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&p.1:Abstract The aim of the present study was to investigate how spatial attention influences directional manual and saccadic reaction times. Two experiments were carried out. In experiment 1 subjects were instructed to perform pointing responses toward targets that were located either in the same or the opposite hemifield with respect to the hemifield in which an imperative stimulus was presented. In experiment 2, they were instructed to make saccadic or pointing responses. The direction of the responses was indicated by the shape of the imperative stimulus. Reaction time (RT), movement time, and, in experiment 2, saccadic trajectory were measured. The imperative stimulus location was either cued (endogenous attention) or uncued. In the latter case the imperative stimulus presentation attracted attention (exogenous attention). The main results of the experiments were the following: First, exogenous attention markedly decreased the RTs when the required movement was directed toward the imperative stimulus location. This directional effect was much stronger for pointing than for ocular responses. Second, endogenously allocated attention did not influence differentially RTs of pointing responses directed toward or away the attended hemifield. In contrast, endogenous attention markedly favored the saccadic responses when made away from the cued hemifield. Third, regardless of cueing, the direction of movement affected both pointing and saccadic reaction times. Saccadic reaction times were faster when the required movement was directed upward, while manual reaction times were faster when the movement was directed downward. Fourth, lateralized spatial attention deviated the trajectory of the saccades contralateral to the attention location. This pattern of results supports the notion that spatial attention depends on the activation of the same sensorimotor circuits that program actions in space. B.M. Sheliga1 · L. Craighero · L. Riggio · G. Rizzolatti ( ✉) Istituto di Fisiologia Umana, Università di Parma, via Gramsci 14, I-43100 Parma, Italy Present address: Department of Neurology, Mount Sinai School of Medicine, New York, NY 10029, USA&/fn-block: 1
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Introduction Traditionally, attention is conceived as a unitary, supramodal mechanism subserved by anatomical circuits separated from those involved in data processing (Klein 1980; Posner 1980; LaBerge and Brown 1989; Rafal et al. 1989; Posner and Petersen 1990; Klein et al. 1992). A modern version of this theory postulates the existence of two attentional systems: a posterior system subserving spatial attention and an anterior one involved in the attentional recruitment and control of brain areas in order to perform complex cognitive tasks (Posner and Dehaene 1994). The necessity, however, of neural systems specifically devoted to attention is under dispute. An alternative possibility is that attention derives from an activation of those same circuits that process sensory and motor data. Thus, selective attention for spatial locations would result from the activity of circuits that program oculomotion, arm reaching movements, walking, and other motor activities that require spatial computation (Rizzolatti 1983; Rizzolatti and Camarda 1987; Rizzolatti et al. 1987, 1994; Umiltà et al. 1991, 1994; Tipper et al. 1992; see also Berthoz 1996), while selective attention for object recognition would derive from the activation of cortical areas responsible for object property processing (see Desimone and Duncan 1995; Duncan 1996). While the mechanism proposed for object attention seems to be related to those for object analysis (Moran and Desimone 1985; Chelazzi et al. 1993), the mechanism for spatial attention appears to be related to processes responsible for the organization of movements in space (premotor theory of attention). According to this view, the difference between selective spatial attention and actions directed toward a target is that in the first case the motor plan to act upon the target is set but not executed, in the second case it is set and executed.
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Evidence in favor of the premotor theory of attention derives from neurophysiological studies of cortical areas coding space (single-neuron recordings, ablation experiments) and from psychological studies on attention orienting. The outcome of the neurophysiological studies most relevant here is the discovery that some parietal and frontal cortical areas contain a representational system that relates spatial representation, action control, and attention (Colby et al. 1993; Rizzolatti et al. 1994; Graziano and Gross 1996; Graziano and Gross, in press). Ablation of these areas produces inattention (neglect) to a particular space sector. Inattention is accompanied by motor deficits concerning the effectors represented in the ablated area and movements directed toward the space represented in it (Rizzolatti et al. 1983). The cortical areas programming spatially specific movements are controlled by other cortical areas (e.g., pre-supplementarymotor area, pre-SMA) and by subcortical centers (e.g. basal ganglia). When the control exerted by these centers is released, movement occurs. Without such a release, the portion of spatial map activated by the intended movement gains advantage on all other space locations. This motor determined spatial activation in what is, at another level of description, referred to as spatial attention (see Rizzolatti et al. 1994). Psychological evidence in favor of the premotor theory comes from reaction time (RT) studies on attention reorienting. From these studies it appears that, when human subjects have to redirect attention across the horizontal or vertical meridian, they have to pay an extra cost with respect to when they have to move attention within one visual quadrant. This “meridian effect” (Downing and Pinker 1985; Hughes and Zimba 1985, 1987; Rizzolatti et al. 1987; Tassinari et al. 1987; Umiltà et al. 1991; Gawryszewski et al. 1992; Reuter-Lorenz and Fendrich 1992) is difficult to explain if attention is not related to motor programming, while it becomes an expected event if one accepts that oculomotor programming underlies attention orienting. Further evidence in favor of premotor theory of spatial attention is provided by experiments in which subjects were instructed to make vertical saccades toward a predetermined target while their attention was allocated to different positions in space (Sheliga et al. 1994, 1995a). The results showed a deviation of saccades contralateral to the hemifield to which attention was allocated . Similar results were recently obtained also for horizontal saccades (Sheliga et al. 1995b). Another important finding of those experiments was that saccadic RTs depended on where attention was allocated at the time of imperative stimulus presentation (Sheliga et al. 1995a). When it was located in the same hemifield toward which the saccade was directed, the RTs were longer than when it was located in the opposite hemifield. These results were interpreted as follows. Subjects in order to pay attention to the imperative stimulus location must set a motor program for covertly directing the eyes toward it. This “attentional” motor program interferes



with the subsequent motor program necessary for saccade generation. The interference between the two motor programs causes modifications both in saccade trajectories and RTs. The literature shows that two motor tasks, when executed simultaneously or in a rapid serial order, interfere one with another (Welford 1952; Kahneman 1973; Keele 1973; Pashler and Johnston 1989; McCann and Johnston 1992; Pashler 1992) and that the degree of this interference is greater when the similarity is greater between motor tasks (Fitts and Seeger 1953; Fitts and Deininger 1954; Kornblum 1965; Rizzolatti et al. 1982; Kinsbourne and Hiscock 1983; Lempert and Kinsbourne 1985). Accordingly, the longer reaction times when the changes in motor program were within one visual hemifield were accounted for by the greater similarity between concomitant oculomotor programs in “same hemifield” than in the “opposite hemifield” conditions. In the present experiment we compared the effect of spatial attention on manual (pointing) and ocular (saccadic) responses in an experimental condition that required a visual discrimination of a peripheral stimulus. According to the classic theories of attention, since attention is a supraordinate function, it should influence the two motor responses in the same way. In contrast, according to the premotor theory of attention, since attention derives from planning of different motor activities, its properties would depend on the type of motor activity that is planned. The task of the present experiment, if freely executed, would have produced foveation. Attention, therefore, according to premotor theory, should be mediated in this case by the oculomotor system. Attention mechanisms related to arm movements (Tipper et al. 1992; Chieffi et al. 1993; Jackson et al. 1995) should play only a marginal role, if any. The results showed a differential effect of attention on saccadic and pointing RTs. The predictions of the premotor theory were therefore confirmed.



Experiment 1 Materials and methods Subjects Six subjects (five men and one woman) participated in the experiment. They were all right-handed according to the Edinburgh Inventory (Oldfield 1971), had normal or corrected-to-normal vision, and except for two (authors of this study) were not aware of the purpose of the experiment. All subjects had previously participated in experiments involving attention orienting and eye movements. Procedure The experiments took place in a sound-attenuated room, dimly illuminated by an halogen lamp. A microcomputer IBM PC/AT 386 was used for stimulus generation and response recording. The subject sat in front of the computer screen with the head positioned on an adjustable head-and-chin rest and additionally restrained by the chair head-holder. The distance between the eyes and the screen was 38 cm.



341



Fig. 1 Visual display and time sequence of events in experiments 1 and 2. The uncued condition is shown on the left, the cued condition is shown on the right. Numbers indicate the duration of the presentation of the various displays. The central, “fixation”, box of each panel is represented enlarged (the dashed lines and surrounding circles show the enlarged representation) in order to provide a clear view of events occurring inside that box. For further explanations see text&ig.c:/f



point, as fast as possible, to the upper or lower target box, according to the imperative stimulus orientation, while maintaining fixation on the central fixation box. B. Cued imperative stimulus location. The basic instructions were as in the uncued condition. Eight hundred milliseconds after the beginning of the trial, a directional cue was shown inside the fixation box (Fig. 1, right). The cue was an oblique, thin line (0.3°×0.06°). Its direction indicated in which of the four stimulus boxes the imperative stimulus was going to appear. The imperative stimulus was presented 800–1300 ms after the cue (Fig. 1, right). The subject was instructed to fixate the fixation box, to direct attention to the cued stimulus box without breaking fixation, and, at the imperative stimulus occurrence, to point to the upper or lower target box, according to the imperative stimulus orientation, while maintaining fixation on the central fixation box. In both conditions, successive trials were separated by a pause of approximately 2–3 s. At the end of each trial the subjects were informed whether they had made errors and about the error type. This information was presented on the computer screen, after the display disappearance. Eye stability during the trial was controlled by recording eye movements with an infrared oculometer (Bach et al. 1983; for technical details see experiment 2). In the case of eye movements the trial was aborted and subsequently rerun. Half of the subjects was tested in the uncued condition during the first session and in the cued condition during the second session. The other half of the subjects were tested in the two conditions in reversed order. Each session consisted of 20–25 initial practice trials, a series of eye movement calibration trials, and 160 correctly performed experimental trials. Thus, any stimulus-response combination: location of the imperative stimulus (four possible locations)×direction of manual response (up or down) was tested 20 times in each condition. The presentation order of the various stimulus-response combinations was randomized. Each session was subdivided into four blocks of 40 correctly performed trials, with some rest between the blocks. Data collection and analysis Manual reaction time and movement time



All trials started with the presentation of the visual stimulus display (Fig. 1). The display contained four small boxes (0.9°×0.9°) and four large boxes (2.25°×2.25°). One small box, “fixation” box, was located at the geometric center of the screen. Another two small boxes, “target” boxes, were positioned 12° (center to center) below and above the fixation box. They served as targets for manual responses. The fourth small box, “start” box, was positioned immediately to the right of the fixation box (1.13°, center to center). The large boxes, “stimulus” boxes, were located at the angles of an imaginary square having the fixation box as its center. The horizontal and vertical eccentricity of the stimulus boxes from the fixation box was 9°. The stimulus boxes indicated the possible positions in which the imperative stimulus could appear. The imperative stimulus was the letter “T” (horizontal line 1.2°; vertical line 1.5°), which was presented either normally oriented or inverted. Normally oriented and inverted Ts required responses to the lower or upper target box, respectively. Following visual display presentation, the subjects, when ready, placed their right index finger on the start box, initiating in this way the trial sequence. On their index finger was attached a microswitch. The contact between the microswitch and the screen started the trial. The microswitch was connected to the computer by means of wires arranged in such a way as to not disturb arm movements. There were two experimental conditions: A. Uncued imperative stimulus location. The subjects were instructed to fixate the central box of the visual display (Fig. 1) and to remain still, keeping their index finger on the start box, until the appearance of the imperative stimulus. After a variable interval (800–1300 ms) the imperative stimulus (a normal or inverted T) was presented inside one of the four stimulus boxes (Fig. 1, left). At the presentation of the imperative stimulus, the subject had to



Both RT and movement time (MT) were measured. RT was considered the time between the imperative stimulus presentation and the onset of the arm movement (release of the microswitch). MT was considered the time between the onset of the movement and its end (contact of the microswitch with the screen following the arm movement). Error handling All types of errors except the one concerning the accuracy of manual responses were controlled on line by the computer. Three types of errors arose from inappropriate manual responding. They were: anticipations, retardations, and “opposite direction” errors. Anticipations were considered RTs shorter than 150 ms. Retardations were considered RTs longer than 600 ms. Opposite direction errors were responses directed opposite to the direction indicated by the imperative stimulus. The accuracy of movements was controlled visually by an experimenter, located behind the subject. All trials in which the direction of the responses differed from that indicated by the imperative stimulus were eliminated. Another type of error (“eye movement” error) was that in which the subjects did not maintain fixation on the central box. All trials with errors, regardless of their type, were repeated. Statistical evaluation of data Manual response parameters (RT and MT) were subjected to two univariate analyses of variance (ANOVAs). ANOVAs were performed using median values. A logarithmic transformation was



342 performed upon RT data before subjecting them to the statistical analysis. Both ANOVAs had three within-subjects factors: (a) Condition (cued or uncued), (b) Direction (upward or downward), and (c) Field (response to the same or opposite field with respect to the field where the imperative stimulus was presented). Post hoc comparisons were made using Newman-Keuls test. The significance level was always set at 0.05.



Results Table 1 shows the RTs recorded in the various experimental conditions. The statistical analysis performed upon the RTs showed that the main effect of Condition (F1,5=10.74, P 
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