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Introduction

Maintaining information in working memory (WM), such as when we rehearse the route to a
restaurant, as well as directing attention, such as when we search for a familiar face in the crowd,
constitute fundamental cognitive capabilities of the primate brain. Both activities are considered
“top-down”, as they depend on goal-directed processes that rely on previous knowledge, and not
incoming sensory stimulation. Top-down processes should be contrasted to “bottom-up” ones,
such as the deployment of attention in reaction to a sudden movement in the periphery of the
visual field, which is a sensory-driven, reflexive process. Understanding the neural bases of top-
down control involved in WM and visual attention, is among the most challenging goals of
cognitive neuroscience. In this chapter, we will review neuroimaging studies that have
investigated this question in the past decade or so. The picture emerging from this line of research
points to considerable overlap between the neural substrates that control WM and those that
control attention. At the same time, there is growing evidence that the control structures for
attention differ according to the type of attentive process, in that goal-directed and reflexive
attention appear to be mediated by separable networks of frontal and parietal regions.

The Control of Working Memory

Working memory refers to the process of actively maintaining relevant information in mind for
brief periods of time. In a typical WM paradigm, on each trial, a sample stimulus is presented,
followed by a delay of several seconds, and then a test stimulus is shown. The subject’s task is to
indicate whether or not the test stimulus matches the sample. This type of WM task requires
primarily maintenance operations, in which the short-term memory store is emptied after each
trial.

WM has been extensively investigated in monkeys, where the importance of prefrontal
regions has been established. Lesions of the dorsolateral prefrontal cortex, especially within and
surrounding the principal sulcus (Brodmann area [BA] 46), greatly impair WM performance
(Goldman and Rosvold, 1970; Bauer and Fuster, 1976; Funahashi et al., 1993). At the same time,
results from single-cell studies have demonstrated that prefrontal neurons show stimulus-specific
sustained discharge during the delay period (Fuster and Alexander, 1971; Kubota and Niki,
1971); for reviews, see (Goldman-Rakic, 1995; Fuster, 1997). This sustained activity has been
interpreted to be the neural correlate of maintenance processes that take place during the delay,
and thus has been taken to be the neural signature of WM (Fuster, 2001). Sustained activity
during the delay interval is not confined, however, to the prefrontal cortex. Depending on the type
of stimulus, cells with sustained responses have been found in the inferior temporal cortex (for
visual patterns or color stimuli; Fuster and Jervey, 1982; Chelazzi et al., 1998), the parietal cortex
(for visuospatial stimuli; Chafee and Goldman-Rakic, 1998, 2000), and the premotor cortex (for
particular motor responses; Bruce and Goldberg, 1985).

In tasks similar to those used in monkeys, functional brain imaging studies in humans
have also provided evidence supporting the role of prefrontal regions in WM by demonstrating
sustained signals during delay intervals (Cohen et al., 1997; Courtney et al., 1997); for review,
see (D'Esposito, 2001). The prefrontal regions that show this activity include the middle frontal
gyrus (BA 9/46), thought to be the human homologue of the principal sulcul region of
dorsolateral prefrontal cortex (DLPFC) in monkeys, as well as more ventral regions in the inferior
frontal gyrus (BA 44, 45, 47). As in monkeys, several studies in humans have shown that regions
outside of prefrontal cortex also exhibit sustained delay activity, including the inferior temporal
cortex (Courtney et al., 1998), the parietal cortex (D'Esposito et al., 1998; Jonides et al., 1998;
Rowe et al., 2000), and the premotor cortex (Courtney et al., 1998; Petit et al., 1998).

What determines successful performance in a WM task? Results from single-cell studies
help clarify how neural activity may contribute to behavioral performance. It has been reported
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that, on trials in which monkeys make errors, activity during the delay interval fails to be
sustained (Fuster, 1973; Rosenkilde et al., 1981; Watanabe, 19864, b; Funahashi et al., 1989),
suggesting that activity during the delay bridges the gap between the sample and test stimuli to
enable monkeys to correctly match them. However, the interpretation of the precise relationship
between delay activity and performance as investigated in single-cell studies is often problematic.
For example, the analysis of error trials has been typically assessed on a very limited number of
such trials. Monkeys are generally trained to perform at very high levels of performance (90%
correct or higher), such that only very few error trials are available for a given cell, largely
precluding a quantitative assessment of the relationship between neuronal firing during WM
delays and behavioral performance. Additionally, in single-cell studies, it is possible that for
incorrect trials the monkey never encoded the sample stimulus effectively, which in turn would
lead to reduced neural activity during the delay.

In a recent functional magnetic resonance imaging (fMRI) study, we investigated how the
moment-to-moment activity within cortical regions, as indexed by fMRI, contributes to success or
failure on individual trials of a WM task (Pessoa et al., 2002b). Specifically, we examined how
the entire network of regions engaged in visual WM was differentially activated during trials that
led to correct and incorrect outcomes. We hypothesized that different components of the task,
namely, encoding, delay, and test, would engage different nodes of the WM network to a greater
extent on correct trials compared to incorrect trials and provide the neural correlates of WM
performance. In particular, we hypothesized that fMRI activity during the delay interval would be
stronger and more sustained on correct than on incorrect trials, and would thus predict task
performance.

Figure 1

The task we employed to investigate this question is shown in Figure 1. In WM trials,
after a 1-s fixation, a sample visual display was presented for 0.5 s, followed by a 6-s fixation,
and a test display for 0.5 s. Subjects were then prompted by a display with the letter “m” (for
memory) to indicate “same” or “different” by using two hand-held buttons. “Same” meant the test
matched the sample, and “different” meant it did not match. Subjects also indicated the
confidence level of their response by indicating “high” or “low” (via button presses) when “c”
appeared on the display. Each of the two response periods lasted 2 s. Finally, a blank screen
terminated the trial, which lasted 2 s (inter-trial interval). Subjects were instructed to maintain
fixation for those displays with a fixation spot. Subjects also performed control trials that did not
have any maintenance demands, for which they were instructed to maintain fixation and press
both buttons in both response periods.

To explore the neural substrates of WM performance on a trial-by-trial basis, we first
isolated the entire network of regions involved in WM independent of performance by comparing
fMRI signals for WM and control trials. The main regions revealed by this contrast included
dorsal occipital, inferior temporal, parietal, as well as premotor and prefrontal cortex, as
illustrated on a surface rendering of the left and right hemispheres in Figure 2. Having isolated
the WM network, we then probed how it was differentially activated according to task
performance. This was accomplished by comparing correct and incorrect trials during each task
phase, namely, encoding, maintenance, and test. Our results demonstrated that different nodes
were activated to a greater extent for correct compared to incorrect trials during the distinct
components of the task. Additionally, as we anticipated, signals during the delay interval were
both stronger and more sustained for correct compared to incorrect trials. For the purpose of this
section, we will confine our discussion to the results pertaining only to the delay interval.

Figure 2
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Regions exhibiting differential signals during the delay, namely, stronger activity during
correct relative to incorrect trials, were almost exclusively in frontal and parietal cortex, and
included the DLPFC, frontal eye field (FEF), and supplementary eye field (SEF) in frontal cortex,
and superior parietal lobule (SPL) and intraparietal sulcus (IPS) in parietal cortex. As illustrated
in Figure 3A and B, for the right IPS and right FEF, respectively, activity in these regions on
correct trials rose during encoding, was sustained through the delay interval and at test, and
declined thereafter. No such sustained activity during the delay was observed on incorrect trials.
But, could it be the case that stronger delay activity during correct trials relative to incorrect trials
simply reflected ineffective encoding during incorrect trials? In other words, for incorrect trials,
subjects might have failed to encode the stimulus, thereby preventing them from any attempt to
maintain the encoded item. To address this possibility, we performed additional analyses confined
to only those trials with stronger than average encoding-related activation. The results obtained in
this manner were virtually identical to the ones shown in Figure 3, arguing that strongly encoded
items do not predict good performance in the absence of sustained signals in frontal and parietal
cortex during the delay.

In order to quantify the relationship between fMRI signal amplitude and performance, we
used a logistic regression analysis. This analysis revealed that the strength of the fMRI signal
during the delay interval reliably predicted task performance: For example, a 1% increase in
signal in the right IPS or right FEF increased the likelihood of success to close to 70% (Figure 3C
and D, respectively), and in the left DLPFC to close to 65%. A significant logistic regression fit
was also obtained for the SPL, but not the SEF. Our results thus provide direct evidence linking
sustained activity during the delay interval with behavioral success on a trial-by-trial basis.

Figure 3

Both single-cell and lesion studies in monkeys have demonstrated that the DLPFC (BA
9/46) is centrally involved in WM (Goldman-Rakic, 1995; Fuster, 1997), and in humans the
corresponding region is commonly activated in WM tasks (for reviews, see (Cabeza and Nyberg,
2000; D'Esposito, 2001)). Our study showed that the DLPFC is not only involved in WM but also
that its contribution to correct performance is significant; see also (Sakai et al., 2002).

Another region that showed a significant contribution of sustained delay signals for WM
performance included the FEF in the precentral sulcus extending forward into the superior frontal
sulcus (BA 6/8). Several imaging studies have revealed WM-related activity in the vicinity of the
precentral sulcus and the superior frontal sulcus. Although such activity has often been attributed
to hand or eye movements within premotor cortex, WM studies that have explicitly controlled all
motor responses have also observed activations in this region (Jonides et al., 1993; Smith et al.,
1995; Courtney et al., 1996). Critically, sustained activity has been demonstrated in the superior
frontal sulcus during the delay interval of WM tasks (Courtney et al., 1998; Postle et al., 2000)
and this activity appears to be greater for spatial than for object WM (Courtney et al., 1998).

Within parietal cortex, bilateral SPL (BA 7) and IPS (BA 40) also exhibited differential
delay signals. This finding is consistent with previous imaging work demonstrating SPL
activation associated with both spatial and verbal WM tasks and IPS activation with object WM
tasks as well (for reviews, see (Cabeza and Nyberg, 2000; D'Esposito, 2001)). Recently, Rowe et
al. (2000) have suggested that the posterior IPS may be especially important for maintenance
processes, as it exhibited sustained activity over long WM delays (close to 20 s).

Taken together, neuroimaging studies reveal a fronto-parietal network of brain regions
that is critical for WM. This network includes the IPS and SPL in parietal cortex and the FEF and
DLPFC in frontal cortex, which were shown in our study to reliably predict task performance on
trial-by-trial basis.
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The Control of Attention

Attention and WM are closely related cognitive processes, which has led to the idea that they may
share common neural mechanisms (Desimone and Duncan, 1995; Kastner and Ungerleider, 2000;
Awh and Jonides, 2001). For instance, when we attempt to find a famous painting in a museum
gallery, presumably, we maintain in mind some mental representation of the painting and
attentively compare the paintings around the gallery to the one we are looking for. In this section,
we will review the neural substrates of the control of visuospatial attention, and compare them to
those associated with WM. As the close link between these two types of mechanisms suggests,
their neural substrates show a large degree of overlap.

What we perceive depends critically on where we direct our attention. Attention to a
location dramatically improves the accuracy and speed of detecting a target at that location.
Attention has been shown not only to increase perceptual sensitivity for target discrimination but
also to reduce the interference caused by nearby distracters. Moreover, attention is highly flexible
and can be deployed in a manner that best serves the organism’s momentary behavioral goals:
either to locations, to visual features, or to objects. Attention can also be based on internal goals
(e.g., finding a familiar face in the crowd) or depend on the external environment (e.g., as when a
loud alarm sounds).

Visual attention has been studied extensively in single-cell recording experiments in
monkeys and neuroimaging studies in humans. These experiments have shown that attention
affects activity in areas of the brain that process stimulus features, such as color, motion, texture,
and shape. The paradigmatic finding in monkeys is that when attention is directed to a single
stimulus, there is an increase in the firing rate of neurons that respond to the attended stimulus
(Motter, 1993; Motter, 1994). In a similar fashion, in humans, increases in fMRI signals have
been reported for attended relative to unattended items. Such attentional effects have been
observed in many visual cortical areas, including V1, V2, V4, TEO, and MT.

If attention modulates activity in visual processing areas, what is the source of these
attentional effects? In humans, studies of patients suffering from attentional deficits due to brain
damage (such as in the neglect syndrome; (Mesulam, 1981; Rafal, 1998), as well as functional
brain imaging studies of healthy individuals performing attentionally demanding tasks, have
revealed a distributed network of higher-order areas in frontal and parietal cortex that appears to
be involved in the generation and control of attentional top-down feedback signals. Further, there
exists an anatomical substrate for such top-down influences, inasmuch as tract-tracing studies in
monkeys have demonstrated direct feedback projections to extrastriate visual areas V4 and TEO
from parietal cortex (in particular, area LIP) and to inferior temporal cortex (area TE) from
prefrontal cortex, as well as indirect feedback projections to areas V4 and TEO from prefrontal
cortex via parietal cortex (Cavada and Goldman-Rakic, 1989; Ungerleider et al., 1989; Webster et
al., 1994).

Our WM study described above (see Figure 1) provided the opportunity to compare circuits
involved in WM with those involved in goal-directed attention. For this purpose, we investigated
the activations revealed by the contrast of the encoding phase of the trial relative to a similar
period during control trials in which subjects simply viewed a blank screen, and compared those
activations to WM-related ones. We reasoned that the contrast involving encoding would reveal
regions involved in goal-directed attention because, behaviorally, a key component of
successfully performing the task involved directing attention to the to-be-encoded stimulus array.
The most robust activations revealed by this contrast involved a fronto-parietal network of
regions (Figure 4A) consisting of the SPL (BA 7), the anterior IPS (BA 40), the FEF (BA 6), and
the SEF (BA 6/32). Also consistently activated were the precuneus (BA 18/19), the precentral
gyrus (BA 6), the dorsolateral portion of the MFG (DLPFC, BA 46), and the IFG/anterior insula
(BA 44); these latter regions are not shown in Figure 4.
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Figure 4

At the same time, as described earlier, WM delay-related activations (revealed by the
contrast of WM and control trials during the delay period) were observed in several brain regions
(Figure 4B), including the SPL (BA 7), anterior IPS (BA 40), FEF (BA 6), SEF (BA 6), and
DLPFC of the middle frontal gyrus (MFG, BA 9/46), with the strongest activations observed in
the SPL, FEF, and SEF at a relatively dorsal plane (z = +47 in Talairach space). The remarkable
overlap between the regions engaged by goal-directed attention and WM maintenance (compare
Figures 4A and 4B) lends further credence to the idea that the two functions share key
mechanisms and neural structures, consistent with several proposals (Mesulam, 1981, 1990;
Desimone and Duncan, 1995; Awh and Jonides, 2001).

Recently, we have performed a meta-analysis of foci of activation from ten studies across
several independent laboratories (Kastner and Ungerleider, 2000; Pessoa et al., 2002a). The
results of this analysis, shown in Figure 4C, reveal that a fronto-parietal network of regions
consisting of areas in the SPL, IPS, FEF, and SEF is consistently activated in a variety of tasks
involving visuospatial attention (Corbetta et al., 1993; Fink et al., 1997; Nobre et al., 1997;
Vandenberghe et al., 1997; Corbetta et al., 1998; Culham et al., 1998; Gitelman et al., 1999; Kim
etal., 1999; Rosen et al., 1999). In addition, but less consistently, activations in the lateral
prefrontal cortex in the region of the MFG, and the anterior cingulate cortex (ACC) have also
reported. A common feature among the visuospatial tasks in these experiments is that subjects
were asked to maintain fixation at a central spot and to direct attention covertly to peripheral
target locations in order to detect a stimulus (Corbetta et al., 1993; Nobre et al., 1997; Corbetta et
al., 1998; Gitelman et al., 1999; Kim et al., 1999; Rosen et al., 1999), to discriminate it (Fink et
al., 1997; Vandenberghe et al., 1997; Kastner et al., 1999) or to track its movement (Culham et
al., 1998). Thus, there appears to be a general spatial attention network that operates
independently of the specific requirements of the visuospatial task.

The results of the meta-analysis provide further support for the idea that the activation
sites revealed by the contrast of the encoding phase of the WM task relative to rest were indeed
involved in goal-directed attention. As can be observed by inspecting Figure 4, there was a large
degree of concordance between encoding-related activations (Fig. 4A) and sites involved in
spatial attention (Fig. 4C).

Although activations outside of visual cortex in attention tasks have been indicative of
regions involved in attentional control, in many of these studies, it was not possible to separate
signals associated with visual cues that prime the subject to expect potential subsequent visual
targets from signals associated with the attended targets themselves. This was because cues and
targets typically follow each other in rapid succession. More recent neuroimaging studies,
however, have attempted to explicitly investigate top-down modulation in attentional paradigms
by disentangling cue- and target-related activity by, for instance, introducing a longer interval
between the two (Kastner et al., 1999; Hopfinger et al., 2000). In this way, the effects of attention
in the presence and in the absence of visual stimulation can be assessed. The reasoning is that
purely target-related activity should be observed in visual processing areas that respond to the
specific stimulus (e.g., area MT to moving stimuli). By contrast, expectation- or cue-related
activity that is uncontaminated by ensuing target-related activity should reflect mainly “top-
down” signals and be observed in regions of the brain that control attention.

Attention-related signals in the human visual cortex in the absence of visual stimulation
were investigated by Kastner et al. (1999) by including an expectation period preceding the
presentation of visual stimuli. The expectation period was initiated by a cue presented briefly
next to the fixation point 11 seconds before the onset of the stimuli. At the appearance of the cue,
subjects covertly shifted attention to the peripheral target location in anticipation of a target
stimulus that would appear there. In this way, the effects of attention in the absence and presence
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of visual stimulation could be identified. Directed attention in the absence of visual stimulation
activated the same distributed network of areas as directed attention in the presence of visual
stimulation and included the FEF, the SEF, and the SPL. The increase in activity in these frontal
and parietal areas during the expectation period (in the absence of visual input) was sustained
throughout the expectation period and the attended visual presentations. These results suggest
that the activity reflected the attentional operations of the task per se and not the effects of
attention on visual processing.

Converging evidence for a fronto-parietal network of regions involved in attentional
control comes from additional imaging studies. For example, by using a spatial attention Posner-
type task, Corbetta et al. (2000) showed that the IPS was uniquely active when attention was
directed toward and maintained at a relevant location (preceding target presentation), suggesting
that the IPS is a top-down source of biasing signals observed in visual cortex. The same
investigators (Shulman et al., 1999) found, when studying attention to motion, cue-related activity
in FEF, as well as in several sites in the IPS. Finally, Hopfinger et al. (2000) obtained evidence
for a wider attentional control network, including the superior frontal gyrus, MFG, SPL, IPS, as
well as superior temporal gyrus. This latter region has been identified in lesion studies as a key
site responsible for neglect (Karnath et al., 2001). Interestingly, a recent fMRI study indicates that
the top-down control of attention to visual features draws on a network of areas that largely
overlaps with the one revealed by spatial attention tasks (Giesbrecht and Mangun, in press;
Giesbrecht et al., submitted). This raises the possibility that the control of attention may rely on a
common network of brain regions, irrespective of the attribute attended; see also (VVandenberghe
etal., 2001).

Taken together, the above studies provide evidence that a distributed fronto-parietal
attentional network may be the source of feedback that generates the top-down biasing signals
modulating activity in visual cortex. This would explain the finding that functional brain imaging
studies using different visuospatial attention tasks have described very similar attentional
networks.

Top-down vs. Bottom-up Attentional Control

Thus far, we have considered top-down mechanisms needed for the control of WM and goal-
directed attention. Further, we have shown how similar fronto-parietal networks are likely
engaged by both processes. Goal-directed attention is often referred to as endogenous attention.
Goal-directed attention provides a fundamental mechanism by which behaviorally relevant
information is favored relative to less important items. However, another type of attention, often
referred to as exogenous attention, also plays an important role in guiding the allocation of
processing resources and, thereby, in shaping behavior. For example, consider a person trekking
in the desert when a sudden movement is observed in the periphery of his or her visual field. In
such a case, attention is involuntarily directed to that location, allowing the person to ascertain the
nature of the moving object, for instance, whether it is just a squirrel or whether it is a threatening
snake. Thus, endogenous attention is under top-down control, while exogenous attention is
largely stimulus driven.

The distinction between endogenous and exogenous attention can be explored in the
context of change detection. Detecting changes in an ever-changing environment is highly
advantageous, and may be critical for survival. In the real world, changes are often accompanied
by transients of some sort, such as motion signals that attract attention to their location (Yantis
and Johnson, 1990; Remington et al., 1992). In general, the attention-catching effect of a sudden
or distinctive stimulus can be shown by flashing a light at a certain location in space and
comparing the time it takes for subjects to react to a subsequent stimulus at that location to the
time when no initial flashing takes place (Posner and Cohen, 1984). Moreover, evidence indicates
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that when an item is seen to change (e.g., from a vertical to a horizontal bar), attention is drawn to
the location of that item to facilitate visual processing. For example, Thornton and Fernandez-
Duque (2000) showed that subjects are faster to discriminate a subsequent target at the location of
a change than at a distant location (see also (Smilek et al., 2000; Rensink, 2002)), indicating that
a change can function as an orienting cue.

Interestingly, changes may occur in the absence of accompanying transients, such as
those occurring during saccades, blinks, or flicker. Under these circumstances, changes can be
quite difficult to detect, and even large changes may go unnoticed in the absence of focused
attention (Rensink et al., 1997; Rensink, 2002). In such situations, goal-directed attention
(endogenous attention) appears necessarily to be focused on the region of space in which a
change occurs at the time the change takes place. When this is not the case because of, say,
saccades or flicker, “change blindness” will ensue (e.g., an engine repeatedly appearing and
disappearing from the photograph of an airplane may go unnoticed). In most instances, however,
changes in the environment are in fact accompanied by transients. Thus, change detection is
associated with two related, but distinct, events, namely, a reflexive deployment of attention that
can have an orienting function, akin to exogenous attention, and a goal-directed allocation of
attention that may be instrumental in allowing changes to be perceived in demanding situations.

To investigate the neural correlates of attentional mechanisms involved in change detection
that are more closely tied to exogenous attention, we compared activations on correct change vs.
correct no-change trials during the test phase of our WM task (Figure 1). To minimize the
contributions of varying attentional states that might have occurred during the long experimental
fMRI session, we analyzed only high-confidence, correct trials. Contrasting detected vs.
undetected changes, as Beck et al. (2001) did in their study of change detection, would have
involved correct (detected) and incorrect (undetected) trials, which likely would have included
contributions due to variations in the subject’s attentional state. Indeed, Ress et al. (2000)
attributed fluctuations in activity in V1 to trial-to-trial fluctuations in attention, which, they
suggested, accounted for the variability in behavioral performance on a target detection task. We
have also proposed that such fluctuations in attention have a similar role on behavioral
performance in the context of our WM task (Pessoa et al., 2002b). Thus, we reasoned that by
analyzing correct trials only we would minimize the potentially large contributions of varying
attentional states.

The contrast of correct change vs. correct no-change trials during the test phase revealed
activations in fronto-parietal sites (Figure 5A) that included the anterior IPS (BA 40), the
precuneus (BA 19), the superior frontal gyrus (SFG; BA 6/8), the MFG (BA 9), the ACC (BA
32), and the inferior frontal gyrus (IFG)/anterior insula (BA 44). We also observed change-related
responses to the stimulus array in cortical visual areas, most notably in the inferior temporal gyrus
(ITG). Subcortically, the right putamen, the cerebellum and pulvinar, both mainly on the right,
showed greater activation on correct trials for the change compared to no-change contrast. Our
interpretation of these results is that change detection activates frontal and parietal regions via
bottom-up mechanisms, thereby triggering attentional mechanisms located in these regions,
which then function via top-down feedback to deploy attention to the location of a change,
enabling further, more elaborate processing of the stimulus. Moreover, subcortical sites, such as
the pulvinar, may also participate in the deployment of attention and thereby contribute to the
processing of the stimulus.

Figure 5
In a task involving a decision, such as determining whether a change occurred or not, do
brain activations follow the physical stimulus or the subject’s report? To investigate this question,
we asked whether the same areas activated by correctly detecting a change were also more active
when the subjects reported a change but none had actually occurred? If this were true, then the
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pattern of activation for false alarms (on incorrect match trials) compared to misses (on incorrect
non-match trials) should be similar to the one observed for rejects (on correct non-match trials)
compared to hits (on correct match trials). Note that for false alarm trials, no physical change
occurred, but subjects reported perceiving a change with high confidence; for miss trials, a
physical change occurred, but subjects reported that no change occurred, again with high
confidence. Although the number of high-confidence, incorrect trials was small and the
associated activations were generally weaker, this contrast revealed a network of activations with
a striking degree of overlap with the network observed when subjects correctly detected a change
(compare Figures 5A and 5B). Thus, we suggest that reporting a change, whether or not it
actually occurred, generates virtually the same pattern of activation.

A related dissociation between physical parameters and perceptual reports has been
observed in the visual cortex of monkeys observing threshold or ambiguous stimuli. For example,
Bradley et al. (1998) showed that the responses of MT neurons to bi-stable, rotating cylinders
defined by structure-from-motion cues were linked to the perception of which surface was
perceived in front. This was also true for error trials in which the monkey's behavioral response
reflected neuronal responses (the cell's preferred depth) rather than the physical cues of the
stimulus. In another single-cell study, Thompson and Schall (1999, 2000) probed the neural
substrates of target detection and showed that neural responses in the FEF to a target stimulus
were greater when the target was detected than when it was missed. Moreover, neural responses
were greater on false alarm trials than on trials in which the target was absent.

What is the relationship between change-related activations on the one hand and those
associated with goal-directed attention, on the other hand? Although there was overlap between
the locations of activations found during change detection at test and those for goal-directed
attention, such as the anterior IPS, a notable feature of the comparison was the lack of overlap at
more dorsal brain sites. In particular, the SPL, FEF, and SEF were strongly driven by goal-
directed attention but not by the detection of a change. Conversely, regions strongly recruited
during the detection of a change that were not recruited by goal-directed attention included the
pulvinar and the cerebellum.

Thus, the most conspicuous feature of the networks activated by change detection and
goal-directed attention was that they were largely non-overlapping, with the notable exception of
the anterior IPS, which was shared by both networks. Moreover, it appears that attentional
processes associated with goal-directed attention recruit more dorsal cortical territories in both
frontal and parietal cortex than those associated with change detection. Regions triggered by
change detection were generally situated more ventrally (compare Figures 4A and 5A), and
included the MFG, the ACC, and the IFG/anterior insula. Importantly, processes engaged by WM
maintenance recruited the same dorsal fronto-parietal regions associated with goal-directed
attention (compare Figures 4A and 4C).

Discussion

We reviewed evidence from fMRI studies that a fronto-parietal network is critically involved in
the top-down control of spatial attention. This is a similar network as the one proposed by
Mesulam (1980), based on studies of patients with brain lesions. This fronto-parietal network
shows a remarkable degree of overlap with the one involved in maintaining information during
the delay period of a WM task. Both networks rely heavily on dorsal areas of the brain. Such
congruence of activated sites agrees well with the idea that goal-directed attention and WM share
common mechanisms. Indeed, it has been proposed that they should not be viewed as separate
processes, but instead as inter-dependent ones. For instance, Desimone (1998) proposed that
attention is derived, at least in part, from the impact of short term memory mechanisms (i.e.,
working memory) on cortical sensory representations.
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We also reviewed evidence from our WM study that change-detection activations involve
a different network of regions that is situated more ventrally. We interpreted change-related
activations as associated with a more reflexive deployment of attention toward the location of the
change, akin to exogenous attention. Behavioral studies demonstrate that endogenous and
exogenous attention involve different mechanisms. For example, the facilitation due to a sensory
cue in exogenous attention (e.g., a bright flash) appears more rapidly (~ 50 ms) than that observed
in goal-directed attention. Moreover, unlike what is observed in endogenous attention, sensory
cues produce a prolonged inhibition of processing (called “inhibition of return™) after the initial
facilitation. Thus, it is generally believed that endogenous and exogenous attention comprise
distinct systems (Jonides, 1981). Our findings of overlapping but separable dorsal and ventral
neural systems subserving processes more closely tied to top-down and stimulus-driven attention,
respectively, is thus consistent with the separation between these two types of attentional
processes, as suggested by behavioral experiments.

Our proposal shares its key elements with the one advanced by Corbetta and Shulman
(2002). Based on their own studies, as well as both neuroimaging and patient reports, they
postulated the existence of two anatomically segregated, but interacting, networks for spatial
attention. According to their scheme, a dorsal fronto-parietal system is involved in the generation
of attentional sets associated with goal-directed stimulus-response selection (endogenous
attention). Key nodes within this largely bilateral network would include the SPL, IPS, and the
FEF. A second, more ventral system, which is strongly lateralized to the right hemisphere, is
proposed to detect behaviorally relevant stimuli and to work as an alerting mechanism for the first
system when these stimuli are detected outside the focus of processing (exogenous attention). In
our WM study, we did not find evidence for a right lateralization of the ventral network engaged
by change detection. One reason could be that change detection behaves slightly differently from
more direct exogenous mechanisms recruited, for instance, by a loud sound or a flashing
stimulus. Interestingly, in our study, the dorsal and ventral networks intersected at the anterior
IPS, which may constitute a common processing node that links the two networks. In general,
endogenous and exogenous attention strongly interact in the generation of behavior (see (Corbetta
and Shulman, 2002) and, in neural terms, such interactions may be mediated by anatomical
connections known to exist between the dorsal and ventral networks (Distler et al., 1993; Webster
et al., 1993), as well as common anatomical regions, such as the IPS.

We also found evidence in our WM study for the involvement of subcortical structures in
exogenous attention, including the pulvinar and the cerebellum. Single-cell studies in monkeys
reveal that the pulvinar nucleus of the thalamus has an important role in selective attention
processes (Chalupa, 1977; Petersen et al., 1985). As summarized by Robinson and Petersen
(1992), pulvinar cells generate signals related to the salience of visual objects and are involved in
the selection of salient targets and the filtering of non-salient distracters. In monkeys, pulvinar
lesions lead to impairments in active visual scanning (Ungerleider and Christensen, 1979), and
inactivation of the pulvinar produces a slowing down of attention shifts (Petersen et al., 1987). In
humans, the right pulvinar is the principal site in the thalamus associated with spatial neglect
(Karnath et al., 2002). Imaging studies with humans also have obtained evidence of pulvinar
involvement in attentional processes (LaBerge and Buchsbaum, 1990; Corbetta et al., 1991),
although not consistently. In our WM study, we found robust and consistent pulvinar activation,
which we suggest was involved in the deployment of spatial attention to the location of the
change.

Like the pulvinar, the cerebellar cortex was strongly activated when subjects detected a
change. There is now evidence that the cerebellum has functions beyond those of motor
processing (Middleton and Strick, 1994; Fiez et al., 1996; Schmahmann, 1996; Thach, 1996). In
particular, based on studies of patients with cerebellar lesions, it has been proposed that the
cerebellum mediates rapid shifts in attention (Akshoomoff and Courchesne, 1992, 1994). In an
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fMRI study to test cerebellar involvement in attentional processes, Le et al. (1998) compared a
condition of shifting attention to a condition of sustained attention, which revealed lateral
cerebellar activation; see also (Allen et al., 1997). Thus, our findings are consistent with the idea
that the cerebellum is involved in attentional processes in general, and in the detection of change
in particular.

Conclusion

In this chapter, we have reviewed studies that show that frontal and parietal brain regions are
centrally involved in the control of WM and attention. Results from imaging studies, including
our own, suggest that sites important for WM are strongly involved in goal-directed (endogenous)
attention, and involve a dorsal fronto-parietal network, including the SPL, IPS, FEF, and SEF. At
the same time, reflexive (exogenous) attention relies on an overlapping but distinct network that
also involves fronto-parietal sites, but is located more ventrally to encompass the MFG, ACC,
and IFG. Moreover, this network includes subcortical sites such as the pulvinar and the
cerebellum. A key site of overlap between the two networks is the anterior IPS. Distinguishing
the precise functional contributions of the different nodes subserving the top-down control of
attention and WM, as well as those involved in reflexive attention, is a task for future
investigations.
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Figure Captions

Figure 1. Experimental design. In working memory trials, subjects indicated whether the sample
and test displays were the same or different (note that the bar orientation on the upper right
changed in the present case). They also indicated the confidence of their response (high vs. low).

Figure 2. Working memory network. The regions within this network were revealed by the
contrast of working memory vs. fixation control trials. The statistical group maps of functional
activations are shown overlaid onto a three-dimensional rendering of the brain of a representative
individual. The color bar indicates p values (uncorrected). Abbreviations: DLPFC: dorsolateral
prefrontal cortex; DO: dorsal occipital; FEF: frontal eye field; IPS: intraparietal sulcus; ITG:
inferior temporal gyrus; P. MFG: posterior middle frontal gyrus; SPL: superior parietal lobule.
Reprinted with permission from Cell Press.

Figure 3. (A,B) Performance-related activity in the intraparietal sulcus (IPS, A) and the frontal
eye field (FEF, B) during the three phases of the working memory (WM) task: encoding, delay,
and test. Performance-related activity was obtained by comparing activity for correct and
incorrect trials at each task phase. Functional group maps are shown overlaid onto structural
scans from a representative individual. Arrow indicates the region from which the fitted
hemodynamic responses were obtained. The level of the coronal section is indicated on the small
whole-brain inset. The bar below the x axis codes the periods when the sample stimulus (light
gray), the delay (intermediate gray), and the test stimulus (dark gray) occurred during the task.
The vertical gray bar indicates the delay interval. (C,D) The contingency between signal
amplitude and the subjects’ performance was assessed with a logistic regression analysis for
every time point within WM trials. Activity at 8 and 10 s for the FEF, and 8, 10, and 12 s for the
IPS, significantly predicted performance (p < 0.05), such that for a 1% increase in fMRI signal,
the probability of being correct for that trial increased from chance to close to 70% (y-axis).

Figure 4. Regions involved in visual spatial attention and visual working memory. (A) Encoding
vs. rest on the WM task. (B) Working memory network revealed by the contrast of working
memory delay vs. rest. (C) Regions in the spatial attention network as determined by a meta-
analysis of imaging data. The statistical group map is shown overlaid on a structural scan of a
representative individual. The level of the axial section is indicated on the small whole-brain
inset: (1) Corbetta et al. (1993); (2) Fink et al. (1997); (3) Nobre et al. (1997); (4) Vandenbergh
et al. (1997); (5) Corbetta et al. (1998); (6) Kastner et al. (1999); (7) Rosen et al. (1999); (8)
Corbetta et al. (2000); (9) Hopfinger et al. (2000).

Figure 5. Similar brain activations occur on correct change and false alarm trials. (A) Functional
group maps showing regions activated at test on correct change (non-match) compared to no-
change (match) trials. (B) Functional group maps showing regions activated at test on incorrect
no-change (false alarms) compared to incorrect change (miss) trials, at the same slice levels.
Although the number of high-confidence, incorrect trials was small and the associated activations
weaker, comparing the two patterns of activation revealed a great deal of overlap. Statistical
group maps are shown overlaid on structural scans from a representative individual. The level of
the axial and coronal sections is indicated on the small whole-brain insets. The color bar indicates
p values (uncorrected). Reprinted with permission from Oxford University Press.
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