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Abstract

Findings from neurophysiology have supported the view that visual working memory (WM) relies on modulation of activity in object-
selective populations of neurons in inferior temporal cortex. Here, using event-related functional magnetic resonance imaging, we
investigated whether similar mechanisms support human visual working memory encoding and maintenance processes. We identified regions
in inferior temporal cortex that exhibited category-specific responses during perception of faces (fusiform face area [FFA]) or scenes
(parahippocampal place area [PPA]) and investigated whether activity in these regions would be modulated by demands to actively encode
and maintain faces and scenes. Results showed that independent of perceptual stimulation, the FFA and PPA exhibited greater encoding- and
maintenance-related activity when their favored stimulus was relevant to the recognition task. In contrast, maintenance-related activity in the
dorsolateral prefrontal cortex (PFC) was modulated by memory load, regardless of the type of information that was task relevant. These
results are consistent with the view that visual working memory encoding and maintenance processes are implemented through modulation of

inferior temporal activity by prefrontal cortex.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The on-line maintenance of information in working mem-
ory (WM) is thought to rely on a dynamic interaction between
perceptual representation and cognitive control mechanisms
[17,20,35]. Neuroscientific investigations of WM have gen-
erally focused on identifying the neural substrates of execu-
tive control, with a predominant emphasis on the functions of
the prefrontal cortex (PFC) [8,12,23,38,49,54]. In contrast,
research on the controlled processing of visual information
has traditionally focused on mechanisms of selection pro-
cesses within posterior cortical areas [19,22,31,33]. Findings
from these studies suggest that attention to visual objects
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operates through the selection of object representations in
inferior temporal cortical regions [11,22,31,33]. Based on
results from single-unit recording studies in monkeys
[39,41,44], some have speculated that similar processes
may support the active encoding and maintenance of task-
relevant information in visual WM [10,42]. The idea that
object WM maintenance operates through object-based se-
lection mechanisms seems reasonable, in light of findings
from behavioral [4], event-related potential [5,24] and neuro-
imaging [34,52] studies demonstrating similarities in neural
mechanisms for spatial WM and spatial selective attention
processes [3]. However, in contrast to results from neuro-
physiological studies of monkeys [39,41,44], neuroimaging
studies of humans have yielded mixed results regarding
whether object WM processes operate through activation of
representations in inferior temporal cortex [7,13,25,48,55].
For example, one event-related fMRI study reported by
Courtney et al. [7] examined activity during a delayed
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recognition task that required encoding and retention of
single faces across an 8-s delay relative to a sensory —motor
control task. This report noted that within inferior temporal
cortex, activity was primarily observed in response to
stimulus presentation, with some degree of sustained activa-
tion in anterior fusiform regions associated with active
maintenance. Somewhat different results were reported in
another study by Jha and McCarthy [25], in which a similar
delayed face recognition paradigm was used. Rather than
comparing activity to a nonmemory baseline task, Jha and
McCarthy [25] examined the effect of increasing memory
load (i.e., the number of faces to be retained across the
memory delay) on activity observed during memory delays.
These researchers found no evidence for load-dependent
modulation of inferior temporal activity during the memory
delay, suggesting that the results reported by Courtney et al.
[7] might have reflected processing of the initial face
stimulus, rather than activity associated with active mainte-
nance. Thus, available evidence from prior studies has not
lent strong support to the idea that active maintenance of
visual objects relies on modulation of activity in inferior
temporal cortex.

Furthermore, prior studies have not attempted to identify
activity associated with WM encoding processes. Results
from behavioral studies suggest that after initial perception
of a stimulus, a stimulus must be subjected to transient
encoding processing so that it may be actively maintained in

the absence of bottom—up stimulation [27-29,51]. WM
encoding processes have been behaviorally dissociated from
initial sensory or perceptual processing of a stimulus [9,27—
30,59], but the neural mechanisms for WM encoding have
not been extensively investigated. Some evidence implicates
the dorsolateral PFC as an area that is robustly activated
during WM encoding across a variety of materials [28,51].
However, it is unclear whether visual WM encoding might
additionally recruit inferior temporal regions where task-
relevant information is represented. At present, little is
known about the neural implementation of visual WM
encoding processes, because previous fMRI studies of
visual WM have not distinguished activity associated with
WM encoding processes from activity changes more gen-
erally reflective of bottom—up perceptual processing.

Consideration of the neurophysiology of inferior tempo-
ral neurons suggests one method to use event-related fMRI
to detect activity associated with encoding and maintenance
processes, while controlling for bottom—up perceptual pro-
cessing. Neurophysiological studies suggest that neurons in
inferior temporal cortex exhibit a high degree of object
selectivity [43], and that active maintenance of object
information is associated with stimulus-specific activity in
these neurons during retention delays [39,41,44]. We there-
fore reasoned that the topography of inferior temporal
activity associated with WM processes might reflect the
type of information that is being maintained.

Delayed Recognition Task
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Fig. 1. Behavioral paradigm and task design. On each trial, subjects were shown a sequence of three images for 1 s each. Based on the instruction cue, subjects
were required to encode and rehearse 1—2 of these items across a 12-s delay. Because the content of the stimulus sets were matched across scene—instruction
and face—instruction trials, activity associated with active encoding and maintenance processes could be dissociated from activity associated with perceptual

processing.
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In the present study, we used event-related fMRI to
identify category-specific correlates of WM encoding and
maintenance processes within inferior temporal cortex. We
focused our analyses on two regions of interest (ROIs): the
fusiform face area (FFA)—a region that exhibits larger
responses to faces than to other types of stimuli [32] and
the parahippocampal place area (PPA)—a region that exhib-
its larger responses to scenes than to other types of stimuli
[14]. Subjects were scanned while they performed a WM
task with faces and scenes as stimuli (see Fig. 1). We
independently varied the task relevance of faces or scenes
(i.e., an instruction to encode and maintain either scenes or
faces) and the perceptual content of information presented
during the cue phase of each trial (one scene and two faces
or two faces and one scene).

With this design, we were able to separate inferior
temporal activity associated with visual WM encoding and
maintenance processes from activity attributable to stimulus-
related perceptual processing. Specifically, one would expect
that if inferior temporal activity is solely sensitive to stim-
ulus-related variables, then activity in the FFA and PPA
should be sensitive only to the perceptual content of infor-
mation presented during the cue phase. On the other hand, if,
as we hypothesized, visual WM relies on activation of
stimulus representations in inferior temporal cortex, we
predicted that independent of perceptual stimulation, activity
associated with active encoding and maintenance in the FFA
and PPA would be modulated by the task relevance of their
favored stimulus types (faces and scenes, respectively).
Thus, we predicted that independent of perceptual stimula-
tion, activity during the cue and delay phases would be
enhanced in the FFA when faces were task relevant and
enhanced in the PPA when scenes were task relevant. Finally,
based on evidence implicating the dorsolateral PFC in WM
and cognitive control [20,38,49], we hypothesized that
activity in this region would be modulated by the amount
of relevant information to be encoded and maintained.

2. Materials and methods
2.1. Subjects

Twelve right-handed subjects ranging in age from 19 to
31 (M=22.9) were recruited from the University of Cal-
ifornia at Berkeley. All participants were screened against
medical, neurological, and psychiatric illnesses, and for use
of prescription medications. All subjects gave written in-
formed consent prior to participation in the study according
to the procedures approved by the University of California
at Berkeley Committee for Protection of Human Subjects.

2.2. Behavioral task

Participants were scanned during performance of a
delayed recognition task (Fig. 1). A total of 20 grayscale

faces and 20 grayscale scenes (courtesy of N. Kanwisher,
MIT) were used as stimuli for these trials. At the beginning
of each trial, an instruction (scene or face) was presented for
1 s indicating which type of image was task relevant. This
was followed by sequential presentation of three randomly
ordered grayscale images (either two faces and one scene or
one face and two scenes) presented for 1 s each. Subjects
were instructed to fixate on a central cross while rehearsing
the task-relevant stimuli (either faces or scenes) across a 12-
s delay. Next, a single grayscale face or scene was shown for
2 s and subjects were instructed to make a right-handed
button press if the image was in the preceding memory set
(50%) or a left-handed button press if it was not (50%).
During the 14-s ITI, subjects were instructed to fixate on a
centrally presented cross. Twelve trials were presented in
each of 8 scanning runs, for a total of 96 trials.

In addition to the delayed recognition task, subjects
performed a visuomotor response task used to derive an
estimated hemodynamic response function (HRF) [2] and
two runs of a localizer task to identify face- and scene-
sensitive regions of the inferior temporal cortex [14,32]. In
the localizer task, subjects were shown 16-s blocks of either
faces, scenes, objects, scrambled objects (courtesy of Nancy
Kanwisher, MIT), or a fixation cross on a blank display.
During each block, 20 images were shown for 300 ms with a
500-ms fixation cross between each image. To keep attention
focused on the images throughout the task, subjects were
instructed to press both thumbs on the response pad when the
current image was the same as the image immediately
preceding it (on the average, one response was required for
each block of images).

2.3. MRI acquisition and processing

Functional images were acquired from a Varian INOVA
4T scanner using a gradient echoplanar sequence
(TR=2000 ms, TE=28 ms, 64 x 64 matrix, FOV=2.4
cm) sensitive to BOLD contrast. Each volume consisted
of 18 5-mm-thick axial slices with a 0.5-mm gap between
each slice. Data processing included motion correction
using a six-parameter, rigid body, least-squares alignment
procedure [16], and normalization of the time series of each
voxel by its mean signal value to attenuate between-run
scaling differences. Because data were averaged within
functionally defined regions of interest, spatial smoothing
was not necessary.

2.4. Data analysis

Our methods for analyzing activation within-trial pat-
terns of activity have been described in detail elsewhere
[47,62] and are summarized below. Activation during each
phase of each trial was assessed using multiple regression
[7,47,53,64]. Separate covariates modeled activation asso-
ciated with the cue period (0—4 s), late encoding/early delay
period (4—6 s), delay period (8—12 s), and response period
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(16—18 s) relative to baseline activity during the ITI [47]
(see below). Note that the late encoding/early delay period
covariate was included to ensure that activity loading on the
delay covariate would not be contaminated by activity that
could be attributed to prolonged stimulus encoding. Addi-
tional nuisance covariates were included to model an
intercept and trial-specific baseline shifts. The convolution
matrix included a time domain representation of the 1/f
power structure [63] and filters to remove frequencies above
0.25 Hz and below 0.02 Hz. For each subject, beta values
yielded by the GLM for the cue and delay periods were
extracted for each covariate and averaged within each
functionally defined ROI (see below). These beta values
served as the dependent measures for across-subject “ran-
dom effect” analyses. Because our hypotheses concerned
activity changes specific to the encoding and delay periods
of each trial, group analyses centered on the covariates
modeling these two task periods.

Covariates modeling BOLD responses for each subject
during these task phases were derived by convolving the
vector of expected neural activity (see above) with an
individually derived hemodynamic response function
(HRF) [1]. Subject-specific HRFs were used rather than a
single canonical HRF, because prior work has demonstrated
substantial intersubject variability in the shape of the HRF
[1]. One potential concern with using an HRF derived from a
subject’s motor cortex is that there may be interregional
differences in the shape of the HRF within a given subject
[36]. However, analyses on this data set and others from our
lab suggest that within a subject, HRFs from different regions
exhibit similar waveform characteristics, and that these wave-
forms can differ remarkably from “canonical” HRFs, such as
the one included in the SPM99 package ([64]; See also results
from another laboratory posted at http://www-psych.stanfor-
d.edu/~kalina/SPM99/Tools/eHRF.html). Thus, using an em-
pirically derived HRF enhanced the sensitivity, specificity,
and validity of our inferences regarding activation during
each task phase.

2.5. Regions of interest (ROIs)

Activity during WM trials was examined within three
functionally defined ROIs: the PPA, FFA, and dorsolateral
PFC. Time series data were averaged across all voxels
within each of these ROIs and submitted to the analyses
described above. The PPA and FFA were defined by first
delineating anatomical boundaries for the parahippocampal
(extending laterally to include the collateral sulcus) and
fusiform gyri, respectively. The FFA was defined as all
voxels in the fusiform gyrus showing statistically significant
activation during the localizer task in a contrast of faces
against scenes. Likewise, the PPA was defined as all voxels
in the parahippocampal region showing statistically signif-
icant activations in the scenes minus faces contrast. Exam-
ples of PPA and FFA ROIs for a representative subject are
shown in Fig. 2. For the dorsolateral PFC, regions were
initially defined by first identifying regions of the middle
frontal gyrus corresponding approximately to Brodmann’s
arecas 9 and 46, as defined in the atlas of Talairach and
Tournoux [57]. Next, an ROI was defined as all voxels
within these regions that exhibited task-related activity
during any of the phases of the delayed-recognition task.
Although ventrolateral areas of PFC have also been impli-
cated in WM maintenance [50], these areas were not
included in the PFC ROI because of signal dropout in these
areas for some subjects.

2.6. fMRI planned comparisons

BOLD responses during the WM task were separately
analyzed for the FFA, PPA, and dorsolateral PFC ROIs. As
noted earlier, the design of the present experiment allowed us
to separately examine the effects of stimulus-related process-
ing (the number of faces and scenes that were presented)
from effects of WM encoding and maintenance processes
(the instruction to remember faces or scenes) during the cue
and delay periods. Based on the idea that WM encoding and

Fig. 2. Locations of the FFA and PPA ROIs are shown on axial slices for one representative subject.
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maintenance processes are supported by activation of stim-
ulus representations in inferior temporal cortex, we hypoth-
esized that independent of bottom—up stimulation, FFA and
PPA activity during the cue and delay periods should reflect
knowledge of the task-relevant category. We directly tested
this hypothesis by performing a set of two-way ANOVAs,
testing for the effects of instruction type (to remember items
from the preferred or nonpreferred category) and stimulus
load (the number of items from the preferred category that
were presented during the cue phase). These analyses were
performed on parameter estimates indexing response ampli-
tudes during the cue and delay periods of the task for each
ROI [7,50,53]. We hypothesized that if object WM encod-
ing and maintenance processes operate through activation
of stimulus representations in inferior temporal cortex, then
we should see either main effects of instruction type or an
instruction type by stimulus load interaction during the cue
and delay periods.

3. Results
3.1. Behavioral results

As shown in Fig. 3, subjects were highly accurate at
performing the WM task (M =96.8%, S.D.=4.6%). A two-
way ANOVA of memory load (one vs. two items) and
instruction type (face vs. scene) showed no significant main
effects of accuracy across memory load [F(1,10)<1] or
instruction type [F(1,10)<1] or a significant interaction
[F(1,10)=1.8]. Consistent with previous studies manipu-
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Fig. 3. Behavioral results. Bar graphs show mean accuracy (top) and
reaction times (bottom) for each trial type. Error bars denote the standard
error of the mean.
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Fig. 4. Modulation of inferior temporal activity associated with active
encoding and maintenance. The bar graphs show parameter estimates
indexing the magnitude of BOLD responses in the FFA (left) and PPA
(right) collapsed across memory load conditions. Cue (top graphs) and
Delay (bottom graphs) period responses are shown for trials when faces
were relevant (green) and trials when scenes were relevant (blue). Error bars
for each ROI and task period denote the standard error of the mean across
subjects. These results show that independent of perceptual stimulation,
inferior temporal activity was sensitive to the type of information to be
encoded and maintained.

lating memory load [56], reaction times (RTs) were signif-
icantly slower on two-face and two-scene trials than on one-
face and one-scene trials [ F(1,10)=7.75, p<0.019]. RTs
were significantly slower for scene than for face trials
[F(1,10)=11.277, p<0.01], but there was no significant
interaction between load and instruction type [ F(1,10)<1].

3.2. Imaging data

3.2.1. Inferior temporal ROIs

Results showed that FFA responses during the cue phase
were reliably greater when two faces were presented than
when one face was presented [ F(1,11)=18.54, p<0.001].
Within the PPA, activity during the cue phase was reliably
greater when two scenes were presented than when one
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scene was presented [ F(1,11)=21.89, p<0.001]. These
effects merely confirm the stimulus selectivity of the FFA
and PPA ROIs. Independent of this stimulus-related effect,
we found that cue and delay period activity in the FFA and
PPA was sensitive to the type of information that was task
relevant. Specifically, FFA responses during the cue and
delay periods were greater when faces were task-relevant
than when scenes were task-relevant [cue: F(1,11)=11.06,
p<0.01; delay: F(1,11)=11.69, p<0.01], and PPA
responses during the cue and delay periods were greater
during trials when scenes were task-relevant than during
trials when faces were task-relevant [cue: F(1,11)=40.29,
p<0.001; delay: F(1,11)=16.29, p<0.005]. No significant
interactions between instruction type and stimulus load were
observed during any task phase in either ROI. Overall, these
findings, summarized in Figs. 4 and 5, demonstrate that,
independent of perceptual stimulation, encoding and main-
tenance-related activity in the FFA and PPA was robustly
enhanced by the demand to actively encode and maintain
each region’s preferred stimulus type.

3.2.2. Dorsolateral PFC ROI

We hypothesized that PFC activity associated with WM
processes would be modulated by the amount of information
to be actively maintained, independent of the type of
material. We directly tested this hypothesis by performing
a set of two-way ANOVA assessing the effects of memory
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Fig. 5. Category selectivity of inferior temporal activity during WM
encoding and maintenance. A scatter plot shows the parameter estimates
indexing the face—scene response amplitude difference during the cue (left)
and delay (right) periods. Each point represents data from a single subject.
Positive values indicate relatively greater activation for face-relevant trials,
whereas negative values indicate relatively greater activation for scene-
relevant trials (note that because these are contrasts of parameter estimates
derived from the GLM, the units are arbitrary). Results plotted for the FFA
(blue) and PPA (green) revealed that independent of perceptual stimulation,
the majority of subjects exhibited enhanced cue and delay period activity in
the FFA and PPA when each region’s preferred stimulus was to be encoded
and maintained.

load (one vs. two items) and instruction type (rehearse faces
or scenes). These analyses were performed on parameter
estimates from the cue and delay periods. Results showed
that PFC activity during the delay phase was reliably greater
when two scenes or two faces were presented than when one
scene or one face was presented [F(1,11)=21.02, p=
0.001]. Thus, PFC activity during the delay period was
modulated by the amount of information to be retained.

4. Discussion

In the present study, we identified regions of inferior
temporal cortex that exhibited category-specific perceptual
activity and found that encoding activity within these regions
reflected the type of stimulus that was task relevant. Further-
more, our results show that active maintenance of visual
information is correlated with category-specific delay period
activity in inferior temporal cortex. In contrast to inferior
temporal regions, maintenance-related activity in dorsolateral
PFC was modulated by the amount of information to be
retained. These findings suggest complementary roles for
inferior temporal cortex and dorsolateral PFC in visual WM.
We expand upon these results and their implications below.

4.1. Neural correlates of WM encoding

Our finding of category-specific modulation of inferior
temporal activity during the encoding phase of WM trials
may not seem surprising, in light of results from neuro-
imaging studies of object-based attention. For example,
several studies have shown that selective attention to faces
or places can modulate activity in the FFA and PPA
[45,58,61]. However, in these previous studies, attentional
mechanisms were engaged in order to resolve competition
between multiple, simultaneously presented objects within a
scene. These prior studies showed that modulation of
category-specific inferior temporal regions may resolve
competition for perceptual processing resources.

In contrast, several considerations suggest that visual
stimuli in the present experiment did not compete for per-
ceptual processing resources. In our study, each face and
scene was shown sequentially, for 1 s each. Current estimates
from human electrophysiology suggest that, under normal
viewing conditions such as in our study, object recognition is
completed between 150 and 300 ms poststimulus [26]. It is
therefore reasonable to assume that subjects in our study had
ample time to process each stimulus, which in turn suggests
that there would be little need for subjects to use the task
instruction to resolve competition for perceptual processing
resources. Instead, the instruction manipulation in our study
primarily biased the degree to which subjects would encode a
specific type of stimulus for working memory processing.
Thus, in the present study, knowledge of the task-relevant
category was used to resolve competition for mnemonic
processing resources. Accordingly, the finding of category-
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specific modulation of inferior temporal encoding activity as
a function of task relevance represents a novel demonstration
that, independent of perceptual stimulation, biasing of infe-
rior temporal representations supports WM encoding oper-
ations. Furthermore, by identifying a neural correlate of WM
encoding independent of perceptual processing and compe-
tition, our results add support to cognitive theories proposing
that the encoding of information into WM may recruit
processes that are independent of stimulus-related perceptual
processing [27,29].

We can hypothesize two possible mechanisms to account
for this pattern of results. One possibility is that knowledge
of the task-relevant category served to facilitate encoding of
the items from this category. Another possibility is that
knowledge of the irrelevant category was used to inhibit
encoding items from that category. By this view, WM
encoding and maintenance operations serve to inhibit dis-
tracting information [40,54], instead of or in addition to
activating relevant information. This is a reasonable possi-
bility in the present study, given that stimuli were only
drawn from two categories (i.e., when instructed to encode
faces, it might be beneficial to inhibit scenes). Future
research will be necessary to determine the degree to which
WM encoding mechanisms reflect selection of task-relevant
information vs. inhibition of irrelevant information.

4.2. Neural correlates of WM maintenance

Our findings of category-specific modulation of inferior
temporal activity during the delay period are consistent with
results from physiological studies of monkeys suggesting
that object WM maintenance is accomplished by activating
object representations in posterior cortical regions [17,42].
For example, several studies have shown that inferior
temporal neurons that exhibit object-selective responses
during perception also exhibit sustained responses when
the preferred object is retained in memory [39,41,44]. This
type of persistent stimulus-specific neural activity is gener-
ally interpreted as a correlate of WM maintenance [60], but
one might nonetheless question whether this activity actu-
ally contributes to WM task performance.

For example, Miller et al. [39] reported that delay period
activity in anterior inferior temporal neurons was not evident
following the presentation of distracting stimuli. However,
the null result reported by Miller et al. [39] should be
interpreted with caution. Nakamura and Kubota [44]
recorded from anterior inferior temporal cortex in a task
similar to that used by Miller et al. [39], but these inves-
tigators found that inferior temporal delay period activity
remained robust even with presentation of distracting items.
Nakamura and Kubota [44] also demonstrated that the
duration of delay period activity in these neurons increased
with the length of the memory delay. Convergent results were
also reported in a human event-related fMRI study of face
WM conducted by Postle et al. [48]. Consistent with the
results of Nakamura and Kubota [44], and in contrast to the

results of Miller et al. [39], Postle et al. [48] found that the
FFA exhibited delay period activity associated with mainte-
nance of faces, and that this activity remained robust even
after the presentation of distractor stimuli. Although further
investigation will be necessary to resolve these conflicting
findings, the preponderance of evidence suggests that the
category-specific patterns of inferior temporal activity
reported here reflected the active encoding and maintenance
of information critical to performance on many WM tasks.

4.3. Frontotemporal networks for visual working memory

Another finding of the present study was that dorsolateral
PFC and inferior temporal cortex exhibited distinct response
properties across our manipulations of task relevance and
memory load. Specifically, we found that inferior temporal
activity during the cue and memory delay reflected the type
of information that was task relevant, but it was not robustly
sensitive to the amount of task-relevant information that was
retained (i.e., the memory load). In contrast, in the dorso-
lateral PFC, activity reflected the amount of task relevant
information that was to be encoded and maintained, rather
than the type of information that was task relevant. Our
findings along with other recent neurophysiological [15]
and lesion [46] data suggest complementary roles for these
regions in visual WM processes.

For example, Petrides [46] compared the effects of dor-
solateral prefrontal and inferior temporal lesions on the
performance of visual WM tasks. Results showed that in-
creasing the delay during which information was to be
retained significantly impaired performance in monkeys with
inferior temporal lesions. In contrast, monkeys with dorso-
lateral PFC lesions exhibited intact performance regardless of
the length of the memory delay; however, these monkeys
were impaired when the number of stimuli to be monitored
was increased. Based on these findings, Petrides [46] con-
cluded that the inferior temporal cortex and dorsolateral PFC
play complementary roles in WM. Whereas sustained activity
in inferior temporal cortex may be more critical for main-
taining visual object information, the dorsolateral PFC may
be more critical for retaining representations of multiple
events and their relative status. The findings of the present
study are consistent with this conclusion in that functional
activity within the human inferior temporal cortex reflected
the encoding and retention of specific visual information
across the delay, whereas prefrontal activity was sensitive to
the number of items to be maintained.

5. General conclusions

A large body of previous work has implicated the dorso-
lateral prefrontal cortex as a critical component of distributed
networks that mediate WM encoding and maintenance pro-
cesses [6,12,18,20,37,49]. The present findings of memory
load-dependent activity in PFC are consistent with this
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perspective. In addition, by identifying a role for inferior
temporal cortex in visual WM encoding and maintenance
operations, the present results clearly demonstrate that high-
level visual areas are part of this network. At a higher level,
these findings are consistent with the view that WM process-
es are mediated by reverberating activity through circuits that
represent task-relevant information [17,21].

Acknowledgements

We would like to thank Jason Druzgal, Ben Inglis, and
John Ollinger for assistance and Adam Gazzaley for his
suggestions on a prior version of this manuscript. This
research was supported by grants from the McDonnell-Pew
Program in Cognitive Neuroscience, NIH grants MH63548,
MH63901, AG15793, NS40813, and a UC Davis Faculty
Research Grant.

References

[1] G.K. Aguirre, E. Zarahn, M. D’Esposito, Empirical analyses of
BOLD fMRI statistics: II. Spatially smoothed data collected under
null-hypothesis and experimental conditions, Neurolmage 5 (1997)
199-212.

[2] G.K. Aguirre, E. Zarahn, M. D’Esposito, The variability of human,
BOLD hemodynamic responses, Neurolmage 8 (1998) 360—369.

[3] E. Awh, J. Jonides, Overlapping mechanisms of attention and spatial
working memory, Trends Cogn. Sci. 5 (2001) 119-126.

[4] E. Awh, J. Jonides, P.A. Reuter-Lorenz, Rehearsal in spatial wor-
king memory, J. Exp. Psychol. Hum. Percept. Perform. 24 (1998)
780—790.

[5] E. Awh, L. Anllo-Vento, S.A. Hillyard, The role of spatial selective
attention in working memory for locations: evidence from event-re-
lated potentials, J. Cogn. Neurosci. 12 (2000) 840—847.

[6] R. Cabeza, L. Nyberg, Imaging cognition: II. An empirical review of
275 PET and fMRI studies, J. Cogn. Neurosci. 12 (2000) 1-47.

[7]1 S.M. Courtney, L.G. Ungerleider, K. Keil, J.V. Haxby, Transient and
sustained activity in a distributed neural system for human working
memory, Nature 386 (1997) 608—611.

[8] S.M. Courtney, L. Petit, J.V. Haxby, L.G. Ungerleider, The role of
prefrontal cortex in working memory: examining the contents of con-
sciousness, Philos. Trans. R. Soc. Lond., B Biol. Sci. 353 (1998)
1819-1828.

[9] R. Dell’Acqua, P. Jolicoeur, Visual encoding of patterns is subject to
dual-task interference, Mem. Cogn. 28 (2000) 184—191.

[10] R. Desimone, Visual attention mediated by biased competition in
extrastriate visual cortex, Philos. Trans. R. Soc. Lond., B Biol. Sci.
353 (1998) 1245-1255.

[11] R. Desimone, J. Duncan, Neural mechanisms of selective visual at-
tention, Annu. Rev. Neurosci. 18 (1995) 193-222.

[12] M. D’Esposito, B.R. Postle, Neural correlates of component processes
of working memory: evidence from neuropsychological and pharma-
cological studies, in: S. Monsell, J. Driver (Eds.), Attention and Per-
formance: XVIII. Control of Cognitive Processes, MIT Press,
Cambridge, MA, 2000, pp. 579—602.

[13] T.J. Druzgal, M. D’Esposito, Dissecting contributions of prefrontal
cortex and fusiform face area to face working memory, J. Cogn.
Neurosci. 15 (2003) 771-784.

[14] R. Epstein, N. Kanwisher, A cortical representation of the local visual
environment, Nature 392 (1998) 598—601.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

D.J. Freedman, M. Riesenhuber, T. Poggio, E.K. Miller, A compari-
son of primate prefrontal and inferior temporal cortices during visual
categorization, J. Neurosci. 23 (2003) 5235-5246.

K.J. Friston, J. Ashburner, C.D. Frith, J.-B. Poline, J.D. Heather,
R.S.J. Frackowiak, Spatial registration and normalization of images,
Hum. Brain Mapp. 2 (1995) 165-189.

J.M. Fuster, Memory in the Cerebral Cortex, MIT Press, Cambridge,
1995.

J. Fuster, The Prefrontal Cortex: Anatomy, Physiology, and Neuro-
psychology of the Frontal Lobes, 3rd edn., Raven Press, New York,
1997.

D.R. Gitelman, A.C. Nobre, T.B. Parrish, K.S. LaBar, Y.H. Kim,
J.R. Meyer, M. Mesulam, A large-scale distributed network for co-
vert spatial attention: further anatomical delineation based on strin-
gent behavioural and cognitive controls, Brain 122 (Pt 6) (1999)
1093-1106.

P.S. Goldman-Rakic, Circuitry of the prefrontal cortex and the regu-
lation of behavior by representational memory, in: F. Plum, V. Mount-
castle (Eds.), Handbook of Physiology: Sec 1. The Nervous System.
Vol 5., Vol. Section I, vol V, Part 1, American Physiological Society,
Bethesda, 1987, pp. 373—-417.

D.O. Hebb, Organization of behavior: A Neuropsychological Theory,
Wiley, New York, 1949.

J.B. Hopfinger, M.G. Woldorff, E.M. Fletcher, G.R. Mangun, Disso-
ciating top—down attentional control from selective perception and
action, Neuropsychologia 39 (2001) 1277—-1291.

S.A. Huettel, P.B. Mack, G. McCarthy, Perceiving patterns in random
series: dynamic processing of sequence in prefrontal cortex, Nat.
Neurosci. 5 (2002) 485-490.

A.P. Jha, Tracking the time-course of attentional involvement in spa-
tial working memory: an event-related potential investigation, Cogn.
Brain Res. 15 (2002) 61—69.

A.P. Jha, G. McCarthy, The influence of memory load upon delay-
interval activity in a working memory task: an event-related function-
al MRI study, J. Cogn. Neurosci. 12 (2000) 90—105.

J.S. Johnson, B.A. Olshausen, Time-course of neural signatures of
object recognition, J. Vis. 3 (2003) 499-512.

M.K. Johnson, J.A. Reeder, C.L. Raye, K.J. Mitchell, Second
thoughts versus second looks: an age-related deficit in reflective-
ly refreshing just-activated information, Psychol. Sci. 13 (2002)
64-67.

M.K. Johnson, C.L. Raye, K.J. Mitchell, E.J. Greene, A.W. Ander-
son, fMRI evidence for an organization of prefrontal cortex by
both type of process and type of information, Cereb. Cortex 13
(2003) 265-273.

P. Jolicoeur, R. Dell’Acqua, The demonstration of short-term conso-
lidation, Cogn. Psychol. 36 (1998) 138-202.

P. Jolicoeur, R. Dell’Acqua, Selective influence of second target ex-
posure duration and load effects in the attentional blink phenomenon,
Psychon. Bull. Rev. 7 (2000) 472—-479.

N. Kanwisher, E. Wojciulik, Visual attention: insights from brain
imaging, Nat. Rev., Neurosci. 1 (2000) 91-100.

N. Kanwisher, J. McDermott, M.M. Chun, The fusiform face area: a
module in human extrastriate cortex specialized for face perception,
J. Neurosci. 17 (1997) 4302—-4311.

S. Kastner, L.G. Ungerleider, Mechanisms of visual attention in the
human cortex, Annu. Rev. Neurosci. 23 (2000) 315-341.

K.S. LaBar, D.R. Gitelman, T.B. Parrish, M. Mesulam, Neuroana-
tomic overlap of working memory and spatial attention networks: a
functional MRI comparison within subjects, Neurolmage 10 (1999)
695-704.

M.M. Mesulam, From sensation to cognition, Brain 121 (Pt 6) (1998)
1013-1052.

F.M. Miezin, L. Maccotta, J.M. Ollinger, S.E. Petersen, R.L. Buckner,
Characterizing the hemodynamic response: effects of presentation
rate, sampling procedure, and the possibility of ordering brain activity
based on relative timing, Neurolmage 11 (2000) 735—-759.



[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

C. Ranganath et al. / Cognitive Brain Research xx (2004) xxx—xxx 9

E.K. Miller, The prefrontal cortex and cognitive control, Nat. Rev.,
Neurosci. 1 (2000) 59-65.

E.K. Miller, J.D. Cohen, An integrative theory of prefrontal cortex
function, Annu. Rev. Neurosci. 24 (2001) 167-202.

E.K. Miller, L. Li, R. Desimone, Activity of neurons in anterior
inferior temporal cortex during a short-term memory task, J. Neuro-
sci. 13 (1993) 1460—1478.

E.K. Miller, C.A. Erickson, R. Desimone, Neural mechanisms of
visual working memory in prefrontal cortex of the macaque, J. Neuro-
sci. 16 (1996) 5154-5167.

Y. Miyashita, H.S. Chang, Neuronal correlate of pictorial short-term
memory in the primate temporal cortex, Nature 331 (1988) 68—70.
Y. Miyashita, T. Hayashi, Neural representation of visual objects: en-
coding and top—down activation, Curr. Opin. Neurobiol. 10 (2000)
187-194.

Y. Miyashita, A. Date, H. Okuno, Configurational encoding of com-
plex visual forms by single neurons of monkey temporal cortex,
Neuropsychologia 31 (1993) 1119—1131.

K. Nakamura, K. Kubota, Mnemonic firing of neurons in the monkey
temporal pole during a visual recognition memory task, J. Neurophy-
siol. 74 (1995) 162—178.

K.M. O’Craven, P.E. Downing, N. Kanwisher, fMRI evidence for
objects as the units of attentional selection, Nature 401 (1999)
584—587.

M. Petrides, Dissociable roles of mid-dorsolateral prefrontal and an-
terior inferotemporal cortex in visual working memory, J. Neurosci.
20 (2000) 7496—7503.

B.R. Postle, E. Zarahn, M. D’Esposito, Using event-related fMRI to
assess delay-period activity during performance of spatial and non-
spatial working memory tasks, Brain Res. Protoc. 5 (2000) 57—66.
B.R. Postle, T.J. Druzgal, M. D’Esposito, Seeking the neural sub-
strates of visual working memory storage, Cortex 39 (2003) 927—946.
G. Rainer, C. Ranganath, Coding of objects in the prefrontal cortex in
monkeys and humans, Neuroscientist 8 (2002) 6—11.

C. Ranganath, M.K. Johnson, M. D’Esposito, Prefrontal activity as-
sociated with working memory and episodic long-term memory, Neu-
ropsychologia 41 (2003) 378—389.

C.L. Raye, M.K. Johnson, K.J. Mitchell, J.A. Reeder, E.J. Greene,

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[62]

[63]

Neuroimaging a single thought: dorsolateral PFC activity associated
with refreshing just-activated information, Neurolmage 15 (2002)
447-453.

J.B. Rowe, R.E. Passingham, Working memory for location and time:
activity in prefrontal area 46 relates to selection rather than mainte-
nance in memory, Neurolmage 14 (2001) 77-86.

J.B. Rowe, 1. Toni, O. Josephs, R.S. Frackowiak, R.E. Passingham,
The prefrontal cortex: response selection or maintenance within work-
ing memory? Science 288 (2000) 1656—1660.

K. Sakai, J.B. Rowe, R.E. Passingham, Active maintenance in pre-
frontal area 46 creates distractor-resistant memory, Nat. Neurosci. 5
(2002) 479-484.

J.B. Sala, P. Rama, S.M. Courtney, Functional topography of a dis-
tributed neural system for spatial and nonspatial information mainte-
nance in working memory, Neuropsychologia 41 (2003) 341-356.
S. Sternberg, High-speed scanning in human memory, Science 153
(1966) 652—654.

J. Talairach, P. Tournoux, Co-Planar Stereotaxic Atlas of the Human
Brain, Thieme, New York, 1988.

F. Tong, K. Nakayama, J.T. Vaughan, N. Kanwisher, Binocular rivalry
and visual awareness in human extrastriate cortex, Neuron 21 (1998)
753-759.

E.K. Vogel, S.J. Luck, Delayed working memory consolidation dur-
ing the attentional blink, Psychon. Bull. Rev. 9 (2002) 739—-743.
X.J. Wang, Synaptic reverberation underlying mnemonic persistent
activity, Trends. Neurosci. 24 (2001) 455—463.

E. Wojciulik, N. Kanwisher, J. Driver, Covert visual attention modu-
lates face-specific activity in the human fusiform gyrus: fMRI study,
J. Neurophysiol. 79 (1998) 1574—1578.

E. Zarahn, G. Aguirre, M. D’Esposito, A trial-based experimental
design for fMRI, Neurolmage 6 (1997) 122—-138.

E. Zarahn, G.K. Aguirre, M. D’Esposito, Empirical analyses of
BOLD fMRI statistics: I. Spatially unsmoothed data collected under
null-hypothesis conditions, Neurolmage 5 (1997) 179-197.

D.A. Handwerker, J.M. Ollinger, M. D’Esposito, Variation of BOLD
hemodynamic responses across subjects and brain regions and their
effects on statistical analyses, Neurolmage (2004), in press.



	Category-specific modulation of inferior temporal activity during working memory encoding and maintenance
	Introduction
	Materials and methods
	Subjects
	Behavioral task
	MRI acquisition and processing
	Data analysis
	Regions of interest (ROIs)
	fMRI planned comparisons

	Results
	Behavioral results
	Imaging data
	Inferior temporal ROIs
	Dorsolateral PFC ROI


	Discussion
	Neural correlates of WM encoding
	Neural correlates of WM maintenance
	Frontotemporal networks for visual working memory

	General conclusions
	Acknowledgements
	References


