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frontal cortex and subcortical visuomotor areas such as the
superior colliculus (Schall 1995).

How early in the visual system are attentive influences
active? If attention effectively manipulates processing in the
earliest stages of vision, then the visual experiences we have
are in part built up from internal hypotheses about what we
are seeing or what we want to see. Two sets of physiological
observations suggest these important consequences of selec-
tive attention do occur. First, directed attention studies and
studies requiring attentive selection of stimulus features
have shown that the neural coding of objects can be com-
pletely dominated by top-down attentive demands as early
as extrastriate cortex and can bias neuronal processing even
in primary visual cortex. Second, after arriving in primary
visual cortex, visual information spreads through the corti-
cal systems within 60-80 msec. The effects of selective
attention develop in parallel during the next 100 msec in
extrastriate occipital, temporal, and parietal cortex and the
frontal eye fields, making it not only difficult to pinpoint a
single decision stage but also making it likely that a coher-
ent solution across areas is reached by a settling of the net-
work (Motter 1997).

The detailed physiological insights gained from animal
studies complement the imaging studies of ATTENTION IN
THE HUMAN BRAIN that have probed higher-order cognitive
functions and attempted to identify the neural substrates of
volitional aspects of attention. Together these sets of studies
have provided new views of several classic phenomena in
attention including capacity limitations and the temporal
progression of selection.

See also ATTENTION IN THE HUMAN BRAIN; EYE MOVE-
MENTS AND VISUAL ATTENTION,; VISUAL ANATOMY AND
PHYSIOLOGY; VISUAL PROCESSING STREAMS

~—Brad Moiter
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Attention in the Human Brain

To illustrate what is meant by attention, consider the display
in figure 1. Your ATTENTION may be drawn to the tilted T
because it differs in such a striking way from the back-
ground. When one figure differs from the background by a
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T

single feature, it pops out and your attention is drawn to it.
This is an example of attention driven by input. However, if
you know that the target is an L you can guide your search
' among the stimuli with horizontal and vertical strokes. This
is an example of the form of higher level voluntary control
that is the subject of this section. Voluntary control is
accompanied by the subjective feeling of selection between
potential actions and is one of the most distinctive features
of human experience. The interaction of top-down voluntary
actions with bottom-up automatic processes, which is illus-
trated by figure 1, has interested researchers since the begin-
nings of psychology (James 1890; see WILLIAM JAMES).
One approach to the question of voluntary control is to
argue that it is an illusion that arises out of the competitive
activation of a large number of brain systerns. What appears
to be volition is the result of a complex network relaxing to
a particular state. Although without denying the top-down
component, this view stresses the bottom-up processes. A
different view elaborated in this section is that there is a
high-level executive attention network with its own anatomy
that works to resolve competition and in the process gives
rise to subjective feelings of cognitive control (Norman and
Shallice 1986). This view emphasizes the top-down control.
The executive sysiem participates in tasks that involve
conflict between systems. This is a property one expects to
find in a system that has as a major function inhibition of
reflexive or bottom-up responses to external stimuli in order
to allow ‘autoromous action. A classical paradigm to study
the inhibition of habitual responses is the Stroop task
(Stroop 1935). In this task, subjects name the color of the
ink of a word. Sometimes, the word is a color name (e.g.,
red) in a different ink color (e.g., blue). In those incongruent
trials subjects automatically read “red” and have to inhibit
this answer to respond “blue.” Inhibition produces interfer-
ence revealed by slow reaction times in the incongruent con-
~ dition. '
Is it possible to uncover the neural substrates of cognitive
control? Imaging techniques developed in the last several
years have yielded promising results (Toga and Mazziota
1996). An area in the medial surface of the frontal lobe,
named the anterior cingulate gyrus, appears to be important
for the inhibition of automatic response that is central to
voluntary action. Five studies involving measurement of
blood flow by POSITRON EMISSION TOMOGRAPHY (PET) in a
Stroop task have shown activation of the anterior cingulate

Figure 1.

in the incongruent condition when compared with the con-
gruent condition (e.g., the noun blue displayed in blue
color) or neutral (noncolor word; see Posner and DiGiro-
lamo 1996 for a review).

Other tasks requiring inhibition of habitnal responses
also activate the anterior cingulate. For example, responding
to a noun by generating an associated use produces more
activation of the anterior cingulate than simply repeating the
noun (Petersen et al. 1989). In the generate condition, the
most familiar response (i.e., repeating the noun) needs to be
repressed, to allow the expression of the verb. Classifying a
noun into a category also produces cingulate activation
related to the number of targets. This finding suggests that
the anterior cingulate activation is due to special processing
of the target rather than being necessary to make the classi-
fication, a result consistent with the idea of cognitive con-
trol. The cingulate has close connection to underlying
subcortical aveas in the BASAL GANGLIA (Houk 1995).
These areas have also shown activity in some of the same
tasks described above and play a role in the inhibition of
reflexive motor responses. It seems likely they form part of
the network subserving this form of voluntary control.

Goldberg and Bloom (1990) proposed a “dual premotor
system hypothesis™ of volitional movement. This theory,
which attributes an executive function to the anterior cingu-
late and the supplementary motor area, was developed to
explain the alien hand sign. The alien hand sign is the per-
formance of apparently purposive movements that the
patient fails to recognize as self-generated. The theory pos-
its a lateral premotor system (LPS; Area 6), that organizes
motor bebavior in reaction to external stimulus, and a
medial premotor system (MPS; anterior cingulate, supple-
mentary motor area, and basal ganglia loops), which under-
Lies intentional behavior. MPS underlies volitional
movement by inhibiting the LPS. If a lesion occurs in MPS,
LPS is released and obligatory dependence on external
information emerges. The patient develops compulsive
automatisms, which are not perceived as self-generated. The
inhibitory effect of MPS over LPS during volitional move-
ment resembles the inhibitory effect of MPS (i.e., anterior
cingulate) over semantic networks during the Stroop task.
The idea of alien rather than self control is also found in
some forms of schizophrenia, a disorder that has also been
shown to involve abnormalities in the anterior cingulate and
basal ganglia (Benes 1993; Early 1994).

Cognitive studies have shown several forms of short term
or WORKING MEMORY and considerable independence
between them (Baddeley 1986). Recent imaging data show
that verbal, spatial, and object memories involve separate
anatomical areas (Smith and Jonides 1995). There is evi-
dence that all forms of memory are interfaced to a common
executive system that involves the same midline frontal
anatomy described previously (Baddeley 1986; Posner and
Raichle 1994).

PET studies have also shown that executive aftention
plays an important role in high level skills (Kosslyn 1994;
Posner and Raichle 1994). Studies involving recording from
scalp electrodes have provided some information on the time
course of the activations found in PET studies during read-
ing. Skills such as READING have a very strong dependence
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on rapid processing. A skilled reader fixates on a given word
for only about 275 msec (Rayner and Sercno 1994). In gen-
erating the use of visual words, activation of the cingulate
begins as early as 150 msec after input when blocks of trials
in which subjects derive 2 word meaning alternate with
blocks in which they read the word aloud (Snyder et al,
1995). The cingulate activation occurs whenever higher level
supervisory control is needed to organize the mental
response to the input. In the case of generating the use of a
word, attention leads and probably is required for the activa-
tion of a network of areas that lead eventually to articulation
of novel ideas associated with the input string. We see an
early semantic analysis of the input word after 200 msec and
development of associations to the input in frontal and pari-
etal sites over the next second. Although it is possible to lay
out a sequence of processing steps, they can be misleading.
Because attention may occur rather early it is possible for
subjects to reprogram the organization of these steps and
thus to carry out a number of different instructions with the
same brain network. Studies of the role of attention suggest
that reorganization involves amplification of the operations
that are atiended in comparison to unattended operations,
Increases in overall neuronal activity appear to produce
faster speed and higher priority for the attended computa-
tions. As attention is released from high order activity during
practice in the skill it becomes possible to improve the speed
of performance by amplification of early Pprocessing sieps.

Studies of mental arithmetic, visnal IMAGERY, and other
forms of skilled performance using neuroimaging methods
seem 10 support many of the same principles that have been
outlined above for word reading.

See glso ATTENTION IN THE ANIMAL BRAIN; AUDITORY
ATTENTION; ELECTROPHY SIOLOGY, ELECTRIC AND MAGNETIC
FIELDS; EYEMOVEMENTS AND VISUAL ATTENTION; ILLUSIONS ;
MAGNETIC RESONANCE IMAGING; TOP-DOWN PROCESSING IN
VISION; VISUAL WORD RECOGNITION

—Michael I. Posner and Diego Fernandez-Dugue
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