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Modulation of brain activity by selective task sets
observed using event-related potentials
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Abstract

We investigated the ability of subjects to shift dynamically between selective task sets, using informative trial-by-trial cues. Two tasks were
used which involved non-overlapping neural systems and different hemispheric specialization. In a verbal task, subjects decided whether a
letter string was a real word or a non-word. In a spatial task, subjects decided whether an angle was acute or obtuse. A behavioural experiment
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howed that performance improved when cues predicted the upcoming task (80% validity), compared to when neutral cues did
elective task sets. Event-related potentials (ERPs) revealed brain activity related to forming selective task expectations, to swit
nd to the modulation of target processing as a function of such expectations and switches. Activity predicting the probable task s
arietal electrodes 160 ms after cue presentation, while activity related to task switching started at frontal electrodes around 28

ypes of activities developed before target onset. Target processing was significantly influenced by the validity of the cue prediction
trong modulation of language-related potentials. These results show that it is possible to switch dynamically between task se
istinct neural systems, even before the appearance of an imperative target stimulus, and that the nature of the task sets can infl
ctivity related to task-set reconfiguration. Selective task sets can in turn modulate the processing of target stimuli. The effects a

he case of foveally presented words, whose processing has often been hypothesized to be automatic and outside the influenc
ttention.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Switching between different aspects of tasks or between
asks is costly. But it is possible to overcome some of the
osts, and optimise behaviour, if the task attributes or the
asks themselves are predictable. For example, in the field of
ttentional orienting, it is well documented that prior knowl-
dge about the spatial location (Posner, 1980) or temporal

nterval (Griffin, Miniussi, & Nobre, 2001; Nobre, 2001) of
n event, can improve task performance. In the task-switching

iterature, prior knowledge about the relevant task set can at-
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tenuate task-switching costs under most conditions (Meiran,
1996; Rogers & Monsell, 1995).

Switching between tasks is clearly a complex co
tive act, which involves several components (Meiran, 2000
Monsell, 1996, 2003). The specific components involved a
their interplay are yet to be resolved (seeMonsell, 2003),
but switching costs probably include processes of tas
reconfiguration (Meiran, 1996; Rogers & Monsell, 1995),
transient interference from previous stimulus–response
pings (Allport, Styles, & Hsieh, 1994; Allport & Wylie,
1999), and long-term task interference effects (Kray &
Lindenberger, 2000; Mayr, 2002; Mayr & Keele, 2000). Each
of these processes, in turn, may end up being define
several constituent operations. For example,Meiran (2000
has suggested that there may be differential contribu

028-3932/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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of selecting the stimulus dimensions (attentional set) versus
the relevant response rules (intentional set) during the task-
reconfiguration phase.

Brain imaging experiments have begun to reveal the net-
work of brain areas that participate in task switching. Of
particular interest has been the identification of brain ar-
eas involved in controlling the reconfiguration of task sets
(e.g., Brass & von Cramon, 2002; Kimberg, Aguirre, &
D’Esposito, 2000; MacDonald, Cohen, Stenger, & Carter,
2000; Sohn, Ursu, Anderson, Stenger, & Carter, 2000). Over-
all, the studies highlight medial and lateral regions of pre-
frontal cortex and parietal cortex as brain areas of poten-
tial relevance to task-switching operations. The specific con-
tribution of participating regions is also beginning to be
investigated (Brass & von Cramon, 2002; Luks, Simpson,
Feiwell, & Miller, 2002). A study combining functional
magnetic resonance imaging (fMRI) and transcranial mag-
netic stimulation (TMS) has shown that the neural mecha-
nisms of task-set reconfiguration may depend on what aspect
of task performance task-switching emphasises (Rushworth,
Hadland, Paus, & Sipila, 2002). The pre-supplementary area
was critically involved in reconfiguring an intentional set, in
which different stimulus–response mappings were required
between tasks; but was not critical in reconfiguring an at-
tentional set, in which different stimulus dimensions were
relevant to drive responses between tasks.
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involved in task switching. The central question is whether
the specific nature of the attentional set may also influence
the pattern of neural activity linked to task-set reconfiguration
and implementation. Specifically, the question was whether
task sets involving different types of material and psycholog-
ical functions rely on the same or different task-set recon-
figuration processes. We used probabilistic cues (Dreisbach,
Haider, & Kluwe, 2002) that predicted (80% validity) the
likely upcoming task. The two competing tasks used non-
overlapping stimulus sets and made different cognitive de-
mands. Participants decided whether a letter string consti-
tuted a real word or not (verbal, lexical-decision task) or de-
cided whether an angle presented in a pie graph was acute or
obtuse (spatial, angle-decision task). These verbal and spa-
tial tasks are thought to involve largely non-overlapping neu-
ral systems and different hemispheric dominance (Hellige,
1990). The ERP components elicited by the cues predicting
the verbal versus spatial task were compared to reveal any
contribution of the specific anticipated task sets. The visual
appearance of the cueing stimuli and the proportion of switch
trials were equated across the conditions, so that any differ-
ences isolated neural activity engaged by the nature of the
predicted tasks.

2. Materials and methods
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The excellent temporal resolution of event-related
entials (ERPs) has also begun to be exploited to ide
he different components of task switching (Karayanidis
oltheart, Michie, & Murphy, 2003; Rushworth, Passingha
Nobre, 2002; Swainson et al., 2003; Wylie, Javitt, & Foxe

003). ERPs have clearly revealed cue-related task-se
onfiguration processes that occur prior to the pres
ion of the imperative target stimuli, and separate tar
elated activity related to implementing a task switch on
mperative stimulus (Karayanidis et al., 2003; Rushworth
assingham et al., 2002). Research using ERPs has also
un to reveal the flexibility in the neural mechanisms
erlying task switching. The patterns of activity associ
ith reconfiguring and implementing a switch of tasks
ifferent depending on the aspect of the task emphas
hen tasks require a switch of intentional set, cue-re
RPs during reconfiguration show differences over me

rontal and then parietal regions, and target-related ERP
ng task implementation show differences in potentials lin
o responses (Rushworth, Passingham et al., 2002). When
asks require a switch of attentional set, cue-related E
uring reconfiguration show differences over lateral fro
nd then parietal regions, and target-related ERPs durin

mplementation show differences in early potentials lin
o visual analysis (Rushworth, Passingham, & Nobre,
ress).

The present experiment combined ERPs with a t
ueing manipulation (Biederman, 1973; Mascetti, Nicoletti
arfagna, Cilia, & Marzi, 2001; Sudevan & Taylor, 1987) in
rder to probe further the flexibility of the neural mechani
.1. Participants

Two groups of subjects participated as paid volunte
ll subjects were native English speakers and had no
r corrected to normal visual acuity. Participants repo
eing free of neurological disorders. All were right hand
ean score on the Edinburgh handedness inventory:
roup a; +90.5 group b (Oldfield, 1971). The experimenta
ethods were non-invasive and had ethical approval

he Department of Experimental Psychology Universit
xford, UK.
Seven native English speakers (five females) took pa

he behavioural experimental session, lasting about 1 h (g
). They had an age range of 19–29 years (mean 23.10 y
wenty-four additional subjects (group b) took part in
RP experimental session, lasting about 2.5 h. Four were
equently excluded from the analyses because of exce
rtifacts during EEG recording (see below). The remai
0 subjects (10 females) had an age range of 19–29
mean 23.14 years).

.2. Experimental tasks

In both, the behavioural and the ERP experiments, sub
ade a discrimination response to a verbal or spatial t

timulus that followed a centrally placed symbolic cue
timulus. The experimental variables and procedures
he same for both task versions unless otherwise noted.Fig. 1
llustrates the task version used for ERP recording.
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Fig. 1. Time course of the experimental conditions. Subjects fixated on the central cross (0.3◦ width). A brief (100 ms) cue (80% validity) indicated the target
to follow (verbal or spatial). After a random interval of 500–900 ms the target appeared (67 ms). Subjects were instructed to make a discrimination response to
the target, which was a lexical decision for verbal target (word or pseudo-word) and angle judgement for the spatial target (acute or obtuse angle).

The main difference between the two versions of the task
was in the nature of the cueing stimuli. In the behavioural
task (group a), three cues were used. Two cues (�, �, but see
Fig. 1for the exact appearances of stimuli) were informative
and predicted (80% probability) the type of target stimulus
to follow. A third cue was a neutral question-mark (?) and
was followed by verbal or spatial targets with an equal (50%)
probability. Informative cues occurred on approximately two-
thirds (62.5%) of the trials, and neutral cues occurred on the
remaining 37.5% of trials. In the ERP task (group b), only
informative cues (80% probability) were presented.

The cue was presented for 100 ms, and was followed by a
blank period for a random interval between 500 and 900 ms.
The target appeared for 67 ms followed by a 1200 ms win-
dow during which subjects responded. A blank screen with a
random interval between 500 and 1000 ms was interspersed
between trials.

Cues were arbitrary symbolic stimuli. Shapes of the infor-
mative cues (� and�) were selected to avoid easy or consis-
tent verbalization and to avoid the appearance of angles. The
designation of which cue predicted a verbal or spatial target
was counterbalanced across subjects. Targets were impera-
tive stimuli. Verbal targets were letter strings that required a
lexical (word/non-word) decision. Spatial targets were angles
and required an acute/obtuse decision.

All stimuli were presented centrally, in white colour
o real

words and 250 orthographically and phonologically legal
non-words (pseudo words). Words were concrete nouns
(4–6 letters) with low ratings of frequency (1–50, mean
13.32); and high ratings of concreteness (mean = 564), im-
ageability (mean = 477), and familiarity (mean = 545) (Ox-
ford Psycholinguistic Database, 1991). Pseudo words were
constructed by permuting the letters from the real words, and
by replacing single letters when necessary. Verbal stimuli had
a height of 7 mm and a width between 17 and 28 mm. Spatial
stimuli were acute or obtuse angles presented in a pie-graph
format (seeFig. 1). Acute angles used were 70◦, 75◦, and
80◦. Obtuse angles used were 100◦, 105◦, and 110◦. The
pie-graph, in which the angles appeared, had a diameter of
24 mm.

2.3. Procedure

Subjects sat in a dimly illuminated room facing a computer
monitor placed 100 cm in front of them. They were informed
at the beginning of the experiment about the relationship be-
tween cue and target type. They were required to maintain
visual fixation on a small cross that was continuously present
at the centre of the monitor. Subjects made a speeded lexical
decision or angle decision using a two-choice button press.
Subjects used their right and left hands alternately for half
of the task. The hand used for response was assigned ran-
d first
n a black background. The verbal stimuli were 250
 omly at the beginning of each block. Subjects used the
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and second fingers of the same hand to identify the specific
verbal (word/pseudo) and spatial (acute/obtuse) stimuli. The
finger assigned to each specific target was counterbalanced
across subjects.

In the purely behavioural task, subjects performed 11
blocks of 96 trials, including an initial practice block. For the
ERP task, subjects sat in an electrically shielded room. They
performed 11 blocks of 100 trials, including an initial practice
block. We asked subjects to suppress saccades and to avoid
blinking during the active portions of the task. Within blocks,
short pauses occurred after every 20 trials to enable subjects
to blink and move their eyes. Additional pauses occurred be-
tween blocks, and subjects indicated when they were ready
to proceed.

In the ERP session, the electroencephalographic (EEG)
activity was recorded continuously from 54 scalp sites us-
ing tin electrodes mounted on an elastic cap (Electro-cap
Inc.) and positioned according to the 10–20 International
System (AEEGS, 1991). The montage included 8 midline
sites (FPZ, FZ, FCZ, CZ, CPZ, PZ, POZ, and OZ) and 23
sites over each hemisphere (FP1/2, AF3/4, AF7/8, F3/4, F5/6,
F7/8, FC1/2, FC3/4, FC5/6, FT7/8, C3/4, C5/6, T7/8, CP1/2,
CP3/4, CP5/6, TP7/8, P3/4, P5/6, P7/8, PO3/4, PO7/8, and
O1/2). Additional electrodes were used as ground and refer-
ence sites. The ground electrode was positioned between FPZ
and FZ along the midline. The right mastoid served as the ac-
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tial) and theswitchingrequirement (switch, stay). Four types
of ERPs elicited by targets were also constructed, accord-
ing to thetarget type(verbal, spatial) and thevalidity of the
preceding cue (valid, invalid). In the cue analyses, the actual
mean number of trials contributing to the averages ranged
between 175 and 179. In the target analyses, the number of
trials contributing to the averages was 85 in both invalid con-
ditions and 350 in both valid conditions. In addition, separate
target waveforms were constructed for the two types of ver-
bal stimuli (word, pseudo) in valid and invalid trials. For the
two types of verbal stimuli, 176 trials contribute to valid trials
and 43 to invalid trials.

2.4. Analysis

2.4.1. Behavioural data
Behavioural effects of cues predicting the nature of the

upcoming task were analysed using repeated-measures anal-
yses of variance (ANOVAs). Separate ANOVAs tested for
effects on % correct responses and mean reaction times for
correct responses. For the purely behavioural experiment, the
dependent variables were subjected to a two-factor ANOVA,
which assessed the effects oftarget type(verbal, spatial) and
cuevalidity (valid, neutral, and invalid). Because of the way
the task was coded, it was not possible to test for effects of
the requirement to switch task from the previous trial. For the
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ive reference for all electrodes. Recordings obtained
he left mastoid electrode were used off-line to re-refere
he scalp recordings to the average of the left and right
oids. Electrode impedance was less than 5 k�. The signa
as amplified 20,000 times and digitized at a sampling
f 250 Hz. Data were recorded with a band-pass filte
.03–100 Hz.

Horizontal and vertical eye movements were detecte
ecording the electrooculogram (EOG). The voltage di
nce between two electrodes located to the left and
f the external canthi recorded horizontal eye movem
he voltage difference between electrodes located abov
eneath the right eye recorded vertical eye movement
links.

The epoching of the ERPs was performed off-line. Epo
tarted 200 ms before and ended 1824 ms after stimulus
pochs with excessively noisy EEG, eye-movement arti

blinks or saccades) or incorrect behavioural responses
ejected. Cue- and target-related epochs were discard
he voltage exceeded±150�V between−200 and 800 ms a
ny electrode site. Epochs where voltage exceeded±50�V
t the VEOG or HEOG electrodes between−200 and 800 m
ere also discarded. Trials with reaction times (RTs) fa

han 130 ms or slower than 1100 ms were regarded as e
nd were also excluded. To maintain an acceptable sign
oise ratio, a lower limit of 30 artifact-free trials per sub
er condition was set. Four subjects failed to meet this c
ion and were excluded from further analysis.

Separate averaged ERP waveforms were constructe
our types of cues according to the predictedtask(verbal, spa
.

,

RP experiment, a three-factor ANOVA was used, testin
ffects oftarget type(verbal, spatial) and cuevalidity (valid,

nvalid), and taskswitchingfrom the previous trial (switch
tay).

.4.2. ERPs elicited by cues
Significant effects of task factors upon the ERPs elicite

erbal and spatial task cues were evaluated using repe
easures analyses of variance. The factors typically t

or cue stimuli were: thetaskpredicted (verbal, spatial), th
witchingrequirement (switch, stay), electrodehemispher
left, right), andelectrodesite.

Because there were no a priori hypotheses for how the
ific task sets predicted would affect the ERPs, we empl
n analysis strategy that tested for effects of task and sw

ng factors over successive time bins at distinct scalp reg
ive region-specific sets of analyses were performed for
ue and target stimuli. Successive time bins in steps of 4
etween 0 and 600 ms were used for analyses over mi

rontal, temporal, central, and posterior regions of the s
he midline region included electrodes FPZ, FZ, CZ,
nd OZ. The frontal region included electrodes FP1/2, AF
F7/8, F5/6, and F7/8. The central region included electr
C1/2, CP1/2, FC3/4, C3/4, and CP3/4. The temporal re

ncluded electrodes FC5/6, CP5/6, FC7/8, T7/8, and TP
he posterior region included electrodes P5/6, P7/8, PO
O7/8, and O1/2. The factor hemisphere did not apply t
idline analysis.
In order to test for differences in the topographical dis

utions of successive cue-related ERP effects an addi
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series of analyses using normalised data were also performed
(McCarthy & Wood, 1985). The effect of predicted task was
isolated by subtracting waveforms elicited by spatial cues
from waveforms elicited by verbal cues. The effect of switch-
ing requirement was isolated by subtracting the waveform
elicited in the stay condition from the waveform in the switch
condition. Topographies were compared over the timebins
where effects were identified, over the 20 electrode pairs used
for the lateral region analyses (i.e., excluding midline elec-
trodes). The factors in the topographical analyses were time
bins, hemisphere, andelectrode.

2.4.3. ERPs elicited by targets
Analyses directed at testing modulations of specific ERP

components were performed for the target stimuli. Ver-
bal and spatial targets were analysed separately, because
of the marked differences in the physical characteristics of
the stimuli used (letter strings versus angles, see Section2
andFig. 1). Factors tested were:validity of preceding cue
(valid, invalid), electrodehemisphere(where relevant), and
electrodelocation. In the case of verbal stimuli, the addi-
tional factor of letterstring type (word, pseudo) was also
tested.

Electrode locations and time windows for measurements
were determined from inspection of the group grand-average
waveforms. Identifiable visual ERP components (P1 and N1)
w spa-
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3. Results

3.1. Behavioural results

Fig. 2a shows the results for the purely behavioural ex-
periment. Subjects performed the spatial and verbal tasks
with an equally high level of accuracy—98% correct in
each case (range, 97–99%). The results showed that cues
predicting the probable upcoming task significantly influ-
enced performance, by both speeding responses to expected
predicted targets and by slowing responses to unexpected,
unpredicted targets. The main factor of target validity was
significant (F(2,6) = 11.96;p= .001). Post hoc contrasts of
means using Helmhert Comparisons showed that RTs to
validly cued targets (605 ms) were significantly faster than
RTs to both neutral (629 ms) and invalid targets (667 ms)
(F= 15.23; p= .002). Reaction times during invalid trials
were also significantly slower than during neutral trials
(F= 8.68;p= .012).

Fig. 2b shows the pattern of behavioural findings dur-
ing the ERP experiment. Accuracy of task performance was
again high 89.3% (range, 80–97%) and did not differenti-
ate between the spatial and verbal tasks. However, overall,
subjects were faster to respond to spatial targets (650 ms)
than to verbal targets (656 ms) (F(1,19) = 14.47;p= .001).
The analysis confirmed the significant effects of predictive

F ) For
t of cue
validity (valid, neutral, and invalid). (b) For the ERP experiment, results are
plotted according to the factors of cue validity (valid and invalid) and the
requirement to switch task from the previous trial (switch and stay). In both
experiments, reaction times for validly cued targets were significantly faster,
compared to invalidly cued targets.
ere analyzed for both types of target stimuli (verbal,
ial). P1 and N1 were analyzed at the three lateral occ
lectrode pairs where they were maximal. Mean amplitu
1 was analyzed at PO3/4, PO7/8, and O1/2 between 8
30 ms. Mean amplitude of N1 was analyzed at P5/6, P
nd PO7/8 between 140 and 190 ms. The P300 potentia
as analyzed at F3/Z/4, C3/Z/4, and P3/Z/4. Different t

ntervals were used for different target types. Mean ampli
f the P3 was calculated between 450 and 650 ms for v
timuli, and between 400 and 600 ms for spatial stimul
ddition, the N330 and N400 language-related ERP co
ents (N3 and N4, respectively) were measured for ve
timuli only. The electrodes used were the same as tho
he P3 component. Mean amplitude of the N3 was obta
etween 280 and 360 ms. Mean amplitude of the N4 wa

ained between 380 and 460 ms. All mean amplitude va
ere calculated with reference to the 200 ms pre-stim
aseline.

Regional analyses were also carried out to identify o
ossible unpredicted effects of target modulation. As for
timuli, the experimental factors were tested over succe
ime bins at midline, frontal, central, temporal, and poste
calp regions.

The Greenhouse–Geisser epsilon correction for
phericity was used where appropriate (Jennings & Wood
976). Only the corrected probability values (and degree

reedom) are reported. To avoid false-positive results, in
f the multiple tests performed in the regional analyses,
ffects that occurred simultaneously in two regions or

wo successive time bins were considered reliable.
ig. 2. Mean RT for verbal and spatial targets for both experiments. (a
he behavioural experiment, results are plotted according to the factor
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cues upon performance. Mean RTs to validly cued targets
(647 ms) were significantly faster than RTs to invalidly cued
targets (659 ms) (F(1,19) = 30.31;p< .001). The main effect
of switching task from the previous trial did not reach sig-
nificance (F(1,19) = 1.17;p= .290). However, cue validity
and switching interacted strongly (F(1,19) = 19.50;p< .001).
Subsidiary ANOVAs showed that validity effects were sig-
nificant for trials in which the task was repeated (23 ms)
(F(1,19) = 14.47;p= .001), but were negligible when the task
switched from the previous trial (1 ms) (F(1,19) = .54;p= ns).
There were no further interactions between the factors.

3.2. ERP results

3.2.1. Cues
Fig. 3a andFig. 4a show representative ERP waveforms

elicited by the predictive cue stimuli. Waveforms were char-
acterized by pronounced visual evoked responses with lat-
eral posterior maxima (P1 and N1) followed by a positive
peak anteriorly around 200 ms and a sustained positivity dur-
ing the remaining of the epoch over the posterior electrode
sites. Analyses revealed that information predicting the type
of upcoming task and the requirement to switch tasks from

the previous trial exerted significant effects on brain activ-
ity before the imperative target stimuli. Waveforms elicited
by cues predicting verbal targets elicited a larger N1 com-
ponent than for spatial cues over the left posterior sites, and
showed greater sustained positivity over central and posterior
sites, especially over the midline and right hemisphere, start-
ing around 280 ms. Waveforms elicited by cues predicting
task switching relative to task repetition were more negative
over frontal and central regions of the scalp between 280 and
440 ms, and more positive over parietal and posterior regions
of the scalp during the later parts of the waveforms.

3.2.1.1. Effects of predicted task.The nature of the pre-
dicted task influenced brain activity elicited by the cue be-
fore the requirement to switch task from the previous trial.
The first reliable effects of the task factor (verbal, spatial)
were observed at 160–200 at the posterior and temporal re-
gions as cue× hemisphere (F(1.0,19.0) = 8.55;p= .009) and
cue× hemisphere× electrode (F(2.2,41.0) = 3.54;p= .03)
interactions. During this time, the N1 component elicited by
verbal cues was more negative than those elicited by spatial
cues, primarily over posterior electrodes in the left hemi-
sphere (maximal at PO7, seeFig. 3).

F
o
u
i
c
r

ig. 3. (a) Grand-averaged waveforms (n= 20 subjects) elicited by the predictive
f the cue stimulus (at 0 ms) is labelled. Main ERP features, such as P1 and
sed for the experiment is shown at the bottom. The locations of the electr

s plotted with positive values upward in this and subsequent figures. (b) Top
olour represents maximum relative positive voltage difference and blue rep
eferences to colour in this figure legend, the reader is referred to the web ve
cues for the verbal (solid lines) and spatial (dashed lines) condition. The onset
N1, are marked in these sample waveforms for orientation. The electrode montage
ode sites for the sample waveforms are shaded black. Polarity of the waveforms
ographies of the significant effects of predicted task using normalised data. Red
resents maximum relative negative voltage difference. (For interpretation of the
rsion of the article.)
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Fig. 4. (a) Grand-averaged waveforms elicited by the predictive cues indicating the requirement to switch task (solid lines) and to stay with the previous task
set (dashed lines). (b) Topographies of the significant effects of predicted switching requirement using normalised data. Waveform polarity and topography
colour scheme as inFig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

The next effects occurred between 280 and 320 ms
in the midline and central analyses (task× electrode in-
teraction, Fs > 3.24; p< .05). During this time bin, ver-
bal cues elicited a relatively more positive response com-
pared to spatial cues over the central lateral region of
the scalp. Significant effects re-emerged at 360–600 at
central, temporal, and midline regions (task× electrode:
central, 360–600 interval—Fs > 4.93; p< .030; temporal,
360–560 interval—Fs > 4.83; p< .018; midline, 360–440
and 480–560—Fs > 4.38;p< .026). Effects developed later
over the posterior region, starting at 400 ms (main ef-
fect of task—Fs > 4.19;p< .05; task× hemisphere, 440–580
and 520–560 intervals—Fs > 5.82;p< .026; task× electrode,
520–600 interval—Fs > 3.46;p< .042). The pattern indicated
a relative positivity for verbal cues, primarily over posterior
sites, including the more posterior electrodes in the central
and temporal regions. The effect had a right-hemisphere bias.

Comparison of the topographies using normalised data
suggested at least two separate effects of the predicted task
upon the ERP waveforms (Fig. 3b). Difference waveforms
(verbal minus spatial) were compared over successive time
bins with significant effects. Differences in the distribution
of the effects during the N1 time period (160–200) and the
next significant effects (280–320) approached significance

(bins× hemisphere—F(1.0,19.0) = 3.49;p= .080). Between
280 and 600 ms the distribution of the effect changed gradu-
ally from a widespread positive effect centred over the parietal
scalp to a more focused posterior effect centred over occip-
ital scalp and accompanied by a negative effect over frontal
electrodes. Between successive time bins, the difference in
topographies approached significance between 440–480 and
480–520 ms (F(4.28,81.31) = 2.38;p= .06).

3.2.1.2. Effects of switching task.Brain activity follow-
ing cues indicating a required task switch, compared to
cues signalling a task repetition, differed from 280 ms
to the end of the analysed waveform. Switch cues
were associated with more negative voltage over frontal
and central scalp regions (280–440 ms), followed by
more positive voltage over parietal and posterior re-
gions in the later part of the waveform (440–600 ms).
The first effects occurred over the frontal region
(switching× electrode, 280–400 ms—Fs > 2.54; p< .05).
Effects over central and midline regions started at
280 ms and persisted until 600 ms (switching× electrode,
280–400 ms—Fs > 3.27;p< .05). The posterior effects oc-
curred during the later part of the waveform (main effect of
switching, 400–600 ms—Fs > 5.52;p< .05).
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Topographical analysis confirmed the existence of two
separate effects with different distribution over the scalp
(Fig. 4b). Comparisons of significant switching effects
(switch minus stay) over successive time bins showed a sig-
nificant discontinuity in the distribution of the switching ef-
fects at 440 ms (bin× electrode pair,F(2.90,55.03) = 3.40;
p< .05).

3.2.1.3. Relative effects of task type and task switching.The
effects of predicted task type and the requirement to switch
were qualitatively different. Comparison of the topographies
of the two effects using normalised data at time bins, when
both effects were significant, showed that the scalp distri-
butions of the effects were significantly different throughout
(280–320, 360–600 in 40 ms bins, condition× electrode pair
interaction,Fs > 3.55;p< .05).

3.2.1.4. Interactions between task type and task switch-
ing. The effects of task switching depended to some ex-
tent on the nature of the task predicted, as revealed
by interactions between the task-type and task switch-
ing factors. Interactions between the two factors oc-
curred between 320 and 520 ms over midline and cen-
tral regions (task× switching× electrode interaction, mid-
line and central regions, 320–520 ms,Fs > 3.95;p< .045)

and between 320 and 560 ms over the temporal region
(task× switching× electrode interaction, temporal region,
320–560,Fs > 3.41;p< .032). During this period, the neg-
ative midline frontal and central modulation and the posi-
tive parietal modulation associated with switching cues were
larger when the verbal task was predicted than when the spa-
tial task was predicted.

3.2.2. Spatial targets
Fig. 5shows grand-averaged ERP waveforms elicited by

valid and invalid spatial targets from representative elec-
trodes.

3.2.2.1. Visual-evoked components.Target validity did not
modulate the P1 or N1 visual components. The P1 was max-
imal over electrodes PO7/8, as revealed by a main effect of
electrode (F(1.9,35.3) = 10.40;p= .001). The N1 was largest
over electrodes P5/6 with a right hemisphere bias, as in-
dicated by a main effect of electrode (F(1.5,28.1) = 5.29;
p= .018) and an interaction between electrode and hemi-
sphere (F(1.2,22.0) = 12.14;p= .001).

3.2.2.2. P300 component.The P3 was significantly larger
for the invalid condition when compared with the valid condi-
tion (8.69�V versus 7.99�V) (F(1.0,19.0) = 5.15;p= .035).

F
ig. 5. ERPs elicited by valid (solid lines) and invalid (dashed lines) spatial ta
rgets from representative electrodes. The onset of target (Tgt) stimuli is labelled.
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The interaction between target validity and hemisphere in-
dicated that the biggest difference occurred at the midline
electrodes (F(1.6,29.9) = 3.84;p= .042).

3.2.2.3. Regional analyses.The first effects involving tar-
get validity occurred at 240–280 ms in all regional analy-
ses as an interaction between target validity and electrode
(Fs > 3.50;p< .05). During this time, ERPs elicited in valid
trials were more negative than those elicited by invalid trials
over the frontal sites, while the reverse occurred over pos-
terior sites (seeFig. 5). Significant effects involving target
validity continued as an interaction with electrode over the
frontal region throughout all the time epochs (240–600 ms;
Fs > 5.00;p< .05). Target validity also exerted a main ef-
fect during the 400–520 ms interval at this region (Fs > 5.00;
p< .05). The frontal-region effects reflected the relative focal
positivity of the potentials elicited by invalid targets, which
was larger over more anterior electrodes. In the central re-
gion, a target validity× electrode interaction at 360–400 ms
(F(1.8,33.7) = 3.54;p= .046) indicated a similar effect, at the
more anterior electrodes in this region.

Starting at 440 ms, target validity had additional signifi-
cant effects at midline, temporal and posterior regions, mainly
reflecting the larger P3 component elicited by invalid targets.

Main effects of target validity were obtained between 440 and
600 ms at midline and temporal regions, and at 520–600 ms
over the posterior region. Target validity× electrode interac-
tions were obtained between 440 and 560 ms over the pos-
terior region, and target validity× hemisphere interactions
were obtained between 560 and 600 ms over posterior and
temporal regions. AllFs were greater than 3.00,p< .05. The
interaction terms reflected the larger magnitude of these ef-
fects over left and central parietal sites (seeFig. 5).

3.2.3. Verbal targets
Fig. 6shows grand-averaged ERP waveforms elicited by

valid and invalid verbal targets from representative elec-
trodes.

3.2.3.1. Visual-evoked components.The P1 and N1 had a
similar distribution as for spatial targets, and again showed
no significant modulation by target validity.

3.2.3.2. P300 component.No significant differences in the
P3 component involving target validity were obtained.

3.2.3.3. Language-related components.Two language-
related components were identified with distinct scalp
Fig. 6. ERPs elicited by valid (solid lines) and invalid (da
shed lines) verbal targets from representative electrodes.
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Fig. 7. Grand-averaged ERPs to valid and invalid verbal targets divided according at words (solid lines) and pseudo words (dashed lines), for clusters of
significant central and frontal electrode sites.

distributions. Both words and pseudo words elicited a
large negative component broadly distributed over the
central–posterior region of the scalp, identified as the N400
component (N4) (Kutas & Hillyard, 1980), which has been
linked to lexical/semantic analysis or integration of verbal
or conceptual material (Rossell, Price, & Nobre, 2003). In
addition, verbal stimuli also elicited an earlier broad negative
potential more focally distributed over the left frontal scalp
region, identified as the N330 (N3) (Nobre & McCarthy,
1994). Both of these components were significantly affected
by the predictive cues.

Analysis during the earlier N3 time-window, showed a
modulation of the N3 component over the electrodes where
it had a maximal distribution. The N3 was enhanced by the
expectation of verbal targets. Target validity interacted with
both hemisphere (F(1.7,31.6) = 7.56;p= .003) and electrode
(F(1.1,21.4) = 7.89;p= .009). The target validity effects were
largest over the midline and left areas, and over the more
frontal electrodes. This was also reflected in the three-way
interaction between target validity, hemisphere and electrode
(F(2.6,48.5) = 3.03;p= .046). The maximal effects were ob-
served at F3 and FZ.

Analysis over the N4 time period also showed enhance-
ment of this component by the expectation of verbal targets.
N4 enhancement was revealed by a main effect of target va-
lidity (F(1.0,19.0) = 16.60;p= .001) and by the interaction
b ;
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potentials in this lexical-decision task (see alsoBentin,
McCarthy, & Wood, 1985). In agreement with the
focal left anterior distribution of the N3, there were
interactions between letter string and hemisphere
(F(1.7,31.5) = 7.44;p= .004), between letter string and elec-
trode (F(1.1,21.4) = 7.75;p= .004), and between letter string,
hemisphere and electrode (F(2.6,48.9) = 3.11;p= .042).
The type of letter string exerted a main effect upon the N4
(F(1.0,19.0) = 16.12;p= .001). The N4 was more negative
for pseudo words, especially over midline sites, as revealed
by a significant letter string by hemisphere interaction
(F(1.3,24.9) = 7.17;p= .008). In both cases, the language-
related potentials were larger when attention was directed
toward the verbal task. Target validity exerted main effects
upon the mean amplitudes of the N3 (F(1.0,19.0) = 5.46;
p= .031) and the N4 (F(1.0,19.0) = 8.19;p= .010). Mod-
ulation of the N3 was again more focally distributed over
midline (FZ) and left frontal (F3) electrodes. Target validity
interacted with electrode (F(1.4,27.5) = 13.69;p< .001).

3.2.3.4. Regional analyses.The regional analyses con-
firmed the results from the directed analyses on the modula-
tion of the N3 and N4 components. The pattern of results in-
dicated the successive modulation of the overlapping N3 and
N4 components. Effects progressed from a frontal-left distri-
bution toward a more central–posterior midline distribution.
T over
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etween target validity and hemisphere (F(1.3,25.1) = 7.28
= .008). The interaction with hemisphere indicated tha
ffects were largest over the midline electrodes (FZ, CZ
Z), and not lateralised.
The N3 and the N4 components were similarly modul

or both real words and for pseudo words (seeFig. 7).
n general, pseudo words elicited larger language-re
he earliest significant effects started at 240–280 ms
rontal and central regions, as an interaction between t
alidity and hemisphere (bothFs > 5.50;p< .05). In addition
cue× hemisphere× electrode interaction occurred at

rontal region (F(2.5,47.6) = 7.15;p= .001). The effects ind
ated a larger, left lateralised N3 component elicited by
alid targets. Target validity exerted a main effect startin
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280 ms over frontal regions, 320 ms over midline and central
regions, and 360 ms over temporal and posterior regions; and
lasting until 440 at frontal, midline and central regions, and
480 over temporal and posterior regions (Fs > 4.00;p< .05).
In addition, cue× hemisphere and cue× electrode interac-
tions co-occurred over most time intervals at frontal, cen-
tral and temporal analyses (Fs > 5.00;p< .05). Midline anal-
yses contained target validity× electrode interactions only
(Fs > 4.00;p< .05).

4. Discussion

4.1. Behavioural effects

The behavioural results showed that people are able to
use probabilistic predictive symbolic cues to prepare selec-
tively for different types of cognitive tasks, at least when
these involve non-overlapping stimulus and cognitive sets
(cf. Dreisbach et al., 2002; Sohn & Carlson, 1998). The re-
sults therefore confirm that, in addition, to being able to at-
tend to selective stimulus attributes to optimize behaviour
within a given task, people are able to attend selectively to-
ward a likely cognitive task set. These task-reconfiguration
effects improved behavioural performance for either the spa-
tial, angle-decision task or the verbal, lexical-decision task.
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resources. Future tasks that manipulate the decision-making
requirements, and the extent of overlap of input modalities
and response effectors, are required in order to address this
important and interesting issue.

4.2. ERPs to cues

The main question guiding the research was whether the
different natures of the predicted task sets could contribute to
the pattern of neural activity during the task-reconfiguration
phase. Previous research has indicated that brain activity dur-
ing task-reconfiguration is partly determined by whether the
task-switch emphasises changes in perceptual selection or
motor decisions. Here, the question was whether neural activ-
ity during task configuration is also influenced by the specific
neural circuitry involved in tasks of different cognitive do-
mains (in this case verbal versus spatial). To address the ques-
tion, we compared the ERPs elicited by the task-predicting
cues. These symbolic cues predicted with a high probabil-
ity (80%) the subsequent appearance of a verbal or spatial
stimulus on a trial-by-trial basis. The proportion of switch
versus non-switch trials was balanced within subjects, and
the assignment of a given cue stimulus to the predicted task
was counterbalanced across subjects. The resulting brain ac-
tivity related to task reconfiguration was therefore clear from
any possible confounding differences due to general task-
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ndicated that these reconfiguration effects involve both f
tatory effects toward the anticipated task set and inhib
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tems in the validly cued task were shortened, wherea
ponses to items in the invalidly cued task were lengthe
n the ERP experiment, it was possible to subdivide trials
hose after task switches versus task repetitions. The va
f the cue predicting the upcoming task interacted stro
ith the requirement to switch task. There were no sig
ant switching costs after valid cues predicting the upc
ng task, suggesting that the task-reconfiguration was
ient to overcome reaction-time costs of task-switching in
ask.

The two tasks used in the present experiment rely u
ighly non-overlapping neural systems and have diffe
ostulated hemispheric specialization (Hellige, 1990). The
bility to switch voluntarily and dynamically between

wo tasks thus suggests the ability to regulate the activity
ls between different neural systems that could be called
lternatively to control action. In this case of non-overlapp

asks, the effects of cue validity outweighed the interfere
etween tasks during switching trials. Our results are c
atible with, but do not necessarily invoke the existenc
ome limited task-independent central resources. Both
ould compete, for instance, for resources related to dec
aking or controlling manual responses (Pashler, 1998). It is
lso possible that activity in distinct neural systems coul
ptimised by probabilistic cognitive expectations or stimu
ssociations even in the absence of competition for com
witching variables or the physical appearance of the cu
timuli per se (seeMiniussi, Wilding, Coull, & Nobre, 1999;
obre, Sebestyen, & Miniussi, 2000).
The results showed clear effects of anticipating spe

ask sets, starting much before the appearance of an
erative task stimulus. The first effects of task set occu
ver the left posterior scalp during the time period of the
omponent (160–200 ms), followed by a widespread mod
ion over central scalp regions, which gradually became m
ocused over posterior scalp regions. These effects are
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cally linked neural activity related to the expected task set to
attentional modulation of behavioural performance.

In addition to the type of task predicted by cues, the pre-
diction of the requirement to switch task from the previous
trial also exerted significant effects on the pattern of brain
activity before the appearance of the imperative target stim-
ulus. There were two clearly dissociable effects. Modulation
of activity over frontal regions of the scalp occurred earlier
(280–440 ms) followed by modulation of activity over pari-
etal and posterior scalp regions (440–600 ms). The anterior-
then-posterior distribution of the effects is similar to previous
ERP results comparing activity engaged by cues instructing
task switches versus task repetition (Rushworth, Passingham,
& Nobre, 2002; Rushworth et al., in press). However, whereas
the later posterior effect appears consistent between this and
the previous two studies (see alsoWylie et al., 2003), the early
effects differ in both distribution and polarity. In the present
experiment, the early frontal effect of task-reconfiguration
was a relative negative voltage distributed over frontal and
central scalps around the midline. Cues instructing reconfig-
uration of an intentional set (stimulus–response mapping)
elicited relative positive-voltage over midline frontal sites
(Rushworth, Passingham et al., 2002), whereas cues instruct-
ing reconfiguration of an attentional set (relevant percep-
tual feature for response) elicited relative negative-voltage
that was lateralised over frontal regions (Rushworth et al.,
i ting
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periments with convergent methodologies. The persistence of
effects over lateralised posterior regions of the scalp until the
time that the imperative spatial or verbal stimuli appeared
is suggestive of differential tonic activity levels in posterior
brain regions (Chelazzi, Miller, Duncan, & Desimone, 1993;
Luck, Chelazzi, Hillyard, & Desimone, 1997) associated with
the different tasks predicted.

Overall, the results highlight the multiple and non-uniform
nature of task-switching mechanisms, and support the grow-
ing notion that several components are involved in reconfig-
uring task set prospectively (Meiran, 2000; Monsell, 2003).
In our experiment, activity related to the predicted type of
task set clearly influenced the neural activity during task-set
reconfiguration before the appearance of any imperative stim-
ulus (see alsoSakai & Passingham, 2003). Effects related to
the predicted task started earlier (160 ms onward) than those
related to the requirement to switch task from the previous
trial (280 ms onward). Previous studies of task switching have
indicated that neural activity during reconfiguration is also af-
fected by whether switching requires changes in the percep-
tual attributes that are relevant for selection (attentional set)
or the response assignments to different stimulus types (in-
tentional set) (Rushworth, Hadland et al., 2002; Rushworth,
Passingham et al., in press). Taken together, it appears that
when two competing possible tasks differ substantially in
their underlying functional neural architecture, reconfigura-
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ask, an MEG study also identified an anterior-then-post
et of activations related to task switching. Anterior sou
ere localised to the inferior frontal gyrus and anterior cin

ate, whereas the posterior source was localised to the s
arginal gyrus of the inferior parietal lobule (Periańez et al.
004). Brain-imaging studies using haemodynamic meas
ave also pointed to the involvement of frontal and p
tal circuits in task-set reconfiguration (e.g.,Brass & von
ramon, 2002; Kimberg et al., 2000; MacDonald et al., 200
ohn et al., 2000).
The poor spatial resolution of ERPs impedes any st

onclusions about the specific neuroanatomical source
he effects of predicted task or the requirement to switch t
n the present experiment. The relative nature of the
ffects and the arbitrariness of their polarity also hinde

erpretation of the underlying mechanisms at play. The
odulations observed are likely to involve concurrent a

ation in multiple brain areas. Already by the time of
1 component, a number of brain areas have been i
ated in the processing of visual stimuli, including occip
nd parietal sources (Di Russo, Martinez, Sereno, Pitza
Hillyard, 2002). Spatial orienting effects have been ide

ed around this time period (Harter, Miller, Price, LaLonde
Keyes, 1989; Nobre et al., 2000; Yamaguchi, Tsuchiya, &
obayashi, 1994), and therefore differential activity in bra
reas involved in spatial cognition is a possible functio
nderpinning of the effect. However, some left-hemisp

anguage orienting effect cannot be ruled out. Revealin
pecific brain areas and mechanisms involved will requir
ion starts with a biasing of neural activity toward the proba
ask. Further reconfiguration occurs to bias neural respo
oward the relevant perceptual attributes (attentional set
esponse rules (intentional set) within the tasks. Electrop
ological experiments so far have found similar modula
f neural activity over posterior scalp regions associ

o the later phases of task-set reconfiguration (Rushworth
assingham et al., 2002; Rushworth et al., in press; Wylie
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eneral neural mechanisms of task switching.

.3. ERPs to targets

In addition to the task-reconfiguration effects triggere
he cues, the ERPs revealed clear additional neural mo
ion of target processing at the implementation of the spe
ask set.

It was not possible to compare directly the ERP mo
ations of verbal and spatial targets, since these were
cally different and required different cognitive operatio
or the task-relevant responses. However, it was clear
arget modulation was different depending on the natu
he target and of the specific task set predicted. Earl
ual processing of the centrally presented targets wa
ffected for either task. Modulation of verbal targets
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curred for potentials that have been linked to language-
related lexical and post-lexical processing, over left frontal
and central scalp regions (240–480 ms). Modulation of spa-
tial targets involved a potential that reversed polarity be-
tween posterior and frontal scalp regions (240–280 ms)
followed by a sustained frontal modulation (240–600 ms)
and modulation of the central–posterior P3 component
(440–600 ms).

The lack of early visual modulation may appear surpris-
ing, given the increased reliance upon visual judgements in
the spatial task, and the existence of early specialized visual
processing for letter strings (Nobre, Allison, & McCarthy
1994; Tarkiainen, Cornelissen, & Salmelin, 2002; Tarkiainen,
Helenius, Hansen, Cornelissen, & Salmelin, 1999) that could
serve as a substrate for attentional modulation. However, the
conditions to unveil potential early perceptual modulations
may not have been optimal in the present experiment. Stimuli
were presented foveally, using bright suprathreshold param-
eters. Both angles and letter strings required extensive visual
analysis and integration for task performance.

Defining the specific brain areas or functional processes
modulated by attention to specific task sets is not straightfor-
ward. Interpretations must rely on previous literature defining
the cognitive and neural bases of the relevant ERP compo-
nents. To our knowledge, angle-decision tasks have not been
previously investigated using ERPs, and therefore the poten-
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selective attention directed to the verbal task. The language-
related potentials were significantly larger when verbal stim-
uli were expected, or greatly diminished when verbal stimuli
were not expected. Language-related potentials were simi-
larly modulated for real words and pseudo words.

The extensive modulation of lexical/semantic process-
ing by task-directed attention was remarkable. The pro-
cessing of words in general, and their semantic content
in particular, have often been suggested to be automatic
and outside the control of selective attention (e.g.,Marcel,
1983). One previous ERP experiment has shown that both
visual- and language-related components elicited by words
can be significantly influenced by selective spatial attention
(McCarthy & Nobre, 1993). In this previous experiment,
words were presented vertically and peripherally, which
challenges the generalizability of the findings to foveally
presented words written in canonical orientation. A previ-
ous fMRI experiment showed substantial modulation of ac-
tivation in language-related areas when attention was di-
rected toward or away from foveally presented words (Rees,
Russell, Frith, & Driver, 1999). However, the poor temporal
resolution in fMRI precluded interpretation about whether
these effects reflected on-line modulation of language pro-
cessing or later consequences of task performance. In the
present experiment, words were presented in the centre of the
screen, in normal orientation, and with no competing con-
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ions are not well documented. The earliest ERP mod
ion in the angle-decision task (240–280) may have refle
odulation of visuospatial processing. Future studies e

ning the relationship of this ERP component to spatial c
ition will be of direct interest. The later effects appea

o be related to the P3 potentials, which have been li
o stimulus probabilities, decision making, and context
ating (Goldstein, Spencer, & Donchin, 2002; McCarthy &
onchin, 1981). The P3 was larger for unexpected spatial
ets, starting anteriorly and later over the central and pos
calp. P3 enhancement for invalid targets has been obs
n spatial attention tasks, especially when each stimulu
uires a response (Eimer, 1998). The increased P3 to the u
xpected stimulus may reflect the more rare probability o
ccurrence (20%) or the additional requirement of upda

he context.
In contrast, more is known about ERP components i

ual lexical-decision tasks. The verbal task therefore prov
framework in which it was possible to evaluate the co
uences of directed task expectations upon perceptua

exico-semantic processing. The most pronounced lang
elated potential is the N400 (N4) (Kutas & Hillyard, 1980),
ost likely reflecting the integration of lexical/semantic r

esentations of words with the ongoing context (Rossell e
l., 2003). In addition, a preceding focal left anterior poten
N3) has been identified (Nobre & McCarthy, 1994) that over-
aps extensively with the N4 but that can be dissociated
unctionally and in spatial distribution. Both these potent
3 and N4, were substantially and significantly modulate
omitant stimuli. Nevertheless, the language-related p
ials were substantially attenuated on-line when verbal s
li were not expected. The present findings clearly dem
trate that lexical–semantic analysis or integration of w
an be affected by attention, and therefore is not autom
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ttention (see also,Posner, Sandson, Dhawan, & Shulm
989; Stolz & Besner, 1998). This occurs not only when p

ential interference is maximized, as when streams of v
timuli compete in the dichotic listening task (Cherry, 1953),
ut also when attention is directed toward and away from
al material in general. The results do not, however, prec

he occurrence of some implicit semantic processing o
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.4. Summary of general findings

We demonstrated that it is possible to direct resource
erentially toward behavioural tasks involving distinct c
itive and neural systems. Arbitrary symbolic cues were
cient to engage task-set reconfiguration processes, w
mproved performance on an anticipated task and hind
he performance of an unexpected task. Modulations of E
licited by the cues showed that the specific nature o
nticipated task set influences the pattern of brain ac

nvolved in task-set reconfiguration. Multiple effects w
ocumented, possibly including selective engagement o
ialized neural systems, starting much before the appea
f imperative verbal or spatial stimuli. The nature of the
icted task influenced brain activity before the predictio
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the requirement to switch task from the previous trial. Atten-
tion selectively directed toward alternate possible cognitive
tasks had strong further consequences upon the specialized
processing of imperative stimuli of different kinds. Attention
directed to the verbal task strongly modulated the potentials
that have been linked to lexical/semantic processing, includ-
ing the N4 and also the preceding more anterior and left-
lateralised N3 potential. The results highlight the dynamic
nature of cognitive systems, and show that their level of en-
gagement can be modulated by online expectations. Modu-
lation extends to the language system, which is often thought
to be encapsulated, and to operate independently from other
cognitive systems and outside the control of selective atten-
tion.
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