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Abstract When a subject is asked to respond as quickly as possible to a stimulus he ⁄ she responds much faster if this stimulus is preceded by a warning cue. This cue enables the subject to anticipate the forthcoming stimulus, initiating neural processes subserving the future perception and processing of the target stimulus and the motor preparation of the associated response action. It has recently been suggested that neuronal activity before such an anticipated target stimulus could be associated with modulations in neuronal synchronization and oscillatory activity. Here we recorded electrical brain activity whilst subjects performed a choice reaction time task, in which one of the stimuli could be predicted with 90% certainty. We show that the prediction of a forthcoming stimulus was associated with an increase in gamma oscillations overlying occipital areas and a decrease in beta oscillations overlying sensorimotor cortex before the stimulus was presented. We suggest that these regionally specific modulations in oscillatory activity reflect the establishment of neural networks that are ‘primed’ for the future processing of the forthcoming predictable visual stimulus.



Introduction Synchronization of neuronal ﬁring on the millisecond time scale is fundamental to information coding in the brain. Neuronal synchronization can increase response saliency, as correlated discharges have a greater impact on neuronal populations than disorganized patterns of ﬁring (Singer & Gray, 1995). Due to the complex reciprocal nature of neural connectivity, neuronal synchrony is commonly periodic in nature. Such synchronous oscillatory activity is a ubiquitous feature of normal brain function and has been reported at a variety of different frequencies across many cortical and subcortical structures (Varela, 1995; Engel et al., 2001; Salenius & Hari, 2003; Buzaki & Draghun, 2004). In humans, gamma band oscillations (30–70 Hz) induced by visual stimuli are modulated by the level of selective attention and ⁄ or visual perception (Tallon-Baudry et al., 1995, 1996, 1997, 1999; Keil et al., 1999, 2001; Mu¨ller et al., 2000; Gruber et al., 2002). Furthermore, Fries et al. (2001b) have shown that coupling in the gamma band between spikes and ﬁeld potentials recorded from both cat primary visual cortex and area V4 of the monkey show coherent modulations during periods of spontaneous activity. Unlike previous electroencephalogram (EEG) studies, the modulations in gamma band coherence were not driven by external events but occurred in the ongoing activity. Such demonstrations have led to the suggestion that the intrinsic modulations in oscillatory synchrony could underlie the processes of anticipation and event prediction (Engel et al., 2001; Liang et al., 2002). In the current study we tested this hypothesis. We recorded the electrical activity at the scalp of healthy human subjects whilst they performed a visual choice reaction time task in which the Correspondence: Dr J. M. Kilner, 2Wellcome Department of Imaging Neuroscience, as above. E-mail: j.kilner@ﬁl.ion.ucl.ac.uk Received 14 September 2004, revised 8 February 2005, accepted 11 February 2005
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occurrence of one of the stimuli could be predicted with 90% certainty in the presence of a contextual cue. We tested two predictions. Firstly, oscillations in the gamma range should be increased at occipital electrodes before the predictable stimulus, reﬂecting processes associated with anticipation and event prediction, as suggested by Engel et al. (2001). Secondly, in agreement with previous studies (Salenius et al., 1996; Leocani et al., 1997; Pfurtscheller et al., 1998; Alegre et al., 2003), that oscillations in the beta range at electrodes overlying the sensorimotor cortex contralateral to the correct response button would be decreased before the stimuli that could be predicted, reﬂecting motor preparation. We show that the prediction of a forthcoming stimulus is associated with an increase in gamma oscillations overlying occipital areas and a decrease in beta oscillations overlying sensorimotor cortex before the stimulus is presented. We suggest that these regionally speciﬁc modulations in oscillatory activity reﬂect the establishment of neural networks that are ‘primed’ for the future processing of the forthcoming predictable visual stimulus.



Materials and methods Subjects Experiments were performed on 12 healthy subjects aged 22–32 years (eight males). All subjects were right handed by self report. All subjects gave informed consent and the study had local ethical approval (The French Institutional Ethics Committee).



Behavioural task Subjects were comfortably seated at a table in front of a computer screen in a dimly illuminated room. On the table in front of the subject



2548 J. Kilner et al. was a four-button response-box. Subjects learnt before experimentation the mapping between four abstract shapes and the four possible button responses (two for the index and middle ﬁngers of each hand). These associations were counterbalanced across subjects. The four abstract shapes were created such that they had the same internal area, the same external length and they could not easily be verbally described (see Fig. 1a). Every trial started with the presentation of a small ﬁxation cross in the centre of the screen (see Fig. 1a). Exactly 1.5 s later one of the four shapes was displayed to the subject in the centre of the screen. Subjects were instructed to respond as quickly and as accurately as possible to the stimulus by pressing the associated response button. On detection of the button press the ﬁxation cross reappeared on the screen and the next trial started. Once subjects could perform the task with a high degree of accuracy (correct responses for 10 consecutive stimuli) they then performed 600 trials, in six blocks of 100 trials, consisting of 150 repetitions of each of the four stimuli presented in a pseudo-randomized order. Before the experiment subjects were told that one of the stimuli, hereafter referred to as the CUED stimulus, would only appear after a second of the stimuli, hereafter referred to as the CUE stimulus. In this way subjects could predict the occurrence of one, and only one, of the stimuli, the CUED stimulus. However, to ensure that the subjects attended to and processed the CUED stimulus before responding, 10% of the stimuli following the CUE stimulus were one of the other two stimuli. Those stimuli that were neither CUED nor CUE will be referred to as NEUTRAL stimuli. Out of the 600 trials given to each subject, 150 involved the CUE stimulus, 135 the CUED stimulus and 315 the NEUTRAL stimulus. The imbalance between the number of CUED and the number of CUE stimuli reﬂects the 10% ‘surprise’ trials described above, now classed as NEUTRAL. As data collected from these surprise trials were likely to reﬂect abnormal processing, the



responses from these trials were not analysed. This left a total of 300 NEUTRAL trials for further analysis.



Recordings Electrical activity was recorded at the scalp using a 65-channel Geodesic Sensor Net EEG system through AC-coupled high input impedance ampliﬁers (200 MW, Net Amps, Electrical Geodesics Inc., Eugene, OR, USA). The net had silver ⁄ silver chloride electrodes. Ampliﬁed analogue voltages (0.1–200 Hz bandpass) were sampled at 500 Hz. Electrode impedance was kept below 50 kW. An electrode placed in the neck and an electrode placed in the vertex served as ground and record reference, respectively. The time and type of both the stimulus presented and the button response were recorded. Ofﬂine the data for each trial were epoched such that there was a window of 500 ms before and 250 ms after each of the stimulus presentations. The EEG recordings for each period were then converted by subtraction to average reference (Keil et al., 1999; Nunez et al., 2001). Trials contaminated by eye blinks or eye movements were rejected from the analysis using an algorithm developed by Electrical Geodesics Inc., which detects fast and high voltage variations. In addition, any segments with a voltage higher than ± 70 lV were rejected. In total, based on these artefact rejection criteria, 29% of trials were rejected.



Reaction time analysis All trials for which the subject made an incorrect response were rejected from any further analysis (3.2% of trials were rejected on this criterion). The reaction times for each trial were log transformed and



Fig. 1. Stimuli and reaction times. (a) Example of the stimuli used. Note that each of the four abstract stimuli had the same internal area and the same luminosity and intensity. (b) The mean response times for the CUED, CUE, NEUTRAL and REPEATED stimuli. Error bars shown are the SEM. These reaction times (RTs) were calculated over a mean of 93.9, 107.7, 146.8 and 75.3 trials, respectively. A one-way repeated measures anova revealed that there was a signiﬁcant effect of task type. All signiﬁcant post-hoc tests are shown by *, indicating P < 0.05 corrected for multiple comparisons. ª 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 21, 2547–2554



Ongoing oscillatory activity 2549 any trial with a reaction time that was greater than three SDs away from the mean reaction time for that subject and that trial type or was less than 100 ms was rejected from any further analysis (less than 0.5% of trials were rejected on this criterion).



Spectral analysis All spectral and statistical analyses were performed in Matlab using software developed for the purpose. A version of these routines will be made available in future releases of statistical parametric map (SPM) software (http://www.ﬁl.ion.ucl.ac.uk/SPM/). Quantiﬁcation of the oscillatory activity was performed using a wavelet decomposition of the EEG signal. The wavelet w(t,f) used was the complex Morlet’s wavelet whose expression is: wðt; f Þ ¼ expðt2 =2r2 Þ expð2ipftÞ=p1=4 r1=2 : For a given frequency, f, it oscillates at this frequency and has a Gaussian shape (SD r), the coefﬁcient ensuring a unitary normalized total energy. The resulting wavelet decomposition v(t,f) of the signal u(t) is obtained by the convolution of the signal with the wavelet. From this decomposition the energy is usually calculated by taking the square modulus of v. Here, however, we calculate the magnitude of the signal, the modulus of v (see below for details). The magnitude quantiﬁes the presence of frequency f in the signal in a temporal window around t. When the frequency is varied, the family of wavelets deﬁned by sigma ¼ r ⁄ 2pf is used, where r is a constant. This means that wavelets have the same form, their duration being inversely proportional to the frequency, which implies that the signal will be analysed at every frequency on the same number of periods. In practice, r should be greater than 5, and here has been chosen to be 7. Here the wavelet decomposition was performed across a 5–100-Hz frequency range. The wavelet decomposition was performed for each trial, each electrode and each subject. These time-frequency maps were subsequently averaged across trials of the same task type.



Statistical analysis The resultant data were of high dimensionality, two dimensions to describe the data in time-frequency space and either two or three dimensions to describe the position of the electrode (depending on whether the electrode position is mapped in two or three dimensions). Such data sets that are continuous in more than one dimension are not only difﬁcult to visualize and interpret but are problematic to analyse, due to the number of independent observations that must be taken into account when using classical inference. A popular approach to circumvent these difﬁculties is to average the time-frequency maps over either an a priori window in time-frequency space and ⁄ or a priori electrodes of interest. This approach relies on the experimenter knowing these details a priori. In the current study, although we were able to deﬁne broad frequency bands and electrodes of interest based on previous studies, there was no existing literature on which to base a prediction of when exactly in the pre-stimulus period we could have predicted any effect. Therefore, we were unable to use any of the existing approaches in our statistical analyses. Instead here we have borrowed random ﬁeld theory procedures from the fMRI and PET neuroimaging modalities and applied them to SPMs of the timefrequency power maps and the two-dimensional scalp topographies (for the details of this new statistical approach to EEG analysis see Kilner et al., 2005). The advantages of the approach are that it requires minimal a priori information, it returns P-values that are corrected for



the number of multiple independent comparisons, i.e corrected for family wise error (FWE), and it returns corrected P-values for both the peak height and for clusters or ‘blobs’. One requirement of the random ﬁeld theory approach is that the data be multivariate normal. This is not the case for the energy measure returned from the wavelet decomposition. Therefore, we used the magnitude of the signal as our measure of interest. Before further analysis each time-frequency map was normalized such that the sum of the magnitudes across all timepoints was unity for each frequency. The current study was designed to test two hypotheses: that gamma band activity at occipital electrodes should increase before the CUED stimulus compared with the non-cued stimuli and that beta band activity at electrodes overlying contralateral sensorimotor cortex should decrease before the CUED stimulus compared with the noncued stimuli. Therefore, the contrasts of interest in testing these hypotheses were the CUED conditions minus the CUE or NEUTRAL conditions. For the gamma-band activity all three contrasts were analysed and all three showed qualitatively similar results. To avoid prolixity only the CUED minus the CUE contrast is shown and discussed here. For the beta band, as the modulation in sensorimotor beta band activity is known to be contralateral to the moving hand, the contrast used for testing for beta band effects was CUED minus noncued. Here the non-cued stimulus was the stimulus whose response was of the same hand as the CUED stimulus. For example, if the CUED condition required the right foreﬁnger to be used then the contrast used would be between the CUED condition and the associated condition for the right second ﬁnger. For half of the subjects these responses were made by the left hand and half were made by the right hand. To ensure that the EEG data were in a common frame of reference across all subjects the EEG data from those subjects who responded with their left hand were transformed such that the electrode positions were reﬂected about the midline. The result of this transformation was that the electrodes which were originally on the right side of the scalp now appeared on the left and therefore were in the same space as the data from the subjects who responded with their right hand. Statistical analysis of the scalp topographies and the time-frequency maps of these contrasts were performed separately. In a primary analysis electrodes of interest were identiﬁed. For each subject the time-frequency map at each electrode was averaged across the entire 500-ms pre-stimulus window and across either the 15–30-Hz frequency bins for the beta band or the 30–70-Hz frequency bins for the gamma band. This produced one value per electrode per subject. For each subject a two-dimensional scalp topographic map of these data was calculated. These maps were convolved with a twodimensional Gaussian smoothing kernel of full-width-half-maximum of 8 mm (for details see Kilner et al., 2005). These smoothed twodimensional images were subsequently analysed in SPM2 (Wellcome Department of Imaging Neuroscience, London, UK). Electrodes of interest were deﬁned as the electrode with the maximum t-score and electrodes surrounding it. In a second analysis, for each subject the time-frequency maps of the appropriate contrast were averaged across the electrodes of interest identiﬁed in the ﬁrst analysis step. These time-frequency maps were convolved with a two-dimensional Gaussian smoothing kernel of full-width-half-maximum 90 ms and 6 Hz for the gamma activity and 90 ms and 3 Hz for the beta activity. These smoothed two-dimensional images were subsequently analysed in SPM2 and signiﬁcant effects in time-frequency space were identiﬁed. In a ﬁnal analytic step the ﬁrst step was repeated but now, instead of averaging over the entire pre-stimulus time period and frequency band, the time-frequency maps were averaged over the time-frequency space where signiﬁcant effects were identiﬁed in step
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2550 J. Kilner et al. 2. All statistical tests are reported at the P-value corrected for FWE and at the uncorrected P-value. In the results presented here the uncorrected P-value is equivalent to the P-value from a one-tailed t-test with no correction for the number of independent comparisons made, whereas the corrected value has been adjusted for the number of independent comparisons.



Results Reaction times The trials in the experiment were classed as NEUTRAL, CUED or CUE, as described in Materials and methods. However, inspection of the reaction time data revealed that the NEUTRAL trials were bimodally distributed. The quicker of the two clusters corresponded to trials where the stimulus was a repeat of the preceding stimulus, e.g. where Stimulus 1 was followed by Stimulus 1, and the slower of the clusters corresponded to the trials where the repetition did not occur, e.g. Stimulus 1 preceded by Stimulus 4. Repeated neutral items (M ¼ 0.55, SD ¼ 0.03) were reliably quicker than non-repeated neutral items (M ¼ 0.68, SD ¼ 0.04, t(11) ¼ 6.34, P < 0.0005). In fact, this observation is a well-known ﬁnding in the psychological



literature (e.g. Bentin & McCarthy, 1994), where repeated items are routinely treated differently when investigating sequence learning. Following this example, we did not consider that the repeated neutral items were appropriate as controls for our CUED trials and we therefore removed them from any further analysis (approximately 100 trials per subject). Hereafter, NEUTRAL will refer only to the nonrepeated neutral trials. A one-way repeated measures anova conducted on the reaction times revealed a signiﬁcant main effect of stimulus type (F1.44,15.85 ¼ 46.835, P < 0.0005, Greenhouse-Geisser corrected for non-sphericity). Post-hoc t-tests revealed that reaction times to the CUED stimulus were signiﬁcantly faster than all other conditions (see Fig. 1b). Pre-stimulus modulations in cortical oscillatory power Pre-stimulus beta oscillations The initial analysis of the scalp topography of the pre-stimulus modulation in beta oscillations revealed a signiﬁcant difference between the CUED and the NEUTRAL conditions (Fig. 2a). There was a signiﬁcant cluster (P ¼ 0.031 corrected for FWE, Ke ¼ 651)



Fig. 2. Pre-stimulus modulation of beta oscillations. (a) Scalp statistical parametric map (SPM) across subjects for the CUED–NEUTRAL contrast after the data were ﬁrst averaged across the 500-ms pre-stimulus period and the 15–30-Hz frequency range. The image is shown thresholded at P < 0.05 uncorrected. (b) The electrodes of interest chosen from the analysis shown in (a). The electrodes of interest are shown within the white area. (c) Time-frequency SPM averaged across the electrodes of interest for the CUED–NEUTRAL contrast. The contrast image is thresholded at P < 0.01 uncorrected for family wise error. (d) Scalp SPM across subjects for the CUED–NEUTRAL contrast after the time-frequency maps were averaged across the window of interest deﬁned by the analysis shown in (c). (e) Scalp topography shown in (d) projected onto a canonical realistic head model. Note how the area of signiﬁcant difference overlies contralateral sensorimotor areas. ª 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 21, 2547–2554



Ongoing oscillatory activity 2551 located at bins overlying the contralateral sensorimotor cortex. The peak pixel within this cluster showed a signiﬁcant decrease in the magnitude of oscillations in the 15–30-Hz bandwidth before the CUED compared with the NEUTRAL condition (P ¼ 0.005 corrected for FWE, T ¼ 6.05, Z ¼ 3.93, P < 0.0001 at uncorrected thresholds). From this analysis the electrodes at and surrounding the electrode with the peak value in the SPM were deﬁned as the electrodes of interest (Fig. 2b). Electrodes 5, 9, 17, 18 and 22 were used in the subsequent analysis. The analysis of the time-frequency maps produced by averaging over these electrodes revealed where, in time-frequency space, these effects occurred (Fig. 2c). This second analysis revealed a signiﬁcant cluster in time-frequency space where there was a decrease in beta oscillations before the CUED condition compared with the NEUTRAL condition (cluster level P ¼ 0.003 corrected for FWE, Ke ¼ 2150). This cluster occurred in a time window from )122 to 30 ms and in a frequency range from 13 to 34 Hz. The peak pixel within this cluster occurred 38 ms before stimulus presentation at 20 Hz and was signiﬁcantly lower before the CUED compared with the NEUTRAL condition (P ¼ 0.007 corrected for FWE, T ¼ 8.23, Z ¼ 4.56, P < 0.0001 at uncorrected thresholds).



The ﬁnal analysis of the scalp topography averaged across the timefrequency window identiﬁed in the second analysis revealed a cluster overlying the contralateral sensorimotor cortex. Although the cluster did not reach a signiﬁcant P-value corrected for FWE across the entire map (cluster level P ¼ 0.177 corrected for FWE, Ke ¼ 233) the peak pixel revealed a signiﬁcant decrease in beta oscillations before the CUED compared with the NEUTRAL stimuli (P ¼ 0.032 corrected for FWE, T ¼ 4.72, Z ¼ 3.42, P < 0.0001 at uncorrected thresholds). Pre-stimulus gamma oscillations The initial analysis of the scalp topography of the pre-stimulus modulation in gamma oscillations revealed a signiﬁcant difference between the CUED and the CUE conditions (Fig. 3a). However, these differences did not reach a corrected level for either the cluster level or pixel level statistics but the peak pixel was signiﬁcant at P < 0.05 not corrected for FWE (cluster level P ¼ 0.521 corrected for FWE, Ke ¼ 42; pixel level P ¼ 0.508 corrected for FWE, P ¼ 0.032 uncorrected for FWE). However, given that gamma band effects are normally focal in time (e.g. Tallon-Baudry et al., 1996) and that in this initial analysis the gamma data were averaged over a 500-ms time window it is not surprising that the effects did not reach a threshold



Fig. 3. Pre-stimulus modulation of gamma oscillations. (a) Scalp statistical parametric map (SPM) across subjects for the CUED–NEUTRAL contrast after the data were ﬁrst averaged across the 500-ms pre-stimulus period and the 30–70-Hz frequency range. The image is shown thresholded at P < 0.05 uncorrected. (b) The electrodes of interest chosen from the analysis shown in Fig. 2a. The electrodes of interest are shown within the white area. (c) Time-frequency SPM averaged across the electrodes of interest for the CUED–NEUTRAL contrast. The contrast image is thresholded at P < 0.01 uncorrected for family wise error. (d) Scalp SPM across subjects for the CUED–NEUTRAL contrast after the time-frequency maps were averaged across the window of interest deﬁned by the analysis shown in (c). (e) Scalp topography shown in (d) projected onto a canonical realistic head model. Note how the area of signiﬁcant difference overlies occipital areas. ª 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 21, 2547–2554



2552 J. Kilner et al. corrected for FWE. Furthermore, the absence of supra-threshold effects at a corrected level does not in any way compromise the purpose of this initial analysis step, namely to identify the electrodes of interest. The electrodes at and surrounding the electrode with the peak value in the SPM were deﬁned as the electrodes of interest (Fig. 3b). Electrodes 32, 33, 37 and 38 were used in the subsequent analysis. The analysis of the time-frequency maps produced by averaging over these electrodes revealed where, in time-frequency space, these effects occurred (Fig. 3c). This second analysis revealed a signiﬁcant cluster in time-frequency space where there was an increase in gamma oscillations before the CUED condition compared with the CUE condition (cluster level P ¼ 0.029 corrected for FWE, Ke ¼ 1156). This cluster occurred in a time window from )472 to )341 ms and in the 33–64-Hz frequency range. The peak bin within this cluster occurred 410 ms before stimulus presentation at 41 Hz and was signiﬁcantly greater before the CUED compared with the CUE condition (P ¼ 0.05 corrected for FWE over the reduced area deﬁned by the frequency band of interest, T ¼ 4.58, Z ¼ 3.36, P < 0.0001 uncorrected). The ﬁnal analysis of the scalp topography averaged across the timefrequency window identiﬁed in the second analysis revealed a cluster overlying the occipital cortex where gamma band activity was greater before the CUED than the CUE stimuli (Fig. 3d and e). The peak bin within this cluster was signiﬁcant at corrected levels (P ¼ 0.044 corrected when the area was reduced to posterior electrodes using a disc as shown in Fig. 3d, T ¼ 3.85, Z ¼ 3.00, P ¼ 0.001 uncorrected).



Discussion The current study set out to test the hypothesis that synchronous oscillatory activity, as measured by periodicity in the EEG recordings, is modulated before stimulus presentation by the subjects’ ability to predict the forthcoming stimulus. We showed that synchronous oscillatory activity in two frequency ranges, beta and gamma bands, displayed regionally speciﬁc modulations that occurred before a predictable stimulus. Beta oscillations at electrodes overlying the sensorimotor cortex contralateral to the forthcoming movement were signiﬁcantly decreased before the predictable stimuli whereas gamma oscillations at electrodes overlying occipital cortex were signiﬁcantly increased before the predictable stimuli.



Experimental considerations The experimental design in the current study was chosen so as to maximize the probability of observing any pre-stimulus modulation in the ongoing oscillatory activity. To this end a constant interval between response and subsequent stimulus presentation (1.5 s) was chosen. Subjects are better able to predict and react to a stimulus when they are conﬁdent about its time of presentation. As we had no a priori knowledge about the time-course of any modulations in the ongoing activity before the stimuli we felt that having a constant interval would increase the chances of observing any changes that could occur at a ﬁxed time relative to stimulus presentation. There is an obvious cost of having a ﬁxed time between response and stimulus presentation, namely that it is impossible to dissociate effects that we interpret here as before the stimulus from those that are post-response effects. However, it would seem improbable that the effects observed here were post-response effects. The effects occurred over 1 s after the



response and would therefore have to be reliable long-term EEG responses. As the authors know of no literature that would suggest that we should have predicted a difference in gamma oscillations at occipital electrodes 1 s after identical motor responses we prefer to interpret our ﬁndings as a result of the pre-processing of the forthcoming stimuli.



Modulation in pre-stimulus beta oscillations Here we have shown that oscillations in the beta range were signiﬁcantly attenuated before the CUED stimulus compared with the NEUTRAL stimuli. Furthermore, this pre-stimulus attenuation occurred speciﬁcally at electrodes overlying the sensorimotor cortex contralateral to the hand associated with the correct response to the CUED stimulus. It is now well established that neurones within the sensorimotor cortex of monkeys and humans have synchronous oscillatory activity in the 15–30 Hz range (Jasper & Penﬁeld, 1949; Gastaut, 1952; Murthy & Fetz, 1992, 1996a,b; Sanes & Donoghue, 1993; Salmelin & Hari, 1994; Stancak & Pfurtscheller, 1996; Baker et al., 1997; Donoghue et al., 1998) and that the magnitude of these oscillations is attenuated during periods of motor activity and augmented just subsequent to movement termination (Salmelin & Hari, 1994; Nagamine et al., 1996; Stancak & Pfurtscheller, 1996; Baker et al., 1997; Kilner et al., 2000). However, here the modulations in the amplitude of 15–30 Hz oscillatory power occurred before any movement onset and therefore can not simply be attributed to any differences in the movement per se, such as acceleration or velocity. Previous studies that have also reported an attenuation in beta power before movement onset have argued that such modulations are related to periods of motor preparation (Alegre et al., 2003; Salenius et al., 1996; Leocani et al., 1997; Pfurtscheller et al., 1998). For example, Alegre et al. (2003) showed that the power of beta oscillations at sensorimotor electrodes was more attenuated before a movement cue when the movement cue was periodic, and therefore totally predictable, compared with when the movement cue was aperiodic. It would therefore seem likely that the attenuation in the beta oscillations that occurred uniquely before the CUED stimulus was a neural correlate of the motor preparation of the next movement.



Modulation in pre-stimulus gamma oscillations In the current study we observed increases in gamma oscillations in a period before the stimulus presentation. Previous studies have observed increases in occipital gamma oscillations either during or after stimulus presentation. It has been proposed that such poststimulus modulations in gamma activity reﬂect the processing of visual stimuli and ⁄ or increases in the attentional demands of the task (Tallon-Baudry et al., 1995, 1996, 1997, 1999; Keil et al., 1999; Gobbele et al., 2002; Gruber et al., 2002). However, in contrast to previous studies of post-stimulus gamma oscillations, the modulations presented here occurred in the absence of an external stimulus and were therefore entirely internally generated. Although it is not possible to infer the source of the oscillatory activity by the pattern of activity at the scalp, the scalp topography of the gamma increase before the CUED stimulus is consistent with previous studies investigating topdown modulations of visually induced gamma band activity. These studies have argued that the likely source of such oscillations is in the visual cortex (striate and extrastriate) (Tallon-Baudry et al., 1997). Modulations in the on-going oscillatory activity are likely to reﬂect a reorganization of the neural networks. This functional role for gamma
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Ongoing oscillatory activity 2553 oscillations was proposed by Engel et al. (2001) and the current study was explicitly designed to test this hypothesis. Here such modulations in the on-going activity that occurred before the predictable stimulus presentation could subserve the future processing of the forthcoming stimulus ‘priming’ the system to respond as rapidly as possible to the stimulus upon its presentation.



Functional role for pre-stimulus modulations in oscillatory activity When subjects perform a reaction time task, in order to make a correct response subjects must ﬁrst process the visual stimulus, make an association of this visual stimulus to the correct button response, then prepare and ﬁnally execute the appropriate motor response. When subjects can correctly anticipate the forthcoming stimulus it has been suggested that these processes can occur before the stimulus is delivered, through anticipatory attention and motor preparation, leading to a subsequent reduction in the reaction time (see Brunia & Boxtel, 2001 for a review). Here we show that, during this period of anticipation, there are regionally- and frequency-speciﬁc signiﬁcant modulations in cortical oscillatory activity. We propose that these regionally-speciﬁc modulations of gamma and beta oscillatory activity reﬂect the pre-stimulus neural processes of anticipatory attention and motor preparation, respectively. It is noteworthy that, in the current study, the modulations in the gamma activity preceded the modulations in beta activity. Although speculative, it is tempting to suggest that this may reﬂect a temporal order for the pre-stimulus processing steps, i.e. that when the stimulus can be predicted with some certainty the forthcoming stimulus must ﬁrst be processed before the appropriate motor response can be prepared. Studies of synchronization of neurones, both short-term and oscillatory, during or subsequent to stimulus presentation have led to the proposal that neuronal synchronization could act as a mechanism through which multiple neuronal networks could be coupled and efﬁciently transmit information (Riehle et al., 1997; Engel et al., 2001; Fries et al., 2001a,b). We propose that the results of the current study reﬂect a dynamic reorganization of the coupling between and within different cortical areas that occurs pre-stimulus, in the absence of any external cue, when subjects are conﬁdent that they can predict the forthcoming image. Such a reorganization could act to ‘prime’ neuronal networks in the absence of any stimulus and allow a more efﬁcient and reliable processing of the cued stimulus upon its presentation, resulting in a faster response time.
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Spectral analysis. All spectral and statistical analyses were performed in Matlab using software developed for the purpose. A version of these routines will be. 
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