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Ability to integrate diverse forms of information in current thought, or working memory, is essential
for human reasoning and problem solving. We used functional imaging to identify brain regions
preferentially involved in maintaining integrated versus unintegrated information in working memory. For equal amounts of verbal and spatial information, activation of prefrontal cortex was greater
for maintaining integrated rather than unintegrated representations. Posterior brain regions
showed the opposite pattern. These results demonstrate frontal-lobe specialization in maintaining
working-memory representations that integrate verbal and spatial information. The role of
prefrontal cortex in integrating multiple forms of information in working memory may underlie its
unique contribution to high-level cognition that demands flexible mental representations.

Working memory involves the short-term maintenance of information relevant to current goals. Neuroimaging studies show
that working memory is mediated by frontal and posterior cortical regions differing in the types of information maintained (for
instance, verbal, spatial or object) and in the kinds of contributions made to working memory (for instance, directing rehearsal
versus storing information per se)1–26. Whereas posterior cortical regions seem to specialize in the type of information held in
working memory5,10,17,22,23,27–29, several findings suggest that prefrontal areas have a special role in integrating different types of
information in working memory. Electrophysiological studies in
nonhuman primates reveal frontal lobe cells that maintain both
spatial and object information in working memory30–32. Neuroanatomical tracing in nonhuman primates suggests prefrontal
cortex as a region of polymodal sensory convergence from posterior cortical areas (parietal, temporal and visual regions)33,34.
Neuroimaging studies in humans have shown proximal foci of
activation in frontal cortex for maintaining different types of
information (for example, letters, objects, locations or faces) in
working memory. The present study aimed to test directly the
hypothesis that human frontal cortex has a specialized role in
maintaining integrated information in working memory35,36.
Six subjects (right-handed; mean age, 24.5 years) were
scanned via functional magnetic resonance imaging (fMRI).
Each subject performed four different tasks in four successive
scans. Subjects performed two scans in which they were asked to
maintain either spatial information or verbal information
(Fig. 1). In the spatial scan, subjects saw a target display of four
spatial locations appear for two seconds and then disappear. In
the verbal scan, subjects saw a target display of four letters
appear for two seconds and then disappear. Over a retention
interval, subjects then had to maintain those letters or locations
in working memory. Subsequently, they saw a single lower-case
probe letter in the verbal scan or a single probe location in the
spatial scan, and decided whether the letter or the location,
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respectively, had appeared in the previous display. For the verbal scans, the letters were shown at study and test in different
cases, so that subjects coded the verbal identity rather than the
visual appearance of letters.
In two other scans, subjects were asked to maintain both spatial and verbal information either in an integrated or in an unintegrated fashion. In both scans, subjects saw a target display of
four letters and four spatial locations appeared for two seconds
and then disappeared (Fig. 2). In the integrated scan, the four
letters to be remembered were displayed in the four locations to
be remembered; thus verbal information and spatial information were bound together. In the unintegrated scan, the four letters were presented centrally and separately from the four
indicated locations; thus, verbal information and spatial information were separate. Subjects then had to maintain those letters and locations in working memory over a retention interval.
Subsequently, they saw a single probe letter in a single probe location and had to judge whether both the letter and the location
had been shown in the previous display (regardless of whether
that particular letter had been in that particular location). Positive-probe trials presented a letter and a location that had been in
the target display; negative probe trials presented either a different letter or a different location or both.
Scans using a 5-second retention interval between the target
and probe displays were compared to a baseline identical in all
regards except the retention interval between the target and probe
displays was only 250 ms, so that information did not have to be
maintained in working memory. This allowed for isolation of
areas involved in maintaining different types of information (spatial, verbal, verbal and spatial/integrated, verbal and spatial/unintegrated) in working memory. As processes involved in encoding
the target information and in responding to the probe were
equivalent for the delay (5-second interval) and no-delay (250-ms
interval) trials, our scans did not allow identification of areas
involved in these processes.
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Fig. 1. Spatial and verbal trial types. For the spatial trials, subjects viewed for two seconds and
were asked to remember a target display comprising four locations enclosed by parentheses.
Locations were selected randomly on the circumference of an imaginary ellipse. In the spatial condition (left panel), subjects had to maintain
location information for either 5 s (upper halves
of each panel) or 250 ms (lower halves of each
panel). Subsequently, subjects were probed and
had 2.5 s to determine whether the probe location was one of the locations in the target display.
For the verbal trials, subjects viewed for two seconds and were asked to remember a target display comprising four upper-case consonants in the
center of the display. They had to maintain letter
information for either 5 s (upper halves of each
panel) or 250 ms (lower halves of each panel).
Subsequently, subjects were probed and had 2.5 s
to determine whether a single lower-case letter
had been in the target display. A 4.75-s delay was
added to the trials with short delays to equalize
the time between target displays.

Time

No-delay trials

RESULTS
In general, subjects found the spatial and verbal conditions easier than the bound and separate conditions. Subject reaction
times (RTs) were significantly shorter in the spatial condition
[average RT, 979 ms; F1,5 = 50.5, mean squared error (MSE) =
293654, p = 0.0009] and the verbal condition (average RT, 834
ms, F1,5 = 391.8, MSE = 805951, p = 0.0001) than in the bound
and separate conditions (1200 ms). Subjects were not significantly different in accuracy in the spatial condition (average accuracy, 83.3%; F 1,5 = 0.49, MSE = 52.44, p = 0.51), but were
significantly more accurate in the verbal condition (average accuracy, 97.6%; F1,5 = 82.35, MSE = 763.04, p = 0.0003) than in the
bound and separate conditions (87.1%).
Maintaining only spatial information resulted in prominent
activations in right frontal and bilateral superior parietal regions.

Time

No-delay trials

Maintaining only verbal information, in contrast, resulted in
prominent activations in left inferior frontal (Broca’s area), left
inferior parietal and temporal regions (Fig. 3). The different locations of activation reflect the neural separation of short-term memory for spatial versus verbal information. Both imaging results were
consistent with previous imaging studies of maintenance of spatial or verbal information in working memory7,10,11,20,22,23,26.
When maintaining both spatial and verbal information, for
both positive and negative probe trials, subjects were significantly more accurate in the bound (88.5%) than in the separate
(85.7%) condition (F1,5 = 7.18, MSE = 46.62, p = 0.044) and
tended to be faster in the bound (1139 ms) than in the separate
(1261 ms) condition (F1,5 = 4.59, MSE = 105186.7, p = 0.076).
There was no significant effect of delay or condition × delay
interaction. Further examination of only the positive-probe tri-

Fig. 2. Bound and separate trial types. For all trials, subjects viewed for two seconds and were
asked to remember a target display comprising
four upper-case consonants and four locations
enclosed by parentheses. Locations were selected
randomly on the circumference of an imaginary
ellipse. In the bound condition (left panel), letters
were placed in the locations to be remembered. In
the separate condition (right panel), letters were
located elsewhere. Subjects had to maintain both
letter and location information for either 5 s
Time
Time
(upper halves of each panel) or 250 ms (lower
halves of each panel). Subsequently, subjects were
probed and had 2.5 s to determine whether a single lower-case letter had been in the target display
and whether its location was one of the locations
in the target display (not necessarily the same letter). A 4.75-s delay was added to the trials with
short delays to equalize the time between target
displays. Examples of two kinds of positive probes
No-delay trials
No-delay trials
are shown in the bound condition. In the delay
trial, a positive congruent probe is shown; the probe is congruent with the target because the same letter was presented in the same location. In the
no-delay trial, a positive incongruent probe is shown; the probe is incongruent because the letter had been presented in a different location. For both
kinds of probes, subjects would answer affirmatively because both the letter and the location had been presented in the target.
86

nature neuroscience • volume 3 no 1 • january 2000

© 2000 Nature America Inc. • http://neurosci.nature.com

© 2000 Nature America Inc. • http://neurosci.nature.com

articles

gruent (1123 ms) than the incongruent (1251 ms) positive probes (F1,5 = 7.04, MSE = 115585.75, p = 0.038); they
also tended to be more accurate for the congruent (95.8%)
than the incongruent positive probes (81.9%; F1,5 = 4.31,
Spatial
MSE = 1157.59, p = 0.09).
These findings indicate that subjects maintained the
target displays in the bound condition in an integrated
fashion, such that they could quickly compare the congruent probes to the similar, integrated content of working memory. They were slower, however, when they had
to reorganize the information in working memory to
compare to the incongruent probes. These results valiVerbal
date the conclusion that verbal and spatial information
in the bound displays were maintained in an integrated
fashion in working memory during the delay period and
before probe presentation.
Fig. 3. Composite activation maps of spatial and verbal conditions. Images show
Congruent and incongruent positive-probe trials
regions significantly more active in the delay than in the no-delay conditions coded
occurred
equally often in the 5-second delay and 250-milin red/yellow. Right-hemisphere and left-hemisphere views of the brain are shown
for each condition. Regions that were more active when subjects maintained spa- lisecond ‘no-delay’ conditions. There was no congruency
tial information for 5 s rather than 250 ms are shown in the upper row. Right × delay interaction in either reaction time (F1,5 = 0.02,
frontal and bilateral parietal regions show activation. Regions that were more p = 0.90) or accuracy (F1,5 = 0.00, p = 1.0). Therefore, the
active when subjects maintained verbal information for 5 s rather than 250 ms are imaging results do not reflect the behavioral differences
shown in the lower row. Left inferior frontal, left posterior parietal and temporal between congruent and incongruent trials. Rather, they
regions show activation.
reflect the mental representation of information before
appearance of the positive (congruent or incongruent)
and negative probe types.
Many brain regions were activated in both the bound
and separate conditions as subjects maintained verbal and
als in the bound condition provided evidence that subjects mainspatial information in working memory for 5 seconds versus
tained verbal and spatial information in an integrated working250 milliseconds. These regions included frontal, parietal and
memory representation (Fig. 3). The positive-probe trials
temporal areas that were involved in maintaining verbal and
consisted of two types of probe trials. Positive congruent-probe
spatial information (Fig. 3). Scans under bound or separate
trials presented the same letter in the same location congruent to
conditions were directly compared to identify areas preferenwhat had been shown in the target display. Positive incongrutially involved in maintaining integrated versus unintegrated
ent-probe trials presented a previously seen letter in a location
information in working memory (Fig. 4). Maintenance of
that had been occupied by a letter different from that shown in
integrated information resulted in greater activity than mainthe target display. Subjects responded affirmatively for both postenance of unintegrated information in the right frontal coritive-probe trials, because the letter and location had been in the
tex, specifically right middle and superior frontal gyri. This
target display. Subjects responded significantly faster for the con-

Fig. 4. Difference maps of
bound versus separate scans.
Images show regions that were
significantly more active in the
bound than in the separate
condition coded in red/yellow
and regions that were significantly more active in the separate than in the bound
condition coded in blue. Four
slices were selected to highlight
the different regions that are
involved in the different conditions. Difference maps were
created by performing paired
subtractions between statistical
parametric maps (SPMs) for
each subject after warping to
the reference template (structural image averaged across all
subjects) and then averaging
the difference images across
subjects. The resulting functional maps were then overlaid
on the reference template.
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Fig. 5. Activation in the right frontal cortex in six subjects. For each subject, a minimum of two slices depicting differential activation levels in the right frontal
cortex were chosen. The right frontal cortex was identified anatomically as a region of interest (ROI) in these slices. Statistical analyses were confined to that
ROI and superimposed on each subject’s anatomical MR image. The upper row shows robust right frontal activation for maintaining bound information for
5 s versus 250 ms; the lower row shows that this region was minimally activated while maintaining separate information for 5 s versus 250 ms.

was evident not only in the group average, but also in each
individual subject (Fig. 5). Maintenance of unintegrated, relative to integrated, information resulted in greater activity in
multiple posterior brain areas, including bilateral parietal,
temporal and cerebellar regions.
In a second analysis, bound and separate conditions were
compared to the combination of the purely spatial and verbal
conditions. Here also, the bound versus spatial and verbal comparison revealed substantially greater involvement of the right
prefrontal cortex in maintaining integrated spatial and verbal
information than in maintaining either spatial or verbal infor-

mation alone (Fig. 6). Comparison of separate versus spatial and
verbal scans revealed posterior regions that were more involved in
maintaining unintegrated verbal and spatial information than in
maintaining either spatial or verbal information alone. There was
not, however, any difference in the right prefrontal cortex for
maintaining unintegrated verbal and spatial information. Thus,
both analyses provide convergent evidence for a dissociation of
the right frontal region preferentially involved in the maintenance
of integrated working-memory representations, and multiple
posterior brain regions preferentially involved in the maintenance
of non-integrated working-memory representations.

Fig. 6. Difference maps of bound or separate condition versus spatial
(SPA) and verbal (VER) conditions. Left column, posterior view of brain;
right column, anterior view. Images show regions that were significantly
more active in the bound or separate condition than in the spatial and
verbal conditions coded in red/yellow. Regions that show greater activation in the bound condition than in both the spatial and verbal conditions are depicted in the top row. The anterior regions show robust
activation, specifically in the right prefrontal region, whereas posterior
regions are minimally active. Regions that show greater activation in the
separate condition than in both the spatial and verbal conditions are
depicted in the bottom row. The posterior regions show robust activation, whereas there is no activation in the anterior regions. Difference
maps were created by performing a contrast analysis between the
bound or separate condition versus spatial and verbal conditions.
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DISCUSSION
The right prefrontal activation associated with the integration of
verbal and spatial information is in agreement with meta-analyses showing right prefrontal involvement in both spatial and nonspatial working memory9,35,36. In contrast, left prefrontal regions
show involvement only in nonspatial working memory. Thus,
right prefrontal regions seem to have a flexible representational
architecture that processes both spatial and nonspatial information. Posterior activations have been more material specific, with
specific areas in parietal and temporal regions involved either in
verbal or spatial working memory5,10,17,22,23.
Many studies have shown greater activation in prefrontal cortex due to increased demands of load, duration or manipulation
on working memory1–23. In contrast, greater prefrontal activation
in the present study occurred in the easier condition: subjects were
more accurate and faster in the bound than in the separate condition. The prefrontal activation, therefore, reflected the nature of
the working-memory representation, rather than working-memory load or duration, which were equal in the two conditions.
Baddeley has proposed separate ‘slave system’ buffers that allow
for temporary retention of discrete information in working memory, including a visuospatial buffer and a phonological buffer37.
Logie and others have further decomposed the visuospatial buffer
into separate visual and spatial buffers38. The present fMRI results
provide evidence for another type of buffer, namely, one that
allows for temporary retention of integrated information.
The capacity to integrate information in working memory
may enhance the efficiency of working memory in several ways.
For example, a study examining the capacity of short-term memory for visuospatial information found that subjects show equivalent accuracy in maintaining the memory of a single feature of
objects (for instance, color of an object) as in maintaining four
features of objects (for instance, color, size, orientation and
shape)39. However, performance decreases as the number of
objects that need to be remembered increases. In other words,
more information could be maintained for visuospatial information in a bound rather than separate display. In our study,
the finding subjects were significantly more accurate and tended to be faster in the bound than in the separate condition suggests more efficient access to integrated relative to unintegrated
information. Further, the mean volume of brain area preferentially activated by the unintegrated information (11,483 mm3)
was more than twice that activated preferentially by the integrated information (4,368 mm3). The greater activity seen in the
posterior regions suggests that more neural resources are
required when maintaining separate information than bound
information. Thus, integration may provide for efficient working-memory representations.
Human lesion and neuroimaging studies show that prefrontal cortex is essential in reasoning and problem solving40–45.
The capacity to integrate, or relate43, different kinds of information may endow frontal cortex with a flexible representational structure important for the fluid, innovative thinking
that underlies successful reasoning and problem solving. More
generally, the prefrontal activation in the present study may
reflect one solution to the binding problem in the human
brain—the problem of integrating the outputs of multiple, specialized processing pathways.

METHODS
All studies were done in full compliance with the guidelines of the Institutional Review Board (Assurance #M1272-02) of Stanford University.
Subjects performed four scans: bound, separate, verbal and spatial. Each
nature neuroscience • volume 3 no 1 • january 2000

scan consisted of six cycles, with each cycle comprising blocks of 5-s maintenance trials alternated with blocks of 250-ms maintenance trials. There
were 4 trials per block with a total of 24 (12 negative-probe trials and 12
positive-probe trials) 5-s maintenance trials and 24 (12 negative-probe
trials and 12 positive-probe trials) 250-ms maintenance trials in each scan.
In the bound scan, the positive-probe trials were equally divided into congruent and incongruent trials. The scan order was counterbalanced across
the subjects. Stimuli were generated from a computer and back-projected onto a screen located above the subject’s neck via a magnet-compatible projector. Visual images were viewed from a mirror mounted above
the subject’s head. The sequence of the presentations of the stimuli were
synchronized with the imaging sequence of the scanner.
fMRI methodology. Imaging was performed with a 1.5T whole-body MRI
scanner (General Electric Medical Systems Signa, Rev. 5.5, Waukeshau,
Wisconsin). A T2* sensitive gradient echo spiral sequence46 was used
for functional imaging with parameters of TR = 1440 ms,
TE = 40 ms, flip angle = 83°, FOV = 20 cm, inplane resolution = 1.56 mm2,
sampling interval = 2.88 s and number of temporal frames or image volumes = 160. Sixteen 7-mm thick slices with a 0-mm inter-slice interval
and covering the whole brain were acquired in the horizontal plane of the
Talairach and Tournoux atlas47.
fMRI analysis. Functional images were motion-corrected and normalized using SPM96, interpolated to 2 × 2 × 4 mm3 voxels and spatially
smoothed with a Gaussian filter (full width at half maximum, 8 mm).
Low-frequency noise and differences in global signal were removed. Single subject data were analyzed with a fixed-effects model. Group data
were analyzed using a random-effects model. For the group analysis,
images were averaged to create one image of mean activity per condition and subject. These average images were used to create a series of
SPM{Z} maps depicting differences in brain activity between task conditions. Activation maps for both fixed-effects model and random-effects
model analysis were created with SPM96 software
(http://www.fil.ion.ucl.ac.uk/spm)48 with an intensity threshold of
p < 0.025 and spatial-extent threshold of p < 0.05.

ACKNOWLEDGEMENTS
This work was supported by grants from the National Institute on Aging and the
National Center for Research Resources. V.P. is supported by a NRSA training
grant awarded by the National Institutes of Health. The authors thank Mark
D’Esposito for comments on earlier drafts of this manuscript.

RECEIVED 3 SEPTEMBER; ACCEPTED 3 NOVEMBER 1999
1. Baker, S. C., Frith, C. D., Frackowiak, R. S. J. & Dolan, R. J. Active representation of shape and spatial location in man. Cereb. Cortex 6, 612–619 (1996).
2. Braver, T. S. et al. A parametric study of prefrontal cortex involvement in
human working memory. Neuroimage 5, 49–62 (1997).
3. Cohen, J. D. et al. Activation of prefrontal cortex in a non-spatial working
memory task with functional MRI. Hum. Brain Mapp. 1, 293–304 (1994).
4. Cohen, J. D. et al. Temporal dynamics of brain activation during a working
memory task. Nature 386, 604–607 (1997).
5. Courtney, S. M., Ungerleider, L. G., Keil, K. & Haxby, J. V. Object and spatial
visual working memory activate separate neural systems in human cortex.
Cereb. Cortex 6, 39–49 (1996).
6. Courtney, S. M., Ungerleider, L. G., Keil, K. & Haxby, J. V. Transient and
sustained activity in a distributed system for human working memory.
Nature 386, 608–611 (1997).
7. Courtney, S. M. et al. An area specialized for spatial working memory in
human frontal cortex. Science 279, 1347–1351 (1998).
8. D’Esposito, M. et al. The neural basis of the central executive system of
working memory. Nature 378, 279–281 (1995).
9. Fiez, J. A. et al. A positron emission tomography study of the short-term
maintenance of verbal information. J. Neurosci. 16, 808–822 (1996).
10. Jonides, J. et al. Spatial working memory in humans as revealed by PET.
Nature 363, 623–625 (1993).
11. Jonides, J. et al. Verbal working memory load affects regional brain activation
as measured by PET. J. Cogn. Neurosci. 9, 462–475 (1997).
12. Jonides, J., Smith, E. E., Marshuetz, C. & Koeppe, R. A. Inhibition in verbal
working memory revealed by brain activation. Proc. Natl. Acad. Sci. USA 95,
8410–8413 (1998).

89

© 2000 Nature America Inc. • http://neurosci.nature.com

© 2000 Nature America Inc. • http://neurosci.nature.com

articles

13. McCarthy, G. M. et al. Functional magnetic resonance imaging of human
prefrontal cortex activation during a spatial working memory task. Proc. Natl.
Acad. Sci. USA 91, 8690–8694 (1994).
14. McCarthy, G. M. et al. Activation of human prefrontal cortex during spatial
and nonspatial working memory tasks measured by functional MRI. Cereb.
Cortex 6, 600–611 (1996).
15. Owen, A. M., Evans, A. C. & Petrides, M. Evidence for a two-stage model of
spatial working memory processing within the lateral frontal cortex: a
positron emission tomography study. Cereb. Cortex 6, 31–38 (1996).
16. Owen, A. M. et al. Functional organization of spatial and nonspatial working
memory processing within the human lateral frontal cortex. Proc. Natl. Acad.
Sci. USA 95, 7721–7726 (1998).
17. Paulesu, E., Frith, C. D. & Frackowiak, R. S. J. The neural correlates of the
verbal component of working memory. Nature 362, 342–345 (1993).
18. Petrides, M., Alivisatos, B., Meyer, E. & Evans, A. C. Functional activation of
the human frontal cortex during the performance of verbal working memory
tasks. Proc. Natl. Acad. Sci. USA 90, 878–882 (1993).
19. Petrides, M., Alivisatos, B., Evans, A. C. & Meyer, E. Dissociation of human
mid-dorsolateral from posterior dorsolateral frontal cortex in memory
processing. Proc. Natl. Acad. Sci. USA 90, 873–877 (1993).
20. Rypma, B., Prabhakaran, V., Desmond, J. E., Glover, G. H. & Gabrieli, J. D. E.
Load-dependent roles of frontal brain regions in the maintenance of working
memory. Neuroimage 9, 216–226 (1999).
21. Rypma, B. & D’Esposito, M. The roles of prefrontal brain regions in
components of working memory: effects of memory load and individual
differences. Proc. Natl. Acad. Sci. USA 96, 6558–6563 (1999).
22. Smith, E. E. et al. Spatial versus object working memory: PET investigations.
J. Cogn. Neurosci. 7, 337–356 (1995).
23. Smith, E. E., Jonides, J. & Koeppe, R. A. Dissociating verbal and spatial
working memory using PET. Cereb. Cortex 6, 11–20 (1996).
24. Smith, E. E., Jonides, J., Marshuetz, C. & Koeppe, R. A. Components of verbal
working memory: Evidence from neuroimaging. Proc. Natl. Acad. Sci. USA
95, 876–882 (1998).
25. Smith, E. E. & Jonides, J. Storage and executive processes in the frontal lobes.
Science 283, 1657–1661 (1999).
26. Smith, E. E. & Jonides, J. Neuroimaging analyses of human working memory.
Proc. Natl. Acad. Sci. USA 95, 12061–12068 (1999).
27. Ungerleider, L. G. & Mishkin, M. in Analysis of Visual Behavior (eds. Ingle, D.
J., Goodale, M. A. & Mansfield, R. J. W.) 549–586 (MIT Press, Cambridge,
Massachusetts, 1982).
28. Wilson, F. A. W., Fraser, A. W., O Scalaidhe, S. P. & Goldman-Rakic, P. S.
Dissociation of object and spatial processing domains in primate prefrontal
cortex. Science 260, 1955–1957 (1993).
29. Zeki, S. & Shipp, S. The functional logic of cortical connections. Nature 335,
311–317 (1988).

90

30. Rainer, G., Asaad, W. F. & Miller, E. K. Memory fields of neurons in the
primate prefrontal cortex. Proc. Natl. Acad. Sci. USA 95, 15008–15013
(1998).
31. Rainer, G., Assad, W. F. & Miller, E. K. Selective representation of relevant
information by neurons in the primate prefrontal cortex. Nature 393,
577–579 (1998).
32. Rao, S. C., Rainer, G. & Miller, E. K. Integration of what and where in the
primate prefrontal cortex. Science 276, 821–824 (1997).
33. Fuster, J. M. The Prefrontal Cortex: Anatomy, Physiology, and Neuropsychology
of the Frontal Lobe (Lippincott-Raven, New York, 1997).
34. Fuster, J. M., Bauer, R. H., & Jervey, J. P. Cellular discharge in the dorsolateral
prefrontal cortex of the monkey in cognitive tasks. Exp. Neurol. 77, 679–694
(1982).
35. D’Esposito, M., Aguirre, G. K. & Zarahn, E. Functional MRI studies of spatial
and non-spatial working memory. Cognit. Brain Res. 7, 1–13 (1998).
36. Owen, A. M. The functional organization of working memory processes
within human lateral cortex: the contribution of functional neuroimaging.
Eur. J. Neurosci. 9, 1329–1339 (1997).
37. Baddeley, A. Working Memory (Oxford Univ. Press, New York, 1986).
38. Logie, R. H. & Denis, M. Mental Images in Human Cognition (Elsevier
Science, New York, 1991).
39. Luck, S. J. & Vogel, E. K. The capacity of visual working memory for features
and conjunctions. Nature 390, 279–281 (1997).
40. Prabhakaran, V., Smith, J. A. L., Desmond, J. E., Glover, G. H. & Gabrieli, J. D.
E. Neural substrates of fluid reasoning: An fMRI study of neocortical
activation during performance of the Raven’s Progressive Matrices Test.
Cognit. Psychol. 33, 43–63 (1997).
41. Baker, S. C. et al. Neural systems engaged by planning: a PET study of the
Tower of London task. Neuropsychologia 34, 515–526 (1996).
42. Duncan, J., Burgess, P. & Emslie, H. Fluid intelligence after frontal lobe
lesions. Neuropsychologia 33, 261–268 (1995).
43. Waltz, J. A. et al. A system for relational reasoning in human prefrontal
cortex. Psychol. Sci. 10, 119–125 (1999).
44. Goel, V., Gold, B., Kapur, S. & Houle, S. The seats of reason? An imaging
study of deductive and inductive reasoning. Neuroreport 8, 1305–1310
(1997).
45. Koechlin, E., Basso, G., Pietrini, P., Panzer, S. & Grafman, J. The role of
anterior prefrontal cortex in human cognition. Nature 399, 148–151 (1999).
46. Glover, G. H. & Lai, S. Self-navigated spiral fMRI: interleaved versus singleshot. Magn. Reson. Med. 39, 361–368 (1995).
47. Talairach, J. & Tourneaux, P. Co-Planar Stereotaxic Atlas of the Human Brain
(Thieme, Stuttgart, 1988).
48. Friston, K. J., Frith, C. D., Liddle, P. F. & Frackowiak, R. S. J. Comparing
functional (PET) images: The assessment of significant change. J. Cereb.
Blood Flow Metab. 11, 690–699 (1991).

nature neuroscience • volume 3 no 1 • january 2000

