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Abstract

We investigated whether attention shifts and eye movement preparation are mediated by shared
control mechanisms, as claimed by the premotor theory of attention. ERPs were recorded in three
tasks where directional cues presented at the beginning of each trial instructed participants to
direct their attention to the cued side without eye movements (Covert task), to prepare an eye
movement in the cued direction without attention shifts (Saccade task), or both (Combined task).
A peripheral visual Go/Nogo stimulus that was presented 800 ms after cue onset signalled whether
responses had to be executed or withheld. Lateralised ERP components triggered during the cue-
target interval, which are assumed to reflect preparatory control mechanisms that mediate
attentional orienting, were very similar across tasks. They were also present in the Saccade task,
which was designed to discourage any concomitant covert attention shifts. These results support
the hypothesis that saccade preparation and attentional orienting are implemented by common
control structures. There were however systematic differences in the impact of eye movement
programming and covert attention on ERPs triggered in response to visual stimuli at cued versus
uncued locations. It is concluded that although the preparatory processes underlying saccade
programming and covert attentional orienting may be based on common mechanisms, they
nevertheless differ in their spatially specific effects on visual information processing.
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1. Introduction

Our cognitive system has evolved to enable the adaptive control of behaviour in complex
and constantly changing environments where the selective processing of relevant sensory
input and the selection of appropriate motor outputs are continuously required. In fact, the
capacity to select and process currently relevant sensory information (selective attention),
and the ability to select, program and activate specific responses may be closely linked.
According to the premotor theory of attention (Rizzolatti, Riggio, & Sheliga, 1994), the
mechanisms responsible for the control of selective attention and the mechanisms
underlying response selection and activation are implemented by common mechanisms. This

Corresponding author’s address: Martin Eimer, Department of Psychology, Birkbeck College, University of London, Malet Street,
London WC1E 7HX, England. Phone: 0044 20 76316358. Fax: 0044 20 76316312. E-mail: m.eimer@bbk.ac.uk.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Eimer et al.

Page 2

theory assumes that goal-directed movements and shifts of spatial attention are mediated by
shared control structures, and that attention shifts are triggered whenever such structures are
activated during response preparation. Thus, in order to initiate intentional (endogenous)
shifts of spatial attention, specific response programs (such as plans for manual or saccadic
eye movements) have to be activated. In the case of covert attentional orienting, response
programming can take place without execution of the peripheral motor parts of these
programs.

There is now substantial empirical evidence to support the claim of the premotor theory that
the programming of saccadic eye movements and shifts of visual attention are closely
linked. Behavioural experiments have demonstrated that attentional shifts towards saccade
target locations are triggered during eye movement preparation (Hoffman & Subramaniam,
1995; Irwin & Gordon, 1998), and that these can affect performance even before the eyes
have begun to move (Deubel & Schneider, 1996). The current focus of visual attention can
affect eye movements trajectories (Sheliga, Riggio, & Rizzolatti, 1995), even when saccades
are elicited via stimulation of the superior colliculus (Kustov & Robinson, 1996). Eye
movement preparation can also produce spatially selective attentional effects on the
processing of auditory (Rorden & Driver, 1999) and tactile stimuli (Rorden, Greene, Sasine,
& Baylis, 2002).

While such behavioural findings demonstrate the existence of strong links between attention
and eye movement preparation, they can only provide indirect evidence for the core claim of
the premotor theory that the control of attention and the programming of eye movements are
mediated by common structures. In order to test this hypothesis directly, the control
processes activated during saccade preparation and during covert shifts of spatial attention
need to be measured and experimentally manipulated. Several recent studies have employed
different neuroscientific and neuropsychological methods to achieve this objective.
Functional imaging experiments have uncovered considerable overlap of dorsal
frontoparietal control structures that are activated during covert shifts of visual attention and
during saccade preparation (Corbetta et al., 1998; Nobre, Gitelman, Dias, & Mesulam,
2000a; Perry & Zeki, 2000; Beauchamp, Petit, Ellmore, & Haxby, 2001). Patient studies
have demonstrated that peripheral oculomotor deficits can impair spatial attention
(Craighero, Carta, & Fadiga, 2001; Smith, Rorden, & Jackson, 2004). Transcranial magnetic
stimulation (TMS) over the frontal eye fields was found to modulate attentionally guided
performance in visual search tasks (Muggleton, Juan, Cowey, & Walsh, 2003), and direct
electrical stimulation of the frontal eye fields can improve monkeys’ performance in spatial
attention tasks (Moore & Fallah, 2001). Taken together, these findings provide strong
evidence in support of the claim of the premotor theory that attentional orienting and
saccade programming are closely linked, and that they may be based on shared control
mechanisms.

In spite of the evidence discussed above, the exact nature of such links between shifts of
attention and eye movement preparation remains elusive. The aim of the present event-
related brain potential (ERP) study was to independently measure and directly compare
electrophysiological correlates of eye movement preparation and of covert attentional shifts.
ERPs have already been successfully employed as on-line electrophysiological measures of
control processes that are activated when shifts of attention are programmed and executed.
Numerous studies have used attentional cueing procedures, where symbolic attentional
precues such as left-pointing and right-pointing arrows presented at the start of each trial
instruct participants to shift their attentional focus covertly (that is, without moving their
eyes) towards a cued location in anticipation of task-relevant visual events. To identify ERP
components sensitive to the direction of cued attentional shifts, ERP waveforms triggered in
response to cues directing attention to the left side were compared to ERPs elicited during
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rightward attentional shifts (c.f., Harter, Miller, Price, LaLonde, & Keyes, 1989;
Yamaguchi, Tsuchiya, & Kobayashi, 1994; Nobre, Sebestyen, & Miniussi, 2000b; Hopf &
Mangun, 2000). An enhanced negativity at anterior recording sites contralateral to the cued
side of an attentional shift (*Anterior Directing Attention Negativity’, ADAN) was followed
by a contralateral posterior positivity (‘Late Directing Attention Positivity’, LDAP). These
lateralised ERP components were interpreted as reflecting successive phases in the control
of visual-spatial attention, such as the initiation of an attention shift and the preparatory
activation of visual brain areas. Similar components are elicited not only during shifts of
visual attention, but also when participants direct their attention to the location of expected
auditory or tactile events (Eimer, Van Velzen, & Driver, 2002; Eimer & Van Velzen, 2002;
Eimer, Van Velzen, Forster, & Driver, 2003; Van Velzen, Forster, & Eimer, 2002),
suggesting that they might reflect the activity a of modality-unspecific attentional control
system (see Eimer et al., 2002, for more details). It should be noted that in addition to the
ADAN and LDAP, a posterior contralateral negativity triggered within 250 ms after cue
onset (“early direction attention negativity’, EDAN) has been observed in several previous
ERP studies of spatial orienting. However, this component appears to reflect the processing
of non-symmetrical cue stimuli such as arrows (see Van Velzen & Eimer, 2003, for
evidence), and is thus unlikely to be generated by processes that are directly involved in the
control of anticipatory attentional shifts.

If the claim of the premotor theory that covert shifts of attention and response programming
are mediated by shared control structures is correct, lateralised ERP components previously
observed during attentional orienting should also be found under conditions in which
participants are instructed to prepare manual responses or eye movements instead. Initial
evidence for this prediction was found in a recent ERP experiment (Eimer, Forster, Van
Velzen, & Prabhu, 2005) where participants had to prepare to lift their left or the right index
finger (as indicated by a cue presented at the start of each trial). ADAN and LDAP
components were elicited during unimanual response preparation, and were very similar in
terms of their amplitudes and latencies to the components triggered during covert attention
shifts (see also Wauschkuhn, Verleger, Wascher, Klostermann, Burk, Heide, & Kompf,
1998; Verleger, VVollmer, Wauschkuhn, VVan der Lubbe, & Wascher, 2000; Van der Lubbe,
Wauschkuhn, Wascher, Niehoff, Kémpf, & Verleger, 2000, for previous investigations of
lateralised ERP components elicited during response preparation). This finding was recently
confirmed by Praamstra, Boutsen, & Humphreys (2005), who directly compared lateralised
ERP components triggered during covert shifts of spatial attention and the preparation of
unimanual responses. In an attention task, participants were cued to shift attention to the left
versus right side. In a motor task, the cue instructed them to prepare a left versus right
manual response. In an attention-motor task, the cue indicated both the direction of an
attentional shift and the side of an upcoming manual response. Praamstra et al. (2005) not
only found that ADAN and LDAP components were present in all three task conditions, but
also no difference in the amplitudes or scalp topographies of these components between
tasks. Using dipole source analyses, they localized the generator processes responsible for
the ADAN and LDAP in lateral premotor and occipital cortex, respectively.

Along similar lines, two recent ERP studies have investigated links between attention shifts
and the preparation of saccadic eye movements. Van der Lubbe, Neggers, Verleger, &
Kenemans (2006) compared ERP lateralisations triggered in the cue-target interval in
response to cues indicating the direction of a covert shift of attention, and in response to
cues indicating the direction of an upcoming saccade. ADAN and LDAP components were
observed in both tasks, suggesting that the neural systems involved in covert attentional
orienting and in saccade preparation show considerable overlap. However, another recent
experiment by Van der Stigchel, Heslenfeld, & Theeuwes (2006) obtained partially
conflicting results. In this study, where cues indicated the location of a subsequently
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presented saccade target on the left or right side, the ADAN component was again elicited
during saccade preparation, but the LDAP was notably absent. VVan der Stigchel et al. (2006)
suggested that while the ADAN may reflect the activation of neural structures involved in
both covert attention and oculomotor preparation, the LDAP is not specifically involved in
the control of eye movements.

A general and difficult problem for studies aiming to dissociate the contributions of
attentional orienting and saccade preparation to lateralised ERP components is that the
preparation of eye movements is likely to be accompanied by shifts of attention towards
saccade targets on the left or right side. For example, Van der Lubbe et al. (2006, Exp.1)
cued participants to make an eye movement towards a target circle that was filled with
horizontal or vertical lines. Because this target could appear on the uncued side on 15% of
all trials, covert attentional shifts towards the cued side were most likely triggered during the
cue-target interval, in order to facilitate the detection of the presence or absence of a saccade
target on this side. Any lateralised ERP components elicited during saccade preparation
might therefore exclusively reflect such attention shifts, and could thus be entirely unrelated
to eye movement preparation. Van der Lubbe et al. (2006) explicitly acknowledged this
problem, and therefore conducted a second experiment where participants were simply cued
to make an eye movement towards one of two unfilled target circles on the left or right side
about one second after cue onset. Because ADAN and LDAP components were triggered in
this second experiment, even though no perceptual discrimination was required at the cued
saccade target location, Van der Lubbe et al. (2006) concluded that these components reflect
saccade programming in the absence of attentional orienting. However, one could argue that
even under these conditions, covert attentional shifts towards the continuously visible cued
target circles may still have regularly occurred in the course of saccade preparation, given
that such shifts may facilitate the encoding of saccade target locations. In order to
conclusively dissociate saccade preparation from attentional orienting, experimental
procedures are needed that explicitly discourage participants from moving their attention
towards an anticipated saccade target location. The aim of the present ERP study was to
employ such a procedure in order to find out whether lateralised ERP components (ADAN,
LDAP) will still be elicited during saccade preparation in the absence of any concomitant
covert attention shifts.

We compared ERP correlates of attention shifts and lateralised ERP modulations elicited
during the preparation of leftward versus rightward saccadic eye movements, using
procedures similar to those employed by Praamstra et al. (2005) in their investigation of
links between spatial attention and manual response preparation. A trial-by-trial cueing
procedure was used where visual precues at fixation were followed after 700 ms by
unilateral peripheral visual target or non-target stimuli (red or green LED flashes) that were
delivered with equal probability on the left or right side. Three task conditions were
delivered in separate blocks, which differed with respect to task instructions and the
response modality (eye movements versus vocal responses), but were otherwise identical in
terms of the physical characteristics and spatial layout of the visual stimuli involved. The
Coverttask used standard endogenous attentional orienting procedures. Participants were
instructed to maintain central fixation, to direct their attention to the side indicated by the
cue, and to respond vocally (by saying “yes”) whenever a visual Go stimulus was presented
on the cued side. Responses had to be withheld to visual non-target stimuli on the cued side,
and to all stimuli on the uncued side. In this task, where cues informed participants about the
location of upcoming task-relevant visual events, covert endogenous attention shifts should
be triggered without intentional saccade preparation, as eye movements were strictly
discouraged. The Combinedtask was equivalent to the Covert task, except that vocal
responses were now replaced by eye movements. Participants were instructed to prepare a
saccade towards the LED on the side indicated by the cue, and to execute this eye movement
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whenever a Go stimulus was presented on this cued side. Eye movements had to be withheld
in response to non-target stimuli on the cued side, and to all stimuli on the uncued side. In
this task, where cues signalled the direction of an anticipated saccade as well as the location
of an upcoming potentially response-relevant peripheral visual stimulus, saccade preparation
and endogenous attention shifts should be elicited in parallel (analogous to Van der Lubbe et
al., 2006, Exp.1). The critical Saccade task was equivalent to the Combined task, except that
participants were now instructed to execute an eye movement towards the LED on the cued
side whenever a visual target stimulus was detected on either side. Here, cues specified
saccade direction, but were not informative with respect to the location of task-relevant
visual events. Participants were told that target stimuli were equally likely to be delivered at
the cued saccade target location or on the opposite side, in order to discourage any
endogenous attentional orienting towards the cued side. This Saccade task should thus
provide ‘pure’ measures of ERP correlates of saccade preparation that are uncontaminated
by any strategic covert attention shifts. On trials where target stimuli were delivered at the
cued location, a prosaccade (a saccade towards a visual target) was required, while an
antisaccade (a saccade away from a target) was required on trials where these stimuli were
presented on the uncued side.

Lateralised ERP components triggered during the cue-target interval were directly compared
between these three tasks to investigate the relative contributions of saccade programming
and attentional orienting. For the Covert task, lateralised ERP components (ADAN, LDAP)
analogous to those previously observed during cued shifts of endogenous spatial attention
(c.f., Harter et al., 1989; Yamaguchi et al., 1994; Nobre et al., 2000b; Hopf & Mangun,
2000; Eimer et al., 2002) were expected. The critical question was whether similar or
different components would be found for the Saccade task. If the shared control processes
activated during saccade programming and attentional orienting are identical, lateralised
components elicited during the cue-target interval in this task should be very similar to
components observed in the Covert task. In contrast, if eye movement control and the
control of spatial attention are based on entirely distinct neural substrates, very different
patterns of ERP effects should be found during side-specific preparation in the Saccade and
the Covert tasks, with effects for the Combined task possibly reflecting the joint
contributions of task-specific ERP modulations elicited during saccade preparation and
covert orienting, respectively.

In addition to comparing ERP correlates of attentional orienting and saccade programming,
another objective of the present experiment was to investigate whether preparatory attention
and eye movement preparation have similar spatially specific effects on the processing of
visual stimuli. There is substantial behavioural evidence that saccade preparation results in
systematic modulations of visual processing (see above). Furthermore, numerous ERP
studies have demonstrated that covert shifts of visual attention result in enhanced early
visual P1 and N1 components for attended relative to unattended visual stimuli, as well as in
later sustained attentional negativities (c.f., Eason, 1981; Mangun & Hillyard, 1991; Eimer,
1994). Attentional modulations of sensory-specific P1 and N1 components are usually
interpreted as evidence for the intraperceptual sensory gating of attended locations within
visual perception (Mangun, 1995), while longer-latency effects are likely to reflect
attentional modulations of post-perceptual processes (Mangun & Hillyard, 1991).
Investigating whether similar effects can also be found as a consequence of saccade
preparation can be seen as a critical test of the premotor theory of attention. If covert spatial
orienting and eye movement preparation are based on shared neural control mechanisms, as
claimed by this theory, they should result in a very similar pattern of spatially specific
modulations of visual ERPs.
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In the only previous ERP study to date that investigated the impact of saccade preparation
on visual processing, Van der Stigchel et al. (2006) failed to find any modulations of visual
P1 and N1 amplitudes. These authors suggested that this negative result may have been due
to the minimal visual demands of their task, which required participants only to detect, but
not to identify saccade targets. If this was the case, effects of saccade preparation on early
visual components might be uncovered in the present experiment where a visual Go/Nogo
stimulus discrimination was required on every trial. To test this prediction, we measured
ERPs elicited in response to peripheral visual stimuli at cued versus uncued locations,
separately for the Covert, Saccade, and Combined tasks. In order to avoid contamination of
visual ERPs by eye movements or vocal responses to target stimuli, these analyses were
based exclusively on trials where non-target stimuli were presented, and no saccades or
vocal responses were executed. For the Covert task, results were expected to confirm
previous findings that visual-spatial attention results in modulations of sensory-specific P1
and N1 components, as well as in a subsequent negativity for visual stimuli at cued versus
uncued locations beyond 200 ms post-stimulus. The critical new question was how spatial
cueing would affect visual ERPs in the two other tasks. If attention shifts and saccade
preparation are based on common underlying mechanisms, spatially selective modulations
of visual ERPs should be very similar in all three tasks. In contrast, if saccade preparation
and attentional covert orienting are mediated by anatomically and functionally distinct
control processes, these processes might have different effects on the processing of
subsequently presented visual events. This should be reflected by systematic differences in
the pattern of spatial cueing effects on visual ERPs observed for the Saccade and Covert
tasks, with cueing effects in the Combined task possibly reflecting the joint contribution of
the effects observed in the two ‘pure’ tasks.

Behavioral performance

Saccade RTs were faster in the Combined task than in the Saccade task (375 vs. 438 ms;
t(17)=5.6; p<.001). As expected, prosaccades were faster than antisaccades in the Saccade
task (421 vs. 455 ms; t(17)=2.4; p<.03). Vocal RTs in the Covert task (532 ms) were
considerably slower than saccade latencies in the other two tasks (both t(17)>5.4; both p<.
001). RTs did not differ significantly as a function of target stimulus location or response
direction (for eye movements).

False Alarms occurred on 4.1% (Saccade task), 3.8% (Combined task), and 0.6% (Covert
task) of all non-target trials. Participants failed to respond on 2.4% (Saccade task), 0.8%
(Combined task), and 5.4% (Covert task) of all trials where relevant targets were presented.
In the Saccade task, failures to respond to relevant targets were more frequent when targets
required an antisaccade than when a prosaccade was required (3.3% vs. 1.5%; t(17)=3.0; p<.
01). In addition, incorrect saccades (i.e., saccades towards the uncued side) were observed
on 3.2% of all trials in which an antisaccade was required, and only on 1% of all trials in
which a prosaccade was required (t(17)=3.2; p<.005).

ERPs in the cue-target interval: Preparatory processes activated during attentional
orienting and saccade programming

Figure 1 shows ERPs elicited in response to left and right cues in the interval between cue
onset and the onset of the subsequent imperative visual stimulus at anterior electrode pairs
over the left and right hemisphere in the Covert task (top panels), the Saccade task (middle
panels), and the Combined task (bottom panels). Figure 2 shows analogous ERPs for the
cue-target interval at lateral posterior electrode pairs. These figures suggest that cue
direction had systematic effects on ERPs elicited in the cue-target interval in all three tasks.
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Starting at about 350 after cue onset, ERPs were more negative at anterior electrodes
contralateral as compared to ipsilateral to the side indicated by the cue, analogous to the
anterior directing attention negativity (ADAN) observed in previous studies. This lateralised
component appeared to be present for all three task conditions (see Figure 1). Towards the
end of the cue-target interval, ERPs were more positive at posterior electrodes contralateral
to the cued side, in line with the late directing attention positivity (LDAP) reported in
previous investigations. This LDAP component appeared to be smaller in the Saccade task
than in the two other task conditions (see Figure 2).

The difference waves shown in Figure 3 are included to further illustrate the amplitudes and
the time course of these lateralised ERP modulations elicited during the cue-target interval
in the three task conditions. These waveforms are shown solely to simplify graphical
presentation, and not for statistical analysis. They were computed by subtracting ERPS in
response to right cues from ERPs elicited by left cues, and then subtracting the resulting
difference waves for right-hemisphere electrodes from the difference waves for homologous
electrodes over the left hemisphere. In the resulting double subtraction waveforms, an
enhanced negativity at electrodes contralateral to the side indicated by the cue is reflected by
positive amplitude values (downward-going deflections), while a contralateral positivity is
indicated by negative values (upward-going deflections). Figure 3 shows difference
waveforms obtained for anterior (top), and posterior (bottom) electrode pairs, separately for
the Covert task (black solid lines), the Saccade task (black dashed lines), and the Combined
task (grey solid lines). While the anterior contralateral negativity (ADAN) appears to be
similar in size for all three tasks, the amplitude of the contralateral positivity at posterior
electrodes (LDAP) seems to be substantially attenuated for the Saccade task relative to the
Covert and Combined tasks (see Figure 3, bottom panels).

These informal observations were confirmed by statistical analyses. In the 350-500 ms
interval, a significant hemisphere x cue direction interaction was present at lateral anterior
electrodes (F(1,17)=27.8; p<.001), reflecting the presence of the ADAN component as
shown in Figures 1 and 3. Importantly, there was no indication of any task condition x
hemisphere x cue direction interaction (F<1), suggesting that this ADAN was elicited in a
comparable fashion for all three task conditions. The presence of an ADAN in all three tasks
was confirmed in analyses conducted separately for each task condition, which revealed
significant hemisphere x cue direction interactions at anterior electrode pairs for all three
tasks (all F(1,17)>4.4; all p<.05). At lateral central electrodes, a hemisphere x cue direction
x electrode site interaction was present (F(2,34)=5.3; p<.03; £=.655) for the 350-500 ms
interval. A hemisphere x cue direction interaction was significant at C3/4 only (F(1,17)=7.0;
p<.02), reflecting the presence of the ADAN at this electrode pair (not shown in Figure 1).

At lateral posterior electrodes, a hemisphere x cue direction interaction was also found
during the 350-500 ms time window (F(1,17)=5.5; p<.04). To explore whether this was due
to the relatively early onset of the posterior LDAP component in the present study (see
Figures 2 and 3), separate analyses were conducted for the first and second part of this time
window (350-420 ms, and 425-500 ms, respectively) at lateral posterior electrode pairs. As
expected, a significant hemisphere x cue direction interaction was only present for the
425-500 ms interval (F(1,17)=6.4; p<.03), reflecting the emergence of the LDAP
component. A task condition x hemisphere x cue direction interaction (F(2,34)=4.1; p<.05;
e=.691) was present during this interval, and follow-up analyses revealed significant
hemisphere x cue direction interactions for the Covert and Combined tasks (both
F(1,17)>4.6; both p<.05). No such interaction was found during this time interval for the
Saccade task (F<1.6), indicating that LDAP onset was delayed in this task.
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In the final 200 ms of the cue-target interval (500-700 ms after cue onset), the presence of
the LDAP component was reflected by a significant hemisphere x cue direction interaction
at lateral posterior electrode pairs (F(1,17)=24.2; p<.001). Importantly, a significant three-
way interaction was also obtained (task condition x hemisphere x cued direction:
F(2,34)=14.6; p<.001; £=.918), suggesting that there were systematic differences in LDAP
amplitudes between the three tasks, with larger LDAP components in the Covert and
Combined tasks relative to the Saccade task (see Figures 2 and 3). Analyses conducted
separately for each task condition revealed hemisphere x cue direction interactions not just
for the Covert task (F(1,17)=48.0; p<.001), and the Combined task (F(1,17)=18.6; p<.001),
but also for the Saccade task (F(1,17)=7.5; p<.02), thereby demonstrating that the LDAP
component was reliably elicited in all three tasks. To investigate whether the component was
attenuated for the Saccade task relative to the Covert task, the data for these two tasks were
analysed together (with task condition now a two-level factor). A significant task condition
x hemisphere x cue direction interaction was obtained (F(1,17)=31.6; p<.001),
demonstrating that the LDAP was smaller in the Saccade relative to the Covert task. When
the data for the Saccade and Combined tasks were analysed together, the task condition x
hemisphere x cue direction interaction was again significant (F(1,17)=19.8; p<.001),
indicating that the LDAP for the Saccade task was smaller than the LDAP triggered in the
Combined task. In contrast, when the data from the Covert and Combined tasks were
analysed together, no indication of any task condition x hemisphere x cue direction
interaction was obtained (F<1), thus confirming the impression suggested by Figures 2 and 3
that LDAP amplitudes did not differ between these two tasks.

No hemisphere x cue direction interaction was present during the 500-700 ms time window
at lateral anterior sites. At lateral central electrodes, a hemisphere x cue direction x electrode
site interaction was present (F(2,34)=11.2; p<.001; £=.884) for the 500-700 ms interval. A
hemisphere x cue direction interaction was found at CP5/6 only (F(1,17)=10.8; p<.01),
reflecting the presence of an LDAP (not shown in Figure 2). Here, a task condition x
hemisphere x cue direction interaction was also present (F(2,34)=4.9; p<.02; £=.930), again
due to the attenuation of the LDAP in the Saccade task.

ERPs to peripheral visual non-targets: Spatially specific effects of covert orienting and
saccade programming on visual processing

Figure 4 shows ERPs triggered in response to visual non-target stimuli at cued locations
(solid lines) and uncued locations (dashed lines) at lateral occipital electrodes OL/OR in the
Covert task (top panel), the Saccade task (middle panel), and the Combined task (bottom
panel). Figure 5 shows visual ERPs elicited in these three task conditions at midline
electrodes. While spatial cueing had systematic effects on visual ERPs in all three tasks, the
size and direction of some of these effects differed between tasks. N1 amplitudes were
consistently enhanced in response to visual stimuli at cued versus uncued locations in all
three tasks. In contrast, effects of spatial cueing on P1 components appeared to go into
opposite directions for the Covert task (larger P1 amplitudes for visual stimuli at cued
locations) and the Saccade task (larger P1 amplitudes for uncued visual stimuli), with no
clear P1 cueing effect in the Combined task. In addition, a sustained negativity for cued
versus uncued visual stimuli was consistently present for all three tasks beyond 200 ms post-
stimulus, although this effect appeared to be smaller in the Saccade task relative to the other
two task conditions.

These observations were confirmed by statistical analyses. While there was no overall main
effect of cue validity on P1 mean amplitudes (measured between 100 and 130 ms post-
stimulus) at lateral posterior electrodes, a significant task condition x cue validity interaction
(F(2,34)=7.1; p<.01; £=.892) was present. Follow-up analyses revealed a significant effect
of cue validity on P1 amplitudes in the Covert task (F(1,17)=7.5; p<.02), reflecting
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enhanced P1 components for visual stimuli on the cued (attended) relative to the uncued side
(Figure 4, top panel). In contrast, a main effect of cue validity in the Saccade task
(F(1,17)=5.3; p<.04) was due to the fact that ERP amplitudes in the P1 time range tended to
be more negative in response to visual stimuli at cued versus uncued locations (Figure 4,
middle panel). No significant effect of cue validity on P1 amplitudes was present in the
Combined task (F(1,17)=2.5; p=.13).

In the N1 time range (160-200 ms), main effects of cue validity were present at lateral
posterior, central, anterior, as well as at midline sites (all F(1,17)>17.8; all p<.001),
demonstrating that N1 amplitudes were enhanced in response to visual stimuli on the cued
versus uncued side (see Figures 4 and 5). Importantly, and in contrast to the results obtained
for the P1 component, there was no indication of any task condition x cue validity
interactions at any recording site (all F<1.7), suggesting that these N1 amplitude
enhancements were triggered in an analogous fashion for all three tasks.

In the N2 time range (240-300 ms post-stimulus), a highly significant main effect of cue
validity was obtained at midline electrodes (F(1,17)=43.5; p<.001), due to the presence of
enhanced negativities for visual stimuli presented on the cued versus uncued side (Figure 5).
A task condition x cue validity interaction (F(2,34)=9.6; p<.002; £=.702) suggested that the
size of this effect differed between tasks, with smaller cueing effects in the Saccade task
relative to the other two tasks. In analyses conducted separately for each task, main effects
of cue validity were uniformly present (all F(1,17)>8.6; all p<.01), confirming that enhanced
negativities were triggered in the N2 time window by visual stimuli on the cued side in all
three task conditions. However, when the ERP data for the Covert and Saccade tasks were
analysed together (with task condition as two-level factor), a significant task condition x cue
validity interaction was obtained (F(1,17)=8.8; p<.01), demonstrating that these cueing
effects were smaller for the Saccade task than for the Covert task. Similarly, when the data
for the Combined and Saccade tasks were analysed together, a task condition x cue validity
interaction (F(1,17)=15.8; p<.001) indicated smaller cueing effects in the Saccade relative to
the Combined task. In contrast, there was no task condition x cue validity interaction when
the data from the Covert and Combined tasks were analysed together (F<1), thus confirming
that cueing effects in the N2 time range did not differ between these two tasks.

3. Discussion

To investigate the central claim made by the premotor theory of attention that attention
shifts and saccade preparation are mediated by shared control mechanisms, we recorded
ERPs under conditions in which central symbolic spatial cues indicated the direction of a
covert endogenous attentional shift (Covert task), the direction of an upcoming eye
movement (Saccade task), or both (Combined task). Responses were to be executed or
withheld following a peripheral visual Go/Nogo stimulus that was presented 800 ms after
cue onset. One set of analyses focussed on lateralised ERP components triggered during the
cue-target interval, which are assumed to reflect preparatory attentional control mechanisms.
Another set of analyses focussed on ERPs to subsequent visual non-target stimuli at cued
versus uncued locations, in order to gain insights into the nature of spatially selective
modulations of visual processing induced by attentional orienting and saccade preparation,
respectively.

In the Covert task, where participants directed their attention to the cued side in order to
detect and vocally respond to visual target stimuli on this side, and no eye movements were
allowed, systematic ERP lateralisations sensitive to the side of a cued attentional shift
(ADAN, LDAP) were elicited during the cue-target interval. This confirms numerous earlier
observations (c.f., Harter et al., 1989; Yamaguchi et al., 1994; Nobre et al., 2000b; Hopf &
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Mangun, 2000; Eimer et al., 2002, 2003), although recent results (Green & McDonald,
2006) have suggested that the presence of an ADAN might sometimes depend on cue
modality. ADAN and LDAP components have previously been interpreted as reflecting
processes involved in the endogenous control of covert attentional orienting. If intentional
shifts of attention are initiated via the activation of specific saccade programs, as claimed by
the premotor theory, similar lateralised components should also be triggered under
conditions in which cues signal the direction of an upcoming eye movement, even when
there is no incentive for strategic covert attention shifts towards the cued side. The results
observed in the Saccade task confirmed this prediction. In this task, where targets were
equally likely to be presented on the cued and uncued side, and eye movement preparation
should thus proceed in the absence of any concomitant strategic shifts of covert spatial
attention, ADAN and LDAP components were clearly present. This result is line with earlier
observations by Van der Lubbe et al. (2006), and also confirms recent findings by Eimer,
Van Velzen, Gherri, & Press (2006), who directly compared ERP lateralisations during cued
manual response preparation and saccade programming, and showed that ADAN and LDAP
components were elicited in both tasks. They are however partially inconsistent with the
findings of Van der Stigchel et al. (2006), who failed to observe an LDAP during eye
movement preparation. It is important to note that for all of these previous studies, the
possibility cannot be ruled out that covert shifts of attention were triggered in parallel with
saccade preparation, and that ADAN and LDAP components thus primarily or exclusively
reflected such covert attentional orienting processes. However, the fact that these
components were also reliably triggered in the Saccade task of the present study provides
strong evidence against this interpretation.

The current results are therefore inconsistent with the view that saccade programming and
spatial attention are controlled by anatomically and functionally independent mechanisms. If
this was the case, qualitatively different patterns of lateralised ERP effects should have been
observed in the cue-target interval for the Covert and Saccade tasks. The presence of ADAN
and LDAP components in both these two ‘pure’ tasks suggests that there is considerable
overlap in the neural mechanisms underpinning shifts of attention and eye movement
preparation, as postulated by the premotor theory of attention.

It is also notable that ADAN and LDAP components did not differ between the Covert and
Combined tasks in terms of their amplitudes and onset latencies. In the Combined task,
participants prepared an eye movement towards the cued side, and also shifted attention to
this side in anticipation of task-relevant visual events. In the Covert task, cues also triggered
endogenous attentional orienting, but eye movements were not allowed. The finding that
equivalent lateralised components were elicited in these two tasks is exactly what would be
predicted if endogenous covert attention shifts and eye movement preparation are
functionally linked, as postulated by the premotor theory. If attention shifts are initiated by
activating specific saccade programs, instructing participants to prepare eye movements in
addition to shifting attention towards the cue location would be entirely redundant, as such
eye movements would have to be programmed in any case as a consequence of having to
perform a covert attention shift. Analogously, if attentional orienting was required for
saccade preparation, no differences between ADAN and LDAP components should be
observed between the Covert and Combined tasks.

While the anterior ADAN component was triggered in a very similar fashion in all three
tasks, the posterior LDAP was delayed and attenuated in the ‘pure’ Saccade task relative to
the other two task conditions (see Figures 2 and 3). This attenuation of the LDAP in the
Saccade task might be related to the fact that in contrast to the Combined task (where only
prosaccades were required), prosaccades and antisaccades were equally likely in this task.
The inclusion of antisaccade trials was an inevitable consequence of the necessity to use
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cues that were uninformative with respect to the side of task-relevant visual events in the
Saccade task, and thus to prevent strategic attention shifts towards expected locations of
such events. However, including antisaccades might have increased participants’
anticipation of spatial conflict while preparing cued eye movements, thereby possibly
affecting spatially selective control processes that are reflected by the LDAP component.
This could be further explored in studies where the likelihood of prosaccades and
antisaccades is systematically manipulated. Alternatively, the attenuation of the LDAP in the
Saccade task could more generally indicate that the neural processes responsible for the
LDAP are more directly linked to covert attentional orienting than to saccade preparation.
According to this interpretation, the neural basis of attention and saccade preparation would
not be identical, but only partially overlapping. This possibility is supported by recent
observations by Van der Lubbe et al. (2006, Exp.2), who also found that the LDAP was
smaller during saccade programming than during covert attentional orienting.

Overall, the presence of similar lateralised ERP components during covert attentional
orienting and saccade programming provides strong evidence for the claims of the premotor
theory that the underlying neural mechanisms are closely linked. If covert attention and
saccade preparation were based on non-overlapping neural networks, entirely different ERP
components should have been obtained during these two types of preparatory processes.
However, the fact that the LDAP was attenuated and delayed in the Saccade task relative to
the other two tasks that involved covert attentional orienting also indicates that there may
also be systematic differences in the neural mechanisms underlying saccade preparation and
attentional orienting.

The analysis of ERPs elicited by peripheral visual stimuli at cued versus uncued locations
revealed some important differences in the impact of covert attention and eye movement
preparation on visual processing. The results obtained in the Covert task confirmed
numerous previous findings (c.f., Eason, 1981; Mangun & Hillyard, 1991; Eimer, 1994) that
covert shifts of visual attention result in modulations of P1 and N1 components, as well as in
a sustained attentional negativity at longer latencies (see Figures 4 and 5). The important
question addressed in the present study was whether analogous modulations of visual ERPs
would also be triggered as a consequence of eye movement preparation, as would be
expected if covert attentional orienting and saccade programming were based on shared
mechanisms.

The results obtained in the Saccade task do not provide unequivocal support for the
premotor theory of attention. Very similar enhancements of N1 amplitudes in response to
visual stimuli at cued versus uncued locations were observed for all three task conditions.
The fact that eye movement preparation in the Saccade task resulted in enhanced N1
amplitudes to visual stimuli at saccade target locations differs from previous findings by
Van der Stigchel et al. (2006) who failed to obtain any effect of saccade preparation on P1
and N1 components. This notable difference might be related to differences in the visual
processing demands between these two studies. Whereas a Go/Nogo stimulus discrimination
was required in the present experiment, the task used by Van der Stigchel et al. (2006) only
required participants to detect the onset of a saccade target. However, the impact of covert
attention and saccade programming on the posterior P1 component was very different in the
present experiment (see Figure 4). While the expected pattern of enhanced P1 amplitudes to
visual stimuli on the cued side was obtained in the Covert task, the opposite effect (larger P1
amplitudes for visual stimuli on the uncued side) was observed in the Saccade task. The
Saccade task also differed from the Covert task with respect to the sustained attentional
negativity triggered in the N2 time range. Although reliably present, its amplitude was
significantly reduced (see Figure 5). If attentional orienting and saccade preparation are
based on shared neural substrates, and identical preparatory control processes are activated
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in both cases, these should have produced similar spatially selective modulations of visual
ERPs. The differences in the cueing effects observed in the Covert task and in the Saccade
task, and in particular the finding that P1 modulations of opposite polarity were elicited in
these two tasks, suggest that there are systematic differences in the impact of eye movement
preparation and covert shifts of attention on visual processing.

The reversed cueing effect on P1 amplitudes observed in the Saccade task could be linked to
an active inhibition of saccade execution during the cue-target interval (see Van der Lubbe
et al., 2006, for further discussion of saccade inhibition), which could have persisted beyond
target onset and thus have affected early visual target processing in a spatially specific
fashion. Alternatively, it is possible that saccade preparation results in a longer-latency
sustained negativity that happens to overlap with the P1 component, and specifically affects
ERPs in response to visual stimuli at cued saccade target locations (see Van der Stigchel et
al., 2006, for evidence for such longer-latency effects of saccade preparation). In this
context, it is interesting to note that in contrast to the Covert task, where normal P1 cueing
effects were observed, there was no P1 modulation at all in the Combined task (see Figure 4,
bottom). This is remarkable, given that cues were spatially predictive with respect to the
location of task-relevant visual events in this task. The absence of any P1 modulation in the
Combined task might be explained by assuming that cueing effects of opposite polarity are
triggered in the P1 time range during covert attentional orienting and eye movement
preparation, and that these effects cancelled each other out in the Combined task where both
covert attentional orienting and saccade programming were activated simultaneously.
Further systematic ERP investigations of saccade programming are required to uncover the
typical ERP signature of saccade preparation effects on visual ERPs, and to explore the
neural basis of these effects.

In summary, the present ERP study has provided new insights into the control processes
underlying covert shifts of attention and eye movement preparation. We demonstrated that
lateralised ERP components elicited in the cue-target interval are elicited regardless of
whether participants are cued to endogenously shift their attention, to prepare an eye
movement, or both. This is in line with the claim of the premotor theory of attention that
saccade preparation and attentional orienting are mediated by shared control structures.
However, the presence of differential spatially specific modulations of early visual ERP
components in the three tasks suggests that in spite of the overlap between underlying
control mechanisms, saccade preparation and covert shifts of attention differ in their impact
on visual information processing.

4. Experimental Procedures

Participants

Twenty paid volunteers participated in the experiment. One participant had to be excluded
because of poor eye fixation control in the cue-target interval, and one further participant
was excluded because of a large number of eye blinks. Thus 18 participants (11 females),
aged 20-36 years (mean 26 years) remained in the sample. 16 participants were right-
handed, two were left-handed, and all had normal or corrected vision by self-report.

Stimuli and Apparatus

Participants sat in a dimly lit experimental chamber, with a head-mounted microphone
positioned 2 cm in front of the mouth, facing a computer monitor at a viewing distance of 57
cm. Cues consisted of two adjacent triangles, covered a total visual angle of 3.5° x 2.5°, and
were presented at the center of the computer screen at an angle of about 30° below eye level.
One of the triangles was red, the other was blue, and they always pointed in opposite
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directions (“><’ or ‘<>"). The four possible combinations of cue colour and cue arrangement
were equiprobable and randomly distributed in each block. A central fixation cross, located
in the space between the two triangles, was continuously present throughout the
experimental blocks. Peripheral visual stimuli were presented via LED ensembles, which
consisted of six LED segments arranged in a circle plus one central segment. The angular
size of each LED was 0.65°, the diameter of the circle was 2.4°. To specifically mark
saccade target locations, LED circles were surrounded with white rings. Two LED
ensembles were mounted to poles at an eccentricity of 39° to the left or right of fixation, at
the same elevation as the central cues and fixation. All peripheral visual stimuli were
presented for 100 ms, but differed in colour (green: non-targets; red: targets). The luminance
of the green and red LED ensembles, measured with a SpectraScan PR650 luminance meter
(Micron Techniques Ltd.) at a distance of 57 cm from the screen at eye level height was 71.3
cd/m? and 32.3 cd/m?, respectively.

The experiment consisted of 18 experimental blocks with 80 trials per block. Each trial
started with the presentation of a central cue (100 ms duration), which was followed after an
interval of 600 ms by a visual peripheral stimulus (100 ms duration). Intertrial interval was
2000 ms. Three task conditions (Covert task, Saccade task, and Combined task) were
delivered, each consisting of six successive blocks. The order in which these tasks were
delivered was balanced across participants. The Saccade and Combined tasks required eye
movements in response to target stimuli, whereas the Covert task required vocal responses
instead. In the Covert task, participants had to respond vocally (by saying “yes”) whenever a
visual target (a red LED flash) was presented at the side indicated by the central cue on that
trial. Visual non-targets (green LED flashes) on the cued side, as well as all visual stimuli on
the uncued side were to be ignored, and central fixation had to be maintained. In the
Combined task, participants had to execute a saccade towards the LED on the side indicated
by the cue whenever a visual target stimulus (a red LED flash) was presented on this side,
but to maintain central fixation when visual non-targets were presented on the cued side, and
when visual stimuli were presented on the uncued side. In the Saccade task, participants had
to execute an eye movement towards the LED on the side that was indicated by the cue
whenever a red visual target was presented on either side, and to withhold eye movements
on trials where a green non-target was presented. Thus, the Saccade task differed from the
Combined task in that the former required only prosaccades (towards the visual target
location), whereas prosaccades and antisaccades (towards the LED on the side contralateral
to the visual target) were equally likely in the Saccade task. In all three tasks, the relevant
side (left or right) was indicated at the beginning of each trial by the direction of either the
red or the blue central triangle. For half of the participants, blue triangles indicated the
relevant side, while red triangles indicated the relevant side for the other half. Relevant left-
pointing and right-pointing triangles were presented with equal probability to the left or right
of fixation.

Each Covert and Combined block contained 48 trials where green visual non-targets were
presented, with twelve trials per block for each combination of cue direction (left versus
right) and visual stimulus side (left versus right). Red targets were presented in the
remaining 32 trials per block. Twenty-four of these targets were delivered on the cued side
(twelve left, twelve right) and thus required a vocal response or an eye movement. On eight
trials per block, visual targets appeared on the uncued side (four left, four right), and no
response was required on these trials. In order to keep the number of response trials as well
as the number of trials per block identical across tasks, Saccade task blocks only contained
24 trials where a red visual target was presented. Six trials per block were delivered for each
combination of cued side and visual stimulus side, and eye movements were required on all
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of these trials. In the remaining 56 trials of each Saccade block, green non-targets were
presented with equal probability on the left or right side, and following a left or right cue.

Task instructions were shown on the computer screen prior to the start of each block.
Participants were instructed to use the information provided by the cue to direct their
attention to the cued location (in the Covert task), to prepare an eye movement in the cued
direction (in the Saccade task), or both (in the Combined task), in order to respond as
quickly and accurately as possible to relevant visual targets, while withholding responses to
all other stimuli. They were explicitly encouraged to maintain central eye fixation in the cue-
target interval. Several training blocks were run prior to the beginning of each task
condition. Eye movements were closely monitored during these training blocks. Whenever
the horizontal EOG revealed that participants did not maintain central eye fixation,
additional training blocks were run until fixation was regarded as satisfactory.

Recording and Data Analysis

EEG was recorded with Ag-AgCl electrodes and linked-earlobe reference from F7, F3, Fz,
F4, F8, FC5, FC6, T7, C3, Cz, C4, T8, CP5, CP6, P7, P3, Pz, P4, and P8 (according to the
10-20 system), and from OL and OR (located halfway between O1 and P7, and O2 and P8,
respectively). Horizontal EOG (HEOG) was recorded bipolarly from the outer canthi of both
eyes. Electrode impedance was kept below 5 kQ, and the impedances of the earlobe
electrodes were kept as equal as possible. Amplifier bandpass was 0.1 to 40 Hz. EEG and
EOG were sampled with a digitization rate of 200 Hz and stored on disk. No additional
filters were applied after recording.

EEG and EOG were epoched off-line into 1300 ms periods, starting 100 ms prior to cue
onset and ending 600 ms after the onset of the peripheral stimulus. Separate averages were
computed for ERPs recorded in the cue-target interval (relative to a 100 ms baseline
preceding cue onset), and for ERPs elicited by subsequent visual peripheral stimuli (relative
to a 100 ms baseline preceding the onset of these stimuli). ERPs in response to peripheral
visual stimuli were computed for non-target trials only, to avoid contamination by vocal
responses or eye movements. Trials with vocal or eye movement responses to non-targets
were excluded from EEG analysis, as were non-target trials with eyeblinks (Fpz exceeding
+60 V), small horizontal eye movements (HEOG exceeding +30 V), or other artifacts (a
voltage exceeding +80 nV at any electrode) in the interval between cue onset and 600 ms
after peripheral visual stimulus onset. On average, 20% of all trials were excluded to the
presence of artifacts, and trial exclusion rate did not exceed 35% for any participant.
Averaged HEOG waveforms obtained for each participant and task condition in the cue-
target interval in response to left versus right cues were scored for systematic deviations of
eye position, which indicate residual tendencies to move the eyes towards the cued location.
A residual HEOG deviation exceeding £3 V led to the disqualification of one participant.

The EEG obtained in the cue-target interval was averaged for all combinations of task
condition (Covert vs. Saccade vs. Combined task) and cue direction (left vs. right). Mean
amplitude values were computed at lateral anterior sites (F7/8, F3/4, FC5/6), lateral central
sites (T7/8, C3/4, CP5/6), and lateral posterior sites (P7/8, P3/4, OL/R) for successive pre-
defined latency windows (350-500 ms and 500-700 ms after cue onset), which were
identical to the analysis windows used in our previous studies (e.g., Eimer et al., 2002).
Separate repeated-measures analyses of variance (ANOVAs) were conducted for lateral
anterior, central, and posterior sites. These analyses included the factors electrode site (F7/8
vs. F3/4 vs. FC5/6, for the anterior analysis, C3/4 vs. T7/8 vs. CP5/6, for the central
analysis, and OL/R vs. P3/4 vs. P7/8, for the posterior analysis), task condition, cue
direction, and hemisphere (left vs. right). It is important to note that in these analyses, the
presence of ERP lateralisations sensitive to the side of a cued attention shift and/or the side
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of a cued eye movement are reflected by significant hemisphere x cued direction
interactions.

The EEG obtained in response to peripheral visual non-target stimuli was averaged
separately for all combinations of task condition, cue direction, and stimulus side (left vs.
right). Mean amplitude values computed for latency windows centred on the peak
amplitudes of visual P1, N1, and N2 components (P1: 100-130 ms post-stimulus; N1:
160-200 ms post-stimulus; N2: 240-300 ms post-stimulus). Repeated-measures ANOVAS
included the factors electrode site (F7/8 vs. F3/4 vs. FC5/6, for anterior electrodes, C3/4 vs.
T7/8 vs. CP5/6, for central electrodes, OL/R vs. P3/4 vs. P7/8, for posterior electrodes, Fz
vs. Cz. vs. Pz, for midline electrodes), hemisphere (left vs. right, for lateral electrodes only),
cue validity (visual stimulus presented on cued vs. uncued side), and stimulus side. For
brevity, we only report analyses of P1 amplitudes at lateral posterior sites, and analyses of
effects in the N2 time range for midline electrodes. For all analyses, Greenhouse-Geisser
adjustments to the degrees of freedom were applied where appropriate.

Voice onset times in the Covert task were measured with a voice key. Saccade onset
latencies in the Saccade and Combined tasks were measured on the basis of HEOG
waveforms recorded after the onset of a peripheral visual stimulus. Saccade onset was
defined as the latency (in ms post-stimulus) of the first data point within this interval
exceeding a threshold of £80 pV (relative to a 100 ms pre-stimulus baseline), with saccade
direction (left vs. right) indicated by the polarity of this value. Vocal and saccade response
times (RTs) obtained on trials where participants responded correctly to relevant visual
target stimuli were compared between task conditions with paired t-tests.

Acknowledgments

This research was supported by a grant from the Wellcome Trust. M.E. holds a Royal Society-Wellcome Research
Merit Award.

References

Beauchamp MS, Petit L, Ellmore TM, Ingeholm J, Haxby JV. A parametric fMRI study of overt and
covert shifts of visuospatial attention. Neuroimage. 2001; 14:310-321. [PubMed: 11467905]

Corbetta M, Akbudak E, Conturo TE, Snyder AZ, Ollinger JM, Drury HA, Linenweber MR, Petersen
SE, Raichle ME, Van Essen DC, Shulman GL. A common network of functional areas for attention
and eye movements. Neuron. 1998; 21:761-773. [PubMed: 9808463]

Craighero L, Carta A, Fadiga L. Peripheral oculomotor palsy affects orienting of visuospatial attention.
Neuroreport. 2001; 12:3283-3286. [PubMed: 11711871]

Deubel H, Schneider WX. Saccade target selection and object recognition: Evidence for a common
attentional mechanism. Vision Res. 1996; 36:1827-1837. [PubMed: 8759451]

Eason RG. Visual evoked potential correlates of early neural filtering during selective attention. Bull.
Psychonom. Soc. 1981; 18:203-206.

Eimer M. “Sensory gating” as a mechanism for visuospatial orienting: electrophysiological evidence
from trial-by-trial cuing experiments. Percept. Psychophys. 1994; 55:667-675. [PubMed: 8058454]

Eimer M, Forster B, Van Velzen J, Prabhu G. Covert manual response preparation triggers attentional
shifts: ERP evidence for the premotor theory of attention. Neuropsychologia. 2005; 43:957-966.
[PubMed: 15716166]

Eimer M, Van Velzen J. Crossmodal links in spatial attention are mediated by supramodal control
processes: Evidence from event-related potentials. Psychophysiology. 2002; 39:437-449. [PubMed:
12212636]

Eimer M, Van Velzen J, Driver J. Cross-modal interactions between audition, touch, and vision in

endogenous spatial attention: ERP evidence on preparatory states and sensory modulations. J. Cogn.
Neurosci. 2002; 14:254-271. [PubMed: 11970790]

Brain Res. Author manuscript; available in PMC 2008 February 20.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Eimer et al.

Page 16

Eimer M, Van Velzen J, Forster B, Driver J. Shifts of attention in light and in darkness: An ERP study
of supramodal attentional control and crossmodal links in spatial attention. Cogn. Brain Res. 2003;
15:308-323. [PubMed: 12527104]

Eimer M, Van Velzen J, Gherri E, Press C. Manual response preparation and saccade programming are
linked to attention shifts: ERP evidence for covert attentional orienting and spatially specific
modulations of visual processing. Brain Res. 2006; 1105:7-19. [PubMed: 16448629]

Green JJ, McDonald JJ. An event-related brain potential study of supramodal attentional control and
crossmodal attention effects. Psychophysiology. 2006; 43:161-171. [PubMed: 16712586]

Harter MR, Miller SL, Price NJ, LaLonde ME, Keyes AL. Neural processes involved in directing
attention. J. Cogn. Neurosci. 1989; 1:223-237.

Hoffman JE, Subramaniam B. The role of visual attention in saccadic eye movements. Percept.
Psychophys. 1995; 57:787-795. [PubMed: 7651803]

Hopf JM, Mangun GR. Shifting visual attention in space: an electrophysiological analysis using high
spatial resolution mapping. Clin. Neurophysiol. 2000; 111:1241-1257. [PubMed: 10880800]

Irwin DE, Gordon RD. Eye movements, attention, and transsaccadic memory. Vis. Cogn. 1998; 5:127-
155.

Kustov AA, Robinson DL. Shared neural control of attentional shifts and eye movements. Nature.
1996; 384:74-77. [PubMed: 8900281]

Mangun GR. Neural mechanisms of visual selective attention. Psychophysiology. 1995; 32:4-18.
[PubMed: 7878167]

Mangun GR, Hillyard SA. Modulations of sensory-evoked brain potentials indicate changes in
perceptual processing during visual-spatial priming. J. Exp. Psychol. Human Percept. Perform.
1991; 17:1057-1074. [PubMed: 1837297]

Moore T, Fallah M. Control of eye movements and spatial attention. Proc.Natl. Acad. Sci. (USA).
2001; 9:1273-1276. [PubMed: 11158629]

Muggleton NG, Juan CH, Cowey AZ, Walsh V. Human frontal eye field and visual search. J.
Neurophysiol. 2003; 89:3340-3343. [PubMed: 12783960]

Nobre AC, Gitelman DR, Dias EC, Mesulam MM. Covert visual spatial orienting and saccades:
overlapping neural systems. Neuroimage. 2000a; 11:210-216. [PubMed: 10694463]

Nobre AC, Sebestyen GN, Miniussi C. The dynamics of shifting visuospatial attention revealed by
event-related brain potentials. Neuropsychologia. 2000b; 38:964-974. [PubMed: 10775707]

Perry RJ, Zeki S. The neurology of saccades and covert shifts in spatial attention: an event-related
fMRI study. Brain. 2000; 123:2273-2288. [PubMed: 11050027]

Praamstra P, Boutsen L, Humphreys GW. Frontoparietal control of spatial attention and motor
intention in human EEG. J. Neurophysiol. 2005; 94:764—774. [PubMed: 15744008]

Rizzolatti, G.; Riggio, L.; Sheliga, B. Space and selective attention. In: Umilta, C.; Moscovitch, M.,
editors. Attention and Performance. Vol. XV. Cambridge, Mass.: MIT Press; 1994. p. 231-265.

Rorden C, Driver J. Does auditory attention shift in the direction of an upcoming saccade?
Neuropsychologia. 1999; 37:357-377. [PubMed: 10199648]

Rorden C, Greene K, Sasine GM, Baylis GM. Enhanced tactile performance at the destination of an
upcoming saccade. Curr. Biol. 2002; 12:1429-1434. [PubMed: 12194826]

Sheliga BM, Riggio L, Rizzolatti G. Spatial attention and eye movements. Exp. Brain Res. 1995;
105:261-275. [PubMed: 7498379]

Smith DT, Rorden C, Jackson SR. Exogenous orienting of attention depends upon the ability to
execute eye movements. Curr. Biol. 2004; 14:792-795. [PubMed: 15120071]

Van der Lubbe RHJ, Neggers SFW, Verleger R, Kenemans JL. Spatiotemporal overlap between brain
activation related to saccade preparation and attentional orienting. Brain Res. 2006; 1072:133-152.
[PubMed: 16427618]

Van der Lubbe RHJ, Wauschkuhn B, Wascher E, Niehoff T, Kémpf D, Verleger R. Lateralized EEG
components with direction information for the preparation of saccades versus finger movements.
Exp. Brain Res. 2000; 132:163-178. [PubMed: 10853942]

Van der Stigchel S, Heslenfeld DJ, Theeuwes J. An ERP study of preparatory and inhibitory
mechanisms in a cued saccade task. Brain Res. 2006; 1105:32-45. [PubMed: 16595127]

Brain Res. Author manuscript; available in PMC 2008 February 20.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Eimer et al.

Page 17

Van Velzen J, Eimer M. Early posterior ERP components do not reflect the control of attentional shifts
towards expected peripheral events. Psychophysiology. 2003; 40:827-831. [PubMed: 14696736]

Van Velzen J, Forster B, Eimer M. Temporal dynamics of lateralized ERP components elicited during
endogenous attentional shifts to relevant tactile events. Psychophysiology. 2002; 39:874-878.
[PubMed: 12462516]

Verleger R, Vollmer C, Wauschkuhn B, van der Lubbe R, Wascher E. Dimensional overlap between
arrows as cueing stimuli and responses? Evidence from contra-ipsilateral differences in EEG
potentials. Cogn. Brain Res. 2000; 10:99-109. [PubMed: 10978697]

Wauschkuhn B, Verleger R, Wascher E, Klostermann W, Burk M, Heide W, Kompf D. Lateralised
human cortical activity for shifting attention and initiating saccades. J. Neurophysiol. 1998;
80:2900-2910. [PubMed: 9862894]

Yamaguchi S, Tsuchiya H, Kobayashi S. Electroencephalographic activity associated with shifts of
visuospatial attention. Brain. 1994; 117:553-562. [PubMed: 8032865]

Brain Res. Author manuscript; available in PMC 2008 February 20.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Eimer et al. Page 18

LEFT HEMISPHERE RIGHT HEMISPHERE
Covert Task

FC5 F3 7 F4 FC6 F8
/ /
/ / /
< / A //
A
7 p 7 A A /‘//
Y [N T \/\// [ 2
\ / N

ADAN

—— Cue Left
——— Cue Right

Figure 1.

Grand-averaged ERPs elicited during the cue-target interval in the 700 ms interval following
cue onset relative to a 100 ms pre-cue baseline. These ERPs were obtained at lateral anterior
electrodes in the Covert task (top panel), the Saccade task (middle panel), and the Combined
task (bottom panel) in response to left cues (solid lines) and right cues (dashed lines).
ADAN: Anterior Directing Attention Negativity.
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Figure 2.

Grand-averaged ERPs elicited during the cue-target interval in the 700 ms interval following
cue onset relative to a 100 ms pre-cue baseline. These ERPs were obtained at lateral
posterior electrodes in the Covert task (top panel), the Saccade task (middle panel), and the
Combined task (bottom panel) in response to left cues (solid lines) and right cues (dashed
lines). LDAP: Late Directing Attention Positivity.

Brain Res. Author manuscript; available in PMC 2008 February 20.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Eimer et al. Page 20

Cue - Target Interval - Double Subtraction Waveforms

ANTERIOR ELECTRODE PAIRS

Positivity “uV

Contralateral to i‘y\*
Cued Side By

F7/8
Negativity
2uv+
POSTERIOR ELECTRODE PAIRS
-4pV _
Positivity LDAP/
P3/4 L L P7/8 / OLR
r L N AN
N/ I | / - ~T
Contralateralto § b /1 /f\/\y// b Py A /‘:\\/\:\//: . ) ) f//\!//,\//
Cued Side v ]L\ \/ ooms TN AR
\
jmv
Negativity
—— Covert Task
———- Saccade Task
Combined Task
Figure 3.

Difference waveforms obtained during the 700 ms cue-target interval at anterior (top panel)
and posterior (bottom panel) lateral electrode pairs in the Covert task (black solid lines), the
Saccade task (black dashed lines), and the Combined task (grey solid lines). Enhanced
negativities contralateral to the cued side are reflected by positive values (downward
deflections), and enhanced contralateral positivities are reflected by negative values (upward
deflections).
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Figure 4.

Grand-averaged ERPs elicited in response to visual non-target stimuli in the 400 ms interval
following stimulus onset (relative to a 100 ms pre-stimulus baseline) at lateral occipital
electrodes OL/OR ERPs to non-target stimuli on the cued side (solid lines) or uncued side
are shown separately for the Covert task (top panel), the Saccade task (middle panel), and
the Combined task (bottom panel).
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Figureb5.

Grand-averaged ERPs elicited in response to visual non-target stimuli in the 400 ms interval
following stimulus onset (relative to a 100 ms pre-stimulus baseline) at midline electrodes.
ERPs to non-target stimuli on the cued side (solid lines) or uncued side (dashed lines) are
shown separately for the Covert task (left panel), the Saccade task (middle panel), and the
Combined task (right panel).
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