood. Here
we present findings from a functional magnetic resonance imaging study that characterizes the development of systems supporting both
transient (trial-related) and sustained (task set-related) activation during performance of the antisaccade task—an oculomotor test of
inhibitory control (Hallett, 1978). Transient activation decreased from childhood to adolescence in regions known to support inhibitory
processes and oculomotor control, likely reflecting less effortful response production. In contrast, sustained activation increased to
adulthood in regions implicated in control. Our results suggest that development of the ability to maintain a task set is primary to the

maturation of inhibitory control and, furthermore, that this ability is still immature in adolescence.

Introduction

The ability to exert inhibitory control during a single trial exists
even in infancy, suggesting that the circuitry supporting transient
inhibitory control is available early in development (Diamond
and Goldman-Rakic, 1989; Johnson, 1995). However, the ability
to exert inhibitory control in a persistent manner continues to
mature through adolescence, evidenced by improved rates of cor-
rect inhibitory responding (Bedard et al., 2002). One factor that
may account for this improvement is development of the ability
to maintain an inhibitory “task set” over time.

A task set refers to a configuration of cognitive processes,
initiated by implicit or explicit instructional cues, that is ac-
tively maintained during task performance (Monsell, 1996).
Task sets are thought to play a supervisory control function,
determining and guiding operations performed on transiently
occurring stimuli (Dosenbach et al., 2006). In broad lay terms,
a task set represents the overarching “rules” that govern task
performance.

Evidence that task sets are neurally represented comes from
numerous sources. However, most research has emphasized task
set implementation and anticipatory neural signaling before pre-
sentation of task-relevant stimuli, as with cueing (Corbetta and
Shulman, 2002) and task-switching paradigms (Sakai, 2008). In
contrast, we regard signaling maintained throughout periods of
task performance—the background against which transient
modulation occurs—as reflecting maintenance of a task set [sim-
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ilar to Braver et al. (2003) and Dosenbach et al. (2006)] and
distinguish such activation from preparatory activation that may
or may not be sustained.

Mixed block/event-related or “hybrid design” functional
magnetic resonance imaging (fMRI) has proven highly effective
for distinguishing simultaneously occurring sustained and tran-
sient signals (Visscher et al., 2003). In the present study, we make
use of these methods to estimate sustained and transient activa-
tion elicited during performance of the antisaccade (AS) task, an
oculomotor test of inhibitory control (Hallett, 1978), at three
stages of development: late childhood, adolescence, and young
adulthood.

Our primary aim was to describe the development of sus-
tained processes. We hypothesized that regions belonging to a
“core” task set network, including medial superior frontal/ante-
rior cingulate cortex (msF/aCC) and anterior insula/frontal
operculum (al/fO) would show similar response profiles across
age groups, consistent with their playing a fundamental role in all
ongoing task performance (Dosenbach et al., 2006, 2008). How-
ever, we anticipated that regions implicated in task-specific in-
hibitory set maintenance would show continued specialization
beyond childhood, and a more protracted developmental trajec-
tory than that of transient controlled processes, analogous to
recent resting-state functional connectivity (rs-fcMRI) find-
ings (Fair et al., 2007). Our second aim was to assess the con-
tribution of sustained processes to age-related improvements
in performance. In particular, we hypothesized that sustained
processes would play a central role in the transition from
adolescent- to adult-level performance. At this transition, we
have shown that transient signaling associated with AS control
functions has stabilized, yet performance continues to im-
prove into adulthood (Velanova et al., 2008). Thus, the trajec-
tory of improved performance with age is not fully explained
by transient modulations.
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In sum, our goal was to highlight the importance of supervi-
sory control functions and their critical role in the attainment of
adult-level inhibitory control.

Materials and Methods

Correct performance of an AS trial requires inhibition of a prepotent
saccade toward a briefly presented peripheral stimulus and, instead, ex-
ecution of a voluntary saccade toward the empty mirror location. In this
study, during fMRI, AS and prosaccade (PS) trials (requiring only a
saccade toward a peripheral stimulus) were presented in blocks inter-
spersed with extended periods of fixation. This arrangement allowed the
estimation of sustained brain activation maintained throughout epochs
of AS performance, as well as transient activation associated with indi-
vidual (correctly performed) AS trials.

Participants

Ninety-eight individuals aged 8 —27 years participated in accordance with
University of Pittsburgh Institutional Review Board guidelines: 35 were
children aged 812 years, 35 were adolescents aged 13—17 years, and 28
were adults aged 18—27 years. No standards exist for defining child and
adolescent age ranges; thus, groups were defined based on our past be-
havioral studies indicating differential cognitive performance (Luna et
al., 2004). Participants were native English speakers with no history of
neurological or psychiatric problems in themselves or a first-degree rel-
ative. Three were left-handed. Vision was normal or corrected to normal
using magnet compatible glasses or contact lenses. Sixteen participants
either failed to complete the study or produced data with sufficient arti-
facts to preclude additional analysis. Four participants were excluded
because of equipment-related failure. Thus, we report data from 78 par-
ticipants (26 children: mean age, 10.50; SD, 1.39; 25 adolescents: mean
age, 15.32; SD, 1.63; and 27 adults: mean age, 20.74; SD, 2.75). Seventy-
seven of these participants contributed (transient) data reported by Vela-
nova et al. (2008). The 78th participant performed at ceiling, and thus
their data was not included in our previous report (which was concerned
with responses to errors).

Participants were trained on the scanned task in the behavioral labo-
ratory within 3 months of fMRI, at which time they also completed
assessments of handedness (Annett, 1967; Oldfield, 1971) and intelli-
gence (Wechsler Abbreviated Scale of Intelligence) (The Psychological
Corporation, 1999). Immediately before scanning, naive participants
spent ~15 min in a mock scanner to acclimate them to the magnetic
resonance (MR) environment (Rosenberg et al., 1997).

fMRI data acquisition

Data were acquired using a Siemens 3 tesla MAGNETOM Allegra fitted
with a standard circularity-polarized head coil. Pillows and tape mini-
mized head movement. Earplugs dampened scanner noise. A personal
computer (Dell Dimension 8200, Pentium 4, 2 GHz, Windows XP) run-
ning E-Prime (Psychology Software Tools) controlled stimulus display.
Stimuli were projected onto a screen at the head of the scanner bore
viewable via a mirror attached to the head coil.

Structural images were acquired first using a sagittal magnetization-
prepared rapid gradient echo (MP-RAGE) T1-weighted sequence [repe-
tition time (TR), 1570 ms; echo time (TE), 3.04 ms; flip angle (a), 8°%
inversion time (TI), 800 ms; voxel size, 0.78125 X 0.78125 X 1 mm].
Functional images were then acquired using an echoplanar sequence
sensitive to blood oxygen level-dependent (BOLD) contrast (T2*) (TR,
1.5 s; TE, 25 ms; a = 70° voxel size, 3.125 X 3.125 mm in-plane resolu-
tion) (Kwong et al., 1992; Ogawa et al., 1992). Participants performed
four functional runs (each, 6 min 15 s), followed by up to three runs of an
unrelated experiment. During each run, 29 contiguous 4-mm-thick axial
images were acquired parallel to the anterior commissure—posterior
commissure plane. The first six images in each run were discarded to
allow stabilization of longitudinal magnetization.

Behavioral paradigm

During each run, participants alternated between blocked periods of
oculomotor task performance and blocked periods of fixation (Chawla et
al., 1999; Donaldson et al., 2001; Velanova et al., 2003). Each run con-

J. Neurosci., October 7, 2009 - 29(40):12558 12567 + 12559

sisted of 36 s (24 MR frames) of fixation (control), followed by a 114 s
task block (76 frames), a second block of fixation (45 s; 30 frames), a
second task block (114 s; 76 frames), and a final block of fixation (36 s; 24
frames). Participants performed the AS task during one task block and a
PS task during the second. The order of tasks was counterbalanced across
runs (within participant) and across participants. Participants were ex-
plicitly told the task order before each run commenced.

Each task block was preceded by a 3 s cue informing participants about
the nature of the upcoming trials (either “Start LOOK-AWAY game” for
AS blocks, or “Start LOOK-TOWARD game” for PS blocks). Twelve AS
trials or 12 PS trials were presented in each task block, such that, across
four runs, participants performed 48 AS and 48 PS trials. Intervals be-
tween trials were planned so that the time between trials (during which a
white fixation crosshair was presented) varied from 3 to 9 s (two to six
frames) and was more often shorter than longer (Dale and Buckner,
1997; Dale, 1999). This temporal jitter allowed separation of sustained
and trial-related signal components and differed from trial to trial for
each participant. Trial presentation was time-locked to the onset of suc-
cessive whole-brain image acquisitions. Each task block ended with a 3 s
“task end” cue, alerting participants that a long period of fixation would
follow. Three additional frames of fixation served to jitter the onset of the
task block proper (after cue presentation) and were arranged such that, if
three additional frames (4.5 s) of fixation followed the task onset cue, no
additional fixation frames preceded the task end cue, else if two addi-
tional frames (3 s) of fixation followed the task onset cue, one frame (1.5
s) preceded the task end cue, and so forth. Inclusion of these additional
frames of fixation reduced noise in estimating responses associated with
task start and end cues, and also modestly improved estimates of tran-
sient and sustained effects.

AS and PS task trials began with a 3 s colored fixation crosshair (sub-
tending ~0.7° of visual angle) instructing participants to make a prosac-
cade (green) or an antisaccade (red). This was followed immediately by a
1.5 s peripheral saccade stimulus. No “gap” was interposed between the
instruction cue and saccade stimulus to increase the probability of accu-
rate performance in younger participants (Fischer and Weber, 1997).
Each target stimulus was a yellow spot, subtending ~0.5°, presented on
the horizontal meridian at one of six eccentricities (at =3, 6, or 9°).
Target location order was randomized within each task block. For PS
trials, participants’ task was to look toward the saccade stimulus. For AS
trials, participants were instructed to inhibit saccades toward the saccade
stimulus and to look instead toward the empty location directly opposite.
Run and task trial structures are depicted in Figure 1 [Velanova et al.
(2008), their Fig. 1, reprinted with permission]. Data from AS trials and
AS task blocks only are reported here.

Eye tracking

Eye movement measurements were obtained during scanning using a
long-range optics (LRO) eye-tracking system (model R-LRO6; Applied
Science Laboratories). Nine-point calibrations were performed at the
beginning of the session and between runs as necessary. Eye movement
data were analyzed and scored off-line using ILAB (Gitelman, 2002) in
conjunction with an in-house scoring suite. Eye movements occurring
after the presentation of target saccade stimuli were scored for perfor-
mance accuracy (as correct, incorrect, and scoring omissions for each
trial type) and latency.

fMRI data preprocessing

Data were preprocessed to remove noise and artifacts. Motion was cor-
rected within and across runs using a rigid-body rotation and translation
algorithm (Snyder, 1996). Image slices were realigned in time to the
midpoint of the first slice using sinc interpolation. Data were normalized
to a whole-run modal magnitude of 1000 (Ojemann et al., 1997) and
were resampled into a standardized atlas space (see below) (Talairach
and Tournoux, 1988) using 2 mm isotropic voxels (see Maccotta et al.,
2001, for details of the warping method). Atlas registration involved
using a series of affine transforms to align each subject’s T1-weighted
image to an atlas-transformed target T1-weighted template (Michelon
etal., 2003). The template was derived from MP-RAGE images obtained
from 12 independently scanned neurologically normal young adults
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(see Kang et al., 2003). Difference image vari-
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ance minimization was the objective function
(Snyder, 1996). This method has been vali-
dated for the comparison of children as young
as 7 years with adults at BOLD image resolu-
tions >5 mm (Burgund et al., 2002; Kang et al.,

2003) and differs from statistical parametric
mapping (SPM) atlas registration (with affine
normalization) only in the image used as the
atlas-representative target.
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Movement analysis

Measures of head movement were obtained
from the output of the rigid-body rotation and
translation algorithm. Translations and rota-
tions in the x, y, and z dimensions were aver-
aged across frames, and total root mean square
(RMS) linear and angular precision measures
were calculated for each run. Runs in which a
participant’s total RMS movement exceeded 1
mm or degree were excluded from additional analysis. Four runs of data
were included for 26 of the 27 adult participants, 24 of the 25 adolescents,
and for 17 of the 26 child participants. The remainder contributed three
runs. Values for included runs were averaged for each participant, and
ANOVAs were performed, testing for differences between age groups.
RMS movement for all groups was considerably below the a priori se-
lected cutoff of 1 mm or degree. Children, however, showed significantly
more head movement on average (0.39) than did adolescents or adults
(both 0.26; main effect of age group, F, ;5, = 9.44, p < 0.001).

fMRI data analyses

Preprocessed data were analyzed using the general linear model (GLM)
(Friston et al., 1995; Worsley and Friston, 1995; Zarahn et al., 1997).
Analyses were performed to estimate sustained signal changes main-
tained throughout AS (and PS) blocks, and transient signal modula-
tion during AS (and PS) trials using fIDL software (Miezin et al., 2000;
Ollinger et al., 2001a,b). Additionally, regressors were coded into the
GLM to take into account task start and end cues, within-run drift
(linear trend terms), and run means (run-wise constant terms) (Vela-
nova et al., 2003; Visscher et al., 2003). Effects for all analyses are
described in terms of percentage signal change, defined as signal mag-
nitude divided by the mean of the estimated constant terms.

Sustained effects. Two sustained effects, one corresponding to each
block type (AS and PS), were coded in the GLM. These were coded as
single regressors with an assumed response shape (specifically, a square
wave function starting 19.5 s/14 time points after the cues at the begin-
ning of each task block and terminating at the end of each task epoch)
(Dosenbach et al., 2006; Fair et al., 2007). A single magnitude estimate
(relative to baseline) for each sustained effect was computed for each
block condition at each voxel. For this report, magnitude estimates for
AS sustained activation (only) were entered into voxel-by-voxel ¢ tests
and one-way ANOVA, which compared the magnitude of sustained ac-
tivation to baseline within age groups (and across all participants), and
compared age groups, respectively. Exploratory statistical images result-
ing from these analyses were produced by converting the observed t and
F statistics to z statistics, plotting them across the brain, smoothing with
a Gaussian spatial filter of 8§ mm full width at half-maximum, excluding
voxels with values of z < 2 and then voxels falling outside clusters com-
posed of a minimum of 100 voxels. Estimates of AS sustained activation
relative to baseline were also entered into region-specific analyses, as
below.

Transient effects. For each participant, the BOLD response to each trial
type (i.e., correct responses, incorrect responses, and scoring omissions
for both AS and PS trials) was estimated by coding a different regressor
(delta function) for each of the 15 time points (i.e., image acquisitions)
after each trial onset. This produced one time course estimate (over 15
time points) per voxel, for both AS and PS trials. Cross-correlation mag-
nitudes were then computed for correctly performed AS trials (for each
participant) using the inner product of the estimated AS time course and
a vector of contrast weights modeling the hemodynamic response func-
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Schematic depictions of run (4) and task trial (B) structures. Figure 1 from Velanova et al., Maturational changes in
anterior cingulate and frontoparietal recruitment support the development of error processing and inhibitory control. Cerebral
Cortex, 2008, 18, 2505—-2522, by permission of Oxford University Press.
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Figure 2. A, Mean probability of correct AS trial performance as a function of age group.
B, Mean initial saccade latencies for correctly performed AS trials as a function of age group.
Asterisks indicate the significance of (adjacent) group comparisons: *p << 0.05; **p << 0.01.
Error bars indicate SEM.

tion (i.e., a gamma function; delay, 2 s; time constant, 1.25 s). These
summary cross-correlation magnitudes were entered into ANOVA com-
paring age groups from which exploratory statistical images based on
F statistics were derived. Again, these were smoothed, thresholded,
and corrected as above (z = 3; p < 0.05) (Forman etal., 1995; McAvoy
et al., 2001). We note that, in common with previous reports (Viss-
cher et al., 2003; Burgund et al., 2006; Dosenbach et al., 2006), differ-
ing thresholds were applied for sustained and transient effects based
on their reflecting different types of neural signals that are known to
show substantial differences in statistical reliability and signal
magnitude.
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Analyses in regions of interest

Functional regions of interest (ROIs) showing developmental changes in
sustained and transient activation (separately) were identified by taking
the uncorrected (F)z-statistical image depicting voxels in which there
was a main effect of age group for AS sustained activation and AS tran-
sient activation, preblurring using a 4 mm hard-sphere kernel, and ap-
plying an automated (local extremum) search algorithm that located
peaks exceeding a significance threshold of z = 2 for sustained effects and
z = 3 for transient effects. Peaks separated by <10 mm were consolidated
by averaging coordinates. Regions were defined by including all voxels
that also appeared in the relevant corrected statistical image and that
were within a 10 mm radius of each identified peak, and then discarding
clusters that comprised <100 contiguous voxels. This procedure defined
ROIs that changed activation based on the age group effect represented in
the base exploratory statistical image. For each region thus defined,
relevant response magnitudes were averaged across all voxels (within
subject), and submitted to analyses paralleling those conducted on a
voxel-by-voxel basis, together with correlational analyses (based on Pear-

Voxels showing sustained statistical activation change during AS task blocks relative to baseline displayed on partially
inflated lateral and medial cortical surfaces. Left and right hemisphere surfaces appear to the left and right. Clusters of activation
smaller than 100 contiguous voxels are not displayed. Images are thresholded at z = 2. 4, (t)z-statistical map of voxels showing
sustained activation across all participants independent of age group. B, ( F)z-statistical map of voxels showing age group differ-
ences in sustained activation during AS blocks. Note that, because this map is based on ANOVA, no direction of effects is indicated.
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son’s r) assessing relationships between the esti-
mated magnitude of sustained effects and
participant’s age and level of performances, mea-
sured in terms of the rate of correct AS trial per-
formance. Supplemental analyses were also
conducted to visualize the temporal evolution of
sustained effects and served to confirm their sus-
tained nature. These are presented in supplemen-
tal Figure 3 (available at www.jneurosci.org as
supplemental material).

Results
Behavioral results
Rates of correct AS trial performance,
when participants successfully inhibited
saccades toward peripherally presented
stimuli, increased with age (main effect
of age group; F, s 18.51; p <
0.0001). Consistent with previous find-
ings (Fischer et al., 1997; Munoz et al.,
1998; Fukushima et al., 2000; Klein and
Foerster, 2001; Luna et al., 2004; Irving et
al., 2006), AS trial performance improved
significantly from childhood to adoles-
cence (t,9, = 3.25; p < 0.01) and from
adolescence to adulthood (t50) = 2.55;
p < 0.05) (Fig. 2A). As anticipated, rates
of correct performance for PS trials were
at ceiling (0.99) and did not differ among
age groups (main effect of age group;
F, 75y =1.04; p > 0.35). Similarly, rates of
corrective saccades toward the target loca-
tion on AS error trials [i.e., when partici-
pants initially failed to inhibit (erroneous)
prosaccades] did not differ among age
groups (mean correction rate, 0.93; F, ;,
= 1.33; p > 0.27), suggesting that task in-
structions were understood and followed
by all age groups, despite their showing
differing levels of performance. The high
rate of corrective saccades is particularly
important when considering children’s
performance as it indicates that even these
participants were on-task and had some
intention to inhibit. This was confirmed
by responses to a follow-up questionnaire.
Latencies for initial saccades on correctly
performed AS trials were significantly
longer for children than for adolescents and adults (main effect of
age group; F(, ;5) = 4.63; p < 0.02), who did not differ (Luna et al,,
2008) (Fig. 2B). Mean AS latencies for all groups were within one
repetition time (TR/whole-brain image acquisition). Full-scale in-
telligence quotient (IQ) differed marginally between groups (chil-
dren, 107.5; adolescents, 108.3, adults, 113.4; F, ,,) = 2.65; p >
0.07), with the marginal effect driven by the difference between chil-
dren and adults.

L/Fg

fMRI results

Regions showing sustained activation

As a starting point, we sought to distinguish regions showing
similar levels of sustained activation across development from
those showing differing levels of activation. Figure 3 shows the
results of whole-brain exploratory analyses conducted with this
aim in mind. Consistent with previous reports, across partici-
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pants and independent of age group (see Fig. 3A), positive sus-
tained activation relative to baseline was observed in a network of
regions prominently including msF, bilateral al/fO, inferior parietal
lobule (iPL), and middle temporal gyrus (mTg)—regions specifi-
cally identified as routinely showing sustained activation across cog-
nitive tasks by Dosenbach et al. (2006) (for comparison, see
their Fig. 4) in their meta-analytic review of 10 studies con-
ducted within their laboratory. Also in keeping with previous
findings, negative sustained activation was observed in left
posterior temporal/occipital and middle occipital cortex, and
bilateral anterior fusiform gyrus. (For interested readers, we
present a parallel map showing sustained activation during PS
task blocks in supplemental Fig. 1, available at www.jneurosci.
org as supplemental material.)

Notable differences from previous reports included; positive
activation in right dorsolateral prefrontal cortex (dIPFC), bilat-
eral dorsal posterior cingulate (pCing), and striate cortex, and
negative activation along bilateral postcentral gyrus and in para-
central lobule. Also, conspicuously absent given past reports was
negative sustained activation in ventromedial prefrontal cortex
(vmPFC). Rather, as reported by Velanova et al. (2008) and Polli
et al. (2005), negative activation in vmPFC was a trial-specific
transient response. These differences from previous reports, we
suggest, are attributable to our uniquely having measured sus-
tained activation during performance of a task that depends
strongly on participants exerting oculomotor control.

To assess specific patterns of sustained activation, regions of
interest composed of a minimum of 100 contiguous 2 mm iso-
tropic voxels were derived from the map shown in Figure 3 A, and
estimates of the magnitude of sustained activation maintained
throughout AS blocks for children, adolescents, and adults were
computed and compared. These common regions showed sim-
ilar levels of sustained activation across age groups except in
left lingual gyrus [near Brodmann area (BA) 17] (F(, .5 =
4.12; p < 0.05). This region was represented in the (F)z-
statistical map showing voxels in which a significant main effect of
age group was observed (Fig. 3B) and thus is discussed (below) in
that context. The similarity of activation in the remainder of regions,
however, suggests, in consensus with other reports (Fair et al., 2007),
that a critical set of regions supports sustained processing indepen-
dent of age and level of performance.

Developmental effects

The ( F)z-statistical map showing voxelwise age group differences
in sustained activation is presented in Figure 3B. Regions of in-
terest composed of =100 voxels were also derived from this map
(Fig. 4A), and again, magnitudes of sustained activation were
estimated within each region for each age group. Regions were
then subdivided into groups based on two criteria: (1) the prin-
cipal direction of activation (whether positive or negative relative
to baseline) across age groups and (2) the relationship between
endpoint (i.e., child and adult) age groups (whether adults >
children or vice versa). All regions could be categorized as falling
into three groups: (1) “white” regions showing sustained negative
activation that was attenuated (i.e., became less negative) with
age, (2) “black” regions showing (initial) sustained positive acti-
vation (in childhood) that decreased with age, and (3) “red” re-
gions showing sustained positive activation that increased with
age. Regions falling into each group are listed and described in
Table 1 and shown in Figure 4A. ANOVA comparing age groups
across regions within each region group confirmed the similarity
of the developmental pattern of activation in regions compris-
ing each region group (region X age group interaction for
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Figure4. Regions derived from the F(2)-statistical map of voxels showing differential mag-
nitudes of sustained activation between age groups. 4, Regions displayed on partially inflated
cortical surfaces (similar to Fig. 2). Regions are classified as falling into one of three groups and
are color-coded in white, black, or red to represent that classification. Region characteristics are
provided in Table 1. B, Mean percentage sustained signal change for white, black, and red
regions as a function of age group. Error bars indicate SEM.

white regions showing attenuated negative activation with age,
F(15.450) = 1.23, p = 0.26; for black regions showing attenuated
positive activation with age, F(, ;5, = 0.74, p = 0.48; and for red
regions showing increased positive activation with age, Fg 309y =
1.64, p = 0.11). ANOVA comparing age groups across region
groups indicated that groups of regions (as defined) were statis-
tically dissociable (region group X age group interaction,
Fra150) = 23.20, p < 0.000001).

Of note, two groups of regions (white and black regions)
showed a reduced absolute magnitude of sustained activation in
adults (and adolescents) relative to children (Fig. 4 B). Indeed,
when the magnitude of sustained activation shown by adults
within regions comprising these two groups was compared with
baseline, only right parahippocampal gyrus showed significant
activation in adults that differed from baseline (¢ = 2.24; p <
0.05). The remainder of white and black regions made only mar-
ginal (black regions; both ¢,5) = 1.97; p = 0.06) or nonsignificant
contributions to mature performance. This was in sharp contrast
to red regions, which showed increasing positive sustained acti-
vation with age, all of which were sites of significant sustained
activation in adults (f,5 = 2.96—4.15; p = 0.007-0.0003)
(supplemental Figs. 2C, 3, available at www.jneurosci.org as
supplemental material) that consistently differed from adoles-
cents (#(s9) = 2.16-3.56; p = 0.04—-0.0008) as well as children
(ts1y = 3.39-4.09; p = 0.001-0.0002). These results suggest
that, in regions contributing to mature performance, which
also show developmental change [i.e., right dIPFC, left ante-
rior prefrontal cortex (aPFC), right superior temporal/pari-
etal cortex (sT/sMg), and bilateral occipital cortex along
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Table 1. Characteristics of regions comprising white, black, and red region groups displaying developmental changes in sustained (AS task block-related) signal

Region group Region Approximate BA X y z nvoxels zat peak
White L parietal: precuneus 7 -7 —44 48 323 3.24
R parietal: precuneus (preCun) 7 8 =52 47 236 2.83
L temporal/occipital: (posterior) middle temporal gyrus [ (p)mTg] 39 —42 —63 17 155 2.58
R medial occipital: lingual/fusiform gyrus (L/Fg) 19 10 —57 1 148 2.36
L parahippocampal gyrus 30 =15 =37 —6 113 2.10
R parahippocampal gyrus (pHg) 27/30 19 =31 —4 133 2.36
R thalamus: pulvinar (not depicted in Fig. 3) 3 =27 3 133 2.46
Black L occipital: middle occipital gyrus (m0Og) 19 —48 —76 5 338 3.40
R occipital: inferior temporal gyrus [ (p)iTg] 19 50 —68 1 281 3.13
Red L frontal: middle frontal gyrus (aPFC) 10/47 —46 40 3 118 2.93
R frontal: middle frontal gyrus (dIPFC) 9/44 51 16 29 162 2.92
R temporal/parietal: superior temporal/supramarginal gyrus (sT/SMg) 39/40 53 =55 24 286 2.93
L occipital: lingual gyrus 17118 -1 —9% —6 219 2.69
R occipital: lingual gyrus (Lg) 17 n —92 =1 123 2.71
L, Left; R, right.

Table 2. Correlations between the magnitude of sustained activation, age, and performance observed within individual red regions

Region rsustained activation, age rsus(ained activation, performance rsustained activation, age.performance
L frontal: middle frontal gyrus (aPFC) 0.26% 0.19™ 0.19™

R frontal: middle frontal gyrus (dIPFC) 0.34%* 0.34%* 0.21™

R temporal/parietal: superior temporal/supramarginal gyrus (sT/SMg) 0.34** 0.31%* 0.22™

L occipital: lingual gyrus 0.37%%* 0.29% 0.27*

R occipital: lingual gyrus (Lg) 0.31%* 0.42%** 0.11

L, Left; R, right.
Mp <010, *p < 0.05, **p < 0.01, ***p < 0.001.

lingual gyrus], maturation is protracted, extending beyond
childhood from adolescence to adulthood.

Correlational analyses: sustained effects

The observation that the maturation of sustained activation is
protracted is further supported by correlational analyses showing
robust associations between age (treated as a continuous vari-
able) and the magnitude of sustained activation in (red) regions
that contribute to mature performance. When these regions were
considered as a single cluster, not only was the association be-
tween age and sustained activation robust (re = 0.52; p <
0.00001), but it remained so when performance (measured in
terms of the proportion of correctly performed AS trials) was
partialled out (r;5, = 0.36; p < 0.01).

To establish that these effects were not driven by endpoint
groups, similar analyses were conducted with the range of ages
restricted to those spanning the adolescent and adult age groups.
Again, a significant positive relationship between age and sustained
activation was observed (15, = 0.36; p < 0.01) and remained sig-
nificant when performance served as a covariate (155, = 0.30; p <
0.05). In every case, linear regression curves provided better fits than
quadratic, cubic, logarithmic, or exponential functions.

Although we give preference to analyses conducted across the
region group because of the increased stability of estimates of
sustained signal magnitude, we also note that each individual
region comprising the (red) region group showed a robust cor-
relation between age and magnitude of sustained activation
(r76) = 0.26—0.37; p < 0.02-0.0009). Significant relationships
between performance and sustained activation were also ob-
served (r;5) = 0.29-0.42; p <0.01-0.0002), except in left aPFC,
in which this relationship was only marginally significant (r,4, =
0.19; p = 0.08). Individual regions, excluding right lingual gyrus,
also showed significant or marginally significant associations be-
tween age and sustained activation when performance was par-
tialled out (r;5 = 0.19-0.27; p < 0.10—0.01) (for correlations
observed within specific regions, see Table 2).

% Signal change

Children

Adults

Adolescents

Age group

Figure 5.  Regions derived from the F(2)-statistical map of voxels showing differential mag-
nitudes of transient (correct AS trial-specific) activation between age groups. A, Regions dis-
played on partially inflated right hemisphere (medial and lateral) cortical surfaces. Regions are
classified as falling into one of three groups and are color-coded in blue, black, or red” to
represent that classification. Region characteristics are provided in Table 3. B, Mean percentage
sustained signal change for “blue",” “black",” and “red’ ™ regions as a function of age group.
Error bars indicate SEM.

Comparisons with transient activation associated with correctly
performed AS trials

The developmental trajectory of sustained activation differed
from that for transient activation. Paralleling the approach taken
to ascertain developmental changes in sustained activation, re-
gions of interest for transient effects were derived from the
(F)z-statistical map showing voxelwise age group differences in
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Table 3. Characteristics of regions comprising blue ", black ", and red’" region groups displaying developmental changes in transient (correct AS trial-related) signal

Region group Region Approximate BA X y z nvoxels zat peak
Black” R frontal: superior frontal gyrus 26 32 47 199 3.26

R frontal: middle frontal gyrus 38 14 31 106 3.10

R frontal: inferior frontal gyrus 9/44 55 4 25 202 3.21
Blue" L/R frontal: paracentral lobule 0 —30 53 267 3.95
Red'’ R parietal: inferior parietal lobule/postcentral gyrus (iPL/pCG) 4 —36 50 124 3.15
L, Left; R, right.

transient activation elicited during correctly performed AS trials
relative to baseline. Five regions were identified as showing de-
velopmental change: three in frontal cortex along right superior,
middle, and inferior frontal gyri, together with regions in para-
central lobule and right inferior parietal lobule/postcentral gyrus
(iPL/pcG) (Fig. 5A, Table 3). Regions were again classified ac-
cording to direction of activation and relationships between end-
point age groups. All frontal regions showed positive trial-related
activation that decreased from childhood to adulthood (Fig. 5,
black regions). In these regions, activation in adolescents and
adults (who did not differ; ¢,y = —0.39-0.98; p = 0.70—0.33)
showed significant divergence from baseline only in superior
frontal gyrus (f,4) = —2.31, p = 0.03 for adolescents; and ¢(,¢, =
—2.23, p = 0.04 for adults). In paracentral lobule (Fig. 5, blue),
both adolescents and adults showed significantly decreased tran-
sient activation relative to children (f,4) = —4.18, p < 0.0001 for
adolescents vs children; and t5,) = —4.44, p < 0.0001 for adults
vs children), who did not differ from baseline (¢.,5, = 1.30; p =
0.21). Again, there was no significant difference in activation be-
tween adolescents and adults (¢55, = 0.49; p = 0.63). Finally, in
iPL/pcG (Fig. 5, red’), the trajectory of developmental effects was
nonlinear; activation in children did not differ from baseline
(t25) = 0.29; p = 0.77), activation in adolescents was decreased
(t(24y = —3.16; p = 0.004), and transient activation in adults was
modestly although significantly increased relative to baseline
(tae) = 2.90; p = 0.007). Although all age groups differed, the
difference between adults and children was only marginal (¢.5,, =
1.72; p = 0.09). The larger message, however, is that beyond
iPL/pcG, no differences were observed between adolescents and
adults, suggesting that transient activation is mostly mature by
adolescence— despite continuing improvement in performance—
and in contrast to their being continued increases in sustained acti-
vation in a critical subset of regions.

Discussion

The aim of the present study was to illustrate the critical contri-
bution of sustained task set-related activation to the maturation
of inhibitory control. Consistent with previous findings, our re-
sults indicate that typically developing individuals are able to
successfully produce at least some inhibitory responses by 8 years
of age. Importantly, what improves with age, even through young
adulthood, is the rate of successful inhibitory responding (Fischer et
al., 1997; Munoz et al., 1998; Klein and Foerster, 2001; Luna et al.,
2004), suggesting that, for the current task paradigm, processes
implicated in sustained performance continue to mature after
those supporting trial-specific performance (competence) are in
place. Here, we demonstrate that, although transient trial-
specific activation is mostly mature by adolescence, sustained
brain activation, as evident in adults, follows a more protracted
developmental trajectory that mirrors improvements in perfor-
mance between adolescence and young adulthood. Furthermore,
although transient activation in prefrontal regions supporting
controlled processing decreases with age, sustained activation in-

creases, suggesting a transition in the nature of control functions
supporting task performance and, in keeping with previous re-
ports, implicating distinguishable (although related) neural sys-
tems having differential developmental profiles.

Developmental change in trial-specific activation provides

an insufficient account of age-related improvements in
performance between adolescence and adulthood

Functional imaging studies examining activation associated with
effective trial-specific inhibitory control in young adults have
consistently demonstrated recruitment of a network of regions
prominently including middle and/or inferior prefrontal cortex
(Zheng et al., 2008), pre-supplementary motor area (Xue et al.,
2008), basal ganglia and thalamic structures (Aron and Poldrack,
2006). Event-related fMRI studies report that AS performance
elicits activation in these brain regions (Connolly et al., 2000;
Polli et al., 2005; Brown et al., 2006; Curtis and Connolly, 2008),
and, in the present study, recruitment of analogous regions was
readily evident across age groups (Velanova et al., 2008). Devel-
opmental fMRI studies of AS performance, in keeping with stud-
ies of inhibitory control using other task paradigms, indicate that
age-related changes in activation occur most prominently in pre-
frontal cortex, particularly on the right (Casey et al., 2000). Re-
sults presented here reiterate these findings, with regions in right
superior, middle, and inferior frontal cortex showing differential
modulation across age groups. Critically, in these regions, the
magnitude of activation observed in children was significantly
greater than in adolescents or adults. These results are broadly in
accord with the hypothesis that children recruit regions within
prefrontal cortex to a greater extent to assist with controlled per-
formance (Casey et al., 1997a,b; Durston et al., 2002, 2006; Booth
et al., 2003), similar to adults when task performance is experi-
enced as difficult (Mitchell, 2005; Tregellas et al., 2006) or novel
(Maccotta and Buckner, 2004; Chein and Schneider, 2005). What
is notable with respect to the present study is that the magnitude
of transient activation in prefrontal cortex did not differ between
adults and adolescents for correctly performed AS trials—despite
better overall performance in adults (see Galvan et al., 2006, for
analogous findings in orbitofrontal cortex). These results suggest
that the processes that support correct (transient) inhibitory re-
sponding continue to mature through childhood but are in place
by adolescence.

In addition to finding age-dependent activation in prefrontal
cortex, regions near the paracentral lobule and in iPL/pcG showed
age-related modulation. Specifically, in paracentral lobule, ado-
lescents and adults showed transient deactivation, whereas chil-
dren did not—again indicating mature transient signaling by
adolescence despite continuing improvement in performance.
iPL/pcG was unique in that it was recruited differently by the two
older age groups; although children showed no significant tran-
sient modulation, activation decreased in adolescents but in-
creased in adults. This may suggest that, although adolescents
recruit a network of regions similar to adults, modest compensa-
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tory processes may still need to be recruited in adolescence to
enable performance of an individual trial in an adult-like man-
ner. More generally, however, beyond iPL/pcG, patterns of acti-
vation in regions showing developmental change indicate that
transient activation is mostly mature by adolescence. This finding
prompts the question, what mechanisms support improved rates
of AS performance between adolescence and adulthood? We con-
tend that sustained processing associated with task set mainte-
nance plays a central role.

We also note that our transient findings occur in the context
of correct inhibitory trials. Certainly, children and adolescents
generated more errors than adults, suggesting that, although
many similarities can be observed in transient activation, task
set-related activation may play a role in providing ready access to
regions implicated in controlled trial-specific processing.

Sustained activation follows a more protracted
developmental trajectory that mirrors performance
enhancement from early adolescence through adulthood
Previous studies have indicated that a specific network of regions
supports sustained task set-related processing, prominently in-
cluding al/fO, msF/aCC, cuneus/posterior cingulate, and regions
within parietal cortex. In particular, Dosenbach et al. (2006,
2008) highlight the central role played by al/fO and msF/aCC,
postulating that these constitute core regions in a network con-
trolling goal-directed behavior through the stable maintenance
of task sets. The present data provide a compelling replication of
previous findings: across participants, sustained activation was
routinely observed in regions similar to those identified by
Dosenbach et al. (2006) and others (Velanova et al., 2003).

We also report a small subset of results that differ from those
reported by Dosenbach et al. (2006). Of particular note, positive
sustained activation was observed in right dIPFC, precuneus/dor-
sal posterior cingulate, and in striate cortex, and negative sus-
tained activation was absent in vmPFC. We suggest that patterns
of activation observed in these regions reflect the strong inhibi-
tory and eye movement control demands of the task under inves-
tigation. To our knowledge, no other studies have examined
sustained BOLD activation in the context of oculomotor control,
and only one other has examined sustained activation associated
with inhibitory control (Fassbender et al., 2004). Rather, tasks
such as recognition (Velanova et al., 2003; Woodruff et al., 2006),
word reading, verb generation, semantic judgment (Dosenbach
et al., 2006), and retrieval from working memory (Marklund et
al., 2007) form the bulk of tasks previously assessed for sustained
activation. Although we hesitate to comment extensively on dif-
ferences between our own task and others, given the paucity of
readily comparable data, we do note that, although decreased
sustained activation was absent in vimPFC (even in adults) in the
present study (Fig. 3; supplemental Fig. 2, available at www.
jneurosci.org as supplemental material), decreased transient ac-
tivation was observed during correctly performed AS trials
(Velanova et al., 2008), consistent with previous reports (Polli et
al., 2005). We also acknowledge the suggestion by Dosenbach et
al. (2007) that dIPFC may serve as a communication bridge be-
tween networks that operate at differing levels of task control,
particularly when tasks are cognitively taxing and involve high
degrees of conflict as suggested by studies showing strong associ-
ations between msF/aCC and dIPFC (Kerns et al., 2004; Kondo et
al., 2004).

The principal contribution of this research, however, is our
demonstration that, although core regions showing task set-
related signaling did so in a similar manner across age groups,
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regions implicated in the maintenance of an inhibitory task set
showed continued maturation beyond childhood and a more
protracted developmental trajectory than that of regions impli-
cated in transient controlled processing. As shown in Figure 4,
this maturational process appears to follow two fundamental
paths: the first involves the dropping out of regions in precuneus,
fusiform, and parahippocampal gyri, and lateral occipitotempo-
ral areas by adolescence. The second path involves a linear in-
crease in activation in frontal and parietal areas, including right
dIPFC, left aPFC, and right superior temporal/supramarginal gy-
rus from childhood to adulthood. Combined, the two paths ap-
pear to represent a decrease in reliance on sustained modulation
associated with bottom-up occipitotemporal systems and an in-
crease in reliance on sustained processing in top-down frontal
and parietal systems.

There was one notable exception to this observation: two regions
near the lingual gyrus (near BA 17), which presumably are involved
primarily in bottom-up processing, responded similarly to the
frontoparietal regions in which activation was positively corre-
lated with age and performance. This somewhat surprising find-
ing may reflect a refinement in the ability to focus on, or bias
attentional resources toward (Desimone and Duncan, 1995),
processing of the foveated endogenous cue for protracted periods
of time.

Additionally, our data support and extend recent rs-fcMRI
findings that suggest that sustained and transient task control are
modulated by parallel networks (Dosenbach et al., 2007; Fair et
al., 2007). Our data suggest that these networks are further dis-
tinguishable in that they show differing functional developmen-
tal trajectories, of which the sustained task control network
provides a basis for continued performance improvement from
adolescence to adulthood.

Conclusion

Our results indicate that there are still important immaturities in
adolescence that are specific to the ability to engage regions needed
for the efficient and successful maintenance of an inhibitory set.
The fact that adolescents still show marked immaturities indi-
cates that important transitions in control functions are still tak-
ing place and may provide insight into known vulnerabilities at
this stage of development reflected in the emergence of psycho-
pathology and in risk-taking behavior.
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