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Accomplishing even simple tasks depend on neuronal circuits to
conﬁgure how incoming sensory stimuli map onto responses.
Controlling these stimulus-response (SR) mapping rules relies on a
cognitive control network comprising the anterior cingulate cortex
(ACC). Single neurons within the ACC convey information about
currently relevant SR mapping rules and signal unexpected action
outcomes, which can be used to optimize behavioral choices.
However, its functional signiﬁcance and the mechanistic means of
interaction with other nodes of the cognitive control network
remain elusive and poorly understood. Here, we report that core
aspects of cognitive control are encoded by rhythmic theta-band
activity within neuronal circuits in the ACC. Throughout task
performance, theta-activity predicted which of two SR mapping
rules will be established before processing visual target information.
Task-selective theta-activity emerged particularly early during those
trials, which required the adjustment of SR rules following an
erroneous rule representation in the preceding trial. These ﬁndings
demonstrate a functional correlation of cognitive control processes
and oscillatory theta-band activity in macaque ACC. Moreover, we
report that spike output of a subset of cells in ACC is synchronized to
predictive theta-activity, suggesting that the theta-cycle could serve
as a temporal reference for coordinating local task selective computations across a larger network of frontal areas and the hippocampus
to optimize and adjust the processing routes of sensory and motor
circuits to achieve efﬁcient sensory-motor control.
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ognitive control refers to those neuronal processes responsible
for assembling task-relevant information, which in turn biases
sensory and motor pathways for efﬁcient communication during
task processing. Two core functions of cognitive control are (i) the
implementation and maintenance of task-relevant stimulusresponse (SR) mapping rules, and (ii) the adjustment and optimization of such representations during task performance
according to behavioral outcome. Both functions are subserved by
a mosaic of interconnected neuronal groups distributed within
frontal cortex (1–4). The anterior cingulate cortex (ACC) is one of
the key nodes within this cognitive control network, conveying task
relevant information at various time intervals during task processing (5, 6). First, during preparatory periods, ACC neurons
convey signals selective for the currently relevant SR mapping rule
(7), and allow inferences with respect to changes in SR mapping
triggered by either an incorrect response, or an explicit cue to
change SR mapping (8). Second, during stimulus processing and
delay epochs in working memory paradigms, subsets of neurons
encode the expected reward outcome associated with the stimulus
(9). Third, following the behavioral response to a target stimulus,
neuronal groups in ACC signal whether the behavioral response
was incorrect or resulted in unexpected reward outcome (10–13).
Consequently, ACC neurons signal the adjustment of behavior
following changes in task demands or unexpected outcomes on
previous trials (8, 14, 15).
Taken together, these ﬁndings show that neuronal activity in
ACC reﬂects major functions underlying successful cognitive con5248–5253 | PNAS | March 16, 2010 | vol. 107 | no. 11

trol. However, the question of exactly how these diverse functions
arise in neuronal spiking responses within the ACC and how they
are communicated dynamically during task processing to other
nodes of the cognitive control network remains unresolved.
One fundamental mechanism to achieve efﬁcient and temporally dynamic neuronal communication of local computations
within the ACC and between other nodes of the control network
could be the synchronization of neuronal activity to common
rhythmic ﬂuctuations of neuronal excitability (16–20). According
to this hypothesis, neuronal groups within the ACC are expected
to synchronize dynamically during different task epochs. Moreover, the strength of oscillatory activity and of phase coherent
spiking responses in ACC should convey task selective information. Despite these potentially fundamental consequences of
rhythmic neuronal activity, there is only limited evidence for task
selective and functionally relevant synchronization from within
the ACC (21, 22).
However, neuronal circuitry in ACC gives rise to prominent thetaoscillations (23–25), which is believed to originate in an interneuron
network in superﬁcial layers (25, 26). theta-Oscillations are an ideal
candidate to structure neuronal communication for a variety of
reasons. First, many neurons spike preferentially at particular phases
of the theta-cycle (27–31). Second, theta-oscillations are capable of
shaping local high frequency γ-band synchronization, which is frequently nested within the theta-cycle (32–34) and indexes stimulus
selection (35–37). Third, neuronal spiking output is synchronized to
theta-activity ubiquitously in the brain, including the hippocampal
formation, frontal cortex, and sensory cortices, and is therefore
capable of providing a temporal context for coherent interareal
communication (19, 34, 38, 39). Fourth, in humans, theta-activity in
frontal cortex and hippocampus has been shown to increase with
cognitive control demands and successful task performance. In
particular, theta-activity increases with working memory load (40–
43), and during visual search of targets in space (44), predicts successful encoding of visual and verbal stimuli in long-term memory
(45–49) and indexes incorrect responses (50–52).
These multiple facets of theta-activity suggest that it could serve
as a fundamental mechanism that allows neuronal groups in ACC
to integrate and convey task-selective information. We therefore
investigated the dynamic evolution of rhythmic activity in macaque
ACC during a task-shift paradigm. The task required monkeys to
respond to a peripheral stimulus according to two SR mapping
rules, which changed without overt cue during the course of the
task (Fig. S1A). We found that theta-frequency activity is the most
prominent oscillatory signature during the preparatory task epoch.

Author contributions: K.J. and S.E. designed research; T.W., K.J., and S.E. performed
research; T.W. and M.V. contributed new reagents/analytic tools; T.W. analyzed data;
and T.W. and S.E. wrote the paper.
The authors declare no conﬂict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.
1

To whom correspondence should be addressed. E-mail: thiwom@imaging.robarts.ca.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0906194107/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0906194107

For one fourth of the recorded neuronal groups, theta-activity
increased selectively for either of the two SR mapping rules and is
stronger for correct versus incorrect trials. In addition, we found
that theta-activity became task-selective earlier in time when
cognitive control demands were high. Moreover, we show that
rhythmic LFP theta-activity has consequences for spike output,
with one third of all neurons synchronizing signiﬁcantly to the
theta-cycle during the preparatory period.
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Frequency Speciﬁc Trial-by-Trial Prediction of Task Rules. To analyze
whether frequency-speciﬁc oscillatory activity can actually be used
Womelsdorf et al.
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Fig. 1. Task selectivity of LFP power. (A), Proportion of sites with individually
statistically signiﬁcant task selectivity for the pro- or antisaccade task based on
a cluster-based randomization test with multiple comparison correction. The
statistical map reveals that task selectivity emerges in a narrow thetafrequency band (5–10 Hz) before target stimulus onset. The white box indicates the time-frequency region of interest used for later analysis. (B) Average
task selectivity in the preparatory period for sites showing signiﬁcant task
selective theta-activity. (C) Average task selectivity plotted separately for sites
preferring the prosaccade task (Upper) and the antisaccade task (Lower).

by neuronal circuitry to predict the forthcoming interpretation of a
stimulus similar to ﬁring rates (see ref. 7), we conducted a receiver
operating characteristic (ROC) analysis. Fig. 2A illustrates that an
ideal observer could predict which SR mapping will be applied
before the stimulus appeared only when relying on theta-activity
(5–10 Hz; one-sample t test, P < 0.05), but not when considering
lower (2–4 Hz) or higher frequency bands in the low and high
β-range (11.5–15.5 Hz and 18.5–22.5 Hz). The average ROC value
began to be statistically signiﬁcantly different from chance (ROC
value of 0.5) already at −0.4 s before stimulus onset (one-sample
t test, P < 0.05), with no other frequency band reaching statistical
signiﬁcance before stimulus onset (all P > 0.05; see Fig. 2B). Note
that spike rates in ACC showed likewise the earliest signiﬁcant
ROC prediction at −0.4 s, but only in those trials immediately
following the task rule change. In later trials, ACC spike rates
distinguished both tasks at successively later times before stimulus
onset (see ref. 7). We therefore analyzed the latency of task
selectivity for successive subsets of ﬁve correct trials relative to the
task rule change by measuring the time when the ROC prediction
became signiﬁcant (P < 0.05) for two successive time windows. Fig.
2C shows that task selectivity of LFP theta-activity remained
rather constant across trials, emerging at −0.35 s in trials early after
the task rule change, and at −0.4 s thereafter. No other frequency
range than theta showed signiﬁcant task selectivity before stimulus
onset in any of the trial subsets. Likewise, the overall strength of
the TSI in the −0.4 to 0 s time window before stimulus onset did not
decrease after the initial task rule change (Fig. 2D). These ﬁndings
contrast to the change in ﬁring rate latencies reported in ACC
before (7), illustrating that rate effects and LFP theta reﬂect different signals. Interestingly, signiﬁcant task selectivity is available
in spike rates at −0.4 s even after the ﬁfth trial in the same task, not
in ACC, but in other nodes of the cognitive control network (lateral PFC; see ref. 7). Thus, the early emerging task selectivity of
LFP theta-activity in the ACC may well reﬂect information
PNAS | March 16, 2010 | vol. 107 | no. 11 | 5249
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Task Selectivity of Theta-Activity. Applying the correct SR mapping
rule at the time the target stimulus is presented requires advance
preparation of neuronal circuitry to selectively represent the relevant task rule. We therefore calculated the evolution of oscillatory
activity during the preparatory period from 3 to 30 Hz and quantiﬁed task selectivity for each neuronal site. Fig. S1C shows the
average evolution of LFP power for an example site for the pro- and
antisaccade task (Fig. S1C Upper and Lower, respectively), illustrating prominent theta-frequency activity, which decreases in
strength on prosaccade trials and increases during antisaccade trials. We quantiﬁed this difference by calculating a task selectivity
index (TSI) for each time-frequency data point and derived a statistical map with a cluster randomization approach correcting for
multiple comparisons (Materials and Methods). For the example
shown in Fig. S1C, task selectivity was signiﬁcant for a 5- to 10-Hz
theta-frequency band well in advance of peripheral stimulus presentation. The peak TSI value of 0.3 corresponds to 85.7% stronger
LFP theta-power during the antisaccade task.
Across all sites, the emergence of task selectivity in the thetaband was the most prominent preparatory signature (Fig. 1A),
predicting which SR rule was established before the onset of the
stimulus. Across all 67 LFP sites, 23.8% (16) showed signiﬁcant
task selectivity during the preparatory time-frequency window in
the theta-band, with 13.4% (10.4%) of sites showing enhanced
theta-power when preparing the SR rule for the prosaccade
(antisaccade) task. The proportion of task selectivity for either task
was statistically not different (binomial test, P > 0.05). Sites selective for the anti- and prosaccade task overlapped spatially with a
slight trend for antisaccade selective tasks to be more likely more
anterior in area 24c. Selecting only those sites with a signiﬁcant
effect in the time-frequency window with the most prevalent task
effects (5–10 Hz during the −0.4 to 0 s before stimulus onset)
illustrates that task selectivity emerged at approximately −0.4 s
before stimulus onset (Fig. 1B), and showed similar time-frequency
dynamics for sites preferring pro- and antisaccades (Fig. 1C). This
ﬁnding also illustrates that task selectivity of preparatory thetaactivity is not confounded by a difference of the two tasks in terms of
task difﬁculty.

B
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Behavioral Adjustment Following Task Switches. We recorded in
39 sessions the local ﬁeld potential (LFP) from one to ﬁve neuronal
groups (28 and 11 in two monkeys, respectively). Monkeys performed, on average, 74.9% (78.1%) correct on the antisaccade (i.e.,
prosaccade) task, with lower accuracy in trials immediately following the task change (Fig. S1B; see ref. 7). Quantifying correct
performance for successive sets of ﬁve trials with correct responses
following the rule change revealed that accuracy asymptotes within
10 trials (Fig. S1B). In contrast to accuracy, saccadic reaction times
remained constant with pro- and antisaccade latencies averaging to
199 and 228 ms, respectively (Fig. S1B). These behavioral results
show that the behavioral adjustment required by the change in SR
rule primarily affected preparatory processes required to instantiate and maintain a new SR rule, rather than a readjustment of
movement parameters, which would be expressed as variations in
saccade latency.
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Fig. 3. Behavioral correlates of theta-frequency modulation for task-selective
sites. (A) Average time-frequency distribution of the TSI for error trials
(plotted in a color range similar to the TSI on correct trial shown in Fig. 1B). (B)
Average (±SEM) TSI for correct and error trials for theta-power (5–10 Hz) in
the −0.4 to 0 s before stimulus onset. Two stars denote statistical signiﬁcant
difference at P < 0.01. (C) Average TSI for correct trials following other correct
trials (Upper) and for correct trials following errors (Lower). (D) (Upper)
Average TSI of theta-power on correct trials following previous correct (blue)
or error (red) trials calculated for successive time windows before stimulus
onset. (Bottom) Statistical inference of TSIs, with signiﬁcant values above gray
shaded area.
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Fig. 2. Trial-by-trial (i.e., ROC) task prediction for power at different frequency bands, and its latency for trials relative to the change in task rule. (A)
ROC values for successive time bins during the preparatory period. Shaded
areas denote SEM. (B) P value evolution for the ROC values in A. Gray area
shows the ≤2.998 = −log(0.05) region where trial-by-trial prediction of the
task is not signiﬁcant. Colors denote different frequency bands as indicated
in A. (C) Latency of signiﬁcant ROC prediction based on theta-power for trial
sets relative to the task rule change. (D) Average TSI of theta-power for trial
sets relative to the task rule change. Shaded areas show SEM.
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available from input of other nodes of the cognitive control network, but without being necessarily translated into modulated
overall spike counts (as described further later).
Theta-Activity and Behavioral Adjustment. The previous result
leaves open whether the observed task-selective theta-activity
reﬂects a genuine functional contribution from ACC with respect
to cognitive control or is primarily inherited from other nodes of
the network. In a ﬁrst analysis addressing this issue, we compared
task-selective theta-activity in correct trials and error trials,
ﬁnding that task selective theta-activity was absent on error trials,
in which the incorrect SR mapping rule had been applied to the
peripheral stimulus (paired t test, P < 0.01; Fig. 3 A and B; note
that we excluded from analysis the ﬁrst trial after the task switch,
which was per deﬁnition incorrect, but not indicative of a failure
to maintain a SR rule). In a second analysis we tested, whether
task-selective theta-activity in ACC reﬂects the adjustment of
task rule representations following erroneous SR mapping.
Previous results suggest that spike rates in ACC signal the
behavioral outcome of a trial and provide the critical information
5250 | www.pnas.org/cgi/doi/10.1073/pnas.0906194107

to overcome erroneous representations well before other areas
of the cognitive control network (5, 7, 15). We therefore analyzed task-selective theta-activity in correct trials that followed a
previous error trial (i.e., E-C) with correct trials following other
correct trials (i.e., C-C). Fig. 3C shows that task-selective thetaactivity in E-C trials is similar in strength, but emerges earlier
compared with C-C trials. To quantify this latency difference, we
calculated the average TSI of theta-activity (5–10 Hz) within
successive 0.1-s windows during the preparatory period. Fig. 3D
reveals that task selectivity rose earlier in E-C trials, becoming
statistically signiﬁcant already within −0.4 to −0.3 s before
stimulus onset (one-sample t test, P < 0.05). In contrast, task
selectivity in C-C trials became signiﬁcant later starting between
−0.2 to −0.1 s before stimulus onset (Fig. 3D).
Consequences of Task-Selective Theta-Activity for Spike Output. To
this point, task selectivity in the ACC was shown to emerge in a
time- and frequency-selective LFP theta-band. It emerged early (at
approximately −0.4 s before stimulus onset) even after the ﬁfth trial
following the task switch, i.e., where spike counts in ACC do not
distinguish anymore between the tasks. These ﬁndings suggest that
enhanced LFP theta-activity is functionally relevant, but rather
than being translated into a higher spike count, it may provide a
critical reference to structure spike output in time (29). To test this
hypothesis, we analyzed for a subset of 22 most isolated single ACC
neurons whether their spike output is phase locked (i.e., phase
consistent) to LFP theta-activity and whether spike–LFP phase
consistency increases during periods of enhanced LFP thetaactivity. The analysis of spike–LFP phase consistency is nontrivial
for neurons ﬁring only few spikes (few samples) because common
phase locking measures are biased toward higher values the smaller
the sample size, rendering the phase locking statistics less reliable
and imposing a serious confound when comparing conditions
(here, tasks) with different sample sizes. However, even for neurons
ﬁring only sparsely in ACC, we observed that spikes often occur at
particular phases of the theta-cycle. For illustration, Fig. 4A shows
example traces of spikes of one sparsely ﬁring neuron and the LFP
(5–10 Hz passband) during three pro- and antisaccade trials. This
example neuron is selected because it visualizes (i) that thetapower just before stimulus onset is stronger in only one (antisaccade) task, (ii) that spikes tend to occur around the time of the
Womelsdorf et al.
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Discussion
Our results reveal that LFP theta-activity in ACC reﬂects core
functions of a cognitive control network. We found that one
quarter of all recorded neuronal groups selectively represented
one of two task rules and maintained task-speciﬁc theta-activity
throughout task performance. An ROC analysis showed that the
forthcoming interpretation of a stimulus can be predicted
already from 0.35 to 0.4 s before the stimulus appears. Predictive,
task selective theta-activity was likely functionally relevant as it
ceased on error trials, and emerged particularly early in time
when an erroneous task representation in one trial was adjusted
to the correct SR mapping rule in the trial following an error. In
addition, we show that LFP theta-activity has consequences for
spike output: For a subset of isolated single neurons, spiking
responses phase-locked to the theta-cycle, an effect that tended
to increase with increasing LFP theta-power and showed task
selectivity similar to task selectivity of the LFP theta-activity.
These results critically extend existing hypotheses regarding the
role of ACC in cognitive control and suggest a mechanism for
selective neuronal communication of task relevant information.
Previous models suggest that the speciﬁc role of the ACC in a
larger cognitive control network lies in “monitoring of task perWomelsdorf et al.

formance” and evaluating “action outcome,” informing other
nodes of the network when task demands have varied over time or
are particularly high (53, 54). In particular, these studies showed
that the ACC is modulated in conditions of high task difﬁculty or
conﬂict (e.g., in incongruent mapping conditions), when SR rules
are changed implicitly, following altered reward contingencies (7, 8,
14, 15), or when previous trials were performed incorrectly (5, 55).
Our results complement these ﬁndings by showing that neuronal
groups in ACC signal the adjustment of SR rules following errors.
Our ﬁndings show that this corrective signal was evident in the LFP
being selective in time as early as 0.4 s before target stimulus processing, and selective in frequency, occurring in the theta-frequency
band. Acknowledging that oscillatory theta-activity has been found
ubiquitously within and between many brain areas during various
cognitive processes suggest that it could reﬂect a mechanism
underlying the coordination of neuronal interactions within a
larger network pertaining to cognitive control (19, 56, 57).
This suggestion is also consistent with the ﬁnding that LFP thetaactivity remained predictive of the correct task rule throughout all
trials during a block of trials, emerging between 0.4 and 0.35 s
before the visual target stimulus was presented. Interestingly, in
our previous report on spike output in ACC and lateral prefrontal
cortex using the same task design, we found that the earliest task
selective signals emerged likewise at 0.4 s before stimulus onset,
showing that task rule information becomes available at the same
time in the larger cognitive control network. However, the latencies of task-predictive spike rate modulation differed between
areas. In ACC spike rates were predictive at −0.4 s only during the
ﬁrst trials after the implicit task switch, and then gradually occurred
later relative to stimulus onset at 0.25 and 0.05 s as more trials were
performed on the same task in a block. The reverse pattern was
found in lateral prefrontal cortex with spike output becoming signiﬁcantly predictive at −0.4 s before stimulus onset only after the
ﬁfth trials following the task switch. These ﬁndings could reﬂect
that task-selective LFP theta-activity in the ACC beginning at 0.4 s
early and later after the task switch is partly inherited from other
input areas of the control network, like the lateral prefrontal cortex, but without being translated into enhanced spike counts at the
same early time period within ACC. This suggestion is consistent
with the likely origin of the LFP, which is inﬂuenced by subthreshold, synaptic inputs from more distant areas, reﬂecting to its
largest part a weighted sum of dendrosomatic synaptic signals and
slower voltage-dependent membrane oscillations within a local
patch of neuronal tissue (58).
Alternatively, instead of affecting the overall spike counts,
LFP theta-activity in the ACC could rather modulate the timing
PNAS | March 16, 2010 | vol. 107 | no. 11 | 5251

PSYCHOLOGICAL AND
COGNITIVE SCIENCES

theta-cycle peak, rather than independent of the theta-cycle, and
(iii) that this phase speciﬁcity becomes evident in the last 0.4 s
before stimulus onset only for the antisaccade trials and not for the
prosaccade trials. Measuring spike–LFP phase consistency across
the whole sample of neurons for spikes within the 0.4-s window
before stimulus onset showed that the spiking output of 31.8% of
the neurons (7 of 22) were signiﬁcantly phase-consistent to the
LFP (Fig. 4B; Rayleigh test for circular homogeneity, P < 0.05).
Among the phase-consistent neurons, three were signiﬁcantly
phase-locked in both tasks, but for four neurons spike–LFP phase
consistency was task-selective (Fig. 4B). Critically, phase consistency tended to be stronger when LFP theta-activity was
stronger (Fig. 4C). To test this, we median split for each neuron
(n = 22) the theta-power distributions of the −0.4 to 0 s preparatory period from each task and calculated spike–LFP phase
consistency separately for the subsets with high and low thetaactivity and found that spike–LFP phase consistency was signiﬁcantly stronger for the antisaccade task when theta-activity was
stronger (P < 0.05, paired t test; Fig. 4C). For the prosaccade task
the same pattern was observed, but the effect remained nonsigniﬁcant (P = 0.3, paired t test). Thus, there is overall evidence
that the reported ﬁndings pertaining to task-selective LFP thetaactivity have consequences for spiking output within ACC.

SYSTEMS BIOLOGY

Fig. 4. Spike–LFP phase consistency in the theta-band can be task-selective and is stronger when theta-activity is larger. (A) Six example trials of a sparsely ﬁring ACC
neuron and the LFP (passband 5–10 Hz) during the preparatory period during pro- (red) and antisaccade (blue) trials. (B) Scatterplot of spike–LFP phase consistency
for pro- (x axis) and antisaccade (y axis) trials. Filled circles show spike–LFP pairs with Rayleigh signiﬁcant (P < 0.05) phase consistency for only the antisaccade task
(blue), the prosaccade task (red), or both tasks (black). (C) Spike–LFP phase consistency for median split subsets of trials according to theta-power for either task
separately, showing that, for the antisaccade task, spikes are on average signiﬁcantly (P < 0.05) more synchronized to LFP theta when theta-power is stronger.
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of spike output of neurons as is typically found in other areas (19).
Corresponding to this suggestion, we found, even within a small
sample of sparsely ﬁring neurons, that spiking output of approximately 30% of cells were signiﬁcantly structured by the thetacycle, occurring preferably at particular phases of the underlying
oscillation. Moreover, we found that spike–LFP phase consistency was task-selective in a subset of neurons, and tended to be
stronger when theta-activity was stronger. These ﬁndings suggest
that, for a larger neuronal group in ACC, a task-selective thetarhythm is critically focusing spike output to a narrow time window
within a theta-cycle of approximately 8 Hz (0.125 s). As a consequence, postsynaptic neuronal groups would receive spatially
and temporally dense excitation, triggering a new chain of taskselective spiking output and potentially allowing to synchronize
distant nodes of larger cognitive control network to a common
underlying theta-rhythm. Although this scenario awaits to be
tested directly, previous studies suggest that selective synchronization at theta- and/or higher γ-band frequencies among neuronal
groups is indeed used by the brain to integrate and rapidly distribute task-relevant information (59, 60).
One interesting speculation relates the observed LFP thetaactivity in the ACC to theta- activity recorded from the frontal
midline in human EEG/MEG studies. Source localization analysis
has frequently located its origin near or within the ACC (41, 51,
61–64), although it may likewise be inﬂuenced by bilateral prefrontal or subcortical sources (see ref. 21). Human frontal midline
theta is known to be strongest following error responses and phaselocked to the response itself (12, 50, 51), but frontal midline thetaoscillations have been documented in attention and working
memory paradigms, increasing with increased memory load (40,
41, 43). The theta-activity we observe resonates well with these
studies, suggesting a close similarity in underlying neuronal circuits
giving rise to theta- activity in monkeys and humans and lending
strong support for human EEG/MEG approaches to study the
time–frequency dynamics of cognitive control functions (52, 65).
In summary, our results provide insight into the selectivity of
neuronal theta-band synchronization during the dynamic evolution
of cognitive control of SR mapping rules. These ﬁndings suggest
that theta-band oscillations, most likely emerging in superﬁcial
layers of the ACC, could be pivotal for the functional communication of selective control information within the mosaic of areas
subserving efﬁcient cognitive control.
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Materials and Methods
Experimental Procedures and Paradigm. We collected data in two macaque
monkeys following guidelines of the Canadian Council of Animal Care policy
on the use of laboratory animals and the University of Western Ontario
Council on Animal Care. Extracellular recordings commenced through a
recording chamber with one to ﬁve tungsten electrodes on a daily basis,
guided by an anatomical MR image to ensure targeting the ACC (area 24c; for
details see ref. 7). Data acquisition and ﬁltering were done with a multichannel processor (Plexon), using a headstage with unit gain. The LFP was
extracted with a passband ﬁlter (0.7–170 Hz), further ampliﬁed and digitized
at 1 kHz. The powerline artifact was removed from 10-s-long data segments
using a discrete Fourier transform ﬁlter as described before (36). Behavioral
control and stimulus generation were accomplished with the cortex software package, monitoring eye position at 1 kHz with a scleral search coil
(David Northmore). Each trial began with a centrally presented, white ﬁxation spot, which was ﬁxated for a variable period of 1.1 to 1.4 s Upon its
offset, a peripheral white stimulus appeared (8° to the right or left with
equal probability), signaling to the monkey to saccade within 500 ms either
toward (i.e., prosaccade) or away from it to the mirror location (i.e., antisaccade) to receive a juice reward. The SR mapping rule (pro- vs. antisaccade)
changed every 30 correct trials without overt cue.
Data Analysis. Analysis was performed with custom Matlab code (Mathworks),
using the ﬁeldtrip toolbox (http://www.ru.nl/fcdonders/ﬁeldtrip/). We limited
all analysis to the preparatory period from −0.75 to 0.15 s around the peripheral stimulus onset excluding stimulus-onset locked and saccade-related
potentials occurring later in the trial. Time-resolved oscillatory activity was
calculated, after subtracting the stimulus locked average potential, as LFP
power from 3 to 30 Hz based on Hanning tapered Fourier transforms in ±0.334
s time windows calculated every 0.05 s (see ref. 36). To calculate statistical
differences between task conditions, we applied a nonparametric clusterbased randomization approach based on the TSI as our test statistics and corrected for multiple comparison as described and validated before (see ref. 66).
The TSI is calculated as [(pref task – None-pref task)/(pref task + none-pref
task)], resulting in values of ±1 with positive values revealing stronger power
for the preferred task. We calculated spike–LFP phases based on the Hanning
tapered Fourier transforms of the LFP around ±0.334 of each spike. To measure
phase consistency we calculated the average pairwise phase difference
between spike-LFP phases, resulting in a completely bias-free measure of phase
consistency, which is linearly related to the more commonly used phase locking
value. The normalized pairwise phase consistency takes on values between
0 (random phase distribution) and 1 (complete consistency). For details, see ref.
67 and SI Materials and Methods.
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