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Introduction

The human auditory system is remarkable in its
ability to identify multiple sources of acoustic
stimulation from the encoded neural representa-
tions that are transmitted from the cochlea. One
cannot only separate various sources, but also select
certain of these objects as relevant and allow them
to control actions, both internal and behavioral,
How is this attentional selection accomplished?
Some related questions that immediately arise in-

“clude: (1) what properties of an input source make

possible its separation and selection? (2) to what ex-
tent is unattended input processed and perceived?
(3) at what level(s) of analysis does the processing of
attended and unattended input differ? and (4) what
mechanisms are employed to effect the selection?
Indeed; the necessity of selection itself brings up the
question of why one cannot fully apprehend multi-
ple sources simultaneously. Issues such as these
about auditory selective attention have been in-
vestigated for many years using both behavioral and
physiological approaches, and some answers are in
hand. However, this glimmer of understanding has
underscored the complexity of the processes involv-
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ed, and a number of fundamental questions remain
unresolved.

Early behavioral studies often employed 2 simul-
taneous sources of input that were separable on the
basis of a simple physical attribute. The pioneering
study of Cherry (1953), using dichotic speech, dem-
onstrated that location was an effective cue for
selection, and that very little of the semantic content
of an unattended message could be reported.
Similar studies showed that sources that differed in
pitch could also be effectively separated, but selec-
tive performance deteriorated if sources of speech
were distinguished by subject matter alone. These
findings were initially explained by early selection
theories, where input received via an irrelevant
channel (e.g., unattended ear) was filtered or gated
out before a full analysis of the content occurred,
thus reducing the processing load of higher level,
limited-capacity system (Broadbent 1958). How-
ever, subjects did occasionally become aware of and
could report certain information presented to the
unattended ear, such as their name. These aspects of
the data prompted the proposal of alternative late
selection theories (Deutsch and Deutsch 1963; Nor-
man 1968), wherein all stimuli are fully analyzed
prior to behavioral selection. Those in the early
selection camp modified their theories, replacing
gating with attenuation (Treisman 1964).

The issue of early versus late selection continues
to be debated to this day (Johnston and Dark 1986).
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Kahneman and Treisman (1984) have noted that
these 2 theoretical approaches center on 2 extreme
hypotheses: early selection theories reject the pro-
posal of a full analysis of all stimuli, while late selec-
tion theories reject the idea of a total lack of analysis
of theirrelevant input. They suggest that the critical
issues are the extent to which various types of pro-
cessing proceed automatically without the assis-
tance of focal attention, and the levels at and mecha-
nisms by which attention can alter the course of pro-
cessing,

ERP studies of human auditory selective attention

Physiological studies of auditory selective atten-
tion, often using event-related potentials (ERPs),
have progressed in parallel to behavioral investiga-
tions, lured by the possibility of assessing the pro-
cessing of both attended and unattended stimuli at
many levels of analysis. While many early elec-
trophysiological studies were effectively criticized
for failing to separate effects of arousal and dif-
ferential preparation from genuine selective effects
(Nédédtdnen 1975), the wealth of ERP data amassed
in the past 15 years has shed light on the underlying
physiology of selective auditory processing.

Most ERP investigations of auditory selective at-

tention employ 2 or more classes of stimuli that are
defined by 1 or more easily discriminable attributes,
such as ear of delivery. These classes are termed
channels, following Broadbent (1958). Often, there
are improbable, slightly different stimuli within
each channel, termed ‘target,” in contrast to the
more probable ‘standard’ stimuli of each class.
Stimuli from each of the classes are presented
according to a single random schedule to preclude
possible differential preparation, and subjects listen
to each class of stimuli in turn, responding to occa-
sional target stimuli (Hillyard and Hansen 1986).
The ERPsthat are elicited when stimuli are attended
are compared to those elicited by the same physical
stimuli when they are not. In this way, one can
record ERPs elicited by attended and unattended
standards that are free of components due to target
and response processes, since no overt behavioral
responses are made to these stimuli.

Short-latency effects
The existence of descending efferents paralleling the
afferent pathways in the brain-stem has prompted
repeated attempts to detect changes in short-latency
(110 msec) brain-stem evoked responses (BERs)
due to attentional manipulations. Although
changesinthe BERs have been reported in auditory-
visual cross-modal selective paradigms (Lukas
1980, 1981), they have not been generally replicable.
Most studies of BERs have failed to reveal any
attention-related changes in amplitude or latency of
BER waves I — V (Picton and Hillyard 1974; Woods
and Hillyard 1978; Picton et al. 1981; Woldorff et
al. 1987; Hackley et al. 1990). Recently, however,
Puel et al. (1988) have reported changes in the evok-
ed oto-acoustic emission (EOAE) in a cross-modal
paradigm similar to that of Lukas. These effects are
presumably mediated by efferent activation of the
outer hair cells in the cochlea, indicating that
changes in signal transduction may be possible dur-
ing attention, It is quite possible that there may be
in fact subtle changes in the quality of information
being conveyed from the periphery during selective
attention that are not reflected in the BER. Hence,
while the ERP evidence to date suggests that con-
scious selection of stimuli does not alter the earliest
afferent inflow, perhaps it is premature to conclude
that no such changes can occur. v

Mid-latency responses, between about 10 and 50
msec after stimulus onset, cover the latency of the
first possible activation of cortical auditory areas.
Using a high rate of presentation of stimuli that dif-
fered both in pitch and ear of delivery, WoldorfT et
al. (1987) found that attended tones elicited greater
positivity starting at about 20 msec (P20 — P50) than
did unattended tones. McCallum et al. (1983) also
reported a change in this latency range and at-
tributed the effect to an endogenous component,
Linden et al. (1987) failed to find changes in this
latency range, but their analysis was centered on the
steady-state response to repetitive stimuli presented
at about 40 Hz. Thus, the evidence for the mid-
latency range, while not entirely consistent, suggests
that reliable changes due to selective attention can be
recorded under certain conditions.

Long-latency effects
Investigations of attention-associated changes in



the longer latency range (> 50 msec) have revealed
a variety of phenomena and the conditions under
which they are elicited. Hillyard et al. (1973) first
reported ERP changes in this latency range that
could be unequivocally attributed to selective pro-
cesses. In contrast to earlier studies, they presented
tone pips at a rapid rate that differed in both pitch
and location according to a single randomized
schedule. All attended tones elicited what appeared
to be larger N1 deflections than did the same tones
when unattended. In addition, deviant tones differ-
ing slightly in pitch elicited a P300 component, but
only when attended. These results were interpreted
in terms of early selection theories, with the N1
enhancement being a sign of early filtering accord-
ing to simple physical features, and the later P300 a
sign of the operation of a higher-level analysis ap-
plied to attended tones only.

Subséquently, this ‘N1 effect’ was suggested by
Nadtdnen et al. (1978) to be due to an endogenous
component, which they observed using a relatively
slow, constant interstimulus interval (ISI). In this
study, the attended tones elicited a protracted
negative shift, termed the processing negativity
(PN), that began at about 150 msec, after the N1
peak. Naitdnenet al, (1978) suggested that, at faster
ISIs, this negative shift might begin earlier and
overlap the NI, thus explaining the larger N1
measurements. This proposal was consistent with
theresults of Okita (1979), who observed an increas-
ed negativityin the P2 as well as the N1 latency range
in ERPs elicited by attended stimuli. The lability of
the onset latency of the attention-related effects was
verified by Hansen and Hillyard (1980), who varied
the pitch separation between channels. In this study,
the difference between ERPs elicited by attended
and unattended tones appeared as a negative com-
plex that overlapped the N1 when the pitch separa-
tion was large (300 versus 700 Hz), but was reduced
in amplitude and began after the N1 peak when the
pitch separation was small (300 versus 350 Hz). This
negative difference, termed the Nd, consisted of at
least 2 subcomponents. The early phase had a
distribution that could not be distinguished from
that of the N1, while the later phase was definitely
more frontally distributed and was attributed to an
endogenous process. Hansen and Hillyard (1983)
replicated these findings, and further demonstrated
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that decreasing the spatial separation of stimuli also
could increase the latency of onset of the Nd.

The rate of stimulus presentation has also been
shown to affect the onset latency of the Nd. Early
studies found that attention-related changes in the
N1 latency range were apparent only at fast rates of
presentation (Schwent et al. 1976a). Subsequently,
Parasuraman (1980) reported that the onset latency
of the attention-related effects began earlier at short
ISIs; this may account for the lack of an N1 effect
at long ISIs in the Schwent et al. (1976a) study.
However, Néitédnen et al. (1981) reported that only
the later, frontal phase of the Nd varied in latency
of onset when stimuli were presented at constant
ISIs of 250, 800, and 2000 msec. Nonetheless,
Hansen and Hillyard (1984), using random ISIs,
demonstrated that the initial phase of Nd began
earlier at short ISIs. It is also possible that stimulus
intensity and/or the presence of masking noise can
alter the onset latency of Nd, as Schwent et al.
(1976b) found that these factors enhanced the
measured N1, This study, however, like Schwent et
al. (1976a), did not employ a long enough averaging
epoch to detect possible longer latency effects.
Hence, it remains an open question whether these
manipulations actually do alter the onset latency of
the Nd.

Many investigations have sought to determine
what stimulus dimensions enable or optimize the
selective processing reflected by the Nd. It is clear
that either pitch or location alone is sufficient,
paralleling the early behavioral findings that show-
ed these dimensions to be effective in separating 2

‘simultaneous speech messages. However, Okita

(1979, 1987) has shown that classes of stimuli that
slowly vary in pitch and location also can be ac-
curately attended and elicit an attention-related dif-
ference. Furthermore, Hansen et al. (1983) observed
an Nd to stimuli separated by phonetic cues,
although its onset latency was longer than that
elicited by a pitch difference of 75 Hz. These find-
ings suggest that simple physical differences need
not distinguish classes of stimuli in order for effec-
tive selection to occur. Instead, the crucial element
that enables ERP signs of selection may be the
presence of a rapidly discriminable attribute that
separates stimulus classes. In fact, the concept of at-
tentional channel has been operationally defined in
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this manner, as a set of features that can be used by
selective mechanisms so as to enable differential
processing of relevant and irrelevant stimuli
(Hillyard and Kutas 1983).

Whether attention-related differences in ERPs
are composed solely of endogenous components or
whether changes in exogenous components con-
tribute to the effects is an ongoing controversy
(Woldorff et al. 1987; Néitdnen 1988). If modula-
tions of an exogenous generator were occurring dur-
ing selective attention, one would expect the ERP
sign of that process to: (1) be present in both the at-
tended and unattended wave forms as well as the dif-
ference wave; (2) have a similar time course, mor-
phology, and scalp distribution in each of these
recordings; and (3) be similarly affected by
manipulations of experimental and physical param-
eters. These criteria are also applicable to magnetic
evoked field (MEF) studies which offer to more
directly localize generators; the second criterion im-
plies that the location of the generators of the com-
ponents is the same. Unfortunately, experimental
tests of these criteria presuppose that the component
of interest has been isolated from overlapping com-
ponents elicited by the current stimulus as well as by
previous or subsequent stimuli (Hansen 1990).

Generally, Nds that begin after the peak of N1 are
elicited using relatively long, constant ISIs, and/or
a difficult channel discrimination. When faster ran-
dom ISIs are combined with easily discriminable
classes of stimuli, the Nd is often recorded as 2

distinguishable phases, the earlier of which overlaps

the N1 and has a similar scalp distribution (Hansen
and Hillyard 1980, 1988). Hence, these authors con-
cluded that changes in the N1 generator should not
be ruled out as contributing to the early Nd. The
evoked magnetic field (EMF) study of Arthur et al.
(1989) reported similar conclusions: the later phase
of Nd arose from a different area of auditory cortex
than the magnetic N1 analogue, while the location
of the generator of the early Nd could not be
distinguished from the N1. At odds with this conclu-
sion are the topographic ERP studies of Woods and
Clayworth (1987), Giard et al. (1988) and Alho et al.
(1986a).

Some of the practical problems inherent in com-
paring scalp distributions in the presence of overlap-
ping wave forms are apparent in the study by Alho

et al. (1986a). These authors claimed that the
distribution of the N1 elicited during a reading con-
dition differed from the early Nd. However, the 2
distributions were not directly compared. Rather,
the presence or absence of a polarity inversion
across a set of lateral electrodes that were referred to
the nose was taken as evidence of a difference in the
2 distributions, However, it is possible that such a
difference could have arisen from the overlap of
slow potentials that were elicited by the previous
stimuli in the reading condition but which would
have been cancelled out during the subtraction that
was performed to calculate the Nd in the active at-
tention conditions. In addition, peak measures of
N1 at about 100 msec were compared to mean
amplitude measurements over 50 msec periods of
the difference wave, possibly admitting various
combinations of overlapping component wave
forms with different distributions. This latter
possibility points out the fact that even if only 2
wave forms with differing scalp distribution
overlap, it is possible to demonstrate many different
distributions by employing measures that encom-
pass varying combinations of the underlying deflec-
tions.

A related difficulty is that the NI itself is not a
unitary phenomenon; it appears to consist of a
number of overlapping deflections (Hansen and
Hillyard 1980; McCallum and Curry 1980; Wood
and Wolpaw 1982). Néitinen and Picton (1987)
proposed that 3 distinct processes contribute to the
negativity that is normally identified as the vertex
N1. Additional deflections can be recorded from
temporal sites (Wolpaw and Penry 1975; Knight et
al. 1988). In addition, Woldorff and Hillyard (1991;
see also Woldorff 1989) have reported a yet more
complex structure to the attention-related ERP dif-
ference, further indicating that a comparison of the
N1 to the Nd per se may not be appropriate.

Inthis latter study, subjects listened to very rapid-
ly presented tones (ISI range of 120 — 320 imsec) dif-
fering in both pitch and location while performing
a difficult target detection task that required strong-
ly focused attention. Six separate attention-sensitive
deflections between 50 and 350 msec were observed
in the ERP difference wave formed by subtraction
of the responses elicited by attended stimuli to those
elicited when. the stimulus was unattended. At cen-



tral sites, negative waves peaking at 90, 125 and 290
msec as well as a positive difference (190 msec) were
observed. Temporal sites disclosed a positive-
negative-positive sequence that resembled the ‘T’
complex of Wolpaw and Penry (1975), while a slow,
protracted negativity was apparent at frontal sites
(see Fig. 1). Identifying‘these attention effects was
possible at such short ISIs only by calculating
averages according to the ISI and type of the
previous stimuli and removing overlapping
responses elicited by them (Woldorff 1989, 1991).
When this was done, certain of these attention-
related deflections were shown to have been altered
in amplitude as a function of these characteristics of
the preceding stimuli. In addition, except for the
broad frontal negativity, these deflections were also
present at identical latencies in the ERPs elicited by
the unattended tones. Furthermore, both the ERPs
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and difference waves at lateral central sites showed
a contralateral predominance.

These data form the strongest evidence to date
that modulations of exogenous deflections can oc-
cur during auditory selection. Why these results dif-
fer from the broad, temporally non-coincident Nd
effects that are normally observed is unclear, but
may be related to the following considerations. (1)
These data were obtained using extremely fast rates
of presentation, randomized ISIs (120 — 320 msec),
easily discriminable classes of stimuli, and a task
that required intense focusing on attended stimuli.
Presumably, these conditions forced subjects to in-
voke early selection mechanisms that resulted in the
complex pattern of ERP differences that were
observed. The fast rate of presentation may also
have synchronized these selection processes more
closely to stimulus onset than occcurs with longer or
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Fig. 1. Attention difference waves (attended ERP minus unattended ERP) elicited by standard tones when preceded by a similar tone

(previous same) or a tone in the opposite ear (previous opposite). Stimuli were tone pips of 13 msec duration presented at 55 dB SL, using

random ISIs of 120 — 320 msec. Subjects listenend to tones in the left ear (1500 Hz) or right ear (2600 Hz) in turn, responding to occasional,

softer target tones in each ear in turn. Recordings were made from the scalp sites shown referred to the algebraic average of the left and

right mastoids with a bandpass from 0.1 to 100 Hz (half-amplitude). Data are averaged over ear of stimulus delivery; for lateral sites

‘¢’ indicates the hemisphere contralateral to the stimulated ear, ‘i’ denotes recordings from the ipsilateral site. Traces represent a grand
average of 16 subjects with about 2500 trials per subject. (Data from Woldorff 1989.)
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constant ISIs. A reduced temporal jitter of the
underlying neural processes would result in averages
in which constituent deflections would be less ‘tem-
porally smeared’ and better observed. (2) Separate
averages were computed according to ISI and type
of the previous stimulus, demonstrating that these
factors differentially affect the attention-sensitive
deflections. Usually these effects would be averaged
together, failing to dissociate the constituent sub-
deflections. (3) The overlapping responses elicited
by the preceding stimuli were removed, allowing
more accurate analyses of the components
associated with the eliciting stimulus. Thus, it is
possible that the 2-phase Nd (early central and later
frontal) that has frequently been reported in these
tasks is actually composed of a temporally smeared
combination of the deflections observed by
Woldorff and Hillyard (1991).

Besides the ERP signs of differential processing
afforded attended and unattended stimuli, Hansen
and Hillyard (1988) have reported the existence of a
‘standing negativity’ during tasks of this nature.
‘When subjects performed a selective listening task
on discrete trains of rapidly presented stimuli that
were separated by § sec silent intervals, DC record-
ings disclosed a standing negativity that appeared
after the first stimulus in each train and attained a
steady level around the third stimulus (Fig. 2). This
standing negativity was superimposed on the selec-
tive effects, and did not appear to have a scalp
distribution that could be explained as a combina-
tion of those deflections.

Mechanisms of differential processing

The goal of physiological studies of selective atten-
tion is to discover and understand the neural
mechanisms that select and differentially process
competing sources of sensory inflow, preferably in
a manner that defines the correspondence to the
functional stages and processes treated by
psychological theories of attention. ERPs provide a
non-invasive method of observing certain aspects of
brain physiology, with a relatively fine-grained tem-
poral resolution. However, the correspondences
between psychological functions, neural activity
and ERP signs of that activity during a cognitive
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Fig. 2. Recordings from the Fz scalp site using DC amplification
that demonstrate the development of a DC potential during selec-
tive listening. Subjects listened to discrete trains of stimuli that
were separated by 5 sec intervals. Prior to each train, a visual cue
directed attention to either high or low pitehed tones. Averages
are time locked to either the first (1st), second, (2nd), or third
(3rd) stimulus in each train, and also demonstrate the develop-
ment of the Nd within each train. Traces are grand averages of
11 subjects (about 400 sums per subject) and are baselined using
a 200 msec window immediately prior to the occurrence of the
first tone in the train. (Data from Hansen and Hillyard 1988.)

task are notalways clear. A thorough understanding
of these relationships would require knowledge of
the detailed neuronal populations and interactions
that instantiate a process, the anatomy and
geometry of the synapses and fiber tracts of those
neurons, and the temporal courses of current flow
associated with the individual elements. Although
information of this type has been obtained for sim-
ple systems, an understanding at this level of detail
has not yet been achieved for any higher cognitive
function. Nonetheless, the presence of changes in
ERPs certainly implies changes in the underlying
neural events, and the presence or absence of certain
deflections in various tasks can provide strong
evidence that a particular process is or is not occur-
ring. In addition, the timing of changes in the ERP
can be used to infer the temporal order in which pro-
cessing occurs. How such ERP evidence has been
applied to the analysis of the mechanisms of
auditory selective attention follows.

The multiplicity of ERP signs of selection that
have been observed in different kinds of selective



listening tasks suggests that multiple mechanisms of
selection are employed by human subjects. Early
attention-related ERP differences are elicited only
when easily discriminable classes of stimuli are
presented at a rapid rate, implying that early selec-
tion occurs only when it is both necessary and possi-
ble. Under these conditions, changes in the mid-
latency range (20— 30 msec) have been reported,
and Nds beginning as early as 50 msec are commonly
observed. Effects occurring this soon after stimulus
delivery preclude a consciously controlled, interac-
tive analysis of stimulus features. Instead, it appears
that a prior set is established with respect to stimuli
in the attended and/or unattended channels which
exists before each stimulus is delivered (Hillyard
1981). This set biases the analysis of stimuli, selec-
tively altering aspects of their processing (Nddtinen
1982), thereby engendering the ERP differences. In
addition to the machinery of selection itself,
establishment of this set, tuning and maintaining it,
and engaging further stimulus analyses are logically
necessary processes that may underlie some of the
ERP signs that are recorded in these tasks.

Maintenance of an attentional set has been pro-
posed as a candidate for the standing negativity
observed by Hansen and Hillyard (1988) and may
underlie the conscious sense of effort that is required
during intense focusing of attention. One would ex-
pect the set to develop as stimuli are first presented,
and to be tonically maintained thereafter. The
standing negativity matches these temporal predic-
tions. Furthermore, it has a frontal scalp distribu-
tion in concordance with regional cerebral blood
flow measurements that indicate the frontal lobes
are more active during tasks requiring attention
(Roland 1982).

Tuning of the selection mechanisms that are
reflected in the ERP differences has been in-
vestigated by asking whether they can be ‘pre-set,’
or whether examples of attended and/or unattended
stimuli are required before the attention-related dif-
ferences develop. Because these small signals re-
quire averaging over a large number of stimulus
presentations, the attention-related effects on the
ERP are usually evaluated by presenting hundreds
of stimuli consecutively and averaging responses
over the entire session. Donald and Young (1982),
by averaging according to the position in a number
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of presentations, found that changes in the
amplitude of N1 developed over a period of about
30 —45 sec, although P300s were elicited by attend-
ed targets even at the beginning of each presenta-
tion.

In a similar study, Hansen and Hillyard (1988)
presented short trains of tones separated by about 5
sec, cueing subjects prior to each train which stimuli
to attend. No Nd was elicited by the first stimulus in
a train if the direction of attention was different
from that in the previous train. However, if the
direction of attention did not require switching
channels, then a small, late Nd was present for the
first stimulus. The Nd developed rapidly, reaching
a steady value by the third tone in each train (see Fig.
2). Asin the Donald and Young (1982) study, P300s
distinguished attended from unattended target
tones even when they occurred in the first position
of a train, prior to the development of Nd. These
findings suggest that exemplars of to-be-attended
stimuli must be heard in order to ‘tune’ the process
responsible for the auditory Nd, although relevant
stimuli can still be accurately detected in its absence.
This conclusion, however, must be considered in
light of the study of Hansen and Hillyard (1984),
who presented continuous tones of 2 frequencies
that included occasional increments in intensity as
stimuli. Presumably, information about the attend-
ed and unattended pitches was continuously
available. Nonetheless, Nds elicited by the in-
crements in intensity were similar to those elicited by
discrete tones presented in a similar fashion. Hence,
it is unclear to what extent a memory of the features,
that distinguish attended and unattended stimuli as
opposed to the variations in instantaneous process-
ing load that arise at the beginning of a train of
stimuli, underlie the development of the Nd.

One explanation of why tuning would be required
toenable Nd signs of selection is put forth in a theory
proposed by Nédténen et al. (1978) and expanded in
Nédtdnen (1982). In this framework, subjects
develop and maintain a neuronal representation of
the relevant features of attended stimuli, terméd an
attentional trace. Incoming sensory information
from each stimulus is ¢ompared to this trace, and the
matching process generates a processing negativity
(PN). The more closely a stimulus matches the trace,
the longer in duration and larger is the resulting PN,
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Thus, stimulus classes that are easily discriminable
elicit large and early differential PNs (observed as
the early phase of Nd), while classes that are difficult
to discriminate engender smaller Nds that begin
later.

The attentional trace is proposed to decay
relatively rapidly (about 5 sec) or become less precise
without continued maintenance, thus explaining
why rapid rates of stimulus presentation are more
effective in eliciting early Nds. In addition, the
absence of an accurate trace before any relevant
stimuli have been presented is consistent with the
lack of an Nd to initial stimuli in a train. The second,
more frontally distributed phase of Nd has been pro-
posed to be a sign of the updating and maintenance
of the trace (Nadtdnen 1982; Hansen and Hillyard
1984). This suggestion is consistent with the rCBF
data of Roland (1982) who demonstrated increased
activity in this area during attention tasks. In addi-
tion, Knight et al. (1981) and Woods and Knight
(1986) reported that frontal cortex is involved with
the elicitation of the Nd. However, the studies by
Okita (1979, 1987) are somewhat difficult to recon-
cile with the notion of an attentional trace that is en-
tirely dependent on sensory input for its formation
and maintenance. In these studies, relevant streams
of tone pips changed in pitch and location in one
manner, while those in the irrelevant stream moved
in a complementary direction. Nonetheless, early
Nds were observed. Hence, the executive processes
that enable Nd signs of selection must be under some
degree of discretionary control and can tune the pro-
cessing mechanism by extrapolating the expected
pitch and/or location of stimuli.

The prediction that unattended stimuli elicit
larger and longer PNs that result in smaller and later
Nds as channel discriminability is reduced is consis-
tent with the results of Hansen and Hillyard (1980,
1983), and has been directly tested by Alho et al.
(1986b). In this study, 3 equiprobable streams of
tones were presented with either a large (423, 500
and 590 Hz), medium (460, 500 and 543 Hz) or small
(480, 500 or 521 Hz) pitch separation in different
blocks. When the pitch separation was small, the
ERPs elicited by the unattended tones were indeed
more negative than when the pitch separation was
large at latencies between 150 and 250 msec, while
the ERPs to the attended tones were approximately

the same. These data were interpreted as supporting
the theory of the PN as a reflection of a matching
process that is applied to both relevant and irrele-
vant stimuli.

An alternative explanation of these results,
however, would involve a form of functional filter-
ing of stimulus information. In this case, the filter-
ing mechanism might be expected to have a band-
width, so that the more similar an irrelevant
stimulus was to the relevant stimulus, the more
similar would be the ERP signs that it elicited. The
psychological notion of filtering is often interpreted
asimplying areductioninthe amount of stimulus in-
formation arriving from the periphery, resulting in
a diminution of exogenous components in the ERP.
However, this psychological concept can also be ap-
plied to higher levels of physiological analysis
(Hillyard and Picton 1979; Donald 1983; Hansen
1990). Certainly, a modulation of exogenous deflec-
tions would suggest a change in the amount or quali-
ty of stimulus information delivered from earlier
analyses, but alterations solely in endogenous
deflections do not necessarily rule out a functional
filtering mechanism.

In principle, the difference wave between ERPs
elicited by attended and unattended stimuli could
result from a negativity elicited by attended stimuli,
a positivity elicited by unattended stimuli, or some
combination of the two. Positivities associated with
unattended stimuli have been reported by Donald
(1987), who suggested that they reflect an active sup-
pression of processing of irrelevant stimuli, and that
the attention-related negativities are signatures of
enhanced processing of attended events. Alho et al.
(1987) also reported that irrelevant stimuli elicit
long-latency positivities, which prompted them to
conclude that Nds may result from a positivity
elicited by unattended stimuli as well as a shorter
duration PN than is elicited by attended stimuli. In
these studies, the ERPs elicited by the irrelevant
stimuli were compared to those elicited in
presumably ‘attention neutral’ conditions where
subjects read a book (Alho et al. 1987) or where no
significant Nd was present (Donald 1987).
However, in ERP studies of attention where stimuli
are presented at fast rates and long-latency pro-

tracted differences are still present when subsequent

stimuli occur, the pattern of results observed by



Donald (1987) and Alho et al. (1987) would be ob-
tained whether unattended stimuli elicit positivities,
attended stimuli elicit negativities, or some com-
bination of the two. This arises from the manner in
which ERP baselines are calculated. When any par-
ticular stimulus is delivered, the voltage that is pres-
ent at stimulus onset will depend on the type of the
preceding stimulus and the length of time since its
occurrence. Thus, in the ERP averages, the baseline
period will include voltages elicited by the previous
stimuli at their respective ISIs, weighted by the
number and type of those stimuli. The resolution or
decay of the responses to the previous stimuli will
then appear as changes in voltages relative to the
baseline of the current stimulus (Hansen and
Hillyard 1988). For example, if attended stimuli
elicit protracted negativities, the response to unat-
tended stimuli will be riding on the decaying
negativity from a proportion of the preceding
ERPs, which will appear as a positive shift relative
to the baseline even if the unattended stimulus elicits
no positive activity of its own, Conversely, if unat-
tended stimuli elicit protracted positivities, attended
responses would appear to elicit negative shifts in
the absence of any such activity engendered by the
attended stimuli themselves. This ambiguity might
be removed using the correction for overlapping
responses developed by Woldorff (1989, 1991) in
conjunction with ERPs recorded in a ‘neutral’ at-
tentional state. However, it is unclear how such a
state should be defined. Another approach would be
to examine the attended and unattended wave forms
with respect to a baseline that did not contain any
ERP activity. This was done by Hansen and
Hillyard (1988) by presenting discrete trains of
stimuli and measuring ERP amplitudes with respect
to a baseline calculated before the beginning of the
trains. In this study, both attended and unattended
ERPs were found to be more negative than the pre-
train baseline, and rode on a standing negativity
(discussed above). Attended stimuli elicited more
negativities than unattended, so while the unattend-
ed responses were positive relative to the attended
responses, the absolute level of both was negative.
Thus, it appeared that the Nd results from varying
values of negativities elicited during auditory atten-
tion tasks.

Phasic positivities have also been reported that
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arerelatively immune to interpretational difficulties
due to overlapping activity in the baseline period. In
a study by Woods et al. (1984), subjects shadowed
or listened to 1 of 2 simultaneous prose passages
presented to both ears. ERPs were recorded in
response to occasional probe stimuli of various
types that were superimposed on the speech. Speech
sound probes elicited larger negativities when they
occurred in the attended ear, whereas pure tone
probes at the frequency of the second formant of the
speech elicited an enhanced positivity. The data of
Woldorff (1989) also disclosed an enhanced phasic
positivity at 190 msec (at the latency of the P2 com-
ponent) in ERPs elicited by attended tones as com-
pared to when the tones were unattended. Although
there is no a priori reason that these enhanced
positivities should be interpreted any differently
than the variety of negative attention-related dif-
ferences, one might speculate that once a stimulus
has been selected as belonging to the relevant class
of stimuli, additional neural activity is invested in its
analysis. If the stimulus is then found to be inap-
propriate for still further processing, its rejection
may entail a greater change in processing, and this
rejection is reflected by the phasic positivity.

Levels of selection: early versus late

Psychological theories of selective attention differ
primarily in their predictions of the extent to which
irrelevant stimuli are processed. Late selection
theories postulate that a complete sensory analysis
of all aspects of a stimulus takes place prior to
behavioral selection. In contrast, early selection
theories propose that sensory analyses can be cur-
tailed, thereby reducing the processing load of
higher level, limited-capacity systems. As discussed
above, modulation of exogenous deflections would
strongly support theories of early selection, the im-
plication being that less sensory information is ar-
riving at higher levels of analysis. To date, little
evidence of this sort has surfaced, possibly because
of temporal jitter in the underlying neural events or
overlap from endogenous deflections. However, the
elicitation by attended stimuli of endogenous poten-
tials is not necessarily inconsistent with psycho-
logical theories of early selection, insofar as an en-
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dogenous potential may reflect additional but not
obligatory analyses of a stimulus. Thus, another ap-
proach to the issue of the level of selection would be
to employ ERP signs of processing to probe the ex-
tent of stimulus analysis of both attended and unat-
tended stimuli.

One line of evidence that selection reflected by
changes in the N1 latency range can affect subse-
quent processing was provided by Donald and Little
(1981), who examined the effect of probability on
the P300 in both the attended and unattended chan-
nels. Normally, there is an inverse relation between
probability of an infrequent stimulus and the
amplitude of the P300 component that it elicits.
However, these authors found that this relationship
was only present for targets in the attended channel,
suggesting that the process responsible for the sen-
sitivity of the P300 to stimulus probability was not
applied to unattended stimuli.

The notion that Nd reflects continuing or further
analysis of attended stimuli that is not accorded
unattended stimuli is consistent with early selection,
and has been investigated in a number of ways
(Parasuraman 1980; Okita 1981, 1989; Hansen and
Hillyard 1983). When the temporal sequence of in-
formation that distinguished standards from targets
was manipulated by Okita (1981), differences in the
Nd were observed. In this study, composite target
stimuli were presented that differed slightly in pitch
in either the first 40 msec (F40) or last 40 msec (L40)
of a 240 msec tone. In separate runs, subjects
responded to one type of target or the other, with the
more frequent standard stimuli being 240 msec in
duration. The Nd elicited by the physically identical
standard tones was found to be larger at longer
latencies when subjects were searching for the 140
targets than for F40 targets, leading to the conclu-
sion that the ‘negativity reflects further processing
carried out on each relevant input after that input is
identified.’

One would expect that manipulating the difficulty
of the standard-target discrimination would cause
attended stimuli to be processed more intensely
and/or for a longer period of time. If the Nd
reflected this further processing, it would be
predicted to be larger when this within-channel
discrimination was more difficult. Parasuraman
(1980) reported such an effect, and a recent study by

Okita (1989) also obtained this pattern of results, In
the latter study, subjects listened to § vowel sounds
and a tone pip that were presented in a random order
to both the left and right ears. In different runs, sub-
jects responded to either the tone pip, 1 vowel, or
either of 2 of the vowel sounds in a particular ear.
Reaction times to the target stimuli were shortest to
the tones, intermediate when only 1 vowel was
responded to, and longest when 2 vowels constituted
the target set. However, the Nd elicited by the non-
target vowels began at about 100 msec for all 3 tasks,
and was progressively larger in amplitude as the
discrimination increased in difficulty. In addition,
the difference between the Nds elicited in the 2 vowel
and 1 vowel tasks in 3 latency ranges had a similar
scalp distribution to the early phase of the Nd
(100 - 300 msec). Hence, Okita concluded that the
early Nd reflects a within-channel selection process
that is related to controlled memory search opera-
tions,

The interpretation of Nd as reflecting continued
analysis would appear to be at odds with the results
of studies in which no standard-target discrimina-
tion is required (Schwent et al. 1976b; Alho et al.
1987). In the latter study, subjects listened to tones
that differed in pitch and make a mark on a sheet of
paper whenever 4 tones of the designated pitch oc-
curred in succession. Negative differences were still
observed that increased in latency of onset when the
pitch separation was decreased. However, this task
might have induced a CNV-type of negativity in
response to attended stimuli, since they either began
or continued a task-related sequence. This CNV
would have resolved when an unattended tone oc-
curred, possibly in conjunction with a P300, thus
producing the protracted negativities that were
reported.

It should be noted that Nds in such non-target
tasks might be predicted by generalized filtering
mechanisms or ‘gain theories’ (Néétinen 1986),
wherein stimuli in an attentional channel would be
fully analyzed because of the characteristics of the
selection mechanism, whether or not the task re-
quired it. Alternatively, when relevant stimuli are
counted, ‘further processing’ could encompass the
processes required to maintain the count, although
one might expect differences in the nature of the dif-
ference wave in this case. These possibilities



underscore the fact that ‘further processing’ is a very
general concept, and is not mutually exclusive with
the matching process proposed by Nédtdnen (1982).
Any analyses that are applied to relevant stimuli but
notirrelevant ones could be classified as further pro-
cessing; the significance centers on the implication
that attended stimuli are more fully analyzed than
are unattended ones.

The question of the extent of processing of irrele-
vant stimuli was also addressed by Hansen and
Hillyard (1983) by presenting tones varying in both
pitch and location. In this study, subjects attended
inturnto 1 of 4 equiprobable classes of tones having
a particular pitch and location, responding to occa-
sional longer duration targets. If the pitch dif-
ference was large and thus easy to discriminate but
the location difference small and difficult to
discriminate, a large, early Nd separated responses
to tones along the pitch dimension, regardless of
their location. However, only responses to tones
having the attended pitch showed a smaller, later Nd
along the location dimension. Similarly, if the loca-
tion difference was made large and easy to
discriminate but pitch separation small and difficult
to discriminate, a small, late Nd separated responses
differing in pitch only when they arose from the at-
tended location. When both pitch and location were
easily discriminable, a large early Nd distinguished
ERPs to attended tones from those not possessing
either the proper pitch or location. However, the
reaction times to occasional longer duration targets
were not affected by the manipulations of
discriminability of pitch or location. This pattern of
results was interpreted as inconsistent with theories
that propose that all dimensions of a stimulus are in-
dependently and exhaustively analyzed, regardless
of attention, or with serial analysis of stimulus
features. The authors suggested that models propos-
ing parallel, self-terminating analyses of the 3
stimulus attributes (with the duration discrimina-
tion taking the longest), or holistic models wherein
the extent of analysis would be proportional to the
similarity between internal stimulus representations
(Lockhead and King 1977) would accord with these
ERP and behavioral findings. Rugg (this volume)
has pointed out that this pattern of results does not
demonstrate that the processing of unattended
stimuli totally ceases. However, it does show that
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the process that engenders the Nd terminates as soon
as a stimulus is determined to be task irrelevant.
Thus, regardless of the exact mechanism reflected
by the Nd, these results demonstrate that irrelevant
stimuli are less extensively processed than attended
stimuli, resulting in an economy of processing that
is a hallmark of early selection theories.

While evidence along these lines indicates that
selective attention can result in differential process-
ing of stimuli, a deeper understanding requires ex-
plication of the stages of analysis, the degree to
which they proceed automatically, and the manner
in which attention alters their function (Kahneman
and Treisman 1984). The theory of the processing
negativity (Nddtdnen 1982) addresses these issues.
According to this theory, a matching process that
compares the features maintained in the attentional
trace and those of each incoming stimulus generates
the PN. The stimulus features maintained in the at-
tentional trace are under voluntary control, and
define the relevant stimuli; thus, this stage of pro-
cessing is controlled entirely by the direction of at-
tention. However, the initial processing of stimuli
for their physical features is presumed to be in-
dependent of attention and thus strongly automatic.
That the initial analysis of stimulus features pro-
ceeds automatically is inferred from the properties
of another negative wave, the mismatch negativity
(MMN).

Deviant stimuli that occur in a repetitive sequence
of otherwise identical stimuli elicit an MMN that
peaks around 200 msec and is most easily seen in the
difference between ERPs elicited by the deviants
and those elicited by the more frequent standards.
This negativity appears to differ from other deflec-
tions that can occur in the same latency range (e.g.,
N2b and PN) and has been dissociated from refrac-
tory effects on the NI and P2. It has been
hypothesized that the MMN arises from the opera-
tion of a strongly automatic mismatch detector
which compares incoming stimuli to a short-term
auditory memory trace of recent stimuli. Evidence
that physical features of incoming stimuli are fully
analyzed automatically and that the mismatch
detector is unaffected by attention derives from
reports that the MMN is of equal magnitude in se-
quences of attended as well as unattended tones (for
review, see Nédtdnen 1988). It should be noted that
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the memory trace and mismatch process proposed
to be associated with the MMN are distinct from the
attentional trace and matching process that is pro-
posed to engender the PN, The salient differences
are that the mismatch process is involuntary,
employs an automatically maintained trace of all
physical features of recent stimuli, and is activated
by mismatches with the trace. In contrast, the
matching process that generates the PN employs a
voluntarily maintained attentional trace containing
only the features that define the relevant stimuli,
and is maximally activated when features of the in-
coming stimuli match the trace, However, both pro-
cesses are proposed to employ the output of the ini-
tial feature analyzers that are strongly automatic
and hence totally unaffected by attention.

The recent data of Woldorff et al. (1991) call into
question the claim that the MMN is strongly
automatic and is elicited equally well by sequences
of attended as compared to unattended tones. In 2
separate dichotic listening experiments, deviance-
related negative waves were found to differ
dramatically in amplitude as a function of whether
the deviant tones occurred in the attended as oppos-
ed to the unattended sequence of standard tones. In
contrast to most previous investigations of the effect
of attention on the MMN, Woldorff et al, (1991)
employed easily discriminable channels of stimuli
that were presented at a very rapid rate while the
subject responded to occasional, difficult-to-detect,
fainter deviants. Under these conditions, a variety
of attention-related ERP differences were observed
in response to the more frequent standard tones that
began as early as 20 msec post stimulus, indicating
that attention was indeed strongly focused on the
designated channel, In the first experiment, with
ISIs of 120 — 320 msec, the deviant fainter tones in
both the attended and unattended channels elicited
a negative wave whose onset and peak latencies,
wave shape and distribution were generally consis-
tent with those previously described for the MMN;
the negativity in the attended channel, however, was
about4 times aslarge as thatin the unattended chan-
nel (3 —4puVversus <1puV; seeFig. 3). In the second
experiment, with even shorter ISIs (65 — 205 msec),
almost no MMN was elicited by the unattended de-
viants while attended deviants again elicited a
sizable negativity (3 —4 uV).

ERPs

—— Standard

—— Target

C34i C3dc

Attended [N

C34i

Inattended o=

Difference Waves
(Target — Siandard)
— Attended —— Inattended

C34i

Fig. 3. ERPs and difference waves demonstrating the deviance-

related negativity that was elicited by softer target tones in the

study described in Fig. 1. Data are averaged across ear of delivery

from ipsilateral (left column) or contralateral (right column) C3

and C4 scalp sites, and represent a grand average of 16 subjects

with about 500 trials per subject. (Data from Woldorff et al.
1991.)

Although it is conceivable that the attended
deviance-related negativity included an overlapping
N2b component that inflated its apparent size
relative to the unattended deviance-related negativi-
ty, no evidence for a second negative component in
the attended deviance-related negativity was seen.
In addition, the unattended deviance-related
negativity was much smaller (less than 1 x4V, see Fig.
3) than has been previously reported (3 —6 pV) for
similar or even smaller intensity decrements. This
suggests that the MMN in the unattended channel is
suppressed under conditions that require intense
focusing of attention (Woldorff and Hillyard 1990;
Woldorff et al. 1991). In any case, the deviance-
related negativities in these 2 experiments were
recorded and compared in the same manner as in
Néétdnen et al. (1978) in which equal amplitudes of
the deviance-related negativity in the attended and
unattended channels were taken as evidence that the



mismatch detection process was completely unaf-
fected by the direction of attention. Hence, these
results challenge the claim that the processes
associated with the generation of the MMN are
strongly automatic. In particular, 1 or more of the
3 processes hypothesized by Nddtdnen (1988) must
be subject to influence by focal attention and thus
are not strongly automatic. That is, the physical
features may not be as fully analyzed in the unat-
tended channel, the characteristics of the sensory
memory employed by the mismatch detector may be
altered by attention, or the mismatch process itself
may be sensitive to the direction of attention. Cer-
tainly, these findings suggest that further investiga-
tion of this deviance-elicited negativity is required
beforeit can beidentified as a reflection of a process
occurring after a strongly automatic, exhaustive
analysis of the physical characteristics of stimuli.

Conclusions

In summary, a number of distinctive ERP changes
can be observed during selective auditory attention.
At long, constant ISIs or with difficult to discrimi-
nate classes, only a long-latency endogenous nega-
tivity (Nd) distinguishes ERPs elicited by attended
and unattended stimuli. With more easily discrimin-
able cues and/or faster rates of presentation, the
latency of this difference wave decreases and over-
lapsthe N1 deflection, beginning as early as 50 msec.
Under these conditions, 2 phases of this difference
are often observed which differ in scalp distribu-
tion. At even faster rates with easily discriminable
stimuli, a more complex structure can be seen in the
difference between ERPs elicited by attended and
unattended stimuli, beginning with a positivity as
early as 20 — 30 msec post stimulus. Some of these
may be changes in exogenous deflections that com-
prise the N1, while others appear to be endogenous.
Possibly, the dual-phase, seemingly endogenous Nd
that is generally observed is composed of temporally
smeared combinations of these effects. Finally,
these selective changes are superimposed on a stand-
ing DC negativity which appears to be maintained
throughout the performance of these tasks.
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The multiplicity of these ERP signs during selec-
tive listening suggest that different attentional
mechanisms and levels of selection can be invoked
as the situation demands, Gating of sensory inflow
from the periphery does not appear to play a signifi-
cant role in stimulus selection, as reliable changes in
brain-stem potentials have not been demonstrated.
However, mid-latency differences at 20 — 30 msec
and Nds as early as 50 msec suggest that stimuli are
differentially processed as a result of an attentional
set that is present before stimuli are delivered. This
set biases the 'analyses of stimuli so that irrelevant
events are not as fully processed as relevant events,
although it is unclear if this is due to additional pro-
cessing afforded attended stimuli, suppression of
processing of unattended stimuli, or some combina-
tion thereof. The attentional set can employ a
number of rapidly discriminable cues to effect early
selection, including pitch, location, or phonetic
cues, but its development appears to require recent
exposure to examplars of the relevant and irrelevant
classes of stimuli.

It is unclear whether the selection process can en-
tail modulations of obligatory neural processing
that are reflected by changes in exogenous ERP
deflections, although functional filtering of stimuli
certainly occurs. A matching process has also been
proposed to engender the ERP differences, whereby
the Nd arises from differences in the amplitude and
duration of a PN that is generated when stimuli are
compared to an attentional trace after a full analysis
of their physical properties. The attentional trace is
proposed to be a voluntarily maintained sensory
memory of the physical features that define relevant
classes of stimuli, in contrast to a strongly automatic
system that detects deviant stimuli and is associated
with the MMN. That stimuli are automatically and
exhaustively analyzed for their physical character-
istics is inferred from the insensitivity of the MMN
to the direction of attention. However, recent data
indicate that the MMN differs between attended and
unattended streams of stimuli when they occur so
rapidly that intense focusing of attention is
necessary. Hence, it is unclear that even the analysis
of the physical features of stimuli is strongly
automatic and is outside the purview of attentional
control.
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