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Received 6 March 2006; revised 20 July 2006; accepted 26 July 2006 Available online 27 December 2006 Visuomotor transformation processes are essential when accurate reaching movements towards a visual target have to be performed. In contrast, those transformations are not needed for similar, but nonvisually guided, arm movements. According to previous studies, these transformations are carried out by neuronal populations located in the parietal and frontal cortical areas (the so-called “dorsal visual stream”). However, it is still debated whether these processes are mediated by the sequential and/or parallel activation of the frontoparietal areas. To investigate this issue, we designed a task where the same visual cue could represent either the target of a reaching/pointing movement or the go-signal for a similar but non-targeting arm movement. By subtracting the event-related potentials (ERPs) recorded from healthy subjects performing the two conditions, we identified the brain processes underlying the visuomotor transformations needed for accurate reaching/pointing movements. We then localized the generators by means of cortical current density (CCD) reconstruction and studied their dynamics from visual cue presentation to movement onset. The results showed simultaneous activation of the parietal and frontal areas from 140 to 260 ms. The results are interpreted as neural correlates of two critical phases of visuomotor integration, namely target selection and movement selection. Our findings suggest that the visuomotor transformation processes required for correct reaching/pointing movements do not rely on a purely sequential activation of the frontoparietal areas, but mainly on a parallel information processing system, where feedback circuits play an important role before movement onset. © 2006 Published by Elsevier Inc. Keywords: Reaching movements; Visuomotor transformation; Frontoparietal network; EEG; Cortical dynamics; Cortical current density reconstruction
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Introduction The correct execution of reaching movements involves the activation of cortical areas widely distributed in a frontoparietal network, the so-called “dorsal visual stream”. One of the principal roles of the frontoparietal network is to translate the information about the position of objects that have to be reached in the peripersonal space into motor commands (Battaglia-Mayer et al., 2003). Electrophysiological recordings in behaving monkeys have demonstrated the presence of visuomotor-related neurons within the parieto-occipital (Galletti et al., 1996; Fattori et al., 2001, 2005) and intraparietal sulci (Grefkes and Fink, 2005), the premotor dorsal (PMd) and premotor ventral (PMv) cortices (Hoshi and Tanji, 2004a,b). Despite the invaluable information provided by neuronal recording in monkeys, it is still partially unclear how the visual, parietal, premotor, and motor cortex interact during visually guided arm movements in humans (Culham and Kanwisher, 2001). Neuroimaging studies in humans reported activation of dorsal occipital, parietal, premotor, motor areas, and the supplementary motor area (SMA) as well as cingulate cortex and the cerebellum during reaching and grasping (Grafton et al., 1996). Furthermore, during pointing preparation, the inferior (IPL) and superior parietal lobule (SPL), precuneus, the posterior superior temporal sulcus, the dorsal premotor and anterior cingulate cortex were activated (Astafiev et al., 2003). PET and fMRI techniques provide a high spatial resolution, but are limited by the unknown relationship between functional imaging signals and the underlying neuronal activity. Therefore, they cannot accurately elucidate the fast temporal dynamics of co-activating frontal and parietal areas during a visuomotor task. Electroencephalography (EEG) is a valuable tool to study the temporal pattern of cortical activity on a milliseconds scale. Thus, by using event-related potential (ERP) methods, high sensor arrays and advanced electromagnetic source analysis techniques, it is possible to localize and separate the underlying neural sources of
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EEG activity (Ball et al., 1999; Dale and Halgren, 2001; Foxe and Simpson, 2002). Electrophysiological studies have shown increased coherence among cortical areas related to visuomotor coordination processes both in animals (Roelfsema et al., 1997) and humans (Classen et al., 1998). P300-like components related to reaching/pointing movements were observed in premotor, motor, and parietal areas (McDowell et al., 2002). Berndt et al. (2002) also reported the presence of event-related lateralization (ERL) related to reaching/ pointing preparation. The foci of the ERL were located in premotor and posterior parietal region at about 350 ms after target presentation. In another study of pointing with conflicting visual and proprioceptive information (Berndt et al., 2005), the authors found a significant reduction of ERL in contralateral frontal and central regions between 280 and 370 ms after target onset and before movement execution. Simultaneously to this fronto-central effect, they found a significant increase of ERL in posterior parieto-occipital areas ipsilateral to the visual stimulus. These ERP studies have confirmed previous findings in monkeys and humans, suggesting that the premotor, motor, and parietal areas are collectively engaged in visually guided arm movements. However, to our knowledge, the temporal pattern of activation of these cortical regions during the preparation of reaching movements is not fully understood. In particular, it is debated whether visuomotor transformation processes are mediated by the sequential and/or parallel activation of the frontoparietal areas. Vision-tomotor models of reaching are built on the assumption that the neural activation across different areas of the frontoparietal network has a temporal ordering (Foxe and Simpson, 2002); this notion is supported by experimental data showing that task-related information is processed by single cells and by cell populations at different times (Fu et al., 1995; Wise et al., 1997). On the other hand, several studies showed that the distributions of discharge onset times of cells recorded from different areas are very similar, thus suggesting a temporal overlap of activation rather than a temporal ordering (Kalaska and Crammond, 1992; Kalaska et al., 1997; Johnson et al., 1996). The aim of the present study is to address this fundamental issue, by investigating the human cortical spatio-temporal dynamics of the frontoparietal network by means of cortical current density (CCD) reconstruction applied to ERP data during reaching/pointing preparation. Materials and methods Subjects Reaching/pointing movements were studied in 9 healthy, righthanded subjects (age 20–35, 3 women and 6 men), who gave informed written consent to participate in the experiments. All subjects had normal or corrected-to-normal vision and were paid for their participation. Experimental paradigms Our primary aim was to create an experimental design, where the visuomotor cortical process inherent to reaching/pointing movements could be isolated from the comparison between two experimental conditions. As a consequence of this isolation, the spatio-temporal dynamics of the cortical activations specific to reaching/pointing preparation can be obtained. We then designed a task where the same visual cue could represent either the target of a



reaching/pointing movement or the go-signal for a similar but nontargeting arm movement depending on experimental instructions. These two different conditions were investigated in a given recording session: • Reaching/pointing condition: subjects were asked to reach and



touch with the right arm, as precisely as they could, a white spot (10 mm in diameter) randomly presented in the first quadrant of the touchscreen (i.e., the upper-right quarter of the touchscreen), while fixating its center. • Control condition: subjects performed with the right arm a nontargeting arm movement toward any point within the first quadrant of the touchscreen as soon as possible, after the white spot appeared randomly within the first quadrant of the touchscreen. The visual stimulus served as a go-cue to the subjects, so that the arm movement occurred always after stimulus presentation. Thus, the visual stimulus triggered the movement, but its location did not represent an endpoint of the arm movement. Actually, no precise endpoint within the first quadrant was requested in this condition. At the beginning of each session, subjects performed an initial training phase of 20 trials followed by 300 trials for each experimental condition. The order in which the conditions were performed was not the same for each experimental session/subject, so that the first condition to be performed was randomly assigned. Five subjects performed the reaching/pointing task before the control task, and for the other 4 subjects, it was the contrary. The inter-stimulus intervals (ISI) were varied randomly (10–15 s) in order to avoid habituation and anticipation effects. The two experimental conditions have important similarities and differences, which allow us to isolate the cortical processes related to the visuomotor transformations needed for reaching and touching the visual target. Similarities (i) The processing of the visual stimulus properties can be considered as similar across conditions. In fact, the stimulus was the same for both conditions and its location was randomly varied in the same manner for both conditions within the upper-right quadrant of the monitor. (ii) The movements were very similar in both conditions. They started from the same position and ended within the same region of the peripersonal space (the first quadrant of the monitor, i.e., the upper-right one), thus assuring very similar extension of the arm. In the control condition, subjects were asked to avoid movements with eccentricity further than the right-upper corner of the monitor. This constriction assured that the movements’ eccentricity in the reaching/pointing and control conditions is kept below similar upper extremes. Thus, a general visuomotor transformation process underlying movements towards the first quadrant is common for both conditions. Differences In the control condition, where the visual stimulus acted just as a go-signal, the movements were directed in every trial towards any point within the first quadrant of the monitor, independently of the position of the visual stimulus. In the reaching/pointing condition, subjects were asked to reach and touch the visual stimulus as accurately as possible. Since the position of the visual stimulus changed in every trial, a new visuomotor transformation was required. Thus, the main difference between conditions is the
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trial-by-trial updating of the visuomotor transformation necessary for reaching and touching accurately the visual target. This is exactly the visuomotor process we want to study by identifying its neural correlates at the ERP level. Recordings The EEG was recorded (bandpass filtered 0.25 Hz–200 Hz; A/D rate 1000 Hz) with Neuroscan system (Compumedics Neuroscan, USA) using the extended 10–20 system, from 30



1675



electrode sites distributed throughout the whole head of the subjects, more concentrated in the fronto-central and parietooccipital areas (see Fig. 1, left panel). Diagonal EOG was recorded bipolarly from above and below the right eye. An electrode on the right mastoid was used as reference. The ground electrode was placed in the left mastoid. In each trial, visual stimulus (VS) presentation and movement onset (MO) were detected as two different markers placed along the EEG recording. These markers were generated by the stimulation computer and a triggering device respectively, both connected to the EEG amplifiers.



Fig. 1. Electrode montage and grand-average ERPs. Left panel: electrode montage. In electrodes Fz, Cz, CPz, and Pz (colored in gray) were found the strongest significant differences between the ERPs in the reaching/pointing and control conditions. Right panel: grand-average ERPs for the 9 subjects in all 3 different conditions reaching/pointing, control, and ‘reaching/pointing minus control’ (R − C). In the R − C condition, ERP components P170, P240, SNP1a, SNP1b, SNP2, N170, and N260 are indicated with arrows pointing to their corresponding maximal amplitude.
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EEG activity was first cut into 300 epochs (500 ms before and 500 ms after the presentation of the visual cue) to which linear detrend and baseline correction procedures were applied. After artefact rejection, 200 free of artefact epochs were aligned and averaged with respect to the visual stimulus. The ERPs were lowpass filtered (30 Hz; slope 48 dB/oct) and common average referenced. Grand-average ERPs for all subjects were computed for the reaching/pointing and control conditions. A third condition was off-line created for each subject:



from the standard MNI brain, while source orientations were obtained as a result of the CCD reconstruction. Realistic threecompartment boundary element method (BEM) model was used as volume conductor model. The cortical regions showing significant current density strengths were determined by clipping the strength of the sources to a threshold value of 70% of the maximum strength. Talairach coordinates of the cortical points with maximal CCD value were calculated for each cluster. Then, SPM5 software (http://www.fil.ion.ucl.ac.uk/spm/) was used to get the anatomical labels of the active cortical regions corresponding to the calculated Talairach coordinates.



• “Reaching/pointing minus control” (R − C) condition: In order



Results



Data analysis



to identify the visuomotor brain processes specific for reaching/ pointing movements, we subtracted the ERPs recorded during the control condition to the ERPs of the reaching/pointing condition for each subject. Grand-average of ERPs for all subjects in this R − C condition was computed as well. Subtraction analysis technique is a standard procedure used in the EEG analysis to eliminate common activations and extract processes of interest. The basic assumption is that the processes are independent and produce activation patterns that can be reconstructed by the difference in EEG. Considering the similarities and differences between the reaching/pointing and control conditions, we argue that the subtraction “R − C” of the ERPs will eliminate the cortical activation associated with common visual, visuomotor, attentional, and motor processes. Thus, the EEG correlate of the trial-by-trial updating of the visuomotor transformation process in the reaching/pointing condition survives this subtraction.



Behavioral data The time interval between the visual stimulus and movement onset, or reaction time (RT), was computed for all subjects. RTs were non-normally distributed. The median, 10-percentile, and 90percentile points across all 9 subjects in the control condition were 335 ms, 273 ms, and 439 ms, while in the reaching/pointing condition were 353 ms, 269 ms, and 391 ms. The difference of 18 ms was not significant (P= 0.54, Wilcoxon rank sum test). ERP components during reaching/pointing preparation The electrodes over the midline Fz, Cz, CPz, and Pz (colored in gray in Fig. 1, left panel) displayed the strongest significant differences between the ERPs in the reaching/pointing and control conditions. For these electrodes, the ERPs in the reaching/ pointing, control, and R − C conditions are shown in the right panel of Fig. 1.



Statistical analysis For each electrode, time windows where there is a significant difference between the ERPs in the reaching/pointing and control conditions were identified. The significant difference was defined by sample-by-sample paired t-test with a criterion of P < 0.05 for at least 10 ms, applied to the grand-average of the ERPs in the R − C condition.



Table 1 ERP components in the R − C condition



Cortical current density reconstruction Our primary focus was to understand the spatio-temporal pattern of cortical activation during reaching/pointing movement preparation. In order to identify the cortical regions responsible for the visuomotor transformation processes during reaching/pointing preparation, cortical current density (CCD) reconstruction (Fuchs et al., 1999) was applied to the grand-average of ERPs in the R − C condition. Source analysis of grand-average data was performed with Curry 4.5 software (Compumedics Neuroscan, USA). The standard Montreal Neurological Institute (MNI) brain and the predefined locations of the electrodes, as given by Curry 4.5 software, were used. This procedure did not take advantage of the spatial precision of single subject’s MRI and electrode positions, but this is compensated by using the increased signal-to-noise ratio and the more generality of the grand-average data. CCD reconstruction was performed in the period from 100 ms to 300 ms after the visual cue onset, using a minimum norm least square (L2 norm) approach (Fuchs et al., 1999). Source positions were constrained to the cortical surface, which was segmented



ERP components in the ‘reaching/pointing minus control’ (R − C) condition for Fz, Cz, CPz, and Pz electrodes. ERP components are ordered from left to right according to their latencies. For each ‘ERP box’, the name of the component and the peak value are shown (*P < 0.05, **P < 0.01).
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First, we were interested if the component P100 of the ERP changed in amplitude and latency between the two conditions. The component P100 was observed prominently in electrode PO8, peaking at 105 ± 3 ms in both experimental conditions. The amplitude of P100 was slightly higher in the reaching/pointing condition, but no statistical difference was obtained between the reaching/pointing and control condition (P= 0.40). Further in time, several ERP components were observed on different electrode sites and latencies in the two experimental conditions. At electrode Fz (Fig. 1A), a positive component peaking at about 170 ms was observed in both reaching/pointing and control conditions, with maximal amplitude in the reaching/pointing condition. In the R − C condition, the corresponding component P170 was obtained. Another positive component (P240) was obtained from the large difference between the ERPs in the reaching/pointing and control conditions around 240 ms. Both components were statistically significant (cf. Table 1). At electrode Cz (Fig. 1B), slow negative potentials were observed in both reaching/pointing and control conditions between 100 and 350 ms. The amplitude in the reaching/pointing condition was bigger, giving rise to a slow negative potential (SNP1) in the R − C condition. The SNP1 consists of three phases: increasing amplitude, approximately constant amplitude between 140 ms and 210 ms, and decreasing amplitude. The SPN1a (140 ms) and SNP1b (210 ms) components were defined as the beginning and the end of the SNP1 phase with constant amplitude. Both components were statistically significant (cf. Table 1). At electrode CPz (Fig. 1C), a slow negative potential between 100 and 300 ms was obtained in the reaching/pointing condition. No component was obtained in the control condition. Thus, in the R − C
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condition, a slow negative potential SNP2, peaking at 170 ms, was obtained. This component was statistically significant (cf. Table 1). At electrode Pz (Fig. 1D), a negative component peaking at about 170 ms was obtained in the reaching/pointing condition. This component was not present in the control condition. A corresponding negative component N170, peaking at about 170 ms (simultaneous to P170), was obtained in the R − C condition. Besides, another negative component N260, peaking at 260 ms (20 ms after P240), was obtained due to the large difference between the ERPs in the reaching/pointing and control conditions. Both components were statistically significant (cf. Table 1). Additional visual information about the variability of the individual subject’s ERPs in the reaching/pointing and control conditions is given in Fig. 2. In the reaching/pointing condition (Fig. 2, left panel), the ERP components peaking around 170 ms and 240 ms in electrodes Pz and Fz present minor latency and amplitude differences. These minor differences among individual ERPs are also observed in the control condition (Fig. 2, right panel). Although intersubject variability in latency and amplitude of the individual subject’s ERPs is observed in both conditions, there is no evidence of outliers that could bias the estimation of the mean ERP during reaching/pointing preparation. The homogeneity of the individual subject’s ERPs gives more validity to our grand-average data and cortical current density (CCD) reconstruction analysis. Cortical current density (CCD) reconstruction The CCD maps were obtained for the complete period between 100 ms and 300 ms in the R − C condition, with the focus of interest on stable CCD maps around latencies 140 ms, 170 ms,



Fig. 2. Individual ERPs. Left panel: individual and grand-average ERPs for the 9 subjects in the reaching/pointing condition. Right panel: individual and grandaverage ERPs for the 9 subjects in the control condition. These ERPs are shown for electrodes Fz (upper panel) and Pz (lower panel).
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210 ms, 240 ms, and 260 ms, where maximal amplitude of the ERP components was obtained (cf. Table 1). The topographic distribution of the ERPs and the CCD maps is shown in Fig. 3. These CCD maps were stable for more than 10 ms for the 5 latencies mentioned above. Table 2 shows the anatomical location of significant clusters of cortical activity, as shown in Fig. 3. The earliest difference in activation between the reaching/ pointing and control conditions appears around 140 ms, when cortical generators of the central component SNP1a were found in left pMd cortex, left SMA and bilateral paracentral lobule. CCD maps also showed sources of weaker strength in the triangular part of the right medial frontal gyrus (MFG), the medial part of the left superior frontal gyrus (SFG) and the left inferior parietal lobe (IPL/ supramarginal gyrus) (cf. Table 2 and Fig. 3). Around 170 ms, CCD maps clearly showed a pattern of simultaneous parietal (bilateral SPL/precuneus) and prefrontal (medial part of the left SFG) activation. This frontoparietal pattern could explain the generation of the ERP components N170 and P170 obtained in the R − C condition. Neuronal activation in the right paracentral lobule, left pre-pMd cortex and left SMA could be the cortical sources of the ERP component SNP2 and the sustained ERP amplitude obtained between the components SNP1a and SNP1b (cf. Table 2 and Fig. 3). The same pattern of simultaneous parietal (left paracentral lobule) and prefrontal (medial part of the left SFG) activation was obtained again around 210 ms, suggesting a sustained involvement of the frontoparietal areas. In parallel, central cortical activation was obtained in the left pMd cortex and left SMA, probably the cortical sources of the ERP component SNP1b. Besides, the left superior occipital lobe (SOL) was activated (cf. Table 2 and Fig. 3).



Around 240 ms, the cortical generator of the ERP component P240 was obtained in the medial part of the left SFG. In parallel, parietal activation was observed in left SPL/precuneus, probably generating the increasing phase of the component N260. Besides, cortical activation of weaker strength was obtained in the left PMd cortex, the triangular part of the left inferior frontal gyrus (IFG), and right orbital gyrus (cf. Table 2 and Fig. 3). Around 260 ms, cortical activation in bilateral SPL/precuneus and left middle occipital gyrus (MOL) was observed (cf. Table 2 and Fig. 3). These parieto-occipital sources could generate the ERP component N260. After 300 ms, CCD values decreased very fast, so that there was no cortical activation in the R − C condition over the 70% threshold used (cf. Materials and methods). Discussion To perform an accurate movement of the arm towards the target, the visual and motor neural representations should be properly integrated through a visuomotor transformation process (Burnod et al., 1999). We designed a two-task experiment, which allowed us to identify the cortical areas subserving the visuomotor transformation processes, by subtracting the visual, visuomotor, attentional, and movement-related activity, which are common in reaching/pointing movements and similar but non-targeting arm movements. It is clearly observed that ∼ 105 ms and ∼357 ms defined the temporal boundaries of a large spatio-temporal region where parietal (N170 and N260), premotor (SNP1a, SNP1b, and SNP2), and prefrontal (P170 and P240) ERP components are located. Besides, our present study assessed the cortical spatio-temporal dynamics of the large-scale cortical network, which generates the



Fig. 3. Topographic maps and cortical current density (CCD) maps. Topographic maps and cortical current density (CCD) maps are superimposed on the head and cortical surfaces of the standard Montreal Neurological Institute (MNI) brain respectively. Top views (upper panel) and back and side views (lower panel) of the topographic and CCD maps are shown for the ‘reaching/pointing minus control’ (R − C) condition at latencies 140 ms, 170 ms, 210 ms, 240 ms, and 260 ms. Topographic maps are represented by equipotential lines with negative (blue) and positive (red) voltage values. As shown in each scale bar for the 5 latencies, CCD values (D) are diversely color-coded in the range from 0 to 0.000140 μA mm/mm2. The ERP components and their corresponding latencies are shown above and below the head top views (upper panel) respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2 Anatomical location of significant clusters of cortical activity Brain region/aal



H



BA



Talairach coordinates (mm)



Time (ms)



x



y



z



Frontal cortex IFG (triangular part) MFG (triangular part) Orbital gyrus SFG (medial part) SFG (medial part) SFG (medial part) SFG (medial part) pre-PMd PMd PMd PMd SMA SMA SMA



L R R L L L L L L L L L L L



45 47 47 8 8 8 8 6 6 6 6 6 6 6



− 55.4 54.5 54.5 − 8.9 − 7.9 −4 −4 − 14.9 − 28.7 − 30.7 − 28.5 −3 −4 −2



34 39.6 33.7 37.5 41.2 34.6 38.4 2.4 − 6.6 −11.4 − 8.5 − 6.8 0.7 − 9.3



0.1 −3.7 −5 50.6 47.7 51.7 48.7 68 63 64.1 62.1 58.4 64.5 65.9



Parietal cortex SPL (precuneus) SPL (precuneus) SPL (precuneus) SPL (precuneus) SPL (precuneus) IPL (Supramarginal gyrus) Paracentral lobule Paracentral lobule Paracentral lobule Paracentral lobule



L L L R R L L R L R



7 7 7 7 7 40 4 4 5 5



−4 − 9.9 − 6.9 6.9 4 − 59.4 −4 8 −2 5



− 65.3 − 67.1 − 62.1 − 59.5 − 54.3 − 35.2 − 38.6 − 38.6 − 39.8 − 37.8



53.9 54.9 59.3 53.6 58.9 34 63.6 66.3 59.1 59.9



Occipital cortex SOL MOG



L L



19 19



− 23.8 − 32.6



− 77.8 − 81.5



36.1 20.7



140



170



210



240



260



+ + + + + + + + + + + + + +



+ + + + + + + + + +



+ +



Coordinates are expressed in the coordinate system of Talairach and Tournoux (1988). H: hemisphere; L: left; R: right; BA: Brodmann area; SMA: supplementary motor area; SPL: superior parietal lobe. IPL: inferior parietal lobe; IFG: inferior frontal gyrus; MFG: middle frontal gyrus; SFG: superior frontal gyrus. SOL: superior occipital lobe; MOG: middle occipital gyrus. Anatomical location of significant clusters of cortical activity in the ‘reaching/pointing minus control’ (R − C) condition, at latencies 140 ms, 170 ms, 210 ms, 240 ms, and 260 ms. Clusters of cortical activity were obtained by cortical current density (CCD) reconstruction of the grand-average of ERPs for all subjects. Talairach coordinates are given for the cortical points with maximal CCD values within each cluster. The sign ‘+’ denotes that the anatomical region is activated around the corresponding latency for more than 10 ms.



ERP components mentioned above. CCD maps in the ‘reaching/ pointing minus control’ (R − C) condition revealed the cortical regions where movements in the reaching/pointing condition elicited a stronger neuronal activity than movements in the control condition. These CCD maps suggest that, during reaching/pointing preparation, the cortical activity evolved across several cortical areas within the frontoparietal network following a specific temporal structure: early around 140 ms until 170 ms, a complex pattern is observed where the premotor, prefrontal, paracentral, and parietal areas are activated nearly simultaneously. Around 210 ms, the left occipital cortex was activated in addition to the activation of the parieto–premotor–prefrontal. Around 260 ms until 300 ms, the left occipital source was active together with bilateral SPL activation. After 300 ms, cortical activation decreased very fast until movement onset (MO). A purely sequential visuomotor transformation process would rely on a unidirectional flow of information: initial activation of visual, then parietal, premotor, and motor areas, with delays of tens of milliseconds, a lag imposed by finite cortico-cortical conduction



velocity (Nunez and Srinivasan, 2006). In contrast, during parallel processing of visuomotor information, simultaneous activation of several anatomically separated, but functionally connected areas within the frontoparietal network would be observed. Our results show the simultaneous activation of multiple cortical areas along the dorsal visual stream. Although it does not rule out the possibility of sequential activation of cortical areas, it suggests that the frontoparietal network does not behave purely as a linear sequential stream, but mainly like a system where the information is processed in parallel. The frontoparietal network is then activated as a whole, where each computational step from vision to movement is not performed by a single cortical area, but by many linked areas working in cooperation. This integrated view of the frontoparietal network dynamics in humans is in agreement with another model based on monkey studies, where reaching movements occur as a simultaneous involvement of neuronal assemblies sharing similar properties, but located in different cortical areas, rather than as a serial process from vision to movement (Burnod et al., 1999).
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Parietal activation According to recent views, the parietal reach region (PRR) comprises areas V6A (Battaglini et al., 1996) and medial intraparietal (MIP) in monkeys (Cohen and Andersen, 2002) and is considered to be involved in reaching preparation (Andersen and Buneo, 2002). A homologue of the monkey area PRR has been proposed in the medial part of the SPL located in the precuneus, which responds preferentially when the subject performed pointing movements with peripheral vision (Connoly et al., 2003). This region is activated during reaching execution as well (Astafiev et al., 2003). Furthermore, a current lesion study found optic ataxia to be associated with a lesion overlap centering on the precuneus, at the medial part of the posterior parietal cortex (Karnath and Perenin, 2005). In line with these fMRI studies, our EEG approach also revealed a sustained activation in the SPL/precuneus, which suggests a major role of SPL/precuneus in reaching/pointing preparation. Besides, our results provide the temporal dynamics of this parietal source, showing that SPL/ precuneus was activated at several stages of reaching/pointing preparation, with maximal strength at 170 ms and 260 ms after visual stimulus (VS) presentation. This biphasic temporal pattern suggests that, in our reaching/pointing task, reaching/pointing preparation included a parietal two-step process: (1) cortical activation around 170 ms which might be a neural correlate of target selection (encoding of stimulus position), and (2) activation around 260 ms, suggesting a neural activity subserving movement selection (computation of the motor plan). A similar temporal pattern of neuronal activity has been reported in the PRR of monkeys (Calton et al., 2002). Prefrontal activation The biphasic process described above for the parietal cortex was also observed in prefrontal regions. We found a sustained activation of the medial part of the left superior frontal gyrus (SFG), with maximal strength at 170 ms to 240 ms after VS. Note that parietal and prefrontal activations were simultaneous at 170 ms in the first phase. In the second phase, parietal activation was observed 20 ms after prefrontal activation. This simultaneity of prefrontal and parietal activation has also been observed during reaching preparation in monkeys. Neuronal activity in the dorsolateral prefrontal cortex (dl-PFC) was found to be involved in successive stages (i.e., target selection and arm selection) of reaching preparation in monkeys (Hoshi and Tanji, 2004c). Furthermore, this study found a strikingly similar temporal pattern of activation: neuronal activity reflecting target selection was obtained around 190 ms, while the neurons related to which arm to use (movement selection) were active around 250 ms. Calton et al. (2002) also found a similar pattern of activation in PRR. This simultaneity of prefrontal and parietal activation can be supported by parieto-prefrontal connections (Wise et al., 1997). Activation of the medial aspect of the SFG was also obtained in PET studies during reaching to remembered targets (Kawashima et al., 1995; Lacquaniti et al., 1997). We found the same cortical activation in our reaching/pointing task, suggesting that the medial aspect of the SFG is involved in visuomotor transformation process, even when the position of the target should not be memorized. Premotor activation In the frontal cortex of monkeys, premotor dorsal (PMd), premotor ventral (PMv), supplementary motor area (SMA proper),



and pre-SMA neurons are shown to be involved in different aspects of reaching movements (Hoshi and Tanji, 2004a,b). In humans, PMd and pre-PMd have been shown to play an important role in movement control and visuomotor associations respectively (Picard and Strick, 2001). Our findings are in agreement with these views, by showing that left pre-PMd and PMd are activated during reaching/pointing preparation. Pre-PMd was activated around 170 ms, suggesting that pre-PMd is more involved with target selection process. From 210 ms on, only PMd was activated, suggesting a stronger role of PMd in movement planning. For different latencies, pre-pMd and PMd activation were observed simultaneously with SPL/precuneus, the medial aspect of SFG, SMA, the supramarginal gyrus, MOG and SOL. This activation pattern suggests the emergence of a prefrontal–premotor–parieto– occipital network. Cortico-cortical connections between dl-PFC and PMd regions (Rizzolatti and Luppino, 2001) and between PMd and posterior parietal regions (Wise et al., 1997) may sustain the exchange of information about target location and movement parameters. In particular, SMA was also activated together with PMd and pre-PMd regions from 140 ms until 210 ms, suggesting a cooperative activation of these areas during the early phase of reaching/pointing preparation. Occipital activation We found left occipital activation in BA 19 in superior occipital lobe (SOL) and MOG around 210 ms and 240 ms respectively. These regions are primarily related to visual inputs. Thus, this is a rather surprising result considering that these regions were activated in the last phase of reaching/pointing preparation, and not at the beginning, when visual processing is in play. Furthermore, this result cannot be explained as the visual perception of the moving hand because we constrained our analysis to reaching/pointing preparation before movement onset. Thus, this result suggests that MOL and SOG also play a role in reaching/pointing preparation. A similar finding has been recently reported in one fMRI study of pointing movements (Medendorp et al., 2005). Visuospatial attention It is well known that the frontoparietal network is also involved in visuospatial attention processes (Astafiev et al., 2003). Therefore, one important question may arise in the context of our results: are the differences found between the reaching/pointing and control conditions due to differences in attentional processes? In our experimental design, attention towards the upper-right quadrant is common to both conditions. In fact, subjects expect the visual stimulus to appear always in the first quadrant. However, more focused attention to the visual target is inherent to the visuomotor transformation process of interest in the reaching/pointing condition because the location of the target should be precisely coded. Attention can directly modulate visuomotor processes, so that a big difference can be expected between brain activity related to attended and non-attended stimuli (Handy et al., 2005), but this is not the case in our task. If different attentional mechanisms are playing an essential role, we would observe shorter reaction time (RT) and an enhancement of the P100 component in the reaching/ pointing condition (Di Russo and Spinelli, 1999). Our results showed that there is no significant decrease of RT, as well as no significant enhancement of the P100 component in the reaching/ pointing condition.
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Fig. 4. Schematic representation of the cortical activations obtained by CCD reconstruction. Locations of cortical activation are presented as circles with labels corresponding to the anatomical structures, as explained at the bottom of the figure. The horizontal position of the circles corresponds to the latency of the cortical activation. Collective activation of different areas within the frontoparietal network is grouped in two vertical rectangles (in doted lines) at 170 ms and 240 ms, indicating a biphasic activation pattern, interpreted as target selection and movement selection respectively.



Spatio-temporal dynamics Our results are consistent with previous ERP studies (McDowell et al., 2002; Berndt et al., 2002; Berndt et al., 2005), which suggest the simultaneous activation of different areas within the frontoparietal network. Nevertheless, a direct comparison of these reports with our study is inappropriate because different experimental paradigms were used. In particular, their subjects had longer RTs and larger latencies of activations. Our findings provide the spatio-temporal evolution of the frontoparietal network across all the stages of reaching/pointing preparation. Fig. 4 shows a schematic representation of the cortical activations as obtained by CCD reconstruction. It is shown that, during reaching/pointing preparation, the cortical activity evolves across several cortical areas within the frontoparietal network, where prefrontal, premotor, parietal, and occipital areas are activated simultaneously. The biphasic activation of the prefrontal–parietal network is particularly relevant, consisting of two maxima of activations around 170 ms and 240 ms in prefrontal cortex, and around 170 ms and 260 ms in parietal cortex. This biphasic pattern is interpreted as neural correlates of two critical phases of visuomotor integration, namely target selection and movement selection. Besides, the difference of 70 ms may be interpreted as the time needed by this network to perform the required visuomotor transformation ensuring an accurate performance. A similar temporal pattern has been reported in PMd, dorsolateral prefrontal cortex (Hoshi and Tanji, 2004c), and PRR (Calton et al., 2002) during reaching preparation. To conclude, our ERP study presents for the first time, to our knowledge, the timing of activation of the cortical regions during the preparation of visually guided reaching/pointing movements, starting from the early coding of the spatial position of the visual target to the sensorimotor transformation and computation of the



motor plan that leads to the actualization of the movement. This temporal pattern shows that, during reaching/pointing preparation, the occipital, parietal, premotor, and prefrontal areas engage very rapidly (few tens of ms) into simultaneous activity and suggests that the visuomotor transformation processes required for correct reaching/pointing movements do not rely on a purely sequential activation of the frontoparietal areas, but function also as a parallel information processing system (Fig. 4). Finally, our results provide data that may contribute to bridge the gap between the neuronal dynamics of visuomotor process in monkeys and humans (Culham et al., 2006; Culham and Valyear, 2006) and encourage the development of better dynamic models of visuomotor integration during reaching/pointing movements. Acknowledgments We wish to thank SISSA PhD fellowships program for its support to JRN. AB is now supported by the “Fondation pour la Recherche Mèdicale” (FRM). Supported by DFG grant KR1392/7-3. References Andersen, R.A., Buneo, C.A., 2002. Intentional maps in posterior parietal cortex. Annu. Rev. Neurosci. 25, 189–220. Astafiev, S.V., Shulman, G.L., Stanley, Ch.M., Snyder, A.Z., VanEssen, D.C., Corbetta, M., 2003. Functional organization of human intraparietal and frontal cortex for attending, looking, and pointing. J. Neurosci. 23, 4689–4699. Ball, T., Schreiber, A., Feige, B., Wagner, M., Lucking, C.H., KristevaFeige, R., 1999. The role of higher-order motor areas in voluntary movement as revealed by high-resolution EEG and fMRI. NeuroImage 10, 682–694. Battaglia-Mayer, A., Caminiti, R., Lacquaniti, F., Zago, M., 2003. Multiple levels of representation of reaching in the parieto-frontal network. Cereb. Cortex 13, 1009–1022.
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