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Brain activations underlying cognitive processes are subject to

modulation as a result of increasing cognitive demands, individual

differences, and practice. The present study investigated these

modulatory effects in a cognitive control task which required inhibition

of prepotent responses based on the contents of working memory

(WM) and which enabled a novel dissociation of item-specific and task-

skill effects resulting from brief practice. Distinct responses in areas

underlying WM and inhibitory control in the absence of behavioral

changes reflected different effects of item repetition and general task

practice on tonic working memory and phasic inhibitory processes.

Item repetition was associated with decreases in both unique and

common areas subserving WM and inhibitory control. In contrast,

general task practice was reflected in decreases in the level of tonic WM

activity required to maintain a consistently high level of task

performance but increased activity in a number of core inhibitory

regions including dorsolateral and inferior PFC and inferior parietal

cortex. Furthermore, both practice and individual differences in task

performance were associated with the ability to modulate and maintain

activity in frontostriatal areas mediating attentional control, suggesting

that the areas that differ between individuals can be modulated by

practice within an individual. These results raise the possibility that a

fundamental human ability, reflexive cognitive control, is amenable to

practice.
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Introduction

A defining feature of cognitive control is that it is reflexive—

we can rapidly and flexibly adjust attentional processes and
executive control over our thoughts and behavior in response to
changing internal or external demands. This ability represents one

of the most sophisticated capabilities of the human species (Braver
et al., 2003). Current conceptualizations of working memory (WM)
place it at the center of this flexible cognitive capacity. According
to Kane, Engle and their colleagues (e.g, Conway et al., 2003;

Engle et al., 1999; Engle and Kane, 2004; Kane and Engle, 2002;
Kane et al., 2004), measures of WM capacity reflect ‘‘executive
attention’’—the ability to maintain goal-relevant information in a

highly active and accessible state under conditions of interference
or competition, a concept akin to the supervisory attentional system
of Norman and Shallice (1986), the central executive of Baddeley

and Hitch’s (1974) conceptualization of WM, as well as concepts
such as controlled attention (Schneider and Shiffrin, 1977), or the
anterior attention system (Posner and Petersen, 1990). According

to this framework, individual differences in WM capacity, as
indexed by performance on WM span tasks, directly reflect
individual differences in the ability to exert executive control over
attention. Consistent with this, individual differences in perfor-

mance on tasks requiring inhibitory control, such as the Stroop,
antisaccade and dichotic listening tasks, or mnemonic tasks
involving interference, have been observed to correlate with an

individual’s WM capacity (Bunting et al., 2004; Conway et al.,
2001; Kane and Engle, 2000, 2003; Kane et al., 2001; Unsworth et
al., 2004). Furthermore, the concept of executive attention has been

linked to prefrontal cortical function and individual differences in
the ability to modulate prefrontal activation when faced with
demands on cognitive control (e.g., Bunge et al., 2001; Duncan,

2003; Kane and Engle, 2002; Mecklinger et al., 2003).
In a complementary line of research, a number of studies have

demonstrated that increasing WM load can have a negative effect
on attentional control, as reflected in performance on a range of
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tasks requiring inhibition of interfering stimuli or responses (e.g.,
Baddeley et al., 2001; de Fockert et al., 2001; Hester and Garavan,
2005; Roberts et al., 1994). These studies support the hypothesis

that WM and inhibition share a central control or attentional
mechanism, so that increased demand on WM negatively impacts
on the attentional resources available to devote to inhibitory

control. Neuroimaging evidence provides further support for a
common neural basis for these abilities—for example, manipulat-
ing interference and load within a WM task was observed to

activate broadly overlapping cortical networks involving PFC,
insula, parietal cortex, and cerebellum (Bunge et al., 2001).

In a recent study, Hester et al. (2004b) further investigated the

neural bases of the relationship between WM and inhibitory
control. Taking into consideration that the decline in inhibitory
control resulting from increases in WM load may be due to these
processes sharing a common attentional network, they assessed

how the brain succeeds in exerting inhibitory control as the number
of items being rehearsed in WM increases.

Using event-related functional MRI, Hester et al. examined the

BOLD response during performance of a task designed to integrate
the requirement to actively maintain items in WM and GO/NOGO
inhibitory performance. The Working Memory Inhibition (WMI)

task involved a Sternberg verbal WM task, of varying loads (1–5
targets), embedded in a primary GO/NOGO task. Participants were
first presented a target set of letter stimuli, followed by a stream of
letters to which they had to respond if the letter was not a member

of the memory set (GO trials), and withhold if the letter was a
member of the memory set (NOGO trials). Thus, participants had
to use the contents of WM in order to successfully perform the

inhibition task.
Hester et al. observed that increasing WM load had a significant

negative influence on inhibitory control, reducing the number of

successful inhibitions to NOGO stimuli. However, while main-
taining successful inhibitory control under increasing WM
demands increased activation in regions common to both tasks,

the predominant brain response was increased activations in those
areas uniquely activated by the inhibitory demands of the task,
including right dorsolateral prefrontal cortex, anterior cingulate
cortex(ACC)/pre-supplementary motor area (pre-SMA), as well as

in left prefrontal, temporal, and thalamic regions. The implication
is that, while increased demand on common control resources
might explain performance declines associated with high working

memory loads, increased activation in task-specific areas underlies
the ability to maintain successful inhibitory control despite high
WM demands. Furthermore, Hester et al. observed that individual

differences in the ability to modulate activity in some of these task-
specific areas (dlPFC and ACC/pre-SMA) were associated with
performance differences in inhibitory control under high WM

demands. This study demonstrated how flexible modulation of
activation in both unique and shared cortical regions underlies the
ability to maintain top-down control in response to increasing
cognitive demands, and further, how individual differences play a

significant role in this flexible modulation.
In the present paper, we ask: if dynamic and flexible

modulation of activation in the brain enables the maintenance of

successful control of attention under demanding conditions as
shown by Hester et al., how might this response be affected by
repeated task experience? That is, how might practice affect

cognitive control under conditions of high WM demand?
The effects of task practice and repeated task experience on

performance and brain activations, particularly in complex tasks

which require the flexible modulation of brain activity, have been a
focus of research interest in recent years. Practice on cognitive
tasks is typically associated with changes in functional activations

that may be characterized as a reorganization of functional
activations, a redistribution of activation within the task network,
or a generalized decrease in activation, the latter being thought to

reflect increased efficiency in the underlying network and a more
precise functional circuit (see Kelly and Garavan, 2005 for a
review). Specifically, practice on WM tasks has been shown to

decrease task demands, improve behavioral performance, and
produce activation decreases in task-relevant areas (e.g., Garavan
et al., 2000; Gevins et al., 1997; McEvoy et al., 1998; Jansma et al.,

2001; Landau et al., 2004). To our knowledge, however, no study
has yet investigated the effects of practice on the functional
anatomy of a GO/NOGO inhibitory task, nor has it been
investigated how practice might influence the ability to exert top-

down cognitive control under conditions of high working memory
demand.

In order to address this gap in the literature, we examined the

effects of brief (¨30 min) practice on the WMI task. We were
interested in how tonically active areas underlying verbal working
memory processes and areas subserving phasic inhibitory process-

es would respond under conditions of constant demand over an
extended period of time on the task. In a dual approach to this
question, we examined how the functional dynamics of this
difficult task changed (1), over the course of the entire task

session—by comparing functional activations during early blocks
of task performance with activations late in task performance, in
which time participants had repeated experience with the task, but

encountered novel stimuli on each block, and (2) over the course of
a task block—by comparing activations during the first half of a
task block with those during the second half, in which time

participants had repeated experience with the same set of stimuli.
This represents a considerable advantage of the WMI paradigm
over a standard GO/NOGO paradigm, in which, typically, the same

stimuli are repeatedly encountered for the entire duration of task
performance. The WMI task allowed us to change the identity of
the task stimuli on each block, thus enabling the separation of the
effects of item repetition and practice of general cognitive

processes. That is, using the WMI task, we were able to assess
the effects of brief practice on tonic and phasic activations
underlying general WM and inhibitory processes subserving task

performance, in addition to item-specific practice effects on both
tonic and phasic activations occurring as a result of repeated
exposure to the same stimuli over a single block of trials.

Poldrack and his colleagues have investigated similar skill
acquisition and item-specific effects in studies examining the
neural basis of mirror reading (Poldrack and Gabrieli, 2001;

Poldrack et al., 1998). They observed that the acquisition of mirror-
reading skill was associated with a reorganization of functional
activations, attributed to the fact that the development of the
mirror-reading skill was accompanied by a change in the cognitive

strategy underlying task performance—a transition from effortful
spatial transformation of mirror-reversed letters to easier mnemonic
retrieval of stored representations of mirror-reversed letters. On the

other hand, repeated stimulus presentations, equivalent to priming,
were associated with reduced activation in several areas, including
those areas that had shown increases as a result of skill acquisition.

That is, priming and skill-learning effects occurred in the same
brain regions, even though the loci of activation changed from
early to late in performance as a result of skill learning, leading the

A.M. Clare Kelly et al. / NeuroImage 31 (2006) 866–886 867



authors to suggest that item-specific learning effects and skill-
learning effects share common neural substrates (Poldrack and
Gabrieli, 2001).

Guided by these studies, and based on a review of the
literature on practice effects (Kelly and Garavan, 2005), we
predicted decreases in the WM network as a result of both

general task practice and item-specific effects occurring over a
single block of trials. Similarly, we predicted that event-related
inhibitory activation would decrease over the course of a single

block of trials, due to the effects of item repetition. Predictions
for an effect of task practice on inhibition-related activations,
however, were not as straightforward. Following Hester el al.

(2004b), if task practice reduces WM demands and increases
neural efficiency in the WM network, then activation should
decrease in those regions common to both the WM and inhibitory
demands of the task and in those regions uniquely activated by

the inhibitory demands of the task, as these regions had shown
increased activation in response to increased WM demands.
Alternatively, as more attentional resources become available to

devote to inhibitory control, activations uniquely related to the
inhibitory demands of the task might show further increases. We
were also aware that the experimental design allowed us to assess

the effects of brief practice on this complex and demanding task,
and thus only the earliest and most rapidly occurring effects of
practice.

As mentioned above, in addition to individual differences in

WM capacity, the ability to control attention has been related to
individual differences in performance across a wide range of
tasks that place a demand on cognitive control, with recourse to

the concept of general fluid intelligence (gF, Kane and Engle,
2002; see also Duncan, 1995; Duncan et al., 2000). On a neural
level, this is reflected in individual differences in the ability to

modulate neural activations under conditions demanding high
levels of cognitive control (e.g., Kane and Engle, 2002;
Mecklinger et al., 2003; Bunge et al., 2001). Thus, in the present

study, we were also interested in whether individual differences in
the ability to maintain inhibitory control under conditions of high
WM demand would be reflected in functional activations, and
whether this would interact with practice. If the ability to control

attention is amenable to practice, then, because attentional control
is a fundamental ability purported to underlie performance across
a wide range of cognitively demanding tasks, practice-related

improvements in one task might translate to improvements on
other, similarly demanding tasks, and even to an improvement of
gF.

In order to dissociate tonic WM processes from phasic
inhibitory activation to NOGO stimuli, a mixed block- and
event-related design was employed, enabling us to identify and

dissociate sustained from transient neural activation (Visscher et
al., 2003). Thus, in this novel study, we examine individual
differences and practice effects in a complex cognitive task which
enabled the separation of tonic working memory processes and

transient inhibitory processes, in addition to the separation of item-
specific repetition effects and the effects of practice on general task
processes.

To facilitate the reader’s understanding of our findings, the
following points provide a preliminary overview and summary of
our findings:

1. Substantial changes in the functional anatomy of task perfor-
mance occurred in the absence of behavioral changes.

2. Distinct practice-related responses occurred in areas underlying

tonic working memory and phasic inhibitory processes as a
result of item repetition and general task practice.

3. Both practice and individual differences in task performance
were associated with the ability to modulate and maintain

activations in frontostriatal areas mediating attentional control.

4. The areas that underlie individual differences in performance

can be modulated by practice so that activations become more
similar to those shown by better performers.

Methods

Subjects

18 right-handed participants (11 female, mean age 28 years)

reporting no history of neurological or psychological impairment
were recruited from the volunteer pool of the Nathan Kline
Institute, Orangeburg, NY. All participants provided informed and

written consent prior to taking part in the study.

Task design

Participants performed the FWorking Memory Inhibitory Task_
(WMI task, Hester et al., 2004b), which comprises a Sternberg
verbal WM task embedded in a GO/NOGO task. The task was

programmed and displayed using E-prime 1.1 (Psychology
Software Tools).

In the present study, participants performed the WMI task at the

highest level of load used in the Hester et al. (2004b) study, at what
is thought to be the capacity limit of human WM storage (Cowan,
2001). Participants were first shown a target memory list of 5

uppercase letters, presented in white font on a black background.
This memory list was presented for 6 s (encoding), followed by a
rehearsal period of 8 s during which time a central fixation

crosshair was presented. A series of 120 decision trials then
followed, each lasting 1500 ms, after which there was a 32-s
concluding rest interval (rest). Each decision trial consisted of a
single uppercase letter presented centrally in white font on a black

background for 1000 ms, followed by a blank screen for 500 ms.
Participants were instructed to indicate as quickly as possible
whether each letter was or was not part of the memory list.

Participants were trained to use their index finger to press a button
for each trial featuring a letter that was not part of the memory list
(GO trials) and withhold their response for items that were part of

the memory list (NOGO trials) (see Hester et al., 2004b, Fig. 1, for
a graphical depiction of the WMI task). Letter stimuli were
composed of the 21 consonants of the alphabet. On average, each
letter appeared as a target twice, and as a distractor four times, out

of the total of 8 blocks. No letter appeared as both a target and a
distractor on subsequent trial blocks.

Each block of 120 trials comprised 106 GO and 14 NOGO

trials, which were pseudorandomly placed throughout the block
in order to create a prepotent response for GO trials. In order to
examine short-term practice effects, each participant completed

8 task blocks during one fMRI session. At the conclusion of
every second block, a longer (unscanned) rest period was
provided. There was a novel and unique target memory set for

each block, and block order was identical for each participant.
Participants completed the entire 8 experimental blocks in
approximately 30 min.
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Scanning parameters

Scanning was conducted on a 1.5 T Siemens VISION scanner in
which foam padding was used to restrict head movements. During
performance of the task, functional data were collected using

contiguous 5-mm axial slices covering the entire brain during a
single-shot, T2*-weightedechoplanar imaging (EPI) sequence (TE=
50 ms; TR = 2000 ms; FOV = 256 mm; 64! 64 mm matrix size in-
plane resolution). High-resolution T1-weighted structural magneti-

zation prepared gradient echo (MPRAGE) images (FOV = 307 mm,
isotropic 1.2 mm voxels) were acquired to allow subsequent
activation localization and spatial normalization. Visual stimuli

were delivered using an IFIS-SA stimulus-delivery system (MRI
Devices Corp., Waukesha, Wisconsin), which was equipped with a
head-coil-mounted 640! 480LCDpanel. This shielded LCD screen

is mounted on the head-coil, directly in the subjects’ line of vision.

Image analysis

All data processing was conducted using the AFNI software
package (http://afni.nimh.nih.gov/afni/). Following image recon-
struction, the time-series data were time-shifted using Fourier

interpolation to correct for differences in slice acquisition times.
Each of the four scanning runs was motion corrected by volume
registering each 3D image to a single ‘‘base’’ image (the middle

image of the time-series), using Fourier interpolation to perform
least squares alignments of three translational and three rotational
parameters. The time-series from each run were then concatenated

into one dataset and reregistered to the base image of the first run
to correct for participant motion between scanning runs. Voxels
lying outside the brain were then removed.

Comparisons of interest

To examine the effects of short-term practice on the task, four

time-based conditions were created on the basis of two time-based

comparison factors. The first of these factors was an EARLY-LATE
comparison: the experiment was separated into an EARLY (first 4
blocks) period and a LATE (last 4 blocks) period. The second time

factor aimed to examine activation over the course of a single
experimental block of trials and was called the TRIALS 1–2
factor: each block of 120 trials was split in two—TRIALS 1 (the

first 60 trials) and TRIALS 2 (the second 60 trials). This factorial
design gave rise to 4 time-based conditions (see Fig. 1): Early
Trials 1, Early Trials 2, Late Trials 1, Late Trials 2.

A mixed regression analysis was carried out which included
event-related regressors coding for correct inhibitions and errors of
commission, block regressors corresponding to the encoding and

rehearsal periods, and four square-wave regressors corresponding
to ongoing trial activity in each time condition. In this regression
analysis, tonic activation related to the ongoing WM processes was
calculated as a percentage change relative to the resting baseline.

A second, event-related (ER) analysis estimated activation
separately for successful inhibitions (STOPS) for each of the four
time conditions and for errors of commission collapsed across all

conditions (necessary due to the small number of errors). A
deconvolution analysis calculated separate impulse response
functions (IRFs) at 2-s resolution for STOPS in each of the

conditions and for errors. Although the stimulus stream was
presented at 1.5 Hz, all events of interest were time locked to the
beginning of the 2-s whole brain volume acquisition during
presentation of the task. A nonlinear regression program then

determined the best-fitting gamma-variate function for these IRFs
as described previously (Garavan et al., 1999). Event-related
activation for each condition was then calculated by expressing the

area under the gamma-variate curve as a percentage of the area
under the baseline, the baseline in this analysis being the ongoing
working memory trial period activity. The rest period was censored

from this analysis and nuisance regressors coding for the encoding
and rehearsal periods were included in order to remove as much of
the variance associated with these periods as possible.

The percentage change (tonic activation) and percentage area
(event-related activation) maps were resampled at 1-mm3 resolu-
tion and warped into standard Talairach space (Talairach and
Tournoux, 1988), then spatially blurred with a 3-mm isotropic rms

Gaussian kernel. Group activation maps for each condition were
determined with one-sample t tests against the null hypothesis of
zero activation changes relative to baseline. Significant voxels

passed a voxelwise statistical threshold (t = 3.965, P = 0.001) and
were required to be part of a larger cluster of contiguous significant
voxels (140 Al in the block analysis and 132 Al in the event-related

analysis). This cluster size was determined though Monte Carlo
simulations based on the number of active voxels in each of the t

test maps and resulted in a <5% probability of a cluster surviving

due to chance.
In both the block- and event-related analyses, the separate

activation maps for each condition were combined to produce an
OR map. An OR map includes the voxels of activation that are

significant in any one of the constituent condition maps. In
addition, to identify regions of activation common to both tonic
working memory processes and phasic inhibition, an AND map

was created which included voxels of activation common to the
block (tonic) and event-related (STOPS) activation maps. The
mean activation for clusters of significant voxels in these combined

maps was calculated for the purposes of a functionally defined ROI
analysis. These activation data were then entered into a 2 ! 2
(EARLY-LATE ! TRIALS 1–2) factorial repeated measures

Fig. 1. Task conditions. Four time-based task conditions were created on the

basis of the combination of two time-based factors, Early/Late and Trials 1/

Trials 2.
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ANOVA, corrected using a modified Bonferroni procedure for
multiple comparisons (Keppel, 1991). Behavioral data were
analyzed using the same 2! 2 factorial repeated measures ANOVA.

Results

Behavioral performance

Fig. 2 illustrates behavioral performance across the four time
conditions of the task. There were no behavioral effects of brief
practice on the task. In a series of 2 ! 2 repeated measures

ANOVAs on reaction time (RT), accuracy (correct inhibitions) and
errors of omission data, no main effects for either the EARLY-
LATE factor, nor the TRIALS 1–2 factor were was observed
(F(1,17) < 1, P > 0.05 in all cases). To confirm the absence of a

behavioral effect of practice on accuracy and RT, we compared an
average Early score to an average Late score, and average Trials 1
and Trials 2 scores in a series of paired-samples t tests. In all cases

P > 0.05, confirming the null result.
There were no interactions for RT or accuracy. An interaction

for errors of omission revealed that while omissions decreased

from the first (6%) to second half (4.3%) of the EARLY blocks,
they increased from the first (4.9%) to the second half (7%) of the
LATE blocks. Only the latter effect was significant t(1,17) = 1.258,
P < 0.05.

Tonic working memory activations

The mixed functional analysis revealed a largely left-hemi-
sphere based network comprising cortical and subcortical areas
underlying tonic WM processes involved in trial-to-trial task

performance (see Table 1). Table 1 also indicates which areas
showed a significant main effect of either the Early-Late factor or
the Trials 1–2 factor in a 2 ! 2 ANOVA conducted on the tonic

activation data.

Early-Late comparison

There were significant decreases in activation across a large
prefrontal and subcortical network from early to late in task

performance—that is, over the duration of the entire task session.
These decreases, indicated by a significant main effect of the Early-
Late comparison, occurred bilaterally in large clusters comprising

lateral PFC, insula, striatum, and thalamus as well as in the pre-
supplementary motor area (pre-SMA) and dorsal tegmental
brainstem area (see the BLUE areas of Fig. 3). Only the decrease

in activation observed in the large right-hemisphere frontostriatal
cluster failed to reach the statistical threshold adjusted for multiple
ROI comparisons, all other activation changes were significant at

this stricter threshold (P < 0.04).

Trials 1–2 comparison

In contrast to the frontostriatal decreases observed in the Early-
Late comparison, the main effect for the Trials 1–2 factor
revealed that, over the course of a block of trials, tonic WM

activation decreased in left posterior parietal cortex and areas of
cingulate cortex—the left ACC and a more posterior cingulate
area including the corpus callosum. These changes were less

robust however, and only the decrease in activation in the
posterior cingulate/callosal area remained significant after correc-
tion for multiple comparisons. Two areas of decreased deactiva-

tion were also significant at this stricter threshold—in right
somatosensory cortex and a region of the corpus callosum
(splenium).

Only one cluster, in the right inferior frontal gyrus (IFG),

showed a significant interaction, which indicated that while
activation during the early part of task performance decreased
over the course of a single block of trials, during later task

performance, it increased over the course a block.
Some areas showed no change in activation either over the

course of a block of trials, or over the entire 8 blocks. These

included left premotor, right SMA, and left motor areas. Similarly,
a left frontopolar area was unaffected by task practice, as were
areas of left inferior parietal and supramarginal cortex, the right

cerebellum and left caudate.
It is possible that fatigue, rather than practice, can account for

the decreases in activation observed. In order to differentiate
between these two explanations, we carried out an additional

analysis in which we selected the 5 participants who showed the
greatest disimprovement from early to late in task performance

Fig. 2. Behavioral performance across the four time conditions. There were no effects of practice on either response times (RT), presented in milliseconds (ms)

or NOGO accuracy (Acc) presented as a percentage of the total number of NOGO stimuli.
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(i.e., when performance over the first four blocks was compared to

that of the last four). These participants’ accuracy decreased by an
average of 13.7% from early to late in performance, a change
which may reflect the effects of increasing fatigue. Three out of

these five participants were also among a group of five participants
identified as showing the greatest increases in errors of omission,
consistent with these participants suffering performance decre-

ments as a result of greater fatigue. If the decreases in activation
that were observed are a result of increased fatigue, then the
Fdisimprovers_ group should show greater decreases in activation.

In contrast, when we examined the percent activation change from
early to late in those regions which showed a practice-related
decrease, the Fdisimprovers_ group showed little or no change in
activation in those areas.

Event-related inhibitions (STOPS)

The event-related analysis revealed a widespread, largely right-
lateralized, network of activation including lateral and medial
frontal areas, parietal cortex, and subcortical areas (see Table 2).

Table 2 presents the areas showing a significant main effect of
either the Early-Late factor or the Trials 1–2 factor in a 2 ! 2
ANOVA conducted on the STOPS activation data.

Early-Late comparison

In contrast to the decreases observed in tonic WM-related
activity, main effects for the Early-Late comparison in a 2 ! 2

ANOVA conducted on the event-related inhibitions data indicated
that bilateral PFC, right primary motor cortex, and bilateral inferior
parietal cortex showed increased activation for STOPS in the later

four blocks relative to the earlier four blocks of task performance
(see the red areas of Fig. 4A). At the stricter statistical threshold
adjusted for multiple ROI comparisons (P < 0.02), increases in

right premotor, dlPFC and bilateral inferior parietal/supramarginal
gyri remained significant. The Early-Late comparison also revealed
four areas showing decreased activation for STOPS—the right
putamen, right lateral premotor area, left medial BA6 (SMA), and

left occipital gyrus (see the BLUE areas of Fig. 4A). Only the
decrease in activation occurring in the right putamen survived the
stricter, corrected threshold.

The practice-related changes in activation for STOPS occurred
in the absence of tonic activation (baseline) changes in these areas,
with the exception of an area of right superior PFC (BA 8), which

showed increased activation from early to late in task performance,
and also showed increases in tonic activation from early to late in
performance.

Table 1

Functionally defined regions tonically activated during trial-to-trial working memory performance

Areas showing activation changes as a result of the time manipulation are indicated in the rightmost columns.

Positive values for x, y, and z coordinates denote locations right, anterior, and superior relative to the anterior commissure. BA—Brodmann’s area, HS—

cerebral hemisphere.

Regions which showed practice-related changes in activation changes are shaded in grey, unshaded areas showed no significant effects of practice.
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Trials 1–2 comparison

Decreased event-related activation for STOPS over the
course of a block of trials was observed in a largely prefrontal
and subcortical network of areas, the parietal cortex and

cerebellum (see the blue areas in Fig. 4B). On the other hand,
increased activation for STOPS over the course of a block of
trials was observed in posterior cortex—in right primary motor

cortex, left superior temporal/supramarginal cortex, right supe-
rior parietal cortex, and areas of the occipital cortex (see the red
areas in Fig. 4B).

As was the case in the Trials 1–2 comparison for tonic
activations, these effects were less robust than those in the Early-
Late comparison. Decreases in activation which survived the

multiple ROI corrected threshold (P < 0.02) were observed in the
left hemisphere: in inferior frontal/insular cortex and putamen,
cerebellum, and inferior parietal cortex. Increased activation
surviving the stricter threshold was observed in right primary

motor and superior parietal cortices and bilaterally in occipital
cortex. Several of these areas showed a concomitant change in
baseline tonic activation—both left superior parietal and lingual

gyri showed decreased deactivations tonically, and primary motor
cortex showed an increase in tonic activation.

A number of areas active for STOPS showed significant

interactions. These were right superior and medial frontal gyri,
and inferior parietal and occipital cortices. Typically, these
interactions reflected a decrease in activation over the course of

a block of trials during the early period of performance but

increased activation over the course of a block during later
performance—a U-shaped function. An exception to this pattern
was the superior frontal area which showed an increase over the
earlier trials and a decrease for trials later in performance.

While practice-related changes in activation occurred in the
majority of areas active for STOPS, there were a number of areas
which showed no change in activation: right dlPFC, bilateral

anterior PFC, left fusiform cortex, and bilateral areas of parietal
cortex.

In order to examine whether increasing interference could

explain the observed increases in activation, an additional analysis
compared the increases in activation for the group of five
participants who showed the greatest slowing from early to late

in performance (an average increase in RT of 45.7 ms) and a group
of five participants who showed the greatest decrease in RT from
early to late in performance (an average decrease in RT of 79.6 ms).
If the increases in activation are due to increased interference

arising from the same stimuli being used as both targets and
distractors, then the group whose response times increased, who
presumably experienced greater increases in interference, should

show a greater increase in activation from early to late in
performance. We compared the change in event-related activation
in those regions showing early-late activation increases between

the Fslow and Ffast_ groups. There were no significant differences
in the increases in activation for these two groups (P > 0.05 in all
comparisons).

Fig. 3. Areas showing decreases in tonic working memory-related activations for the Early-Late comparison (blue) and for the Trials 1–2 comparison (green).
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Individual differences

In order to examine the relationship between activation,

behavioral performance and practice, a split-half comparison was
performed by dividing the sample based on the total number of

correct inhibitions across the entire 8 blocks of the task, to form high
and low performance groups. A main effect of performance in a 2
(group) ! 2 (Early-Late) ! 2 (Trials 1–2) ANOVA carried out on

the behavioral and event-related inhibitions data indicated that the
high performance group was significantly more accurate on the task

Table 2

Regions of event-related activation during successful response inhibitions (STOPS)

Activation changes observed as a result of the time-based comparisons are also shown.

Positive values for x, y, and z coordinates denote locations right, anterior and superior relative to the anterior commissure. BA—Brodmann’s area, HS—

cerebral hemisphere.

Regions which showed practice-related changes in activation changes are shaded in grey, unshaded areas showed no significant effects of practice.
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(84% versus 70%, P < 0.001) and showed significantly more
activation for correct inhibitions in two clusters: right dlPFC and a
large cluster comprising left inferior frontal/insular cortex and

putamen. In contrast, poorer performers showed greater activation in
a right inferior parietal/supramarginal area. There were no interac-
tion effects between performance and practice in the behavioral data.

An interaction between performance and practice was observed in
two brain areas: the right IFG/insular/putamen cluster and right IFG
(area 44/35) showed a Trials 1–2 ! Performance interaction such

that over the course of a block of trials, poorer performers showed a
decrease in activation, but the high performance group showed no
change in activation. When the same ANOVAwas performed on the
tonic functional data, no significant effects of performance on tonic

WM activations were observed.
The dissociation between increased inhibitory activation fron-

tally for the high performance group but posteriorly for the low

performance group was significant—in two 2 (Area) ! 2
(Performance) ANOVAs comparing activation in the right dlPFC
and right IFG/insula areas to that of the inferior parietal cortex, there

were significant Area ! Performance interactions (P < 0.05 in both
cases, see Fig. 5).

Common regions of activation

There were several regions of overlap for tonic, WM activations
and transient, inhibitory activations (STOPS). These are presented in

Table 3 and Fig. 6. A 2 ! 2 ANOVA revealed main effects of the
Early-Late and Trials 1–2 factors for STOPS (event-related) activity
only—there were no effects of practice on tonic activations. The

Early-Late comparison revealed increased activation in right inferior
frontal cortex/insula late in task performance, in contrast to the right
putamen, where activation decreased both across a task block (Trials

1–2) and across all 8 task blocks (Early-Late). Left inferior frontal/
insular cortex also showed a decrease over the course of a task block.
There were no effects of performance in these areas.

Error-related activation

Errors of commission in the WMI task activated a network
of areas including dorsolateral and medial prefrontal, anterior
cingulate, and insular areas (see Table 4). Due to the relatively
small number of errors, analysis was collapsed across all four

time conditions, and practice effects were not examined. There
were, however, significant performance effects in both right and
left dlPFC wherein high performers showed increased activation

for errors when compared to poorer performers.

Discussion

The present study represents a novel examination of brief
practice on a GO/NOGO task, and specifically, on inhibitory

performance under a dual-task situation of high WM task load. It
is also a novel examination of the effects of brief practice of theWMI
task on general cognitive task processes and the effects of item-

specific practice occurring as a result of repeated exposure to the
same stimuli over a single block of trials. We observed that
withholding a prepotent response to items held in WM activated a

Fig. 4. Regions of event-related activation during successful inhibitions (STOPS) sensitive to practice effects in (A) the Early-Late comparison and (B) the

Trials 1–2 comparison. Areas of increase are shown in red, and areas of decrease are shown in blue.
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predominantly right-hemisphere network of regions, including

middle and inferior frontal cortex, insula, midline frontal areas
(SMA, pre-SMA, and ACC), inferior parietal cortex, striatum and
thalamus, consistent with Hester et al. (2004b) and previous
neuroimaging studies of response inhibition (e.g., Garavan et al.,

1999; Kelly et al., 2004; Liddle et al., 2001; Rubia et al., 2003;
Watanabe et al., 2002). Errors of commission activated lateral
frontal, midline, and insular areas also consistent with previous

studies (Hester et al., 2004b; Holroyd et al., 2004; Ullsperger and
Von Cramon, 2003; Ridderinkhof et al., 2004; Kiehl et al., 2000). In
addition, the examination of tonicWMprocesses revealed activation

in a primarily left-hemisphere network of regions, including left
dorso- and ventrolateral PFC, insula, medial frontal cortex (pre-

SMA/ACC), bilateral posterior parietal cortices, the striatum, and

the cerebellum, in line with previous neuroimaging studies of verbal
working memory (e.g., Baddeley, 2003; Jonides et al., 1998a;
Manoach et al., 1997, 2003; Smith and Jonides, 1998; Wager and
Smith, 2003). Consistent with Hester et al. (2004b), participants

were able to maintain successful inhibitory control over prepotent
responses, despite high WM load (5 items). This was achieved
through the activation of several areas specific to the inhibitory

demands of the task, in addition to a network of brain regions
commonly activated by both the WM and inhibitory demands
of the task, including left dlPFC and parietal cortex, bilateral

inferior frontal gyrus (IFG)/insular cortex, and the right
putamen.

Fig. 5. Area ! Performance dissociation. The high performance group demonstrated greater activation for STOPS in dorsolateral prefrontal and inferior frontal/

insular cortex (extending to the putamen), while poorer performers demonstrated greater activation in inferior parietal cortex. In the top panel, the dissociation

is depicted in terms of mean %area under the curve measures in each area, the bottom panel displays the associated mean gamma-variate curve describing the

hemodynamic response function in each area.

Table 3

Common regions of activation for phasic STOPS and tonic working memory processes

Positive values for x, y, and z coordinates denote locations right, anterior, and superior relative to the anterior commissure. BA—Brodmann’s area, HS—

cerebral hemisphere.

Regions which showed practice-related changes in activation changes are shaded in grey, unshaded areas showed no significant effects of practice.

A.M. Clare Kelly et al. / NeuroImage 31 (2006) 866–886 875



In the following sections, we highlight and discuss each of the
study’s major findings in terms of the functional roles of different
brain regions, process-specific versus item-specific repetition

effects of practice, common and unique cognitive and neural
resources, and individual differences, in the context of theories of
WM and executive attention. Primarily, we show that:

1. Substantial changes in the functional anatomy of task perfor-

mance occurred in the absence of behavioral changes.

2. There were distinct practice-related responses in areas under-

lying tonic working memory and phasic inhibitory processes.
For WM activations, both item repetition and task practice
lead to activation decreases. In contrast, while phasic

inhibitory activations decreased in association with item
repetition, inhibitory activations increased as a result of task
practice.

3. In areas of activation common to both WM and inhibitory
demands of the task, practice effects occurred for phasic activity

Fig. 6. Overlap of tonic WM-related activations (red) and phasic inhibitory activations (blue). Areas of direct overlap are shown in green.

Table 4

Regions of event-related activation for errors of commission

Structure BA HS Vol (Al) Center of mass Performance effect?

x y z

Frontal lobe

Middle frontal 46 R 314 "45.6 27.2 25.7 *

Inferior frontal 9 L 160 "56.4 4.4 25.2 *

Anterior cingulate 24/32 BL 791 "0.6 28.8 34.1

24 R 171 "1.8 26.1 22.7

Cingulate gyrus 24/32 R 143 "10.4 9.9 33.0

Subcortical

Insula 13/47 R 322 "29.0 19.5 "6.5

L 370 31.4 18.2 "4.7

Positive values for x, y, and z coordinates denote locations right, anterior, and superior relative to the anterior commissure. BA—Brodmann’s area, HS—

cerebral hemisphere.
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only, and these effects are congruent with the effects observed in
those areas activated by the inhibitory demands of the task
alone.

4. Practice and individual differences in task performance were

associated with the ability to modulate and maintain activa-
tions in frontostriatal areas mediating attentional control.

5. Our findings suggest that the areas that differ between
individuals can be modulated by practice within an individ-
ual and demonstrate that dissociable patterns of performance-

related brain activation, increased phasic, event-related
activation, and decreased tonic activation, can be induced
as a result of practice, in the same task, and in the same

brain.

In the absence of practice-related changes in behavioral

performance, there were substantial changes in the functional

activations underlying task performance

In line with predictions and with previous neuroimaging

studies of brief practice on WM tasks (Garavan et al., 2000;
Jansma et al., 2001; Landau et al., 2004) tonic WM-related
activations decreased over the course of both a single task block

and over the duration of several task blocks. These decreases
were seen in regions of the cingulate and posterior parietal
cortex (PPC) over the course of a single block of trials but in
dorso- and ventrolateral PFC, insular, striatal, thalamic, and

brainstem areas from early to late in task performance. In
contrast, quite a different pattern of results was observed for
phasic inhibitory processes. Decreases were observed in the

inhibitory network over the course of a single block of trials,
but significant increases in dlPFC and inferior parietal cortex
were observed during later task performance, relative to early

task performance. Of the regions of activation common to both
the WM and inhibitory requirements of the task, bilateral IFG/
insula and putamen showed practice-related changes in activa-

tion in phasic inhibitory activity only. Inhibitory activation in
these areas decreased as a result of practice, with the exception
of activation in the right IFG/insular cortex, which increased
late, relative to early in task performance.

These practice-related changes in activation were observed in
the absence of any behavioral effects of practice, a result that is
perhaps unsurprising, considering the brief (30 min) experience

participants had with the task and its high difficulty level (5
memory items). Importantly, the lack of behavioral effects of
practice does not preclude a practice-based interpretation of the

activation changes. Practice-related changes in activations
without concomitant behavioral changes have been observed
previously (e.g., Landau et al., 2004; Shadmehr and Holcomb,
1997). In addition, it has been emphasized that behavioral

changes, such as decreased reaction times, can confound the
interpretation of activation changes, which may be secondary to,
rather than a source of, the behavioral changes (Poldrack, 2000;

Sanes and Donoghue, 2000). The present study demonstrates
that adaptive modulation of functional activations in common
and unique task areas occurs as a result of task practice and

enables the maintenance of successful inhibitory control for a
sustained period of task performance. Functional activations
were observed to change over time as a result of both item-

specific and task practice, but these changes were not dependent
on nor reflected in the behzavioral changes usually associated
with practice and learning.

In the context of different effects of item repetition and general task

practice, there were distinct practice-related responses in areas

underlying tonic working memory and phasic inhibitory processes

The present study employed a mixed block- and event-related
design which enabled the separation of tonic WM-related

activations from phasic inhibitory activations and allowed us to
separately assess the effects of practice on each. In addition, the
WMI paradigm enabled the separation of item-specific repetition

effects from the effects of practice on general task processes. For
WM activations, the effect of both item repetition and task practice
was decreased activity. These decreases occurred in different areas

of the brain, indicating that item repetition and general task practice
impacted on dissociable WM processes. In contrast, while phasic
inhibitory activations decreased in association with item repetition,
inhibitory activations increased as a result of task practice. These

effects occurred in broadly similar areas of the inhibitory network,
indicating differential effects of practice on the same inhibitory
processes. Notably, increased activation was observed in several

areas which have been repeatedly implicated in inhibitory control
processes in several neuroimaging studies (Aron et al., 2003a,
2004; Garavan et al., 1999), including dlPFC and parietal cortex.

This suggests that modulation of activations in these areas enabled
the maintenance of inhibitory control throughout a sustained period
of task performance.

Item-specific versus process-specific effects in working memory

Both item repetition and general task practice were associated

with decreased WM activations. However, these decreases
occurred in different areas of the brain. Over the course of a
single task block, item repetition was associated with decreased

activations in left posterior parietal cortex (PPC), ACC and the
corpus callosum and decreased deactivation in right somatosensory
cortex and a posterior midline region. In contrast, examining the

effects of task practice by comparing activation during the early
period of task performance to that during the late period revealed
decreased activation across a large, bilateral prefrontal, and
subcortical network comprising areas of lateral PFC, insula,

striatum, and thalamus as well as in the pre-SMA and brainstem
areas. The difference in the locus of practice effects suggests that
practice-related changes occur in distinct working memory

processes as a result of item repetition, when compared to general
task practice. This finding contrasts with those of Poldrack et al.
(1998) and Poldrack and Gabrieli (2001), who investigated item

repetition and skill-learning effects in a mirror reading task. They
observed that repetition effects occurred in the same areas of the
brain as skill learning, even when there was a reorganization of the

functional anatomy of task performance as a result of skill
acquisition. However, Poldrack et al. also observed substantial
behavioral effects of both repetition and task practice, and they
associated practice-related changes in the functional anatomy of

the task to a switch in the cognitive processes involved in mirror
reading, induced by increasing behavioral automaticity. Thus, it is
unsurprising that in a complex cognitive task, in which there were

no behavioral changes and for which there was no evidence of a
change in the underlying cognitive processes, we observed a
different effect. Where we did see an overlap in the locus of item

repetition and task practice effects, it was for item repetition effects
on inhibitory activations and task practice effects of tonic WM
activation, suggesting a differential impact of item repetition on
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cognitive processes involved in the two demands of the WMI task.
This suggestion is discussed further below.

Decreased WM activations as a result of item repetition is

consistent with Jansma et al. (2001), who reported a general pattern
of reduced activity in WM regions as a result of extensive (840
trials) practice on a verbal Sternberg task with a constant target/

nontarget memory set. Although less robust than the changes
resulting from general task practice, we observed decreased
activation in several areas as a result of item repetition. Activation

decreased in left posterior parietal cortex (PPC), an area thought to
underlie the temporary storage of phonological information
(Baddeley, 2003; Jonides et al., 1998a). Repeated exposure to

target (NOGO) and nontarget (GO) stimuli over the course of a
single block of trials may have enabled more automatic retrieval of
the working memory set due to repeated access, therefore reducing
the demand on WM storage in PPC. Similarly, repeated experience

with the same set of target/nontarget stimuli over a single block of
trials may have diminished the need to distinguish between target
and nontarget stimuli and their associated behavioral responses.

This may have contributed to reduced activation in the ACC,
consistent with theories positing a role for this area in conflict
monitoring (Bunge et al., 2001; Braver et al., 2001; Carter et al.,

1998; Botvinick et al., 2001). That is, as the same set of GO and
NOGO stimuli were repeatedly encountered over the course of a
single block of trials, increased knowledge of the identity of the
GO and NOGO stimuli may have reduced the amount of conflict

experienced on each trial, associated with decreased activation in
the ACC. There were also decreases in a region of the posterior
cingulate/corpus callosum, however, as little is known about

BOLD sensitivity to white matter signals, we may not confidently
interpret this finding.

The midline/posterior locus of activation decreases occurring as

a result of item repetition is in contrast to the frontostriatal
decreases occurring as a result of practice effects on general WM
processes. Decreased activation in the frontostriatal network is

consistent with the hypothesis that practice, even over a brief
period, is associated with increased neural efficiency in the
working memory network (Kelly and Garavan, 2005; Garavan et
al., 2000). It is also consistent with current theories of cognitive

control in WM, which hypothesize that the PFC and the striatum
interact in the achievement of cognitive control (Casey et al., 2002;
Miller and Cohen, 2001; Braver and Cohen, 2000; Braver et al.,

2002; Frank et al., 2001). According to these models, the PFC
actively maintains representations of task goals and other task-
relevant information and mediates control by biasing or modulating

information processing in posterior brain regions in accordance
with the represented goals. The striatum is hypothesized to act as
an adaptive gating mechanism, the function of which is to regulate

the influence of incoming stimuli on WM. The striatum achieves
this by updating new information into WM when the gate is open
and preventing irrelevant stimuli from interfering with existing
information or task goals, thereby supporting their maintenance,

when the gate is closed. Further specifying the role of PFC in WM,
particular areas of lateral PFC have been associated with working
memory maintenance (dlPFC—see Curtis and D’Esposito, 2003),

rehearsal (ventrolateral, premotor—e.g., Awh et al., 1995; Paulesu
et al., 1993; Smith et al., 1998) and interference control (dorso/
ventrolateral—e.g., Bunge et al., 2001; D’Esposito et al., 1999;

Jonides et al., 1998b). Similarly, activation in the pre-SMA during
WM tasks has been associated with the integration of representa-
tions, particularly under conditions of high WM demand (Linden et

al., 2003), and with attention switching between WM contents or
responses (Derrfuss et al., 2004; Li et al., 2004; Rushworth et al.,
2002). We propose that, with practice, the WM processing

operations associated with these cortical and subcortical activations
became less demanding in terms of attentional resources and more
efficient in their neural implementation, reflected in a relative

decrease in the magnitude of activation (Kelly and Garavan, 2005;
Poldrack, 2000). When task experience increased, less activation
across the WM network was required in order to maintain the same

level of performance.
The lack of a behavioral practice effect raises the possibility

that there is an alternative explanation for the decreases in tonic

activation observed, that of increasing participant fatigue due to
time on task. However, when we examined tonic activation
changes in a group of five participants whose accuracy disim-
proved from early to late in performance (see Results section these

participants did not show activation decreases in those areas which
demonstrated a practice effect. This finding suggests that fatigue
cannot account for the decreases in tonic activation observed, and

that these decreases are instead consistent with increasing neural
efficiency in the WM network subserving task performance.

In addition to the predominant pattern of decreasing activation,

decreasing deactivation was observed in right primary somatosen-
sory cortex and a posterior midline/callosal region. These are
among a number of areas which consistently demonstrate
decreased activation during the performance of cognitive tasks,

hypothesized to reflect attentional modulation of task-irrelevant
processing during task performance (Shulman et al., 1997a,b;
Staines et al., 2002). Decreasing deactivation in these ‘‘default

system’’ (Raichle et al., 2001) areas has been observed as a
consequence of practice and is likely to reflect a decreased
requirement to suppress processing in task-irrelevant areas as task

performance becomes more skilled (Raichle et al., 1994).

Item-specific versus process-specific effects in inhibitory control

Hester et al. (2004b) observed that successful inhibitory control
despite increasing WM demands was achieved by increasing
activation in the areas uniquely activated by the inhibitory

demands of the task, rather than increasing activation solely in
regions common to both WM and inhibition. The present study
demonstrates a corollary of this finding: over the course of a single

block of trials, repeated experience with the same set of target/
nontarget stimuli was associated with a reduced demand on both
tonic WM and phasic inhibitory network activity. This practice

effect is therefore a mirror image of the effect of increasing WM
load in the Hester et al. study in which increasing WM load was
associated with increased activations in uniquely inhibition-related

activations. In contrast, general task practice, also associated with
decreased tonic WM-related activations, was associated with
decreased activation in premotor regions, but with increased

activation in bilateral dlPFC and inferior parietal cortex from early

to late in performance.
Successful inhibitions activated bilateral regions of inferior,

ventrolateral PFC, insula, and striatum. Ventrolateral PFC,

including Brodmann’s areas 44, 45, and 47, is consistently
identified as central to inhibitory control across a broad range of
higher order cognitive tasks (Aron et al., 2004; Chambers et al., in

press). Similarly, there is an increasing literature supporting a
central role for the striatum in inhibitory control. In addition to the
models of cognitive control in WM discussed above (e.g., Braver
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and Cohen, 2000; Casey et al., 2002; Miller and Cohen, 2001),
clinical studies have demonstrated inhibitory deficits in a range of
conditions involving the loss of corticostriatal pathways through

degeneration of the striatum (e.g., Aron et al., 2003b; Casey et al.,
1997; Cools et al., 2003; Lawrence et al., 1998; Rosenberg et al.,
1996; Rubia et al., 2001a). Studies of the effects of deep-brain

stimulation, employed as a treatment for Parkinson’s disease, have
observed that stimulation of the subthalamic nucleus (STN)
impairs performance on tasks requiring inhibition or attentional

control, including GO/NOGO, Stroop, and WM tasks, possibly
through disruption of output pathways through the striatum to PFC
(Hershey et al., 2004; Jahanshahi et al., 2000).

Striatal and insular activations have previously been associated
with less prepared and consequently more effortful inhibitory
control (Kelly et al., 2004), and additional, compensatory
recruitment of the IFG, particularly in the left hemisphere, has

also been observed in older adults during the performance of
inhibitory tasks, including the GO/NOGO task (Langenecker et al.,
2004; Nielson et al., 2002). We observed robust decreases in

activation in the left IFG and insula, in association with item
repetition over the duration of a single block of trials. The
decreasing activity extended from the IFG though the insula and

into the putamen, and there were additional activation decreases in
the left cerebellum and inferior parietal cortex. We suggest that
over the course of a block of trials, increased knowledge of the
identity of the GO and NOGO stimuli gained through repetition of

a constant target/nontarget set enabled less effortful accomplish-
ment of inhibitory control, reflected in decreased activation across
the inhibitory network. That is, over the course of a block of trials,

the effect of item repetition was to make successful inhibitory
control become less neurally demanding. Notably, these decreases
were observed in the left hemisphere. Inhibitory control is strongly

right-lateralized (e.g., Garavan et al., 1999; Rubia et al., 2003), and
this finding adds further support to the suggestion that additional
left hemisphere subcortical and cortical areas were recruited early

in performance when inhibitions are highly demanding, but these
supporting activations decreased with practice, in association with
less effortful accomplishment of inhibitory control.

Item repetition was associated with increased activation

posteriorly in the brain—in primary motor cortex, inferior parietal,
inferior temporal, and occipital areas, over the course of a block of
trials. Similar activation increases were observed by Poldrack et al.

(1998) and Poldrack and Gabrieli (2001) who also examined skill
acquisition and item repetition effects in learning to read mirror-
reversed text. They associated increases in posterior parietal,

occipital, and temporal areas with stored representation of the
learned mirror-reversed stimuli. Increased activation in represen-
tational areas of posterior cortex (occipital cortex, inferior temporal

cortex) has also been observed in perceptual or perceptuomotor
learning tasks involving repeated experience with visual stimuli
(e.g., Sakai et al., 1998; Schwartz et al., 2002; Sigman et al., 2005).

The effects of item repetition on phasic inhibitory activations

stand in contrast to the effects of general task practice. Successful
inhibitory control in the later task blocks was associated with
increased activation in bilateral prefrontal and parietal cortices as a

result of general task practice. In the Introduction, we outlined two
possible effects of task practice. As repeated task experience
reduced WM demands and increased neural efficiency in the WM

network and thus, as more attentional resources became available
to devote to inhibitory control, one might expect (1) decreased
activation in regions activated by the inhibitory demands of the

task, and common regions activated by both the WM and
inhibitory demands of the task, as these areas demonstrated
increased activation in response to increased WM demands in

the Hester et al. (2004b) study. Alternatively, one might predict (2)
increased activation in those areas activated during successful
inhibitions as the additional attentional resources are devoted to

inhibitory processes, so that successful inhibitory control can be
maintained over a sustained period of task performance under
conditions of high WM demands.

The results support hypothesis (2). While a reduction in WM-
related activations as a result of task practice suggests increased
neural efficiency underlying WM processes, and a concomitant

reduction in demands on attentional control, we observed a
practice-related increase in phasic activations for successful
inhibitions. Increased activation was observed in right dorsolateral
prefrontal and premotor cortex, and bilateral parietal cortex,

cortical areas which are repeatedly implicated in cognitive control
processes in the neuroimaging literature. For example, the areas of
increase in BA 9 are equivalent to the area identified as the inferior

frontal junction (IFJ). According to Brass et al. (2005); Derrfuss et
al. (2004, 2005), this area plays a pivotal role in cognitive control
across a broad rage of tasks, specifically in the active maintenance

of task representations (such as stimulus–response rules). In-
creased activation was evident in right inferior BA 44 and 45, also
hypothesized to be critical to attentional and inhibitory control
processes (Aron et al., 2004). In addition, ventrolateral and

dorsolateral PFC, right premotor and inferior parietal cortex
represent areas which have been consistently implicated across a
number of inhibitory paradigms (Rubia et al., 2001b; Garavan et

al., 1999; Bunge et al., 2001). Taken together, these findings
support the hypothesis that practice-related increases in phasic
inhibitory activations reflect increased activation of a network of

core cognitive control regions, enabling the maintenance of
attention and task goals, and the achievement of inhibitory control
under conditions of high WM demand, and for a sustained period

of task performance.
As was the case with the practice-related changes in tonic WM-

related activations, an alternative explanation for the increases in
inhibitory activation may be proposed. Across the eight blocks of

the experiment, the same stimuli were used as both targets and
distractors, albeit not on immediately successive blocks of trials.
This may have generated increasing levels of interference with

time on task. However, proactive interference is typically
associated with increased RT and decrease accuracy (e.g., Jonides
et al., 1998b; D’Esposito et al., 1999; Mecklinger et al., 2003),

performance changes which were not observed in the present study.
Furthermore, no differences were found when we compared the
increases in activation for the group of five participants who

showed the greatest slowing from early to late in performance and
a group of five participants who showed the greatest decrease in
RT from early to late in performance, which suggests that
increasing interference cannot explain those activation increases.

Furthermore, the practice-related increase in activation in the
frontoparietal inhibitory network is consistent with the results of
Olesen et al. (2004). They examined the effects of extensive

practice on an n-back working memory task and observed practice-
related increases in activation in a frontoparietal network. As
discussed in Kelly and Garavan (2005), there is some suggestion

that the pattern of practice-related activation change observed by
Olesen et al. could be described by an inverted-U-shaped function,
with activation decreasing later following extensive practice,
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consistent with the results of another study of long-term practice on
the n-back task (Hempel et al., 2004). Thus, we suggest that the
practice-related increases in inhibitory control-related activations

would also follow an inverted-U function with extensive practice
and behavioral improvement. This suggestion awaits further study.

An exception to the general pattern of increased inhibitory

activation was a robust decrease in activation in the right putamen.
As mentioned earlier, increased striatal activations have previously
been associated with less prepared and consequently more

effortful inhibitory control (Kelly et al., 2004), and practice-
related decreases in cortical and subcortical areas suggest that
while these areas are recruited early in performance, the

requirement for their supporting activations decreases with
practice. In the present study, it appears that there was a
redistribution of activation within the inhibitory network, from
the striatum, and less robustly, premotor cortex, to a frontoparietal

network supporting inhibitory control.

An examination of the areas of activation common to both WM and

inhibitory control demands of the WMI task reveals that there were

no effects of practice on common tonic activations. The effects of

practice were observed for common activation in phasic activity,

and these are congruent with the effects observed in the

task-unique inhibitory areas

Examining the loci of decreases in phasic inhibitory activations
occurring as a result of item repetition and decreases in tonic WM-

related activity occurring as a result of task practice suggests that
these decreases occurred in broadly similar areas of the brain.
Indeed, when areas of overlap between phasic inhibitory and tonic

working-memory related activation were examined, activation
common to both demands was observed in left dlPFC and parietal
cortex, the IFG/insula bilaterally, and in the right putamen,

consistent with Hester et al. (2004b). In fact, when we compare
the regions of overlap between WM and inhibitory activation in the
present study with the common regions of activation observed by

Hester et al., regions of overlap in right inferior prefrontal and left
parietal cortex are identical to both studies, providing further
evidence that inferior PFC (ventrolateral/insula, BA 47/13) and
parietal cortex are centrally involved in interference resolution or

inhibitory processes common to both WM and inhibitory control.
Examining practice effects in the common areas of activation

revealed an effect for phasic inhibitory processes only. The

practice-related changes in common activations were congruent
with those observed for unique inhibitory activations. Phasic
activation in left IFG/insula, inferior parietal cortex and the right

putamen decreased over the course of a block of trials, and also
from early to late in task performance in the putamen. We have
suggested that a practice-related increase in the neural efficiency of

WM processes was reflected in a reduction in WM-related
activations. The decrease in activations common to both WM
and inhibitory processes indicates that practice was also associated
with a reduction in demands on common attentional resources.

This finding supports the hypothesis that a reduction in the WM
demand on common neural resources allowed for the devotion of
additional attentional resources to inhibitory processes, thereby

increasing activation in the inhibitory network, and enabling the
maintenance of successful inhibitory control over a sustained
period of task performance under conditions of high WM demands.

Standing apart from this pattern of phasic decreases was an
activation increase in the region of right IFG/insula common to
both WM and inhibitory processes from early to late in task

performance. Finding common activation in this area is unsurpris-
ing, and we have drawn attention to the centrality of this region to
inhibitory control across a broad range of tasks, as discussed by

Aron et al. (2004). Increases in phasic activation in this area
suggests that demands on the inhibitory functions it subserves were
increased as a result of task practice. The analysis of individual

differences in inhibitory performance sheds further light on this
finding, and suggests that differences in the ability to modulate
inhibitory activations in this area, along with other task-specific

inhibitory areas, predicted performance on the WMI task.

Individual differences in task performance were associated with

the ability to modulate and maintain activations in frontostriatal

areas mediating attentional control

In a recent paper, Liston et al. (2005) linked frontostriatal
connectivity to developmental and individual differences in the

efficient recruitment of cognitive control. When we examined
individual differences in activation for successful inhibitions based
on overall inhibitory performance, we observed that better

performance was associated with higher levels of activation in
right dlPFC and left inferior frontal/insular cortex, extending to the
putamen. There were interactions between practice and perfor-

mance in two areas of right inferior frontal cortex and insula, which
indicated that while more accurate performers maintained a high
level of activation in these areas, less accurate performers showed
decreases in activation. These individual differences were observed

for phasic inhibitory activations only—no such effects were seen
for either tonic WM-related activations or regions of common
activation. For errors of commission, two areas, in left and right

lateral PFC, also showed increased error-related activation for
better, relative to poorer performers.

In contrast to increases in frontostriatal areas demonstrated by

better performers, poorer performance was associated with greater
activation in right inferior parietal cortex. A possible source of this
performance-based dissociation is the use of different cognitive

strategies in performance of the WMI task. Glabus et al. (2003), in
a study of individual differences in n-back working memory
performance, also observed a dissociation in WM activations, with
increased right frontoparietal activity in a high performing group

but increased left hemisphere frontoparietal activation in a low
performing group, a dissociation they attributed to differences in
cognitive strategy.

The attentional control required on NOGO trials in the WMI
task may be likened to the interference control required in the n-
back task and may involve similar processes. An even greater

similarity between the two tasks emerges in a variation of the n-
back paradigm which includes lure trials—trials which match a
recently seen stimulus, but not the critical n-back stimulus. When

Gray et al. (2003) examined individual differences in the ability to
inhibit interfering lure stimuli in an n-back working memory task,
they observed that participants with high scores on a test of
generalized fluid intelligence (gF) were more accurate at rejecting

lures and also showed greater activation in lateral PFC and parietal
cortex on the lure trials. They interpreted this finding as reflecting
high gF individuals’ superior ability to control attention in order to

protect goals or other information held in WM from interference
and, at a neurocognitive level, increased frontoparietal activation
reflecting this greater attentional control. Thus, we suggest that

more successful performers may have relied on frontostriatal
control processes, while poorer performers relied less on these
frontostriatal attentional control processes and more on stimulus-
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driven representation retrieval, or on alternate, and less successful,
attentional control processes subserved by parietal cortex.

Individual differences were observed in areas which demonstrated

practice-related changes in phasic inhibitory activation and

suggest that the areas that differ between individuals can be

modulated by practice within an individual

We have put forward a hypothesis that a reduced WM demand

on common neural resources, occurring as a result of general task
practice, allowed for the devotion of additional attentional
resources to inhibitory processes. This was reflected in increasing

activation in the inhibitory network, so that successful inhibitory
control could be maintained over a sustained period of task
performance under conditions of high WM demands. Among the
areas which demonstrated this increase in inhibitory activations

were the areas which showed greater activation in better perform-
ers, relative to poorer performers: right dorsolateral prefrontal and
inferior frontal cortex, and also an area of right IFG/insula common

to both WM and inhibitory processes. These prefrontal areas
showed increased activation in association with increasing WM
load in the study by Hester et al. (2004b). Taken together, these

findings support our earlier interpretations of separable effects of
item and task repetition on inhibitory control processes and suggest
that both task practice and superior performance on the WMI task
are associated with the modulation of activation in dorsolateral

prefrontal and inferior frontal/insular cortex. This is consistent with
Hester et al. (2004b) who observed that individual differences in
activity in the right dlPFC predicted inhibitory performance, as

well as a number of other studies demonstrating individual
differences in the ability to modulate neural activations under
conditions of high cognitive demands (e.g., Kane and Engle, 2002;

Mecklinger et al., 2003; Bunge et al., 2001; Gray et al., 2003).
Interestingly, similar areas in bilateral dlPFC also showed
increased error-related activation for better, relative to poorer

performers, consistent with a recent meta-analysis of error-related
activations in GO/NOGO tasks (Hester et al., 2004a). In that meta-
analysis, participants thought to show greater attention to the task,
as indicated by slower RTs and low scores on a measure of

absentmindedness (Broadbent et al., 1982) also showed higher
levels of error-related activation in lateral PFC, relative to
participants with faster RTs and higher absentmindedness scores.

A comparable effect was observed in the large bilateral IFG/
insular and striatal clusters. The left cluster showed an overall
performance effect—with greater activation for better performers,

while the right cluster showed an interaction, such that better
performers maintained a consistent level of activation in this area
over the course of a block of trials, while poorer performers

showed decreases in activation. Both of these regions showed an
overall practice-related decrease in activation over the course of a
block of trials, which we have suggested reflects the recruitment of
these areas under conditions of more effortful inhibitory control

(e.g., Kelly et al., 2004; Langenecker et al., 2004), as occurs early
in practice, but less effortful and less neurally demanding
accomplishment of inhibitory control as a result of item repetition.

Thus, performance effects in these areas reveal that maintaining
activity benefited performance overall but not over the course of a
block, so that activity decreased generally across the sample, but

was slightly higher in the better performers.
Taken together, these findings suggest that areas which differ in

activation between individuals on the basis of their performance on

a complex cognitive task can be modulated by practice within an
individual. These areas, comprising dlPFC, IFG/insula and the
striatum, are central to flexible cognitive control (Casey et al.,

2002; Miller and Cohen, 2001; Braver and Cohen, 2000; Braver et
al., 2002; Frank et al., 2001). In particular, neural activity in dlPFC
is hypothesized to underlie individual differences in the ability to

exert executive control over attention, general fluid intelligence,
and consequently, individual differences in performance across a
wide range of tasks that place a demand on cognitive control

(Duncan, 1995, 2003; Duncan et al., 2000; Kane, 2003; Kane and
Engle, 2002; Engle and Kane, 2004). Single cell and human
neuroimaging studies demonstrate how this is possible. Studies

have shown that the response properties of dlPFC cells are highly
adaptable—cells in dlPFC respond to different kinds of input and
to code different types of information across a wide range of tasks
(Miller and Cohen, 2001; Miller et al., 2002; Duncan, 2001). Our

findings suggest that areas thought to underlie individual differ-
ences in flexible cognitive capabilities, associated with successful
interaction within our complex world and adaptation to novel

situations, are subject to modulation by practice. This raises the
possibility that this fundamental cognitive flexibility is amenable to
practice and because it is an ability purported to underlie

performance across a wide range of cognitively demanding tasks,
practice-related improvements in one task might therefore translate
to improvements on other, similarly demanding tasks, and even to
an improvement of gF. Single-cell studies in nonhuman primates

have already suggested how practice may affect these adaptive
cells—as an animal becomes more practiced on the task, the
number of cells responding decreases, and those that respond have

more narrowly tuned response properties (Rainer and Miller, 2000;
Asaad et al., 1998).

The present study has demonstrated that activity in areas of the

brain thought to explain individual differences in general intelli-
gence and performance across a wide range of tasks is subject to
modulation by practice. More specifically, general task practice has

the effect ofmodulating activations so that they becomemore similar
to activations demonstrated by superior performers. This finding is
consistent with several recent studies investigating the interactions
between individual differences, dopamine (DA) activity in PFC, and

training. For example, the observation that practice makes activa-
tions more similar to those of better performers is analogous to the
results of a study which examined the effects of attentional training

on performance and brain activations (measured by EEG) in children
(Rueda et al., 2005). Rueda et al. demonstrated that training
improved attention in younger children in a manner similar to

increasing age. Furthermore, attention training produced an EEG
pattern in younger children similar to that of the older children, and
in older children, an EEG pattern similar to that shown by adults.

The effects of the present study are also paralleled in a recent
examination of the effects of a dopamine (DA) D2 receptor stimulant
(bromocriptine) on WM performance and PFC activation in
participants identified as having either a high or low WM span

(Gibbs and D’Esposito, 2005). In low span participants, adminis-
tration of the DA agonist increased performance and decreased
activation in PFC during the probe period of a WM task, so that it

was more like basal activation in the high span participants. That is,
DA stimulation in low span participants made both their brain
activation and performance more like that of high span participants.

Individual differences inWM span and underlying PFC function are,
at least in part, related to genetic differences, particularly, the
possession of certain polymorphisms of genes which impact on DA
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activity in PFC (such as COMT, MAOA, DRD4, and DAT-1, e.g.,
Blasi et al., 2005; Diamond et al., 2004; Fan et al., 2003; Fossella et
al., 2002; Greenwood and Parasuraman, 2003; Parasuraman et al.,

2005). For example, in the Rueda et al. (2005) study, children with
the pure long homozygous DAT-1 allele showed better performance
on tests of attention and intelligence than those with the heterozy-

gous alleles.
An important point to note is that the practice- and individual-

difference-related modulation of phasic inhibitory activations in the

present study corresponded to increasing activation, a result that
may appear at odds with the neural efficiency framework, which
suggests that better performers, higher intelligence (gF) and practice

are associated with decreased neural activations, reflective of greater
neural efficiency in the brain networks underlying performance
(e.g., Deary, 2000; Haier et al., 1992a,b; Neubauer et al., 2004).
However, the association between decreased neural activations and

superior performance is typically seen for tonic, sustained activa-
tions, and higher levels of phasic, event-related activation have been
observed to be embedded in lower overall levels of activation in the

brains of better performers (Rypma et al., 2002). The findings of the
present study are consistent with these observations. In this study,
increased phasic inhibitory activations were associated with both

practice and better performance on the WMI task, consistent with
those previous studies which have related increased phasic, event-
related activations to superior performance, particularly under
demanding conditions (e.g., Bunge et al., 2001; Gray et al., 2003;

Rypma and D’Esposito, 1999). Decreased WM activations, reflec-
tive of increased neural efficiency in the WM network, were also
observed as a result of practice. While no performance-related

differences in tonic activations were observed, this pattern is
consistent with those studies relating increased neural efficiency
(lower tonic activation) to both better performance and practice (e.g.,

Beauchamp et al., 2003; Buchel et al., 1999; Garavan et al., 2000;
Haier et al., 1992a,b), and those studies which demonstrate that DA
administration improves performance and decreases tonic activa-

tions in PFC in individuals with low basal WM capacity (low DA
activity—Egan et al., 2001; Mattay et al., 2002, 2003; Mehta et al.,
2000). Thus, the present study has demonstrated how practice can
induce both patterns of performance-related brain activation—

increased phasic, event-related activation and decreased tonic
activation, in the same task, and in the same brain. As our findings
illustrate, the relationships that exist between individual differences,

performance, activation, neural efficiency, and practice are intrigu-
ing and merit considerable further investigation.

Conclusions

The present study represents a novel examination of practice

effects on a complex cognitive task in terms of the separation of
item-specific and general task processes. In the context of different
effects of item repetition and general task practice, there were

distinct practice-related responses in areas underlying tonic
working memory and phasic inhibitory processes. These data
demonstrate that with both item- and process-specific practice,

WM processing operations become less demanding in terms of
attentional resources and more efficient in their neural implemen-
tation, reflected in a relative decrease in the magnitude of

activations. In contrast, while phasic inhibitory activations
decreased in association with item repetition, inhibitory activations
increased as a result of task practice. These changes reflected

decreases in supportive, left hemisphere cortical and subcortical
activations as a result of item repetition, and modulation of
activations in predominantly right hemisphere frontoparietal

cortex, which enabled the maintenance of inhibitory control
throughout a sustained period of task performance. An examination
of the areas of activation common to both WM and inhibitory

control demands of the WMI task suggested that the practice-
related decrease in the neural demands of WM processes enabled
the devotion of attentional resources to the inhibitory demands of

the task, reflected in increased activations in frontostriatal and
parietal central to inhibitory control processes. Finally, both
practice and individual differences in task performance were

associated with the ability to modulate and maintain activations
in frontostriatal areas mediating attentional control, suggesting that
the areas that differ between individuals can be modulated by
practice within an individual. Thus, the present study has

demonstrated how practice can induce both patterns of perfor-
mance-related brain activation—increased phasic, event-related
activation, and decreased tonic activation, in the same task, and in

the same brain, similar to the effect previously observed by Rypma
et al. (2002). These findings are consistent with the literature on
individual differences in performance and their relation to

functional activations and emphasize the potentially important
influence of performance differences on activations and practice
effects. These results suggest the possibility that the ability to
control attention, thought to underlie individual differences in

general fluid intelligence, is amenable to practice.
The present study provides support for theories emphasizing the

central role of the striatum in flexible cognitive control processes

(e.g., Braver and Cohen, 2000; Casey et al., 2002). Increasingly, the
striatum has been identified as a region important in the ability to
alter behavior in novel or changing conditions, due to its role in

providing information for subsequent cortical processing (Jahan-
shahi et al., 2000; Troyer et al., 2004). In particular, these effects
have been associated with response-related processes (Aron et al.,

2003b; Manoach et al., 2003), providing a basis on which further
examination of the contribution of the striatum/basal ganglia to
executive control functions may be conducted. The implication of
frontostriatal circuitry in progressive illnesses marked by severe

cognitive deficits, including Parkinson’s and Huntington’s dis-
eases, as well as a range of other clinical conditions such as
ADHD, schizophrenia, and OCD, highlights the need for further

research into the role of the striatum in cognitive control and
learning processes.
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