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PREFRONTAL AND PARIETAL CONTRIBUTIONS TO SPATIAL
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Abstract—Functional neuroimaging studies consistently im-
plicate a widespread network of human cortical brain areas
that together support spatial working memory. This review
summarizes our recent functional magnetic resonance imag-
ing studies of humans performing delayed-saccades. These
studies have isolated persistent activity in dorsal prefrontal
regions, like the frontal eye fields, and the posterior parietal
cortex during the maintenance of positional information. We
aim to gain insight into the type of information coded by this
activity. By manipulating the sensory and motor demands of
the working memory task, we have been able to modulate the
frontal eye fields and posterior parietal cortex delay-period
activity. These findings are discussed in the context of other
neurophysiological and lesion-based data and some hypoth-
eses regarding the differential contributions of frontal and
parietal areas to spatial working memory are offered. Namely,
retrospective sensory coding of space may be more promi-
nent in the posterior parietal cortex, while prospective motor
coding of space may be more prominent in the frontal eye
fields. © 2005 Published by Elsevier Ltd on behalf of IBRO.
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Working memory allows animals to use information that is
not currently available in the environment but is crucial for
adaptive behavior. Therefore, an internal representation of
relevant information must be created and maintained until
it can be used to guide behavior. Persistent neural activity
during the delay period between a sensory cue (e.g. the
position of a briefly flashed spot of light) and a later motor
response (e.g. a shift of gaze to the remembered location)
is the most compelling evidence that this activity reflects
some form of a memory representation (Fuster and Alex-
ander, 1971; Kubota and Niki, 1971; Gnadt and Andersen,
1988; Funahashi et al., 1989). This observation, however,
does not answer what is actually being remembered or
coded for by this activity (Curtis and D’Esposito, 2003).
During a memory delay, one can look back to a past event,
a retrospective code, or can look forward to a future event,
a prospective code, in order to link events that are sepa-
rated in time but are contingent upon one another (Con-
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stantinidis and Steinmetz, 1996; Quintana and Fuster, 1999;
D’Esposito et al., 2000; Boussaoud, 2001; Takeda and
Funahashi, 2002, 2004; Curtis et al., 2004). Both coding
schemes are likely mechanisms of working memory.

Investigators interested in the mechanisms of working
memory are particularly interested in the maintenance of
spatial information because good evidence already exists
about how space is represented by the brain. Many parts
of the striate and extrastriate visual cortex are topograph-
ically organized in eye-centered or retinal coordinates (i.e.
retinotopy) (Van Essen, 2004). The spatial position of stim-
uli in discrete parts of the visual field is encoded by corre-
sponding neural activity in discrete parts of the visual
cortex. Similarly, portions of the motor and premotor cor-
tices, for example the frontal eye fields (FEF), are also
organized according to a functional topography, some of
which is in eye-centered coordinates (Schall, 2002). The
FEF may use an additional mechanism for coding space
by representing locations in motor or saccadic coordinates.
The spatial position of a stimulus can be represented by
the activation of FEF neurons that code for a saccade that
moves the eyes to the location of the stimulus. Indeed, the
FEF contains neurons that code for saccade endpoints of
all portions of retinal space (Bruce et al., 2004). The main-
tenance of a spatial location can theoretically be accom-
plished through the sustained activation of both sensory
and motor representations.

With these potential mechanisms in mind, this review
will summarize the human and non-human primate studies
that have used oculomotor delayed-response tasks, often
referred to as delayed-saccade tasks, to probe the func-
tions of the frontal and parietal cortices (Fig. 1). The review
focuses on our recent functional magnetic resonance im-
aging (fMRI) studies and places these findings in the con-
text of other related work.

Human neuroimaging

Sweeney and colleagues (1996) were the first to image the
brain during delayed-saccades. In this important study,
PET images of memory-guided saccades were subtracted
from visually-guided saccades identifying a widespread
network of regions including dorsal prefrontal cortex
(PFC), bilateral FEF, and the intraparietal sulcus (IPS).
Other blocked-design fMRI studies that used various types
of spatial working memory tasks followed (Belger et al.,
1998; Nystrom et al., 2000; Postle et al., 2000a; Simon et
al., 2002) replicating the results of Sweeney and col-
leagues (1996). These block design studies, however, rely
on the assumptions of cognitive subtraction and “pure
insertion,” which are particularly untenable in the case of
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Fig. 1. Key connections between nodes of the oculomotor network in
the human brain. This network, with the superior colliculus (SC) serv-
ing as the final common pathway, is thought to govern the generation
of saccades. Together, these areas are also thought to play important
roles in visuospatial and visuomotor behavior, such as that required
during spatial working memory. Abbreviations: dACC, dorsal anterior
cingulate cortex; DLPFC, dorsal lateral prefrontal cortex; SEF, supple-
mentary eye fields.

delayed-response tasks (Zarahn et al., 1999). Specifically,
cognitive subtraction assumes that the presence or ab-
sence of a cognitive factor does not influence other factors;
they can be independently manipulated. In the case of a
delayed-response task, the critical assumption is that the
presence of a retention interval does not influence encod-
ing or response factors. Intuitively, just knowing that a
retention interval exists will surely affect how the informa-
tion to-be-remembered is encoded.

The next generation of fMRI studies of spatial work-
ing memory used event-related designs that have the
potential to isolate delay period activity from visual
encoding and motor response, thereby dodging the
assumptions of cognitive subtraction. These studies
have provided consistent evidence that signals in the
FEF, nearby posterior portions of superior frontal sulcus
(area 8 in the dorsal PFC), and the IPS persist through-
out the entire delay period of spatial working memory
tasks (Courtney et al., 1998; Zarahn et al., 1999, 2000;
Rowe et al., 2000; Leung et al., 2002; Sakai et al., 2002;
Brown et al., 2004; Curtis et al., 2004). The persistent
activity in these areas in one way or another is thought
to support maintenance processes. Presumably, each
area is not representing completely redundant informa-

tion and thus, a key goal is to now decipher what is
being coded for by these persistent signals. To these
ends, our recent work has focused not on which parts of
the brain are active during working memory delays, but
instead on what might persistent activity represent. As
mentioned above, persistent signals may reflect the
neuronal activity necessary to sustain representations of
sensory or motor information. These signals may also
reflect the retrospective coding or prospective coding of
information.

To address this important question, we recently per-
formed an event-related fMRI study of oculomotor de-
layed-response tasks in which subjects were biased to-
ward or against the use of a prospective motor code (Fig.
2a) (Curtis et al., 2004). In one condition (match), subjects
could plan a saccade to acquire the target as soon as it
appeared and could simply delay the initiation of the sac-
cade until after the delay. Delay period activity should
reflect this strategy, the maintenance of a prospective
motor code or motor intention. In a comparison condition
(non-match), a saccade was made after the retention in-
terval to an unpredictable location that did not match the
location of the sample. The subjects still had to remember
the location of the sample so that they could discern be-
tween the matching and non-matching targets. But be-
cause a saccade was never made to the sample location
and the non-matching location was unpredictable, we rea-
soned that this manipulation biased the subject away from
maintaining a motor code during the delay. Instead, it
encouraged the maintenance of a retrospective sensory
code, which is probably akin to sustained covert spatial
attention (Awh and Jonides, 2001; Corbetta and Shulman,
2002).

We found that activity specific to the delay period was
greater for the match compared with non-match conditions
in the FEF (Fig. 2b). This suggested a plausible mecha-
nism by which the FEF contributes to spatial working mem-
ory. We proposed that the sustained activity in the FEF
likely reflects the representation of the saccade vector to
acquire the location of the sample. Conversely, delay pe-
riod activity was greater for the non-match compared with
match trials in the IPS suggesting that when a motor
intention cannot be maintained another mechanism is
available, such as maintenance of spatially directed covert
attention at the location of the visual cue (Fig. 2b). Support
for these interpretations comes from both monkey and
human studies (discussed below).

These findings led us to propose that a network of
brain areas maintains the task relevant information, where
different nodes in this network maintain relatively different
representational codes, such as motor and sensory repre-
sentations. Inherent in this proposition is that these nodes
are interacting in some way, passing, transforming, and/or
sustaining representations. However, we could only as-
sume but not directly measure the functional interactions
between the identified nodes of the putative network. In a
follow-up study (Curtis et al., 2005), we used a novel
multivariate technique, coherence, to formally characterize
functional interactions between the FEF and other brain
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Fig. 2. Event-related study of spatial working memory by Curtis et al.
(2004). (a) Schematic depiction of the delayed saccade tasks where
subjects used the cue’s location to make a memory-guided saccade
(MGS). Both the matching-to-sample (top) and non-matching-to-sample
(bottom) tasks began with the brief presentation of a small square target.
During matching trials, the subject made a MGS (depicted by the thin
black line) after the disappearance of the fixation cue marking the end of
the delay period. Feedback was provided by the re-presentation of the

areas. The coherence statistic, which can be thought of as
a correlation in frequency space (Sun et al., 2004), allowed
us to identify brain areas that changed their functional
connectivity with the FEF as a function of the matching and
non-matching-to-sample task demands.

We found that the type of representational codes that
were being maintained in working memory biased frontal—
parietal interactions (Fig. 3). A network of oculomotor ar-
eas was found to be especially interactive during the match
compared with non-match ftrials. Specifically, coherence
between FEF and the supplementary eye fields and dorsal
anterior cingulate was greater when a motor representa-
tion was an efficient strategy to bridge the delay. We
proposed that this network of oculomotor areas supports
working memory by representing and maintaining saccade
goals. Another network composed primarily of hetero-
modal prefrontal and parietal areas was found to be highly
interactive during the nonmatch trials. Coherence between
the FEF and the dorsolateral PFC, superior frontal sulcus,
and posterior parietal cortex (PPC), was greater during
non-match compared with match trials. This network may
support working memory by sustaining covert attention at a
particular location (Corbetta et al., 2002). Therefore, differ-
ent nodes in a larger overlapping network change their
relative patterns of interaction depending on the strategy
employed during spatial working memory tasks.

We also performed a correlation analysis between
memory-guided saccade accuracy, measured with a MR
compatible eye-tracker, and the magnitude of delay period
activity (Curtis et al., 2004). This analysis identified voxels
whose ftrial-by-trial delay activity scaled linearly with the
accuracy of the memory-guided saccade made seconds
later. This correlation was based on how accurate the
saccade was in continuous degrees of visual angle. Sig-
nificant brain-behavior correlations were found in FEF bi-
laterally (Fig. 2c), the right IPS, and the right superior
frontal sulcus. Therefore, the fidelity of the mnemonic rep-
resentation can be predicted by the degree of delay period
activity in a small number of regions that have been impli-
cated repeatedly in the maintenance of spatial information.
This correlation provides strong evidence that the sus-
tained activity is critical to successfully representing the
spatial information.

cue. At this point, the subject corrected any errors by shifting gaze to
the cue. The difference between the endpoint fixation after the MGS
and the fixation to acquire the feedback cue was used as an index of
memory accuracy. During non-matching trials, the subject made a
saccade to the square that did not match the location of the sample
cue. (b) Average (*=S.E. bars) BOLD time series data for matching
(black) and non-matching-to-sample (gray) oculomotor delayed re-
sponse tasks. The solid gray bar represents the delay interval. The
gray gradient in the background depicts the probability that the BOLD
signal is emanating from the delay period, where darker indicates
more probable. The FEF show greater delay period activity during the
matching task where an oculomotor strategy is efficient. The right IPS
shows greater delay period activity during the non-matching task when
subjects are biased from using such a strategy. (c) Scatter plot show-
ing the correlation between MGS accuracy and the magnitude of the
delay period parameter estimates in the right FEF. More accurate
MGS were associated with greater delay-period activity.
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Fig. 3. Statistical coherence maps from Curtis et al. (2005). Representative subject’s coherence map for (a) match trials and (b) nonmatch trials
overlaid on the subject’s anatomy. Notice the overlapping pattern of the network of regions. (c) t-Statistics showing the reliability of right FEF coherence
difference. These were created by subtracting the match and nonmatch coherence maps for each subject. Warm colors indicate regions that show
greater coherence with the right FEF seed on match compared with nonmatch trials. Cool colors indicate regions that show greater coherence with
the right FEF seed on nonmatch compared with match trials. dACC, dorsal anterior cingulated cortex; dIPFC, dorsolateral prefrontal cortex; MFG,
middle frontal gyrus; preCU, precuneous; SEF, supplementary eye fields; SFS, superior frontal sulcus; vIPFC, ventrolateral prefrontal cortex.

Monkey electrophysiology

The monkey FEF contains an organized map of visual
space defined in oculomotor coordinates and is thought to
be an important area for transforming visual signals into
saccadic commands (Bruce and Goldberg, 1985; Schall,
1991; Sommer and Wurtz, 2000). Neurons in the FEF
increase in the rate of firing just prior to saccade initiation
if the movement is directed into the neuron’s response field
(Bruce and Goldberg, 1985; Hanes et al., 1998). Electrical
stimulation of the FEF causes saccades that are indistin-
guishable from natural saccades (Robinson and Fuchs,
1969; Bruce et al., 1985). This indicates an important role
in saccade programming. Some FEF neurons also appear
to be visual in nature; they respond when a visual stimulus
is present in their receptive fields (Bruce and Goldberg,
1985; Schall et al.,, 1995). Moreover, robust persistent
activity of FEF neurons has been reported many times now
during spatial working memory delay periods (Bruce and
Goldberg, 1985; Funahashi et al., 1989; Chafee and Gold-
man-Rakic, 1998; Sommer and Wurtz, 2001; Umeno and
Goldberg, 2001). This activity is spatially selective in that it

is greater during trials in which the position of the remem-
bered stimulus matches the neuron’s response field.
Therefore, the persistent activity in the human FEF that we
have measured with fMRI during delayed-saccade tasks
could reflect the activity of neurons that are responsible for
moving the eyes to the remembered location. This type of
coding of space could be used in memory tasks even when
no eye-movement is ever made as the saccade can simply
be suppressed.

The monkey lateral intraparietal (LIP) area of the PPC
shares many of the same features with the FEF. Specifi-
cally, LIP neurons a) increase their rate of firing when a
visual stimulus appears in its receptive field (Robinson et
al., 1978), b) increase before saccades to spatially specific
locations (Barash et al., 1991), ¢) LIP neuronal microstimu-
lation evokes saccades (Thier and Andersen, 1998), and
d) their activity sustains throughout delayed-saccade re-
tention intervals (Gnadt and Andersen, 1988). Overall, the
physiology of FEF and LIP neurons is remarkably more
similar than it is different. Moreover, they send and receive
projections to and from almost the same set of cortical and
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subcortical areas and are highly interconnected with one
another (Fig. 1). The functional interconnectedness of FEF
and LIP is demonstrated by the fact that if one area is
cooled it causes disturbed neural firing in the other during
a delayed-saccade task (Chafee and Goldman-Rakic, 2000).
Theoretically, both areas are presumed to play important
roles in the representation of space and in the transforma-
tion of spatial information into a motor coordinate frame-
work (Colby and Goldberg, 1999; Andersen and Buneo,
2002; Goldberg et al., 2002). At the population level, FEF
and LIP neuronal activity may form topographical maps
that represent the most salient objects and portions of
space. Salience, as evidenced by enhanced neuronal fir-
ing, is modulated by bottom-up and top-down mechanisms
that attract attention as well as the mechanisms that direct
intentions, or plan movements (Gottlieb et al., 2005; Leb-
edev et al.,, 2004; Takeda and Funahashi, 2004). How
these areas cooperate with one another and how they
differ in their roles in spatial working memory remain un-
known. For instance, almost all human functional imaging
studies of spatial working memory co-activate the FEF and
PPC, but have provided little empirical evidence for how
they might functionally differ. The results of our fMRI study
of delayed-matching and non-matching saccades (Curtis
et al., 2004), nonetheless, suggest that relative differences
in the way in which these two areas code spatial informa-
tion may exist.

Although human studies have been somewhat mixed
on whether they find activation of the dorsolateral PFC
anterior to the human FEF during the maintenance of
spatial locations (Courtney et al., 1998; Zarahn et al,,
1999; Postle et al., 2000b; Rowe et al., 2000; Leung et al.,
2002; Curtis and D’Esposito, 2003; Brown et al., 2004;
Curtis et al.,, 2004), monkey electrophysiology has pro-
vided compelling data demonstrating a critical role of prin-
cipal sulcus neurons in spatial working memory (Fuster
and Alexander, 1971; Kojima and Goldman-Rakic, 1982;
Funahashi et al., 1989, 1993a; di Pellegrino and Wise,
1993; Ferrera et al., 1999; Constantinidis et al., 2001;
Takeda and Funahashi, 2002, 2004). Data from several of
these studies suggest that the majority of dIPFC neurons
that show delay-period activity code for the spatial position
of the cued location and not the planned movement. This
viewpoint may be an oversimplification of the data since
Takeda and Funahashi (2004) have recently demonstrated
that at the population level, dIPFC initially codes for the
spatial location of the cue and then later codes for the
location of the memory-guided saccade. They disassoci-
ated the cued location and movement direction by requir-
ing monkeys to make a saccade to a location that was 90°
rotated from the cued location. The population vector ini-
tially pointed toward the cued location and then turned
toward the direction of the upcoming memory-guided sac-
cade halfway through the delay period. Therefore, at the
population level persistent activity in dIPFC neurons may
code for different aspects of the task as sensory informa-
tion is transformed into motor plans. Next, relevant lesion
studies that may provide a more direct assessment are
discussed.

Lesions to the PFC and PPC

Functional MRI and electrophysiological techniques de-
pend on correlating activity and behavior but cannot be
used to determine whether a brain region is actually nec-
essary for a given behavior. Lesion methods remain the
gold standard for discerning necessity and can be espe-
cially useful to arbitrate between hypotheses about the
meaning of observed responses from electrophysiology
and functional neuroimaging (Curtis and D’Esposito,
2004).

Humans and monkeys with PFC (including FEF) and
PPC lesions show very subtle disturbances in the metrics
of saccades to external visual stimuli (Schiller et al., 1987;
Pierrot-Deseilligny et al., 1991; Lynch, 1992; Funahashi et
al., 1993b; Rivaud et al., 1994; Sommer and Tehovnik,
1997; Heide and Kompf, 1998; Dias and Segraves, 1999;
Gaymard et al.,, 1999, 2003; Li et al., 1999; Li and
Andersen, 2001). Visually-guided saccades are slow to
initiate but are mostly accurate suggesting that the FEF
and PPC play important roles in saccade triggering prob-
ably through their direct projections to the superior collicu-
lus. Lesions to the PFC, FEF, and PPC all cause de-
creased accuracy of memory-guided saccades (Funahashi
et al,, 1993b; Rivaud et al., 1994; Dias and Segraves,
1999; Gaymard et al., 1999; Li et al., 1999; Ploner et al.,
1999). Analysis of the types of errors following cortical
damage suggests that the FEF and PPC tend to cause
systematic errors that are hypometric (i.e. saccades fall
short of cued location), while PFC damage can result in
memory-guided saccades that are variably scattered
around the cued location (Funahashi et al., 1993b; Dias
and Segraves, 1999; Li et al., 1999; Ploner et al., 1999).
This suggests that these regions may make separate con-
tributions to delayed-saccade task performance (see be-
low). Moreover, the accuracy of delayed-saccades wors-
ens as the retention interval is increased (Funahashi et al.,
1993b; Gaymard et al., 1999), an effect that is yet to be
demonstrated in the PPC. Such a delay-dependency
strongly indicates a critical role in the maintenance of
spatial information and not just oculomotion.

Transcranial magnetic stimulation (TMS) permits the
application of temporary “virtual” lesions in humans and
has been used to study the effects of disrupting the PFC
and PPC during delayed-saccade tasks. Application of
TMS does not induce eye movements (Zangemeister et
al.,, 1995), but it does normally delay or in some cases
facilitate saccade triggering during both visually and mem-
ory-guided saccades if applied shortly after the signal to
move the eyes is given (Muri et al., 1996; Ro et al., 1999;
Kapoula et al., 2001; Wipfli et al., 2001; Coubard et al.,
2003; Kapoula et al., 2004; Yang and Kapoula, 2004).
Again, this finding is consistent with the proposed role in
saccade ftriggering. Although the accuracy of visually-
guided saccades is not affected by TMS of the PFC and
PPC, the accuracy of memory-guided saccades de-
creases, but this effect critically depends on which part of
the cortex is stimulated and depends on when stimulation
is applied. During delayed-saccade tasks, accuracy wors-
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ens when the PPC is stimulated early in the delay (~200—
300 ms), just after the visual cue is presented. However,
accuracy worsens when the PFC is stimulated in the mid-
dle to later portions of the delay (Muri et al., 1996, 2000;
Brandt et al., 1998). Early in the delay, sensory data are
represented until that information can be transformed into
a motor plan. The selective effect of PPC stimulation early
in the delay may suggest an important role in the retro-
spective sensory coding of visual space. However, it may
simply suggest that the PPC representations are more
transient than those in the PFC. The selective effect of
PFC stimulation late in the delay period is more difficult to
interpret because it is unknown whether the FEF and/or
more anterior dorsolateral PFC were disrupted by the
TMS. A caudal-rostral gradient may exist along the dor-
solateral PFC (e.g. areas 46 and 9/46) to the premotor
cortex (e.g. FEF) where neurons represent progressively
greater degrees of visuospatial to visuomotor information
(di Pellegrino and Wise, 1993). Interestingly, Ploner et al.
(1999) described patients with selective FEF damage and
patients with FEF damage that extended into anterior dor-
sal PFC. Both sets of patients were impaired on a delayed-
saccade task, but the pattern of errors suggested two
mechanisms affected by the lesions. FEF lesions caused
systematic errors (i.e. saccade endpoints were consis-
tently hypometric with regard to the target), but dorsal PFC
lesions caused variable errors (i.e. saccade endpoints fluc-
tuated with regard to the target). The authors concluded
that the FEF and dorsal PFC make distinct contributions to
the maintenance of positional information, presumably re-
lated to the caudal-rostral functional gradient in the dorsal
PFC. If true, systematic errors may result from errors in
translating spatial information into a motor plan, a known
role of the FEF. Variable errors may result from difficulties
maintaining the exact spatial position of cued locations, a
known role of the dorsolateral PFC (Funahashi et al.,
1993a). Consistent with this hypothesis is the finding that
FEF lesions in the monkey primarily cause hypometric
memory-guided saccades (Sommer and Tehovnik, 1997;
Dias and Segraves, 1999) and dorsolateral PFC lesions
cause additional variability in the saccade endpoints
(Sawaguchi and Goldman-Rakic, 1991; Funahashi et al.,
1993b). Therefore, the delay-specific deficit following TMS
when applied over human PFC may be the result of FEF
disruption, a possibility that should be addressed by future
work.

Spatial working memory, attention, and intention

Large-scale cortical and subcortical networks support di-
verse and complex behaviors like spatial working memory,
spatial attention, and spatially-directed actions (i.e. inten-
tions). However, it has been pointed out, based on the
patterns of overlap from neuroimaging studies, that some
of the processes implicated may share common neural
resources (Awh and Jonides, 2001; Corbetta et al., 2002).
With this idea in mind, the mechanisms that the FEF use to
support spatial working memory, spatial attention, and
spatial intention may be similar. This idea has support
beyond simply the patterns of co-activation in functional

imaging studies. Electrical microstimulation of monkey
FEF neurons, at a level that does not induce a saccade,
improves target detection at a location that matches the
response field of the neuron that was microstimulated
(Moore and Fallah, 2004). In other words, “activation” of a
FEF neuron that would move the eyes to a specific location
results in performance enhancements that are similar to
those found after subjects are cued to covertly attend to a
specific location. These data suggest that saccade plan-
ning is a viable mechanism that underlies spatial attention
(Kowler et al., 1995). That is, neurons in the FEF may form
a map of salient portions of space in oculomotor coordi-
nates that can be read out to indicate the cued location in
a spatial working memory task, the current direction of
spatially-directed attention, or the direction toward which a
movement is planned. In fact, there are probably many
such maps of space that all code for saliency in some form
or another. The different contributions of the PFC, FEF,
and PPC to spatial behavior are likely to be dependent
upon the area’s differential connectivity; which types of
information are sent to the area that form the basis of the
map and which areas have access to the readout will
determine its role.

Summary and conclusions

Functional neuroimaging of humans and electrophysiolog-
ical recordings from monkeys implicate a widespread net-
work of cortical and subcortical brain areas that together
support the various sensory, motor, and memory functions
required by tests of spatial working memory. The oculo-
motor network is an ideal system for the study of spatial
working memory since it is arguably the best understood
response output system in the primate. The oculomotor
delayed-response task has been instrumental in attempts
to differentiate the specific contributions of these brain
structures to spatial working memory. Most importantly,
maintenance-related activity during the retention interval
can be separated from the visual and motor components of
delay-response tasks (Hikosaka and Wurtz, 1983). Using
this approach a small subset of regions, most notably the
PFC, FEF, and PPC, shows evidence of persistent delay
period activity. Studies of humans with brain damage and
monkeys with experimental lesions have confirmed that
damage to the PFC, FEF, and PPC does indeed cause
impairments in the accuracy of delayed-saccades. There-
fore, these areas are necessary for intact spatial working
memory. The question of what type of information is car-
ried by persistent activity still remains. Our recent fMRI
studies, in which we have used modified versions of de-
layed-saccade tasks, indicate that persistent activity in the
FEF and PPC may carry relatively different types of infor-
mation. Retrospective sensory coding of space may be
more prominent in the PPC, while prospective motor cod-
ing of space may be more prominent in the FEF. The
disassociation is far from absolute, but the relative differ-
ence that we detect with fMRI is supported by TMS studies
that have compared PFC/FEF and PPC stimulation during
portions of the delay period in which visuospatial or motor
planning is emphasized. Support has also come from the
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different types of errors made during delayed-saccade
tasks following lesions to the FEF and PPC. Studies are
currently under way to further test these hypotheses with a
special emphasis on the task parameters that modulate
persistent signals in the brain.
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