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Recent functional imaging studies of working memory (WM) have
suggested a relationship between the requirement for response selection
and activity in dorsolateral prefrontal (DLPFC) and parietal regions.
Although a number of WM operations are likely to occur during
response selection, the current study was particularly interested in the
contribution of this neural network to WM-based response selection
when compared to the selection of an item from a list being maintained
in memory, during a verbal learning task. The design manipulated
stimulus–response mappings so that selecting an item from memory
was not always accompanied with selecting a motor response.
Functional activation during selection supported previous findings of
fronto-parietal involvement, although in contrast to previous findings
left, rather than right, DLPFC activity was significantly more active
for selecting a memory-guided motor response, when compared to
selecting an item currently maintained in memory or executing a
memory-guided response. Our results contribute to the debate over the
role of fronto-parietal activity during WM tasks, suggesting that this
activity appears particularly related to response selection, potentially
supporting the hypothesized role of prefrontal activity in biasing
attention toward task-relevant material in more posterior regions.
© 2006 Elsevier Inc. All rights reserved.
Introduction

The role of persistent neural activity during the retention interval
of working memory (WM) tasks has been an enduring interest of
cognitive neuroscience, perhaps due to the suggestion that such
activity may instantiate how this type of memory is represented in
the brain (Fuster, 2000). Although this persistent activity is reported
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routinely in studies examiningWM (Miller et al., 1996; Braver et al.,
1997; Klingberg et al., 1997; Cohen et al., 1994; D’Esposito and
Postle, 1999; Cabeza and Nyberg, 2000; Owen et al., 2000; Petrides,
2000a; Postle et al., 2000; Rypma et al., 2002), it remains relatively
unclear what this activity represents. Rowe and colleagues (Rowe
and Passingham, 2001; Rowe et al., 2000) have provided
evidence to suggest that selection between items held in WM
accounts for activity in area 46 of the prefrontal cortex (PFC),
whereas passive maintenance is associated with activation in
prefrontal area 8 and intraparietal cortex. Selection is considered
the voluntary focusing of attention on a relevant stimulus,
consistent with theories that propose the role of the PFC is to
competitively bias information processing in more posterior or
subcortical regions (Kimberg and Farah, 1993; Duncan and Owen,
2000; Miller and Cohen, 2001).

Although evidence has accumulated to support the argument
that response selection is mediated by prefrontal activity (Pochon
et al., 2001; Schumacher and D’Esposito, 2002; Schumacher et al.,
2003), the studies that have examined selection of a WM-guided
response have been unable to control for the contribution that
motor planning and production have made to these findings (Curtis
and D’Esposito, 2003). For example, Pochon et al. (2001) showed
that preparation for an upcoming memory-guided sequence of
motor actions relies heavily on PFC, whereas maintaining the same
amount of visuospatial information for a yes/no matching task did
not. Furthermore, Curtis et al. (2004) showed that preparing an
upcoming memory-guided saccade also resulted in significantly
greater prefrontal activity when compared to maintaining a spatial
location for a later response selection task. The design of these
studies prevented a comparison of memory-guided response
selection with the selection of an item maintained in memory that
did not directly infer a motor response. Such a comparison would
clarify the importance of motor planning to the pattern of activity
seen during the delay period of WM tasks, which may be critical
given the findings from both human and monkey studies that
prefrontal cortex is particularly important to the selection and
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planning of motor behavior (Fuster, 1990, 1991; Hoshi et al.,
2000).

The aim of the current study was to examine the persistent
neural activity observed during a verbal working memory task,
where the task design provided a comparison of processes such as
selection, preparation and or execution of a WM-guided response,
so as to clarify the conditions under which neural activity in
parietal and prefrontal regions, a network repeatedly demonstrated
as active during these processes, is especially critical. The task
design manipulated stimulus–response mappings so that selecting
an item from memory did not always involve selecting, and
consequently preparing, a motor response. During the stable
condition response buttons were mapped serially to allow for
response preparation during the selection period. For example, the
first position in the serial order was mapped to the leftmost
response button, the second serial position to the second button
from the left and so on. In the variable response condition item–

response button mappings were randomized so that subjects had to
wait for the response screen (which visually displayed the
mappings) before being able to decide on the appropriate response.
The variable response condition offered a challenging control
condition, matching demands for processes such as maintenance
and item selection, but differing on the process of interest, selection
of a motor response. A mixed block and event-related fMRI design
was used to estimate neural activity for stimulus encoding,
maintenance, selecting the appropriate item from a list maintained
in memory (with and without item–motor response mappings) and
the memory-guided motor responses themselves.

Materials and methods

Subjects

Thirteen healthy participants (7 females) gave informed consent
according to procedures approved by the University of California.
Participants were pre-screened, and none used any medication with
Fig. 1. Working memo
psychoactive, cardiovascular or homeostatic effects. All partici-
pants had normal to corrected vision and were right handed.

Behavioral task

The working memory selection task (Fig. 1) presented a list of
five letters for 4 s (encoding period) for which subjects were
required to maintain serial order (maintenance period: 8–12 s). A
probe item from the serial memory list was then presented for 2 s
(selection event), followed by a 6- to 10-s fixation screen
(preparation period: 8–12 s). The probe item prompted the subject
to select from memory the item that had followed the probe in the
memory list. This selection was used to make a motor response
during the recall screen (recall period: 2 s). The recall screen
displayed each of the items from the memory list along with the
button that corresponded to it.

Two conditions of the task were presented. During the stable
condition response buttons were mapped serially to allow for
response preparation during the selection period. For example, the
first position in the serial order was mapped to the leftmost
response button, the second serial position to the second button
from the left and so on. In the variable response condition item–

response button mappings were randomized so that subjects had to
wait for the response screen (which visually displayed the
mappings) to decide. The purpose of this manipulation was to
influence the level of motor preparation accompanying selection
from WM, prior to the actual WM-guided motor response. Probe
items were selected from all four of the available memory list
positions (position 5 was not available due to the requirement of
selecting the ‘next item’ from the memory list), with the
distribution of positions for probes matched across response
conditions. Two runs, each being 15 trials in duration, were
administered for both of the conditions (the runs were counter-
balanced), with an average trial lasting 44 s (a 16-s rest period
concluded each trial). Participants were informed at the beginning
of each run which condition they would be receiving.
ry selection task.
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Scanning parameters

Each functional volume contained 18 contiguous 5 mm (.5 mm
gap) axial slices covering the entire brain from a 4-T Varian Inova
scanner. A gradient-echo, echo-planar pulse sequence (FOV=22.4 cm
square field of view; 64×64 matrix; 3.75 mm×3.75 mm in-plane
resolution) with a repetition time (TR) of 2 s was used, though each
shot was interpolated with its neighbor resulting in an effective TR of
1 s. High resolution MP-Flash three-dimensional T1-weighted scans
were acquired following the functional imaging to allow subsequent
activation localization and for spatial normalization. The task was
programmed and displayed using E-prime (v.1.1, Psychology Soft-
ware Tools, Pittsburgh, PA, USA).

Data processing and analyses

All analyses were conducted using AFNI software v 2.56
(http://afni.nimh.nih.gov/afni/). Following image reconstruction,
the time-series data were time-shifted using Fourier interpolation
to remove differences in slice acquisition times and motion-
corrected using 3-D volume registration (least-squares alignment
of three translational and three rotational parameters). Activation
outside the brain was also removed using edge detection
techniques.

A mixed (block and event-related) analysis was performed to
estimate the activation for each part of the task. Separate regressors
were created for the block activation periods of encoding,
maintenance and preparation. These block regressors were
convolved with a standard hemodynamic response to accommo-
date the lag time of the blood oxygen level-dependant (BOLD)
response. The duration of both the maintenance and preparation
periods was varied within, and across, trials to assist with the
process of separating activity from the different time periods.
Condition-specific regressors were derived for all task periods, and
trials where participants made recall errors were modeled
separately (so as not to confound correct recall activity with
error-related activity). A multiple regression analysis was used to
determine the average level of block activation as a percentage
change relative to the rest period baseline. The baseline activation
was derived from averaging the rest periods following each trial.

The multiple regression analysis also calculated event-related
impulse response functions (IRFs) for the selection and recall
responses. Event-related activity was calculated using a non-linear
regression program, which determined the best-fitting gamma-
variate function for the impulse response functions (IRFs) (Cohen,
1997) as previously described (Murphy and Garavan, 2005). The
area under the curve of the gamma-variate function was expressed
as a percentage of the area under the baseline. The baseline in this
analysis was the average rest period activation from the concluding
fixation period of each trial.

The percentage area (event-related activation) and percentage
change map (block activation) voxels were re-sampled at 1 mm3

resolution, then warped into standard Talairach space and spatially
blurred with a 3-mm isotropic rms Gaussian kernel. Group
activation maps for each condition task period (encoding,
maintenance, selection, preparation, recall) were determined with
one-sample t tests against the null hypothesis of zero event-related
activation changes (i.e., no change relative to baseline). Significant
voxels passed a voxelwise statistical threshold (t=4.31, p≤0.001)
and were required to be part of a larger 142 μl cluster of contiguous
significant voxels. Thresholding was determined through Monte
Carlo simulations and resulted in a 1% probability of a cluster
surviving due to chance.

To compare activation in the stable and variable conditions,
thresholded group t test maps were combined to form OR maps.
For example, the selection OR map includes the voxels of
activation indicated as significant from either the variable or stable
selection group activation maps. The same process was performed
independently for each task period (encoding, maintenance,
selection, preparation and recall). The mean activation for clusters
in the OR map was calculated for the purposes of an ROI analysis,
and these data were used for a repeated measures comparison
between response conditions, corrected using a modified Bonfer-
roni procedure for multiple comparisons (Keppel, 1991).

Behavioral performance data were not available for three
subjects included in the fMRI analysis due to technical difficulties
during task administration.

Results

Behavioral performance

High recall accuracy was recorded during both of the response
conditions (stable: 97±0.03%; variable: 93±0.05%, t(9)=2.67,
p≤0.025), with performance consistent across the two runs of each
condition [stable: Run1=97%, Run2=97%; variable: Run1=92%,
Run2: 95%]. The attempt to manipulate response preparation
appeared to be successful with response times (RTs) for the stable
condition [M=718.4 s, SD=232.5] significantly faster than during
the variable condition [M=1287.7 s, SD=225.7], t(9)=−9.83,
p≤0.001.

Comparison of functional activation by response condition

Encoding and maintenance
Although not of primary interest to the aim of the current study,

the encoding and maintenance periods of the task were examined
for clusters of significant group activation (see Tables 1 and 2).
Stimulus presentation during the encoding and maintenance
periods of the task did not differ between the two response
conditions. During the encoding period, significant activation was
observed in the left frontal (superior and inferior), left temporal,
bilateral inferior parietal, posterior cingulate, left putamen and
occipital regions. For the maintenance period, significant activation
was seen in the left inferior parietal, left fusiform and bilateral
occipital regions. Of note was the absence of above-threshold
prefrontal activity during the maintenance period (bilateral
prefrontal activity was detected at a less conservative threshold,
p<0.005).

Selection and preparation
During the selection event, subjects were presented with a

probe item from the serial working memory list and asked to
decide which letter occupied the next serial position. After
selecting an item from WM the subject could either prepare to
make a memory-guided motor response because of the consistent
stimulus–response mapping (stable condition), or they would need
to wait for the recall display to present the random stimulus–
response mapping (variable condition). Both conditions would
have required selecting the correct WM list item, however the
stable condition would appear to have also encouraged the
selection of a memory-guided motor-response because of the
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Table 3
Regions of activation during the selection event and preparation period of
the verbal WM task, for the stable and/or variable conditions

Structure BA HS Vol
(μl)

Center of mass p

x y z

Selection event
Frontal lobe

Middle frontal 6 R 416 32 1 43
6 R 368 27 0 55
6 L 2528 −31 −4 51 * S ⇑
6 L 203 −41 22 19

Middle/inferior 9 L 1013 −51 8 28 * S ⇑
Precentral 6 L 268 −48 −13 33
Pre-SMA/ACC 6/32 L 4519 −3 10 44 * S ⇑

Parietal lobe
Inferior parietal 40 L 7496 −36 −43 43 * S ⇑

40 R 6987 35 −47 43 * S ⇑
Precuneus 7 L 145 −6 −70 35

7 R 212 23 −60 28 * V⇑
Posterior cingulate 23/30 L 342 −3 −49 22
Postcentral 2 L 236 −58 −20 33 * S ⇑

Subcortical
Lentiform/putamen L 180 −31 −4 7

Occipital
Cuneus 23 L 167 −13 −62 7

Preparation period
Parietal lobe

Inferior parietal 40 R 531 51 −43 44 S ⇑
40 R 277 42 −34 35

Positive values for x, y and z Talairach coordinates denote, respectively,
locations that are right, anterior and superior relative to the anterior
commissure. Asterisks represent clusters that showed a significant effect of
response condition (p<0.05, corrected), with the accompanying letter and
arrow representing the condition with greater activity (variable (V) or stable
(S)) and direction of activation in comparison to baseline (⇑—positive, ⇓—
negative). The table abbreviations indicate: BA—Brodmann area; HS—
hemisphere; Vol—activity cluster volume in microliters.

Table 1
Regions of activation during the encoding period of the verbal WM task, for
the stable and/or variable conditions

Structure BA HS Vol (μl) Center of mass

x y z

Frontal lobe
Superior frontal/pre-SMA 6 L 1009 −3 8 50
Inferior frontal 44 L 381 −51 4 23
Precentral 6 L 510 −53 −1 37

Temporal lobe
Middle 39 L 203 −44 −59 24

Parietal lobe
Inferior 40 L 1433 −30 −49 40

40 R 167 28 −48 43
Angular 39 R 284 43 −62 34
Posterior cingulate 30 L 724 −2 −45 33

30 R 147 14 −62 15
31 R 145 0 −29 38

Subcortical
Putamen L 297 −30 −3 3
Occipital
Lingual 18 L 192 −1 −75 −4

Cerebellum
Culmen R 204 12 −53 −7
Declive R 189 11 −69 −11

Positive values for x, y and z Talairach coordinates denote, respectively,
locations that are right, anterior and superior relative to the anterior
commissure. The table abbreviations indicate the following: BA—
Brodmann area; HS—hemisphere; Vol—activity cluster volume in
microliters.
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significantly faster RT for this condition. This part of the task was
modeled in two parts, a 2-s ‘selection’ event, and a variable 6- to 10-s
‘preparation’ block period. A number of regions were significantly
active during the selection event (Table 3 and Fig. 2), including
several that were not differentiated by condition: bilateral middle
frontal (BA 6), posterior cingulate, left occipital and putamen
regions. The stable condition demonstrated significantly greater
activation in bilateral parietal, left prefrontal (area 9—cluster
Table 2
Regions of activation during the maintenance period of the verbal WM task,
for the stable and/or variable conditions

Structure BA HS Vol (μl) Center of mass

x y z

Parietal lobe
Inferior parietal 40 L 209 −42 −54 39
Supramarginal 40 L 331 −40 −36 35

Temporal lobe
Fusiform 19 L 230 −38 −65 −10

19 L 144 −32 −48 −10
Occipital

Middle occipital 19 L 858 −31 −81 9
19 R 309 37 −74 13

Lingual 18 L 165 −12 −78 −8
18 L 156 −21 −89 −1

Positive values for x, y and z Talairach coordinates denote, respectively,
locations that are right, anterior and superior relative to the anterior
commissure. The table abbreviations indicate: BA—Brodmann area; HS—
hemisphere; Vol—activity cluster volume in microliters.
included activation in both middle and inferior frontal gyri), pre-
SMA/ACC (BA 6/32) and left postcentral (area 6) regions.

Given the previous research suggesting a critical role for the
right prefrontal cortex in response selection, we were interested in
the activity detected in this region during the selection period. The
results indicated a cluster of significant activation in the middle
frontal (area 6) in the selection period activation OR map (the map
identifying activity from either the stable or variable conditions).
However, activation in this cluster did not significantly differ
between the response conditions. Given the interest in laterality
effects, we selected functionally defined left (x: −51, y: 8, z: 28)
and right (x: 32, y: 1, z: 43) prefrontal ROIs from the selection
event map and compared activity within these two ROIs in a 2×2
repeated measures ANOVA, using laterality (left, right ROIs) and
task period (stable selection, variable recall) as the within-subject
factors. The stable selection and variable recall periods were the
focus of this analysis as these were the periods were response
selection from memory (rather than item selection) was hypothe-
sized to occur. The results of this analysis indicated significant
main effects for laterality, with left significantly more active than
right (F(1,12)=2.52, p<0.05), and task period, where the selection
event showed greater activity than the recall (F(1,12)=16.10,
p<0.05). The interaction between laterality and task period was not



Fig. 2. The left inferior frontal (Brodmann area 9), pre-SMA/ACC (BA 6/32) and bilateral parietal (BA 40) cortical regions that demonstrated significantly
greater levels of activation for the stable condition when compared to the variable condition during the selection period of the task.
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significant, suggesting that the laterality effect did not vary across
task periods.

The preparation period revealed two significant clusters of
activity, both in the right inferior parietal lobe. The larger of these
two clusters also showed a significant condition effect, with
activity during the stable condition significantly higher than during
the variable condition.
Recall

The recall period displayed to participants each of the items
from the memory list along with the button that corresponded to it.
Whereas both the stable and variable conditions required the
participant to provide the correct motor (button press) response, the
variable condition required participants to select the response from
the random pairings of memory list items with button responses.

Event-related activation during the recall display (Table 4 and
Fig. 3) indicated significant activity in a number of regions
including: left frontal, anterior and posterior cingulate, bilateral
parietal, bilateral occipital, left temporal and subcortical regions
(caudate). Significantly greater levels of activity were observed for
the variable response condition in regions including the ACC (area
32 and 6), left inferior frontal (area 9), left parietal (large cluster
including activation in both superior and inferior gyri), left
precentral (area 6) and right thalamus. The left prefrontal region



Table 4
Regions of event-related activation during the recall period of the verbal
WM task, for the stable and/or variable conditions

Structure BA HS Vol
(μl)

Center of mass p

x y z

Frontal lobe
Precentral 6 L 142 −35 −13 60 * V ⇑
Inferior 9 L 170 −47 7 28 * V ⇑
ACC/Pre-SMA 32/6 L 1681 −1 10 44 * V ⇑

Parietal lobe
Inferior parietal 40 R 804 30 −50 46

40 R 337 46 −27 43
Superior/inferior 7/40 L 1883 −26 −55 45 * V ⇑
Posterior cingulate 30 R 524 14 −64 10

Postcentral 2 L 325 −55 −18 18
2 R 242 56 −8 14

Temporal lobe
Fusiform 19 L 569 −24 −74 −11

19 L 292 −41 −64 −11
Middle temporal 39 L 221 32 −37 −30

Cerebellum
Declive L 464 −32 −51 −12

R 210 0 −71 −9
Culmen R 240 4 −60 −5

Occipital
Middle occipital 18 L 1327 −28 −83 6

18 R 1213 25 81 4
Subcortical

Caudate L 156 −28 −40 16 * V ⇓

Positive values for x, y and z Talairach coordinates denote, respectively,
locations that are right, anterior and superior relative to the anterior
commissure. Asterisks represent clusters that showed a significant effect of
response condition (p<0.05, corrected), with the accompanying letter and
arrow representing the condition with greater activity (variable (V) or stable
(S)) and direction of activation in comparison to baseline (⇑—positive, ⇓—
negative). The table abbreviations indicate: BA—Brodmann area; HS—
hemisphere; Vol—activity cluster volume in microliters.
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(x: −47, y: 7, z: 28) detected during this condition overlapped with
the left prefrontal region (x: −51, y: 8, z: 28) identified during the
selection event (see Fig. 4).

Deactivation was detected in the left caudate, with the
magnitude of deactivation significantly greater in the variable
condition.

Significant activation was not detected in the right prefrontal
region.
Discussion

The persistent neural activity detected during WM tasks has
been attributed to a number of cognitive and motor processes. The
aim of the current study was to compare the selection of an item
and its corresponding motor response from WM, with selection of
just the item from WM. When a comparison was made of either
selecting an item from a list currently being maintained in memory,
or selecting an item that has specific response associated with it
(without executing it), greater activity in fronto-cingulate-parietal
regions was evident for the latter. Similarly, when the execution of
a memory-guided response was compared to the selection and
execution of such a response, the latter again showed significantly
greater activity in left prefrontal, parietal and pre-SMA/ACC
regions. The commonality drawn from these comparisons is that
selecting a memory-guided motor response, rather than selecting
an item currently maintained in memory or executing a memory-
guided response, appears to draw particularly on prefrontal, medial
frontal and parietal regions.

These results may offer some clarification of the findings from
Rowe and Passingham (2001) who separated the selection and
execution of a WM-guided response and showed that when
compared to preparing a visually guided response, the magnitude
of right prefrontal (area 46 and 9/46) activity was greater.
However, they were unable to separate the selection of an item
from WM from the selection of a response from WM. Although
this is a subtle distinction, the results of the current study suggest
that selecting a response from WM recruits left prefrontal activity
(located in area 9) to a greater extent than item selection from
working memory.

During the recall period of the current task, response selection
was required for the variable condition (selecting the motor
response that matched a selection-period chosen WM-item), with
neither condition requiring item selection. The pattern of activation
during the recall period indicated greater levels of left prefrontal
activity for the variable condition. The internal consistency of this
result across task conditions supports the conclusion that the left
prefrontal cortex is critical to selecting a response from WM.

The consistent relationship between left prefrontal activity and
response selection from WM contrasts with previous results
showing a similar relationship between right prefrontal activity
and response selection. The verbal content of the current task may
distinguish it from many of the previous studies that also addressed
this question. These studies have typically used spatial or
oculomotor tasks (Rowe and Passingham, 2001; Rowe et al.,
2000; Schumacher and D’Esposito, 2002; Curtis et al., 2004), and
comparisons of spatial and nonspatial response selection tasks have
suggested that left prefrontal regions may be specifically activated
during the latter (Schumacher and Jiang, 2003; Schumacher et al.,
2003). The reliance on right-handed responses is unlikely to
explain our results, as the aforementioned studies (Rowe and
Passingham, 2001; Rowe et al., 2000, 2002) showing that the right
prefrontal dominant activation pattern has also used right-handed
responses. Past research focused on motor selection, rather than
working memory, has found with both transcranial magnetic
stimulation and PET techniques that the left hemisphere appears
dominant for motor response selection irrespective of hand use
(Schluter et al., 1998, 2001). Our results, however, do appear
consistent with a recent visuospatial WM study from Volle and
colleagues (2005), who found greater left prefrontal activity when
a condition requiring maintaining and organizing a WM-based
motor response was compared to a similar condition that only
required maintenance of the WM material. The consistency of
these results across studies using either verbal or visuospatial WM
tasks, and the present finding that left prefrontal activity
differentiated the response conditions during the selection period
despite similar requirements for verbal rehearsal, would suggest
that the left prefrontal activity is not attributable to rehearsal
strategies.

Increased parietal activation accompanied the greater prefrontal
activation seen during response selection, most consistently in the
left inferior parietal region, although bilateral parietal activation
was seen during the selection event. Although this co-activation
has been demonstrated previously (Thompson-Schill et al., 1997;
Spence et al., 1998; Rowe and Passingham, 2001; Rowe et al.,



Fig. 4. A figure demonstrating the physical overlap (in yellow) of the left
inferior frontal regions identified as showing significantly greater activation
for the stable condition of the selection period (red cluster: Brodmann area 9;
x: −51, y: 8, z: 28) and variable condition of the recall period (blue cluster:
area 9; x: −47, y: 7, z: 28) during the working memory task.

Fig. 3. The left parietal cortical (Brodmann areas 40/7), left inferior frontal (area 9) and pre-SMA/ACC (area 6/32) regions demonstrating significantly greater
levels of activation for the variable condition when compared to the stable condition during the recall period of the task.
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2004; Bunge et al., 2002), it remains unclear whether it represents
a form of reciprocal representation, as Rowe et al. (2004) highlight
a lack of uniformity about the exact location of activity (e.g.,
superior, inferior, medial and intra-parietal regions). It has been
proposed that the activity in prefrontal areas ‘enhances’ the
representations of material held in parietal regions (Kimberg and
Farah, 1993; Duncan and Owen, 2000; Petrides, 2000b; Miller and
Cohen, 2001; Rowe and Passingham, 2001; Bunge et al., 2002;
Curtis and D’Esposito, 2003), though the exact nature of what is
held in parietal cortices varies between authors.

For example, the current results are consistent with prefrontal
activity enhancing a stimulus–response (S–R) association held in
the parietal cortex (Miller and Cohen, 2001; Curtis and D’Esposito,
2003), or potentially representing ‘motor attention’ to right hand
motor movements (Rushworth et al., 2001). Greater right inferior
parietal activity during the stable condition of the preparation period
also appears consistent with the suggestion that this activity is due to
maintaining S–R associations, rather than verbal material alone
(Bunge et al., 2002). The latter appears unlikely as the number of
verbal items to remember did not differ between the two response
conditions, whereas the S–R association existed only during the
stable condition. Evidence from both the animal and human
literatures supports the role of the parietal cortex in maintaining
‘motor intentions’ or ‘movement representations’ (Toni et al., 2001;
Thoenissen et al., 2002; de Lange et al., 2005; Genovesio et al.,
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2005; Buch et al., 2006), whereas the dorsal premotor cortex (which
includes the inferior frontal region identified here) contributes to the
generation of this intention/representation.

If a top-down signal from prefrontal to parietal cortices (to bias
attention toward particular information held in parietal cortices) is
responsible for the pattern of activation seen here, then the strength
of this signal appears biased toward selecting a memory-guided
motor response rather than selecting between memory-based items.
This proposal is consistent with the findings of a recent structural
equation modeling study from Rowe et al. (2004), who identified a
pattern of increased effective connectivity between prefrontal
cortex and modality specific cortical regions. The exact relation-
ship depended on the nature of the material being selected, for
visual properties of a stimulus (i.e., color) increased connectivity
was seen with the visual cortex, selecting action properties
increased connectivity with motor cortex. It is unclear whether
this type of top-down biasing of attention is more important to
selection of motor programs, rather than verbal responses for
example. Such a comparison has been performed previously in
relation to response selection (Jiang and Kanwisher, 2003),
revealing lower activation in the posterior intraparietal sulcus and
precuneus regions during verbal response selection (when
compared to visual–manual selections). Although the present
study was not ideally designed to perform such a comparison, it
does suggest that the dynamic between prefrontal and parietal
cortices can vary depending on the output of response selection. It
remains unclear whether selection of a memory-guided motor
response differs significantly from an equivalent verbal response in
terms of the underlying neural mechanisms involved, including
whether one modality requires more top-down control than the
other. Behavioral data from the Stroop task indicates that difficulty
with response selection does vary considerably between verbal and
motor versions (Sharma and McKenna, 1998), though patient (and
fMRI) studies do not typically compare verbal and motor response
selection performance using comparable tasks (Petrides, 2000b;
Hunt and Kingstone, 2004). Given the methodological and analytic
difficulties associated with verbalization during fMRI studies, a
patient-based comparison may be a useful and enlightening
approach to this question.
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