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BACKGROUND

The problem of selective attention is one of the oldest in
psychology,  William James wrote at the turn of the century
"Everyone knows what atlention is. It is the taking possession by the
mind in elear and vivid form of one out of what seem several
simultancous objects or trains of thought.,"  This article deals with
two aspects ol altention.  The first is the selection ol information for
conscious processing and action.  The second is the mainienance of
the alert state required for atlentive processing,

The dominance of behavioral psychology posiponed research
into the internal mechanisms of sclective aticntion in the first hall of
this century. The finding of Moruzzi and Magoun that the integrity
of the brain siem reticular formation was a nccessily (o maintain the
alert state provided some amatomical rcality 1o the stedy of an aspect
of attention.  The guest for information processing mechanisms to



support the more sclective aspect of atlention began following World
War Il with studics of sclective listening. Broadbent proposed a
fiher, limited for information (in the formal scnsc of information
theory), and located between highly parallel sensory systems and a
limited capacity perceptual system.

Sclective listening cxperiments supported a view of allention
that suggested very carly selection of a relevanl message with non
sclective information being lost 1o conscious processing. However, on
some occasions it was clear that unattended information was
processed 1o a very high level, since there was cvidence that a very
important mcssage on the unattended channel might interfere with
the selected channel.

In the 1970's psychologists began to distinguish between
automatic and controlled processes. It was found that words could
activate their semantic associates even when the person had no
awareness ol the word's presence.  These studies indicated that the
parallel organization lound lor sensory information exiended o
semantic processing.  Thus, selecting a word meaning for active
attention appeared (o suppress the availability of other word
meanings.  Atlention was viewed less as on carly sensory bottleneck
and muore as o system for providing priority for motor acts,
consciousness, and  memaory,

Another approach to problems ol selectivity arose in work on
the orienting reflex. The vse of slow autonomic systems, such as skin
conductance as measurcs of orienting, made it difficull to analyze the
cognitive components and neural systems undeclying orienting.
During the last 15 ycars, there has been a sieady advance in our
understanding ol the ncursl systems related to visval orienting from
studics employing single cell recording in alert monkeys. This work
showed a relatively resiricted number of areas in which the firing
rates of ncurons were enhanced selectively when monkevs were
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traincd to attend 1o a location. At the level ol the superior colliculus
{midbrain), sclective enhancement could only bc obtained when an
eye movement was involved, but in the posterior parietal lobe of the
cercbral cortex, selective cnhancement occurred even when the
animal maintained f[ixation. An area of the thalamus, the lateral
pulvinar, was similar to the paricial lobe in containing cells with the
property of selective enhancement.

Until recently, there has been a separstion between human
information processing and neuroscience approsches to attention
using non-human animals., The [ormer tended 10 describe attention
cither in terms of a bolilencck which prevented limited capacity
central sysiems [rom overload, or as a resource that could he
allocated to various processing syslems in a way analogous 1o the use
of the term in cconomics. On the other hand, ncuroscience views
emphasized several scparate newural mechoanisms that might be
invoslved in oricnting and in maintenanee of alertness.  Currently,
there is an attempl o integrate these lwo wilthin a cognitive-
neuroscicnce of attention.  For cxample. sludies of visual search have
incorporated a modern newroscience view ol a muliichannel visual
system with scparalc mechanisms to dealing with color. form and
motion with the cognitive idea of a separate visual atlention system
needed for integrating information from these channels when the
targel requires il Below we place emphasis on this integrated
viewpoint.

CURRENT STATE

Mcthods. An impressive aspect of current developmenis in
this ficld is the convergence of evidence from various methods of
study. These include performance studies using reaction Lime,
recording [rom sealp clectrodes, and lesions in humans and animals,
ns well as various methods for imaging and recording from restricted

brain arcas including individval cells.
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Current progress in the apalomy of the atiention system rcsts
maost heavily wpon two imporiant methodological developments.
Firsi, the use of microclectrodes with alert animals allowed cvidence
for the increase in  activity of cell populations with altention.
Second, anatomical (CT, MRI) and physiological (PET) methods of
ncurnimaging allowed more meaningful investigations of localization
of cognitive function in normal persons. The future should see
combined wse of localizing methods (c.g. PET) with noninvasive
mcthods of tracing the time course of brain aclivity in the human
subject based on scalp clectrical and magnctic recordings. This
combination should provide a convenient way to trace the rapid time
dynamic changes that occur in the course of human information
processing.

iples  Three fundamental working hypotheses
characierize the current state of efforts to develop a combined
cagnmitive-neuroscience of attention,  First, there exisis an attentional
system of the brain that is anatomically separate from various dala
processing systems that may be activated passively by visual and
auditory input. Second, attention is ecarried out by a network of
anatomical areas. Tt is neither the property of a single brain area nor
15 it a collective Tunction of the brain working as & whole, Thied, the
brain areas involved in attention do not earry oul the same function,
but specific computations are assigned to different arcas.

It is not possible 1o specily the complete attentional system of
the brain, but something is known aboul the arcas that carry on
three major attentional functions:  orienting (o sensory stimuli most
particularly locations in wvisval space, deteeting target evenis,
whether scasory or from memory, and maintaining the alert state.

Orienting Uswvally we define visual oricnting in terms of the
foveation of a stimulus. Foveation improves cfficicney of processing
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fargets in terms of acwity, bul it is also possible 10 change the
priority given a stimulus by attending 10 its location coverlly without
any change in eye or head position. When a person or monkey is
cucd to autend to a location, events that occur at that location are
responded to more rapidly, give rise 1o enhanced scalp clectrical
activity, and can be reported at lower threshold.  This improvemenil
in efficiency is found within the first 150 milliseconds after an event
peeurs at the location to which the subjeet is 1o atlend. Similarly, if
people are asked 1o move their eyves to a target, an improvement in
efficiency a1 the targer location hegins well before the eyes move,
This covert shift of attention appears 1o function as & way of guiding
the cyes 1o approprialc areas of the visual field. Bruin injury to any
of the three areas that have been found 1o show seleclive
enhancement of neuronal firing rates will cause a reduction in this
ability 1o shifi atiention coverily. However, each area seems to
prodecc a somewhat different deficit. Damage to the posterior
paricial lobc has its greatcst effect on the ability to disengage from
aticntional focus 10 a target located in a direction opposile to the side
of the lesion. The effects of the parietal lobes of the two cerchral
hemispheres are not identical.

Damage to the right parietal lobe has a greater overall effect
than does damage 1o the lefl parietal lobe.  There is dispute ahout
the rewsons for the asymmetries thal are found. One account
supposes that the right parictal lobe is dominant for spatial stiention
and controls atleation to hoth sides of space, while the lefl parictal
lobe plays a subsidiary role. According to snother account, the right
paricial Jobe is infllucnced more by the global aspects of figure, while
the lelt parictal lobe is more influenced by local aspect. A third view
argees that the ahility 1o disengage is handled symmelrically by cach
hemisphere, butl the mainicnance of the alert staic is asymmetric.
Testing these theories requires comparisons between separale
populations of patieats with left and right lesions, and thus it is



dilficull 1o arrive al & clear choice., And of course, more than one

may he correcl.

Lesions of the superior colliculus and surrounding midbrain
areas also affect the ability 1o shift attention.  However, in this casc
the shift is slowed whether or not atiention is first engaged
elsewhere,  This finding suggests that a computation invelved in
moving (o the target is impaired. In addition, patients with damage
in this midbrain area also return to former target locations as readily
as 1o fresh locations that have never been attended. Normal
subjects and patients with parictal and other cortical lesions show a
reduced probability of returning  attention to an already cxamined
location.

Paticnis with lesions of the thalamus and monkeys with
chemical lesions of one thalamic nucleus {(the pulvinar) also show
difficulty in covert orienting. This difficelty appears to be in
selective attention 1o a target on the side opposite the lesion, so as 1o
avoid responding in error to distracting  events that occur al other
Incations. A study of patients with wunilateral lesions of this thalamic
arca showed a slowing of responses W a cued target on the side
ppposite the lesion even when the subject had pleaty of time 1o
prient Lthere.  This contrasted with the results found with parietal
and midbrain lesions, where responses arc nearly normal on both
sides once attention has been cued o the lecation.  Alert monkeys
wilh chemical lesions ol this arece made f[aster than normal responses
when cued to the side opposite the lesion and given a target on the
side of the lesions, as thowgh contralaleral cues were incffective in
engaging  their attention,  They were also worse than normal when
given a largel on the side opposile the lesion irecspective of the side
of the cue. Data from normal human subjects, required to liler oul
irrelevant wisual stimuli, showed sclective metabolic increases in Lhe
pulvinar.



These findings make two important points. First, they confirm
the idea of anatomical areas carrying outl individual cognitive
operations. Sccond, they suggest a particular hypothesis of the
circuitry  involved in covert attention shifis. The paricial lobe first
disengages sttention from its present focus, then the midbrain is
active 10 move the index of anention to the arca of the targer, and
the pulvinar is involved in restricting input 1o the indexed area.

While the eircuitry described ahove remains speculative, it s
clear (hat patients with parietal lesions have difficultics in patern
recognition, implying that somehow the parietal lobe damage comes
o alfeet processing of patterns.  The dorsal pathway extending from
the primary wvisual cortex o the parietal lobe appears 1o mediate
selective visual attention. Considerable anatomical data suggest that
a sccond, ventral cortical pathway, leading from the siriste cortex (o
the infratemporal cortex, is involved in processing color and form
during pattern recognition. There is cvidence from single cell
recording in alert monkeys that viswal spatial auention affects this
patiern recognilion system.  Atteation Lo a visual location affects the
processing of stimuli within the receptive ficlds of V4 ncurons. Arca
V4 lies along the ventral pattern recognition pathway known o be
aclive when monkeys are processing color and form information.
While it is not known how attention gains access 1o V4, one likely
candidnte is vin the pulvinar, which has eclose connections both to the
parictal sysiem and w V4,

Cognitive studies of normal humans have been imporiant in
exploring how attention influences pattern recognition processes. A
major distinction is between the processing of simple fealures (e.g..
line oricntation, color) and the processing of items defined by a
combination of feawres {e.g., red vertical line). Simple [eatures
appear to be processed in parallel; that is, the search time is not
affected by the number of non-target items in the display. When
targels are defined by a combination of auributes (c.g.. red vertical

1



linc) that arc located within displays of highly similar non-targets
{c.g. red horizontal lincs and greem veriical limes), the scarch appears
10 be a scrial process and takes lomger as the number of distractors
increases. There is evidence that the visval orienling system
described above is also iavolved 1 visual search.

One theory of how attention affects pattern recognition holds
that it works to ecombine separate Teatures inlo unilary perccpis.
According 1o this view, simple features are not combined until one
arients attention to them. It is for this reason that stiention is
necessary to scareh for a conjunction of features,  When a target is
made of features that arc also present in distractors, there can be
illusory conjuncltions duc to an improper conjunction of eclements
from different locations. It is 1o avoid such illusory combination
that one attends selectively to each item present in the array.

There is a second aspect to the visual orienting altention
system. Just as we can aliend 1o a spatial location, we¢ can also
attend (o a small object or to a large object. If one views a large
letter composed of small ones, it is possible 10 atiend cither 1o the
averall form or 1o its constituents. The size of feature sclected is
related 1o the spatial frequency selected.  When atending 1o local
ohjects, people are relatively good at detecting high [requency
prabes, but when atending 1o global objects, they are relatively
better lor low [requency stimuli.

There is evidence (rom both normals and patients that the
right hemisphere is biased toward global processing and the lefl
wward local processing. When given a large letter made of small
letters, patients with right parietal lesions copy the local leticr but
miss the global organization, while patients with left hemisphere
lesions copy the global oriemiation while missing the local
constilucnls.



We have concentrated wpon viswal orienting since thal has
been the area for which integration beiween cognilive and
neuroscicnce studies have been most advanced. However, ihe
carlicst siudics of selective attention wsed the two cars or the eyes
and cars as channels for the presentation of sensory information.
There is good evidence thal onc can hias processing toward one ear
or onc particelar lrequency. When this is done, the clectrical signal
from the selected channel is amplified with respect to information on
unsolicited channcls. When required 1o do so, subjects do quite well
in attending to several channels a1 once. However, an exception to
this gencrally good parallel processing arises when largels occur on
more than onc channel. The imterference belween targets can
happen both between as well as within sensory channcls, and the
reasons lor this form of scasory interference are discussed in the
ncxt section.

Cognitive Contral . A persistent issue in cognitive psychology is

whether one should think of an executive exercising volunlary
control.  In one sense this raises the issue of 8 homunclus and the
possibility ol an inflinite regress,  Despile this problem, therc appears
o be little doubt that there is some central control over our behavior
and thought patterns,  In particular, the study of human experlise in
problem solving and other behavior has always considered a central
executive system that can deseribe ot least o signilicant portion of
the mental operations involved in problem solving.

More precisely, there is evidence of a limiled capacity al some
level ol the system relotively elose, but not identical to, motor
actions. Il @ person must make two rapid responses, there will be
mterference belween them even when the stimuli arc in different
madalities, and the responses differ so that one is vocal and the other
manual. In fact, this kind of ceniral interfercnce docs not depend
upon any immediate response requirement.  As described above,
cvidence suggests that a person can monitor several chanmels for
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rare targets with relatively little interference beiween the channels.
However, il two tlargels occur at once, even if the subject’s only task
is to not¢ whether there was one or two targels and need not make
any immediate response, there is a greal deal of interfercnce
between the targets.  This finding underlies the idca that there is a
Hmited capucity system which is involved whenever o signal
(sensory or memorial) is to be consciously noted. There is also a
good deal of evidence that the swrage of recently presented
information, generation of ideas from long term memory and other
such wets, will interfere with the deteetion of new slgnals,  In this
sense, there dovs appear 1o be s unified executive system involved in
many forms of cognitive and motor action.

Similar issues about attention arise in the study of the neural
mechanisms waderlying attention.  Should atiention be thought of as
a unificd system of many anatomical arcas (as, for example, is found
for the visuval system), or are there many independent attentional
sysiems.  There are clearly close anatomical and behavioral ties
between the posierior arcas mediating visual spatial atlention and
areas involved in the control of eye movements and manual
mavemenls into the surrounding space. Although both ecllular and
performance studies argue that attention enhances the visual input
in several posterior areas, it scems likely that much of s effect lies
in dilferentin] aceess 1o more motor regions of the brain,  Indeed,
studies of patients with parietal lesions and of normals have
cxamined whether o shift of covert attention can be performed when
the person is engaged in an attention demanding language task.
There is apparcnily very specific interference between the two tasks
as though they involved a single sysicm.

There is some evidence that arcas of the frontal lobe are active
during both language and spatial tasks. Studies of blood flow and
melabolism have shown frontal activation during tasks involving
language and spatial imagery. Swedies of normal subjects processing

10



individuals words show changes n blood flow for fronmtal midline
areas, including the cingulate gyrus and supplementary motor when
subjects were required lo process the inpul actively. Moreover,
experimental studies show that the degree of blood flow in the
anterior cingulate increases regularly as the number of targets 1o be
detected increases.  Thus, this arca appears to be scnsitive to the
menial operations of target detection.

The anterior cingulate has an internal organization that shows
aliecrnating bands of cells with close connections 1o the dorsolateral
frontal cortcx and with the posterior parictal lobe. This organization
suggests an integrative role because studics have implicated the
lateral [romtal cortex in semantic prn:cning while, as we have seen,
the posterior parictal lobe is imporiant for spatial atlention. The
anterior cingulate might provide an imporlant connection belween as
widely different aspects ol attention, such as altention (o semantic
content and 1o visual location. Unloriunately, both cognitive and
anatomical theories of this 1ype of eognitive contrel remain highly
speculative.

Alerting.  The carliest anatomy of atlention involved the
maintenance of the alert state.  Cognitive psychologisis have studied
changes in alerting, both by wsing long boring tasks with low target
probhability, and by use of warning signuals 1o prepuare [or a target. In
both of these situvations, there is evidence Lhal an increase in
alertness will improve the speed ol target processing, and in some
conditions, alertness also serves Lo reduce the accuracy of responding
lo the largeis.  The tradeofl between improved speed and reduced
accuracy with warning signals has led 10 a view that alerting docs
not act to improve the buildup of information concerning the nature
of a target, but instead acts on the attentional system to cnhance the
speed of actions laken toward the largel.
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There has been some improvemenl in our undersianding of the
neural systems related 1o alerting over the last few years. Patients
with lesions of the right fromtal arca have difficulty in maintaining
the alert siate. In addition, experimental siudies of hlood flow in
normals during tasks that demand swstained vigilanee show right
fromal activation,

The neurotransmitter norepinephrine (NE) appears 1o be
involved in maintaining the alert state. This NE pathway arises in
the midbrain, but the right frontal area appears to have a special role
in it corticnl distribution.  Among posterior visual arcas in the
monkey, NE pathways are selective areas that are involved in wvisual
spatial atiention. Al least one siudy shows that during the
maintenance of vigilance the antcrior cingulaie is reduced in
metabolic activity over a resting bascline. These anatomical findings
would suppori thc subjective observation that while waiting for
infrequent visuval signals, one has 1o be prepared to orient, bul also
empty the head of any ideas lest they interfere with detection.

A J ' UTURE DIRECTIONS

Much remains unknown concerning the macroanatomy of
attention, particularly the anterior portions of the system,  Studies of
blood Tlow and metabolism in normal persons should be adequate 1o
provide candidate areas involved in aspects of suemtion, It will then
be possible to test further the gencral proposal that these constitute
a unificd sysicm and that constitwent computations are localized.

We have a siart on the circuitry that underlies the posterior
altention sysiem. However, more detailed cellular studies in
monkcys will be necessary to test these hypotheses, and 10
undersiand more completely the time course and control siructures
mvolved in covert shifis of attention. Even more fascinating is the
possibility that the microstructure of areas involved in attention will
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be somehow different in organization than those arcas carrying oul
passive data processing. Suech differences could give us a cluc as (o
the way in which brain tissue might relate 10 sebjective experience.

Even in our current state of knowledge, ideas aboul atteation
have proven usclul in integrating aspecits of social, developmental
psychology with psychopathology.

The idea of allention as a network of amalomical areas makes
rclevant stedy both of the comparative anatomy of these areas and
their development in infancy. In the first lew months ol lile, inlanis
develop neacly adult abilities 1o orieat to external events, but the
cognitive control produced by the anterior atiention system requires
many months or years of development. Sivdics of orienting and
molor control are beginning 10 lead 1o an understanding of this
developmental process,  As more of the malurational processes of
brain and itransmitier systems is undersiood, it should be possible 1o
maich developing attentional abilities with changing biological
mechanisms.  The neural mechanisms ol atlention musl supporl nol
only common development among iafants in their regulatory
abilities, bul also the obvious differcnces belween infanis in the rale
and success of alientional control.

There are many disorders that are olten supposed 1o involve
attention. These include negleet, closed head injury, schizophrenia
and atieation deficit disorder. The specification of attention n lerms
of anatomy and function may be uselul in clarifving the underlyving
bases lor these diserders.  The development of theories of delicils
may also [oster the integration of psychiatric and higher level
neuralogical disorders, both of which might affect the brain's
alteational system.
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