
Behavioral/Cognitive

Spontaneous Neural Oscillations Bias Perception by
Modulating Baseline Excitability
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The brain exhibits organized fluctuations of neural activity, even in the absence of tasks or sensory input. A prominent type of such
spontaneous activity is the alpha rhythm, which influences perception and interacts with other ongoing neural activity. It is currently
hypothesized that states of decreased prestimulus � oscillations indicate enhanced neural excitability, resulting in improved perceptual
acuity. Nevertheless, it remains debated how changes in excitability manifest at the behavioral level in perceptual tasks. We addressed this
issue by comparing two alternative models describing the effect of spontaneous � power on signal detection. The first model assumes that
decreased � power increases baseline excitability, amplifying the response to both signal and noise, predicting a liberal detection
criterion with no effect on sensitivity. The second model predicts that decreased � power increases the trial-by-trial precision of the
sensory response, resulting in improved sensitivity. We tested these models in two EEG experiments in humans where we analyzed the
effects of prestimulus � power on visual detection and discrimination using a signal detection framework. Both experiments provide
strong evidence that decreased � power reflects a more liberal detection criterion, rather than improved sensitivity, consistent with the
baseline model. In other words, when the task requires detecting stimulus presence versus absence, reduced � oscillations make observ-
ers more likely to report the stimulus regardless of actual stimulus presence. Contrary to previous interpretations, these results suggest
that states of decreased � oscillations increase the global baseline excitability of sensory systems without affecting perceptual acuity.
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Introduction
The brain exhibits organized fluctuations of neural activity, even
in the absence of tasks or sensory input. This activity is referred

to as “ongoing”, “spontaneous”, or “prestimulus”, as opposed to
stimulus-evoked or experimentally induced. A number of studies
have demonstrated that spontaneous oscillations in the � fre-
quency band (8 –12 Hz) persist during task performance and
have substantial perceptual and neural effects. Specifically, states
of decreased � power are thought to reflect a state of enhanced
neural excitability (Mazaheri and Jensen, 2010; Harvey et al.,
2013; van Kerkoerle et al., 2014), which in turn is supposed to
facilitate stimulus perception (Ergenoglu et al., 2004; Romei et
al., 2008; van Dijk et al., 2008; Roberts et al., 2014; Baumgarten et
al., 2016). However, the mechanisms underlying this facilitation
are currently not well understood, and the evidence for an effect
of prestimulus � power on perceptual performance appears to be
inconsistent (for a comprehensive literature review, see Table 1).
Clarifying how changes in neuronal excitability are related to
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Significance Statement

Spontaneous fluctuations of brain activity explain why a faint sensory stimulus is sometimes perceived and sometimes not. The
prevailing view is that heightened neural excitability, indexed by decreased � oscillations, promotes better perceptual perfor-
mance. Here, we provide evidence that heightened neural excitability instead reflects a state of biased perception, during which a
person is more likely to see a stimulus, whether or not it is actually present. Therefore, we propose that changes in neural
excitability leave the precision of sensory processing unaffected. These results establish the link between spontaneous brain
activity and the variability in human perception.
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changes in performance addresses the
fundamental question of how the mo-
mentary internal state of a neural system
interacts with input from the external
world.

The key to understanding how and un-
der which conditions � oscillations affect
perceptual performance is to relate fluctu-
ations of � power to changes in perceptual
decision making using a formal model.
Here, we formulated two alternative mod-
els of this relationship using signal detec-
tion theory (SDT) (Green and Swets,
1966).

In the baseline model (Fig. 1, left), de-
creases in � power are hypothesized to in-
crease the global baseline excitability,
thereby changing the positions of both
signal and noise distributions with respect
to the criterion (k). This model is based on
the observed negative relationship be-
tween � power and baseline neural activ-
ity (Haegens et al., 2011; Harvey et al.,
2013; van Kerkoerle et al., 2014). In a
yes/no signal detection paradigm, in-
creased baseline excitability corresponds
to a more liberal detection criterion (i.e.,
increased tendency to make “yes” reports
regardless of actual stimulus presence)
(Fig. 1, top left). By contrast, this model
predicts no effect on behavior in multiple alternative forced
choice (mAFC) tasks. Indeed, while detection decisions are made
by comparing the internal response, R, with k (“yes” if R � k;
otherwise, “no”), 2AFC discrimination decisions are made by
comparing the responses of two signal detectors R1 and R2 (“A” if
R1 � R2; otherwise, “B”). Accordingly, a baseline shift would

equally affect R of all signal detectors without changing their
relative strength, leaving discrimination accuracy unaffected
(Fig. 1, bottom left).

In the precision model (Fig. 1, right), decreases in � power are
hypothesized to reduce the trial-by-trial variability of the sensory
response, thereby increasing the precision of the internal signal

Table 1. Literature review on the effect of � power on behavioral performance in visual tasksa

Reference Paradigm Stimulus absent trials (%) � power

Affected by baseline shifts Boncompte et al. (2016) Detection of stimulus presence/absence 15 H � Mb

Limbach and Corballis (2016) Detection of stimulus presence/absence 50 H � M; FA � CR
Britz et al. (2014) Report awareness of the stimulus 0 H � M
Chaumon and Busch (2014) Detection of stimulus presence 0 H � M
Mathewson et al. (2014) Detection of stimulus presence/absence 25 H � M
Roberts et al. (2014) Detection of target presence within a series of nontargets 80 H � M
Keil et al. (2014) Double-flash illusion 65 FA � CRb

Lange et al. (2013) Fusion effect; double-flash illusion 20 H � M; FA � CR
Achim et al. (2013) Detection of stimulus presence 0 H � M
Busch and VanRullen (2010) Detection of stimulus presence 11 H � M
Busch et al. (2009) Detection of stimulus presence/absence 20 H � M
Mathewson et al. (2009) Detection of stimulus presence/absence 25 H � M
Romei et al. (2008) Report awareness of the phosphene 0 H � M
van Dijk et al. (2008) Detection of the presence/absence of a contrast difference 26 H � M
Babiloni et al. (2006) Detection of stimulus presence/absence 33.3 H � M
Ergenoglu et al. (2004) Detection of stimulus presence 0 H � M

Unaffected by baseline shifts Limbach and Corballis (2016) Detection of stimulus presence/absence 50 C � IN
Bays et al. (2015) 2AFC discrimination — C � IN
Lou et al. (2014) 2AFC discrimination — C � IN
Wutz et al. (2014) 5AFC discrimination — C � IN
Macdonald et al. (2011) Detection of stimulus presence/absence 50 C � IN
Hanslmayr et al. (2007) 4AFC discrimination — C � IN

aThe majority of studies analyzing performance measures, which are affected by changes in baseline excitability/criterion, report decreased � power preceding “yes” reports (H � M, FA � CR; top). By contrast, the majority of studies
analyzing performance measures, which are unaffected by changes in baseline excitability/criterion, report null effects (C � IN; bottom). Experimental effects are indicated by comparing � power (�, �, �) between different response
types: H, Hits; M, misses; FA, false alarms; CR, correct rejections; C, correct responses; IN, incorrect responses. AFC, alternative forced choice.
bNonsignificant trend.

Figure 1. Signal detection models. The perceptual effect of � oscillations can be modeled in terms of SDT. In SDT, sensitivity
reflects the distance between the means of the internal distributions, divided by their common SD. In yes/no detection task,
criterion reflects the location of the decision criterion k relative to the point of intersection between the internal distributions i.
According to the baseline excitability model, reduced � power enhances the response to both signal and noise, thereby inducing
a more liberal criterion in detection tasks (top left) and leaving performance unaffected in discrimination tasks (bottom left). By
contrast, the response precision model predicts that reduced � power improves sensitivity in both detection (top right) and
discrimination tasks (bottom right) due to reduced trial-by-trial response variability.
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representation. This model is based on studies showing that re-
sponse precision is increased by attention (Cohen and Maunsell,
2009; Mitchell et al., 2009), which is known to modulate � power.
In a yes/no signal detection paradigm, enhanced precision im-
proves perceptual acuity by increasing the separation between
signal and noise distributions, and thus the sensitivity parameter
(Fig. 1, top right). In mAFC tasks, this model also predicts an
increase in discrimination accuracy because increased precision
enhances the separation between the response probability distri-
butions of the detectors representing the alternative stimuli (Fig.
1, bottom right).

We directly tested these models in two EEG experiments by
analyzing the effects of � power on sensitivity and criterion in a
detection task and by comparing the perceptual effects of � oscil-
lations in detection and discrimination tasks. Both experiments
provided strong evidence for the baseline model: reduced �
power reflected a more liberal criterion, rather than improved
perceptual acuity in both detection and discrimination tasks.
These findings largely resolve inconsistencies in previous litera-
ture and specify the link between spontaneous � oscillations,
neural excitability, and performance in perceptual tasks.

Materials and Methods
Participants
Sixty-eight participants with normal or corrected-to-normal vision and
no history of neurological disorders took part in this study. In Experi-
ment 1, 33 participants were tested (mean � SEM: 27.7 � 0.59 years, 19
females, 7 left-handed). Two participants were excluded before EEG pre-
processing because they performed at chance level (see Behavioral exclu-
sion criteria). One participant was excluded after EEG preprocessing
because of excessive artifacts. A total of 30 participants were included in
the analyses for Experiment 1. In Experiment 2, 35 participants were

tested (mean � SEM: 27.5 � 0.61 years, 19
females, 5 left-handed). Four participants were
excluded before EEG preprocessing because of
poor behavioral performance (see Behavioral
exclusion criteria). Five participants were ex-
cluded after EEG preprocessing because of exces-
sive artifacts. A total of 26 participants were
included in the analyses for Experiment 2. Before
both experiments, written informed consent was
obtained from all participants. All experimental
procedures were approved by the ethics commit-
tee of the German Psychological Society.

Stimuli
Both experiments were written in MATLAB
(RRID: SCR_ 001622) using the Psychophysics
Toolbox 3 (RRID: SCR_ 002881, Brainard,
1997; Pelli, 1997). The stimuli were presented
on a black background using a cathode ray tube
monitor operated at 100 Hz and situated in a
dark room. Target stimuli consisted of low-
contrast Gabor patches tilted 10 degrees, and
with a diameter of 0.75 degrees of visual angle.
The stimuli were displayed at 10 degrees of vi-
sual angle to the left or to the right of the fixa-
tion cross for a duration of two frames (0.02 s).
For both experiments, stimulus side and tilt
were counterbalanced. In Experiment 1, the
target stimulus was present in 60% of the trials
and absent in 40% of the trials, during which a
blank screen was presented for a duration of
two frames (0.02 s; Fig. 2a). In Experiment 2, a
stimulus was present in all trials. After a delay
of 400 ms following target offset, the fixation
cross turned into a question mark, which in-
structed the participants to deliver a response

via button-press, in accordance with the task instructions. After this, the
fixation cross was displayed again and a new trial started. The following
target stimulus was presented after a variable delay chosen from a uni-
form distribution between 1.8 and 2.4 s.

Behavioral paradigm
Experiment 1 was designed to examine the effect of prestimulus power
on yes/no detection behavior. Here, participants were asked to report
whether or not they perceived the target stimulus. For each participant,
an adaptive staircase procedure (QUEST) (Watson and Pelli, 1983), was
used to find a stimulus contrast yielding a hit rate (HR) of 50% ( propor-
tion of “yes” reports in stimulus present trials). The participants were
instructed that some trials contained a stimulus and others did not. Imme-
diately after the detection task, the participants were required to rate the
confidence of their previous response on a 3-point scale. At the end of each
trial, participants received color-coded feedback on the detection report.
Experiment 1 included 700 trials divided into 14 blocks of 50 trials each.

Experiment 2 was designed to compare the effect of prestimulus power
on performance between a yes/no detection task and discrimination
tasks of equal task difficulty. This comparison precluded the use of stim-
ulus absent trials for two reasons. First, it is not possible to estimate
whether a discrimination report (stimulus “A” or “B”) is accurate when
no stimulus is presented, precluding the use of stimulus absent trials in
discrimination tasks. Second, including stimulus absent trials only in the
yes/no detection task, but not in the discrimination tasks, would have
confounded any comparison between tasks. In other words, any poten-
tial differences between tasks could have been attributed to this differ-
ence in the procedure instead of a difference in perceptual processing.
Because Experiment 2 forbids the use of stimulus absent trials, signal
detection measures could not be estimated. Experiment 2 included 900
trials divided into 18 blocks of 50 trials each. The blocks were presented in
a randomized order.

For each participant, a QUEST was used to determine on each trial the
target contrast level to achieve a HR of 50% for the detection task and a

Figure 2. Experimental paradigm and behavior. a, In Experiment 1, a near-threshold stimulus was presented for 0.02 s in 60%
of trials (stimulus present trials). In the remaining 40% of trials, a blank screen was presented for the same duration (stimulus
absent trials). The participants were instructed to perform a yes/no detection task. In Experiment 2, all trials contained a target
stimulus. At the beginning of each experimental block, the participants were instructed to perform a yes/no detection, location
discrimination, or tilt discrimination task. b, Mean proportion of correct (H, Hits; CR, correct rejections; C, correctly discriminated)
and incorrect (M, Misses; FA, false alarms; IN, incorrectly discriminated) responses in Experiments 1 and 2. Error bars indicate SEM.
Numbers above bars indicate the median number of trials across participants.
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proportion of correct responses of 75% in the
discrimination tasks. These different values be-
tween detection and discrimination tasks were
necessary to ensure equal difficulty across
tasks, such that the stimulus was perceived ap-
proximately on every second trial. Indeed, in a
yes/no detection task, the HR of a blindfolded
participant who reports truthfully her percep-
tion (or lack thereof) is expected to be 0%,
whereas the HR of a participant that sees the
stimulus on every other stimulus-present trial
is 50% (assuming that the participant is not
substantially biased); contrariwise, in 2AFC
tasks, the proportion of correct responses of a
blindfolded participant who is guessing is 50%,
whereas the proportion of correct responses of
a participant that discriminates the stimulus
on every other trial is 50% (i.e., guessing) �
0.5*50% � 75%.

A blocked design was chosen over a trial-
by-trial design because a trial-by-trial design
would require using the same stimulus in all
trials, regardless of the task. However, as re-
ported in Results, tilt discrimination required a
much higher contrast than detection and local-
ization. Thus, using the same stimulus for all
tasks would result in widely different perfor-
mance levels. Second, a trial-by-trial design
also assumes that detection and discrimination
are fully independent in terms of decision-
making. This is, however, unlikely to be the
case: when subjects detect that a stimulus was present but cannot dis-
criminate its location or tilt, they are likely to be biased to report the
stimulus as absent. As Experiment 2 aimed to test the different effects of
neural oscillations on detection and discrimination, it was therefore in-
dispensable to present tasks block-wise.

Notably, the stimulus present trials of Experiment 1 and the detection
trials of Experiment 2 were designed to be identical regarding all exper-
imental parameters (i.e., tilt, diameter, duration, eccentricity, intertrial
interval, QUEST parameters), and thus can be directly compared be-
tween experiments.

In both experiments, to ensure that trials included in the analyses had
stimuli with similar contrast, we rejected outlier trials in which the pre-
sented contrast value differed from the final threshold estimated by the
individual QUEST by more than an arbitrary threshold of 0.2 contrast
units. In Experiment 2, this was calculated separately for each task.

Behavioral exclusion criteria. In an experiment with an infinite number
of trials, a d� of 0 indicates that an observer cannot discriminate a stim-
ulus from noise, whereas an infinite d� indicates perfect performance.
However, with a finite number of trials, it is possible that an observer with
null sensitivity achieves a d� � 0 because of lucky guessing. To account
for guessing in Experiment 1, we simulated the performance of an ob-
server with null sensitivity in a detection task with the same number of
stimulus present and absent trials as in Experiment 1. A “yes” or a “no”
response was randomly drawn for each trial; then d� was calculated. This
procedure was repeated 10,000 times; and for each participant, a p value
was computed as the proportion of the simulated d� measures that ex-
ceeded the observed d�. We excluded from EEG analysis 2 participants
with a p value of 0.9 and 0.2, which indicated that task performance was
not significantly better than chance.

In Experiment 2, we excluded four participants because the contrast
value found by QUEST reached a maximum value of 1 (full contrast)
during more than one experimental block, indicating a poor behavioral
performance.

EEG recording and preprocessing
A 64-channels ActiveTwo system (Biosemi) was used to record continu-
ous EEG sampled at 1024 Hz while the participants performed the exper-
imental tasks. Electrodes were placed according to the international

10 –10 system. The horizontal and vertical electro-oculograms were re-
corded by attaching additional electrodes at the lateral canthi of both eyes
and below the eyes, respectively. The EEGLAB toolbox version 11 run-
ning on MATLAB (R2010b; The MathWorks) was used to process and
analyze the data (Delorme and Makeig, 2004). Data were rereferenced to
the mastoids, epoched from �2000 to 1500 ms relative to target onset,
down-sampled to 256 Hz, and bandpass filtered between 0.25 and 80 Hz,
as recommended by Widmann et al. (2015). Major artifacts (eye blinks,
and noisy data segments) were screened manually, and entire trials were
discarded when a blink occurred within a 1 s time window preceding
target onset, to ensure that participant’s eyes were open at stimulus onset.
On average, we removed 11 (SEM 6.9) and 7 (SEM 2.2) trials in Experi-
ments 1 and 2, respectively. Noisy channels were selected manually for
interpolation with the data from the adjacent channels. Furthermore, the
EEG data were transformed using independent component analysis, and
SASICA (Chaumon et al., 2015) was used to guide the exclusion of inde-
pendent component related to noisy channels, blinks, eye movements,
and muscular contractions. On average, we excluded 8.5 (SEM 0.65) and
11.5 (SEM 0.60) independent components in Experiments 1 and 2,
respectively.

Time-frequency analysis
Time-frequency analysis was performed using a wavelet transform (Mor-
let wavelets, frequency range: 1–30 Hz, number of cycles increasing lin-
early from 1 to 12). Thus, a wavelet at 10 Hz was 4.4 cycles long and had
a temporal resolution �t of 0.14 s and a spectral resolution �f of 4.53 Hz.
Frequencies and time points were sampled every 2 Hz and 40 ms, respec-
tively. Because we were primarily interested in the prestimulus time
range, no baseline correction was applied.

Because wavelet analysis is computed by convolution of the data with
a function that is extended in time, it is conceivable that prestimulus
effects close to stimulus onset are actually affected by poststimulus
data. To determine the extent of this contamination, we applied a time-
frequency transform using the same settings as in the main analysis to
synthetic data (i.e., a sinusoidal oscillation of exactly 10 Hz) (Fig. 3). The
extent of temporal contamination caused by a wavelet is determined
by the wavelet’s temporal resolution �t, which is defined as twice the
SD of the Gaussian envelope (Tallon-Baudry et al., 1996). This sim-
ulation illustrates that prestimulus time points are indeed contami-

Figure 3. Temporal contamination of the wavelet-transformed 10 Hz signal into presignal period. a, Real part of the wavelet
function. According to the convolution parameters chosen in our study, a wavelet at 10 Hz is 4.4 cycles long and has a temporal
resolution �t of 0.14 s. b, The 10 Hz sinusoidal oscillation and wavelet amplitude at 10 Hz. c, Time-frequency representation of the
10 Hz signal. The white vertical line indicates the onset of the signal (0 s). The red line indicates the time points before which
oscillatory activity is not influenced by the signal (e.g., �0.14 s at 10 Hz).
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nated by poststimulus data points. However, the magnitude of this
contamination is virtually null at time points earlier than onset: �t.
Thus, we consider effects as truly “prestimulus” only if they occur
before this limit, which is indicated by a red line in Figures 4 –7. The
MATLAB code used for this simulation can be downloaded from
https://github.com/LucaIemi/Iemi2017_JNeurosci.

EEG behavior analysis. To analyze how oscillatory power influences
performance, we first identified trials with particularly weak and strong
power, and then tested how these trials differed in performance mea-
sures. Thus, for each time, frequency, and electrode, trials were sorted
from weak to strong power and divided into 5 bins. The binning was
done separately for each participant (Linkenkaer-Hansen et al., 2004;
Lange et al., 2012; Baumgarten et al., 2016).

Experiment 1. We first binned stimulus present and absent trials sepa-
rately and then calculated the hit rate (HR; the proportion of “yes” reports in
signal present trials), false alarm rate (FAR; the proportion of “yes” reports in
signal absent trials), as well as signal detection measures of sensitivity and
criterion, for each bin and participant. Signal detection measures were esti-
mated following distribution-dependent (Green and Swets, 1966) and
distribution-independent (Kornbrot, 2006) SDT analyses.

Distribution-dependent SDT analysis: we estimated measures of
sensitivity (d�) and criterion (c) following standard SDT analysis
(Green and Swets, 1966). d� indicates the ability to discriminate be-
tween signal and noise and is represented as the distance between the
means of the internal distributions, divided by their common SD (Fig.
1, top right). The higher the sensitivity, the further apart the distri-
butions are in the decision space, the more accurate the performance.
Formally, d� is computed by subtracting the z-transformed FAR from
the z-transformed HR as follows:

d� � z	HR
 � z	FAR
 (1)

c or bias represents instead the tendency to make “yes” reports, regardless
of actual stimulus presence. c reflects the location of the decision crite-
rion k relative to the point of intersection between the internal distribu-
tions (i), where the response probability is equal for signal and noise (Fig.
1, top left). When k � i, the criterion is unbiased (c � 0). When k � i, the
criterion is said to be conservative (c � 0), reflecting a bias to report “no”
for both stimulus present (misses) and stimulus absent (correct rejec-
tions) trials. When k � i, the criterion is said to be liberal (c � 0),
reflecting a bias to report “yes” for both stimulus present (hits) and
stimulus absent (false alarms) trials. In yes/no detection paradigms, c is
computed as follows:

c � �
1

2
	 z	HR
 � z	FAR

 (2)

Notably, the measures of d� and c depend on the assumption that the
responses to the signal and to the noise are equally distributed.

Distribution-independent SDT analysis: confidence ratings were origi-
nally collected to further test the signal detection models using distribution-
independent SDT measures. This is particularly relevant considering that the
distribution assumption is often violated in real data, as demonstrated by
Stanislaw and Todorov (1999). When the distribution assumption is vio-
lated, the measures of d� and c are not independent, hindering the interpret-
ability of the results of standard SDT analysis.

Following Kornbrot (2006), we derived distribution-independent
measures of sensitivity and criterion from the area under the receiver
operating characteristic (ROC) curve, which is constructed by analyzing
the proportion of “yes” reports in stimulus present and absent trials at
different confidence levels (see Fig. 6b). Accordingly, we first constructed
the ROC curve and then divided the area under the ROC curve in two
parts: KA is the area between ROC curve and major diagonal below the
middle ROC point; and KB is the area between the ROC curve and the
major diagonal above the middle ROC point. The sensitivity measure
AROC represents the area between the entire ROC curve and the major
diagonal as follows:

AROC � KA � KB � 0.5 (3)

AROC values �0.5 correspond to above-chance performance.
The criterion measure BROC is estimated by taking the logarithm of the

ratio between KA and KB as follows:

BROC � log
KA

KB
(4)

BROC values �0 correspond to a liberal detection bias, whereas BROC

values of �0 correspond to a conservative detection bias.
Experiment 2. We first binned trials for each task separately and then

measured the HR in detection trials and the proportion of correct re-
sponses in discrimination trials for each bin and participant. The detec-
tion trials in Experiment 2 are identical to the stimulus present trials in
Experiment 1 because Experiment 2 comprised only stimulus present
trials.

Predictions of the signal detection models. To estimate whether oscillatory
power modulates baseline excitability or response precision, we statistically
tested for each time, frequency, and electrode whether behavioral estimates
differed between the weakest and strongest power bins. The two models
make different predictions about the relationship between prestimu-
lus oscillatory power and the behavioral estimates measured in the two
experiments.

In Experiment 1, the baseline model predicts that both the HR and
FAR increase in trials with weak prestimulus � power. According to SDT,
this is equivalent to an increased tendency to make “yes” reports regard-
less of stimulus presence, reflected by a more liberal detection criterion
(lower c and higher BROC). The precision model instead predicts that
trials with weak prestimulus � power are related to an increased HR and
decreased FAR. According to SDT, this is equivalent to an increase of
perceptual acuity/sensitivity (higher d� and higher AROC).

In Experiment 2, according to the baseline model, decreased prestimu-
lus � power is expected to increase the HR in detection trials (similarly to
Experiment 1) and to have no influence on the proportion of correct
responses in discrimination trials. According to the precision model,
decreased prestimulus � power is expected to increase the HR in detec-
tion trials as well as the proportion of correct responses in discrimination
trials. Because Experiment 2 forbade the use of stimulus absent trials, it
was not possible to further test for separate effects on sensitivity and
criterion as in Experiment 1.

Group-level statistical testing
Within each subject, we first computed the difference in performance
measures between the weakest and strongest power bins at each fre-
quency, time point, and electrode. For the group-level statistical infer-
ence, we then computed the t statistics of these differences against the
null hypothesis that there was no difference between the bins. To deter-
mine significant effects and to correct for multiple comparisons, we used
a nonparametric cluster permutation test on the absolute values of the
t statistics (Maris and Oostenveld, 2007) with 1000 permutations, a clus-
ter threshold p value of 0.05, and a final significance p value of 0.05. This
is the equivalent to a two-sided cluster permutation test.

In addition, to demonstrate the statistical independence of negative
prestimulus effects from positive and poststimulus effects, we used a
nonparametric cluster permutation test on only the negative values of the
t statistics of the prestimulus time window, using the same parameters as
in the two-sided statistical test. This analysis is equivalent to a one-sided
cluster permutation test.

Throughout the text, we use the term “effect” to refer to a significant
statistical outcome, not to a causal relationship. While it appears reason-
able to interpret such outcomes as indicating a causal relationship be-
tween prestimulus brain states and poststimulus performance measures,
other approaches (e.g., neurostimulation) (Romei et al., 2010; Helfrich et
al., 2014) are necessary to determine whether the nature of the observed
effect is correlative or causal.

Fast Fourier Transform (FFT) visualization. The main analysis quanti-
fied oscillatory power on a single-trial basis and tested for resulting effects
on behavior, averaged across trials within each power bin. We comple-
mented this analysis with a simpler and more conventional approach, in
which behavior (“yes” vs “no” response) was assessed on a trial-by-trial
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basis and power was averaged for each type of response. To obtain reli-
able power estimates, we computed power with a FFT for the time-
frequency-electrode window with most sustained effect within the
cluster. The FFT analysis served mainly for illustrative purposes to give
the reader a more intuitive grasp of the effects identified by the binning
analysis. Moreover, because the FFT is not computed by convolution,
unlike wavelet analysis, results of an FFT computed over the prestimulus
period cannot be influenced by poststimulus signals.

Bayes factor (BF) analysis. To provide evidence for the baseline
model (Fig. 1, left), we sought to demonstrate a null effect of neural
oscillations on sensitivity in Experiment 1, and on proportion of
correct responses in discrimination trials of Experiment 2. However,
in conventional inferential statistics, an insignificant result only in-
dicates that the null hypothesis cannot be rejected; it does not neces-
sarily follow that the null hypothesis is actually true. The data might
also be inconclusive (e.g., due to insufficient statistical power). Thus,
to directly estimate evidence for the null hypothesis, we used BF
analysis (Rouder et al., 2009). We first estimated the JZS BF for the
negative t statistics of the difference maps, setting the prior on effect
size following a Cauchy distribution with a scale factor 0.707, as rec-
ommended by Rouder et al. (2009). BF indicates whether there is
evidence for the alternative hypothesis (difference between bins, H1 if
BF � 3) or for the null hypothesis (no difference between bins, H0 if
BF � 1/3) or whether the evidence is inconclusive (if 1/3 � BF � 3).
We then counted for each time point the proportion of electrodes and
frequencies showing evidence for H1 and H0.

Literature review
We conducted a systematic literature review using the search engine
PubMed. Our aim was to find previous studies that examined the
relationship between spontaneous/prestimulus � power and percep-
tion in tasks involving detection or discrimination of static visual
stimuli in healthy humans. We searched in the abstracts and titles for
the following key words: (spontaneous OR pre-stimulus OR pre-
stimulus OR ongoing OR resting) AND (Alpha OR � OR 10 Hz OR
8 –12 Hz) AND (variability OR oscillations OR fluctuations OR activ-
ity OR rhythm OR power OR amplitude) AND (see OR perception
OR performance OR detection OR discrimination OR awareness OR
excitability OR percept OR percepts OR error OR errors OR hits OR
misses) AND (visual OR vision OR visually). We excluded studies on
unrelated topics (NOT protein, NOT tumor, etc.). The remaining
studies additionally had to fulfill the following inclusion criteria: (1)
direct measures of brain activity (e.g., EEG/MEG); (2) within-subject
analysis; (3) perceptual reports or accuracy (e.g., not reaction times);
and (4) analysis of ongoing or prestimulus � oscillations (e.g., not
induced by transcranial magnetic stimulution or tACS) that are un-
affected by experimental manipulations. Notably, this also excluded
studies analyzing attention-induced lateralization or load-dependent
power changes during memory tasks.

The results of the literature review are shown in Table 1. We summa-
rized the experimental results with relational operators (�/ �/ �), com-
paring prestimulus � power between different response types. By hit (H)
we refer to: (1) a proper hit (“yes” report in stimulus present trials) in
detection tasks; (2) an aware report (Romei et al., 2008; Britz et al., 2014);
or (3) a two-stimulus report in Lange et al. (2013), in which participants
were required to report the number of visual stimuli perceived when two
visual stimuli were presented alongside with one tactile stimulus. By miss
(M), we refer to: (1) a proper miss (“no” report in stimulus present trials)
in detection tasks; (2) an unaware report (Romei et al., 2008; Britz et al.,
2014); or (3) a one-stimulus report (fusion effect) in Lange et al. (2013),
in which participants were required to report the number of visual stim-
uli perceived when two visual stimuli were presented alongside with one
tactile stimulus. By false alarm (FA), we refer to: (1) a proper false alarm
(“yes” report in stimulus absent trials) in detection tasks; or (2) a two-
stimulus report (double-flash illusion) in a task where participants
were required to report the number of visual stimuli perceived when one
visual stimulus was presented alongside with two stimuli in another sen-
sory modality (Lange et al., 2013; Keil et al., 2014). By correct rejection
(CR), we refer to: (1) a proper correct rejection (“no” report in stimulus

absent trials) in detection tasks; or (2) a one-stimulus report in Lange et
al. (2013) and Keil et al. (2014).

In detection tasks (Macdonald et al., 2011; Limbach and Corballis,
2016), correct responses (C) refer to H and CR, and incorrect responses
(IN) to M and FA. In discrimination tasks, correct and incorrect re-
sponses refer to whether or not the stimulus is correctly discriminated.
Stimulus absent trials are not required in discrimination tasks (thereby
denoted by �).

Results
� power influences detection criterion, not sensitivity
In Experiment 1, we recorded EEG while participants performed
a visual yes/no detection task with stimulus present and absent
trials (Fig. 2a), allowing us to test for an effect of � power on
criterion (as predicted by the baseline model; Fig. 1, left) and on
sensitivity (as predicted by the precision model; Fig. 1, right). The
participants with above-chance performance had a mean HR of
48.69% (SEM 0.61) and mean FAR of 18.01% (SEM 1.81; Fig. 2b,
left). Mean d� and c were 0.95 (SEM 0.07) and 0.51 (SEM 0.04),
respectively.

We divided the trials in 5 bins based on instantaneous oscilla-
tory power at each time, frequency, and electrode and calculated
HR, FAR, and signal detection measures of criterion and sensitiv-
ity (distribution-dependent: c/d� and distribution-independent:
BROC/AROC) for each bin and participant. For the group-level
statistical analysis, we used cluster permutation test to determine
at which time, frequency, and electrode these measures signifi-
cantly differed between the weakest and strongest power bins.

The two-sided statistical analysis of HR revealed one signifi-
cant cluster: HR in signal present trials was increased in trials with
weak prestimulus � and � power (8 –22 Hz). This cluster was
significant starting from �0.46 s relative to the stimulus onset
(Fig. 4a). The most sustained prestimulus effect occurred at CP5,
12 Hz and between �0.34 s and �0.06 s relative to stimulus
onset. Within this time-frequency-electrode window, power ac-
counted for a difference of 9% in HR (Fig. 4c). Likewise, the
two-sided statistical analysis of FAR revealed one significant clus-
ter: the FAR in signal absent trials was increased in trials with
weak power (6 –30 Hz) in a time frame around “stimulus onset”
(Fig. 4b). The most sustained effect occurred at CP1, 16 Hz and
between �0.30 s and 0.30 s relative to “stimulus onset.” In stim-
ulus absent trials, “stimulus onset” does not refer to the onset of
an actual stimulus, but to the time when a stimulus would be
presented in a stimulus present trial. Within this time-frequency-
electrode window, power accounted for a difference of 13% in
FAR (Fig. 4d). A FFT analysis confirmed that, compared with
“no” reports, “yes” reports were associated with weaker power
before stimulus onset in stimulus present trials (Fig. 4e) and at
around the time when a stimulus would be presented in stimulus
absent trials (Fig. 4f).

The one-sided statistical analysis yielded similar results as the
two-sided test, demonstrating that negative prestimulus effects
on HR and FAR were statistically independent from positive and
poststimulus effects (results not shown).

The analysis of signal detection measures confirmed these re-
sults (Figs. 5, 6). The analysis of criterion (c and BROC) indicated
an increased tendency to report a stimulus regardless of actual
stimulus presence (i.e., liberal detection criterion: lower c and
higher BROC) in trials with weak prestimulus � and � power. In
particular, the two-sided statistical analysis of c revealed one sig-
nificant cluster, comprising frequencies between 6 and 22 Hz
and a prestimulus time window starting from �0.61 s relative to
stimulus onset (Fig. 5a). The most sustained prestimulus effect
occurred at O1, 10 Hz and between �0.46 s and �0.02 s relative
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Figure 4. Relationship between oscillatory activity and the proportion of “yes” reports in Experiment 1. a, b, Group-level t statistics map of the difference in hit rate (HR, a) and false
alarm rate (FAR, b) between states of weak and strong oscillatory activity. The HR increases during states of weak prestimulus oscillatory activity. a, The map is averaged across cluster
electrodes with significant prestimulus effects. Likewise, the FAR increases during states of weak oscillatory activity. b, The map is averaged across all cluster electrodes. Time 0 s indicates
stimulus onset in stimulus present trials (a), or the time when a stimulus would be presented in stimulus absent trials (b). The red line indicates the time points before which oscillatory
activity is not contaminated by poststimulus activity in stimulus-present trials (a). a, b, The maps are masked by a p value of 0.05 using two-sided cluster permutation testing. a, b, The
topographies show the negative t statistics of the prestimulus HR and FAR cluster, respectively. Black dots represent prestimulus (a) and all cluster electrodes (b) in the topographies. c,
d, Group-average percentage change in HR (c) and FAR (d) in trials sorted from weak to strong oscillatory activity. A value of 0 indicates average performance across all bins (horizontal
line). Error bars indicate SEM. e, f, Group-average FFT spectra computed separately for “yes” (dashed line) and “no” reports (solid line) and for stimulus present (e) and absent trials (f ).
Compared with “no” reports (M/CR), “yes” reports (H/FA) are related to decreased ongoing � power. The results visualized in c, e and d, f comprise a time-frequency-electrode window
with most sustained effect within the prestimulus HR cluster and the FAR cluster, respectively.

Figure 5. Relationship between oscillatory activity and distribution-dependent signal detection measures in Experiment 1. a, b, Group-level t statistics map of the difference in
criterion (a) and sensitivity (b) between states of weak and strong oscillatory activity. During states of weak prestimulus oscillatory activity, stimulus presence is reported more often
regardless of actual stimulus presence (higher �c: more liberal criterion). a, The map is averaged across cluster electrodes with significant prestimulus effects. The difference in
sensitivity (d�) between states of weak and strong prestimulus oscillatory activity is not significant. b, The map is averaged across cluster electrodes with significant poststimulus effects.
Time 0 s indicates stimulus onset in stimulus present trials, or the time when a stimulus would be presented in stimulus absent trials. The red line indicates the time points before which
oscillatory activity is not contaminated by poststimulus activity. a, b, The maps are masked by a p value of 0.05 using two-sided cluster permutation testing. a, The topography shows
the negative t statistics of the prestimulus �c cluster. Black dots represent prestimulus cluster electrodes. a, b, Bottom inset, Time course of the percentage of cluster t statistics in favor
of an effect of power on �c/d� (H1, solid line) or in favor of a null effect (H0, dashed line). b, The BF analysis shows that there is more evidence for H0 than for H1, indicating that
prestimulus power had a null effect on d�. c, d, Group-average percentage change in �c (c) and d� (d) in trials sorted from weak to strong oscillatory activity. A value of 0 indicates average
performance across all bins (horizontal line). Error bars indicate SEM. c, d, The results comprise a time-frequency-electrode window with the most sustained prestimulus effect within the �c cluster.
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to stimulus onset. Within this time-
frequency-electrode window, (1) group-
average criterion (�c) decreased/became
more conservative from weakest to
strongest bin as follows: �0.4870 (SEM
0.0402), �0.4845 (SEM 0.0364), �0.5113
(SEM 0.0413), �0.5281 (SEM 0.0418),
�0.5981 (SEM 0.0471); (2) power ac-
counted for a difference of 27% in c (Fig.
5c). The two-sided statistical analysis of
BROC revealed one significant cluster,
comprising frequencies between 6 and
22 Hz and a prestimulus time window
starting from �0.89 s relative to stimulus
onset (Fig. 6a). The most sustained pre-
stimulus effect occurred at O2, 10 Hz and
between �0.89 s and �0.02 s relative to
stimulus onset (Fig. 6b). The one-sided
statistical analysis yielded similar results
as the two-sided test, demonstrating that
negative prestimulus effects on c and BROC

were statistically independent from posi-
tive and poststimulus effects (results not
shown).

Furthermore, the two-sided statistical
analysis of sensitivity (d� and AROC) found no
significant clusters in the prestimulus time
range: trials of particularly weak and strong
prestimulus power did not differ in sensitivity
(d�, Fig. 5b,d; AROC, data not shown).

To substantiate these findings and to
confirm that the data support a true null
effect for sensitivity, as opposed to merely
inconclusive evidence, we quantified for
each time point the proportion of fre-
quencies and electrodes, at which the data
provided evidence for an effect (H1) or
evidence for a null effect (H0). For time
points, frequencies, and electrodes within
the cluster of significant criterion effects,
the proportion of data points providing
evidence for a criterion effect by far out-
numbered the proportion of data points supporting a null effect
(c, Fig. 5a, bottom inset; BROC, data not shown). This result is
expected given that the analysis was restricted to the cluster show-
ing a significant criterion effect. However, our primary interest
was to compare the strength of evidence for a criterion effect to
the strength of evidence against a sensitivity effect. Because no
significant prestimulus cluster of sensitivity effects was found, we
conducted this comparison for the time points, frequencies, and
electrodes within the criterion cluster, based on the assumption
that effects on c (or BROC) and d� (or AROC) would coincide in
time, frequency, and space. Importantly, the proportion of data
points providing evidence for a null effect on sensitivity (d� and
AROC) by far outnumbered the proportion of data points sup-
porting a sensitivity effect (d�, Fig. 5b, bottom inset; AROC, data
not shown), indicating that effects of prestimulus power on sen-
sitivity were not merely weak or inconclusive, but absent alto-
gether.

Together, the effect on criterion (c and BROC) and the null
effect on sensitivity (d� and AROC) are consistent with the baseline
model.

� power influences performance in detection,
not discrimination
In Experiment 2, we compared the perceptual effects of prestimu-
lus oscillations in detection and discrimination. Here, the base-
line model predicts an effect of � power on detection, but not on
discrimination, whereas the precision model predicts an effect of
� power on both detection and discrimination. We recorded EEG
while participants performed three tasks in a randomized block
fashion: they were required to either detect the presence of near-
threshold stimuli, discriminate their location or their tilt. To en-
able comparison across tasks, we presented a stimulus in all trials
of all tasks (Fig. 2a). An adaptive staircase procedure adjusted
stimulus contrast to ensure that participants obtained a 50% HR
in the detection task and 75% correct responses in the discrimi-
nation tasks. The resulting stimulus contrasts used for detection
and location discrimination trials were not different (one-sample
t test: t(25) � 0.94, p � 0.36). The stimulus contrast used for tilt
discrimination trials was higher than the one used for detection
trials (one-sample t test: t(25) � 4.26, p � 0.001) and location
discrimination trials (one-sample t test: t(25) � 4.24, p � 0.001).
There was a nonsignificant trend for an increase in contrast in the

Figure 6. Relationship between oscillatory activity and the distribution-independent measure of criterion in Experiment 1.
a, Group-level t statistics map of the difference in BROC between states of weak and strong oscillatory activity. During states of weak
prestimulus oscillatory activity, stimulus presence is reported more often regardless of actual stimulus presence (higher BROC: more
liberal criterion). The map is averaged across cluster electrodes with significant prestimulus effects. Time 0 s indicates stimulus
onset in stimulus present trials, or the time when a stimulus would be presented in stimulus absent trials. The red line indicates the
time points before which oscillatory activity is not contaminated by poststimulus activity. The map is masked by a p value of 0.05
using two-sided cluster permutation testing. The topography shows the negative t statistics of the prestimulus BROC cluster. Black
dots represent prestimulus cluster electrodes. b, Group-average ROC curves for trials of weak and strong oscillatory activity. KA and
KB are the areas under the ROC curve below and above the middle point (dashed lines), respectively. Criterion is defined as BROC �
log(KA/KB). The ratio between KA and KB is higher in trials of weak � power compared with trials of strong � power. This indicates
an increased BROC (i.e., a more liberal detection criterion) during states of weak � power. The results visualized in b comprise a
time-frequency-electrode window with the most sustained prestimulus effect within the BROC cluster.
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detection trials of Experiment 2 compared with the contrast used
in stimulus present trials of Experiment 1 (two-sample t test:
t(54) � 1.90, p � 0.063). Mean HR in the detection task was
44.99% (SEM 0.76). Mean proportion of correct responses was
73.50% (SEM 0.43) in the location discrimination task and
77.33% (SEM 0.90) in the tilt discrimination task (Fig. 2b, right).

Similar to Experiment 1, we divided the trials in 5 bins based
on instantaneous oscillatory power at each time, frequency, and
electrode and calculated performance measures of HR in detec-
tion trials and proportion of correct responses in discrimination
trials. For the group-level statistical analysis, we used a cluster
permutation test to determine at which time-frequency-
electrode points these performance measures significantly dif-
fered between the weakest and strongest power bins.

The two-sided statistical analysis of HR in detection trials re-
vealed one significant cluster: HR was increased in trials with

weak prestimulus power (4 –28 Hz). This cluster was significant
starting from �1.16 s relative to stimulus onset (Fig. 7a). The
most sustained prestimulus effect occurred at FT7, 10 Hz and
between �1.08 s and �0.10 s relative to stimulus onset. Within
this time-frequency-electrode window, power accounted for a
difference of 9% in HR (Fig. 7d). A FFT analysis confirmed that
“yes” reports were associated with weaker prestimulus power
than “no” reports (Fig. 7g). This is consistent with the HR effect in
stimulus present trials in Experiment 1 (Fig. 4a,c,e). The one-
sided statistical analysis yielded similar results as the two-sided
test, demonstrating that negative prestimulus effect on HR was
statistically independent from positive and poststimulus effects
(results not shown).

By contrast, the two-sided statistical analysis of the proportion
of correct responses in discrimination trials revealed no signifi-
cant clusters in the prestimulus time range: the proportion of

Figure 7. Relationship between oscillatory activity and detection/discrimination in Experiment 2. a– c, Group-level t statistics map of the difference in hit rate (HR, a) and proportion of correct
discrimination responses (b, c) between states of weak and strong oscillatory activity. The HR in the detection task increases during states of weak prestimulus oscillatory activity. a, The map is
averaged across cluster electrodes with significant prestimulus effects. By contrast, there is no difference in proportion of correct responses between states of weak and strong prestimulus oscillatory
activity. b, The map is averaged across cluster electrodes with significant poststimulus effects. c, The map is averaged across all electrodes. Time 0 s indicates stimulus onset. The red line indicates
the time points before which oscillatory activity is not contaminated by poststimulus activity. a– c, The maps are masked by a p value of 0.05 using two-sided cluster permutation testing. a, The
topography shows the negative t statistics of the prestimulus HR cluster. Black dots represent prestimulus cluster electrodes. a– c, Bottom inset, Time course of the percentage of cluster t statistics
in favor of either an effect of power on detection/discrimination rates (H1, solid line) or a null effect (H0, dashed line). b, c, The BF analysis shows that there is more evidence for H0 than for H1,
indicating that prestimulus power had a null effect on discrimination ability. d–f, Group-average percentage change in HR (d) and proportion of correct discrimination responses (e, f ) in trials sorted
from weak to strong prestimulus power. 0 indicates average performance across all bins (horizontal line). Error bars indicate SEM. g, Group-average FFT spectra computed for the prestimulus time
window separately for “yes” (dashed line) and “no” reports (solid line) for detection trials. Compared with “no” reports (M), “yes” reports (H) are related to decreased prestimulus � power. d– g, The
results comprise a time-frequency-electrode window with the most sustained prestimulus effect within the HR cluster.

Iemi et al. • Spontaneous Neural Oscillations J. Neurosci., January 25, 2017 • 37(4):807– 819 • 815



correct responses was affected by prestimulus power in neither
location (Fig. 7b,e) nor tilt discrimination trials (Fig. 7c,f).

While the data provided strong support for an effect of power
on HR in detection (Fig. 7a, bottom inset), the data within the
same cluster of time, frequencies, and electrodes provided strong
support for a true null effect of power on location discrimination
(Fig. 7b, bottom inset) and tilt discrimination (Fig. 7c, bottom
inset).

Together, the effect of prestimulus power on detection and the
null effect on discrimination further support the baseline model.

Literature review shows effect of � power on baseline-
dependent measures of performance
We conducted a systematic literature review for studies testing
for an effect of prestimulus � oscillations on performance in
visual tasks. We then categorized these studies according to
whether their behavioral measures were affected (Table 1, top) or
unaffected (Table 1, bottom) by a change in baseline excitability.

The majority of studies (14 of 16) using criterion-dependent
measures/measures affected by a change in baseline excitability
(i.e., c estimates or the proportion of “yes” and “no” reports in
detection tasks) found decreased � power preceding hits in stim-
ulus present trials (Ergenoglu et al., 2004; Romei et al., 2008; van
Dijk et al., 2008; Busch et al., 2009; Mathewson et al., 2009; Busch
and VanRullen, 2010; Achim et al., 2013; Chaumon and Busch,
2014; Mathewson et al., 2014; Roberts et al., 2014; Boncompte et
al., 2016; Limbach and Corballis, 2016), similar to Experiments 1
and 2, or preceding false alarms in stimulus absent trials
(Limbach and Corballis, 2016), similar to Experiment 1. Two
studies using a visual detection paradigm with concurrent audi-
tory (Keil et al., 2014) or somatosensory stimuli (Lange et al.,
2013) found that decreased � power preceded correct detections
(�hits) but also incorrect detections (�false alarms) (Lange et
al., 2013; Keil et al., 2014). Notably, in previous studies, stimulus
absent trials were either not included in the experimental para-
digm or discarded from further analysis (Table 1, Stimulus absent
trials), thus precluding the estimation of SDT measures of c and
d� (except Limbach and Corballis, 2016). Of note, Babiloni et al.
(2006) found that prestimulus source-level � power was reduced
for misses compared with hits (H � M). In this study, the exper-
imental paradigm required a motor response (i.e., press left/right
if go stimulus is on the left/right) before the detection report.
Hanslmayr et al. (2007) and Romei et al. (2008) argued that,
because the detection report was delayed, this paradigm may have
tested memory rather than perceptual performance, which is
known to be positively related to prestimulus � activity. Despite
this source-level effect, in the sensor space (electrode Cz) � power
was reduced in hits compared with misses (H � M), consistent
with the majority of past literature. In Britz et al. (2014), � power
did not influence awareness reports. Here, the experimental par-
adigm required the participants to discriminate between two
stimulus alternatives (2AFC discrimination) and then to report
whether or not the stimulus had been consciously perceived
(aware/unaware). The analysis of this study focused on the com-
parison between aware and unaware reports in trials in which the
stimulus was correctly discriminated. Importantly, all trials con-
tained a stimulus. In Romei et al. (2008), the experimental para-
digm required to report, after each transcranial magnetic
stimulution pulse, whether or not a phosphene was perceived.
This study did not include any sham trials (no stimulus absent
trials). In Boncompte et al. (2016), there was a nonsignificant
relationship between detection behavior and � power estimated
in a limited time-frequency window. However, when more fre-

quencies and time points were included in the analysis, prestimu-
lus � and � power was reduced in hits compared with misses
(H � M) (see Boncompte et al., 2016, their Fig. 5, bottom) con-
sistent with the majority of past literature. Because no statistical
testing was performed on these extended data, we report this
finding as a nonsignificant trend.

By contrast, the majority of studies (5 of 6) using criterion-
independent paradigms/measures did not find a significant effect
of � power on performance. These studies analyzed either correct
responses in mAFC paradigms (similar to the 2AFC tasks in Ex-
periment 2) (Hanslmayr et al., 2007; Wutz et al., 2014; Bays et al.,
2015), correct responses in both stimulus present and absent
trials in detection paradigms (Macdonald et al., 2011) or d� esti-
mates (similar to Experiment 1) (Limbach and Corballis, 2016).

Discussion
� power modulates baseline excitability, not
response precision
In this study, we used SDT to model the effect of spontaneous
oscillatory � power on perception. We tested two different mod-
els, according to which � power affects perception either via a
modulation of the baseline neural excitability or of the precision
of neural responses. In Experiment 1, we analyzed the effect of �
power on detection behavior in a yes/no detection task. We found
that decreased � power resulted in a more liberal criterion, rather
than an improved sensitivity, as predicted by the baseline model.
In other words, states of decreased � power were related to an
increased tendency to report the presence of a stimulus regardless
of actual stimulus presence.

In Experiment 2, we tested a related prediction of the models
by comparing the effects of � power on detection and discrimi-
nation. Indeed, although we replicated the finding of Experiment
1 that decreased prestimulus � power boosts the HR in detection,
we found that � power had no effect on location and tilt discrim-
ination. Thus, the results of Experiment 2 further confirm the
baseline model.

Together, these results strongly suggest that, contrary to pre-
vious conjectures (Ergenoglu et al., 2004; Romei et al., 2008; van
Dijk et al., 2008; Roberts et al., 2014), decreased � power does not
improve perceptual acuity but biases perception by increasing
baseline excitability.

Reconciling apparent inconsistencies in previous literature
Visual modality
The effect of � power on performance has long been interpreted
as an effect on perceptual acuity. However, a number of studies
were not able to find such effects; in several cases, the authors
described such negative results as “surprising” and as inconsis-
tent with previous literature (Macdonald et al., 2011; Bays et al.,
2015; Strauss et al., 2015). However, our comprehensive litera-
ture review (Table 1) shows that the vast majority of published
findings can be reconciled by the baseline model (Fig. 1, left).
Indeed, most effects of prestimulus � oscillations on perfor-
mance have been found by studies using detection tasks and per-
formance measures, such as HR, which are affected by response
criterion (Table 1, top). Thus, these studies are consistent with
our results from the detection tasks of Experiments 1 and 2. By
contrast, a null effect of prestimulus oscillations on performance
was found in most studies using performance measures that are
unaffected by baseline shifts and response criterion, such as the
proportion of correct responses in mAFC paradigms/in both
stimulus present and absent trials in detection paradigms or d�
estimates (Table 1, bottom). Thus, these studies confirm our re-
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sults from the analysis of d� in Experiment 1 and of the discrim-
ination tasks in Experiment 2. In sum, contrary to previous
interpretations (Macdonald et al., 2011; Bays et al., 2015; Strauss
et al., 2015), we argue that the pattern of positive and negative
findings in previous literature is actually highly consistent and
supports our proposal that spontaneous � oscillations modulate
baseline excitability, not acuity.

Nonvisual sensory modalities
A similar, although less consistent, pattern of effects has been
obtained in other sensory modalities. In auditory detection tasks,
prestimulus � power did not affect acuity (Strauss et al., 2015)
and was reduced for hits compared with misses (Herzog et al.,
2014; Leske et al., 2015; for a negative finding, see Ng et al., 2012).
A number of studies using somatosensory detection tasks found a
similar relationship between prestimulus power and the propor-
tion of hits and misses (Schubert et al., 2008; Weisz et al., 2014;
Baumgarten et al., 2016).

Haegens et al. (2014) demonstrated that reduced � power in
the macaque somatosensory cortex correlates with a conservative
detection criterion, contrary to our finding and to the majority of
reports in the visual modality (Table 1). This inconsistent finding
may be explained by a number of reasons: (1) the paradigm in-
cluded reward scheduling, which may have influenced the
monkey’s perceptual decision making; (2) the neural effects of
ongoing � power appear to be inconsistent across the monkey’s
sensory-motor system (Haegens et al., 2011), suggesting different
perceptual effects of � power in different brain areas; (3) unlike
in the visual modality, the relationship between � power and
perception may be nonlinear (Linkenkaer-Hansen et al., 2004;
Zhang and Ding, 2010; Lange et al., 2013; Ai and Ro, 2014) (i.e.,
inverted U-shape); therefore, it is possible that the results in Hae-
gens et al. (2014) may have resulted from sampling power only in
the first half of the inverted-U curve. Together, more research is
required to determine whether � oscillations in the visual and
nonvisual sensory systems show the same relationship to percep-
tual performance, and thus serve a similar function.

Between-trials versus between-participants effects
The present study shows that trial-by-trial fluctuations of pre-
stimulus power affect specifically yes/no detection criterion but
not discrimination performance, in line with the baseline model
(Fig. 1, left). By contrast, several other studies found that differ-
ences in resting EEG power between individuals were correlated
with discrimination performance (Hanslmayr et al., 2005, 2007).
Recently, Limbach and Corballis (2016) found that between-
subjects variations in prestimulus � power were related to detec-
tion sensitivity while trial-by-trial power variations were related
to detection criterion. This suggests that between-trials and
between-participants effects are related to different neural and
perceptual mechanisms. Unlike trial-by-trial power fluctuations,
power differences between participants may indeed be related to
the precision of sensory responses, as captured by the precision
model (Fig. 1, right).

Does � power modulate sensory processing or
decision strategy?
Our finding that prestimulus � power is related to criterion, but
not sensitivity, may be seen as evidence against an effect on sen-
sory processing, instead showing an effect on subjects’ deliberate
decision strategy (e.g., preferring to respond “yes” compared
with “no”). However, although it is true that a change in decision
strategy entails a change in measured criterion, it does not follow

that any change in measured criterion, quantified according to
SDT, implies a change in the subject’s decision strategy (Wixted
and Stretch, 2000; Witt et al., 2015). For example, a change in
decision bias as accomplished by rewarding subjects for either hits
or correct rejections, will affect the measured criterion. This can
be represented as a change of the criterion’s absolute location k
along the internal response axis. By contrast, a global baseline
shift of excitability is expected to shift the distributions of signal
and noise (i) along the internal response axis without changing
the criterion’s absolute position k (Fig. 1, top left). This perceptual
bias would affect the measured criterion without involving any
change in the subject’s decision strategy. Accordingly, SDT mea-
sures cannot differentiate between these two situations. Nonethe-
less, there is strong empirical support for the view that �
oscillations represent a perceptual bias.

A growing number of studies have indeed demonstrated an
inverse relationship between � power and neural excitability in
sensory brain areas, as reflected in the spike-firing rate (Haegens
et al., 2011), multiunit activity (van Kerkoerle et al., 2014; Becker
et al., 2015), ongoing � power (Spaak et al., 2012) and the hemo-
dynamic fMRI signal (Goldman et al., 2002; Becker et al., 2011;
Scheeringa et al., 2011; Harvey et al., 2013; Mayhew et al., 2013).

Furthermore, numerous studies showed that � oscillations are
involved in the gating of task-relevant perceptual information.
When subjects are instructed to selectively attend to a spatial
location, the strength of � oscillations decreases in the contralat-
eral relative to the ipsilateral hemisphere, indicating greater ex-
citability in the task-relevant hemisphere and greater inhibition
in the task-irrelevant hemisphere (Thut et al., 2006; Busch and
VanRullen, 2010; for review, see Foxe and Snyder, 2011). For
example, Wyart and Tallon-Baudry (2009) concluded that
attention-induced lateralization of � oscillations represents a
shift of baseline excitability, affecting the strength of the sensory
response to attended stimuli. Moreover, selective attention to a
particular stimulus feature (orientation vs identity; Jokisch and
Jensen, 2007) and modality (visual vs auditory; Mazaheri et al.,
2014) induces a relative increase of � oscillations in the currently
task-irrelevant areas.

Accordingly, a pattern of attention-induced decrease/increase
of � oscillations in task-relevant/irrelevant areas can selectively
amplify the strength of relevant sensory information and attenu-
ate distracting information. By contrast, the present study fo-
cused on spontaneous fluctuations of a global or nonselective
perceptual bias, which is expected to modulate the strength of
both noise and signal or both stimulus alternatives. Thus, al-
though � oscillations represent a perceptual bias in both cases,
this bias can serve to improve task performance only when task
instructions allow for its selective deployment.

In conclusion, we demonstrate that fluctuations of spontane-
ous � oscillations affect bias, rather than acuity, and that they
influence performance in detection, not discrimination tasks. We
propose that these oscillations bias perception by modulating
baseline neural excitability, rather than the precision of sensory
processing.

Notes
Supplemental material for this article is available at https://github.com/
LucaIemi/Iemi2017_JNeurosci. This material has not been peer
reviewed.
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