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apsTrRacT Electrical and magnetic recordings of human
brain activity can trace the flow of sensory-perceptual infor-
mation through the afferent pathways and cortical sensory
areas with high temporal resolution. Studies that employed
these recordings during both auditory and visual selective
attention tasks have demonstrated that attended stimuli
evoke enlarged sensory responses in modality-specific cortex.
The short latency of these evoked responses, as well as their
anatomical and physiological characteristics, provide strong
support for early selection theories of attention. These and
other techniques for imaging the spatial and temporal prop-
erties of human brain activity are beginning to provide an
outline of the brain systems that mediate selective attention.

Human observers can readily focus attention on high-
priority stimuli in the environment and analyze their
properties in considerable detail, often at the expense
of less relevant inputs. This selection of a particular
subset of the available stimuli for preferential pro-
cessing is an essential function of selective attention
(Kinchla, 1992). In recent years, a number of concep-
tual and technological advances have enabled system-
atic investigation of the neural systems of the human
brain that mediate attentional processes (see chapter
39). To develop a full ptcture of the brain circuitry that
underlies attention, it is necessary not only to identify
the critical participating brain regions but also to de-
termine the precise timing of neural communication
among them. Although new methods for measuring
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regional cerebral blood flow and metabolism are pro-
viding a detailed anatomical picture of the brain re-
gions that are active during attention (Petersen, Fiez,
and Corbetta, 1992), these methods do not reveal the
time course of information transmission along neural
pathways.

The time course of brain activity patterns related
to attention can be measured at the millisecond level
of resolution through recordings of the electrical and
magnetic fields that are generated by active popula-
tions of nerve cells. These fields can be recorded non-
invasively from the surface of the head while subjects
engage in attention-demanding tasks. Recent advances
in techniques for localizing the intracranial generators
of these surface fields (e.g., Dale and Sereno, 1993)
have permitted more accurate determinations of the
anatomical origins of precisely timed brain activity
related to cognitive processes. Together, these ap-
proaches for imaging spatial and temporal aspects of
human brain activity are providing new insights into
the operations of the attention systems of the brain.

Electrical and magnetic fields of the brain

As stimulus information traverses the sensory path-
ways, the activation of successive relay nuclei and cor-
tical areas gives rise to a sequence of precisely timed
evoked potentials and evoked magnetic fields that may
be recorded from the surface of the head with appro-
priate instrumentation. For example, the characteristic
sequence of voltage deflections triggered at the scalp by
an auditory stimulus is shown in figure 42.1. These
positive and negative voltage peaks or components rep-
resent the field potentials generated by synchronous
nerve cell activity at different sites in the auditory
pathways of the brain stem and cerebral cortex. Volt-
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Fioure 42.1 Component structure of the auditory ERP
recorded from the scalp in response to a brief stimulus such
as a click or tone, The electrical responses of the auditory
pathways are amplified and signal-averaged over many
stimulus presentations to produce an averaged waveform
with an adequate signal/noise ratio. The logarithmic time
base used heré allows visualization of the major components
(voltage peaks) of the auditory ERP, which occur at specific
latencies after stimulus onset. These components include

age deflections such as these, which may be time-
locked to Sensory, cognitive, or motor events, are
termed event-related potentials (ERPs), and their magnet-
ic field counterparts are designated event-related Sields
(ERFs) (e.g., Kaufman and Williamson, 1985;
Hillyard, 1993).

At the cellular level, both ERPs and ERFs are gen-
erated as a consequence of the flow of ionic currents
across nerve cell membranes during synaptic activity,
The passage of transmembrane currents into the ex-
tracellular fuids produces field potentials that may
spread some distance from the active cells, depending
on the electrical conductance of the intervening fluids
and tissues. In contrast, the concentrated intracellular
flow of ionic currents along elongated neuronal pro-
cesses such as dendrites gives rise to magnetic fields
that surround the active cells and pass freely through
biological tissues (figure 42.2), When a large popula-
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early waves evoked from the auditory brainstem pathways
(I-VI), early positive (P) and negative (N) components
evoked from the cortex {(N,, P,, Ny, and P)), and late
cortical components (N, and P,). Additional components
that may vary as a function of the attentional and cognitive
processing of the stimulus are shown in dotted and dashed
lines (Ny, N,, P,, and SW). (Reprinted from Hillyard, 1993,

by permission.)

tion of elongated neurons having a similar orientation
are activated concurrently, their summated fields may
be of sufficient strength to be recordable as ERPs or
ERFs at the surface of the scalp.

Localization of active sources in the brain

Algorithms based on the physics of electrical volume
conduction or magnetic field propagation have been
developed that allow the intracranial locations of ERP
or ERF generators to be estimated on the basis of their
surface field distributions (Williamson et al., 1991;
Scherg, 1992). This calculation of neural generator po-
sition from surface-recorded data is known as the inverse
problem. Current approaches to solving the inverse
problem require that simplifying assumptions be made
about the geometry of the underlying cell populations,
the number of discrete populations that may be active



R S e S s o A TN E

R R S R R S oo g A

T M R A T

MAGNETIC
FLUX
LINES

ELECTRIC \&1
CURRENT p— A
LINES _

Figure 42.2  Theoretical voltage and magnetic field pat-
terns produced at the surface of the scalp by an idealized
“current dipole” (Q) in the brain that is oriented parallel to
the surface. Such a current dipole would be produced, for
example, by a population of elongated neurons of similar
orientation that were generating synchronous synaptic po-
tentials. Electrical volume currents (J7) pass through the
conducting media to produce the surface voltage field. In
contrast, the magnetic field lines (B) produced by the cur-
rent dipole emerge from the scalp and may be recorded by

superficial sensors. (Adapted from Kaufman and William-
son, 1985.)

and, in the case of ERPs, the conductive properties of
the brain, skull, and scalp.

The localization of active neural sources is more
straightforward in the case of ERF recordings, because
magnetic fields pass through the brain, skull, and scalp
without the distortions that occur for electrical poten-
tials (Williamson and Kaufman, 1987). Also, surface
magnetoencephalographic (MEG) recordings are se-
lectively sensitive to the magnetic fields arising from
current flows in neurons oriented tangentially (paral-
lel) to the surface of the scalp (as in figure 42.2), which
means that ERFs primarily reflect the activity of neu-
rons situated in the cortical sulci but not the activity of
radially oriented neurons in the cortical gyri. The spe-
cific sensitivity of MEG recordings to sulcal sources
simplifies localization of the MEG activity. This con-
trasts with ERP recordings, which are sensitive to cur-
rent low {rom neurons of any orientation with respect
to the surface.
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Attention and brain ph 1siology

Psychological theories of attention have traditionally
been divided on the question of whether selective at-
tention acts at early versus late levels of processing.
Early selection theorists have postulated a relative sup-
pression of unattended sensory inputs at an early stage
of feature analysis, whereas proponents of late selection
have argued that selection takes place only after the
identity and meaning of the stimulj have been thor-
oughly analyzed (reviewed in Nidtinen, 1992). Be-
cause ERPs and ERFs can trace the flow of sensory
information through the afferent pathways with a high
degree of temporal resolution, they can provide critical
data to distinguish between early and late selection
mechanisms. By measuring the timing of attention-
induced modifications in stimulus-evoked ERPs and
ERFs and specifying the brain areas in which they
occur, strong inferences can be made about the level
of processing at which selectivity is imposed.

Further information about attentional mechanisms
can be derived by examining the waveform of the ER P
and ERF changes. If attention acts as a simple gain
control (amplification) process that increases the
strength of a selected sensory input, this should pro-
duce an increase in the amplitude of the corresponding
sensory-evoked ERP or ERF component with little or
no change in its wave shape or generator source local-
ization. In other words, if the same neural representa-
tion is activated by attended and unattended stimuli,
but to different degrees, the associated evoked response
should differ only in amplitude. On the other hand, the
analysis of attended inputs via separate, specialized
neural circuits would lead to ERPs and ERFs that
differ qualitatively in waveform and localization.

Auditory selective attention

One of the best known and most dramatic examples
of auditory selective attention is the so-called cocktail
party effect, in which a listener in a noisy environment
focuses attention on one conversation while suppress-
ing awareness of competing conversations., A pro-
tracted controversy has revolved around the fate of
the unattended verbal messages—whether they are at-
tenuated at an early level, prior to analysis of their se-
mantic content, or whether they are fully analyzed for
content and subsequently suppressed from awareness
at a later stage (reviewed in Nédtanen, 1992).
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Ficure 42.3  Dichotic listening task in which early auditory
ERP components were modulated during channel-selective
attention. Randomized sequences of tones were delivered to
left (3400 Hz) and right (5000 Hz) ears at short interstimulus
intervals (120-320 ms). Asterisks indicate slightly deviant
target tones that the subject attempted to detect in one ear at
a time. Averaged ERPs to tones in each ear are shown as a

This level-of-selection issue has been studied exten-
sively by recordings of ERPs in a dichotic listening task
that serves as a simplified model of the cocktail party
situation (e.g., Woldorff and Hillyard, 1991). In this
task, randomized sequences of tones are presented to
the left and right ears at a rapid rate of 3—6 per second;
the tones in the two ears also differ in pitch, and a
fraction of the tones (the targets) differ slightly in some
parameter, such as duration or intensity, from the
more common standard tones. The subject’s task is to
pay attention to the tones’in one ear at a time and to
detect occurrences of the difficult-to-detect targets in
that ear.

In several versions of this high-load dichotic listen-
ing paradigm, it has been observed that tones in the
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function of whether that ear was attended or unattended.
The attention effect consists of an enhanced early positive
(P) wave (P20-50, shaded area) and subsequent enlarged
negativity (N) at 60-150 ms (N1 or N100). These effects
may also be seen in the difference waves formed by sub-
tracting the unattended from the attended ERP (lower trac-
ings). (Data from Woldorff, Hansen, and Hillyard, 1987.)

attended ear elicit an enlarged negative ERP deflec-
tion that begins as early as 60~70 ms poststimulus and
overlaps the major sensory-evoked negative compo-
nent (N1 or N100), which peaks at approximately 100
ms (figures 42.1, 42.3). In this discussion, the enlarged
negativity elicited by attended stimuli will be termed
the Vd (negative difference) wave, which generally con-
sists of an early phase that overlaps the N100 and a
later phase that may persist for several hundred milli-
seconds beyond the N100 peak.

A protracted controversy has arisen over the ques-
tion of whether the early portion of the Nd attention
effect includes an actual amplification of the evoked
N100 component (Hillyard et al., 1973) or whether it
arises exclusively from a separate, endogenous neural




ey

source that is activated only by attended stimuli
(Nddtanen and Michie, 1979; Niatanen, 1990). The
former effect would be in line with a sensory gain con-
trol mechanism, whereas the latter would indicate spe-
cialized processing of attended-ear stimuli. This ques-
tion has proved difficult to resolve because both the
evoked N100 and the Nd attention effect are composed
of multiple subcomponents that arise from concur-
rently active neural generator sources in the auditory
cortex (Ndadtinen and Picton, 1987; Woldorft and
Hillyard, 1991). »

Fvidence suggesting that the early Nd may be en-
dogenous has come from a number of studies showing
that the scalp topography and amplitude variations
of the early Nd can be dissociated {rom those of the
unattended N100 wave (Niitinen and Michie, 1979;
Naatanen et al., 1992; Teder et al., 1993; Woods,
Alho, and Algazi, 1994). Based on such findings,
Naitinen (1990, 1992) has proposed that the early
Nd reflects the activation of an endogenous, attention-
specific component, termed the processing negativity, that
differs in cortical origin from the sensory-evoked N100.
The processing negativity was hypothesized to index
the matching of incoming stimuli with the short-term
memory trace of the cues that define the attended
channel (e.g., pitch or ear of entry), which was consid-
ered a basic mechanism of auditory ‘attention. Naita-
nen and associates (1992, p. 493) concluded that the
evoked N100 itself was unaffected by attention, and
consequently they argued that “attention does not
modulate initial stimulus representations in audition.”

The fact that the early Nd can differ in scalp distri-
bution from the sensory-evoked N100, however, does
not prove that this attention-related negativity is ex-
clusively (or even primarily) endogenous in nature.
Because the evoked N100 is known to consist of multi-
ple, overlapping subcomponents, it is quite possible
that attention could enhance the amplitude of only one
(or a subset) of the evoked N100 generators while leav-
ing the others unchanged. Such a selective enhance-
ment would very likely result in an Nd that differs in
scalp distribution from the overall unattended N100.

Evipence FOR EarLy Gain CONTROL IN AUDITORY
CorTEx Evidence supporting the view that auditory

attention does include an early gain control mecha--

nism that increases N100 amplitude has come from
studies showing that the early phase of the Nd coin-
cides precisely in time with the evoked N100 wave (see

figure 42.3) and that the early Nd and NT0O waves
show similar patterns of lateral asymmetry related to
ear of stimulation (reviewed in Woldorff and Hillyard,
1991). Even stronger support for this hypothesis was
obtained in recent neuromagnetic studies that utilized
the dichotic listening task (Rifet al., 1991; Woldorff et
al., 1993). Woldorff and colleagues (1993) found that
the unattended M100 (the magnetic counterpart of the
N100) and its enhancement by attention not only had
virtually identical waveforms but were both localized
to the same region of auditory cortex. Figure 42.4
shows that the M100 component elicited by right ear
tones in the dichotic listening paradigm was increased
in amplitude and did not change in latency when right
ear tones were attended. The magnetic field of this
M 100 component was distributed in accordance with a
neural generator source in the supratermporal auditory
cortex (figure 42.5). In the present context, the key
finding was that the neural generators of the M100
to unattended tones, the enlarged M100 to attended
tones, and the differential attention effect itself were all
localized together in the auditory cortex of the su-
pratemporal plane (figure 42.5B). This pattern accords
with the hypothesis that selective listening amplifies
early evoked activity in the auditory cortex (relative to
unattended inputs) and does, in fact, modulate early
stimulus representations.

Further support for an early selection and gain con-
trol mechanism comes from the recent finding that
attended-ear stimuli during dichotic listening elicit an
enlarged positive ERP component as early as 20-50 ms
after stimulus onset (see figure 42.3, shaded area).
Moreover, this P20-50 attention effect (Woldorff,
Hansen, and Hillyard, 1987; Woldorff and Hillyard,
1991) has a magnetic counterpart, the M20-50 effect

" (see figure 42.4), and its neural generators were also

localized to auditory cortex (Woldorff et al., 1993).
The timing of this enhanced ERP and ERF activity in
humans at 20—50 ms corresponds to the latencies of the
earliest attention effects observed for neurons in pri-
mary auditory cortex of monkeys (Goldstein, Benson,
and Hienz, 1982).

In contrast to these attention effects at the cortical
level, recordings of the very-short-latency brainstem
evoked potentials (1-10 ms; see figure 42.1) have yet
to reveal any consistent attention-related changes in
either dichotic listening or cross-modal attention tasks
(e.g., Woldorff, Hansen, and Hillyard, 1987; Hackley,
Woldorff, and Hillyard, 1990). These negative results
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Ficure 42.4 Event-related magnetic field (ERF) wave-
torms recorded during the fast-rate dichotic listening para-
digm of Woldorfl and colleagues (1993). Grand-average
ERFs from seven subjects in response to right ear standard
tones are shown for anterior, posterior, and intermediate
recording sites over the left hemisphere. Note the amplitude

imply that subcortical modulation of afferent transmis-
sion in the brainstem relay nuclei does not play a role
in human auditory attention. Rather, both ERP and
ERF recordings indicate that selective listening exerts
its control over auditory processing either at the level
of the thalamic relay or at a very early cortical stage,
thereby producing an altered response in auditory cor-
tex as early as 20 ms after stimulus onset. A thalamic
locus of attentional control over sensory transmission
to primary cortex would be in accordance with the
thalamic gating hypothesis of Skinner and Yingling
(1977), who proposed (on the basis of neurophysiolog-
ical studies in cats) that information flow to the cortex
via thalamic relay nuclei could be modulated by atten-
tion. Whether information is modulated at thalamic or
early cortical levels (or both) during human auditory
attention, it is clear that ERP and ERF data provide
support for early selection of inputs before perceptual
processing is complete.

EArRLY AUDITORY SELECTION AND MisMaTcH NEGATIV-
ity If selective listening does involve an early gain
control over inputs to auditory cortex, one might
expect to find that the early registration and analysis
of stimulus features would be suppressed in the un-
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enhancement of the sensory-evoked M20-50 and MI100
waves in attended (solid) versus unattended (dotted) condi-
tions. Both these waves invert in polarity at the anterior
relative to the posterior site, consistent with a vertically ori-
ented current dipole source located in the auditory cortex of
the supratemporal plane (see figure 42.5).

attended channel (relative to the attended channel).
Evidence concerning this issue comes from studies of an
ERP component known as mismatch negativity (MMN},
which is specifically elicited (at a latency of 150-200
ms) by any type of physically deviant stimulus in a
repetitive sequence of sounds. Both electrical and mag-
netic rcéordings indicate that the MMN is generated
primarily in auditory cortex (Scherg, Vajsar, and
Picton, 1989; Sams et al., 1991). Because elicitation of
the MMN requires a comparison of the deviant tone's
properties with the sensory memory trace of the pre-
ceding repetitive tone, the MMN has been interpreted
as an index of early feature analysis in the auditory
cortex (Nddtdnen, 1990). Niitinen and colleagues
(reviewed in Alho, 1992; Ndatanen, 1990) have re-
ported that the MMN was unaffected by various atten-
tional manipulations, which led them to conclude that
all the physical features of auditory stimuli are auto-
matically analyzed and stored in short-term memory
whether or not they are attended.

In several recent experiments, however, ERPs were
recorded in dichotic listening tasks that were optimized
for the selective focusing of attention, and it was found
that the MMN was, in fact, suppressed for deviant
tones in the unattended ear (Woldorff, Hackley, and
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Ficure 42.5 (A) Magnetic field distributions for the M 100
component elicited by right ear tones in a dichotic listening
experiment in one subject. Separate mappings are shown for
the M 100 elicited by attended tones and unattended tones,
and for the differential attention effect obtained by sub-
tracting the unattended from the attended responses. These
mappings show a dipolar field with magnetic field lines
emerging from the head superiorly and entering inferiorly.
Arrows indicate the orientations and schematic locations of
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the single equivalent dipole sources that were calculated to
best fit these surface ERF distributions. (B) Magnetic reso-
nance imaging scans showing the calculated locations of the
best-fit dipole sources for the attended M 100 (white square),
the unattended M100 (dark square), and the differential
M 100 attention effect (white circle), which were all situated
within millimeters of one another in the auditory cortex of
the supratemporal plane. (Data from Woldorff et al., 1993.)
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Ficure 2.6  Suppression of mismatch negativity (MMN)
and mismatch field (MMF) during focused auditory atten-
tion in fast-rate dichotic listening experiments. (A) ERPs
from study by Woldorfl and coworkers (1991). Superim-
posed are the ERPs (scalp site Cz) elicited by standard and
deviant (lower-intensity) tones in the attended ear (left col-
umn) and in the unattended ear (middle column). In the
right column are the corresponding difference waves, which
were derived for each attention condition by subtracting the
standard-tone ERP from the deviant-tone ERP. Note the
strong suppression of the MMN elicited by unattended-ear

Hillyard, 1991, Woldorff et al., 1992). This suppres-
sion was observed both for the MMN and its magnetic
counterpart, the mismatch field (MMF), as shown in
figure 42.6. The magnetic field distributions (figure
49.7) indicated that the MMF that was suppressed
by attention represented a modality-specific neural re-
sponse of the auditory cortex rather than a nonspecific
response associated with detection of a task-relevant
stimulus (cf. Naitanen, 1991). These data strongly
support the view that auditory feature analysis and
mismatch comparisons are suppressed in the unat-
tended channel when attention is strongly focused on
the other channel.

TIMING OF AUDITORY FEATURE SELECTIONS The
studies reviewed earlier indicate that highly focused
auditory attention exerts a gain control over early
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deviants. {(B) ERFs (to right ear tones only) recorded from
anterior and posterior sites over the left hemisphere during
fast-rate dichotic listening. The attended-tone ERFs (left
column), unattended-tone ERFs (middle column), and dif-
ference waves (right column) are displayed in parallel to the
ERPs shown in (A). Note that the attended deviant tones
elicited substantial MMF activity at 200 ms that inverted in
polarity at the anterior site relative to the posterior site. This
activity was highly suppressed for the unattended tones. (Da-
ta from WoldorfT et al., 1992.)

evoked activity in the auditory cortex, reflected in am-
plitude modulations of the P20-50 and N100 compo-
nents. In addition to these evoked potential changes,
attended tones typically elicit a more prolonged nega-
tive ERP (corresponding to Nédtdnen’s processing
negativity) that appears to reflect activation of sepa-
rate, endogenous neural populations specialized for
processing attended inputs. Accordingly, the overall
negativity elicited by attended-channel sounds (i.e.,
the Nd) is most likely composed of an enlarged N100
wave together with an overlapping processing negativ-
ity that may extend for several hundred milliseconds
and may reflect a more detailed analysis of attended-
channel features in specialized auditory fields (Ndatd-
nen, 1992; Woods, Alho, and Algazi, 1994).
Whatever its exact composition, the waveform of the
Nd attention effect can provide precise information
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Ficure 42.7 Topographical distribution of the magnet-
ically recorded mismatch field (MMF) that was supressed in
response to unattended deviant tones. This mapping shows
the distribution of the differential MMF to attended versus
unattended deviant tones, obtained by subtracting the un-
attended from .attended difference waves shown in the right
column of figure 42.6B. This fleld distribution is highly simi-
lar to that of the M100 (figure 42.3) and shows a similar
source localization to the auditory cortex. (Data from Wol-
dorff et al., 1992.)

regarding the time points at which different classes of
auditory features are selected or rejected. In one set of
studies, for example, high- and low-pitched tones were
presented to the left and right ears in random order,
and subjects were required to focus attention on one
of the pitch-ear “feature conjunction” stimuli (Woods
and Alain, 1993; Woods, Alho, and Algazi, 1994).
Topographically distinct Nd waves were found to be
associated with selections of the individual features and
the feature conjunction. The timing of these Nd waves
indicated that the pitch and location features were se-
lected and processed independently and in parallel for
the first 70—100 ms, while evidence for conjunction
selection became evident after 110—120 ms. Woods,
Alho, and Algazi (1994)‘p0inted out that this delay
of 30-50 ms for selection of the conjunction with re-
spect to feature selection is in accordance with esti-
mates of the time required to conjoin features in visual
search tasks.

Visual selective attention

The ability of human observers to shift their attention
rapidly to selected positions of a visual scene has been
well documented in numerous behavioral studies,
which have shown that stimuli situated at or near a
covertly attended location are detected and discrimi-
nated more accurately than are stimuli outside the
spotlight of spatial attention (for review, see Van Der
Heijden, 1992). As with auditory attention, there has
been a long-standing debate about the level of pro-
cessing at which visual attention operates. Some inves-
tigators have argued that visuospatial attention acts at
an early stage of visual encoding or feature processing
and thus affects early perceptual representétions (e.g,
Prinzmetal, Presti, and Posner, 1986; Reinitz, 1990).
An alternative view, however, is that spatial attention
acts at postperceptual levels by biasing decision or re-
sponse stages to favor specific inputs or by rapidly allo-
cating decision processes to attended information (e.g.,
Sperling and Dosher, 1986; Mueller and Humphreys,
1991). Because the distinction between perceptual and
decision stages has proved difficult to pin down in be-
havioral studies, the issue of early versus late selection
has remained unresolved.

ERP recordings have been used to address the level-
of-selection issue for visual attention in a manner anal-
ogous to the auditory attention studies described
previously. Studies employing several different types of
spatial attention paradigms have shown that sumuli
presented within the focus of attention produce en-
hanced sensory-evoked P1 (80—120 ms) and N1 {140—
190 ms) components relative to unattended stimuli.
This characteristic ERP pattern has been observed in
tasks involving sustained attention, spatial cuing, and
visual search (reviewed in Luck, Fan, and Hillyard,
1993). These early P1 and N1 changes appear to be
unique to spatial attention and do not occur during
attention to nonspatial features such as color or spatial
frequency, which accords with psychological theories
in which location is given special status relative to
other features (e.g., Treisman and Gelade, 1980).

NEURAL SYSTEMS MEDIATING VISUOSPATIAL ATTENTION
A recent study by Mangun, Hillyard, and Luck (1993)
attempted to localize the cortical areas that give rise to
the attention-sensitive P1 and N1 components in a task
that involved sustained attention to one of four loca-
tions in the visual field (figure 42.8). Rectangles were
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Ficure 42.8  (A) Amplitude changes in visual ERP compo-
nents in the spatial attention task of Mangun, Hillyard, and
Luck (1993). Stimuli (flashed rectangles) were presented to
the four quadrants of the visual field in random order at
intervals of 250-530 ms. Subjects were instructed to attend
to flashes in only one of the quadrants at a time during each
run. ERPs were averaged separately for each type of stimu-
lus and attention condition for each of 30 scalp sites. Shown
are grand-average ERPs to the upper left quadrant flashes
under each of the four attention conditions. Note the amplifi-
cation of the Pl, NI, and N2 waves when the flashes were
attended. The head map shows the scalp current density
distribution of the Pl component (at 108 ms), which was

flashed in random order to the four positions, and sub-
jects attended to flashes at only one of the locations
during each 50-s run. Figure 42.8A shows that flashes
at an attended location evoked markedly larger P1 and
N1 waves (and later waves as well) than did fashes
outside the focus of attention. The scalp distribution of
the enhanced P1 component showed a sharp focus of
current density over the ventrolateral extrastriate cor-
tex (figure 42.8B, C), whereas the N1 attention affect
was localized somewhat more dorsally, over occipito-
parietal cortex. Significantly, both the Pl and NI
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maximal over the contralateral occipital scalp. (B) Magnetic
resonance imaging (MRI) scan of one subject’s brain in a
plane that passes through the lateral extrastriate cortex. Ar-
rows show the locations of the current density maxima of the
Pl attention effect for stimuli in the four visual quadrants:
lower left {11), upper left (ul), lower right {Ir), and upper
right (ur). Note that the MR scan is left-right reversed. (C)
Superposition of the average current density contours for the
Pl component on a classic map of Brodmann’s cortical areas.
The maximum source of the Pl attention effect overlies lat-
eral prestriate visual cortex. (Reprinted from Hillyard, 1993,
by permission.)

waves to attended stimuli were simply increased in am-
plitude, with no change in either waveform or scalp
distribution. This implies that spatial attention acts
as a sensory gain control mechanism that modulates
the Alow of information differentially between attended
and unattended zones of the visual fields.

An earlier ERP component that began at approxi-
mately 50-60 ms displayed a scalp topography con-
sistent with a generator source in the primary visual
(striate) cortex. This component reversed in polarity
for upper- versus lower-field stimuli, as would be ex-

u
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pected from the retinotopic mapping of the upper and
lower half-fields onto striate cortex regions situated on
opposing banks of the calcarine fissure. Significantly,
this polarity-reversing component did not change in
amplitude when evoked by attended versus unat-
tended stimuli. This result is consistent with single-cell
recording studies in monkeys, which have found no
evidence that selective attention influences activity in

primary visual cortex (Colby, 1991). Thus, both hu-

man and monkey studies have failed to find evidence
for the existence of an attentional mechanism that acts
at the thalamic level to modulate sensory transmission

from the lateral geniculate nucleus to primary visual
cortex (cl. Crick, 1984).

Recent positron emission tomography studies have
also indicated that visual selective attention acts to

N spatial Vision
[Jobject Vision
Spatial and Object Vision

Ficure 42.9 Comparison of visual cortical areas in the ma-
caque and extrastriate visual areas in humans. (A) Compos-
ite of posterior right and left cortical regions in which three
or more subjects demonstrated increased normalized cere-
bral blood flow during face matching (object vision) or dot-
location matching (spatial vision) tasks, relative to a control
task. {B) A map of the major visual areas in macaque visual
cortex and their interconnections. The results this PET study
in humans suggest homologies between the lateral occipital
area activated by both tasks and lateral portions of area V¢
in the macaque. (Reprinted from Haxby et al, 1991, by
permission.)

modify neural processing in multiple extrastriate visual
areas but not in the striate cortex or lateral geniculate
nucleus. Increased cerebral blood flow in discrete zones
ol the extrastriate cortex has been observed during sus-
tained attention to several types of stimulus features
and patterns {Corbetta et al., 1991; Haxby etal,, 1991).
One such cortical area appears to correspond closely
to the anatomical position of the Pl generator source
identified in our ERP studies (figure 42.9). The timing
of the stimulus selection reflected in the Pl wave {onset
at 70-90 ms poststimulus) also corresponds well with
the latencies of attention-sensitive single-unit discharge
in several areas of macaque extrastriate cortex (Desi-
mone et al., 1990; Colby, 1991).

LaBerge {chapter 41) has proposed a computational
and anatomical model of visuospatial attention that
incorporates current knowledge of visual system neuro-
physiology with evidence from relevant human PET
and ERP studies. In this model, spatial attention does
not influence visual processing at the level of the striate
cortex but rather acts to modulate the flow of informa-
tion {rom striate to extrastriate areas. The pulvinar
nucleus of the thalamus was ascribed the key role of
selectively biasing information flow in extrastriate vi-
sual pathways by means of its reciprocal anatomical
projections to those cortical areas. LaBerge has shown
how the neural circuitry of the pulvinar may intensify
a preferential bias signal for an attended visual field
location that originates in the prefrontal cortex and is
relayed to the pulvinar via the posterior parietal cor-
tex. In this framework, the enlarged Pl and N1 com-
ponents observed for attended stimuli may correspond
to the enhanced information flow in extrastriate cortex
originating from attended zones of the visual field.

SeLEcTION OF FEATURES anD OBjects  When stimuli
are selected on the basis of features such as color, size,
or shape, the associated ERP patterns are very differ-
ent from the early P1/N1 amplitude modulations pro-
duced during attention to location. Attention to such
nonspatial features is indexed instead by longer-
latency ERP components in the 150- to 350-ms range
that are largely endogenous (i.e., components trig-
gered specifically by attended stimuli but not other-
wise). Among these components are the posterior selec-
tion negativities elicited by stimuli having an attended
feature, the N200 (N2) waves associated with discrimi-
nation and identification of relevant stimulus dimen-
sions, and the P300 (P3) component that is triggered
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when task-relevant events have been recognized and
classified (Harter and Aine, 1984; Wijers et al., 1989;
Kenemans, Kok, and Smulders, 1993). The selection
'negativity and N200 waves show differences in scalp
topography that depend on the specific features being
selected, and an important area for future research will
be to relate these ERPs to patterns of cerebral blood
flow during feature-selective processing (e.g., Corbetta
et al., 1991).

As was described for the auditory Nd component,
the temporal properties of the selection negativity,
N200, and P300 waves yield precise information about
the timing and order with which different stimulus
(eatures and feature combinations are selected. When
selection depends on multiple features of a stimulus,
different ERPs may be associated with the processing
of each one, and inferences can be made about whether
the features are selected and processed in a parallel or
interactive fashion. In several studies, the ERP pat-
terns indicated that an initial stage of independent fea-
ture selection preceded the identification of feature
conjunctions or objects (e.g., Harter and Aine, 1984),
consistent with Treisman and Gelade’s (1980, page 98)
view that “features come first in perception.” In other
tasks, the selection of one feature of a stimulus was
found to be heirarchically dependent on the prior se-
lection of another, more discriminable feature (Hill-
vard and Miinte, 1984; Wijers et al., 1989; Kenemans,
Kok, and Smulders, 1993). These studies illustrate the
use of physiological measures to elucidate the timing
and organization of information-processing stages.

VisusL OriexTING Recordings of ERPs have also
helped to clarify some of the mechanisms underlying
the orienting of visual attention. In the well-known
task developed by Posner and associates (see Posner,
1980, for review), for example, an advance cue (such as
an arrow) indicates the most probable location of a
subsequent target stimulus, to which a speeded motor
response is required. Posner and colleagues interpreted
the speeding of response times (RTs) to validly cued
targets as a consequence of improved perceptual pro-
cessing brought about by the orienting of attention to
the precued location (Posner, 1980). This early selec-
tion hypothesis was countered, however, by the pro-
posal that the RT changes might instead be caused by
postperceptual factors such as decision or response bias
(e.g., Sperling and Dosher, 1986).
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Support for Posner’s early selection view has come
from several ERP studies showing: that the early sen-
sory-evoked Pl and N1 waves are enlarged in response
to valid, relative to invalid, targets (Harter et al., 1989;
Mangun and Hillyard, 1991; Anllo-Vento, in press).
These ERP findings imply that spatial orienting, like
sustained focused attention, involves a facilitation of
sensory processing in the extrastriate visual cortex.

Consistent with this hypothesis, several recent
studies have found that the detectability (d') of faint
luminance targets is enhanced at precued locations
(e.g., Downing, 1988; Hawkins et al., 1990). Several
authors have noted, however, that attention-induced
changes in postsensory, decision-level processes might
also affect the detectability of faint targets (Sperling
and Dosher, 1986; Mueller and Humphreys, 1991). To
evaluate the level of processing at which attention im-
proves signal detectability, we recorded ERPs from
subjects performing a threshold-level luminance detec-
tion task (Hillyard, Luck, and Mangun, 1994). Sub-
jects in this study were required to detect faint masked
targets presented at one of four possible locations (fig-
ure 42.10). A central arrow cue designated the most
probable location at which the target information
would be presented. On neutral trials, arrows pointed
to all four locations, indicating an equal probability
of target occurrence at each location. Target de-
tectability was found to be highest on valid trials,
lowest on invalid trials, and intermediate on neutral
trials. In association with these signal detectability ef-
fects, the amplitudes of the early, sensory-evoked Pl
and N1 components over the lateral occipital scalp
were larger on valid than on invalid trials (figure
49.11). This result implies that the improvement in
detection sensitivity to precued locations involves facil-
itated sensory processing and is not solely a conse-
quence of higher decision processes.

The neutral cue trials provided a baseline condition
that allowed the facilitation of processing at validly
cued locations to be differentiated from the suppression
of processing at invalidly cued locations. As shown in
figure 42.11, the N1 component was enhanced on valid
trials compared to neutral trials but was not suppressed
on invalid trials. In contrast, the Pl component was
reduced on invalid trials compared to neutral trials but
was not enhanced on valid trials. This difference sug-
gests that the P1 and NI attention effects reflect two
qualitatively distinct mechanisms of attention, one that

_




TR o e

Fixation
(1400 msec)

. Cue
(200-500 msec)
Target
> (50 msec)
Mask/Probe
> _ (200 msec)
PO g
..... =

Ficure 42.10  Sequence of stimulus events in the luminance
detection experiment of Hillyard, Luck, and Mangun
(1994). Each trial began with a fixation interval, followed by
a central arrow cue, a brief luminance target (or absence of
a target), and an immediate mask. Subjects reported the
presence or absence of the target at the masked location. A
single location was cued on 80% of trials, and all four loca-
tions were cued (neutral condition) on 20%, of trials. When
a single location was cued, the target-mask complex was
presented at the cued location on 75% of trials or at one of
the uncued locations on the remaining 25%,. The neutral cue
was not predictive of target lecation.

operates by enhancing the processing of information
within the focus of attention and another that operates
by suppressing information falling outside the attended
zone.

VisuaL SEarcH Visual search experiments typically
have found that a target embedded in a multielement
array can be detected rapidly and in parallel when itis
distinguished by a simple feature from the surrounding
distractor items. In contrast, the detection of a feature
conjunction target appears to require the serial appli-
cation of focal attention to the array items (Treisman
and Gelade, 1980). Although visual search and spatial
cuing paradigms both appear to involve visuospatial
attention, there have been only a few investigations of
whether the attentional processes engaged during cued
orienting are the same as those deployed during visual
search (e.g., Briand and Klein, 1987).

This issue was examined using ERP recordings in a
recent study by Luck, Fan, and Hillyard (1993; see
also Luck and Hillyard, in press). To obtain ERP indi-
ces of the selective processing of specific items within
the search array, a probe stimulus technique was used.
Subjects were required to discriminate the shape of a
uniquely colored item that was present within each
array, which was followed, after a 250-ms delay, by an
irrelevant probe stimulus (a small square) flashed ei-
ther at the location of this target item or at the location
of a distractor item on the opposite side of the display.
Previous studies had indicated that subjects would be
able to focus attention on the target item by the time of
probe delivery, and we wanted to learn whether this
focusing of attention would influence the early compo-
nents of the probe-evoked potential. It was found that
the evoked P1 component at contralateral electrode

-sites was significantly enlarged in response to probes

presented at the location of the target item as com-
pared to probes presented at the location of a distractor
item, indicating that the attentional mechanism re-
flected by changes in P1 amplitude is employed during
visual search as well as spatial cuing and sustained
attention paradigms.

This increase in the visually evoked Pl component
(at 90—-130 ms) to probes at the target location pro-
vides strong evidence that early sensory transmission is
modulated when focal attention is directed to an item
in a search array in order to discriminate its properties.
Because the probes were not task-relevant and differed
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Ficure 42.11 ERP waveforms and maps of scalp current
density (SCD) from the spatial cuing experiment dia-
grammed in figure 42.10 (Hillyard, Luck, and Mangun,
1994). The near-threshold targets were too dim to evoke a
measurable ERP, and therefore the ERPs elicited by the
target-mask complex were used to assess sensory processing
at cued and uncued locations. When these stimuli were pre-
sented at a validly cued location, they elicited an enlarged
N1 component compared to stimuli presented on neutral
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trials (top waveforms), but no enhancement was observed
for the Pl component. Conversely, stimuli presented at an
invalidly cued location elicited a reduced Pl component
compared to stimuli presented on neutral trials (bottom
waveforms), but no suppression was observed for the NI
component. These ERP waveforms were recorded at lateral
occipital scalp sites contralateral to the position of the elic-
iting target-mask stimulus,




markedly in color and shape from the target items,
these ERP data further indicate that spatial attention
acts to select stimuli at an early level solely on the basis
of their location {cf. Heinze et al., 1990). Moreover,
the P1 attention effect in this study appeared topo-
graphically equivalent to that observed previously
in spatial cuing and sustained attention paradigms,
which supports the idea that a common sensory gain
control mechanism operates in all these situations.

Conclusions

The studies of electrical and magnetic brain recordings
reviewed here provide unequivocal support for early
selection theories of attention. In both auditory and
visual tasks that were optimized for the selective focus-
ing of attention, it was found that short-latency evoked
responses in modality-specific cortex were modulated
in a manner consistent with an early gain control over
sensory information flow. The timing of the earliest
evoked potential changes (20-30 ms for auditory and
70-90 ms for visual) indicates that attention acts to
modify processing in cortical areas that encode elemen-
tary stimulus features rather than fully analyzed pat-
tern or object representations. Longer-latency ERP
components were found to provide precise information
regarding the time points at which multiple stimulus
features and feature combinations are selectively pro-
cessed. As the anatomical generators of these attention-
sensitive ERPs and ERFs become better defined by
means of source localization and other neuroimaging
techniques, 2 more complete picture will unfold of the
brain systems that mediate selective attention.
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