
Models of cognitive control posit that the ability to 
flexibly adjust behavior in response to changing environ-
mental conditions is fundamental to the achievement of 
behavioral goals (Baddeley, 1986; Norman & Shallice, 
1986). This requires changes in task set, the organization 
of mental resources necessary to accomplish a specific 
task (e.g., Monsell, 2003). A long-standing controversy 

involves the question of whether the cognitive system can 
be actively reconfigured in preparation for performing a 
new task (Altmann, 2003; Monsell, 2003). In line with 
this view, several behavioral studies have demonstrated 
that increasing the time between an instructional task cue 
and a subsequent target stimulus minimizes performance 
decrements (i.e., switch costs) for trials requiring a switch 
in task set (switch trials), in comparison with trials in 
which no switch in task set is required (repeat trials; Mei-
ran, 1996; Rogers & Monsell, 1995). However, recent be-
havioral studies have suggested that the effects of prepara-
tion on switch costs are due largely to the additional time 
needed to encode a new instructional cue, regardless of 
whether a switch in task set occurs (Altmann, 2004; Logan 
& Bundesen, 2003). Thus, it is still unclear whether con-
trol processes can actively prepare the system in advance 
to switch to performing a new task.
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imaging, while they performed a cued attention task. critically, in any particular trial, the cued task set 
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specific preparatory activity was observed in a network of dorsal frontal and parietal brain areas that 
are typically associated with cognitive control processes. Moreover, the magnitude of switch-specific 
preparatory activity varied with the number of possible task sets that could be presented in a given trial 
block. these findings provide compelling support for the existence of top-down, preparatory control 
processes that enable set switching. furthermore, they demonstrate that global task structure is a criti-
cal determinant of whether switch-specific preparatory activity is observed.
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To resolve this issue, we used event-related functional 
magnetic resonance imaging (fMRI) to directly measure 
cue-triggered, switch-specific preparatory processes 
whose existence in behavioral paradigms is typically in-
ferred only by the indirect measure of performance on 
target stimuli. Although set switching has been associated 
with greater activity in a network of frontal and parietal 
regions thought to implement cognitive control processes, 
prior fMRI studies have not resolved the issue of whether 
it is possible to prepare in advance for a set switch (Braver, 
Reynolds, & Donaldson, 2003; Dreher, Koechlin, Ali, & 
Grafman, 2002; Forstmann, Brass, Koch, & von Cramon, 
2005; Kimberg, Aguirre, & D’esposito, 2000; Rush-
worth, Paus, & Sipila, 2001; Shulman, d’Avossa, Tansy, & 
Corbetta, 2002; Smith, Taylor, Brammer, & Rubia, 2004; 
Sohn, Ursu, Anderson, Stenger, & Carter, 2000; Yantis 
et al., 2002). For example, in several studies, switch and 
repeat trials were presented in separate blocks, thereby 
confounding any possible preparatory switch-related 
activity with nonspecific effects, such as task difficulty, 
arousal, or strategy (e.g., Shulman et al., 2002; Sohn et al., 
2000). In other studies, in which switch and repeat trials 
occurred randomly within the same blocks, the designs 
did not allow for the isolation of cue-related, switch- 
specific activity (e.g., Brass & von Cramon, 2004; Forst-
mann et al., 2005; Rushworth et al., 2001; Smith et al., 
2004; Yantis et al., 2002). For example, in the study by 
Brass and von Cramon (2004), a double-cue design was 
used in which the second cue could indicate a task that 
was the same as or different from that indicated by the first 
cue, and two cues were assigned per task. The goal was to 
separate activity related to cue switches from that related 
to set switches. However, because a target stimulus always 
followed very quickly after the second cue and because 
no cue-only trials were included, it was not possible to 
separate cue-related from target-related switch-specific 
activity in the hemodynamic response. In order to dem-
onstrate that executive processes actively reconfigure the 
cognitive system in advance of a set switch, it is critical 
to demonstrate switch-related activity that is specifically 
triggered by the cue, as opposed to the target.

In several recent fMRI studies investigating set switch-
ing, cue-related preparatory activity in frontal and pari-
etal areas has been isolated using event-related designs in 
which switch and repeat trials were presented within the 
same trial block (Barber & Carter, 2005; Brass & von Cra-
mon, 2002; Luks, Simpson, Feiwell, & Miller, 2002; Ruge 
et al., 2005; Shulman et al., 2002). In all but one of these 
studies (Barber & Carter, 2005), no set-switch–related ac-
tivity was observed during the cue period. This general 
pattern of results suggests that no additional executive 
control is recruited on switch trials during a preparation 
interval, even though the results from behavioral studies 
suggest that during the preparation interval, a new task 
set may need to be activated and an old task set may need 
to be inhibited (Allport, Styles, & Hsieh, 1994; Meiran, 
1996; Rogers & Monsell, 1995). The one exception to 
these findings is the recent study by Barber and Carter that 

reported an effect of set switching on preparatory activ-
ity, which was observed only in the precuneus. This result 
would be consistent with the hypothesis that it is possible 
to prepare in advance for an upcoming set switch. How-
ever, as will be discussed below, we hypothesize that other 
regions should also be involved in preparatory aspects of 
set switching. We further hypothesize that these additional 
regions may not have been activated in the study of Barber 
and Carter or other previous studies, due to the global task 
structures of the experimental designs.

A possible explanation for the lack of switch-specific 
preparatory activity in prior fMRI studies may stem from 
the global task structure that was used. That is, aspects of 
the task designs may have induced strategies that minimized 
the utility of preparatory task set switching. Consistent with 
this view, recent behavioral findings indicate that global 
task structure may modulate the recruitment of switch- 
specific preparatory processes in set-switching paradigms 
(Mayr & Kiegl, 2003). First, including a large number of 
randomly intermixed task sets within a trial block nec-
essarily reduces the probability of set repetition, which 
could influence the strategy that is used to perform the 
task. For example, when numerous task sets are included 
in a block, subjects might strategically abandon the task 
set used in the previous trial, since it is unlikely to be used 
in the current trial. If such a strategy was being employed, 
both repeat and switch trials would then require the sub-
jects to direct more extended processing toward encoding 
the task cue and retrieving the relevant stimulus–response 
mappings from memory, thereby making it more difficult 
to observe differences in cue activity between switch and 
repeat trials (Altmann, 2003; Logan & Bundensen, 2003; 
Mayr & Kiegl, 2003). Second, the preparation times (i.e., 
cue–target intervals) and intertrial intervals in previous 
event-related fMRI studies were typically several seconds 
or more in duration, considerably longer than those used 
in the behavioral literature. Such parameters may have re-
duced demands on set-switching processes and, hence, the 
probability of observing switch-related activity, because 
(1) long cue–target intervals allow greater time to prepare 
for a set switch (e.g., Meiran, 1996) and (2) greater inter-
trial intervals might allow inhibition directed toward task 
sets used in previous trials to dissipate (Mayr & Keele, 
2000). Therefore, evidence for switch-specific cue activity 
might be stronger in a faster paced task that more closely 
matched those used in previous behavioral studies.

In the present study, we used a fast-paced set-switching 
paradigm in combination with event-related fMRI to in-
vestigate (1) whether brain areas involved in set switching 
are activated in preparation for a set switch and (2) whether 
varying the number of task sets in a trial block modulates 
brain activity associated with switch-specific prepara-
tion. In each trial of our task, the participants were cued 
to prepare to discriminate the orientation of an upcoming 
rectangular-shaped target on the basis of either its color 
(yellow or blue) or its location (left or right; see Figure 1). 
In many trials, a target display followed cue presentation, 
and the subject’s task was to indicate the orientation of the 



NeURAL MeCHANISMS OF eNDOGeNOUS SeT SHIFTING    177

cued rectangle (vertical or horizontal) within that display. 
In some trials, however, no target display followed cue 
presentation, which allowed us to isolate cue-related prepa-
ratory activity. In different trial blocks, the attentional cue 
was the same for each trial (repeated task block), switched 
randomly between two predefined features (e.g., left and 
right) of the same dimension (single-dimension task block), 
or switched randomly between all four features across the 
two dimensions of color and location (mixed-dimension 
task block).

This design afforded the investigation of two key ques-
tions about the neural mechanisms that enable us to adopt 
a new task set. First, within a block of trials, comparing the 
brain responses to cues instructing the subjects to switch 
task sets with those to cues instructing them to repeat a task 
set allowed us to investigate the neural mechanisms that 
help reconfigure the cognitive system to use a new task 
set during the cue–target interval. Second, comparing cue-
 related brain responses on switch and repeat trials across 
the different types of trial blocks (repeated, single dimen-
sion, and mixed dimension) permitted us to investigate 
whether increasing the number of possibly relevant task 
set features and dimensions in a block reduces the magni-
tude of switch-specific preparatory activity, consistent with 
prior suggestions in the behavioral literature that global task 
context modulates the recruitment of preparation-related 
set-switching processes (Mayr & Kiegl, 2003).

METHOD

Subjects

Fourteen healthy subjects (mean age, 23.4 years; 7 of them male) 
were recruited from the Duke University community and gave in-
formed consent in accordance with the guidelines set by the Duke 
University Medical Center Institutional Review Board. All the sub-
jects were right-handed, had normal or corrected-to-normal vision 
and had no history of neurological trauma or disorders.

Apparatus

A PC computer was used for stimulus presentation and for the 
recording of response data. The stimuli were viewed through an MR-
compatible, fiber-optic goggle system. Responses were recorded 
with an MR-compatible response box. The timing of the stimuli 
and the recording of the responses were controlled by commercially 
available software (Presentation, Neurobehavioral Systems).

Event-Related fMRI Paradigm

We used a cued attention paradigm in combination with a re-
cently developed fast-rate event-related fMRI approach (Shulman 
et al., 1999; Weissman, Mangun, & Woldorff, 2002; Woldorff et al., 
2004). At the beginning of each 3-sec trial, the subjects viewed a 
centrally presented cue (i.e., a single digit: 3, 4, 5, or 6; visual angle, 
0.28º 3 0.38º; duration, 100 msec) that instructed them to attend 
to a rectangle at a particular spatial location (i.e., left or right) or 
to a centrally presented rectangle of a particular color (i.e., yellow 
or blue) within an upcoming target display (Figure 1). To prevent 
physical differences among the cue stimuli from confounding the 
results, we counterbalanced (across subjects) which target feature 
the subjects were instructed to attend to when a given cue stimulus 
was presented (i.e., for some subjects, a “3” cue meant attend left, 
whereas for others, it meant attend right, and so on). In cue-plus-
target trials (33%), the target display appeared 1,500 msec after cue 
onset and consisted of four rectangles: two green peripheral rect-
angles presented 4º horizontally and 3.5º vertically from fixation 
in the upper left and upper right visual fields and two overlapping, 
centrally presented rectangles of which one was yellow and the other 
blue (target duration 5 100 msec). The subjects’ task was to indicate 
the orientation (i.e., horizontal or vertical) of the rectangle with the 
cued feature by pressing one of two buttons with their right index 
or middle finger. To equate the difficulty of the color and location 
tasks, the aspect ratio of the vertical and horizontal axes of the rect-
angles was adjusted for each run on the basis of the performance in 
the previous run, separately for the peripheral (location task) and 
central (color task) rectangles. To compensate for the lower visual 
acuity in the periphery, the size range of the peripheral rectangles 
where the location task was performed (1.75º 3 1.25º to 3.13º 3 
1.25º) was greater than the size range of the central rectangles where 
the color task was performed (0.88º 3 0.63º to 1.56º 3 0.63º). All 
the stimuli were presented on a dark gray background.

In cue-only trials (33%), the cues were not followed by a target. 
We also included catch-cue–only trials (8.3%), in which a fifth type 
of digit cue (“0”) was presented for 100 msec. The subjects were 
instructed to press a (third) button with their right ring finger as 
quickly as possible upon presentation of this catch cue. Catch-cue–
only trials were randomized into the trial sequence to ensure that 
the subjects kept identifying the cues in the repeated task blocks 
(see below). Finally, so-called no-stim trials containing only a fixa-
tion point (25%) were included in order to allow subtraction of the 
average hemodynamic response to each of the other trial types in 
our fast-rate design (Burock, Buckner, Woldorff, Rosen, & Dale, 
1998; Woldorff et al., 2004). Within each 72-trial run, cue-plus- 
target, cue-only, catch-cue–only, and no-stim trials were presented in 
a pseudorandom order, so that, on average, each trial type was pre-
ceded by the same event distribution (Buckner et al., 1998; Burock 
et al., 1998; Woldorff, 1993; Woldorff et al., 2004).

In all the trials, the fixation point (a hollow, white square: 0.09º 3 
0.09º of visual angle) was filled in as soon as the cue stimulus was pre-
sented. The fixation point remained filled during cue-plus-target trials 
until the offset of the target display (duration of fill 5 1,600 msec) or 
until the equivalent time in cue-only trials. The reversion to a hollow 
fixation point at the same time in cue-plus-target and cue-only tri-
als served to signal the end of the trial and was performed to equate 
the duration of cue-triggered attentional-orienting processes in cue-
plus-target and cue-only trials (e.g., Corbetta, Kincade, Ollinger, Mc-

Figure 1. Example of a cue-plus-target trial. The cue instructed 
the subject to indicate the orientation (horizontal or vertical) of 
the rectangle with the cued feature (either blue, yellow, or left or 
right) in the upcoming target stimulus display.
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Avoy, & Shulman, 2000). In no-stim trials, the hollow fixation point 
remained at fixation for the entire trial. The subjects were not aware 
of the no-stim trials since, to the subjects, these were only periods 
of slightly longer delay between subsequent cued trials, yielding the 
impression that the intertrial interval was variable.

Three types of trial blocks were used to investigate the neural 
mechanisms underlying set switching: repeated, single dimension, 
and mixed dimension. In repeated task blocks, the attention-directing 
cue instructed the subjects to attend to exactly the same stimulus fea-
ture in every trial (e.g., attend blue), and thus, no switching was re-
quired. In single-dimension task blocks, the cue randomly (i.e., from 
trial to trial) instructed the subjects to attend to the rectangle with 
either of two predefined features within the same stimulus dimen-
sion (i.e., blue or yellow in some blocks, left or right in other blocks). 
Since the cue types occurred in random order, in approximately 50% 
of the trials, the task set repeated (e.g., attend blue trial followed by 
attend blue trial), whereas in the other 50% of the trials, the subjects 
needed to switch between two features of the same dimension (e.g., 
attend blue trial followed by attend yellow trial). In mixed-dimension 
task blocks, the cue randomly instructed the subjects to attend to a 
rectangle with any one of the four possible stimulus features across 
both stimulus dimensions (i.e., blue, yellow, left, or right). Accord-
ingly, in 25% of the trials, the task set repeated (e.g., attend blue 
trial followed by attend blue trial), in 25% of the trials, the subjects 
needed to switch between two features of the same dimension (e.g., 
attend blue trial followed by attend yellow trial), and in 50% of the 
trials the subjects needed to switch between two features belonging 
to different dimensions (e.g., attend blue trial followed by attend left 
trial). Thus, the global task context differed in all three types of task 
blocks, because these blocks varied in (1) the number of possibly 
relevant features and dimensions in the cued set and (2) the prob-
ability of a set switch. Note, however, that although the criteria used 
for rectangle selection varied across (and sometimes within) blocks, 
the rules for responding never changed.

Procedure

The subjects participated in four sessions: a training session, two 
fMRI sessions, and an eRP session. During the training session, the 
subjects performed an example of each type of task block four times 
in order to become familiar with the specific task requirements and 
to ensure that they were able to maintain fixation. During training, 
horizontal and vertical eye movements were monitored with two bi-
polar electrodes placed, respectively, on the left and right of the outer 
canthi and above and below the left eye. electrode impedances were 
maintained below 10 kΩ. The two electrooculogram (eOG) channels 
were continuously recorded with a band-pass filter of 0.01–100 Hz, 
a gain of 1,000 (SynAmps I amplifiers from Neuroscan, Inc.), and 
digitized with a sampling rate of 250 Hz. Recordings took place in 
an electrically shielded, sound-attenuated, dimly lit room.

After training, the subjects took part in two separate fMRI sessions 
and an eRP session that were all conducted on separate days. The 
interval between the two fMRI sessions was generally 2–4 weeks. 
During one of the fMRI sessions, the subjects performed the re-
peated and single-dimension task blocks. There were eight repeated 
task block runs, two for each of the four stimulus features (i.e., blue, 
yellow, left, and right). There were also eight single-dimension task 
block runs, four in which the subjects were cued randomly to attend 
to a single feature of the color dimension (i.e., attend blue or attend 
yellow) and four in which they were cued randomly to attend to a 
single feature of the location dimension (i.e., attend left or attend 
right). The order of the repeated and single-dimension task block 
runs was counterbalanced across subjects, with the restriction that 
the color and location task blocks were always grouped together; 
that is, half of the subjects got the color task blocks first, whereas 
the other half of the subjects got the location task blocks first. Dur-
ing the other fMRI session, the subjects performed eight runs of 

the mixed-dimension task block. The order of the two fMRI ses-
sions was counterbalanced across subjects. During the eRP session, 
the subjects performed only the repeated and single-dimension task 
blocks. The order of the eRP session and its corresponding fMRI 
session was also counterbalanced across subjects. The present report 
is focused on the results from the fMRI studies. Results from the 
eRP session will be reported elsewhere.

fMRI Data Acquisition

Functional images were acquired on a General electric 4-T scan-
ner using an inverse spiral imaging sequence (TR 5 1.5 sec, Te 5 
31 msec, flip angle 5 60º). During every task block, 164 brain vol-
umes were collected, each of which contained 32 contiguous, 3.75-
mm-thick slices (in-plane resolution: 3.75 3 3.75 mm). Structural 
images were collected using a T1-weighted spin echo sequence 
(TR 5 12.2 msec, Te 5 5.3 msec, inversion time 5 300 msec, flip 
angle 5 20º). The first six functional images of each run contained 
no trials and were discarded prior to analysis of the functional data.

Behavioral Data Analysis

each cue-plus-target trial was categorized as instructing the sub-
jects to attend to the rectangle with (1) the same feature that was cued 
in the previous trial, (2) a different feature in the same dimension, or 
(3) a different feature in a different dimension. each cue-plus-target 
trial was also classified according to whether it was presented in 
a repeated, single-dimension, or mixed-dimension task block. The 
effects of set switching on behavioral performance were measured 
using reaction times, error rates, and omitted response rates from 
the mixed-dimension and single-dimension task blocks. For the 
mixed-dimension task block, reaction times, error rates, and omit-
ted response rates were analyzed separately with a repeated mea-
sures ANOVA. each ANOVA contained the within-subjects factor 
of switch (repeat, switch within dimension, or switch across dimen-
sions). Prior to these analyses, error rates and omitted response rates 
were arc-sin transformed to adjust the data to a normal distribution 
as assumed by an ANOVA (Snedecor & Cochran, 1989). The behav-
ioral data from the single-dimension task block were also entered 
into similar repeated measure ANOVAs, but the switch factor had 
only two levels: repeat and switch within.

effects of the number of task set features and/or dimensions in a 
block were evaluated by determining whether performance on repeat 
and switch-within trials varied as a function of task block (repeated, 
single dimension, or mixed dimension). Two separate repeated mea-
sures ANOVAs were performed, one for response times on repeat 
trials and one for response times on switch-within trials, each with 
the within-subjects factor of task block. For repeat trials, task block 
had three levels (i.e., repeated, single dimension, or mixed dimen-
sion), whereas for switch-within trials, this factor had two levels 
(i.e., single dimension or mixed dimension).

To confirm that the subjects were identifying the cue stimuli in the 
repeated task blocks, as well as in the other task blocks, the response 
times and the omitted response rates for catch cues were entered into 
separate repeated measure ANOVAs with the within-subjects factor of 
task block (repeated, single dimension, or mixed dimension). In all of 
the above analyses, the Greenhouse–Geisser correction was applied 
where appropriate, and only corrected F values will be reported.

fMRI Data Analysis

Image Processing
The software analysis package SPM’99 (Friston et al., 1995) was 

used to correct functional images for asynchronous slice acquisition 
and head motion, to normalize functional images to the Montreal 
Neurological Institute standard space, and to spatially smooth the 
functional data with a Gaussian filter (full-width half maximum 5 
8 mm in the x, y, and z dimensions).
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Event-Related Analyses
Selective averaging. Selective averaging was used to estimate 

the average hemodynamic response produced by each trial type 
(see Buckner et al., 1998). each cue-only trial was categorized 
as instructing the subjects to attend to the rectangle with (1) the 
same feature as that cued in the previous trial, (2) a different fea-
ture in the same dimension, or (3) a different feature in a differ-
ent dimension. each cue-only trial was also classified according to 
whether it was presented in the (1) repeated task block, (2) single-
 dimension task block, or (3) mixed-dimension task block. each 
no-stim trial was categorized in exactly the same manner. Subse-
quently, the average event-related time course (starting 1.5 sec be-
fore and ending 13.5 sec after trial onset) was calculated for each 
trial type, separately at every voxel and for each subject. These 
average responses were converted to units of percent change from 
baseline, which we defined as the average of the signals present at 
trial onset and the immediately preceding time point. To remove 
overlap in the hemodynamic responses from adjacent trials caused 
by the fast-rate presentation of the trials, we subtracted from each 
cue-only response the average response for the no-stim trial type that 
was preceded by the same event distribution (Buckner et al., 1998; 
Burock et al., 1998; Woldorff et al., 2004).

Voxelwise analyses. To investigate the brain regions activated 
in each condition, each of the six cue-only time courses above was 
entered into a voxel-level, one-way repeated measures ANOVA. Ac-
tivated regions were determined by a main effect of MR frame [eight 

frames (1.5–13.5 sec); F(7,91) 5 3.15, p , .005; extent threshold 
of eight voxels]. All types of cues, regardless of condition, activated 
a highly overlapping network of brain areas (see Figure 2). There-
fore, we averaged the overlap-corrected responses to cue-only trials 
across all conditions. In this way, one average hemodynamic re-
sponse, reflecting the overall cue-related response collapsed across 
all cue types (except for the catch cues), was derived at every voxel 
and for each subject. To examine which areas were activated by cues 
in general, the average responses from the different subjects were 
entered into a voxel-level, one-way repeated measures ANOVA. As 
in our initial analysis, activated regions were determined by a main 
effect of MR frame [eight frames (1.5–13.5 sec); F(7,91) 5 3.15, 
p , .005; extent threshold of eight voxels].

ROI analyses. The activations corresponding to the average cue-
only trial response above were used to functionally define regions of 
interest (ROIs), in which we more directly assessed whether switch-
specific preparatory activity was present. each ROI was centered on 
a local maximum in the activation map for the average cue-related re-
sponse and consisted of a 3 3 3 3 3 cube of voxels. In every ROI, the 
overlap-corrected response for each of the six cue-related responses 
(i.e., the response after subtracting the no-stim; see above) was de-
rived and averaged across all voxels within the ROI for each subject 
separately. each subject’s responses served as dependent measures 
in subsequent analyses that identified (1) the regions involved in 
switch-specific preparation and (2) the effects of global task context 
on switch-specific preparatory activity.

Switch-specific preparatory activity. To identify regions involved 
in switch-specific preparation in the mixed-dimension task block, a 
repeated measures ANOVA was conducted using the within-subjects 
factors of switch (repeat, switch within, or switch across), and MR 
frame (six frames: 1.5–10.5 sec) for each ROI separately. ROIs in-
volved in switch-specific preparation were indicated by a significant 
switch 3 MR frame interaction (correct p value: p , .05 divided 
by 39 ROIs, or p , .00128). Two planned contrasts were specified 
for the switch factor: (1) switch within versus repeat and (2) switch 
across versus switch within. These planned contrasts helped us to 
determine the precise nature of significant switch 3 MR frame in-
teractions that were observed in several ROIs. To identify regions 
involved in switch-specific preparation in the single-dimension task 
block, the same procedure was applied, but the switch factor had just 
two levels: repeat and switch within. The Greenhouse–Geisser cor-
rection was applied where appropriate, and only corrected F values 
will be reported.

Effects of global task context on switch-specific preparatory activ-
ity. To examine the effects of the overall task context in each ROI, we 
entered the cue-related responses for repeat trials and switch-within 
trials into repeated measure ANOVAs using the within-subjects fac-
tors of switch (repeat or switch within), task block (single dimension 
or mixed dimension), and MR frame (six frames: 1.5–10.5 sec). A 
significant interaction between switch, task block, and MR frame 
would indicate a difference in switch-specific preparatory activity 
between the single-dimension and mixed-dimension task blocks.

We also examined whether cue-only responses in repeat trials and 
those in switch-within trials changed (e.g., increased) across task 
blocks. For each ROI, we entered the cue-only responses from re-
peat trials and switch-within trials into separate repeated measure 
ANOVAs using the within-subjects factors of task block and MR 
frame (six frames: 1.5–10.5 sec). Task block had three levels (re-
peated, single dimension, or mixed dimension) when responses on 
repeat trials were compared across task blocks, but only two levels 
(single dimension or mixed dimension) when responses on switch-
within trials were compared across task blocks. These analyses al-
lowed us to investigate the influence of global task context on cue- 
related processes. As was described above, p values were corrected for 
the number of ROIs in our study ( p , .05 divided by 39 ROIs, or p , 
.00128), and the Greenhouse–Geisser correction was applied where 
appropriate to ensure that only corrected F values would be reported.

Mixed-
Dimension

Task
Block

Repeat

20

3.15

Single-
Dimension

Task
Block

F-values

Repeated
Task
Block

Switch
Across

Switch
Within

IPS PreCun

pSMAPremotor

Figure 2. Brain areas showing cue-related activity. Cue- 
related activity for repeat, switch-within, and switch-across 
trials is shown in the repeated, single-dimension, and mixed- 
dimension task blocks. Note the increase in activation of the fron-
toparietal network (1) as a function of set-switching demands 
within the single-dimension and mixed-dimension task blocks 
and (2) as demands on control processes increased across the 
repeated, single-dimension, and mixed-dimension task blocks. 
pSMA, presupplementary motor area; IPS, intraparietal sul-
cus; PreCun, precuneus.
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Eye Movement Analysis
The analysis of the eOG data during the training session was 

performed offline. First, the continuous data were segmented into 
epochs starting 100 msec before and ending 1,450 msec after the 
cue (regardless of whether the cue was followed by a target). Next, 
trials during which artifacts, such as blinks, occurred were excluded 
from the analysis. These were identified on the vertical eOG chan-
nel, using a threshold of 640 mV. The remaining trials were averaged 
according to cue type (left, right, or color [collapsed across blue 
and yellow]) and task block type (repeated, single dimension, or 
mixed dimension), yielding a total of nine trial types. We collapsed 
across cues coding for blue and yellow, since both types of color 
cues encouraged the subjects to maintain fixation. To examine the 
presence of horizontal eye moments across the cue–target interval, 
the 1,450-msec cue–target interval was divided into 36 time bins of 
40 msec each (10 sample points) for each trial type. For each time 
bin, the average voltage amplitude at the horizontal eOG channel 
was then computed for every trial type separately. To investigate 
whether the subjects moved their eyes, one-sample t tests were per-
formed on these mean voltage values, separately for attend left cue 
trials, attend right cue trials, and attend color cue trials in the re-
peated, single-dimension, and mixed-dimension task blocks. The 
 Greenhouse–Geisser correction was applied where appropriate, and 
only corrected F values will be reported. Because of multiple in-
terrelated comparisons and, hence, the likelihood of false-spurious 
significant effects, eye movement effects were considered present 
only if they persisted for at least 3 successive time bins [40 msec 
each, (corrected) p value , .05].

RESULTS

Behavioral Data
Behavioral performance measures are listed in Table 1. 

As was expected, the subjects responded 30 msec more 
quickly on repeat than on switch-within trials in the single- 
dimension task block, as reflected by a main effect of 
switch [F(1,13) 5 12.3, p , .01]. There was also a 
main effect of switch in the mixed-dimension task block 
[F(2,26) 5 28.7, p , .001]. Specific comparisons analyz-
ing this effect further revealed that the subjects responded 
51 msec more quickly on repeat than on switch-within trials 
( p , .05) and 44 msec more quickly on repeat trials than 
on switch-across trials ( p , .05). However, response times 
for switch-within and switch-across trials did not signifi-
cantly differ from each other. No differences in error rates 
were found between switch and repeat trials in the single-  
dimension task block or in the mixed-dimension task 
block ( p . .05). Furthermore, omitted response rates did 
not differ between repeat and switch-within trials in the 
single-dimension task block. However, omitted response 
rates were unexpectedly somewhat lower (i.e., 1.6%) on 

switch-within trials than on switch-across and repeat tri-
als in the mixed-dimension task block [F(2,26) 5 10.69, 
p , .001].

We also investigated whether performance in repeat and 
switch-within trials differed between the different task 
blocks. To do so, we used a repeated measures ANOVA 
with task block as a within-subjects factor. Neither reac-
tion times nor error rates differed between task blocks, 
either for repeat or for switch-within trials ( p . .05). 
Furthermore, omitted response rates did not differ on re-
peat trials between the repeated, single-dimension, and 
mixed-dimension task blocks. However, omitted response 
rates were significantly lower on switch-within trials in 
mixed-dimension blocks than in single-dimension blocks 
[F(1,13) 5 14.9, p , .005]. This unexpected effect, al-
beit significant, was relatively small; the difference in 
omitted response rate between the mixed-dimension and 
single-dimension task blocks was, on average, 2.7% (i.e., 
on average, on the cue-plus-target trials, responses were 
recorded on 96.6% vs. 93.9% of the trials in the mixed- 
dimension vs. the single-dimension task block). Thus, 
these small differences in response rate on the switch-
within cue-plus-target trials in the single-dimension ver-
sus the mixed-dimension task blocks are unlikely to ex-
plain any effects observed in the imaging data, especially 
for the cue-only trials.

No differences in response times or omitted response 
rates to catch cues were observed between the repeated 
(637 msec; 6.5%), single-dimension (626 msec; 4.1%), 
and mixed-dimension (639 msec; 5.8%) task blocks. 
Thus, there was no evidence that cue identification pro-
cesses differed across blocks.

fMRI Data
We predicted that (1) brain areas in the frontal and pa-

rietal cortex previously implicated in set switching (e.g., 
Wager, Jonides, & Reading, 2004; Wager, Jonides, Smith, 
& Nichols, 2005) would show switch-specific preparatory 
activity and (2) increasing the number of possible features 
and dimensions within a block would reduce the magni-
tude of switch-specific preparatory activity in these brain 
areas, consistent with prior suggestions in the literature 
based on behavioral studies (Mayr & Kiegl, 2003).

Effects of set switching on preparatory brain activ-
ity. In line with our first prediction, voxel-wise analyses 
showed that cue-related responses in a network of frontal 
and parietal areas previously implicated in set switching 

Table 1 
Performance Data: Response Times, Error Rates, and Omitted Response (OR) Rates 

on Repeat, Switch-Within, and/or Switch-Across Trials in the Repeated,  
Single-Dimension, and Mixed-Dimension Task Blocks (TBs)

Repeated Single-Dimension TB Mixed-Dimension TB

  TB  Repeat  Switch Within  Repeat  Switch Within  Switch Across

Response time (msec) 629 665 695 628 679 672
error rate (%) 2.7 3.4 4.2 4.0 4.5 3.3
OR rate (%)  3.2  4.7  6.1  5.0  3.4  5.0
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changed as a function of set-switching demands (see Fig-
ure 2). Twelve ROIs showed effects of advance set switch-
ing in the single-dimension and/or mixed-dimension task 
blocks, as reflected by a significant interaction between 
the switch and the MR frame factors (see the Method sec-
tion). These included the presupplementary motor area 
(pre-SMA; Brodmann area [BA] 6), the dorsal premotor 
cortex (PreMot, BA 6), the precuneus (PreCun, BA 7), 
the posterior intraparietal sulcus (pos IPS; BA 7), and the 
right fusiform gyrus (FFG; BA 19/37). See Table 2 for co-
ordinates (column 3) and F values (columns 4 and 5) and 
Figures 3 and 4 for the corresponding group BOLD signal 
time courses for the different cue-only trial types.

Recall that on switch-within trials, in contrast to repeat 
trials, both the cue identity and the cued object feature that 
was to be attended changed with respect to the preceding 
trial. Therefore, the greater cue-related activity on switch-
within trials than on repeat trials cannot unequivocally be 
attributed to switch-specific preparatory processes. How-
ever, in the mixed-dimension task blocks, both switch-
across and switch-within trials involved (1) a cue switch 
and (2) a set switch. The set switch on switch-across trials, 
however, involved a switch of attention to one of two pos-
sible features in a different stimulus dimension, whereas 
the set switch on switch-within trials involved a switch of 
attention to the one other feature within the same stimulus 
dimension. Thus, greater activity in switch-across versus 
switch-within cue-only trials in the mixed-dimension task 
blocks would more convincingly indicate a role for a par-
ticular brain area in preparatory aspects of set switching. 
Post hoc comparisons revealed that most areas showing 
an advance switch effect in the mixed-dimension task 
block were also more strongly activated by switch-across 
than by switch-within cue-only trials. These areas were 

the left PreMot, right PreCun, and left and right pos IPS. 
The findings above therefore support the view that switch-
specific advance preparation is possible (Meiran, Chorev, 
& Sapir, 2000; Monsell, 2003; Rogers & Monsell, 1995). 
Importantly, response times and error rates did not sig-
nificantly differ between switch-across and switch-within 
trials in the mixed-dimension task block, weighing against 
the possibility that the difference between switch-across 
and switch-within cue activity was driven by a difference 
in the expected difficulty of the upcoming task.

Although the pre-SMA did not show a significant ef-
fect of advance set switching in the mixed-dimension task 
block, as reflected by an interaction between switch and 
MR frame, it is known to play an important role in atten-
tional control (e.g., Weisman, Warner, & Woldorff, 2004). 
Therefore, we explored the possibility that this region was 
more strongly activated by cues on switch-across trials than 
by cues on switch-within trials, using post hoc tests. As was 
predicted, these tests confirmed that responses in the pre-
SMA were greater on switch-across than on switch-within 
cue-only trials in the mixed-dimension task block.

Effects of global task context on switch-specific 
preparatory brain activity. Our second prediction was 
that increasing the number of possible task sets (i.e., fea-
tures and dimensions) that could be cued within a block 
would reduce the magnitude of switch-specific prepara-
tory activity. In line with this view, the difference in activity 
between switch-within cue-only and repeat cue-only trials 
was smaller in the mixed-dimension task block than in the 
single-dimension task block in most brain areas showing 
switch-specific preparatory activity (see Figures 3 and 4, 
middle compared with right panel). Repeated measures 
ANOVAs revealed that this effect of task block on switch-
specific preparatory activity was significant for the left 

Table 2 
Regions of Interest Showing Switch-Specific Preparatory Activity and/or Effects of Global Task Context

Mixed-Dimension Single-Dimension Switch-Within

Coordinates (mm)
Task Block Task Block Switch 3 Repeat Trials Trials
(Switch 3 (Switch 3 Task Block 3 (Task Block 3 (Task Block 3

Region  Area  x  y  z  MR Frame)  MR Frame)  MR Frame  MR Frame)  MR Frame)

Frontal Left premotor 230 28 49 5.9*** 4.3*** 3.8*** 2.6*** 4.3***

230 24 64 3.2*** 7.8¹*** 7.3²* 2.7*** 3.0***

Left pre-SMA 24 4 53 8.4*** 7.2²** 2.8*** 4.4***

Right premotor 34 24 41 3.9*** 3.5*** 15.8²*** 4.1*** 3.7***

38 24 41 3.0*** 12.5¹*** 8.2²* 2.9*** 2.9***

Parietal Left precuneus 24 256 53 † 5.9*** 2.6***

Left pos IPS 226 260 49 6.3*** 5.5*** 4.7*** 3.5***

226 275 34 2.8*** 3.9*** 22.3²*** † 9.8***

226 253 41 3.5*** 5.9***

Right precuneus 4 253 49 3.6*** 8.4²*

Right pos IPS 30 260 49 2.9*** 4.0*** 6.0*** 7.9***

Occipital Right fusiform gyrus 41  264 226   3.5***       

Note—MNI coordinates and F values are listed for brain regions showing switch-specific preparatory activity in the mixed-dimension task block 
(column 4), switch-specific preparatory activity in the single-dimension task block (column 5), effects of task block (repeated, single dimension, 
mixed dimension) on cue-related responses in repeat (column 7) and switch-within (column 8) trials. Column 6 displays F values for those regions of 
interest, in which switch-specific preparatory activity was affected by global task context. pre-SMA, presupplementary motor area; pos IPS, posterior 
intraparietal sulcus. *p , .05. **p , .005. ***p , .05/39 (5 .0013). †p , .1. ¹No interaction between switch and MR frame, but a significant 
main effect of switch was observed for this region. ²No interaction between switch, task block, and MR frame, but a significant interaction effect 
between switch and task block was observed for this region.
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and right posterior IPS (i.e., p , .0013) and was nearly 
significant for the left and right PreMot and the left pre-
SMA (i.e., p , .005; see Table 2, column 6, for F values). 
These results thus demonstrate that global task context is 
a critical determinant of whether switch-specific prepara-
tory activity is observed.

As can be seen in Figure 5, the effects of task block 
on switch-specific preparatory activity on cue-only trials 
were due to a selective increase in the amplitude of the 
responses for repeat trials in the mixed-dimension, rela-
tive to the single-dimension, task blocks. ROI analyses 
revealed that cue-only activity for repeat trials increased 
progressively from the repeated to the single-dimension 
to the mixed-dimension task blocks in most brain regions 
showing an effect of advance set switching (see Figures 3, 
4, and 5A). However, repeated measure ANOVAs revealed 
that this increase in response amplitude across blocks 
achieved significance only in anterior regions (i.e., the bi-
lateral PreMot and left pre-SMA), as indicated by signifi-
cant interactions between task block and MR frame (see 

Table 2 for coordinates and F values, column 7). This in-
crease in repeat trial responses is consistent with the view 
that increasing the number of possible task sets in a block 
reduces switch-specific preparatory processes (Mayr & 
Kiegl, 2003). Of importance, such an increase across task 
blocks was not observed for switch-within trials (see Fig-
ure 5), suggesting that increasing the number of possibly 
relevant features and dimensions within a block may make 
repeat cue trials more like switch cue trials.

As we mentioned above, there were no effects of task 
block on the amplitude of cue-only activity for switch-
within trials. However, task block did modulate other as-
pects of switch-within cue-only activity in most frontal and 
parietal regions showing an effect of advance set switch-
ing (Table 2, column 8). Specifically, in switch-within 
cue-only trials, task block affected cue-related response 
decay, rather than response amplitude (see Figure 5). 
This effect was confirmed in repeated measure, random 
effect ANOVAs analyzing interactions between task block 
(single dimension or mixed dimension) and MR frame 
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Figure 3. Group-averaged time courses in several frontal regions. Shown are group time courses for cue-related responses in repeat, 
switch-within, and switch-across trials in the repeated (left panel), single-dimension (middle panel), and/or mixed-dimension (right 
panel) task blocks. The y-axis is the percentage of signal change from baseline, and the x-axis is time in seconds. This figure clearly il-
lustrates that cue-related responses increased not only as a function of set switching within a block of trials (middle and right panels), 
but also as a function of task block (i.e., the number of possibly relevant features and dimensions within a block). Note, specifically, the 
gradual increases in cue-related responses for repeat trials going from the repeated to the single-dimension to the mixed-dimension 
task blocks. PreMot, premotor cortex; pSMA, presupplementary motor area.
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(three frames: peak frame plus two subsequent frames). 
Significant interactions in these ANOVAs indicated faster 
hemodynamic response decay on switch-within trials in 
the mixed-dimension versus the single-dimension task 
blocks in the bilateral PreMot and left pos IPS ( p , .05; 
see Figure 5B). Similarly, in the mixed-dimension task 
block cue-only responses on switch-across trials decayed 
significantly more quickly than responses on repeat tri-
als ( p , .05) in these same brain areas (i.e., the bilateral 
PreMot and left pos IPS; see Figures 3 and 4, right panels). 
In these areas, hemodynamic response decay in the mixed- 

dimension task block was, thus, generally faster for switch 
cue-only than for repeat cue-only trials.

Eye Movements
Analyses of the cue-related eOG signal revealed that 

the subjects did not move their eyes appreciably in any 
of the task blocks during the training session, since the 
cue-related eOG signal did not significantly deviate from 
zero in any of the tested conditions. In a previous study 
from our group (Giesbrecht, Woldorff, Song, & Man-
gun, 2003), the same peripheral stimuli were used as in 
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Figure 4. Group-averaged time courses in several parietal areas. Shown are time courses for cue-related responses in repeat, switch-
within, and switch-across trials in the repeated (left panel), single-dimension (middle panel), and/or mixed-dimension (right panel) 
task blocks in several parietal regions. The y-axis is the percentage of signal change from baseline, and the x-axis is time in seconds. 
This figure clearly illustrates that cue-related responses increased not only as a function of set switching within a block of trials (middle 
and right panels), but also as a function of task block (i.e., the number of possibly relevant features and dimensions within a block). 
Note, specifically, the gradual increases in cue-related response for repeat trials going from the repeated to the single-dimension to the 
mixed-dimension task blocks. PreCun, precuneus; IPS, posterior intraparietal sulcus.
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the present study. Using a calibration task, they estimated 
voltage fluctuations produced by voluntary eye move-
ments to these peripheral stimuli and found that instructed 
horizontal eye movements of 1º of visual angle elicited a 
response of about 10 mV. In the present study, the devia-
tion in horizontal eOG amplitude in the training session 
on left cue trials or on right cue trials was never more 
than 60.6 mV. This result indicates that the subjects did 
not move their eyes during the cue–target interval in the 

training session and, therefore, that eye movements are 
unlikely to account for the differential cue-related activity 
we observed.

DISCUSSION

The present study had two main goals. The first was 
to resolve a long-standing debate concerning whether it 
is possible to prepare in advance to switch to perform-
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Figure 5. (A) Cue-related peak percentage of signal change values (plus standard error) for frontal and parietal areas showing 
switch-specific preparatory activity. Shown are time courses for repeat (left column figure) and switch-within (right column figure) 
trials in the repeated, single-dimension, and/or mixed-dimension task blocks. Note how activation amplitudes on repeat trials generally 
increased as a function of task block, whereas activation amplitudes on switch-within trials were relatively unaffected by the type of 
task block in which they were presented. (B) Group time courses for switch-within trials presented in the single-dimension and mixed-
dimension task blocks for the same areas as those shown in panel A. The y-axis is the percentage of signal change from baseline, and 
the x-axis is time in seconds. Note how cue-related responses decayed more quickly on switch-within trials in the single-dimension 
task block than in the mixed-dimension task block. Single-Dim, single dimension; Mixed-Dim, mixed dimension; L, left; R, right; 
Front, frontal; Par, parietal; PreMot, premotor cortex; pSMA, presupplementary motor area; PreCun, precuneus; IPS, intrapa-
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ing a new task. On the basis of behavioral data, in which 
cue-related preparatory processes are expressed only in-
directly, some investigators have argued that the decrease 
in response time on set switch trials with longer prepara-
tion intervals reflects preparatory processes that enable 
set switching (Meiran, 1996; Rogers & Monsell, 1995). 
Other behavioral studies, however, have suggested that 
this preparation effect reflects the additional time given 
to encode a new instructional cue, regardless of whether 
a set switch occurs (Altmann, 2004; Logan & Bundesen, 
2003). The present study aimed at resolving this issue by 
using event-related fMRI as a more direct measure of cue-
related, switch-specific preparatory processes. The second 
goal of this study was to determine the effects of global 
task context on brain activity associated with switch- 
specific task preparation.

There were two central findings. First, several frontal 
and parietal regions typically associated with cognitive 
control exhibited switch-specific preparatory activity. 
These effects provide direct support for the view that it 
is possible to prepare in advance for an upcoming task 
switch (Meiran et al., 2000; Rogers & Monsell, 1995). 
In addition, they indicate which brain areas are involved 
in preparatory aspects of switching between different at-
tentional sets and, moreover, that these areas involve parts 
of the frontoparietal control network. Second, as was pre-
dicted, increasing the number of possibly relevant features 
and dimensions within a block reduced the magnitude of 
switch-specific preparatory activity. This effect was due 
to a selective increase in cue-related activity on repeat 
trials, since the number of possible task sets that could 
be cued within a block increased across the repeated, 
single-dimension, and mixed-dimension task blocks. This 
novel finding is in line with behavioral data indicating that 
global task context affects the ability to observe switch-
specific task preparation effects in response time (Mayr 
& Kiegl, 2003). Moreover, it may explain why previous 
fMRI studies generally did not show any differences in 
cue-related brain activity between switch and repeat tri-
als (Brass & von Cramon, 2002; Luks et al., 2002; Ruge 
et al., 2005; Shulman et al., 2002). Indeed, our findings 
suggest that having to switch between multiple task sets 
in those studies might have reduced the probability of ob-
serving preparatory switch-related activity.

Switch-Specific Preparatory Activity in the 
Frontoparietal Network

Switch-specific anticipatory activity was observed in 
the present study in several frontal and parietal brain areas 
previously implicated in set switching (Wager et al., 2004) 
and is consistent with behavioral findings suggesting that 
it is possible to prepare for an upcoming set switch (Mei-
ran, 1996; Rogers & Monsell, 1995). Of importance, the 
present findings also delineate more precisely the nature 
of switch-specific activity that has been observed in pre-
vious fMRI studies. For example, several studies have 
isolated switch-specific activity averaged across cue and 
target periods (Kimberg et al., 2000; Smith et al., 2004) or 

by comparing separate blocks of set switch and set repeat 
trials (Shulman et al., 2002; Sohn et al., 2000). Together 
with the results from a recent event-related fMRI study 
(Barber & Carter, 2005), our findings, which are based on 
cue-specific activity, provide direct evidence implicating 
specific brain areas in switch-specific task preparation.

Brain areas exhibiting switch-specific preparatory ac-
tivity included the pre-SMA, the dorsal PreMot, the pos-
terior part of the IPS, the PreCun, and the right FFG. All 
of these areas displayed significantly greater cue-related 
activity on switch-within trials than on repeat trials. In 
addition, most of these areas also exhibited greater cue-
related activity on switch-across than on switch-within 
trials in the mixed-dimension task block. In switch-across 
and switch-within trials, both the cue and the cued object 
changed with respect to the preceding trial. Therefore, 
the greater cue-related activity on switch-across than on 
switch-within trials could not have been due to the need 
to encode a new instructional cue (Altmann, 2004; Logan 
& Bundesen, 2003; Mayr & Kliegl, 2003). Rather, it was 
more likely specific to preparatory processes related to set 
switching. That is, on switch-across trials, the subjects had 
to switch their attention to one of two possible features in 
a different stimulus dimension, whereas on switch-within 
trials they needed only to switch their attention to the one 
other feature within the same stimulus dimension. Brain 
regions showing greater preparatory activity on switch-
across than on switch-within trials included the left and 
right pos IPS, the right PreCun, the pre-SMA, and the left 
PreMot. As will be discussed next, these regions may act 
as a network of communicating areas, each mediating a 
different subprocess related to preparing for a set switch.

In the parietal cortex, switch-specific preparatory ac-
tivity was localized to the IPS and PreCun. The posterior 
part of the IPS has been associated with attention—in 
particular, attention shifting (Le, Pardo, & Hu, 1998; Liu, 
Slotnick, Serences, & Yantis, 2003; Shulman et al., 2002; 
Vanderberghe, Gitelman, Parrish, & Mesulam, 2001; Yan-
tis et al., 2002). The functional role of the PreCun in set 
switching, however, is less well understood. In the recent 
study by Barber and Carter (2005), PreCun activity was 
associated with both overcoming prepotent response ten-
dencies and switching between task sets. Indeed, many 
tasks requiring response selection activate this area (Ban-
ich et al., 2001; Dove, Pollmann, Schubert, Wiggins, & 
von Cramon, 2000; Schumacher, Puni, and D’esposito, 
2003), as do tasks requiring shifts of attention in space 
(Corbetta, Miezin, Shulman, & Petersen, 1993; Posner, 
Walker, Friedrich, & Rafal, 1984) and tasks of working 
memory (LaBar, Gitelman, Parrish, & Mesulam, 1999). 
Set switching involves processes related to attention, 
working memory, and response selection. Thus, further 
studies will be needed to determine the specific contribu-
tion of the PreCun to set switching.

In the frontal cortex, the effects of advance set switch-
ing were confined to dorsal PreMot regions and to the 
pre-SMA. More lateral dorsal PreMot regions have re-
cently been implicated in the analysis and interpretation 
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of the functional significance of the cue symbol, whereas 
more medial dorsal PreMot areas have been more specifi-
cally associated with the orienting of attention (Woldorff 
et al., 2004). In the present study, advance set switching 
affected dorsal PreMot areas close to the medial PreMot 
areas identified in Woldorff et al. (2004). Set switching 
may thus increase demands on processes that focus at-
tention on the relevant stimulus attribute. As for the pre-
SMA, this region has previously been implicated both in 
set switching (Dove et al., 2000; Rushworth et al., 2001) 
and in preparatory processing (Brass & von Cramon, 
2002; Luks et al., 2002; Weissman et al., 2004). Studies 
in monkeys (Hoshi & Tanji, 2004; Sakai et al., 1999) and 
humans (Picard & Strick, 2001) have indicated that the 
pre-SMA is involved in transforming sensory informa-
tion into information required for motor planning. Within 
the present context, this transformation process may have 
been more demanding on switch trials than on repeat tri-
als, since the stimulus–response mappings changed only 
on switch trials.

An interesting aspect of our study is the lack of prepa-
ratory activation in frontal areas anterior to the PreMot 
cortex. Lateral prefrontal areas have been implicated 
in advance preparation in some (Brass & von Cramon, 
2002; Luks et al., 2002; Shulman et al., 2002), albeit not 
all (Barber & Carter, 2005), previous fMRI studies. The 
lack of cue-related prefrontal activation may indicate that 
recruitment of prefrontal areas is dependent on the type 
of task used to study advance set switching. For instance, 
the prefrontal cortex may be involved only when more 
complex tasks are used that require active maintenance 
and/or manipulation of information in working memory 
(Corbetta & Shulman, 2002). In line with this suggestion, 
a recent meta-analysis demonstrated that executive work-
ing memory processes, but not set switching, recruited 
anterior frontal and dorsolateral prefrontal areas (Wager 
et al., 2004). Of importance, the task used in the present 
study was relatively simple, in comparison with previ-
ous fMRI studies of advance preparation reporting pre-
frontal activation. For example, some investigators used 
relatively more complex tasks in which subjects had to 
indicate whether a target number was greater or smaller 
than a specific number or was odd or even (Brass & von 
Cramon, 2002, 2004; Luks et al., 2002). These computa-
tionally more demanding tasks likely increased demands 
on prefrontal areas involved in executive processing. It 
is noteworthy in this respect that, as in the present study, 
frontal activations reported in attentional-cuing studies 
are usually confined to more posterior frontal regions 
(Corbetta & Shulman, 2002; Giesbrecht & Mangun, 2005; 
Woldorff et al., 2004).

A second reason why we may not have observed pre-
frontal activation is that we used relatively short intervals 
between cues and target stimuli (1.5 sec), in comparison 
with prior fMRI studies (e.g., 8 sec in Hopfinger, Buono-
core, & Mangun, 2000, 2.5–5 sec in Luks et al., 2002, and 
3.8 sec in Shulman et al., 2002). As was noted by Woldorff 
et al. (2004), longer delays between cues and target stimuli 

may increase demands on working memory maintenance 
processes and, hence, lead to greater prefrontal activity. 
Thus, the present findings support the view that prefrontal 
activity is reduced when (1) the task is relatively simple 
and/or (2) the period between the instructional cue and the 
target is not so extended in time.

Switch-specific activity was also observed in the right 
FFG. Here, there was greater cue-related activity on 
switch-within than on repeat trials, but not on switch-
across trials in comparison with switch-within trials. As 
was mentioned earlier, in both switch-within and switch-
across trials, the cue stimulus changed with respect to the 
preceding trial, whereas in repeat trials, the cue stimu-
lus remained the same. Thus, the pattern of activity in 
the right FFG is consistent with a role in this region in 
encoding a new (i.e., different from the preceding trial) 
instructional cue. In line with this possibility, the right 
FFG is known to be involved in the encoding of visual 
objects, such as faces (e.g., Kanwisher, McDermott, & 
Chun, 1997). Moreover, Brass and von Cramon (2004) 
have also recently suggested that the FFG plays a role in 
cue encoding.

Modulatory Effects of the Global Task Context 
on Advance Set Switching

Several previous investigators have suggested that 
it may become more difficult to recruit switch-specific 
preparatory processes as the number of possible task sets 
in a block increases (Mayr & Kiegl, 2003). In line with 
this hypothesis, the difference in peak activity between 
switch-within and repeat cue-only trials was smaller in 
the mixed-dimension than in the single-dimension task 
block in all frontal and parietal regions involved in ad-
vance set switching. However, this effect was due mainly 
to a selective increase in cue-related activity on repeat tri-
als, since the number of possibly relevant features and/or 
dimensions within a block increased across the repeated, 
single-dimension, and mixed-dimension task blocks. In-
terestingly, for switch-within cue-only trials, increasing 
the number of possibly relevant features and dimensions 
affected cue-related response decay, but not response am-
plitude, in several frontal and parietal brain regions. While 
the precise functional significance of this time course ef-
fect is not known, a similar observation of differential 
response decay has been made by Braver et al. (2003), 
although these authors did not separate cue- from target-
related activity.

Although the effects of global task context on switch-
specific preparatory activity were highly robust in our 
study, there are several hypotheses to consider regard-
ing the precise cause of this effect. The repeated, single- 
dimension, and mixed-dimension task blocks differed in 
both the number of task sets and the probability of having 
to switch between sets. Both of these contextual factors may 
have modulated the recruitment of cue-triggered executive 
processes underlying set switching. For example, it is pos-
sible that the cue interpretation and cue-to-set mappings 
become too difficult to maintain in working memory as the 
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number of possible features and/or perceptual dimensions 
in a trial block increases, so that subjects need to drop the 
previous task set in order to successfully perform this map-
ping selection. If this were true, however, it would seem 
that greater demands on processes that link a task cue to a 
particular task set should increase activity for all types of 
cues, rather than only repeat cues, as we observed.

A second possibility is that subjects strategically disen-
gage from the task set used in the previous trial when there 
are more possible sets and the probability of a set switch 
in the next trial is high. Such a strategy would lead to se-
lective increases in cue-related activity for repeat cues, as 
we observed, since a repeat cue may tend to be processed 
more like a switch cue if subjects disengage from the task 
set used in the previous trial. In line with this possibility, 
when subjects experience greater uncertainty about the 
category of a forthcoming event, they may abandon 
category-specific preparation (Los, 1996). However, it 
has also been shown that disengagement from the previous 
task set is more likely when subjects are given additional 
information about the identity of the actual upcoming 
task to which they need to switch (Dreisbach, Haider, & 
Kluwe, 2002). In the present study, the subjects may have 
expected a switch more often in the mixed-dimension task 
block, but they did not know the rectangle to which they 
would need to switch their attention. Thus, it is not clear 
that a strategic disengagement of the task set used in each 
trial can explain the selective increases of activity for re-
peat cues observed in the present study. Future studies are 
needed to fully evaluate this possibility.

A third possible explanation for the effects of global task 
structure on switch-specific preparatory activity is that in-
creasing the number of possible features and dimensions in 
a trial block leads subjects to adopt different global control 
strategies. It has been argued that global control strategies 
affect the way in which local control requirements (e.g., a 
task transition) are handled (Gopher, Armony, & Green-
span, 2000; Strayer & Kramer, 1994). Indeed, at the be-
havioral level, there is growing evidence that switch costs 
depend not only on the set switch actually performed, but 
also on the representational structures in which the indi-
vidual tasks are embedded (Kleinsorge & Heuer, 1999; 
Kleinsorge, Heuer, & Schmidtke, 2004; Lien & Ruthruff, 
2004). For example, in the present study, the subjects may 
have integrated the individual features (i.e., blue, yel-
low, left, and right) at the dimension level in the mixed- 
dimension task block (e.g., blue and yellow were considered 
the same task), while representing the individual features 
(e.g., blue and yellow) separately in the single-dimension 
task block. Future studies are necessary to more precisely 
determine how the number of possible task sets in a block 
and/or the probability of switching between sets may affect 
switch-specific preparatory processes.

Interpreting Switch-Specific  
Preparatory Activity

One may wonder whether the switch-specific prepara-
tory activity that we observed reflects processes specific 

to set switching (Monsell, 2003; Rogers & Monsell, 1995) 
or, alternatively, reflects additional recruitment of gen-
eralized task preparation processes that are triggered for 
all trials (Altmann, 2004). In the present study, many of 
the brain areas showing switch-specific preparatory activ-
ity were also activated by repeat cues. This suggests that 
preparation for a set switch involves recruiting many of 
the same basic preparatory processes as those involved in 
preparation for a set repetition (albeit more strongly) and 
does not exclusively involve a set of control processes that 
are recruited only during endogenous task reconfigura-
tion (Altmann, 2004). The fact that cue-related activity in 
repeat trials increased across task blocks in the same brain 
areas showing switch-specific preparatory activity pro-
vides further support for this view. Thus, the present find-
ings suggest that at least some of the cue-related switch-
specific activity we observed reflects greater recruitment 
of generalized task preparation processes.

Conclusion
In conclusion, we have isolated switch-specific prepa-

ratory activity in a network of dorsal frontal and parietal 
brain areas that are typically associated with cognitive con-
trol processes. Our data, therefore, provide direct support 
for the view that advance preparation for an upcoming set 
switch is possible. Moreover, they indicate that increasing 
the number of possible task sets in a trial block reduces 
switch-specific preparatory activity. Thus, global task 
structure appears to be a critical determinant of whether 
switch-specific preparatory activity is observed.
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