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Abstract

We investigated the degree to which the distributed and overlapping patterns of activity for working memory (WM) maintenance of
objects and spatial locations are functionally dissociable. Previous studies of the neural system responsible for maintenance of different
types of information in WM have reported seemingly contradictory results concerning the degree to which spatial and nonspatial information
maintenance leads to distinct patterns of activation in prefrontal cortex. These inconsistent results may be partly attributable to the fact
that different types of objects were used for the “object WM task” across studies. In the current study, we directly compared the patterns
of response during WM tasks for face identity, house identity, and spatial location using functional magnetic resonance imaging (fMRI).
Furthermore, independence of the neural resources available for spatial and object WM was tested behaviorally using a dual-task paradigm.
Together, these results suggest that the mechanisms for the maintenance of house identity information are distributed and overlapping with
those that maintain spatial location information, while the mechanisms for maintenance of face identity information are relatively more
independent. There is, however, a consistent functional topography that results in superior prefrontal cortex producing the greatest response
during spatial WM tasks, and middle and inferior prefrontal cortices producing their greatest responses during object WM tasks, independent
of the object type. These results argue for a dorsal–ventral functional organization for spatial and nonspatial information. However, objects
may contain both spatial and nonspatial information and, thus, have a distributed but not equipotent representation across both dorsal and
ventral prefrontal cortex.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Working memory (WM) is the means by which a limited
amount of information is actively maintained and processed
for a short period of time. Single cell recordings of monkey
prefrontal cortex during delayed match to sample and de-
layed response tasks have shown that cells exhibit stimulus
specific sustained activity over delay periods, presumably
reflecting information maintenance (e.g.[20,22,23,43], for
reviews see[24,25]). Functional magnetic resonance imag-
ing (fMRI) studies of human subjects also show sustained
activity over delay periods of WM tasks in prefrontal cortex
(e.g.[9,11,78]).

The role of regions within the prefrontal cortex in main-
taining different types of information in WM is under
debate, however. While there appear to be dissociations
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between prefrontal regions based on the type of processing
required, independent of the type of information involved
[11,14,49,56,70], the question remains whether those pre-
frontal areas involved in simple maintenance of information
also have a functional organization according to the type of
information maintained. It has been proposed that the vi-
sual system is divided into two (interconnected) processing
streams. The ventral pathway, including occipitotemporal
cortex, is thought to represent perceptual properties that are
important for object identification, such as color, texture,
and shape. The dorsal pathway, including parietal cortex, on
the other hand, processes information regarding the spatial
locations of objects, the spatial relationships among ob-
jects, and the guidance of motor movements toward objects
[26,33,73,74]. One model proposes that this ventral/dorsal,
object/spatial dissociation extends to the prefrontal cortex,
resulting in separate functionally specialized areas for ob-
ject and spatial WM maintenance (for review see[38]).
Single neurons in the monkey dorsolateral prefrontal cortex,
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near the posterior end of the principal sulcus, have been
shown to exhibit spatially selective delay-related activity
during visuospatial delayed response tasks (e.g.[20,23,37]).
In contrast, neurons in the inferior convexity in the ventro-
lateral prefrontal cortex that do not respond during spatial
delayed response tasks, do often respond selectively to
textures, shapes, and faces, and respond best to stimuli pre-
sented foveally. Neurons of this sort are very seldom found
in the principal sulcus. These neurons often have sustained
stimulus-selective activity in object–response association
tasks and even in tasks that do not have a required memory
or response component ([47,77], review in[38]).

Behavioral deficits resulting from lesions in both humans
and monkeys also suggest a different neuroanatomical orga-
nization for spatial and nonspatial WM. In monkeys, lesions
of cortex within the posterior portion of the principal sulcus
impair spatial WM but not object WM[21,41,52,53]. Results
from lesions of ventral prefrontal cortex (the inferior con-
vexity) can impair performance on both spatial and object
WM tasks, although the nature and duration of the deficits
is unclear[38,42,66]. In humans, a recent report described
a patient with a lesion of the right superior prefrontal cortex
that showed a selective deficit for spatial WM. This patient
had no impairment of verbal or object WM and no visual
perceptual or attention deficit[7]. A different individual pa-
tient with a lesion restricted to inferior lateral prefrontal cor-
tex who had a selective deficit for nonspatial WM has also
been reported[5]. Transient “lesions” induced by repetitive
transcranial magnetic stimulation in humans demonstrated
a double dissociation, with dorsal medial stimulation (near
the superior frontal sulcus (SFS)) producing selective im-
pairment of a spatial WM task and ventral lateral stimulation
producing selective impairment of a face WM task[45].

Accordingly, many imaging studies in humans have
shown that the ventral prefrontal cortex, such as the inferior
and middle frontal gyri (IFG/MFG), is most consistently
activated during WM for faces[11], objects other than faces
[6,39,67], and verbal information[3,17,35,54,61,63,68].
More dorsal prefrontal cortex, specifically an area of the
superior frontal sulcus, has been most consistently activated
during spatial WM tasks[4,8,10,34,40,46,50,55,68,78].
Significant double dissociations in the amount of activa-
tion in dorsal and ventral prefrontal cortex for spatial and
nonspatial information have been shown with both visual
[10,12] and auditory[2] stimuli.

It should be noted, however, that both dorsal and ventral
prefrontal regions are frequently activated for both spatial
and object WM tasks relative to low-level control tasks and
several imaging studies in humans have found no significant
differences in the patterns of activation for these two types
of tasks[4,6,39,46,50,59,67]. Single cell recording data also
suggest that many cells across both dorsal and ventral pre-
frontal cortex maintain both spatial and object information
and it has been suggested that object and spatial information
are integrated, rather than segregated into specialized areas,
in prefrontal cortex. Individual cells have been found in the

prefrontal cortex that show sample-specific activity over the
delay period for either object, location, or the combination
of object and location information with no obvious topo-
logical organization regarding the anatomical distribution of
these cell populations[44,62,64].

The reason for these apparently conflicting results re-
garding the functional segregation or the integration of WM
maintenance in the prefrontal cortex is unclear. Human neu-
roimaging studies that did not find significant differences in
the activation between object and spatial WM tasks within
the prefrontal cortex used either geometric shapes or patterns
as stimuli in the object task[46,51,58,59]. A study by Court-
ney et al.[12] which demonstrated a clear dorsal–ventral
double dissociation for spatial and object identity informa-
tion used faces as stimuli. In the monkey frontal cortex, the
representation of faces in particular appears to be restricted
to the ventral inferior convexity[47,48]. If the representation
of faces is restricted to the ventral prefrontal cortex while the
other object representations are not, then the dorsal–ventral
double dissociation between face and spatial WM ob-
served in the Courtney et al.[12] study could be specific
to faces and not a general principle extending to all objects
[60].

Some categories of objects may require a greater repre-
sentation of spatial information than other categories of ob-
jects. If the objects to be remembered varied between sample
and test in terms of spatial aspects (e.g. spatial relationships
among parts), rather than in terms of nonspatial aspects
(e.g. color or texture), this could lead to a different pattern
of brain activation and different behavioral performance on
tasks involving these different categories of objects. For ex-
ample, greater activation of parietal cortex for houses than
for faces has been observed previously in studies of object
perception[28,29,31,32]. This activation of parietal areas by
house perception could reflect a distributed representation of
houses across both ventral (nonspatial) and dorsal (spatial)
visual areas. Alternatively, it could reflect an activation that
is due to some spatial aspect of house stimuli (e.g. spatial
navigation associations, spatial scale, or spatial variation be-
tween exemplars) that would not be necessary to the task of
identifying the house. The distributed representation account
would imply shared neural resources for a spatial location
task and a house identity task while the incidental activation
account would imply independent neural resources.

In the current study, we investigated the pattern of activa-
tion during WM tasks for face identity, house identity, and
spatial location of faces and houses using fMRI (Experi-
ments 1–3). We also performed a behavioral experiment uti-
lizing a dual task paradigm to determine the extent to which
spatial location information can be maintained concurrently
with separate face or house identity information (Experiment
4). If faces and houses place differential demands on the neu-
ral substrates necessary for location WM, then there should
be different behavioral effects when attempting to main-
tain location information while simultaneously maintaining
face or house information. The fMRI and behavioral results
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together suggest that the mechanisms for the maintenance of
house identity information (and perhaps other objects) are
distributed and overlapping with those that maintain spatial
location information, while the mechanisms for maintenance
of face identity information are relatively more independent.
There is, however, a consistent functional topography that
results in superior prefrontal cortex producing the greatest
response during spatial WM tasks, and middle and inferior
prefrontal cortices producing their greatest responses during
object WM tasks, independent of the object type.

2. Materials and methods

2.1. Subjects

Subjects for the preliminary behavioral testing of the tasks
used in the fMRI experiments (Experiment 1 and 2,N = 11;
Experiment 3,N = 7), and for the behavioral dual-task ex-
periment (N = 10), consisted of Johns Hopkins University
students. Participants were recruited from a pool of students
volunteering to do psychology experimentation in return for
extra credit in undergraduate psychology classes.

Subjects for the fMRI portions of this study were
non-smokers in good health that had no history of head
injury, neurological or mental disorders, drug or alcohol
abuse, and no current use of medications that affect the
central nervous system or the cardiovascular function, and
were separate from those that participated in the behavioral
portions. The experimental protocol was approved by the
Review Board on the Use of Human Subjects of the Johns
Hopkins University and by the Joint Committee on Clini-
cal Investigations of the Johns Hopkins University School
of Medicine. Participants in the fMRI portion of the study
were compensated with US$ 50. All the subjects gave writ-
ten informed consent. No significant differences existed
between the three fMRI experiments regarding age or edu-
cational background of the subjects (Experiment 1:N = 6;
Experiment 2:N = 5; Experiment 3:N = 4). Across all
fMRI experiments, the mean age of subjects was 25, with
a range of 18–45 years old. Mean educational background
was 17 years.

2.2. Stimuli

Stimuli consisted of gray-scale photographs of 24 faces
and 24 houses. The faces consisted of one set of 12 male
faces and one set of 12 female faces. All the faces were
chosen from a high school yearbook, cropped to remove
hair and clothing, and no face had obvious features (i.e.
glasses, facial hair, etc.). All face stimuli were oriented in a
similar position (roughly 3/4 profile, facing left) and were
displaying a similar emotional expression. The house stimuli
consisted of 12 photographs that were exemplars of “brick
tudors” in and around Bethesda, MD and 12 exemplars of
“beach houses” along the shoreline of North Carolina. Each

subset maintained a similar architectural design and all the
photographs were taken from roughly the same angle of
view (approximately 3/4 profile, front of house facing left).

Faces and houses were initially unfamiliar. Subjects saw
each of the faces and/or houses twice in a training session
before scanning, 10 times during scanning in Experiment
1, 16 times in Experiment 2, and 8 times in Experiment
3. Control stimuli consisted of the same images Fourier
transformed, phase scrambled, and then inverse Fourier
transformed. The resulting images retained overall contrast,
luminance and frequency information.

The face stimuli were 6.2◦ × 6.8◦ of visual angle in
Experiments 1 and 2, and 6.2◦ × 6.2◦ of visual angle in
Experiments 3 and 4. The house stimuli were 8◦ × 5.5◦ of
visual angle in Experiments 1 and 2, and 6.2◦ × 6.2◦ of
visual angle in Experiments 3 and 4. The field of view for
all the experiments measured 33◦ × 26◦ of visual angle.

For Experiments 1 and 2, each stimulus could appear in
any 1 of the 24 locations on the screen. The 24 locations for
face and house stimuli differed so that there were 24 pos-
sible locations for faces and 24 different possible locations
for houses. Spatial positioning on the screen and overlap of
stimulus presentation locations was manipulated to equate
the difficulty between the object and spatial tasks during
behavioral testing of the tasks. All stimuli were presented
in the center of the screen during Experiment 3. In Exper-
iment 4, the house and face stimuli for the object task were
presented at fixation, and location task stimuli could appear
in any of 12 fixed locations around 2 concentric circles cen-
tered about fixation. Stimuli were presented and behavioral
data for Experiments 1–3 were collected on a Power Macin-
tosh G3 desktop computer using Superlab software. An LCD
projector located outside the scanning room, back projected
the stimuli onto a screen located inside the bore of the scan-
ner. Subjects viewed the stimuli via a mirror mounted to the
top of the head coil. Responses were made with left or right
thumb presses of hand held button boxes that were con-
nected via a fiber optic cable to a Cedrus RB-6x0 Response
Box. Experiment 4 was run and data was collected on a Dell
Insperon desktop computer using Visual Basic Software.

2.3. Tasks

FMRI data was collected in three experiments, each done
with a separate group of subjects. Across the three fMRI
experiments, there were four WM tasks (an object delayed
recognition task for either faces or houses, and a spatial
delayed recognition task using either faces or houses) and
a sensorimotor control task. Experiment 1 used all the four
WM tasks, Experiment 2 used only the house identity and
house location WM tasks; and Experiment 3 used only the
face identity and house identity WM tasks.

Each trial in all conditions consisted of: (1) an instruc-
tion cue presented for 3000 ms; (2) an instruction delay of
3000 ms consisting of a blank screen with a fixation cross
in the center; (3) the presentation of three sample stimuli,
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Fig. 1. A sample trial of the fMRI paradigm (Experiments 1–3). Shown here is a house identity trial, however sequence and timing of events were
constant for house identity, face identity, house location, and face location tasks. For Experiment 3, all the stimuli were presented in center of screen.
Below are examples of the stimuli used in the experiments.

one at a time for 1000 ms each and each in a different 1
of the possible 24 locations on the display; (4) a WM de-
lay of 9000 ms consisting of a blank screen with a fixation
cross at the center; (5) the presentation of a test stimulus for
3000 ms in 1 of the 24 locations possible; (6) an intertrial
interval (ITI) of 3000 ms consisting of a blank screen with
a fixation cross at the center (seeFig. 1). The instruction
cue informed the subject as to what information in the sam-
ple presentation needed to be remembered during the delay
period (face identity, house identity, location, or nothing).

Within each face trial, the three sample faces were either
all males or all females with a corresponding test face of
the same gender. Within each house trial, the three sample
houses were of a common architectural style with a corre-
sponding test house of the same architectural style. Within
each object trial, no location on the screen was repeated
(sample or test). Within each spatial trial, no object was re-
peated (sample or test).

Phase scrambled stimuli were used during the sensori-
motor control trials. In control trials, the scrambled stimuli
were held constant to one type of object category for each
trial, such that in the control trials preceding or following a
face trial, only scrambled images of faces were used. Simi-
larly, in the control trials preceding or following house tri-
als, only scrambled images of houses were used. Neither the
object identity nor the spatial location was repeated within
a control trial.

Subjects were instructed to look directly at each of the
images while it was present on the screen, and to fixate

on the cross in the center of the screen any time it was
present (during ITIs and memory delays). Subjects were
instructed to respond using a left or right button press when
the test image appeared. A “match” response for “identity”
meant that the test image matched the identity of one of the
sample images. A “match” response for location meant that
the test image was presented in the same location on the
screen as one of the sample images. Subjects were told that
object identity was “irrelevant ” during location trials and
that spatial location was “irrelevant” during identity trials.
For control trials, subjects were instructed that they need not
remember anything and to respond by pressing both buttons
during the presentation of the test stimulus.

All WM conditions used in an experiment were presented
in each run. Conditions were blocked into groups of four
trials, with four blocks in each run, counterbalanced across
runs. In Experiment 1, each subject participated in 8 runs,
for a total of 32 trials per condition. In Experiments 2 and 3,
each subject participated in six runs, for a total of 48 trials
per condition. Condition order was counterbalanced within
subjects. Run order was counterbalanced across subjects.
Prior to any testing, subjects were provided with training that
included feedback so that s/he could become comfortable
with the level of discrimination necessary for the task.

A dual-task behavioral paradigm was implemented by em-
bedding a spatial WM task within the delay of an object WM
task. The experimental paradigm is shown inFig. 2. There
were two types of objects (face or house) and two levels of
spatial load (two or four spatial locations) and, therefore,
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Fig. 2. A sample trial from the dual-task paradigm (Experiment 4). Shown here is a house/load-two trial, however sequence and timing of events were
constant for all conditions.

four experimental conditions that resulted from the combi-
nation of each object type with each spatial load. A trial
consisted of: (1) sequential presentation of three faces or
three houses for 1000 ms each in the center of the screen;
(2) blank screen with fixation for 2000 ms; (3) simultane-
ous presentation of two or four phase scrambled images
in non-overlapping spatial locations for 4000 ms; (4) blank
screen with fixation for 5000 ms; (5) presentation of a spatial
test for 2000 ms; (6) blank screen with fixation for 2000 ms;
(7) presentation of house or face test for 2000 ms in the cen-
ter of the screen. Subjects were instructed to fixate on the
center of the screen throughout the trial (fixation mark was
on screen throughout all delays and spatial presentations).
Subjects were instructed to indicate whether the spatial test
matched one of the sample locations with a button press (1:
yes, 2: no) while the spatial test item was on the screen. Sub-
jects were instructed to indicate whether the face or house
test matched one of the sample faces or houses with a but-
ton press (1: yes, 2: no) while the object test item was on
the screen.

Each subject participated in two practice blocks before
undergoing eight experimental blocks. Each block contained
four trials of each experimental condition, for a total of 16
trials per block. Therefore, there were 32 experimental trials
per condition. Conditions were randomized on a trial-wise
basis within a block.

2.4. Imaging protocol

For all the subjects, a high-resolution T1 weighted struc-
tural image (70 axial slices, 2.5 mm thickness, TR= 40 ms,
TE = 4.6 ms, flip angle= 0◦, matrix: 256× 256, FOV
230 mm) was obtained before acquiring functional data, to
allow for anatomical localization. During the performance

of the cognitive tasks, a T2∗ weighted, interleaved gradient
echo, echo planar imaging (EPI) scan was obtained (21 axial
slices, 4.5 mm thickness, 0.5 mm gap, TR= 3000 ms, TE=
40 ms, flip angle= 90◦, matrix 64× 64, FOV 230 mm). All
scans were performed at the F.M. Kirby Research Center for
Functional Brain Imaging on a 1.5 T Philips Gyroscan ACS
NT Powertrak 6000.

2.5. Multiple regression analysis of time series data

Functional EPI data were phase-shifted using Fourier
transformation to correct for slice acquisition time, and
motion-corrected using three-dimensional volume registra-
tion [13]. Multiple regression analysis was performed on
the time series data at each voxel using Analysis of Func-
tional Neuroimages (AFNI) software[13,18,30,76]. The
WM and control tasks were broken down into four cogni-
tive components: instruction, sample stimuli, delay period,
test stimulus. The regressors were vectors representing the
time series of each of the four components, for each task
(face identity, face location, house identity, house location,
and control) separately, convolved with a gamma function
model of the hemodynamic response.

General linear contrasts were performed on the regres-
sion coefficients. For each WM task type, the WM task
components were each contrasted with the corresponding
sensorimotor control task components. In addition, direct
comparisons between WM tasks were done. The contrasts
of interest were for Experiment 1: object identity delays
versus spatial location delays (collapsed across stimulus
type, i.e. the main effect of task), face delays versus house
delays (collapsed across the object and spatial tasks, i.e. the
main effect of stimulus), house identity delays versus house
location delays, face identity delays versus house identity
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Table 1
Performance data from behavioral testing of Experiments 1–3, training from Experiment 1 and fMRI for Experiments 2 and 3.

Face identity House identity Face location House location

Correct (%) RT (ms) Correct (%) RT (ms) Correct (%) RT (ms) Correct (%) RT (ms)

Behavioral testing
Experiments 1 and 2 80.3 1312 79.8 1428 82.3 1110 82.8 1173
Experiment 3 82.8 1355 83.1 1468

fMRI
Experiment 1: training 78.3 1398 77.9 1487 81.4 1163 82.8 1214
Experiment 2 83.3 1422 85.2 1187
Experiment 3 84.9 1339 84.4 1415

delays, and the difference between face identity and face
location delays versus the difference between house identity
and house location delays (i.e. the interaction between stim-
ulus and task). The contrast of interest in Experiment 2 was
object identity delays versus spatial location delays, and
for Experiment 3: face identity delays versus house identity
delays.

Fig. 3. Threshold statistical maps of significant activity for each task delay greater than the sensorimotor control delay and their overlap. Areas showing
face identity delay activity only are shown in red; house identity delay activity only in blue; location activity only in green; overlap between face identity
and house identity delay activity in purple; overlap between face identity and location delay activity in yellow; overlap between house identity and
location in cyan; and overlap among all the conditions in white.

Reported here are the “typical” activation patterns, simi-
lar to the approach described by Friston et al.[19]. The re-
sults from analyses performed within each of the individual
subjects are reported in order to assess whether the results
are consistent across subjects. Fixed-effects group activation
maps were consistent with the individual subject analyses
and are also reported.



J.B. Sala et al. / Neuropsychologia 41 (2003) 341–356 347

Fig. 4. Time courses averaged across trials, subject, and voxels within
regions of interest for Experiment 1 beginning with the presentation of
the sample image and including eight TRs. Gray bars indicate times of
sample and test presentation. Signal is plotted as percent change from
TRs three to five of the control task (representative of control delay
period activity according to the modeled hemodynamic response). Red
solid circles indicate the timecourse for face WM trials; blue open circles
indicate the timecourse for house WM trials; and green triangles repre-
sent the timecourse for spatial WM trials. Frontal cortex was divided into
three broad regions of interest for these averages: inferior, middle and
superior. All the regions were defined in Talairach space on an average
anatomical image of all subjects in Experiment 1. The posterior boundary
for all the regions was approximately 6 mm anterior to the precentral
sulcus or to the most ventral or dorsal ends of the precentral sulcus.
The inferior frontal region extended from 13 mm below to 13 mm above
the bicommissural line, and included both frontal cortex and an anterior
portion of the insula. The middle frontal region extended from 14 to
42 mm above the bicommissural line. The superior region extended from
43 to 63 mm above the bicommissural line and included cortex within

Single subject analyses were performed on unsmoothed
data. StatisticalZ-maps were created for each of the contrasts
of interest. Individual subjectZ-maps were transformed into
the Talairach coordinate system[72], resampled to 1 mm3,
spatially smoothed with a Gaussian kernel (2 mm FWHM),
and cross-subject averageZ-maps were computed by divid-
ing the sum ofZ-values by the square root of the sample
size. Activations were anatomically localized in the aver-
aged data on the Talairach transformed T1-weighted images
and in individual maps using both EPI and T1-weighted
images.

All tests of voxel-wise significance were held to aZ
threshold of 2.34, corresponding to aP < 0.01, and cor-
rected for multiple comparisons (P < 0.05) using a measure
of probability based on the individual voxelZ-score thresh-
old, the spatial smoothness of the data, and the number of
contiguous significant voxels. Based upon a Monte Carlo
simulation with 1000 iterations run via AFNI[75] on the
union of all subject’s brain volumes (as classified using the
EPI signal intensity threshold), it was estimated that a 386�l
contiguous volume (six voxels, each measuring 3.59 mm×
3.59 mm×5.0 mm) would meet theP < 0.05 threshold. For
the direct comparison between WM tasks, the analysis was
restricted to only those voxels showing significantly greater
activity for any of the WM tasks versus control. Within this
restricted number of voxels, a 193�l contiguous volume
(three voxels) satisfied a 0.05 experiment-wise probability.
Analyses of group and single subject data used the same
thresholds for statistical significance.

3. Results

3.1. Performance data for fMRI tasks

Prior to collecting fMRI data, all tasks were tested behav-
iorally on separate groups of subjects from those participat-
ing in the fMRI portion of the study. Technical difficulties
during Experiment 1 prohibited the collection of behavioral
data during scanning. Mean percent correct and reaction time
for each of the tasks (including training performance for
subjects in Experiment (1) is given inTable 1. There were
no significant differences in the accuracy for stimulus type
(faces versus houses), task (spatial versus object), or their
interaction (allP > 0.1) either in the preliminary behavioral

�

6 mm of either side of the SFS. Timecourses shown from the inferior
frontal region are from the voxels within this anatomical region showing
significant WM delay period activity greater than control delay period
activity only for the face identity task. Similarly, timecourses shown from
the middle frontal area are from the voxels within this anatomical region
showing significant WM delay period activity greater than control delay
period activity only for the house identity task. Finally, timecourses shown
from the superior frontal area are from the voxels of the areas within this
anatomical region showing significant WM delay period activity greater
than control delay period activity only for the location tasks.
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testing or during scanning. Reaction times (RTs) did show
main effects of stimulus (P < 0.01) and task (P < 0.05),
such that RTs for faces (1267 ms) were faster than for houses
(1366 ms) and RTs for spatial location tasks (1141 ms) were
faster than for object identity tasks (1386 ms), but there was
no stimulus by task interaction (P > 0.1).

3.2. Imaging data

The delay periods of each of the WM tasks relative to
the sensorimotor control delay period demonstrated acti-
vation in widely distributed areas of anterior and posterior
regions in all experiments. Areas in which activation was
significantly greater for each of the WM tasks than for con-
trol, are depicted in statistically thresholded maps inFig. 3.
There were very few voxels showing significant activation
for all the three WM tasks relative to control. There were
some areas in middle and inferior frontal cortex that showed
overlap between the house and face identity tasks and some
areas in superior frontal cortex that showed overlap be-

Fig. 5. Topographical map of areas showing statistically greater response during any WM delay than during control delays. The color of an area indicates
the magnitude of response to each type of WM delay relative to that of the other WM task delays. Colors were assigned separately for the red–green–blue
channels based on normalizedβ coefficient magnitudes for the three delay types (face: red, location: green, house: blue). This allows for visual inspection
of the “response profile” of a voxel or an area, indicated by the blend in color.

tween the house identity and location tasks. Some regions
in prefrontal cortex appear, in these thresholded maps, to be
exclusively activated by only one of the WM tasks. How-
ever, analysis of the average time courses of MRI activity
for each of the tasks (Fig. 4) demonstrates that areas “ex-
clusively activated” by one type of task relative to control
(i.e. those regions inFig. 3 demonstrating no overlap) may
be contributing measurable and possibly meaningful (albeit
sub-threshold) signal during the other tasks.Fig. 4suggests
that there are regional gradations in the relative magnitudes
of activation for each of the three WM tasks, independent
of the comparison to the control task. As has been discussed
previously in the literature, “rest” and other supposedly
“low-level” sensorimotor control tasks can have quite vari-
able and unexpected “activation” patterns[27,69]. What
may be more reliable and meaningful is the direct compar-
ison between cognitive tasks that are tightly matched.

A topographical representation of the regional gradations
in magnitude of activation between tasks (a “functional
topography”) averaged across subjects is shown inFig. 5.
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In Fig. 5, the areas showing greater activity during any WM
delay than during control delays appear in color overlaid
onto a single subject’s high-resolution structural image. This
allows for visualization of the variations in the distributed
patterns of activation without statistical thresholding. How-
ever, in order to evaluate the reliability of these apparent

Fig. 6. Cross-subject average statistical maps of direct comparisons overlayed on a Talairach normalized anatomical image. (A) Experiment 1: object vs.
spatial WM for faces and houses. Areas shaded red to yellow represent greater activity during object delays than during spatial delays. Areas shaded dark
to light green represent greater activity during spatial delays than during object delays. (B) Experiment 2: object vs. spatial WM for houses only. Areas
shaded dark to light blue represent greater activity during object delays than during spatial delays. Areas shaded dark to light green represent greater
activity during spatial delays than during object delays. (C) Experiment 3: object WM for faces vs. houses. Areas shaded red to yellow represent greater
activity during face delays than during house delays. Areas shaded dark to light blue represent greater activity during house delays than during facedelays.

differences in response magnitude across tasks and stimu-
lus types, voxel-wise direct statistical comparisons of the
magnitudes of activation during the delay periods of each of
the different WM tasks were performed within the regions
showing significant delay activity for any of the WM tasks
relative to control delays.
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Modulation of delay period activity was evident during
Experiment 1 between the object and spatial WM task delay
periods (collapsed across stimulus type). Averaged statistical
maps (seeFig. 6) indicated that activation in an area of ven-
tral prefrontal cortex, including parts of the inferior (IFG)
and middle (MFG) frontal gyri, and the anterior insula, was
consistently greater during object delays than during spa-
tial delays, across subjects. Additionally, delay activity was
greater for object delays than spatial delays in bilateral lat-
eral and medial fusiform, the left lateral occipital gyrus, an
inferior part of bilateral intraparietal sulcus (IPS), and the
anterior cingulate/pre-supplementary motor area. Activation
in bilateral SFS was greater during spatial delays than dur-
ing object delays. In addition, activation in the left middle
temporal gyrus, bilateral superior IPS, bilateral intraoccip-
ital sulcus, bilateral postcentral sulcus, and left precentral
sulcus was greater during spatial than object delay periods
(Table 2).

In order to evaluate the consistency of these results in
single subjects and to get better spatial resolution, we also
examined the statistical maps in individual subjects, un-
smoothed and not spatially normalized. The results showed
that all the six subjects had significantly greater activity for
the maintenance of object information than for spatial in-
formation in right IFG/MFG. Five of the six subjects also
showed greater object than spatial activity in left IFG/MFG.

Table 2
Talairach coordinates of center of mass, volume of activation (in mm3) and meanZ-score of brain areas showing a significant difference in the magnitude
of activity during object WM delays compared to spatial WM delays for Experiments 1 and 2

Anatomical area Experiment 1 (face and house) Experiment 2 (houses only)

x y z Volume MeanZ x y z Volume MeanZ

Object delay > spatial delay
IFG/insula/MFG −43 14 29 2325 3.27 −49 13 34 389 2.95

−41 36 18 596 3.49 −44 16 24 256 2.88
−29 43 30 197 3.29 42 35 27 587 3.35

31 21 5 398 3.47 48 23 36 211 3.00
Cingulate/preSMA 1 18 44 1730 3.21 1 13 43 389 3.15
Fusiform gyrus −39 −42 −19 700 3.14 −36 −52 −14 1576 3.17

−37 −47 −9 286 2.90
33 −65 −19 195 2.70
32 −43 −20 620 3.15

Lateral occipital gyrus −25 −86 −5 372 3.46
33 −79 −10 456 2.95

Inferior IPS −27 −58 34 792 3.05
41 −53 36 350 3.04

Spatial delay > object delay
Superior frontal sulcus −24 −9 62 548 3.04 −30 −8 55 209 2.75

28 −9 61 239 3.24 29 −4 51 488 3.01
Middle temporal gyrus −47 −51 7 231 3.20
Precentral sulcus −54 −4 35 241 2.91
Postcentral sulcus −51 −30 34 439 3.18

37 −32 35 444 3.04
Superior IPS −19 −68 46 2602 3.38 −22 −54 55 1070 3.27

−23 −57 51 5305 3.23 21 −60 51 1972 3.48
34 −43 51 1898 3.18 41 −40 50 195 3.50

Intraoccipital sulcus 32 −82 13 1858 3.28
−23 −80 18 1167 3.04

All the six subjects showed greater activity for the mainte-
nance of spatial information than for the object information
in SFS, four bilaterally, one on the left, and one on the right.

Voxel-wise contrasts of face delays versus house delays
(collapsed across task), house identity delays versus house
location delays, face identity delays versus house identity
delays, and the interaction of stimulus and task did not yield
any significant differences. However, Experiment 1 had a
limited amount of data in each condition within each sub-
ject and, therefore, in order to avoid misinterpreting a null
result, we ran two additional experiments and performed a
region-wise re-analysis of the data from Experiment 1. Ex-
periment 2 was performed in order to examine whether the
dorsal–ventral functional topography for spatial and object
information could be replicated using only house stimuli, or
whether it may have been driven solely by the face task in
Experiment 1. Experiment 3 was performed in order to ex-
amine whether there were any differences between the face
and house identity tasks that were not detected in Experi-
ment 1. The region-wise analysis of Experiment 1 tested for
the interaction between stimulus and task within the SFS
and within the inferior and middle frontal cortex.

Experiment 2 was identical to Experiment 1, but contained
only the house identity, house location, and sensorimotor
control tasks. Averaged statistical maps (seeFig. 6) indicate
that areas of ventral prefrontal cortex, including the IFG and



J.B. Sala et al. / Neuropsychologia 41 (2003) 341–356 351

MFG, were more active during object delays than during
spatial delays. Additionally, delay activity was greater for
object delays than spatial delays in left medial fusiform and
the anterior cingulate/pre-supplementary motor area. Acti-
vation in bilateral SFS was greater during spatial delays
than during object delays. In addition, activation bilaterally
in IPS was greater during spatial than object delay periods
(Table 2).

Again, single subject analysis was done on non-Talairach-
transformed, unsmoothed data. The results showed that four
of the five subjects had activity in bilateral IFG/MFG that
was significantly greater during object delays than during
spatial delays. All five subjects showed greater activity dur-
ing spatial delays than during object delays in bilateral SFS.
Therefore, the dorsal–ventral functional topography for spa-
tial location and object identity was significant, and repli-
cated in two different groups of subjects, one using houses
only.

In Experiment 3, a third group of subjects performed
only the house and face identity tasks in order to obtain a
greater amount of data per condition in each subject. Direct
comparisons of the two WM conditions show that the left
IFG/anterior insula showed greater activation during face
delays than during house delays. Additional areas showing
greater activity for face than for house delays were bilateral
lateral fusiform gyrus, and the right lateral occipital gyrus.
Prefrontal areas showing greater activation for house delays
than during face delays consisted of right MFG, bilateral
SFS, and the anterior cingulate/preSMA. In addition, greater
house delay activity than face delay activity was observed
in bilateral medial fusiform, the precuneus/superior parietal
lobule, bilateral intraoccipital sulcus, bilateral superior IPS,
and right postcentral sulcus (seeFig. 6 andTable 3).

These results were also consistent across individual sub-
jects, single subject analysis of data demonstrated that ac-
tivity in the SFS was greater during house delays than face
delays in three of the four subjects (one bilaterally and two
on the right). Activity in the MFG was greater for houses
than for faces bilaterally in two subjects and on the right in
a third. Three of the subjects showed left IFG/anterior in-
sula activity that was greater for face delays than for house
delays.

To test whether there was a greater dissociation within
dorsal and ventral prefrontal cortex between face identity
and location than between house identity and location, we
did an additional analysis of the data from Experiment
1 (seeFig. 7). The difference in magnitude of activation
between the house identity and house location tasks and
between the face identity and face location tasks was deter-
mined within the SFS and within the IFG/MFG. These signal
differences were calculated by averaging across all voxels
within each region of activation identified by the compari-
son of identity and location tasks (collapsed across stimulus
type, Fig. 6 top panel,Table 2) in each subject. A paired
t-test was then run within each region. The magnitude of the
difference between the object identity and the location task

Table 3
Talairach coordinates of center of mass, volume of activation (mm3),
and meanZ-score of brain areas showing a significant difference in the
magnitude of activity during face identity WM delays compared to house
identity WM delays for Experiment 3

Anatomical area Experiment 3 (face and house)

x y z Volume MeanZ

Face identity > house identity
IFG/insula −42 13 2 202 3.86
Lateral fusiform −38 −55 −16 541 3.86

43 −55 −13 725 4.28
Lateral occipital gyrus 41 −80 −12 200 3.48

House identity > face identity
MFG 40 27 28 341 3.84
Superior frontal sulcus −19 −8 51 213 3.74

29 −5 53 482 3.95
Anterior cingulate/preSMA 6 13 51 216 4.38
Medial fusiform −25 −38 −15 294 5.31

28 −32 −14 558 4.89
Intraoccipital sulcus −23 −75 26 452 4.87

36 −73 28 309 3.99
Superior IPS −14 −68 43 360 4.22

24 −68 45 1082 3.98
Post central sulcus 41 −50 44 208 3.73
Precuneus/SPL −5 −78 39 298 4.12

activations in SFS was significantly greater for faces than for
houses (face location− face identity: mean= 0.07%; house
location− house identity: mean= 0.04%; P (two tailed)
= 0.02). Within the IFG/MFG, however, there was no signif-
icant difference between faces and houses in the magnitude
of the difference between identity and location tasks (face
location−face identity: mean= −0.022%; house location−
house identity:mean = −0.020%;P (two tailed)= 0.83).

3.3. Behavioral dual-task experiment results

The imaging results indicate that there is more overlap in
the activation pattern of spatial location WM with that of

Fig. 7. Differences between delay activity during face location and face
identity (gray bars) and house location and house identity (black bars) in
the SFS regions showing greater location delay activity than object delay
activity and regions of the inferior and middle frontal gyrus showing
greater object delay activity than location delay activity in Experiment 1.
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house identity WM than there is with face identity WM. To
test whether this co-activation indicated a necessary sharing
of neural resources, a behavioral dual-task interference ex-
periment was run using two levels of spatial WM load (see
Section 2andFig. 2). The factorial combination of object
type and spatial load resulted in four conditions: (1) face
WM − spatial WM [load two]; (2) face WM− spatial WM
[load four]; (3) house WM−spatial WM [load two]; and (4)
house WM− spatial WM [load four]. Responses were col-
lected for both object and spatial WM tasks. A repeated mea-
sures ANOVA was run on the accuracy data from the house
and face identity tasks (means for face WM with spatial
WM [load two]= 76.563, spatial WM [load four]= 73.281;
house WM with spatial WM [load two]= 72.969, spatial
WM [load four]= 75.469). In the object WM task, no signif-
icant effects of object type, spatial load, or their interaction
were found (F(1, 9) = 0.041, 0.030, 1.656, respectively, all
P > 0.1). A separate repeated measures ANOVA analysis of
the performance on the spatial WM tasks (means for spatial
WM load two with faces= 81.719, with houses= 84.531;
load four with faces= 80.469, with houses= 73.125) also
showed no main effect for object type (F(1, 9) = 2.901,
P > 0.1) or spatial load (F(1, 9) = 3.634,P > 0.08). There
was however an interaction between the two (F(1, 9) =
10.263, P < 0.05), such that performance on the spatial
WM task was more sensitive to load when simultaneously
engaging in house WM than when simultaneously engaging
in face WM (seeFig. 8).

Fig. 8. Behavioral dual-task performance accuracy results. No significant
effects of object type, spatial load or their interaction were found in
the object identity tasks (F(1, 9) = 0.041, 0.030, 1.656 respectively, all
P > 0.1). The spatial WM tasks also showed no main effect for object type
(F(1, 9) = 2.901, P > 0.1) or spatial load (F(1, 9) = 3.634, P > 0.08).
There was, however, an interaction between the two (F(1, 9) = 10.263,
P < 0.05).

Analysis of the reaction time data showed no evidence of
a speed accuracy trade-off. A repeated measures ANOVA
of the reaction times for each of the spatial WM tasks
(means for spatial WM load two with faces= 1113.826,
with houses= 1114.238; load four with faces= 1197.833,
with houses= 1183.695) revealed that while sensitive to
the main effect of load (F(1, 9) = 18.046,P < 0.01), mea-
sures of reaction time showed no evidence for a main effect
of object type (F(1, 9) = 0.103,P > 0.1) or an interaction
between the object type and spatial load (F(1, 9) = 0.725,
P > 0.1).

4. Discussion

It is evident from all the three fMRI experiments that a
large-scale, distributed cortical network underlies the active
maintenance (storage and rehearsal) of visual information
in WM, as reported in previous studies. Areas in tempo-
ral, parietal, and both ventral and dorsal prefrontal cortices
showed greater activity for either the spatial or object WM
tasks relative to the sensorimotor control task. However,
there exists a differential pattern of response associated
with the maintenance of different types of information over
delay periods that reflects what appears to be a consistent
functional topography across the regions within temporal,
parietal, and prefrontal cortices. The existence of such a
functional topography for areas of the prefrontal cortex
that are involved in simple maintenance within working
memory does not preclude other organizational schemes.
Indeed, other parts of prefrontal cortex seem to be involved
differentially according to the type of executive processes
involved in the task, independent of the type of informa-
tion [14,49,56,70]. The current study demonstrates that the
information domain-based aspect of prefrontal functional
topography appears to be based on general spatial versus
nonspatial information maintenance demands.

In both Experiments 1 and 2, object delays elicited
greater activity than spatial delays in the lateral occipital
gyrus, an inferior portion of the IPS, and the fusiform gyrus.
Within ventral temporal cortex, Experiment 3 demonstrated
the same pattern of activity for faces versus houses that has
previously been observed, namely medial fusiform cortex
showing greater activity for houses and lateral fusiform cor-
tex showing greater activity for faces[1,15,16,28,29,32,36].
Spatial delays elicited greater activity than object delays
(for both faces and houses) in intraoccipital sulcus and
superior portions of the IPS.

The SFS exhibited greater activity during delays when
subjects needed to maintain only spatial information than
when they were required to maintain only the identity of
the objects. Middle and inferior prefrontal cortices, how-
ever, show the opposite pattern in that they were signifi-
cantly more active during object delays than spatial delays,
independent of whether the object used was a house or
a face.
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House identity WM did, however, produce a different pat-
tern of response than did face identity WM. Superior and
right middle prefrontal cortices showed greater delay activ-
ity for houses than for faces, while left inferior prefrontal
cortex showed the opposite pattern with more activity for
faces than for houses (direct tests of hemispheric laterality
were not significant, however). The intraoccipital sulcus and
superior IPS also showed greater activity for houses than
faces. Therefore, regions of occipital, parietal and prefrontal
cortex that in Experiments 1 and 2 had a greater relative re-
sponse in spatial WM than object WM were engaged more
by the maintenance of house identity than face identity. This
result is consistent with the finding in the region-based anal-
ysis of Experiment 1 that, within the SFS, the difference
between the object identity and the location activations was
greater for faces than for houses.

In any WM task involving a stimulus presentation fol-
lowed by a memory delay, there will inevitably be some dif-
ficulty in distinguishing hemodynamic activation that is due
strictly to maintenance processes during the delay from ac-
tivation that is related to the presentation of the stimulus it-
self. To test whether the delay period activity was sustained
throughout the 9 s, we re-analyzed the data from Experiment
1 with three separate regressors for the beginning, middle
and end of the delay period. There were no significant differ-
ences between the beginning and middle of the delay versus
the end of the delay regarding the magnitude of activation
relative to the control task for any of the four WM tasks in
any area, except for the house location task within the SFS.
For the house location task within the SFS, the magnitude
of activation was significantly less at the end of the delay
than at the beginning. This decreasing delay activity, how-
ever, does not change the main result. Considering only the
regressor for the end of the delay, the difference between
the face location and face identity was again significantly
greater than the difference between the house location and
house identity within SFS, as was observed using the regres-
sor covering the entire delay period (seeFig. 7). From the
reaction times for the three different tasks (location, house
identity and face identity) there were apparently differences
in the amount of time spent processing the different stimulus
types. These differences in reaction times, however, do not
explain the patterns of activation. The location task had the
shortest reaction time, followed by face identity, and then
house identity. The activation patterns, however, were more
similar for house identity and location than for face identity
and location.

Given that face, house, and location WM tasks all show
overlapping activation patterns, the question arises as to what
degree performance on spatial and object WM tasks depend
on the same set of neural resources. The activation patterns
suggest that the neural system for house identity WM over-
laps to a greater extent with the neural system for spatial
WM than does that for face WM. The results of the behav-
ioral dual task experiment support this conclusion. Perfor-
mance on the spatial WM task was more sensitive to load

when simultaneously engaging in house WM than in face
WM, suggesting that house WM consumes a greater part of
the limited capacity of the neural system for spatial WM,
than does face WM.

These results suggest a different perspective on the tradi-
tional “what” versus “where” definitions of the dorsal and
ventral visual pathways[74]and their projections to pre-
frontal cortex. The dorsal pathway, including the parietal
and superior prefrontal areas, may be involved in analyz-
ing spatial aspects of object vision in addition to perception
and WM for spatial locations of objects and for reaching
movements toward objects (e.g.[12,25,26,74]. The ventral
pathway, on the other hand, may represent the aspects of
the visual appearance of objects such as color, texture and
shape. However, the representation of objects themselves in
WM may be distributed across dorsal and ventral regions of
visual and prefrontal cortex.

One possible “spatial” aspect of house stimuli is that
they may be perceived as landmarks that play a role in
navigation. Houses strongly activate the medial fusiform
gyrus, an area that is also activated by other scenes de-
picting three-dimensional spaces and that has been called
the “parahippocampal place area”[16]. Further studies of
the “parahippocampal place area,” however, suggest that the
crucial factor in activating this area while viewing places is
the perception of the spatial layout of the scene[15], rather
than navigation through the scene.

Patients with bilateral parietal damage (Balint syndrome)
cannot perceive more than one object in the visual field and
have difficulty on a wide variety of spatial tasks. Studies
suggest that these patients also have difficulty perceiving the
spatial organization of features within an object, suggesting
that parietal cortex plays a role in spatial aspects of object
vision as well as object localization[65]. Some categories
of objects may require a greater representation of spatial in-
formation than would other categories of objects. Research
suggests that the visual processing of faces and houses dif-
fer in that faces are processed holistically while houses are
subject to decomposition into parts[71]. The organization
and layout of features composing house stimuli necessary
for the perception of houses may be represented by the cod-
ing of spatial relationships among parts by the dorsal visual
stream.

Greater activation of parietal cortex for houses than for
faces has been observed previously in studies of object per-
ception[28,29,31,32]. The preferential involvement of the
dorsal visual stream for the perception of houses relative
to faces suggests that prefrontal areas engaged most by the
maintenance of spatial information would also be more in-
volved in the maintenance of house identity than that of face
identity, as they were in both Experiments 1 and 3.

This interpretation could help explain the apparently con-
tradictory results in the literature regarding the degree of
segregation of object and location information in prefrontal
cortex. Geometrical shapes, as have been used in previous
studies (e.g.[58]), may contain relatively greater amounts of
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spatial information and relatively less information regarding
ventral pathway attributes such as color and texture. This
would lead to a greater involvement of superior prefrontal
and less involvement of inferior prefrontal for the mainte-
nance of these objects, thus lessening differences in activa-
tion between the “object” and “spatial” tasks. Pollman and
Yves von Cramon[57] came to a similar conclusion con-
cerning delay activity of the SFS in an object WM task us-
ing “three-dimensional paper-clip” objects. In their study,
the subjects had to maintain representations of “distorted
paper-clips” that differed as to the angular disparity between
the projections of the object. Delay period activity in the SFS
was attributed to the maintenance of this spatial component
of the objects. It appears that the regions of prefrontal cortex
that contribute to the active maintenance over delay periods
do show a functional topography according to the type of
information being maintained. However, this is manifested
as a graded response pattern indicative of the general spatial
or nonspatial information maintenance demands rather than
an absolute division between “object” and “location” WM
tasks.
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