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The presence of various ongoing oscillations in the brain is correlated with behavioral states such as restful wakefulness or drowsiness.
However, even when subjects aim to maintain a high level of vigilance, ongoing oscillations exhibit large amplitude variability on time
scales of hundreds of milliseconds to seconds, suggesting that the functional state of local cortical networks is continuously changing.
How this volatility of ongoing oscillations influences the perception of sensory stimuli has remained essentially unknown.

We investigated the relationship between prestimulus neuronal oscillations and the subjects’ ability to consciously perceive and react
to somatosensory stimuli near the threshold of detection. We show that, for prestimulus oscillations at �10, 20, and 40 Hz detected over
the sensorimotor cortex, intermediate amplitudes were associated with the highest probability of conscious detection and the shortest
reaction times. In contrast, for 10 and 20 Hz prestimulus oscillations detected over the parietal region, the largest amplitudes were
associated with the best performance.

Our data indicate that the prestimulus oscillatory activity detected over sensorimotor and parietal cortices has a profound effect on the
processing of weak stimuli. Furthermore, the results suggest that ongoing oscillations in sensory cortices may optimize the processing of
sensory stimuli with the same mechanism as noise sources in intrinsic stochastic resonance.
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Introduction
Ongoing oscillations are prominent in many cortical areas, and
their functional significance remains a matter of intense debate
(Salmelin and Hari, 1994; Pfurtscheller and Lopes da Silva, 1999;
Wiest and Nicolelis, 2003). Ongoing neuronal oscillations may be
both endogenous and exogenous in origin and induce a wide
range of activity-dependent processes that modify the functional
connectivity of the underlying neuronal networks on many time
scales (Marder, 1998). Furthermore, ongoing oscillations at stim-
ulus onset appear to superimpose on stimulus-driven activities,
resulting in a large variability of stimulus-evoked responses (Ari-
eli et al., 1996). Altogether, one would therefore expect the ongo-
ing activity both on short and on longer time scales to have an
influence on how neuronal networks process incoming signals.
Ongoing oscillations have indeed been found to influence
stimulus-related activities (Nikouline et al., 2000; Fries et al.,

2001; Liang et al., 2002; Makeig et al., 2002) and have been sug-
gested to potentially play a constructive role, e.g., by “priming”
representations of anticipated stimuli (Engel et al., 2001; Kenet et
al., 2003) or a given sensory system (Fanselow et al., 2001). Nev-
ertheless, the significance of ongoing oscillations for conscious
perception and behavior has remained essentially unknown.

Ongoing oscillations may be particularly important in biasing
the processing of stimuli at the threshold of sensation (Fanselow
et al., 2001; Gong et al., 2002). One framework for understanding
how the processing of such weak stimuli may benefit from ongo-
ing oscillations is stochastic resonance (Wiesenfeld and Moss,
1995). Stochastic resonance is a phenomenon found in many
nonlinear systems, including the nervous system, where moder-
ate levels of noise in weak signals optimize the signal detection
(Chialvo and Apkarian, 1993; Collins et al., 1996). Computa-
tional models of neuronal systems have revealed recently that
signal detection and transmission may, in fact, also be enhanced
by noise from within the system (Hô and Destexhe, 2000; Stocks
and Manella, 2001), giving rise to a phenomenon termed intrin-
sic stochastic resonance.

We investigated the relationship between the amplitude of
prestimulus oscillations and the subjects’ ability to consciously
perceive and react to weak somatosensory stimuli. Here we show
that prestimulus oscillations may indeed enhance psychophysical
performance, possibly through intrinsic stochastic resonance.
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Materials and Methods
Subjects and recordings. Ongoing neuromagnetic activity was recorded
from 14 subjects (23–32 years of age; one female) with 204 planar gradi-
ometers from a 306 channel magnetoencephalography (MEG) instru-
ment (Neuromag Elekta, Helsinki, Finland). The data were digitized at
900 Hz and resampled off-line to a sampling frequency of 300 Hz after the
application of an antialiasing filter of 100 Hz. Electro-oculograms
(EOGs) and thumb-movement electromyograms were recorded for ar-
tifact rejection and for the detection of subjects’ responses, respectively.
The study was approved by an ethical committee of the Helsinki Univer-
sity Central Hospital.

Experimental paradigm. The subjects were stimulated electrically on
the tip of the index finger with weak 0.2 msec constant-current pulses.
The stimuli were applied to the left index finger, right index finger, or
simultaneously to both index fingers with equal probabilities in a semi-
random order; the interval between consecutive pulses was random and
uniformly distributed in the 3– 4 sec interval. Four 20 min epochs were
recorded for each subject, giving �1400 stimulus events per subject.
Before the session, the intensity was adjusted separately for both fingers
so that maximally 50% of the trials were detected. Subjects were in-
structed to sit relaxed with their eyes closed and promptly twitch the
thumb of the hand(s) in which they felt the stimulus during the recording
sessions.

Data analysis. The data were analyzed off-line using MATLAB (Math-
Works, Natick, MA). Trials with EOG signals of �80 �V were discarded
from additional analysis, which resulted in 855 � 124 (mean � SD) and
863 � 123 artifact-free trials for the stimulation of the left and right
finger, respectively.

The positions of 12 channels covering sensorimotor or parietal regions
are shown on a flattened view of the helmet-shaped sensor array (see Fig.
1 A). From the channel groups over the left and right sensorimotor re-
gions, we selected for additional analyses those four channels from each
hemisphere that showed the largest amplitude attenuation of 10 Hz os-
cillations in response to the detected stimuli, because this attenuation
reflects the interaction between neuronal processing of somatic stimuli
and the classical “� rhythm” of the somatosensory and motor cortices
[hence, the term “sensorimotor” (Pfurtscheller and Lopes da Silva,
1999)]. From the parietal channel group, we selected those four channels
that had the largest peaks in the amplitude spectral density between 8 and

13 Hz, because the parietal 10 Hz oscillations have been linked to atten-
tion, which is crucial to the present task (Vanni et al., 1997).

The correlation between prestimulus oscillation amplitude and the
subjects’ ability to detect and react to the stimuli was estimated as follows.
For a given prestimulus window (e.g., 1000 msec) and frequency band
(e.g., 7–13 Hz), the trials were sorted into 10-percentile bins with respect
to the mean amplitude of the oscillations. The oscillation amplitude was
determined by using a wavelet filter separately for each channel, as de-
scribed by Linkenkaer-Hansen et al. (2004), and then averaged across the
four channels. The sorting was done by rearranging the trials separately
for each subject in ascending order of prestimulus amplitudes and then
grouping the first 10% of the trials in the first 10-percentile bin, the next
10% of the trials in the second 10-percentile bin, etc. This procedure is
also a normalization to compensate for the intersubject variability in
absolute values of oscillation amplitude. For each subject, we then calcu-
lated the fraction of stimuli that were detected (termed “hit rate”) and the
mean reaction time to the detected stimuli for each of the 10 groups of
trials. To normalize for the interindividual differences in hit rate [32 �
13% (mean � SD)] and reaction time (498 � 82 msec), the hit rate and
mean reaction time in each prestimulus-amplitude bin were determined
as the percentage change relative to the mean across all bins for each
subject. The sorting of hit rate and reaction time was performed for the �
(27–53 Hz), � (15–29 Hz), � (7–13 Hz), � (3–7 Hz), and � (1–3 Hz)
frequency bands and prestimulus windows of 250, 500, 1000, 1500, 2000,
and 2500 msec. Statistical tests, unless otherwise stated, were based on
ANOVA.

Results
Ongoing activity is dominated by 10 Hz oscillations
Pronounced oscillatory activity at �10 Hz was observed bilater-
ally over the sensorimotor and parietal cortices (Fig. 1B). These
oscillations fluctuated intermittently in amplitude (Fig. 1C), sug-
gesting that the underlying networks were in a highly dynamic
state (Linkenkaer-Hansen et al., 2001). This was also reflected in
the susceptibility of the sensorimotor oscillations to the stimuli;
although the weak stimuli only elicited very small somatosensory
evoked fields in most subjects (Fig. 1D), both the detected and
undetected stimuli induced a transient suppression of the oscil-

Figure 1. Dynamics of ongoing oscillations at 10 Hz. A, The positions of channels that covered the left and right sensorimotor (gray) and parietal (black) regions are shown on a flattened view of
the helmet-shaped sensor array. Each rectangle represents the two joint planar gradiometers. B, The amplitude spectral density (ASD) plots of the MEG signals have distinct peaks at �10 Hz with
local maxima over parietal and left and right sensorimotor regions (insets are computed from all of the 20 min sessions and averaged across the 4 selected channels in each region and across all
subjects). Max., Maximum; Min., minimum. C, The amplitude (Amp.) envelope of 10 Hz oscillations from a representative subject and a channel over the right sensorimotor region shows that these
oscillations exhibit large amplitude variability on time scales of hundreds of milliseconds to tens of seconds. D, Somatosensory-evoked fields were visible in the grand average of both detected (thin
lines) and undetected (thick lines) trials (data from a representative channel over the right sensorimotor region). E, The 10 Hz oscillation amplitude attenuated transiently after stimulation for both
detected and undetected trials (the average is across all trials, across selected channels and subjects, and over both hemispheres, giving a total of 7697 detected and 16,355 undetected trials).
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lations, which peaked at �550 msec after
the stimulus onset (two-tailed t test; p �
0.0001) (Fig. 1E). Thus, the stimulus pro-
cessing perturbed the ongoing oscillations
even when it did not lead to a conscious
perception (Libet et al., 1967).

Dependence of psychophysical
performance on 10 Hz oscillations
The large amplitude range of 10 Hz oscil-
lations (Fig. 1C) suggests that if different
amplitudes were associated with distinct
functional states of the network, the oscil-
lations could affect stimulus processing
(Nikouline et al., 2000). To assess this no-
tion at the level of psychophysical perfor-
mance, we investigated the relationship
between the amplitude of prestimulus 10
Hz oscillations over sensorimotor or pari-
etal regions and the following: (1) the
probability of stimulus detection (hit rate)
and (2) the mean reaction time.

Single trials were sorted with respect to
prestimulus 10 Hz oscillation amplitude
separately over contralateral sensorimotor
and parietal regions into 10-percentile
bins. We calculated the change in hit rate
and mean reaction time from the trials in
each of the 10 bins relative to the mean of
all trials for each subject. The results from
the left- and right-finger stimulations were averaged (see Mate-
rials and Methods). Over the sensorimotor regions, hit rate and
the prestimulus amplitude were clearly correlated with an opti-
mum at intermediate amplitude values (Fig. 2A). The relation-
ship was well described by a parabolic function (cubic fit, r 2 �
0.84, p � 0.01; ANOVA) and only poorly by linear regression
(r 2 � 0.04; p � 0.56). The differences in hit rate between the trials
with the intermediate amplitudes and the trials with the very low
or high levels of activity were 28 � 11 (mean � SEM) and 27 � 9
percentage points, respectively. Over the parietal region, in
contrast, hit rate was positively and linearly correlated with pre-
stimulus 10 Hz oscillations (Fig. 2B) (linear regression, r2 � 0.73,
p � 0.002) with a negligible parabolic contribution (r 2 � 0.14 for
cubic–linear fit). In the trials with the highest levels of prestimu-
lus activity, the hit rates were 57 � 10 percentage points larger
than during the trials with lowest levels of activity. Oscillations
over both sensorimotor and parietal regions thus had a remark-
ably strong, albeit distinct, correlation with psychophysical
performance.

Sorting the reaction times with respect to 10 Hz oscillations
over sensorimotor regions revealed that the subjects responded
7 � 3 (mean � SEM) and 8 � 4 percentage points faster with
intermediate prestimulus amplitudes than with the very small or
large amplitudes, respectively. Again, this relationship was well fit
by a parabolic function (Fig. 2C) (cubic fit, r 2 � 0.97, p � 0.0001;
linear regression, r 2 � 0.05, p � 0.52). For the 10 Hz oscillations
over the parietal cortex, the reaction times were negatively and
linearly correlated with prestimulus amplitudes (Fig. 2D) (linear
regression, r 2 � 0.73, p � 0.002) with a negligible parabolic con-
tribution (r 2 � 0.09 for cubic–linear fit). In trials with the highest
levels of prestimulus activity, the reaction times were 11 � 7
percentage points shorter than during the trials with lowest levels
of activity.

It is well known that stimulation and/or movement of the
index finger may influence the amplitude of ongoing 10 Hz os-
cillations in the sensorimotor region for up to a few seconds after
the stimulus (Neuper and Pfurtscheller, 2001; Stancák et al.,
2003) and thus the level of oscillatory activity in the prestimulus
interval of the subsequent trial despite the (long) mean interval
between finger movements of �11 sec (note that the mean hit
rate was only 32% and the mean interstimulus interval was 3.5
sec). The analysis revealed, however, that the number of trials
with a movement in the preceding trial was uniformly distributed
among the amplitude bins ( p � 0.98; one-way ANOVA). Thus,
movement-related activities do not contribute to the nonuni-
form distribution of performance for different prestimulus levels
of 10 Hz activity.

Time-scale dependence of prestimulus functional states
To explore the robustness of the effects shown in Figure 2A–D
with respect to the selected prestimulus activity, we (1) increased
the size of the prestimulus windows in steps from 250 to 2500
msec and (2) placed a constant-size 250 msec prestimulus win-
dow with gaps of 0, 250, 750, 1250, 1750, and 2250 msec to the
stimulus onset.

The intermediate levels of prestimulus oscillations over sen-
sorimotor regions were optimal for the performance and gave
rise to stable hit rates and reaction times for all time windows
(Fig. 2E,G). In contrast, the hit rates in percentile bins with the
smallest and largest amplitudes had a strong dependence on win-
dow sizes ( p � 0.001, linear regression). These correlations were
similar for the reaction time, albeit less significant ( p � 0.01 and
p � 0.19 for smallest and largest amplitude bins, respectively).
The positive trend of the largest amplitudes suggests that the
detrimental effect of a large-amplitude oscillation is larger very
close to the stimulus onset. This was confirmed using the sliding

Figure 2. Evidence for linear and parabolic dependences of performance on prestimulus oscillation amplitude. For trials
belonging to 10 levels of prestimulus amplitudes of 10 Hz oscillations in a prestimulus window of 1000 msec, we have plotted the
change in hit rate (�HR) relative to the mean across all trials (see Materials and Methods for details). The best performance is seen
at intermediate amplitudes of oscillations over sensorimotor regions ( A) and at the largest amplitudes of oscillations over the
parietal cortex ( B). The difference in reaction time (�RT) relative to the mean across all trials also exhibited a parabolic and a linear
dependence on the prestimulus amplitudes over sensorimotor ( C) and parietal ( D) regions, respectively. The data points indicate
the grand-average mean � SEM (n � 14). A least-squares fit to the data of a third-order polynomial is indicated by the solid lines
in A and C. The hit-rate change of the first (squares), fifth (dots), and 10th (circles) amplitude bin is plotted as a function of the
prestimulus-window size for sensorimotor ( E) and parietal ( F) channels. The same plots for the reaction time are shown in G and
H. The changes in both hit rates and reaction times exhibit clear trends toward a poorer performance for small-amplitude states
with increasing prestimulus time scales (squares). Conversely, the large-amplitude states show worse performance with smaller
time windows (circles). These dependencies were common to the sensorimotor and parietal regions. Significant linear trends in
E–H are marked with an asterisk to the right of the least-squares fitted lines. Amp., Amplitude.
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250 msec prestimulus window showing decreasing hit rates with
decreasing gaps between the prestimulus window and stimulus
onset for the largest-amplitude bin of trials (data not shown; p �
0.05, linear regression). The decreasing performance for the
smallest-amplitude trials with increasing prestimulus window
duration over which the oscillation amplitude was integrated in-
dicates that the 10 Hz oscillations carry a functionally significant
memory of their past for several oscillation cycles; otherwise, the
changes in hit rate would have converged to zero for increasing
window sizes.

The time-window dependences of hit rate and reaction time
for the first-, fifth-, and 10th-percentile groups over the parietal
region were qualitatively the same as those for over the sensori-
motor region (Fig. 2F,H). Thus, the fifth-percentile group was
stable, whereas the first and 10th groups exhibited significant
linear trends toward poorer and better performance at longer
time scales, respectively (linear regressions: p � 0.05 for both the
first- and 10th-percentile groups of hit rate and reaction time).

Dependence of psychophysical performance on oscillations in
other frequency bands
We then analyzed the dependence of hit rate on prestimulus ac-
tivity in the �, �, �, and � frequency bands in the prestimulus
window of �1000 to 0 msec. Over the sensorimotor region, the �
and � oscillations were associated with the largest hit rate at in-
termediate amplitudes (Fig. 3A,B) (cubic fits, r 2 � 0.74, p � 0.03;
linear regressions, r 2 � 0.22, p � 0.17) and thus had a correlation
with performance similar to that for the 10 Hz oscillations (com-
pare Fig. 2A). However, the hit rate was not significantly corre-
lated with prestimulus amplitude in � and � bands (Fig. 3C,D) (r 2

� 0.64, p � 0.24 for all linear and cubic fits). Over the parietal
region, the hit rate had a positive and linear correlation with
�-oscillation amplitudes (Fig. 3F) (r 2 � 0.85; p � 0.0001). The
other frequency bands, however, had no systematic influence on
hit rate (Fig. 3E,G,H) (r 2 � 0.64, p � 0.08 for all linear and cubic
fits), except the � band, which had a minor, albeit significant,
cubic trend (Fig. 3H) (r 2 � 0.74; p � 0.04).

Discussion
We investigated the impact of prestimulus neuronal oscillations
on the hit rate and reaction time to weak somatic stimuli. The
central findings of this study were that the behavioral perfor-
mance was optimized by intermediate amplitudes of 10, 20, and
40 Hz oscillations over the sensorimotor regions and by maxi-
mum amplitudes of 10 and 20 Hz oscillations over the parietal
region. The results indicate that these oscillations have profound
and distinct effects on behavioral performance.

Stochastic resonance: a general mechanism of noise-
dependent optimization of signal processing
Increasing the level of noise in a linear system decreases the out-
put signal-to-noise ratio. In nonlinear systems, however, the
signal-to-noise ratio may increase with increasing noise levels up
to the point at which the noise itself begins to dominate the
detection–transmission process and consequently decrease the
signal-to-noise ratio. This gives rise to a parabolic relationship
between signal-to-noise ratio and noise, the hallmark of stochas-
tic resonance (Wiesenfeld and Moss, 1995). Several theoretical
and modeling studies suggest that the nervous system could also
use intrinsic stochastic resonance (Hô and Destexhe, 2000;
Stocks and Manella, 2001).

We exploited the considerable variability in the ongoing ac-
tivity to sort out the relationship between psychophysical perfor-

mance and prestimulus neuronal activity in a graded manner.
The unequivocal parabolic relationship between the level of sen-
sorimotor prestimulus activity and behavioral performance sug-
gests that sensorimotor processing exploits intrinsic stochastic
resonance in which the ongoing activity plays the role of an in-
trinsic noise source. Ongoing activity may give rise to barrages of
stimulus-unrelated synaptic inputs that are, in fact, noise in the
traditional sense (Shu et al., 2003). However, endogenous neuro-
nal activity may also “prime” a certain sensory system (Fanselow
et al., 2001) or activate specific stimulus representations (Engel et
al., 2001; Kenet et al., 2003). The poor behavioral performance at
very low or very high levels of prestimulus activity seen in Figure
2, A and C, could therefore reflect the top-down activation of a
too-small or a too-large neuronal population, respectively (Gong
et al., 2002).

Prestimulus functional states are graded functions of
amplitude and time
It may seem natural to suggest that it is the activity immediately at
stimulus onset that influences the processing of the stimulus, as
opposed to ongoing oscillations farther back in time. Recent
studies, however, have shown that the autocorrelation of the am-
plitude envelope of ongoing 10 and 20 Hz oscillations decays
slowly over tens of seconds both during rest and when the oscil-

Figure 3. The dependence of hit rate on oscillations over the sensorimotor and parietal
regions. The same plot as in Figure 2 A is shown, but for different frequency bands over the
sensorimotor ( A–D) and parietal ( E–H) regions. �HR, Change in hit rate; Amp., amplitude.
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lations are strongly perturbed by sensory input (Linkenkaer-
Hansen et al., 2001, 2004). We have shown here that activity up to
at least 2–2.5 sec before stimulus onset, over both sensorimotor
and parietal regions, has an influence on hit rate and reaction
time (Fig. 2E–H). Hence, there appears to be a direct link be-
tween the strong autocorrelation of ongoing activity and the per-
sistence of prestimulus activity on different time scales to influ-
ence behavioral performance. Moreover, the present results
suggest that the functional state of cortical or thalamocortical
networks is a graded function of both the duration and amplitude
of their ongoing oscillations (Fanselow et al., 2001).

Attention and 10 Hz oscillations
The success in detecting threshold-level sensory stimuli is criti-
cally dependent on attentional resources and on successful main-
tenance of the neuronal representation of target stimuli in short-
term memory. We found that the largest-amplitude prestimulus
10 Hz oscillations over the parietal cortex led to the best perfor-
mance (Fig. 2B,D), which is in line with recent findings suggest-
ing a role for these oscillations in working memory (Halgren et
al., 2002; Jensen et al., 2002) and attention (von Stein et al., 2000;
Fanselow et al., 2001; Mima et al., 2001; Yamagishi et al., 2003).

The classical interpretation of 10 Hz oscillations is that of an
“idling rhythm” that would allow the networks to respond more
readily than from a “cold start” (Salmelin and Hari, 1994). Our
data support this notion in that very small prestimulus ampli-
tudes in both sensorimotor and parietal regions indicate a poorer
performance compared with intermediate levels of oscillations.
The different correlations between performance and the ampli-
tude of prestimulus 10 Hz oscillations over parietal and sensori-
motor regions suggest, however, that the functional significance
of these oscillations is more complicated than accounted for by
the “idling hypothesis.”

Our results raise the possibility that the enhanced efficiency of
neuronal processing implicated in attention could partly be
achieved by top-down modulation of the strength of the ongoing
oscillations to the optimal intermediate levels. In this scheme, the
optimal performance with large-amplitude 10 Hz oscillations in
the parietal region would reflect attentional effort, whereas the
intermediate amplitude in the sensorimotor regions would rep-
resent the optimal filter properties of sensorimotor areas to detect
the weak incoming stimuli, possibly through a mechanism of
intrinsic stochastic resonance (Hô and Destexhe, 2000; Wiest and
Nicolelis, 2003).
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