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The neural mechanisms underlying different forms of preparatory control were examined using event-
related fMRI. Preparatory brain activation was monitored in relation to different types of advance
information: (1) random task cues indicating which of two possible tasks to perform upon subsequent
target presentation; (2) task-ambiguous target stimuli; or (3) targets for which the correct response could
be pre-determined. Three types of activation pattern were observed in different brain regions. First, more
posterior regions of lateral prefrontal cortex (LPFC) and parietal cortex were activated by both advance task
cues and advance targets, but with increased and more sustained activation for the latter. Second, more
anterior regions of LPFC and parietal cortex were selectively activated by advance targets. Importantly, in
Action these regions preparatory activation was not further modulated by the availability of advance response
Selective attention information. In contrast, preparatory activation in a third set of brain regions, including medial frontal
fMRI cortex, reflected the utilization of advance response information, but by only a subset of participants.
Task switching These results suggest three types of preparatory control: attentional (stimulus-oriented), intentional
Multi-tasking (action-oriented), and a possibly strategic component that might determine inter-individual differences
Frontal cortex in response readiness. Notably, the absence of regions selectively or even preferentially activated during
Parietal cortex cue-based preparation argues against certain conceptualizations of task-selective attention under cued
task-switching conditions.
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1. Introduction

The ability to plan ahead in time, or prepare in advance, con-
tributes importantly to the successful completion of many of our
everyday activities. The ability to prepare prior to committing to
the execution of a behavioral response depends on the consid-
eration of (1) changing task priorities and (2) the affordances of
potential target stimuli that become present in the environment
(Fuster, 2000; Jennings & van der Molen, 2005; Norman & Shallice,
1986). The present study was designed to learn more about the
neurocognitive implementation of these two generic aspects of
preparatory control, and how such processes enable perception
and action to be configured in advance of their actual demand. To
this end, we employed the cued task-switching paradigm (Dove,
Pollmann, Schubert, Wiggins, & von Cramon, 2000; Meiran, 1996;
Monsell, 2003; Sudevan & Taylor, 1987).
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In the cued task-switching paradigm, participants perform mul-
tiple (usually two) tasks in a randomly alternating manner. Task
priority is determined by explicit cues that indicate which task to
performin a given trial. Target stimuli are typically task-ambiguous,
suggesting actions according to multiple task rules which had been
instructed prior to the start of the experiment. In the present study
participants performed randomly intermixed letter and digit tasks
(consonant/vowel or odd/even classification, with judgments indi-
cated by a two-choice manual button press response). The target
stimuli were always task-ambiguous, consisting of a letter-digit pair
(e.g., A 2). Behavioral studies of cued task switching have investi-
gated preparatory effects by presenting the task cue in advance of
the target, at various intervals, in order to examine the impact of
various experimental variables (Monsell, 2003). Likewise, cognitive
neuroscience studies have investigated the neural mechanisms of
preparation by isolating brain activity following advance task cues
(Brass & von Cramon, 2002; Braver, Reynolds, & Donaldson, 2003;
Bunge, Kahn, Wallis, Miller, & Wagner, 2003; MacDonald, Cohen,
Stenger, & Carter, 2000; Nicholson, Karayanidis, Poboka, Heathcote,
& Michie, 2005; Ruge et al., 2005; Rushworth, Passingham, & Nobre,
2002; Sakai & Passingham, 2003).

It is also possible to reverse the order of events such that task-
ambiguous target stimuli are presented in advance of the task
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cue. Yet surprisingly, this preparatory paradigm has received lit-
tle attention in the literature. To our knowledge, there is only a
small number of behavioral studies examining the advance target
condition during task switching (Gotler & Meiran, 2003, Septem-
ber; Shaffer, 1965, 1966), and no previous neuroimaging studies
have been conducted. We believe that the direct comparison of
cue-based and target-based preparation has the potential to pro-
vide novel insights on several levels. First and foremost it appears
desirable to characterize a wider range of preparatory mechanisms
that are relevant in multi-tasking situations. The investigation of
cue-based preparation approximates one possible real-world sce-
nario in which behavior is planned according to coarsely defined
task goals (e.g., to prepare a cup of coffee) without knowing the
specific stimulus conditions that might be present at the time of
future task implementation (e.g., whether a clean cup will be avail-
able). Yet, an equally relevant scenario is captured by the advance
target condition that approximates a situation in which new stim-
uli appear in the environment or enter the focus of attention (e.g.,
seeing an empty cup on the counter). These target stimuli may acti-
vate numerous potential action goals (e.g., a cup to be filled with
fresh coffee, or a cup to be put away) even though it is oftentimes
not instantly clear which particular action goal will become task-
relevant at a later moment in time. Thus, a preparatory mechanism
is needed that deals with stimulus-induced ‘latent’ action goals in
a way that ensures optimal performance in case one of them will
become relevant for accomplishing a future task.

Beyond the interesting, but purely descriptive characterization
of the specific brain systems that implement each type of prepara-
tory control, the comparison of preparatory neural activation in the
standard advance cue condition and in the novel advance target
condition allows us to tackle at least three conceptually important
issues. The first two study aims concern clear-cut hypotheses about
the functional significance of brain areas that have previously been
shown to be involved in cognitive control processes in task switch-
ing. The third aim is more exploratory in nature and concerns a
deeper analysis of target-based preparation by contrasting advance
targets that do or do not allow for the possibility of unambiguous
response preparation prior to the presentation of the task cue.

The first aim of the present study is to further clarify the func-
tional role of certain frontal and parietal brain areas which have
previously been shown to be engaged for preparatory control in
the standard advance cue condition. One possible hypothesis is that
such brain areas are selectively engaged for processes that are rel-
evant for cue-based preparation, and thus are not engaged during
target-based preparation. One such cue-specific process might be
to establish attentional selectivity according to the task rule with
currently higher priority (cf., Brass & von Cramon, 2004). This pro-
cess may occur via top-down attentional control that serves to bias
lower-level task-related processing pathways to operate preferen-
tially on those target stimuli that match the currently task-relevant
perceptual dimension (Meiran, 2000; Wylie, Javitt, & Foxe, 2006;
Yeung, Nystrom, Aronson, & Cohen, 2006). In contrast, advance
task-ambiguous target stimuli could not be used in this manner,
since they lack any information that would allow for selecting one
perceptual dimension over the other. Thus, brain areas that are sup-
posed to be involved in the control of task-selective attention should
remain silent during target-based preparation. Based on results
from previous fMRI studies of cued task switching, there are several
candidate brain regions that would be expected to show the pre-
dicted cue-specific pattern of preparatory activation, including a
lateral PFC region located at the posterior end of the inferior frontal
sulcus, sometimes referred to as ‘inferior frontal junction’ (IFJ),
the pre-supplementary motor area (pre-SMA), and the posterior
parietal cortex (PPC). These regions have shown most consistently
preparatory activation following advance task cues (Brass & von
Cramon, 2002, 2004; Bunge et al.,2003; Koechlin, Ody, & Kouneiher,

2003; Ruge et al., 2005; Yeung et al., 2006) and were more strongly
activated under conditions requiring enhanced attentional control
(Derrfuss, Brass, Neumann, & von Cramon, 2005; Ruge et al., 2005;
Yeung et al., 2006).

Yet, despite this intuitively appealing hypothesis based on the
notion of attentional selectivity, there are alternative views that
imply rather different predictions for the same set of brain areas.
In particular, the previously reported cue-related activation of IFJ
and PPC may not reflect task-selective attention per se (i.e., select-
ing one task-related processing pathway over a competitor based
on the priority cue). Instead, it may be that such brain activity more
generally reflects the - not necessarily task-selective — top-down
activation of task-related processing pathways in order to enable
stimulus processing in accordance with the pre-experimentally
instructed rules (Bunge, 2004; Bunge et al., 2003). That is, top-down
attentional control serves to enable stimulus processing that goes
beyond mere perceptual encoding (e.g., encoding the digit ‘2’ as
‘2"), but proceeds to a stage at which task-related operations are
being applied according to the instructed rules (e.g., classifying 2’
as even and determining the appropriate response that maps to
this stimulus category). Importantly, this theoretical stance implies
a prediction that is critically different from accounts which assume
a task-selective nature of attention. Specifically, attention-related
brain areas, instead of being engaged exclusively for advance task
cues, are predicted to be engaged equally or even stronger for
advance targets than for advance cues. The reason is that in the
advance target case two task-related pathways need to be activated
in parallel, as opposed to only one in the cue-first condition (cf.,
Hiibner, Kluwe, Luna-Rodriguez, & Peters, 2004).

So far, we have introduced two opposing predictions concerning
the question whether or not cue-based preparation might involve
distinct processes that are not engaged for target-based prepara-
tion. Analogously, one can ask whether target-based preparation
might involve distinct processes that are not engaged during cue-
based preparation. Answering this question constitutes the second
aim of the present study. Indeed, there are reasons to hypothesize
that advance target presentation might entail specialized prepara-
tory processes that are distinctly action-oriented as opposed to the
previously discussed stimulus-oriented top-down attentional acti-
vation of task-related processing pathways that are triggered by
advance task cues and possibly also by advance targets. Such a
hypothesis seems appealing under the assumption that advance
target stimuli are actually processed according to the instructed
task rules, whereas advance cues trigger processes that activate,
but do not implement the currently relevant task rule (since there
is no concrete stimulus the rule could be applied upon). Conse-
quently, once rule application for the current target pair has led
to the specification of response options for the digit and the let-
ter, appropriate actions might be planned in anticipation of their
potential implementation in case of future task-relevance.

In the previous task-switching literature such target-related
action-planning processes (Brass et al., 2003; Meiran, 2000) have
been linked to a conceptual framework in which action plans are
conceptualized as representations of intended goals, or anticipated
outcomes achieved by executing a particular action (Hoffmann,
1993; Hommel, Musseler, Aschersleben, & Prinz, 2001; James,
1890). Translated into a concrete example, this notion suggests that
a target stimulus like ‘2 A’ implies two alternative action plans, one
to achieve the goal of ‘even classification’ (e.g., by pressing the right
button) and another one to achieve the goal of ‘vowel classification’
(e.g., by pressing the left button). In the context of task switching,
the relevance of such intentions has been demonstrated by con-
trasting conditions with univalent vs. bivalent responses. A bivalent
response is one that can be used to achieve different goals depend-
ing on the currently performed task (e.g., aright button press is used
to achieve both even classification and consonant classification).
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In contrast, a univalent response only has meaning with respect
to a single task. Results by Meiran (2000) suggest that cross-task
interference associated with bivalent responses produces distinct
behavioral performance costs during task switching. Analogously,
an fMRI study by Brass et al. (2003), implementing the same manip-
ulation of response valence, found specifically the mid-DLPFC to be
engaged in bivalent conditions, suggesting a role in the ‘intentional’
control of cross-task interference on the level of action goal rep-
resentations. Importantly, results from both, behavioral (Meiran,
2000) and imaging studies (Ruge et al., 2005) indicate that the acti-
vation of action goal representations (presumably in mid-DLPFC) is
triggered by concrete target stimuli, but not by advance task cues.

Nevertheless, these prior results permitted only limited con-
clusions regarding the role of mid-DLPFC in task-related action
planning, since targets occurred in the context of an advance cue
condition—that is when action plans were being executed rather
than prepared in advance. Yet, if the DLPFC was truly a neural
substrate for the internal representation of action plans (i.e., inten-
tions), then this region should show increased activation even when
such plans are generated in a purely preparatory context (i.e., the
advance target condition).

The third, more exploratory, aim of the present imaging study
was to take advantage of a unique aspect of the advance target con-
dition to examine the distinction between abstract action planning
and a more concrete form of motor preparation. This is possi-
ble because advance target trials can be divided into those that
are response congruent and those that are response incongruent.
Response congruent letter-digit pairs are special in that they require
the same response for both the letter and the digit task (e.g., ‘A 3,
when both vowels and odd digits require a left button response). In
contrast, for incongruent letter-digit pairs different responses are
required in the letter and digit tasks (e.g., ‘A 2’). Thus, it is pos-
sible for congruent, but not for incongruent advance targets, to
program a ready-to-execute motor response prior to cue presen-
tation that can later be quickly released without considering which
specific task the cue indicates. Indeed, in behavioral pilot studies
we found that some participants showed extremely short response
times, oftentimes <300 ms, for advance congruent targets suggest-
ing that they had reached a high level of motor readiness prior to cue
onset. Yet, surprisingly, in other participants there was almost no
performance benefit of congruency, although post-hoc debriefing
suggested that even these participants understood the distinction
between congruent and incongruent targets.

One explanation for this behavioral pattern is that participants
differed in the strategies they used to deal with advance targets.
Specifically, those participants who were quick responders for con-
gruent advance targets might rely on a preparatory strategy that
attempts to maximize response readiness at the cost of accept-
ing a higher risk of erroneous responding in case of incongruent
targets. In contrast, participants who were slow responders for
advance congruent targets might engage in only rather abstract
action planning processes, and refrain from programming ready-
to-execute motor programs. We examined the contrast between
congruent and incongruent trials in the brain imaging data to pro-
vide more direct evidence for individual differences in task strategy
regarding response preparation. Previous work has implicated the
dorsal medial frontal cortex (MFC) as being involved in endoge-
nous or volitional generation and/or selection of action plans (Barris
& Schuman, 1953; Paus, 2001; Rushworth, Walton, Kennerley, &
Bannerman, 2004). Thus, we predicted that this brain region might
be importantly related to individual differences in task-related
motor readiness in the advance target condition.

Besides the identification of brain areas related to preparatory
motor readiness specifically in congruent trials (but not in incon-
gruent trials), it appears similarly important to ensure that it is
not this unique aspect of congruent advance targets that causes

the predicted target-specific preparatory activation in areas like
mid-DLPFC. Using a more sensitive regions-of-interest approach
we therefore also evaluated whether such brain areas would be
modulated by target congruency (possibly depending on group
membership as defined above).

2. Methods
2.1. Participants

Twenty-two right-handed human participants with no evidence of neurological
compromise took part in this study. All participants gave informed consent accord-
ing to guidelines set by the Washington University Medical Center Human Studies
Committee. The participants were paid US-$25 for each hour of participation. All
reported analyses were based on 18 participants (age range 20-29, mean age 23,
7 male, 11 female) who survived the fMRI artifact rejection criteria (2 participants
excluded) and who had overall error rates below 30% (2 participants excluded).

2.2. Procedure

The experiment consisted of two different blocked conditions, one involving
advance cues and the other involving advance targets. The order of blocks was
counterbalanced across participants. The two blocks were practiced (20 trials each)
in the same order as the experimental blocks and practice was completed before
participants entered the scanner. Each block included three types of trials (see Fig. 1).

In 50% of the trials the first stimulus (S1) preceded the second stimulus (S2) by a
randomly chosen long preparation interval of either 1250 ms or 1875 ms (long S1-S2
delay). These two intervals were treated as one single condition for the purpose of
data analysis. In another 25% of all trials S1 and S2 appeared simultaneously (zero
S1-S2 delay). These zero delay trials were included in order to examine behavioral
effects of preparation (i.e., as a function of preparatory interval duration), but were
not a primary focus of the fMRI analyses. In the remaining 25% of trials the S2 was
omitted, creating a partial trial condition (S1-only). Since responses were only to
be made following S2 onset, the S1-only trials had no associated task response.
Partial S1-only trials were included to be able to obtain independent estimates for
S1-related activation and S2-related activation (see the following section on fMRI
data analysis). The inclusion of a relatively high proportion of long S1-S2 delay trials
was meant to encourage the use of advance S1 information to prepare for S2 despite
the inclusion of zero S1-S2 delay and S1-only trials.

In all trials, the target stimulus consisted of a digit (ranging between 2 and 9)
and a letter (vowels A, E, I, U and consonants H, K, N, S) presented left and right to
each other (with the relative location of the digit and letter randomly alternating
across trials). The task cue was placed centrally between the digit and the letter and
consisted of either three vertically arranged copies of ‘let’ for the letter task cue or
three vertically arranged copies of ‘num’ (for number) for the digit task cue. The
particular cue that was presented varied pseudo-randomly from trial to trial so that
an equal number of task repeat and task switch trials was obtained for each experi-
mental block in each subject. In the letter task, the target letter had to be classified
as vowel or consonant. In the digit task, the target digit had to be classified as odd
or even. Digit and letter classification was achieved by manually pressing one of
two response buttons on a hand-held response box. Thus, responses were bivalent,
in that the same two responses were used in both tasks. One group of participants
indicated vowel/odd with a left button press using the left index finger and conso-
nant/even with a right button press using the right index finger. Another group of
participants indicated vowel/odd with the right index finger and consonant/even
with the left index finger.

Within each trial, the timing and sequence of events was constrained to
achieve both, synchronization with fMRI data acquisition cycles (TR=2500 ms) and
increased temporal resolution. Each trial began with a blank interval that randomly
varied between 0 and 1875 ms in steps of 625 ms to jitter the actual trial onset relative
to the start of fMRI acquisition cycles. This jittering procedure enabled sampling of
the trial-related BOLD response at a greater number of different time points relative
to trial onset and can thus increase the effective temporal resolution of the BOLD sig-
nal (Josephs, Turner, & Friston, 1997; Miezin, Maccotta, Ollinger, Petersen, & Buckner,
2000). As discussed in Section 3, this increase in temporal resolution allowed for a
more precise estimation of the duration of BOLD activation associated with S1 and S2
processing. Following the variable blank interval plus an additional constant 325 ms
blank interval, a fixation cross (‘+ sign) was presented in the center of the screen for
300 ms which alerted participants to the start of the trial. The fixation period was
immediately followed by cue and target presentation as described above. Responses
were only to be initiated following S2 onset. The cue and target stimulus remained
on the screen until a response was executed or until timeout at 1875 ms after S2
onset. Manual responses executed in time were followed by a blank interval until
the timeout point was reached. S1-only trials were matched in length to the long
S1-S2 delay trials by having the S1 remain on screen until the S2 would normally
occur, followed by a blank interval matched to the maximal response window of
1875 ms.

In addition to the ‘real’ experimental trials, 80 so-called ‘null’ trials per block
were pseudo-randomly interspersed and matched in length to the different exper-
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Fig. 1. Stimulation protocol for each of the three main trial types (zero S1-S2 delay, long S1-S2 delay, and S1-only) depicted for exemplary cases (A) and in detail (B).

imental trial types. During these no-event periods the screen remained black. The
transitions between all trial types, including null trials, were counterbalanced.
Therefore, the length of no-event periods could exceed the length of a single trial
considering that a series of multiple null trials could occur in sequence. The use of
no-event periods of variable length permitted the isolation of event-related BOLD
responses for each of the experimental conditions (Miezin et al., 2000).

2.3. Functional imaging

Whole-brain images were acquired on a Siemens 3 Tesla head-only Allegra Sys-
tem (Erlangen, Germany) with a standard circularly polarized head coil. A pillow and
tape were used to minimize head movement. Headphones and earplugs dampened
scanner noise and enabled communication with participants. Both structural and
functional images were acquired for each participant. High-resolution structural
images (1.25mm x 1 mm x 1 mm) were acquired using an MP-RAGE T1-weighted
sequence (TR=9.7 ms, TE=4ms, flip=12°, TI=300 ms) (Mugler & Brookeman, 1990).
Functional images were acquired using an asymmetric spin-echo echo-planar
sequence (TR=2500ms, TE=25ms, flip=90°), sensitive to blood oxygen level-
dependent (BOLD) magnetic susceptibility. Each volume contained 32, 3.75 mm
thick slices (in-plane resolution 3.75 mm x 3.75 mm). Participants performed a total
of eight functional scanning runs, which were separated into two blocks of four runs
of each preparation condition (advance cue, advance target). The order of these con-
dition blocks was counterbalanced across participants. Each scanning run consisted
of 80 trials (320 total trials per blocked condition) and lasted approximately 6 min.
The first four images in each run were used to allow for stabilization of magnetiza-
tion, and hence were discarded. Additionally, the first five task trials of each scanning
run were treated as a warm-up, and were excluded from analysis. An approximately
2 min delay occurred between scanning runs during which time participants rested.

Visual stimuli were presented using PsyScope software (Cohen et al., 1993) run-
ning on an Apple PowerMac G4. Stimuli were projected to participants with an
AmPro LCD projector (model 150) onto a screen positioned at the head end of the
bore. Participants viewed the screen through a mirror attached to the head coil. A
fiber-optic, light-sensitive key press interfaced with the PsyScope Button Box was
used to record participants’ responses.

2.4. Data analysis

Behavioral performance data were analyzed for zero S1-S2 delay trials and long
S1-S2 delay trials, excluding S1-only trials in which no response was emitted. Trials
following errors were excluded. Average response times for each participant were
based on arithmetic means computed for each condition of interest, excluding error

trials. Error rates for each condition of interest were expressed as a percentage of all
trials in that condition.

Functional imaging data were pre-processed prior to statistical analysis accord-
ing to the following procedures using in-house software. All functional images were
first corrected for movement using a rigid-body rotation and translation correction
(Friston, Williams, Howard, Frackowiak, & Turner, 1996; Snyder, 1996), and then
registered to the participant’s anatomical images (in order to correct for move-
ment between the anatomical and functional scans). The data were then temporally
realigned using cubical spline interpolation, and temporally interpolated to a rate
of one whole-brain image every 625 ms (i.e., TR/4), considering the variable jitter
of trial onset time relative to fMRI acquisition onset time described earlier in Sec-
tion 2.2. The data were then normalized, re-sampled into 3 mm isotropic voxels, and
spatially smoothed with a 9 mm full-width half-maximum Gaussian kernel. Partic-
ipants’ structural images were transformed into standardized atlas space (Talairach
& Tournoux, 1988), using a 12-dimensional affine transformation (Woods, Grafton,
Holmes, Cherry, & Mazziotta, 1998). The functional images were then registered to
the reference brain using the alignment parameters derived for the structural scans.

A general-linear model approach (Friston et al., 1995) was employed to deter-
mine event-related responses for each voxel by estimating values for consecutive
data points within a 15s hemodynamic response epoch using in-house software
(Ollinger, Shulman, & Corbetta, 2001). Thus, given an interpolated temporal resolu-
tion of 625 ms, a total of 24 data points were estimated for each specified event type.
A first GLM analysis was performed to isolate and compare preparatory BOLD acti-
vation elicited by advance cues and advance targets. To this end, three basic event
types were defined separately for the advance cue block and for the advance target
block, including (1) S1 events occurring in S1-only and long S1-S2 delay trials; (2)
S2 events occurring in long S1-S2 delay trials; and (3) S1-S2 events occurring in
zero S1-S2 delay trials. Because of our emphasis on neural activity related to prepa-
ration, zero delay trials were modeled but were not further analyzed, and will not
be reported in the current results (except to serve as a common baseline for the
two experimental blocks; see below). The GLM estimation procedure followed the
de-convolution method described by Ollinger et al. (Ollinger, Corbetta, & Shulman,
2001; Ollinger, Shulman et al., 2001) and enabled the isolation of S1-related and
S2-related activation despite the temporal dependency of both event types. A sec-
ond GLM analysis was performed to investigate congruency effects specifically for
the advance target block. Accordingly, the S1 (advance target) and S2 (cue-second)
event types were further split into congruent and incongruent events.

After GLM estimation, the obtained time course estimates for the different event
types were submitted to group analysis (in a condensed form, averaged across
three consecutive time points) using voxel-wise repeated-measures random-effects
ANOVAs. Event-related contrasts are determined in this approach by using time
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Table 1
Classification system for five different patterns of preparatory activation.

ANOVA 1

Main effect time point
(S1=advance cue)

ANOVA 2
Main effect time point
(S1=advance target)

ANOVA 3
Interaction time point X
preparation type

(1) Selectively activated by advance cues Sig. activation
p(z)<0.001
Sig. activation
p(z)<0.001
No activation
p(z)>0.05

Sig. activation
p(z)<0.001
Sig. activation
p(2)<0.001

(2) Preferentially activated by advance cues
(3) Selectively activated by advance targets
(4) Preferentially activated by advance targets

(5) Equivalently activated by advance cues and targets

No activation Adv. Cue > Adv. Target

p(z)>0.05 p(z)<0.001

Sig. activation Adv. Cue > Adv. Target
p(z)<0.001 p(z)<0.001

Sig. activation Adv. Target > Adv. Cue
p(z)<0.001 p(z)<0.001

Sig. activation Adv. Target > Adv. Cue
p(z)<0.001 p(z)<0.001

Sig. activation Adv. Cue <> Adv. Target
p(z)<0.001 p(z)>0.05

point as a factor of interest and examining significant effects of this factor (both
main effects and interactions with experimental factors). The primary advantage of
this approach is that it makes no a priori assumptions about the particular shape of
the hemodynamic response (Buckner & Braver, 1999).

To keep the results as concise as possible, we only report activation effects for
those brain areas that are typically reported in studies of higher cognitive func-
tion, including the lateral prefrontal cortex, the pre-motor cortex, the medial frontal
cortex, the pre-supplementary motor area, and the inferior and superior parietal
lobules. The application of this criterion in the present study effectively excluded
regions in the occipital lobe, the posterior temporal cortex, and sub-cortical struc-
tures in the thalamus, the basal ganglia and the brain stem. Furthermore, we only
report activation effects for brain areas that exhibited positive BOLD amplitudes for
the experimental conditions under consideration. Effectively, this criterion excluded
areas located in the middle temporal lobe, the temporo-parietal junction area,
the superior frontal gyrus, and the anterior fronto-median cortex. An exhaustive
list of all identified regions in these analyses is available from the authors, upon
request.

2.4.1. Contrasting advance cue vs. advance target activation

The primary aim of our analysis was to examine preparatory BOLD activation
associated with advance cues vs. advance targets. To this end, three separate ANOVAs
were conducted, including (1) a one-way (time point) ANOVA on the time course
estimates for S1-related activation elicited by advance cues; (2) a one-way (time
point) ANOVA on the time course estimates for S1-related activation elicited by
advance targets; and (3) a two-factorial (time point X preparation type) ANOVA
on the time course estimates for S1-related activation elicited by advance cues vs.
advance targets. Based on the ANOVA results, we identified voxels belonging to one
out of five different classes of activation patterns as depicted in Table 1. Significance
tests were thresholded at p(z) <0.001 on the whole-brain level. For example, to be
classified as ‘selectively activated by advance cues’ a given voxel had to exhibit sig-
nificant S1-related activation for advance cues with p(z) <0.001 AND non-significant
S1-related activation for advance targets with p(z)>0.05 AND S1-related activa-
tion had to be significantly different for advance cues and advance targets with
p(z)<0.001. Image masks based on such logical conjunctions were then used to
select relevant voxels from the z-maps reported in Table 2 and Fig. 3. For voxels
falling into categories 1-4 (advance cue not equal to advance target) we report
the masked z-map results for the interaction contrast time point X preparation
type. For voxels falling into category 5 (advance cue equivalent to advance target)
we report the masked z-map results for the main effect contrast time point (irre-
spective of preparation type). To insure that significant differences in preparatory
activation for advance cues and advance targets were not due to global process-
ing differences across experimental blocks (as advance cues and advance targets
were presented in different blocks), we additionally assessed zero S1-S2 delay
trials (cue and target simultaneously displayed) which were physically identical
across both blocks. Using zero S1-S2 delay trials as a common baseline, we masked
out all voxels from the advance cue vs. advance target contrast that exhibited a
difference between zero S1-S2 delay trials across experimental blocks at a very
liberal threshold of p(z) < 0.05. Effectively, no voxels were excluded due to this cri-
terion.

Following the whole-brain level voxel classification, a second stage of analysis
used a region-of-interest (ROI) approach for a more fine-grained characterization
of activation profiles. This secondary data analysis was performed to clarify ear-
lier interpretations of brain areas engaged in preparatory task control (Ruge et al.,
2005). Specifically, due to a less powerful experimental design, the Ruge et al. study
was somewhat inconclusive as to which of two possible models could best explain
the temporal structure of neural events underlying the observed BOLD activation
time courses of such brain areas. According to one model, the observed BOLD time
courses resulted from two superimposed transient components, an initial compo-
nent elicited by the task cue (S1) and a subsequent component elicited by the target
stimulus (S2). An alternative model explained the same BOLD time course by a single
component elicited by the task cue which was sustained throughout the preparation

interval. As explained next, the current study design enabled us not only to deter-
mine independent activation components elicited by S1 and S2 (due to the partial
trial logic) but also to infer from the temporal profile of S1-related BOLD time courses
the relative duration of the underlying neural activation. Thus, we were able deter-
mine whether S1-related activation is transient or rather sustained throughout the
preparation interval.

This analysis was based on ROI data sets that were created by first averaging
time course estimates (including all 24 originally estimated time steps) across above-
threshold voxels within an 8 mm sphere centered around the coordinates exhibiting
the maximum z-value for selected brain regions from the whole-brain contrasts. For
each ROJ, time course estimates were first baseline-corrected relative to the average
signal within the interval between time points 1-4 before being parameterized by
peak amplitudes and peak latencies, using the R software package (R-Development-
Core-Team, 2005). Although it is tempting to interpret amplitude and peak latency
effects as being confounded, it has been well-established that a mere increase in
activation strength does not imply a prolongation of the duration of BOLD activation
(here, parameterized by peak latency). Thus, the duration of the underlying neural
activity can be independently estimated (Miezin et al., 2000). Peak latencies were
determined to estimate the duration of neural activation following event onset. Peak
activation amplitudes were expressed in units of percent signal change relative to
the signal average of the first three time points. Peak latencies were expressed rela-
tive to the onset time of S1 or S2, respectively. The statistical analysis of latency and
amplitude estimates was based on jackknife re-samples of the original time course
estimates extracted for each subject (Efron, 1981; Maertens & Pollmann, 2005; Ruge,
Brass, Lohmann, & von Cramon, 2003). The jackknife procedure was useful for reli-
ably identifying activation peaks, which are often difficult to determine within noisy
single-subject time courses.

2.4.2. Contrasting congruent vs. incongruent advance target activation

A two-factorial (time point X congruency) ANOVA was conducted to isolate
voxels that showed differential S1-related activation patterns for advance congru-
ent targets as compared to advance incongruent targets. As we indeed found the
expected group differences in congruency-related behavioral performance (see Sec-
tion 3.1), we performed a three-factor ANOVA including group membership as an
additional factor. The resulting contrast images were evaluated at two different sig-
nificance levels. At a threshold of p(z)<0.001 we identified significant voxels on
the whole-brain level to reveal differential preparatory activation for congruent vs.
incongruent advance targets. Additionally we applied a very liberal ROI-level thresh-
old of p(z) <0.05 selectively for those previously identified voxels that fell into any
of the five classes of preparatory activation we had defined for the advance cue
vs. advance target comparison. For voxels that missed this liberal ROI-level thresh-
old, we felt relatively safe to conclude that differences in preparatory activation for
advance cues vs. advance targets were not simply due to the special properties of
congruent advance targets.

To answer important follow-up questions that arose from the observed S1-
related activation effects, we performed an additional three-factor (time point X
congruency X group) ANOVA on S2-related BOLD estimates.

Finally, we performed additional ROI-based analyses to determine the detailed
structure of congruency X group interaction effects for brain areas that were iden-
tified in the whole-brain analyses for S1-related BOLD estimates (advance target)
and/or S2-related BOLD estimates (cue-second). ROI data sets were created by first
averaging time course estimates across above-threshold voxels within an 8 mm
sphere centered around the coordinates exhibiting the maximum z-value for the
selected brain areas. Such time courses were created for each subject separately for
congruent and incongruent trials (S1-related and S2-related), were then baseline-
corrected relative to the average signal within the interval between time points 1-4,
and were finally parameterized by computing a single value representing the area
under the curve (i.e., the sum of BOLD signal values across the time course). These
summary values were then subjected to t-tests according to the four cells of the
group X congruency interaction for both, S1-related and S2-related BOLD activation
(depicted in form of bar graphs; see Fig. 4).
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3. Results
3.1. Behavioral results

The behavioral signature of preparatory control was investigated
by analyzing the effect of increased preparation time (long vs. zero
S1-S2 delay) on response time (RT) and error rate, as a function of
preparation type (advance cue vs. advance target). Additionally, we
analyzed the modulatory effect of response congruency (congruent
vs. incongruent) that we expected to be especially relevant in the
advance target condition. Accordingly, two separate ANOVAs were
conducted on mean RTs and error rates, including preparation time,
preparation type and response congruency as experimental factors of
interest.

3.1.1. Response times

The main effect of preparation time was significant
(F(1,17)=131.83; p<0.001) reflecting that response times were
almost 300 ms faster for long S1-S2 delay trials (877 ms) than for
zero S1-S2 delay trials (1154 ms). This general preparation effect
was not significantly modulated by preparation type (preparation
type X preparation time interaction, F(1,17)=0.65, n.s.). The main
effect of preparation type was also not significant (F(1,17)=0.30,
n.s.).

There was also a significant triple interaction between prepa-
ration time, preparation type, and congruency (F(1,17)=16.63;
p(F)<0.001). This interaction effect primarily reflected the fact that
responses in congruent trials were almost 200 ms faster than in
incongruent trials specifically in the advance target condition with
a long preparation interval (782 ms vs. 964 ms). In all other condi-
tions congruent and incongruent trials did not differ significantly
(advance cue - long delay (881 ms vs. 882 ms; F(1,17)=0.01, n.s.),
advance cue - zero delay (1135ms vs. 1154 ms; F(1,17)=0.8, n.s.),
and advance target — zero delay (1148 ms vs. 1177 ms; F(1,17)=2.5,
n.s.).

This result is relevant with regard to one of our original hypothe-
ses stating that response time benefits for congruent relative to
incongruent responses in long delay trials might be due to a volun-
tary strategy applied by some, but not all, participants to achieve
a high degree of motor readiness. To further explore this notion,
we additionally performed an RT distribution analysis to reveal
the pattern of inter- and intra-subject variability that we con-
sidered to be indicative of strategy application. Specifically, we
reasoned that a bi-modal distribution of RTs would reflect a mix-
ture of two types of trials that are defined depending on whether
or not the presumed motor preparation strategy was applied. In
a first step, we computed the distribution of RTs across trials
and participants (i.e., comprising each single RT of all the partici-
pants) for the critical advance target long delay condition separately
for congruent and incongruent trials. Fig. 2 depicts these two
distributions (thick solid curves) modeled according to Gaussian
probability density functions (R-Development-Core-Team, 2005).
Strikingly, we observed a bi-modal distribution across participants
for congruent advance targets (thick solid curve, upper panel),
but not for incongruent advance targets (thick solid curve, lower
panel).

To answer the question whether the bi-modal distribution for
congruent advance targets is due to variability within subjects or
between subjects, Fig. 2 also depicts the RT distributions sepa-
rately for each participant represented by the thin curves (i.e., each
distribution contains all of the RTs for a single participant). The
result of this analysis is clear-cut. The single-subject distributions
for advance congruent targets are all approximately uni-modal,
one set of distributions (N=8) clustering around a median RT
value of 435 ms and another set of distributions (N=10) cluster-
ing around a median RT value of 1008 ms (#(16)=8.20, p(t)<0.001).
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Fig. 2. Response time (RT) distributions modeled according to Gaussian probabil-
ity density functions for congruent (upper panel) and incongruent (lower panel)
advance targets in the long S1-S2 delay condition. The two thick curves depict the
overall RT distributions comprising each single trial from each subject. The thin
curves represent the RT distributions separately for each subject. According to the
bi-modal RT distribution for congruent targets, subjects fall into one out of two cate-
gories. ‘high-readiness’ (i.e., well prepared) subjects are characterized by excessively
short RTs whereas ‘low-readiness’ (i.e., less well prepared) subjects consistently
exhibit much longer RTs.

This pattern suggests that some subjects (N=8) are responding
consistently fast in every congruent trial (‘high-readiness’ group),
whereas some other subjects (N=10) are responding consistently
slow in every congruent trial (‘low-readiness’ group). There is, in
contrast, no indication of the opposite possibility, that at least
some subjects would exhibit very fast RTs in some trials and very
slow RTs in other trials. In that case, the bi-modality of the over-
all distribution should have been replicated in the single-subject
distributions. Notably, although there was no clear bi-modal dis-
tribution pattern for incongruent advance targets (Fig. 2, lower
panel), ‘high-readiness’ participants as compared to ‘low-readiness’
participants (defined according to their performance in congruent
trials) were also significantly faster on incongruent trials (876 ms
vs. 1026 ms; t(16)=2.20, p(t)<0.05). Finally, the interaction of
group X congruency (based on long delay trials only) was signif-
icant (F(1,16)=110.22, p(F)<0.001) reflecting that ‘high-readiness’
participants responded much faster for advance congruent than
for advance incongruent targets (435ms vs. 876 ms; t(7)=10.23,
p(t)<0.001), whereas RTs of ‘low-readiness’ participants did not
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differ between advance congruent and advance incongruent targets
(1008 ms vs. 1026 ms; t(9)=1.66, n.s.).

In summary, the results of the distribution analysis are con-
sistent with the hypothesis that some participants (8 out of 18)
engaged in a voluntary strategy to achieve a high degree of response
readiness, which allowed them produce exceedingly fast RTs for
advance congruent targets and (albeit to a much smaller extent)
also for advance incongruent targets.

3.1.2. Error rates

Overall error rates reached 9.9% in the advance cue condition and
10.8% in the advance target condition, which was not a significant
difference (F(1,17) = 0.48; n.s.). There were significant and expected
main effects of preparation time (less errors with longer prepara-
tion time: 13.0% vs. 7.4%, F(1,17)=12.60; p(F)<0.002) and response
congruency (more errors on incongruent trials: 11.6% vs. 8.8%,
F(1,17)=7.55; p(F)<0.01). None of the interaction effects reached
significance. Thus, the error rate data indicate that the more specific
interaction effects observed for the response time data were not due
to speed-accuracy tradeoffs. Finally, a comparison of high-readiness

Table 2
Activation foci from whole-brain contrast of advance target vs. advance cue events.

and low-readiness groups for the advance target condition (group
X congruency ANOVA for long preparation interval only) revealed
that the high-readiness group was not only faster than the low-
readiness group but also committed fewer errors (4.5% vs. 9.4%,
F(1,16)=5.4; p(F)<0.05). This suggests that the RT group difference
was not due to a speed-accuracy tradeoff. Interestingly, the factor
group did not interact significantly with congruency (F(1,16)=0.3;
p(F)=0.59). Thus, the high-readiness group was able to reduce the
error rate to a similar extent for both congruent and incongruent
trials.

3.2. Imaging results

The primary analyses for this study focused on the neural
correlates of preparatory control, contrasting S1-related acti-
vation for advance target and advance cue events. Secondary
ROI-based analyses examined (i) the temporal activation profile
for S1-related activation and (ii) S2-related activation for cue-
second and target-second events. A further set of analyses was
performed to determine the influence of response congruency

Brain region Brodmann area X y z z-max (advance target vs. advance cue)
Selectively target-related
Dorso-lateral prefrontal cortex
Left alFS BA46/BA10 —45 42 12 5
Right alFS BA46/BA10 30 45 9 3.8
Left mIFS BA46 —42 30 18 5.7
Right mIFS BA46 42 36 24 49
Left mMFG BA46/BA9 —42 27 39 5.4
Right mMFG BA46/BA9 36 24 39 3.6
Left pIFG BA44 —51 6 15 4.7
Left dPMC-d BA6 -30 6 57 4.7
Right dPMC-d BA6 21 6 48 4.2
Left MFC BA32/BA8 -6 24 44 4.2
Left alnsula -30 18 9 4.6
Right alnsula 33 18 9 3.9
Left aIPS-d BA40 -51 -39 51 6.4
Right aIPS-d BA40 42 -39 45 5.5
Preferentially target-related
Left IFJ BA9/BA6 —42 6 30 5.6
Right IFJ BA9/BA6 42 3 36 43
Left MFC BA32/BA8 -6 15 45 3.6
Left alnsula -36 15 0 3.5
Intra-parietal sulcus
Left mIPS BA7 -30 —48 48 5.5
Right mIPS BA7 30 -48 48 6.6
Left pIPS BA7/BA19 -27 -69 42 5.5
Right pIPS BA7/BA19 24 -66 42 6.5
Left pSPL BA7 -27 -60 54 52
Right pSPL BA7 24 -63 57 5.5
Left pre-Cuneus BA7 -12 —69 51 5.8
Right pre-Cuneus BA7 6 —69 51 4.9
Selectively cue-related
None
Preferentially cue-related
None
Mean z-max (advance cue, advance target)
Equally cue-related and target-related
Left dPMC-v BA6 -52 -3 48 8.6
Right dPMC-v BA6 45 -3 54 9
Pre-SMA BA6 -3 3 54 10.8

Abbreviations: a, anterior; p, posterior; r, rostral; ¢, caudal; m, mid; |, lateral; d, dorsal; v, ventral; IFS, inferior frontal sulcus; IFG, inferior frontal gyrus; IFJ, inferior frontal
junction; MFG, middle frontal gyrus; PMC, pre-motor cortex; MFC, medial frontal cortex; Pre-SMA, pre-supplementary motor area. IPS, intra-parietal sulcus; SPL, superior

parietal lobule.
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on BOLD activation specifically in the advance target condi-
tion.

3.2.1. Cue-based vs. target-based preparation

The first step of the analysis classified the pattern of S1-related
activation into one of five different categories (see Table 1). The
first two categories were included to identify brain areas more
strongly associated with cue-based preparation, including (1) selec-
tive activation for advance cues and (2) preferential activation for
advance cues (i.e., activation for advance cues and advance targets,
but increased for the former). Categories 3 and 4 were included
to identify brain areas more strongly associated with target-based
preparation, including (3) selective activation for advance targets
and (4) preferential activation for advance targets (i.e., activation
for advance targets and advance cues, but increased for the former).

Finally, we included a fifth category to identify brain regions that
exhibited equivalent preparatory activation for advance cues and
advance targets. A summary of all identified regions in each of the
five categories is provided in Table 2 and shown localized on the
brain surface in Fig. 3.

The key finding of this analysis was the identification of a num-
ber of brain regions that exhibited selective activation for advance
targets (category 3), including bilateral regions within the DLPFC
along the inferior frontal sulcus, extending posteriorly into BA44
and further into ventral pre-motor cortex (VPMC). Selective target
activation was also observed in the medial frontal cortex, the dor-
sal portion of the dorsal pre-motor cortex ({PMC-d), and anterior
regions of parietal cortex in the vicinity of the intra-parietal sulcus
(aIPS). In stark contrast, no brain regions were found to be selec-
tively or even preferentially activated for advance cues (categories

Cue-based vs. Target-based preparatory activation
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Fig. 3. Whole-brain map of preparatory activation for the comparison of advance target vs. advance cue events in two brain renderings using the Caret Software (Van Essen
et al., 2001). Three cases are distinguished, as indicated by separate color codes: selectively target-related activation (red), preferentially target-related activation (blue), and
equal activation for both advance cues and advance targets (green). Selectively or preferentially cue-related activation was not observed. Additionally, time course estimates
are shown for representative brain areas, including the full activation profiles for the advance target and the advance cue events, plus the peak amplitude/latency estimates
for the target-second and cue-second events. The parameterized time course data (peak amplitude/latency) for all identified regions is reported in Tables 3 and 4. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 3
Peak latencies associated with S1 and S2 events for previously identified brain areas.

H. Ruge et al. / Neuropsychologia 47 (2009) 1670-1685

Brain region Advance target Advance cue

Advance target-advance cue

Advance target - target 2nd Advance cue - cue 2nd

Selectively target-related
Dorso-lateral prefrontal

Left alFS 88+ 16 \ \
Right alFS 85+ 0.8 \ \
Left mIFS 8.0 +0.7 \ \
Right mIFS 6.6 £ 1.1 \ \
Left mMFG 91 + 11 \ \
Right mMFG 91=+07 \ \
Left pIFG 83 £ 11 \ \
Left dPMC-d 95+ 18 \ \
Right dPMC-d 81+11 \ \
Left MFC 83 +0.7 \ \
Left aIPS-d 8.5 +0.7 \ \
Right aIPS-d 7.3 + 0.6 \ \
Preferentially target-related
Left IF] 72 £0.5 6.1+0.6 11+0.7
Right IF] 6.8 + 0.6 6.3+0.5 0.5+0.5
Intra-parietal sulcus
Left mIPS 6.9 + 0.5 6.4+0.7 0.5+04
Right mIPS 70+ 04 6.2+0.6 0.9+0.5
Left pIPS 74 £ 0.5 6.5+0.8 1.0+04
Right pIPS 69 +0.3 6.0+0.6 0.9+0.5
Left pSPL 71+ 05 6.5+1.0 0.7+0.6
Right pSPL 74 £ 0.6 6.3+0.7 11+0.6
Left pre-Cuneus 8.0+ 0.6 59+0.7 21+09
Right pre-Cuneus 8.5+ 0.6 72+12 1.3+09

17 £ 1.9 \
1.8 + 1.6 \
17 £ 0.9 \
15+ 13 \
21+20 \
31+12 \
19 + 11 \
34+17 \
1.8 + 1.2 \
1.8 + 1.0 \
1.6 + 0.8 \
0.9 + 0.6 \
08 + 04 -04+0.8
0.6 £0.8 —-0.8+1.2
0.6 - 04 -0.2+0.6
0.7 £ 05 —-0.6+0.6
08 + 04 -0.5+0.7
06 + 04 —0.8+0.6
0.7 £ 05 -04+0.9
0.8 + 0.7 —-0.7+0.5
11 £ 0.7 -1.2+0.8
0.7+ 0.9 -08+1.1

Mean peak latency (difference) [s] £95% C.I. (significant differences are in bold font). Abbreviations: a, anterior; p, posterior; r, rostral; ¢, caudal; m, mid; I, lateral; d, dorsal;
v, ventral; IFS, inferior frontal sulcus; IFG, inferior frontal gyrus; IF], inferior frontal junction; MFG, middle frontal gyrus; PMC, pre-motor cortex; MFC, medial frontal cortex;
Pre-SMA, pre-supplementary motor area. IPS, intra-parietal sulcus; SPL, superior parietal lobule.

1 and 2). The only exception was a small region within the posterior
calcarine sulcus, that most likely reflected the more foveal location
occupied by visual presentation of the cue.

The lack of selective or preferential cue-related activation does
not reflect the absence of cue-related preparatory activation at
all. Indeed, a number of regions exhibited substantial activation
for advance cues. Yet in many of these regions there was more
pronounced activation for advance targets (category 4). These
preferentially target-related regions included the inferior frontal
junction area (IFJ) located at the posterior end of the inferior frontal
sulcus and several foci along the intra-parietal sulcus (IPS) extend-
ing into the pre-cuneus. Finally, there were a few brain regions that
showed equal activation for advance cues and advance targets (cat-
egory 5), including the pre-supplementary motor area (pre-SMA)
and the ventral portion of the dorsal pre-motor cortex (APMC-v).

For each of these identified brain regions we performed sec-
ondary, ROI-based analyses to determine (i) whether S1-related
BOLD activation reflects sustained or rather transient neural acti-
vation and (ii) whether brain areas exhibiting S1-related activation
would be re-activated following the S2.

3.2.2. Is preparatory activation sustained?

To determine the extent to which preparatory activation in the
identified brain regions was sustained throughout the preparation
interval, we quantified peak latencies of the S1-related activation
time courses. Given a maximal preparation interval of 1875 ms,
neural activity underlying the observable S1-related BOLD time
courses can be maximally sustained for that time period. The
comparison of peak latencies associated with the advance cue vs.
advance target conditions provided a way of estimating the rela-
tive difference in duration of preparatory activation for these two
conditions. As an additional independent reference, we used the
peak latencies of S2-related BOLD time courses (i.e., cue-second

and target-second) which should be maximally sustained only for
the duration between S2 presentation and average response times
(i.e., ~900 ms). Fig. 3 shows a graphical depiction of these activa-
tion dynamics for representative regions, namely left-hemisphere
IF] and DLPFC. Table 3 summarizes the results of the peak latency
analysis for all identified brain regions.

For those brain areas that were selectively activated for advance
targets (category 3), we found a general trend of sustained
activation (i.e., longer duration for advance target stimuli than
target-second stimuli) that was statistically significant for most of
the regions. For those brain areas that were preferentially activated
for advance targets (category 4), we directly compared peak laten-
cies for advance targets vs. advance cues, in a first analysis step. All
identified brain areas exhibited a more sustained activation pattern
for advance targets as compared to advance cues. In a second anal-
ysis step, we separately compared target-related and cue-related
preparatory activation to the respective reference time courses (i.e.,
target-second and cue-second, respectively). This analysis revealed
a general trend for advance target-related activation to be signifi-
cantly more sustained than the reference and advance cue-related
activation to be less sustained than the reference. Given that average
response time latencies were ~900 ms following S2 onset, it can be
concluded that advance target activation was sustained longer than
maximally ~900 ms whereas advance cue activation was sustained
for less than maximally ~900 ms.

3.2.3. Are preparation-related brain areas re-activated at S2?

A further question of interest concerns the relationship of S1 to
S2 activation strength. In particular, it is of interest to know whether
brain areas showing S1-related preparatory activation would be
re-activated by the subsequent S2 stimulus. In the current study,
estimates of peak amplitudes for S2-related activation indicated
the presence of substantial S2 re-activation following both advance
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Table 4

Peak amplitudes associated with S1 and S2 events for previously identified brain areas.

Brain region Advance target Cue-second Advance cue Target second
Selectively target-related
Dorso-lateral prefrontal cortex
Left alFS 0.12 + 0.03 0.07 + 0.03 \ 0.13 + 0.03
Right alFS 0.08 + 0.02 0.01 + 0.02 \ 0.02 + 0.02
Left mIFS 0.09 -+ 0.02 0.07 + 0.03 \ 0.12 + 0.02
Right mIFS 0.12 + 0.05 0.06 + 0.03 \ 0.09 + 0.02
Left mMFG 0.12 + 0.02 0.04 + 0.02 \ 0.08 + 0.03
Right mMFG 0.09 + 0.02 0.01 + 0.01 \ 0.03 + 0.02
Left pIFG 0.07 + 0.02 0.08 + 0.03 \ 0.1 + 0.04
Left dPMC-d 0.08 -+ 0.02 0.04 £ 0.02 \ 0.09 + 0.03
Right dPMC-d 0.06 -+ 0.01 0.03 + 0.01 \ 0.05 + 0.02
Left MFC 0.1 + 0.06 0.07 + 0.04 \ 0.12 + 0.05
Left aIPS-d 0.16 + 0.04 0.17 + 0.03 \ 0.2 + 0.03
Right aIPS-d 0.09 + 0.02 0.07 + 0.02 \ 0.09 + 0.03
Preferentially target-related
Left IFJ 0.21 + 0.03 0.14 + 0.04 0.11+0.03 0.2 + 0.03
Right IFJ 0.15 + 0.03 0.05 + 0.01 0.09 +0.04 0.07 + 0.03
Intra-parietal sulcus
Left mIPS 0.2 + 0.03 0.14 + 0.02 0.1+0.03 0.18 + 0.04
Right mIPS 0.19 + 0.03 0.08 -+ 0.02 0.09+0.03 0.12 + 0.02
Left pIPS 0.22 + 0.02 0.17 + 0.04 0.13+0.04 0.23 + 0.03
Right pIPS 0.2 + 0.03 0.09 + 0.03 0.1+0.03 0.15 + 0.03
Left pSPL 0.26 + 0.03 0.17 + 0.03 0.13+0.04 0.23 + 0.04
Right pSPL 0.28 + 0.06 0.15 + 0.05 0.14+0.05 0.23 + 0.06
Left pre-Cuneus 0.18 + 0.03 0.15 + 0.04 0.09 +0.03 0.21 + 0.05
Right pre-Cuneus 0.26 + 0.06 0.15 + 0.04 0.15+0.06 0.22 + 0.07

Mean peak amplitude [%sig. chg.] +95% C.I. (significant activations are in bold font). Abbreviations: a, anterior; p, posterior; r, rostral; ¢, caudal; m, mid; 1, lateral; d, dorsal;
v, ventral; IFS, inferior frontal sulcus; IFG, inferior frontal gyrus; IF], inferior frontal junction; MFG, middle frontal gyrus; PMC, pre-motor cortex; MFC, medial frontal cortex;
Pre-SMA, pre-supplementary motor area; IPS, intra-parietal sulcus; SPL, superior parietal lobule.

cues and advance targets in all regions that showed S1-related
preparatory activation (see Table 4 and Fig. 3 for an illustration
of this effect in left IF] and mid-DLPFC). This pattern of activation
dynamics rules out an exclusive role in preparatory control for the
set of regions engaged by advance information, and instead sug-
gests that these regions are re-engaged during processes that occur
following S2 onset.

3.2.4. Congruency-related effects in the advance target condition
The behavioral performance data indicated that participants
could be subdivided into two discrete groups according to whether
they were sensitive to congruency information in the advance target
condition. This finding seems to suggest that the two groups of par-
ticipants may have differed in the extent to which they strategically
engaged voluntary response preparation processes. To add further
detail to this interpretation we examined how this behavioral group
difference was reflected in differential patterns of preparatory BOLD
activation. A whole-brain ANOVA was conducted for S1-related
activation specifically in the advance target condition using both
group (high-readiness vs. low-readiness) and response congruency
(congruent vs. incongruent) as factors.! Surprisingly, neither the
group X congruency interaction, nor the main effect of congruency
identified any significant activation at the whole-brain significance

1 It turned out that many brain areas exhibited differential congruency-related
activation effects that continued to evolve later than approximately 9 s after advance
target presentation and well beyond the activation peak of the target-related BOLD
response. This indicates that these effects were most likely to be associated with the
subsequent trial. While such effects are certainly interesting, and in fact not entirely
unexpected (e. g., Kerns et al., 2004), we nevertheless decided to ignore them for the
purpose of the present paper. Therefore, we restricted the ANOVA model to the first
9s after S1 presentation to obtain a more pure estimate of effects associated with
the current trial.

threshold. Even at a very liberal ROI-level threshold of p(z)<0.05,
selectively including the subset of voxels that were identified in
the advance cue vs. advance target contrast, only the pSPL showed
significant S1-related activation for the group X congruency inter-
action with p(z)<0.01. As the respective bar graph in Fig. 4 shows,
this effect was mainly due to a relative signal increase for incon-
gruent trials in the high-readiness group. This striking absence of
significant effects at a very low threshold of p(z) <0.05 (except for
the pSPL) suggests that preparatory activation in none of the pref-
erentially or selectively target-related brain areas differed between
congruent and incongruent advance targets. Thus, it seems rela-
tively safe to conclude that the widespread increase of preparatory
activation for advance target as compared to advance cues is not
due to the special properties of advance congruent targets.

Yet, despite the almost complete absence of differential prepara-
tory activation for congruent vs. incongruent advance targets, there
were many brain areas that showed a significant (p(z) <0.001) main
effect of group, with stronger activation in the ‘high-readiness’
group for both congruent and incongruent trials (Table 5, Fig. 4).
Brain areas exhibiting this activation pattern included two foci
within the right ACC, plus regions in the left IF], the left anterior
IFS, the right dPMC, the ventral alIPS bilaterally, and two foci within
the right inferior parietal lobule (IPL). Notably, some of these areas
(rostral ACC and alFS) showed no significant activation at all in the
‘low-readiness’ group at a threshold of p(z)<0.05.

This finding of stronger target-related preparatory activation
for high-readiness participants begs the question whether target-
related preparatory activation for the low-readiness group would
still be more pronounced in contrast to the advance cue condi-
tion (as was true for all group-sensitive regions except ACC-r in the
original analysis including all 18 subjects). The overall finding of
stronger preparatory activation for advance targets as compared to
advance cues was replicated for the low-readiness group, except for
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Fig. 4. Whole-brain activation maps for congruency-related activation effects as a function of group membership (defined according to behavioral performance of individual
participants). The two groups of subjects were defined according to the presence or absence of a behavioral congruency effect at the long preparation interval (see Fig. 2).
The upper panel depicts results from the group X congruency interaction contrast for both, S1-related BOLD estimates (yellow; ROI-level threshold at p<0.01) and S2-related
BOLD estimates (green; whole-brain threshold at p<0.001). The lower panel depicts results from the group main effect contrast for S1-related BOLD estimates only. Bar
graphs for representative brain areas depict the detailed pattern of BOLD activation for the relevant conditions, parameterized by the area under the curve. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

the anterior IFS which did not even exhibit significant activation at
p(z)<0.05 for advance targets. This conclusion holds for both, over-
all activation strength parameterized by the area under the curve
(all p(z)<0.024) as well as duration parameterized by peak latency
(all p(z)<0.022).

The presence of a group main effect in preparatory activity but
no interaction with congruency might seem somewhat surprising,
given the strong interaction effect in behavioral performance. A
possible interpretation is that the ‘high-readiness’ group engaged
the same extra preparatory process on both congruent and incon-

gruent advance targets (as suggested by the common group-specific
BOLD increase in a number of brain areas). Yet, this common
preparatory process might differentially impact subsequent pro-
cesses initiated after S2 (cue) onset depending on whether the trial
was congruent or incongruent, thereby producing the behavioral
congruency effect. To test this hypothesis, we again examined the
group X congruency interaction, but this time for S2-related rather
than S1-related activation. As hypothesized, several brain areas
were identified in this analysis that exhibited a significant group
X congruency effect, including the posterior superior parietal lob-



Table 5

Activation foci from whole-brain contrasts for congruency-dependent target-based
preparation (considering group-differences according to behavioral performance).

Brain region Brodmann area X y z z-max
Main effect Group at S1 (advance target)
Right ACC-r BA32 6 30 33 3.9
Right ACC-c BA32 3 12 45 3.6
Right dPMC BA6 30 6 54 3.7
Left IF] BA9/BA6 —48 9 33 3.7
Left alFS BA10/BA46 -36 36 12 3.7
Left_alPS-v BA40 -36 —42 36 5.5
Right.alPS-v BA40 42 -33 42 4.5
Right mIPL BA7 30 -51 39 4.8
Right pIPL BA7/BA39 30 —66 33 5.7
Group x Congruency at S2 (cue-second)
Left dPMC-c BA6 =27 -6 54 3.1
Right dPMC-c BA6 18 -6 69 3.9
Left alPS-d —48 -39 54 4.3
Left pSPL BA7 -9 -60 63 3.7
Right pSPL BA7 9 -63 63 3.8
Group x Congruency at S1 (advance target)
Left pSPL BA7 -3 -69 -57 2.6
Right pSPL BA7 9 -66 60 3.0

Abbreviations: a, anterior; p, posterior; r, rostral; ¢, caudal; m, mid; d, dorsal; v, ven-
tral; IFJ, inferior frontal junction; PMC, pre-motor cortex; ACC, anterior cingulate
cortex; IPS, intra-parietal sulcus; SPL, superior parietal lobule; IPL, inferior parietal
lobule.

ule (pSPL) bilaterally, the caudal portion of the dPMC bilaterally,
and the left dorsal alPS.

A ROI-based examination of the detailed activation pattern
in these identified regions confirmed without exception that the
group X congruency interaction was due to the presence of a con-
gruency effect selectively in the ‘high-readiness’ group (Fig. 4;
bar graphs for representative brain regions). However, there was
a further distinction in the interaction pattern exhibited by dif-
ferent regions. Specifically, in pSPL the congruency effect was
primarily due to increased activity for incongruent trials in the
‘high-readiness’ group relative to the ‘low-readiness’ group (with
activity only slightly, and non-significantly, reduced in congruent
trials). In contrast, for dPMC-c and aIPS-d the interaction effect was
due to both, significantly reduced S2 activation on congruent trials
as well as significantly increased activation on incongruent trials
for the ‘high-readiness’ group relative to the ‘low-readiness’ group.

4. Discussion

In this study we contrasted the neural correlates of two prepara-
tory conditions within the cued task-switching paradigm: (1)
preparation based on advance task cues and (2) preparation based
on advance task-ambiguous target stimuli. The central hypothesis
was that cue-based preparation would mainly rely on attentional,
stimulus-oriented mechanisms whereas target-based preparation
would rely more on intentional, action-oriented mechanisms. Fur-
thermore, we wanted to clarify whether cue-related attentional
processes are specialized for the selection of one task-processing
pathway over another, a hypothetical mechanism unlikely to be
involved in case of advance targets (since such stimuli were task-
ambiguous). Finally, action-oriented preparation was hypothesized
to comprise an additional process component engaged for achiev-
ing a high level of response readiness and that might be sensitive
to individual differences in cognitive strategy.

The results revealed clear distinctions in preparatory brain acti-
vation, both in terms of anatomical localization and in terms of the
temporal dynamics of activation. Strikingly, no brain area was selec-
tively or even preferentially activated by advance task cues. Instead,
it was the advance target condition that we found to be associated
with a more extended activation pattern that included both the
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recruitment of additional brain areas not activated in the advance
cue condition, as well as more sustained activation in brain areas
that were only transiently activated by advance cues. Importantly,
we could exclude that this enhanced target-related preparatory
activation was due to the unique properties of congruent advance
targets in terms of complete response foreknowledge. This was
true even when inter-individual differences in response readiness
were considered (defined via qualitative differences in the effect of
response congruency on task performance). At the same time, we
also found that some brain areas involved in target-based prepara-
tion were in fact modulated by such inter-individual differences
in response readiness—in terms of generally increased prepara-
tory activation in high-readiness participants for both, congruent
and incongruent advance targets. Yet, even low-readiness partici-
pants, like high-readiness participants, still exhibited significantly
stronger preparatory activation for advance targets as compared to
advance cues in these brain areas.

These findings have a number of conceptually relevant impli-
cations that we will discuss next. First, we consider the possible
functional role of brain areas that had previously been observed
during cue-based preparation, but which were found to be equally
or even more strongly activated during target-based preparation in
the current study. Second, we discuss the functional role of brain
areas that were selectively activated by advance targets. Finally, we
address the complex pattern of activation observed in the advance
target condition after taking into account the inter-subject variabil-
ity in congruency-related behavioral performance.

4.1. Preparatory brain activation for advance cues: attentional,
stimulus-oriented control

Previous cued task-switching studies have consistently demon-
strated that certain prefrontal and parietal brain areas exhibit
preparatory activation following advance task cues. Not surpris-
ingly, we found a similar set of regions showing cue-based
activation, including the IF], the pre-SMA, and a more posterior sec-
tion of the IPS extending into the posterior superior parietal lobule
(pSPL). The role of these regions in attentional control seems to
be well-established by the prior literature (Derrfuss et al., 2005;
Wager, Jonides, & Reading, 2004; Yantis & Serences, 2003). Yet, as
we have argued in the introduction, such results are equally con-
sistent with at least two opposing interpretations regarding the
exact functional role this ‘dorsal fronto-parietal network’ might
play during attentional task control. One conceptualization holds
that the control processes implemented by these brain areas are
specific for situations in which unambiguous priority information
is available (e.g., via an explicit task cue) that allows for selec-
tive attention to one task-related stimulus dimension over another
(cf., Brass & von Cramon, 2004). In other words, such brain areas
might be defined by their role in establishing attentional selectiv-
ity according to the task rule that has higher priority in a given
trial. If this functional-anatomical characterization were true, then
no preparatory activation should be observed for advance targets,
since such stimuli are, by definition, task-ambiguous and do not
convey information about the current task priority.

This hypothesis of selective cue-related preparatory activation
was definitively not borne out by the present results. None of the
candidate frontal or parietal areas (nor any other brain region, for
that matter) showed selective or even preferential activation for
advance cues as compared to advance targets. Instead, the dominant
pattern we observed was that the brain areas showing cue-related
preparatory activation were equally or even more strongly acti-
vated by advance targets. This finding is more consistent with the
alternative possible view: that the dorsal fronto-parietal attentional
network might serve more generally to configure task-related pro-
cessing pathways so that stimulus input can be processed according
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to the pre-experimentally instructed task rules (Bunge, 2004). In
this sense, task-selectivity resulting from cue-based preparation
is just a special case of the more general process of re-activating
representations of task rules, be it a single rule (advance cues) or
multiple rules (advance targets). Thus, it should be expected that
the strength of preparatory activation depends on the number of
rules to re-activate. Consistent with this prediction we found sig-
nificantly stronger preparatory activation for advance targets (two
task rules) than for advance cues (single task rule) in the IF] and the
posterior SPL.

Interestingly, a more fine-grained temporal analysis of the acti-
vation time courses revealed that preparatory activation persisted
throughout the preparation interval in the advance target condi-
tion, but not in the advance cue condition. This finding, although
not part of our initial hypothesizing, is consistent with the general
interpretation proposed above. Specifically, the assumed concur-
rent activation of multiple task rules in case of advance targets is
likely to place a greater on-going demand on active maintenance
and control processes to manage potential interference between
the two tasks.

Lastly, a more detailed examination of the pattern of the tempo-
ral dynamics in regions showing cue-related preparatory activation
revealed that in these regions cue-related activity was transient
(short activation duration), and then followed by significant re-
activation following the S2 (i.e., target-second presentation). Thus,
we could clarify previous results (Ruge et al., 2005) that were some-
what inconclusive in this respect.

4.2. Selective preparatory activation for advance targets:
intentional, action-oriented control

A second hypothesis that we examined in this study was that the
advance target condition would engage a unique set of preparatory
processes not engaged during the advance cue condition. Specif-
ically, we reasoned that target presentation would entail specific
action-oriented processes based on actual ‘rule implementation’
(as compared to mere ‘rule activation’ in case of advance cues).
In particular, rule implementation following target presentation
would result in the generation of concrete action plans (or inten-
tions) associated with each dimension of the target (e.g., the goal
to achieve either ‘even classification’ by pressing the right button
or ‘vowel classification’ by pressing the left button). Based on pre-
vious imaging results manipulating action-related variables during
task switching (Brass et al., 2003; Ruge et al., 2005), we predicted
preparatory activation in mid-DLPFC for advance targets, but not for
advance cues, reflecting the involvement of action-oriented prepa-
ration. This is exactly what we found, thus supporting the original
hypothesis.

The interpretation that the DLPFC and other areas might be
involved with action planning or intentional control processes is
consistent with findings from a variety of paradigms, in addition to
the previous task-switching results already mentioned. One class
of relevant studies are those employing free selection tasks (Frith,
Friston, Liddle, & Frackowiak, 1991; Jahanshahi & Dirnberger, 1999;
Lau, Rogers, Ramnani, & Passingham, 2004). Such studies, which
have reliably observed DLPFC activation, are of particular theoret-
ical interest, as they seem well suited to isolate a central aspect
of intentional control, namely that an action is specified by antici-
pating its future effects, or goals that are expected to be achieved
(Hommel et al., 2001; James, 1890). This is because informative
stimulus input is lacking and thus, free action selection needs to
rely on the choice among anticipated future action effects.

Another source of support for our interpretation comes from
consideration of the full network of regions exhibiting the
target-selective activation pattern, which includes, in addition to
mid-DLPFC, including ventral pre-motor cortex (extending into

Broca’s area, BA 44) and anterior IPS. Interestingly, this network
closely overlaps the network that is thought to comprise the ‘mirror
neuron’ system (Arbib, 2005; Rizzolatti & Craighero, 2004). Studies
of the ‘mirror neuron’ system have suggested that both the ante-
rior parietal and ventral pre-motor cortex (extending in humans
into Broca’s area, BA 44) as critical regions for coding the rela-
tionship between actions (either one’s own or others’) and their
effects (Arbib, 2005; Buccino et al.,2001; Hamilton & Grafton, 2006;
Jeannerod, Arbib, Rizzolatti, & Sakata, 1995; Manthey, Schubotz, &
von Cramon, 2003; Rizzolatti & Luppino, 2001). While the DLPFC
does not seem to be as consistently implicated in human activation
studies of the mirror system, this discrepancy could reflect that
‘mirror-neuron’ studies typically use rather passive action obser-
vation tasks which might not require a great deal of prefrontal
top-down guidance. However, cortical connectivity studies in mon-
keys suggest that the mid-DLPFC has strong projections to the alIPS,
and also, to a lesser degree, to ventral pre-motor area F5 (Rizzolatti
& Luppino, 2001), thus suggesting a common functional basis.

The current results also contribute to an ongoing theoreti-
cal debate in the cognitive neuroscience literature. One popular
view appears to be a monolithic account of lateral PFC (including
mid-DLPFC and IFJ) as being primarily concerned with attentional
control and active maintenance in working memory without mak-
ing the attention/intention distinction. One of the most typical
examples is the interpretation of DLPFC activation in the Stroop task
as being critical for active maintenance of task information used for
attentional biasing (e.g.,Banich etal.,2000; MacDonald et al.,2000).
Yet, another line of research has been emphasizing the specific role
of DLPFC in action-planning processes (e.g., Genovesio, Brasted,
Mitz, & Wise, 2005; Lau et al., 2004; e. g., Pochon et al., 2001; Rowe,
Toni, Josephs, Frackowiak, & Passingham, 2000), rather than atten-
tion or working memory per se (Postle, 2006). The present findings
seem to add further support for the latter theoretical position.

Another recent theoretical account of lateral PFC cogni-
tive architecture suggests a functional differentiation along
the anterior-posterior axis (Koechlin et al., 2003; Koechlin &
Summerfield, 2007). Specifically, more anterior regions (mid-
DLPFC) are supposed to establish a form of episodic context,
whereas more posterior LPFC regions establish the immediate task
context. Both contextual control mechanisms serve to select the
currently appropriate action facing ambiguous stimulus situations.
As far as the posterior section of LPFC (i.e., IF]) is concerned, our
interpretation of the present results seems to accord well with the
notion of immediate task context which ensures that action selec-
tion is guided by the currently appropriate stimulus properties. In
contrast, with respect to mid-DLFPC function, future research needs
to clarify whether the concepts of episodic control and intentional
control (i.e., future-directed action control via goal/effect antici-
pation) might be reconciled by identifying a common functional
basis.

4.3. Individual differences in response readiness: voluntary
strategy at work?

A final aim of our study was to analyze the relevance of
response congruency for preparatory activation in the advance tar-
get condition, considering inter-individual differences in response
readiness. Specifically, we found that some participants showed
a strong facilitation in response times on response congruent
trials—indicating that they had achieved a high degree of response
readiness during the preparatory interval—whereas other par-
ticipants showed almost no facilitation in such conditions. The
underlying bi-modal distribution of performance across partici-
pants allowed us to divide the sample into two subgroups according
to the presence or absence of congruency effects (“high-readiness”
vs. “low-readiness” groups). As predicted, the high-readiness group
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showed increased preparatory brain activation in a number of
regions, including the medial frontal cortex. Yet, most interestingly,
this group effect occurred not only in congruent trials, but also to
a similar extent in incongruent trials. This finding of equivalent
preparatory activation increase for both congruent and incongru-
ent advance targets in the ‘high-readiness’ group argues against the
possibility that complete foreknowledge of the correct upcoming
motor response in congruent trials might involve a distinct prepara-
tory process. Instead, it suggests the presence of a more global
strategy undertaken by some participants in both, congruent and
incongruent trials. This interpretation was also supported by the
observation that high-readiness participants also showed signifi-
cantly faster response times and reduced error rates on incongruent
advance target trials.

The MFC, including two separate foci in the ‘dorsal ACC’' (BA32),
was one of the most prominent regions showing increased prepara-
tory activity in the high-readiness group. The MFC has long been
thought to be essential for the initiation of action (Barris &
Schuman, 1953). This view is supported by recent brain imag-
ing studies that emphasize the role of MFC in volitional and
motivational processes (Forstmann, Brass, Koch, & von Cramon,
2005; Nachev, Rees, Parton, Kennard, & Husain, 2005; Paus, 2001;
Winterer, Adams, Jones, & Knutson, 2002). More specifically, the
MFC has been hypothesized to implement cost-benefit compu-
tations which determine whether or not to commit to a certain
behavior, based on the evaluation of expected outcome (Brown &
Braver, 2005; Paus, 2001; Rushworth et al., 2004). Applied to the
present context, such an interpretation of MFC functionality sug-
gests that some participants might have spent additional effort
to achieve a high degree of response readiness because the rel-
evant MFC sub-regions indicated that this additional processing
is advantageous. Specifically, we hypothesize that the MFC may
have computed a cost-benefit tradeoff weighing increased prepara-
tory effort following S1 (especially on incongruent trials) against
reduced response selection demands following S2 (especially on
congruent trials).

Another set of brain regions (pSPL, alPS-d, and dPMC-c) did
show differential effects of congruency across the two groups, most
of them exclusively during the S2 period (i.e., with cue presenta-
tion) when actual motor implementation processes were initiated.
This effect was due to stronger activation for incongruent rela-
tive to congruent targets exclusively in the high-readiness group.
All three regions exhibiting S2-related congruency effects in the
high-readiness group showed increased activation on incongruent
trials relative to the activation level in the low-readiness group.
A similar pattern was observed for S1-related preparatory activa-
tion specifically in the pSPL. In addition, left alPS-d and bilateral
dPMC-c exhibited reduced S2-related activity in congruent trials for
the high-readiness group as compared to the low-readiness group.
This pattern of findings appears to be consistent with a cost-benefit
tradeoff at work. In particular, the increased activity for incongruent
advance targets may reflect the cost of an explicit motor prepara-
tion strategy that results in increased competition on incongruent
trials (due to the concurrent activation of competing motor pro-
grams). Conversely, the reduced S2-related activation of dPMC-c
and alIPS-d for congruent advance target trials may indicate the
benefits that accrue from such strategy—presumably in terms of
a reduced demand on motor generation and initiation processes in
congruent trials (since in these trials the S2 task cue only needs
to serve as a trigger for activation of the relevant motor program,
rather than providing information about which motor program is
relevant). The finding that activation differences between congru-
ent and incongruent trials mainly played out after S2 presentation
but not during the preparation interval suggests that activation in
areas like dPMC is not primarily sensitive to the number of poten-
tial responses prepared in advance but rather to the number of

prepared responses to select among at the time of actual motor gen-
eration. The involvement of dPMC, especially its more caudal part
(Picard & Strick, 2001), in both initial action preparation and final
action selection is consistent with the previous literature (Cisek
& Kalaska, 2005; Toni, Thoenissen, & Zilles, 2001). Moreover, the
dPMC, as compared to the more ventral PMC, seems to support con-
ditional motor behavior controlled by arbitrary stimulus-response
associations like those used in present study (Hoshi & Tanji, 2004).
Our observation that preparatory dPMC activation was not sensitive
to target congruency and the resulting competition among alterna-
tive responses during a preparatory period seems to be consistent
with some recent fMRI results (Mars, Piekema, Coles, Hulstijn, &
Toni, 2007), but not others (Cavina-Pratesi et al., 2006).

Finally, it should be noted that our interpretation of inter-
individual differences in congruency-related behavior and brain
activation builds partly on exploratory analyses and recourse to the
existing literature on MFC functionality. Thus, future work based on
explicit manipulations of cost-benefit tradeoffs needs to be done
to confirm the present interpretation in terms of voluntary strategy
at work.

5. Conclusions

The present study results demonstrate that differential pat-
terns of preparatory activation can occur during task switching,
depending on the type of advance information available. Thus,
preparatory task control seems to be multi-faceted rather than
monolithic. We propose that the identified distinct neural pathways
may correspond to a distinction between attentional, intentional,
and strategic control mechanisms. Attentional control mechanisms,
supported by areas such as IF] and pIPS/pSPL, are stimulus-oriented
and serve to configure task-related neural pathways so that present
(advance target condition) or future (advance cue condition) stim-
ulus input can be processed according to the instructed task rules.
Importantly, by demonstrating the absence of selectively cue-
related preparatory activation, the current results argue against
the notion that such regions might have an exclusive role in
task-selective attention engaged only when unambiguous priority
information is available. Intentional control mechanisms, sup-
ported by areas such as DLPFC and alPS, are output-oriented and
serve to generate plans for future action as is the case for advance
target stimuli but not for advance task cues. Finally, strategic con-
trol mechanisms, related to areas such as MFC, can provide a means
of passing from abstract action planning to concrete response
preparation, and might be triggered by cost-benefit computations
specifying the value of pursuing a high level of response readiness.

Acknowledgements

We wish to thank Adrianne Casagrand for assistance in data col-
lection, and Carol Cox for administrative guidance. The research was
supported by RO1 GRANT MH066078.

References

Arbib, M. A. (2005). From monkey-like action recognition to human language: An
evolutionary framework for neurolinguistics. The Behavioral and Brain Sciences,
28(2), 105-124, discussion 125-167.

Banich, M. T,, Milham, M. P, Atchley, R., Cohen, N. J., Webb, A., Wszalek, T., et al.
(2000). fMRI studies of stroop tasks reveal unique roles of anterior and posterior
brain systems in attentional selection. Journal of Cognitive Neuroscience, 12(6),
988-1000.

Barris, R. W,, & Schuman, H. R. (1953). [Bilateral anterior cingulate gyrus lesions;
syndrome of the anterior cingulate gyri]. Neurology, 3(1), 44-52.

Brass, M., Ruge, H., Meiran, N., Koch, L, Rubin, O., Prinz, W., et al. (2003). When the
same response has different meanings: Recoding the response meaning in the
lateral prefrontal cortex. Neuroimage, 20, 1026-1031.

Brass, M., & von Cramon, D.Y.(2002). The role of the frontal cortex in task preparation.
Cerebral Cortex, 12(9), 908-914.



1684 H. Ruge et al. / Neuropsychologia 47 (2009) 1670-1685

Brass, M., & von Cramon, D. Y. (2004). Selection for cognitive control: A functional
magnetic resonance imaging study on the selection of task-relevant information.
The Journal of Neuroscience, 24(40), 8847-8852.

Braver, T. S., Reynolds, J. R., & Donaldson, D. 1. (2003). Neural mechanisms of transient
and sustained cognitive control during task switching. Neuron, 39(4), 713-726.

Brown, J. W., & Braver, T. S. (2005). Learned predictions of error likelihood in the
anterior cingulate cortex. Science, 307(5712), 1118-1121.

Buccino, G., Binkofski, F,, Fink, G. R., Fadiga, L., Fogassi, L., Gallese, V., et al. (2001).
Action observation activates premotor and parietal areas in a somatotopic man-
ner: An fMRI study. European Journal of Neuroscience, 13(2), 400-404.

Buckner, R. L., & Braver, T. S. (1999). Event-related functional MRI. In P. Bandettini & C.
Moonen (Eds.), Functional MRI (pp. 441-452). Berlin, Germany: Springer Verlag.

Bunge, S. A. (2004). How we use rules to select actions: A review of evidence
from cognitive neuroscience. Cognitive, Affective & Behavioral Neuroscience, 4(4),
564-579.

Bunge, S. A., Kahn, 1., Wallis, ]. D., Miller, E. K., & Wagner, A. D. (2003). Neural circuits
subserving the retrieval and maintenance of abstract rules. Journal of Neurophys-
iology, 90, 3419-3428.

Cavina-Pratesi, C., Valyear, K. F, Culham, J. C, Kohler, S., Obhi, S. S., Marzi,
C. A, et al. (2006). Dissociating arbitrary stimulus-response mapping from
movement planning during preparatory period: Evidence from event-related
functional magnetic resonance imaging. The Journal of Neuroscience, 26(10),
2704-2713.

Cisek, P, & Kalaska, J. F. (2005). Neural correlates of reaching decisions in dorsal
premotor cortex: Specification of multiple direction choices and final selection
of action. Neuron, 45(5), 801-814.

Cohen, ]J. D.,, MacWhinney, B., Flatt, M., & Provost, ]J. (1993). Psyscope: A new
graphic interactive environment for designing psychology experiments. Behav-
ioral Research Methods, Instruments, and Computers, 25, 257-271.

Derrfuss, J., Brass, M., Neumann, J., & von Cramon, D. Y. (2005). Involvement of the
inferior frontal junction in cognitive control: Meta-analyses of switching and
stroop studies. Human Brain Mapping, 25(1), 22-34.

Dove, A., Pollmann, S., Schubert, T., Wiggins, C. ]., & von Cramon, D. Y. (2000). Pre-
frontal cortex activation in task switching: An event-related fMRI study. Cognitive
Brain Research, 9, 103-109.

Efron, B. (1981). Nonparametric estimates of standard error: The jackknife, the boot-
strap, and other methods. Biometrika, (68), 589-599.

Forstmann, B. U., Brass, M., Koch, I., & von Cramon, D. Y. (2005). Internally generated
and directly cued task sets: An investigation with fMRI. Neuropsychologia, 43(6),
943-952.

Friston, K. ]., Holmes, A. P., Worsley, K. ]., Poline, ]. P,, Frith, C. D., & Frackowiak, R.
S. J. (1995). Statistical parametric maps in functional imaging: A general linear
approach. Human Brain Mapping, 2, 189-210.

Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S., & Turner, R. (1996).
Movement-related effects in fMRI time-series. Magnetic Resonance in Medicine,
35(3), 346-355.

Frith, C. D., Friston, K., Liddle, P. F,, & Frackowiak, R. S. (1991). Willed action and
the prefrontal cortex in man: A study with pet. Proceedings: Biological Sciences,
244(1311), 241-246.

Fuster, J. M. (2000). Executive frontal functions. Experimental Brain Research, 133(1),
66-70.

Genovesio, A., Brasted, P. ]., Mitz, A. R., & Wise, S. P. (2005). Prefrontal cortex activity
related to abstract response strategies. Neuron, 47(2), 307-320.

Gotler, A., & Meiran, N. (2003, September). Implicit strategic preparation towards con-
flict situation: Evidence from implicit sequence learning of congruence conditions in
the task switching paradigm. Paper presented at the XIIl Meeting of The European
Society for Cognitive Psychology, Granada, Spain.

Hamilton, A. F,, & Grafton, S. T. (2006). Goal representation in human anterior intra-
parietal sulcus. The Journal of Neuroscience, 26(4), 1133-1137.

Hoffmann, J. (1993). Die funktion von antizipationen in der menschlichen verhal-
tenssteuerung und wahrnehmung [anticipation and cognition: The function of
anticipations in human behavioral control and perception]. Goettingen, Germany:
Hogrefe.

Hommel, B., Musseler, ]., Aschersleben, G., & Prinz, W. (2001). The theory of event
coding (tec): A framework for perception and action planning. The Behavioral
and Brain Sciences, 24(5), 849-878, discussion 878-937.

Hoshi, E., & Tanji, J. (2004). Functional specialization in dorsal and ventral premotor
areas. Progress in Brain Research, 143, 507-511.

Hiibner, M., Kluwe, R. H., Luna-Rodriguez, A., & Peters, A. (2004). Task preparation
and stimulus-evoked competition. Acta Psychologica, 115, 211-234.

Jahanshahi, M., & Dirnberger, G. (1999). The left dorsolateral prefrontal cortex and
random generation of responses: Studies with transcranial magnetic stimula-
tion. Neuropsychologia, 37(2), 181-190.

James, W. (1890). The principles of psychology. New York: MacMillan.

Jeannerod, M., Arbib, M. A,, Rizzolatti, G., & Sakata, H. (1995). Grasping objects: The
cortical mechanisms of visuomotor transformation. Trends in Neuroscience, 18(7),
314-320.

Jennings, J. R, & van der Molen, M. W. (2005). Preparation for speeded action as a
psychophysiological concept. Psychological Bulletin, 131(3), 434-459.

Josephs, O., Turner, R., & Friston, K. J. (1997). Event-related fMRI. Human Brain Map-
ping, 5, 243-248.

Kerns, ]J. G., Cohen, J. D., MacDonald, A. W, 3rd, Cho, R. Y., Stenger, V. A., & Carter,
C.S. (2004). Anterior cingulate conflict monitoring and adjustments in control.
Science, 303(5660), 1023-1026.

Koechlin, E., Ody, C., & Kouneiher, F. (2003). The architecture of cognitive control in
the human prefrontal cortex. Science, 302(5648), 1181-1185.

Koechlin, E., & Summerfield, C. (2007). An information theoretical approach to pre-
frontal executive function. Trends in Cognitive Sciences, 11(6), 229-235.

Lau, H. C, Rogers, R. D., Ramnani, N., & Passingham, R. E. (2004). Willed action and
attention to the selection of action. Neuroimage, 21(4), 1407-1415.

MacDonald, A. W, 11, Cohen, ]. D., Stenger, V. A., & Carter, C. S. (2000). Dissociating
the role of the dorsolateral prefrontal and anterior cingulate cortex in cognitive
control. Science, 288, 1835-1838.

Maertens, M., & Pollmann, S. (2005). fMRI reveals a common neural substrate of
illusory and real contours in v1 after perceptual learning. Journal of Cognitive
Neuroscience, 17(10), 1553-1564.

Manthey, S., Schubotz, R. 1., & von Cramon, D. Y. (2003). Premotor cortex in observing
erroneous action: An fMRI study. Brain Research. Cognitive Brain Research, 15(3),
296-307.

Mars, R. B., Piekema, C., Coles, M. G., Hulstijn, W., & Toni, . (2007). On
the programming and reprogramming of actions. Cerebral Cortex, 17(12),
2972-2979.

Meiran, N. (1996). Reconfiguration of processing mode prior to task perfor-
mance. Journal of Experimental Psychology: Learning, Memory, and Cognition, 22,
1423-1442.

Meiran, N. (2000). Reconfiguration of stimulus task-sets and response task-sets
during task-switching. In S. Monsell & J. Driver (Eds.), Control of cognitive
processes: Attention and performance xviii (pp. 377-400). Cambridge, MA:
MIT Press.

Miezin, F. M., Maccotta, L., Ollinger, J. M., Petersen, S. E., & Buckner, R. L. (2000).
Characterizing the hemodynamic response: Effects of presentation rate, sam-
pling procedure, and the possibility of ordering brain activity based on relative
timing. Neuroimage, 11(6 Pt 1), 735-759.

Monsell, S. (2003). Task switching. Trends in Cognitive Sciences, 7, 134-140.

Mugler, J. P, 3rd, & Brookeman, J. R. (1990). Three-dimensional magnetization-
prepared rapid gradient-echo imaging (3D MP RAGE). Magnetic Resonance in
Medicine, 15(1), 152-157.

Nachev, P, Rees, G., Parton, A., Kennard, C., & Husain, M. (2005). Volition and conflict
in human medial frontal cortex. Current Biology, 15(2), 122-128.

Nicholson, R., Karayanidis, F., Poboka, D., Heathcote, A., & Michie, P. T. (2005).
Electrophysiological correlates of anticipatory task-switching processes. Psy-
chophysiology, 42(5), 540-554.

Norman, D. A., & Shallice, T. (1986). Attention to action: Willed and automatic control
of behavior. In R. J. Davidson, G. E. Schwartz, & D. Shapiro (Eds.), Consciousness
and self-regulation (pp. 1-18). Plenum Press.

Ollinger, J. M., Corbetta, M., & Shulman, G. L. (2001). Separating processes within a
trial in event-related functional MRL. II. Neuroimage, 13(1), 218-229.

Ollinger, J. M., Shulman, G. L., & Corbetta, M. (2001). Separating processes within a
trial in event-related functional MRI. I. Neuroimage, 13(1), 210-217.

Paus, T. (2001). Primate anterior cingulate cortex: Where motor control, drive and
cognition interface. Nature Reviews. Neuroscience, 2(6), 417-424.

Picard, N., & Strick, P. L. (2001). Imaging the premotor areas. Current Opinion in
Neurobiology, 11(6), 663-672.

Pochon, J. B., Levy, R,, Poline, ]. B., Crozier, S., Lehericy, S., Pillon, B., et al. (2001). The
role of dorsolateral prefrontal cortex in the preparation of in press actions: An
fMRI study. Cerebral Cortex, 11(3), 260-266.

Postle, B.R.(2006). Working memory as an emergent property of the mind and brain.
Neuroscience, 139(1), 23-38.

R-Development-Core-Team. (2005). R: A language and environment for statistical
computing. Vienna, Austria.

Rizzolatti, G., & Craighero, L. (2004). The mirror-neuron system. Annual Review of
Neuroscience, 27, 169-192.

Rizzolatti, G., & Luppino, G. (2001). The cortical motor system. Neuron, 31(6),
889-901.

Rowe, J. B., Toni, I, Josephs, O., Frackowiak, R. S., & Passingham, R. E. (2000). The
prefrontal cortex: Response selection or maintenance within working memory?
Science, 288(5471), 1656-1660.

Ruge, H., Brass, M., Koch, L., Rubin, O., Meiran, N., & von Cramon, D. Y. (2005). Advance
preparation and stimulus-induced interference in cued task switching: Further
insights from bold fMRI. Neuropsychologia, 43(3), 340-355.

Ruge, H., Brass, M., Lohmann, G., & von Cramon, D. Y. (2003). Event-related analysis
for event types of fixed order and restricted spacing by temporal quantification
of trial-averaged fMRI time courses. Journal of Magnetic Resonance Imaging, 18(5),
599-607.

Rushworth, M. F,, Passingham, R. E., & Nobre, A. C. (2002). Components of switching
intentional set. Journal of Cognitive Neuroscience, 14(8), 1139-1150.

Rushworth, M. F,, Walton, M. E., Kennerley, S. W., & Bannerman, D. M. (2004). Action
sets and decisions in the medial frontal cortex. Trends in Cognitive Sciences, 8(9),
410-417.

Sakai, K., & Passingham, R. E. (2003). Prefrontal interactions reflect future task oper-
ations. Nature Neuroscience, 6(1), 75-81.

Shaffer, L. H. (1965). Choice reaction with variable s-r mapping. Journal of Experimen-
tal Psychology, 70, 284-288.

Shaffer, L. H. (1966). Some effects of partial advance information on choice reaction
with fixed or variable s-r mapping. Journal of Experimental Psychology, 72(4),
541-545.

Snyder, A. Z. (1996). Difference image versus ratio image error function forms in
pet-pet realignment. In D. Bailer & T. Jones (Eds.), Quantification of brain function
using pet (pp. 131-137). San Diego, CA: Academic Press.

Sudevan, P, & Taylor, D. A. (1987). The cuing and priming of cognitive operations.
Journal of Experimental Psychology. Human Perception and Performance, 13(1),
89-103.



H. Ruge et al. / Neuropsychologia 47 (2009) 1670-1685 1685

Talairach, P.,, & Tournoux, J. (1988). A stereotactic coplanar atlas of the human brain.
Stuttgart: Thieme.

Toni, 1., Thoenissen, D., & Zilles, K. (2001). Movement preparation and motor inten-
tion. Neuroimage, 14(1 Pt 2), S110-S117.

Van Essen, D. C, Drury, H. A., Dickson, ]., Harwell, ]., Hanlon, D., & Anderson, C.
H. (2001). An integrated software suite for surface-based analyses of cerebral
cortex. Journal of the American Medical Informatics Association, 8(5), 443-459.

Wager, T. D., Jonides, J., & Reading, S. (2004). Neuroimaging studies of shifting atten-
tion: A meta-analysis. Neuroimage, 22(4), 1679-1693.

Winterer, G., Adams, C. M., Jones, D. W,, & Knutson, B. (2002). Volition to action—an
event-related fMRI study. Neuroimage, 17(2), 851-858.

Woods, R. P, Grafton, S. T., Holmes, C. J., Cherry, S. R., & Mazziotta, ]. C. (1998). Auto-
mated image registration. I. General methods and intrasubject, intramodality
validation. Journal of Computer Assisted Tomography, 22(1), 139-152.

Wylie, G., Javitt, D. C.,, & Foxe, ]. J. (2006). Jumping the gun: Is effective prepara-
tion contingent upon anticipatory activation in task-relevant neural circuitry?
Cerebral Cortex, 16(3), 394-404.

Yantis, S., & Serences, J. T. (2003). Cortical mechanisms of space-based and object-
based attentional control. Current Opinion in Neurobiology, 13(2), 187-193.
Yeung, N., Nystrom, L. E., Aronson, J. A., & Cohen, ]. D. (2006). Between-task compe-
tition and cognitive control in task switching. The Journal of Neuroscience, 26(5),

1429-1438.



	Attention, intention, and strategy in preparatory control
	Introduction
	Methods
	Participants
	Procedure
	Functional imaging
	Data analysis
	Contrasting advance cue vs. advance target activation
	Contrasting congruent vs. incongruent advance target activation


	Results
	Behavioral results
	Response times
	Error rates

	Imaging results
	Cue-based vs. target-based preparation
	Is preparatory activation sustained?
	Are preparation-related brain areas re-activated at S2?
	Congruency-related effects in the advance target condition


	Discussion
	Preparatory brain activation for advance cues: attentional, stimulus-oriented control
	Selective preparatory activation for advance targets: intentional, action-oriented control
	Individual differences in response readiness: voluntary strategy at work?

	Conclusions
	Acknowledgements
	References


