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Abstract The aim of the present study was to investkey words Spatial attention - Pointing - Saccades -

gate how spatial attention influences directional manddlimar:

and saccadic reaction times. Two experiments were car-

ried out. In experiment 1 subjects were instructed to per-

form pointing responses toward targets that were locatattoduction

either in the same or the opposite hemifield with respect

to the hemifield in which an imperative stimulus wabraditionally, attention is conceived as a unitary, supra-
presented. In experiment 2, they were instructed to makedal mechanism subserved by anatomical circuits sep-
saccadic or pointing responses. The direction of the agated from those involved in data processing (Klein
sponses was indicated by the shape of the imperafi®80; Posner 1980; LaBerge and Brown 1989; Rafal et
stimulus. Reaction time (RT), movement time, and, @&. 1989; Posner and Petersen 1990; Klein et al. 1992). A
experiment 2, saccadic trajectory were measured. Thedern version of this theory postulates the existence of
imperative stimulus location was either cued (endoge/o attentional systems: a posterior system subserving
nous attention) or uncued. In the latter case the impespatial attention and an anterior one involved in the at-
tive stimulus presentation attracted attention (exogendestional recruitment and control of brain areas in order
attention). The main results of the experiments were tlgperform complex cognitive tasks (Posner and Dehaene
following: First, exogenous attention markedly det994).

creased the RTs when the required movement was directThe necessity, however, of neural systems specifically
ed toward the imperative stimulus location. This diredevoted to attention is under dispute. An alternative pos-
tional effect was much stronger for pointing than for osibility is that attention derives from an activation of
ular responses. Second, endogenously allocated attertfimse same circuits that process sensory and motor data.
did not influence differentially RTs of pointing responseBhus, selective attention for spatial locations would re-
directed toward or away the attended hemifield. In cosult from the activity of circuits that program oculomo-
trast, endogenous attention markedly favored the sacdémh, arm reaching movements, walking, and other motor
ic responses when made away from the cued hemifigldtivities that require spatial computation (Rizzolatti
Third, regardless of cueing, the direction of movemet®83; Rizzolatti and Camarda 1987; Rizzolatti et al.
affected both pointing and saccadic reaction times. S4687, 1994; Umilta et al. 1991, 1994; Tipper et al. 1992;
cadic reaction times were faster when the required mosee also Berthoz 1996), while selective attention for ob-
ment was directed upward, while manual reaction timjest recognition would derive from the activation of cor-
were faster when the movement was directed downwatidal areas responsible for object property processing
Fourth, lateralized spatial attention deviated the trajecteee Desimone and Duncan 1995; Duncan 1996).

ry of the saccades contralateral to the attention locationWhile the mechanism proposed for object attention
This pattern of results supports the notion that spatial s#ems to be related to those for object analysis (Moran
tention depends on the activation of the same sensorimoed Desimone 1985; Chelazzi et al. 1993), the mecha-
tor circuits that program actions in space. nism for spatial attention appears to be related to pro-
B.M. Shelia - L Craighero - L Riagio - G. Rizzol cesses responsible for the organization of movements in
Istitutg di I%giolog%%%aeng, Universita diGParmac,) \allitggramsci 1ppace (premotor theory of attention). According to this
I-43100 Parma, Italy view, the difference between selective spatial attention
Present address: and actions directed toward a target is that in the first

1 Department of Neurology, Mount Sinai School of Medicine, ~ case the motor plan to act upon the target is set but not
New York, NY 10029, US,* executed, in the second case it is set and executed.
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Evidence in favor of the premotor theory of attentiomith the subsequent motor program necessary for sac-
derives from neurophysiological studies of cortical areeade generation. The interference between the two motor
coding space (single-neuron recordings, ablation expgniegrams causes modifications both in saccade trajecto-
ments) and from psychological studies on attention ories and RTs. The literature shows that two motor tasks,
enting. The outcome of the neurophysiological studiedien executed simultaneously or in a rapid serial order,
most relevant here is the discovery that some parietal antdrfere one with another (Welford 1952; Kahneman
frontal cortical areas contain a representational syst@@v3; Keele 1973; Pashler and Johnston 1989; McCann
that relates spatial representation, action control, andatd Johnston 1992; Pashler 1992) and that the degree of
tention (Colby et al. 1993; Rizzolatti et al. 1994; Grathis interference is greater when the similarity is greater
iano and Gross 1996; Graziano and Gross, in press). Bbtween motor tasks (Fitts and Seeger 1953; Fitts and
lation of these areas produces inattention (neglect) t®eininger 1954; Kornblum 1965; Rizzolatti et al. 1982;
particular space sector. Inattention is accompanied Kipsbourne and Hiscock 1983; Lempert and Kinsbourne
motor deficits concerning the effectors represented in tt@85). Accordingly, the longer reaction times when the
ablated area and movements directed toward the spaw@Enges in motor program were within one visual hemi-
represented in it (Rizzolatti et al. 1983). The cortical dreld were accounted for by the greater similarity be-
eas programming spatially specific movements are cdween concomitant oculomotor programs in “same hemi-
trolled by other cortical areas (e.g., pre-supplementafigld” than in the “opposite hemifield” conditions.
motor area, pre-SMA) and by subcortical centers (e.g.In the present experiment we compared the effect of
basal ganglia). When the control exerted by these censgratial attention on manual (pointing) and ocular (sac-
is released, movement occurs. Without such a releasgic) responses in an experimental condition that re-
the portion of spatial map activated by the intendedired a visual discrimination of a peripheral stimulus.
movement gains advantage on all other space locatighscording to the classic theories of attention, since at-
This motor determined spatial activation in what is, ntion is a supraordinate function, it should influence
another level of description, referred to as spatial attehe two motor responses in the same way. In contrast, ac-
tion (see Rizzolatti et al. 1994). cording to the premotor theory of attention, since atten-

Psychological evidence in favor of the premotor thetien derives from planning of different motor activities,
ry comes from reaction time (RT) studies on attention lies properties would depend on the type of motor activity
orienting. From these studies it appears that, when that is planned. The task of the present experiment, if
man subjects have to redirect attention across the htmely executed, would have produced foveation. Atten-
zontal or vertical meridian, they have to pay an extra ctish, therefore, according to premotor theory, should be
with respect to when they have to move attention withimediated in this case by the oculomotor system. Atten-
one visual quadrant. This “meridian effect” (Downintjon mechanisms related to arm movements (Tipper et al.
and Pinker 1985; Hughes and Zimba 1985, 1987; Rizzd892; Chieffi et al. 1993; Jackson et al. 1995) should
atti et al. 1987; Tassinari et al. 1987; Umilta et al. 199dlay only a marginal role, if any. The results showed a
Gawryszewski et al. 1992; Reuter-Lorenz and Fendridiiferential effect of attention on saccadic and pointing
1992) is difficult to explain if attention is not related t&RTs. The predictions of the premotor theory were there-
motor programming, while it becomes an expected evémte confirmed.
if one accepts that oculomotor programming underlies
attention orienting.

Further evidence in favor of premotor theory of spéxperiment 1
tial attention is provided by experiments in which sub-
jects were instructed to make vertical saccades towarMaterials and methods
predetermined target while their attention was allocated .
to different positions in space (Sheliga et al. 1993ubjects
1995a). The results showed a deviation of saccades eusupjects (five men and one woman) participated in the experi-
tralateral to the hemifield to which attention was allocatent. They were all right-handed according to the Edinburgh In-

ed . Similar results were recently obtained also for hoygntory (Oldfield 1971), had normal or corrected-to-normal vi-

zontal saccades (Sheliga et al. 1995D) sion, and except for two (authors of this study) were not aware of
Another i findi .f h ) . the purpose of the experiment. All subjects had previously partici-

nother Important finding of those experiments Wagiteq in experiments involving attention orienting and eye move-

that saccadic RTs depended on where attention was aHents.

cated at the time of imperative stimulus presentation

(Sheliga et al. 1995a). When it was located in the saﬁ}ecedure

hemifield toward which the saccade was directed, the

RTs were longer than when it was located in the opposjtR experiments took place in a sound-attenuated room, dimly il-

hemifield. luminated by an halogen lamp. A microcomputer IBM PC/AT 386
These results were interpreted as follows. SubjectsWgs used for stimulus generation and response recording. The sub-

; ; ; : -lect sat in front of the computer screen with the head positioned on
order to pay attention to the imperative stimulus Iocat@ﬁ adjustable head-and-chin rest and additionally restrained by the

must set a motor program for covertly directing the eygsir head-holder. The distance between the eyes and the screen
toward it. This “attentional” motor program interferegas 38 cm.
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point, as fast as possible, to the upper or lower target box, accord-
ing to the imperative stimulus orientation, while maintaining fixa-
tion 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°x0.06°). 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 at-
tention 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 ses-
sion. The other half of the subjects were tested in the two condi-

tions 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-re-

sponse combination: location of the imperative stimulus (four pos-

Fig. 1 Visual display and time sequence of events in experimesible locations)xdirection of manual response (up or down) was
1 and 2. The uncued condition is shown onléfe the cued con- tested 20 times in each condition. The presentation order of the
dition is shown on theight. Numbersindicate the duration of the various stimulus-response combinations was randomized. Each
presentation of the various displays. The central, “fixation”, box eéssion was subdivided into four blocks of 40 correctly performed

each panel is represented enlarged fashed lines and surround-trials, with some rest between the blocks.

ing circlesshow the enlarged representation) in order to provide a

clear view of events occurring inside that box. For further explana-

tions see te:xt Data collection and analysis

g O

Manual reaction time and movement time

All trials started with the presentation of the visual stimuluBoth RT and movement time (MT) were measured. RT was con-
display (Fig. 1). The display contained four small boxesdered the time between the imperative stimulus presentation and
(0.9°x0.9°) and four large boxes (2.25°x2.25°). One small bake onset of the arm movement (release of the microswitch). MT
“fixation” box, was located at the geometric center of the screemas considered the time between the onset of the movement and
Another two small boxes, “target” boxes, were positioned 188 end (contact of the microswitch with the screen following the
(center to center) below and above the fixation box. They senarth movement).
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 locaitor handling
at the angles of an imaginary square having the fixation box as its
center. The horizontal and vertical eccentricity of the stimulédl types of errors except the one concerning the accuracy of man-
boxes from the fixation box was 9°. The stimulus boxes indicatedl responses were controlled on line by the computer. Three types
the possible positions in which the imperative stimulus could agf-errors arose from inappropriate manual responding. They were:
pear. The imperative stimulus was the letter “T” (horizontal lirenticipations, retardations, and “opposite direction” errors. Antici-
1.2°; vertical line 1.5°), which was presented either normally opations were considered RTs shorter than 150 ms. Retardations
ented or inverted. Normally oriented and inverted Ts required mere considered RTs longer than 600 ms. Opposite direction er-
sponses to the lower or upper target box, respectively. rors were responses directed opposite to the direction indicated by

Following visual display presentation, the subjects, whehe imperative stimulus. The accuracy of movements was con-
ready, placed their right index finger on the start box, initiating trolled visually by an experimenter, located behind the subject. All
this way the trial sequence. On their index finger was attachettials in which the direction of the responses differed from that in-
microswitch. The contact between the microswitch and the screcated by the imperative stimulus were eliminated.
started the trial. The microswitch was connected to the computerAnother type of error (“eye movement” error) was that in
by means of wires arranged in such a way as to not disturb avhich the subjects did not maintain fixation on the central box. All
movements. There were two experimental conditions: trials with errors, regardless of their type, were repeated.

A. Uncued imperative stimulus location. The subjects were in-
structed to fixate the central box of the visual display (Fig. 1) and
to remain still, keeping their index finger on the start box, until ti#atistical evaluation of data
appearance of the imperative stimulus. After a variable interval
(800-1300 ms) the imperative stimulus (a normal or inverted Wanual response parameters (RT and MT) were subjected to two
was presented inside one of the four stimulus boxes (Fig. 1, leftpivariate analyses of variance (ANOVAs). ANOVAs were per-
At the presentation of the imperative stimulus, the subject hadféomed using median values. A logarithmic transformation was
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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 signifi-
cance level was always set at 0.05. 260
Results 340
Table 1 shows the RTs recorded in the various experi-

RT (ms)

mental conditions. The statistical analysis performed up-
on the RTs showed that the main effect of Condition
(F1=10.74,P<0.05) and the two-way interaction Condi- 300

L . . P . same opposite same opposite
tionxField ¢, ==33.7,P<0.005) were significant. Condi- hemifield  hemifield  hemifield  hemifield
tion was significant because RTs were faster in the un- CUED UNCUED

cued (384 ms) than in the cued condition (394 ms).
Figure 2 explains the significance of the CondFg. 2 Manual reaction timesR(T) of experiment 1 as a function
tionxField interaction. In the uncued condition. R Field (same hemifield vs opposite hemifield) and Condition

X ed vs uncued). In the uncued condition the manual reaction
were faster R<0'_Q05) yvhen_ the response was d_lrect ﬁﬁes were faster)in the same hemifield then in the opposite hemi-
toward the hemifield in which the imperative stimulugeld. In the cued condition there were no significant differences
occurred (same hemifield condition, 377 ms) than wheetween the fielcs
it was directed toward the opposite hemifield (opposite
hemifield condition, 391 ms). In the cued condition, RTs
were the same in both the hemifields (same hemifieldére more frequent when the subject had to perform a
condition, 396 ms, opposite hemifield conditionnovement to the target located in the hemifield opposite
392 ms). to that where the imperative stimulus was located than in

Concerning MT the only significant factor was Directhe reverse case. No factor or interaction was significant
tion (F;s=19.4, P<0.01). Downward movements werdor eye-movement errors.
faster (175 ms) than upward movements (210 ms).

Experiment 2
Error analysis

The pattern of results obtained in the first experiment
Anticipations and retardations were rare (less than 1%pas markedly different from that we had previously ob-
Eye movement errors were encountered in 6.1% of cas#sed with saccadic ocular responses in a rather similar
in the uncued condition and in 8.7% of cases in the cymtadigm (Sheliga et al. 1995a). In that experiment, ocu-
condition. Opposite direction errors were present li@r responses were faster with cueing than without it.
4.7% and 2.5% of cases in the uncued and cued cofdirthermore, in the cued condition saccades were slower
tion, respectively. in the same-hemifield condition than in the opposite-

Opposite direction and eye movement errors weremifield condition. Finally, in the uncued condition

subjected to two separate ANOVAs. In the case of oppbere was no difference between the same- and opposite-
site direction errors, DirectiorF( ==8.59, P<0.05) and hemifield responses.
Field (F;s=13.79,P<0.05) reached significance. Wrong These results suggest that spatial attention influences
downward responses following presentation of an impecular and manual responses in a different way. The aim
ative stimulus indicating an upward movement were obf experiment 2 was to compare directly the effects of
served more frequently than wrong upward responsgmtial attention on manual and ocular responses. To this
following presentation of an imperative stimulus indicapurpose subjects were instructed to execute manual, ocu-
ing a downward movement. Opposite-direction errola, and combined manual and ocular responses.

Table 1 Mean and standard er- " .
ror of manual reaction time for Cued condition Uncued condition

each of the eight conditio s

Same Opposite Same Opposite
hemifield hemifield hemifield hemifield

Up Down Up Down Up Down Up Down

Mean 410 382 398 387 381 373 396 386
SE 121 17.9 8.0 129 121 171 9.0 10.7




343

Materials and methods ten at which the eye velocity exceeded 30°/s. The end of the sac-
cade was the point at which the eye velocity dropped below 30°/s.
The onset of the saccadic eye movement with respect to the mo-
ment of imperative stimulus presentation gave the saccadic reac-
tign time (SRT).

Eighteen subjects (15 men and 3 women) participated in the . . L . . .
periment. They were all right-handed according to the Edinbuvrfah Horizontal saccadic deviation from a straight vertical trajectory

Subjects

Inventory (Oldfield 1971), had normal or corrected-to-normal Vjéverage deviation, AD) was calculated as follows. The values of
sion, and, except one, were not aware of the purpose of the ex ﬁ[_x-component of the saccades were measured from the moment
ment. Six subjects had previously participated in experiments @-1"€ saccade onset for 10 ms, with a sampling rate of 1000 Hz.

volving attention orienting and eye movements. The other 12 wdree value of the-component at the moment of the saccade onset
inexperienced subjects. was used as the reference value. The differences between the cur-

rent values of thex-component and the reference value were
summed and the sum of differences divided by the number of the

Procedure performed summations. For more details see Sheliga et al. (1994).

The experimental setup and visual display were those of exp
ment 1. There were two experimental conditions: the uncued ¢
dition and the cued condition. The time sequence of events in
two conditions were the same as in experiment 1.

gr:for handling

Ithe - .
n addition to manual response errors (see experiment 1), three
The experiment consisted of three blocks of trials, which d pes of errors were related to inappropriate ocular responding.

fered according to the type of required response: (1) manual FB€Y Were: anticipations, retardations, and opposite direction er-
sponse (MR). This situation was a replica of the response situafigiv; Anticipations were considered SRTs shorter than 80 ms (see
of experiment 1; (2) saccadic response (SR), saccadic eye mavarban-Smith and Findlay 1991). Retardations were considered
ment to the target box. The hand was positioned at the start s longer than 600 ms. Finally, opposite direction errors were
and remained still on it: (3) double response (MR+SR), moveméficcades directed opposite to the direction indicated by the imper-
of the hand and eyes to the target box. All three response si /e stimulus. All these types of errors were controlled on-line by
tions were included in a single experimental session. They wH}& computer. The accuracy of the saccades was checked in an off-

run in blocks with the order of blocks randomized among subjecia¢ analysis. Saccades with amplitudes lower than 6° or larger
Subjects without previous experimental experience attendB§n 18° were rejected. Saccades directed toward visual imperative

four sessions, two for practice and two for data collection, whifgmuli were also eliminated.

the experienced subjects participated in only the two experimental

sessions. The practice sessions were used to familiarize SUbjﬁgﬁ? ical luati fd

with the experimental setup and to provide some training with tREstical evaluation of data

task. Half of the subjects ran first the uncued condition and th@ T | MT. SRT dic horizontal deviati d d
the cued one, while the other half ran the two conditions in revefSg ' manual Vi, Sk i, saccadic horizontal deviation, anad saccad-
-component velocity were subjected to univariate ANOVAs.

order. Each experimental session consisted of a series of | VA ¢ d usi di I Al thmi
movement calibration trials and of 288 experimental trials, ¢ nsfor?na\{\tli%rr? v?/grsog)rgr?ornlizlc?gugg?l 's;‘_ \c/i:t%esb'eforeogs%rkl)jerc?t:?\g
rectly performed — 96 trialsxthree response types. Thus, any ¢ %m to ANOVA. Post hoc comparisons were made using New-

bination, location of the imperative stimulus (four possible locd- Keuls test. The signifi level | £ 2t 0.05
tions)xdirection of response (up or down), was tested 12 timed'J"-"€ulS test. The signilicance level was always set at U.Us.

each response situation. For any given response situation, the pre-
sentation order of the various combinations was randomized.
Movements of the subjects’ left eye were recorded continuous-
ly starting 500 ms after the moment of the stimulus display pre€sults
sentation (uncued condition) or at the moment of cue presentation
(cued condition). The sampling rate was 1000 Hz. Eye stabilfyegction times
during the time interval preceding the imperative stimulus presen-
tation was controlled by a “spatial window” centered at the fixa- .
tion box. Additionally, a control of possible horizontal drifts preﬁ-abIeS 2 and 3 show the RTs of experiment 2. SRT and
ceding saccadic responses was performed. To this purpose theviBT data were submitted to two separate ANOVAs with
sition of the eyes 20 ms before the onset of the saccade wasf@gr within-subject factors: (a) Condition (uncued or

sessed and this position compared with that of the eyes at the El?éd)' (b) Mode (single-manual or saccadic only or dou-
ment when the continuous registration of eye movements be !

No meaningful relation was found between the horizontal presgé?afé'manual and saccadic); (c) Field (response to the
cadic drift and the saccadic deviation. same or opposite field where the imperative stimulus had

been presented); (d) Direction (upward or downward di-
rection of the response).

Data collection and analysis

Manual reaction time and movement time SaccadIC I’eaC'[ion '[ImeSThe main effeCt Of DII’eCtIOI’I
(F;1717.1, P<0.001) and two two-way interactions —
Manual reaction time (MRT) and MT were measured as in expeGonditionxField F,,~16.84,P<0.001) and FieldxDi-
ment 1. rection §, ,7=13.73,P<0.01) — were significant. Direc-
tion was significant because upward SRTs were faster
Saccadic reaction time and saccadic kinematic parameters (309 ms) than downward SRTs (325 ms).
Figure 3 shows the interaction ConditionxField. In
The two orthogonalxandy) components of eye movements werghe cued condition, same-hemifield condition SRTs

recorded on a magnetic disc. Off-line filtering (11-point movin g ™
average) was subsequently performed for quantitative data anal ;6 ms) were sloweiPk0.005) than opposite-hemifield

Saccadic detection was based on a velocity criterion. The 6@ndition SRTs (308 ms). On the contrary, in the uncued
ginning of the saccade was defined as the first point of a seriegofidition, same-hemifield condition SRTs (318 ms) were



344

Table 2 Mean and standard er-

ror of saccadic reaction time  SRT (ms) Cued condition Uncued condition

(SR for each of the eight con- . .
ditions and in both single and Same Opposite Same Opposite
double conditions of respor se hemifield hemifield hemifield hemifield

Up Down Up Down Up Down Up Down

Eyes only
Mean 311 313 295 320 314 324 317 336
SE 11.7 10.8 10.6 133 95 128 10.9 119
Eyes and hand
Mean 316 325 294 324 313 323 311 336
SE 10.6 10.0 7.7 116 6.0 7.8 6.8 8.4
Table 3 Mean and standard er- i "
ror of manual reaction time MRT (ms) Cued condition Uncued condition
(MRT) for each of the eight . .
conditions and in both single Same Opposite Same Opposite
and double conditions of re- hemifield hemifield hemifield hemifield
sponse Up Down Up Down Up Down Up Down
Hand only
Mean 398 379 392 396 386 368 393 397
SE 9.3 10.0 8.5 9.3 9.0 10.0 9.0 9.0
Hand and eyes
Mean 407 387 402 399 391 379 404 406
SE 10.8 9.9 8.6 10.0 7.6 8.4 7.6 8.1
400 400
380 380
& 360 _. 360
€ 3
& &
@ 340 @ 340
320 320
300 I . 300 ' . .
same opposite same opposite same opposite same opposite
hemifield hemifield hemifield hemifield hemifield hemifield hemifield hemifield
CUED UNCUED UPWARD DOWNWARD

Fig. 3 Saccadic reaction timeSR7 of experiment 2 as a func-Fig. 4 SRTs of experiment 2 as a function of Field (same hemi-
tion of Field (same hemifield vs opposite hemifield) and Conditidield vs opposite hemifield) and Direction (up vs down). Upward

(cued vs uncued). SRTs in the cued condition were marke®RTs were slower in the same hemifield than in the opposite
slower in the same hemifield than in the opposite hemifield. In themifield. Downward SRTs were faster in the same hemifield than
uncued condition they were faster in the same than in the oppositthe opposit=

hemifield

faster P<0.05) than opposite-hemifield condition SRTManual reaction times.The main effects of Mode
(325 ms). (F1,,75.96,P<0.05), Field k£, ;=10.37,P<0.01) and Di-
The interaction FieldxDirection is shown in Fig. 4ection €, ;~4.83,P<0.05) and two two-way interactions
This interaction was significant because upward SR¥<ConditionxField £, ;,=10.5,P<0.01) and FieldxDirec-
were slower P<0.01) in the same-hemifield conditiortion (F, ;~42.59,P<0.001) — were significant.
(313 ms) than in the opposite-hemifield condition Mode was significant because MRTs were faster in
(304 ms), whereas downward SRTs were faf?e0(05) the single-response condition (388 ms) than in the dou-
in the same-hemifield condition (321 ms) than in the oble-response condition (397 ms). Note, however, that
posite-hemifield condition (329 ms). Mode did not interact with any of the other factors. Field
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400 were faster R<0.001) in the same-hemifield condition

(378 ms) than in the opposite-hemifield condition
(399 ms). On the contrary, the difference between the
380 same- and opposite-hemifield conditions was not signifi-
cant in the case of upward MRTs (395 ms vs 398 ms).
360
Manual movement time
340
Manual MTs were submitted to an ANOVA with four

MRT (ms)

within-subject factors: (a) Condition (uncued or cued);
(b) Mode (MR or MR+SR); (c) Direction (upward or
downward direction of the response); (d) Field (response
same opposite same opposite to the same field as the imperative stimulus location or to
hemifield hemifield hemifield hemifield the opposite one).

CUED UNCUED Field, Direction, and the two-way interaction
ModexDirection were significantF( ;~=11.2, P<0.01;

Fig. 5 Manual reaction timedMRT) of experiment 2 as a function _ . _ _
of Field (same hemifield vs opposite hemifield) and Conditianlv17_28'09’ P<0.001; andF, ;7=9.09, P<0.01, respec

(cued vs uncued). MRTs in the uncued condition were faster in tély). The responses to the same-hemifield condition
same hemifield than in the opposite hemifield, while they were @29 ms) were faster than those to the opposite hemifield
approximately of the same value in the cued conc'tion (231 ms); downward movements were faster (219 ms)
than upward movements (241 ms); finally, downward
movements accompanied by a saccadic response were
400 longer (223 msP<0.05) than those without a concomi-

tant saccade (215 ms), whereas upward movements were
580 the same in both modes (MR, 240 ms; MR+SR, 241 ms).
360 Saccadic horizontal deviation
340 Saccadic horizontal deviations were analyzed using AD.
Data were submitted to an ANOVA having five within-
subject factors: (a) Side (left or right field location of the

320

300

MRT (ms)

320 imperative stimulus); (b) Condition (uncued or cued); (c)
Mode (SR or MR+SR); (d) Direction (upward or down-
ward); (e) Field (response to same hemifield as the im-
 ame  opposile [ Same opposite perative stimulus location or to the opposite one).
The main effects of SideF( ;=90.95,P<0.001) and
UPWARD DOWNWARD Direction ,,7~7.79,P<0.05), six two-way interactions

Fig. 6 MRTs of experiment 2 as a function of Field (same hem= SidexCondition R, ,,=26.4, P<0.001), SidexMode
field vs opposite hemifield) and Direction (up vs down). Dowr(F; ;7~5.83,P<0.05), SidexFieldR, ;~=52.53,P<0.001),
ward MRTs were faster in the same hemifield than in the opposBgdexDirection F, ;~=47.29,P<0.001), ModexDirection
hemifield. On the contrary, the difference between the same- Epgi 17=10.83,P<0.005), and FieldxDirectiorF({ ; =5.79,
Sgevgsrgel\-/lhs_lr_glfleld conditions was not significant in the case f<0.05), —and two three-way interactions — Sidex
ModexField €;,+~8.37, P<0.05) and SidexCondi-
tionxDirection €, ;~4.96,P<0.05) — were significant.
was significant because MRTs were faster in the same-The effect of Side was due to the fact that saccades
hemifield condition (387 ms) than in the opposite-hemieviated to the left (0.106°) when the imperative stimu-
field condition (399 ms). Direction was significant belus was located in the right visual hemifield and to the
cause downward MRTs were faster (389 ms) than upht (0.021°) when the imperative stimulus was located
ward MRTs (397 ms). in the left hemifield (see, for similar results, Sheliga et

Figure 5 shows the interaction ConditionxField. lal. 1994, 1995a,b).
the uncued condition MRTs were fastBx(.001) in the  The effect of Direction is explained by the interaction
same-hemifield condition (381 ms) than in the opposit8idexDirection. This interaction resulted from larger
hemifield condition (400 ms). On the contrary, in theontralateral deviations of saccades directed upward with
cued condition, same-hemifield condition and oppositespect to those directed downward.
hemifield condition MRTs did not differ (392 ms vs The interaction SidexCondition was significant be-
397 ms). cause the deviation contralateral to the imperative stimu-

The interaction FieldxDirection is shown in Fig. 6lus was larger in the cued condition than in the uncued
The interaction was significant because downward MR&sndition.

300
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The interaction SidexMode was significant becaudbe imperative stimulus were never observed. During SR
following the imperative stimulus presentation to the leffals, hand movements were erroneously executed in
visual hemifield, contralateral deviation of saccadic tra-4% of cases in the uncued condition and in 3% of cases
jectories was smaller in MR+SR trials than in SR triais the cued condition.

(0.015° vs 0.028°, respectively), while the presentation Saccadic plus manual opposite-direction errors were
of the imperative stimulus to the right visual hemifielgresent in 5.6% and 3.4% of cases in the uncued and
resulted in a virtually identical contralateral deviation ioued conditions, respectively. A series of ANOVAs re-

both types of trials (0.105° and 0.107°, respectively). vealed that they were more frequently observed in the

The interaction SidexField was due to the fact that thecued condition than in the cued condition, that they
deviation contralateral to the imperative stimulus wascurred more often in the opposite-hemifield than in the
greater in the same-hemifield than in the opposite-hems@&me-hemifield condition, and that they were less nu-
field condition. When the required saccade was directe@rous during MR trials than during the other types of
downward, the contralateral deviation was greater whigials.
the imperative stimulus was located in the lower hemi-
field than when it was located in the upper hemifield
Conversely, when the required saccade was directed Discussion
ward, the contralateral deviation was larger when the im-
perative stimulus was located in the upper hemifielthe assumption on the basis of the experimental para-
(see, for similar results, Sheliga et al. 1995a,b). digms usually employed in the studies of spatial atten-

tion is that the recorded motor responses (key pressing or

releasing) are independent of the attentional processes
Saccadigy-component under investigation. They are attentionally neutral and

simply reflect how stimuli are processed.
An ANOVA with the same factors as those for saccadic Recent neurophysiological discoveries on the organi-
deviation data was performed upon tixeomponent zation of the cerebral cortex and, in particular, on the
peak velocity. The main effect of DirectioR,(;=18.94, strict link that exists in many parietal and frontal areas
P<0.001) and the interaction CondltlonXFleIEFlgr among spatial representation, attention, and action con-
18.99, P<0.001) were significant. Downward saccadesol (see Introduction) renders such an assumption rather
were faster (318°/s) than upward saccades (255°/s). dubious. It is certainly true that the relation between the

The ConditionxField interaction was significant beexamined attention phenomenon and the examined mo-
cause in the uncued condition saccades were faster inttheesponse may be in some cases very tenuous, or even
same-hemifield condition (293°/s) than in the oppositabsent. This, however, does not justify the claim that at-
hemifield condition (284°/s); whereas similar valuegntion is not related to motor programming (see Klein
(284°/s and 285°/s) resulted in the cued condition for #980; Rafal et al. 1989; Klein et al. 1992; Klein and Pon-
sponses directed toward the same and the opposite héafiiact 1994). If the neurophysiological data are correct,
field with respect to the imperative stimulus location. a link between spatial attention and motor programming

should appear once attention is investigated, not in an

abstract way using arbitrary responses as probes for at-
Error analysis tentional processes (i.e., key pressing), but using behav-

iorally relevant goal-directed actions. Under such condi-
Saccade anticipations, retardations, and accuracy ertamss, attention should appear linked to motor responses
occurred in 0.6%, 0.6%, and 1.9% of the cases, respmud not any more “disembodied” from basic sensorimo-
tively, in the uncued condition, and in 1.6%, 0.9%, andr processes.
1.9% of the cases, respectively, in the cued condition.In the present experiments we studied spatial attention
The rate of saccades wrongly directed toward the impbky asking subjects to make spatially directed motor re-
ative stimulus was 0.1% in the uncued condition asgonses. According to the imperative stimulus orienta-
0.2% in the cued condition. A large number of erroti®n, the response was directed toward or away from the
were found during MR trials, that is in the condition irmperative stimulus spatial location. Manual and ocular
which the subjects have to move the hand, but not tksponses were investigated.
eyes. These errors consisted in eye movements precedini is well known that, when responses are spatially di-
or accompanying the hand movement. They were abeted, the speed of their onset depends crucially on
served in 8.3% of cases in the uncued condition andwhether there is correspondence between the spatial po-
12.2% of cases in the cued condition. An ANOVAitions of the effectors and the targets (stimulus-response
showed that the difference in the rate of errors in the tgatial compatibility; Fitts 1951; Fitts and Seeger 1953;
conditions was significant. Wallace 1971; Brebner 1973; Simon 1968, 1969; Nicoletti

Manual response anticipations and retardations @t-al. 1982; Umilta and Nicoletti 1985; Umilta and Liotti
curred in 0% and 1.8% of cases, respectively, in the U987; Nicoletti and Umilta 1989; Kornblum et al. 1990;
cued condition, and in 0.2% and 1.7% of cases, resp8tmffer 1991; Stoffer and Yakin 1994; Hietanen and
tively, in the cued condition. Hand movements towaREma 1995). Two main types of spatial compatibility are
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usually distinguished: spatial compatibility proper art@ the stimulus orientation the appropriate response is
the Simon effect. In the case of spatial compatibiligmitted. There is no obvious reason why the disembod-
proper, the spatial position of the stimulus determines ikd attention should favor responses to one direction with
direction of the subsequent response. In the case ofrémpect to the opposite one. The disembodied attention
Simon effect, a nonspatial attribute of the stimulus indihould only “reach” the imperative stimulus and help in
cates its direction. The spatial location of the stimuludiscriminating it. The fact that the movement that fol-
however, although irrelevant for responding, is procesdedis discrimination is congruent or not with the impera-
and influences the response speed. In our experimeives stimulus location should not influence the RTs. In
the stimulus orientation indicated the direction of the imentrast, if one conceives passive attention as a conse-
pending movement, while its spatial location varied. Oguence of the activation of a series of sensorimotor cir-
paradigm was therefore a paradigm analogous to thosés (for reaching, eye movements, head movements,
that produce a Simon effect. etc.) the facilitation of same-hemifield responses is the
In the first two sections of the following discussiorpredicted event, because the primary function of these
we will discuss our findings in relation to attention theaircuits is movement and movement implies direction.
ries. We will try also to show that, by accepting the prBTs congruent with the coded direction ought to be facil-
motor theory of attention, it is possible to give a unitaryated.
coherent interpretation of data that are traditionally dis- Disembodied attention, however, can be saved by
cussed under the heading of spatial attention and of dedding some assumptions. One can postulate, for exam-
dealt with in terms of spatial compatibility effect (Simople, that, when attention is attracted passively, two pro-
effect in particular). The two last sections will be devotesses start simultaneously: an attentional shift toward
ed to the discussion of some specific motor aspectstled stimulus location and an activation of sensorimotor
our data. circuits. The faster RTs toward the stimulated field are
the consequence of the second process. Only the first,
however, is attentional, the second is not. It belongs to
Effect of passive (exogenous) and active (endogenousjhe organization of movements. In our particular case it
attention on manual responses was due to stimulus-response compatibility and to the Si-
mon effect specifically.
As far as MRs are concerned, there are two main pointdt is interesting that in the original paper describing
that require discussion. The first is why exogenous attéime effect named after him, Simon suggested (1969) that
tion strongly favored the responses congruent with attéime origin of the effect he observed was attentional. It re-
tion focus. The second is why this effect was absentfliects the natural tendency to orient toward the stimuli.
the case of endogenous attention. Subsequently, Simon (1970; Simon et al. 1973) discard-
It is a classic finding that the abrupt occurrence ofed his original proposal, because of some differences in
stimulus evokes an orienting reaction accompanied tgbituation time between the Simon effect and the clas-
arousal and vegetative reactions (Pavlov 1927; Soko&w orienting reaction. The point of view, however, that
1960). In our case, verbal instructions prevented motke Simon effect is basically a reflexive shift of attention
ments. The imperative stimulus presentation determinemlyard the stimulus location was maintained by Kahne-
therefore, only a covert allocation of attention toward tineann (1973) and by Bauer and Miller (1982).
stimulus. The fact that opposite-direction errors (re- A series of recent studies provided strong support for
sponses in the direction of the imperative stimulus loan attentional interpretation of the Simon effect. Firstly,
tion but opposite to that required by its orientation) oblicoletti and Umilta (1989) have shown that, when sub-
curred significantly more frequently in the uncued thgects are instructed to segment a series of six boxes in
in the cued condition clearly indicates that attentiahfferent groups by allocating attention to points between
(passive oexogenous attentidnwas attracted by the im-them, their RTs are faster whenever the imperative stim-
perative stimulus. ulus is on the same side as the position of the responding
The important finding was, however, not that attentidrand in relation to attentional focus. The Simon effect
was attracted by the imperative stimulus, but that tdepends, therefore, on the position of the attentional fo-
speed of RT was differently influenced according tmus. Secondly, the same authors (Nicoletti and Umilta
whether the response was directionally congruent or 4894) showed also that when attention, at the moment of
with the imperative stimulus location: RTs followed by #he stimulus presentation, is anchored to a point close to
movement directed toward the stimulated hemifield wettee fixation point, the Simon effect disappears. Thirdly,
much faster than RTs followed by a movement in the dptoffer (1991) has demonstrated that the Simon effect is
posite direction. present when attention is summoned by two spatially
This finding is not easy to explain if one considers ateparated, small boxes, in which, subsequently, stimuli
tention as something supramodal, disembodied from bae presented. However, when attention is summoned by
sic sensorimotor circuits. The logical sequence of eveatkarge box, in which identical stimuli to those of the pre-
triggered by the imperative stimulus should be the falious condition are presented, the Simon effect disap-
lowing: (a) “disembodied” attention is attracted by thgears. The difference between the two conditions con-
stimulus, (b) the stimulus is discriminated, (c) accordirgists in the fact that with two boxes attention separates
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the display into a left and right part, with one large bdike cued condition the imperative stimulus occurs in the
there is a single space, not subdivided into two sectasnter of the movement reference system and not above
Fourthly, and most importantly, Stoffer and Yakin (1994 below it as in the uncued condition. Hence the lack of
have shown that a directional MR that depends on tfieectional effects observed in the case of active atten-
shape of the presented stimulus shows the Simon effemt.
when the subject cannot predict where the stimulus will
be presented (neutral trials), whereas the advantage of
the spatially congruent stimuli vanishes when a cue (vBFect of passive (exogenous) and active (endogenous)
id trials) indicates where the stimulus will appear. attention on ocular responses
Taken together, these data indicate that a distinction
between a “real” attentional mechanism that allocates ®ieTs were affected bgxogenous attentiom a way
attentional focus on the imperative stimulus and a nonatralitatively similar to that of MRTs. Like the latter, they
tentional sensorimotor mechanism responsible for the ®ere faster when the imperative stimulus occurred in the
mon effect is artificial. The evidence shows that the $iemifield toward which the subsequent saccade was
mon effect is an attentional effect. The presentation of made. The only difference was the entity of the effect.
unexpected stimulus in a certain spatial location det&patially congruent MRTs were faster than the incongru-
mines an automatic activation of several sensorimotnt ones by 19 ms, while spatially congruent SRTs led
circuits controlling eye movements as well as arm mowvée incongruent ones by only 7 ms. It is possible that this
ments. The activation of these circuits manifest itself dference was due to the fact that while the MRs were
attention if movements are prohibited, as movementsuifambiguously directed toward the target, the ocular re-
they are allowed. sponses have to be directed (covertly) toward the loca-
It is outside the scope of the present article to discuiss of the imperative stimulus for its discrimination and
other spatial attention effects that are not directly caen overtly to the target. This complex behavior might
nected with those reported here such as, for example,tlthee decreased the exogenous facilitation for ocular re-
so-called inhibition of return (Posner and Cohen 198&honses because of interference between the motor pro-
Maylor 1985; Possamai 1986; Tassinari et al. 19&fam directed to the imperative stimulus and that for the
1989). It will suffice to note here that for this effect theaccade.
current interpretation (see Tassinari 1987, 1989; Pos-In the case of active attentioandogenous attentipn
samai 1991) is that the instruction to refrain from matte result was apparently paradoxical. The RTs of the
ing a movement in response to a stimulus (the first obaccades directed toward the hemifielgpositeto the
pair) biases the “entire motor system against reactingattended one were faster than the RTs of the saccades di-
stimuli in that direction” (Tassinari et al. 1987). This irrected toward the latter. This finding is in accordance
terpretation fits well with the notion that passive attemdth a previous observation we made in a similar experi-
tion and activation of sensorimotor circuits are differentental condition (Sheliga et al. 1995a).
descriptions of the same phenomenon. A difference in RT between ocular saccades toward or
The second important aspect of manual response @&way the imperative stimulus location is hard to account
periments was that, unlike exogenous attentimmjoge- for by any theory that considers attention independent of
nous attentiordid not improve the speed of responses dirotor programming. There is no obvious reason, if such
rected toward the attended hemifield with respect tteeories are accepted, why the speed of RT should be
those directed to the opposite one. Results in line witlster when the subsequent movement is away from the
this finding were found also by Possamai (1991) in fotus of imperative stimulus presentation than when is
experiment in which cued stimuli were presented to thede toward it.
right or left of the fixation point and the responses (key The situation is quite different if one admits that ac-
pressing) were emitted either with the right or the ldfte attention is the result of motor programming. In our
hand. The results showed that the combination “stimulesperimental condition, the locus of imperative stimulus
location-responding hand” was the predominant factorpresentation and the locus of response were spatially
determining the speed of RTs. The fastest RTs weeparated. When the cue appeared, the subjects, in order
those made with the hand ipsilateral to the stimulatexprocess optimally the imperative stimulus, have to di-
field. Cued RTs to a stimulus located contralateral to trect their attention to the locus of its presentation. In
responding hand were slower than uncued RTs maeems of premotor theory of attention, endogenous atten-
with the hand spatially congruent with the target. tion for stimulus discrimination means preparation of an
The lack in efficacy of endogenous attention in facileculomotor program. As a consequence, when subjects
tating MRs toward the target is well accounted for by thed discriminated the stimulus and were ready to emit
experiments on the Simon effect presented above #énel appropriate saccade, they had to change motor pro-
their theoretical explanations. Briefly, when attention ggam. The similarity between oculomotor programs to-
already on the locus of the imperative stimulus presentard the same hemifield (responses toward adjacent lo-
tion, the stimulus presentation has only negligible effectations in space) explains the apparently paradoxical
in determining the activation of circuits controlling adinding that RTs were faster away from the stimulus rath-
tions in space. This is because the reference centerefothat toward it, as one should expect if some effects of
actions is determined by the focus of attention. Thus,drogenous attention due to imperative stimulus presenta-
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tion were still present (for literature on interference, segy that both RTs and MTs of upward directed saccades

Introduction). are faster than those in the opposite direction (see refer-
In conclusion, the differential effects of endogenownces in Heywood and Churcher 1980; Previc 1990).

and exogenous attention on manual and ocular RTsTlite explanation of this bias for upward movement is not

well the assumptions of the premotor theory of attentiariear. A possibility is related to the fact that, in primates,

In contrast, they appear to be difficult to explain by usingpward movements are more related to the exploration of

the theory of disembodied attention. We are aware tleavironment and detection of enemies, while downwards

we have not achieved here the “final” demonstration wfovements are more related to the search for food, and

the validity of the premotor theory of attention and thaibject inspection and manipulation (see, for a similar

by adding some post hoc assumptions, one can probaisyposal, Previc 1990).

find an explanation for the present data without discard-

ing the time-honored theory of disembodied attention.

We have, however, provided new data and theoretiédiention and saccadic deviation

considerations that indicate the deep involvement of s

n- .. . .
sorimotor circuits in attention. ?n addition to RT, another response variable that we in-

vestigated in the present experiment was the trajectory of
ocular saccades. Confirming our previous findings (She-
liga et al. 1994, 1995a,b), the results showed that atten-
tion allocation modifies the saccadic trajectories. When

A variable that concurred with the attentional factors [€ SuPjects attention was focussed on a stimulus in the
determining the speed of RT was the direction of the i ht hemifield, vertical saccades deviated to the left. In

pending movement. SRTs were faster when the sybeQntrast, when the subject’s attention was focussed on a

guent movement was directed upward, whereas M

@t%nulus in the left hemifield, vertical saccades deviated
were faster when the hand moved downward 0'the right. The contralateral deviation was greater when
Previous experiments showed that, in the case of s

m{g visual stimulus triggering the saccade was in the
ple MRT (key release or key pressing), stimuli present%?jme (upper or lower) hemifield as the target for the sac-
in the lower hemifield are responded to faster than sti

\de than when the visual stimulus and target for the sac-
li presented in the upper hemifield (Payne 1967;

G%a_\de were in the opposite hemifields. _
wryszewski et al. 1987; Rizzolatti et al. 1987). This find- Besides confirming previous results, the analysis of
ing is usually interpreted in terms of retinal sensitivit

accadic trajectories showed also that the contralateral
The upper hemiretina is richer in receptors (Osterb

Directional biases of eye and hand responses

viations were significantly larger in cued conditions

1935; Van Buren 1963; Perry et al. 1984) and its serisia”! N uncued conditions. In previous experiments we
tivity to visual stimuli is higher than that of upper visug{°S€rved a similar tendency, but the finding was not sta-
field (Skrandies 1987). Retinal factors, however, canraic@lly significant. The difference is most likely due to
account for our findings, since RTs followed by a mov&1€ fact that in the present experiment a larger number of
ment directed downward were faster than RTs followaHPJects was used. .
by an upward movement regardless of where in the visy-" € context of the premotor theory of attention, the
al field the imperative stimulus was presented explanation of this finding appears to be straightforward.
Another factor that may determine a difference ! the cued condition, the subjects expect the imperative
MRT is the complexity of the subsequent movemen !mulus in a precise space location. This expectancy im-
Typically, complex movements produce RTs longer thiH€S an endogenously generated oculomotor program to-
simple rﬁovements (see Keele 1973). Although upwé’ny rd that location, very probably related to an activation
and downward arm movements could appear similar9h circuits involving the basal ganglia (see Rizzolatti et
complexity, yet upward arm movements require an ordi: 1294; Sheliga et al. 1994). In contrast, in the uncued
nization that is more complex than that for downwa nd]tlon the spatial aIIocatlo_n of_atten_tlon is determined
movements. The effort necessary for their executionpgss'vely through a mechanism involving mostly the su-

greater and more complex, therefore, than the mecRgror colliculus. If one accepts the notion that the sac-
' ’ (éadic deviation is a consequence of the necessity to sup-

nism for mobilization and coordination of the muscl h | Rizzolatti |
groups necessary for their execution. An alternative ?545, tShe Iextant ?cggogrzotorr] p(;qf?rams (F 'Zﬁo att etl al.
planation, which does not contradict the former, is basgtr™ e|>|ga etal. ), the di e&encg in the c(:jomp 3?('
on postural considerations. In humans the natural p(ﬁl-o oculomotor programs in cued and uncued condi-
tion of the arms is with hand located in a downward pponS should lead to the observed difference in the

sition. It could be, therefore, that deviations from this pgt_rength of saccadic deviation.

sition need an extra effort to counteract not only gravi§¢knowledgements This research was supported by the Europe-
but also a natural postural bias. Conversely, moveme#itsScience Foundation and by CNR and MPI grants to G.R.;

indi iti i BM.S. was supported by a fellowship of the European Neurosci-
bringing the hand to a downward position or a pOSItI(Spme Program-ENP Collaborative Research Projects. The authors

closer to it could be helped by the same bias. tB:nk C. A. Umilta and L. Fadiga for discussion of the data and
In contrast to MRTs, SRTs were faster when the SuRe referees for their suggestions concerning stimulus-response

sequent eye movement was directed upward than dowoempatibility.
ward. This finding is in accord with previous data show-
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