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Abstract

Effects of selectively attending to specific combinations of stimulus location and color were
measured by means of event-related brain potentials in a trial-by-trial cueing paradigm. A
symbolic precue was presented at the beginning of each trial indicating the response-relevant
position and color of an upcoming imperative stimulus. Responses were required to infre-
quent target stimuli of the relevant color appearing at the cued location. Stimuli at attended
locations elicited enhanced posterior N1 components as well as enhanced negativities at
midline electrodes. No P1 enhancement was found for stimuli at the attended location. At-
tended color stimuli elicited a broad negativity starting about 220 ms that tended to be larger
for stimuli presented at attended locations. These results show that transient attention shifts
to non-spatial features like color are reflected by event-related potential (ERP) effects com-
parable to the effects measured under sustained attention conditions. Transient spatial atten-
tion yields earlier and larger ERP effects than transient attention to color and may modulate
the ERP effects of non-spatial attention.
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1. Introduction

The mechanisms underlying selective visual attention have been studied by num-
erous experiments that used electrophysiological measurements. The time course and
functional properties of attentional selection processes can be investigated by com-
paring event-related potential (ERP) waveforms elicited by attended and unattended
stimuli. One general finding has been that selection based on spatial position yields
earlier and qualitatively different ERP effects than selection based on other stimulus
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attributes. Stimuli at attended locations elicit enhanced posterior P1 and N1 com-
ponents when compared to stimuli at unattended locations (Eason, 1981; Mangun,
Hansen & Hillyard, 1986; Mangun & Hillyard, 1987; Neville & Lawson, 1987; Rugg,
Milner, Lines & Phalp, 1987). These effects start as early as 80-90 ms following stim-
ulus onset. On the basis of these results, Mangun & Hillyard (1990) have proposed
that spatial attention may consist of ‘sensory gating’ processes that modulate sensory
processing in afferent visual pathways. In contrast, attending to non-spatial at-
tributes like color, orientation, contour, or spatial frequency results in an enhanced
negativity elicited by attended stimuli that starts beyond 150 ms and may extend up
to 300 ms post-stimulus (Harter & Previc, 1978; Harter & Guido, 1980; Harter, Aine
& Schroeder, 1982; Previc & Harter, 1982; Aine & Harter, 1984; Wijers, Mulder,
Okita, Mulder & Scheffers, 1989; Wijers, Mulder, Okita & Mulder, 1989; Wijers, La-
main, Slopsema, Mulder & Mulder, 1989; Kenemans, Kok & Smulders, 1993). The
fact that attending to various non-spatial attributes results in qualitatively similar
ERP modulations is in line with the general assumption that different non-spatial
stimulus features are processed within a common visual sub-system, the so-called
‘ventral pathway’ (Ungerleider & Mishkin, 1982).

Not only do ERP effects of non-spatial attention occur later than ERP modula-
tions due to spatial attention, they also appear to be hierarchically dependent on the
prior selection of the relevant spatial location. This was demonstrated in a study by
Hillyard & Miinte (1984) where subjects had to attend to a conjunction of stimulus
features (location and color) in order to detect infrequent target stimuli having both
the attended color and location. Hillyard & Miinte (1984) compared the ERP
waveforms elicited by non-targets with the relevant color, the relevant location, both
relevant properties, or neither of the two relevant features. Stimuli appearing at the
attended location elicited enhanced P1, N1 and N2 components as compared to the
stimuli at unattended locations. These effects of spatial attention were unaffected by
stimulus color. Relevant-color stimuli elicited a broad negativity starting about 150
ms and an enhanced positivity in the P2 time range at frontal electrodes. These ERP
effects of color selection were found to be larger for stimuli at the attended location
than for stimuli at unattended locations. On the basis of these results, Hillyard &
Miinte (1984) argued that the selective processing of color may be contingent upon
the selection of stimuli on the basis of their location. Stimuli at irrelevant positions
were not processed as deeply with respect to their non-spatial attributes as were
stimuli at attended locations'.

All ERP studies on selective attention reported so far employed a sustained atten-
ton paradigm where subjects were instructed to attend to a specific stimulus feature,
or a combination of features, for an entire experimental block and to detect infre-
quent target stimuli containing these relevant features. This procedure is rather dif-

} No ERP evidence for the priority of spatial attention was obtained in another condition of the
Hillyard & Miinte (1984) experiment where both possible stimulus locations were in close proximity. In
this ‘location-hard condition’, ERP effects of color selection preceded the effects of spatial selectivity.
This indicates that the timing of the ERP effects of spatial and non-spatial attention may depend on the
discriminability of the stimulus attributes relevant for attentional selection.
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ferent from cueing paradigms of visual-spatial attention. In such experiments, the
relevant stimulus location is indicated by a centrally presented symbolic cue at the
beginning of each trial, and subjects have to respond both to correctly cued stimuli
(valid trials) and to less frequent stimuli occurring at uncued locations (invalid tri-
als). Under these conditions, RTs are faster in valid than in invalid trials (Posner,
Nissen & Ogden, 1978). When attention is focused on a single location for an entire
experimental block, however, these RT effects become considerably smaller (Posner,
Snyder & Davidson, 1980). On the basis of this finding, Posner (1980) has argued
that visual-spatial attention should not be regarded as a passive filter, but rather as
an active process that is more effective in transient attention situations, in which the
attentional focus has to be constantly shifted between different locations, than under
sustained attention conditions.

Given these considerations, it is possible that different selective attention
mechanisms are operative under transient and sustained attention conditions. If this
was the case, ERP modulations different from those observed in sustained attention
experiments are to be expected for transient attention. The results of a recent study
by Friedman-Hill & Mangun (1993) support this assumption. These authors
measured ERPs elicited by precues (colored arrows) that preceded the imperative
stimulus and indicated either the to-be-attended location or the to-be-attended color.
They found significant differences between the ERPs elicited in the cue-target inter-
val by location cues and by color cues. However, this study did not directly address
the question how transient selective attention affects the processing of imperative
stimuli. With respect to this issue, a number of specific questions have to be
answered: can we find differential attention effects on ERP waveforms elicited by
imperative stimuli for sustained and for transient spatial attention conditions? Are
there differential ERP effects for transient and for sustained non-spatial attention?
And finally, can we find electrophysiological evidence for a hierarchical dependence
of non-spatial attention upon the selection of location in a transient attention sit-
uation?

A number of recent ERP studies have tried to answer the first question by in-
vestigating ERP effects of spatial attention in trial-by-trial cueing paradigms.
Mangun & Hillyard (1991), for instance, found enhanced P1 and N1 components for
valid trials as compared with invalid trials. Because these effects were similar to the
attentional enhancements of sensory-evoked components found with the sustained
attention paradigm, they argued that functionally similar ‘sensory gating’ mech-
anisms may be activated under both conditions. However, recent studies by Eimer
(1993, 1994b), in which the direction of spatial attention was also cued on a trial-by-
trial basis, showed that the presence of these effects depends upon specific experi-
mental circumstances. When discrimination requirements were high or overt
responses were required in valid trials only, the P1 and N1 components were enhanc-
ed in valid trials compared to invalid trials. When responses could be selected on the
basis of easily discriminable stimulus attributes or had to be executed in valid and
in invalid trials, no systematic effects of spatial attention on P1 amplitude could be
observed. In contrast, all experimental conditions resulted in an enhanced negativity
for valid trials compared to invalid trials that started about 150 ms with an initial
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parietal maximum (Nd1), and was followed by a second, more broadly distributed
peak between 220 and 280 ms (Nd2). Similar effects were obtained in experiments
in which the to-be-attended location was indicated by a peripheral cue (Eimer,
1994a) and in which auditory stimuli were used instead of visual stimuli (Schroger,
1993, 1994; Schroger & Eimer, 1993). Because these latter effects differed from the
ERP patterns obtained in most studies employing the sustained attention paradigm,
one may assume that the mechanisms underlying transient and sustained spatial at-
tention are not the same.

Only scarce empirical evidence has been collected with respect to ERP modula-
tions related to transient non-spatial attention. In a study by Aine & Harter (1986),
subjects were required to respond to a colored patch when it matched the color of
a previously presented patch. The ERPs elicited by relevant color patches were com-
pared to the ERP:s elicited by irrelevant color stimuli. Relevant color stimuli elicited
an enhanced negativity at posterior leads (between 229 and 318 ms) followed by a
frontal positivity. Though delayed, these effects were similar to those obtained in
experiments in which the sustained attention paradigm was used, suggesting that
similar mechanisms of color selection may be operative in sustained and transient
attentional situations. However, the results from Aine & Harter (1986) were obtain-
ed by directly comparing trials where overt responses were elicited with trials where
no overt response was given, thereby possibly confounding attentional and motor
effects on the ERP waveforms. Moreover, all stimuli were presented at identical
positions, which may have led to sensory refractoriness effects in the case of same-
color targets. Thus, the results from Aine & Harter (1986) need to be validated by
additional ERP studies of transient non-spatial attention. No electrophysiological
evidence has yet been collected with respect to the interrelation of spatial and non-
spatial transient attention.

The present experiment was conducted to further investigate transient visual selec-
tive attention to spatial and non-spatial stimulus features. Attention was simul-
taneously directed to color and location on a trial-by-trial basis. Subjects had to at-
tend to a specific combination of color and location that was indicated by a precue
in order to detect infrequent targets with the relevant properties. The procedure used
here closely parallels the experimental paradigm used by Hillyard & Miinte (1984),
except that attention to color and location was cued anew at the beginning of each
trial instead of being constant for a complete experimental block. Because of this
similarity, the results of the present study may be compared to the results obtained
by Hillyard & Miinte (1984) in order to study the differences of selective attention
to color and location under transient and sustained attention conditions.

Three specific questions were addressed by the present study. Are there ERP ef-
fects of transient visual-spatial attention in a situation where a precue contains both
spatial and non-spatial information, and are these effects similar to the effects found
in experiments that used a simple trial-by-trial cueing paradigm? Are there systemat-
ic ERP effects of attending to color when the relevant color changes from trial to
trial? Are these ERP effects of transient non-spatial attention modulated by spatial
attention, that is, are the effects of attending to stimulus color attenuated or even
absent for stimuli at unattended locations?
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2. Methods

2.1. Subjects

Eleven paid volunteers participated in the experiment. Three subjects had to be
excluded because of poor eye fixation control in the cue-target interval (see below),
so that eight subjects (three female), aged 23—35 years (mean age: 29 years) remained
in the sample. All subjects were right-handed and had normal or corrected-to-
normal vision.

2.2. Stimuli and apparatus

Subjects were seated in a dimly lit, electrically shielded and sound-attenuated
cabin, with response buttons under their left and right hands. A computer screen was
placed 100 ¢m in front of the subject and carefuily positioned so that the stimuli ap-
peared on the subject’s horizontal meridian. Each trial began with a 200 ms presenta-
tion of a central arrow cue that subtended a visual angle of 1.5° x 0.6°. The arrow
was either red or blue and pointed randomly to the left or to the right visual field.
Seven hundred ms after the offset of the arrow, an imperative stimulus was presented
in the left or right visual hemifield at a horizontal distance of 6° from the screen
center, subtending an angle of approximately 1° x 1°. This stimulus was either a
square (non-target) or a circle (target) that could be either red or blue. The intertrial
interval between target offset and onset of the next arrow was 2 s.

2.3. Procedure

Twelve experimental blocks were run. Each block consisted of 60 trials and had
a duration of approximately 3 min. On 48 trials per block, a square was presented
as imperative stimulus (non-target trials), while on the remaining 12 trials, a circle
was presented (target trials). Subjects were instructed to press a response button with
their right hand whenever they detected a circle that matched the color of the precue
and was presented at the indicated side. Target and non-target trials were delivered
in random sequence. Only ERP waveforms obtained for non-target trials were
analyzed. These trials were classified with respect to whether the attributes (color
and location) of the non-target stimuli were correctly indicated by the precue. Trials
where both stimulus location and stimulus color were correctly indicated by the
precue were termed L+C+. This was the case when a red or blue square was preceded
by a red or blue arrow that pointed in the direction of the upcoming square. On
L+C- trials, the square position was correctly indicated by the cue, but the square
was of the uncued color. On L-C+ trials, the colors of the arrow cue and the square
matched, but the square was presented at the side opposite to the arrow’s direction.
On L-C- trials, neither the square location nor its color matched the attributes of
the precue. Each of these four trial types appeared 12 times per block, and all com-
binations of non-target color and location were equiprobable.

The 12 remaining trials where the target stimulus (the circle) was presented were
chosen randomly from a larger pool where all target color and location combina-
tions were equiprobable. As a result of the random selection of the target trials, the
absolute number of trials requiring an overt response (i.e., trials where a target stim-
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ulus was presented that had both properties indicated by the precue) varied across
blocks. The minimum number of Go trials per block was two, the maximum number
was five.

Subjects were instructed to respond as quickly and accurately as possible while
maintaining fixation throughout the trial. To make subjects familiar with these spe-
cific task requirements, two or three training blocks were run at the beginning of the
experiment.

2.4. Recording and data analysis

The EEG was recorded with Ag-AgCl electrodes from Fz, Cz and Pz (according
to the 10-20 system), from C;’ and C4’ (1 cm in front of C; and C,), from PL and
PR (located halfway between Pz and each ear canal), and from OL and OR (located
halfway between O, and Ts, and O, and T, respectively). All electrodes were
referenced to the right earlobe. The horizontal EOG was recorded bipolarly from
electrodes at the outer canthi of both eyes, and the vertical EOG was recorded
bipolarly from electrodes above and below the right eye. Electrode impedance was
kept below 5 k. The amplifier bandpass was 0.10-40 Hz. EEG and EOG were
sampled with a digitization rate of 200 Hz, and stored on disk. Reaction times were
recorded for each trial.

EEG and EOG were sampled off-line into epochs of 1800 ms, starting 100 ms prior
to the onset of the precue, and ending 800 ms after the onset of the imperative stimu-
lus. Trials with eyeblinks, horizontal eye movements, response errors, or overt
responses in non-target trials were excluded from analysis. About one-third of the
overall number of trials had to be excluded. After artifact removal, the computer-
averaged horizontal EOG for each subject was scored for systematic deviations of
eye position in the cue-target interval following left-pointing and right-pointing ar-
rows. If the maximal residual EOG deviation exceeded +2 uV, the subject was dis-
qualified. EEG epochs obtained in non-target trials were averaged separately for all
combinations of conditions (spatial attention: L+/L-; color attention: C+/C—; square
color: red/blue; square location: left/right), resulting in 16 average waveforms for
each subject and electrode site. All ERP amplitude measures were taken relative to
the mean voltage of the 100 ms interval preceding the onset of the square stimulus,

Effects of experimental variables on the ERP evoked by the imperative stimulus
were determined separately for the three lateral electrode pairs (C3’/C4’, PL/PR and
OL/OR) as well as for midline recording sites (Fz, Cz and Pz). Separate repeated
measures analyses of variance were performed on ERP mean amplitude measures
within different time windows (see Table 1) for the following variables: spatial atten-
tion, color attention, square color, and square location. For the lateral electrode
pairs, electrode side (left vs. right) was included as an additional factor.

3. Results

Behavioral performance. Mean reaction time to relevant target stimuli was 471
ms. Subjects missed relevant target stimuli on 4.5% of all Go trials. The overall rate
of False Alarms was 0.15%, with a False Alarm rate of 0.6% for irrelevant target
stimuli and 0.07% for non-target stimuli.
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Table 1
Measurement windows for different components and electrodes. Mean amplitude measures were taken
for all components and measurement windows

Component Electrodes Measurement window (ms)
Pl OL/OR 95-145
Nt PL/PR, OL/OR 150-210
Ndi Fz, Cz, Pz, C3'/C4’ 140-190
Nd2 Fz, Cz, Pz, C3’'/C4’, PL/PR, OL/OR 220-300
P3 Fz, Cz, Pz 350-500

ERP waveforms. Fig. 1 shows the ERP waveforms elicited by non-target stimuli
in L+C+, L+C—, L-C+, and L-C- trials at lateral occipital electrodes, and Fig. 2
shows the ERPs elicited under these conditions at all other recording sites. As il-
lustrated in the figures, the ERPs were most prominently characterized by a broad
positivity that overlapped with all components and was largest at lateral central
(C3’, C4’) and at midline electrodes. This positive shift was generally more pro-
nounced for L- trials than for L+ trials.

ERP effects of spatial attention. The ERP modulations related to spatial attention
were obtained by comparing the ERP waveforms elicited by stimuli at cued locations
(regardless of their color) with the ERPs to stimuli presented at the non-cued loca-
tions (regardless of their color). The resulting (L+)—(L-) difference waveforms are
displayed in Fig. 3 (solid line). No effect of spatial attention was present for the Pl
component at lateral occipital electrodes. In contrast, the posterior N1 component
was strongly influenced by spatial attention (see also Fig. 1). An enhanced N1 for
L+ trials was found both at lateral occipital and at lateral parietal electrodes
(F1,7) = 10.17, p < 0.015, and F(1,7) = 24.29, p < 0.002; for occipital and parietal
electrode pairs, respectively).

Spatial attention also had a highly significant effect on mean amplitudes in the
NdI interval (140—190 ms). Enhanced negativities for L+ compared to L- trials
were present at all midline electrodes as well as at lateral central electrodes (all Fs
> 12; all p-values < 0.01). In the Nd2 range (220-300 ms), stimuli at attended loca-
tions also elicited enhanced negativities when compared to stimuli at unattended
locations. As shown in Table 2, this effect was highly significant at all recording sites.
In addition, stimuli at attended locations elicited an enhanced positivity in the P3
time range that was significant at Cz (F(1,7)=5.74, p < 0.048) and Pz
(F(1,7) = 6.24, p < 0.041).

No significant differences were found when the ERP effects of transient visual-
spatial attention obtained in the N1, Nd1 and Nd2 time windows for relevant-(C+)
and irrelevant-color stimuli (C-) were compared. However, there were interactions
between color attention and spatial attention in the P3 time interval, indicating the
existence of a differential effect of spatial attention for relevant and irrelevant color
stimuli. These interactions were significant at Pz (F(1,7) = 7.21, p < 0.031) and ap-
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Fig. 2. Grand-average ERPs at Fz, Cz, Pz, C3’, C4’, PL and PR for L+C+, L+C—, L-C+ and L-C-
trials.

proached significance at Fz and Cz (F(1,7) = 4.94, p < 0.062; F(1,7) = 5.03, p <
0.060, respectively), and were presumably due to the fact that the late positivity
elicited by L+ trials was larger for attended color stimuli than for unattended color
stimuli (see Fig. 2).

ERP effects of color attention. ERP effects of color attention were obtained by
comparing the waveforms elicited by C+ stimuli (collapsed over L+C+ and L-C+)
to the ERPs elicited by C-stimuli (L+C- and L-C-). As can be seen from the differ-
ence in waveforms in Fig. 3, the effects of attending to a specific stimulus color
(dashed lines) were of much smaller magnitude than the ERP effects of spatial atten-
tion (solid lines). Moreover, they started considerably later than the spatial attention
effects, that is, beyond 200 ms post-stimulus. This latter observation was confirmed
by the finding that color attention failed to influence both P1 amplitude at occipital
electrodes as well as N1 amplitude at lateral parietal and occipital sites. Likewise,
no effect of color attention was present at midline and lateral central electrodes in
the Nd1 interval.

In contrast to its absence during the first 200 ms following stimulus onset, effects
of attention to stimulus color were clearly present in the Nd2 interval, with an
enhanced negativity elicited by C+ stimuli. This effect was significant at lateral cen-
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Table 2

Mean ERP difference amplitudes and ANOVA effects in the Nd2 interval (220300 ms) for stimuli at
attended and unattended locations (L+—L—; left side) and stimuli of attended and unattended color
(C+-C-; right side) for midline electrodes Fz, Cz, Pz and for lateral and central (C3’/C4’), parietal
(PL/PR), and occiptal (OL/OR) electrodes.

(L+)-(L-) K1,7) p-value (C+)-(C-) KL, T) p-value
V) #V)
FZ —4.58 51.22 p < 0.001 -0.76 4.56 ns
cz -6.78 53.56 p < 0.001 -1.71 11.82 P < 0.01
PZ -4.59 42.22 p < 0.001 -0.97 4.67 ns
C3'C4’ —4.68 98.18 p < 0.001 -1.01 26.90 p < 0.001
PL/PR -3.57 47.09 p < 0.001 -0.89 11.56 p < 0.011
OL/OR -2.37 23.91 p < 0.002 -0.58 1.95 ns

ns: not significant, p > 0.05.

tral and parietal electrode pairs (C3’/C4’, PL/PR) and at Cz, and approached signif-
icance at Fz and Pz (see Table 2). In the P3 time range, attended-color stimuli elicited
an enhanced positivity at Cz and Pz (Fig. 2). This effect was almost significant at
Pz (F(1,7) = 5.30, p <.055).

As can be seen from Fig. 4, where the ERP effects of attending to color are plotted
separately for attended location stimuli (L+) and unattended location stimuli (L-),
the Nd2 effects of color attention tended to be larger for L+ than for L— stimuli.
Additional analyses revealed that for stimuli presented at cued locations, the effects
of attending to color were significant at Cz, C3’/C4’ and at PL/PR. In contrast, no
significant negative enhancement for C+ stimuli was present at any electrode when
these stimuli were presented at unattended locations. However, these differences
were not reflected in significant interactions between spatial attention and color at-
tention (p > 0.10 at all electrodes). In addition, Fig. 4 seems to reveal the existence
of an enhanced positivity for L+ stimuli as compared with L— stimuli at attended
locations that is elicited about 200 ms at midline electrodes (most notably at Fz).
This was further investigated by conducting repeated measures ANOVAs for the
ERP mean amplitudes at Fz, Cz and Pz in the 160—190 ms time interval. No signifi-
cant interactions between color attention and spatial attention could be obtained.

4. Discussion

The present study was conducted to investigate ERP correlates of spatial and non-
spatial selective attention in a situation where attention had to be directed to a par-
ticular combination of color and location on a trial-by-trial basis. Three specific
questions were raised. How does transient spatial attention influence the ERPs
elicited by imperative stimuli? Are there ERP effects of transient attention to color?
Is there evidence that non-spatial selection processes depend on a prior selection by
location in a transient attention situation?
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A major effect of spatial attention was an enhanced negativity elicited by L+
stimuli compared to L— stimuli (Fig. 3). This effects was characterized by a bimodal
pattern that was already observed in previous trial-by-trial cueing studies (Eimer,
1993, 1994b): an initial negative peak was observed in the (L+)—(L-) difference
waveforms between 140 and 200 ms post-stimulus. Unlike in previous studies, in
which the Nd1 effect was maximal parietally, here Nd1 was broadly distributed over
all midline electrodes. A second negative peak was present in the Nd2 range between
220 and 300 ms that was broadly distributed over all recording sites. Furthermore,
enhanced N1 amplitudes were found at lateral posterior electrodes for L+ stimuli.
In contrast, no effect of spatial attention was observed for the P1 component (Fig.
1). As attentional modulations of the P1 component are usually interpreted as evi-
dence for the existence of ‘sensory gating’ processes as a prominent mechanism
underlying visual-spatial attention (Mangun & Hillyard, 1990), this negative finding
could be regarded as evidence that spatial selection did not influence early stages of
perceptual processing in the present experiment. It has already been shown that ef-
fects of transient spatial attention on P1 amplitude are highly sensitive to the specific
circumstances of the experimental task (Eimer, 1993, 1994b). In contrast to previous
trial-by-trial cueing studies that reported P1 attention effects, both precues and tar-
gets carried spatial as well as non-spatial information in the present study. When
spatial and non-spatial attentional processes are active simultaneously, spatial atten-
tion may be less focused than under conditions where only location is relevant for
stimulus selection, resulting in the absence of electrophysiological indices of ‘sensory
gating’. These considerations should be taken with caution, however, since the ef-
fects of spatial attention on P1 are usually quite small and may have gone unnoticed
due to the relatively small number of subjects included in this experiment.

Before interpreting the negative enhancements found for L+ trials as a result of
transient spatial attention, two possible objections have to be ruled out. First, it is
conceivable that these ERP effects are due to systematic lateral eye movements in
the direction of the cue that were not detected by the artifact rejection routines. In
Fig. 5 (left side), grand averaged horizontal EOGs are displayed that were recorded
in the cue-target interval in response to left-pointing and right-pointing arrow cues.
The maximum difference between these two HEOG waveforms is less than 1 puV
throughout the cue-target interval, thereby ruling out this first objection. Second, it
is possible that the ERP differences observed between L+ and L~ trials are due to
differential ERP modulations in the interval between cue and imperative stimulus,
where a CNV was elicited in response to the cue. However, as can be seen in Fig.
5 (right side), there were no systematic differences in CNV amplitudes between L+,
L-, C+ and C- trials. Therefore, the second objection can also be ruled out. How-
ever, the fact that a CNV developed in response to the cue may have contributed
to the amplitude differences between L+ and L~ trials as shown in Fig. 3. In L- tri-
als, where stimuli were presented at irrelevant locations, response preparation may
have been aborted earlier than in L+ trials, resulting in an earlier onset of CNV reso-
lution, and thus an enhanced negativity for L+ as compared to L— trials. Thus, the
negativity found in the (L+)—-(L-) difference waveforms may reflect both processes
related to selective spatial attention as well as differential CNV resolution onsets for
L+ and L- trials.
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Fig. 5. Left side: Grand-average horizontal electrooculogram (HEOG) in the interval between cue onset
and the onset of the imperative stimulus, displayed separately for trials with left-pointing and right-
pointing arrow cues. Right side: Grand-average ERPs in the interval between cue onset and the onset of
the imperative stimulus at Cz, displayed separately for L+, L—, C+, and C- trials.

In addition to the ERP effects of transient spatial attention, transient attention to
color was also found to have an influence on the ERP waveforms. However, while
spatial attention effects were clearly visible around 140 ms post-stimulus, ERP
modulations due to selectively attending to stimulus color could only be observed
starting beyond 200 ms. This temporal delay is comparable to the results of Hillyard
& Miinte (1984) who found that ERP effects of sustained spatial attention preceded
the effects related to color attention by about 50 ms. The (C+)—(C-) difference wave
revealed a broad negativity for C+ as compared to C— stimuli that was reflected in
significant or nearly significant effects of color attention in the Nd2 time range at
all electrodes, except lateral occipital sites. A broad negativity elicited by attended
color stimuli was also found in the Hillyard & Miinte (1984) study. This may indicate
that color selection is based on similar mechanisms under transient and under sus-
tained attention conditions. However, the effect of attending to color found by
Hillyard & Miinte (1984) started about 50 ms earlier and were also larger than in
the present experiment. Two explanations may be considered to explain these differ-
ences. First, it may be assumed that attentional selectivity for non-spatial features
like color is diminished when the to-be-attended feature varies from trial to trial.
Alternatively, the fact that attention had to be directed to two distinct features (loca-
tion and color) of a single stimulus on each trial may have delayed the onset of each
feature-specific attention effect in the present study. As noted before, this second ex-
planation could possibly also account for the absence of a P1 modulation due to
spatial attention.

Was there any evidence for a hierarchical dependence of non-spatial upon spatial
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attention? The ERP effects of attending to stimulus color in the Nd2 interval were
found to be larger for stimuli presented at attended locations (Fig. 4). Thus, it seems
that in the present study selective attention to color was in part hierarchically depen-
dent upon the previous selection of location. However, since none of the relevant
location attention X color attention interactions were significant, this conclusion
has to remain tentative.

In addition, interactions between spatial attention and color attention were pres-
ent in the P3 time range. These were due to the fact that an enhanced positivity was
elicited most notably in L+C+ trials. In these trials, non-target stimuli were
presented that possessed two response-relevant features. It is therefore likely an
enlarged P3 was elicited under these conditions.

In summary, the present study shows that in a situation where attention is
simultaneously cued to a spatial and a non-spatial stimulus attribute, the ERP can
be used to monitor both spatial and non-spatial selection processes. Both transient
shifts of visual-spatial attention as well as transient attention to non-spatial (color)
attributes had an effect on the ERP waveforms. However, the ERP effects of spatial
attention were considerably larger, and preceded the ERP effects of color attention.
In addition, the present results suggest that spatial selectivity may exert a
modulatory influence on non-spatial selection.
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