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Neural Implementation of Response Selection in
Humans as Revealed by Localized Effects
of Stimulus—Response Compatibility
on Brain Activation
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Abstract: Response selection, which involves choosing representations for appropriate motor behaviors
given one’s current situation, is a fundamental mental process central to a wide variety of human
performance, yet the neural mechanisms underlying this mental process remain unclear. Research using
nonhuman primates implicates ventral prefrontal and lateral premotor cortices in this process. In contrast,
human neuroimaging research also highlights the role of dorsal prefrontal, anterior cingulate, and
superior parietal cortices in response selection. This inconsistency may stem from the difficulty of isolating
response selection within the constraints of cognitive subtraction methodology utilized in neuroimaging.
We overcome this limitation by using an experimental procedure designed to selectively influence
discrete mental processing stages and analyses that are less reliant on the assumptions of cognitive
subtraction. We varied stimulus contrast to affect stimulus encoding and stimulus-response compatibility
to affect response selection. Brain activation data suggest processing specific to response selection in
superior parietal and dorsal prefrontal cortices, and not ventral prefrontal cortex. Anterior cingulate and
lateral premotor cortices may also be involved in response selection, or these regions may mediate other
response processes. Hum. Brain Mapping 17:193-201, 2002.  © 2002 Wiley-Liss, Inc.
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INTRODUCTION

To successfully interact with our environment, we
must select appropriate behavioral responses given
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our current environmental situation and particular
goals. The selection of appropriate responses is vital
for the successful performance of a variety of tasks,
from clinical and experimental ones like Wisconsin
Card Sorting and Stroop to real-world tasks like press-
ing the brake (or the accelerator, given one’s particular
situation, goals, and predilections) when the traffic
light ahead turns yellow. Despite the ubiquity of this
mental process, the neural mechanisms underlying it
are poorly understood.

Research on nonhuman primates suggests that ven-
tral prefrontal, lateral premotor, and primary motor
cortical regions are involved in the selection of re-
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sponses to arbitrary visual stimuli [Halsband and
Passingham, 1982; Halsband and Passingham, 1985;
Murray and Wise, 1997; Murray et al., 2000; Petrides,
1987; Petrides, 1982; Riehle et al., 1997]. Neuroimaging
research on humans, however, implicates dorsal pre-
frontal and anterior cingulate as well as ventral pre-
frontal, lateral premotor, and superior parietal cortices
in response selection processes [Dassonville et al.,
2001; Deiber et al., 1991; Iacoboni et al., 1996; Mac-
Donald et al., 2000; Meyer et al., 1998; Passingham et
al., 2000; Pochon et al., 2001; Posner et al., 1988; Rowe
et al., 2000; Taylor et al., 1994; Toni et al., 2001].

One reason for this inconsistency and confusion
may be that, in neuroimaging experiments, it is diffi-
cult to localize activity related to response selection
per se from other task-related processes (e.g., stimulus
encoding, movement production, or working mem-
ory. This difficulty arises from the complexity of the
tasks often used in previous experiments and the fre-
quent reliance of neuroimaging experiments on cog-
nitive subtraction methodology, a method whose as-
sumptions may fail [Friston et al., 1996; Sartori and
Umilta, 2000a,b; Zarahn et al., 1997b].

We sought to identify the neural basis for response
selection in humans during the performance of rela-
tively basic perceptual-motor tasks. We localize brain
activity associated with specific mental processing
stages by factorially manipulating experimental vari-
ables to affect the duration of distinct processes (i.e.,
stimulus encoding and response selection) within an
experimental framework designed to isolate indepen-
dent processing stages [Sternberg, 1969, 2001]. By ma-
nipulating the duration, rather than the occurrence, of
particular mental processes across task conditions, we
are less susceptible to artifacts of cognitive subtraction
[Friston et al., 1996; Sartori and Umilta, 2000a,b;
Zarahn et al., 1997b].

We selectively influence distinct mental processing
stages by manipulating two experimental factors:
stimulus contrast and stimulus-response (5-R) com-
patibility. Our stimulus contrast factor affects the du-
ration of, and thus activity related to, stimulus encod-
ing and not response selection [Sanders, 1980]. Our
S-R compatibility factor affects the duration of, and
thus activity related to, response selection and not
stimulus encoding [Duncan, 1977; Kornblum et al,,
1990]. We measure the effects of these variables both
on participant reaction time and brain activity.

Sternberg [2001] suggested that each of these two
dependent measures may provide evidence for sepa-
rate psychological and neural modules related to stim-
ulus encoding and response selection. Reaction times
have been analyzed previously to show that stimulus

encoding and response selection are psychologically
distinct [Sanders, 1980; Sternberg, 1969, 2001]. Our
brain activation data may provide evidence that these
processes are neurally distinct as well. With it we may
identify brain regions related to response selection
(i.e., regions affected by S-R compatibility) and distin-
guish them from regions related to stimulus encoding.

SUBJECTS AND METHODS

Subjects

Ten healthy, right-handed volunteers (four males,
six females, ages 18-29) participated. All subjects were
recruited from the University of Pennsylvania com-
munity and gave their informed consent. The data
from one participant were not analyzed because he
had an error rate above 15% overall and was among
the slowest to respond in all four experimental condi-
tions.

Behavioral procedure

Participants carried out two types of visual-manual
choice-reaction tasks. The stimulus display and re-
sponses were similar for both tasks. Only the fixation
stimulus, the cue brightness, and the S-R pairings
differed across task blocks. At the beginning of each
trial, a fixation stimulus and four open circles, two to
each side of fixation, appeared on a screen for 1,000
msec. The stimuli appeared white on a black back-
ground, were equidistant from each other, and the
display subtended roughly 2.5-degree visual angle.
After a 1,000 msec foreperiod, the four circles filled in
and remained on-screen for an additional 2,000 msec.
Three of the circles were distractors and turned dark
gray (3.9 c/ mz). The remaining circle turned either
white (26.5 ¢/ m? for the high contrast condition) or
light gray (9.1 ¢/ m? for the low contrast condition) on
each trial.

A ”+” fixation stimulus indicated the compatible
task. On blocks of trials for this task, participants
made an ordered manual button press to the location
of the cue stimulus. That is, they pressed a button with
their left middle, left index, right index, or right mid-
dle finger if the cue appeared on the far left, middle
left, middle right, or far right position, respectively.
An “x” fixation stimulus indicated the incompatible
task. On blocks of trials for this task, participants
made an unordered manual button press to the loca-
tion of the cue stimulus. That is, they pressed a button
with their left middle, left index, right index, or right
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middle finger if the cue appeared on the middle left,
far right, far left, or middle right position, respectively.

The functional magnetic resonance imaging (fMRI)
scanning session consisted of 12 fMRI runs for each
participant. During each run, participants carried out
blocks of trials for each of the four task conditions (i.e.,
high contrast compatible mapping, low contrast com-
patible mapping, high contrast incompatible map-
ping, and low contrast incompatible mapping). They
carried out two blocks of the compatible mapping, one
for each contrast condition; two blocks of the incom-
patible mapping, one for each contrast condition; and
one 16-sec fixation control block where they passively
viewed a centrally presented “.”. Each experimental
block lasted either 16 or 18 sec." These blocks were
repeated three times during each fMRI run.

The order in which participants carried out the
blocks was counterbalanced across subjects. The fixa-
tion control block always occurred between the low
contrast compatible mapping block and the high con-
trast incompatible mapping blocks.

Participants practiced the four task conditions on a
day prior to the scanning session. They carried out 14
blocks of 40 trials each. The first eight blocks consisted
of two blocks in a row for each of the four task con-
ditions in the following order: 1) high contrast com-
patible mapping, 2) low compatible, 3) high incompat-
ible, and 4) low incompatible. The next six blocks
consisted of one block for each compatible condition
followed by two blocks for each of the incompatible
conditions (high contrast before low). Participants
then carried out four more blocks of trials, similar to
those presented in the scanning session. Each of these
consisted of 10 trials in a row of each task condition.
The blocks were presented in the following order: 1)
high compatible, 2) low compatible, 3) high incompat-
ible, and 4) low incompatible, for each participant
throughout the practice session.

fMRI procedure

Imaging was conducted on a 1.5 T SIGNA scanner
(GE Medical Systems) equipped with a fast gradient

'If participants had not made a response for the previous trial by the
end of a 16-sec block, then the block was extended by another 2 sec
so this response could be recorded. Participants carried out as many
trials as possible within the time period. A duration-dependent
block length was used rather than a fixed number of trials to more
equally equate the time participants spent on task for the easy and
hard levels of both experimental factors [D’Esposito et al., 1997].
This manipulation had only a small effect on the number of trials
per block, with all blocks having either eight or nine trials.

system for echoplanar imaging. A standard radio fre-
quency (RF) head coil was used with foam padding to
restrict head motion comfortably. High-resolution ax-
ial Tl-weighted anatomical images (21 axial slices)
were obtained for each participant. A gradient echo,
echoplanar sequence (TR = 2000 msec, TE = 50 msec,
matrix size = 64 X 64, FOV = 24 c¢cm) was used to
acquire data sensitive to the blood oxygen level de-
pendent signal. Each functional volume contained 21
contiguous 5-mm axial slices. Each fMRI run lasted 4
min 30 sec (135 volumes/run) and was preceded by 20
sec of dummy gradient RF pulses to achieve a steady
state of tissue magnetization.

fMRI data processing

Data processing and analysis were carried out with
analysis routines written in Interactive Data Language
(Boulder, CO). Data processing involved four steps.
First, data were sync interpolated in time to correct for
between-slice timing differences in image acquisition
[Aguirre et al., 1998]. Next, a slice-wise motion com-
pensation method removed spatially coherent signal
changes using a partial correlation method for each
slice in time [Zarahn et al., 1997a]. Additional head-
motion detection and correction was carried out using
a six-parameter, rigid-body transformation algorithm
[Friston et al., 1995]. Finally, the time series from each
voxel was normalized by the mean signal value across
the run to remove scaling difference across runs.

Statistical analyses were carried out using a modi-
fied general linear model [Worsley and Friston, 1995].
In this model, a design matrix including covariates for
each task condition convolved with an idealized he-
modynamic response function was created for each
participant. Finally, frequencies below 0.01 and above
0.25 Hz were excluded from the data [Zarahn et al.,
1997b].

Region of interest analysis of fMRI data

Regions of interest (ROIs) were created using the T1
anatomical images for each participant and reference
to standard brain atlases [Duvernoy, 1991; Talairach
and Tournoux, 1988]. The ROIs for dorsal prefrontal
cortex included Brodmann areas (BA) 9 and 46 on the
middle frontal gyrus; the ROIs for ventral prefrontal
cortex included BA 44, 45, and 47 on the inferior
frontal gyrus; and the ROIs for lateral premotor cortex
included BA 6 ventral to the superior frontal sulcus.

Recent work has shown that anterior cingulate cor-
tex is composed of psychologically distinct regions
[Bush et al., 2000]. To test for the effect of our factors
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on the dorsal “cognitive” portion of anterior cingulate
cortex, we applied a spherical ROI with a 15-mm
radius centered at stereotaxic coordinates (x = 4,
y = 16, z = 36) for each participant. We chose this
position so that these ROIs included the peak activa-
tions from previous studies implicating this region in
response processing [Botvinick et al., 1999; Carter et
al., 1998; MacDonald et al., 2000; Taylor et al., 1994].
The ROIs included regions of BA 24 and 32.

Finally, we applied two spherical ROIs with 5-mm
radii each within superior parietal cortex, one for the
left hemisphere (x = 22, y = —64, z = 48) and another
for the right hemisphere (x = —18, y = —52, z = 48).
These ROIs were centered on the coordinates of peak
activation reported by lacoboni et al. [1996]. We used
the peak activation from Iacoboni et al. [1996] because
their study included a manipulation of S-R compati-
bility similar to the one used here.

We chose these brain regions for investigation be-
cause they have been implicated in response selection
[Dassonville et al., 2001; Deiber et al., 1991; Halsband
and Passingham, 1982, 1985; Iacoboni et al., 1996; Mac-
Donald et al., 2000; Murray and Wise, 1997; Murray et
al., 2000; Passingham, 1993; Passingham et al., 2000;
Pochon et al., 2001; Posner et al., 1988; Rowe et al.,
2000; Taylor et al., 1994; Toni et al., 2001]. One addi-
tional ROI was drawn for BA 18 and 19 in extrastriate
cortex to investigate the effect of stimulus contrast on
an early perceptual brain region.

Voxels that showed reliable activation increases in
the four task conditions combined relative to the fix-
ation control condition were identified within each
ROL For these comparisons, the degrees of freedom
were computed based on the number of voxels in each
ROI as were the error variances, which were the av-
erage of the error variances from each voxel in each
ROL. False-positive rates were controlled at a < 0.05
by Bonferroni correction for the number of voxels
within each ROL The average activity in these task-
active voxels were extracted for each of the four ex-
perimental conditions relative to the fixation control
condition for each participant in each ROL The ex-
tracted activation values were used in subsequent
planned comparisons.

This analysis technique is appropriate given the
cognitive model being tested. Our model assumes that
stimulus encoding and response selection are in-
volved at all levels of our independent variables and
only the duration of these processes is affected by our
factors. We therefore limited our analysis to voxels
showing a reliable main effect of task.

800 —&— Low Conirast

— —O— High Contrast
(&

Q 7004

n

£

@ 600-

£

-

— 500+

i)

v

(&)

@ 400-

O

o

300 T T
Incompatible Compatible
Compatibility
Figure 1.

Mean reaction times and standard error bars for the effects of
stimulus—response compatibility and stimulus contrast. Solid cir-
cles indicate low contrast; open circles indicate high contrast.

RESULTS

Stimulus contrast selectively influenced activation
in extrastriate cortex. More interestingly, S-R compat-
ibility selectively influenced dorsal prefrontal and su-
perior parietal cortices. Ventral prefrontal cortex
showed no reliable effect of either experimental factor
and anterior cingulate and lateral premotor cortices
were affected by both stimulus contrast and S-R com-
patibility.

Behavioral results

Accuracy rates were above 95% in all conditions.
Mean reaction times (RTs) for correct trials from the
scanning session were analyzed using a within-sub-
jects analysis of variance (Fig. 1). Stimulus contrast
reliably affected task RTs, with low contrast blocks
taking longer than high contrast ones (F[1,8] = 158.41,
P < 0.0005). Stimulus-response compatibility also re-
liably affected task RTs, with incompatible mapping
blocks taking longer than compatible ones (F[1,8] =
169.79, P < 0.0005). The interaction between these
factors was also reliable (F[1,8] = 12.13, P < 0.01).

Interacting effects of experimental factors on mean
RTs are difficult to interpret. Assuming a strict serial
stage model of processing, an interaction between fac-
tors suggests that they affect the duration of at least
one processing stage in common [Sternberg, 1969].
Under situations in which processes are not tempo-
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rally discrete, however, (e.g., cascade models), inter-
actions between factors may arise even though they
affect functionally distinct processes [McClelland,
1979].

The interaction between stimulus contrast and S-R
compatibility found here is surprising because previ-
ous research has shown that these and similar factors
produce additive effects on mean RTs [Sanders, 1980;
Sternberg, 1969, 2001]. It may have one or more of the
following implications: 1) the assumption of strict se-
rial processing stages in this procedure failed in our
participants; 2) stimulus contrast or S-R compatibility
affected the duration of both stimulus encoding and
response selection; or 3) stimulus contrast and S-R
compatibility affected the duration of a third process
in common.

Many previous reports have found evidence for
serial and independent processing of stimulus en-
coding and response selection in a variety of situa-
tions [Sanders, 1980; Sternberg, 1969, 2001]. Our
factors did not interact with each other during the
practice session for these participants (F[1,8] = 0.67,
P > 0.40), therefore the last option seems the most
likely in our experiment. It seems unlikely that the
MRI scanning environment (e.g., egocentric posi-
tion, noise level) would fundamentally change the
nature of these processes. Rather, more consistent
with previous literature and our data is that in the
MRI scanner, these factors may have affected a third
process in common (e.g., general arousal or anxi-
ety), a process not necessary in more standard test-
ing situations.

It is important to note that the lack of independence
of these factors does not prevent us from interpreting
our brain activation data. Our data are interpretable as
long as these factors are functionally distinct. The
main effects of stimulus contrast and S-R compatibil-
ity on the mean RTs were quite large relative to their
interaction, and both factors affected mean RTs at both
levels of the other factor. Thus, localized effects of
stimulus contrast and S-R compatibility on mean
brain activation may still be found, and may be inter-
preted as evidence for neural processing related to
each factor.

Brain activation results

Figure 2 shows the mean percent signal change
across participants for each of the four task conditions
relative to the fixation baseline in each of the six ROIs.
As shown, stimulus contrast had a reliable effect on
activation in the extrastriate ROI (BA 18, 19), with low
contrast producing more activity than high contrast

(F[1,8] = 6.92, P < 0.05). Stimulus-response compati-
bility, however, had no effect on extrastriate activa-
tion, (F[1,8] = 0.94, P > 0.35), and there was no reliable
interaction (F[1,8] = 0.25, P > 0.60).

A very different activity pattern appeared in dorsal
prefrontal cortex. As shown in Figure 2, there was a
reliable main effect of S-R compatibility, with incom-
patible trials producing more activation than the com-
patible ones (F[1,8] = 14.88, P < 0.01). There was no
effect, however, of stimulus contrast (F[1,8] = 0.12,
P > 0.70) and no interaction between these factors
(F[1,8] = 1.06, P > 0.30).

Superior parietal cortex produced a similar pattern
of activity. The S-R compatibility effect was reliable,
(F[1,8] = 32.58, P < 0.01), but not the stimulus contrast
effect, (F[1,8] = 2.06, P > 0.15), nor the interaction
between these factors, (F[1,8] = 0.63, P > 0.45).

There were no reliable effects on activation in ven-
tral prefrontal cortex (contrast: F[1,8] = 0.50, P > 0.45;
compatibility: F[1,8] = 0.49, P > 0.45; interaction:
F[1,8] = 1.25, P > 0.25). Furthermore, S-R compatibil-
ity produced reliably less activity in ventral than dor-
sal prefrontal cortex (F[1,8] = 9.415, P < 0.05].

In anterior cingulate cortex, the incompatible condi-
tion produced reliably more activation than the com-
patible one (F[1,7] = 9.58, P < 0.05].% There was also a
reliable effect of stimulus contrast, with more activa-
tion in the low- than high-contrast conditions (F[1,7] =
6.44, P < 0.05]. There was no reliable interaction be-
tween stimulus contrast and S-R compatibility (F[1,7]
= 0.00, P > 0.95].

Finally, both factors affected activation in lateral
premotor cortex. The incompatible mapping produced
more activation than the compatible one (F[1,8] = 7.03,
P < 0.05). The low contrast condition produced more
activation than the high contrast one (F[1,8] = 15.04,
P < 0.01). The interaction between these factors was
not reliable, (F[1,8] = 0.00, P > 0.95).

There were no reliable hemispheric differences in
any of the ROIs investigated (P > 0.05, in all cases).

DISCUSSION

We report a selective influence of our factors on
activation in distinct brain regions. Stimulus contrast,
but not S-R compatibility, affected brain activity in
extrastriate cortex, implicating it in processes that en-
code task-relevant stimuli. Conversely, S-R compati-
bility, but not stimulus contrast, affected activity in

*No reliable voxels were found in the map-wise comparison for one
participant.
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Signal change (mean percent and SE bars) for the effects of stimulus—response compatibility and
stimulus contrast relative to the fixation baseline condition in six regions of interest: dorsal
prefrontal, superior parietal, anterior cingulate, lateral premotor, extrastriate, and ventral prefron-
tal cortices. Open circles indicate high contrast; solid circles indicate low contrast.

dorsal prefrontal and superior parietal cortices, impli-
cating these regions in processes that select appropri-
ate responses to environmental stimuli. Additionally,
activation in ventral prefrontal cortex was not reliably
affected by either factor, suggesting that this region
may not be involved in either stimulus encoding or
response selection. Finally, both factors affected brain
activation in anterior cingulate and lateral premotor
cortices. These regions may play a role in both stimu-
lus encoding and response selection, or they may be
involved in other processes affected by both factors.
Our finding that dorsal prefrontal cortex mediates
response selection is consistent with two recent re-
ports using fMRI implicating dorsal prefrontal cortex
in response selection [Pochon et al., 2001; Rowe et al.,
2000]. Rowe et al. [2000] found activation in dorsal
prefrontal cortex when participants were cued to re-

spond to a target location currently held in working
memory. At cue onset, participants selected the appro-
priate response, thus activation in dorsal prefrontal
cortex may reflect response selection. Dorsal prefron-
tal activation reported by Pochon et al. [2001] may also
reflect response selection. Pochon et al. [2001] pre-
sented a sequence of locations on each trial. After a
delay, participants identified either said whether an-
other series of locations was identical (i.e., the match-
ing condition) or reproduced the location order using
the computer mouse (i.e., the reproduction condition).
There were also control conditions where new se-
quences were presented at the time of response. The
authors reported dorsal prefrontal activation, perhaps
related to response selection, in the reproduction con-
dition compared to the matching and the reproduction
control conditions.

¢ 198 o



¢ Neural Implementation of Response Selection ¢

Neither Rowe et al. [2000] nor Pochon et al. [2001]
designed their experiments to identify neural process-
ing specific to response selection. Rather, both studies
attempted to dissociate selection processes more gen-
erally from maintenance processes in working mem-
ory. Selection from working memory may be a psy-
chologically distinct process from response selection.
Our experiment was designed specifically to identify
brain regions related to response selection per se,
therefore we can be more confident than these previ-
ous studies that our activation in dorsal prefrontal
cortex reflects response selection rather than some
other selection process.

Our finding that superior parietal cortex is involved
in response selection is also consistent with four recent
neuroimaging studies. Like our current study, two
studies manipulated spatial S-R compatibility and re-
ported more superior parietal activation in the incom-
patible than the compatible mapping [Dassonville et
al., 2001; Iacoboni et al., 1996]. Deiber et al. [1991]
reported more activity in superior parietal cortex in a
study in which participants made conditional joystick
movements to the identity of a serially presented tone
versus when they moved the joystick in the same
direction regardless of the tone. Finally, Meyer et al.
[1998] reported activation in this region in an experi-
ment where participants made responses to the shape
or color of a serially presented object. Based on the
activation patterns produced when participants car-
ried out blocks of one task or the other compared to
blocks when they switched between the tasks, Meyer
et al. [1998] concluded that brain activation in superior
parietal cortex reflected response selection.

These studies did not report reliable activation in
dorsal prefrontal cortex related to response selection,
but this is not necessarily inconsistent with our results.
Three of these studies did not include an ROI-based
analysis as we did here [Deiber et al., 1991; Iacoboni et
al., 1996; Meyer et al., 1998]. Functional variability in
between-participant activation patterns and the con-
servative nature of analyses that correct for multiple
comparisons across the entire brain may make an ROI
analysis approach more sensitive to activation differ-
ences than the map-wise activation approach used in
these previous studies. Dassonville et al. [2001] ana-
lyzed their data with ROISs, but did not include one for
dorsal prefrontal cortex specifically.

Activation in the other frontal regions investigated
(i-e., ventral prefrontal, anterior cingulate, and lateral
premotor cortices) showed either no reliable effect of
either factor (ventral prefrontal cortex) or effects of
both factors (anterior cingulate and lateral premotor
cortices). The effect of S-R compatibility on brain ac-

tivation in ventral prefrontal cortex was reliably dif-
ferent than the S-R compatibility effect in dorsal pre-
frontal cortex suggesting the involvement of dorsal,
and not ventral prefrontal cortex in response selection.

Our interpretation of ventral prefrontal cortex dif-
fers from studies of response selection in nonhuman
primates [Murray and Wise, 1997; Murray et al., 2000].
One possible explanation is that ventral prefrontal
cortex is involved in response selection in nonhuman
but not human primates. Unfortunately, the tasks
used here have not been tested with nonhuman pri-
mates. When identical choice-reaction tasks have been
tested on nonhuman and human primates, however,
similar patterns of brain activation have been found
[Nakahara et al., 2002]. Thus, the lack of inter-species
consistency described here is somewhat surprising.

Another possibility is that ventral prefrontal cortex
is involved in the learning of arbitrary S-R mappings,
but not the application of these mappings when well
practiced. Consistent with this hypothesis, Murray
and Wise [1997] found a greater deficit in the perfor-
mance of novel S-R mappings than familiar ones for
monkeys with lesions in ventral and orbital prefrontal
cortices. Also consistent with this hypothesis is recent
fMRI research on humans showing activity in ventral
prefrontal cortex as participants learn a set of arbitrary
S-R mappings, but not when participants perform a
well-practiced visual-motor task, as they did in our
current experiment [Toni et al., 2001].

Anterior cingulate and lateral premotor cortices
were affected by both experimental factors. This sug-
gests that these regions may be involved in the mental
processing stages of stimulus encoding and response
selection. Both regions have been implicated previ-
ously in response selection. For anterior cingulate cor-
tex, Taylor et al. [1994] manipulated S-R compatibility
in a task in which participants responded verbally to
visually presented letters. On congruent blocks of tri-
als, participants responded with the name of the letter
presented. On incongruent blocks of trials, partici-
pants responded with the name of one of the other
letters in the stimulus set; based on an arbitrary map-
ping rule. Using positron emission tomography, the
authors reported greater activation in cingulate cortex
for the incongruent than the congruent condition
[Taylor et al., 1994]. More recently, using fMRI Mac-
Donald et al. [2000] reported anterior cingulate cortex
activation related to the performance of the incongru-
ent version of the Stroop task (i.e., naming the color of
the ink in which a color word is printed).

For lateral premotor cortex, Deiber et al. [1991] re-
ported activation in this area when participants made
random and sequential rather than fixed joystick
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movements to a serially presented tone; and Dasson-
ville et al. [2001] showed that this region is affected by
manipulations of spatial S-R compatibility.

Stimulus encoding has been shown to affect activity
in anterior cingulate cortex [Barch et al., 1997]. It is
surprising, however, that stimulus contrast would af-
fect activity in lateral premotor cortex. However, neu-
rons in motor cortex of nonhuman primates have been
found to be sensitive to stimulus properties [Riehle et
al., 1997]. If stimulus-encoding neurons exist in pri-
mate motor cortex, it is conceivable for lateral premo-
tor cortex to be involved in stimulus encoding as well.

Also consistent with our results is that activity in
anterior cingulate and lateral premotor cortices re-
flects other mental processes affected by stimulus con-
trast and S-R compatibility, rather than stimulus en-
coding and response selection per se. Specifically,
brain activation in these regions may be related to
response activation, a process distinct from response
selection [Hommel, 1998].

Anterior cingulate cortex, as suggested by previous
research, may be involved in monitoring for response
conflict [Botvinick et al., 1999; Carter et al., 1998; Mac-
Donald et al., 2000]. Under this hypothesis, the diffi-
cult versions of both factors (i.e., low contrast and
incompatible mapping) may increase response conflict
because, with increased difficulty, more time elapses
within each trial before a response is chosen. This
leads to increased activation for, and thus increased
competition between, potential responses.

Lateral premotor cortex may be affected in a similar
manner. Perhaps in the presence of uncertainty about
which response is correct, lateral premotor cortex ac-
tivation reflects activation of all possible responses for
the task. This suggestion is consistent with existing
research using nonhuman primates [Fuster, 1995;
Wise, 1985]. Nonhuman primates with lateral premo-
tor lesions show impaired performance for tasks that
require them to make a response based on a previ-
ously learned S-R mapping [Halsband and Passing-
ham, 1982, 1985; Passingham, 1993; Petrides, 1982,
1987]. This may reflect a deficit in selecting the previ-
ously learned responses or a deficit in activating those
responses. The nonhuman primate research con-
ducted thus far does not differentiate between these
processes.

We conclude that careful functional neuroimaging
experimentation on humans using an appropriate ex-
perimental design implicates extrastriate cortex in
processes that encode task-relevant visual stimuli and
superior parietal, dorsal prefrontal, but not ventral
prefrontal cortices in processes that choose well-
learned responses to arbitrary visual stimuli. Anterior

cingulate and lateral premotor cortices may be in-
volved in these processes as well, or they may be
involved in processes related to response monitoring
and response activation.

We have shown that by using a relatively easy
perceptual-motor task and an experimental procedure
sensitive to the effects of specific mental processes, we
can localize activity related to relatively atomic pro-
cesses like response selection. This study highlights
the usefulness of manipulating experimental factors
affecting the duration of specific mental processes
within a task procedure to selectively influence brain
regions associated with those processes. Further use of
this technique will likely isolate other discrete mental
processes required for successful performance in other
task domains.
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