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Abstract
To investigate whether saccade preparation can modulate processing of auditory stimuli in a
spatially-specific fashion, ERPs were recorded for a Saccade task, in which the direction of a
prepared saccade was cued, prior to an imperative auditory stimulus indicating whether to execute
or withhold that saccade. For comparison, we also ran a conventional Covert Attention task, where
the same cue now indicated the direction for a covert endogenous attentional shift prior to an
auditory target-nontarget discrimination. Lateralised components previously observed during cued
shifts of attention (ADAN, LDAP) did not differ significantly across tasks, indicating
commonalities between auditory spatial attention and oculomotor control. Moreover, in both tasks,
spatially-specific modulation of auditory processing was subsequently found, with enhanced
negativity for lateral auditory nontarget stimuli at cued versus uncued locations. This modulation
started earlier and was more pronounced for the Covert Attention task, but was also reliably
present in the Saccade task, demonstrating that the effects of covert saccade preparation on
auditory processing can be similar to effects of endogenous covert attentional orienting, albeit
smaller. These findings provide new evidence for similarities but also some differences between
oculomotor preparation and shifts of endogenous spatial attention. They also show that saccade
preparation can affect not just vision, but also sensory processing of auditory events.

Keywords
attention; spatial; eye movement; event-related brain potentials; audition

Introduction
To select relevant information from the environment, we often move our eyes toward
specific locations, to improve visual detection and discrimination via the fovea. However
spatial attention can also be shifted covertly (Eriksen and Colegate, 1971; Eriksen and
Hoffman, 1972; Posner et al., 1980). While this indicates that spatial attention can be shifted
without any overt eye movement, it has been more controversial whether the converse also
applies, i.e. whether or it not it is possible to move our eyes (or even just to plan a saccade)
without spatial attention shifting correspondingly.

The exact relation between planned saccades and spatial attention has been debated for at
least three decades now. Brain areas activated prior to and during saccadic eye movements
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are now widely thought to be involved in covert shifts of attention also (see Corbetta, 1998
and Moore et al., 2003, for reviews). Neurophysiological studies on non-human primates
have identified a network of cortical areas, including frontal eye fields (FEFs, e.g., Bizzi,
1968; Bruce et al., 1985) and regions in posterior parietal cortex (e.g., Mountcastle et al.,
1975; Robinson et al., 1978; Andersen et al., 1987) involved in visually guided saccades,
that have now also been implicated in attentional phenomena in the absence of overt eye
movements (e.g. Schall et al., 1995; Bushnell et al., 1981; Steinmetz et al., 1994; Colby et
al., 1996). More recently, invasive microstimulation of the FEF in monkeys has been shown
to affect visual attentional performance (Moore and Fallah, 2001) and visual responses of
neurons in occipital regions (Moore and Armstrong, 2003). In humans, transcranical
magnetic stimulation (TMS) over the FEF can affect attentionally guided performance in
visual search tasks (Muggleton et al., 2003), disrupt shifts of attention (Grosbras and Paus,
2002), and even affect visual activity in occipital cortex as revealed with concurrent TMS-
fMRI (Ruff et al., 2006). Several human neuroimaging studies have confirmed an
overlapping network of cortical regions (including the FEF and several parietal regions)
found both during endogenous covert shifts of visual attention and also for overt eye
movements (Astafiev et al., 2003; Beauchamp et al., 2001; Corbetta et al. 1998; Perry and
Zeky, 2000).

Such commonality between control of spatial attention (at least for the case of vision) and of
oculomotor control has received further recent support from the very different methods of
ERP studies, measuring electrophysiological correlates of the cognitive-control processes
activated during covert saccade preparation and/or attention shifts (e.g. Eimer et al., 2006;
Van der Lubbe et al., 2006; Van der Stigchel et al., 2006; Wauschkuhn et al., 1998).
Typically in such studies, a symbolic cue indicated the direction for an upcoming shift of
covert attention (e.g. towards the left or right side), or analogously the direction for an
upcoming saccade. These ERP works showed that a similar pattern of lateralized ERP
components, time-locked to the instructional cue, can be found for both covert orienting of
visual attention and saccade preparation. Between ~300-600 ms after cue onset, a negative
deflection contralateral to the cued side was observed at anterior electrodes (‘anterior
directing attention negativity’, ADAN), followed by a relative positivity over posterior scalp
sites contralateral to the cued side (‘late directing attention positivity’, LDAP). These
components are thought to reflect brain activity within anterior and posterior regions of a
putative attentional-control network. Source localization has implicated dorsal premotor
cortex (PMd) (Praamstra et al. 2005) and FEF (Van der Lubbe et al., 2000, 2006) in the
ADAN. The LDAP has been attributed to occipitotemporal cortex (Mathews et al., 2006;
Praamstra et al., 2005) and/or ventral intraparietal sulcus (VIP, Van der Lubbe et al., 2006).
The fact that similar ADAN and LDAP components found both during covert spatial shifts
of visual attention and also during saccade preparation suggests not only that similar brain
areas may be involved, but also that the temporal dynamics of attentional shifts and saccade
plans may be similar (Eimer et al., 2007; Van der Lubbe et al., 2006; but see also
Wauschkuhn et al., 1998 for different results).

Such findings appear inconsistent with attentional and saccadic control being entirely
separate (cf. Henderson et al., 1989), indicating some anatomical and functional overlap. But
the full extent of such overlap, and of any independence, remains debated. Some authors
suggest only partial overlap between brain mechanisms for attention and eye movements
(e.g. Deubel and Schneider, 1996; Kowler et al., 1995). On this perspective, although
attention and saccade plans are functionally coupled when selecting the goal for an eye
movement, shifts of attention may occur in the absence of any eye movement activation.
Others suggest stronger overlap. On the influential premotor theory of attention, spatial
motor plans are considered the primary means of directing spatial attention (Rizzolatti,
1983; Rizzolatti and Camarda, 1987; Rizzolatti et al., 1994). From this perspective, the main
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difference between saccades and covert shifts of attention is simply that the motor plan is
actually executed only in the former case (Rizzolatti et al., 1987).

One central prediction of premotor theory is that attention shifts will be triggered toward the
saccade target whenever an oculomotor program is activated. Hence processing of stimuli
presented close to the saccade goal should be improved. This prediction has been tested for
visual stimuli in a series of neurophysiological, behavioural, and ERP studies. Single-cell
studies in monkeys reveal that neural responses to visual stimuli presented close to the
saccade-goal location are enhanced, with such enhancements arising before the eyes move
(Goldberg and Bushnell, 1981; Robinson et al., 1978; Wurtz and Goldberg, 1972; Wurtz et
al., 1982; Wurtz and Mohler, 1976). Behavioural studies in humans have analogously
demonstrated superior performance for visual events at saccade-goal locations, prior to the
actual gaze shift (e.g., Deubel and Schneider, 1996; Hoffman and Subramaniam, 1995; Irwin
and Gordon, 1998). More recent visual studies in our own lab have produced on-line ERP
evidence for visual processing benefits at saccade-goal locations (Eimer et al., 2006, 2007).
Participants had to prepare a left or right saccade, and peripheral visual probe stimuli were
presented during the preparatory interval, at the saccade-goal location, or on the opposite
side. Amplitudes of visual N1 components to these probe stimuli were enhanced when
probes were delivered at the saccade goal-location.

Given the natural link between eye movements and vision, such effects might, however, be
limited to modulation of just visual processing. To assess the generality of any impacts from
oculomotor plans upon sensory processing, it is important to study whether saccade
preparation can also modulate processing within other modalities such as audition and touch.
Unlike visual inputs that can change when the eyes shift, auditory inputs themselves are
unaffected by gaze-shifts provided the head is held fixed. If the relationship between
oculomotor plans and modulation of visual processing is special, then saccade plans might
have no impact on hearing. On the other hand, if oculomotor plans provide one way of
shifting crossmodal spatial attention, then audition might also be affected.

Only few physiological studies in animals, using invasive single-cell recordings, have
considered such issues to date. Receptive fields (RFs) of multisensory audio-visual neurons
in the lateral intra-parietal area (LIP) of the parietal cortex can shift with the direction of
gaze (Mazzoni et al., 1996; Stricanne et al., 1996), although the auditory RFs here may
depend on overtraining of saccades to sounds. FEF neurons can discharge prior to a saccade
either to visual or auditory targets (Russo and Bruce, 1994), though this might just reflect
the motor plan rather than an influence on sensory processing per se. Turning to behavioral
studies in humans, several studies indicate that the static direction of gaze can affect
auditory performance, which may be better for sounds at fixation (Gopher, 1973; Hublet et
al., 1976; 1977; Jones and Kabanoff, 1975; Morais et al., 1980; Reisberg et al., 1981); but
such static postural manipulations do not involve actual saccades. To our knowledge, just
two behavioral studies have examined whether saccade plans can influence hearing (Rorden
and Driver, 1999; Lie and Coslett, 2006), with both reporting a positive outcome.

However, no study to date has examined the possible neural correlates of such an influence
from saccade plans upon hearing, in humans. Here we applied ERP measures to examine
whether oculomotor plans affect the processing of auditory stimuli. For comparison, we also
implemented a conventional Covert Attention analogue of the Saccade task, to test if these
would show similar or different ERP signatures. In both tasks, each trial contained two
auditory stimuli (S1 and S2) separated by a stimulus onset asynchrony (SOA) of 1000 ms.
S1 was a symbolic spatial cue, always presented from a central loudspeaker. S2 was an
imperative stimulus that required participants to either execute or withhold a response.

Gherri et al. Page 3

Brain Res. Author manuscript; available in PMC 2009 November 25.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



In the Covert Attention task, S2 was always presented from a left or right loudspeaker.
Participants were instructed to direct their covert auditory attention either to the left or right
side as indicated by the pitch (high or low) of the auditory cue (S1), and to respond
whenever an auditory target stimulus was presented as S2 at the cued side. They had to
ignore auditory nontarget S2 stimuli on the cued side, as well as all S2 stimuli on the uncued
side. Nontargets were continuous 100 ms bursts of white noise, while targets were gap
stimuli that contained a 30 ms silent interval. In the Saccade task, participants were
instructed to prepare a saccade towards a goal location indicated by markers on the left and
right side (see Figure 1). Saccade direction was signalled by the pitch of the auditory cue
(S1). Saccades had to be executed whenever S2 was presented from the central loudspeaker
(go stimulus), but to be withheld whenever S2 was presented from the left or right
loudspeaker (nogo stimuli).

The two tasks were thus designed such that participants had to strategically shift auditory
attention toward the cued side in the Covert Attention task, since performance of that task
required this, but were given no incentive to do so in the Saccade task, as for that task the
task-relevant go-stimulus (S2) was always delivered from the central loudspeaker, not
peripherally on the cued side. Hence any spatially-specific impact of the saccade plan on
ERP responses to a peripheral (no-go) S2 stimulus should reflect the saccadic relevance of
the left versus right locations, rather than (as in the Covert Attention task) the auditory
relevance of the left versus right sound-sources.

Analyses were conducted for ERPs time-locked to the symbolic central cue (S1), and
separately for ERPs elicited in response to auditory S2 stimuli presented on the left or right
side (nontarget S2 stimuli in the Covert Attention task and nogo S2 stimuli in the Saccade
task). The goal of the first analysis was to identify and compare any lateralised ERP
components (e.g. ADAN, LDAP) triggered during covert shifts of auditory spatial attention
(Covert Attention task), versus during the preparation of eye movements (Saccade task).
This initial analysis (of ERPs time-locked to S1) is analogous to recent ERP comparisons of
visual attention and oculomotor preparation (Eimer et al., 2006; 2007; Van der Lubbe et al.,
2006), but was now implemented specifically for an auditory rather than visual attention
task (see also Green et al., 2005; Green and McDonald, 2006; Seiss et al., 2007, for a recent
debate about whether both ADAN and LDAP components are triggered during shifts of
unimodal auditory attention).

The second analysis (ERPs time-locked to peripheral auditory S2 stimuli) provides the very
first test to our knowledge of whether oculomotor plans can affect human neural responses
to sounds in the same way previously established for spatial attention. Endogenous shifts of
auditory attention can result in enhanced negativity for sounds at attended locations,
commencing on the descending flank of the auditory N1 component (cf., Alho, 1992; Eimer
and Schröger, 1998). Typically auditory spatial attention effects show an initial
centroparietal maximum, followed by a second more anteriorly distributed phase (cf.,
Schröger and Eimer, 1993). If saccadic preparation can affect processing of auditory stimuli
(as implied behaviourally by Rorden and Driver, 1999; Lie and Coslett, 2006), and if such
effects are neurally analogous to attentional modulation, then similar auditory N1 effects
should be found here for the Saccade task as well as for the Covert Attention task. On the
other hand, if saccade preparation has no such effects on auditory processing, then auditory
N1 modulation should be found here only for the Covert Attention task, not the Saccade
task.
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Results
Behavioural performance

Manual RTs in the Covert Attention task and saccade RTs in the Saccade task did not differ
significantly (447 vs. 458 ms, respectively, F<1). RTs did not differ as a function of cued
side in the Covert Attention task (450 vs. 443 ms for left and right targets, F<1.5), nor for
cued eye-movement direction in the Saccade task (461 vs. 455 ms for left and right eye
movements, F<1). There was also no interaction between task and cued side (F<1). In the
Covert Attention task, participants missed S2 gap stimuli (targets) on the cued side on 4.6%
of such trials. False alarms to S2 gap stimuli on the uncued side were observed on 5% of
those trials, and False alarms to S2 non-gap sounds were observed on 1.8% of all nontarget
trials. In the Saccade task, participants failed to execute a saccade on 5.4% of all trials where
the auditory S2 was presented from the central loudspeaker. Incorrect saccades (i.e. saccades
towards the uncued side) were observed on 2.9% of these trials. False alarms (i.e., saccades
on nogo trials) occurred on 2% of all trials where the auditory S2 was delivered from the left
or right loudspeaker.

Lateralised ERP components in the S1-S2 interval, time-locked to the symbolic cue
The top half of Figure 2 shows ERPs elicited during the S1-S2 interval in response to the
symbolic cue, at lateral anterior electrodes ipsilateral and contralateral to the cued side,
separately for the Covert Attention task (left panels) or Saccade task (right panels). The
bottom half of Figure 2 shows analogous ERPs during the S1-S2 interval at lateral-posterior
electrodes pairs. These figures suggest that the spatial information provided by the cue had
systematic effects on ERPs elicited in the S1-S2 interval, similarly for both tasks. Starting
about 300 ms after cue onset, ERPs were more negative at anterior electrodes contralateral
to the cued side as compared to ipsilateral electrodes (Figure 2, top half). This lateralized
component, previously described as anterior directing attention negativity (ADAN), was
generally small in amplitude, in particular in the Covert Attention task. At posterior
electrodes (Figure 2, bottom half), ERPs were more positive at electrodes contralateral to the
cued side between 300 and 900 ms after cue onset, in line with the late directing attention
positivity (LDAP) found in previous studies. This LDAP component was clearly present in
both tasks, but was larger in the Covert Attention task (left panels) than in the Saccade task
(right panels).

To further visualize the scalp distribution of these lateralized components, the voltage maps
of the difference between ipsilateral and contralateral brain activity are shown in Figure 3,
separately for the Covert Attention and Saccade tasks (left and right panels respectively).
The lateralized activity induced by the cue in the 300-500 ms interval (top row) shows the
ADAN component at anterior electrodes, as well as the early phase of the LDAP component
at posterior electrodes. In the 600 – 900 ms time window, the maps suggest that the main
phase of the LDAP component at posterior electrodes is larger for the Covert Attention
relative to the Saccade task (note the different scales used for these two tasks during this
time window).

These observations were confirmed by statistical analyses. In the 300-500 ms interval, a
significant main effect of lateralization at lateral anterior electrodes (F(1,11)=10.9, p<.007)
reflected the presence of a small but reliable ADAN component across both tasks, as shown
in Figures 2 and 3. There was no task × lateralization interaction (F<1), suggesting that the
ADAN amplitudes did not differ systematically between the Covert Attention and Saccade
tasks. However, follow-up analyses conducted separately for both tasks found a statistically
significant ADAN only in the Saccade task (F(1,11)=10.4, p<.008), but not for the Covert
Attention task (F<1.5). At posterior electrode pairs, a significant main effect of lateralization
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(F(1,11)=6.8, p<.025), obtained in the 300-500 ms interval, indicated the presence of the
early phase of the LDAP component. The absence of a significant task × lateralization
interaction (F<1) suggested that this component was also elicited in an analogous fashion in
both tasks. Follow-up analyses conducted separately for both tasks revealed a significant
LDAP in the Covert Attention task (F(1,11)=5.6, p<.04), whereas the lateralization effect
only approached significance in the Saccade task (F(1,11)=3.5, p=.09).

In the 600-900 ms interval, the presence of the LDAP component was reflected by a main
effect of lateralization at lateral posterior electrodes sites (F(1,11)=22.5, p<.001). A
significant interaction between task and lateralization (F(1,11)=6.6, p<.03) was also
observed, due to the fact that LDAP amplitudes were larger in the Covert Attention than
Saccade task (see Figures 2 and 3). Separate analysis conducted for each task revealed
significant main effects of lateralization not only in the Covert Attention task (F(1,11)=17.8,
p<.001), but also in the Saccade task (F(1,11)=11.7, p<.006), demonstrating that although
the LDAP was attenuated in the Saccade task, it was still reliably present. At lateral central
electrode sites, a main effect of lateralization was also present during the 600-900 ms
interval (F(1,11)=7, p<.023), due to the fact that the LDAP component extended, albeit in an
attenuated fashion, to lateral central electrodes (see Figure 3). There was no significant task
× lateralisation interaction (F(1, 11)=3.2, p=.1).

In addition to the ADAN and LDAP components, Figure 2 (top panel) also suggests the
presence of another early difference between contralateral and ipsilateral ERPs at lateral
anterior electrodes in the Covert Attention task. During the 150 - 250 ms post-cue interval,
ERPs were more positive at contralateral relative to ipsilateral electrodes in the Covert
Attention task, but not the Saccade task. This was reflected by a significant interaction
between task and lateralization at anterior electrodes (F(1,11)=6.2, p<.030). Follow-up
analyses conducted for each task revealed a main effect of lateralization in the Covert
attention task (F(1,11)=11.2, p<.006), but not in the Saccade task (F<1).

ERPs in response to lateral auditory S2 nontarget stimuli
Figure 4 (left and central panels) shows midline ERPs elicited by auditory nontarget S2
stimuli presented from one of the two lateral loudspeakers in the Covert Attention task (left
panels) or in the Saccade task (central panels), shown separately for stimuli on the cued or
uncued side. The corresponding cued-minus-uncued difference waveforms are shown in
Figure 4 (right panel, with solid versus dashed lines in those panels now differentiating the
two tasks, rather than cued or uncued sides). Spatial cuing clearly had systematic effects on
auditory ERPs in both tasks, with enhanced negativities in response to auditory stimuli at
cued versus uncued locations with an onset latency of about 130 ms post-stimulus. The
amplitude of these spatial cueing effects appears substantially larger in the Covert Attention
task than in the Saccade task, but these effects appear present for both. To further illustrate
the scalp topography of spatial cueing effects on auditory ERPs obtained in both tasks,
Figure 5 shows maps of the cued-minus-uncued difference-values for three successive time
intervals between 130 and 350 ms post-stimulus, separately for either task. Note the voltage-
scale difference between the tasks, due to the fact that spatial cueing effects were larger in
the Covert Attention task. In that task, spatial cueing effects on auditory ERPs were initially
maximal at centroparietal midline electrodes, and later showed a frontocentral distribution.
In the Saccade task, these effects appear maximal over central midline electrodes, both
during the intermediate (180-248 ms) and late (250-350 ms) time window.

For the early time window (80-120 ms) that was centred on the peak latency of the auditory
N1 component, main effects of task were present at central and posterior electrode sites
(both F(1, 11)>6.7, p<.03), due to the fact that N1 amplitudes elicited by auditory stimuli in
the Saccade task were slightly enhanced relative to the Covert Attention task. However,
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there were no main effects of spatial cuing and no interactions between task and spatial
cueing on N1 mean amplitudes at frontal, central, or posterior sites (all F<1), confirming that
spatial cueing did not modulate N1 peak amplitudes in either task for this time window.
Between 130 and 178 ms, main effects of spatial cuing now emerged at frontal, central and
posterior sites (all F(1, 11)>12.4; all p<.005). While the task by spatial cuing interaction
failed to reach significance at frontal electrode sites (F(1, 11)=2.9; p=.122), it was
significant at central and posterior sites (both F(1, 11)>7.2; both p<.021). Follow-up
analyses conducted separately for each task confirmed significant main effects of spatial
cuing in the Covert Attention task at frontal, central and posterior sites (all F(1, 11)>9.7; all
p<.01). In contrast, no significant spatial cueing effects were obtained at these electrode
clusters in the Saccade task (all F(1, 11)<4.1; all p>.07).

In the subsequent analysis window (180-248 ms post-stimulus), significant main effects of
spatial cuing were obtained at frontal and central electrodes sites (both F(1, 11)>20.7; all p<.
001). They were accompanied by interactions between task and spatial cueing at these
electrodes (both F(1, 11)>18,9; all p<.001), reflecting the fact that spatial cueing effects
were smaller in the Saccade task relative to the Covert Attention task (see also Figure 4).
However, follow-up analyses conducted separately for each task revealed that main effects
of spatial cuing were present at frontal and central electrodes sites not only in the Covert
Attention task (both F(1, 11)>30.3; all p<.001), but also in the Saccade task (both F(1,
11)>6.0; all p<.032). No reliable main effect of spatial cueing (F(1, 11)=3.7; p=.08) and no
task × spatial cueing interaction (F(1, 11)=2.2; p=.17) was obtained at posterior electrodes.

In the final analysis window (250-350 ms post stimulus), main effects of spatial cuing were
present at frontal, central and posterior electrodes sites (all F(1, 11)>30.5; all p<.001),
reflecting enhanced negativities for auditory stimuli at cued versus uncued locations. The
interaction between task and spatial cuing was significant at frontal and central electrodes
(both F(1, 11)>8.9; both p<.012), due to the fact that spatial cueing effects remained more
pronounced for the Covert Attention task than for the Saccade task (see Figure 4). This
interaction almost reached significance at posterior electrode sites (F(1, 11)=4.3; p<.062).
Follow-up analyses conducted separately for both tasks revealed reliable spatial cueing
effects at frontal, central and posterior electrodes in the Covert Attention task (all F(1,
11)>18.5; all p<.001) as well as in the Saccade task (all F(1, 11)>12.3; all p<.004).

As can be seen from Figure 5, spatial cueing effects were maximal at midline electrodes in
both tasks. To further explore possible differences in the anterior-posterior distribution of
these effects between the two tasks, cued-minus-uncued difference amplitudes obtained
from the nine midline electrodes used in this study were compared for each pair of adjacent
electrodes, separately for both tasks. During the 130-178 ms time window, enhanced
negativities for auditory stimuli at cued versus uncued locations showed a centroparietal
maximum in the Covert Attention task (see Figure 5). Spatial cueing effects were
significantly larger at Cz relative to FCz and at Pz relative to POz (both t(11)>2.3, all p<.
04), but their amplitude did not differ between Cz, CPz and Pz (all t(11)<2, all p>.08). In the
Saccade task, reliable spatial cueing effects were present during the 130-178 ms time
window at FCz and Cz, whereas they only approached significance at CPz and Fz (see Table
1). However, there were no significant differences in the amplitude of these effects between
FCz, Cz, CPz and Pz (all t(11)<1). Larger spatial cueing effects were found at FCz relative
to Fz (t(11)=2.3, p<.043) and at Pz relative to POz (t(11)=2.4, p<.034).

During the subsequent 180-248 ms time window, spatial cueing effects had a frontocentral
maximum for both tasks (see also Figure 5). In the Covert Attention task, the spatial cuing
effect was significantly larger at Cz relative to the two adjacent midline electrodes (FCz and
CPz, both t(11)>2.7, all p<.019). In the Saccade task, the amplitude of spatial cuing effects
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did not differ between FCz and Cz (t(11)=1.5, p=.155), but was significantly larger at FCz
relative to Fz (t(11)=2.4, p<.033) and at Cz relative to Cpz (t(11)=2.4, p<.036). During the
250-350 ms time window, the distribution of spatial cueing effects differed across task, with
a more anterior maximum for the Covert Attention relative to the Saccade task (see Figure
5). In the Covert Attention task, this effect now peaked at Fz, as confirmed by significant
amplitude differences relative to the two adjacent midline electrodes FCz and FPz, (both
t(11)>2.4; p<.038). In contrast, the spatial cueing effect remained focused over FCz and Cz
in the Saccade task (no significant amplitude difference between these two electrodes:
t(11)=1.4, p=.188), as it was reliably larger at FCz relative to Fz (t(11)=3.7, p<.004) and at
Cz relative to Cpz (t(11)=3.5, p<.005).

Additional information about the reliability of spatial cueing effects at individual midline
electrodes is provided by Table 1, which presents results from additional ANOVAs
conducted separately for these electrodes. The left panel shows p-values for the task ×
spatial cueing interactions obtained in ANOVAs conducted across both tasks, with
significant interactions reflecting larger spatial cueing effects in the Covert Attention
relative to the Saccade task. The middle and right panels show p-values for main effects of
spatial cueing obtained in ANOVAs conducted separately for both tasks.

Discussion
One aim of the present experiment was to determine, via ERPs, whether processing of
auditory stimuli can be modulated in a spatially-specific fashion by covert saccade
preparation (Saccade task), as suggested by previous behavioural studies (Rorden and
Driver, 1999; Lie and Coslett, 2003). Possible influences of saccade preparation on hearing
have received much less investigation than analogous influences on vision (see
Introduction). For comparison, in a separate task we also manipulated endogenous covert
auditory spatial attention per se (Covert Attention task). In both tasks, we examined ERPs
time-locked to the symbolic cue (S1) indicating which side to attend to auditorily, or which
side to prepare a saccade towards, and also ERPs time-locked to a subsequent peripheral
sound on one or other side. This allowed us to directly compared ERPs indicative of covert
shifts of auditory spatial attention or of covert saccade preparation. In the Covert Attention
task, the central symbolic auditory cue (S1) indicated the direction of a covert endogenous
attentional shift for an upcoming auditory target-nontarget (S2) discrimination. In the
Saccade task, a comparable cue (S1) signalled the direction of saccade plan that was
subsequently to be executed or withheld in response to a subsequently presented auditory
go-nogo stimulus (S2).

The ERP results obtained in response to auditory cues in the Saccade task confirmed that
lateralised components previously observed during cued shifts of covert spatial attention
(ADAN, LDAP) can also be observed during eye movement preparation (see also Eimer et
al., 2006; 2007; Van der Lubbe et al., 2006, for similar results). The ADAN emerged
between 300 and 500 ms after cue onset at anterior electrodes contralateral to the direction
of a cued eye movement. The posterior LDAP already approached significance during this
time window, and reached its maximum during the later phase of the S1-S2 interval (see
Figure 2 and 3). The fact that these components that are usually associated with covert
attentional orienting were elicited during the preparation of saccadic eye movements
provides further evidence for a relatively close link between attentional and oculomotor
control systems, as expected by the premotor theory of attention (Rizzolatti et al., 1987,
1994). Similar lateralised effects were observed during the S1-S2 interval in the Covert
Attention task. A pronounced posterior LDAP was obtained the 600-900 ms post-cue
measurement window, and this component was already reliably present during the earlier
300-500 ms measurement interval (see Figure 2). In contrast, the ADAN component was
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very small in amplitude in the Covert Attention task. Even though there was no significant
interaction between lateralization and task for the ADAN, suggesting that ADAN
amplitudes did not differ systematically across both tasks, this component was significantly
present only in the Saccade task, but not in the Covert Attention task. The absence of a
reliable ADAN in this task contrasts with the presence of a small but significant ADAN in
the context of a purely unimodal auditory attention task (Seiss et al., 2007; but see also
Green et al., 2005). The strong attenuation of this component in the present Covert Attention
task may be due to the fact that the posterior LDAP was already reliably present during the
early 300-500 ms time window in this task (see Figures 2 and 3). Scalp-recorded ERPs can
be modulated by the volume conduction of currents that originate from remote brain regions.
When two lateralised ERP components of opposite polarity (such as ADAN and LDAP) are
triggered simultaneously at anterior and posterior sites, volume conduction of source
currents from anterior to posterior brain regions, or vice versa, can result in an attenuation of
component amplitudes.

While ADAN amplitudes did not differ reliably between the two tasks, posterior LDAP
amplitudes were significantly larger in the Covert Attention than in the Saccade task. This
attenuation of the LDAP during saccade preparation relative to covert spatial orienting
accords with previous ERPs studies making a similar comparison but in a visual rather than
auditory context (Eimer et al., 2006; 2007; Van der Lubbe et al., 2006). Given that this
difference has been further confirmed by the present experiment, it can now be regarded as a
reliable and replicable finding. This enhancement of LDAP amplitudes during covert
attentional orienting, as compared to saccade programming, might be linked to general
differences in task demands between the attention and saccade preparation tasks used in the
current and in previous ERP experiments. In the Covert Attention task, participants had to
make a target-nontarget discrimination at the cued location, while no such discrimination
between laterally presented stimuli was required in the Saccade task. It is possible that the
enhanced LDAP amplitudes observed during covert attentional orienting reflect these
spatially specific processing requirements in the former task. If so, this may suggest that the
neural basis of covert attention shifts and saccade preparation, as reflected by lateralised
ERP components, are not strictly identical, but only partially overlapping, as the LDAP may
be more sensitive to the specific perceptual requirements of the Covert Attention task.

In addition to the ADAN and LDAP, an additional earlier ERP modulation was observed at
lateral anterior electrodes, but only for the Covert Attention task. Here, an enhanced
positivity was observed at electrodes contralateral to the direction of a cued shift of auditory
attention relative to ipsilateral electrodes (see Figure 2). Because this early lateralization has
not been reported in previous studies investigating ERP markers of cued attention shifts, its
presence needs to be confirmed in future experiments before it can be interpreted as a new
ERP correlate of auditory attention shifts.

A novel question in the present study was whether covert saccade preparation can lead to
modulations of auditory processing, and if so whether such modulations are similar to the
effects observed as a result of endogenous covert shifts of auditory attention. Recent ERP
studies (e.g. Eimer et al., 2006; 2007) have demonstrated that saccade preparation can
results in spatially-specific effects on ERPs to task-irrelevant visual probe stimuli,
suggesting close links between oculomotor programming and modulation of visual
processing. If these effects were mediated by modality-unspecific attentional control
mechanisms that are triggered not just during covert orienting, but also during eye
movement preparation, such spatially selective modulations of sensory processing should be
observed not just for visual stimuli, but also in response to auditory events, as tested here.
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This was assessed by comparing ERPs to lateral auditory S2 stimuli at cued versus uncued
locations, separately for the Covert Attention and Saccade tasks. In the former, auditory
(nontarget) S2 stimuli on the cued side elicited enhanced negativities relative to those on the
uncued side. Consistent with previous ERP studies on auditory spatial attention (e.g. Alho,
1992; Eimer and Schröger, 1998; Teder-Sälejärvi et al., 1999), this attentional modulation
started on the descending flank of the auditory N1 component. It was initially maximal at
centroparietal electrodes, and then shifted to more anterior sites (Figure 5; see also Schröger
and Eimer, 1993, for similar results). The critical new question was whether analogous ERP
modulations would also be elicited due solely to covert saccade preparation, in spite of the
fact that in the Saccade task participants were motivated to keep any focus of auditory
attention on the central location, as go stimuli were (like the cues) always centrally
presented. One could still argue that the peripheral sounds were also relevant for the Saccade
task, since they signalled that no eye movement was to be executed on a specific trial.
However, and importantly, these nogo sounds were equally likely to be presented as nogo
stimuli on the side cued for eye movement preparation, and on the opposite uncued side.
Participants were informed of these probabilities, and therefore had no incentive to
intentionally shift auditory attention towards the cued side.

ERP results for peripheral sounds (nogo S2 stimuli) in the Saccade task were clear-cut.
Saccade preparation had systematic and reliable effects on auditory ERPs, which were
similar, albeit significantly smaller, than the effects observed in the Covert Attention task
(see Figure 4). These findings provide new ERP evidence that covert saccade preparation
can have spatially specific effects on auditory processing. They suggests not only that eye
movement preparation is similar in some respects to attention shifts, but also that saccade
plans can result in modality-unspecific modulations of sensory processing, affecting not
only vision (Eimer et al., 2006; 2007) but also hearing, as shown for the first time with ERPs
here.

The presence of enhanced negativities for auditory stimuli on the cued versus uncued side in
the Saccade task accords with the rare previous behavioural studies showing that the
direction of an upcoming saccade can affect hearing (Rorden and Driver, 1999; Lie and
Coslett, 2006), as well as with a single cell study demonstrating that upcoming eye
movements can modulate neural firing to auditory stimuli (Hikosaka and Wurtz, 1983).
However, in spite of the analogy between spatial cueing effects on auditory ERPs for the
two tasks used here, there were also some notable differences. Attentional modulations of
auditory ERPs in the Covert Attention task started earlier and were substantially larger in
amplitude than the spatial cueing effects observed in the Saccade task. Topographical maps
(Figure 5) showed that the early centroparietal maximum of the spatial cueing effect
observed for the Covert Attention task was largely absent in the Saccade task, and that the
later phase of this effect had a more anterior focus in the Covert Attention relative to the
Saccade task.

These observations suggest that although the spatially specific modulations of auditory
ERPs triggered in the two tasks were similar, they were clearly not identical. The fact that
spatial cueing effects were attenuated in the Saccade task may relate to differences in S2
processing demands between the two tasks. Lateral auditory S2 stimuli were always nogo
stimuli in the Saccade task, regardless of whether they were presented at the cued or uncued
side. In contrast, an auditory S2 at the cued side (but not the uncued side) in the Covert
Attention task had to be further analysed in order to determine whether it was a target (gap)
or a nontarget (non-gap) stimulus. This consideration may explain the larger spatial cueing
effects in the Covert Attention task, but makes it all the more remarkable that significant
spatial effects were found at all on auditory ERPs in the Saccade task, given that the task-
relevance of peripheral sounds was equivalent on either side in the latter task.
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Overall, the present findings demonstrate that covert saccade preparation can modulate
auditory processing in a spatially specific fashion, even if this modulation is reduced as
compared to the effects observed as a result of endogenous auditory attention. It is notable
that a similar pattern of results was found in one of our recent ERPs studies, where we
likewise directly compared the impact of saccade preparation and covert attentional
orienting on ERPs, but in response to lateral visual nontarget stimuli (Eimer et al., 2007),
rather than auditory as here. Our new finding that oculomotor plans trigger spatially specific
modulations not only of visual but also of auditory processing suggests that modality-
unspecific (crossmodal) spatial modulations can be elicited by saccade preparation. Future
experiments will have to address the question whether similar links also exist between eye
movement preparation and the processing of tactile events (see Rorden et al., 2002, for
behavioural evidence for such a link).

In this context, it may be relevant to note that the premotor theory did not only postulate
links between covert attention and oculomotor control, but also between attention and other
types of actions, such as manual responses (Rizzolatti et al., 1994). We have shown recently
that covert preparation of a left or right hand movement can result in spatially-specific
modulations of ERPs to task-irrelevant tactile (Eimer et al., 2005) or visual (Eimer and Van
Velzen, 2006) stimuli. However, no such effects of unimanual response preparation were
present for auditory ERPs (Eimer and Van Velzen, 2006). We had previously suggested that
this absence of response preparation effects on auditory ERPs might be due to the generally
poorer spatial resolution of audition relative to vision or touch. However given the clear-cut
auditory ERP modulations observed in the present experiment as a result of saccade
preparation, this possibility can now be dismissed. As an alternative, the lack of manual
response preparation effects on auditory ERPs might be related to the fact that auditory
information is less relevant than visual and somatosensory information for the on-line
control of manual response parameters, while saccade preparation may yield such effects
because eye movements are readily triggered by peripheral sounds. Links between response
preparation, attention shifts, and modulation of sensory stimulus processing may be
constrained by the relative importance of different sensory modalities for the control of
specific types of actions. In this respect, it might be interesting also to examine covert
preparation of head movements in future studies, given that such movements can be of
primary importance for audition, and also of some relevance for vision (e.g. in changing the
possible field of view), while arguably having less relevance for touch.

In conclusion, the present study has confirmed recent electrophysiological findings
suggesting that shifts of spatial attention are elicited during covert saccade preparation and
has provided the first ERP evidence that auditory processing can be modulated in a
spatially-selective fashion as a result of saccade preparation. Overall, these results support
the premotor theory of attention, and extend the claims of this theory by demonstrating that
attention shifts elicited during eye movement preparation affect the processing not only of
visual but also of auditory information.

Experimental Procedure
Participants

Fourteen paid volunteers participated. One was excluded because of poor fixation in the cue-
target interval (see below) and another due to a large number of eye blinks. Thus twelve
participants (8 females), aged 18-36 years (mean 27.7) remained in the sample. Eleven were
right-handed, and all reported normal or corrected vision and normal hearing.
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Stimuli and Apparatus
The experimental setup is shown in Figure 1. Participants sat in a dimly lit experimental
chamber facing a beige cardboard panel (90 cm × 60 cm) at a viewing distance of 57 cm.
Three loudspeakers were mounted on the panel, horizontally aligned at an angle of about 30°
below eye level. One loudspeaker was located in the centre of the panel, the other two at 40
cm (~40 °) to left and right of the centre. A red square (1 × 1 cm) placed in the centre of the
panel (2 cm above the centre of the central loudspeaker) served as the fixation point. To
specifically mark saccade target locations, two additional red squares (1 × 1 cm) were used,
each placed 2 cm above the centre of one of the peripheral loudspeakers, horizontally
aligned with the fixation square. One response key was placed on the table in front of the
participants, aligned with the central loudspeaker, to record manual responses in the Covert
Attention task.

Central symbolic auditory cues (S1) were high or low tones (500 or 2000 Hz at 72 dB SPL)
presented for 100 ms from the central loudspeaker. On each trial, a second sound (S2) was
presented from one of the three loudspeakers. This sound was a 100 ms burst of white noise
(20 ms rise and fall times, 70 db SPL), which could either be continuous (non-gap sound) or
contain a 30 ms silent gap that started 35 ms after sound onset (gap sound).

Procedure
The experiment consisted of 16 experimental blocks with 80 trials per block. Each trial
started with an auditory cue stimulus (S1, 100 ms duration) from the central loudspeaker,
followed after an interval of 900 ms by a second auditory stimulus (S2, 100 ms duration)
from one of the three loudspeakers. Inter-trial interval was 1800 ms. Two tasks (Covert
Attention task, Saccade task) were delivered, each consisting of eight successive blocks. The
order in which these tasks were delivered was counterbalanced across participants. In the
Covert Attention task, participants were instructed to direct their auditory spatial attention
to the side indicated by the central symbolic cue (with mapping of high/low cues to left/right
side, or vice versa, counterbalanced across participants), and to respond manually (by
pressing a key) whenever an auditory S2 target stimulus (with a gap) was presented at the
cued side. S2 nontargets (‘non-gap’ sounds) on the cued side, as well as all auditory S2
stimuli (gap and non-gap) on the uncued side were simply to be ignored. Central fixation
had to be maintained throughout each trial. Participants responded to target sounds on the
cued side, using their right or left index finger in four successive blocks, with order of
response-hand balanced across participants.

Each experimental block contained 48 trials with auditory nontargets (non-gap stimuli)
presented as S2, comprising twelve trials per block for each combination of cue direction
(left versus right) and auditory stimulus side (left versus right). Target S2 stimuli (with a
gap) 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 manual response.
On eight trials per block, auditory gap-stimuli appeared on the uncued side (four left, four
right), and no response was required on these trials.

In the Saccade task, S2 stimuli were always non-gap sounds. Participants were instructed to
prepare a saccade towards the side indicated by the symbolic cue S1 (with cue frequency-
side mappings identical to the Covert attention task), and to execute this saccade whenever
the S2 stimulus was presented from the central loudspeaker (go trials). They had to maintain
central fixation on all trials where S2 was presented from elsewhere (from a peripheral
loudspeaker) instead (nogo trials). In order to keep the number of response trials as well as
the total number of trials per block identical across both tasks, experimental blocks in the
Saccade task contained 24 trials where the auditory S2 stimulus was presented centrally and
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thus required execution of the prepared eye movement (12 trials for cued leftwards and
rightwards saccades, respectively). In the remaining 56 nogo trials, S2 was presented with
equal probability from the left or right loudspeaker (14 trials for each combination of cued
side and auditory stimulus side).

Participants were instructed to use the information provided by the cue either to direct their
auditory attention to the cued location (Covert Attention task), or to prepare an eye
movement in the cued direction (in the Saccade task) in order to respond as quickly and
accurately as possible when a response-relevant auditory S2 stimulus was presented, while
withholding responses to all other S2 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. 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 DC-recorded from 63 Ag-AgCl electrodes (AF3, AF4, C1, C2, C3, C4, C5, C6,
CP1, CP2, CP3, CP4, CP5, CP6, CPz, Cz, F1, F2, F3, F4, F5, F6, F7, F8, FC1, FC2, FC3,
FC4, FC5, FC6, FCz, FP1, FP2, FPz, Fz, Iz, O1, O2, Oz, P1, P10, P2, P3, P4, P5, P6, P7,
P8, P9, PO10, PO3, PO4, PO7, PO8, PO9, POz, Pz, T7, T8, TP7, TP8) relative to a left
earlobe reference. Horizontal EOG was recorded unipolarly from the outer canthi of both
eyes. Electrode impedance was kept below 5 kΩ, and impedances of the earlobe electrodes
were kept as equal as possible. Data were recorded with an upper cutoff filter of 40 Hz. EEG
and EOG were sampled with a digitization rate of 500 Hz and stored on disk. No additional
filters were applied after recording. EEG was digitally re-referenced to the average of the
left and right earlobe.

EEG and EOG were epoched offline into 1600 ms periods, starting 100 ms prior to the onset
of the cue sound (S1), and ending 500 ms after onset of S2. Separate averages were
computed for ERPs time-locked to cues in the S1-S2 interval (relative to a 100 ms baseline
preceding cue onset) and for ERPs time-locked to the subsequent S2 stimulus (relative to a
100 ms baseline preceding that onset). ERPs to auditory S2 stimuli were computed only for
nontargets trials in the Covert attention task and for no-go trials in the Saccade task, to
preclude any contamination by manual responses or eye movements, respectively. Rare
trials with manual responses to nontarget S2 sounds in the Covert Attention task, or with eye
movement responses to nogo S2 stimuli in the Saccade task, were excluded from analysis, as
were trials with eyeblinks (Fpz exceeding ±60 μV relative to baseline), horizontal eye
movements (HEOG exceeding ±30 μV relative to baseline), or other artefacts (voltage
exceeding ±80 μV at any electrode location relative to baseline). To detect any systematic
deviations of eye position indicating residual tendencies to shift the eyes slightly toward the
cued location, averaged waveforms in the cue-target interval in response to left versus right
cues were examined for each participant, separately for both tasks. One participant showed a
residual HEOG deviation exceeding ±3 μV, and was therefore excluded from further
analyses.

EEG obtained in the cue target-interval was averaged for all combinations of task (Covert
Attention or Saccade) and cue direction (left or right). Mean amplitude values were
computed at lateral anterior sites (F3/4, F5/6, F7/8, FC3/4, FC5/6), lateral central sites
(C3/4, C5/6, T7/8, CP3/4, CP5/6) and lateral posterior sites (P3/4, P5/6, P7/8, PO3/4,
PO7/8) for two successive pre-defined time windows, between 300-500 ms (where the
ADAN was previously observed) and between 600-900 ms after cue onset (where the LDAP
was previously observed). Mean amplitudes were analysed by repeated measures ANOVAs
with the factors of electrode site, task, lateralization (electrode ipsilateral versus contralateral
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to the cued side), and cued side (left / right). Additional analyses were conducted separately
for the Covert Attention and Saccade tasks, where appropriate. In these analyses, the
presence of ERP lateralizations sensitive to the side of a cued attention shift (or the side of a
prepared eye movement) are reflected by main effects of the lateralization factor.

ERPs elicited by auditory S2 stimuli were separately averaged for all combinations of task
(Covert Attention or Saccade), cued side (left or right), and S2 location (left or right). Mean
amplitude values were computed within two early post-stimulus latency windows centred on
the peak (80-120 ms) and on the descending flank (130-178 ms) of the auditory N1
component, as well as within two subsequent time windows (180-248 and 250-350 ms post
stimulus). Mean amplitude values obtained at frontal (F1, F2, Fz, FCz, FC1, FC2), central
(C1, C2, Cz, CPz, CP1, CP2) and posterior (P1, P2, Pz, POz, PO3, PO4) electrodes were
submitted to separate ANOVAs. An additional analysis was carried out on midline
electrodes (FPz, Fz, FCz, Cz, CPz, Pz, POz, Oz, Iz) to compare scalp distribution of spatial
cueing effects on auditory ERPs across the two tasks. All analyses included the factors of
task, spatial cuing (S2 presented at cued versus uncued location) and electrode site. For all
analyses, Green-house-Geisser adjustments to degrees of freedom were applied where
appropriate. Preliminary analyses were conducted for ERPs elicited in the cue-target interval
and for ERPs in response to auditory S2 stimuli with task order (Covert Attention task
followed by Saccade task, or vice versa) as an additional between-subject factor. Because no
significant main effects or interactions involving the factor task order were found, this factor
was not included in the subsequent analyses.

Saccade onset latencies in the Saccade task were measured on the basis of HEOG
waveforms recorded after auditory S2 onset. Saccade onset was defined as the latency (in ms
poststimulus) of the first datapoint within this interval exceeding a threshold of ±100 μV
(relative to a 100 ms pre-stimulus baseline), with saccade direction (left or right) indicated
by the polarity of this value. Saccadic RTs (and manual RTs for the Covert Attention task)
were only analysed for correct response trials when a response-relevant auditory S2 stimulus
had been presented.
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Figure1.
Stimulus setup used in this study. Sounds were presented from any one of three
loudspeakers. The squares located above each loudspeaker indicate the fixation point (above
the central loudspeaker) or the goal locations for leftward or rightward saccades (above the
left and right loudspeakers). Response keys were aligned with the central loudspeaker.
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Figure 2.
Grand-averaged ERPs elicited during the S1-S2 interval in the 900 ms following onset of the
symbolic cue (S1), relative to a 100 ms baseline, for anterior (top panel) and posterior
(bottom panel) electrodes ipsilateral (dashed lines) or contralateral (solid lines) to the cued
side, shown separately for the Covert Attention task (left) and the Saccade task (right).
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Figure 3.
Topographical voltage maps of lateralized ERP components elicited in the S1-S2 interval in
response to auditory spatial cues. Maps are shown separately for the 300-500 ms and
600-900 ms intervals after cue onset, separately for the Covert Attention task (left panels)
and the Saccade task (right panel). They were computed by spherical spline interpolation
(see Perrin et al., 1989) of difference waves obtained by subtracting ERPs at electrodes
ipsilateral to the cued side from those at contralateral ERPs, and then mirroring the
difference waveforms to the opposite hemisphere to obtain symmetrical, but inverse, voltage
values for both hemispheres. Amplitude scales range from −0.3 to 0.3 μV for the 300-500
ms time interval, and from −0.6 to 0.6 μV for the 600-900 ms time interval.
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Figure 4.
Grand-averaged ERPs elicited in response to peripheral auditory S2 nontarget stimuli in the
500 ms following stimulus onset (relative to a 100 ms pre-stimulus baseline), at midline
electrodes Fz, Cz and Pz. ERPs to stimuli presented on the cued side (solid line) or uncued
side (dashed lines) are shown separately for the Covert Attention task (left panel) and the
Saccade task (middle panel). The corresponding difference waveforms, obtained by
subtracting the ERPs elicited by stimuli presented at uncued locations from ERPs elicited by
stimuli presented at cued locations, are shown in the right panel, with solid versus dashed
lines now indicating the Covert Attention and Saccade tasks, respectively.
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Figure 5.
Topographical voltage maps of spatial cueing effects for auditory ERPs elicited in the
Covert Attention task (left panel) and the Saccade task (right panel). Maps display the
voltage distributions of difference amplitudes obtained by subtracting ERPs to auditory S2
nontarget stimuli presented on the uncued side from ERPs to stimuli on the cued side, for the
130-178 ms, 180-248 ms, and 250-350 ms intervals after stimulus onset, computed by
spherical spline interpolation. Amplitude scales range between −7.0 to 0 μV for the Covert
Attention task and −3.5 to 0 μV for the Saccade task.
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