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Cognitive  and  computational  models  assume  that  visual  attention  is  directed  to  the  most  salient  stim-
ulus  in  a given  scene,  and  physiological  models  suggest  the attribution  of  salience  might  depend  on
the  extrageniculate  pathway,  involving  the  superior  colliculus  and  pulvinar.  Empirical  findings  support
these  models.  Another  assumption  is that  attention  progresses  from  the  most  to  the  least salient  item
until  a target  is found.  We  have  therefore  attempted  to investigate  whether  behavioral  nasal–temporal
hemifield  asymmetries  in  healthy  humans  are  present  in  the  salience-based  progression  of attention.
Hemispheric  asymmetries  have  also  been  investigated.  Healthy  volunteers  were  presented  with  brief
lateralized  displays  containing  three  stimuli  of unequal  sizes  (one  target  and two  distractors)  and  asked
to make  a judgment  regarding  the  target.  In each  new  trial, each  of the  three  stimuli  was  chosen  randomly
with  equal  probability  of  being  the  target. The  expected  salience-based  progression  was  found  in  both
response  times  and  accuracy.  While  no temporal-nasal  asymmetries  were  found  in  accuracy  for  displays
processed  by  the  left  hemisphere,  a well-marked  asymmetry  was  found  for  displays  processed  by  the
right  hemisphere.  The  progression  slope  was  quite  steep  for  nasal  displays  and  nil for  temporal  displays.

A  companion  experiment  replicated  the results,  another  one  ruled  out any  sensory  interpretation  of  the
results,  and  a last  one  ruled  out  the  possibility  that  the  results  were  due  to saccadic  eye movements.
What  distinguishes  the  two pathways  is  therefore  not  whether  or not  they  generate  salience,  but the
strength  of the  activity  that  differentiates  the  visual  input.  Furthermore,  the  involvement  of  the  right
extrageniculate  pathway  in the  fineness  of the  perceptual  analysis  that  follows  orienting  of  attention
seems  to  take  place  independently  of  the  salience  of  the  attended  item.
. Introduction

Visual salience1 is not a physical property of an item, but the
elationship between that item and other items in the scene. It
esults from a comparison of elementary visual features and serves
o order inputs for further processing. This ordering, or hierarchy,
s thus the aspect likely to be the most relevant for orienting atten-
ion. According to attention models specific qualities of visual input,
ike color, size, form and luminance, are represented in specialized

eature maps [1] that compute the differences between each item
nd its neighbors within a particular feature dimension. These dif-
erences feed into a salience map  that sums them up in such a way

∗ Corresponding author at: University Lyon 2, Dpt. Psychologie Cognitive & Neu-
opsychologie, Laboratoire d’Étude des Mécanismes Cognitifs, 5, Avenue Pierre
endès-France, 69676 Bron Cedex, France. Tel.: +33 4 78 77 30 53;

ax:  +33 4 78 77 43 51.
E-mail address: george.michael@univ-lyon2.fr (G.A. Michael).

1 There is general confusion between visual salience, depending on input, and
nternal salience, which depends on task sets. Here, the term salience is used only
o  denote the former, with “relevance” being reserved for the latter with respect to
ecent cognitive [6] and neurophysiological [13] models.

166-4328/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.bbr.2011.05.024
© 2011 Elsevier B.V. All rights reserved.

that the relative distinctiveness of each item is represented at its
location in a featureless manner [2–4]. Attention is then directed
to the location with the greatest activity and will progress in a
salience-based fashion until a target is found. Thus, multiple under-
lying computations contribute to the emergence of two  distinct –
but related – salience-based phenomena: (a) attention capture by
the most salient item in the scene and (b) attention progress from
the most salient item to the least salient item.

Empirical demonstrations of attention-capturing properties of
salient items have frequently been provided over the past decades
[4,5], and there is no doubt this phenomenon exists. Indirect evi-
dence that different levels of salience have different effects on
performance, which may  be considered similar to the salience-
based progression of attention [2,4,6],  is provided by multiple-cue
paradigms. For instance, Kean and Lambert [7] investigated the
effects on orienting of attention of two brief and simultaneous
peripheral pre-cues that preceded a target at various time inter-
vals. The two  pre-cues differed in their degree of luminance insofar

as one was brighter than the other. In one condition, where the
target was  just as likely to appear near the bright cue as the dim
cue, saccadic latencies were faster when it appeared near the bright
cue, and this effect was  observed even at very short cue-to-target

dx.doi.org/10.1016/j.bbr.2011.05.024
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:george.michael@univ-lyon2.fr
dx.doi.org/10.1016/j.bbr.2011.05.024
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Fig. 1. Transfer of visual information under monocular viewing conditions. The
left–right inversion is due to the fact that the brain is seen from below. Stimuli
from the left hemifield of each eye (dotted arrow) are projected to the right hemi-
sphere (pathway in white) and stimuli from the right hemifield of each eye (solid
arrow) are projected to the left hemisphere (pathway in black). Stimuli from the
temporal hemifield of each eye are transferred through crossed fibers to the con-
tralateral hemisphere (left eye-to-right hemisphere; right eye-to-left hemisphere)
and some of these fibers are directed towards the contralateral superior colliculus
and pulvinar. Stimuli from the nasal hemifield of each eye are transferred through
uncrossed fibers to the ipsilateral hemisphere (left eye-to-left hemisphere; right
8 G.A. Michael, G. Gálvez-García / Beh

ntervals (<50 ms). Yet, there seems to be some confusion between
uminance of a single item (i.e., its physical strength) and salience
i.e., its difference in relation to its neighbor) since there was no evi-
ence that, when presented alone, each of the two cues could elicit
ffects similar to the other. Such a finding is essential for rejecting

 luminance-based (i.e., sensory) account of the results in favor of a
alience-based account, since visual processing speed depends on
timulus intensity [8].  Indeed, Wright and Richard [9] suggested
hat such effects are mediated not by attention but by sensory
rocesses. Thus, a safe interpretation of the effects of multiple-
ue paradigms would mean demonstrating that at least the two
xtreme levels of the manipulated stimulus dimension have similar
ffects when presented alone.

Bearing in mind that evidence points to several areas as underly-
ng visual salience (the pulvinar [10]; the parietal cortex [11]; some
reas of the occipito–temporal pathway [12]), Fecteau and Munoz
13] proposed that the candidate neural correlates require input
o the intermediate layers of the superior colliculus (SC) from late
tations in the visual hierarchy, rather than from areas involved in
arly visual processing [14,15]. However, drawing on physiologi-
al, psychophysical and computational evidence, Li ([16]; see also
2]) proposed that the visual area most likely to provide a salience

ap is V1. Interestingly, the occipito–temporal and lateral intra-
arietal areas mentioned by Fecteau and Munoz [13], which are
ey structures for the expression of attention in the triangular cir-
uit theory [17], receive input from both the V1 area (originating
n the lateral geniculate body; LGB; i.e., geniculate pathway) and
he pulvinar (either indirect projections from the retina to the SC
hen the pulvinar, or direct retino–pulvinate projections; i.e., extra-
eniculate pathways). These arrangements suggest that, whether
rovided by the V1 area through the LGB, the SC or the pulvinar,
alience could be built on combined input conveyed through both
athways. Stimulating each of these two pathways with the same
ignal should therefore provide evidence of how they contribute to
alience and how salience is used thereafter as a basis for directing
ttention.

Nasal–temporal field asymmetries (albeit equivocally) are taken
s signs of differences in geniculate and extrageniculate process-
ng [18]. Because the extrageniculate pathway is a phylogenetically
lder visual system, retinal projections to the superficial layers of
ach SC convey information mainly from the contralateral hemi-
eld [19]. Under monocular viewing conditions, information from
oth the temporal (i.e., physically closest to the temple) and nasal
i.e., physically closest to the nose) hemifields projects to both
he lateral geniculate body and the SC. Nasal–temporal numerical
symmetries are thus present in both pathways [20] but informa-
ion from the temporal field is represented more in the SC than
nformation from the nasal field [18]. The left hemifield of the
eft eye is represented more in the right SC, and the right hemi-
eld of the right eye is represented more in the left SC. Thus,
eversing the stimulated eye reverses whether the left or right
emifield is temporal or nasal, and whether the stimulated hemi-
phere is the left or right (Fig. 1). Correspondingly, Bompas et al.
21] found nasal–temporal asymmetries even for S cone stimuli,

 type of color contrast invisible to the SC,2 which suggests that
he nasal–temporal asymmetries are not diagnostic of extragenic-

late mediation. Neuroimaging techniques showed however that
he temporal hemifield is indeed over-represented in the human
ontralateral SC [22], whereas such asymmetry is not found in the

2 Even though it has been established that neurons in the superficial layers of the
C  show no color opponency, it is still not known whether these particular stimuli
eally are invisible to the SC. The authors also acknowledge that these stimuli pro-
uce some saccade effects, which are often held to be stimulus-driven, suggesting
hat they may  trigger collicular activity.
eye-to-right hemisphere) but their projections towards the superior colliculus and
pulvinar are very limited.

LGB and V1. Besides, selective unilateral lesions of the SC in humans
[23] eradicate attentional effects of stimuli presented in the con-
tralesional temporal field. The nasal–temporal asymmetry of the
direct retino–pulvinate projections is less contradictory than that
of the indirect retino–tecto–pulvinate pathway [20,24,25].  Neu-
ronal tracing techniques have demonstrated that all three classes
of retinal cells project directly to the retinotopically organized
inferior portion of the pulvinar (Pi), with konio cells more numer-
ous than magno, and parvo cells the least numerous [25]. It is
noteworthy that in primates both the parvo and konio cells are
color opponent [26–28].  Furthermore, the primate [24] and human
[23] pulvinar exhibits a real numerical nasal–temporal asymme-
try. Thus, direct retino–pulvinate projections of the extrageniculate
pathway may  explain the functional nasal–temporal asymmetries
found in blindsight [18] and in experiments using S cone stimuli
[21], and the residual detection of chromatic changes in both hemi-
anopic monkeys and humans [29]. It may  also explain why  lesions
of the pulvinar eradicate involuntary capture by color changes [30].
Here, we shall be referring to both retino–tectal and the direct
retino–pulvinate as extrageniculate pathways. If the geniculate and
extrageniculate pathways both contributed towards salience and
helped the progression of visual attention, but in a different way,
as suggested previously, then nasal–temporal asymmetries were
to be expected. Most brain areas proposed as generating salience
receive input from both these pathways. It is therefore quite plau-
sible that all structures are involved in generating visual salience,
but their relative contributions depend on the result of process-
ing taking place in each pathway. Thus, instead of asking which
brain structure generates visual salience, we asked what contri-
bution signals conveyed through each of the two  input pathways
make to salience and the salience-based progression of attention.

To the best of our knowledge, no study has ever investigated
the progression of attention in visual search or the role of the
visual pathways in the salience-based progression of spatial atten-

tion. Therefore, we  used a modified version of a visual search
paradigm (which, for sake of convenience, we have called the
multiple salience level visual search task). This paradigm involves
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Fig. 2. Event from Experiment 1. Under monocular viewing conditions, subjects fix-
ated a white dot presented on the center of a black computer monitor. The stimulus
display was then presented for 100 ms either on the left or the right of fixation ran-
domly. It contained three squares differing slightly in size and having a small gap on
one of their sides, two of which had a gap on the left or right (distractors) and the
third one on the top or bottom (target). The position and the size of the target varied
randomly as to prevent subjects for developing incentives to attend preferentially

get orientation (up or down) as quickly and accurately as possible
by pressing two pre-defined vertically-arranged response buttons
with the major (up button) and index (down button) fingers of their
G.A. Michael, G. Gálvez-García / Beh

imultaneously presenting three items of slightly different sizes to
roduce a hierarchy of salience based on size. In each new trial, the
arget is chosen to be one of the three items with equal probability,

 classic way of reducing the incentive to direct attention deliber-
tely towards one item rather than another [31]. Subjects are asked
o make a discrimination judgment about one of the items, defined
s the target, while maintaining fixation. When the biggest item is
he target, response times (RT) are expected to be faster and accu-
acy higher than when one of the other two items is the target. This
s evidence of attentional capture. Furthermore, RT is expected to
e slower when the target is the medium-sized item and slowest
hen it is the smallest item, evidence of a progression of attention

rom the most to the least salient item. Accuracy is also expected
o follow this pattern. The items are displayed briefly in either the
eft or right hemifield, and subjects are required to make a dis-
rimination judgment about one of them (defined as the target).
n Experiment 1 the task is performed under monocular viewing
onditions so as to investigate nasal–temporal asymmetries and, by
eans of some combinations, hemispheric asymmetries (Fig. 1; the

eft field of each eye projects to the right hemisphere, and the right
eld to the left hemisphere). In view of the aforementioned stud-

es, effects of attentional capture and salience-based progression
re expected after stimulation of both the nasal and the temporal
emifields. Such effects may  be more pronounced after stimulation
f the temporal hemifield – as temporal field superiority effects in
ttention were reported previously – in that the establishment of a
etter defined salience hierarchy would render each item more dis-
inct from the others allowing, therefore, attention to move faster
cross their locations.

We  also conducted a companion experiment (Experiment 2) to
nvestigate the possible sensory effects of the stimuli. Here, only
he biggest or smallest of the items used in Experiment 1 were
isplayed. Subjects were asked to make the same judgment as
efore, again while maintaining fixation. Subjects who  took part

n Experiments 1 and 2 were the same, so half of them started with
xperiment 1 and the other half with Experiment 2 in order to bal-
nce any effects of learning and fatigue. Experiment 3 aimed at
eplicating the results of Experiment 1. Finally, the control Exper-
ment 4 conducted under binocular viewing conditions on a small
ample of subjects aimed at ruling out the possibility to interpret
he results in terms of systematic eye movements towards the tar-
et during its brief exposure.

. Experiment 1: salience-based progression

.1. Materials and methods

.1.1. Subjects
Forty healthy volunteers, 20 males and 20 females, took part

or course credits. Their mean age was 21.9 ± 2.4 years; they were
ll right-handed according to the Edinburgh laterality inventory
mean laterality: 0.90 ± 0.11; [32]), all had normal or corrected-to-
ormal vision, and were not under any medication. They all gave
heir written consent for their participation.

.1.2. Stimuli and apparatus
The stimuli were three white outlined (1 pixel) squares of differ-

nt sizes. From a viewing distance of 41 cm,  the large, medium and
mall squares subtended an angular space of 0.73◦ × 0.73◦ (surface:
7.04 mm2), 0.57◦ × 0.57◦ (surface: 16.81 mm2) and 0.49◦ × 0.49◦

surface: 12.25 mm2), respectively, with a luminance of 1.93, 1.59

nd 1.18 cd/m2, respectively. Each square had a 3-pixel gap and
as rotated 0◦, 90◦, 180◦ or 270◦ clockwise. The target orientation
as 0◦ (up) or 180◦ (down), with one distractor oriented 90◦ (right)

nd the other 270◦ (left). The three squares were presented at 30◦,
the one or the other of the items. Subjects were asked to maintain fixation and to
indicate as fast as possible whether the unique vertically gapped item had its gap
on  its top or the bottom.

90◦ and 150◦ clockwise in relation to the vertical (i.e., to the right
of fixation) or 30◦, 90◦ and 150◦ anticlockwise in relation to the
vertical (i.e., to the left of fixation), at a distance of 3.8◦.3 The dis-
tance between two neighboring squares was 3.8◦. The fixation point
was a small white dot (1.94 cd/m2). All the stimuli were presented
on the black background (0.53 cd/m2) of a Dell Latitude computer
with a PentiumII 200 MHz  processor. The experiments took place
in a dimly lit room (mean luminance 0.2 cd/m2).

2.1.3. Procedure
The procedure is depicted in Fig. 2. Each trial started with the

presentation of a white fixation spot in the middle of the computer
screen for 500 ms.  The search display (i.e., the three squares) was
then added for 100 ms  to either the right or left of fixation (this
short display duration was chosen to minimize saccades towards
the items). One of the three squares was the target, and the other
two were distractors. Each of them could be located randomly and
equiprobably at one of three locations. The target was the big square
in 33.3% of trials, the medium in 33.3% of trials, and the small in
33.3% of trials. In half of the trials, the target orientation was 0◦.
In the other half it was 180◦. The location of the target (30◦, 90◦ or
150◦ in relation to the vertical), its size (large, medium or small) and
orientation (up or down) and the location of the search display (to
left or right of fixation) occurred with equal probability and were
randomly chosen by the computer in each new trial. Then, for a
fixed period of 1900 ms  the fixation spot remained on the screen,
before being extinguished for 600 ms,  which signaled the end of one
trial and that the next was about to start. Subjects were encour-
aged to fixate the fixation spot throughout the experiment and,
without trying to fixate the brief search display, to indicate the tar-
3 In primates, the 5 central degrees of the visual field are over-represented
in the superficial layers of the SC [19]. Even though behavioral nasal–temporal
asymmetries observed in humans were obtained with stimuli presented at larger
eccentricities (8–10◦ [21,38,40],  anatomical and physiological findings intimate that
such effects should also be found in smaller eccentricities, even in central vision [63].
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Fig. 3. (Left) Mean Response Times (±1SEM) in milliseconds observed in Experiment
1  plotted as a function of the target size, stimulated hemifield and the hemisphere to
which the stimuli were projected. (Right) Mean Response Times Slopes (±1SEM) in
milliseconds per additional square millimeter observed in Experiment 1 as a func-
tion of the stimulated hemifield and the hemisphere to which the stimuli were
p
b
t

r
c
t
b
s
i
s

2

2

w
t
t
t
(
h
r
T
p
t
g
a
n
c
(
t
(
T
a
T

2

a
t
g

i

rojected. The negative slopes indicate that each time the target would be 1 mm2

igger, Response Times would be faster. The more the slope is near 0, the faster is
he  deployment of attention.

ight hand. All of the subjects were tested under monocular viewing
onditions, such that half were tested with first their right eye open
hen the left, and vice versa for the other half, with a 5-min pause
etween. Monocular viewing was achieved with an eye-patch. Each
ubject completed a 30-trial training session, followed by an exper-
mental 360-trial session (30 trials/search display location/target
ize/eye). RT and errors were recorded by the computer.

.2. Results and discussion

.2.1. Response times
Response times smaller than 100 ms  and larger than 2000 ms

ere discarded as representing errors of anticipation and inatten-
ion, respectively. This exclusion accounted for less than 0.01% of
he trials. We  manipulated whether visual stimulation contralateral
o a brain hemisphere was temporal or nasal. An analysis of variance
ANOVA) was therefore performed on the mean correct RT with the
emisphere (left vs. right), stimulated hemifield (nasal vs. tempo-
al) and target size (big, medium, small) as within-subject factors.
he main effect of hemisphere was significant (F(1,39) = 12.62;

 < 0.001), with faster RT for the left hemisphere (LH; 716 ms)  than
he right hemisphere (RH; 747 ms). Processing of the small 3-pixel
ap of each stimulus of the display requires fine-grain resolution,

 mode of information processing characteristic of the LH [33]. It is
ot surprising therefore that displays projected to the LH were pro-
essed more quickly. The main effect of target size was significant
F(2,78) = 37.8; p < 0.00001). RT were faster when the target was
he large square (694 ms), slower when it was the medium square
735 ms), and slowest of all when it was the small square (766 ms).
his finding supports the salience-based hypothesis of orienting of
ttention [2,4,6].  No other main effects or interactions were found.
he results are presented in Fig. 3(left panel).

.2.2. Response time slopes
Since the overall performance as a function of the target size
lmost perfectly fit a linear function with respect to the surface of
he target in mm2 (mean determination coefficient r2 = 0.994), pro-
ression slopes (˛)4 expressed in speed gain per additional square

4
 ̨ = covariance(x,y)/variance(x) where x is the surface of each of the three squares

n  mm2 and y is the RT when each square was the target.
al Brain Research 224 (2011) 87– 99

millimeter were analyzed as a way  of investigating the progression
of attention further. In general, and independently of the hemi-
sphere and hemifield, the progression slope was  −3.2 ms/mm2. 95%
of subjects exhibited such a negative slope (p < 0.0001 binomial),
i.e. for each additional square millimeter subjects discriminated
the target orientation ≈3 ms  faster. This general slope was reliably
different than 0 (t(39) = 7.57; p < 0.000001), as were the LH nasal,
LH temporal, RH nasal and RH temporal slopes (all ps < 0.0009),
meaning that RT progressed as a function of the target size. We
then analyzed the progression of RT further by subjecting the cor-
responding slopes to an ANOVA with the hemisphere (left vs. right)
and hemifield (nasal vs. temporal) as within-subject factors. A ten-
dency towards significance was found only for the main effect of
hemifield (F(1,39) = 3.57; p < 0.067), with progression slopes being
slightly shallower for displays presented in the temporal hemi-
field (−2.7 ms/mm2) than for those presented in the nasal hemifield
(−3.7 ms/mm2). Interestingly, overall shallower slopes for tempo-
ral displays were observed in 65% of subjects (p < 0.04 binomial),
with the same asymmetric pattern found for both the left and right
hemispheres. Thus, despite slopes being only marginally shallower
in the temporal hemifield (Fig. 3, right panel), this is a quite reg-
ular finding across subjects. Similar results were obtained when
progression slopes were computed as a function of the stimulus
angular size (main effect of hemifield F(1,39) = 3.57; p < 0.067) or
luminance (main effect of hemifield F(1,39) = 3.35; p < 0.075).

2.2.3. Response times distribution
We  also analyzed the distribution of correct RT (10280 correct

trials over a total number of 14,400 presented trials, i.e., 71.3%)
as a way  of investigating the locus of the changes observed in
RT. Overall, when the target was the big item, there was  a dom-
inance of fast RT (300–700 ms), while slow RT (within the range
of 700 and 1500 ms)  dominated when the target was the small
item. When the target was the medium size square, RT occupied
an intermediate position. In order to investigate the effects of the
manipulated factors on the most representative value of the dis-
tributions, the grouped proportions at the maximal peak of each
distribution was  entered a multivariate extension of the nonpara-
metric Q′ analysis [34] with the hemisphere (left vs. right), the
hemifield (nasal vs. temporal) and the target size (big, intermediate
and small) as factors. Only the main effect of target size revealed
significant (Q′(2) = 11.1; p < 0.004). Indeed, as it can be seen in Fig. 4,
regardless of the hemisphere and the stimulated hemifield, RT were
distributed in a similar way, with the maximal peak getting smaller
with decreasing target size. The overall distribution was charac-
terized by a peak of frequency at about 21% of all responses for
big targets, 19% for medium targets, and 17% for small targets. It
is noteworthy that increased RT with decreasing target size did
not coincide with a general shift of the whole distribution towards
larger RT values, neither with a larger spread of the distribution
as it might by expected on the basis of more classic models of
decision making. RT increment with decreasing target size is thus
attributable to lower proportion of fast responses, a clear marker
of attention-related processing [35]. This last finding is of funda-
mental interest because it suggests that, in addition to speeded
processing, the amount of fast responses is increased when the
most salient item of the display gains priority.

2.2.4. Accuracy
The proportion of correct responses ranged from 0.52 to 0.92

(mean: 0.71 ± 0.09). ANOVA was  carried out on the proportion of
correct responses, with the hemisphere (left vs. right), stimulated

hemifield (nasal vs. temporal) and target size (big, medium, small)
as within-subject factors. The main effect of hemisphere was signif-
icant (F(1,39) = 12.65; p < 0.001), with accuracy being greater for the
LH (0.73) than RH (0.70), which is consistent with the fine-grained
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Fig. 4. Response Times distributions as a function of the target size, the stimulated
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Fig. 5. (Left) Mean Proportion of correct responses (±1SEM) observed in Experiment
1  plotted as a function of the target size, stimulated hemifield and the hemisphere
to  which the stimuli were projected. (Right) Mean Accuracy Slopes (±1SEM) in pro-
portion per additional square millimeter observed in Experiment 1 as a function of
the  stimulated hemifield and the hemisphere to which the stimuli were projected.
The positive slopes indicate that each time the target would be 1 mm2 bigger, accu-
emifield and the hemisphere to which the stimuli were projected. Note that the
ffect of target size is not a shift of the distributions along the horizontal axis, but a
ecrement of the maximum peak.

rocessing of the LH [33]. The main effect of target size was also
ignificant (F(2,78) = 17.25; p < 0.00001), with the proportion of cor-
ect responses largest when the target was the big square (0.75),
maller when it was the medium square (0.70) and smallest when
t was the small square (0.69). The hemisphere × target size inter-
ction was not significant (F(2,78) = 0.21; p > 0.81), but the effects of
arget size were different for nasal (0.76; 0.70; 0.67, respectively)
nd temporal (0.74; 0.70; 0.70, respectively) displays, as appar-
nt from the size × hemifield interaction (F(2,78) = 3; p < 0.05). The
hree-way hemisphere × hemifield × target size interaction was
ighly significant (F(2,78) = 9.22; p < 0.0003; Fig. 5, left). Temporal-
asal asymmetries in progression are therefore different in the
ase of each hemisphere. To investigate this issue further, partial
NOVAs were carried out for each hemisphere, with the hemifield
nd target size as within-subject factors. For LH performance, only
he main effect of target size attained significance (F(2,78) = 10.9;

 < 0.001); the proportion of correct responses obtained was  largest
hen the target was the big square (0.77), smaller when it was the
edium square (0.72), and smallest when it was the small square

0.70). It is interesting that the hemifield × target size interaction
as far from significant (F(2,78) = 0.61; p > 0.544). As can be noted

rom Fig. 5, the performance for the three target sizes was  very
imilar between the nasal and temporal hemifields. This was not

he case for RH performance. Once again, the main effect of target
ize was reliable (F(2,78) = 11.6; p < 0.001; big: 0.74; medium: 0.69;
mall: 0.68), but the hemifield × target size interaction was  highly
ignificant (F(2,78) = 11.6; p < 0.001). Fig. 5 shows how performance
racy would be better. The more the slope is near 0, the least the effect of target size
on  the fineness of processing.

varied with target size for nasal field displays (big: 0.76; medium:
0.68; small: 0.64), but was stable for temporal field displays (big:
0.71; medium: 0.69; small: 0.71). Furthermore, Newman–Keuls
post hoc comparisons revealed that performance was  weaker for
temporal field displays than for nasal field displays in respect of big
targets (p < 0.021), but better for temporal displays than for nasal
displays in respect of small targets (p < 0.001). No nasal–temporal
asymmetry was  found for medium targets (p > 0.72). Finally, it is
important to note that big target performance was better than small
target performance in LH nasal (p < 0.029), LH temporal (p < 0.0003)
and RH nasal fields (p < 0.0002), but not in the RH temporal field
(p > 0.99).

2.2.5. Accuracy slopes
Once again, the overall performance as a function of the tar-

get size almost perfectly fit a linear function with respect to the
surface of the target in mm2 (mean determination coefficient
r2 = 0.908), an analysis of progression slopes (˛) expressed in accu-
racy gain per additional square millimeter served to investigate the
progression further. In general, independently of the hemisphere
and hemifield, the progression slope was 0.29%/mm2, with 75% of
subjects exhibiting such a positive slope (p < 0.001 binomial). In
other words, for each additional square millimeter subjects dis-
criminate the target orientation ≈0.3% better. This global slope
was reliably different from 0 (t(39) = 4.97; p < 0.00001), as was the
left nasal slope (0.25%/mm2; t(39) = 3.1; p < 0.0036), left tempo-
ral slope (0.37%/mm2; t(39) = 3.6; p < 0.0009), and right nasal slope
(0.52%/mm2; t(39) = 6.12; p < 0.00001). The right temporal slope did
not differ from 0 (0.03%/mm2; t(39) = 0.37; p > 0.71). These progres-
sion slopes were subjected to an ANOVA, with the hemisphere (left
vs. right) and hemifield (nasal vs. temporal) as within-subject fac-
tors. There was a significant main effect of hemifield (F(1,39) = 5.43;
p < 0.025), with shallower progression slopes for displays presented
in the temporal (0.20%/mm2) hemifield than for those presented

2
in the nasal (0.38%/mm ) hemifield. The hemisphere × hemifield
interaction was significant (F(1,39) = 13.82; p < 0.0006; Fig. 5, right).
Newman–Keuls post-hoc comparisons showed no nasal–temporal
asymmetry in the LH (p > 0.29), but a well-marked asymmetry
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as found in the RH (p < 0.001). Furthermore, the right temporal
lope was much shallower than the left temporal slope (p < 0.017).
verall, shallower slopes were observed for temporal displays

han for nasal displays in 90% of subjects (p < 0.0001 binomial).
hen examined in respect of each hemisphere, this asymmetry
as found in the RH (87.5%; p < 0.0001 binomial), but not the

H (47.5%; p > 0.43 binomial). Thus, compared with the LH, the
arked RH nasal–temporal asymmetry was well confirmed and

airly regular across subjects. Similar results were obtained when
rogression slopes were computed as a function of the stimu-

us angular size (main effect of hemifield F(1,39) = 5.58; p < 0.024;
nd hemisphere × hemifield interaction F(1,39) = 14.0; p < 0.0006)
r luminance (main effect of hemifield F(1,39) = 6.58; p < 0.015; and
emisphere × hemifield interaction F(1,39) = 14.64; p < 0.0005).

Correlation coefficients between RT slopes and accuracy slopes
ere computed. Interestingly, there was no correlation for LH
asal (r(38) = −0.1; p > 0.53), LH temporal (r(38) = −0.04; p > 0.82),
H nasal (r(38) = −0.17; p > 0.29), nor RH temporal (r(38) = −0.1;

 > 0.53). This suggests that these two measures rely on different
echanisms [36].
With brief exposure, efficient processing depends on direct-

ng attention towards the target on either the first or one of the
rst deployments. In Experiment 1, where there was no incen-
ive to direct attention towards a particular stimulus, the chance
f deploying to the target first was 33%. It was demonstrated that,
s the difference between one item and its neighbors increased, the
hance of deploying to that item also increased and, naturally, the
hance of deploying to the other items decreased. Consequently,
f the first item to which attention was deployed was the target,
he search would end soon afterwards, but if it was not, atten-
ion would deploy to the second most salient item, and so on. This
eems to be a general principle for RT, insofar as subjects were
aster to respond when the most salient item of the display was
he target, and RT increased as target salience decreased. This was
onfirmed with the RT distribution analysis, which showed peak
ecrements with decreasing target size. Furthermore, the extent
f the expected ordered pattern was similar regardless of which
emisphere was  stimulated. An initial conclusion that can be drawn
ere is that the result of processing taking place within the input
athways – the geniculate and extrageniculate – and being relayed
o cortical attention-related areas [37] provides enough informa-
ion to allow attention to be deployed in a salience-based fashion
2]. More specifically, information at least about the location and
ize of each object is conveyed via each pathway and within as lit-
le as 100 ms  (the display duration used here), since the former is
ssential for locating items in space and the latter for determining
heir salience (in the present study). Analysis of the progression
lopes proved interesting in that it revealed a rather satisfactorily
egular superiority of the temporal hemifield, since 65% of subjects
xhibited shallower slopes in the temporal hemifield, regardless
f which hemisphere was stimulated. This regularity failed, how-
ver, to provide significant results on shallower slopes overall. If,
s previously said, shifts of attention were generated by the same
etwork whatever the input, this finding suggests that, in many
ubjects, attention shifted more quickly from one item to the next
hen stimuli were directed to the temporal hemifield and partly

upplements previously reported nasal–temporal asymmetries in
ttention [38–41].  Nonetheless, if we adopt the view that tem-
oral field superiority reflects extrageniculate functioning [18,23],
hen our results argue against the hypothesis that the extragenic-
late pathway only conveys information faster than the geniculate
athway, because in this case it would mean that overall RT is

aster in the temporal hemifield whereas progression slopes are
he same. Consequently, these results do not support the existence
f a slightly asynchronous transmission of visual signals that help
stablish the hierarchy of salience within the cortical networks.
al Brain Research 224 (2011) 87– 99

A careful analysis of accuracy produced several interesting
results. First, the overall decline in performance with size decre-
ment was shallower in the temporal hemifield than the nasal
hemifield, as found in raw accuracy and accuracy slopes. Further-
more, this effect was highly regular insofar as it was shown by
90% of subjects. However, as shown by the analysis of raw accu-
racy, accuracy slopes and frequency effects, if account is taken
of hemispheric patterns no such nasal–temporal asymmetry was
found in the LH. Conversely, the same analyses revealed a striking
nasal–temporal asymmetry in the RH. In fact, performance slumped
as a function of target size for nasal displays, whereas there was no
drop in performance at all in the case of temporal displays where
slopes did not differ from 0, and it is all the more interesting that
mean performance was similar between the two fields. If accuracy
is a direct reflection of the detailed target analysis, a shallower
progression may reflect analysis of the current item, which may
be independent from its salience. The fact that accuracy did not
improve in the RH temporal, despite such an improvement in RT,
does suggest that the analysis of the item currently being con-
sidered is separate from its salience. An alternative and opposite
interpretation is that the hierarchy of salience is so strong that the
deployment of attention from the most to the least salient item
happens so quickly that accuracy remains high. However, if this
interpretation were correct, performance should be higher for all
three items in the temporal hemifield when compared with the
nasal hemifield, whereas instead it was lower for the most salient
item and almost identical for the intermediate item. This alternative
interpretation can thus be dismissed. A last alternative is that when
presented in the temporal hemifield and directed to the right hemi-
sphere, each stimulus is processed independently from the others
and, as such, there would be no need for a hierarchy of salience to
be established. The three stimuli would be processed simultane-
ously resulting in the invariable accuracy observed as a function of
the stimulus size. However, this is a general hypothesis and should
also hold for processing speed. Therefore, RT should not vary as
a function of the target size either. Instead, we found that RT did
vary. This third alternative can also be ruled out. To the best of our
knowledge, this is the first time a marked nasal–temporal asymme-
try has been found in a task combining salience-based deployments
of attention and fine perceptual discrimination. In fact, a previous
study by our laboratory failed to demonstrate such asymmetry in a
visual search task where the physical similarity between the target
and its neighbors varied parametrically [41].

The results of Experiment 1 can thus be summed up as follows:
the fact of simultaneously presenting three items that are slightly
different in size (1) produces effects of attentional capture since
subjects processed the most salient item more quickly and, on the
whole, more accurately; (2) produces an almost linear progression
of both RT and accuracy as a function of the target surface, start-
ing from the most salient item and ending with the least salient
item. This was  the result to be most expected since it indicates
a salience-based progression of visual attention; (3) a salience-
based progression of attention seems to take place whether stimuli
are projected to the nasal or the temporal hemifield, and whether
they are directed towards the left or right cerebral hemisphere; (4)
the deployment of visual attention is fairly regularly accelerated
when stimuli are projected to the temporal hemifield, which sug-
gests that the hierarchy of salience is somewhat stronger, rendering
items more distinct from each other. However, such a conclusion
should be moderated since the overall slopes did not differ between
the hemifields; (5) when items are processed preferentially by the
RH, the salience-based accuracy improvement is apparent only if

stimuli are directed to the nasal hemifield, and no signs of such a
progression are found in the temporal hemifield, which may  imply
that the analysis of the item in question is separate from its salience.
No nasal–temporal asymmetry was  found in respect of displays
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Table 1
Mean Response Times (and standard deviation) in milliseconds and mean propor-
tion correct (and standard deviation) obtained in Experiment 2 as a function of
the target size, the stimulated hemifield and the cerebral hemisphere to which the
stimuli were projected.

Left hemisphere Right hemisphere

Big target Small target Big target Small target

RT
Nasal 434 (82) 429 (72) 428 (73) 425 (80)
Temporal 423 (79) 434 (87) 442 (76) 438 (78)
Accuracy
Nasal 0.950 (0.07) 0.947 (0.08) 0.961 (0.08) 0.955 (0.07)

the stimulated hemisphere is taken into account. This absence can-
not be due to ceiling effects insofar as nasal–temporal asymmetries
G.A. Michael, G. Gálvez-García / Beh

rocessed by the LH; and, finally, (6) an overall superiority of the
H was found in both RT and accuracy, which is in keeping with the
H’s fine-grained visual processing.

. Experiment 2: salience or physical strength?

There are some potential objections however as to how the
esults observed in Experiment 1 are to be interpreted. Does the
rogression pattern observed in both RT and accuracy reflect a
alience-based progression of attention or does it reflect easiest
rocessing as a function of target size? It is a fact that a large item is
ore visible and brighter than the other items and can be processed

aster. In addition, the visibility of the small gap – that determines
he response – may  depend on the size of the square on which it is
ocated, even though it is physically identical in all three items. If
uch were the case, presenting at least the big and the small squares
lone under conditions that were otherwise the same as in Experi-
ent 1 should yield effects and interactions that are just as strong

s before. Such a result would challenge the attentional account and
avor a purely sensory explanation [9],  in that the aforementioned
asal–temporal asymmetries would merely reflect straightforward
ensory differences, like different neuronal transmission speeds or
ifferent degrees of visual analysis. Experiment 2 was carried out
o investigate this alternative.

.1. Materials and methods

.1.1. Subjects
The same as in Experiment 1.

.1.2. Stimuli and apparatus
The stimuli were the big and the small squares used in Experi-

ent 1. Each had a 3-pixel gap and was rotated 0◦ or 180◦ clockwise.
he squares were presented singly to the left or right of fixation, at

 distance of 3.8◦.

.1.3. Procedure
The procedure was similar to the one used in Experiment 1 with

he difference that the display contained a single square, a big or a
mall. Each subject completed a 30-trial training session, followed
y an experimental session consisting of 360 trials (30 trials/search
isplay location/target size/eye).

.2. Results

Five subjects (12.5%) made no errors. They were therefore
xcluded from the analyses for ceiling effects not to contaminate
he data.

.2.1. Response times
Response times of less than 100 ms  and more than 2000 ms  were

iscarded as errors of anticipation and inattention, respectively.
ess than 0.03% of the trials fell into these categories and were thus
iscarded. An ANOVA was carried out on the correct RT, with hemi-
phere (left vs. right), stimulated hemifield (nasal vs. temporal) and
arget size (big vs. small) as within-subject factors. The main effects
f hemisphere (LH: 430 ms;  RH: 433 ms;  F(1,34) = 0.47; p > 0.49)
nd hemifield (nasal: 429 ms;  temporal: 434 ms;  F(1,34) = 1.09;

 > 0.30) failed to attain significance. Of most interest is the lack
f any main effect of target size (F(1,34) = 0.02; p > 0.89), with RT

eing similar for big (432 ms)  and small (431 ms)  targets. No signif-

cant effects were found for the hemisphere × hemifield interaction
F(1,34) = 0.95; p > 0.33), the hemisphere × target size interaction
F(1,34) = 0.91; p > 0.34), the hemifield × target size interaction
Temporal 0.954 (0.06) 0.946 (0.08) 0.932 (0.09) 0.936 (0.08)

(F(1,34) = 2.08; p > 0.15) or the hemisphere × hemifield × target size
interaction (F(1,34) = 1.75; p > 0.19).

3.2.2. Accuracy
The mean individual proportion of correct responses ranged

from 0.78 to 0.99 (mean: 0.95 ± 0.05). ANOVA was carried out on
the proportion of correct responses with the hemisphere (left vs.
right), the stimulated hemifield (nasal vs. temporal) and the target
size (big vs. small) as within-subject factors. The results reflected
those of RT. The main effects of hemisphere (LH: 0.95; RH: 0.95;
F(1,34) = 0.09; p > 0.77) and hemifield (nasal: 0.95; temporal: 0.94;
F(1,34) = 0.95; p > 0.33) failed to reach significance. Importantly, the
main effect of target size failed to reach significance (F(1,34) = 0.17;
p > 0.68), with accuracy as good for big targets (0.949) as for
small (0.946). There was  no evidence of significant effects for the
hemisphere × hemifield interaction (F(1,34) = 2.14; p > 0.15), the
hemisphere × target size interaction (F(1,34) = 0.15; p > 0.69), the
hemifield × target size interacion (F(1,34) = 0.04; p > 0.83) or the
hemisphere × hemifield × target size interaction (F(1,34) = 0.55;
p > 0.46) (Table 1).

3.3. Discussion

In Experiment 1, an ordered pattern was evidenced in respect of
both chronometric performance and accuracy. Subjects responded
faster and more accurately when the target was the largest of three
briefly, simultaneously and laterally presented items, more slowly
and less accurately when it was  the medium-sized item, and even
more slowly and less accurately in the case of the smallest item. Can
the physical strength (size and luminance) of those stimuli fully
account for such a pattern? The results of Experiment 2 are suf-
ficiently clear to allow such a hypothesis to be ruled out. Subjects
responded as quickly and accurately to the largest item as the small-
est when each was  presented singly. This is in stark contrast to the
results of Experiment 1 when the stimuli were presented together.
It is interesting that the differences previously found in accuracy as
a function of hemifield and hemisphere were no longer observed,
which runs counter to how those results were interpreted in terms
of pure sensory effects. For the pattern of Experiment 1 to occur,
several competing items have to be present simultaneously and
must differ in at least one dimension; this is exactly what defines
salience. One of the most interesting findings in Experiment 2 is
perhaps the absence of nasal–temporal asymmetry, whether or not
have been reported with easier tasks, such as spatial cueing (e.g.,
[40]) and attentional capture [30], and insofar as another research
project failed to reveal such asymmetries in a search task with
varying degrees of difficulty [41].
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Fig. 6. Combined results of Experiments 1 and 3 depicting progression of perfor-
mance per additional square millimeter as a function of the stimulated hemifield
4 G.A. Michael, G. Gálvez-García / Beh

. Experiment 3: replication of Experiment 1

The results of Experiment 1 showed a surprising dissocia-
ion between response speed and response accuracy, which was
onfined to displays projected to the right cerebral hemisphere.
urrent models (e.g. [42]) for two-choice decisions – as the deci-
ions made by subjects in the present series of experiments – do
ot assume such dissociations. By contrast, they assume that a sin-
le decision threshold links response speed and response accuracy.
n the basis of such models, it would be expected that when atten-

ion is deployed to a stimulus, discrimination should be better and
aster. This was also our initial hypothesis. So, we  are facing two
ossible alternatives. Either such dissociations between response
peed and response accuracy are possible [36] and they just reflect
he function of distinct underlying systems – in which case, they
annot be accounted for by global models of performance (e.g.
42]) because such models were not proposed at this aim – or we
ace an experimental bias and we need to replicate the results. The
im of Experiment 3 was to replicate the results of Experiment 1
y targeting the effects of interest, among which the RT/accuracy
issociation.

.1. Materials and methods

.1.1. Subjects
Thirty-four healthy volunteers, 7 males and 27 females, took

art for course credits. Their mean age was 22.1 ± 2.8 years;
hey were all right-handed according to the Edinburgh laterality
nventory (mean laterality: 0.86 ± 0.13; [32]), all had normal or
orrected-to-normal vision, and were not under any medication.
hey all gave their written consent for their participation.

.1.2. Stimuli, apparatus and procedure
The same as in Experiment 1.

.2. Results and discussion

.2.1. Response times and response time slopes
Response times smaller than 100 ms  and larger than 2000 ms

ere discarded as representing errors of anticipation and inatten-
ion, respectively. This exclusion accounted for less than 0.6% of
he trials. ANOVA was performed on the mean correct RT with the
emisphere (left vs. right), stimulated hemifield (nasal vs. tempo-
al) and target size (big, medium, small) as within-subject factors.
nly the main effect of target size was significant (F(2,66) = 45.9;

 < 0.00001). RT were faster when the target was  the big square
682 ms), slower when it was the medium square (721 ms), and
lowest of all when it was the small square (751 ms). The over-
ll progression slope (−3 ms/mm2) was highly different from 0
t(33) = 7.8; p < 0.0000001) and 94.1% of subjects exhibited such a
egative slope (p < 0.00001 binomial). Significantly negative slopes
ere found in all four tested conditions (LH nasal, p < 0.00003; LH

emporal, p < 0.000002; RH nasal, p < 0.00001; and RH temporal,
 < 0.0001). Yet, the progression slope was marginally shallower for
emporal (−2.6 ms/mm2) than nasal (−3.3 ms/mm2; t(33) = 1.67;

 < 0.053), and this pattern was exhibited by 67.6% of subjects
p < 0.029 binomial).

.2.2. Accuracy and accuracy slopes
ANOVA was carried out on the proportion of correct responses,

ith the hemisphere (left vs. right), stimulated hemifield (nasal vs.
emporal) and target size (big, medium, small) as within-subject

actors. The main effect of hemisphere was marginally significant
F(1,33) = 3.64; p < 0.065), with accuracy being greater for the LH
0.68) than RH (0.66). The main effect of target size was  signifi-
ant (F(2,66) = 33.21; p < 0.00001), with the proportion of correct
and the hemisphere to which the stimuli were projected. (Left) Mean Response
Times Slopes (±1SEM) in milliseconds per additional square millimeter. (Right)
Mean Accuracy Slopes (±1SEM) in proportion per additional square millimeter.

responses being largest when the target was the big square (0.72),
smaller when it was  the medium square (0.69) and smallest when
it was the small square (0.62). Indeed, the overall progression
slope (0.4%/mm2) was significantly different than 0 (t(33) = 5.96;
p < 0.000001), with 88.2% of subjects exhibiting such a positive
slope (p < 0.00001 binomial). As in Experiment 1, partial ANOVAs
were carried out for each hemisphere, with the hemifield and
target size as within-subject factors. For LH performance, only
the main effect of target size attained significance (F(2,66) = 31.9;
p < 0.00001); the proportion of correct responses obtained was
largest when the target was the big square (0.73), smaller when it
was the medium square (0.70), and smallest when it was the small
square (0.62). The progression slope was 0.45%/mm2 (t(33) = 6.2;
p < 0.000001). The hemifield × target size interaction was not sig-
nificant (F(2,66) = 0.21; p > 0.81). For RH performance, the main
effect of target size was  reliable (F(2,66) = 17.4; p < 0.0001; big:
0.71; medium: 0.67; small: 0.62), as well as the hemifield × target
size interaction (F(2,66) = 3.8; p < 0.028). The effects of target size
were more pronounced for nasal field displays (big: 0.74; medium:
0.69; small: 0.60) than temporal field displays (big: 0.67; medium:
0.66; small: 0.64). The progression slopes of the two hemifields
were significantly different (nasal: 0.55%/mm2; temporal: 0.16%;
t(33) = 1.97; p < 0.028), and only that of the nasal hemifield was
significantly different from 0 (t(33) = 5.47; p < 0.00001). In the tem-
poral hemifield, performance did not progress as a function of the
target size (t(33) = 1.03; p > 0.31).

Despite some differences most probably due to sample charac-
teristics, the results of Experiment 3 are sensibly similar to those
obtained in Experiment 1. The progression of performance as a
function of the target size was obtained once more in both RT
and accuracy. Furthermore, a dissociation was observed between
RT and accuracy for displays projected to the right hemisphere,
mainly due to the presence of a nasal–temporal asymmetry in
accuracy. Consequently, we combined the results of these two
experiments (Fig. 6) in order to gain statistical strength because
of the important sample size (n = 74) and investigated the two
points that could have been controversial: the nasal–temporal
asymmetry in RT progression slopes and the nasal–temporal asym-
metry in accuracy progression slopes for stimuli projected to the
right hemisphere. First, an ANOVA was carried out on RT pro-

gression slopes with the hemifield (nasal vs. temporal) and the
hemisphere (LH vs. RH) as within-subject factors. The main effect
of hemifield reached significance (F(1,73) = 6.3; p < 0.015; Fig. 7
left) with attention progressing faster for displays projected in
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correct RT with target size (big, medium, small) as the unique
within-subject factors. The main effect of target size was  signifi-
cant (F(2,24) = 6.35; p < 0.006). RT were faster when the target was
ig. 7. Position of the eyes in the 100th ms  of stimulus presentation as recorded in
he control Experiment independently of the target size and field of presentation
A), and as a function of the target size and field of presentation (B).

he temporal (−2.7 ms/mm2) than the nasal (−3.5 ms/mm2) hemi-
eld, a regular effect (66.2% of subjects; p < 0.0035 binomial).
his suggests that the marginal effects observed in both Experi-
ents 1 and 3 were merely due to statistical power. Second, an
NOVA was carried out on accuracy progression slopes with the
emifield (nasal vs. temporal) and the hemisphere (LH vs. RH)
s within-subject factors. The hemifield × hemisphere interaction
as highly significant (F(1,73) = 12.1; p < 0.0008; Fig. 7, right). The
asal–temporal asymmetry in accuracy found for left-sided (RH)
isplays was confirmed through Newman–Keuls post-hoc analyses
p < 0.0001) since performance progressed as a function of the tar-
et size in the nasal hemifield (0.54%/mm2) but not in the temporal
emifield (0.09%/mm2). No such asymmetry was  found for right-
ided (LH) displays (p > 0.75; nasal hemifield: 0.36%/mm2; temporal
emifield: 0.39%/mm2). These results confirm the existence of a
asal–temporal asymmetry in the salience-based progression of
ttention.

One of the most powerful models of human performance in sit-
ations of two-choice decisions [42] proposes that a single decision
hreshold links response speed and response accuracy. Discrimina-
ion should be better whenever response speed increases, and vice
ersa. The results of Experiments 1–3 showed that the salience of

 stimulus relatively to its immediate neighbors, not its mere size
r luminance, attracts attention and, consequently, globally speeds
esponse time and increases accuracy. Indeed, taken independently
f hemisphere and visual hemifield, salience-based progression
s found in both RT and accuracy, and this is in agreement with
ecision-making models [e.g., 42]. Yet, these are global models of
erformance and do not really envisage the probability that such
oherence between speed and accuracy might rise because of the
ombined action of distinct neural subsystems, each one having
ifferent properties and obeying to different laws of functioning.

he results of Experiment 3 mostly replicate those of Experiment

 and, in agreement with previous studies [36], suggest that disso-
iations between RT and accuracy are possible. Of course, this does
ot run counter the psychophysical models of performance since,
al Brain Research 224 (2011) 87– 99 95

in general, they are not designed to account for differences in the
functioning of distinct neural pathways.

5. Experiment 4: Do the eyes move towards the target
within 100 ms?

Even though in Experiments 1 and 3 the stimulus display was
presented very briefly (i.e., 100 ms)  there is a slight probability that
subjects were able to move their eyes towards the target before
its extinction. In such a case, any systematic differences between
conditions could mask any interesting results and compromise our
interpretations in terms of covert orienting of attention. We  there-
fore conducted a control Experiment during which eye movements
were recorded. The setting was  identical to the one used in Experi-
ment one except that subjects participated under binocular viewing
conditions because of technical constraints. Here, we present only a
summary description of the eye tracking data, confined to the posi-
tion of the subjects eyes at the 100th millisecond of the stimulus
display (i.e., just before its disappearance). We  show that subjects
cannot foveate any item, be it the target or not, within 100 ms.  Anal-
yses of behavioral data are also reported, based on the effect of
target size.

5.1. Materials and methods

5.1.1. Subjects
Thirteen healthy volunteers, 5 males and 8 females, participated

in the control Experiment. Their mean age was 23.7 ± 1.1 years;
they were all right-handed, all had normal or corrected-to-normal
vision, and were not under any medication. They all gave their
written consent for their participation.

5.1.2. Stimuli and apparatus
The stimuli were the same as in Experiment 1. Eye tracking data

were recorded with an iView XTM Hi-Speed 1250 device (SensoMo-
toric Instruments) with an 500/1250 Hz sampling rate, an 0.2–0.5◦

gaze position accuracy, a tracking resolution less than 0.01◦, and a
processing latency of 0.5 ms.  The system was controlled by E-Prime
software. The sampling rate was set to 1 recording every 2 ms  (i.e.,
50 recordings during the 100 ms  of presentation of the stimulus
display).

5.1.3. Procedure
The procedure was  similar to the one used in Experiment 1 with

the difference that subjects participated under binocular viewing
conditions. Each subject completed a 16-trial training session, fol-
lowed by an experimental 216-trial session (72 trials/target size).
RT and errors were recorded by the computer.

5.2. Results and discussion

5.2.1. Response times
Response times of less than 100 ms  and more than 2000 ms

were discarded as errors of anticipation and inattention, respec-
tively. Less than 0.05% of the trials fell into these categories and
were thus discarded. ANOVA was therefore performed on the mean
the large square (653 ms), slower when it was the medium square
(710 ms), and slowest when it was  the small square (715 ms). The
progression slope was  −2.9 ms/mm2 and it was reliably different
from 0 (t(12) = 2.82; p < 0.016).
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.2.2. Accuracy
The proportion of correct responses ranged from 0.55 to 0.78

mean: 0.68 ± 0.08; 1908 correct trials out of 2808). ANOVA was
arried out on the proportion of correct responses, with the target
ize (big, medium, small) as the unique within-subject factors. The
ain effect of target size was significant (F(2,24) = 8.13; p < 0.002),
ith the proportion of correct responses largest when the target
as the big square (0.741), smaller when it was the medium square

0.653) and smallest when it was the small square (0.636). The pro-
ression slope was 0.49%/mm2 and it differed from 0 (t(12) = 3.84;

 < 0.002).

.2.3. Eye tracking results
For the purpose of this Experiment, we present here only the

osition of the eyes at the 50th sampling (i.e., at the 100th millisec-
nd of the stimulus display presentation). Out of 1908 correct trials,
0 (≈3.7%) were excluded from the analysis because of blinking,
nd the eye position in each of the remaining 1838 was plot-
ed against the stimulus display. All conditions taken together
Fig. 7A), eye movements could reach a target location (3.8◦ of
ccentricity) only in one trial out of 1838. The majority of eye
ovements (94.2%) was made at a radial distance of 0.7◦ from

xation (central movements). The remaining 5.8% of eye move-
ents were made up to a radial distance of 2.3◦ from fixation

wide-spread movements). Taken separately for each hemifield
nd target size (Fig. 7B), eye movements were within the radial
istance of 0.7◦ from fixation in 94.7%, 95.6% and 94.4% of trials
or left field big, medium and small targets, respectively, and in
3.7%, 93.9% and 93.1% of trials for right field targets. These pro-
ortions were entered a multivariate nonparametric Q′ analysis
34] with the display hemifield (left vs. right) and the target size
big, medium and small) as factors. The main effect of hemifield
Q′(1) = 0.92; p > 0.33), the main effect of target size (Q′(2) = 0.44;

 > 0.80) and the hemifield × target size interaction (Q′(2) = 0.09;
 > 0.95) failed to reach significance. These observations clearly
how that target items located at 3.8◦ from fixation cannot be
oveated with a stimulus exposure duration of 100 ms.  Subjects

ove their eyes hardly beyond the central 0.7◦ and never reach
he stimulus display. Furthermore, there are no systematic differ-
nces across conditions. An interesting finding is that, whatever the
emifield in which the stimulus display was presented, the ≈6% of
ide-spread movements were not systematically directed towards

he stimulus display. In many cases, the stimulus display was on
he left of fixation and eye movements were directed to the right

 and vice versa (see Fig. 7B). This may  suggest that those movements
ere not meant to reach the stimulus display but were probably
ade at random. Else, why should subjects try to foveate a stimulus

resented on the right by moving their eyes to the left? In overall,
ye movements were not responsible for the differences observed
cross conditions in Experiments 1 and 3. Those differences reflect
ffects of covert attention.

. General discussion

Local differences between adjacent items in a scene gener-
te activities that signal how different these items are from each
ther. The magnitude of these differences is said to determine
ach item’s salience [2,4], which serves in turn to order inputs for
urther processing [16]. In the first place, attention would be invol-
ntarily directed towards the location of the most salient item,
nd would then deploy progressively towards the least salient

tem until a target is found. Since the early 1980s researchers
ave tried to locate such a complex computational process at
ubcortical [10,13], early cortical [2,16] and late cortical [11,43]
tages of visual information processing, without however reaching
al Brain Research 224 (2011) 87– 99

a consensus. It is well known, however, that the areas subserving
the orienting of attention based on salience are largely right-
lateralized and involve frontal and parietal cortical areas [37].
Interestingly, the parietal representation of the locations of objects
is built on retino–geniculo–striate inputs (i.e., geniculate path-
way), retino–tecto–pulvinate and direct retino–pulvinate inputs
(i.e., extrageniculate pathways). Furthermore, most brain areas
thought to generate salience receive input from, or are part of, one
or both of these pathways. It is therefore quite plausible that all
structures are involved in generating visual salience, but that their
relative contributions depend on the result of processing taking
place in each pathway. Thus, instead of asking which brain struc-
ture generates visual salience, we  looked into the contribution to
salience and the salience-based progression of attention of signals
conveyed along the input pathways. Our investigation was  based on
the assumption that nasal–temporal asymmetries reflect the prop-
erties of the visual pathways although not all neuroscientists agree
on the interpretation of this asymmetry [18,20,21,24], and used the
multiple salience level visual search task.

In Experiment 1 subjects viewed lateralized displays, each
containing three squares of different sizes, and were asked to deter-
mine the orientation of a target. To minimize saccades towards
the items, the display was  presented for only 100 ms. The first
interesting result is that the largest item was processed first since,
overall, performance in respect of the largest item was  better than
for the other two. Similar results were obtained in Experiments
3 and 4. The possibility that this result may  just be due to the
physical differences between the stimuli (i.e., size or luminance
per se) could be ruled out based on evidence from Experiment 2
which showed that, when presented alone, the largest item was
processed as quickly and accurately as the smallest. Wright and
Richard [9] proposed that it is the physical strength of the input
which guides the opening of a channel of attention in a stimulus-
driven fashion. The greater the physical strength, the faster the
channel will open and the faster the subsequent processing. This
sensory-attentional hypothesis may  provide a partial explanation
for some previous findings [7,9] but cannot account for the results
of the present study, since Experiment 2 showed that the physical
strength (size and luminance) of each stimulus is not enough to pro-
duce changes in performance. Important differences were observed
in the presence of multiple competing stimuli (Experiments 1, 3
and 4), however, suggesting it is mainly the difference between the
stimuli (i.e., salience) that drives attention, as predicted by theo-
rists of salience [2,4,16], and not simply absolute physical strength
(i.e., the sensory response they individually evoke). The fact that
the largest item captured attention and obtained processing prior-
ity [31] even in the absence of any particular incentive to process
it first is purely the result of its difference compared with other
items. And this is what defines salience [2,16].  This first result is
thus consistent with previous findings and some models according
to which attention is first directed towards the most salient item
in a given scene [2,4,6].

Of  most interest is the presence of an almost linear progres-
sion of both RT and accuracy with respect to the surface of the
target. This was found in Experiments 1, 3 and 4. The most salient
item is processed faster and most accurately, the intermediate one
more slowly and less accurately, and the least salient one even
more slowly and less accurately. This result indicates that visual
attention progresses in space from the most to the least salient
item, and as such it corroborates several existing attention models
[2,4,6]. Even though such a salience-based progression has been
hypothesized [2],  there is scant evidence in the literature that

such might be the case [7].  The present study is thus the very
first time such a progression has been clearly demonstrated. For
the moment, of course, there are a number of questions about
the mechanisms underlying such a phenomenon. Computations
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aking place within areas that process visual attributes are those
sed afterwards to generate salience [6].  In keeping with the fact
hat size is an attribute computed early on in visual information
rocessing (areas 17–19; [44,45]) and that processing of elemen-
ary attributes is seemingly not lateralized [46,47],  we observed
o difference in progression between the LH and RH when taken

ndependently of the stimulated pathway. Thus, contrary to the
arge right-lateralized network of stimulus-driven attention orient-
ng [37], the computations underlying the generation of salience
eem not to be lateralized. This finding ties in well with the idea
hat salience results from quite elementary, non-lateralized com-
utations that merely serve to order inputs for further processing
2,4,16]. Another finding that suggests salience is generated quite
arly on, but also that the hierarchy of salience is established dur-
ng the first stages of information processing taking place within
he visual system, is the fact that their effects appear soon after
he stimulus has been presented. For instance, Kean and Lam-
ert [7] showed that these effects could occur even before the
rst 50 ms  of stimulus processing when salience is established
etween 2 items, and our study suggests they are already present
nd robust at 100 ms  when three items are presented. What early
echanism could cause salience-based progression? If anything,

alience is closely linked to the presence of multiple competing
timuli and should thus be based on the combination of receptive
eld properties of neurons and responses to stimuli outside the
eceptive field. One mechanism that could produce such effects is
urrounding inhibition. Responses to a stimulus within the exci-
atory borders of the receptive field are degraded when another
timulus is simultaneously presented in the region outside these
orders. Such surrounding inhibition is known to occur within both
eniculate and extrageniculate pathways [48–50].

In line with this, Experiments 1 and 3 also provided evidence
f a salience-based progression of attention for displays presented
o both nasal and temporal fields which rules out the possibility
hat the source of salience is a single input pathway or even a
ingle brain structure, such as the pulvinar [10] or primary visual
ortex [2,16].  Under usual free viewing conditions, visual inputs
re simultaneously processed by both geniculate and extragenic-
late pathways and, therefore, several structures seem involved

n salience generation. Information about the size and location of
ach object would be conveyed through each pathway since, in
he present study, the former is essential for determining salience
nd the latter necessary for orienting attention. This is not sur-
rising since size-selective neurons have been described in the
uperficial layers of the SC [48,49] and the pulvinar [51], as well
s in the LGB and V1 [52]. However, a somewhat regular superi-
rity of the temporal field was observed, since 66.2% of subjects
Experiments 1 and 3 combined) exhibited shallower progression
lopes, meaning that attention progressed faster from the most to
he least salient item. From a cognitive perspective, this may  mean
ctivities yielded through the computation of salience could have
endered each item perceptually more distinct from the others, and
he larger the between-items difference the faster the deployments
f attention [53]. In that case, this temporal field superiority would
e due to differences in computations that establish salience and

ts hierarchy.
What happens during those early stages when salience and its

ierarchy are established, and what are the candidate structures?
he early rise of salience effects supports assumptions that salience
s established either at subcortical or early cortical levels. The
atency of the magnorecipient area of the LGB is very fast (≈33 ms),
nd responses within early cortical areas of the visual system occur

s soon as 66 ms  after stimulus onset [54]. Conversely, information
rom the superior colliculus appears to have a major influence on
orsal stream processing through two subdivisions of the retino-
opically organized inferior pulvinar (Pi; [55]), the neurons of which
al Brain Research 224 (2011) 87– 99 97

exhibit a mean latency of 64 ms  [51]. Beyond striate cortex, the cor-
tical areas to which these two pathways project are largely shared
and concern the dorsal stream which codes spatial attributes and
shows responses at approximately 70 ms  post-stimulus [54]. Fur-
thermore, there is some evidence that the signal travels through
different areas of the dorsal stream very quickly. This may  be the
key to some early effects. For instance, the extraction and indexing
of spatial information, generation of salience, and establishment
of a hierarchy of salience are largely the result of early processing
that may  be independent from the pathway through which sensory
signals are conveyed (in contrast to the strength of the hierarchy
of salience). As far as the extraction of spatial information is con-
cerned, the presence of a retinotopic organization in both the LGB
[56] and pulvinar [50,57,58] indicate that such information can be
extracted and processed fairly early. Furthermore, psychophysical
studies suggest that up to 50% of spatial information decays within
the 100 ms  following stimulus presentation, and up to 80% within
the first 200 ms  [59]. Of course, this implies that spatial information
used to locate the items is extracted quite a while before these short
periods. The timing of burst in the LGB and the pulvinar, and their
meeting point in the parietal cortex are consistent with findings
that the salience-based progression of attention, which needs spa-
tial information to be established [2,4,6],  can already be observed
within 100 ms  without accuracy overall dropping dramatically. Of
course, the possibility that search for the target continues beyond
the presentation of the display because of some sort of iconic mem-
ory cannot be excluded. Yet, such processes cannot really explain
nasal–temporal asymmetries without taking into account the input
pathway. In any case, the results of Experiments 1 and 3 show that
salience-based progression of attention is possible irrespective of
which hemifield is stimulated, and this may  be in keeping with
a model which holds that many of the computations giving rise
to this effect are similar and probably take place in parallel via
the pathways receiving input from both the nasal and temporal
hemifields.

With respect to accuracy, a very regular nasal–temporal asym-
metry was observed which depended on which hemisphere was
stimulated. In the LH, accuracy decreased with the decrease in the
target size and no nasal–temporal symmetry was  observed. When
the stimuli were projected to the RH, this progression was evi-
denced only when the nasal hemifield was  stimulated. Little signs
of such a progression were found for temporal stimuli. Yet, the RT
analysis showed there was  a salience-based progression. A key to
understanding this discrepancy is the possible lack of link between
the RT and accuracy progression slopes, which suggests that the
mechanisms underlying RT and accuracy are not the same [36].
Intuitively, RT in each condition reflect the threshold above which
each subject judged that he/she had received enough input to give
an accurate response. If RT increased with decreasing target size,
it is because the required input reached this threshold sooner for
the biggest target, later for the medium target, and later still for
the smallest target. This is compatible with a progressive deploy-
ment of attention from the most to the least salient item of the
display. Unlike RT, accuracy reflects the fineness with which an item
is processed, and its relative progression may reflect the degree
to which analysis depended on the target salience. The striking
right-lateralized nasal–temporal asymmetry in the progression of
accuracy suggests that fine visual analysis did not follow the fast
salient-based deployments of attention, especially for temporal
displays without, however, overall accuracy to be affected. Despite
being visited first, the most salient item was not processed better
than the least salient one. One possible explanation is that signals

conveyed to the RH – probably along the extrageniculate path-
way – contain enough information to build salience and determine
the processing order, but not enough to allow for fine perceptual
analysis. That the spatial resolution of the RH is lower than that
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f the LH [33], and that performance of the RH can remain virtu-
lly unchanged while that of the LH undergoes dramatic changes
41] are not new findings per se, but that this may  be attributed to
t least the extrageniculate pathway is quite new. Such a hemi-
pheric specialization at the subcortical level had already been
uspected [60] but not demonstrated. The difference in progression
atterns between RT and accuracy suggests that efficient orient-

ng to a salient target does not necessarily mean fine processing
f that target and is a striking corroboration that salience is built
nd guides attention with no need for fine-grained visual analysis.
he absence of progression suggests that the analysis of the given
tem is independent of its salience when the signal it generates are
onveyed to the RH through the fibers receiving inputs from the
emporal hemifield. In a previous study, Michael and Desmedt [61]
howed that items appearing at the same time as a target were
ot processed by patients suffering from lesions involving the pul-
inar (mainly of the right hemisphere). The authors proposed that
rocessing of multiple items surrounding a target was  carried out
y means of coarse pointers which established salience by spot-
ing the area to select and process. The combination of pulvinar
oarse pointers and the more precise pointers of the striate cor-
ex [62], they proposed, generated spatially very precise spikes of
ctivity surrounded by coarsely defined patterns of activity repre-
enting, respectively, the location of the most salient item and that
f those in the immediate surroundings. The lack of any progres-
ion in respect of accuracy when the temporal hemifield transmits
ignals to the RH may  support and supplement such an account in
hat the underlying pathway spots the location containing items to
rocess, establishes a hierarchy of salience and differentiates each
ignal, allowing attention to progress in a salience-based fashion,
ut not allowing any qualitative difference in how each attended

tem is processed. This of course means the existence of function-
lly different computations at least for stimuli presented in the
emporal hemifield and projected to the right hemisphere.

. Conclusion

Using a new paradigm where several items of slightly differ-
nt size were presented, our study shows for the very first time
hat attentional capture by the most salient item is followed by

 progression pattern towards the least salient item. The atten-
ional nature of these effects is evidenced by the decrement of
he RT distribution peak, the fact that the least and most salient
tems trigger similar performance when presented alone, but also
rom the fact that no overt movements of attention towards the
timulus display are possible during the short time it is presented.
oth cerebral hemispheres and both visual pathways have a role
o play in generating salience and establishing the hierarchy of
alience that helps attention progress through space. If, as sug-
ested by some scientists, nasal–temporal asymmetries reflect
ifferential involvement of the geniculate and the extragenicu-

ate pathways, then the results suggest differential processing
hrough these pathways. Attention-related areas in the parietal
ortex receive inputs from both geniculate and extrageniculate
athways and build and carry out those processes accordingly.
ur findings reflect the result of the processing within the same
ortical network of attention and based on the same visual input,
hich could be processed differently along two distinct pathways.

o, whatever the result of the processing taking place in each
isual pathway, what is reflected through performance is how the

utput of these pathways is used to build salience and a hier-
rchy thereof. And if performance shows there are differences
etween nasal and temporal hemifields it is because their output,

n terms of the common cortical network of attention, is not the
ame.
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