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*Istituto di Fisiologia umana, Universita di Verona, Verona, ltaly; and
tDipartimento di Psicologia generale, Universita di Padova, Padova, ltaly

Abstract—By using u simple reaction time (RT) paradigm we have investigated the spatial
distribution of the benefits and costs of volunturily direcied altention and of the inhibitory after-
effects of coverl oricnting. In the firsl experiment subjects deliberalely allocated atlention to each one
of live stimulus positions dispased along the horizontal meridian, whilc at 1he same time fixing their
eyes on the central position, The separation in visual angle between 1he central position and the two
nearest positions, one on the lefi and the other on the right, was 10”; that between the central position
and the two most cceentric positions was 30”. By comparing RT to brief Bashes of light presented at
each position during directed atiention with RT 1o identical Bashes a1 the same position during diffuse
alicntion {i.¢.in a condition in which subjects paid equal atiention to all five positions), it was possible
to determine that benefits, that is RT decreases relative to the diffuse-attention condition, were strictly
kmited (o the atiended pesition. Costs, i.e. RT increases relative to the diffuse-attention condition,
showed a more dilfuse and complex spatial patiern. When attention was directed 10 one of the non-
central positions, costs were apparenl ail the lwo contralateral positions and at the central position,
but not at the ipsilateral position. When atienlion was directed to the central position, costs occurred
at all other positions. This suggesis a special role for the vertical meridian in delimiting the area of
costs when one covertly orients towards the opposite right or keft visual half field. Work of others and
our prehiminary evidence indicate that the area of costs is similarly limited by the horizontal meridian
when one orients loward the opposite upper or lower visual field. In the second experiment we siudied
the inhibitory after-cflect of covert onenting. Orienting to a light stimulus without meving theeyes to
it may induce a short-lived facilitation of the speed of response 1o a second stimulus presented at the
same position, but 1his facilitalion w fullowed by a profound and prolonged RT relardation. By using
a wo-flashes paradigm we observed this RT retardation not only when the two slimuli appeared at
the same posilion, but alse when they occurred at different locations in the same altitudinal or lateral
visual hemificld. There were no inhibitory afier-eflects when the two stimuli appeared on opposite
sides of the vertical or horizontal meridiun. Thus, as with the costs of volumarily directed altention,
the spatial spread of inhibitory aficr-effect of covert orienting was demarcated by the vertical or
horizontal meridian. An attempt to provide 4 unitary interpretation for the similarity between the
spatial distributions of the iwo different 1ypes of attentional effects is made by referring to directional
constrains in motor readiness thal are common to both situations.

INTRODUCTION

MaNY RECENT studies have addressed the problem of whether il is possible to allocate
attention Lo a specific point in the visual field without foveating it. An experimental paradigm
which has been favoured for its simplicity involves the measuring of simple reaction time
(RT) to flashes of light presented at one of several extrafoveal locations in the visual fieid

1 Address for correspondence: Dr. G. Tassinari, Istituto di Fisiologia umana, Strada Le Grazie, 1-37134 Verona,
Italy. .
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under three attentional conditions: in one condition the subject attends specifically to that
location, in another condition he attends to a different location, and in yet another he attends
equally to all possible stimulus locations (21]. The latter condition is called the neutral
condition; decreases in RT at attended locations relative to the neutral condition are called
benefits: and increases in RT at unattended locations over RT in the neutral condition, which
are seen when attention is directed 1o a location different from that of the stimulus, are called
costs. Significant benefits and costs at extrafoveal locations can be obtained while the foveae
are locked on a fixation point until after the presentation of the stimulus, hence these chanpes
in RT must be accounted for by changes in the receptivity for incoming visual signals that are
totally independent of the orienting ocular response. This has led to the concept of a covert
orienting mechanism that can shift attention over the visual field without requiring cye
movements {10, 18, 19, 20, 21, 23].

In these experiments allocation of attention to a specific visual field position is usually
induced by visually cuing the subject about the position for which the probability of stimulus
occurrence is maximal. Visual cues for the generation of positional expectancics may be
presented before the stimulus at or near the cued position, or they may occur far away from
the cued stimulus position and signal it by means of a symbolic relation. It would seem
reasonabile that cues spatially linked with the stimulus position should be more effective than
symbolic cucs because they should automatically atlract attention to the cued position [11].
However, it turns out that stimulation of a visual ficld location induces a long-lasting slowing
of RT to stimuli subsequently presented to that location, and that this RT slowing is a
conscquence of a covert orienting to the first stimulus [1, 14, 16, 17, 19]. Thus, in addition to
direct benefits and costs, there is an inhibitory after-effect of covert orienting. This has been
attributed to a mechanism which biascs the visual system toward collecting information from
ever-changing regions of the visual field [16, 17, 19, 22].

Lately there has been a surge of interest in the spatial distribution of the benefits, costs and
inhibitory after-eflects of covert orienting. The simplistic idea that benefits are restricted to
the attended position and costs affect equally all unattended positions has been disproved by
much evidence bearing out a considerably more complex spatial pattern of such attentional
offects. [t is not clear if benefits can possibly spread away from the attended position, but
there is general agreement that costs affect large portions of the visual field, although their
distribution is far [rom homogeneous [5. 8,9, 24]. There are indeed indications that the
main meridians of the visual ficld may constitute boundaries or lines of major transitions in
the spatial distribution of costs of selective attention,

Regarding the inhibitory after-eflects of covert orienting, we saw that they also extended to
large portions of the visual field which were bounded on the medial side by the vertical
meridian [1, 3] and on the upper or lower sides by the horizontal meridian [3, 14]. These
similarities between the spatial distribution of the costs of selective attention and the
inhibitory after-affects of covert orienting have suggested to us that the general attentional
field is anisotropic, with major changes in the distribution of attentional effects occurring at
the vertical and horizontal meridians.

In the present paper we examine this possibility by describing tvro sets of different but
related experiments. In the first set of experiments we have analysed the spatial pattern of the
costs and benefits of voluntarily allocated atiention, using a new paradigm which docs nuot
require the generation of positional expectancies. In the second set of experiments we have
performed a more detailed evaluation of the spatial distribution of the inhibitory after-cfects
of covert orienting across the main meridians of the visual ficld.
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EXPERIMENTS ON €OSTS AND BENEFITS OF VOLUNTARILY
ALLOCATED ATTENTION

E_xpcrimcnls on the selective allocation of attention 1o specified visual field positions have
or_dlnanly employed pre-stimulus cues which provide information about the probability of
s_umulus occurrence at each given position. In the neutral condition the pre-stimulus cue
mgnals that the probability of occurrence is the same for all possible positions. In the
altentive conditions the probability of stimulus occurrence is high for the cued position (c.8.
80%]) and equally low for all the other positions e.g. the sum total of the probabilities of
stimulus occurrence at these posilions is 20%). If the stimulus does indeed appear at the high-
probability position indicated by the cue, the positional expectancy and, presumably, the
locus of selective attention coincide with the actual position of the stimulus; ifon the cont‘rary
the stﬁmuluszgpearsdal one of the low-probability positions, this is unattended because the
cue has misdirected attention to the hight ; i iti
e 2020 20 ghly probable potential stimulus position

_Three consideralions suggest that this paradigm may be more complicated than it seems.
First, although the primary task is a simple RT task, on each trial the subject must interpret
the cue, and the difficulty of this interpretation may affect performance on the subsequent RT
task. If, as it seems likely, the difficulty of the intecpretation of directional cues is different
from that of the interpretation of neutral cues, the comparison between RTs of the neutral
and attentional conditions could be biased by this extraneous factor [ 12]. Second, there are
many more RTs to attended than to unattended positions, and this may introduce unwanted
sampling differences in the comparisons. Third, with different stimulus frequencies for
attended and unattended positions, the better performance at attended positions may be
attributed at least partly to probabilistic operant conditioning rather than to a conscious and
wilful allocation of atiention to a visual field position.

We have tried to overcome these complications in the analysis of voiuntary allocation of
visual attention by empluying a different experimental paradigm in which pre-stimulus cues
were eliminated and the probability of occurrence of the stimulus was equal lor all possible
Posilions, both in the neutral and in the attentive conditions. This paradigm has provided
interesting results regarding the spatial distribution of voluntary attention in the visual field.

METHODS

Twelve normal‘rlghl-hl.ndcd adufts, six males and six females, performed a simple visuomotor RT task during six
experimental sessions which were run on scparate days. All of them had experience with RT 1asks. A light stimulus
could appedr in one of five positions along the horizonlal meridian of 1he visual field. The source of the stimulus was
any one of five light emitting diodes (1. EDs. TIL 222) with round tips 5 mm dia. which could be lighted individually
by a 15 mA square pulse of current of § msey duration, producing a gallium phosphide green fash of light with a
luminance of 70 cd/sq. m. The L.EDs were fastenced (o an arc perimeler 57 cm in radios, one LED in a central
position being Ranked on each side by two other LEDs at 10 and 30 cm. ’

_Sub!ccls sal with head position in a head- and chin-rest al the center of the perimeter so that the distance from the
midpoint between their eyes and cach LED was 57 cm. At this distance the visual angle between the central LED and
e:u_:h of the 1wo nearest LEDs was 10", and the visual angle between the centrul LED and each of the two farthest
LEDs was 30°. The arc perimeler was altached lo a white screen illurminated from above at a luminance of
0.15cd/sq. m.

In cach scs.jinn there were six blocks of S0 trials each, and in each block ten stimuli were presented in cach of the
five positions in a completely random sequence. On each trial the light stimulus was preceded at an interval ranging
ran‘dur_nly from one to three see by an auditory tone peep, 50 msce ia duration, delivercd through earphones.

_Suhjects were instructed Lo fixate tnocularly on the central LED upon hearing the warming signal and to respond
'hlmanua lly b}r pressing one key with the right thumb and onc key with the left thumb as soon as they saw a light Rash
in any of the five positions, while at the same time maintaining fixation un the central LED. The keys were positioned
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symmetrically on the sides of the subject at a convenient distance from two forearm rests. RT was measured (o the
nearest msec {rom Lhe enset of the stimubus to the closing of & switch by the key-press.

At the beginning of each of the six blocks within a session subjecls rcad on a compuler screen a standard
instruction cither to pay selective attention 1o a specilied simulus position or Lo atlend equally to all five posilions
throughout the block. With the standard background illumination the five LEDs were clearly visible, in central as
well as in peripheral vision, even when not activated. In cach session (here was one block allotted 1o seleclive
attenlion to each of the five stimulus positions, the remaining block serving for the condition of “diffuse™ atlention.
The subjects understood that ocular fixation on the central LED was to be maiptained throughout cach trial in all
atticntional conditions. The block order was compietely counterbalanced across sessions and scross subjecis
according 1o a Latin square design. The intertrial interval within each bluck was about 3 sec, and there wats a few
minutes’ intermission between blocks.

In order {0 ensure that fixalion was maintained, the position of the subjects’ eyes was checked continuously by
closed-circuit lelevision. Subjects knew that on each trial the stimuius could occur with equal probabilily at each of
the five positions, and the only reinforcement they received for complying with the stienlional instructions was
provided by secing the results for each block on a computer print-oul immediately ufter the end of the block itsell,

Responses shorter than 150 msce and longer that 300 msec were discarded and The trial was repeated later in the
sequence. At the end of the six sessions each subject had provided 120 RTs (60 fur each hand) for cach positivn, bath
when that posilion was attended 1o specifically and in the difluse attenlion condition.Further, he or she had
provided 480 RTs (240 for each hand) for each position while atlenlion was directed to one of the other four
positions. The presemiation of the stimuli, the coilection of RTs and the on-line utd off-line analyses of the dala were
performed with a small general-purpose compuler.

RESULTS

Most subjects indicated that they comptied with the instruction to attend selectively to a
specific position by trying to increase their specd of response to stimuli in that position. None
of them reported that he or she tried to slow down responses to stimuli in unattended
positions. The intensity of the stimuli being well above threshold, omissions of responses
were extremely rare and were unrclated to any specific condition or position. RT
anticipations and retardations were also exceplional and showed no sysltematic pattern in
relation to conditions and/or positions.

Median RT was computed across sessions for cach hand of each subject for each position
in each of six conditions. The six conditions for each position resulied from the sum of four
unattended conditions (during which responses to that position were made while attending
selectively to each of the four other positions), one attended condition (during which
~ responses to thal position were made while it was being atiended to), and one diffuse-
attention condition {during which all five positions were equally attended to). Since
preliminary inspections of the data revealed no systematic intermanual differences, the
means of the medians for the two hands were employed in the analyses reported hereunder.

Figure | shows RT as a function of stimulus position and attentional condition. The poinits
in the attended-condition curve and in the diffuse-attention condition curve are means across
subjects of the appropriate individual median values. The points of the non-attended-
condition curve were arrived at by first computing in each subject the means of the medians
of the singie four unattended conditions, and then by 1aking the means of these values across
subjects.

Two trends are immediately evident from the figure. First, in all attentional conditions RT
was shortest at the central position (fixation point), intermediate at the two intermediate
positions, and longest at the two lateral positions, with no apparent dirferences between
corresponding right and left positions, This well known increase in RT with the eccentricily
of the stimulus is regarded as an expression of the gradual decrease in the photopic sensitivity
of the retina as one moves from the fovea toward the periphery [7], and provides good
indirect evidence that our subjects maintained fixation in all atientional conditions.
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Fiii. |. Benefils and costs of voluntaty selective atiention. Reaction time (RT)isshown as a function of

sumulus position (LE=lef external position; LI=kh internal position; C=ceniral posilion;

RE=right internal position; RE =right externa) position) and allenlional condition (A = atlention

directed Lo stimulated position; NA = altention direcled (o positions other than the stimulated
position; D =diffuse altention, i.c. attention equally distributed among the five positions).

Second, benefits, measured as differences between RT in the diffuse attention condition
and RT in the attended condition, and costs, measured as differences between RT in the non-
attended condition and RT in the diffuse attention condition, were both present and
approximately mirror-symmetrical at each of the five positions. Again, the results for the
right positions were not distinguishable from those for the left positions. Since subsequent
statistical analyses confirmed the absence of right-left differences, these will not be
considered further.

Analysis of variance with attentional conditions and location of the stimuli as factors
showed highly significant Fy for both factors as well as for their interaction (P <0.001 in each
case). Post-hoe comparisons by paired 1-tests showed that the benefit, taken as the difference
between diffuse and attended conditions, was significant generally (8.1 msec, P <0.001), as
well as for each single position (P<0.02 in all cases). However, the benefit was smallest for
the central posilion {mean 4.3 msec), intermediate for the intermediate positions (mean
5.7 msec), and largest for the lateral positions (mean 12.2 msec). The increase in benefits from
the central position to the intermediate positions fell short of significance (£ <0.1), while the
increase in benefits from the intermediate positions to the lateral positions was amply
signilicant {P<0.01). '

The main cost of 10.5 msec was atso highly significant {P <0.001) and significant costs
were observed al all positions (P < 0.01 in all cases). However the mean cost of 5.9 msec at the
central position was significantly smaller than either the mean cost of 10.9 msec at the
intermediate positions (P <0.02) or the mecan cost of 12.5 msec at the lateral positions
{P<0.02). The difftrence between the two latler costs was insignificant (P=0.4).

Figure 2 shows a break-down of RTs to stimuli in unattended locations according to the
relative positions of the stimulus and the locus of attention. For simplicity the data regarding
both the responses made to stimuli in the central position, or to the stimuli in the other
pusitions when selective atiention was directed to the centre, were excluded from the figure.
Costs can again be assessed as differences against the diffuse-attention condition. Thus the
magnitude of the costs for the four non-central positions can be related to whether the locus
of the stimulus and the locus of selective attention were on the same side of the fixation point,
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Fic. 2. Break-down of costs of voluntary selective attention. For each of the four non-central
positions {LE, L1, R1, RE, see previous figure) RT is shown as a lunction of the posilional relationship
between the attended location and the locus of the stimulus. AD = attended location and focus of
stimulus are in adjacent positions in the same hemifield; S = attended location and locus of stimulus
arc in symmetrical posilions across the vertical midline; NS = atiended localion and locus of stimulus
are in non-symmeirical positions acrass the vertical midhne. 13 shows, for comparison, RT in the
diffuse-attention condition. Note that only the 5 and NS RTs are increased compared 1o the D RTs.

or on opposite sides of the fixation point, either in the symmetrical or the non-symmetrical
disposition. When attention was directed to the other position in the same hemifield the costs
appeared minimal or non-existent, and in fact RTs were not significantly longer than
corresponding RTs in the diffuse-attention condition (the mean difference was 2.7 msec and
was not significantly different from zero, P>0.1).

The costs represented in Fig, 2 were therefore accounted for entirely by costs suffered when
attention was directed to a position on the other side of the fixation point, and there was no
difference between symmetrical and asymmetrical dispositions of locus of stimulus and locus
of attention. Further, there was no significant difference between any of the positions in terms
of these cross-midline costs.

The data not shown in Fig. 2 indicated that paying selective attention to the central
position induced significant costs in all other positions {mcan Il.1 msec, P=0.001), with
costs at the lateral positions being significantly greater than costs at the intermediate
positions (13.4 vs 8.8 msec, P=0.05). Conversely, when selective altention was allocated to
the eccentric positions there was at the central position a signiticant mean cost of 6.0 msec
(P=0.001). When attcntion was directed to the lateral positions the costs was 7.8 msec, while
it was 4.2 msec when allention was directed to the medial positions. The diflerence between
these two cosls was almost significant (P =0.07).

Figure 3 provides an overall graphic representation of the results. Cumulative frequency
distribution curves were constructed for RT for each position for the attended condition, the
diffuse-attention condition and each of the four non-atiended conditions by taking the means
across subjects of the first, 10th, 25th, 50th, 75th, 90th and last percentiles of the respective
RT samples. The five cotumns in the figure represent stimulus positions, from latcral left to
lateral right, whereas the five rows represent the attentional conditions for each of the
positions, from lateral left at the top to lateral right at the bottom. Each graph in a column
allows a visual comparison between the pertinent curve, identified by the vertical marks, and
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FiG. 3. Overall offects of voluntary selective attention. Cumulative lrequency distribution curves for

each position (columns) in each selective-attention condition {rows). The cumulative percent

frequencies are plotted on the ordinates from O 1o 100%, and RT 1s plotted on the abscissae. The

portivn of the abscissie between the origin and the right end corresponds to the range | 50-300 msec.

For cach diagram in a column the critical curve, identitied by 6 vertical strokes that mark the [Oth,

25th, 50th, 75th, 90th and [00th percentiles, can be compared with the standard reference of the
diffuse attention condition {(unmarked curve).

a standard provided by the curve for that position in the diffuse-atiention condition. The
standard for comparison is obviously the same in each column.,

The figure highlights in graphic form the most important aspects of the results. First, it is
clear that for each of the five positions benefits involved a leftward shift of the whole curve (i.e.
toward shorter RTs) relative to the standard, and costs involved a rightward shilt of the
whole curve (i.¢. toward longer RTs). Thus, the decrease of median RT associated with the
allocation of attention to the locus of the stimulus, and the increase of median RT associated
with the allocation of attention to unstimulated positions, were not merely due to an
increased relative frequency of short RTs in the first case and an increased relative frequency
of long RTs in the second case, because the changes affected the whole RT range, significant
diffcrences with the diffuse-atiention conditions being observed from the 10th percentiles
onwards. Morcover, Fig. 3 also reiterates that benefits increased with stimulus eccentricily;
that costs resulting from attention being directed toward a non-central position affected the
central and contralateral positions, but not the ipsilateral position; and that paying selective
allentiqn to the central position induced costs at all other positions, especially the most
eccentric ones,
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DISCUSSION

The results show that visual attention can be allocated to foveal or extrafoveal sites in the
visual field by an effort of will which need not be cued on each trial and does not require to be
reinforced by different frequencies of stimulus occurrence at attended and unattended
positions. The clear and meaningful pattern of costs and benelits which emerges from the
results is in contrast with previous reports [23] indicating that a “blocked” paradigm does
not bear out the effects of directed attention. We fecl on the contrary that the present blocked
paradigm is advantageous for its simplicity, and the results can contribute to the analysis of
voluntary allocation of attention to points in space.

The main point to be discussed here concerns the spatial distribution of the efects of
selective attention. In this discussion we will at first refer to costs and benefits as behavioural
effects, measured as differences from the diffuse-attention condition, without considering
their possible neural bases. The spatial distribution is markedly different for costs and
benefits. Benefits arc limited (o the locus of attention and are greater for the more eccentric
positions, whereas costs are much more diffusc and virtually independent of eccentricity.
When attention is directed to an eccentric position, costs affect both the central position and,
1o an equal degree, the two positions on the opposite side of the vertical midline. When
attention is directed to the central position, costs become apparent al all the other positions.
With attention allocated to either of the cccentric positions, the other position on the same
side of the midline shows neither benelits nor cosis.

The present results on the spatial distribution of costs and benefits can be compared and
contrasted with those of other similar studies [5, 8, 9, 24] using pre-stimulus cues to direct
attention on each trial, as well as diflerent [requencies of stimulus presentation al attended
and unatlended positions. The finding that with our interstimulus separations of 10 or 20°
benefit was exclusively restricted to the lecus of atlention confirms DowNING and PINKER [5]
who used shorter interstimulus separations (about 2.57) and found a very limited spread of
benefits from the cued position. R1zzoLaTTi ef al. [24] used a horizontal array of stimuius
locations positioned 6° above or below the central horizontal meridian and having an
interstimulus separation of 4"; they alse found that benefits of directed attention were strictly
confined to the cued position. HuGHES and ZiMba [8, 9], at variance with the present and
other studies cited above, did not find benefits of dirccted attention, and therefore their
studies provide only data on the spatial pattern of costs at unattended locations.

There is 2 remarkable agreement among all these studies on the fact that cosis do not affect
all unattended positions 1o the same extent, bul are particularly prominent for unattended
positions contralateral o the stimulated position. In keeping with DOWNING and PINKER [5]
and with HuGHES and Zimea [8, 9], we Tound that costs were uniform throughowt the
hemifield contralateral to that of the stimulus, and in fact when our subjects attended 1o
either location on one side of the fixation point, the spatial extent of costs began at the
fixation point and extended o the most eccentric lateral position. The lack of costs observed
ipsilaterally to the attended position in our experiment confirms HUGHES and ZiMpa [8.9]
and is in partial agreement with DOwNING and PINKER (5), whereas RizzoLaTTi et ul. [24]

found costs also in the hemifield ipsilateral to the atiended location. However, such costs
were vastly smaller than those seen in the other hemiticld.

In connection with the above discrepancies, it must he stressed that a given pattern of
behavioural costs and benefits does not necessarily reflect a unique pattern of brain activity,

For example, in the present experiment the absence of behavioural costs and benefits in the
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adjacent position in the ipsilateral field may have resulted [rom a mutual neutralization of
antagonistic brain processes potentially leading to behavioural costs and benefits. In other
words_, the absence of a difference between RT in the diffuse-attention condition and RT with
atiention directed to the adjucent ipsilateral position is no proof that the neural processing of
information from that position is the same in the iwo conditions.

With regard to the possible neural basis of costs and benefits, the role of the verticai
midlinc in bounding the area of visual field affected by costs, or in marking the border
between an area of low costs and an area of high costs, can be discussed in relation 1o the fact
that the vertical midline is also the line of separation between the right visual field, which
projcl:cls to the left cerebral hemisphere, and the left visual field, which projects to the right
hemisphere. However, as demonstrated by RizzoLatTi er al. [24] and by HUGHEs and ZimBa
[9]. any interpretation of the spatial distribution of costs based on the spiit of the
represcntation of the visual field between the two hemispheres is cither incomplete or
downright wrong. They showed that a spatial distribution of costs analogous to that seen
across the vertical meridian can also be observed in experiments using a vertical array of
stimuli across the horizontal meridian. We also have preliminary evidence that the same
pattern of resuits as described here cun be found with five stimulus positions aligned along
the vertical meridian. In these conditions it is the horizontal meridian that marks the limit of
!hc cost area, and there is no interhemispheric cleft corresponding Lo the horizontal meridian
in the neural representation of the upper and lower visual fields. Further, although secondary
or tertiary visual cortical areas in the monkey may conlain separate representations of the
upper and lower visual fields, the visual field representation in the primary visual cortex is
conlinuous at the horizontal meridian [27]. The relationship between these anatomo-
functional subdivisions in the visual corlex and the spatial distribution of attention deserve
further investigation.

The possible lunctionai significance of the horizontal and vertical meridian as lines of
division between visual field areas characterized by different attentional costs has been
discussed by RizzoLatm et al. [24] and by HuGHEs and ZiMBA [9]. Our aim is to show that
the main meridians of the visual ficld are also involved in partitioning the visual field with
respect to the inhibitory afler-clfects of covert orienting.

EXPERIMENTS ON THE INHIBITORY AFTER-EFFECTS OF
COVERT ORIENTING

The speed of detection of a simple Hash of light in an extrafoveal region of the visual field is
markedly influenced by previous stimulation of that point {1, 14, 16, 17, 19]. Although
intuitively prior stimulation should act as a positional cue, and therefore it should decrcase
R'll' o §timuli subsequently presented in that position [11], it is now clear that simple RT to
sl!mull occurring in one rcgion of the visual field is strongly prolonged alter previous
sl!mulalion of the sume region. Facilitatory effects of a first stimulus on RT to a second
stimulus may appear if the two stimuli are separated by no more than 100 msec [ 16, 17, 19],
and thus might be due merely Lo temporal summation, but if the interstimulus interval is
longer (up to 1.5 sec) RT to the second stimulus is markedly slowed down.

There is strong evidence that this RT retardation by prior stimulation is at least partially
independent of retinal processes such as local adaptation, and totally independent of
response biases such as motor inhibition or probability guessing [16, 17, 19, 26]. Local
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adaptation of the retina may contribute to RT retardation at rclatively short interstimulus
intervals{less than 500 mec), but not at longer interstimulus intervals [26]. Instead. the cffcct
appears to be caused by a selective inhibition of the orienting reaction toward a point of the
visual field that has been the target of an immedialely preceding orienting reaction.

The form of the effect with which we have been concerned can be termed inhibitory after-
effect of covert orienting. A typical experiment consists in presenting subjects with pairs of
successive Rashes of light, and the two flashes in a pair can appear onc on the right and the
other on the left of a fixation point, or both can appear suceessively al the same location,
sither on the right or on the left. The subject has to make a quick manual response to the
second flash, and the dependent variable is the RT of such response, while the independent
variable is the positional relation of the two flashes in the visual field. Usually no overt
response is required to the first flash, but obviously the subject has to detect it in preparation
for responding to the second flash, and it seems plausible that such a detection must involve a
covert orientation toward the locus of the first flash. The orientation is covert because
fixation must be maintained throughout cach trial, and no eye and/or head movement is
allowed in the interval beiween the first and the second flash.

In accord with previous studies [1, 14, 16, 17, 19] we have found in experiments of this
kind that il the two flashes appear at the same position, RT is longer than when the two
flashes appear at different positions. The definition of such effect as an “inhibitory after-eflect
of covert orienting” is justified by the following considcrations.

That the effect is duc to an inhibition of the response to the second of two spatially
coincident flashes, rather than to a facilitation of the response to the second of two
contralateral flashes, is shown by comparing the two RTs with a standard reference such as
RT 1o the first lash. If the subject responds to both flashes in a pair, RT to the second of two
spatially coincident flashes is longer than mean RT to the first flash, while RT 1o the second of
two mutualily contrateral flashes does not differ from it [26].

That the inhibitory cfect requires covert orienting to the lirst stimulus is shown by priot
bilateral stimulation. ITinhibition is due 1o a covert orienting to one side which for some time
acts against reorienting to the same side, a bilateral stimulus should not he inhibitory on
subseguent orienting responses because it should not induce a fateral orientation. Indeed,
RT to a flash in one lateral position, say on the right, is considerably slowed when the flash is

" preceded by another Nash in the same position, but is not retarded (at least for interstimulus
intervals beyond the duration of the local retinal adaptation) when the flush is preceded by
two simultaneous flashes, one on the right and the other on the left, similar to when it is
preceded by a single flash on the left [16, 26]. Further, procedures which lead (o the
habituation of the orienting response, such as repealed stimulation, tend to suppress the
inhibitory after-effect of prior stimulation of the same visual lield position. Thus, when
subjects respond to euch flash in a sequence of flashes presented at random on the right or the
left, RT to a given Mash in a sequence does not appear o be influenced by the position of the
previous flash, since it is the same regardicss of whether the previous stimulus had occurred in
the same or in the opposite position [26].

We have shown that the inhibitory after-eflect of covert orienting does not affect solely the
position of the first stimulus, but may extend to a whole hall of the visual ficld. Since this
spatial distribution of the inhibitory after-eflect of covert orienting has much in common with
that of costs of voluntarily direcied visual attention, we will describe an experiment aimed al
assessing the spatial coordinates of RT inhibition by prior stimulation.

SPATIAL PATTERNS OF VISUAL ATTENTION 65

METHODS

Six right-handed normal male adults served as subjects. They sat i front of a white screen with their head in 8
head- and chin-rest facing a bar which supported four LEDs wentical to these of the previous experiment, The
distance between the eyes and the midpoint of the bar was 57 cm, and the LEDs were positoned syinmetrically two
on ane side and the other two on the other side of this mdpoint ata distance of sespectively [0and 30 of visual angle
from it. The bar could be oricnted horizontally or vertically by rotating it around s midpoint. Subjects could fixale
on the midpoint of the bar, and in such case the stimulus array lay on the central vertical menidian of their visual field
il the bar was vertical, or on the central honizontal menidian of the visual lield if the bar was horizontal. Otherwise
they could finate ona poant 107 above or below the midpoini of the bar when this was horizontal, or on a point 1 10
the right or the lefi of the midpaint of the bar when this wos vertical. In these cases a horizontal array of snmuli
crossed the central vertical meridian of the visual field 10" ahove or below (he fixation point, and a vertical array of
stimuli crossed the central horizontat meridian 10 1o the right or left of the fixation puint.

Each subject performed a simple RT task in cach of the six conditions of fixation. A block of 64 trials was assigned
to a specific fixation condition, and on each Irial the subject was to fisate binocularly on a specified fixation point
upon hearing a standard auditory warning signal delivered through earphones. After an interval ranging randomly
from 110 3 sec a flash of 5 msee duration and 70 cd/sy. m luminance was presented in one of the four positions,
without requiring an overl response of the subject. Alicr a further interval, which coubd lasi 0.2 06, 1.5 or 5seca
second identical flash was presented at one of the same four pusitions. amd the subject had 1o press a key with his
right or left thumb as fast as possible upon seeing it

Ina block of 64 trials, both flashes appearcd 16 imes in cach of the fous positions, and there was one trial for each
of all possible combinations between the position of the first Nash, the position of the second flash and the
interstimulus interval. The order of these combinations within each block was completcly random, so that it was
impaossible for the subject to predict esther the position of the second flash {rom that of the lirst, or the duration of the
interstimulus interval.

Subjects attended on g 1otal of & sessions, each consisting ol two blucks. The comdition of fixation was the same lor
each session, bul subgects performed with one hand i one block and with the other hand i the other block. The
hand order was counterbalanced across sessions and across subjects. There was one session for each of the four
conditions of eccentnic hixation (i.e. when fixation was to the right or lell of a vertical bar, or above or below a
horizontal bar) and two sessions for each of the lwo conditions of central fixation {i.c. when subjects fixated the
mudpomt of Lhe horizontal or vertical bar ). The order of fixation conditions was completely counterbalanced across
subjects. In total, each subject provided 128 RTs fur each of the four eccentric-fixation conditions, and 256 RTs for
each of the two central-fixation conditions. Half of these riats were performed with the right-hand and half with the
Jen.

Suhjects were instructed to maintain fixation on cach trial from the warning auditory signal until after performing
the response. and the position of their eyes was continuously monitored by television. RTs were measured to the
nearest msec from the onset of the second Rash in a pair Lo Lhe closing of a switch by the key-press. RTs shorter than
150 msec or longer than %90 msec were rejected and the Lrial was repeated later in the sequence. Trials on which
subjecls respanded during the inlerstimulus intervat were also discarded and repeated at the end of the block.

The presentation of the stimuli, the measure and collection of RTs and the data analyses were performed
automaltically by means of a general purpose computer,

RESULTS

The description of the resuits is made simpler if we ignore possible differences between
right and left hands, right and left fields and upper or lower fields. This is justified because
there was no significant difference between the hands and between the 1ateral fields, whereas
a systematic advantage for RT of the lower over the upper field could be accounted for
entirely by retinal factors [ 73, and had no impact on the spatial distnbution of the inhibitory
after-effect.

The spattal pattern of the inhibitory after-effcct can be analysed in a general way by
considering that in all conditions of fixation the second Aash could occur at the same location
as the first flash, or at a different location on the same side of either the vertical or horizontal
meridian, or in one of two locations on the oppesile sides of the vertical or horizontal
meridian. The pattern of results depicted in the figure can be generalized to all positions in all
fixation conditions.
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Figure 4 shows the means across the four positions and across sub]:ef:ts of RT to flashes
preceded by a flash in the same position (SP), by a flash in the other position on the same _sndc
of the vertical or horizontal meridian (SF), or by a flash on the opposite side of the mcnq:’ans
(OF; since it made no difference whether the opposite flash was in one or the plher position,
RTs for contralateral combinations have been collapsed in Fig. 4). In all fixation conditions,
at the first three interstimulus intervals SP RT was clearly slower than OF RT. The SP-OF‘
difference is of course the classical inhibitory afer-efiect which on slalistica! analysis
{analysis of variance and t-tests) proved to be significant at eacl_1 of thF first three
interstimulus intervals, whereas it had disappeared at the § sec interstimulus interval. The
means across fixation conditions of the SP-OF differences were 57.7 msec at the first
interstimulus interval {different from zero at the P<0.001 level by a one-sample l-les_t).
36.5 msec at the second interstimulus interval (P<0.001), 19.3 msec at the third
interstimulus interval {P=0.01) and 6 msec at the fourth interstimulus interval (n.s.)

The novel result in Fig 4 is the presence of an inhibitory after-effect of SF combinations,

5P A B
= ra |
[ - a2 }
Aa [ cf l‘l = |
! L I aa
»»x a |
aa o oF ;3 o EE
am ma |
S — g%
C D
= | SP ! »
[ ] -
R= § g ae
! LU T am
a’n o 0 -
= | - | &
arf
- Lﬁ! s dr— - i 's dr—

FiG. 4. Effect of prior stimulation on simpie RT to a flash. RT to the sccond Aash (msec) is sho'wn asa
function of the interval between the first and the second fash (sec) and the positional relationship
between 1he two flashes. SP=1the two flashes occurred al the same point; SF=1he two ﬂasht_:s
occurred in different positions in the same lateral or altitudinal ﬁeld;_OF = ll_n_: two ﬂ:!shu occured in
opposilc lateral altitudinal fields, the symmetrical and non-symmelrical positions being pooled. l!‘l A
the stimulus array was aligned with the horizontal meridian; in C it was aligned with the verlu_:al
meridian; in B the stimulus array was horizontal, but it was 10° above or below the fixation paim
(pooled conditions); in I} the stimulus array was vertical butl ill was 10° to the right or the keft of the
fixation goint (pooled conditions).
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that is when the two stimuli in a pair were on different locations on the same side of the
horizontal or vertical meridians. As indicated in the four graphs of Fig. 4, at the first three
interstimulus intervals RT of SF combinations was clearly longer than RT of OF
combinations, and the SF-OF difference showed a time course similar «o that of the SP-OF
difference. The means across fixation conditions of the SF-OF differences were 15.7 msec at
the first interstimulus interval (P=0.01), 19.0 msec at the second interstimulus interval
(P <0.001), 8.3 msec at the third interstimulus interval {ns., but 0,10 > P >0.05) and 4 msec
at the fourth interstimulus interval (n .s.). The SP-OF difference was significantly greater than
the SF-OF difference at each of the three first interstimulus intervals (paired r-tests of
differences, P=or <0.005 in each case).

Thus, the inhibitory after-effect of covert orienting was not limited 10 the site of the first
stimulus, but also affected, although 1o a smaller degree, the other position on the same side
of the fixation point in the central-fixation conditions, or on the same side of the vertical or
horizontal meridian in the eccentric-fixation conditions. Analysis of variance showed that
the different fixation conditions did not differ from each other in terms of magnitude of either
the SP or the SF inhibitory after-cflect at all interstimulus intervals, since all the pertinent
interactions were totally insignificant. It was as though both main meridians delimited the
arca of the visual field within which priot stimulation induced a retardation of RT to
subsequent stimuli.

This defimiting action of the main meridians on the inhibitory after-effect became even
more evident when we considered RTs to stimuli presented to the positions at 10° from the
meridians and preceded by a stimulus at the other position in the same field, or in the
corresponding position on the opposite side. En either case the physical separation between
the stimuli was 20°, but the RTs of SF combinations, pooled over the three first interstimulus
intervals, were significantly slower than RTs of OF combinations in all fixation conditions
(mean differences 11.3, 18.7 and 9.9 msec [or the three first interstimulus intervals). This
proves thal the inhibitory after-effect occurred when the two stimuli were separated by the
vertical or horizontal meridian rather than by a given distance in the visual field.

DISCUSSION

The relevance of these results to the present paper lies in the complementarity between the
spatial distribution of the inhibitory alter-effects of covert orienting and that of the costs of
voluntarily directed attention. In both cases the visual field areas showing the cffects are
limited by functional partitions which coincide with the main meridians of the visual ficld.
This similarity invites speculalions about the possibility of an identical or partially shared
necural basis for the two types of effects.

There is little support for the hypothesis that the functional barriers which impede the
spaltial spread of attentional effects may coincide with discontinuities in the representation of
the visual field over the cortex. According lo traditional neurological thinking one such
discontinuity may be at the vertical meridian, since the anatomical organization of the optic
pathways provides for the representation of the right and left visual fields in different
hemispheres. However, interhemispheric connections of visual cortical areas have been
shown to link up the haif-ficld representations of both hemispheres, thereby ensuring a
continuous representation of the visual field in each of them [2]. Further, it has already been
mentioned that the present and other studies [3, 9, 14, 24] indicate that major changes in
attentional effects occur not only at the vertical but also at the horizontal meridian, and there
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is no evidence that at least in the primary visual cortex the representation of the upper visual
field is disjoint from that of the lower visual field. o

Another hypothesis is that the abrupt cessation at the vertical and horizontal meridians of
both costs of directed attention and inhibitory after-effects of covert orienting may have todo
with the inhomogeneous representation of visual space in cerebral space [5]. Regions of the
primary visual cortex representing two adjacent points in lhf: central visugl field are farther
apart than visual cortical regions representing two distani pointsin the peripheral ylsual field
[4]. Attentional effects may encounter difficulties in crossing the representation of the
vertical and horizontal meridians at the fovea simply because this involves moving over long
cortical distances [5]. The discontinuous distribution of attentional effects in physical space
might actually correspond to a continuous distribution in cortical space [5, 9].

However, R1zzoLATT! et al. {24] have shown that the barrier function of the vertical and
horizontal meridians in the spatial distribution of the effects of selective attention is fully
expressed in visual field regions far away from the fovea, where the cortical distances between
the representations of points across the meridians are comparatively short. Qur present
findings suggest that the spread of the inhibitory after-effect of covert orienting is similarly
limited in a continuous fashion by the vertical meridian laterally, and by the horizontal
meridian altitudinally, thereby denying any special role of the cortical representation of the
fovea in this functional organization. Further, we have recently observed that the magnitude
of the inhibitory after-effect of prior stimulation at 30° from the fovea in the same hemifield
was the same regardless of whether the second stimulus was presented at 2 or 10° from the
fovea. Obviously the spread of the inhibitory after-cffect cannol be related either to physical
or 1o cortical distance.

A third hypothesis is that the segmentation of the attentional visual fieid by the vertical and
horizontal meridians is more the result of the organization of molor control in visual space
than of the organization of the visual input. This will be dealt with at some length in the
following General Discussion,

GENERAL DISCUSSION

The basic assumption is that selective attention to a spatial location is simply an
“operational adjustment of the brain” [25] which biases the organism to emit motor
reactions to stimuli in that location. Which reaction is eventually emitted depends on the
actual stimulus constellation, as well as on the specific intentions, cognitive sets and goals of
the organism at that moment. However, its execution is always bound to start from a state of
organization of the nervous system which favours motor responses to stimuli in the attended
location. The privileged responses include all potential reactions to the stimuli appearing in
the target location, ranging from those that are naturally linked to the stimulus, such as an
orienting reaction of the head and eyes towards it, 10 innumerable others that may be
produced on the spur of the moment. More specifically, the brain generates a state of selective
motor readiness which results in a general facilitation of ail motor outputs potentially
triggered or guided from the target area, to the disadvantage or exclusion of motor reactions
to other stimulus locations.

Motor responses to stimuli in non-attended locations obviously do not become
jmpossible, but their execution requires a readjustment of the ongoing pattern of neural
organization. The promptness, speed and ease with which such responses are performed will
ultimately depend on the feasibility of the readjustment of the preparatory motor set, which
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in turn is proportional to the degree of similarity and compatibility between the required new
pattern of neural organization and the one that must be replaced.

We submit that the above concepts can help in the interpretation of the segmentation of
the visual field by the vertical and horizontal meridians seen in the two experiments reported
here. We believe that when they were deliberately paying attention to a specific point in the
right visual ficld, the subjects of our first experiment simply made themselves ready to
respond motorically to a flash in that point. This motor set conflicts with other reaction
possibilities in varying degrees. Conceivably an essential element in the brain adjustment
underlying the preparation to respond to a given point on the right is the specification of the
direction “right” as opposed to “lelt”, and this element is shared by the whole class of
preparatory sets for responding 10 all possible points in the right field.

If a stimulus is presented at an unattended position in the right visual ficld, i.c. on the same
side of the vertical meridian as the attended location, the readjustment nceded lor responding
is relatively minor because the essential directional element is already present in the ongoing
brain pattern of activity and therefore need not be corrected. The costs for RT in these
conditions have indeed been found to be small [24] or downright absent {5, 8, 9 and present
paper], the discrepancy between the results being probably ascribable to differences in
accessory factors such as the intensity, size and eccentricily of the stimulus, the separation
between the attended location and the site of the stimulus, and so forth.

If however the stimulus appears in the left field, i.¢ on the other side of the vertical meridian
relative to the attended location, or on the vertical meridian itself, the corresponding neural
adjusiments must involve at least a complete reversal or cancellation of the previous
directional bias, and as a result the emission of the response is retarded. Hence the marked
costs for RT consistently found for stimuli presented across the vertical midline from the
attended location [§, 8, 9, 24 and present paper ], and in this study also for stimuli presented
on the vertical midline. Exactly the same argument applies 1o the results concerning the
allocation of attention to the upper or lower visual ficld, where the horizontal meridian is the
origin of the two opposed directional specifications.

This interpretation is akin to that of RizzoLAa1r et al. [24], except that it does not
postulate the necessity for a hypothetical internally movable beam of attention to be aligned
with the source of the stimulus before any response can be emitled.

The interpretation of the experiment of the spatial distribution of the inhibitory after-effect
of covert orienting is less direct, but it may follow a similar line of reasoning. The current
meaning of “covert orienting” in experimental psychology is “orienting to a point in space
without moving the eyes to it”. Since turning the eyes to the target of orienting is a natural
component of the orientation reaction, covert orienting reguires that such eye movement be
actively suppressed. This suppressive action is bound to have consequences for more gencral
motor adjustments.

Suppose that you have been instructed to suppress your natural reaction to look at a
stimulus suddenly appearing at an extralfoveal location in your visual ficld, and that one such
stimulus occurs in your right hemifield. At some level in your neural pathways for
oculomotor control you will have to generate a central command that counteracts the
natural orienting reaction and vetoces the eye movement to the right. 1f you have also been
instructed 1o make a manual response to the same or to a slightly later stimulus at the same
position, for some time your general motor set will contain two instructions that are
contradictory with respect to dircction. The vetoing command opposes movements to the
right, whereas the manual response depends on a motor predisposition to react to the right.
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The neural controls involved in this motor set are linked to different muscular
effectors—ocular in one case, manual in the other—but it is known that simultaneous motor
activities of difierent eflectors are rarely independent from one another since they are
constrained by preexisting patterns of synergy [13).

1t seems likely that the performance of hand responses to a stimulus in a given direction
should be optimal when directional commands for hand and eyes are congruent, while it
should deteriorate when the eyes receive motor commands that are directionally opposite to
those controtling the hand response. The hypothesis that ocular and manual responses are
integrated within a single spatial frame of reference is supported by recent work [6, 15].

in our experiment on voluntarily allocated attention the directional conflict between
maintenance of fixation and the execution of the manwal response was of little concern, since
it was present in all conditions and thus could hardly aflect the differences between attended,
non-atiended and neutral conditions, which therefore were entirely determined by selective
attention. However, it is our assumption thai in the double-flash experiment our subjects
oriented toward the first flash in a pair because they hud to detect it rapidly, but did se
covertly because they were asked to maintain fixation. This means thai they avoided looking
at the first flash by generating a motor instruction that counteracted the orienting eye
reaction, thus biasing the entire motor system against reacting to stimuli in that direction. A
second stimulus appearing in that direction would therefore be responded to less rapidly
than a stimulus appearing in the opposite direction, because the motor set required for
responding to the latter stimulus would not conflict directionally with the command lo the
oculomotor system. The fact that RT slowing is greater when the posilion of the second
stimulus coincides with that of the first stimulus than when both stimuli appear in different
positions on the same side of the midline may depend at least partly on local adaptation in the
retina [26].

The assumption of a conflict between oculomotar and hund-motor commands would
account for Lhe advantage for RT of contralateral over ipsilateral stimulus combinations not
only with stimuli in the right and left ficlds, but also with stimuli in the upper and lower visual
fields. If this hypothesis is correct, the long time course of the manual RT effect should of
course correlate with the duration of the postulated command vetoing the ocular orienting
reaction.
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