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Abstract: In making decisions, people have to balance between the competing demands of speed and
accuracy, a balance generally referred to as the speed-accuracy tradeoff (SAT). In this study, we inves-
tigated the role of controlled SAT in a two-choice task in which manual responses were either validly
or invalidly cued. Examining electrophysiological measurements of oscillatory brain activity, theta
power in the anterior cingulate cortex (ACC), alpha power in the occipital cortex, and beta power in
the motor cortex were found to be related to SAT. Because oscillatory effects of SAT were found to em-
anate from the SAT baseline interval preceding the two-choice task, the results indicate that SAT is
modulated by a change of visuo-motor baseline activities rather than a change of response threshold.
Moreover, in the two-choice task, conflict-induced theta power in the ACC was found to be more pro-
nounced in speed than in accuracy trials, whereas priming-related beta power dynamics in the motor
cortex were unaffected by SAT. These results indicate that conflict processing, but not response pri-
ming, depends on SAT. Hum Brain Mapp 33:1834–1849, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

The official Olympic biathlon which is very popular
with European sports fans is a winter sport that combines
cross-country skiing and rifle shooting. Athletes ski for a
predetermined distance and stop repeatedly at a rifle
range to fire at five distant targets. At each stop, they have
five shots, and for each shot that misses a target, they
must ski around a penalty loop or are added a penalty
time. As in most races, the contestant with the shortest
total time wins. Preparing each shot, with cold fingers and

a pounding heart, athletes have to balance between the
competing demands of speed and accuracy, a balance that
is referred to as the speed-accuracy tradeoff (SAT) in the
scientific literature [Schouten and Bekker, 1967; Wickelgren,
1977]. Though not regarding biathlon, SAT has been investi-
gated extensively in cognitive sciences and also got recent
interest in neurosciences.

In the cognitive sciences, SAT has been mostly studied
with mathematical models of performance in simple two-
choice tasks [Bogacz et al., 2006]. Most of these models, so-
called accumulator models, assume that, upon presentation
of a response cue, activity of an accumulator associated to
a particular response gradually increases from a baseline of
activation until some threshold is reached and the response
is executed [Gold and Shadlen, 2007]. In these models, SAT
can be accounted for by changing distance between base-
line and threshold. Whereas an emphasis on speed
decreases distance leading to fast but error-prone
responses, an emphasis on accuracy increases distance
leading to accurate but slow responses. Theoretically, SAT
can be accounted for both by changing baseline or by
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changing threshold. However, although most models
assume that SAT is controlled by changing threshold, in
fact, changing threshold is mathematically equivalent to
changing baseline [Bogacz et al., 2010]. Therefore, the mod-
els do not distinguish whether SAT is modulated by a
change in baseline, threshold, or both.

In the neurosciences, the study of SAT in humans began
with traditional electroencephalogram (EEG) measures of
event-related potentials (ERPs) and, in particular, lateral-
ized readiness potentials (LRPs) in manual two-choice
tasks. In contrast to most accumulator models which
assume that SAT occurs at the premotor stage, LRP analy-
ses revealed that controlled SAT instructions, i.e., manipu-
lating emphasis on speed or on accuracy, affect both
premotor and motor processes [Band et al., 2003; Osman
et al., 2000; Rinkenauer et al., 2004; van der Lubbe et al.,
2001]. However, it remains unclear from ERP studies
whether SAT arises from a change in baseline, threshold,
or both, because LRPs were baseline corrected relative to
an interval set between SAT instruction and the onset of
the response cue, canceling out potential effects of SAT
instruction on baseline activity.

In recent neuroscience studies, functional magnetic reso-
nance imaging (fMRI) analysis revealed that, compared
with emphasis on accuracy, emphasis on speed leads to
sustained increases of blood oxygenation level-dependent
(BOLD) activities in several frontal, parietal, and motor
areas, including the presupplementary motor area (pre-
SMA), the striatum, the precuneus, the anterior cingulate
cortex (ACC), and the dorsolateral prefrontal cortex
(DLPFC) [Forstmann et al., 2008; Ivanoff et al., 2008; van
Veen et al., 2008]. Because effects were observed in the
interval between SAT instruction and the onset of the
response signal, imaging suggests that SAT is modulated
by a change in baseline. However, whether SAT is also
modulated by a change in threshold is less clear, because
with a changing baseline, fMRI can’t attribute decision-
related BOLD signals unequivocally to changes in baseline,
threshold, or both [for methodological limitations of fMRI,
see Bogacz et al., 2010; van Veen et al., 2008].

Motor behavior has been studied intensively by analyz-
ing oscillatory brain activity, particularly in the beta fre-
quency range (15–25 Hz) [Bas�ar et al., 1999]. Event-related
changes in beta power can arise from a decrease or an
increase in the synchronous firing of the underlying cell
assemblies in motor-related brain areas [Pfurtscheller and
Lopes da Silva, 1999]. There is evidence that whereas
decreasing beta power is related to response activation,
increasing beta power is linked to motor deactivation [e.g.,
Alegre et al., 2003; Kaiser et al., 2001; Kilner et al., 2005;
Pastötter et al., 2008; Tombini et al., 2009; Tzagarakis et al.,
2010; Zhang et al., 2008]. When preparing for a response,
beta power starts to gradually decrease from baseline ac-
tivity. This decrease in beta power has been shown to be
modulated by response priming, response inhibition, and
response uncertainty [Kilner et al., 2005; Pastötter et al.,
2008, 2010; Tzagarakis et al., 2010]. Having exceeded

response threshold, beta activity peaks at a minimum of
power and rebounds to baseline activity [Neuper and
Pfurtscheller, 2001]. In addition to beta oscillations, theta
(4–7 Hz) and alpha (8–12 Hz) oscillations have also been
linked to motor processing. Whereas theta oscillations
localized in the ACC have been related to movement prep-
aration and the selection of appropriate responses [Pastöt-
ter et al., 2010; Tombini et al., 2009], alpha oscillations
have been suggested to reflect inhibition of visuo-motor
processes [Jensen and Mazaheri, 2010; Klimesch et al.,
2007]. To date, brain oscillations have not yet been studied
with controlled SAT.

In the present EEG study, we examined SAT with meas-
ures of oscillatory brain activity in a manual two-choice
task that was recently used in the study of response pri-
ming and response conflict [Pastötter et al., 2010]. In this
task, targets are (validly or invalidly) cued or not.
Response conflict arises when a target triggering a specific
response (e.g., a left-hand response) is preceded by an in-
valid cue (e.g., a cue that primes a right-hand response).
Recently, we showed that conflict processing as reflected
by a theta power increase in the ACC constrains response
priming as reflected by a beta power decrease in the motor
cortex, slowing response processing and lowering
response errors [Pastötter et al., 2010]. In the present
experiment, to control for SAT, each single trial of the
two-choice task was preceded by an SAT baseline interval
beginning with the instruction to emphasize either speed
or accuracy in the current trial. In the EEG analysis, we
examined mean power in the theta, alpha, and beta fre-
quency range, separately for the SAT baseline interval and
the two-choice task, and also peak (maximums and mini-
mums) power in the two-choice task. Comparisons of
mean power between speed and accuracy trials in the SAT
baseline interval will indicate whether SAT is modulated
by a change in baseline activity. On the other hand, peak
power analysis will indicate whether SAT is also modu-
lated by a change of response threshold.

METHODS

Subjects

Forty right-handed subjects (28 females and 12 males)
participated in the study. All subjects were right-handed
and reported normal or corrected-to-normal vision. Mean
age was 23.1 years with a range of 18–29 years (SD ¼ 2.1).
No subject reported any history of neurological disease. All
subjects gave their written informed consent and received
monetary reward for participation. The study was con-
ducted in accordance with the Declaration of Helsinki.

Procedure and Experimental Design

Subjects viewed a computer monitor from a distance of
150 cm and were instructed to maintain fixation on a
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centrally located grey fixation cross throughout the whole
experiment and to not move the eyes. The screen background
was black, and displayed two grey square outline boxes cen-
tered above and below fixation at all times (see Fig. 1).

After an intertrial interval in which a fixation screen of
variable duration (1,450–1,550 ms) was shown, each of the
240 single trials began with the presentation of the SAT
cue at fixation for 500 ms. Half of the trials were speed tri-

als in which the SAT cue consisted of a small picture of
Speedy Gonzales. In speed trials, subjects should focus on
speeding their response and be less concerned about mak-
ing an error. The other half of the trials were accuracy tri-
als in which the SAT cue consisted of a small picture of a
detective with a magnifier in his hand. In accuracy trials,
subjects should focus on making an accurate response and
be less concerned about speed. The order of speed and

Figure 1.

Depiction of the procedure. In the two-choice task, subjects

were instructed to respond to a red cross which was presented

in one of the two vertically aligned square boxes with the index

finger of their left hand (targets above fixation) and right hand

(targets below fixation) while keeping fixation on the centre of

the screen. Targets were validly or invalidly cued by brightening of

one of the squares or uncued. Prior to the two-choice task, sub-

jects were instructed to focus on either speed or accuracy in the

current trial. In speed trials, subjects saw the message ‘‘too slow’’

whenever they exceeded the response time criterion of 450 ms.

In accuracy trials, they saw the message ‘‘incorrect’’ whenever

they made an incorrect response. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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accuracy trials was randomized with the constraint that
none of them was run more than four times in a row. SAT
cuing was followed by a fixation screen of variable dura-
tion (1,450–1,550 ms).

Following the SAT interval, in 160 of the 240 trials of
the two-choice task, a response cue was presented for 100
ms. The response cue consisted of a brightening of one of
the two square boxes and was equally likely to occur at ei-
ther location. After a variable delay of 50 ms to 150 ms in
which the fixation screen was shown, the target, a red
cross, was presented with equal probability within one of
the two peripheral boxes with chance coincidence of
response cue and target locations. Total onset asynchrony
between response cue and target thus ranged from 150 to
250 ms. Eighty trials on which cues and targets were pre-
sented at the same location were classified as validly cued
trials; 80 trials on which cues and targets occurred at op-
posite locations were classified as invalidly cued trials.
Intermixed with the cued trials, 80 uncued trials were run
in which the presentation of the preceding fixation screen
was prolongated, respectively. The order of validly cued,
invalidly cued, and uncued trials was randomized with
the constraint that none of them was run more than four
times in a row.

Subjects responded based on targets’ spatial location.
Two response keys were marked on the computer key-
board, one on the upper left side and one on the upper
right side. Subjects were instructed to press the left key
with the index finger of their left hand for targets that
appeared above fixation and to press the right key with
the index finger of their right hand for targets that
appeared below fixation, but to ignore response cue pre-
sentation. Targets remained on the screen until subjects
made a response or 1,500 ms elapsed. At the end of speed
trials, subjects saw the message ‘‘too slow’’ whenever they
exceeded a response time criterion of 450 ms. At the end
of accuracy trials, subjects saw the message ‘‘incorrect’’
whenever they made an incorrect response. Feedback mes-
sages were presented for 800 ms. In-time responses in
speed trials and correct responses in accuracy trials were
followed by a fixation screen lasting for 800 ms.

Analysis of behavioral data was based on a 2 � 3 design
with the within-subjects factors of SAT (speed, accuracy)
and CUING (invalid, valid, no cue). We analyzed reaction
time (RT), response errors, and brain oscillations as
described below. A-priori analyses showed that neither
reaction time nor response errors differed reliably between
left and right hand responses. Therefore, we did not ana-
lyze potential behavioral and physiological interactions
arising from left versus right hand responses.

Recordings and Preprocessing of EEG Data

EEGs were recorded from 61 equidistant active electro-
des mounted in an elastic cap (ActiCAP, Montage 10,
Brain Products, Gilching, Germany). ActiCAP with its

active electrode system enables fast electrode placement
and low electrode-skin impedances due to amplification
circuitry built into the electrodes boosting the signal and
reducing the noise. Electrode-skin impedance was kept
below 20 kX. Vertical and horizontal eye movements were
recorded from two additional channels. Electrode Cz
served as common reference. Signals were digitalized with
a sampling rate of 500 Hz and amplified between 0.15 and
100 Hz with a notch filter at 50 Hz to remove line noise
(BrainAmpMR plus, BrainVision Recorder, Brain Products,
Gilching, Germany).

EEG recordings were offline rereferenced against aver-
age reference and EOG corrected using calibration data to
generate individual artifact coefficients [Ille et al., 2002] as
implemented in the software package BESA (Brain Electri-
cal Source Analysis, MEGIS Software v5.2.48, Gräfelfing,
Germany). Remaining artifacts were marked by careful
visual inspection. Trials outside the range of 100–1,500 ms
in reaction time (RT) were excluded from further analyses.
Mean number of speed trials remaining for each subject
for EEG data analysis was 112.0 (SD ¼ 7.1); mean number
of accuracy trials was 112.3 (SD ¼ 6.2).

Processing of EEG Data

To transform EEG data into the time-frequency domain,
a complex demodulation algorithm as implemented in
BESA was used [Hoechstetter et al., 2004]. The algorithm
consists of a multiplication of the time-domain signal with
a complex periodic exponential function, having a fre-
quency equal to the frequency under analysis, and subse-
quent low-pass filtering. The low-pass filter is a finite
impulse response filter of Gaussian shape in the time do-
main, which is related to the envelope of the moving win-
dow in wavelet analysis. The data were filtered in a
frequency range from 2 to 30 Hz. Time resolution was set
to 78.8 ms (full width at half maximum, FWHM) and fre-
quency resolution was set to 1.42 Hz (FWHM). Time-fre-
quency data were exported in bins of 50 ms and 1 Hz.

We examined event-related power [Pfurtscheller and
Aranibar, 1977] by calculating the percentage of power
decrease or increase following SAT cue and target onset in
relation to a prestimulus baseline interval which was set
from �500 ms to 0 ms prior to SAT cue onset and �2,800
ms to �2,300 ms prior to target onset, respectively. Power
data were collapsed from 4 to 7 Hz in the theta frequency
range, from 8 to 12 Hz in the alpha frequency range, and
from 15 to 25 Hz in the beta frequency range. A-priori ex-
amination of time-frequency plots showed that these fre-
quency ranges were suitable for all subjects.

In the analysis of theta and beta power, we focused
especially on the 2,000-ms interval following SAT cue
onset and the 300-ms interval following target onset. Anal-
ysis of alpha power was restricted to an interval ranging
from 500 to 2,000 ms following SAT cue onset, because
alpha activities both in the first 500 ms following SAT cue
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onset and, in particular, in the 300-ms interval following
target onset were superimposed by dominant theta activ-
ity. In the peak-picking analysis, the maximum value for
theta power, the minimum value for beta power, and
latencies of these values in the time period ranging from 0
to 1,000 ms following target onset were computed. A pri-
ori, data were analyzed both for all responses and only for
correct responses, both with and without subtracting the
evoked signal. As it turned out, the conclusions were the
same for all analysis methods. The present results are
based on analysis of all responses without subtraction of
the evoked signal.

Statistical Analysis of EEG Data

To examine electrophysiological effects of SAT in the
SAT baseline interval, we compared mean power between
speed and accuracy trials separately for the theta and beta
frequency band in the 2,000-ms interval following SAT cue
onset, and for the alpha frequency range from 500 to 2,000
ms following SAT cue onset, at 61 electrode sites. To
account for multiple testing, a two-stage randomization
procedure was carried out. At first, Wilcoxon sign-rank
tests were calculated for each electrode in order to investi-
gate which electrodes differed between SAT conditions
(P’s < 0.05). Thereafter, a randomization test using 5,000
permutations was run in which we shuffled the order of
conditions consistently across electrodes [Blair and Kar-
niski, 1993]. Similar procedures were already applied in
other studies from our lab [Pastötter et al., 2011; Staudigl
et al., 2010]. The procedure evaluates whether a given
number of electrodes, exhibiting a significant difference
between speed and accuracy trials, is expected by chance.
If the P-value (Pcorr) of this randomization test is below
0.05, less than 5% of the permutation runs exhibited equal
or more electrode sites with a significant difference
between conditions.

In the two-choice task, to examine oscillatory effects of
response conflict on target processing, we compared
mean theta power in the 300-ms interval following tar-
get onset between invalidly and validly cued trials, and,
on the other hand, to examine effects of response pri-
ming, we examined mean beta power in the same inter-
val between validly cued and uncued trials,
respectively, at 61 electrode sites. To account for multi-
ple testing, pair-wise Wilcoxon sign-rank tests for all
electrode sites were calculated (P’s < 0.05) and random-
ization tests were run. Note that we also run randomiza-
tion tests on peak-power data in which we compared
conflict-induced peak theta power and priming-induced
peak beta power. As it turned out, peak theta power
was affected by conflict, whereas peak beta power was
unaffected by response priming. We do not report on
the detailed results from these analyses because they are
consistent with the presented results based on analyses

of variance (ANOVAs) of peak power and latency of
peak power data as described next.

To avoid nonindependent analysis and selection bias,
further analyses were not based on scattered electrode
sites showing a significant difference between conditions
in the randomization procedure [Kriegeskorte et al.,
2009]. Instead, ANOVAs were calculated in which, inde-
pendent of the prior analysis, all electrode sites were
combined into nine regions of interest (ROI) based on
laterality and caudality of sites [Oken and Chiappa,
1986]. For each frequency band, mean power, peak
power, and latency of peak power entered into
ANOVAs with the within-subjects factors of LATERAL-
ITY (left, middle, right), CAUDALITY (frontal, central,
parietal), and SAT (speed, accuracy). Analyses of data in
the two-choice task also included the factor of CUING
(invalid, valid, no cue). Greenhouse-Geisser correction
was applied in all ANOVAs. Corrected P-values are
reported with uncorrected degrees of freedom. For sig-
nificant SAT-induced effects on brain oscillations, we
examined brain-behavior relationships by calculating
nonparametric Spearman correlations. These correlations
were restricted to RT, because number of response
errors was small and invariant across subjects, especially
in uncued and validly cued trials.

Source Localization

To localize the sources of power differences between con-
ditions, (standardized) low-resolution brain electromagnetic
tomography software (LORETA) was used [Pascual-Mar-
qui et al., 1994; Pascual-Marqui, 2002] computing three-
dimensional intracortical localizations of the brain electric
activity measured on the scalp. LORETA solves the
‘‘inverse problem’’ by finding the smoothest of all solu-
tions with no a priori assumptions about the number, loca-
tion, or orientation of the sources. LORETA uses a three-
shell spherical head model including scalp, skull, and
brain compartments, registered to the digitized Montreal
Neurological Institute MRI template. LORETA solution
space consists of 6,239 voxels at 5-mm resolution and is re-
stricted to cortical gray matter. Data was analyzed in the
theta (4–7 Hz), alpha (8–12 Hz), and beta (15–25 Hz) fre-
quency bands. Time windows of interest were identical to
analyses of power effects at electrode space. The localiza-
tion of differences in activity between conditions in each
frequency band was assessed with voxel-by-voxel paired t-
tests of the log-transformed computed current density
power [Frei et al., 2001]. As implemented in LORETA,
nonparametric statistical analysis was performed using
randomization tests to correct for multiple testing [Nichols
and Holmes, 2002]. The significance threshold of these ran-
domization tests was based on 5,000 permutation runs.
Significant voxels were attributed to the corresponding
Brodmann areas (BAs), based on their Talairach
coordinates.
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RESULTS

Behavioral Results

Reaction times

Analyzing mean median RTs of responses (see Fig. 2), a
two-way ANOVA with the within-subject factors of SAT
(speed, accuracy) and CUING (invalid, valid, no cue)
revealed a main effect of SAT (F(1,39) ¼ 46.8, P < 0.001)
and a main effect of CUING (F(2,78) ¼ 192.8, P < 0.001),
but no reliable interaction between the two factors (F(2,78)
¼ 1.8, P ¼ 0.17). Responses were faster in validly cued tri-
als than both in invalidly cued trials (t39 ¼ 13.8, P < 0.001)
and uncued trials (t39 ¼ 21.6, P < 0.001); invalidly cued
and uncued trials did not differ in RT (t39 < 1). Crucially,
responses were faster in speed trials than in accuracy tri-
als, a benefit that was found irrespective of response cuing
in the two-choice task.

Response errors

Analyzing mean response errors (see Fig. 2), a two-way
ANOVA with the within-subject factors of SAT (speed, ac-
curacy) and CUING (invalid, valid, no cue) revealed a
main effect of SAT (F(1,39) ¼ 21.8, P < 0.001), a main
effect of CUING (F(2,78) ¼ 48.9, P < 0.001), and an interac-
tion between the two factors (F(2,78) ¼ 25.1, P < 0.001).
Responses were more error-prone in invalidly cued trials
than both in validly cued trials (t39 ¼ 7.4, P < 0.001) and
uncued trials (t39 ¼ 6.9, P < 0.001); validly cued and
uncued trials did not differ in response errors (t39 < 1).
The main effect of SAT indicates that more response errors
were committed in speed trials than in accuracy trials.
Although an SAT effect was found in invalidly cued trials
(t39 ¼ 5.1, P < 0.001), validly cued trials (t39 ¼ 2.1, P <
0.05), and, with marginal significance, in uncued trials (t39
¼ 1.8, P ¼ 0.08), the interaction indicates that the effect
was more pronounced in invalidly cued trials than in val-
idly cued trials (F(1,39) ¼ 26.8, P < 0.001) and uncued tri-
als (F(1,39) ¼ 25.5, P < 0.001), and was the same in validly
cued and uncued trials (F(1,39)<1). Correlational analysis
showed that individual SAT-induced RT differences in val-
idly cued trials were negatively related to individual SAT-
induced differences in the number of response errors in
invalidly cued trials (r ¼ �0.48, P < 0.01).

Physiological Results: SAT Interval

Topography and localization

In the analysis of electrophysiological data, the first step
was to compare SAT-induced theta and beta power
between speed and accuracy trials in the 2,000-ms SAT
interval, and SAT-induced alpha power from 500 to 2,000
ms following SAT-cue onset. Randomization tests evaluat-
ing whether differences in power are expected by chance
(see Methods) revealed significant differences between

speed and accuracy trials in the theta, alpha, and beta fre-
quency range. Compared with emphasis on speed, empha-
sis on accuracy led to an increase of theta power at
widespread, but mainly central, electrode sites across the
scalp (Pcorr < 0.001) which was localized to the ACC (BA
24, Fig. 3A). On the other hand, compared with emphasis
on accuracy, emphasis on speed led to a decrease of alpha
power at central and parietal electrode sites (Pcorr < 0.001)
which was localized to the occipital cortex (BA 18, Fig. 3B)
and also to a decrease of beta power at mid-central sites
(Pcorr < 0.001) which was localized to the motor cortex
(BA 4, Fig. 3C).

Effects of SAT on mean power

Mean theta, alpha, and beta power entered into separate
three-way ANOVAs with the within-subject factors of Lat-
erality (left, middle, right), Caudality (frontal, central, pari-
etal), and SAT (speed, accuracy). For theta power, the
analysis revealed main effects of Laterality (F(2,78) ¼ 10.6,
P < 0.001), Caudality (F(2,78) ¼ 6.7, P < 0.01), and a Later-
ality � Caudality interaction (F(4,156) ¼ 10.9, P < 0.001),
indicating that event-related theta power increases were
largest at mid-central electrode sites. Importantly, the
ANOVA also showed a main effect of SAT (F(1,39) ¼ 14.3,
P < 0.001). Other interactions were nonsignificant (F’s <

Figure 2.

Behavioral data. Main effect of SAT instruction: compared with

accuracy trials, in speed trials, responses were faster but more

error-prone. Main effect of response cuing: compared with uncued

trials, responses were faster in validly cued trials and more error-

prone in invalidly cued trials. An interaction between SAT and

response cuing was observed for response errors, but not for RT.

All error bars: standard errors. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.
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1.2). Theta power was larger in accuracy than in speed tri-
als, irrespective of electrode sites. Accordingly, in Figure
4A, plotting of the time course of theta power is based on
the combination of all sites. It shows that SAT-induced dif-
ferences in theta power sustained throughout the SAT
baseline interval. Separate analyses of the single ROIs
showed that sustained differences in theta power between
SAT conditions were found for all ROIs.

Regarding alpha power, the ANOVA showed a main
effect of Caudality (F(2,78) ¼ 8.2, P < 0.01), indicating that
event-related alpha power decreases were largest at central
and parietal sites. Moreover, the analysis also revealed a
main effect of SAT (F(1,39) ¼ 11.7, P < 0.01) and a Caudal-
ity � SAT interaction (F(2,78) ¼ 5.5, P < 0.01). Neither a
main effect of Laterality nor any other interaction was
found (F’s < 1.6). Alpha power was smaller in speed than
in accuracy trials. This SAT effect on alpha power arose
primarily from central and parietal sites. Time courses of
alpha power combined for these sites are depicted in Fig-
ure 4B. They show that SAT-induced alpha differences
sustained throughout the SAT baseline interval.

For beta power, the ANOVA revealed main effects of
Laterality (F(2,78) ¼ 21.5, P < 0.001), Caudality (F(2,78)
¼ 26.3, P < 0.01), and a Laterality � Caudality interac-
tion (F(4,156) ¼ 18.1, P < 0.001), indicating that event-
related beta power decreases were largest at central sites
with the most pronounced beta power drop in the mid-
central region. More importantly, the ANOVA also
revealed a main effect of SAT (F(1,39) ¼ 14.0, P <
0.001) and a Caudality � SAT interaction (F(2,78) ¼ 3.2,
P < 0.05). Other interactions were nonsignificant (F’s <
1.8). Beta power was smaller in speed than in accuracy
trials. This SAT effect on beta power arose primarily
from central ROIs. Plotting of the time course of beta
power combined for these sites revealed sustained differ-
ences in beta power throughout the SAT interval (Fig.
4C). Moreover, post-hoc comparison of beta power in
the left-central and right-central ROI showed that,
although the SAT-induced beta power decrease was
larger in the left than in the right ROI (F(1,39) ¼ 19.2, P
< 0.001), SAT-induced differences between speed and
accuracy trials did not differ between hemispheres
(F(1,39)<1).

Correlational analysis revealed that individual SAT-cue-
induced differences in theta power (combined for all sites)
were positively related to differences in beta power at cen-
tral ROIs (r ¼ 0.53, P < 0.001) and alpha power at central
and parietal sites (r ¼ 0.36, P < 0.05). In addition, SAT-
induced differences in beta power were positively related
to differences in alpha power (r ¼ 0.67, P < 0.001).

Physiological Results: Two-Choice Task

Topography and localization

In the analysis of response conflict and response pri-
ming, we compared conflict-induced mean theta power
between invalidly and validly cued trials and priming-
induced mean beta power between validly cued and
uncued trials in the 300-ms interval following target onset,
irrespective of SAT instruction. Randomization tests
revealed a significant conflict-induced increase of theta
power in invalidly compared with validly cued trials at
widespread, but mainly central, electrode sites across the
scalp (Pcorr < 0.001) which was localized to the ACC (BA
24, Fig. 5A). On the other hand, a significant priming-
induced decrease of beta power in validly cued trials com-
pared with uncued trials was found at mid-central elec-
trode sites (Pcorr < 0.001) which was localized the motor
cortex (BA 4, Fig. 5B).

Effects of cuing and SAT on theta activity

Mean theta power, peak (maximum) theta power, and
latency of peak theta power entered into separate four-
way ANOVAs with the within-subject factors of Laterality
(left, middle, right), Caudality (frontal, central, parietal),
CUING (invalid, valid, no cue), and SAT (speed,
accuracy).

Regarding mean theta power, the ANOVA revealed
main effects of Laterality (F(2,78) ¼ 121.4, P < 0.001),
Caudality (F(2,78) ¼ 5.0, P < 0.01), and a Laterality �
Caudality interaction (F(4,156) ¼ 5.9, P < 0.001), indicat-
ing that event-related theta power increases were largest
at mid-central and mid-parietal sites. In addition, the
analysis showed a main effect of CUING (F(2,78) ¼ 67.3,

Figure 3.

Topography and source localization of differences in oscillatory

brain activity between speed and accuracy trials in the SAT

baseline interval. A: Differences in mean theta power were

localized to the ACC, (B) differences in mean alpha power to

the occipital cortex, and (C) differences in mean beta power

to the motor cortex. In topographical maps, warm color cod-

ing indicates event-related increases of power and cold color

coding indicates event-related decreases of power. Difference

maps between conditions are also expressed by topographical

plotting of the P-levels obtained by nonparametric Wilcoxon

sign-rank tests. Randomization tests (see Methods) revealed

that differences in all three frequency bands were reliable (all

Pcorr’s < 0.001). LORETA significance probability maps are

based on P-values (P’s < 0.01, one-tailed). Coordinates in

Talairach space of the maximum-value voxels are shown. Left:

sagittal slices, seen from the left at X; middle: coronal slices,

seen from the rear at Y; right: axial slices, seen from above at

Z. X, Y, and Z are Talairach coordinates: X from left (‘‘L’’) to

right (‘‘R’’); Y from posterior (‘‘P’’) to anterior (‘‘A’’); Z from

basal to dorsal. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 4.
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P < 0.001), a Laterality � CUING (F(4,156) ¼ 26.6, P <
0.001), a Caudality � CUING (F(4,156) ¼ 17.3, P <
0.001), and a Laterality � Caudality � CUING interaction
(F(8,312) ¼ 20.2, P < 0.001), arising from strong conflict-
induced theta effects at mid-central electrode sites as
reflected by increasing theta power from uncued trials to
validly and invalidly cued trials (all t39’s > 5.8, all P’s <
0.001). Importantly, the analysis also revealed a Laterality
� SAT (F(2,78) ¼ 2.6, P < 0.05) and a Caudality � SAT
interaction (F(2,78) ¼ 4.4, P < 0.05), indicating that theta
power at mid-central electrode sites was smaller in accu-
racy than in speed trials. Other interactions were non-
significant (F’s < 1.9).

When restricting the analysis to the mid-central ROI, a
two-way ANOVA with the within-subject factors of
CUING (invalid, valid, no cue) and SAT (speed, accuracy)
showed main effects of CUING (F(2,78) ¼ 72.7, P < 0.001)
and SAT (F(1,39) ¼ 4.8, P < 0.05), and a CUING � SAT
interaction (F(2,78) ¼ 3.6, P < 0.05), indicating that SAT-
induced differences in mean theta power were reliable in
invalidly cued trials (t39 ¼ 2.4, P < 0.05), but not in validly
cued trials (t39 ¼ 1.3, P ¼ 0.21) or uncued trials (t39 < 1).
Plotting of the time course of mean theta power as a func-
tion of CUING and SAT for the mid-central ROI is shown
in Figure 6A.

For peak theta power, the four-way ANOVA revealed
the same main effects and interaction as the analysis of
mean theta power although with slightly different effect
sizes. Consistently, for the mid-central ROI, a two-way
ANOVA with the within-subject factors of CUING (in-
valid, valid, no cue) and SAT (speed, accuracy) showed
main effects of CUING (F(2,78) ¼ 53.6, P < 0.001) and
SAT (F(1,39) ¼ 6.7, P < 0.05), and a CUING � SAT
interaction (F(2,78) ¼ 3.5, P < 0.05), indicating that SAT-
induced differences in peak theta power were reliable in
invalidly cued trials (t39 ¼ 2.3, P < 0.05), but not in val-
idly cued trials (t39 ¼ 1.6, P ¼ 0.11) and uncued trials
(t39 < 1).

With respect to latency of peak theta power, the analysis
showed a main effect of Caudality (F(2,78) ¼ 83.0, P <
0.001), indicating that latency of peak theta power was
highest at frontal electrode sites. In addition, the analysis
showed a main effect of CUING (F(2,78) ¼ 58.5, P < 0.001)
and a Caudality � CUING interaction (F(4,156) ¼ 3.4, P <
0.05), due to a higher latency of peak theta power in
uncued trials (398 ms) than in validly (311 ms) and inva-
lidly cued trials (336 ms), mainly at frontal electrode sites

(uncued: 452 ms, validly cued: 364 ms, invalidly cued: 374
ms). All other main effects and interactions were nonsigni-
ficant (F’s < 2.0).

Effects of cuing and SAT on beta activity

Mean beta power, peak (minimum) beta power, and la-
tency of peak beta power also entered into four-way
ANOVAs with the within-subject factors of Laterality (left,
middle, right), Caudality (frontal, central, parietal), CUING
(invalid, valid, no cue), and SAT (speed, accuracy).

With regard to mean beta power, the ANOVA revealed
main effects of Laterality (F(2,78) ¼ 33.3, P < 0.001), Cau-
dality (F(2,78) ¼ 40.6, P < 0.001), and a Laterality � Cau-
dality interaction (F(4,156) ¼ 20.8, P < 0.001), indicating
that event-related beta power decreases were largest at
mid-central electrode sites. Moreover, the analysis showed
a main effect of CUING (F(2,78) ¼ 7.6, P < 0.01) and both
a CUING � Laterality (F(4,156) ¼ 3.6, P < 0.05) and a
CUING � Caudality interaction (F(4,156) ¼ 3.6, P < 0.05),
arising from strong priming effects at mid-central elec-
trode sites with smaller beta power both in validly and
invalidly cued trials than in uncued trials (both t39’s > 5.6,
both P’s < 0.001). Beta power did not differ between val-
idly and invalidly cued trials (t39 < 1). Importantly, the
analysis also revealed a main effect of SAT (F(1,39) ¼ 5.3,
P < 0.05) and a Laterality � Caudality � SAT interaction
(F(4,156) ¼ 3.1, P < 0.05). Beta power was smaller in speed
than in accuracy trials at mid-central electrode sites. Other
interactions did not reach significance (F’s < 1.9).

When restricting the analysis to the mid-central ROI, a
two-way ANOVA with the within-subject factors of
CUING (invalid, valid, no cue) and SAT (speed, accuracy)
showed main effects of CUING (F(2,78) ¼ 16.0, P < 0.001)
and SAT (F(1,39) ¼ 5.4, P < 0.05), but no interaction
between factors (F(2,78) < 1). Thus, the reduction of beta
power in speed trials in comparison to accuracy trials was
found for all cuing conditions. Plotting of the time course
of beta power as a function of CUING and SAT for the
mid-central ROI is depicted in Figure 6B.

For peak beta power, the ANOVA showed main effects
of Laterality (F(2,78) ¼ 50.6, P < 0.001) and Caudality
(F(2,78) ¼ 55.2, P < 0.001), and a Laterality � Caudality
interaction (F(4,156) ¼ 21.1, P < 0.001), indicating that
peak beta power was lowest at mid-central electrode sites.
No other main effect or interaction was found (all F’s <

Figure 4.

Time courses of oscillatory activities in the SAT baseline inter-

val. Time-frequency spectrograms and time courses of SAT-cue-

induced (A) mean theta power combined for all electrode sites,

(B) mean alpha power combined for central and parietal sites,

and (C) mean beta power combined for central electrode sites.

Combination of sites for each frequency band was based on sig-

nificance of the interaction between SAT and ROIs (see Results).

In the right side, point-to-point Wilcoxon sign-rank tests (50 ms

bins, P’s < 0.05) showed that differences in oscillatory power

between SAT conditions sustained throughout the SAT interval

in all three frequency bands. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.

Topography and source localization of differences in oscillatory

brain activities in the 300-ms interval following target onset in

the two-choice task. A: Differences in mean theta power

between invalidly and validly cued trials were localized to the

ACC and (B) differences in mean beta power between uncued

and validly cued trials were localized to the motor cortex.

Warm color coding indicates event-related increases of power

and cold color coding indicates event-related decreases of

power. Difference maps between conditions are also expressed

by topographical plotting of the P-levels obtained by nonpara-

metric Wilcoxon sign-rank tests. Randomization tests (see

Methods) revealed that differences in both frequency bands

were reliable (all Pcorr’s < 0.001). LORETA significance proba-

bility maps are based on P-values (P’s < 0.01, one-tailed). Coor-

dinates in Talairach space of the maximum-value voxels are

shown. Left: sagittal slices, seen from the left at X; middle: coro-

nal slices, seen from the rear at Y; right: axial slices, seen from

above at Z. X, Y, and Z are Talairach coordinates: X from left

(‘‘L’’) to right (‘‘R’’); Y from posterior (‘‘P’’) to anterior (‘‘A’’); Z

from basal to dorsal. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]



1.4). Thus, neither SAT instruction nor response cuing did
affect peak beta power.

Regarding latency of peak beta power, the ANOVA
revealed main effects of Laterality (F(2,78) ¼ 5.6, P < 0.01),
Caudality (F(2,78) ¼ 5.9, P < 0.01), and a Laterality � Cau-
dality interaction (F(4,156) ¼ 8.8, P < 0.001), indicating
that latency of peak beta power was highest at mid-central
electrode sites. Moreover, the analysis showed a main
effect of CUING (F(2,78) ¼ 7.6, P < 0.01), a Caudality �

CUING (F(4,156) ¼ 4.6, P < 0.01), and a Laterality � Cau-
dality � CUING interaction (F(4,156) ¼ 2.3, P < 0.05),
suggesting that latency of peak beta power increased from
validly cued trials (402 ms) to invalidly cued trials (423
ms) and uncued trials (444 ms), mainly at mid-central elec-
trode sites (validly cued: 402 ms, invalidly cued: 450 ms,
uncued: 496 ms; all t39’s > 2.8, all P’s < 0.01). Finally, the
ANOVA also revealed a main effect of SAT (F(1,39) ¼ 4.2,
P < 0.05) with a higher latency in accuracy than in speed

Figure 6.

Time courses of oscillatory activities in the two-choice task.

Time-frequency spectrograms and time courses of (A) mean

theta power and (B) mean beta power, both combined for

mid-central electrode sites, triggered to target onset. Combina-

tion of sites for each frequency band was based on significance

of the interaction between SAT and ROIs (see Results). In the

right side, point-to-point Wilcoxon sign-rank tests (50 ms bins,

P’s < 0.05) showed (i) a significant theta power increase in the

speed condition compared with the accuracy condition in (inva-

lidly) cued trials and (ii) sustained SAT-induced differences in

beta power lasting until about 300 ms after target onset in all

three response-cuing conditions. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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trials when averaged across all sites (430 ms vs. 416 ms).
All other interactions were nonsignificant (F’s < 2.0).

Brain–Behavior Correlations

Correlational analyses of brain activity in the SAT inter-
val showed that, across response-cuing conditions, indi-
vidual differences in RT were positively related both to
individual differences in mean alpha and mean beta
power between accuracy and speed trials (alpha: r ¼ 0.37,
P < 0.05; beta: r ¼ 0.49, P < 0.001; combined for respective
sites as shown in Fig. 4). On the other hand, the relation-
ship of individual differences in mean theta power and RT
between SAT conditions was not significant (r ¼ 0.17, P ¼
0.30). Thus, subjects with a larger difference in alpha and
beta power between accuracy and speed trials showed a
larger difference in RT.

In the two-choice task, individual differences in RT and
mean beta power between uncued and cued trials (com-
bined for validly and invalidly cued trials) were positively
related, both under speed (r ¼ 0.32, P < 0.05) and accuracy
emphasis (r ¼ 0.46, P < 0.01). Subjects with a larger differ-
ence in beta power between uncued and cued trials
showed a larger difference in RT. Moreover, individual
differences in RT and mean theta power between invalidly
and validly cued trials were negatively related, both in
speed (r ¼ �0.50, P < 0.01) and accuracy trials (r ¼ �0.33,
P < 0.05). Thus, subjects with a larger difference in theta
power between invalidly and validly cued trials showed a
smaller difference in RT between cuing conditions. With
regard to SAT effects, across response-cuing conditions,
individual differences in RT and mean beta power
between accuracy and speed trials (combined for mid-cen-
tral sites as shown in Fig. 6B) were positively related (r ¼
0.52, P < 0.001). On the other hand, individual differences
in peak beta power at mid-central sites between speed and
accuracy trials were not found to be related to individual
differences in RT (r ¼ 0.04, P ¼ 0.81).

DISCUSSION

The goal of this study was to examine controlled SAT in a
two-choice task with electrophysiological measurements of
oscillatory brain activity. Consistent with prior behavioral
work, we found response processing to be faster and more
error-prone in speed trials than in accuracy trials. In line
with prior imaging work, SAT was found to be modulated
by a change of baseline activity in visuo-motor brain areas
in the SAT baseline interval. Analysis of oscillatory brain
activities preceding the two-choice task showed that both
alpha power in the occipital cortex and beta power in the
motor cortex were affected by SAT instruction and predicted
RT. Moreover, both alpha and beta power in the SAT base-
line interval were related to SAT-induced theta power gen-
erated in the ACC, indicating that the ACC could be
involved in the adjustment of visuo-motor brain processes.

On the other hand, the results did not show an effect of SAT
on peak beta power suggesting that response threshold of
cortical motor activations may be unaffected by SAT. With
regard to oscillatory brain activity in the two-choice task, the
results suggest that conflict processing in the ACC, but not
response priming in the motor cortex, is affected by SAT.

Beta power in the SAT baseline interval was found to be
affected by SAT instruction, indicating that SAT effects are
related to a change of baseline activity in cortical motor
areas. More precisely, instructing subjects to focus on
speed instead of accuracy led to a decrease of mean beta
power at central electrode cites lasting from SAT cue onset
to movement execution in the two-choice task. Source
localization showed that SAT baseline differences in beta
power were generated in the right and left motor cortex.
The results are consistent with fMRI studies showing that
emphasis on speed leads to sustained increases of BOLD
activity in the SAT baseline interval in motor areas [For-
stmann et al., 2008; Ivanoff et al., 2008; van Veen et al.,
2008]. In contrast to mean beta power, peak beta power in
the two-choice task was unaffected by SAT instruction.
SAT effects thus may have not been modulated by a
change in response threshold. Consistent with the present
beta power dynamics in SAT, Tzagarakis et al. [2010]
recently reported a beta power decrease during response
preparation in a reaching task with different degrees of
uncertainty about stimulus location. In their task, response
uncertainty affected mean beta power during response
preparation but did not affect peak beta power at move-
ment execution indicating that motor threshold of cortical
activity is unaffected by the complexity of a motor task.
The same was found for the present SAT experiment. Hav-
ing said this, obviously, interpretations based on null
effects always should be treated with caution. On the one
hand, the present analysis may have lacked statistical
power to reveal a difference in cortical motor threshold
between SAT conditions. On the other hand, we measured
cortical brain oscillations that sample only a subset of the
total brain activity and, thus, threshold modulations may
have been missed with the present analyses.

Posterior alpha power in the SAT baseline interval was
also affected by SAT instruction, indicating that, in addi-
tion to motor processes, premotor processes of perception
and attention are linked to SAT. In the literature, it has
been proposed that increases of parieto-occipital alpha
power reflect functional inhibition that down-regulates the
impact of visual perception on information processing
[Jensen and Mazaheri, 2010; Klimesch et al., 2007]. Evi-
dence for the inhibitory role of posterior alpha oscillations
has been reported, amongst other things, for working
memory [Jensen et al., 2002; Jokisch and Jensen, 2007] and
selective attention [Fu et al., 2001]. For example, visuo-spa-
tial attention studies have shown that when covert atten-
tion is directed to one hemifield, posterior alpha decreases
in the contralateral but increases in the ipsilateral hemi-
sphere [Thut et al., 2006; Worden et al., 2000]. Importantly,
there is also evidence that posterior alpha power prior to
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an event affects perceptual processing: high prestimulus
alpha power in posterior brain areas has been found to
impair visual perception and visual discrimination [Hansl-
mayr et al., 2007; van Dijk et al., 2008]. Together, these
findings point to an inhibitory role of posterior alpha
power in perception and visuo-spatial attention. On the
basis of the inhibitory function of alpha oscillations, the
present finding of enhanced posterior alpha power in ac-
curacy trials compared with speed trials in the SAT base-
line interval then may reflect functional inhibition that
down-regulates the impact of incoming visual information
in order to reduce the probability of premature and erro-
neous responses when cued to be accurate in the task.
Alternatively, the decrease of alpha activity in speed trials
compared with accuracy trials may also reflect enhanced
processing of upcoming stimuli in this condition. Thus,
both inhibition of incoming visual information in accuracy
trials and enhancement of visual processing in speed trials
may account for SAT in the present experiment.

In addition to beta and alpha oscillations, SAT was
also found to affect theta activity at mid-central electrode
sites in the SAT baseline interval. In prior studies, mid-
frontal theta activity, generated in the ACC, has been
linked to focused attention [Delorme et al., 2007;
Gomarus et al., 2006], conflict monitoring [Cavanagh
et al., 2009; Hanslmayr et al., 2008], and working memory
[Gevins et al., 1997; Jensen and Tesche, 2002]. Recent
studies also demonstrated that theta oscillations play an
important role in visuo-motor processing and sensori-
motor integration [Pastötter et al., 2010; Tombini et al.,
2009; also see Tesche and Karhu, 1999]. Sauseng et al.
[2007] argued that theta power in the ACC reflects the
activation of an attentional system that allocates cognitive
resources in visuo-motor processing and is related to
mental effort. This proposal is in line with fMRI evidence
for ACC involvement in the adjustment of visuo-motor
processing in response preparation and motor control
[Mansouri et al., 2009; Paus, 2001; Rushworth et al.,
2004]. On the basis of this view, the increase of theta
power in the ACC in accuracy trials compared with
speed trials throughout the SAT baseline interval may
reflect top-down adjustment of visuo-motor processing in
order to balance between the competing demands of
speed and accuracy. Consistently, correlational analysis
showed that, in the SAT baseline interval, theta power in
the ACC was related both to beta power in the motor
cortex and alpha power in the occipital cortex. However,
obviously, with the present statistical correlations, we can
not infer a causal relationship between ACC activity and
visuo-motor processing in SAT control.

Arguably, due to the low spatial resolution of EEG,
theta effects in other prefrontal brain areas than the ACC
may have been missed in the present source analysis. In
fact, Asada et al. [1999] argued that attentional processes
as reflected by mid-frontal theta power may be due to re-
ciprocal connections between the ACC and other prefron-
tal regions. According to this, for example, the pre-SMA,

which has been found to show a higher BOLD signal in
speed than in accuracy trials [Forstmann et al., 2008] may
also account for SAT-induced variance in theta power. In
fact, a negative correlation between theta activity and the
BOLD signal has been obsered in several regions [Scheer-
inga et al., 2009]. Such a contribution of pre-SMA to SAT-
induced theta dynamics may also explain why, regarding
the time courses of theta activity in the SAT interval, theta
power goes back to baseline in the accuracy condition and
even under the baseline level in the speed condition.

Consistent with recent work [Pastötter et al., 2010], the
present results in the two-choice task indicate that response
cuing is related to a beta power decrease in the motor cor-
tex, and conflict processing is linked to a theta power
increase in the ACC. Going beyond this work, the present
results suggest that conflict processing in the ACC is
affected by SAT. Conflict-induced theta power was found
to be larger in speed than in accuracy trials at mid-central
electrode sites. This effect was most pronounced for inva-
lidly cued targets and suggests that emphasis on speed
enhances the potential of response conflict in the two-choice
task. Consistently, differences in conflict-induced response
errors between SAT conditions were most pronounced in
invalidly cued trials. On the other hand, we did not find an
effect of SAT on priming-induced beta power differences
between validly cued and uncued trials, suggesting that
response priming is unaffected by SAT.

Together, the present findings indicate that SAT is related to
a change in baseline activity of alpha and beta oscillations in
parietal and motor areas both being related to SAT-induced
theta oscillations in the ACC. In contrast, they do not provide
evidence for a change in response threshold. The results sug-
gest that the ACC is involved in the adjustment of SAT base-
line activity in visuo-motor brain areas. Increased ACC
activity indicates adjustment in favor of accuracy, decreased
activity indicates adjustment in favor of speed. In addition, the
present results show that conflict-induced theta power in the
ACC was more pronounced in speed than in accuracy trials,
whereas priming-related beta power dynamics in the motor
cortex were unaffected by SAT. These findings indicate that
conflict processing, but not response priming, depends on
SAT. In sports science, recent studies examining rifle shooting
in professional sportsmen found that high score shots were
preceded both by high theta power in the ACC [Doppelmayr
et al., 2008] and high alpha power in occipital brain areas [Del
Percio et al., 2009]. The present findings suggest that these os-
cillatory correlates of high scoring in rifle shooting and, to
close the circle, of successfully preparing the last and decisive
shot in the Olympic biathlon, reflect SAT baseline
modulations.
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