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The ability to select an appropriate response among competing alternatives is a
fundamental requirement for successful performance of a variety of everyday tasks.
Recent research suggests that a frontal–parietal network of brain regions (including dorsal
prefrontal, dorsal premotor and superior parietal cortices) mediate response selection for
spatial material. Most of this research has used blocked experimental designs. Thus, the
frontal–parietal activity reported may be due either to tonic activity across a block or to
processing occurring at the trial level. Our current event-related fMRI study investigated
response selection at the level of the trial in order to identify possible response selection
sub-processes. In the study, participants responded to a visually presented stimulus with
either a spatially compatible or incompatible manual response. On some trials, several
seconds prior to stimulus onset, a cue indicated which task was to be performed. In this way
we could identify separate brain regions for task preparation and task performance, if they
exist. Our results showed that the frontal–parietal network for spatial response selection
activated both during task preparation as well as during task performance. We found no
evidence for preparation specific brain mechanisms in this task. These data suggest that
spatial response selection and response preparation processes rely on the same
neurocognitive mechanisms.
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1. Introduction

Selecting appropriate responses to environmental stimuli is
critical for human goal-directed behavior. Research suggests
that a network of posterior and prefrontal brain regions
mediate these response selection processes. The particular
regions mediating task performance within this network
may vary depending on the tasks and task modalities used
(Hazeltine et al., 2003; Pardo et al., 1990; Schumacher et al.,
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2003; but see Jiang and Kanwisher, 2003). Nevertheless, for
spatial response selection there is broad agreement that
dorsal prefrontal cortex (dPFC), dorsal premotor cortex
(dPMC), and superior parietal cortex (SPC) are involved
(Dassonville et al., 2001; Iacoboni et al., 1996; Jiang and
Kanwisher, 2003; Merriam et al., 2001; Schumacher and
D'Esposito, 2002; Schumacher et al., 2003, 2005).

For example, in Schumacher et al. (2003) we showed that
right dPFC, bilateral dPMC, and medial and left SPC were
nology, 654 Cherry Street, Atlanta, GA 30332-0170. Fax: +1 404 894

.

mailto:eschu@gatech.edu
http://dx.doi.org/10.1016/j.brainres.2006.11.081


78 B R A I N R E S E A R C H 1 1 3 6 ( 2 0 0 7 ) 7 7 – 8 7
sensitive to manipulations of spatial response selection
difficulty. In that study, we manipulated difficulty in two
ways: we varied stimulus–response (SR) numerosity and
compatibility. For SR numerosity, participants made compa-
tible key-presses to the horizontal position of a stimulus cue.
That is, the correct response spatially corresponded, left to
right, to the stimulus location. Across blocks, two, four, or six
possible SR rules were used. For SR compatibility, participants
made incompatible key-presses to the spatial position of a
cue. The correct response was based on an arbitrary mapping
from stimulus to response that the participant learned prior to
scanning. Consistent with increases in reaction time (RT),
brain activation increased in right dPFC, bilateral dPMC, and
medial and left SPC with spatial response-selection difficulty
(both for numerosity and compatibility). Because these
regions showed increased activity across different manipula-
tions of spatial response selection difficulty (i.e., one increas-
ing the number of SR rules and the other increasing the
interference between them), they likely mediate spatial
response selection specifically, rather than other ancillary
differences between the task conditions (e.g., differences in
stimulus encoding or response programming).

Many other studies of spatial response selection have
activated some or all of this frontal–parietal brain network
(Dassonville et al., 2001; Iacoboni et al., 1996; Jiang and
Kanwisher, 2003; Merriam et al., 2001; Schumacher and
D'Esposito, 2002; Schumacher et al., 2003, 2005). One limitation
of these studies is their use of blocked experimental designs.
In experiments like these, blocked designs do not allow one to
dissociate distinct response selection sub-processes that may
be mediated by the different brain regions.

A study of verbal/non-spatial response selection using the
Stroop task avoided this limitation with an event-related
design and identified neurocognitively distinct response
selection processes (MacDonald et al., 2000). In that study, at
the beginning of each trial, participants were cued either with
the word “word” or “color” indicating whether they were to
read the presented word or identify the color of the ink in
which it appeared. MacDonald et al. found that left dPFC was
more active to the color than the word cue, and that anterior
cingulate cortex (ACC) was more active to the stimulus when
participants responded to its color than when they read the
word. These results may suggest that ACC mediates the
selection of the appropriate response among competing
alternatives (i.e., correct color instead of word) and that left
dPFC is involved in preparing the information processing
system to respond to the more difficult of the two task
conditions (i.e., color naming).

Consistent with this finding, left inferior frontal junction
(IFJ), the region at the junction between the inferior frontal
sulcus and the inferior precentral sulcus, has been reported to
be sensitive to task cueing. In two studies, activity in this
region (as well as right inferior frontal gyrus, IFG; and right
intra-parietal sulcus, IPS) was shown to be sensitive to a
stimulus cue for the subsequent performance of a non-spatial
task (Brass and von Cramon, 2002, 2004). These results suggest
that these brain regions may mediate the activation of task
appropriate SR rules or other task preparation processes. A
similar result has been reported for right anterior PFC, which
has been shown to activate to a cue signaling an upcoming
spatial or non-spatial working memory task (Sakai and
Passingham, 2003).

Thus, there is evidence for neurocognitively distinct task
preparatory and task performance processes from studies
using spatial and non-spatial tasks. Additionally, there is
evidence that the regions involved in the frontal–parietal
network for spatial response selection (i.e., dPFC, dPMC, and
SPC) may mediate distinct neurocognitive processes as well.
Firstly, these regions have distinct patterns of connectivity. In
non-human primates, there are dense reciprocal connections
between these three regions. Dorsal PFC, however, is also
connected to temporal, limbic, and subcortical brain regions
(Cavada and Goldman-Rakic, 1989; Goldman-Rakic et al., 1984;
Petrides, 2005; Petrides and Pandya, 1984; Wise et al., 1997).
These anatomical differences may lead to functional differ-
ences in the cognitive processing mediated by these regions.
Secondly, research suggests that dPMC and SPC neurons likely
mediate visuospatial-motoric integration (Wise et al., 1997).
Dorsal PMC neurons, for example, are more active when
monkeys perform visually guidedmotor tasks thanwhen they
perform tasks with no visual cues (Mushiake et al., 1991).
Similarly, neurons in the lateral intra-parietal area are
sensitive to spatially relevant movements (Bracewell et al.,
1996; Mazzoni et al., 1996). Finally, dPFC has been hypothe-
sized to be involved in higher-order cognitive control and
working memory processes, which modulate processing in
premotor, parietal, and other posterior brain regions (Fuster,
2001; Miller and Cohen, 2001). Thus, neuroanatomical and
neurophysiological data suggest distinct processing in dPFC,
dPMC, and SPC.

Cognitive theories also postulate separate response selec-
tion sub-processes. Kornblum et al. (1990) proposed two routes
for response selection for tasks with incompatible SR map-
pings. These routes are: (a) an automatic response activation
route that activates the response corresponding to the cue
location (compatible response) and (b) a controlled selection
route that identifies the correct response based on the SR
mappings stored in memory.

More recently, Eimer, Hommel, and Prinz proposed a
similar two-process response selection model (Eimer, 1995;
Eimer et al., 1995). The first process, automatic response
activation, is a direct route from stimulus location to response
preparation that circumvents working memory. The second
process, controlled selection, is an indirect route from
stimulus to response mediated by working memory. The
direct route is sufficient tomake compatible responses but the
indirect route is required for incompatible SR mappings. A
precueing procedure measuring event-related potentials
showed that activation of the automatic response preceded
stimulus presentation and was subsequently replaced by the
correct response in a spatially incompatible task (Eimer, 1995).

To test neurocognitive distinctions within the brain
network for spatial response selection, the current experiment
modified the blocked SR compatibility manipulation we have
used previously (Schumacher et al., 2003, 2005). Instead of
manipulating task difficulty across separate blocks of trials,
here participants performed compatible and incompatible
trials in an event-related design. The task procedure used is
shown in Fig. 1. On some trials, participants were cued at the
beginning of each trial which task (i.e., compatible or



Fig. 2 – Mean reaction times with standard errors and mean
accuracy rates for the incompatible and compatible
stimulus–response mapping tasks when the task was cued
and uncued.

Fig. 1 – Schematic of experimental tasks. Participants performed an incompatible or compatible stimulus–response mapping
task on each trial. The mappings are shown in the upper right of the figure. A centrally located task cue (neutral, incompatible,
or compatible) appeared between 4.4 and 8.8 s prior to stimulus onset. These trial-types are identified in the figure. The
words, neutral, compatible, and incompatible did not appear onscreen during the experiment.
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incompatible) they would perform on that trial; on other trials
they saw a neutral cue. After a delay, the task stimulus
appeared and participants responded accordingly.

In this way, we can separate brain activity to the task cue
during the cue period, which may reflect automatic SR rule
activation, from the activity to the task stimulus during the
stimulus period, which may reflect the selection of the
appropriate response based on a particular stimulus.

Because the current study is similar to one by MacDonald
et al. (2000), we may predict similar results. This prediction is
additionally warranted because regions active in their study
(ACC, left PMC and left dPFC) have also been implicated in
spatial response selection (Iacoboni et al., 1996; Jiang and
Kanwisher, 2003; Schumacher and D'Esposito, 2002). How-
ever, there are several contrary findings that lead us to
question this prediction. Firstly, as stated previously, several
studies report distinct brain networks for response selection
depending on stimulus modality (Hazeltine et al., 2003;
Schumacher et al., 2003). For example, in Schumacher et
al., we reported an additional experiment in which we
manipulated response selection difficulty for a non-spatial
task. In that study left dPFC, left temporal, and left inferior
parietal cortices were sensitive to non-spatial response
selection difficulty. Additionally, ACC is inconsistently acti-
vated by manipulations of spatial response selection. Some
studies report increased activity in ACC for harder spatial
tasks (Schumacher and D'Esposito, 2002); but others report
no evidence for its involvement, even when using a relatively
sensitive region-of-interest analysis (Jiang and Kanwisher,
2003). Thus, the activity reported by MacDonald et al. may be
specific to selection for verbal material, or specific to the
Stroop task.

Therefore, the current event-related study manipulating
spatial response selection may produce a different pattern of
cue and stimulus related activity than previously reported for
other task domains. In any case, this experiment should
identify neurocognitive differences between spatial perceptu-
al-motor task preparation and spatial perceptual-motor task
performance, if differences exist.
2. Results

2.1. Behavioral results

A within-subjects analysis of variance with Task Difficulty
(compatible and incompatible) and Cue Condition (cued and
uncued) as variables was performed on the mean RTs from
correct trials. There were reliable main effects of Task
Difficulty, F(1,10)=74.76, p<0.001 and Cue Condition, F(1,10)=
8.51, p<0.05, and a reliable interaction, F(1,10)=18.07, p<0.01.
As shown in Fig. 2, mean RTs were longer for incompatible
than compatible trials. Mean RTs were also longer for uncued
than cued trials, but most of this effect was due to the RT
difference between the cued and uncued conditions on
incompatible trials.

A similar analysis of variance was performed on an arcsine
transformation of the proportion correct (Howell, 1987). There
were no reliable effects of Task Difficulty, F(2,10)=2.59, p>0.10,
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Cue Condition, F(2,10)=1.39, p>0.25, and no interaction
between them, F(2,10)=0.56, p=0.70. Themean percent correct
for each condition are also shown in Fig. 2.

2.2. Whole-brain activation results

Table 1 and Fig. 3 show regions with reliably more activity in
the incompatible than compatible trials separately for the cue
and stimulus trial periods when corrected for multiple
comparisons across the entire brain (Genovese et al., 2002).
No other comparisons produced reliable whole-brain activity.
Further analyses were conducted on the subset of these
regions thought to be theoretically interesting (i.e., regions
related to task preparation, response selection, or both, see
Section 4.5 for details).

2.3. Region-of-interest (ROI) activation results

For each participant and ROI, mean β-values were extracted
separately for each experimental condition relative to the
baseline: Trial Period (cue and stimulus), Cue Condition (cued
and uncued), and Task Difficulty (compatible and incompa-
tible). This led to eight activation values for each participant
for each ROI. These data are also shown in Fig. 3. Separate
Table 1 – Sites of peak activation when cueda from cue
and stimulus trial periods for the incompatible versus the
compatible tasks

Incompatible vs. compatible activity MNI
coordinates

Brain region Brodmann's
area

t-value x y z

Cue trial period
Left dorsal prefrontal 45/46 7.72b −40 34 26
Cuneus/precuneus 7/19 10.76 −10 −80 42

Stimulus trial period
Left dorsal premotor 6 6.37 −22 −6 54
Right dorsal premotorc 6 5.45 24 2 64
Right dorsal premotor 6 5.99 18 −20 64
Left dorsal prefrontal 46 5.68 −24 38 24
Right dorsal prefrontal 45/46 4.53b 42 32 28
Anterior cingulate 32 4.92 14 24 22
Anterior cingulate 24 5.18 16 16 26
Anterior cingulate 24 6.44 2 16 28
Left superior parietal 7 12.91 −12 −66 50
Left superior parietal 7/40 4.65 −36 −56 38
Left inferior parietal 40 5.04 −58 −28 26
Precuneus 7 11.07 −2 −72 44
Cuneus 7/19 9.99 14 −76 38
Right inferior temporalc 20 10.21 26 −18 −4
Right lateral occipital 18 5.51 26 −90 10
Right caudate nucleus 5.15 8 18 −4
Right insulac 5.08 38 4 −4
Left thalamus 5.20 −12 −18 6
Right thalamus 10.17 10 −12 0
Right thalamus 5.97 10 −2 4

a No reliable activity for the uncued condition for either trial
period.
b Reliable at 0.05<pFDR<0.06.
c Not shown in Fig. 3.
within-subjects analyses of variance with Trial Period, Cue
Condition, and Task Difficulty as variables were performed
with these β-values as data. The data from the stimulus period
only was also analyzed separately to identify Cue Condition
effects during this trial period. Finally, Task Difficulty was
investigated during the Cue Period when participants were
cued to determine if task cueing affected activity during this
trial period.

Although there were some differences across ROIs, two
results were largely consistent across the response selection
ROIs. First, there was more activity during the stimulus than
the cue period. This is not surprising given that participants
performed the task during the stimulus period and only
prepared for it during the cue period. The more interesting
result is that the incompatible task produced more activity
than the compatible one during both the stimulus and cue
periods. None of the other effects or interactions was
consistently reliable across ROIs. The next section provides
an exhaustive listing of the effects of the experimental factors
on brain activity across the ROIs.

2.3.1. Region-of-interest in left dPFC
As shown in Table 1, two regions in left dPFC showed reliable
effects of task difficulty in the cue and stimulus periods. The
activation peak in the left dPFC region during the cue period is
1.6 cm more lateral to the activation peak during the stimulus
period. This difference may reflect neurally distinct prepara-
tion and performance processes in left dPFC. Alternatively, it
may reflect variability in peak activation produced by a unitary
neural process. To test this, the activity in these regions was
compared with a within-subjects analysis of variance includ-
ing Region as a variable as well as the experimental variables:
Trial Period, Cue Condition, and Task Difficulty. If these
regions reflect distinct underlying processes, then there
should be reliable interactions between the regions and the
effects of the other experimental variables. Contrary to this
prediction, Region did not interact with any experimental
variable. The F-value was greater than 1.0 only for the
interaction between Region and Trial Period, F(1,10)=1.98,
p=0.19. Thus, there was little evidence that these regions
reflect distinct neural processors. These ROIs were therefore
combined for further analyses.

There was a reliable main effect of Trial Period on left
dPFC activity, F(1,10)=5.91, p<0.05. Stimulus Period activity
was greater than activity in the Cue Period. There was no
reliable effect of Cue Condition, F(1,10)=1.90, p=0.20. As
expected, because this region was selected on the basis of the
task difficulty effect, the effect of Task Difficulty was reliable,
F(1,10)=12.21, p<0.01. There were no reliable interactions.

When the stimulus period was analyzed separately, Task
Difficulty approached reliability, F(1,10)=4.55, p<0.06. There
was no reliable effect of Cue Condition and no interaction,
F(1,10)=0.37, p=0.56, and no reliable interaction, F(1,10)=0.17,
p=0.69. For the cue period, again there was a reliable effect
of Task Difficulty (incompatible>compatible task) when the
task was cued, t(10)=4.30, p<0.01.

2.3.2. Regions-of-interest from Schumacher et al. (2003)
To characterize the effects of our conditions on regions
specifically related to spatial response selection, we inves-



Fig. 3 – Extent of activity for cortical regions from the Table superimposed on a spatial normalized brain, with frontal section
removed at (y=10, z=26). Voxels with incompatible vs. compatible task related activity greater than p<0.01 (uncorrected)
contiguous to peak activity are shown. Regions showing a compatibility effect during the cue period are shown in cool colors
and regions showing a compatibility effect during the stimulus period are shown in warm colors. The line graphs plot mean
activity and standard errors relative to baseline for each task during both trial periods when cued or uncued for the regions-of-
interest from Schumacher et al. (2003), MacDonald et al. (2000), and left dPFC.
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tigated brain activity in ROIs from a previous study with
the same and similar spatial choice-reaction tasks (Schu-
macher et al., 2003).

2.3.2.1. Right dPFC (x=42; y=32; z=24). There were reliable
main effects of Trial Period and Task Difficulty on right dPFC
activity, F(1,10)=13.72, p<0.005, and F(1,10)=10.62, p<0.01,
respectively. Stimulus period activity was greater than activity
in the cue period; and the incompatible task produced more
activity than the compatible one. The effect of Cue Condition
was not reliable, F(1,10)=0.42, p=0.53 and there were no
reliable interactions.

When the stimulus period was analyzed separately, only
Task Difficulty produced a reliable effect, F(1,10)=8.25,
p<0.05; with incompatible trials producing more activity
than compatible ones. Neither the effect of Cue Condition
nor its interaction with Task Difficulty was reliable: F(1,10)=
1.99, p=0.19, F(1,10)=0.60, p=0.46, respectively. For the cue
period, there was a reliable effect of Task Difficulty (incom-
patible>compatible task) when the task was cued, t(10)=3.09,
p<0.05.

2.3.2.2. Left dPMC (x=−30; y=−8; z=58). There was a
reliable main effect of Trial Period on left dPMC activity,
F(1,10)=5.41, p<0.05. Stimulus period activity was greater than
activity in the cue period. There was a reliable effect of Task
Difficulty, F(1,10)=7.50, p<0.05. The incompatible task pro-
duced more activity than the compatible one. There was no
reliable effect of Cue Condition F<1 and there were no reliable
interactions.



1 Voxel coordinates converted from Talairach to MNI coordi-
nates with MRIcro (www.mricro.com) prior to analysis.

Fig. 4 – Mean activity and standard errors relative to baseline
for cued and uncued trials during the cue period for brain
regions associated with task preparation (Brass and von
Cramon, 2004; Sakai and Passingham, 2003): IFJ=inferior
frontal junction; IFG=inferior frontal gyrus;
IPS=intra-parietal sulcus; APFC=anterior prefrontal cortex.
No reliable effect of the task cue was found in these regions
during the cue period.
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When the stimulus period was analyzed separately, only
Task Difficulty (incompatible>compatible task) produced a
reliable effect, F(1,10)=5.08, p<0.05. Neither the effect of Cue
Condition nor its interaction with Task Difficulty was reliable:
F(1,10)=1.01, p=0.34, F(1,10)=0.90, p=0.37, respectively. For
the cue period, the effect of Task Difficulty (incompatible>
compatible task) when the task was cued approached
reliability, t(10)=2.16, p<0.06.

2.3.2.3. Right dPMC (x=18; y=4; z=58). The effect of Trial
Period (stimulus>cue period) on right dPMC activity app-
roached reliability, F(1,10)=3.67, p<0.09. Only the interaction
between Cue Condition and Task Difficulty also approached
reliability, F(1,10)=4.84, p<0.06. Incompatible trials were more
active than compatible oneswhen cued, but notwhen uncued.
Neither the effect of Cue Condition nor Task Difficulty was
reliable: F(1,10) = 0.56, p = 0.47, F(1,10) = 0.73, p = 0.41,
respectively.

There were no reliable effects when the stimulus period
was analyzed separately: Cue Condition, F(1,10)=1.00, p=0.34;
Task Difficulty, F(1,10)=0.07, p=0.80; interaction, F(1,10)=1.98,
p=0.19. For the cue period, there was a reliable effect of Task
Difficulty (incompatible>compatible task) when the task was
cued, t(10)=5.77, p<0.05.

2.3.2.4. Left SPC (x=−16; y=−70; z=44). There were reli-
able main effects of Trial Period (stimulus>cue period) and
Task Difficulty (incompatible>compatible task) on left SPC
activity, F(1,10)=14.99, p<0.005, and F(1,10)=9.65, p<0.05,
respectively. The effect of Cue Condition was not reliable, F
(1,10)=1.02, p=0.34. The only reliable interaction was between
Trial Period and Task Difficulty, F(1,10)=5.48, p<0.05. Incom-
patible trials produced more activity than compatible ones
during the stimulus but not the cue period.

When the stimulus period was analyzed separately, only
Task Difficulty (incompatible>compatible) produced a reliable
effect, F(1,10)=9.14, p<0.05. Neither the effect of Cue Condition
nor its interaction with Task Difficulty was reliable: F(1,10)=
0.85, p=0.38, F(1,10)=0.68, p=0.43, respectively. For the cue
period, there was a reliable effect of Task Difficulty (incompa-
tible>compatible task) when the task was cued, t(10)=3.50,
p<0.01.

2.3.2.5. Precuneus (x=−8; y=−54; z=48). There were reli-
able main effects of Trial Period (stimulus>cue period) and
Task Difficulty (incompatible>compatible task) on precuneus
activity, F(1,10)=16.23, p<0.005, and F(1,10)=6.51, p<0.05,
respectively. The effect of Cue Condition was not reliable,
F(1,10)=0.09, p=0.77. The only reliable interaction was be-
tween Cue Condition and Task Difficulty, F(1,10)=5.48, p<0.05.
Incompatible trials produced more activity than compatible
ones when cued, but not when uncued.

When the stimulus period was analyzed separately, the
effect of Cue Condition (uncued>cued condition) approached
reliability, F(1,10)=4.34, p<0.07. The effect Task Difficulty
(incompatible>compatible task) was reliable, F(1,10)=6.21,
p<0.05. The interaction between these effects was not reliable,
F(1,10)=0.35, p=0.57. For the cue period, there was a reliable
effect of Task Difficulty (incompatible>compatible task) when
the task was cued, t(10)=2.68, p<0.05.
2.3.3. Region-of-interest from MacDonald et al. (2000)
To investigate the effect of our experiment on ACC activity, a
5-mm spherical ROI was created centered on activation peak
from MacDonald et al. (x=4; y=−1; z=47).1 There were reliable
main effects of Trial Period (stimulus>cue period) and Task
Difficulty (incompatible>compatible task) on ACC activity,
F(1,10)=13.18, p<0.01, and F(1,10)=10.92, p<0.01, respectively.
The effect of Cue Condition was not reliable, F(1,10)=0.36,
p=0.56. There was a reliable interaction between Trial Period
and Task Difficulty, F(1,10)=8.17, p<0.05. Incompatible trials
produced more activity than compatible ones during the
stimulus but not the cue period. The three-way interaction
approached reliability F(1,10)=4.25, p<0.07.

When the stimulus period was analyzed separately, Task
Difficulty (incompatible>compatible task) produced a reliable
effect, F(1,10)=14.48, p<0.01. The interaction between Cued
Condition and Task Difficulty was also reliable, F(1,10)=8.56,
p<0.05. Uncued incompatible trials produced more activity
than cued incompatible trials, but there was no effect of Cue
condition on compatible trials. The effect of Cue Condition
was not reliable, F(1,10)=2.00, p=0.19. For the cue period, there
was no reliable effect of Task Difficulty when the task was
cued, t(10)=1.56, p=0.15.

2.3.4. Summary of activation results in response selection
regions
The stimulus period produced more activity than the cue
period in all ROIs. The incompatible task produced more
activity than the compatible one in all ROIs except right dPMC.
The incompatible task produced more activity than the
compatible one in nearly every analysis: (a) when both trial
periods were analyzed together; (b) when the stimulus period
was analyzed alone; and (c) during the cue period when the

http://www.mricro.com
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cued trials were analyzed separately (except for ACC). When
the stimulus period was analyzed separately, Cue Condition
produced marginally reliable effects in Precuneus, with
uncued trials producing more activity than cued ones; and a
reliable interaction with Task Difficulty in ACC. As can be seen
in Fig. 3, the trend for more activity on uncued than cued trials
is apparent in other ROIs as well.

2.3.5. Regions-of-interest for task preparation
Brass and von Cramon (2002, 2004) suggest that left IFJ (x=−37;
y=4; z=35); right IFG (x=56; y=22; z=36); and right IPS (x=41;
y=−48; z=51)1 and Sakai and Passingham (Sakai and Passing-
ham, 2003) suggest that right anterior PFC (x=36; y=44; z=6)
mediate task preparatory processes. If these regions mediate
task preparation in our task, then Cue Condition should affect
activity during the cue period. To investigate this, 5-mm
spherical ROIs were created centered on activation peaks from
these studies. As shown in Fig. 4, there was no reliable effect of
Cue Condition on activity in any of these regions during the
cue period: IFJ, F(1,10)=1.35, p=0.27; IFG, F(1,10)=0.22, p=0.65;
IPS, F(1,10)=2.79, p=0.13; anterior PFC, F(1,10)=3.32, p=0.10.
3. Discussion

This study used an event-related experimental design to
investigate neurocognitive dissociations in the frontal–pari-
etal network for spatial response selection. The use of an
event-related design allowed us to investigate activity in
these regions during task preparation as well as task
performance. Based on previous neuroimaging and neuro-
physiological research, we predicted that regions in this
network may respond differently during the cue and
stimulus trial periods. Contrary to this prediction, during
both trial periods, brain regions previously implicated in
spatial response selection (ROIs from right dPFC, dPMC, and
SPC from Schumacher et al., 2003) activated more to the
incompatible than compatible cue. For the stimulus period,
this result replicates previous studies. The result during the
cue period is novel. The only difference between the task
conditions was that a centrally presented x or a+ appeared
on the screen to indicate either the incompatible or
compatible task. Thus, the increased activity to the incom-
patible cue (i.e., the x) likely reflects task preparation
processing. Furthermore, none of these regions showed a
reliable interaction between Trial Period and Task Difficulty.
The frontal–parietal network of brain regions for spatial
response selection activates both during task performance
and preparation. Thus, the same brain regions that mediate
spatial response selection also mediate spatial response
preparation. We found no evidence for separate neurocogni-
tive processors for task performance and preparation among
these regions.

Our study is a conceptual replication of one using the
Stroop task that found specific regions of activity for the cue
period (MacDonald et al., 2000). That study reported evidence
for specific regions mediating task preparation (left dPFC) and
task performance (ACC). To MacDonald et al., these results
suggested that left dPFC mediates the maintenance and
representation of task context and attentional task demands
and ACC mediates an evaluative process that monitors for
response conflict or competition on each trial.

We were unable to replicate the trial period dissociation
reported by MacDonald et al. (2000). We found task difficulty
effects in left dPFC during both cue and stimulus trial periods.
These regions were very close to the left dPFC region found by
MacDonald et al. to be affected by task difficulty (x=−41; y=17;
z=31).1 However, the ACC activity in the current study is
broadly consistent with the MacDonald et al. result. Anterior
cingulate cortex was the only region to show a reliable
interaction between trial period and task difficulty. There
was a compatibility effect during the stimulus period only.
Additionally, the three-way interaction between trial period,
cue condition, and task difficulty approached reliability in ACC
as well. Activity was less during the stimulus period when the
incompatible task was cued than when it was uncued. During
the stimulus period, activity increased more for incompatible
than compatible trials when the tasks were not cued than
when they were. This is what one would expect if this region
monitored for response conflict and the cue served to increase
the activity of one rule set over the other, and thus decrease
conflict when the stimulus was presented.

We found that brain regions previously implicated in
spatial response selection also mediate task preparation. To
more closely examine neural processing related to task
preparation in brain areas outside the frontal–parietal
network for spatial response selection, we extracted the
task-related activity from four brain regions previously
implicated in task preparation (Brass and von Cramon, 2002,
2004; Sakai and Passingham, 2003). These frontal and parietal
brain regions were found to activate to task cues and those
authors proposed that this activity reflected control proces-
sing specific to task preparation. If this is the case, then these
regions should have shown an effect of Cue Condition in our
experiment. That is, there should be more activity during the
cue period when the task is cued than when uncued.
Contrary to that prediction, none of these regions showed
this pattern (see Fig. 4). Even in brain regions previously
implicated in task preparation, there is no evidence for a
selective effect during the cue period for any of the frontal or
parietal regions investigated. Nor did the whole-brain anal-
ysis reveal any regions with cue specific activity. Thus, we
found no evidence for neurocognitively distinct task prepa-
ration processing.

3.1. Implications for cognitive processing: relationship
between response selection and working memory

Given the behavioral evidence for cognitively distinct SR rule
activation and response selection processes (Eimer, 1995;
Eimer et al., 1995; Kornblum et al., 1990), our current data
suggest that these cognitive processes are mediated by the
same neural processors. Consistent with this interpretation,
as shown in Fig. 3, for the incompatible task there was more
activity during the stimulus period on uncued than cued trials.
This suggests that some cognitive processingmay precede the
stimulus on cued trials, but not on uncued ones. One
interpretation is that the SR rules are activated when the
task was cued, but that activation process necessarily occurs
during the stimulus period on uncued trials.
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The frontal–parietal network activated here for spatial
response preparation and response selection is very similar to
the network activated in an experiment investigating spatial
workingmemory (Rowe et al., 2000). In that experiment, dPMC
and SPC regions activatedwhen participants held three spatial
locations in working memory (WM) over a delay. Right dPFC
was active when participants selected one of the locations
from memory.

We propose that the overlap in activity in these regions
during task preparation and performance in our current
study reflects the underlying role played by spatial WM in
spatial response selection. Specifically, during task prepara-
tion, participants activate and maintain the SR rules for the
cued task in spatial WM. This involves maintaining a
representation of the potential stimulus locations as well as
the appropriate responses to them. This results in more cue-
related activity for the incompatible task than the compatible
one. We propose that it is the SR rules that are maintained in
WM, and not just the potential stimulus and response
locations. This is because both the incompatible and
compatible tasks involve the same number of potential
stimulus and response locations, they only differ in the
number of SR rules. There are up to four SR rules for the
incompatible task: one for each stimulus location and
response pairing; but only one SR rule for the compatible
task (viz., press the button corresponding to the stimulus
location). Once the task stimulus appears, the appropriate SR
rule is then selected and executed.

Rowe et al. (2000) found that right dPFC was active only
during the selection of an item in spatial WM. We found both
cue-related and stimulus-related activity in right dPFC. It is
not clear why we failed to replicate this dissociation. Our
stimuli and responses weremore consistent across trials (only
four potential SR rules) than were theirs. Perhaps this
consistency allowed controlled response-selection processes
to be activated and partially selected during task preparation
in our study.

Despite this inconsistency, we found substantial overlap
between activity in a task that required maintenance and
selection from spatial WM (Rowe et al., 2000) and in a
choice-reaction task that required maintenance and selec-
tion of SR rules stored in long-term memory. This overlap is
consistent with our proposal that spatial rule activation and
spatial response selection are mediated through spatial
WM.

3.2. Implications for cognitive processing: relationship
between current study and task switching

We found no neural evidence for preparation-specific proces-
sing, despite the behavioral evidence for such processes
(Meiran, 1996; Rubinstein et al., 2001). For example, using
Sternberg's (1969) additive factor logic, Rubinstein et al.
reported evidence for distinct executive control processes
for goal shifting and rule-activation. We found no evidence
for a brain region mediating goal-shifting. However, one
important difference between studies implicating goal-shift-
ing and other task preparation control processes and the
current one is that most of the previous studies used
experimental procedures designed to investigate the effect
of task switching. That is, comparing trials where partici-
pants either repeated the same task from the previous trial or
switched to a different one (Meiran, 1996; Rogers and
Monsell, 1995; Rubinstein et al., 2001). Here we compared
uncued and cued incompatible and compatible trials regard-
less of the previous trial condition. Additionally, the trials
involved long (4.4 to 8.8 sec) intervals between both the task
cue and the task stimulus and between adjacent trials. Even
with these long intervals, there was a small (18 ms)
unreliable effect of switching on mean RT (p>0.10), which
did not interact reliably with any other variables. Thus, this
procedure is likely to have been insensitive to additional
control processes required to reconfigure processing for a
new task situation. Yet, other studies using procedures
sensitive to task switching have also reported that regions
active during task preparation are also active during task
performance (Ruge et al., 2005; Wylie et al., 2006). Thus, it
may be that preparation-specific processes (e.g., goal shifting)
are mediated by task performance regions in these proce-
dures as well.

3.3. Conclusions

One might expect the task preparation control processes
proposed by Brass and von Cramon (2002, 2004) and Sakai and
Passingham (2003) to mediate task preparation in this
procedure. There was nearly a 75 ms effect of cueing for the
incompatible condition, which suggests cognitive processing
proceeded during the cue period. Additionally, MacDonald et
al. (2000) report task preparation specific activity in a
procedure very similar to ours. Thus, the lack of evidence for
brain regions selectively activated during the cue period,
coupled with the presence of cue-related activity in brain
regions known to mediate task performance, suggests that
that, at least for this task, preparation control processes are
also mediated through the existing spatial WM system
(Schneider and Logan, 2005).

Procedural differences between the experiments may be
an important factor for why Brass and Von Cramon (2002,
2004) and Sakai and Passingham (2003) found neurally
distinct brain regions for task preparation. The tasks in
the current study each involved a relatively small set of SR
rules. The experiments by Brass and von Cramon and Sakai
and Passingham involved tasks with more SR rules or
where the SR rules were unknown at the time of the cue
(e.g., determine if an upcoming digit was odd or even or
memorize a set of upcoming spatial positions). Perhaps
additional task preparation control processes only activate
in these situations. When the known number of potential
SR rules is small, they may be activated in WM in
preparation for task performance and no additional task
preparation is required. These tasks differences, however,
cannot explain the lack of overlap in task preparation
activity between the Brass and Von Cramon and Sakai and
Passingham experiments.

The current study helps to unify disparate cognitive
processes (e.g., SR rule activation and response selection)
within the spatial WM system. These results suggest that
different aspects of cognitive control may be mediated by the
same neurocognitive mechanisms.
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4. Experimental procedures

4.1. Participants

Eleven healthy right-handed volunteers (5 females; ages 19–
27 years) participated in this experiment. All participants were
recruited from the University of California community and
gave their informed consent.

4.2. Behavioral procedure

Stimuli were projected onto a screen in white on a black
background. Participants viewed the screen through a mirror
mounted on the head radiofrequency (RF) coil while lying on
their back in amagnetic resonance scanner. Participantsmade
their responses with the index and middle fingers of their left
and right hands using an in-line 4-button response pad.

A schematic of the trial conditions is shown in Fig. 1.
Participants performed two choice-reaction tasks in the
experiment. At the beginning of each trial, a cue appeared in
the center of the fixation display. On one third of the trials the
cue was an x, which indicated an incompatible trial, on one
third of the trials the cue was a +, which indicated a
compatible trial, and on one third of the trials the cue was
an *, which did not cue the task to be performed. Every cue
remained on screen for 4.4 s on half the trials, and 6.6 or 8.8 s
for a quarter of the trials each.2 After the cue period, the
foreperiod display appeared onscreen for 500 ms. For trials in
which the task was cued, the foreperiod display consisted of a
horizontal array of four circles, two on either side of the cue
stimulus. For trials with a neutral cue, the foreperiod display
for trials of the incompatible condition appeared for half the
trials and the foreperiod display for the compatible condition
appeared for the other half. All stimuli (i.e., circles and fixation
stimulus) were equidistant from each other and the entire
display subtended roughly 3° horizontal visual angle. Follow-
ing the foreperiod display, a filled white disk (i.e., the task
stimulus) replaced one of the display circles for 200 ms, after
which a post-stimulus display appeared, which was identical
to the foreperiod display, and remained onscreen for an
additional 1500 ms.

The disk appeared equally often in each of the four possible
locations. For the compatible task, participants pressed a
button with their left middle, left index, right index, or right
middle finger if the task stimulus appeared on the far left,
middle left, middle right or far right position, respectively. For
the incompatible task, participants pressed a buttonwith their
left middle, left index, right index, or right middle finger if the
task stimulus appeared on the middle left, far right, far left, or
middle right position respectively. Following the post-stimu-
lus fixation display, a appeared indicating the inter-trial
interval. The inter-trial interval lasted for 4.4 s on half the
trials, and 6.6 and 8.8 s for a quarter of the trials each.2 Each
experimental run included 48 trials. The cue duration, inter-
2 The jittering of stimuli by varying the cue-stimulus and inter-
trial interval in this way has been shown to be effective in
isolating brain activity for separate trials and trial periods
(Ollinger et al., 2001a,b).
trial interval duration, and task stimulus location were
randomized. Each participant performed six experimental
runs.

To encourage optimal performance, participants were
paid $10 an hour plus a monetary bonus based on points
earned for their performance. Three hundred points were
awarded for each correct response and 1 point was deducted
for every 10 ms taken to respond correctly; 300 points were
deducted per incorrect response. Participants earned $1 for
every 10,000 points they scored. They were fully informed
about the reward system before the experiment began. At the
end of each experimental run, participants' average accuracy
and RT for each task was presented onscreen as were the
total points earned for the experiment. Participants practiced
the tasks for two experimental runs prior to functional
scanning.

4.3. Functional MRI procedure

Imaging was performed using a 4.0 T Varian Inova scanner
equipped with a fast gradient system for echoplanar imaging.
A standard RF head coil was used with foam padding to
restrict head motion comfortably. A 2-shot gradient echo,
echoplanar sequence (TR=2200 ms, TE=28 ms, matrix
size=64×64, FOV=22.4 cm) was used to acquire data sensitive
to the blood oxygen level dependent signal. Each functional
volume contained 20–3.5 mm axial slices with a 0.5 mm gap
between slices. Each experimental run was preceded by 5 sec
of dummy gradient RF pulses to achieve a steady state of
tissuemagnetization. Each run lasted about 11 min 29 sec (313
volumes/run). Two high-resolution structural T1-weighted
scans were also acquired. The first collected 20 axial slices in
the same plane as the echoplanar images (TR=200 ms,
TE=5 ms, matrix size=256×256, FOV=22.4 cm). The second
was a 3D MPFLASH scan (TR=9 ms, TE=4.8 ms, TI=300 ms).

4.4. Functional MRI data processing and analyses

During reconstruction, two images were created for each scan
by linearly interpolating each adjacent scan. All additional
data pre-processing and analysis was conducted using SPM2
(http://www.fil.ion.ucl.ac.uk/spm/). First, data were corrected
for head-motion artifacts with a least squares approach using
a six-parameter, rigid-body transformation algorithm (Friston
et al., 1995, 1996); then they were smoothed with a 6 mm full-
width half-maximum Gaussian kernel.

Data were analyzed with a modified general linear model
(Worsley and Friston, 1995). For each participant, we created a
design matrix with eight discrete covariates. We modeled the
task (incompatible and compatible) and the cue (cued or
uncued) separately for the cue and stimulus trial periods.
These covariates were convolved with an idealized hemody-
namic response function. A high-pass filter removed frequen-
cies below 0.0078 Hz.

The cue period covariates were centered on the first scan of
the cue period. Because half the trials included only a 4.4 sec
cue, any task preparation processing likely occurred during
this scan. For longer cue periods, preparation may have
degenerated, but that would not affect activity to our cue-
period covariates.

http://www.fil.ion.ucl.ac.uk/spm/
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For each participant, contrast images were computed for
the incompatible vs. compatible conditions at both the cue
and stimulus trial periods both when the task was cued and
when it was uncued. Additional contrast images for each of
the eight covariates vs. baseline (i.e., the inter-trial interval)
were also computed.

Each participant's brain and contrast images were normal-
ized to the Montreal Neurological Institute reference brain.
Group level random effect analyses then were conducted on
the following contrasts: (a) incompatible vs. compatible when
cued for the cue period, (b) incompatible vs. compatible when
cued for the stimulus period, and (c) incompatible vs.
compatible when uncued for the stimulus period.

4.5. Region-of-interest analyses

Task difficulty effects on brain activity in left dPFC have been
inconsistently reported in previous studies of spatial response
selection (Dassonville et al., 2001; Iacoboni et al., 1996; Jiang
and Kanwisher, 2003; Merriam et al., 2001; Schumacher and
D'Esposito, 2002; Schumacher et al., 2003, 2005). Two sites in
left dPFC produced a task difficulty effect in this experiment
(see Table 1). Regions-of-interest were created from the
reliable clusters of activity surrounding each of these activa-
tion peaks.

To characterize the effects of our conditions on regions
specifically related to spatial response selection, we investi-
gated brain activity in ROIs from a previous study with the
same and similar spatial choice-reaction tasks (Schumacher et
al., 2003).

As described previously, in Schumacher et al. (2003),
participants performed spatial choice-reaction tasks that
differed across four levels of response-selection difficulty.
That study conducted whole-brain statistical analyses and
found five brain regions (i.e., right dPFC, bilateral dorsal dPMC,
and two regions in SPC: left superior parietal lobule and
precuneus) to be monotonically affected by our parametric
manipulation of spatial response-selection difficulty.

For the current analyses, ROIs for each of the areas
identified from Schumacher et al. (2003) included the sites
of peak activity and contiguous voxels with a t-value
corresponding to p<0.01.

Additional ROIs were also included based on other
findings reported in the literature. We created four 5-mm
spherical ROIs centered on activation peaks from two studies
of theoretical interest. One in ACC, found to be active in the
similar study by MacDonald et al. (2000); and four ROIs
shown two be active during task preparation: three from
Brass and von Cramon (2004), in left IFJ, right IFG, and right
IPS and one from Sakai and Passingham (2003) in right
anterior PFC.
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