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Abstract Recently the study of induced gamma band oscillations has focused on their modulation by top-down processes, mainly attention. Numerous studies have observed an increase in induced gamma band energy with increases in covert selective attention and visual perception. The current study investigated the modulation of visually induced gamma band oscillations by top-down processes associated with task complexity. Fourteen human subjects performed a reaction time task under two experimental conditions that differed in task complexity. In one, subjects simply had to press one of four buttons that corresponded to a colour stimulus shown to the subject. In the second, the stimulus response mapping was altered by the implementation of a rule, thus increasing task complexity. Cortical electrical activity was recorded using a 65 electrode whole scalp electroencephalographic (EEG) net. The EEG activity was analysed using Morlet wavelets to produce time±frequency maps. Although induced gamma band activity was observed in both conditions, there was signi®cantly greater energy during the rule-operation condition at approximately 276 ms after the appearance of the stimulus. This increase was localized to electrodes overlying the right-central parietal scalp. The results of this study show that topdown processes modulate the level of induced gamma band activity. We discuss these ®ndings in terms of the role of gamma oscillations in the construction of a sensory representation useful for a correct motor response.



Introduction In recent years there has been a renewed interest in cortical oscillatory activity in the gamma frequency range (30±70 Hz). In particular, interest has focused on a speci®c component of gamma band activity, the induced gamma activity. Galambos & Makeig (1992) classi®ed electroencephalographic (EEG) activity in the gamma band as either induced or evoked, de®ning evoked gamma oscillations as those precisely phase locked to a stimulus and induced gamma oscillations as those arising from a given stimulus but that were not precisely phase-locked to it. The increased interest in induced gamma activity was initially fuelled by the discovery of gamma band synchronization between neurons recorded from the cat visual cortex (Gray & Singer, 1989). These authors proposed that such induced synchronous cortical oscillatory activity could act as an integrative mechanism that may bind together distributed neuronal networks to produce a coherent percept (Singer & Gray, 1995). More recently, interest in induced gamma oscillations has largely focused on their role in top-down processes (Engel et al., 2001). In humans, gamma band oscillations, induced by visual stimuli and measured by EEG, have been demonstrated to be modulated by the level of selective attention and/or perception. In the mid 1990s TallonBaudry and colleagues published a body of work investigating the role of visually induced gamma oscillations in feature binding of both real Correspondence: Dr Andres Posada, as above. E-mail: [email protected] Received 3 June 2003, revised 4 August 2003, accepted 12 August 2003 doi:10.1046/j.1460-9568.2003.02962.x



and perceived images (Tallon et al., 1995; Tallon-Baudry et al., 1996, 1997, 1999). They demonstrated that induced gamma band activity was modulated when the same visual stimulus was perceived differently (Tallon-Baudry et al., 1997). Subsequently, it has been shown that there are marked modulations in induced gamma band energy with the level of selective attention (Keil et al., 1999; MuÈller et al., 2000; Gruber et al., 2002). These authors argue in favour of a functional role of induced gamma band activity in top-down processing of visual stimuli. In light of this putative role of induced gamma band oscillations in top-down processing, the current study investigated the effect of modulation of such gamma activity with the level of task complexity, through the implementation of a rule. We used a paradigm previously implemented in the evaluation of executive function de®cits in patients with schizophrenia (Posada & Franck, 2002). The task consisted of two conditions, both using the same visual stimuli. The conditions differed in the instructions given to the subjects, with one requiring the implementation of a rule to give the correct response (rule-operation) and the other requiring a simple association of the colour of the stimulus with the colour of the response buttons (sensory association). We show that induced gamma band activity was signi®cantly greater during the rule-operation than the sensory association and that this difference was localized to scalp electrodes overlying the right-central parietal cortex. In addition, we show that this difference in induced gamma activity preceded any changes observed in either the event-related potentials or the lateralized readiness potential between the two conditions. The results are discussed in terms of the role of
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Methods



electrode that had been removed from the analysis in more than two subjects was removed from the analysis for all subjects. In total, 32% of the segments were eliminated. Wavelet transform



Subjects Fourteen subjects, right handed, neurologically intact and with a mean age of 28 years ( 9.4) participated in this study. All subjects were advised of the details of the procedure and gave their informed consent to participate. The study was approved by the French institutional ethics committee (CCPRB No. DGS 2000/0467) and informed consent to participate to the experiment was obtained from all participants prior to their inclusion in the study. Stimuli and task Subjects were comfortably seated in front of a table, on which a computer monitor and a button box were placed. The stimuli consisted of four squares (6  6 cm) of different isoluminant colours (red, yellow, green, blue). Each colour square was randomly presented in the middle of the screen such that it subtended about 1.78 of visual angle. Subjects were instructed to respond to each stimulus by pressing one of the four coloured buttons (left to right: red, yellow, green, blue) on a button box. Subjects put the index and middle ®nger of each hand on each one of the four buttons on the button box. Permanently displayed on the screen just below the stimulus were four coloured boxes such that their order corresponded with the order of the buttons. The presence of the boxes avoided unnecessary eye movements and reduced memory load. In the sensory association responses, subjects were instructed to press the button of the same colour as the stimulus. In the ruleoperation responses subjects were instructed to use a rule of permutation of the buttons' response (when the colour of the index button of left hand was shown, subjects were instructed to press the middle button of the right hand and the same for the other two buttons). Subjects performed two blocks of each condition in the order sensory, rule, sensory, rule. Subjects were informed about the nature of the task to be performed at the beginning of each block. Each block comprised three mini-blocks of 16 trials, thus for each condition 96 trials were collected. Each trial began with a ®xation point that was followed between 400 and 800 ms later by a coloured square. After the response, the stimulus square disappeared and feedback (either `correct' or `error') was displayed for 1000 ms. An interval of 1500 ms separated the feedback and the ®xation point of the next trial. Reaction times were recorded. The percentage of error trials was small (


EEG recordings were segmented 1000 ms before and 800 ms after the stimulus. Before computation of the wavelet coef®cients, segments were re-averaged such that the reference was the average reference by subtracting the mean of all the channels on the scalp at each sampling point. Quanti®cation of the gamma band activity was performed using a wavelet decomposition of the signal, which is an appropriate mean to represent the original signal in the time±frequency plane (Bertrand et al., 1999; Tallon-Baudry et al., 1997). The wavelet c(t,f) used was the complex Morlet's wavelet whose expression is:



c(t, f ) ˆ exp(



t2/2s2) exp(2ipft)/p1/4s



1/2



(1)



For a given frequency f, it oscillates at this frequency, and has a Gaussian shape (standard deviation s), the coef®cient 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, and from it, the quantity of interest here, the energy, is calculated taking the square modulus of v. This energy quanti®es the presence of frequency f in the signal in a temporal window around t. When frequency is varied, the family of wavelets de®ned by sigma ˆ 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 has been chosen here to be 7. The frequency range used here was 2±60 Hz. To obtain induced gamma activity, the energy obtained for each trial was averaged across trials in order to extract the phase-locked activity from non-phase-locked activity and noise, the magnitude of the latter decreasing by averaging across trials. To calculate the evoked gamma activity, the EEG segments were aligned to the stimulus and averaged; subsequently the energy for these averaged responses was computed. At each frequency, the mean energy in the prestimulus period 800 ms to 200 ms was subtracted from the energy in the total period, de®ning a baseline activity at each frequency. Statistical analysis The study tested the null hypothesis that there would be no modulation of the visually induced gamma activity by task complexity. In an initial analysis, time±frequency maps were averaged across all electrodes for each condition and subject to produce a single time±frequency plot for each condition and subject (as in Rodriguez et al., 1999). As the precise timing and frequency range of the visually induced gamma oscillations varies between subjects (see Fig. 1), for each subject the time and frequency of the peak energy value in a time window from 200 to 500 ms post-stimulus was calculated for each condition. The same approach was adopted for the evoked gamma activity in a time window 0±200 ms post-stimulus. All further analyses were performed on the average energy in a time window of 50 ms and a 10-Hz window centred on the maximum energy value for each subject. The difference between both conditions was statistically assessed by paired t-tests. In a second analysis used to locate the position on the scalp of any signi®cant difference in induced gamma oscillations between conditions a singular value decomposition (SVD) was performed on the average energy in the ‡25 ms 25 ms/‡5 Hz 5 Hz window around the maximum values. The SVD method allows a representation of a
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Induced visual gamma activity and task complexity data set using a smaller number of variables, and a detection of patterns in noisy EEG data. To ensure that the data for one subject did not bias the SVD the data for each subject were normalized such that the spatial variance for each subject was the same, and was equal to one. To avoid explaining artefactual data points in subjects where electrodes had been removed owing to noisy recordings, data for these electrodes were obtained by linearly interpolating the values of the neighbouring electrodes: The SVD of a rectangular matrix A is a decomposition of the form



A ˆ USVT



(2)



where U and V are orthogonal matrices, and S is a diagonal matrix. For our data set A was a 14  65 matrix where the rows were individual subjects and the columns the electrodes. The left singular vectors, U, will be referred to as the subject singular vectors and the right singular vectors, V, as the electrode singular vectors. In this study we only analysed the ith singular vectors where i corresponded to the order of the maximum singular value in the diagonal matrix, S. Therefore, a topographical map of the induced gamma oscillations that best explains the variance across subjects, the ith electrode singular vector and the subject singular value was obtained. We then tested if the ith electrode singular vector was signi®cant by testing the signi®cance of the ith subject singular vector from zero using a t-test. (Note that this assumes a normal distribution of the subject ith singular vector. This can be justi®ed based on the central limit theorem.) As this approach only uses one t-test, there was no necessity to correct for multiple comparisons. For illustrations purpose, the energy coef®cients were normalized [x mean(x)/SD(x)] at each frequency (10±60 Hz) in the 0±600 ms segment. Statistical analyses of the reaction times were performed with a paired t-test comparing the mean of the reaction time in each condition.



Results Behavioural data As predicted from a previous study (Posada & Franck, 2002), there was a signi®cant difference in the reaction time between the rule-operation
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responses and the sensory association responses (paired t-test, t13 ˆ 9.05, P < 0.0001) with the mean response time equal to 808  136 ms for the rule-operation responses and 587  90 ms for the sensory association responses. Visually induced gamma oscillations Figure 1A±C shows the time±frequency plot of the normalized EEG recordings averaged across all scalp electrodes for the two conditions in three subjects. In each plot there was a clear increase in the energy in the gamma frequency band (30±60 Hz) approximately 300 ms after the appearance of the stimulus. Furthermore, such increases were observably greater for the rule-operation responses than for the sensory association responses (compare the top row with the bottom row in Fig. 1A±C). In addition, although it can be observed that the latencies of the burst of gamma activity varied between subjects, for any given subject they were invariant between the two conditions (t13 ˆ 0.74, P ˆ 0.47). Across subjects the latency of the maximum energy in the 30±55 Hz band had a mean of 330  68 ms for the rule-operation responses (ranging from 232 to 444 ms) and a mean of 311  91 ms in the sensory association responses (ranging from 204 to 492 ms). The average of the difference of the latencies between conditions was 19  96 ms and no signi®cant difference was observed between the latencies of the two conditions (P ˆ 0.26). Furthermore, no signi®cant correlation was found between the latency of induced gamma oscillatory burst and the reaction time (r ˆ 0.13). The frequency of the maximum varied between subjects with a mean of 47.9  7.7 Hz in the rule-operation condition and with a mean of 49.6  7.9 Hz in the sensory association condition. No signi®cant difference in the frequency of the maximum of gamma activity was observed between the two conditions (P ˆ 0.78). To evaluate statistically the observed modulation of the gamma activity (averaged across all scalp electrodes) between the rule and sensory conditions, a paired t-test was performed paired between the mean, non-normalized, energy in a 25 ‡25 ms/ 5 ‡5 Hz window centred on the peak of gamma activity. The mean energy was signi®cantly higher for the rule-operation than for the sensory association condition (t13 ˆ 2.06, P < 0.05) with a mean of 0.0119 mV2/Hz/s in the rule-operation responses and 0.0072 mV2/Hz/s in the sensory association. This difference between the induced gamma activity between the



Fig. 1. (A±C) Examples of the time±frequency map for three subjects (2, 7 and 10) in the rule-operation (top row) and sensory association (bottom row) conditions. In each plot, time is shown on the x-axis and frequency on the y-axis. The scale for the colours is shown in C. The values in each spectrum are normalized at each frequency (z-scores), in order to normalize between subjects. x-axis, time in seconds after the stimulus appearance; y-axis, frequency in Hertz. (D) The difference between conditions (rule minus sensory) of the averaged energy in the ‡25 to 25 ms/ 5 to ‡5 Hz around maximum for the 14 subjects. x-axis, subjects; y-axis, energy difference in mV2/Hz/s. ß 2003 Federation of European Neuroscience Societies, European Journal of Neuroscience, 18, 2351±2356
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Fig. 2. The scalp topography of the energy averaged across the ‡25 25 ms/ 5 ‡5 Hz window around the maximum and averaged across the 14 subjects for the sensory association (right) and rule-operation (left) conditions. The middle plot shows the signi®cant scalp topography of the difference between the two conditions computed using the SVD approach detailed in the Methods (P < 0.05). Nose up. Scale bar: energy in mV2/Hz/s.



rule-operation and sensory association responses is shown graphically for each subject in Fig. 1D. To discard possible arousal effects in the gamma difference between conditions, we compared the averaged energy in the alpha band (8±12 Hz) in the time window (200±500 ms) used to obtain the gamma peak. No signi®cant difference was observed (P ˆ 0.1174) between the rule and sensory conditions in this frequency range.



an increase in the power of induced gamma oscillations when the subjects required the use of a rule, a top-down process, to make the correct response. The scalp localization of this increase was to electrodes overlying the central-right parietal cortex. Technical considerations



The average of the gamma energy in the time-frequency window centred on the peak of gamma activity in both condition is shown in Fig. 2. Gamma activity can be observed in frontal and parietal regions in the rule-operation condition and only in frontal regions in the sensory association condition. The electrode singular vector of the SVD of the difference in induced gamma energy during the rule-operation condition compared with the sensory association displayed a scalp topography that showed a consistent increase in induced gamma energy in the rule-operation condition across subjects at electrodes overlying a central-right posterior scalp region (Fig. 2). Furthermore, this pattern of scalp topography was signi®cant (t-test of the subject singular vector testing whether this was signi®cantly different from zero, P < 0.05).



In order to minimize the effect of the common reference in the current study, the EEG was referenced to the average of all electrodes, the global reference. It has been demonstrated that for dense electrode arrays, the average reference potential normally approximates the theoretical potential at in®nity (Keil et al., 1999; Nunez et al., 2001). As such, it was the appropriate reference to use in this study. However, such re-referencing of the EEG data set to the global reference can produce artefactual ghost ®elds across the array of electrodes. Visual inspection of the distribution of electrical activity across the whole scalp after re-referencing indicates that this was unlikely to be a confounding problem in the current study (see Fig. 2). A second source of possible artefactual gamma activity is scalp and neck muscle activity. The visually induced gamma activity seen in the current study was unlikely to be an artefact of such muscle activity. Muscle artefacts would be unlikely to have a scalp topography that showed differences overlying the parietal cortex.



Visually evoked gamma oscillations



Increase of gamma oscillations



No signi®cant difference was observed in the peak energy of the evoked gamma activity between the sensory association and ruleoperation conditions (P ˆ 0.96). In the rule-operation condition the mean energy was 0.00059 mV2/Hz/s (range 0.0001±0.0029 mV2/Hz/s) and in the sensory association condition it was 0.00058 mV2/Hz/s (range 0.0002±0.0019 mV2/Hz/s). In addition, no signi®cant difference was observed in the latencies of the peak of gamma energy (P ˆ 0.55) with mean latencies equal to 109 ms in the sensory association condition and 120 ms in the rule-operation condition.



In the current study we have shown that in both the sensory association and the rule-operation conditions there was a burst of gamma activity approximately 280 ms after the presentation of the visual stimuli (see Fig. 3). This corresponds well with previously reported latencies of visually induced gamma oscillations (Tallon et al., 1995; TallonBaudry et al., 1996, 1997, 1999; MuÈller et al., 2000). Furthermore, this burst was not present in the time±frequency maps generated by ®rst averaging across trials and subsequently performing the wavelet analysis, in agreement with the ®ndings of Tallon-Baudry et al. (1997) and therefore can be considered induced and not evoked by the visual stimulus. Indeed, in contrast to previous studies on task complexity (Senkowski & Herrmann, 2002) it was only the induced gamma oscillations that were signi®cantly modulated by task complexity. No signi®cant modulations were found in either the peak energy or the latencies of the evoked gamma oscillations. The latencies of the



Scalp topography of the induced gamma oscillations



Discussion In the current study we investigated the modulations of visually induced gamma oscillations in two tasks, one requiring sensory association and the other rule-operation responses. The results showed
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Induced visual gamma activity and task complexity



Fig. 3. Comparison between induced gamma activity and event related potential (ERP) and lateralized readiness potential (LRP). (A and B) The time± frequency maps, averaged across electrodes and across subjects, of the energy for the rule-operation and sensory association conditions. The data were normalized at each frequency range in the 0±600 ms interval after the stimulus presentation. C to E have been reproduced from a previous analysis of the same data investigating modulation in the ERPs and LRPs with the implementation of a rule (Posada et al., 2003). (C) Plot of the ERP obtained with the same task at a fronto-central electrode (corresponding to FC2 in the 10±20 system). The ERP obtained for the sensory association condition is shown in grey and that for the rule-operation condition is shown in black. (D) The latency of the signi®cant difference between both the ERPs for the rule-operation and sensory association conditions in the 65 electrodes of the Geodesic sensor net v2.0 reorganized in nine scalp regions (A, anterior; C, central; P, posterior; R, right; M, middle; L, left); black bars are P < 0.05. (E) The LRP of the sensory association and ruleoperation conditions; the grey square is the period when the LRPs were signi®cantly different (P < 0.05). Time 0 is the time of stimulus appearance. The vertical lines running through plots A±E show the duration of the stimulusinduced gamma band activity. Note how the gamma band activity occurs prior to any signi®cant differences in either the ERP or the LRP.



peak induced energy in the gamma frequency range in the two task conditions were not signi®cantly different. This is in contrast to the mean response times in the two conditions, which were signi®cantly longer in the rule-operation condition. It is important to note that the
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latencies of the gamma oscillations were well in advance of the response times for each subject and cannot therefore simply be artefacts of the response. It is therefore highly unlikely that the observed augmentation of the energy in the gamma range with increased task complexity was due to processes involved in the execution of the response per se. Rather, it more probably re¯ects a difference at the level of the visual processing of the stimuli. As the visual stimuli were identical in the two tasks, any differences in visual processing between the two conditions are likely to re¯ect the different demands of coupling the visual stimuli to their appropriate motor act. Previous studies have demonstrated modulations in the visually induced gamma activity that have been attributed to the processes of attention. Tallon-Baudry et al. (1997) demonstrated an increase in induced gamma band activity when subjects correctly perceived an image when they viewed an ambiguous ®gure compared with when they did not perceive the image. These authors suggested that the observed modulation in induced gamma could re¯ect two processes: bottom-up binding processes related to the representation of a meaningful object, and top-down processes related to selective attention. In agreement with this role in top-down processing it has been demonstrated that sensorially induced gamma activity is increased in tasks that explicitly modulated the levels of selective visual attention (MuÈller et al., 2000; Gruber et al., 2001), selective auditory attention (Tiitinen et al., 1993) and selective somatic attention (Gobbele et al., 2002). In relating these ®ndings to those of the current study it is important to address the processes that could be modulated by the increase in task complexity through the implementation of the rule. It would seem unlikely that the increase in task complexity simply increased the overall level of sustained attention, as there were no signi®cant modulations in the amplitude of low-frequency oscillations that are normally associated with changes in the level of arousal. One possible factor that is likely to have been modulated by task complexity through introduction of a rule is the top-down process of remapping of the required response, which would concomitantly have involved changes in the level of covert visuospatial attention and selective attention. magnetic resonance imaging and positron emission tomography neuroimaging studies investigating selective spatial attention tasks have routinely found activity in the right parietal cortex (Corbetta et al., 1995; Nobre et al., 1997). Although the source(s) of the observed difference in the induced gamma activity is not known in the current study, the fact that the area of signi®cant difference is highly localized on the scalp is indicative of a source(s) that is relatively super®cial. It is possible that the source(s) of the difference observed between the ruleoperation and sensory association responses may therefore be in the central right parietal cortex. Relationship with ERP study of the same data In the current study the difference in induced gamma band activity between the two conditions became signi®cant at approximately 280 ms after the time of stimulus presentation (Fig. 3). This preceded any signi®cant differences in event-related potentials (ERP) (312±512) between the two conditions that was demonstrated in a previous analysis of the same data (Posada et al., 2003; reproduced in Fig. 3) The difference in the induced gamma activity occurred just before the last and largest component of the ERP, the P300 (latency 300±800 ms). The P300 is an endogenous component modulated by a large number of cognitive processes. In addition, the difference in the induced gamma activity occurred before the onset of the lateralized readiness potential (LRP) (see Coles, 1989) (Fig. 3), which is a correlate of the activity in the motor cortex prior to contralateral hand movement. The precession of the differences in the ERP and LRP by
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2356 A. Posada et al. the difference in induced gamma band activity suggests that the induced gamma activity is associated with a process relatively early in the goal of correct stimulus±response selection. We propose that this is the processing of the visual stimulus by top-down attentional mechanisms according to the demands of the motor goal. The current study investigated the effect of the top-down processes involved in task complexity on the amplitude of visually induced gamma activity. The results showed an increase in induced gamma band activity with increased task complexity. Furthermore, this increase was seen at electrodes overlying the central-right parietal cortex. These ®ndings are consistent with the idea that such induced gamma oscillations are modulated by top-down processes and that they may act to integrate information from both local and spatially discrete neuronal networks. The latency after the stimulus appearance of the burst of gamma activity did not change between conditions and it appeared before other ERP markers of cognition and motor activity observed in the ERP and the LRP, respectively. This suggests that induced gamma activity represents the last step of the processing of stimulus information before the translation to motor systems.



Abbreviations ERP, event-related potential; LRP, lateralized readiness potential; SVD, singular value decomposition.
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