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Spatial cueing, sensory gating and selective response
preparation: an ERP study on visuo-spatial orienting
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Summary Event-related brain potentials (ERPs) were recorded in a visuo-spatial attention task where the position of an imperative
stimulus was indicated either validly or invalidly by a central arrow (trial-by-trial cueing). Subjects had to perform choice RT tasks with the
response being dependent either on the identity of the target stimulus or on its position. When target identity was relevant for response selection,
validly cued stimuli elicited amplitude enhancements of the early, sensory-evoked P1 and N1 components at lateral posterior sites. The N1
validity effect was limited to scalp sites ipsilateral to the visual field of stimulus presentation. Although these effects were found only when the
sensory discrimination task was considerably difficult, they are in line with models assuming that modulations of sensory-perceptual processing
(“sensory gating”) are induced by spatial cueing. However, when target location was response-relevant, N1 amplitude enhancements were
consistently elicited by invalidly cued letters.

CNV and LRP measures indicated that the arrow elicited response-related processing in the cue-target interval. Such processes occurred even
when the cue contained no information about an upcoming response. Two consecutive lateralization phases were distinguishable in the LRP,
with experimentally induced response assignments becoming effective only during the second phase.
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Attention can be voluntarily directed to specific
objects and locations within the visual field indepen-
dently of overt eye movements. Stimuli at attended-to
locations are detected with higher speed and accuracy
as compared to stimuli presented outside the atten-
tional focus (cf., Posner et al. 1978, 1980, 1982; Jonides
1981; Miiller and Findlay 1987; Miiller and Rabbit
1989). The question of which mechanisms may underly
the orienting of visuo-spatial attention is still under
dispute. On the one hand, visuo-spatial attention might
directly influence perceptual processing, so that stimuli
at attended locations are analyzed more rapidly or
intensively. This hypothesis of an early, intraperceptual
effect of spatial attention (“sensory gating”) has been
advocated by, among others, Posner (1980). On the
other hand, the direction of attention in the visual field
might influence subsequent, postperceptual, processing
stages like response selection (cf., Sperling 1984).

In most behavioral studies on visuo-spatial orient-
ing, trial-by-trial cueing paradigms were used, where a
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symbolic precue (e.g., an arrow) informs subjects about
the likely position of an upcoming imperative stimulus.
Reactions to target stimuli occurring at validly indi-
cated locations were found to be faster as compared to
reactions to targets occurring at unprimed positions
(cf., Posner et al. 1978, 1980, 1982). Furthermore,
spatial cueing results in an increased detectability for
validly cued stimuli (cf., Bashinski and Bacharach 1980;
Downing 1988; Hawkins et al. 1990). These findings
have been interpreted in terms of enhanced sensory
processing received by stimuli at attended locations
(cf., Posner 1980).

In most ERP studies on visuo-spatial attention, a
sustained paradigm was used, where subjects were re-
quired to focus attention on one visual hemifield and
to ignore events in the opposite hemifield. It was found
that attended-to (valid) stimuli elicit enhanced P1 and
N1 components as compared to stimuli that occur in
the unattended hemifield (cf., Eason 1981; Harter et
al. 1982; Hillyard and Miinte 1984; Hillyard and Man-
gun 1987; Mangun and Hillyard 1988). Since the onset
of these attention-related amplitude modulations is
quite early (usually between 80 and 110 msec post
stimulus) and neither scalp distributions nor onset la-
tencies of the sensory-evoked P1 and N1 components
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seem to be altered (cf., Hillyard and Mangun 1987
Mangun and Hillyard 1988), these results have been
interpreted similarly to the RT patterns reported
above—as evidence for early intraperceptual “sensory
gating” processes (cf., Mangun and Hillyard 1990 for
an overview).

Although converging evidence seems to favor
“sensory gating” as a mechanism underlying visuo-spa-
tial attention, it must be noted that rather different
paradigms have been employed in behavioral studies
and ERP experiments, respectively. Only very few ERP
studies have investigated effects of visuo-spatial orient-
ing induced by trial-by-trial cueing. Mangun and Hill-
yard (1991; cf. also Mangun et al. 1987; Harter et al.
1989) found enhancements of P1 and N1 amplitudes at
occipital scalp sites for validly as compared to invalidly
cued targets. Since these effects were quite similar to
ERP modulations found with the sustained attention
paradigm, they suggested that functionally similar
“sensory gating” mechanisms are active both in trial-
by-trial cueing experiments and during sustained atten-
tion.

There are, however, some problems with this line of
interpretation. The finding of a P1 validity effect ob-
tained during trial-by-trial cueing conflicts with earlier
results reported by Hillyard et al. (1985). In their
experiments, subjects were required to attend to one
hemifield that was indicated by a precue while short
series of flashes were presented randomly in the left or
right visual field. No P1 enhancement was visible in
response to the first 4 stimuli presented at the relevant
location. Contrary to the N1 effect, which was present
for the very first attended-to flash within the series, the
P1 validity effect took considerable time to develop.
This failure to obtain an immediate P1 attention effect
may be because a rather long cue-target interval (1.9
sec) was used.

Another difficulty has to do with the interpretation
of the N1 validity effect. Mangun and Hillyard (1991)
found N1 amplitude enhancements for attended loca-
tions only for a choice RT task, but not when subjects
simply had to respond to the onset of a stimulus.
Differential effects of spatial attention on P1 and N1
-components have been reported before, suggesting that
P1 and N1 modulations might reflect rather different
aspects of visual processing (cf., Heinze et al. 1990;
Luck et al. 1990). These authors tentatively propose
that P1 enhancements elicited by spatial attention re-
flect a preset facilitation of information processing for
specific locations (“sensory gain control”), while N1
enhancements indicate rapid processes of additional
attentional focussing. Mangun and Hillyard (1991) sug-
gest that P1 enhancements for validly cued stimuli
observed both in the simple and in the choice reaction
time task reflect the primary effect of visuo-spatial
orienting. In the choice RT task, however, a further
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focussing of attention (indicated by N1 amplitude mod-
ulations) might have been necessary to discriminate
response-relevant features of the stimuli.

The present study was designed to test whether
attention-related ERP modulations elicited within a
trial-by-trial cueing paradigm are comparable to the
effects reported for sustained-attention tasks and can
be interpreted in line with the “sensory gating” hy-
pothesis. In addition to studying the consequences on
visual processing of attentional orienting induced by a
symbolic precue, another aim of the present experi-
ments was to investigate the influence of the cue on
selective preparation processes in the cue-target inter-
val. When precue direction and the type of reaction
required by the upcoming imperative stimulus are
probabilistically connected, specific expectation and re-
sponse preparation processes might be elicited even
before the imperative stimulus occurred. To test this,
both the contingent negative variation (CNV) and the
lateralized readiness potential (LRP) were measured in
the cue-target interval. The LRP is a negative lateral-
ization of a readiness potential over the contralateral
motor cortex that indicates selective motor preparation
and response initiation following an imperative stimu-
lus (cf., Coles et al. 1988). When recorded in the
interval between cue and target, the LRP may also be
used to measure selective response preparation elicited
by the cue (Coles 1989). The CNV is a slow negative
ERP shift typically found with S1-S2 paradigms in the
interval between warning and imperative stimulus. The
proper functional interpretation of CNV is still under
dispute (cf., Gaillard 1986). Whereas it is usually taken
to be an indicator of response preparation processes, it
has also been regarded as a measure of stimulus antici-
pation or selective attention.

In the experiments reported here, a Posner-like
trial-by-trial cueing paradigm was employed. A central
arrow indicated the probable location of an upcoming
imperative letter stimulus. Two choice RT tasks differ-
ing in the stimulus attribute relevant for response
selection were run: in one condition, reaction was
dependent on letter identity, in the other, reaction was
dependent on the location of the letter.

If the type of response is contingent upon letter
location, the precue carries information about stimulus
location as well as about the required response. In this
condition, RT benefits from validly cued trials might
therefore be due either to attentional focussing, or to
selective response preparation during the cue-target
interval, or to a combination of both factors. When
reaction is dependent on stimulus identity, however,
the precue is not informative with regard to the upcom-
ing response. In this case, RT validity effects cannot be
attributed to selective response preparation. If spatial
attention were based on a selective gating of early
visual information processing, one would expect RT
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benefits for valid trials to be accompanied by selective
amplitude enhancements of early sensory-evoked ERP
components.

Experiment 1
Methods

Subjects

Thirteen paid volunteers participated in the experi-
ment. Three of them had to be excluded because of
poor eye fixation control in the cue-target interval (see
below). Thus 10 subjects (3 females), aged 21-45 years
(mean age: 27.2 years) remained in the sample. All
subjects were right-handed and had normal or cor-
rected-to-normal vision.

Stimuli and apparatus

The subjects were seated in a dimly lit, electrically
shielded and sound attenuated chamber, with response
buttons under their left and right hands. A computer
screen was placed 100 cm in front of the eyes and
carefully positioned so that the stimuli (presented
white-on-gray) occurred on the subject’s horizontal
straight-ahead line of sight. Each trial began with a 200
msec presentation of a centrally located arrow (sub-
tending a visual angle of 1.5° X 0.6°) pointing either to
the left or to the right side. 700 msec after cue offset,
an uppercase letter (an M or W) appeared for 100
msec on the left or right side (6° horizontal distance
from the screen center), subtending an angle of 1° X 1°.
The intertrial interval between letter offset and onset
of the next arrow was 2 sec.

Procedure

The experiment was divided into halves (described
as experiments 1a and 1b below), each consisting of 12
blocks, resulting in a total of 24 experimental blocks.
Each block consisted of 60 trials and had a duration of
2.5 min. Both letter stimuli appeared randomly and
with equal probability on the left or right side and
preceded by an arrow pointing either to the side where
the letter appeared (validly cued letters) or to the
opposite side (invalidly cued letters). Forty-four out of
60 trials (73.3%) per block were validly cued. In exp.
la, subjects were required to respond with the left
hand to the occurrence of the letter M and with the
right hand when a W appeared on the screen (Re-
sponse Cue: Letter Identity). During exp. 1b, response
was conditional by the location of the letter: left letters
required a left-hand reaction and conversely (Response
Cue: Letter Location). The order of experimental
halves was balanced across subjects. Subjects were in-
structed to respond as quickly and accurately as possi-
ble and to maintain central eye fixation during the
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trials. To make subjects familiar with these specific
task requirements, several training blocks were run at
the beginning of the experiment.

Recording

The EEG was recorded with Ag-AgCl electrodes
from E,, C}, C,, Cj, P, (according to the 10-20 system),
from PL and PR (located halfway between P, and the
ear channel), and from OL and OR (located halfway
between O, and T, and O, and T, respectively). All
electrodes were referred to the right earlobe. The
horizontal EOG was recorded bipolarly from elec-
trodes at the outer canthi of both eyes, the vertical
EOG from electrodes above and beside the right eye.
Electrode impedance was kept below 5 k(2. The ampli-
fier bandpass was 0.10-70 Hz. EEG and 'EOG were
sampled on-line every 7 msec and stored on disk.
Reaction times were recorded for each trial.

Data analysis

The EEG and EOG were averaged off-line for
epochs of 1800 msec, starting 100 msec prior to arrow
onset, and ending 800 msec after letter onset. Trials
with eyeblinks, horizontal eye movements, or overt
response errors were excluded from analysis. After
artifact removal, the computer-averaged horizontal
EOG for each subject was scored for systematic devia-
tions of eye position in the cue-target interval. If the
maximal residual EOG deviation exceeded + /— 1 uV,
the subject was disqualified. ! The EEG was averaged
separately for all combinations of task conditions (re-
sponse cue: letter identity/letter position; validity:
valid /invalid; visual field of presentation: left/right;
stimulus identity: M /W), resulting in 16 average wave
forms for each subject and electrode site. ERP effects
in the cue-target interval and ERP effects following
target onset were analyzed separately. For the RT data
repeated measures ANOVAs were performed sepa-
rately for exp. 1a and 1b for the following variables:
cue validity, stimulus-response compatibility, and re-
sponse side.

Analysis of ERPs in the cue-target interval (CNV, LRP)

CNYV and LRP measures were computed relative to
a 100 msec baseline interval prior to cue onset. The
CNV amplitude was measured within 6 consecutive
time windows of 100 msec duration (between 500 msec
before and 100 msec after letter onset). The CNV
elicited in exp. 1a and exp. 1b (averaged over all task

! This strict rejection procedure was employed because systematic
eye movements in the arrows’ direction were expected in the cue-
target interval, so that validly cued letters would be projected closer
to the fovea than invalid letters. This may result in ERP modulations
that are totally unrelated to attentional orienting.
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TABLE I

Latency windows (msec) for ERP components at different recording
electrodes; experiments 1 and 2.

P1 N1 P2 N2 P3
F,C,P, - 140-180 - 220-260 320-500
PL, PR 92-132 148-180 200-240 240-280 320-500
OL,OR  92-132 148-188 200-240 240-280 320-500

conditions and both arrow directions) was compared
within each time window using ¢ tests for repeated
measures. To obtain the LRP, C3-C; difference poten-
tials for trials with imperative stimuli occurring on the
right side were subtracted from Cj3-C; difference po-
tentials for trials with letters in the left visual field. 2
The LRPs to valid and invalid trials were compared
within 8 time windows of 100 msec duration (beginning
at cue offset and ending 100 msec after letter onset)
using paired ¢ tests.

Analysis of ERPs elicited by the imperative stimulus

All measures were taken relative to the mean volt-
age of the 100 msec interval preceding letter onset.
Mean amplitudes and P3 peak amplitudes were com-
puted over latency windows centered approximately on
the components’ peak latencies in the grand average
(see Table I). Separate repeated measures analyses of
variance were performed on these values for the fol-
lowing variables: electrode location, recording side (left
vs. right), cue validity (valid vs. invalid), stimulus-re-
sponse compatibility, and letter location (left vs. right).
When appropriate, a Greenhouse-Geisser adjustment
to the degrees of freedom was performed (indicated in
the result section by GG).

Results

Behavioral performance

For both response assignment conditions, RTs to
validly cued letters were significantly shorter than RTs
to invalidly indicated letters. When letter identity
served as response cue (exp. 1a), the mean RT for valid
trials was 435 + 13 msec, as compared to 453 + 23
msec for invalid trials (F (1, 9) = 15.93; P < 0.003). In
the case of letter position as response cue, mean valid
and invalid RTs were 228 + 9 and 275 + 13 msec, re-
spectively (F (1, 9) = 77.55; P < 0.000). In exp. 1a, RTs

2In exp. 1b, this procedure is equivalent to the standard LRP
computation in which right reactions are subtracted from left reac-
tions. In exp. la, however, stimuli and responses were spatially
incompatible in half of the trials. Subtracting right-stimulus trials
from left-stimulus trials thus leads to a “non-standard” LRP that is
not informative with regard to selective response preparation follow-
ing the imperative stimulus.
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OCCIPITAL: OL/OR
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.......... Invalid
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Fig. 1. Grand-averaged ERPs at parietal and occipital recording sites

for validly and invalidly cued imperative stimuli, experiment la

(Response Cue: Letter Identity). ERPs recorded from hemispheres

ipsilateral and contralateral to the visual field of stimulation are
presented separately.

in trials where the presentation side was compatible
with the required response were faster as compared to
incompatible trials (433 vs. 455 msec; F (1, 9) = 28.29;
P <0.000). Right-hand reactions were significantly
faster than left-hand reactions both in exp. 1a and 1b
(433 vs. 456 msec, and 246 vs. 257 msec, respectively).
In exp. 1a, error rates for valid and invalid trials were
not different (4.5% vs. 4.3%). In exp. 1b, response
errors occurred more often in the case of invalid trials
(0.9% vs. 4.8%; t (1, 9) = —4.20; P < 0.002).

ERPs elicited by the imperative stimulus

Experiment la. Grand-averaged ERPs elicited by
validly and invalidly cued letters at lateral posterior
sites are shown in Fig. 1. To simplify presentation,
ERPs were collapsed across experimental conditions
where the side of recording was ipsilateral or contralat-
eral to the visual field of presentation. Neither for
parietal nor for occipital sites could a P1 validity effect
be observed. Similarly, there was no significant validity
effect in the N1 range. However, a significant 3-way
interaction (validity X side of recording X visual field of
presentation; F (1, 9) =15.86; P <0.003, at parietal
sites; F (1, 9)=16.36; P <0.003 at occipital sites)
indicated that N1 amplitude enhancements for valid
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trials tended to be located at ipsilateral scalp sites.
Between 200 and 280 msec post stimulus, parietal and
occipital ERPs to valid letters were more negative than
ERPs for invalid trials. This is reflected in validity
effects in the P2 and N2 latency ranges (F (1, 9)=
18.79; P <0.002, and F (1, 9) =10.70; P <0.010, re-
spectively). Enhanced N2 components to validly indi-
cated imperative stimuli were also visible at midline
scalp sites (F,, C,, P,; F (1, 9) = 17.24; P <0.002, not
shown in figures). There was no effect of cue validity
on P3 amplitude.

Experiment 1b. Fig. 2 shows the grand-averaged
posterior ERPs to valid and invalid trials for scalp sites
ipsilateral and contralateral to the visual field of pre-
sentation, respectively. No influence of cue validity on
P1 amplitude could be observed. Although cue validity
did not have a significant main effect on N1 amplitude,
a 3-way interaction (validity X side of recording X visual
field of presentation; F (1, 9) =14.82; P <0.004, at
parietal sites; F (1, 9)=9.59; P <0.013 at occipital
sites) indicated that validity had a differential influence
on N1 components ipsilateral and contralateral to the
visual field of presentation: at contralateral recording
sites, N1 mean amplitude was more negative for in-
validly cued letters as compared to validly cued letters
(r (1, 9)=2.27; P <0.049, at parietal sites; ¢ (1, 9) =
2.28; P <0.049 at occipital sites). At ipsilateral sites,

IPSILATERAL

CONTRALATERAL
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g I —— Invalid

+1pv 500 msec

Fig. 2. Grand-averaged ERPs at parietal and occipital recording sites

ipsilateral and contralateral to the visual field of presentation for

validly and invalidly cued imperative stimuli, experiment 1b (Re-
sponse Cue: Letter Position).
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Fig. 3. Grand-averaged ERPs at F,, C,, P, for validly and invalidly

cued imperative stimuli (left side), and difference wave forms ob-

tained by subtracting ERPs to invalid trials from ERPs to valid trials
(right side), experiment 1b (Response Cue: Letter Position).

this difference was not significant. A similar negative
enhancement for invalidly cued trials is also visible at
midline recording sites (cf., Fig. 3). This effect was
most pronounced between 160 and 210 msec post
stimulus (F (1, 9) = 12.06; P <0.007). No significant
validity effect was obtained at PL /PR and OL/OR in
the P2 and N2 latency range. However, validity had an
effect on P3 amplitude—invalidly indicated letters
elicited larger P3s than did valid trials. This effect was
visible at lateral parieto-occipital sites (F (1, 9) = 13.31;
P < 0.005) as well as at midline electrodes (F (1, 9) =
6.11; P <0.035).

ERP modulations in the cue-target interval

CNV effects. To test whether the response assign-
ment influenced CNV, CNV amplitudes elicited during
exp. 1la were compared to amplitudes recorded during
exp. 1b for each time window and electrode location
(cf., Fig. 4). No significant difference was visible before
400 msec prior to letter onset. In the latency range
from 400 to 0 msec before letter onset, CNV ampli-
tudes elicited during exp. 1b were significantly en-
hanced as compared with exp. 1la at most electrode
sites (except for F,, C3, and OL). This effect was most
pronounced at central and parietal recording sites and
showed a marked right-hemisphere dominance.

LRP effects. The effect of cue direction on RP
lateralization in the cue-target interval was measured
by comparing lateralizations in valid and invalid trials
separately for exp. 1a and 1b. As can be seen from Fig.
5, valid cues elicited a lateralization pattern that indi-
cated preparation of that response side where the
imperative stimulus would occur (that is, the side to
which the arrow pointed). Invalid cues were also fol-
lowed by preparation of the indicated side (the “wrong”
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side with regard to the position of the imperative
stimulus). This pattern was visible both for exp. 1a and
exp. 1b. In exp. la, lateralization to valid and invalid
cues differed significantly between 600 and 500 msec
pre stimulus and again in the interval between 200
msec pre stimulus and 100 msec after letter onset. A
similar biphasic pattern is visible for exp. 1b, with a
first phase located between 600 and 500 msec pre
stimulus, and the second phase ranging from 300 msec
pre to 100 msec post stimulus (cf., Table II).

Discussion of experiment 1

One aim of experiment 1 was to study whether
selective reponse expectation and preparation pro-
cesses are elicited in the cue-target interval. It was
found that the CNV was influenced by the amount of
response-related information conveyed by the precue.
When it indicated the coming response with about 75%
probability, CNV amplitude was enhanced in compari-
son to exp. la, where the arrow informed only about
the position, but not about response assignment of an
imperative stimulus. Given that this effect is not due to
the difference in task difficulty between the two experi-
mental halves, it may be taken as evidence for the
assumption that the CNV is closely related to specific
response preparation in the S1-S2 interval.

A more direct measure of the amount and direction
of response preparation in the cue-target interval is the
lateralization of negativity measured above the left and
right motor cortices (LRP). It was found that arrow
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direction influenced lateralization systematically. In
exp. 1b, a pronounced biphasic lateralization reflected
response preparation for the side indicated by the
precue. Since on approximately 75% of all trials, arrow
direction signaled the correct response side, this later-
alization tendency was to be expected. However, a
qualitatively similar, albeit smaller, lateralization pat-
tern was present in exp. la, where response side was
not contingent upon arrow direction. It seems that
specific response preparation processes can be induced
by a spatial cue even when there is no objective con-
nection between cue and response location.

The most striking finding of exp. 1 was that, in spite
of highly significant RT benefits for validly cued trials,
no electrophysiological evidence for early “sensory gat-
ing” of attended-to stimuli could be found. Neither P1
nor N1 component showed significant enhancement in
response to validly cued targets. Since the RT pattern
obtained in exp. 1a cannot be explained by reference to
pre-target response preparation processes (which might
have contributed to the RT benefit for valid trials in
exp. 1b), it is most likely to be due to differential
processing of valid and invalid stimuli. A reliable effect
of cue validity found in exp. la was an enhanced
negativity for validly cued trials in the P2 and N2
range. Since this effect had an onset latency of more
than 200 msec, it cannot be regarded as an indicator of
‘“sensory gating.” Whether this negative shift for valid
trials should be interpreted as a sign of enhanced
post-sensory processing of attended-to stimuli is yet an
open question. It is possible that the task of discrimi-

Fig. 4. Grand-averaged wave forms showing the CNV development in exp. 1a (Response Cue: Letter Identity) and exp. 1b (Response Cue: Letter
Position) in the cue-target interval (relative to a 100 msec baseline prior to the onset of the cue stimulus).
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300 msec
Fig. 5. Lateralized readiness potential in the cue-target interval. A:
exp. 1a (Response Cue: Letter Identity). B: exp. 1b (Response Cue:
Letter Position). Downward-going deflections reflect a negative lat-
eralization measured over motor areas contralateral to the visual
field of the imperative stimulus, indicating a tendency to prepare for
a response at the stimulus side. Upward-going deflections indicate
response preparation for the empty side. (Wave forms are low-pass
filtered with a cut-off frequency of 12 Hz and 24 dB/oct roll-off.)

nating between two letters presented well above
threshold was not difficult enough for subjects to direct
their attention fully to the visual field indicated by the
precue. If this were true, a somewhat more demanding
discrimination task would be more likely to produce

TABLE 11

Differences in lateralized readiness potential (LRP) amplitudes (xV)
between valid and invalid trials for experiments 1a and 2a (Response
Cue: Letter Identity) and experiments 1b and 2b (Response Cue:
Letter Position) within consecutive time windows (intervals given in
msec prior to letter onset).

Window latency Exp. 1a Exp. 1b Exp. 2a Exp. 2b
(msec)
700-600 0.298 0.427 0.758 * 0.662 *
600-500 0.600 * 1.127 **  0.967 ** 0.993 **
500-400 0.342 0.487 0.587 * 0.524
400-300 0.190 -0.099 0.336 -0.080
300-200 0.238 0.575 * 0.618 * 0.041
200-100 0434 * 0.947 * 0.811 **  —0.,051
100-0 0.410 * 1.201 **  0.426 —-0.322
0-(-100) 0.456 * 1.492 ** 0512 * -0.375

* P <0.05 ** P <0.01.
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ERP modulations indicating preferential sensory pro-
cessing of the attended side.

A second striking finding was the “inverse N1 valid-
ity effect” obtained in exp. 1b. Invalid trials elicited a
larger N1 at posterior contralateral sites than did valid
trials. Enhanced negativities for invalidly cued targets
were also visible in midline records within the same
latency range (cf., Fig. 3). These unexpected findings
might be due either to an overlap with motor poten-
tials or to differences in CNV resolution times for valid
and invalid trials, respectively. Since RTs were about
60 msec faster in valid than in invalid trials, it is not
implausible to assume that motor potentials or the
onset of CNV resolution were partially overlapping
with the development of the N1 component during
valid trials, resulting in an artificial decrease of N1
amplitude. If this were true, the “inverse N1 effect”
should disappear under experimental conditions where
RTs are prolonged as compared to exp. 1b. Under
these circumstances, motor potentials and CNV resolu-
tion should be delayed, thereby leaving the N1 compo-
nent to valid trials unaffected.

Experiment 2

Experiment 2 was designed to test further the find-
ings of exp. 1. Since discrimination difficulty was sus-
pected to be a critical factor for ERP “sensory gating”
effects, the discrimination task was made slightly more
difficult by introducing a third letter stimulus. One
letter was declared as Nogo stimulus, whereas the
other two signaled left and right responses, respec-
tively, so that subjects were required to make a 3-way
discrimination (exp. 2a).

Another question left open by exp. 1 was whether
the “inverse N1 effect,” observed when letter position
served as response cue in exp. 1b, was an artifact of
differential CNV resolution times for valid and invalid
trials. This assumption was tested in exp. 2b, where the
subject’s task was to give a right response to letters on
the left side, and vice versa. Under these conditions,
reaction times were expected to be considerably longer
than in exp. 1b, where stimulus-response couplings
were compatible. Motor potentials and CNV resolution
onset should be delayed accordingly and thereby not
affect the development of the N1 component for valid
trials. If differential CNV resolution was the main
cause for the “inverse N1 validity effect,” no such
effect should be observable in exp. 2b.

Methods
Subjects

Thirteen paid volunteers participated in the experi-
ment. One of them had to be excluded because of poor
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eye fixation control in the cue-target interval. Thus 12
subjects (7 females), aged 21-39 years (mean age: 26.8
years), remained in the sample. All subjects were
right-handed and had normal or corrected-to-normal
vision.

Stimuli and apparatus

Stimuli and apparatus were identical to those in exp.
1, except that during one experimental half (exp. 2a),
an additional letter stimulus (a capital N) was included.

Procedure

Two experimental halves (exp. 2a and 2b) were run.
The overall procedure was identical to exp. 1, except
that response instructions were different. In exp. 2a,
subjects were instructed to press the left button when
the letter M was presented and respond with the right
hand when a the letter N appeared (Response Cue:
Letter Identity). When the letter W was presented,
subjects were instructed not to respond at all (Nogo
stimulus). 16 out of 60 trials (12 valid and 4 invalid
trials) per block were Nogo trials. In exp. 2b, stimuli
were identical to exp. 1b, but subjects were required to
respond with the left hand when a letter (either M or
W) was presented on the right side, and with the right
hand when the letter appeared on the left (Response
Cue: Letter Location). Cue validity was kept at 73.3%
for both exp. 2a and 2b. The order of experimental
halves was balanced across subjects.

Recording and data analysis

These procedures were identical to those described
above for exp. 1. In exp. 2a, Nogo trials were not
analyzed, so that only ERPs to response-relevant (Go)
stimuli will be discussed in the next sections. To test
whether the “inverse N1 effect” found in exp. 1b is due
to an overlap with motor potentials and CNV resolu-
tion in trials with short RTs, sub-averages based RT
quartiles for valid and invalid trials were formed for
exp. 2b.

Results

Behavioral performance

For both response assignments, RTs to validly cued
letters were significantly shorter than RTs to invalidly
indicated letters. When letter identity served as re-
sponse cue (exp. 2a), mean RT for valid trials was
511 + 15 msec, as compared to 530 + 25 msec for in-
valid trials (F (1, 11) = 23.01; P < 0.001). In the case of
letter position as response cue (exp. 2b), the mean RT
was 312+ 12 and 369 + 19 msec, respectively (F (1,
11) = 31.05; P <0.000). Contrary to exp. 1, neither
stimulus-response compatibility effects (in exp. 2a) nor
significant advantages for right-hand responses could
be observed. In exp. 2a, error rates for valid and
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IPSILATERAL

CONTRALATERAL

PARIETAL: PL/ PR

OCCIPITAL: OL/OR

———  Valid
Invalid

-1uV [

+Hpv 500 msec
Fig. 6. Grand-averaged ERPs at parietal and occipital recording sites
ipsilateral and contralateral to the visual field of presentation for
validly and invalidly cued imperative stimuli, experiment 2a (Re-
sponse Cue: Letter Identity).

invalid trials were not significantly different (2.7% vs.
3.0%). In exp. 2b, response errors occurred more often
in the case of invalid trials (4.7% vs. 1.6%; ¢t (1,
11) = —3.03; P <0.011).

ERPs elicited by the imperative stimulus

Experiment 2a. Grand-averaged ERPs elicited by
validly and invalidly cued imperative letter stimuli at
ipsilateral and contralateral posterior sites are shown
in Fig. 6. A significant P1 validity effect emerged at
occipital sites (F (1, 11)=6.32; P <0.029) both for
ipsilateral and contralateral locations. N1 amplitude
was enhanced for validly indicated letters at parietal
sites (F (1, 11) =5.21; P < 0.043), but this effect failed
to reach significance at occipital electrodes (F (1,
11)=4.41; P <0.060). However, a highly significant
3-way interaction (validity X side of recording X visual
field of presentation; F (1, 11)=23.61; P <0.001, at
parietal sites; F (1, 11) =6.23; P <0.030 at occipital
sites), indicated that the N1 validity effect was consid-
erably larger at ipsilateral scalp sites. At ipsilateral
parietal and occipital sites, N1 mean amplitude was
significantly more negative for validly cued letters (¢ (1,
11) = —3.92; P <0.002, at PL/PR; ¢ (1, 11)= —3.21;
P <0.008, at OL/OR), whereas there was no validity
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effect at contralateral recording sites. Beyond 200 msec
post stimulus, parietal and occipital ERPs to valid
trials displayed a pronounced negative shift when com-
pared to ERPs for invalid trials. This is reflected in a
validity effect in the P2 and N2 latency range (F (1,
11)=20.32; P <0.001, and F (1, 11) = 15.95; P < 0.002,
respectively). Enhanced negativities to valid trials were
also present at midline scalp sites (F,, C,, P,; F (1,
11) = 19.67; P < 0.001, not shown in figures). Invalidly
cued stimuli elicited a larger P3 amplitude than valid
letters at midline electrode locations. However, as indi-
cated by an interaction between validity and electrode
location (F (2, 22) = 7.93; P < 0.006, GG), this effect
was present only at F, and C,, but not at P,.
Experiment 2b. Fig. 7 shows grand-averaged poste-
rior ERPs to valid and invalid trials for scalp sites
ipsilateral and contralateral to the visual field of pre-
sentation. At occipital sites the validity effect on P1
amplitude failed to reach significance (F (1, 11) = 4.13;
P < 0.067). It reached significance, however, for pari-
etal recording sites (F (1, 11) = 6.00; P <0.032). Al-
though cue validity did not yield a significant main
effect on N1 mean amplitude, there was a validity
effect at sites contralateral to the field of stimulus
presentation. At contralateral electrodes, N1 mean am-
plitude was enhanced for invalid trials (¢ (1, 11) = 3.37;

IPSILATERAL

CONTRALATERAL

" PARIETAL: PL/ PR

-fuVv }
+HpV

500 msec

Fig. 7. Grand-averaged ERPs at parietal and occipital recording sites

ipsilateral and contralateral to the visual field of presentation for

validly and invalidly cued imperative stimuli, experiment 2b (Re-
sponse Cue: Letter Position).
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1" RT Quartile 3" RT Quartile

—— Valid
-1uV
E—H_H_{ ----------- Invalid

+1pV 500 msec
Fig. 8. Sub-averaged ERPs based on RT quartiles at parietal and
occipital recording sites contralateral to the visual field of stimula-
tion for validly and invalidly cued imperative stimuli, experiment 2b
(Response Cue: Letter Position). Left side: 1st RT quartile. Right

side: 3rd RT quartile.

P < 0.006, at parietal sites; ¢ (1, 11) = 3.20; P <0.008
at occipital sites). No significant difference was found
at ipsilateral sites. As revealed by the sub-averages
formed on the basis of RT quartiles, this “inverse N1
effect” was found not only with trials with short RTs,
but also for the 2nd and 3rd RT quartile (cf., Fig. 8). A
negative enhancement for invalidly cued trials was also
visible at midline recording sites between 160 and 210
msec post stimulus (F (1, 11) = 19.06; P < 0.001). In-
validly indicated letters elicited a larger P3 than did
valid trials. This effect was visible at lateral parieto-oc-
cipital sites (F (1, 11) = 16.25; P < 0.002) as well as at
midline electrodes (F (1, 11) = 18.76; P < 0.001).

ERPs in the cue-target interval

CNV effects. CNV amplitudes elicited in the cue-
target interval of exp. 2a were compared to the CNV
recorded during exp. 2b for each electrode location
(cf., Fig. 9). Amplitude differences between the two
response assignment conditions could be observed at
most recording sites, starting 400 msec prior to the
imperative stimulus and extending beyond letter onset.
Larger CNV amplitudes were elicited during exp. 2b.
This effect was most pronounced at central recording
sites, but without clear hemispheric dominance.
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LRP effects. Lateralization in validly cued trials
was compared to the lateralization in invalid trials
during the cue-target interval for exp. 2a and 2b (cf,,
Fig. 10 and Table II). In exp. 2a, a biphasic lateraliza-
tion pattern (with a first phase extending from 700 to
400 msec pre stimulus, and the second phase from 300
msec before to 100 msec after letter onset) indicated
preparation of the response side pointed to by the
arrow cue. The same tendency was visible during the
first lateralization phase of exp. 2b (between 700 and
500 msec pre stimulus). During the later part of the
cue-target interval, however, this lateralization disap-
peared, giving way for a reverse LRP pattern at the
time of letter onset, where a tendency to prepare for
the response contralateral to the arrows’ direction was
visible. However, this latter effect failed to reach statis-
tical significance.

Discussion of experiment 2

Some questions raised by experiment 1 received at
least a tentative answer from experiment 2. Increasing
discrimination difficulty seems to have affected early
attention-related ERP modulations. In contrast to exp.
la, where no ERP signs of “sensory gating” were
found, there was an early sensory-specific validity ef-
fect in exp. 2a. Most notably, P1 amplitude was en-
hanced for validly as compared to invalidly cued tar-
gets. Cue validity also affected the N1 component at
lateral posterior sites in exp. 2a; that is, N1 was more
negative for valid trials. The N1 validity effect was
found to have an ipsilateral distribution and was not
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visible at recording sites contralateral to the visual field
of presentation.

In exp. 2b, RTs to validly cued letters were delayed
about 60 msec as compared to exp. 1b due to the
stimulus-response incompatibility. Motor potentials and
the onset of CNV resolution should also be delayed
and therefore no longer overlap with the N1 compo-
nent in valid trials. However, the “inverse N1 validity
effect” observed in exp. 1b was still present. As can be
seen from the sub-averages based on RT quartiles (cf.,
Fig. 8), this effect was largest for trials with short RTs,
but was present also for longer-latency responses. It is
thus rather unlikely that overlap with motor potentials
or differential CNV resolution times for valid and
invalid trials are the only factors responsible for the
“inverse N1 effect.”

With regard to the CNV elicited in the cue-target
interval and its interpretation as a sign of selective
response preparation, exp. 2 confirmed the findings of
exp. 1. CNV amplitude was found to be larger in
response to partially informative cues (exp. 2b) as
compared to precues that contained no information
about the future response. This CNV effect had a
longer duration and was more broadly distributed than
in exp. 1. One explanation for this is the inclusion of
Nogo trials in exp. 2a, which reduced the overall re-
sponse probability and thereby presumably also the
amount of CNV produced in the cue-target interval.

Somewhat surprising results were found with the
LRP measures. In exp. 2a, the findings from exp. la
were confirmed: although the precue contained no
information about the response to be performed after

—— Exp.2a

Fig. 9. Grand-average wave forms showing the CNV development in exp. 2a (Response Cue: Letter Identity) and exp. 2b (Response Cue: Letter
Position) in the cue-target interval (relative to a 100 msec baseline prior to the onset of the cue stimulus).
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Response preparation for
stimulus side

A

Response preparation for
empty side

!

Response preparation for
stimulus side

(B)

1wV

—__ Valid
Invalid

300 msec
Fig. 10. Lateralized readiness potential in the cue-target interval. A:
exp. 2a (Response Cue: Letter Identity). B: exp. 2b (Response Cue:
Letter Position). Downward-going deflections reflect a negative lat-
eralization measured over motor areas contralateral to the visual
field of the imperative stimulus, indicating a tendency to prepare a
response on the stimulus side. Upward-going deflections indicate
response preparation for the empty side. (Wave forms are low-pass
filtered with a cut-off frequency of 12 Hz and 24 dB /oct rolt-off.)

the imperative stimulus, subject’s lateralization pat-
terns revealed a tendency to prepare the response side
that was indicated by the arrow. Again, a biphasic
lateralization pattern was visible. In exp. 2b, the re-
quired response was always contralateral to the visual
stimulus field (and therefore contralateral to the ar-
row’s direction in about 75% of all trials). However,
the first phase of the LRP was virtually identical to the
LRP pattern obtained for exp. 1b (cf., Figs. 4 and 8). It
indicated preparation for a response that, given the
different instructions, was likely to be the “wrong”
one. Shortly before the onset of the imperative stimu-
lus, however, this pattern reversed, revealing a (non-
significant) preparation for a response contralateral to
the arrow’s direction. It may be concluded that the first
phase of response preparation as manifested by LRP
measures is immediately driven by the spatial proper-
ties of the precue, and not by specific task demands.
With a conflicting response instruction (as in exp. 2b),
this initial preparation tendency might be reversed
even before the imperative stimulus was presented.

M. EIMER
General discussion

When studying the orienting of visual attention
within a trial-by-trial cueing paradigm, at least two
consecutive processes have to be distinguished. First, a
spatial cue is identified and used to orient attention
within the cue-target interval. After target onset, visual
processing is selectively modulated according to the
position of the target relative to the attentional focus.
According to the “sensory gating” hypothesis, the pri-
mary “attentional tuning” process in the cue-target
interval might be based on a selective modulation of
visual pathways for specific retinal locations (cf., Har-
ter and Aine 1984). Electrophysiological evidence for
this hypothetical process has been reported by Harter
et al. (1989), who found a lateralized posterior negativ-
ity in the cue-target interval that was attributed to the
active orienting of attention.

In the present study, processes within the cue-target
interval have been studied that are not directly related
to attentional orienting. Some evidence has been found
that spatial precues are used for response preparation.
If precues carry response-relevant information, CNV
amplitude is enhanced as compared to the CNV elicited
by non-informative cues. However, specific response
tendencies seem to be evoked not only be informative
cues, but also when both alternative responses are
equally likely. As indicated by LRP measures, the
spatial properties of the precue seem to exert a strong
influence on initial lateralization regardless of specific
response instructions. This was most evident when the
arrow pointed to the side opposite to the likely re-
sponse, where the initial lateralization indicated prepa-
ration of the presumably false response. It may tenta-
tively be assumed that the two lateralization phases
that were distinguishable in the cue-target interval are
functionally different. In the first phase, the spatial
properties of the cue are dominant, whereas the LRP
in the second phase seems to be influenced mainly by
specific response expectancies.

According to the “sensory gating” hypothesis, tar-
gets presented in the focus of attention receive prefer-
ential perceptual processing which is manifested in
enhanced P1- and N1 components for validly cued
letters. In the experiments reported above, such valid-
ity effects were found to be highly dependent on spe-

3 This interpretation of lateralized negativities in the cue-target
interval differs from that offered by Harter et al. (1989), who found a
lateralized negativity between cue and target at posterior sites and
interpreted it as a sign for the active direction of attention. In
contrast to these findings, post-hoc comparisons of the lateralization
at central sites with those over lateral parietal and occipital electrode
pairs revealed that it was either maximal at C5-Cj (in exp. la, 1b and
2a) or equally distributed over central and parietal electrodes (in exp.
2b).
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cific task characteristics. A reliable posterior P1 valid-
ity effect was found only when the feature discrimina-
tion task preceding response decision was rather diffi-
cult (exp. 2a). The N1 component tended to be en-
hanced for validly cued trials when letter identity was
relevant for response selection. This effect was found
to be localized over the scalp ipsilateral to the visual
field of presentation in both exp. la and exp. 2a,
confirming similar results obtained within a trial-by-trial
cueing paradigm reported by Mangun and Hillyard
(1991). However, these findings stand in contrast to
ERP studies employing a sustained attention paradigm,
where attended-to stimuli usually elicit contralaterally
focussed N1 enhancements. With respect to these dif-
ferences in scalp localization, it seems doubtful whether
the N1 validity effects obtained with trial-by-trial cue-
ing and during sustained attention reflect functionally
similar underlying mechanisms.

An important difference between trial-by-trial cue-
ing and sustained attention paradigms is the fact that,
in the latter case, stimuli in the to-be-ignored visual
field are not response-relevant, while invalidly cued
stimuli always require a response in the Posner
paradigm. Thus sustained attention tasks may allow for
a complete focussing of attention at the relevant side,
while a similar attentional policy might lead to consid-
erable performance deficits in the trial-by-trial cueing
situation. This difference might be responsible for the
fact that sensory-specific ERP effects of visuo-spatial
attention are quite small for the trial-by-trial cueing
paradigm, especially when compared to P1 and N1
modulations found with sustained attention tasks.

Another quite surprising finding whose functional
interpretation is far from clear is the “inverse N1
validity effect” obtained when letter location was rele-
vant for response selection. As the initial hypothesis of
differential CNV resolution times for valid and invalid
trials as the main cause for this effect could not be
confirmed in exp. 2b, alternative explanations have to
be considered. It might tentatively be assumed that
whenever the importance of the spatial localization of
imperative stimuli is stressed (e.g., when letter location
serves as response cue), the precue leads to specific
expectations with regard to stimulus position. Discon-
firmation of such expectations might be manifested in
the ERP as a “mismatch negativity”-like negative de-
flection for invalid trials. This assumption is in line
with the finding that negative enhancements for invalid
trials were not confined to occipital and parietal elec-
trodes, but could also be observed over midline scalp
sites. It is thus conceivable that the N1 component is
selectively influenced by two counteracting experimen-
tal factors. Valid trials might have elicited enhanced
N1 amplitudes at ipsilateral sites (most notably in the
“Response Cue: Letter Identity” condition), whereas
“expectation mismatch” negativities were elicited by
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invalidly cued letters (presumably more strongly in the
“Response Cue: Letter Position” condition). This hy-
pothesis could explain both the rather small N1 validity
effects observed in the present experiments (because
an enhanced negativity in the N1 range was elicited by
invalid trials as well) and the contralaterality of the
“inverse N1 effect” (because the N1 validity effect was
much smaller at contralateral recording sites). How-
ever, as the existence of MMN-like negativities in the
visual modality is a matter of recent discussion (cf.,
Alho et al. 1992; Woods et al. 1992), further research is
necessary to establish the proper functional interpreta-
tion of the differential N1 modulations observed in the
present experiments.
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