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In the past 30 years, much progress has been made in
understanding the underlying neural substrate for working
memory, a system considered responsible for the active
maintenance and manipulation of information in the ser-
vice of complex cognitive operations (Baddeley, 1986;
Just & Carpenter, 1992; Miyake & Shah, 1999). It is be-
coming clear that the working memory system involves
a distributed network of brain regions including pre-
frontal, premotor, and extrastriate cortices, as well as
subcortical regions (Fuster, 1997; Goldman-Rakic, 1987;
Smith & Jonides, 1999). However, whether these areas
are involved in the same way or in different ways is still
undetermined. Our goal here is to characterize the re-
sponses of different cortical areas involved in spatial work-
ing memory as a function of load.

The spatial working memory system in nonhuman pri-
mates has been studied extensively. Goldman-Rakic first

proposed in 1987 that the dorsolateral prefrontal cortex
(PFC) plays a central role in the neural circuit subserving
spatial working memory. This proposal was based on ob-
servations of impaired performance in spatial delayed-
response tasks with lesions in the dorsolateral PFC (Gold-
man & Rosvold, 1970; Goldman, Rosvold, Vest, & Galkin,
1971; Jacobsen, 1936) and observations of sustained dis-
charge of PFC neurons without sensory stimulation during
the delay period of delayed response or delayed-alternation
tasks in single-unit recordings (Fuster & Alexander,
1971; Kojima & Goldman-Rakic, 1982; Kubota & Niki,
1971). Subsequent single-unit studies have demonstrated
that neurons in the area within and surrounding the prin-
cipal sulcus (Brodmann’s area 9 or Walker’s area 46) ex-
hibit firing patterns corresponding to the component fea-
tures of an oculomotor delayed-response task, with some
showing preferential firing during the delay period (Fu-
nahashi, Bruce, & Goldman-Rakic, 1989, 1990). Persis-
tent firing during the delay period has also been recorded
in other cortical regions, including the posterior parietal
cortex (Chafee & Goldman-Rakic, 1998; Constantinidis
& Steinmetz, 1996) and the frontal eye fields (FEFs;
Bruce & Goldberg, 1985; Sommer & Wurtz, 2001). The
activities in the PFC and the posterior parietal cortex
were also demonstrated to be interdependent (Chafee &
Goldman-Rakic, 2000). However, it is still unclear what
exactly is being represented (e.g., sensory information,
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Accumulating evidence from electrophysiology and neuroimaging studies suggests that spatial work-
ing memory is subserved by a network of frontal and parietal regions. In the present study, we para-
metrically varied the memory set size (one to four spatial locations) of a delayed-response task and ap-
plied time-resolved fMRI to study the influence of memory load upon the spatial working memory
circuit. Our behavioral results showed that performance deteriorates (lower accuracy and longer re-
action time) as memory load increases. Memory load influenced cortical activity during the cue, delay,
and response phases of the delayed-response task. Although delay-related activity in many regions in-
creased with increasing memory load, it also was significantly reduced in the middle frontal gyrus and
frontal eye fields and leveled off in the parietal areas when memory load increased further. Delay-
related activity in the left posterior parietal cortex was also lower during the error trials, in compari-
son with the correct trials. Our findings indicate that the delay period activity in the spatial working
memory circuit is load sensitive and that the attenuation of this signal is the neural manifestation of
performance limitation in the face of excessive memory load.
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motor plans, or abstract rules) by the PFC neurons during
the delay period before responses (see the review by E. K.
Miller & Cohen, 2001).

In neuroimaging studies of humans, the nature of ac-
tivation during the delay period of spatial delayed-response
tasks has been investigated using event-related fMRI.
Similar to the nonhuman primate studies, persistent delay-
related activity has been found in the PFC and in the
premotor and posterior parietal cortices (Courtney, Petit,
Maisog, Ungerleider, & Haxby, 1998; Curtis, Rao, &
D’Esposito, 2004; Leung, Gore, & Goldman-Rakic, 2002;
Petit, Courtney, Ungerleider, & Haxby, 1998; Zarahn,
Aguirre, & D’Esposito, 1999). Within the human frontal
lobe, the dorsal premotor cortex, extending from the an-
terior portion of the FEFs (Courtney et al., 1998) to the
caudal part of the superior frontal sulcus (Rowe, Toni,
Josephs, Frackowiak, & Passingham, 2000), has been
suggested to be specialized for maintaining spatial in-
formation in working memory. In contrast, the dorsolat-
eral PFC has been associated with response selection
(Rowe et al., 2000). However, we recently have shown
that there is a continuous delay-related activity in the
dorsolateral PFC, as well as in other cortical regions, in
a higher memory load condition, an effect not detected
in a relatively lower memory load condition (Leung et al.,
2002). Greater activity in the dorsolateral PFC was also
observed when additional manipulation processes were
required, in comparison with simple maintenance of spa-
tial information (Owen, Evans, & Petrides, 1996; Postle,
Berger, Taich, & D’Esposito, 2000).

In several neuroimaging studies, the effect of memory
load on activity in the spatial working memory circuit
has been investigated. A load-dependent increase in ac-
tivity was observed in the PFC, premotor, and parietal
areas in fMRI studies using n-back tasks with spatial
components (Carlson et al., 1998; Glahn et al., 2002;
Jansma, Ramsey, Coppola, & Kahn, 2000). One study
also reported an inverted-U shape of load-dependent re-
sponse function, where activity in the dorsolateral PFC
increased as working memory demand increased but
dropped at the highest demand (Callicott et al., 1999).
However, because these fMRI studies used block de-
signs, the influence of memory load on the component
events of working memory was not established.

In order to characterize the effect of memory load on
the component events (i.e., cue, delay, and response) of
spatial working memory, we conducted an event-related
fMRI study and manipulated memory load in a spatial
delayed-response task. Similar methods have been ap-
plied in recent studies of nonspatial working memory
(Jha & McCarthy, 2000; Rypma, Berger, & D’Esposito,
2002). It was expected that if an area is critical for the
maintenance component, its activity during the delay pe-
riod would be modulated by memory load. Since behav-
ioral studies have often demonstrated that the capacity of
working memory is severely limited, so that only a few
items can be maintained and processed at any given time
(Cowan, 2001; Luck & Vogel, 1997; G. A. Miller, 1956;

Wheeler & Treisman, 2002), it was also expected that the
underlying working memory system would reflect this
behavioral limitation. We also tested whether errors in
performance can be accounted for by changes in cortical
activity. Since the FEFs, the posterior parietal cortex,
and the middle frontal gyrus (MFG; the part in the dor-
solateral PFC) are particularly engaged in spatial work-
ing memory tasks, these regions were the focus of this
investigation.

METHOD

Subjects
Nine right-handed subjects (5 males and 4 females; age range of

21–38 years, mean age of 28) were recruited from the Yale Univer-
sity staff and student body. Handedness was assessed with the Ed-
inburgh scale (Oldfield, 1971). According to self-report, no subject
had a history of neurological or psychiatric disorder. All the sub-
jects gave informed consent.

Spatial Working Memory Task
Four memory loads (one to four spatial locations) were tested.

The sequence of component events (cue, delay, and response) in
each trial was the same across all the load conditions (Figure 1).
Each trial began with an initial fixation of 1.5 sec, followed by the
sequential presentation of five dots (cue). Each dot was presented
for 0.3 sec, and the interstimulus interval was 0.2 sec. For one tar-
get condition (Load 1), one of the dots appeared at an off-center lo-
cation, whereas the remainder of the dots appeared at the center of
the screen. For the higher load conditions (Loads 2–4), more dots
appeared at off-center locations, and fewer appeared at the center.
The cue presentation was followed by a 15-sec retention interval
(delay), which in turn was followed by a probe screen of three testing
dots presented for 2 sec (response). The three testing dots were of
three different colors (magenta, yellow, and cyan), where one of them
matched one of the locations in the memory set. The subjects were
instructed to press one of the three buttons corresponding to the
testing dot that matched the correct location. Each of the three pos-
sible correct responses was of equal frequency. An intertrial inter-
val (ITI) of 16.5 sec was used to allow restoration of the baseline
hemodynamic response. The fixation cross was shown for the dura-
tion of the trial (37.5 sec), except during the presentations of the
central dots, when the dot appeared in place of the fixation cross.

The display screen was divided into 2 � 4 subregions with 12
possible locations in each region, although namable locations (i.e.,
center, straight up, down, left, and right) were avoided. The spatial
locations in the memory set of each trial were selected pseudoran-
domly, so that no two dots were presented in the same region in any
single trial. This constraint was used to prevent random clustering
of dots, which would make the task difficulty uneven. The correct
testing dots were randomly selected from the memory sets, whereas
the incorrect testing dots were randomly selected from the same
subregion of the correct testing dots (with none of the dots imme-
diately adjacent to or diagonal from other probes, to keep difficulty
constant).

Behavioral Practices and fMRI Study Formats
Prior to scanning, a behavioral session was administered to every

subject. In the first 15 min, the subjects were trained to associate the
colors of the testing dots (magenta, yellow, and cyan) to the corre-
sponding three buttons on the button box. After the subjects had be-
come proficient at the color–button association, they proceeded to
practice the spatial working memory task for 30 min. The spatial
working memory task was identical to the one described above, but
it included a five-dot condition in addition to the four load condi-
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tions. The load conditions were pseudorandomly presented. During
the practice, the 15-sec delay was substituted with a 3-sec delay,
and the 16.5-sec ITI was substituted with a 2-sec ITI.

All the subjects performed six series inside the magnet, with the
exception of one, who performed four series. Each series was com-
posed of 16 trials. Each load condition was presented in a group of
4 trials. The four load conditions were presented in either ascend-
ing or descending order in alternating runs.

Inside the scanner, the stimuli were presented against a black
background from an overhead projector, with the screen being visible
in a mirror placed at a 45º angle. Visual stimuli were presented with
RSVP software (by P. Williams & M. J. Tarr, http://www.tarrlab.org/
rsvp), running on a Macintosh Power PC. A fiber optic button box
allowed the subjects to indicate their responses.

Imaging Procedure
Individuals’ head movements were minimized using foam cushions

and a band across the forehead. Imaging was performed on a GE
Signa LX scanner (1.5 Tesla; General Electric Medical Systems,
Milwaukee, WI) with a standard quadrature head coil. Fourteen axial-
oblique slices (7 mm thick) were prescribed parallel to the anterior–
posterior commissural (AC–PC) line based on the sagittal localizers.
Anatomical images were acquired using the following parameters:
repetition time (TR) � 500 msec, echo time (TE) � 12 msec, ac-
quisition matrix � 192 � 256, and field of view (FOV) � 20 cm.
Functional images were acquired at the same locations, using a T2-
sensitive gradient-recalled single-shot echo planar pulse sequence
(TR � 1.5 sec, TE � 60 msec, flip angle � 60º, acquisition matrix �
64 � 64, FOV � 20 cm). The echo planar images were 7 mm thick
with no space between them and an in-plane resolution of 3.125 �
3.125 mm.

Image Analysis
Prior to data analysis, all of the functional images were screened for

artifacts and large motion. A version of the SPM99 algorithm (Fris-
ton, Williams, Howard, Frackowiak, & Turner, 1996) was used to cor-
rect for motion between successive images in each series. The images
were then smoothed with a Gaussian filter with a full width of 6.3 mm

at half maximum. Functional images were coregistered with the
anatomical scans obtained during the same session for localization.

Individual data were analyzed by calculating average percentage
of changes of signal, relative to fixation baseline, for each compo-
nent event in each load condition. Four components (cue, delay1,
delay2 and response) were defined by dividing the memory trials
into four sets of four images, starting from the second image after
the beginning of the trial. One image was skipped between the
delay2 period and the response period to account for the delay in he-
modynamic response. Fixation baseline for each load condition was
an average of one image from the beginning of the trials and three
images from the end of the ITI.

For group analysis, activation maps of each individual were trans-
formed into a standard coordinate system (Talairach & Tournoux,
1988) using piece-wise linear warping with eight anatomical anchor
points (the AC, the PC, and the superior, inferior, anterior, posterior,
leftmost, and rightmost points on the cortical surface). For statistical
testing, we applied a random effects analysis, using a bootstrapping
randomization technique (Manly, 1997), to generate composite ac-
tivation maps for each component phase in the delayed-response
task at each memory load. Linear contrasts were calculated to iden-
tify regions that showed increases in signal in correspondence with
increases in memory load. The group activation maps were super-
imposed on the composite anatomical image for visualization.

Region-of-Interest Analysis
Functional data were further analyzed using a region-of-interest

(ROI) approach. Regions were defined on the basis of activations
revealed by combining all conditions and were drawn in accordance
with the Talairach and Tournoux (1988) maps. The defined ROIs
were in close agreement with the data for spatial working memory
in the literature (see Figure 2). The ROIs were the FEF (BA 6/8), the
supplementary motor area (SMA, BA 6), the precuneus (PCu,
BA 7), the superior parietal lobe (SPL, BA 7), the inferior parietal
lobe (IPL, BA 40), the MFG (BA 9/46) and the anterior MFG
(aMFG, BA 10/46), the inferior frontal gyrus (IFG, BA 44/9) and
the IFG/insula (BA 45), the precentral sulcus (PrCS, BA 8/9), and
the middle temporal gyrus (MTG, BA 21/37). For each ROI, the av-

Figure 1. Sequence of events in the spatial delayed-response task. Memory load was ma-
nipulated by presenting one to four dots at off-center locations during the cue display. Load 4
is illustrated in the lower part of the figure. Three testing dots in different colors (illustrated
with three symbols) were presented in the probe display. The subjects made a response by
pressing the button corresponding to the one that matched one of the locations in the mem-
ory set. The gray shading indicates the duration of visual presentation. The intertrial inter-
val of 16.5 sec is not shown in the figure.
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erage percentage of signal change was calculated for the cue, delay1,
delay2, and response phases in each condition, relative to the base-
line. We also separated the correct trials and the error trials. A repeated
measures analysis of variance (ANOVA) was applied to determine
the effect of memory load for each ROI. Statistical differences be-
tween successive levels of memory load and between performance
conditions (correct vs. error) were determined using paired t tests.
Significance level was set at p � .05 for these ROI analyses.

Time courses of activation for each condition were also generated
for each ROI. Corrections for differences in slice acquisition times
were first implemented, and the data were temporally smoothed
with a Gaussian filter (full width at half maximum of 1.5 sec). Av-
erage percentage of change of signal at each time point was then
calculated relative to the baseline signal.

RESULTS

Behavioral Data
Repeated measures ANOVAs revealed a significant

main effect of memory load for both accuracy and reac-

tion time data. Table 1 summarizes the results for both
performance parameters. All the trials were used for cal-
culating the means of the reaction times. Performance
accuracy decreased with increasing memory set size
[F(3,24) � 14.9, p � .0001], whereas reaction time in-
creased [F(3,24) � 9.1, p � .0005]. Post hoc tests of dif-
ferences between successive levels of memory load indi-
cated that the accuracy for Load 1 was not significantly
higher than that for Load 2 but that the accuracy for
Load 2 was significantly higher than that for Load 3, which
in turn was significantly higher than that for Load 4 ( p �
.05). In addition, the reaction time for Load 1 was signif-
icantly shorter than that for Load 2, but the differences
between the following load levels were insignificant
( p � .05). Hence, performance deteriorated as memory
load increased. Nevertheless, performance was above the
chance level (33%) even in the highest load condition,
indicating that the subjects were engaged in the task.

Spatial Working Memory Circuit
We first identified the brain regions activated in the spa-

tial working memory task by comparing activity during
all memory load conditions, relative to fixation baseline
(uncorrected threshold, p � .005; cluster filter, 9 voxels).
Figure 2 shows these activations on the composite anatom-
ical images including the PFC, the premotor area, the
parietal cortex, the temporal–occipital junction, and sub-
cortical areas (the basal ganglia and the thalamus). The
legends of Figure 2 and Table 2 list the main cortical re-

Figure 2. Spatial working memory circuit. The cortical regions of in-
terest (ROIs) defined in this study and their abbreviations are as follows:
1. frontal eye fields, FEF; 2. supplementary motor area, SMA; 3. pre-
cuneus, PCu; 4. superior parietal lobe, SPL; 5. anterior cingulate cor-
tex, ACC; 6. middle frontal gyrus, MFG; 7. inferior frontal gyrus/in-
sula, IFG/insula; 8. precentral sulcus, PrCS; 9. inferior frontal gyrus,
IFG; 10. inferior parietal lobe, IPL; 11. middle temporal gyrus, MTG;
and 12. anterior middle frontal gyrus, aMFG. The number on the upper
right corner of each image indicates millimeters from the anterior com-
missure. Talairach coordinates for the ROIs are given in Table 2. R, right
hemisphere; L, left hemisphere.

Table 1
Means and Standard Deviations of Performance Data 

for the Spatial Delayed-Response Task 
at Each Memory Load Condition

Accuracy (%) RT (msec)

Load M SD M SD

1 82 13 1,552 505
2 80 13 1,809 677
3 72 12 1,978 856
4 66 12 2,027 743
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gions revealed by this comparison. Most regions were in-
volved in all the component events (cue, delay, and re-
sponse) of the delayed-response task.

Memory Load Effect
We then examined how activity in different cortical re-

gions within the spatial working memory circuit varied
with memory load. Group composite maps at each load
level are shown in Figure 3, illustrating the effect of
memory load upon cortical activity in the spatial work-
ing memory circuit during the cue, delay and response
phases of the delayed-response task. ROI analysis indi-
cated a significant main effect of memory load for acti-
vations in multiple regions in the spatial working mem-
ory circuit (Tables 2 and 3).

Average time courses for several frontal and parietal
regions are shown in Figure 4. As will be discussed below,
although many of these regions demonstrated sensitivity
to memory load, their load response properties were dif-
ferent as indicated by a region (eight ROIs) � load (four
levels) interaction [F(21,168) � 4.551, p � .001]. Fur-
thermore, although the activity in some areas was more
modulated by load during a single phase of the task, the
activity in most areas was modulated during more than
one phase (Figure 5). Interactions between task phase
and load were not significant for most regions, except
for the left IPL [F(9,72) � 3.1, p � .005].

Cue. During the cue period, activity in the bilateral
FEF, left SMA, left PrCS and right IFG (BA 44/9) were
significantly modulated by memory load (Table 2). Post

hoc tests indicated that activity in these regions increased
when memory load increased from two to three items
(Table 3), although changes in the left FEF and the left
SMA were marginally insignificant ( p � .07). The IFG
area also showed decreased signal in the Load 4 condition,
in comparison with the Load 3 condition, but this differ-
ence did not reach the statistical threshold ( p � .07).

Delay. Memory load influenced activity in the spatial
working memory circuit during both the early and the late
delay phases (Figure 5). During the early delay (delay1),
a significant main effect of load was found for activa-
tions in the FEF, MFG, IFG/insula, PrCS, PCu, SPL, IPL,
and MTG. Memory load affected most regions bilater-
ally but affected only the right side of the MFG and the
left side of the IFG/insula and the PrCS. Post hoc con-
trasts indicated that activity in most regions increased
when memory load increased from one to two items, and
activity in the right FEF, left SPL, left MTG, and bilat-
eral IPL increased further as memory load increased
from two to three items (Table 3). However, activity in
the FEF and the MFG was significantly reduced as mem-
ory load increased from three to four items ( p � .05).
Decreases in signal from Load 3 to Load 4 were also ob-
served for other regions, such as the left IFG/insula and
the left MTG, albeit these effects were only marginally
significant ( p � .05). No areas showed increased activ-
ity from Load 3 to Load 4.

Memory load modulated activity during the late delay
(delay2) in the same cortical regions as during the early
delay (delay1), except in the IFG/insula and the PrCS. Post

Table 2
Repeated Measures ANOVA Results for the Effect of Memory Load

Coordinate (mm) Cue Delay1 Delay2 Response

ROI BA Hemisphere x y z F p F p F p F p

FEF 6 R 25 �4 52 3.11 .045 9.47 .000 5.78 .004 7.18 .001
L �26 �4 52 3.28 .038 7.19 .001 8.08 .001 7.17 .001

SMA 6 R 7 6 55 2.75 .065 2.48 .086
L �7 7 55 4.78 .009 2.85 .058

MFG 9/46 R 39 28 27 4.04 .018 4.24 .015
L �38 27 27

aMFG 10/46 R 32 44 23
L �33 44 22 2.59 .077 3.94 .020

IFG 44/9 R 48 7 27 4.25 .015 2.66 .071
L �49 7 27

IFG/insula 45 R 31 17 13
L �30 17 13 3.39 .034

PrCS 8/9 R 43 0 44 2.59 .077
L �43 �1 46 4.31 .014 5.46 .005 5.79 .004

PCu 7 R 9 �62 55 5.84 .004 5.39 .006 5.69 .004
L �8 �62 55 4.95 .008 4.66 .011 8.73 .000

SPL 7 R 25 �57 51 6.99 .002 4.59 .011 6.32 .003
L �26 �57 51 11.14 .000 7.99 .001 8.99 .000

IPL 40 R 42 �33 51 6.62 .002 6.22 .003 6.36 .003
L �42 �34 50 20.40 .000 15.95 .000 13.20 .000

MTG 21/37 R 48 �58 4 5.90 .004 3.56 .029 3.38 .035
L �47 �60 3 4.27 .015 6.26 .003 3.84 .022

Note—F and p values for tests that reached a p � .1 are displayed. Values of p greater than .05 are in italic. Brod-
mann’s area (BA) and Talairach coordinates (x, y, z) are shown for each region of interest (ROI). R, right hemisphere;
L, left hemisphere; FEF, frontal eye field; SMA, supplementary motor area; MFG, middle frontal gyrus; aMFG, an-
terior MFG; IFG, inferior frontal gyrus; PrCS, precentral sulcus; PCu, precuneus; SPL, superior parietal lobe; IPL,
inferior parietal lobe; MTG, middle temporal gyrus.



558 LEUNG, SEELIG, AND GORE

hoc contrasts revealed fewer regions showing significant
changes in activity between the successive load conditions
(Table 3). Although activity in several regions (the FEF,
SPL, and IPL) increased from low to moderate memory
load levels, only the right MFG showed a significant re-
duction in signal when memory load increased from three
to four items. The MTG also showed a trend toward de-
creases in signal from Load 3 to Load 4 ( p � .06).

Response. Memory load also affected brain activity
during the response period in primarily the same regions
as during the delay period. A significant main effect of
load was observed for an anterior PFC area (the left
aMFG), for which memory load effects were not evident
during the other phases. Signals in the bilateral FEF,
SPL, and IPL increased significantly as memory load in-
creased from one to three items and leveled off at four
items. Only the aMFG showed a significant reduction in
signal from Load 3 to Load 4 (see Table 3).

Performance Effect
We further examined whether the cortical regions within

the spatial working memory circuit varied with task per-
formance by comparing all the correct trials with all the
error trials. Paired t tests revealed significantly greater
activity in the left SPL during the early delay period in
the correct trials than in the error trials. Differences in
signal between the correct and the error trials were ap-
proaching significance ( p � .07) for the MTG.

DISCUSSION

In the present study, we manipulated the number of
spatial locations in a delayed-response task and used a
long delay period to resolve the effect of working mem-
ory load on fMRI signal during the component periods
(cue, delay, and response) in the task. Our results showed
that memory load modulated activity in the spatial work-
ing memory circuit during all the component events. In
accordance with our prediction, although delay-related
activity in many regions increased from low to moderate
memory loads, activity in several regions such as the
FEF and the MFG also decreased significantly at the
highest memory load tested (four items). No area showed
a continuous increase in activity. In addition, the left pos-
terior parietal cortex showed a significantly greater signal
during the early delay of correct trials, in comparison with
error trials. These findings suggest that the delay period
(maintenance) activity in the MFG, FEF, IPL, and SPL is
sensitive to spatial working memory load and that the at-
tenuation of this signal is the neural manifestation of a
performance limit at an excessive working memory load.

Load Response Function for 
Maintenance Activity

Our results showed load-dependent activity changes
in several regions in the spatial working memory circuit
during the cue, delay, and response phases of a spatial

Figure 3. Activations during the spatial delayed-response task at each memory load. Group composite maps
for two representative slices are displayed, showing the mean percentages of signal differences for activations
above a threshold of p � .01 (uncorrected) and a cluster filter of 9 voxels. The color bar shows the color scale for
signal change from negative to positive.

Slice at z = 55 mm Slice at z = 27 mm

Load 1

Load 2

Load 3

Load 4
>1%

<–1% cue delay1 delay2 response cue delay1 delay2 response
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working memory task. In particular, we observed an
inverted-U-shaped response function for delay-related
activity in the FEF and the MFG (the dorsolateral PFC),
so that activity in these regions increased from low to
moderate memory loads but decreased at the highest
memory load. Similar findings have been reported for
activity in the dorsolateral PFC in a study using an n-back
task with a spatial component (Callicott et al., 1999).
However, others have found monotonic increases in ac-
tivity in the dorsolateral PFC (as well as the FEF and the
parietal cortex) with increasing task load, using a simi-
lar n-back task (Jansma et al., 2000) and a spatial de-
layed-recognition task with block design (Glahn et al.,
2002). Since block design tasks do not dissociate be-
tween components of working memory, it is possible that
the linear increases in activity may be related to pro-
cessing demands (e.g., manipulation) in working mem-
ory, rather than to the maintenance demand. Another
possibility is that only the first part of the inverted-U-

shaped function was found in the Jansma and Glahn
studies, since performances in these studies were better
than those in the present study and the Callicott study.
Thus, decreases in activity in the working memory circuit
may very well reflect performance limitation at higher
memory loads (see below).

Furthermore, although delay-related activity in the spa-
tial working memory circuit showed load-dependent re-
sponses to memory load in the present study, several pre-
vious event-related fMRI studies have suggested that
memory load may not influence maintenance activity (as
represented by late delay activity) in nonspatial delayed-
recognition tasks (Jha & McCarthy, 2000; Rypma &
D’Esposito, 1999). However, load-dependent delay pe-
riod activity has been reported in recent studies of non-
spatial working memory with letters (Rypma et al., 2002)
and abstract shapes (Linden et al., 2003). The 15-sec
delay in our study was comparable to that used by Jha and
McCarthy (in Experiment 1), yet we found load-sensitive

Figure 4. Average time courses for selected regions at each memory load. The first vertical line
indicates the offset of cue presentation, and the second line indicates the onset of probe display.
Baseline was calculated using the first and last three time points. Note that signals in most regions
were leveled off or reduced in Load 4, in comparison with Load 3. All regions of interest (ROIs) are
from the right hemisphere, except the inferior parietal lobe (IPL) from the left hemisphere. Thin
solid line, one item (Load 1); dashed line, two items (Load 2); thick dotted line, three items (Load 3);
thick solid line, four items (Load 4). PCu, precuneus; SPL, superior parietal lobe; FEF, frontal eye
field; SMA, supplementary motor area; MTG, middle temporal gyrus; MFG, middle frontal gyrus;
IFG, interior frontal gyrus.
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activity not only in the early delay interval (6–12 sec
after cue onset), as in their study, but also in the late delay
interval (12–18 sec). Since we divided the delay period
into two halves (to increase statistical power), as op-
posed to examining every time point (as in the study by
Jha & McCarthy, 2000), the load effect may not be signif-
icant at the end point of our delay period. Nonetheless, our
results indicate that memory load influences delay ac-
tivity in multiple cortical regions within the spatial work-
ing memory circuit beyond the initial phasic response.

Limit of Maintenance Activity
In recent behavioral studies, it has been estimated that

the capacity of visual working memory is about four
items (Luck & Vogel, 1997; Vogel, Woodman, & Luck,
2001; Wheeler & Treisman, 2002), even fewer than the
initial estimation (7 � 2) for verbal memory (G. A. Miller,
1956), probably due to the lack of verbal rehearsal (Cowan,
2001). Consistent with these reports, our behavioral re-
sults showed that performance is poor when the number
of to-be-remembered locations was three or more. Ac-
cordingly, we found attenuation of activity in several re-
gions, including the FEF and the MFG, both highly im-
plicated in spatial working memory (Courtney et al.,
1998; Leung et al., 2002; McCarthy et al., 1996; Rowe
et al., 2000). A similar reduction of maintenance activ-
ity in the FEF and the SPL has been shown in a nonspa-
tial working memory study (Linden et al., 2003), al-
though the MFG activity in that study was leveled off,

instead of reduced, at the highest load. Decreases in dor-
solateral PFC activity have also been reported in neuro-
imaging studies in which both maintenance and manipula-
tion demands were varied (Callicott et al., 1999; Goldberg
et al., 1998). In addition, the lack of maintenance activity
in the frontal and parietal regions has been associated
with poor performance in a study in which complex spa-
tial patterns were used (Pessoa, Gutierrez, Bandettini, &
Ungerleider, 2002) and in another study that required
concurrent performance of two spatial working memory
tasks (Sakai, Rowe, & Passingham, 2002).

A reduction of cortical activity has not been observed
in a few working memory studies. Rypma et al. (2002) re-
cently reported that the delay-related activity in the dor-
solateral PFC increased continually with increasing
memory demand (one to eight letters), whereas encoding-
related activity in the ventrolateral PFC decreased. They
suggested that the dorsolateral PFC is involved in strate-
gic processing at excessive memory demand. However,
it is possible that their subjects had not reached their per-
formance limitation, since the average accuracy at their
highest load condition (75%) was still relatively high, as
compared with our highest load condition (66%). A re-
cent study also reported that activations in the dorsolat-
eral PFC and the posterior parietal cortex increased even
when performance was at the chance level during the con-
current performance of verbal and object n-back tasks
(Jaeggi et al., 2003). Jaeggi and colleagues suggested
that the PFC might be sensitive to other factors, such as

Figure 5. Effect of memory load on the spatial working memory circuit. (A) Group com-
posite maps are displayed to show the effect of memory load across task events for a dorsal
slice (z � 55 mm). (B) Mean percentage changes of signal during each task event are plotted
against memory load. Note that as memory load increased beyond three items, activity in
some regions reached a plateau, whereas it dropped in other regions. FEF, frontal eye field;
SMA, supplementary motor area; MFG, middle frontal gyrus; IFG, interior frontal gyrus;
PCu, precuneus; SPL, superior parietal lobe; IPL, inferior parietal lobe; MTG, middle tem-
poral gyrus.
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attention and motivation. Alternatively, it is possible that
the dorsolateral PFC is more sensitive to the working
memory load manipulation in the spatial domain.

One caveat is that the load conditions were grouped in
each scan series, so certain condition-specific effects may
appear as load effects in the present study. For example,
error monitoring may be more prominent in higher load
conditions than in lower load conditions. Although higher
load conditions produced more errors, the subjects might
not have noticed their mistakes, since there was no imme-
diate feedback to them. Interestingly, a recent study has
suggested that explicit feedback may be required to acti-
vate the error-monitoring system (involving the anterior
cingulate) in a motion prediction task (Ullsperger & von
Cramon, 2003). Indeed, the anterior cingulate was not
modulated by the higher load conditions in the present
experiment. Besides, studies in which an intermixed trial
design has been employed (Linden et al., 2003) have
found load effects similar to those in the present experi-
ment. We also used intermixed designs in a pilot study
and observed similar load effects even though individual

performance was worse (unpublished data). Further in-
vestigations should dissociate error monitoring from mem-
ory demands, in order to determine whether the same or
different systems are involved.

Spatial Working Memory Circuit
The role of the dorsolateral PFC in working memory

is controversial. Recent studies have suggested that the
dorsolateral PFC is more engaged in control processes,
such as response selection (e.g., Rowe et al., 2000) and
manipulation (e.g., Owen et al., 1996; Postle et al., 2000),
in comparison with simple maintenance. However, the
present findings indicate that the dorsolateral PFC, to-
gether with the FEF and parietal regions, is also involved
in the maintenance function. Although it is difficult to
exclude the possibility that some of the effects we ob-
served could be associated with processing demands, it
is also difficult to envision a strategy that would exert
more influence on brain activity than maintenance in a
simple delayed-recognition task and that would last the
entire delay period. If the dorsolateral PFC was more en-

Table 3
Statistical Differences Between Successive Memory Loads

Cue Delay1 Delay2 Response

ROI BA Hemisphere F p F p F p F p

Load 2 � Load 1

FEF 6 R 7.90 .023
L 7.68 .024 5.43 .048

MFG 9/46 R 13.09 .007 5.04 .055
IFG/insula 45 L 14.33 .005
PrCS 8/9 L 22.01 .002
PCu 7 R 5.37 .049 5.47 .047

L 9.83 .014
SPL 7 R 8.25 .021 4.07 .078 3.51 .098

L 13.50 .006 10.85 .011 13.15 .007
IPL 40 L 16.53 .004 9.89 .014 9.00 .017
MTG 21/37 L 4.50 .067 6.68 .032

Load 3 � Load 2

FEF 6 R 6.88 .031 11.44 .010 7.01 .029 6.24 .037
L 4.33 .071 5.29 .051 4.48 .067

aMFG 10/46 L 8.21 .021
IFG 44/9 R 6.01 .040
PrCS 8/9 L 6.00 .040 4.17 .080
PCu 7 L 2.78 .078
SPL 7 R 5.57 .046

L 7.32 .027 5.80 .043 5.62 .045
IPL 40 R 5.49 .047 5.79 .043 8.28 .021

L 6.86 .031 7.67 .024 7.78 .024
MTG 21/37 R 6.87 .031 5.69 .044 5.39 .050

Load 4 � Load 3

FEF 6 R 7.19 .028
MFG 9/46 R 7.10 .029 5.66 .045
aMFG 10/46 L 5.47 .047
IFG 44/9 R 4.48 .067
IFG/insula 45 L 5.34 .050
MTG 21/37 L 5.29 .050 5.06 .055

Note—Regions of interest (ROIs) that did not reach a p � .05 for the main effect of load are not shown. Values
of p greater than .05 are in italic. BA, Brodmann’s area; R, right hemisphere; L, left hemisphere; FEF, frontal
eye field; MFG, middle frontal gyrus; IFG, inferior frontal gyrus; PrCS, precentral sulcus; PCu, precuneus;
SPL, superior parietal lobe; IPL, inferior parietal lobe; MTG, middle temporal gyrus; aMFG, anterior MFG.
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gaged in strategic processing, we would expect it to show
stronger responses at higher loads, as in a verbal work-
ing memory study (Rypma et al., 2002). Instead, the dor-
solateral PFC in the present task showed an inverted-U-
shaped load response function. Our findings thus support
the view that the dorsolateral PFC as part of the working
memory circuit is involved in both maintenance and pro-
cessing in working memory (Veltman, Rombouts, &
Dolan, 2003), at least on the scale of the resolution of
fMRI (see the review by Levy & Goldman-Rakic, 2000;
but see also Passingham & Sakai, 2004).

Recent research has continued to address which pro-
cesses are being represented by persistent activity during
the delay interval in spatial working memory tasks. The
delay period activity could reflect continuous shifts in
spatial attention (Awh & Jonides, 2001) and/or plans for
making responses (Pochon et al., 2001). Insights from a
recent fMRI study have suggested that the sustained ac-
tivity in the FEF and the posterior parietal cortex repre-
sents motor planning and spatial attention, respectively
(Curtis et al., 2004). Interestingly, in a modified oculo-
motor delayed-response task, in which monkeys made
saccadic responses 90º from the original target location,
Takeda and Funahashi (2002) have shown that the dis-
charge of dorsolateral PFC neurons during the delay pe-
riod transforms from coding of visual information to cod-
ing of motor output. Taking these findings together, the
dorsolateral PFC may carry both sensory information and
executive plans, making it responsible for the maintenance
and processing of information in conjunction with pre-
motor and posterior parietal areas.

In her landmark 1987 paper, Goldman-Rakic proposed
that it is the parallel anatomical connections between the
premotor, dorsolateral PFC, and posterior parietal areas
and the similarity in physiological properties between
these cortical structures that form the circuit base for
spatial working memory. Our study indicates that these
cortical regions show similar patterns of load response
function. The initial increases in activity we found re-
flect the increasing engagement of the spatial working
memory circuit as the number of memoranda increases,
whereas the later decreases in activity reflect the perfor-
mance limitation when the capacity of working memory
is exceeded. 
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