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In the present study, we aimed to dissociate the neural correlates of two subprocesses involved in the preparatory period in the context of
arbitrary, prelearned stimulus-response (S-R) associations, namely, S-R mapping and movement planning (MP). We teased apart these
two subprocesses by comparing three tasks in which the complexity of both S-R mapping and MP were independently manipulated:
simple reaction time (SRT) task, go/no-go reaction time (GNGRT) task, and choice reaction time (CRT) task. We found that a more
complex S-R mapping, which is the common element differentiating CRT and GNGRT from SRT, was associated with higher brain
activation in the left superior parietal lobe (SPL). Conversely, a greater number of planned finger movements, which is the common
difference between CRT and both SRT and GNGRT, was associated with higher brain activation in a number of frontal areas, including the
left supplementary motor area (SMA), left dorsal premotor cortex (dPM), and left anterior cingulate cortex (ACC). The left-hemisphere
dominance for S-R mapping could be related to the fact that arbitrary S-R mapping is often verbally mediated in humans. Overall, these
results suggest a clear dissociation in the preparatory-set period between the more abstract role of left SPL in activating the appropriate
S-R associations and the more concrete role played by the SMA, dPM, and ACC in preparing the required motor programs.
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Introduction
Knowing in advance the required response to a particular stimu-
lus can improve the speed and accuracy of performance. This
improvement is thought to depend on the advance preparation of
several constituent subprocesses (Jennings and van der Molen,
2005). For example, when approaching a set of traffic lights, an-
ticipation of the rules that govern stopping and proceeding (red
light, pressing the brake; green light, pressing the accelerator) and
advance preparation of each possible foot movement will facili-
tate the appropriate action. In the domain of arbitrary stimulus-
response (S-R) mapping, in which the stimulus characteristics do
not automatically invoke the correct response, knowing the rules
of the particular S-R contingency is fundamental to the efficient
preparation of subsequent responses. An important question is
whether the neural correlates of mapping S-R association and

movement planning (MP) are mediated by different brain
regions.

Functional neuroimaging studies in humans (Brass and von
Cramon, 2002, 2004a,b; Thoenissen et al., 2002; Bunge et al.,
2003) (for review, see Bunge, 2005) and neurophysiological stud-
ies in macaques (Stoet and Snyder, 2004; Pasupathy and Miller,
2005) have investigated the neural correlates of preparatory set in
prelearned arbitrary S-R associations. A common finding is the
involvement of a number of areas located in the frontal and pa-
rietal cortices. Although activity in both brain regions is modu-
lated during the delay period between the presentation of instruc-
tional cues and the presentation of the stimuli, little is known
about whether these different regions are selectively involved in
different subprocesses of the preparatory period. The goal of the
present study was to dissociate the neural substrates of S-R map-
ping from the neural substrates of MP during the preparatory
period.

We performed an event-related functional magnetic reso-
nance imaging (fMRI) experiment in which we examined brain
activation during the preparatory period in three manual visuo-
motor conditional reaction time (RT) tasks: simple RT (SRT),
go/no-go RT (GNGRT), and choice RT (CRT). Overall, the three
tasks differ in the number and kind of subprocesses required to
arrive at the final response: GNGRT and CRT (but not SRT)
require stimulus discrimination, whereas only CRT (but neither
GNGRT nor SRT) requires response selection. Thus, during the

Received July 29, 2005; revised Jan. 20, 2006; accepted Jan. 22, 2006.
This work was supported by grants from the Natural Sciences and Engineering Research Council of Canada, the

Canada Research Chairs Program (M.A.G.), and the Ministero Istruzione Universitá Ricerca (C.A.M.). We are grateful
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preparatory period, when the upcoming task is known but the
stimulus has not yet been presented, there will be differences
among the tasks in the complexity of both the required S-R map-
pings and the MP (Fig. 1A). Although each task requires at least
one S-R association to map and one finger movement to plan,
GNGRT and CRT differed from SRT, because they both involved
a more complex S-R association. In contrast, CRT differed from
both GNGRT and SRT, because it required preparing for two
possible finger movements instead of only one.

We reasoned that tasks sharing the more difficult S-R associ-
ation (CRT and GNGRT) would selectively activate brain areas
involved in S-R mapping, whereas the task involving a more com-
plex movement planning (CRT) would reveal areas subserving
MP.

Materials and Methods
Subjects and procedures
Ten right-handed participants (five females; mean age, 25.1 years) per-
formed the three RT tasks in a high-field MRI system. All of the partici-

pants provided informed consent before be-
ginning the experiment, which was conducted
in accordance with local ethical guidelines and
conforms with The Code of Ethics of the World
Medical Association (Declaration of Helsinki).
Before the actual experiment, to familiarize
participants with the S-R association, a sepa-
rate practice session was conducted. Aside
from a shorter delay period, the practice ses-
sion was otherwise identical to that performed
in the magnet.

Each trial lasted 24 s and consisted of a cue
period (during which instructions were pre-
sented for 2 s), a delay period (which consisted of
10 s delay-fixation interval), a task period (during
which the subjects responded to a stimulus that
was presented for 100 ms), and a last baseline
fixation period (during which a fixation cross was
presented for 11.9 s) (Fig. 1B).

Instruction stimuli consisted of two hori-
zontally aligned squares (resembling the two
buttons to press) on which the visual stimuli
(faces and houses) were to be mapped (Fig. 1A).
Two symbols (a diamond and a clepsydra) were
used to represent either faces or houses and were
assigned to each subject in a counterbalanced
way. The rationale behind the use of symbols in-
stead of real faces and houses as cues was to en-
sure that the processes underlying the prepara-
tory period were as abstract as possible (that is
without any sensory information associated with
the incoming stimuli). To make the following de-
scription simpler, consider the case in which the
diamond represented faces and the clepsydra rep-
resented houses (as shown in Fig. 1A). When
both symbols were mapped onto the same square
(on the right, for example), the subject had to
press the corresponding button (on the right) for
faces and houses; this was the SRT condition.
When, for example, a clepsydra was mapped
onto the left square and the dotted diamond was
mapped onto the right square, the subject had to
press the left button for houses and withhold the
response for faces; this was the GNGRT condi-
tion. Note that the GNGRT condition yielded
two “subconditions” depending on whether the
go stimulus was a house or a face; GNGRT_house
and GNGRT_face, respectively. Finally, when a
diamond was mapped onto the right square, for
example, and the clepsydra was mapped onto the

left one, the participant had to press the right button for faces and the left
button for houses; this was the CRT condition. The number of button
presses for the second and the third fingers was counterbalanced for the three
tasks. In the actual experiment, for each subject, during GNGRT and CRT
trials, faces and houses were always mapped onto the same right or left
button. Thus, although the association of the symbols with the visual stimuli
and the association of the visual stimuli with the left and right button were
kept constant for any particular participant, the association of the symbols
with the visual stimuli was counterbalanced between participants.

After the instruction period and before the stimulus presentation, a
gray fixation point (0.57 � 0.57° of visual angle at a distance of 50 cm)
was presented for 10 s. The pictures of faces and houses (8.5 � 8.5° of
visual angle at a distance of 50 cm) were chosen from a set of colored
stimuli (courtesy of Tzvika Ganel, Ben Gurion University of the Negev,
Be’er Sheva, Israel) and were manipulated as follows: they were first
converted to grayscale, then traced along the major contours, and finally
superimposed onto a random noise background (Fig. 1 A, B). Instruc-
tions, visual stimuli, and the fixation cross were presented in the center of
the screen. Participants were required to respond as quickly and accu-

Figure 1. A, Schematic representation of the different components underling task preparation in SRT, GNGRT, and CRT. Under
Instructions, the exact guidelines given to the subjects verbally before the experimental session and the pictorial instruction they
saw at the beginning of each trial for the three tasks are reported. Under Stimulus-Response Mapping Rules, the links between
stimulus (S) and response (R) association for each task are highlighted. Under Movement Planning, the required possible finger
movements are listed. In the SRT task, subjects were required to press button A after the presentation of any visual stimulus (faces
or houses) (i.e., there was only one S-R association to activate and one finger movement to prepare). In the GNGRT task, subjects
were required to press button B for houses and withhold responding for faces (or vice versa) (i.e., there were two S-R mappings to
activate but still only one finger movement to prepare). Finally, in the CRT task, subjects were required to press button A for faces
and button B for houses (or vice versa) (i.e., there were two S-R mappings to activate and two finger movements to prepare). B,
Timing organization of a representative trial. Time is expressed in seconds (Sec.), and each event (cue, delay_period, RT, and
baseline_fixation) is a multiple of the TR (2 s). Each trial is composed of four periods that appear in sequence: instruction period (2
s), delay period (10 s), RT-task period (including stimulus onset and RT collection; 2 s), and the baseline-fixation period (10 s).
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rately as possible when the visual stimulus was presented using either the
index finger or middle finger of the right hand. At stimulus offset, the
fixation cross reappeared for 11.9 s, and participants were required to
fixate. Participants were explicitly asked not to press the buttons during
the delay period and not to correct their responses in case of errors. RT
and error rate were recorded on-line.

Each scanning session consisted of eight functional runs and one high-
resolution anatomical acquisition. Each functional run comprised 16
trials (four trials for each RT task: SRT, GNGRT_house, GNGRT_face,
and CRT) and lasted �7 min. During each run, trials were pseudoran-
domly ordered.

Imaging
Imaging was performed at the Robarts Research Institute (London, On-
tario, Canada) using a 4 tesla whole-body Siemens–Varian (Erlangen,
Germany; Palto Alto, CA) MRI system. A transmit-receive, cylindrical
birdcage radiofrequency head coil was used in all experiments. Blood
oxygenation level-dependent (BOLD)-based (Ogawa et al., 1992) func-
tional MRI volumes were collected using an optimized segmented T2*-
weighted spiral acquisition scheme (64 � 64 matrix size; echo time (TE),
15 ms; repetition time (TR), 500 ms; flip angle (FA), 30°; four segments
per plane, 22.0 cm field of view; volume acquisition time, 2 s). Each
volume comprised 17 contiguous pseudo-axial slices at 5 mm thickness.
A constrained, three-dimensional phase shimming procedure was per-
formed to optimize the magnetic field homogeneity over the prescribed
functional planes (Klassen and Menon, 2004). Physiologic fluctuations
were compensated for every segment of every slice using a point-based
navigator correction scheme collected at the beginning of every spiral
readout. Slices were acquired at a 30° caudal tilt with respect to the
anterior commissure to posterior commissure (ACPC) line (Damasio,
1995). For each participant, a T1-weighted anatomic reference volume
was acquired along the same orientation as the functional images using a
three-dimensional SPIRAL acquisition sequence (256 � 256 � 64 matrix
size; 3.0 mm reconstructed slice thickness; inversion time, 1300 ms; TR,
50 ms; TE, 3.0 ms; FA, 30°).

Data analysis
Behavioral data. RTs and accuracy (error rates) were collected on-line.
Errors and no-response trials were excluded from the imaging analysis.
RT and accuracy were analyzed using ANOVA and two-tailed t test
statistics.

Imaging data. Data were analyzed using BrainVoyager 2000 software
package (Brain Innovation, Maastricht, The Netherlands). For each sub-
ject, functional data from each session were screened for motion and/or
magnet artifacts with cine-loop animation. No head motion artifacts
were observed, probably because our subjects were highly experienced,
and therefore no motion correction was applied (Freire and Mangin,
2001). Functional data were superimposed on anatomical brain images,
aligned on the ACPC line, and transformed into Talairach space (Ta-
lairach and Tournoux, 1988). Functional data were preprocessed with
linear trend removal and spatial smoothing (full-width half-maximum, 6
mm). Matlab version 6.1 (MathWorks, Natick, MA) was used to remove
all error trials from the functional data files. Data were then analyzed
using a fixed-effect general linear model with separate predictors for each
phase in each task condition. Because there were no behavioral differ-
ences between responses to houses versus faces (see Results), we averaged
each task across faces and houses, resulting in 10 different phases: three
phases for the instructions (SRT, GNGRT, and CRT), three phases for the
delay period (SRT, GNGRT, and CRT), and four phases for the task [which
includes the stimulus presentation and the subject’s response (SRT, GN-
GRT, CRT, and withhold-GNGRT for no-go trials)]. The final period of
fixation at the end of each trial (10 s) was used as a baseline. For each task,
sustained activity during the delay was modeled as an epoch with its onset
time locked to the offset of the instructions and with duration matched to the
length of the delay (10 s; i.e., five volumes). The instruction period and the
task period (stimulus onset plus button press or withheld button press) were
both modeled as a transient (2 s; i.e., one volume) epoch. The square wave
function for each phase was convolved with a canonical hemodynamic re-
sponse function (Boynton et al., 1996).

Statistical activation maps were set to reliable threshold levels and
cluster volumes ( p � 0.001; minimum cluster size, 162 mm 3) using
Monte Carlo simulations (performed with AlphaSim software; courtesy
of Douglas Ward, Medical College of Wisconsin, Milwaukee, WI) to
verify that our regions of interest were unlikely to have arisen because of
chance given the problem of multiple comparisons.

After having identified the areas that were activated by a comparison of
interest, we performed post hoc analyses on the event-related time course
as follows. We extracted the event-related time course for each subject
and each task condition separately. We then calculated the percentage of
BOLD signal change (%BSC) for the delay period by averaging data
points from 2 to 10 s (see time course in Figs. 3, 4) and by comparing task
conditions using two-tailed t test statistics with subject-related variability
as error estimates.

Results
Behavioral data
Behavioral results in terms of reaction time and accuracy are
shown in Figure 2. Inspection of the raw RT data revealed that
there were no excessively fast or excessively slow button presses
(i.e., there were no RTs �3 SDs from the mean). The number of
errors (and so the number of discarded trials) was measured by a
two-way repeated-measures ANOVA using TASK (SRT, GN-
GRT, and CRT) and STIMULI (faces and houses) as within-
subjects factors. None of the factors were significant, demonstrat-
ing that errors were equally distributed among the tasks (5% for
SRT, 7% for GNGRT, and 8% for CRT) and the stimulus type
(6% for houses and 7% for faces). We also performed a two-way
repeated-measures ANOVA on the mean RT using TASKS and
STIMULI as within-subject factors. The TASK factor was found
to be significant (F(2,20) � 54.6; p � 0.0001), and a post hoc t test
showed that subjects were significantly faster in the SRT condi-
tion (RT, 415.7 ms) compared with both the GNGRT condition
(RT, 498.1 ms) and the CRT condition (RT, 604.6 ms), which
were significantly different from each other (all of the compari-
sons were significant at the p � 0.0001 level). These results are in
agreement with previous findings demonstrating that differences
among the three RT tasks might be related to the gradual increase
of the number of cognitive processes from SRT to GNGRT and
from GNGRT to CRT tasks (Donders, 1969). Thus, the high ac-
curacy and the significant differences in RT across the three tasks
imply that the subjects were carefully following the instructions
presented at the beginning of each trial by preparing the three
tasks in different ways.

Imaging data
Paired-comparisons between tasks
The behavioral results clearly show that progressively more time
is required to perform the three tasks. Which brain areas are

Figure 2. Behavioral results. The reaction time (left) and error rate (right) as a function of the
stimulus and task are shown. Error bars indicate SE.
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recruited during the preparation period as the tasks became pro-
gressively more complex? To answer this question, we compared
each task with each of the less complex ones as follows:
GNGRT � SRT, CRT � GNGRT, and CRT � SRT. The contrast
of GNGRT � SRT revealed activation in the left superior parietal
lobe (SPL), particularly in the left horizontal section of the in-
traparietal sulcus (IPS) (Duvernoy, 1999), located in Brodmann
area (BA) 7. The stereotaxic coordinates for the activated area and
the p value for the %BSC are shown in Table 1. In a second
comparison, we contrasted CRT � GNGRT and found activa-
tions in three frontal foci: the left supplementary motor area
(SMA) in the left medial wall of BA 6; the left dorsal premotor
cortex (dPM) in the precentral gyrus (BA 6); and the left anterior
cingulate sulcus (ACC) in the medial wall BA 32 (Table 1). When
we compared CRT � SRT, we localized activations in all of the
foci mentioned in the previous two analyses, that is, in the left
parietal and frontal cortices: the left SPL, the left SMA, the left
dPM, and the left ACC (Table 1). From the above results, it seems
that as more and more cognitive processes are about to be en-
gaged (requiring more and more processing time) an increasing
level of activation is evident in a number of areas along the fron-
toparietal network during the preparatory phase. Tasks that differ
only in the complexity of S-R mapping (GNGRT � SRT) show a
corresponding difference in the level of activation in the left SPL
(but not in frontal areas), whereas tasks that differ only in the

complexity of MP (CRT � GNGRT)
show a corresponding difference in the
level of activation in frontal areas (but not
in parietal areas). Finally, tasks that differ
in the complexity of both S-R mapping
and MP (CRT � SRT) show differences in
the level of activation in both parietal and
frontal areas.

Conjunction analysis: S-R mapping
and MP
To isolate the neural correlates of S-R
mapping from the neural correlates of MP
across the three tasks, we performed a
conjunction analysis. Although standard
subtraction logic can be usefully applied
to experiments involving two tasks that
differ in one or more cognitive compo-
nents (Donders, 1969), when more than
two tasks are involved, it is more useful to
use a conjunction analysis that can iden-
tify components that are shared between
some tasks but not others. In conjunction
analysis, multiple comparisons are ad-
joined with an “and” function. To illus-
trate the utility of this approach, consider
an fMRI experiment with three tasks: A, B,
and C. If we identify voxels that exhibit a
common activation in a particular brain
region for both tasks A and B compared
with task C, we can use a conjunction
analysis adjoining the contrast A � C with
the contrast B � C. The resultant activa-
tion map would “flag” voxels as signifi-
cant only if they were to satisfy both of
these arguments. As such, conjunction
analyses can provide more rigorous evi-
dence with respect to the neural substrates
of the presumptive cognitive process than

single contrasts alone (Price and Friston, 1997). Note that this is
not the same procedure as simply grouping A and B together and
contrasting this against condition C (i.e., [(A � B) � C]). This
comparison would flag both of those voxels that are higher for A
compared with C and those voxels that are higher for B compared
with C. It would not select only those voxels that are common to
both contrasts (i.e., it would not be as conservative and rigorous as a
conjunction analysis). Because our three tasks differed from each
other in terms of S-R mapping and/or MP component, by using the
conjunction approach, we were able to localize clusters of activity
selectively associated with S-R mapping only and MP only.

Both the GNGRT and CRT require mapping different stimuli
onto different responses, whereas the SRT does not. More specif-
ically, GNGRT differs from SRT only for the S-R mapping re-
quired, whereas CRT differs from SRT with respect to the S-R
mapping required as well as the number of possible finger move-
ments to prepare. To identify brain regions related to S-R map-
ping only, we performed a conjunction analysis between the two
pairs of conditions that differed in this component (GNGRT vs
SRT and CRT vs SRT). This conjunction analysis revealed activa-
tion in the left SPL, in exactly the same location identified previ-
ously with the paired-comparison analysis. The activated area
and the %BSC are shown in Figure 3.

The CRT requires the preparation of two possible finger

Figure 3. Group activation map and %BSC for the conjunction analysis involving the delay period: [(CRT vs SRT) and (GNGRT vs
SRT)]. Only one area in the left SPL (BA7; Talairach coordinates, x ��29, y ��50, z � 43; volume, 534 mm 3) was more active
for GNGRT and CRT compared with SRT. Two-tailed post hoc t tests showed that the %BSC for GNGRT did not differ from that for CRT
(t(9) ��0.927; p � 0.378), and the %BSC for both was significantly higher than SRT (GNGRT vs SRT, t(9) � 3.98, p � 0.003; CRT
vs SRT, t(9) � 5.45; p � 0.0001). The %BSC for the delay period was calculated by averaging data points in a time window between
2 and 10 s. Data are based on Talairach-averaged group results, shown for clarity on a single subject’s anatomical area (which is not
representative of sulcal patterns for all subjects). The gray area highlights the length of the delay period. The dotted line represents
instructions onset; the solid line represents delay period onset; the dotted and pointed line represents stimulus onset; sec. repre-
sents seconds. Error bars indicate SE.

Table 1. Areas significantly active for the comparison of GNGRT > SRT, CRT > GNGRT, and CRT > SRT

Contrasts
Brain
areas

Brodmann
area

Talairach coordinates
Volume
(mm3)

%BSC
(t test,

p value)x y z

GNGRT � SRT Left SPL BA7 �29 �50 44 592 0.014
CRT � GNGRT Left dPM BA6 �30 �8 52 421 0.018

Left SMA BA6 �8 �2 59 209 0.017
Left ACC BA32/23 �14 18 42 282 0.009

CRT � SRT Left SPL BA7 �29 �50 45 683 0.007
Left dPM BA6 �28 �8 52 574 0.008
Left SMA BA6 �8 3 63 209 0.002
Left ACC BA32/23 �12 16 40 291 0.003

For each area, Talairach coordinates, volume in mm3, Brodmann area, and statistical significance for %BSC t test comparisons are reported.
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movements, whereas the GNGRT and
SRT tasks do not. More specifically, CRT
differs from GNGRT only in terms of the
number of possible finger movements to
prepare, whereas CRT differs from SRT
with respect to the S-R mapping required
as well as the number of possible finger
movements to prepare. To identify brain
regions involved in MP only, we per-
formed a conjunction analysis between
the two task pairs that differed in this
component (CRT vs GNGRT and CRT vs
SRT). This conjunction analysis revealed
activations in three different foci of the left
frontal cortex: the left SMA, the left dPM,
and the left ACC. The activated areas and
the %BSC are shown in Figure 4.

Single-subject data
To ensure that the activations detected in
the group analysis were also reflected in
the individual subjects’ data, we examined
the activation maps for each subject indi-
vidually. Embracing a purely descriptive
approach, we searched for peaks of activ-
ity in individual brains ( p � 0.05 uncor-
rected) around the peak voxels found in
the group analysis. When CRT � SRT was
combined with GNGRT � SRT in a con-
junction analysis, the majority of the sub-
jects showed activation around the left IPS
in the SPL (8 of 10 subjects; averaged Ta-
lairach coordinates: x � �35, y � �51,
z � 46; SD: x � 3.8, y � 4.7, z � 3.7). A
closer inspection revealed that the activa-
tions were most often located in the me-
dial wall of the IPS. When the second con-
junction analysis [(CRT � SRT) and
(CRT � GNGRT)] was applied, activa-
tions for the majority of the subjects were
found around the left dPM (8 of 10; aver-
aged Talairach coordinates: x � �31, y �
�8, z � 52; SD: x � 6.0, y � 4.3, z � 4.8),
the left SMA (9 of 10; averaged Talairach
coordinates: x � �9, y � �1, z � 60; SD:
x � 3.7, y � 1.8, z � 2.2), and the left ACC
(8 of 10; averaged Talairach coordinates:
x � �7, y � 16, z � 41; SD: x � 3.3, y �
6.1, z � 5). These results indicate that our
findings at the group level are indeed con-
sistent across individual subjects.

Ruling out differences related to top-
down control of visual attention
In SRT, there is no need to discriminate among the stimuli, be-
cause every stimulus requires the same response. In the GNGRT
and CRT tasks, however, stimulus discrimination is a require-
ment for the correct response execution. Thus, it is likely that
when the stimuli were present, more attentional resources were
deployed for the GNGRT and CRT tasks than for the SRT task.
However, it is less clear that such attentional deployment would
be invoked during the delay period. Nevertheless, it is important
to rule out the possibility that such anticipatory deployment of

attention could explain the higher activation in the SPL for the
GNGRT and CRT tasks. There is evidence, after all, that cognitive
expectations can sometimes guide attention to select in advance
some characteristics of the upcoming stimuli such as their spatial
location or specific object features. This type of attentional mod-
ulation is commonly referred to as “top-down control of atten-
tion” (for review, see Corbetta and Shulman, 2002). The network
of areas generally activated when the top-down control of atten-
tion is directed to stimulus features includes parietal, frontal, and
extrastriate cortices (Corbetta and Shulman, 2002). If the present

Figure 4. Group activation maps and %BSC for the conjunction analysis involving the delay period [(CRT vs SRT) and (CRT vs
GNGRT)]. Three areas showed greater activation for CRT compared with both GNGRT and SRT: A, left SMA (BA6; Talairach coordi-
nates, x � �9; y � �2, z � 60; volume, 248 mm 3); B, left dPM (BA6; Talairach coordinates, x � �30; y � �8, z � 51;
volume, 686 mm 3); and C, left ACC (BA 32/23; Talairach coordinates, x � �13, y � 15, z � 42; volume, 234 mm 3). Two-tailed
post hoc t tests showed that in the left SMA, %BSC was higher for the delay period in CRT than for the delay period in GNGRT or SRT
(CRT vs SRT, t(9) � 7.21, p � 0.001; CRT vs GNGRT, t(9) � 4.76, p � 0.001). In addition, SRT and GNGRT did not differ from one
another. Similarly, in the left dPM, %BSC was higher for CRT compared with GNGRT (t(9) � 6.7; p � 0.0001) or SRT (SRT, 0.11; t(9)

� 3.7; p � 0.005), which did not differ from one another. Finally, in the left ACC, %BSC was significantly greater for CRT than for
SRT (t(9) � 7.2; p � 0.001) or GNGRT (t(9) � 5.3; p � 0.001), which again did not differ from one another. The %BSC for the delay
period was calculated by averaging data points in a time window between 2 and 10 s. Data are based on Talairach-averaged group
results shown for clarity on a single subject’s anatomical area (which is not representative of sulcal patterns for all subjects). The
gray area highlights the length of the delay period. The dotted line represents instructions onset; the solid line represents delay
period onset; the dotted and pointed line represents stimulus onset; sec. represents seconds. Error bars indicate SE.
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activation found in the SPL was related to the top-down control
of visual attention to discriminate faces from houses, then one
would expect increased activity in the visual areas devoted to face
and house recognition, namely fusiform face area (FFA) and
parahippocampal place area (PPA) for CRT and GNGRT com-
pared with SRT. Such attentional top-down effects have been
demonstrated clearly in previous fMRI studies (Kastner et al.,
1999). However, our conjunction analysis (i.e., [(CRT � SRT)
and (GNGRT � SRT)]) did not reveal any activation in FFA and
PPA. To confirm that the absence of activation was not related to
a lack of statistical power, we performed an additional analysis in
which we first localized FFA and PPA by comparing face trials
versus house trials during the task period. For this purpose, we
split our trials into SRT_f, SRT_h, GNGRT_f, GNGRT_h, CRT_f
and CRT_h. The comparison of face versus house [(SRT_f,
GNGRT_f, CRT_f) � (SRT_h, GNGRT_h, CRT_h)] showed
unilateral right activation for FFA and bilateral activation for
PPA (Fig. 5A). We then checked whether the %BSC in FFA and
PPA during the delay period was modulated differently for GN-
GRT and CRT compared with SRT as one would expect if top-
down control of attention was engaged. Analysis of the BOLD
signal was performed by splitting GNGRT trials into GNGRT for
house (i.e., when subjects were required to press the button for
houses only; GNGRT_h) and GNGRT for faces (i.e., when sub-
jects were required to press the button for faces only; GNGRT_f).
A post hoc t test showed that there was no difference in the %BSC
for SRT, GNGRT_h, GNGRT_f, and CRT in FFA (for all con-
trasts, p � 0.47) and PPA (for all contrasts: left, p � 0.9; right, p �
1) (Fig. 5B). This pattern of results suggests that our subjects did
not use any more top-down control of attention in the delay
periods of the GNGRT and CRT tasks than they did in the delay
period of the SRT task. In fact, the two tasks were extremely
simple in terms of the required visual discriminations. Not only
are faces and houses easy to tell apart, but unlike other studies in
which the stimuli to be discriminated were presented together, a
face or house was always presented on its own. After all, when the
target was finally presented, there would have been no need to
bring to bear elaborated attentional mechanisms such as target
selection and distractor inhibition, processes which might have
otherwise been ramped up in anticipation of their required de-
ployment (Wojciulik et al., 1998; Beck and Kastner, 2005).

An attentional-load argument (Wojciulik and Kanwisher,
1999; Culham et al., 2001) can also be ruled out given that the

change in activation in the SPL in our study does not map onto
the observed change in RT performance across the three tasks,
namely a gradual increase in RTs from SRT to GNGRT to CRT.

Ruling out differences related to working memory
It is possible that the maintenance of information in working
memory (WM) during the long delay period could account for
some of the brain activations we described. Getting ready to per-
form the task during the delay and keeping the task instructions
in memory is a fine distinction that has been highlighted previ-
ously in the preparatory-period literature (Toni et al., 2001). In
contrast to response preparation, WM requires the conscious act
of keeping information in mind for short periods of time (within
the scale of seconds). According to the most widely accepted WM
model (for review, see Baddeley, 2003), such a conscious act of
short-term maintenance is mediated by the “phonological loop”
or by the “visuospatial sketchpad” depending on the nature of the
material to be maintained. In this scenario, the higher activation
found for CRT and GNGRT compared with SRT might be asso-
ciated with subvocal rehearsal involved in maintaining the in-
structions on-line in the more complex tasks. In other words,
while during SRT the subject might have waited passively for the
stimulus to appear, in CRT and GNGRT, they might have re-
hearsed silently the more complex S-R associations. However, we
think that such an interpretation cannot account for our results.

First of all, previous studies investigating the neural correlates
of the phonological loop have identified the left inferior parietal
lobe (BA 40) as the locus of the storage component of the loop,
and Broca’s area 6/44 as the primary region involved in the re-
hearsal component (Smith and Jonides, 1997). The pattern of
activation that we found in the present study does not fit with this
picture, because our parietal activation was localized in the supe-
rior, instead of the inferior, parietal lobe and because there was no
activation in Broca’s area. Similarly, we ruled out a visuospatial
scratchpad explanation, in that we observed no selective right-
hemisphere activation (Baddeley, 2003).

To obtain even stronger evidence against the WM interpreta-
tion, we also conducted a simple behavioral experiment in which
we tested the likelihood that subjects recruited the phonological
loop during the delay period with an articulatory suppression
paradigm (Baddeley et al., 1984). Subjects (n � 8) were asked to
perform two sessions of the same task performed during scan-
ning: in one session, they performed the task in the same way as
they did in the magnet, but in a second session, they were re-
quired to count backwards in steps of two from a given number
during the delay period. If the higher activation for the more
complex tasks observed in the fMRI study was related to the
maintenance of information in WM, then the suppression of
subvocal rehearsal by counting should selectively affect perfor-
mance only in those tasks (namely GNGRT and CRT). We ran
two different two-way repeated-measure ANOVAs on RT and
error rate using SESSION (subvocal rehearsal and no subvocal
rehearsal) and TASK (SRT, GNGRT, and CRT) as factors. For the
reaction time data, we observed that the counting task, which
should have suppressed subvocal rehearsal, did indeed slow
down performance (F(1,7) � 14.7; p � 0.004), but it affected all
tasks in the same way (Fig. 6). In other words, although the three
tasks differed in RT (F(2,14) � 52.6; p � 0.0001), there was no
interaction with SESSION (F(2,14) � 0.285; p � 0.76). As shown
in Figure 6, error rate was not affected by the counting task
(F(1,7) � 0.041; p � 0.844) and was the same across the three tasks
(F(2,14) � 0.104; p � 0.902).

Figure 5. Task modulation in FFA and PPA during the delay period. A, Brain areas activated
by comparing faces (SRT_f, GNGRT_f, and CRT_f) versus houses (SRT_h, GNGRT_h, and CRT_h)
during the task period. FFA (Talairach coordinates, x � 37, y � �41, z � �15) is shown in
orange, and PPA (Talairach coordinates: right, x � 23, y � �39, z � �11; left, x � �27,
y � �40, z � �7) is shown in blue. B, %BSC for SRT, GNGRT_f, GNGRT_h, and CRT trials
during the delay period as a function of PPA and FFA. The %BSC for the delay period was
calculated by averaging data points in a time window between 2 and 10 s. Error bars indicate SE.
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Ruling out differences related to task switching
Because our subjects were asked to switch between the three tasks
in a random manner, it is possible that the differences in brain
activation observed might be related to the cognitive cost associ-
ated with switching from one task to another (for review, see
Allport et al., 1994). In the preparatory-set imaging literature,
task-switching paradigms have been used to study rule reconfigu-
ration mostly in prefrontal cortex (Kimberg et al., 2000; Sohn et
al., 2000; Luks et al., 2002; Brass and von Cramon, 2004b; Brass et
al., 2005; Bunge, 2005; Crone et al., 2005). It could be the case that
the activations found in the left SPL and in the left frontal regions
were associated with switching to a more difficult task in terms of
S-R mapping (switching from SRT to GNGRT or CRT) or motor
output (switching from SRT or GNGRT to CRT), respectively.
To rule out this possibility, we divided our trials into switched (S)
and notswitched (NS) trials. We extracted each subject’s event-
related time course for S and NS trials from the areas found by
our main comparisons, and we analyzed the %BSC. In all areas
(left SPL, left dPM, left SMA, and left ACC), there was no differ-
ence ( p � 0.5) between S and NS trials (Fig. 7). The lack of
task-switching activity in the SPL and the frontal areas is easily
explained by taking into account the fact that in our paradigm, in
contrast to previous studies, subjects switched between tasks (i.e.,
the nature of the required response, pressing or inhibiting) but
not between rules (the specific link between buttons and stimuli).
With the exception of SRT, which required a minimal amount of
S-R mapping (and showed the lower activation in all the investi-
gated brain areas), faces and houses were always mapped onto the
same button within a particular subject.

Ruling out differences related to instruction retrieval
To rule out the possibility that our results were related to differ-
ences in retrieving the instructions presented just before the delay
period, we performed the same conjunction analyses on the in-
struction period (2 s at the beginning of each trial). No significant
activation was found at the given threshold, a result that suggests
that common rather than different brain areas were involved in
instruction retrieval in each of the three RT tasks. This lack of
differential activation does not seem to be attributable to insuffi-
cient statistical power; when we averaged across tasks to identify
regions that were common to rule retrieval, the activated areas
were found to overlap with those found in previous studies
(Thoenissen et al., 2002; Bunge et al., 2003). Specifically, cue
period activations were observed in a wide range of cortical areas,
including bilateral primary and secondary visual areas (BA 17/
18), precuneus (BA 19), superior and inferior parietal lobe (BA
40/7), superior temporal cortex (BA 22), posterior cingulate cor-
tices (BA 23), frontal cortices located in the superior, and medial
frontal gyrus (BA 6 and 8), together with prefrontal cortices (BA
9). In addition, subcortical areas were also active and included
bilateral regions of the putamen and thalamus.

Discussion
In the present study, we dissociated the neural correlates of two
subprocesses involved in preparatory set, namely S-R mapping
and MP. We teased apart these two subprocesses by manipulating
the complexity of S-R associations and the number of possible
finger movements across three manual RT tasks requiring in-
creasingly complex cognitive operations: SRT, GNGRT, and
CRT. We found that a more complex S-R mapping was associated
with activation in the left SPL. In contrast, we found that a larger
number of planned finger movements was associated with left
frontal activation in the SMA, dPM, and ACC. Moreover, addi-
tional analyses of the neuroimaging data and a behavioral
follow-up experiment allowed us to rule out alternate interpreta-
tions of the results in terms of object attention, working memory,
task switching, or instruction retrieval.

A clear functional distinction between the different compo-
nents of preparatory set and their anatomical correlates in the
frontparietal network for the domain of arbitrary S-R mapping
has not been shown previously. Previous studies have provided
only inconsistent results (Toni et al., 2001; Thoenissen et al.,
2002; Bunge et al., 2003; Brass and von Cramon, 2004b). One
possible explanation is that S-R mapping and MP in these studies
have been confounded (Bunge et al., 2003; Brass and von
Cramon, 2004b) or studied separately (Toni et al., 2001; Thoe-
nissen et al., 2002). The present study was able to reveal a straight-
forward distinction between parietal and frontal activations, be-
cause the experimental design involved three separate tasks in
which the complexity of both S-R mapping and MP were manip-
ulated independently.

Parietal lobe and S-R mapping
Our finding of an involvement of parietal cortex in S-R mapping
is consistent with a number of studies that have investigated re-
sponse selection in manual RT experiments. S-R mapping is a
subprocess of a more general cognitive mechanism called re-
sponse selection, which has been found to depend on activity in a
network involving frontal and parietal areas (Hazeltine et al.,
2000; Bunge et al., 2002; Jiang and Kanwisher, 2003a,b; Schuma-
cher et al., 2003). In all studies, activity related to S-R mapping
was not distinguishable from activity related to another subpro-
cess of response selection, namely inhibition of inappropriate

Figure 6. Working memory. The reaction time (left) and error rate (right) for subvocal re-
hearsal (gray) and no subvocal rehearsal (white) trials as a function of tasks are shown. Error
bars indicate SE.

Figure 7. Task switching. The %BSC for switched (in white) and not switched (in gray) trials
as a function of the investigated areas is shown. Error bars indicate SE.
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responses. Although the differential involvement of the parietal
and frontal cortices in S-R mapping and response inhibition,
respectively, has been suggested in some of these studies, the
distinction was not directly investigated (Bunge et al., 2000; Ha-
zeltine et al., 2003; Jiang and Kanwisher, 2003a,b). The present
results, which were based on an analysis of the delay period,
support the idea that the parietal lobe is selectively involved in
mapping S-R associations; although anticipation of the possible
S-R associations can occur during the delay period before the
stimulus is presented, any inhibition of inappropriate or prepon-
derant responses can only be exerted after the presentation of the
stimulus.

Our demonstration of parietal involvement in S-R mapping is
also in agreement with previous studies investigating the neural cor-
relates of preparatory set (Bunge et al., 2003; Brass and von Cramon,
2004a,b). In these experiments, parietal activation increased as a di-
rect result of increasing the number of S-R alternatives. For example,
the parietal activation for CRT was higher than SRT (Bunge et al.,
2003), the activation for preparing two different S-R mapping tasks
was larger than for preparing only one task (Brass and von Cramon,
2004a), and the activation for incongruent trials (which also evokes
competing S-R mappings) was higher compared with neutral trials
(Brass and von Cramon, 2004b).

An important point to address is the nature of the sustained
S-R mapping activity found in the SPL. We already discarded
explanations related to processes such as keeping the S-R associ-
ation in memory, switching between S-R associations, or attend-
ing to the more demanding task in terms of visual discrimination.
One more possibility is that the sustained activity reflects a top-
down control of attention specifically related to “assembling”
stimuli and responses (Corbetta and Shulman, 2002). It is likely
that during the delay period of an arbitrary S-R mapping task,
attention is needed to assemble stimuli and responses that are
unrelated and therefore not automatically linked (Corbetta and
Shulman, 2002). Previous studies have observed activations in
the vicinity of the left IPS that are related to altering the S-R
mapping either by changing the required motor output (Rush-
worth et al., 2001) or the relevant stimulus dimension (Shulman
et al., 2002). It is possible (although the current literature is not
clear on this point) that the concept of attentional selection for
S-R mapping (Corbetta and Shulman, 2002) may not be that
different from the concept of “motor attention” (Boussaoud and
Wise, 1993a,b; Rushworth et al., 2003). Motor attention has been
defined as the “covert intentional processes that are related to
overt limb movements” (Rushworth et al., 2001), and it is possi-
ble that the specific process of mapping a stimulus onto a re-
sponse is part of such a covert intentional process. In other words,
the covert intention to move one limb and not the other (motor
attention) in an arbitrary RT task is strongly related to the correct
application of the S-R contingency.

The left-hemisphere dominance for S-R mapping found in the
present study has been reported previously (Corbetta and Shul-
man, 2002), and it has been linked to the idea that arbitrary S-R
mapping is typically verbally mediated in humans (Shulman et
al., 2002). This account might also explain why the large removal
of the SPL in macaque did not affect performance in arbitrary S-R
mapping tasks (Rushworth et al., 1997). Thus, there may be a real
species difference here: humans learn arbitrary S-R associations
by using verbal mediation, whereas monkeys use operative motor
learning (Passingham, 1993).

Finally, another possible explanation of the activity in SPL
should be acknowledged. Perhaps the activity related to the well-
known role of this region in spatial/visuomotor transformations

is being suppressed to implement the more arbitrary S-R associ-
ation. There are certainly some examples in the neuroimaging
literature of areas where changes in BOLD activity related to sup-
pression have been described. For example, there is the so-called
“default mode network,” which appears to be suppressed when
participants are performing a task (vs simply resting). But the
suppression of activity in this network of “association areas,”
which includes posterior cingulate, inferior parietal, and medial
prefrontal cortex, is associated not with an increase in the BOLD
signal (our observation) but rather with a decrease (Raichle,
2001; Greicius et al., 2003; Greicius and Menon, 2004; Fox et al.,
2005). In any case, the suppression account seems unlikely given
that the increased activity in the SPL was observed during the
delay period before any stimulus (that might have invoked a re-
sponse) was even present.

Frontal areas and MP
The general involvement of frontal areas in MP is widely accepted
(Picard and Strick, 2001), and preparatory-period activity for
finger movements has been reported in a variety of RT imaging
experiments (Deiber et al., 1996; Tanji, 1996; Petit et al., 1998; Lee
et al., 1999; Toni et al., 1999, 2001; Thickbroom et al., 2000;
Pochon et al., 2001; Brass and von Cramon, 2002; Thoenissen et
al., 2002; Cunnington et al., 2003; Huang et al., 2004).

More specifically, our finding of greater activation in the dPM
cortex when subjects prepared two finger movements (CRT) as
opposed to one (GNGRT and SRT) is in agreement with previous
studies that have observed modulation of premotor neurons in
movement selection during arbitrary S-R association tasks (Wise
et al., 1992; Wise, 1993). Moreover, TMS studies showed that
stimulation over the dPM slows down RT for CRT but not SRT
tasks when applied either during the movement (Schluter et al.,
1998) or during the preparatory-set phase (Schluter et al., 1999).
It is unlikely that differences in response probability or response
possibility, which have also been found for preparatory-set acti-
vations in the dPM (Toni et al., 2001; Thoenissen et al., 2002;
Cisek and Kalaska, 2005), could explain the results obtained by
our second conjunction analysis. Response probability would
predict that the pattern of activation in the dPM should be the
same for CRT and SRT (in which the probabilities of executing a
movement are 100%), and this pattern should be quite different
from that seen with GNGRT (in which the probability of execut-
ing a movement is only 50%). Conversely, response possibility
would predict a higher pattern of activation in the dPM for CRT
and GNGRT (in which there are two response options, pressing
button A vs button B for CRT and pressing vs withholding the
response for GNGRT) compared with SRT (in which there is only
one response option). However, this is not what we observed.

The present activation in the ACC is consistent with other
findings that have correlated activity in this area with monitoring
and adjustment of performance when conflicting or competitive
responses are required (Botvinick et al., 2004). Of course, during
the preparatory period, when the response has not yet been exe-
cuted, the role of ACC cannot be in adjusting for possible errors
that have not yet been made; instead, it is probably more con-
cerned with monitoring. That the activation for CRT, in which
two competing movements were being prepared, was higher than
the activation for GNGRT, in which two competing responses
were being prepared (response execution or response inhibition),
suggests that the role of ACC may be more related to monitoring
between conflicting movements rather than between conflicting
responses. Nevertheless, this idea of a more “motoric” role for the
ACC is not in disagreement with recent reviews proposing that
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the ACC subserves both cognitive and motor functions (Paus,
2001; Picard and Strick, 2001).

Finally, the activation we observed in the SMA can be inter-
preted in a straightforward manner as reflecting the complexity
of the motor demands, in that the CRT condition, which showed
the highest activation in this region, required two possible move-
ments, whereas only one movement was required in the SRT and
GNGRT conditions (Roland et al., 1980).

Conclusions
We dissociated two subprocesses of preparatory set in the context
of arbitrary, prelearned S-R associations, namely stimulus-
response mapping and MP. We found that whereas the left SPL
was involved in mapping S-R contingency, the left dPM, left
SMA, and left ACC were involved in the preparation of the actual
motor output. In short, we demonstrated a clear dissociation in
the preparatory period between the more abstract role of the left
SPL in preparing the possible response options and the more
concrete role played by the SMA, dPM, and ACC in alerting the
required motor programs.
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