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Summary Two dichotic listening experiments were performed in which stimulus and task conditions were optimized for the early selection
of inputs. Subjects listened selectively to sequences of rapidly presented tone pips in one ear while ignoring tone pips of a different pitch in the
opposite ear. In both experiments, an enhanced positivity between 20 and 50 msec (the ‘P20-50") was observed over central and frontal sites in
the ERPs to the attended-channel tone pips. At longer latencies, the effects of attention appeared to include an amplitude modulation of several
exogenous ERPs, including subcomponents of the central N1 (60-150 msec) and P2 (170-230 msec) waves and the temporal T complex (80-150
msec). In contrast, the attention effect prefrontally consistedkof a broad negativity that appeared to be largely endogenous.

A signal processing technique (Adjar) was employed to correct for distortion of mutually overlapping ERPs elicited by successive stimuli
presented at short interstimulus intervals (ISIs). It was confirmed that the P20-50 attention effect was not the result of differential overlap from
previous ERPs. In addition, this technique allowed an analysis to be made of the effects of the preceding stimulus type and ISI on the
attention-sensitive ERPs, which provided further support for the view that highly focused selective attention can directly modulate exogenous
components of the auditory ERP. Moreover, these sequence-dependent ERP modulations were paralleled by variations in target discrimination
performance. Taken together, these results provide strong support for the early selection hypothesis that attention can serve to selectively bias or
gate stimulus processing before full perceptual analysis has occurred.
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The physiological and psychological mechanisms of
selective attention can be investigated in humans
through recordings of event-related potentials (ERPs)
from the scalp. The earliest attention effect that has
been consistently observed in the auditory ERP is a
negative deflection that has been variously called the
‘N1 effect’ (Hillyard et al. 1973), the ‘negative differ-
ence wave’ or ‘Nd’ (Hansen and Hillyard 1980), or the
‘processing negativity’ (Niatinen et al. 1978). Gener-
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ally, this effect can be described as a greater negativity
in the ERPs elicited by attended stimuli relative to the
ERPs clicited by ignored stimuli; the enhanced negativ-
ity may onset as early as 50 msec, typically augmenting
the measured amplitude of the evoked N1 component
at 80—-120 msec. ;
Initially the Nd effect was viewed as an enhance-
ment of the sensory evoked or exogenous N1 wave
(Hillyard et al. 1973), but in a number of subsequent
studies the attention-related negativity was found to
exhibit properties of an endogenous component arising
from a different source than the N1. For example, it
was shown that this negativity could be dissociated in
time from the N1 wave (by coming later) and could
extend as much as several hundred milliseconds be-
yond it (Ndatihen et al. 1978; Okita 1981). There is
considerable evidence, however, that the Nd is not a
unitary phenomenon that simply changes in amplitude
and latency but rather consists of at least two overlap-
ping phases (Hansen and Hillyard 1980; Woods and
Clayworth 1987; Giard et al. 1988). The first of these
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phases (early Nd) has a scalp distribution more similar
to that of the N1 itself and becomes more prominent as
the two channels are made more discriminable. The
second phase (late Nd) has a more frontal distribution
and may last for hundreds of milliseconds. A plausible
hypothesis to account for this set of results would be
that the Nd attention effect is a multicomponent phe-
nomenon, the early phase of which includes an en-
hancement of the evoked N1 component or one of its
subcomponents during highly focused selective atten-
tion (Hillyard 1981; Donald 1983). Such a finding would
be important theoretically because it would indicate
that selective auditory attention can include an early
gating or filtering of sensory inputs, in addition to
whatever endogenous processing systems may be in-
voked.

ERP components at latencies. earlier than the
N1/Nd have generally been reported to be insensitive
to shifts of attention (e.g., Picton and Hillyard 1974;
Woods and Hillyard 1978; Picton et al. 1981). Woldorff
et al. (1987), however, reported an earlier effect of
attention in 2 dichotic listening experiments that were
designed to optimize the early selection of inputs. The
design features included: (1) high inter-channel dis-
criminability, with 2 channels of tones being distin-
guished by both ear of entry and pitch, (2) a rapid rate
of stimulation, which increased processing load and
‘facilitated the ‘tuning’ of attention by rapidly repeating
the channel-defining cues, (3) a difficult target detec-
tion task within the designated channel that required
the subject to attend closely to all the sounds within
that channel, and (4) large numbers of stimulus trials
to yield ERP averages with high signal /noise ratios.
Congruent with ‘'most previous reports, the brain-stem
evoked responses (latency 1-10 msec) did not vary as a
function of selective attention. In the midlatency range,
however, a small but significant effect of attention was
found in both experiments. This effect, termed the
‘P20-50,” appeared as an enhanced positivity in the
interval from 20 to 50 msec in the ERPs to attended
stimuli and was measured as a significant increase in
the Na-to-Pa peak-to-peak amplitude. The P20-50
peaked just after the Pa wave itself, a component that
appears to reflect early activity in or near primary
auditory cortex (Celesia 1976; Kraus et al. 1982; Scherg
and Von Cramon 1986; Kileny et al. 1987; Scherg et al.
1989). Thus, the P20-50 attention effect might possibly
reflect gating of auditory transmission at the level of
the thalamic relay (Skinner and Yingling 1977) or pri-
mary cortex.

Although a more rapid rate of stimulus presentation
appears to enhance the early selection of competing
inputs, it can create problems in the analysis of ERP
data due to the fact that the ERP to a given stimulus
may still be in progress when the next stimulus arrives.

The distortion of ERP averages due to overlapping .

171

wave forms elicited by successive stimuli has been
analyzed in detail by Woldorff (1989, submitted), who
described a signal processing technique (Adjar) for
estimating and removing such overlap. This analysis
showed that the widely used procedure of stimulus
randomization in selective attention experiments does
not necessarily eliminate the possibility of the: ERP
averages for attended and for unattended stimuli being
differentially distorted by adjacent ERP overlap. If
such an artifact occurred, it could mistakenly be inter-
preted as an experimental effect of attention on the
small-amplitude, short-latency ERP components.

Another implication of rapid stimulus presentation
is that the processing of each current stimulus may vary
considerably as a function of what the previous stimu-
lus was and how long ago it occurred (e.g., see Korn-
blum 1973; Elmasian et al. 1980). Observing the effects
of such sequential interactions on different ERP com-
ponents could lead to insight into the dynamic mecha-
nisms of stimulus processing-during selective attention.
However, in attempting to investigate the effects of
stimulus sequence on ERPs at short ISIs, the problem
of overlap of successive wave forms becomes critical,
since the ERPs must be sorted into subaverages based
on different subsets of the. possible previous stimulus
types (or previous ISIs). When the ERPs overlap, any
physiological effects of the prior stimulus type upon
the ERP being analyzed are confounded with the dif-
ferential overlapping wave forms of the ERPs to those
differing previous stimuli. Because of this problem,
only a few researchers have attempted sequential anal-
yses of ERPs at short-to-medium ISIs (e.g., Woods and
Knight 1986; Hansen and Hillyard 1988).

The present paper gives a more complete account of
the two selective listening experiments reported in
abbreviated form in Woldorff et al. (1987). The data
analyses presented here were focused on 3 major aims.
The first was to apply the Adjar technique to the ERPs
in those two experiments in order to ensure that the
P20-50 attention effeet was not an artifactual conse-
quence of differential distortion of the attended and
unattended ERP wave forms due to overlap from pre-
ceding ERPs. The second aim was to analyze the
attention effects on the longer-latency ERP compo-
nents, since only the short-latency components (BERs
and MLRs) were analyzed previously. Of particular
interest was the question of whether the exogenous N1
wave or any of its subcomponents (N#itinen and Pic-
ton 1987) might be modulated by highly focused selec-
tive attention. The third aim was to study the effects of
stimulus sequence on the attention-sensitive ERPs us-
ing the Adjar technique and to relate the observed
ERP variations to target discrimination performance.
This approach allowed an examination of the sequen-
tial dynamics of stimulus processing during selective
listening to rapidly presented dichotic tone sequences.
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Methods

Subjects ,

Subjects were paid student volunteers with normal
hearing. In order to minimize myogenic contamination
of the BERs and MLRs, only females were studied
since they generally have less neck and head muscula-
ture than males. Only those subjects who, in a prelimi-
nary screening session, could learn to perform the task
adequately while maintaining EEG relatively free from
muscle activity were accepted into the study.

Experiment 1. -Ten subjects (ages 19-28, 8 right-
handed) who met the above criteria served as the final
sample for experiment 1.

Experiment 2. The criteria for an acceptable level
of muscle activity were made - even stricter in experi-
ment 2. Sixteen subjects (ages 18-26, 13 right-handed)
returned to serve as the final sample, none of whom
had participated in experiment 1.

Stimuli and task

Experiment 1. Subjects were seated comfortably in
a reclined position and were instructed to keep their
eyes fixated on a spot in front of them during the
experimental runs. Acoustic wave forms were gener-
ated by a microcomputer and transduced through
stereo headphones. Tone sequences consisted of 5000
Hz tone pips (duration 1.0 msec) delivered to the left
ear and 3400 Hz tone pips (duration 1.5 msec) to the
right ear, shaped with a 2-cycle rise time, 1-cycle
plateau, and 2-cycle decay time. Auditory: thresholds
for these stimuli were determined for each subject, and
intensity levels were adjusted to 60 dB SL. Thresholds
for white noise were also determined, and about 25 dB
SL of noise was added via an acoustic mixer to mask
extraneous sounds. .

The left- and right-ear tones were presented in
random order ‘at ISIs ranging randomly from 120 to
320 msec (rectangular distribution). The task was to
listen selectively -to the tones in one ear and press a
button upon detecting occasional (9% per ear), diffi-
cult-to-detect deviant tones (targets) of lesser intensity
than the more frequent ‘standard’ (60 dB SL) tones.
All tones (both standards and deviants) in the other
ear were to be ignored. The deviant tones were identi-
cal in wave shape to the standards in that ear, differing
only in: intensity. Based on the preliminary screening
session, the standard /deviant intensity difference was
individually adjusted for each ear of each subject to
achieve a level of target detectability of around 70-
80%. This was done to ensure that attention would
need to be well focused on the to-be-attended: ear in
order to perform the task, as well as to attempt to
equate difficulty ‘between attention conditions and
across subjects. These intensity differences varied from
8 to 20 dB. across subjects and ear of stimulation.
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Subjects were instructed to concentrate more on accu-
racy of target discrimination than on speed of response
in order to mitigate any tendency for increased muscle
tension. Verbal feedback on task performance was
given to the subject after each run.

Twelve runs each of attend-left and attend-right
conditions were presented in counterbalanced order.
Runs in which the EEG contained myogenic artifact or
the task performance was .poor. were deleted and re-
done. Each run lasted about 95 sec and consisted of
200 standards and 20 deviant tones in each ear, for a
total for each subject of 2400 attended standards, 2400
unattended standards, 240 attended deviants (targets),
and 240 unattended deviants for each ear.

Experiment 2. In this experiment, the parameters
of the tone pip stimuli were modified, but the target
probabilities, ISI range, and white noise level were
identical to experiment 1. The tone pips were made
longer in duration (13 msec), slower in rise /fall time (5
msec), slightly fainter (55 dB.SL), and lower in fre-
quency (1500 Hz in the left ear, 2600 Hz in the right).
Besides testing whether the effects found in experi-
ment 1 would replicate with lower frequency tones,
these changes were intended to increase. the tonal
quality and thereby the inter-channel discriminability
of the stimuli. Target tones were, again identical to the
standard tones except in intensity, and the stan-
dard /deviant difference ranged from. 10 to 20 dB.

The task, experimental protocol and run durations
were also identical to experiment 1, but the number of
runs in each condition was increased to 16.

Recording o i

Experiment 1. Brain electrical activity was recorded
using Ag/AgCl electrodes placed at 11 scalp sites
(Fpz, Fz, Cz, Pz, C3, C4, T3, T4, TS, T6, and right
mastoid) of the international 10-20 system, all refer—_.‘;
enced to left mastoid. The EEG was amplified with a2~
bandpass of '0.01-100- Hz . and digitized at 500
Hz /channel onto magnetic tape. ERPs were averdged
off-line (epoch length 1024 msec, beginning 200- pre
stimulus) and then re-referenced by appropriate sub-
tractions to the algebraic average of the two mastoids.
Electro-ocular activity (EOG) was also recorded (from
the left cheekbone referenced to Fpz) to enable arti-
fact rejection of trials with blinks or other eye move-
ments.

Experiment 2. - In addition to the 11 scalp sites and
the EOG channel recorded in experiment 1, a bal-
anced sterno-vertebral, non-cephalic placement (also
referenced to left mastoid) was included in order to be
able to evaluate evoked activity at the mastoids relative
to this site. Recording bandpass was set at 0.1-100 Hz.
Digitization, artifact rejection and averaging proce-

. dures were identical to experiment 1. The ERP aver-
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ages from all sites, including the non-cephalic place-
ment, were again re-referenced to averaged mastoids.

In parallel to the above recording system were two
high bandpass channels that performed on-line averag-
ing of BERs and MLRs at a digitization rate of 25,000
Hz/channel. The results from these recordings were
reported in Woldorff et al. (1987) and will not be
presented here.

Signal processing ‘

The recorded ERPs from the two experiments were
subjected to the Adjar signal processing technique
(Woldorff 1989, submitted) for removing adjacent re-
sponse overlap. Relevant aspects of this procedure are
outlined below. ,

In using the Adjar procedure, a basic distinction is
made between ‘full averages’ and ‘subaverages.” A full
average ERP is defined as the average of all the ERP
responses to stimuli of a particular class (e.g., attended
left-tone ERP responses) without regard to the nature
of the previous event. The trials from such an average
can be sorted into subaverages based on the previous
stimulus / response types and previous ISI subranges.
In the present experiments, the 4 full averages for the
standard tones (i.e., attended and unattended ERPs to
left-ear tones and to right-ear tones) were each divided
into 4 subaverages based on whether the stimulus was
‘preceded by a standard tone in the same ear (‘pre-
ceded-by-same’) or in the opposite ear (‘preceded-by-
opposite’) and whether the ISI since the previous stim-
ulus was ‘short” (120-220 msec) or ‘long’ (220-320
msec). '

As described in Woldorff (1989, submitted), given a
set of ERP averages obtained using short, randomly
varied ISIs, the distortion due to overlap from tempo-
rally adjacent ERPs in the stimulus sequence can be
estimated by performing mathematical convolutions of
appropriate full average wave forms with the distribu-
tions in time of the occurrences of the corresponding
adjacent stimuli. For greater accuracy, these convolu-
tions were applied to the present data in an iterative
manner (called ‘level 2’ in Woldorff 1989), whereby
progressively better estimates are obtained for the
summated ERP overlap from both preceding and sub-
sequent stimuli. Briefly, this iterative approach involves
first using the original full averages as estimates of the
adjacent ERPs that overlap and distort those initial full
averages. Weighted summation of these adjacent ERP
estimates (each offset by the appropriate latency) pro-
vides an initial estimate of the total overlap distorting
each original full average ERP. These first estimates of
the distortion are then subtracted from the original full
averages, thereby yielding less distorted full averages,
which can then be used as still better estimates of the
adjacent ERPs. In this way a convergence toward the
correct (i.e., undistorted) full average wave forms is
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established, the final outcome of which is used to

estimate the distortion that is present in the subaver-
1

ages .

ERP measurement and statistical analysis

All ERP measures were obtained from the aver-
aged, Adjar-corrected wave forms of individual sub-
jects using computer algorithms. For each ERP compo-
nent, the same latency window was used for all sub-
jects, as indicated in Tables I-III. In the midlatency
range, components Na and Pa were measured in a
peak-to-peak manner by comparing the largest nega-
tive peak in a latency window centered around Na to
the largest positive peak in a window centered around
Pa. In experiment 2 these two components were also
measured baseline-to-peak, where baseline was de-
fined as the mean amplitude across the 200 msec
pre-sttimulus period. For the longer-latency waves in
both experiments, mean amplitudes of the wave forms
within the appropriate latency window were also mea-
sured relative to the 200 msec pre-stimulus baseline.

The amplitude values obtained were entered into
repeated measures analyses of variance (ANOVAs).
For the full average ERPs, the ANOVA performed at
midline sites was usually 2 X 2, with the factors being
ear of stimulation (left vs. right) and attention (attended
vs. unattended). Lateral sites were generally analyzed
in pairs, so that a third factor was hemisphere  of
recording site (left vs. right). For the subaverage ERPs
based on stimulus sequence, additional factors in-
cluded previous stimulus type (preceded-by-same-ear
vs. preceded-by-opposite-ear) and previous ISI (short
= 120-220 msec vs. long = 221-320 msec).

Because experiment 2 presented more stimuli to
each subject, included more subjects and used stricter
criteria for acceptance of subjects, the resultant ERP
wave forms had a substantially better signal-to-noise °
ratio than did those from experiment 1.  Accordingly,
the ERP results from experiment 2 will be presented in
much greater detail, with only main effects from exper-
iment 1 being given.

Target discrimination

Task performance was scored as percentage of tar-
get tones correctly discriminated. Detections were
deemed correct if a button press was made within
250-1000 msec after the target onset. Only responses
to targets preceded by standards were included in the
analysis,” and performance was scored according to

! In the present analysis, the accuracy of this overlap estimation
process was increased further by using only standard-tone full aver-
ages and excluding from these averages those trials that were either
preceded or followed by deviant tones; this eliminated contamination
from the large, highly variable P300 waves elicited by those deviants
when they were attended targets.
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stimulus sequence (preceding stimulus type and ISI
subrange) as described above for ERPs 2

Results

ERP full averages

To illustrate the Adjar techmque a comparison of
ERPs before and after the removal of the estimates of
the prior-response ovérlap. is shown in Fig. 1. Note that
even in the case of these full averages, for which the
previous-responses were of all types-and were tempo-
rally “dispersed ‘across the entire ISI range, there was
still some residual overlap. In this case, however, it was
not very large, and, more importantly, it did not differ
between the attended and unattended ERPs.

Mzdlatency components - ,

After correcting for previous-response overlap, the
P20-50" attention -effect was still-evident (Fig.-1). This
was reflected in-the Na-to-Pa peak-to-peak amplitudes
at central and frontal sites being significantly:larger in
the attended ERP:than:in the unattended by 10-20%
in both experiments 1 and 2 (Table 1) 3.

« Further statistical analysis of ERPs' at sites C3/C4
in experiment 2 (where the attention: effect: was most
reliable) localized the latency of the effect to be near
that of the Pa 'wave. In particular, the: baseline-to-peak
measure for:Na did not differ significantly between the
attended: and unattended ERPs, but'this: measure for

2 Target discrimination accuracy was scored as percent correct rather
than d’ in these sequential analyses because of the difficulty at these
high stimulus rates of analyzing false alarms as a _funetion of se-
quence. The percent correct calculation is relatively straightforward,
because both correctly discriminated targets and missed targets can
be classified ‘as a function  of :the type and ISI: of . the - previous
stimulus. False alarms, on the other hand, defined as button presses
with no attended-channel target in the preceding 250- 1000 msec
time window were most hkely to have occurred. in response to an
attended-channel standard ‘tone in’ that timé window. At the high
stimulus rates in these experiments, however, ‘several attended stan-
dards may have occurred in this time window, and thus each false
alarm could not be uniquely associated with any .one. particular
standard fone in the sequence.

In order to evaluate the possibility of sequentlal effects on

‘response blas, an additional analysis was performed Specifically, the

set 'of all attended standard: tofiés occurring in the time windows
250--1000.msec prior to false alarm: button presses was analyzed; and
the relative proportions were-détermined: of the 4- possible types. of
events that could precede those tones (i.e. .. preceded.in the same vs.
opposite ear, at short vs. long ISIs). An ANOVA of these Telative
proportions provided an indication of whether preceding event type
affected the likelihood for an attended standard to elicit a false
alarim, thereby mdlcatmg whether stlmulus sequence affeeted re-
sponse- bias.

3 Because of small changes resultmg from the removal of the previ-
ous-response- overlap, thé measured values-and ‘the ¢orrespending
statistics differed slightly from' those reported:in’ Woldorff' et al
(1987). The corrected values are reported in Table L
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Pa was significantly larger for the attended responses
(P <0.03).

The interaction of site X ear for the Na-Pa peak-to-
peak measure at the C3 /(4 sites in experiment 2 was

highly significant (P < 0.002), due ‘to the amplitudes

being- larger at the site contralateral to the ear of
stimulation. However, the attention effect on Na-Pa
was not significantly larger contralaterally, as reflected
by the lack of a significant interaction of attention X
site X ear. The base-to-peak measures showed a disso-
ciation between Na and Pa in that the Pa peak ampli-
tude was larger contralaterally: (P < 0.001), whereas
the Na peak amplitude measure was not.

Longer-latency components: central and midline sites
The main effects of attention on the longer-latency
waves were very similar in the two experiments, and
hence only ERPs from experiment 2. will be shown in
subsequent figures. The. Adjar-corrected ERPs are
shown in Figs: 2 and 3 for left- and right-ear standard

tones, ‘respectively, and the correspending attentional

difference waves are shown in Fig. 4. At central and
parietal sites, there was-a clear-cut separation of the
attention-related: negativity into two phases, the 'first
closely ‘overlapping the N1 component (consisting of
N80 and N125 subdeflections) and the second overlap-
ping the N2 (N290) component. In between, there was
an enhanced positivity that corresponded with. the P2
(P190) component. In contrast, at Fpz the attention
effect consisted predominantly of a prolonged negativ-
ity. The effects of attention at’ Fz seemed-to be a
mixture of those at the central and pre-frontal sites.
From Figs. 24, it is clear that the attention effect
did not simply consist of a-unitary negative wave. To
describe the complex pattern of ‘attention effects in the
difference waves, the individual subcomponents will be
labeled Nd or Pd (negative or positive difference)
followed by a latency value. Thus, for example; the
positive attention effect .overlapping the P190 will be
called the Pd190, and the negative -attention effect
overlapping the N290 will the called: the Nd290.

" The attention effect- in the N1 latency range at
central and midline sites appeared to consist of two
subdeflections, peaking at around -80 ‘and 125 ‘msec,
respectively, as did the original ERPs themselves. This
latency ‘range was therefore divided -into -two time
intervals, 60—100' msec and 104-154 msec, for which
mean amplitude - measures- were analyzed' separately.
The attention effects  on these measures will be re-

ferred to individually as Nd80 and Nd125 and collec-
"{tlvely as the early Nd.

‘At eentral and frontal sites in both experlments 1
and' 2, the mean amplitudes: of both ‘the N80 and the
N125 were significantly larger (i.e., more’ negative) in
the attended ERP than the unattended (all-Ps < 0.005).
Table II shows the wV values: for the attended and
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ORIG UNCORRECTED PREV.—OVERLAP ADJAR—-CORRECTED
. FULL AVE‘RAGE ESTIMATE - ; FULL AVERAGE
Expt. T T
1 - —r—— I
Left Standard — Attended , [1'9. V. L
Tones —— Unattended + 0 200
o (msec)

Fig. 1. Uncorrected and corrected full average ERPs elicited by the left-ear standard tones at the C3 site, along with the corresponding

summated overlap from previous responses-that was estimated and removed. All wave forms are grand averages across subjects (N =10 in

experiment 1, N = 16 in experlment 2). Note that the distortion from overlapping previous ERPs was fairly small in these full averages and did
K not differ for attended versus unattended ERPs

" unattended component measures from expenment 2 interactions between hemisphere of recording site and
along with the associated statistics.  ear of stimulation for both the N80 and N125 measures
Further analyses of laterality interactions in experi-  (both Ps <0.001), due to their amplitudes being larger
ment 2 from sites C3 and C4 revealed highly significgn_t contralateral to the ear of stki‘mnlation. In addition,
TABLE I

Na-Pa peak-to-peak amplitudes as a function of attention, collapsed over left- and right-ear stimuli (reference = averaged mastoids).

Experiment 1 (Na window = 14-22 msec; Pa window =.24-36 msec)-

Site . o . TR Amphtudes(p,ViSE) SISV A o B9 R . P value

o ‘“Attended’ . . - Unatterided R M E T L F LT R
Fpz = T De9H0.07 T 0.6240.06 R R T T
Fz C L 0704007 S O58 X 0.06° Rt 5 RSN EARIERELIE EERTIES Y | < S
€3 C 087007 . 0454006 o 84 et e €002 -
Cz 0.604£0.08 . . . . 0494008 151 <0004,
c4 0.54+0.08 0.45+0.06 T % ‘ _<oo4
C3/C4 ** 0.55+0.05 0.45+0.04 : Sl EEr :.&6.‘ L S N T «<()02
Experiment 2 (Na window = 18-24 msec, Pa window = 26-40 msec) i e e TR o rt e
Site - o Amplitudes (uVESED) e ol o F@ID* . o oo Pvaluels
: noAtténded o0 o o lUnattended e : T TRUF LS SR I BTt ST R
Fpz ' T 061005 - T 0594004 09 R
Fz:oooo 0 00 Looa e C07ER006 v 0ol o 06540.05 L e 54
C3 : i 0648005 s T2 0523004 ey e 1,49
Cz . .. . ., _ 066006 . . - . . 056£004 o 1
c4 T 058+005;‘;,“{ o ,(’,048+094 O ¥
C3/C4x* . . 061+004, Lt 050£0.03 . 19.8
* Main effect of attention. 7. S S U R e S P
** (3 and C4 sites; analyzedasapalr o e, L Srie g b Sy i
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LEFT EAR TONES

—— Attended
.................. Un.af‘l'ended

k
—200

L+

Flg 2. Adjar-corrected ERP fuli averages for attended and unaftended léft-ear tcnes from experiment 2, grand averaged across subjects.
Reference for all sites is the algebraic average of the mastoids. Nc = non-cephalic (balanced sterno-vertebral); LLe = lower left eye (below and to
the left of the left eye).

both the N80 and N125 of the unattended responses
tested separately were contralaterally larger (Ps <
0.001). There were also significant 3-way interactions
of attention X ear X hemisphere for both of these
measures, which resulted from the corresponding at-
tention effects — Nd80 (P < 0.003) and Nd125 (P <
0.03) — being larger contralateral to the ear of stimu-
lation. Fig. 5 depicts the contralateral preponderance
of the unattended N80 and N125 components and of
the attention effects on each of them. ‘

In both experiments the P190 wave was significantly
enlarged in the'attended wave forms at central and
parietal sites (Table II). Additional analysis at sites
C3/C4 in experiment 2 found that this attention-re-
lated positivity {Pd190) was not larger contralaterally,
although'the P190 itself was (P < 0.002). At the frontal
sites, on the other hand, the attentional difference
wave was dominated by the prolonged negativity that
extended throughout the interval 100-500- msec.

“The main effect of attention in the N290 latency
range in both experiments was an enhanced negativity

in the attended ERPs at céntral and midline sites
(Table II). The N290 itself was larger ipsilaterally at
the C3 /C4 sites (P < 0,001). One possible explanation
for this may be partial overlap from the P190 compo-

‘nent, which was larger contralaterally. The Nd290,

‘however, was not significantly different at contralateral
versus ipsilateral sites.

Longer-latency components: temporal sites
At the temporal sites the componeént structure of
the attention effect was different from that at central

--and midline sites (Fig. 4).-In-particular, the attention

effect in the N1 latency range included a small positive
peak near 100 msec (P100t) followed by a negative
peak near 135 msec (N135t), a biphasic sequence re-
sembling the T-complex of Wolpaw and Penry (1975).
A subsequent positivity was termed the P190t. The
corresponding attention effects on these waves were
designated Pd100t, Nd135t, and Pd190t. -

No consistent main effects: of atteation were ob-
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Fig. 3. Same as Fig. 2 for right-ear tones.

served upon the P100t (Table III) . The N135t, on the
other hand, was enhanced (i.e., more negative) for
attended responses at both temporal site pairs in ex-
periment 1 (both P <0.01), and at T3/T4 in experi-
ment 2 (Table III).

Further analysis of ERP laterality in experlment 2
revealed a main effect of hemisphere for the N135t
component, which was larger over the right temporal
sites (T3/T4: P <0.001, T5/T6: P < 0.001). The inter-
action of hermsphere X ear was significant for both
pairs of temporal sites (T3/T4: P <0.001, TS /T6
P <0.02), as was the 3-way interaction of hemlsphere
X ear X attention (T3/T4: P <0.001, T5/T6: (P<

4 In experiment 1 for the T3 /T4 site-pair only, a significant- main
effect of attention on the P100t measure was observed that was due
to an increased negativity for attended tones (P <'0.001). This effect
appeared not to be the result of activity from a localized temporal
generator, however, but rather to be:due to'the attention effect .in
experiment 1 including more of a slow, broadly. distributed, negative
shift that was largest frontally but extended to the more anterior
temporal sites. Such a shift may have been’ partnally ‘attenuated in
experiment 2 because of the use' of a shorter tlme constant (I SeC vs.
10 sec). . -

0.02). These interactions resulted primarily because of
a right hemispheric predominance of both the N135t
and the Nd135t for left-ear tones that was absent for
right-ear tones. ,

The attention effect on the P190t (Table III) was
similar to that seen centrally and parietally, being
larger (i.e., more positive) in the attended responses
for both pairs of temporal sites. Testing of laterality
showed that at T3 /T4 the P190 was larger contralater-
ally (P < 0.02) but the Pd190t was not, a result similar
to that observed for central sites.

Relationship of P20-50 to early Nd

In order to investigate whether the size of the early
attention-related P20-50 was predictive of longer-
latency attention effects, the subjects from experiment
2 were divided into 2 groups as a function of the size of
their P20-50 (as gauged by the Na-to-Pa meésure at the
C3 /C4 sites); gfoup S had the smaller P20-50s, while
group L had the larger. The ‘most notable difference
between these two groups (Fig. 6) was that the group L
subjects had larger early Nd’s than did those in group
S. The Nd125 component was-significantly larger for
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Fig. 4. Attentional difference waves (attended ERPs minus unattended ERPs) derived from the data shown in Figs. 2 and 3.
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Fig. 5. Lateral asymmetry of the subcomponents of the unattended

N1 wave and’ the correspondmg subcomponents of ‘the early Nd.

Measures were méan’ amphtudes across 60-100 msec for the N80

and’ Nd80 and across- 104—-154 ‘miséc for ‘the N125 and Nd125 Data
- from:experiment 2;: :

group L subjects (P < 0. 01), as was the total early Nd
measured across the entire N1 latency range of 60-154
msec (P < 0:01). The Nd80 ‘attention effect also ap-
peared larger (by 0.22 uV) in group L, but this differ-
ence did not reach significance. None of the later ERP
components or attentlon effects were dlfferent be-
tween the two groups

ERPs to targets

The ERPs elicited by the less intense, dev1ant tones
in these experlments are ‘described in. a separate paper
(Woldorff et al. 1991) that focuses -on :the mismatch
negativity wave: (MMN) -elicited: by- such tones. ‘The
basic findings can be summarized as follows: (1) at-
tended target ERPs mcluded Iarge P3DO waves “(ca. 8
V), whereas unattended targets (1.e dev1ants on the
unattended side) elicited essentially no P300 activity;
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Effects of attention on longer-latency waves at midline and central sites (experiment 2) *.

Component Site Latency Attended Unattended Diff. F ratio P value
window (uV +S.E) (wV +£S.E) c L (wV) df=1,15)
(msec) : P :
N80 Fpz 60-100 0.07+0.06 0414+0.05 - - —0.34 14.3 < 0.002
Fz 60~100 -0.43+0.07 0.13+0.05 —0.56 29.2 < 0.001
Cz 60-100 —-0.75+0.07 —0.15+0.05 —0.60 434 < 0.001
Pz 60-100 —0.5840.05 -025+0.04 —-0.33 19.8 < 0.001
C3/C4 60-100 . —-0.50+0.04 —0.08+0.03 —-0.42 26.8 < 0.001
N125 Fpz 104-154 —-0.44+0.07 —0.0340.06 —-0.41 15.3 < 0.001
Fz -104-154 —-1.07+0.07 - —0.38+0.06" —0.69 © 369 . < 0.001
Cz 104-154 —1.1440.07 —0.60+0.05 ~0.54 22.7 < 0.001
Pz 104-154 —0.73+£0.06 —0.60+£0.05 -0.13 1.5 n.s.
C3/C4 104-154 —1.05+0.04 —0.66 +0.03 —~0.39 19.2 < 0.001
P190 Fpz 170-224 0.27+0.06 0.804+0.07 —0.53 26.0 < 0.001
Fz 170-224 -0.55+0.06 0.77+0.06 ~0.22 2.5 ns.
Cz ‘170-224 - - 0.94+0.07 0.60+0.07 0.34 54 <0.03
Pz 170-224 0.34 £ 0.06 =0.04+0.06 - . 038 8.9 < 0.009
C3/C4 170-224 0.68+0.04 0.35+0.04 - 0.33 11.8 < 0.004
N290 Fpz 270-390 -0.13+£0.07 0.60 4 0.06 -0.73 24.1 < 0.001
S Fz s 270390 =0.52+0:05 0.3240.05 =0.84 ° = 426 - <0.001
“Cz : 270-390 - =0.93+0.05 0044005 =097 o 6860 < 0.00%
Pz 270-390 v =+0.64+0.05 ~0.3140.064 - —033 11.7 < 0.004
C3/C4 270-390 —0.55+0.03 —0.03+0.03 -0.52 322 < 0.001

* uV values are mean amplitudes over indicated latency windows. C3 and C4 sites are analyzed as a pair.

and (2) the unattended targets d1d elrcrt a small MMN

(less than 1 uV), although it was markedly attenuated

(by a factor of 4) relative to a sumlar negatrve wave
elicited by attended targets. These results provrded
addltlonal ev1dence that attentron was hrghly focused
upon the attend channel of tones, m thrs study

ERP subaverages based on prevzous events (expenment
2)

Removal of adjacent-ERP overlap Frg 7 (left col-
umn) displays, uncorrected ERP subaverages for left- -car
tones. Since these subaverages are based on dlffermg
precedmg events, they are- overlapped and. drfferen-
tlally distorted . by the ERPs to those events, as is
evrdent in the _pre- stlmulus basehnes Eor example the
negatrve wave peakmg at —70 msec 1n the attended

left tone ERP in F1g 7a (asterlsk) s the res1dual

‘smeared-out’ N1 elrcrted by precedmg attended Jeft-
ear tones that occurred 120 220 msec before whereas
the smaller negatlve wave peakmg near the same tlme
pomt in. the correspondmg unattended wave form is
the resrdual N 1 ehmted by precedrng unattended left-,
ear, tones occurrrng at. those ISIs, In contrast Fig. 7b
shows a posrtrve wave in both wave forms peakmg at
about —70 msec. (asterrsk) whrch is the. resrdual P2
ehcrted by precedmg left -ear tones that occurred at the
longer previous ISIs. The drstortron m Fig.. Tc and d
snmlarly results from overlap by ERPs to prevrous
r1ght~ear tones In all these cases, the prror-response
overlap contrnues well past the .pre- sttmulus period,

»drfferentlally dlstortmg the current wave forms. Any
varratlon An the ERP to. the. currentf stlmulus as a

TABLE III e

Effects of attentron on longer-latency components at temporal 51tes (experrment 2) * o o L

Component; Lo Site . .. Latency- .Attended b . Unam;ndedy:‘_f, . Diff. .. - Fratio.: . .. Pvalue .

window ,(H-VziSE)_ : (WwV.2SE) . . (V) =115 .

P00t . . T3/T4 . 8(}—108 —0 20+003 _9'19;0;012‘ -o01 . . .01, ..  ns_
S . T5/T6 ;,8'0710,‘8,‘ —015+003 —0.17.£0.02 002., 03 L, DS o

N135t COT3/T4 '12'0"—‘14’6’* s —054j:004 —’0.331“0.03_" c —0.16" o4 '<0008'

P190t CUT3/TA o 17022240 e, v 0‘.39&0‘.03:« “ 0A1#0:027 i 0;'28" L AR C 2 05001

X : - TS/T6 - .- :170-224. - 0174003 -

0304002 0,270 0 385 o 0<0:001

* uV values are miean ainplitudes over-indicated latericy windows. ¢
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Fig. 6. ERPs to attended and unattended tones from subjects in experiment 2 separéted into two groups (each with N = 8) as a function of the
size of their P20-50 attention effect. Group S subjects had small P20-50s, group L subjects had large. P20-50s. Note that the group L subjects also
had substantially larger attention effects in the N1 latency range.

function of the previous event would thus be severely
confounded with this differential overlap. '

By applying ‘the Adjar technlque estlmates of the
previous-response overlap werée obtained (Flg “7e-h).
Subtracting these from the corresponding subaverages
yielded the corrected subaverages shown in Fig. 7i-1
Note that the pre-stimulus baselines have become rnuch
less distorted, indicating the accuracy of the estimation
and removal of the overlapping previous ERPs.

As discussed in Woldorff (1989), the attended versus
unattended comparison for each of these corrected
subaverages is controlled for purely stimulus-specific
ERP refractoriness, since the current and previous
stimuli are physically identical for both attended and
unattended ERPs. Thus, once prior response overlap is
rémoved, comparrsons 'of this type allow the study of
attention effects as a function of stimulus sequence.

General features of the sequential interactions. Sev-

eral general points were evident about the effects of .

stimulus sequence. First, the attended responses
showed substantially more variation overall than did
the unattended as a function of previous event. This is
illustrated in Fig. 8, which shows the 4 types of at-
tended left-tone ERPs at the C4 and T4 sites superim-
posed on each other, along with the 4 corresponding
unattended ERPs. (Note that the unattended ERPs
did show some variation, however, .especially in the
P190 component.) Second; the wave forms sorted by
prior stimulus type and ISI revealed subcomponentry
and complexity that tended to average out in the full

averages and therefore be more difficult to discern.

Third the effects of attention and of previous stimulus
pe (1e same ear vs. opposite ear) were generally

stronger than the effects of previous ISI subrange

Mldlatency sequential effects.  There were no signifi-
cant interactions between attention and previous stim-
ulus type or ISI in the midlatency range. Although the
P20-50 attention effect (i.e., the Na-to-Pa enhancement
with attention) tended to be larger when the preceding
stimulus was in the opposite ear than when it was in
the same ear, this interaction did not reach signifi-
cance. However, overall Na-to-Pa amplitudes were
larger when the preceding stimulus was in the opposite
ear (C3/C4: P<0.001; Cz: P <0.03; Fzz P <0.007),
presumably reflecting thé effect of stimulus-specific
refractoriness. Na-to-Pa amplitudes also tended to be
larger “after the longer ISI; but ‘this did not reach
significance.

Longer-latency sequential effects: central and midline
sites. Clear differences were observed between the
attention effects for preceded-by-same-ear versus pre-
ceded-by-opposite-car stimuli (Fig. 9 and Table IV).
These subaverages show that the two major subcompo-
nents of the early Nd attention effect at central and
midline sites were differentially affected by previous
stimulus type. In particular, the Nd80 was larger for
preceded-by-opposite-ear stimuli, whereas the Nd125
was larger for preceded-by-same-ear. In addition,. the
interactions of these attention effects with ISI were
different as a function of previous stimulus type (Fig.
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Fig. 7. Removal of previous-response overlap from ERP subaverages (experiment 2). Left column shows the (grand averaged) ERP subaverages,

before Adjar correction, for the attended and unattended left-ear standard tones, for each of 4 types of preceding events. Note the differential-

distortion from previous-response overlap. Middle column shows the estimates of the overlap, and the right column gives the corresponding
corrected subaverages obtained by subtraction of these estimates. LS = left standard tone; RS = right standard tone.

10 and Table 1V). For example, the Nd80 attention
effect for preceded-by-opposite-ear tones was larger at
the longer ISIs than at the shorter, whereas the Nd125
attention effect for preceded-by-same-ear tones was
larger at the shorter ISIs than at the longer.

The Pd190 at central and posterior sites was larger
for preceded-by-opposite-ear tones (Table IV and Fig.
9), as was the P190 itself (Figs. 7 and 8). At frontal sites
the attention effects for both conditions were domi-
nated by the long broad frontal negativity.

At central sites and at Pz, the Nd290 attentlon

-effect was also larger (i.e., more negative) for stimuli

preceded in the opposite  ear (Table IV and Fig. 9).
The interaction of attention X previous type X ISI was
significant at Fz; Pz, and central sites (Ps < 0.002), the
pattern of effects being similar to that observed for the
N80/Nd80 subcomponents. :
Longer-latency sequential effects: temporal sites. . At
temporal sites, marked differences were observed in
the ERP attention effects for stimuli preceded in the

opposite ear versus the same ear (Fig. 9 and Table V).
The attention effect on ERPs to preceded-by-opposite-
ear stimuli showed enhanced multiphasic activity that
included the Pd100t and Nd135t peaks of the T com-
plex, preceded by a smaller negative peak near 70 msec
(Nd70t) and followed by the more widely distributed
positivity at 190 msec (Pd190t) >, In contrast, the atten-
tion effect on the ERPs to preceded-by-same-ear tones
was generally much smaller and nearly opposite in
phase, consisting mainly of two broader negative waves
in succession peaking at around 95 msec and 160 msec.
In fact, the overall attention effect seen in the full
averages at these ‘sites ‘was substantially attenuated
because of mutual cancellation of these two different
ERP patterns.

5 An attenuated version of the effect on the T complex was also
-picked up-at the mastoids. This can be seen in inverted form in Fig. 9
-at the site labeled Nc (non-cephalic referred to averaged mastoids).
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TABLE IV . _ : :
Sequential interactions: central and midline sites, (experiment. 2).
Component Interaction Site Signif. level
N80 (attn) X (prev. stim. type) Fpz <0.01
: . Fz <0.01
Meaning: attention effect negativity larger - Cz ns. (< 0.10)
for preceded-by-opposite than for preceded-by-same. -~ . Pz n.s. :
. T TV A ‘ LC34 n.s. -
(attn) X (prev. stim. type) X (IS) " Fpz <0.03
Fz < 0.001
Meaning: attention effect negativity -z < 0.008
larger at longer ISIs for preceded-by-opposite, but . - Pz , < 0.003
larger at shorter ISIs for preceded by-same : C34 ; <0.001
N125 : (attn)x(prev stim, type) ‘ Fpz <0001
: : Fz < 0.002
Meaning: attention effect negativity larger ) Cz < 0.001
for preceded-by-same than for preceded-by-opposite. - Pz < 0.001
L C CH4 < 0.01
“(attn) x (prev. stim_ type) X (IS R ‘ sz,_ . n.s:
Fz ns(<009)
Meaning: attention effect negativity larger at . ; Cz . ns. (<0.10)
shorter ISIs for preceded-by-same, but about equal 5 Pz < 0.002
at the two ISI subranges for preeeded-by—opposite. o C34 <0.003
P190 . - _ A{attm)X(prev.stim.type) - .. ‘ - Fpz. | . ons,
' : ' ) : " Fz. ' ns(<006)
Meaning: attention effect positivity larger . Cz < 0.008
for preceded-by-opposite than for preceded-by-same. Pz <0.002
C34 < 0.001
{(attn) X (prev. stim. type) X (I:SI) . All sites ns.
N290 : o (attn) X (prev. stim. type) o Fpz ) ns. '
‘ T R U Fz . n.s.( < 0.06)
Meaning: attention effect negativity larger , Cz “<0.002
- for preceded-by-opposite than'for precéded-by-same. " - ' Pz Co e 2008
. T ML '» A O MR O ST PP D . . O34 : <0006
(attr;r),’><(kprev>.«<stim(. type)X(ISI)  Fpz. . ns.(<0. 08)
’ Fz <0.002
Meaning: attention effect negativity Cz <0.002
larger at longer ISIs for precedegi-by—opposite, but . Pz <0.002

larger at shorter 181§’ for preceded-by-same.

c34 - <0001

As noted  above, each.of the ‘attentional difference
waves shown ‘in. Fig. 9 'was derived:in -a way that
controls: for: purely. stimulus-specifi¢ refractory ‘effects.
However; since attention-related -enhancement of :the
presumably ‘exogenous T-eomplex: was only :evident lin
the: ERPs to preeeded-by-oppositesedr stimuli; it-was of
‘interest to examine’ how refractoriness: may have af-
fected this complex.-By taking:the différence wave of
‘the ERPs to attefided tones preceded: by a tone:in:the
opposite ear minus the ERPs to attended:tones:pre-
ceded in the same ear, the stimulus-specific refractori-
ness of the attended responses could be examined (Fig.
'11b). Note the strong similarity of this waye form to the
attentional . difference. wave. for. preceded-b ,.Qpposrte-
-ear stimuli (Fig.. 11a). Incontrast, the unattended ERPs

were. less sensitive to ‘prior event type ‘than the at-

tended (sée Fig. 8), and: thus the analogous‘refractori-
ness’ difference wave: for the unattended ERPs showed

Jittle: stlmulus—specrflc refractorlness Df‘ the F- complex

(Flg 11c). ,
- Acfurthet breakdown of the refractory effects on the

éTcermp\lex of’ the attended :responses «can beseen ‘in

Fig..12, which shows the:difference:waves calculated by

subtracting ‘the : presumably:: most: refractory: attended
.response  (preceded:by-same iat:short- ISP from*:pro-
-gressively less refractory: attended: responses (preceded-

by-same at long ISI, preceded:by-opposite at'short:ISI,

ipreceded-by-opposite ~at long ~I$P. ‘The T rcomplex
:(along: with the P190t) can beiseento increase:in: size
with each successively less refractory response. |
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" ATTENDED LEFT-EAR ERPs ~  UNATTENDED LEFT-EAR ERPs

----------------- Prec'd by Left—Ear Tone (120-220 msec)

| I s I N |: J ssessecscsnses PreC ld by Left"ﬂE‘QrTonre (220_320 “msec)
o T 1 . q By, iR, e et e
—=00 400 T Precgl by Right—Ear Tone (120—220 msec)
: + ’ : — Prec'd by Right—Ear Tone (220-320 msec)
(msec) TS

Fig. 8. Adjar-corrected left-tone ERP subaverages as a mﬁétion_ of ,pre'vyious stimulus type and ISI subrange. Superposition of the 4 attended and
4 unattended wave forms shows that the attended ERPs had considerably more variation as a function of sequence than did the unattended.

Target discrimination performarice " stimulus type and ISI subrange is shown in Fig. 13.

Target discrimination accuracy (percentage correct) There was a strong effect of previous stimulus type, in
for both experimerits 1 and 2 as a function of previous that performance ‘was less accurate for targets pre-
TABLE V

. Sequential interactions: temporal sites (experiment 2). -

Component, - - «Interaction. . .~ .. ‘ : Site. . 7. . 7. Signif.
B ; , , : ‘ e o evel

P00t . .., (atm)X(prev.stim.type) T T3/ <0000

ey, X prev. stim. TaoTe Bpyee

-Meaning: attention effect is -
greater positivity for preceded-by-opposite but
greater negativity for preceded-by-same.

N135t (attn) X (prev. stim. type) - - . T3/T4 < 0.001
T5/T6 <0.004
- Meaning: attention effect is ., - o :
greater negativity for preceded-by-opposite but
: is absent or g!ightly positive for precededeby-SQme; ) g B ‘ _
P190t *(attn) X (prev. stim. type) L T3/T4 <000l

: L " T5/T6 4 <0.001
. Meaning: attention éffect positivity is ' '
larger for preceded-by-opposite
" than for preceded-by-same.
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F1g 9 Attentlonal dlfference waves (attended ERP minus unattended ERP) for tones preceded in the same ear versus preceded in the opposite
ear, collapsed across ear of stimulation. For lateral sites, ‘c’ indicates the hemisphere contralateral to the stimulated ear, ‘i’ indicates the

A ipsilateral site. Reference for all sites is the algebraic average of the mastoids. .

ceded by stlmuh in the same ear than for those pre— ‘IS‘I,>withvredueed,acenfaey wh;en.the preeeding stimuli
ceded by stimuli in the opposite ear (P < 0.001 in each were at the shorter ISIs (P <-0.001 in each experiment).
experiment). There was also a main’ effect of previous There was an interaction in this, however, with most of

e Prec'd—by-same (120-220 msec)

ATTENTION | .. we Prec'd—by~—same (220-320 msec)

DIFFERENCE WAVES

——— Prec'd—by—opposite (120-220 msec)
— Prec'd—by~opposite (220-320 msec)

Fig. 10. Attentional difference waves at central sites as a function of both previous stlmulus type and ISI subrange, collapsed across ear of
stimulation. For the lateral sites, ‘c’ indicates the hemisphere contralateral to the ear of stimulation, and i’ indicates ipsilateral.
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Fig. 11. Selected ERP difference waves from hemisphere contralat-
eral to stimulated ear showing interaction of attention and refractori-
ness on the T complex. a: attentional difference waves (attended
ERP minus unattended ERP) for preceded-by-opposite-ear ‘tones,
showing a large modulation of the T complex. b: ‘refractoriness’
difference waves for attended tones as a function of previous stimu-
lus type (ERP to attended preceded-by-opposite-ear tones minus
ERP to attended preceded-by-same-ear tones). Note the strong
similarity to the wave forms in a. c: analogous ‘refractoriness’ differ-
ence waves for unattended tones as a function of previous stimulus
type. Note that these show little stimulus-specific refractoriness of
the T complex. -

the 1ISI effect occurring for the preceded-by-same-ear
targets. In fact, in the second experiment there was
essentially no difference as a function of ISI for targets
preceded in the opposite ear whereas targets preceded
in the same ear had a large difference (P < 0 001 for
the interaction) °.

Reaction times showed relatively few effects of stim-
ulus sequence, probably due to the instructions to the
subjects having emphasized accuracy over speed. There
was a small main effect of ISI in both experiments
(experiment 1: P < 0.01; experiment 2: P-< 0.05), with
subjects responding slightly faster for the longer ISIs
(experiment 1:'515 vs. 529 msec; expéeriment 2:'522 vs.
531 msec).

6 The analysis of false alarm responses (see footnote 2) revealed no
effect of prior event type or ISI upon the likelihood of making a false
alarm to an attended standard tone. Thus, the variations in percent
correct as a function of sequence were not due to an effect on
response bias but rather can be interpreted as being due to sequen-
tial variations in perceptual discriminability.
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Discussion

In the present experiments stimulus and task param-
eters were optimized to enhance the selective focusing
of attention and facilitate the engagement of early
stimulus selection. Under these conditions the effects
of attention were found to be complex and involve
multiple components of the auditory ERP.

Midlatency attention effects : A

The earliest attention effect observed in these ex-
periments was a small enhancement of positivity (the
P20-50) in the midlatency range for attended-channel
stimuli. The present analysis ruled out the possibility
that this early attention effect was an artifactual result
of differential overlap from previous responses on the
attended and unattended ERPs by showing that the
P20-50 was still present after the residual overlap from
preceding ERPs was removed.

Several other potential sources of artifact can also
be ruled out. It is unlikely that the P20-50 was a result
of myogenic contamination from the post-auricular
muscle reflex (PAR) because: (1) subjects were pre-
screened to reject those with appreciable background
muscle activity or discernible evoked muscle responses,
(2) the central scalp distribution and wave shape of the
P20-50 were inconsistent . with evoked PAR activity
(Picton et al. 1974), and (3) a recent study by Hackley
et al. (1987) using a very similar paradigm but with
conditions optimized to elicit and record evoked PAR
activity found no direct effect of attention on the PAR.
The possibility that the P20-50 effect was a result of
differential activation of the middle ear muscles
(MEMs) can also be ruled out for two reasons: first,
the BERs did not change with attention (Woldorff et
al. 1987), and second, MEM contraction has limited
effects on the tone pips in the frequency range used in
these experiments (Mgller 1974). Finally, since the
attended and unattended stimuli were presented ran-
domly, subjects had no information to help them pre-
dict what the next stimulus would be, thereby preclud-
ing differential phasic preparation for the two types of
stimulus (Niitinen 1967, 1975). Therefore, the very
early onset of this effect (20 msec) provides strong
evidence for early selection theory (reviewed in John-
ston and Dark 1982, 1986; Kahneman and Treisman
1984), which asserts that stimuli can be selected for
further processing before full analysis and perception
has occurred. This selective tuning or biasing is pre-
sumably accomplished by way of a tonically maintained
pre-stimulus set.

The latency of the P20-50 effect was near that of the
exogenous Pa component, a wave that is likely to
reflect; at least in part, early activity in primary audi-
tory cortex (see Introduction). Although the central/
frontal distribution of -the P20-50 effect bore some
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Right Ear

(Attd PrBySame, long ISI) minus (Att'd PrBySqme, short IS1)
(Att'd PrByOpp, short lSI) minus (" )
(Attd PrByOPP, long ISI)

minus ( e . ")

Fig. 12. ‘Refractoriness” difference waves for attended responses at temporal sites. These were calculated by subtracting the presumably most
refractory attended ERP (that elicited by “attended preceded-by-same-car tones ‘at short ISIs) from decreasingly less refractory attended
responses Note that the T'complex and the P190t both increase’in size in the successively less refractory ERPs.

similarity to that of the Pa wave 1tself it is not clear
whether this attention-related positivity included an
actual enhancement of the Pa or not. Regardless its
onset at this latency strongly suggests‘ that selective
processing of attended versus unattended inputs in
humans can begin by the level of primary or secondary
auditory cortex. This would be consistent with monkey
studies showing changes (with a latency as early as 20
msec) 1n the firing of single umts in primary auditory
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Fig. 13, Target discrimination accuracy as'a function -of prev10us

- stimulus type and ISI subrange.

cortex as a function of selective attention to one ear
during dichotic presentation of tones (Benson and
Hienz 1978).

Subjects who showed larger P20-50 attention effects
also produced enhanced attention effects in the N1
latency range. This relationship was unlikely to have
resulted simply from individual differences in skull
thickness, because neither the P190 nor the N290 nor
the attention effects on:these later components Varled
as a function of the size of the P20-50. This suggests 2
main possibilities: (1).those subjects with larger P20-50s
were employing a more effective early selection, which
was reflected in both the midlatency and N1 latency
ranges, or (2) the P20-50 potentml field happened to be
manifested more distinctly on the scalp in certain sub-
jects because of particular characteristics (e.g., orienta-
tion) of its neural generator(s), and these characteris-
tics were shared by generators active in the N1 /early
Nd latency range. Regardless of which alternative may
be correct, the correlation of the relatively small P20-50
wave with the more robust N1 attention effect rein-
forces the hypothesis that an early selection process
can operate prior to 20 msec post stimulus.
Longer-latency attention effects

The attentional difference waves at frontal sites
consisted mainly of a. broad negativity lasting several
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hundred milliseconds (Fig. 4). This prolonged wave
seemed likely to be endogenous, bearing little resem-
blance to the more phasic waves seen .in the unat-
tended wave forms. In contrast, the attentional differ-
ence waves at central and parietal sites were distine-
tively triphasic, with the polarities and latencies of the
3 phases. being highly similar to those of the original
attended and unattended ERPs themselves (Figs. 2 and
3). It is conceivable that this triphasic attention effect
was entirely endogenous as well, and that the wave
shape similarity and close temporal correspondence
with the N1, P2, and N2 components seen in the
unattended wave forms were coincidental.. However, a
more plausible interpretation of this data pattern is
that at least some of the exogenous components (or
subcomponents) of the auditory evoked potential were
modulated by the highly focused -attentional conditions
in these experiments. ‘

Another important similarity at central sites be-
tween the exogenous waves and the attentional differ-
ence wave was that they were both larger contralater-
ally in the N1 latency range. A contralateral prepon-
derance of the N1 itself has been widely reported (see
Nidtinen and Picton 1987), but the laterality of the
early Nd has been little studied. Giard et al. (1988)
found a small but significant contralateral preponder-
ance for the early Nd, whereas Woods and Clayworth

'(1987) reported-a small, non-significant, lateral :asym-
metry. In the current study, the lateral asymmetry of
the early Nd (both the Nd80 and the Nd125) was more
pronounced and highly significant. A more fine-grained
correspondence between the attentional = difference
wave- and the ERPs in the N1 latency range was also
evident in the full average wave forms, in that they
both included two subdeflections (at 80 and 125 msec)
that lined up closely in time.

Topographical comparisons between attentional dif-
ference waves and the presumably exogenous waves of
the original ERPs have been reported in previous
studies (Hansen and Hillyard 1980; Alho et al 1986a;
Woods and Clayworth 1987; Giard et al. 1988). In some
of these cases, scalp distributional differences were
used as evidence that the attention wave ‘is caused by
a separate, endogenous negativity’ (Alho et al. 1986a).
Such distributional - differences must be interpreted
cautiously, however, considering the substantial evi-
dence that these longer-latency "deflections . (e.g., the
N1, the early Nd) do not reflect uhitary phenomena
arising from a single source (e.g., see Naitinen and
Picton 1987, and below). Thus, if some: differences are
observed between the distribution of an attentional
difference wave and that of an original ERP wave to
which it is being compared, one can correctly infer that
the. entire set of generators producing activity in the
one wave form at the-latency measured is not identical
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to the entire set producing activity in the other wave
form at that latency. It does not prove, however, that
the two waves or deflections do not share any genera-
tors/ subcomponents at all. For example, suppose that
the ERP attention effect does indeed include an en-
hancement of -one particular subcomponent of the ex-
ogenous N1 wave: To the degree that there is addi-
tional, concurrent activity from any other generators in
cither the attentional difference wave or the exogenous
wave (which appears likely to be the case), the distribu-
tions of the two waves may:differ:

In' view of the complex ways that multiple sources
may contribute to ERP distributions across the scalp at
a particular latency, it may at times be advantageous to
focus on the similarities between the distributions and
wave form properties of ERPs, rather than just on the
differences. For example, if two. ERP deflections are
similar in.aa number of characteristics, such as wave
shape, lateral asymmetry, onset latencies, peak laten-
cies, etc., either broadly or over a circumscribed scalp
area, it iS reasonable to consider the possibility. that
these similarities may arise from the sharing of one or
more common generators. In the present study, for
example, the close temporal overlap-and other similari-
ties at central sites between the attentional difference
wave forms and the exogenous ERPs suggests that such
similarity was not simply due ‘to coincidence. Rather,
we consider that a more plausible explanation may be
that a substantial portion of the attention effects seen
at these sites in thisstudy reflects direct modulation of
exogenous components by attention. '

In contrast, those studies in which the attention-re-
lated ERPs appeared to:be largely endogenous em-
ployed very different stimulus parameters from those
used here. In particular, prolonged ‘processing negativ-
ities’ or Nds with predominantly ‘fronto-central distri-
butions - have  generally been found  in - experiments
where the channels were less easily discriminated (such
as two different frequencies- presented binaurally)
and /or where the rate of stimulus presentation was
much slower (e.g., Nédtanen et al. 1978, 1980; Hansen
and Hillyard 1980, 1984). It has been proposed
(Néatinen 1982; Atlho ‘et al.. 1986b, .1987) that the
processing negativity is an endogenous wave, the size
and duration of which reflect the degree of matching of
a - stimulus to an attentionally controlled template.
When stimulus and- task parameters are not: conducive
to early selection between stimulus channels, a broad
endogenous negativity of this type may be the principal
attention effect elicited. The data from the ‘present
study suggest, iowever, that when parameters are opti-
mized for the selective focusing of attention, the atten-
tion effect may include both a prolonged frontal en-
dogenous negativity and: a-modulation of some of the
major subcomponents of the exogenous waves.
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The effects of stimulus sequence on the ERPs

The multicomponent nature of both the auditory
evoked potentials and the attention effects became
more apparent in the sequential analyses. The first
point of interest was that the attended ERPs showed
substantial variation as a function of sequence, whereas
the unattended responses, which were considerably
smaller, changed relatively little. Presumably, the
changes in the attended ERPs reflected variations in
" stimulus processing that depended on the previous
event. In contrast, a possible explanation for the unat-
tended responses being smaller and less variable would
be that they were tonically suppressed to a minimal
level by a highly selective focusing of attention toward
the attended stimuli at the expense of the unattended.
Such an explanation would be consistent with subjects’
reports that they had little awareness of the unat-
tended stimuli and with the complete absence of P300
waves to the deviant stimuli on that side.

Overall; the attention effects on ERPs to preceded-
by-opposite-car tones tended to be larger than those
for preceded-by-same-ear tones, especially for the ear-
lier components. The most clear example of this was
seen in the T complex, which was much larger in the
attention effect for preceded-by-opposite tones. In ad-
dition, the initial phase of .the early Nd (i.e., the Nd80)
was larger for preceded-by-opposite tones, as was the
Pd190, the Pd190t, and the Nd290, and the P20-50
tended to be so. The only attention-sensitive compo-
nent that violated this pattern.was the Nd125, which
was larger for stimuli preceded by tones in. the same
ear. : : ,

In their detailed review, Nadtinen and Picton (1987)
considered the auditory N1 wave to be made up of
several exogenous subcomponents (components 1-3),
which they called ‘true’ N1 subcomponents, and sev-
eral endogenous subcomponents that depend on the
subject’s state (components 4-6). It is unclear as to
how the various central/midline N1 subcomponents
observed in the present study (i.e., N80, Nd80, N125,
Nd125) would fit into this classification scheme. Both
the N80 and the N125 appeared to be exogenous
subcomponents, (being evident even in the unattended
ERPs), whereas the temporally coincident Nd80 and
Nd125 formed part of the attention effect; nonetheless,
all four of these waves resembled Naatinen and Pic-
ton’s component 1 in having fronto-central : maxima
with a contralateral predominance. One. possible expla-
nation for this might be that component: 1 is itself
made up of two subcomponents, both of which can be
enhanced by attention, but which reflect different forms
of processing: and interact differently with stimulus
sequence and ISI. v

The specific ways .in which these subcomponents
were influenced by stimulus order may suggest some-
thing about their nature and function. The Nd80 was
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larger when the preceding stimulus was in the opposite
ear than when it-was in the same ear, and largest of all
when the preceding stimulus was in the opposite ear at
the longer ISIs. This suggests that refractory period
effects may have played a role at these high rates of
stimulation, despite the fact that in each case the Nd80
was part of an attentional difference wave formed by
subtracting ERPs to two physically identical stimulus
sequences. In particular, since the unattended re-
sponses changed relatively little in the N1 latency range,
the variation in Nd80 activity as a function of sequence

was due primarily to corresponding changes in the N80

of the attended responses. Thus, refractoriness could
have played an interactive role in these effects by
limiting the degree to which attention could enhance
the N80 in the attended responses.

In contrast to the Nd80, the Nd125 variation as a
function of sequence was opposite to what would be
expected from refractory influences upon the attended
responses, being larger for a stimulus preceded in the
same ear than preceded in the opposite, and more so
at the shorter 1SIs. Such variations would appear to be
correlated with the strength of the short-term sensory
memory of the preceding attended stimulus. This sug-
gests that the Nd125 might reflect an enhanced pro-
cessing that is heavily influenced by the strength of the
sensory representation of the attended-channel cues,
perhaps resulting in improved channel selection by
means of filtering or gating or by a.more precise
matching of the current stimulus to an attentionally
controlled template (e.g., Nidtinen 1982, 1988). An
enhanced Nd (measured across 100-300 msec) for tones
preceded in .the same versus opposite ear was also
observed by Hansen and Hillyard (1988), who inter-
preted the effect in a similar manner (also'see Woods
and Knight 1986). :

At temporal sites, the influence of previous stimulus
type upon the Pd100t/Nd135t attention effect was
striking. The wave shape, latencies, and distribution of
these components in the preceded-by-opposite atten-
tional difference waves were strongly suggestive of the
exogenous T complex described by Wolpaw and Penry
{1975). They proposed that at temporal sites a biphasic
wave consisting of positive peak at about 100 msec (Ta)
followed by a negative peak at about 150 msec (Tb)
was superimposed on an attenuated N1-P2 vertex re-
sponse. They further proposed, based .on properties
such as contralateral predominance and localization to
temporal sites, that the T complex resulted from activ-
ity in secondary auditory cortex in the superior tempo-
ral gyrus. Such a biphasic wave arising from a radially
oriented dipole source in the lateral temporal lobe was
also derived through  dipole modeling by Scherg and
Von Cramon (1986). Additional support for a lateral
temporal source of this scalp activity comes from in-
tracranial recordings by Celesia (1976) and McCallum



SELECTIVE LISTENING MODULATES EARLY ERPs

and Curry (1979, 1980). This complex was termed com-
ponent 2 by Niitinen and Picton (1987).

In the present data, little or no T complex was
discernible in-the unattended wave forms, nor was it
easily visualized even in the attended ones, because of
its superposition with the larger, broadly distributed
N1-P2 components. This complex was clearly evident
only in the attentional difference waves for preceded-
by-opposite stimuli and in -the ‘refractory difference
waves’ for attended responses (Figs. 11 and 12). In-
deed, the striking similarity of this distinctive, multi-
phasic pattern of activity in the attentional and refrac-
tory difference wave forms suggests that attention and
refractoriness were affecting the same exogenous com-
ponents. :

‘According to this view, the strong suppression of T
complex activity to unattended-channel tones would be
attributable to a cambination of inattention to those
stimuli plus a high degree of refractoriness at these
high- stimulus rates.-Similarly, this complex may have
been greatly reduced in response to the attended pre-
ceded-by-same-ear tones due to the T complex genera-
tors being too.refractory to be enhanced because an
identical stimulus in the attended channel had oc-
curred so recently. Thus, as-suggested above for the
N80/Nd80, refractory effects may have limited the
degree to which attention could enhance this presum-
ably exogenous sensory-processing activity.

Effects of sequence on target discrimination performance

At first glance, the effects of stimulus' sequence on
target discrimination performance might seem unex-
pected. If the stimulus prior to a target tone was a
standard tone in the same ear, one might expect that
the perceptual ‘template’ for -comparison would be
stronger, and the target discrimination therefore more
accurate, particularly at shorter ISIs. However, the
results were just the opposite: discrimination perfor-
mance for targets preceded in the same ear was signifi-
cantly worse than for targets preceded in the opposite
ear, and it was least accurate for targets preceded in
the same ear at the shorter ISIs. This pattern of
sequence effects suggests that the stimulus presenta-
tion within the attended channel may have sometimes
been so rapid that the:stimulus processors were too
refractory to adequately perform the standard/ target
discrimination. Moreover, this sequential variation . in
performance paralleled that seen for the attention
effects on several of the exogenous ERP components
(e.g., T complex; N80, P190) which, as described above,
also suggested that refractoriness limited StlmlllUS pro-
cessing within the attended channel.

In thlS framework, we propose the following account
for the effects of stimulus sequence in these experi-
ments: When the current and previous stimuli were.in
the same channel and the ISI between them was quite
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short, considerable refractoriness of processing re-
sulted. If they were -attended, this refractoriness -lim-
ited: thei degree to which attention: eould boost: the
sensory processing of the current stimulus.- This effect,
which was reflected in limited enhancement of various
of the exogenous ERP components, also resulted in
impoverished information for the standard / target dis-
crimination -and thus in diminished task performance.
The more recent the previous same-ear stimulus, the
greater these effects. In contrast, when the current
stimulus was attended and the previous stimulus had
occurred in the opposite ear, the sensory processors
were not so refractory and could be boosted by atten-
tion. This was reflected in larger exogenous compo-
nents in the ERPs to the attended preceded-by-oppo-
site stimuli and in better discrimination between the
targets and standards for these stimuli. '

An additional factor that may have accounted for
some of the performance. variation found in these
experiments is the phenomenon of ‘loudness enhance-
ment’ described by Elmasian and associates (Galambos
et al. 1972; Elmasian and Galambos 1975; Elmasian et
al. 1980). These researchers found that when one tone
burst (S1) preceded another (S2) by a short ISI (typi-

-cally 100 msec) the perceived loudness of S2 was en-

hanced if S1 was more intense and, to & lesser extent,
decreased if it was less intense. These effects were
seen at ISIs as long as 400 msec and were found to be
greater if S1 and S2 were presented to the same ear
and were similar in frequency content: In the present
experiments, with ISIs of 120-320 msec, the target
tones in each ear were identical to the standard tones
in that ear except for having a lower intensity. Thus,
when preceded by a standard tone in the same ear,
targets may have been perceived as louder (i.e., closer
to the standard), thereby making them more difficult to
discriminate.

Note that the two explanations presented above for
the effects of sequence on target discrimination: are not
mutually exclusive. Thus,: when an attended: target
stimulus is preceded very recently by a standard tone in
the same ear, not only may refractoriness limit the

_attentional enhancement of sensory-processing activity

important for perceptual analysis of. the target, but
loudness enhancement may bias that analysis such-that

the target intensity is perceived as closer to that of the

standard. Both of these effects would tend to reduce
target dxscrlmmablhty

In summary, the present study shows that selective
auditory attention can affect what is generally consid-
ered ‘exogenious sensoty-processing activity- and - that

_these ERP modulations' are paralleled by Varlatlons in

perceptual discrimination accuracy. These relation-

ships were evident-under: conditions where the differ-

ential processing of attended and unattended stimuli
began by 20 msec post stimulus. Such a combination of
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results provides strong support for the early selection
hypothesis that attention can.serve to selectively bias
or gate stimulus processing before full perceptual anal-
ysis ‘has occurred. Other attention-related components
elicited ' in -this selective listening task, however, ap-
peared .to be.primarily endogenous. Further research is
necessary to disentangle the exogenous and endoge-
nous-effects and to determine how they relate to each
other and to perceptual processes.

The authors express many thanks to Jonathan C. Hansen for key
technical assistance and valuable discussions, and to George R.
Mangun and Jeffrey O. Miller for useful comments on an earlier
draft.

References

Alho, K., Paavilainen, P., Reinikainen, K., Sams, M. and N#itinen,
R. Separability. of different negative components of the event-re-
lated brain potential associated with auditory stimulus processing.
Psychophysiology, 1986a, 23: 613-623.

Alho, K., Sams, M., Paavilainen, P. and Naétidnen, R. Small pitch
separation and the selective-attention effect on the ERP. Psy-
chophysiology, 1986b, 23: 189-197. ’

Alho; K., Tottola, K., Reinikainen, K.; Sams, M. and N3aitanen, R.
Brain mechanisms of selective listening reflected by event-related
potentials. Electroenceph. clin. Neurophysiol., 1987, 68: 458-470.

Benson, D.A. and Hienz, R.D. Single-unit act1v1ty in.the audltory

_ cortex of monkeys selectlvely attending Ieft vs. rlght ear stimuli.
Brain Res., 1978, 159: 307-320. )

Celesia, ‘G.G. Organization of auditory cortical areas in‘man. Brain,
. 1976, 99: 403-414.

Donald M.W. Neural selectivity in auditory attention: sketch of a
theory. In: AWK Galllard and W. Ritter (Eds) Tutorials in
Event-Related Potential Research: Endogenous Components.
" North:Holland Publ., Amsterdam, 1983: 37-78.

Elmasian, R. and Galambos, R. Loudness enhancement: monaural,
binaural, and dichotic. J. Acoust. Soc. Am., 1975, 58; 229-234.
Elmasian, R., Galambos, R. and Bernheim, Jr., A, Loudness en-
hancement and decrement in four paradigms. J. Acoust. Soc.

Am., 1980, 67: 601-607.

Galambos, R., Bauer, J., Picton, T., Squires, K. and Squnres, N.
' Loudness: - enhancement following contralateral stimulation.” J.
Acoust.'Soc.. Am., 1972,-52: 1127-1130. )

Giard, M.H., Perrin, F., Pernier, J. and Peronnet, F. Several atten-
tion- related wave forms in auditory areas: a topographic study.
Electroenceph. clin. Neurophysiol., 1988, 69: 371-384.

Hackley, S.A., Woldorff, M. and’Hillyard, S.A. Combined use of

- micrereflexes and event-related brain potentials ‘as’ measurés of
- auditory selective attention. Psychophysiology, 1987, 24: 632-647.

Hansen, J.C. and Hillyard, S.A. Endogenous brain potentials associ-
ated with selective auditory attention. Electroenceph clin. Neu-
rophysiol., 1980, 49: 277-290.

Hansen, J.C. and Hillyard, S.A. Effects of stimulation rate and

“attribute cueing on event-related potentials during selective-audi-
tory attention. Psychophysiology, 1984, 21: 394-405.

Hansen, J.C. and, Hillyard, S.A. Temporal dynamics of human audl-

. tory selective attention. Psychophysiology, 1988, 25: 316-329.

Hlllyard S.A. Selective auditory attention and early event-related

" ‘potentials: a rejoindeér. Can: J. Psychol., 1981, 35: 159=174,

-Hillyard, S.A., Hink, R.F., Schwent, V.L. and Picton, T.W. Electrical
.signs-of selective. attention in. the -human brain. Science, 1973,

-182:177-179. .

M.G. WOLDOREFF, S.A. HILLYARD

Johnston, W.A. and Dark, V.J. In defense of intraperceptual theo-
ries of attention. J. Exp. Psychol.: Hum. Percept. Perform.; 1982,
8: 407-421. )

Johnston, W.A. and Dark, V.J. Selective attention. Annu. Rev.
“Psychol., 1986, 37: 43-75.

Kahneman, D. and Treisman, A. Changing views of attention and
automaticity. In: R. Parasuraman-and R. Davies (Eds.), Varieties
of Attention. Academic Press, London, 1984: 29-61.

Kileny, P., Paccioretti, D. and 'Wilson A.F. Effects of cortical lesions
on middle-latency auditory evoked responses (MLR). Electroen-
ceph. clin. Neurophysiol., 1987; 66: 108-120.

Kornblum, S. Sequential effects: in' choice reaction time: a . tutorial
review. In: S. Kornblum (Ed.), Attention and, Performance 1V.
Academic Press, London, 1973: 259288,

Kraus, N, ézdamar, 0., Hier, D. and Stein, L. Auditory middle
latency responses (MLRs) in patients with cortical lesions. Elec-
troencepﬁ. clin. Neurophysiol., 1982, 54: 275-287.

McCallum, W.C. and Curry, S.H. Hemisphere differences in event-
related potentials and CNVs associated-with monaural stimuli
and lateralized motor responses. In: D. Lehmann and E. Cal-
laway (Eds) Human Evoked Potentials: Applications and Prob-
lems. Plenum, New York, 1979: 235-250.

McCallum, W.C.- and Curry, S.H. The form and distribution of
auditory evoked potentials and CN-Vs when stimuli and responses

- are . lateralized. In: H.H. Kornhuber and L. Deecke (Eds.),
Progress in Brain Res, Vol. 54. Elsev1er Amsterdam, 1980
767-775.

Moller, A.R. The acoustic middle ear muscle reflex. In: W.D. Keidel
and ‘W.D. Neff (Eds.), Handbook of Sensory ‘Physiology, Vol.
V /I Springer, Berlin, 1974: 519-548.

Naitdnen; R. Selective attention. and evoked potentials. Ann. Fin-
nish Acad. Sci., 1967, 151: 1-226.

Niitanen, R. Selective attention and evoked potentlals in humans —
a critical review. Biol. Psychol., 1975, 2: 237-307.

Naitinen, R. Processing negativity — evoked-potential reflection of
selective attention. Psychol. Bull., 1982, 92: 605-640.

Niitinen, R. Implications of ERP data for psychological theories of
attention. Biol. Psychol., 1988, 26: 117-163.

Nidtinen, R. and Picton, T. The N1 wave of the human electric and
‘magnétic response to sound: a. review and an “analysis of the
componént structure. Psychophysiology, 1987, 24:-375-425.

Niitinen, R., Gaillard, A.W.K. and Miintysalo, S. Early selective-at-
tentjon effect on evoked potential reinterpreted. Acta.Psychol.
(Amst.), 1978, 42: 313-329.

Niitinen, R., Gaillard, A.W.K. and Mintysalo, S. Brain potential
correlates of voluntary and involuntary attention. In: H.H. Korn-
huber and L. Deecke (Eds.), Motivation, ‘Motor ‘and Sensory
Processes of the Brain: Electrical Potentials, Behavior and: Clini-

. cal Use, Prog. in Brain Res., Vol. 54. Elsevier, Amsterdam, 1980
343-348.

Okita, T. Slow negative shifts of the human everit-related potential
associated with selective ‘information processing. Biol. Psychol.,
1981, 12: 63-75.

Picton, T.W. and Hillyard, S.A. Human -auditory evoked potentials.
. 1. Effects of attention. Electroenceph. clin. Neurophyswl 1974,
36: 191-200.

" Picton, T.W., Hillyard, S.A., Krausz, HI and Galambos R. Human

audltory evoked potentials. 1. Evaluation of' components. Elec-
troenceph. clin. Neurophysiol., 1974, 36: 179-190. .

Picton, T.W., Stapells, D:R. and Campbell, K.B. Auditory evoked
potentials from the buman cochlea and brainstem. J. Otolaryngol.,
1981, 10: 1-41. )

Scherg, M. and Von Cramon, D. Evoked dlpole source potentials of
the human ' auditoty cortex. Electroenceph clin. Neurophysml
1986, 65: 344-360.

Scherg; M., Hari, R. and Hamélidinen, M Frequency-specific sources
of the auditory N19-P30-P50 response detected by a multiple

4



SELECTIVE LISTENING MODULATES EARLY ERPs

sources analysis of evoked magnetic fields and potentials. In: S.J.
Williamson (Ed.), Advances in Biomagnetism. Plenum, New York,
1989.

Skinner, J.E. and Yingling, C.D. Central gating mechanisms that
regulate event-related potentials and behavior. In: J.E. Desmedt
(Ed.), Attention, Voluntary Contraction and Event-Related Cere-
bral Potentials. Progress in Clinical Neurophysiology, Vol. 1.
Karger, Basel, 1977: 30-69.

Woldorff, M. Auditory Selective Attention in Humans: Analysis of
Mechanisms Using Event-Related Brain Potentials. Doctoral Dis-
sertation, University of California at San Diego, La Jolla, CA,
1989.

Woldorff, M. Distortion of ERP averages due to overlap from
temporally adjacent ERPs: analysis and correction. Submitted.
Woldorff, M., Hansen, J.C. and Hillyard, S.A. Evidence for effects of
selective attention in the mid-latency range of the human audi-
tory event-related potential. In: R. Johnson, Jr., J.W. Rohrbaugh
and R. Parasuraman (Eds.), Current Trends in Event-Related
Potential Research (EEG Suppl. 40). Elsevier, Amsterdam, 1987:

146-154.

191

Woldorff, M., Hackley, S.A. and Hillyard, S.A. The effects of chan-
nel-selective attention on the mismatch negativity wave elicited
by deviant tones. Psychophysiology, 1991, 28: 30-42.

Wolpaw, J.R. and Penry, J.K. A temporal component of the auditory
evoked response. Electroenceph. clin. Neurophysiol.,, 1975, 39:
609-620.

Woods, D.L. and Clayworth, C.L. Scalp topographies dissociate N1
and Nd components during auditory selective attention. In: R.
Johnson, Jr., J.W. Rohrbaugh and R. Parasuraman (Eds.), Cur-
rent Trends in Event-Related Potential Research (EEG Suppl.
40). Elsevier, Amsterdam, 1987: 155-160.

Woods, D.L. and Hillyard, S.A. Attention at the cocktail party:
brainstem evoked responses reveal no peripheral gating. In: D.A.
Otto (Ed.), Multidisciplinary Perspectives in Event-Related Brain
Potential Research (EPA 600 /9-77-043). U.S. Government Print-
ing Office, Washington, DC, 1978: 230-233.

Woods, D.L. and Knight, R.T. Electrophysiologic evidence of in-
creased distractability after dorsolateral prefrontal lesions. Neu-
rology, 1986, 36: 212-216.



