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Abstract

Analysis of neural oscillations in the electroencephalogram (EEG) during cognitive tasks provides
valuable information about underlying neuronal processing not accessible by other methods such
as event-related potentials (ERPs) and the BOLD signal in fMRI. We investigated neural
substrates of motor preparation and expectancy by analyzing neural oscillations of healthy
subjects performing the AX continuous performance task (AX-CPT), a task widely used to
evaluate processes such as cognitive control, motor preparation and anticipatory and sustained
attention. The task consists of letters presented sequentially on a monitor, and subjects are
required to respond only when they see the letter A (cue) followed by the letter X (target). In this
study, to emphasize expectation and motor preparation, three versions of AX-CPT were used in
which the overall propensity to respond was differentially modulated, by changing the probability
of the letter sequences. Neural activity was investigated in three time windows following
presentation of the cue: sensory, evaluation and preparation. Alpha power was reduced following
cue onset similarly in all versions of the task in both the sensory and evaluation periods, but in the
later preparation period there were task dependent modulations. Alpha was decreased when an
infrequent cue increased the chance of a response, and increased when a propensity to respond had
to be overcome, possibly reflecting an anticipatory attentional mechanism to gate visuo-motor
processing. Beta power was modulated by task and cue in both evaluation and preparation periods.
In the latter, beta power reflected the propensity to respond and correlated both with amplitude of
the contingent negative variation (CNV), an ERP that reflects response preparation, and with
reaction time. Some clinical populations such as patients with schizophrenia or attention-deficit
disorder show specific deficits when performing the AX-CPT. These results provide a basis for
investigating the differential neural underpinnings of oscillatory cognitive control deficits
observed in various patient populations.
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1. Introduction

During cortical processing, brain electrical activity is manifest as an evolving spatiotemporal
profile of activity that forms the surface electroencephalogram (EEG). The study of neural
oscillations in the EEG during cognitive tasks provides new information about brain
processing, adding to that obtained by other approaches such as event-related potentials
(ERPs) and the BOLD signal in fMRI.

Oscillatory approaches have been extensively utilized over recent years, initially to evaluate
processes such as visual integration (Gray et al., 1989), and more recently have expanded
into studies of cognitive processing, including working memory (Sarnthein et al., 1998),
attention (Lakatos et al., 2008), and sensory-motor coordination (Schoffelen et al., 2005).
An increasing body of evidence indicates the importance of neural oscillations in various
frequency bands for anticipatory biasing of information processing. For example, selective
attention has been most commonly associated with modulation of oscillations in the alpha
and gamma frequency ranges (Fries et al., 2001; Kelly et al., 2006), whereas preparation for
action in motor brain areas are reflected in changes in oscillations in the beta frequency
range (Farmer, 1998). The AX-type continuous performance task (AX-CPT), is a widely
used executive processing and cognitive control task first developed in 1956 (Rosvold et al.,
1956), that can be manipulated to emphasize specific aspects of response preparation and
stimulus expectation (Barch et al., 2001; Cohen et al., 1999; Dias et al., 2011; Dias et al.,
2003). The task has also been widely employed for the study of neurocognitive disorders
such as schizophrenia (Barch et al., 2001; Cohen et al., 1999; Dias et al., 2011; Holmes et
al., 2005; Javitt et al., 2000) and ADHD (Banaschewski et al., 2008). The present study
evaluates patterns of oscillatory modulation observed during execution of the AX-CPT in
order to assess relationship of oscillatory modulations to specific cognitive operation in
normal volunteers, as well as to provide a template for future investigations extending
present findings to the study of clinical populations

In the AX-CPT, letters are sequentially presented on a screen and subjects have to press a
button whenever a letter “A” (cue stimulus) is followed by the letter “X” (target probe) and
withhold response to any other cue-probe pair (AY, BX, BY, where B and Y represent any
letters other than A and X). Thus, the instructive cue sets the context (local expectancy) in
each trial, i.e. whether the subject should prepare for a response. Besides the local
expectancy, a global expectancy to respond is set by the probability of correct cue-target
pairs in a testing block. In order to study effects of expectancy and preparation, three
versions of the task were recorded differing in overall propensity to respond (global
expectancy) by changing contingency of cue-probe trials between blocks (Dias et al., 2003).
For example, the most commonly used version of the AX-CPT consists of 70% AX cue-
probe pairs and 10% of each of the other pairs, generating a high overall contingency to
respond (Servan-Schreiber et al., 1996). If a B cue appears in this version of the task, the
overall propensity to respond has to be overcome in order to avoid a false alarm if it is
followed by the target X. On the other hand, a task variation with 70% AY pairs results in
the global expectancy to not prepare a response.

A cascade of processes can be studied in the time window following the instructive cue,
including sensory processing, cue evaluation, cue maintenance, motor planning and
anticipation. A previous analysis of this dataset in the temporal domain showed differential
ERP effects following both the cue and probe presentations (Dias et al., 2003). Analysis of
the cue-probe interval in the time-frequency domain can provide valuable additional
information elusive to the other approaches (Figure 1).
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Investigating the cue-probe interval in this task is of particular clinical interest since
previous studies indicate that deficient AX-CPT performance in schizophrenia is mainly
determined by impaired processing of local context (Cohen et al., 1999; Javitt et al., 2000).
The present study describes the modulation of oscillatory neural activity in three time
epochs, sensory, evaluation, and preparation, following instructive cues in variations of the
AX-CPT. These epochs were chosen based on results from the previous analysis of this
dataset in the time domain (Dias et al., 2003). This study provides a framework for the
investigation of neural processes underlying impaired AX-CPT performance in clinical
populations.

2. Methods
2.1. Subjects

Eleven healthy, paid volunteers (seven males, mean age = 25.7 years (18-37 years),)
participated in the study after signing informed consent. All but one were right handed as
assessed with the Edinburgh Handedness Inventory (Oldfield, 1971). The Nathan Kline
Institute Internal Review Board approved all procedures.

2.2. Paradigm

The tasks have been previously described in more detail (Dias et al., 2003). White letters (~2
degrees visual angle) on black background were sequentially presented for 250 ms on a
screen 137 cm in front of the subjects’ eyes. Subjects were instructed to press a button with
the right index finger whenever the target letter X followed the cue letter A. They were
instructed to withhold response to any other combination (B followed by X or Y, A followed
by Y). The collectively called letter B could be any letter other than X or A. The cue-probe
interval (stimulus onset asynchrony, SOA, onset to onset of stimuli) was 1.1 seconds and the
SOA between target and next cue onset was 1.25 seconds. Three variants of the task were
presented differing in the probability of cue-target pair presentations. As in the most widely
used variation of the task, the base version, subsequently called “AX70”, had 70% of the cue
target pairs consisting of the correct cue-probe sequence (A followed by X). The other three
possible sequences (A-Y, B-X, B-Y) were presented with 10% each. Thus, task variation
AXT70 induced a strong global, as well as local, prepotency to respond. On the contrary, in
task variations “BX70” and “AY70”, 70% of the cue-probe sequences consisted of B-X or
A-Y sequences respectively, with other trial types appearing in 10% of the trials. Thus, in
both task variations, BX70 and AY70, the global prepotency was to not prepare a response.
However, the local prepotency to respond upon presentation of A cues was high in task
variation BX70, but low in task variation AY70.

2.3. Data Acquisition and Signal Processing

Electroencephalographic data was acquired with Neuroscan Synamps from 64 scalp
locations, referenced to an electrode on the nose, with a pass-band of 0.05 to 100 Hz, and
digitized at 512 Hz. Data was analyzed with Matlab (Mathworks, Natick, MA), using the
toolbox Fieldtrip (http://www.ru.nl/fcdonders/fieldtrip/) and custom written scripts. Noisy
channels were identified by visual inspection and statistical criteria (kurtosis of amplitude
values across trials), followed by interpolation using data from neighbouring channels
within a 4 cm radius. The continuous data was epoched from —1.5 to 2.5 seconds relative to
the onset of the cues. Relatively long time epochs were chosen to avoid edge effects of the
time-frequency decomposition. For subsequent steps we only used data from correct trials.
Thus, A cue trials were used when they either were followed by a target (X) that subject
correctly identified by button press or when they were followed by the invalid probe (Y) and
the subject withheld the response. B cues were used when subjects correctly withheld
response following subsequent invalid probes (X or Y). Trials exceeding +/— 120 pV were
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discarded and trials above a statistical criterion were inspected. Instantaneous phase and
power was computed on each trial using complex Morlet wavelets on 82 scales in a
logarithmic increase between 0.95 to 85 Hz.

While both intertrial coherence (ITC) and power across single trials were computed for all
epochs, the effects of interest were not stimulus locked and we therefore focused our
analysis on power across single trials (Figure 1).

To account for variability of absolute power values across subjects and since most previous
reports in the EEG literature relevant to this study use baseline corrected results, we
described the spectral response as relative change compared to pre-stimulus epoch (-0.3 to
-0.1s). However, to test for possible baseline effects due to the different number of trials for
the different cues, a result of the different percentages of sequences in the task, we computed
repeated measures ANOVA of wavelet spectrograms for the baseline period with factors
“task” and “stimulus” for each frequency band, and report such differences when they
occurred. To obtain the contingent negative variation (CNV) potential in the time domain,
the data was low pass filtered at 35 Hz (6! order Butterworth filter) and baseline corrected
(=0.1 -0 s) prior to averaging.

2.4, Statistical analysis

We chose the frequency boundaries, theta (4-8 Hz), alpha (8-14 Hz), beta (18-26 Hz), and
gamma (30-80 Hz) based on the EEG literature in humans and also by identifying the
presence of activity in these frequency bands in the data. Specifically, the frequency range
of alpha was chosen as 8-14Hz given extensive prior literature using this frequency band to
investigate preparatory alpha modulation in attention tasks (for examples see (Kelly et al.,
2009; Rihs et al., 2007; Thut et al., 2006; Worden et al., 2000)). Similarly the frequency
range of beta was chosen based upon extensive literature showing oscillatory modulations
related to motor preparation centered around 20 Hz (Farmer, 1998; Pfurtscheller, 1981).

We focused our analysis on three time windows, subsequently referred to as sensory,
evaluation and preparation windows. Based on the ERP literature, the sensory time window
was defined as 0 to 0.2 s from cue onset, to include the sensory ERPs P1 and N1. The
evaluation time window was defined as 0.2 — 0.5 s from cue onset, and was chosen to span
the stimulus induced alpha event-related desynchronization (ERD), and the preparation
window was defined as —0.25 to —0.05 s prior to probe onset.

For the sensory epoch, initial analysis focused on parieto-occipital electrodes (PO3, PO4)
which are at the center of the representation of the visual ERP components P1 and N1 (Di
Russo et al., 2003; Di Russo et al., 2002). For the other epochs, the statistical comparisons
for alpha was done on the average power of a parieto-occipital region of interest (ROI) (Pz,
P3, P1, P2, P4, POz, PO4, PO3) and for beta we used a left-central ROI (C3, C1, Cz). These
ROIls were chosen based on previous studies. For beta, the largest modulations of beta
activity in tasks involving motor preparation for movement of the contralateral hand have
been found in this left central ROI (Alegre et al., 2006; Pfurtscheller, 1981; Ritter et al.,
2009). For alpha, preparatory modulation following cues in attention tasks have been
observed mainly in the parieto-occipital ROl (Thut et al., 2006).

For gamma and theta, since we did not have an a priori hypothesis of possible effects, we
computed the comparisons across all three regions (sensory, central, parieto-occipital). In
addition, as can be seen in the headplot Figure 3A, there was activity in the beta range in
parietal regions, during the evaluation window. This was unexpected, and a preliminary
analysis of this activity, using the parieto-occipital ROI, was performed.
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For the analysis of CNV amplitude we computed the mean amplitude of a fronto-central
ROI (FC1-4, FCZ, CZ, C1, C2) across the whole preparation time window. The average
activity in each frequency band individually (theta, alpha, beta, gamma) for their defined
ROI, across time window (sensory, evaluation, preparation), was subjected to repeated
measures ANOVA using Greenhouse-Geisser adjustments.

Two further analyses were done to investigate the spatial distribution of the main effects:
source localization and a cluster-based permutation test. Source localization was performed
using BESA (Brain Electric Source Analysis, MEGIS Software GmbH, www.besa.de) and
the results are shown in Supplementary Figure 4. The cluster based test was used as
implemented in the Fieldtrip toolbox and the results are shown in Supplementary Figure 3
(Maris and Oostenveld, 2007). This approach controls for multiple comparison testing when
computing statistics across multiple channels, and/or frequency and time points. In the first
step of the cluster test we computed the statistics of choice, e.g. dependent samples t-test, for
each sample point. Significant values (alpha = 0.05) were clustered based on their adjacency
in time, space, and frequency, and the t-values for all points in this cluster were summed. In
the following Monte-Carlo permutation, responses were randomly reassigned to different
tasks and the previous steps were repeated yielding a sum t-value for a cluster spanning the
same data points as in the initial cluster. The permutation was repeated 5000 times to obtain
the distribution of cluster sum t-values of the null hypothesis. Subsequently, the summed t-
values of the initial cluster of interest were compared to the obtained null distribution to get
significance levels of the cluster. A cluster level alpha of 0.05 was used. Since the most
commonly used version of AX-CPT is the version here called AX70, we focused on effects
in this task.

Reaction times from trials that survived artifact rejection were analyzed and repeated
measures ANOVA with subsequent paired t-tests were used to assess significance. Linear
relationships were assessed using Pearson’s correlation coefficient, with task as a co-variate.
The commercial software programs SPSS and Matlab were used to compute statistical tests.

3.1. Behaviour

3.2. EEG

Behavioural results from this dataset were previously discussed in more detail (Dias et al.,
2003). Reaction times from trials that survived artifact rejection are reported because this
measure was used for correlation analysis with the neurophysiological data (beta ERD, CNV
amplitude). As in the previous study, there was a significant effect of task on reaction times
(F(1.89,18.89) = 54.72, p < 0.01) (Figure 4). Paired t-tests showed that reaction times were
slowest in task AY70 (mean= 517 ms; standard error (SEM) = 78 ms) compared to the other
variations (AX70: mean = 336 ms, SEM = 76; BX70: mean = 361 ms, SEM =58 ms): AY70
vs. BX70: df = 10, t = 8.029, p < 0.01 and AX70 vs. AY70: df =10,t=-11, p<0.01. P.
There was no significant difference between tasks BX70 and AX70.

The average number of correct trials that passed the criteria for artefact rejection varied for
each task variation, because of the different percentages of trials in each variation. Thus, for
the A cues, the mean number of trials per subject was 249in task variation AX70, 40 in
BX70 and 253 in AY70. For B cues, the mean number was 77 for AX70, 293 for BX70 and
76 for AY70.

3.2.1. Sensory Window (0 — 0.2 s)—The main effects in the sensory window consisted
of typical power increases in frequency bands similar to frequency components present in
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the ERP (Figure 1). To test for effects across stimuli and tasks we computed a repeated
measures ANOVA for the mean increase in power for each frequency band individually
(theta, alpha, beta, and gamma) with within-subject factors task and stimulus. We did not
observe any significant stimulus or task effects and no stimulus versus task interactions for
any of the frequency bands, and thus did not further pursue analysis of this epoch (Figures 2,
3 and Supplementary Figure 1).

3.2.2. Evaluation Window (0.2 — 0.5 s)—Significant main effects in the alpha and beta
frequency bands were observed in the induced power during the evaluation period (Figures
2, 3), and are detailed below. We did not observe significant modulatory effects of the
gamma power due to expectancy in this period (Supplementary Figure 1). Theta power
showed a significant stimulus versus task interaction (F(1.2,12.0)=10.85, p<0.01), but this
was not pursued further since the effects likely reflect previously described modulations of
evoked potentials (Dias et al., 2003).

3.2.2.1. Alpha: Following cue presentation, an initial reduction of alpha power was
observed, starting at around 0.2 s (Figure 2B). This initial alpha ERD was invariably
induced, independent of task and stimulus. Repeated measures ANOVA for this period
showed no main effect of task (F(1.41,14.11)=0.63, p=0.41) or stimulus (F(1,10)=4,
p=0.07), and no task versus stimulus interaction (F(1.8,18)=0.58, p=0.55). The parieto-
occipital distribution of this effect (inset in Figure 2A, left panel) is in line with the well
established stimulus induced alpha ERD (Neuper and Pfurtscheller, 2001; Pfurtscheller and
Lopes da Silva, 1999). Thus, while reliably induced by both cue types and in all tasks, alpha
ERD in the evaluation period was not modulated by either local or global context. In
addition, there was no variation of baseline alpha activity dependent on the task variation
(Supplementary Figure 2).

3.2.2.2. Beta: Similar to the alpha, power in the beta frequency band showed a marked
decrease in the evaluation period. However, as opposed to the alpha ERD, beta suppression
in the central-left hemispheric ROI in this time interval showed a significant stimulus effect
(F(1,10)=20.33, p<0.01), a task effect (F(1.69,16.93)=9.69, p<0.01), and a stimulus versus
task interaction (F(1.84,18.37)=5.4, p=0.016). These effects were driven by an increased
beta suppression following A cues (contrast of stimulus type: F(1,10)=20.33, p<0.01), and
this effect was most pronounced in task BX70, which was the only task with a significant
difference in a post-hoc paired t-tests between A cue and B cue (t=-5.37, df=10, p<0.01,
AX70 p=0.09, AY70 p=0.22).

However, since these results were computed on baseline corrected data it was important to
control for possible task effects in the baseline (Supplementary Figure 2). For the absolute
beta power in this ROI there was a task effect (F(1.79,17.93)=21.95, p<0.01), but no main
effect of stimulus, though there was a task versus stimulus effect (F(1.94,19.35)=6.04,
p=0.01),. Between-factor contrasts showed increased absolute beta power in the baseline in
task AX70 compared to BX70 (p<0.01), AX70 compared to AY70 (p<0.01), and BX70
compared to AY70 (p=0.03). There was no statistically significant difference between the
baselines of cue A and cue B in task AX70 (p=0.23) or AY70 (0.93) and a statistical trend
for a higher baseline in A cues in BX70 (p=0.06). In line with the baseline corrected data,
paired t-tests of absolute power in the evaluation epoch showed that power was significantly
reduced following the A cue compared to B cue in the BX70 task (t =-2.92, df =10, p =
0.02). However, in this case, power following A cues was also significantly lower compared
to B cues in the other two tasks (AX70: t=-3.51, df = 10, p < 0.01; AY70: t=-3.37,df =
10, p<0.01). In summary, in the non-baseline corrected data the beta ERD was more
pronounced following A cues compared to B cues, and, relative to baseline, this ERD
difference between cues was most prominent in the BX70 task.
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The spatial distribution of the beta ERD in the evaluation window spanned not only the
expected fronto-central electrodes, but extended into bilateral parieto-occipital areas (Figure
3A, middle column). A preliminary investigation of this activity, using ANOVA, showed a
main effect of cue (F(1,10)=6.902, p=0.025), with activity to cue A showing larger beta
ERD compared to cue B, but no main effect of task and no task x cue interaction. Since
these were not part of the hypotheses for this study, they will be further investigated in
upcoming studies.

3.2.3. Preparation Window (0.85-1.05 s)—No significant modulatory effect on gamma
power was observed in this period (Supplementary Figure 1). Again theta power showed a
significant stimulus versus task interaction (F(1.27,12.72)=4.712, p=0.04), but was not
further pursued due to reasons mentioned above. Significant main effects in the alpha and
beta frequency bands were observed during the preparation period (Figures 2, 3), and are
detailed below.

3.2.3.1. Alpha: The repeated measures ANOVA for the preparation window showed a
significant effect of task (F(1.67,16.66) = 9.37, p<0.01), stimulus (F(1,10) = 23.99, p <
0.01), and a significant task versus stimulus interaction (F(1.69,16.93) = 4.62, p = 0.03).
This was due to two effects.

First, following the sensory induced parieto-occipital alpha ERD in the evaluation period,
alpha activity returned to baseline levels following both A and B cues in AY-70, cue A in
AX70 and cue B in AX-70 (Figure 2B). However, alpha ERD following A cues was
significantly larger compared to B cues in task BX70 (df = 10, t =—3.98, p < 0.01), as well as
compared to the A cues in the other tasks (A cue AY70 vs. BX70: df = 10, t =3.5, p < 0.01;
AX70 vs. BX70: df =10, t =3.94, p < 0.01). This increased ERD following A cues in task
BX70 is probably analogous to the previously reported suppression of alpha power that was
shown to be related to anticipatory visual attention (Foxe et al., 1998). In addition, in task
variation AX70 there was an increase in alpha power (ERS) following B cues, compared to
A cues (df =10, t =-2.99, p = 0.01).

The spatial distribution of both effects, ERS in AX70 and ERD in BX70, were overlapping
as revealed by cluster analysis (Supplementary Figure 3A). The comparison of B vs. A in
AX70 yielded one extensive significant positive cluster that included right anterior frontal,
left central and bilateral parietal regions and in BX70 resulted in one significant negative
cluster that covered approximately the same areas.

3.2.3.2. Beta: Following the parieto-occipital and fronto-central distribution of the beta ERD
in the evaluation window, beta ERD in the preparation window was observed mainly in left
central electrodes (Figure 3A, middle column).

In the left central ROI (represented by the yellow dots in figure 3A), we observed significant
effects of task (F(2,19.9) = 20.94, p < 0.01), stimulus (F(1,10) = 7.85, p = 0.019), and a
statistical trend in the task versus stimulus interaction (F(1.47,14.72) = 3.8, p < 0.057)
(Figure 3A,B). Post-hoc t tests showed significantly less power following A cues compared
to B cues in task AX70 (df = 10, t = -3.96) and BX70 (df = 10, t = -2.59, p = 0.027), but no
significant difference in task AY70. Thus, beta power was decreased in the context of high
response probabilities. While both high response probability tasks AX70 and BX70 showed
significant increased suppression following A cues compared to AY70 (AX70 vs. AY70: df
=10,t=-8.79, p<0.01, AY70 vs. BX70: df =10, t = 2.94, p =0.03), there was no
statistical difference between BX70 and AX70 (Figure 3B, C). Significant negative clusters
including the electrodes in the left central ROl were found in tasks AX70 and BX70 when
comparing the decrease in beta power following A cues compared to B cues (Supplementary
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Figure 3B). Interestingly, beta power was also suppressed following the B cue in task AX70.
There was a significant difference for activity following B cues between AX70 and both
BX70 (df = 10, t = 10.92, p < 0.01) and AY70 (df = 10, t = 3.87, p < 0.01) (Figure 3C).

3.2.3.3. CNV vs. Beta: As previously reported for this dataset, an increasing negative
potential developed in the preparation phase following instructive cues, reflecting the CNV
potential (Dias et al., 2003; Walter et al., 1964). The CNV showed a symmetric fronto-
central distribution across all tasks (Figure 4C). As previously mentioned the spatial
distribution of the beta ERD was also central, however, it was lateralized to the contralateral
hemisphere of the right hand with which all subjects were instructed to respond to correct
targets. Both beta desynchronization and CNV have been implicated in motor preparation or
expectancy of a response. Supporting this relation, the average values in the preparation
window for both measures correlated with reaction time in AX trials, which were the only
ones that required a motor response (beta vs. reaction time: r=0.51, p<0.001, CNV vs.
reaction time: r=0.59, p<0.001) (Figure 4A). Furthermore, there was a significant correlation
between CNV amplitude and beta desynchronization (r=0.53, p<0.001). All of these
correlations remained significant when controlled for task (beta vs. reaction time: r=0.51,
p=0.002, CNV vs. reaction time: r=0.60, p<0.001, CNV vs beta (r=0.56, p<0.01). Repeated
measures ANOVA for CNV amplitude showed a significant effect of task (F(1.36,13.64) =
7.14, p < 0.01) and cue stimulus (F(1,10) = 40.68, p < 0.01), and a significant task versus
cue interaction (F(1.55,15.52) =21.27, p < 0.01). Although no significant differences were
observed between tasks AX70 and BX70, CNV amplitudes tended to be larger in task BX70
(mean = -2.0 pV) compared to AX70 (mean = -1.42 V), while beta ERD tended to be
more pronounced in AX70.

4. Discussion

The AX-CPT is widely used to evaluate cognitive control, working memory, and aspects of
attention. Several recent reports investigated neural processes involved in AX-CPT
performance using fMRI and ERPs in the EEG (Braver et al., 2009; Dias et al., 2003; Dias et
al., 2006), but results regarding the possible role of neural oscillations for task performance
were still missing. Here we report two main findings, one in the alpha frequency band and
one in the beta frequency band. Activity in the gamma frequency band was not modulated
by this task in the areas tested, and activity in the theta band was strongly related to the
evoked potential, which may have obscured any possible induced activity, and has already
been reported (Dias et al., 2003). Thus the discussion will focus on the alpha and beta
findings.

In the alpha band we found a broad parieto-occipital ERD starting within 0.1 s following
stimulation and persisting throughout the cue evaluation period. As an ERD (as opposed to
an increase in synchrony), it had no obvious correlate in the average ERP waveform and so
represents a process that is missed in traditional ERP analyses of CPT data. Although the
onset of the ERD was similar for all task variations and stimuli, the extent and duration was
modulated by task demands, suggesting both “bottom-up” and “top-down” modulations. In
particular, the ERD was larger if a prepotency to not respond had to be overcome following
an instructive cue signalling high probability of response (cue A in BX70). In contrast, the
ERD was reduced and alpha power was eventually increased if a prepotency to respond had
to be overcome following a cue signalling that response had to be withheld (cue B in AX70).
We hypothesize that this alpha modulation could reflect not only a disinhibition of visual
associative brain regions to support high level decoding of cue information, but also an
anticipatory attentional mechanism to gate visuomotor processing.
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In the beta frequency band, we found modulation of beta power in fronto-central regions
persisting throughout the cue/probe interval, putatively reflecting motor preparation. There
was beta ERD over left central regions, consistent with localization of the motor region
controlling right hand response. Beta power in this region was modulated by expectancy of
response and was negatively correlated with reaction time. In other words, beta ERD
following instructive cues was most pronounced if the cue signalled a high probability that
the subject would have to respond to the subsequent probe. There was also prominent
symmetrically distributed beta ERD in the posterior parietal regions during the evaluation
period, which returned to baseline in the preparation period, and was not affected by task.

Parieto-occipital alpha oscillations in the human have been traditionally viewed as
representing a sensory ‘idling’ process. However, several recent studies have suggested a
more dynamic role, in which increases in alpha are associated with active suppression of to-
be-ignored information while, suppression of ongoing alpha is seen when attention and/or
preparation is required (Bastiaansen and Brunia, 2001; Foxe et al., 1998; Kelly et al., 2006;
Sauseng et al., 2005; Worden et al., 2000). Furthermore, this effect may be modulated by
both frontal and parietal areas (Capotosto et al., 2009; Rajagovindan and Ding,; Sauseng et
al., 2005).

It is important to distinguish between modulation of ongoing alpha oscillations and
externally induced alpha ERD (Kelly et al., 2006; Pfurtscheller and Lopes da Silva, 1999).
As seen in the evaluation period in this study, external stimulation invariably causes a
suppression of alpha power (Pfurtscheller and Aranibar, 1977). In the present study,
stimulus-driven ERD showed no modulation by either type of cue or task. In keeping with
the evolving concept of ongoing alpha activity as a mechanism for suppression of response
to potentially distracting information, the early onset of stimulus-induced ERD and lack of
task or stimulus modulation suggests a rapid, bottom-up system in the brain for removing
suppression from visual object processing regions, once a stimulus is presented.

In addition to this early, presumed bottom-up process, a late phase was observed that was
sensitive to both stimulus and task, suggesting top-down modulation. Alpha suppression
during this response preparation window appears to be similar to that shown in previous
studies of anticipatory attention in humans (Bastiaansen and Brunia, 2001; Foxe et al., 1998;
Kelly et al., 2006; Sauseng et al., 2005; Worden et al., 2000; Yamagishi et al., 2005).
However, all previous studies of alpha modulation used either spatial or cross-modal
attention paradigms, thus this is the first study to investigate role of alpha ERD to different
instructional stimuli within the visual modality itself.

The alpha ERD to the A cue during the preparatory interval was significant only in the
BX-70 task variations, and was absent in the other task variations. The task variation BX70
is unique in that the information from the A cue must be maintained and used to override a
prepotent tendency to not respond to an “X” probe when it is presented, as X is usually
preceded by a B cue in this task. In addition, both X and Y probes are equiprobable after
presentation of the A cue, putting greatest stress on the subsequent discrimination. Thus, the
sustained alpha ERD in this task variant may keep visual object recognition regions
maximally “on line” throughout the response preparation interval.

By contrast, following B cues in the AX-70 task variant, there was increased alpha power
throughout the preparatory interval. In the AX-70, but not other tasks, the B cue must be
used to override a prepotent response to respond to an X when it appears. Furthermore,
following the B cue, the identity of the subsequent probe stimulus (i.e. X vs. Y) becomes
irrelevant since both necessitate withholding of response. Thus, the increased alpha may be
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used to suppress processing of the probe stimulus under this task. Some increase in alpha in

the preparatory period was also observed for B vs. A cues in the other tasks, suggesting that

alpha generation may be used to dynamically modulate regional brain activation even within
sensory channels.

Similar to parieto-occipital areas, the somato-motor cortex shows a dominant rhythm in the
alpha frequency range, called the rolandic alpha rhythm (Pineda, 2005). Generators of this
rhythm are located primarily within post-central somato-sensory cortex, but may span across
the central sulcus to include pre-central cortex as well (Salmelin et al., 1995) (see also
Supplementary figure 4). In contrast, a second dominant rhythm, the rolandic beta rhythm
(Hari, 2006), is associated primarily with the pre-central primary motor cortex. Indeed, a
study using transcranial magnetic stimulation suggested that beta is the characteristic
frequency range of the motor cortex (Rosanova et al., 2009). Similar to the parieto-occipital
alpha, power of pre-central beta and post-central alpha are inversely correlated with BOLD
signal in motor fMRI studies (Ritter et al., 2009). Thus, decreased power in these rhythms
has been equalized with cortical activation.

Further extensive evidence from studies in human and non-human primates links the pre-
central beta rhythm to motor control. For example, in self paced movement tasks, beta
power decreases prior to movement onset and rebounds following movement termination
and remains increased during steady contraction (Crone et al., 1998; Donner et al., 2009;
Farmer, 1998; Pfurtscheller, 1981). During isometric contraction pre-central beta is coherent
with simultaneously recorded contra-lateral EMG (Baker, 2007; Rubino et al., 2006;
Schoffelen et al., 2008). Furthermore, the motor system is more effective in executing
corrective movements during periods of increased pre-central beta, and also shows a bias to
maintain an existing motor state at the expense of initiating new movements (Androulidakis
et al., 2006; Engel and Fries,; Gilbertson et al., 2005). Thus, it could be hypothesized that
during periods of low beta power the motor cortex is in a receiving state for new information
or commands from other cortical areas.

In our study, all stimuli elicited beta ERD in the evaluation period, suggesting visuo-motor
interaction or motor planning independent of the information conveyed by the instructive
cue. In the subsequent preparation window, beta ERD was most pronounced following A
cues in tasks AX70 and BX70, concordant with the biggest probability of response, while
following no-go B cues, the beta power returned to baseline in most cases. This is in line
with a study in which monkeys were trained to release a button to go, but not to no-go cues
(Zhang et al., 2008). Both stimuli induced an initial dip in beta activity before recovery
following the no-go cues and maintenance of suppression following the go cues.

Interestingly, while beta power following B cues recovered after the evaluation period in
tasks AY70 and BX70, it remained low in task AX70, although less than when following A
cues. A possible reason for this could be that during this task most cue target pairs are go
trials and a certain automatism was established that prepared premotor areas rhythmically
for a response. An interesting question is if this “incorrect” preparatory activity following B
cues in the AX70 task is related to the increase in BX-errors observed in clinical populations
such as in patients with schizophrenia (Barch et al., 2001; Cohen et al., 1999; Javitt et al.,
2000). Unfortunately, due to too few BX error trials in this dataset, we could not compare
activity in correct and error BX trials.

Although task-related suppression of beta activity was most prominent over motor cortex in
this study, we also observed modulation of parietal beta activity. As compared to the beta
modulation over motor cortex, which began during the evaluation period and was
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maintained throughout the preparation period, parietal beta modulation was restricted to the
evaluation period. Furthermore, during the evaluation period, the temporal profile of activity
was similar across parietal and central regions. It has been argued that beta synchrony
between parietal and central as well as -frontal regions may represent a “spectral fingerprint”
of sensorimotor integration, which would be consistent with results of the present study
(Engel and Fries, 2010; Siegel et al., 2012).

Given that both CNV and beta modulations persisted during the cue-probe interval and both
showed correlations with reaction time, a final series of analyses evaluated the relationship
between these two measures. Despite similar timing and correlations, the two measures
appear to reflect distinct processes based upon both spatial localization and task-related
variation.

In terms of localization the main beta desynchronization during the motor preparation period
was observed on the sensorimotor cortex contralateral to the response hand (Supplementary

Figure 4), suggestive of generators within underlying sensorimotor cortex (Pfurtscheller and
Lopes da Silva, 1999).

In contrast, the CNV was non-lateralized and maximal at the vertex, consistent with prior
studies that have localized CNV generators not only to primary motor cortex, but also to
anterior cingulate, and supplementary motor cortices (Dias et al., 2003; Liu et al., 1996).

In terms of task-related modulation, we observed most pronounced beta modulation to A
cues in the AX70, and smallest modulation to A cues in the AY70 task. Thus, the beta
modulation appears to track primarily the probability that a valid cue will be followed by a
correct target, and therefore that a motor response will be required. Consistent with this, beta
modulation was also absent to B cues in both the BX-70 and AY-70 conditions.
Interestingly, in the AX-70 condition, a sustained beta ERD was observed to the B as well as
A cues, suggesting that in this condition, in which prepotent tendency to response is
strongest, there may be a sustained active inhibition of the motor response, rather than a
passive no-response set.

In contrast, CNV tended to be larger to A cues in the BX70 vs. AX70 task, suggesting that it
may track not only the probability of response, but also the need to overcome a prepotent
no-response set (Dias et al., 2011; Dias et al., 2003). As for the beta ERD, no significant
CNV was observed to B cues in any task.

To date, most studies of oscillatory activity related to motor response have used self paced
or motor imagery tasks, or paradigms with simpler warning and target cues. Here we show
the feasibility of analyzing motor beta in widely used cognitive tasks as well, such as the
AX-CPT, and demonstrate dissociability of oscillatory modulations related to more
traditional time domain motor-response measures.

5. Conclusion

The current study investigated the oscillatory signature of cortical cognitive operations
during AX-CPT performance using frequency domain analysis across a range of previously
described, informative parametric task variations. The most salient effects consisted of a
decrease of power in the alpha frequency band during stimulus evaluation, modulated during
the preparation period, and in the beta frequency band relating to response preparation and
maintenance. Importantly, these effects have no direct correlate in time-domain ERP and
cannot be temporally resolved in fMRI studies with this paradigm, and thus complement
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existing neurocognitive measures. Deficits in AX-CPT performance have been demonstrated
across a variety of neuropsychiatric disorders, most notably schizophrenia and ADHD. In
addition to delineating critical neurocognitive processes, the present study thus also provides
a basis for dissociating patterns of dysfunction in individuals with discrete neuropsychiatric
disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sensory window

Analyses of data from the period following Cue A in the AX70 task variation, from the
average of electrodes PO3 and PO4, which showed the largest sensory event-related
potential amplitudes. The graphs show activity time locked to cue stimulus onset (time = 0).
A) Group averaged event related potential to cue onset; B) Time-frequency plot of the
intertrial coherence; C) Time-frequency plot of the power of ERP; D) Time-frequency plot
of the power of single trials. Most of the activity in the theta and alpha frequency ranges, in
the first 200 ms after stimulus onset, represents the evoked potential (A—C); in addition,
there was modulation in alpha and beta frequency range not phase locked to stimulus
presentation (D).
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Figure 2. Alpha Power

A) Time-frequency plots of oscillatory power following A (top) and B (bottom) cue onset
(time = 0), for task AX70 (left) and BX70 (right) averaged across the channels over parieto-
occipital area that were used for statistical analysis (Pz, P3, P1, P2, P4, POz, PO4, PO3,
marked in yellow on the top view insets of the spatial distribution of the alpha activity); B)
Comparison of the temporal evolution of alpha power (delimited in grey in A) in all tasks
for cues A (left) and B (right). The initial alpha ERD returned to baseline in most tasks, but
remained suppressed following the A cue in BX70 (left panel). In addition, following the B
cue ERS was observed in task AX70 preceding onset of the target (right panel). C)
Histograms showing mean power (+/— standard error) in the alpha range for the three
periods analyzed (Sens: sensory; Eval: evaluation; Prep: preparatory), for the three task
variants.
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Figure 3. Beta Power

A) Time frequency plots of oscillatory power following A (top) and B (bottom) cue onset
(time = 0), for task AX70 (left) and BX70 (right) averaged across the channels over left
somato-motor cortex that were chosen for statistical analysis (C3, C1, Cz). The middle
column shows the top view of the spatial distribution of the beta power in the evaluation
(top) and preparation (bottom) window following A cues in task AX70, as highlighted by
the yellow boxes, with the electrodes used on the ROI statistical analysis highlighted in
yellow; B) Comparison of the temporal evolution of beta power (frequencies within the grey
bars in A) in all tasks for cues A (left) and B (right). Time zero refers to cue onset.
Following an initial dip of beta power in the evaluation period in all tasks, beta remains
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suppressed in tasks with high response probability (A cues in AX70 and BX70) or high need
for control (B cues in AX70); C) Histograms showing mean power (+/- standard error) in
the beta range for the three periods analyzed (Sens: sensory; Eval: evaluation; Prep:
preparatory), for the three task variants.
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Figure4. Correlations

A) Beta ERD (left panel), as well as CNV amplitudes (middle panel), were significantly
correlated with reaction time across all tasks. In addition, Beta ERD correlated with CNV
amplitude (right panel); B) Grand average of evoked potentials recorded at FCZ to A cues in
the three tasks. The CNV was more negative in AX70 and BX70 than in AY-70. C) Spatial
distribution of the voltage difference between A and B cues for tasks AX70 and BX70.
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