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Abstract

It is widely acknowledged that the prefrontal cortex (PFC) plays a major role for goal-directed behaviour. In this context it is usually
necessary to coordinate environmental information and internally represented intentions. Such goal-directed “endogenous control processes”
can be investigated with the task-switching paradigm in which participants are required to alternate between different tasks. In the present
study, we aimed at investigating different degrees of endogenous control by introducing two cue types with varying directness of the cue-task
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ssociation. The “transition cues” informed the participants about repeating or switching the task but not about the task identity. C
hat, the “task cues” were directly associated with the upcoming task set. Since the transition cues are not directly associated with
hey should require a higher demand of endogenous control than the task cues.

The comparison of both cue types revealed frontolateral as well as frontomedian activations for the transition cue. We assum
rontolateral activation reflects the coordination of information within working memory (WM) and the frontomedian cortex reflects th
emand for endogenous control. Furthermore, regions of interest (ROIs) analyses indicate an important role for anterior regions a

nferior frontal sulcus and frontomedian wall. This is suggested to reflect a functional gradient in anterior–posterior direction which
o the relative degree of required endogenous control.

2004 Elsevier Ltd. All rights reserved.
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. Introduction

The prefrontal cortex (PFC) has long been thought to play
n important role in our ability to orchestrate thoughts and
ctions in accordance with the environment (Miller & Cohen,
001). In other words, our behaviour is governed by environ-
ental information and internally represented information
f past events and goals. Hence, in order to decide how to
ct in a specific situation, we usually have to integrate these
xternal information with internally represented information.
rom this perspective, cognitive control can be understood
s the coordination of external and internal information in
orking memory (WM). Whenever our behaviour is not
ompletely externally triggered, additional internal effort is

∗ Corresponding author. Tel.: +49 341 9940 258; fax: +49 341 9940 221.
E-mail address:forstman@cbs.mpg.de (B.U. Forstmann).

needed to which we will refer as the memory-based inte
generation of task sets or endogenous control.

In the experimental literature, cognitive control has b
investigated using the task-switching paradigm (Koch, 2003
Meiran, 1996; Rogers & Monsell, 1995; Sudevan & Taylor
1987). In this paradigm, participants have to shift from o
task to another leading to prolonged reaction times (RTs
higher error rates which are termed “shift costs”. Rece
two different task-switching procedures have been dev
One is the cueing version (see, e.g.,Sudevan & Taylor, 1987),
the other one follows the alternating-runs logic with p
dictable task sequences (see, e.g.,Rogers & Monsell, 1995).

In cueing versions of the task-switching paradigm
external task cue is presented which is directly, i.e. un
biguously associated with the upcoming task. This o
the opportunity to present tasks in random order bec
the upcoming task is reliably signalled by the external

028-3932/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.neuropsychologia.2004.08.008
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cue (Sudevan & Taylor, 1987). However, this paradigm
minimises the need for endogenous control components
because of the facilitative impact of the task cue on the
memory-based retrieval of the relevant task set, i.e. the inter-
nal representation of the task goal, due to the direct cue-task
association (Koch, 2003; Logan & Bundesen, 2003).

In contrast to paradigms using external task cues,Rogers
and Monsell (1995)introduced the alternating-runs version
of the task-switching paradigm. This version does not re-
quire external task cues because simple and predictable task
sequences are used, e.g. AABBAA etc. (Rogers & Monsell,
1995). In alternating-runs versions, the integration of internal
and external information is necessary in order to select the
relevant task set. Hence, these designs rely on maintaining the
task order in working memory to retrieve the now-relevant
task set. Such studies are more valuable to make inferences
about the internal generation of task sets because the task set
is not exclusively triggered by a direct cue-task association.

1.1. Neuroimaging results of the task-switching
paradigm

Several neuroimaging studies used a cueing version to
investigate preparation-related activation (Brass & von Cra-
mon, 2002, 2004; Dove, Pollman, Schubert, Wiggins, & von
C
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in more anteriorly located prefrontal areas such as the middle
frontal gyrus (MFG) and the frontopolar cortex tend to exhibit
complex properties dependent on higher-order task processes
which require the temporal integration of information (see,
e.g.,Fuster, 2004). In contrast, more posteriorly situated pre-
frontal regions such as the inferior frontal junction area reveal
activation when the task set is directly triggered by external
events (Brass & von Cramon, 2004; Derrfuss, Brass, & von
Cramon, 2004).

Taken together there are several neuroimaging studies
which used either the cueing version, in which the task set
is externally induced through a direct task cue, or followed
the alternating-runs logic, where in general the task set is
not directly triggered by an external cue. It was the aim of
the present study to investigate varying degrees of required
endogenous control by manipulating the directness of the as-
sociation between cue and task. Therefore, we devised a new
cue type which we refer to as transition cues (cf.Rushworth,
Hadland, Paus, & Sipila, 2002). With this, we aimed to show
neural correlates of the internal generation of task sets which
requires a higher demand of endogenous control than directly
cued task sets.

1.2. Manipulating the cue-task association
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ramon, 2000; Luks, Simpson, Feiwell, & Miller, 2002;
uge, Brass, Koch, Rubin, Meiran, & von Cramon in pre).
rass and von Cramon (2002, 2004)as well asRuge et al

in press)found that a frontal network involving an area
he vicinity of the left precentral sulcus and inferior fron
ulcus (the so called inferior frontal junction, IFJ) and
re-SMA are crucial components in task preparation.

Neuroimaging studies which investigated the alterna
uns paradigm revealed a quite heterogenous data patte
xample,Sohn, Ursu, Anderson, Stenger and Carter (2

ntroduced on half of the blocks “foreknowledge”, so that
ormation about task repetition or task switch was availa

right lateralized prefrontal activation (BA 46/45) amo
arietal and subcortical activations was found for the f
nowledge condition. In a different study,Dreher, Koechlin
li and Grafman (2002)manipulated the capability for e
ogenous preparation by contrasting blocks in which t
lternated in a predictable manner against blocks in w

he task switched randomly. Interestingly, the data reve
hat the anterior medial prefrontal cortex and the left f
opolar cortex were more related to endogenous contro
esses, being activated when knowing which task was g
o occur, while the lateral PFC was more involved with c
itive control processes in relation to external events. T
ndings suggest that regions more anterior situated in the
rontal cortex come into play when the need for endoge
ontrol is increased (Dreher et al., 2002).

Evidence for a functional gradient in anterior–poste
irection for the lateral PFC is also reported by several o
uthors (see, e.g.,Koechlin, Ody, & Kouneiher, 2003). The
oncept of such a gradient is based on the idea that activ
r

The rationale of introducing transition cues was to
ise a synthesis of both the alternating-runs- and the cu
aradigm to obtain a contrast between relatively more i
ally generated and relatively more directly cued task
herefore, two different types of external cues were u

Fig. 1A and B).
The transition cue is comprised of an indirect associa

etween cue and task. That is, this cue type informs the p
pants about repeating or switching the task but not abou
ask identity (see, e.g.,Rushworth et al., 2002). The charac
eristic feature of the alternating-runs paradigm, namely
eed to relatively stronger internally generate the task se
ause of the lack of a strong direct task set information, c
e realised with the transition cue type while being able to
npredictable task sequences comparable to the task c
rocedure. Contrary to that, the task cue is comprised
irect association between cue and task, thus being ide

o the task cues used in cueing versions of previously ad
ask-switching studies (see, e.g.,Brass & von Cramon, 200;
och, 2003). Participants had to shift between two num
al judgement tasks either deciding whether a given dig
reater or smaller than 5 (magnitude task) or whether it is
r even (parity task). Each of the two task cues were dir
ssociated with either the magnitude task or the parity
espectively, whereas transition cues instructed a swit
epeat of the task, thereby requiring the participants to
he now-relevant task identity.

The transition cue offers several methodological ad
ages compared to previously adopted task-switching p
ures. One is concerned with the opportunity to investi

he internal generation of task sets while using an ext
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Fig. 1. Transition Cueing Paradigm. (A) Two different cue types (transition cue and task cue). The transition cue indicates whether the N-1 task should be
repeated or switched whereas the task cue is directly associated with either Task A or Task B. (B) The two cue types were presented in pseudo-randomised
order. A trial lasted 6000 ms while the cue-target interval (CTI) was held constant (800 ms; black line) and the reaction time window ended after 3000 ms(red
line).

cue type. This allows to determine the point of time when the
internal generation process occurs (seeMeiran, 2000a,bfor
a discussion). Usually, this is not possible in studies using
the alternating-runs paradigm, where it might be possible to
begin preparing for the required task on trial N before hav-
ing completed the response on trial N-1. A second advantage
enfolds the opportunity to adopt a design in which transition
cues can be intermixed with task cues, hence allowing an
event-related fMRI analysis of an intermixed design.

2. Materials and methods

2.1. Participants

Sixteen healthy volunteers were recruited. We obtained
written consent from all 16 participants prior to the scan-
ning session. All subjects had normal or corrected-to-normal
vision. No subject had a history of neurological, major med-
ical, or psychiatric disorder. The data of two subjects were
excluded from the analysis due to nausea of one participant
during the scanning procedure and technical problems with
the headphones in the other case. The remaining 14 sub-
jects were six females and eight males (age: mean = 23.6,
S.D. = 2.08) who were all right handed as assessed by the
E

2

n the
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task). Which task they had to execute was instructed by either
a transition cue or a task cue. The transition cue consisted of
(a) a triangle on its tip or (b) a triangle on its base which
instructed the participants to either repeat or switch the pre-
viously performed task. The task cue was comprised of (a) a
square or (b) a diamond. These were directly associated with
either the parity or magnitude task (Fig. 1A).

The timing of the sequence of trials was triggered from the
MRI control every 6 s. The trials started with a variable over-
sampling interval of 0, 500, 1000 or 1500 ms to obtain an in-
terpolated temporal resolution of 500 ms (Miezin, Maccotta,
Ollinger, Petersen, & Buckner, 2002). Then, a fixation cross
was presented for 50 ms followed by one of the four cues,
which were always presented for 800 ms. Thus, the cue-target
interval (CTI) was held constant. While the cue remained on
the screen, the digit was presented in the centre of the cue. Cue
and digit together remained on the screen until a response was
made or the response time interval of 3000 ms was exceeded.
Responses were made with the right index or middle finger by
pressing either the left key if a digit was smaller than 5 or odd
or the right key if a digit was bigger than 5 or even (Fig. 1B).

The experiment consisted of two blocks with 160
experimental trials each, resulting in approximately 80 trials
for the combinations of the two factors cue type (transition
cue versus task cue) by trial type (switch versus repeat).
T equal
t ition
p We
a omly
i nsate
t rials.
T yed
u ies,
dinburgh Inventory (Oldfield, 1971).

.2. Behavioural task

Digits between 1 and 9 (except 5) were presented o
omputer screen. Participants had to execute two tasks:
ng whether a digit was smaller or greater than 5 (magni
ask) or judging whether a given digit was odd or even (pa
rials were presented in a pseudo-randomised order to
he number of switch and repetition trials and the trans
robabilities of the different conditions and cue types.
lso included 40 non-events, which were pseudo-rand

nterspersed. The non-events were included to compe
he overlap of the BOLD response between adjacent t
he experiment lasted about 50 min. Stimuli were displa
sing VisuaStim (Magnetic Resonance Technolog



946 B.U. Forstmann et al. / Neuropsychologia 43 (2005) 943–952

Northridge, USA), consisting of two small TFT-monitors
placed directly in front of the eyes, simulating a distance to
a normal computer screen of about 100 cm with a resolution
of 1024× 768 and a refresh rate of 60 Hz. Each trial lasted
6 s. We used a TR of 2 s which resulted in 540 time steps for
each block. Every block started out with two dummy trials
which were excluded from further analysis.

2.3. MRI scanning procedure

The experiment was carried out on a 3T scanner (Med-
spec 30/100, Bruker, Ettlingen). Twenty axial slices were ac-
quired (19.2 cm FOV, 64× 64 matrix, 4 mm thickness, 1 mm
spacing) parallel to the AC-PC plane and covering the whole
brain. Slice gaps were interpolated to generate output data
with a spatial resolution of 3 mm× 3 mm× 3 mm. We used
a single shot, gradient recalled EPI sequence (TR 2000 ms,
TE 30 ms, 90◦ flip-angle). Prior to the functional runs, corre-
sponding 20 anatomical MDEFT slices and 20 EPI-T1 slices
were acquired.

2.4. Data analysis

2.4.1. Preprocessing of fMRI data
The analysis of the fMRI data was performed by using
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kernel with a dispersion of 4 s FWHM to deal with the tem-
poral autorcorrelation (Worsley & Friston, 1995). In the fol-
lowing, contrast maps, i.e. estimates of the raw-score dif-
ferences between specified conditions, were generated for
each participant. A one-sample Student’st-test of contrast
maps across participants (random-effects-model considering
participants as a random variable) was computed to indicate
whether observed differences between specified conditions
were significantly different from zero. Subsequently,t val-
ues were transformed intoZ-scores. To protect against false
positive activations, only regions with aZ-score higher than
3.1 (p< 0.001, uncorrected) and with a volume greater than
450 mm3 (10 adjacent voxel) are reported (Forman, Cohen,
Fitzgerald, Eddy, Mintun, & Noll, 1995).

Furthermore, we were interested in obtaining ROI× cue
type interactions between three frontolateral and two fronto-
median regions of interest (ROIs) for both cue types to show
a functional gradient in anterior direction for the transition
cue. The underlying signal time courses were computed for
the most activated voxel of the frontopolar PFC (FPFC), the
mid-MFG and IFJ on the frontolateral side for each partici-
pant. On the frontomedian side, we computed the signal time
course for the most activated voxel in BA 8 and for a mean
coordinate in the pre-SMA/SMA (x: 1, y: 5, z: 53). While the
latter coordinate was derived from the study ofBrass and von
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he LIPSIA software package (Lohmann et al., 2001). The
unctional data were first corrected for movement artef
urther, the temporal offset between the slices acquir
ne scan were corrected by using a sinc-interpolatio
orithm. Data were filtered using a spatial Gaussian
ith sigma = 0.6. A temporal highpass filter with a cu

requency of 1/100 Hz was used for baseline correctio
he signal. All functional data sets were individually reg
ered into stereotactic Talairach space using the particip
ndividual high-resolution reference image. These 3D
rence data sets were acquired during a previous sca
ession. The 2D anatomical MDEFT slices, geometric
ligned with the functional slices, were used to compu

ransformation matrix containing 6 degrees of freedom (t
otational, three translational) that registered the anatom
lices with the 3D reference image. These transformation
rices were normalised to the standard Talairach brain
Talairach & Tournoux, 1988) by linear scaling, and final
pplied to the individual functional data.

.4.2. Statistical evaluation
For the computation of whole-brain contrasts, we u

he General Linear Model for serially autocorrelated ob
ations (Friston, Holmes, Worsley, Poline, Frith, & Frac
wiak, 1995). The design matrix for event-related analy
as created by using a model of a synthetic BOLD func

Friston, Fletcher, Josephs, Holmes, Rugg, & Turner, 19).
vent-onsets were synchronised with the presentation o
ue. Only correct trials were included in the analysis.
odel equation, including the observation data, the de
atrix, and the error term, was convolved with a Gaus
ramon (2002), all other ROIs were determined from the r
om effects analysis of the main contrast between both

ypes (seeTable 1). On the lateral prefrontal cortex, the c
rdinate of the mid-MFG and the coordinate of the FP
ere chosen because it has been argued by several a

hat these areas are important for the working memory re
ntegration of information or processes called “branchi
espectively (D’Esposito, Postle, Ballard, & Lease, 199;
letcher & Henson, 2001; Koechlin, Basso, Pietrini, Panz
Grafman, 1999). On the medial side, BA 8 has been

ued to be important for uncertainty in decision making (
.g.,Volz, Schubotz, & von Cramon 2003). The more poster
rly situated ROIs on the lateral and medial PFC, i.e. IFJ
re-SMA, belong to a cortical network commonly found w
xplicit task cues (see, e.g., Brass, 2002;Ruge et al., in press).

The percent signal change was calculated in relation t
ean signal intensity across all timesteps. The signal ch
as averaged for each condition for 12 s after cue pre

ation. We then subtracted the time course of the non-e
rom the time course of the relevant conditions to atten
he overlap of the BOLD response. Furthermore, we d
ined the maximum signal in the time window betwee
nd 8 s. Finally, the maximum signals of three lateral

wo medial ROIs were submitted separately to an ana
f variance (ANOVA). For the ROI analysis, effects w
onsidered significant at an alpha of 0.05.

For the visualisation of a functional–anatomical grad
n the anterior–posterior direction, we masked the estim
eta values of each difference of cue type and non-event
ately with theZ-map resulting from the main contrast (tra
ition cue versus task cue) with aZ-score higher than 3
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Table 1
Anatomical location and Talairach coordinates for the comparison of transition cue and task cue withZ> 3.1 (p= 0.001, uncorrected). Activated areas that lie
>1 cm apart. Activations with a minimum volume size of 450 mm3 (10 adjacent voxels) are shown

Anatomical area Left hemisphere Right hemisphere

Talairach coordinates Zmax Talairach coordinates Zmax

Frontal

Frontopolar 29 47 15 4.1
Inferior frontal gyrus −52 14 9 4.1 44 11 24 4.0
Posterior middle frontal gyrus −44 8 41 4.1
Mid-middle frontal gyrus −44 23 27 4.0
Anterior middle frontal gyrus −43 35 6 4.0
Inferior frontal junction −35 −4 32 3.9
Anterior insula −29 17 −3 3.9 35 20 0 4.7
Premotor cortex 32 5 50 3.8
Frontomedian cortex (BA 8) −5 17 50 3.7

Parietal
Intraparietal sulcus −37 −52 38 4.5 35 −46 38 42
Supramarginal gyrus −46 −46 44 4.5 43 −43 47 3.9
Upper precuneus 8 −70 47 4.2

Subcortical
Thalamus 11 −10 6 3.7

(p< 0.001, uncorrected). This assured us that only voxels be-
ing significantly activated in the random effects analysis for
the main contrast of cue type were chosen except for the co-
ordinate in the pre-SMA which was derived from the study
from Brass and von Cramon (2002).

3. Results

3.1. Behavioural performances

The behavioural results (Fig. 2A and B) revealed a signif-
icant main effect for the cue type,F(1,13) = 56.6;p< 0.001,
indicating that RTs for the transition cue are higher than for
the task cue (1124 ms versus 907 ms). In addition, the main ef-
fect for trial type was significant,F(1,13) = 25.38;p< 0.001,
indicating that RTs in switch trials were higher than for non-
switch trials (1060 ms versus 971 ms). The interaction of cue
type and trial type was significant,F(1,13) = 6.00;p< 0.05,
indicating higher switch costs for the transition cue in switch
trials compared to the task cues (138 ms versus 40 ms).

The overall accuracy was 94.7%. Error rates were
submitted to the same analysis as RTs. The ANOVA revealed
a significant main effect for cue type,F(1,13) = 31.08;
p< 0.01, showing higher error rates for the transition cues
( ain
e
s coun
f

3

MRI
d nter-
n om

directly cued task sets. The random effects analysis for the
main contrast of transition cues versus task cues revealed
several activation foci along the left inferior frontal sulcus
(Table 1andFig. 3). There was an activation on the mid-part
of the left middle frontal gyrus (mid-MFG) which extended
in posterior and anterior direction of the middle frontal gyrus
(posterior MFG and anterior MFG) and reached the IFJ. Fur-
thermore, bilateral activation was found in the posterior part
of the inferior frontal gyrus, namely at the tip of Broca’s area
(BA 44). The frontopolar PFC (FPFC) as well as the ven-

F task
c ction
o at).
8%) compared to the task cues (3%). No further m
ffect or interaction reached significance (F< 1). Thus, no
peed-accuracy trade-off can be made responsible to ac
or the RT data pattern.

.2. Neuroimaging data

The first question we addressed in the analysis of the f
ata was whether brain activation associated with the i
al generation of task sets would significantly differ fr
t

ig. 2. (A) Mean RT in ms as a function of cue type (transition cue vs.
ue) and trial type (switch vs. repeat). (B) Mean error rates in % as a fun
f cue type (transition cue vs. task cue) and trial type (switch vs. repe
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Fig. 3. Activation map averaged over all 14 subjects (Z threshold at Z = 3.1)
mapped onto the mean brain of all subjects. Shown is the sagittal view of
the left lateral cortex (x=−43) and the frontomedian wall (x=−5) for the
main contrast for the transition cue vs. task cue. Red labels indicate positive
Z values.

tral premotor cortex revealed exclusive activation in the right
hemisphere. Medially, activation was found in the dorsal part
of BA 8 extending into the pre-SMA. In the following sections
we will refer to this activation as medial BA 8. Furthermore,
the anterior insula was activated bilaterally. The parietal lobe
revealed activation along the ascending branch of the intra-
parietal sulcus (IPS), in the supramarginal gyrus bilaterally
and in the upper precuneus (BA 7m) of the right hemisphere.
Finally, the right thalamus was significantly activated.

A further analysis was concerned with frontal areas sub-
serving the (re)-configuration of task sets, namely the areas
elicited in switch trials. Therefore, we calculated the main ef-
fect of trial type (switch versus repeat) applying the defined
threshold criteria derived from the main effect of cue type.
The results revealed no significantly activated prefrontal ar-
eas for the main effect of trial type. However, we obtained
parietal and subcortical activations which will not be further
addressed. The results of the whole-brain interaction between
cue type and trial type revealed also no prefrontal activation.
Hence, in all subsequently following analyses, we focused on
activations obtained from the whole-brain contrast between
both cue types.

The second question of this study was concerned with
a functional gradient in anterior–posterior direction for the
transition cue compared to the task cue. Therefore we ob-
tained ROI× cue type interactions for three lateral prefrontal
ROIs (FPFC, mid-MFG and IFJ) and both cue types (tran-
sition cue versus task cue; see alsoFig. 4) as well as two
frontomedian ROIs (BA 8 and pre-SMA) and both cue types,
respectively. The results revealed a significant interaction
between the frontolateral ROIs× cue type,F(2,12) = 7.36;
p< 0.01. In post hoc analyses, we then calculated the percent
signal change difference between transition cues and task
cues for each lateral ROI and adopted three two-sided Stu-
dent’s t-tests with effects to be considered significant at an
alpha of 0.05. The results revealed a significant difference be-
tween mid-MFG and IFJ,t(13) =−3.79,p= 0.002), indicat-
ing a larger cue type effect for the mid-MFG compared to the
IFJ. All other lateral ROI× cue type effects were not signifi-
cant (p> 0.1). For the frontomedian wall, the ROI× cue type
interaction revealed significance,F(1,13) = 9.11;p< 0.01, in-
dicating a larger percent signal change difference in BA 8
compared to the percent signal change in the pre-SMA for
the transition cue compared to the task cue. InFig. 4, the ac-
tivation shift on the lateral PFC along the left inferior frontal
sulcus and medial PFC is shown by the estimated beta val-
ues for each cue type which are higher than 0.2. Note that
t tudy
o e-
t ich is
c

4
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t aring
t eing
p ontal
a erior
d
e the
f ed
t

ell as
f aled
n h a
n ntal
a ith a
he mean coordinate in the pre-SMA derived from the s
f Brass and von Cramon (2002)revealed no difference b

ween both cue types for the estimated beta values wh
onsistent with the ROI analysis.

. Discussion

The present study aimed at investigating neural corre
f endogenous control when the task set is not directly c
revious task-switching studies used either predictable
equences or they relied on task cues that are directly
iated with the task set. Here, we investigated brain reg
ubserving the internal generation of task sets by contra
ransition cues which exhibit an indirect cue-task associ
ith task cues which exhibit a direct cue-task associatio
Several frontolateral activations and one frontomedia

ivation were found to be more strongly activated for
ransition cue compared to the task cue. When comp
he present results with previous findings from task-cu
aradigms, it becomes evident that the pattern of the fr
ctivations usually found with task cues shifted in an ant
irection (see, e.g.,Brass & von Cramon, 2002, 2004; Ruge
t al., in press) on both the frontolateral cortex as well as

rontomedian wall. ROI× cue type interactions corroborat
his finding.

The contrast between switch and repetition trials as w
or the interaction between cue type and trial type reve
o frontal activations. This finding is in accordance wit
umber of recent studies which failed to find stronger fro
ctivations for the contrast of switch and repeat trials w
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Fig. 4. Separately masked estimated beta values for each random effects analysis of cue type and non-event (i.e., transition cue vs. non-event and task cue
vs. non-event) with the random effects analysis of the main contrast (transition cue vs. task cue) with aZ-score higher than 3.1 (p< 0.001, uncorrected). Only
voxels being significantly activated and with a beta value higher than 0.2 are displayed. Red labels indicate beta values ranging from 0.2 to 0.6. Diagrams report
the averaged percent signal change for both cue types (transition cue and task cue) for three frontolateral ROIs (FPFCx: 29,y: 47,z: 15; mid-MFGx: −44,y:
23,z: 27; IFJx: −35,y: −4,z: 32) and two frontomedian ROIs (BA 8x: −5,y: 17,z: 50; pre-SMAx: 1; y: 5; z: 53). Asterisks indicate the significant ROI× cue
type interaction between two left lateral ROIs (mid-MFG and IFJ) and two frontomedian ROIs (BA 8 and pre-SMA) with the two cue types, respectively.

long CTI (Brass & von Cramon, 2002, 2004; Ruge et al.,
in press). They argued that the necessity and demand of
exerted cognitive control might be equivalent for both trial
types. This is especially the case for an experimental context
in which there is an equal likelihood of switch and repetition
trials. Therefore, the contrast between trial types may not be
a suitable indicator of cognitive control processes (Brass &
von Cramon, 2002, 2004).

4.1. The role of the lateral prefrontal cortex for
internally generated and directly cued task sets

In the present study, several frontolateral activations were
obtained for the transition cue compared to the task cue.
Among them is the left inferior frontal junction, the left mid-
MFG extending along the inferior frontal sulcus, and the right
frontopolar PFC which have been observed in a number of
task-switching studies using both predictable task sequences
or direct task cues (Brass & von Cramon, 2002, 2004; Dreher
et al., 2002; Luks, Simpson, Feiwell, & Miller, 2002; Ruge
et al., in press; Sohn et al., 2001).

Several studies implicate that the IFJ is relevant for
context-related updating of general task representations,
which has mainly emerged from task-switching studies using
direct task cues (Brass & von Cramon, 2002, 2004; Dove et
a g
s 01
N

Activations along the inferior frontal sulcus, especially the
mid-MFG have been shown by a variety of tasks where a high
degree of cognitive control was required in order to “moni-
tor”, “maintain”, and “integrate” information over a period of
time (D’Esposito et al., 1999; Fletcher & Henson, 2001; Frith
& Dolan, 1996; Owen et al., 1999). With the transition cue,
differential sources of contextual information (N-1 task set)
and the present cue information have to be integrated. There-
fore, we suggest that the left frontolateral activations reflect
the integration of information within working memory.

Additionally, the right FPFC revealed higher activation
for the transition cue compared to the task cue. The FPFC
is said to be associated with a process that has been termed
“branching” (see alsoKoechlin et al., 1999). Branching refers
to the holding of a primary task in working memory while
a secondary task has to be carried out. This applies to the
requirements of the transition cue since the participants have
to internally generate the task set while coordinating the con-
textual information within working memory.

4.2. The role of the medial-frontal wall for internally
generated and directly cued task sets

The comparison of activations of both cue types revealed
an activation peak in the medial BA 8 for the transition cues.
C aled
t ss-
i s
l., 2000; Sylvester et al., 2003) and Wisconsin Card Sortin
tudies (Monchi, Petrides, Petre, Worsley, & Dagher 20;
agahama et al., 2001).
ontrary to that, previous task-switching studies reve
hat the pre-SMA/SMA is involved in cue-related proce
ng (Brass & von Cramon, 2002; Dove et al., 2000; Luk
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et al., 2002; Rushworth et al., 2002). Furthermore, the pre-
SMA is assumed to be important for the internal generation
and preparation of motor activity (Lee, Chang, & Roh, 1999;
Picard & Strick, 1996, 2003). Regarding the present findings,
it is conceivable that a functional gradient from the pre-SMA
into the rostrally situated BA 8 is elicited by the indirect
cue-task associations in which the external transition cue in-
formation does not determine the relevant task set. Evidence
for the account of a functional gradient in anterior direction
was also revealed by a ROI× cue type interaction of the me-
dial BA 8 and a coordinate in the pre-SMA. Here we could
show that the medial BA 8 compared to the pre-SMA plays
a dominant role for the transition cue compared to the task
cue.

However, it is necessary to specify the subprocesses being
relevant in indirect cue-task associations. Besides the mem-
ory aspect which requires the participants to integrate infor-
mation over a period of time, it is necessary to internally
generate the now-relevant task set representation due to the
indirect cue-task association.

We presume that the medial BA 8 is subserving this inter-
nally driven process. This is further corroborated by studies
investigating the internal generation of synonyms (Nyberg et
al., 2003), uncertainty in decision making (Volz, Schubotz, &
von Cramon, 2003) as well as during rule application (Goel
& m-
p
r

for
t evant
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h ectly
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were predictable across the block). Very recently,Koechlin et
al. (2003)put forward a cascade model of executive processes
from premotor to anterior PFC regions that control behaviour
according to the stimuli, the present perceptual context, and
the temporal episode in which stimuli occur, respectively.

In the present study, the results indicate a dominant role
of the more anterior situated ROI on the left frontolateral cor-
tex, namely the mid-MFG for the integration of information
in working memory compared to the directly cued task sets.
Furthermore, a comparable dominant role of the anterior sit-
uated ROI in the medial wall (BA 8) was obtained which
is suggested to reflect the internal generation of the task set
(Fig. 4). These findings lead us to suggest a functional gra-
dient in anterior–posterior dimension for the left lateral and
presumably medial PFC reflecting a higher demand of en-
dogenous control. This holds for both the coordination of
information over a certain time interval as well as for the
internal generation of task sets in less determined action con-
texts.

4.4. Other frontolateral activations revealed by the
transition cue

Besides the activations along the dorsal bank of the infe-
rior frontal sulcus, we also obtained left-sided activation in
t the
t sis
f ect
t fa-
c ory
(

5

rent
t . The
r r di-
r cor-
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a at
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t rnal
i rk-
i trol
c acti-
v ent
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Dolan, 2000), serial event prediction in increasingly co
lex stimulus trains (Schubotz & von Cramon, 2002), and
esponse competition (Ullsperger and von Cramon, 2004).

Finally we suggest that the medial BA 8 is important
he internal generation of task sets which becomes rel
or solving environmental ambiguity. This is in accorda
ith the view that less determined action contexts requ
igher demand of endogenous control compared to dir
ued task sets.

.3. A functional gradient in the anterior–posterior
imension along the lateral and medial PFC

Recently, several authors proposed a functional–a
ical gradient in the lateral PFC along an anterior–post
imension (Braver, Reynolds, & Donaldson, 2003; Christoff
Gabrieli, 2000; Dreher et al., 2002; Koechlin et al., 200);
eynolds & Donaldson, 2003). Evidence for a cytoarch

onic gradient relies inter alia on studies conducted bySanides
1962). However the functional characterisation of such a
ient remained open.Braver et al. (2003)suggested that th
FC might be organised according to the temporal dur
f actively maintained representations, with the most a
ior regions being recruited under conditions where ac
emory needs to be sustained.
Regarding the task-switching literature,Dreher et al

2002) proposed an anterior–posterior axis as the task
omes more endogenously guided. In their study, ant
FC activity was associated with improved performance
er conditions where sustained endogenous preparatio

ask-switching could be achieved (i.e. when task swit
he posterior part of the inferior frontal gyrus, namely
ip of Broca (BA 44). Even if we had no a-priori hypothe
or the activation in BA 44, we assume that it might refl
he phonological rehearsal of the contextual information
ilitating the coordination process within working mem
Fletcher & Henson, 2001).

. Conclusion

In the present experiment, we contrasted two diffe
ypes of cues to investigate cognitive control processes
esults revealed a functional gradient in anterior–posterio
ection along both the left frontolateral and frontomedian
ex when comparing an indirect with a direct cue-task as
tion. Furthermore, ROI× cue type interactions showed th

he mid-MFG and the medial BA 8 play essential roles w
he action context is less determined. We suggest that th
ivation in the mid-MFG subserves the integration of exte
nformation and internally represented information in wo
ng memory revealing a higher demand of cognitive con
ompared to directly cued task set representations. The
ation in the medial BA 8 is associated with the requirem
o internally generate the task set representation reflecti
ct of endogenous control. In everyday life choosing betw
ifferent courses of actions usually requires the inte

ion of environmental information and internally represen
nformation of past events. In this sense, working m
ry and endogenous control might reflect two sides o
ame coin.
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