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We investigated preparatory attention processes when a spatial
discrimination was required at a cued location, by measuring elec-
troencephalography following a central symbolic cue to deploy spa-
tial attention. Electroencephalography activity in response to the
cue revealed three cue-related activations: an early-onset positiv-
ity following the Pl at posterior scalp sites contralateral to the
cued location, followed by cue-related frontal scalp activity and
later-onset sustained activity at posterior scalp sites contralateral
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to the cued location. The early contralateral positivity may reflect
rapid targeting of the cued location. Our results also extend the
findings of cue-related frontal activity followed by posterior
activity contralateral to the cued location, found with nonspatial
feature discriminations, to a task requiring a spatial discrimina-
tion. NeuroReport 00:000-000 © 2006 Lippincott Williams &
Wilkins.

Introduction

Growing evidence from functional neuroimaging exists that
top-down deployment of visual spatial attention involves
networks of frontal, parietal and occipital regions that
selectively modulate representations of the to-be-attended
target’s location and features, before target presentation (e.g.
[1]). The temporal resolution of electroencephalography
(EEG) has revealed multiple processes underlying the
deployment of attention. EEG studies of symbolically cued
deployment of visual spatial attention have shown that,
during the delay between a cue to deploy attention and the
arrival of the target, there are at least three temporally
distinct cue-related effects. Considered together, these
studies report: (i) early-latency (relative to the cue onset)
activity at posterior scalp sites contralateral to the cued
direction of attention, suggesting rapid deployment pro-
cesses with visual hemifield specificity [e.g. an ‘early
directing attention negativity’ (EDAN)] [2-7]; (ii) mid-
latency cue-specific activity at anterior scalp sites [e.g. an
‘anterior directing attention negativity’ (ADAN)] [2-10],
consistent with a frontal deployment process; (iii) late-
latency activity at posterior scalp sites contralateral to the
cued location [a ‘late directing attention positivity’ (LDAP)],
suggesting modulation of parietal and/or occipital repre-
sentations of the cued location [3,7-11]. Most of these
studies used centrally presented symbolic cues to a location

to prepare participants for subsequent nonspatial feature
discrimination tasks, or used simple detection tasks. In the
present study, we expand upon the previous work by asking
whether these attentional deployment activations are found
when participants are cued to a location with 100% validity
in preparation for a spatial discrimination.

Methods

Eight (four women) right-handed, paid volunteers, aged 24—
30 years, gave written informed consent in accordance with
the policies of the Committee on Clinical Investigations at
Albert Einstein College of Medicine and the University of
California, San Francisco. All participants were neurologi-
cally normal and had normal or corrected-to-normal vision.

Design

Cueing experiment

Each trial consisted of a sequential pair of stimuli (S1, 52)
presented on a black background. The cue (S1, 60 ms) was a
grey directional symbol presented at fixation (‘<” or “>’,
1.5° high and 1.1° wide, varied randomly from trial to trial),
and served to direct the participant’s attention to the left or
right visual field. The cue was followed 800 ms later by the
52 (60 ms), a white, vertically oriented rectangle (1.4° high,
0.3° wide) presented with equal probability to the left or
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right of fixation. Left and right locations were marked
throughout the trial by a white horizontal bar (0.1° high by
0.3° wide) located at 1.5° above the horizontal meridian and
5.0° from fixation on the left and right. If the S2 occurred on
the cued side, participants made a go/no-go spatial
discrimination. Participants ignored any S2s that occurred
on the noncued side. Thus, the cues were not predictive of
52 location, but were 100% informative with respect to
deployment of attention. On 80% of trials, the S2 was a
nontarget that occurred just above the location marker (5.0°
to the left or right of fixation, 2.0° above the horizontal
meridian). On the remaining 20% of trials, the S2 was a
target that occurred adjacent to the location marker (5.5° to
the left or right of fixation). Participants were instructed to
covertly deploy attention to the peripheral marker at the
cued location and to use the spatial relationship between the
52 and the marker to discriminate the target and nontarget
52 at the cued location, responding to targets with a button
release. Trials with eye movements were detected with DC
electrooculogram recordings and removed from further
analysis. The intertrial interval was 4.5s. Participants
received 24 blocks of 25 cue-52 trials within a single session
(600 trials).

Control experiment

A control experiment examined whether direction-specific
differences in the response to cues could be due to physical
differences in the cue symbols (<’ and ‘>"). Although cues
had equal luminance and number of line segments (two) on
either side of fixation, they had a small asymmetry in line
segment position. An additional group of participants (n=7,
four men; age 24-30 years), naive to the attention experi-
ment, passively viewed seven different symbols (<, >, *,
+,[, 1, 1), randomly presented one at a time at fixation with
a rate of one per second. Symbols were located 0.3° higher
than in the attention experiment owing to equipment
changes. No location markers were present in the periphery
and no spatial connotation was given to the <, > symbols.

Electroencephalogram recording

EEG was recorded from 12 bilateral scalp locations over
frontal, central, parietal, inferior parietal, temporal and
occipital regions: Fy, Fg, C, Cg, PL, P, IPL, IPg, T, Tg, O,
Og (10-20 nomenclature: F3, F4, C3, C4, P3, P4, T5, Te, O1,
02), referenced to the nose, with a band-pass of 0.1-40 Hz.
The inferior parietal sites (IP., IPg, not 10-20 locations) were
located half the distance from P3 and P4 to the left and right
mastoids, respectively. In the control experiment, temporal
electrodes were closer to T3 and T4 than T5 and T6 owing to
electrode-cap changes. EEG epochs with electrooculogram
artifacts were rejected offline. Event-related potentials
(ERPs) were obtained by averaging EEG epochs binned
according to the two types of cue (left or right), using a
100 ms precue baseline.

Cueing experiment analyses

To determine whether early effects occurred in this study,
we measured the peak amplitude of the P1 (between 100
and 125ms postcue), the mean amplitude over a short
window (25ms) immediately following the P1 peak (125-
150ms), and the N1 peak amplitude (between 160 and
210ms postcue). The most prominent activity after the N1
consisted of two long duration positive components. These

were evaluated by measuring the mean amplitude in
windows around the peaks: 240-340 (POS1: peak at 290)
and 340-500 (POS2: peak at 420). Following these compo-
nents, there was a clear sustained negativity until the S2
(LATENEG: 600-800 ms postcue), and the mean amplitude
over the duration of this sustained activity was measured.
Amplitude values were computed for each electrode site
and entered into a repeated-measures analysis of variance
(factors: cue direction; electrode site; hemisphere) with
Greenhouse—Geisser correction. If the full model specified
a significant three-way interaction
(Cue x Hemisphere x Electrode), then post-hoc analyses
were conducted to examine significant two-way interactions
(Cue x Hemisphere) at each pair of electrodes (see Table 1
for results). If warranted, additional post-hoc analyses were
conducted to determine whether a cue-related effect was
present within a hemisphere at a particular electrode site.

Control experiment analyses

The amplitude during the P. time window (125-150 ms)
was measured for the ‘<’ and ‘>’ symbols, and paired t-
tests were conducted for stimulus type (< vs. >) at every
electrode.

Results

Behavioral results indicated that participants were able to
use the cue information, performing the task with approxi-
mately 85% accuracy. The ERPs to the cue contained a P1, an
N1 and two longer duration positivities followed by a slow
process lasting until the S2 (see Figs 1 and 3). There was also
a positive shoulder following the P1, extending to the N1, at
posterior electrode sites contralateral to the cued location
that we call the P, (Postivitiy, contralateral, early). A
direction-specific cue effect has been reported as early as
140ms [2], consequently, to be certain not to miss early
effects we analyzed the P1 (100-125ms), the N1 (160-
210ms) and an intervening window (P, 125-150ms) to
determine whether there was significant direction-specific
activity between the classic P1 and N1 components.
Statistical tests revealed no significant difference in the P1
peak amplitude between cue conditions. The activity
immediately following the P1 however, the P (Figs 1 and
2), revealed a positivity over posterior scalp contralateral to
the to-be-attended location [Cue x Electrode x Hemisphere:
F(5,35)=9.522, P <0.007; significant Cue x Hemisphere post-
hoc tests at O, T, P, IP, C sites; see Table 1]. This was a
crossover interaction, in which the contralateral vs. ipsilat-
eral positivity, P.., was seen over left and right scalp sites.
Post-hoc tests for left and right hemispheres separately
revealed that this cue effect reached significance for right
hemisphere sites (at O, T, P, IP, C sites). Figure 2 shows the
P, as a difference wave at each electrode derived by
subtracting the cue ERPs for conditions in which the to-be-
attended location is ipsilateral to the electrode from the
condition in which it is contralateral to the electrode
(Contra-Ipsi). This subtracts out activity common to both
conditions and reveals lateralized activity specific to the
direction of attention. The difference waves in Fig. 2
illustrate the short duration of the P., approximately
50ms. The N1 was also more positive contralateral to the
cued location [Cue x Hemisphere x Electrode:
F(5,35)]=4.213, P<0.03; significant Cue x Hemisphere at
O, T, P, IP sites], consistent with the P.. extending into the

2 Vol 00 No 00 W M 2006



DEPLOYMENT OF VISUAL SPATIAL ATTENTION

NEUROREPORT

Table |

Statistical results for ERP components (columns) for the full model (first row) indicating the F values for the three-way interaction

(Cue x Hemisphere x Electrode) with degrees of freedom F(5,35), and for post-hoc tests of the two-way interaction (Cue x Hemisphere) for each elec-

trode pair (labeled by scalp region) with F(1,7) degrees of freedom

Electrode PI Pce NI POSI POS2 LATENEG
Cue x Hemisphere x Location
All NS 9.52%%* 4.21% NS 4.72% 946**
Cue x Hemisphere post-hoc comparisons
Frontal NS NS 756* NS
Central 11.62* NS NS 11.37*
Parietal 20.66** 19,147 NS NS
Inferior 18.70%* 5.74% NS 16.06**
parietal
Tempor- 23.25%* 13.96** NS 943*
al
Occipital 11.23* 14.77%* NS 24.8]%*
*P <0.05, **P <0.0l.
Left hemisphere (T}) Right hemisphere (TR)
3 3 ‘ ‘ ;
——Cue left
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Early-onset postivitiy, contralateral, early (P.) and late-onset late directing attention positivity (LDAP) direction-specific activity. Grand-aver-

aged event-related potential (ERPs) to cues (left and right cues in blue and red, respectively) recorded at T, and T (posterior temporal scalp). Cue ERPs
for each hemisphere are also labeled according to whether the cued location was contralateral or ipsilateral to the recording hemisphere. The early-onset
effect (P.) occurs just after the Pl peak and continues into the NI. The inset highlights the late-onset effect (600-800 ms), an increased positivity con-

tralateral to the cued direction (LDAP). Time zero is the onset of the cue stimulus, the S2 is presented at 800 ms after cue.

N1 window. This was a crossover interaction; however,
post-hoc analyses for cue effects in each hemisphere
separately did not reach significance. Results of the control
experiment revealed no significant difference in ERPs to the
‘< vs. ‘>’ symbols during the P, period (125-150ms), at
any electrode sites, when the symbols were passively
viewed among other symbols. This suggests, along with
the lack of a directionally specific P1 effect in the attention
experiment, that the P effect is not due to left/right
asymmetries in the physical properties of the cue symbols.

The N1 was followed by a broadly distributed positivity
(POST1: peaking at 290ms) that was larger at right hemi-
sphere IP and T sites [effect of Hemisphere; POSI:
F(1,7)=9.81, P<0.017; Hemisphere x Electrode:
F(5,35)=3.745, P<0.025; post-hoc Hemisphere at IP:
F(1,7)=15409, P <0.006 and T: F(1,7)=20.22, P <0.003 sites].
This positivity was followed by a larger and longer duration
positive component (POS2: peaking at 420ms) that was

significantly larger over the right hemisphere than the left
hemisphere at all sites [POS2: F(1,7)=18.92, P <0.003]. This
second positive component (peak at 420ms) was more
negative over frontal scalp contralateral to the direction of
attention [Cue x Hemisphere x Electrode: F(5,35)=4.716,
P<0.03; post-hoc Cuex Hemisphere at frontal sites:
F(1,7)=7.56, P<0.03], consistent with the ADAN reported
in the literature (see Fig. 3). Post-hoc analyses revealed that
this is not a crossover interaction, and that the cue-related
effect occurs only at the right frontal scalp site
[F(1,7)=15.203, P <0.006].

Later cue-related effects were observed in a sustained and
broadly distributed negativity from 600 to 800 ms Similar to
the LDAP, the ERP during this period was significantly
more positive contralateral to the to-be-attended location
[Cue x Hemisphere x Electrode: F(5,35)=9.464, P <0.001],
see Fig. 1. This modulation was most prominent at sites
over extrastriate and inferior parietal areas, although it was
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Contra-lpsi difference waves (Pcg)

Fig.2 Postivitiy, contralateral, early (P.) difference waves. The P, com-
ponent is illustrated as a difference wave generated by subtracting the
event-related potential to cues that direct attention ipsilateral to the
electrode from those directing attention contralateral to the electrode
(i.e. Cue right — Cue left at left electrodes; Cue left — Cue right at right
electrodes). The P is shown for electrodes over extrastriate regions (Oy,
Or, TL, TR).
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Fig. 3 Frontal cue-related activity anterior directing attention negativ-
ity (ADAN): event-related potental (ERPs) to cue left and cue right at the
right frontal electrode illustrate the two late positivities (Posl, 240—
340 ms and Pos2, 340-500 ms) and the cue-related negative difference
occurring at 340-500 ms (or ADAN). Cue ERPs are labeled according to
whether the cued location was contralateral or ipsilateral to the right
hemisphere.

also significant at the central scalp (post-hoc Cue x Hemi-
sphere at O, T, IP, C, sites, see Table 1). This was a crossover
interaction and post-hoc analyses for each hemisphere
revealed a trend for a cue effect in both left and right

hemispheres for the T sites [T.: F(1,7)=5.5, P<0.051; Tg:
F(1,7)=5.283, P<0.055] and a trend for the left hemisphere
at the IP site [F(1,7)=5.308, P <0.055]. One-tailed t-tests, for
greater positivity to the contralateral cue (as predicted by
the LDAP reported in the literature), revealed significant
effects at both left and right T sites and the left IP site (T,
t=-—2.345; Ty, t=2.298; 1P, t=—2.304; all P <0.03).

Discussion

In the present study, we cued participants to deploy
attention to a specific location in preparation for a spatial
discrimination there. We find cue-related activity over three
different time periods: an early-onset transient positivity
(~150ms) following the P1 at posterior scalp locations
contralateral to the direction of attention (P..); a mid-onset
negativity at the right frontal site (~340-500 ms); and a late-
onset sustained positivity (600ms until S2 occurrence at
800ms) at posterior electrodes contralateral to the cued
direction of attention.

Harter et al. [3] and Nobre and colleagues [2,5] have
reported an early-onset, direction-specific modulation of
activity over posterior cortex contralateral to the direction of
attention, occurring around the time of the N1. Although
they see an increased negativity contralateral to the
attended location (e.g. EDAN), we find an early-onset
positivity (P.e). Other studies find a posterior contralateral
negativity that occurs roughly 100 ms later than the N1 [4,6].
Although some studies have reported an EDAN, others
have not. Hopf and Mangun [8] found early negative-going
activity over left parietal regions, rather than over contral-
ateral sensory regions, regardless of cue direction. Velzen
and Eimer [9] have claimed that the early contralateral
negativity, found with cues comprised of multiple elements,
is an N2pc-type component that reflects the selection of
relevant elements of the cue stimulus for further processing,
rather than brain activity underlying preparatory orienting
of attention. Our P, component is a contralateral positivity,
it occurs earlier than a typical N2pc component, and our
symbolic cue is not comprised of multiple elements. The
control study demonstrated that this early contralateral
component was not present when the same symbols (‘>’,
‘<’) were passively viewed, and thus is unlikely to reflect
visual processing of a portion of the symbol itself or
physical asymmetries in the symbols. Considering all the
above findings together, there appears to be multiple types
of early cue-related activities reflecting different brain
processes, and the occurrence, timing and polarity of these
early activities depends upon the nature of the cue and the
task. In the present study, the use of a very simple cue and a
peripheral marker may have facilitated the mapping of cue
meaning to the cued location making it possible to capture
the marker rapidly with respect to the cue onset. In addition,
the cued marker serves as the spatial referent for the
upcoming spatial discrimination task and this may have
encouraged a rapid covert spatial targeting of the marker in
response to the cue, producing an early latency modulation
of posterior brain regions representing the cued location (the
P.e). The P.. may not have been found in other ERP studies
that contain spatial markers because the markers were not
incorporated into the S2 task.

A cue-related negativity occurred from approximately 340
to 500 ms at the right frontal site, suggesting a frontal control
process for covertly shifting spatial attention, consistent

4 Vol 00 No 00 W W 2006



DEPLOYMENT OF VISUAL SPATIAL ATTENTION

NEUROREPORT

with ADAN in the literature (e.g. [5,8,9]), although such
lateralized activity can also be interpreted as an effect of
opposite polarity at the ipsilateral side (e.g. [10]). This
ADAN effect was present only at the right frontal scalp site,
similar to the predominance at right frontal sites noted by
Nobre et al. [5]. The frontal scalp location is consistent with
recent source localization reports that the ADAN may
originate in frontal cortices [7,10]. The ADAN was followed
by a late-onset sustained positivity over contralateral
posterior cortex lasting until the S2 (600-800 ms), supporting
top-down controlled modulation of parietal and/or sensory
representations in advance of the target’s occurrence,
perhaps to maintain a target template [12,13] or bias one
representation over another [14]. The LDAP is found in
tasks using simple spatial detection [3] and nonspatial
feature discrimination at the cued location [7-10]. The
current study extends the LDAP effect to a task requiring a
spatial discrimination at the cued location.

Conclusion

The present findings provide further support for multiple
attentional deployment processes, reflected in ERP activity
differentiated in time and scalp region over the course of the
interval between the cue and the target. The design uses a
simple cue that enables rapid deployment to the peripheral
marker that is relevant to the subsequent target spatial
discrimination. We find an early positive component
consistent with rapid targeting of the cued spatial location.
Our results also extend the findings of cue-related frontal
activity followed by posterior activity contralateral to the
cued location, found with nonspatial feature discrimina-
tions, to a task requiring a spatial discrimination.
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