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Corrections

BIOCHEMISTRY. For the article ‘‘Spontaneous nucleotide exchange
in low molecular weight GTPases by fluorescently labeled
�-phosphate-linked GTP analogs,’’ by Jonas Korlach, Daniel W.
Baird, Ahmed A. Heikal, Kyle R. Gee, Gregory R. Hoffman, and
Watt W. Webb, which appeared in issue 9, March 2, 2004, of
Proc. Natl. Acad. Sci. USA (101, 2800–2805; first published
February 18, 2004; 10.1073�pnas.0308579100), due to a printer’s
error in the legend for Fig. 7, the second to last sentence
appeared incorrectly. The word ‘‘deleted’’ should read ‘‘de-
tected’’ and ‘‘His6’’ should read ‘‘His6.’’ The figure and its
corrected legend appear below.

GENETICS. For the article ‘‘Mice deficient for soluble adenylyl
cyclase are infertile because of a severe sperm-motility defect,’’
by Gloria Esposito, Byjay S. Jaiswal, Fang Xie, Magda A. M.
Krajnc-Franken, Tamara J. A. A. Robben, Ankie M. Strik, Cor
Kuil, Ria L. A. Philipsen, Marcel van Duin, Marco Conti, and Jan
A. Gossen, which appeared in issue 9, March 2, 2004, of Proc.
Natl. Acad. Sci. USA (101, 2993–2998; first published February
19, 2004; 10.1073�pnas.0400050101), the author name Byjay S.
Jaiswal should have appeared as Bijay S. Jaiswal. The online
version has been corrected. The corrected author line appears
below.

Gloria Esposito, Bijay S. Jaiswal, Fang Xie,
Magda A. M. Krajnc-Franken, Tamara J. A. A. Robben,
Ankie M. Strik, Cor Kuil, Ria L. A. Philipsen,
Marcel van Duin, Marco Conti, and Jan A. Gossen

www.pnas.org�cgi�doi�10.1073�pnas.0401409101

MEDICAL SCIENCES. For the article ‘‘Live-specific deletion of neg-
ative regulator Pten results in fatty liver and insulin hypersen-
sitivity,’’ by Bangyan Stiles, Ying Wang, Andreas Stahl, Sara
Bassilian, W. Paul Lee, Yoon-Jung Kim, Robert Sherwin, Sherin
Devaskar, Ralf Lesche, Mark A. Magnuson, and Hong Wu,
which appeared in issue 7, February 17, 2004, of Proc. Natl. Acad.
Sci. USA (101, 2082–2087; first published February 9, 2004;
10.1073�pnas.0308617100), due to a printer’s error, the title
appeared incorrectly and should read ‘‘Liver-specific deletion of
negative regulator Pten results in fatty liver and insulin hyper-
sensitivity.’’ The online version has been corrected.
www.pnas.org�cgi�doi�10.1073�pnas.0401220101

MICROBIOLOGY. For the article ‘‘Analysis of an orf virus
chemokine-binding protein: Shifting ligand specificities among
a family of poxvirus viroceptors,’’ by Bruce T. Seet, Catherine A.
McCaughan, Tracy M. Handel, Andrew Mercer, Craig Brunetti,
Grant McFadden, and Stephen B. Fleming, which appeared in
issue 25, December 9, 2003, of Proc. Natl. Acad. Sci. USA (100,
15137–15142; first published December 1, 2003; 10.1073�
pnas.2336648100), the authors note the following errors in Table
1. In the ‘‘Chemokine’’ column, MIP-1� and MIP-1� have
inadvertently been switched. Also, in the ‘‘Kd, nM’’ column, the
value for MIP-1� should read 0.331 instead of 0.032. The
corrected table appears below.

Fig. 7. BODIPY analogs prevent interactions of Cdc42 with PAK. (A) Fluo-
rescence anisotropy of 250 nM Cdc42, preloaded with BODIPY FL GTP-�-S to
which 4 �M PAK-binding domain (GST-PBD) was added (arrow). (B) Absence
of binding was confirmed by Western blot analysis. Increasing amounts of
Cdc42-His preloaded with the indicated fluorescent GTP analog were incu-
bated with GST-PBD attached to agarose beads. Bound Cdc42-His was de-
tected by using a His6 antibody. Binding of GST-PBD to MANT-GMPPNP-loaded
Cdc42 is shown as a positive control.

www.pnas.org�cgi�doi�10.1073�pnas.0401191101

Table 1. Kinetic binding parameters of ORFV NZ2 CBP to various
human chemokines

Chemokine kon � 107, M�1�s�1 koff � 10�3, s�1 Kd, nM

CC-chemokines
Eotaxin 0.56 � 0.02 0.05 � .003 0.008
MCP-3 0.71 � 0.14 0.29 � 0.08 0.043
MCP-1 1.02 � 0.23 1.86 � 0.13 0.186
MIP-1� 0.64 � 0.13 2.12 � 0.36 0.331
MIP-1� 2.02 � 0.39 11.99 � 4.03 0.583
I-309 0.23 � 0.08 20.27 � 5.69 9.25
MDC NB
TARC NB

C-chemokine
Lymphotactin 1.33 � 0.48 8.01 � 3.02 0.598

Values represent mean � SD and were obtained from global fitting analysis
of four different concentrations, each performed in triplicate. Sensorgrams
were generated by observing the association and dissociation phases of
chemokines binding immobilized ORFV NZ2 CBP. Chemokines that did not
bind are indicated by NB. CX3C-chemokine (fractalkine) and CXC-chemokines
[murine stromal cell-derived factor (SDF)-1, human SDF-1 � and �, and IL-8] did
not bind and are not shown. MDC, monocyte-derived chemokine; TARC,
thymus- and activation-regulated chemokine.

www.pnas.org�cgi�doi�10.1073�pnas.0401131101
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PSYCHOLOGY. For the article ‘‘Memory’s echo: Vivid remembering
reactivates sensory-specific cortex,’’ by Mark E. Wheeler, Steven E.
Petersen, and Randy L. Buckner, which appeared in issue 20,
September 26, 2000, of Proc. Natl. Acad. Sci. USA (97, 11125–

11129), the authors note that they inadvertently plotted the data in
Fig. 3f from a retrieval condition in a different region of the brain.
The corrected figure and its legend appear below. This correction
does not affect the conclusions of the article.

Fig. 3. Regions in fusiform (a) and superior temporal (d) gyri (see Tables 1 and 2 for peak coordinates) associated with retrieval of pictures and sounds,
respectively. Time courses in fusiform (b) and superior temporal (e) regions representing signal changes relative to fixation for Recall of pictures (open squares)
and sounds (open circles). All time courses reflect an increased response, with picture � sound in fusiform gyrus and sound � picture in superior temporal gyrus.
Note that a certain level of positive response in fusiform gyrus to sound trials was expected because of the presence of visually presented labels during sound
trials. Time courses for regions in fusiform (c) and superior temporal ( f) gyri representing signal changes relative to fixation for perception of Old (open circles)
and New (open squares) items. Signal change for New items in fusiform gyrus was slightly higher than for Old items but similar in superior temporal gyrus.

www.pnas.org�cgi�doi�10.1073�pnas.0400883101

PNAS � April 6, 2004 � vol. 101 � no. 14 � 5181
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Memory’s echo: Vivid remembering reactivates
sensory-specific cortex
Mark E. Wheeler*, Steven E. Petersen*†‡, and Randy L. Buckner*†§¶

Departments of *Psychology, †Radiology, Anatomy, and Neurobiology, and ‡Neurology, and §Howard Hughes Medical Institute, Washington University
School of Medicine, St. Louis, MO 63110

Edited by Marcus E. Raichle, Washington University School of Medicine, St. Louis, MO, and approved July 24, 2000 (received for review May 17, 2000)

A fundamental question in human memory is how the brain
represents sensory-specific information during the process of re-
trieval. One hypothesis is that regions of sensory cortex are
reactivated during retrieval of sensory-specific information (1–3).
Here we report findings from a study in which subjects learned a
set of picture and sound items and were then given a recall test
during which they vividly remembered the items while imaged by
using event-related functional MRI. Regions of visual and auditory
cortex were activated differentially during retrieval of pictures and
sounds, respectively. Furthermore, the regions activated during
the recall test comprised a subset of those activated during a
separate perception task in which subjects actually viewed pictures
and heard sounds. Regions activated during the recall test were
found to be represented more in late than in early visual and
auditory cortex. Therefore, results indicate that retrieval of vivid
visual and auditory information can be associated with a reacti-
vation of some of the same sensory regions that were activated
during perception of those items.

We are readily able to remember past experiences that
include vivid sensory-specific representations, such as the

appearance of a recently encountered face or the sound of a new
song. A fundamental question about memory is how the brain
codes these rich sensory aspects of a memory during the process
of retrieval. One longstanding hypothesis is that brain regions
active during sensory-induced perceptions are reactivated during
retrieval of such information (1–3). Evidence in support of a
reactivation hypothesis comes from studies of the visual system.
Penfield and Perot stimulated visual cortex in awake humans and
were able to induce specific visual memories, such as the image
of a familiar street (4). Single-unit studies in nonhuman primates
have shown learning-induced modulation of inferior temporal
neurons to visual associations such that the neurons showed
response selectivity for learned visual items (5, 6). Additionally,
studies of mental imagery suggest that activity in visual cortex
increases during the active reconstruction of visual images (7, 8).
The process by which auditory information is coded in memory
is less clear. As with visual cortex, however, Penfield and Perot
also discovered that they could elicit specific auditory memories
from patients, such as the sound of a mother’s voice, when they
stimulated regions of the superior temporal lobes (4).

The goal of the present study was to identify regions of the
brain associated with the retrieval of vivid visual- and auditory-
specific information and to determine the extent to which these
regions are a subset of regions primarily associated with modal-
ity-specific perception (encoding) of the same information. In
other words, the goal is to determine to what extent sensory
regions are reactivated during retrieval of sensory-specific in-
formation. To encourage vivid retrieval, a paradigm was devel-
oped in which subjects studied extensively a set of picture and
sound items, each of which was paired with a descriptive label.
For example, the label DOG was paired with a picture of a dog
for half of the subjects and with the sound of a dog barking for
the other half. After study, event-related functional MRI (9, 10)
was used while subjects performed tasks requiring either the

perception of presented sounds and pictures or the recall of
studied sounds and pictures from memory.

Three separate tasks were examined. During the Recall task,
no pictures or sounds were presented. Subjects saw only the
labels of previously studied items and actively retrieved the
pictures and sounds from long-term memory, indicating whether
the studied item had been a sound or a picture. During the
Perception task, subjects were presented with the studied (Old)
items and indicated whether they were sounds or pictures. A
third task was identical to the Perception task, except the items
had not been studied (New). This final task was examined to
determine the extent to which repeated exposure to items can
mimic effects similar to those observed during retrieval of
sensory-specific information.

Materials and Methods
Twenty-four subjects were recruited from the Washington
University community. All subjects had normal or corrected-
to-normal vision, were native English speakers, reported no
history of significant neurological problems, and showed a
strong right-handed preference as measured by the Edinburgh
Handedness Inventory (11). Subjects were paid for participa-
tion and provided informed consent in accordance with guide-
lines set by the Washington University Human Studies Com-
mittee. Of the 24 subjects, 3 were removed from subsequent
analysis because of excessive movement (.1mmyrun). Two
additional subjects were removed for failing to comply with the
behavioral procedures. A final subject was removed for tech-
nical reasons associated with structural data misalignment.
Data analysis pertains to the remaining 18 subjects (7 male, 11
female; mean age 24.6 years).

Imaging Procedures. Imaging was conducted on a Siemens 1.5-
Tesla Vision System (Erlangen, Germany). Headphones were
used to dampen scanner noise and to present auditory stimuli.
Visual stimuli were generated on an Apple Power Macintosh G3
computer by using PSYSCOPE (12) and were projected onto a
screen positioned at the head of the magnet bore by using an
Ampro model LCD-150 projector (AmPro, Melbourne, FL).
Subjects viewed the stimuli by way of a mirror mounted on the
head coil. Subjects responded by using a fiber-optic light-
sensitive keypress interfaced with a PsyScope Button Box (Car-
negie Mellon University, Pittsburgh, PA). Both a pillow placed
within the head coil and a thermoplastic face mask were used to
minimize head movement.

Structural images were acquired first by using a sagittal
MP-RAGE T1-weighted sequence (TR 5 9.7 ms, TE 5 4 ms, f lip

This paper was submitted directly (Track II) to the PNAS office.

Abbreviation: BA, Brodmann’s area.
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angle 5 10°, TI 5 20 ms, TD 5 500 ms). A series of functional
images were then collected with an asymmetric spin-echo echo-
planar imaging sequence sensitive to BOLD contrast (T2*)
(TR 5 2.5 s, TE 5 37 ms, 3.75 3 3.75-mm in-plane resolution).
During each functional run, 128 sets of 16 contiguous 8-mm-
thick axial images were acquired, allowing complete brain
coverage at a high signal-to-noise ratio [T. E. Conturo, R. C.
McKinstry, E. Akbudak, A. Z. Snyder, T. Z. Yang & M. E.
Raichle (1996) Soc. Neurosci. Abstr. 22, 7]. The first four images
in each run were discarded to allow for stabilization of longitu-
dinal magnetization. Each run duration was approximately 5
min, with a 3-min interval between runs. The imaging session
lasted approximately 2 h.

Behavioral Procedures. Subjects studied a set of 20 pictures and 20
sounds over a 2-day period. Each picture and sound was paired
with a descriptive label and each study session consisted of 10
blocks of the 40 stimuli per day. Item modality was counterbal-
anced across subjects such that for half of the subjects a picture
was associated with a particular label while for the other half a
sound was paired with that label. Each picture study trial
consisted of the presentation of a label for 750 ms, followed by
500 ms fixation, then by the visual item for 3 s. Each auditory
study trial consisted of 750-ms label followed by 4.25-s fixation,
during which the auditory stimulus was presented. Picture
stimuli ranged in size from 3° to 11° visual angle and included
both grayscale and color pictures. Sound stimuli were con-
structed such that their durations ranged from 1.0 s 2 2.5 s with
an even distribution across that range. Instructions during study
were to memorize each picture and sound thoroughly, and
subjects were informed that a test would be given on the items
during the scan. Subjects were unaware of the exact nature of the
test until immediately before it was actually administered. All
text was in 24-pt bold Geneva font (black-on-white on-screen
presentation), and all visually presented items were centered on
the screen. Total length of study and test trials was 5 s.

On the third day, all subjects were scanned by using functional
MRI and were given both a Perception and a Recall test. During
the Perception test, subjects were presented with each studied
labelyitem pair, viewed or listened to the item, and made a
right-hand button press indicating whether it was a picture or a
sound. During the Recall task, subjects saw only the labels of
previously studied items and were instructed to retrieve the items
from long-term memory and, after fully retrieving the informa-
tion, to make a button response indicating whether their memory
was of a picture or sound. The purpose of the perception task was
to define sensory-specific regions that might be reactivated
during the Recall task. Reaction times for button presses were
recorded on a Macintosh G3 computer. There were a total of
four functional runs per subject. The Perception test was given
during the first two runs, the Recall test during the next two.
Each run comprised 60 randomly intermixed trials, including 20
visual, 20 auditory, and 20 baseline fixation trials, yielding a total
of 40 visual, 40 auditory, and 40 fixation trials per test condition
for each subject.

Six of the subjects received two additional runs each of the
Perception and Recall tests (for a total of eight runs). The
labelyitem pairs for the additional two runs of Perception were
entirely new. This condition was added to investigate the effect
of repeated exposure to studied items on perception of those
items.

Event-Related Functional MRI Data Analysis. Data from the func-
tional runs were preprocessed to correct for oddyeven slice
intensity differences and motion artifact by using a rigid-body
rotation (13). Sync interpolation was used to account for
between-slice timing differences caused by differences in acqui-
sition order, and linear slope was removed on a voxel-by-voxel

basis (14). The data were normalized to a mean magnitude value
of 1,000. To permit across-subject analysis, anatomic and func-
tional data were transformed into stereotaxic atlas space based
on Talairach and Tournoux (15).

Functional data were averaged selectively (9, 16) across runs
on the basis of testing condition (Perception, Recall) and trial
type (picture, sound, fixation). Data were then averaged across
subjects and statistical activation maps constructed on the
basis of comparisons between trial types by using a t-statistic
(9). A set of estimated hemodynamic response curves were
used as a comparison with the obtained hemodynamic re-
sponses. The estimated response curves consisted of a set of
time-shifted g functions (16, 17). Statistical activation maps
were generated by comparison of Sound and Picture trials
(Sound-Picture). Peak coordinates were generated with the
statistical criteria of 19 or more contiguous voxels (152 mm3

volume) above P , 0.001 (see ref. 16). For significant peaks
occurring closer than 12 mm of one another, the most signif-
icant peak was retained.

To obtain time courses for regions of interest, regional
analyses were performed on the averaged Sound-Picture data by
using the identified peak locations as seed points. Specifically, all
voxels within 12 mm of a peak location that were more significant
than P , 0.001 were included in the region. Mean percent signal
change was then computed for each event type (visual, auditory,
fixation). For all regional analyses, baseline fixation was sub-
tracted from Sound and Picture trials to obtain a mean regional
signal change that was not contaminated by hemodynamic
response overlap (9, 10, 16). Further analysis of time-course data
was completed by using paired t tests (random-effects model) to
compare time-course amplitude estimates (18) for picture and
sound trials in both fusiform and superior temporal regions. In
addition, one sample t test was used to determine whether the
signal in each region for each condition differed significantly
from zero.

Results
Behavioral performance indicated that subjects were readily
able to identify whether the studied items were pictures or
sounds (98.8% accuracy). Moreover, two sources of behavioral
data suggest that subjects were likely to be retrieving the items
in a manner preserving aspects of the original perception of the
item. First, on debriefing, all subjects reported a clear sense of
remembering vivid details of the studied items. Second, the
reaction time data from the scanned Recall test showed a
significant correlation between the response duration and the
actual length of the original studied sounds. Subjects took longer
to respond when remembering studied sounds that were longer
in duration (r 5 0.32, P , 0.05). In an independent behavioral
study of 24 subjects (using similar study procedures), this be-
havioral observation was reinforced by finding that subjects,
when explicitly asked, could indicate readily the duration of
studied sounds (r 5 0.68, P , 0.0001) and width of studied
pictures (r 5 0.68, P , 0.0001). Note that during the scanned
Recall test, subjects were not asked explicitly to retrieve specific
item features, such as duration, as was done in the behavioral
study.

Brain activity maps, comparing picture to sound trials, were
constructed separately for the Perception and Recall tasks (Fig.
1). Comparison of picture and sound trials during Perception
showed activation in regions of sensory cortex, including many
primary and nonprimary visual and auditory cortical regions
(Fig. 1 a, c, and e). Activations in visual cortex extended from
middle occipital gyrus ventrally along fusiform gyrus [near
Brodmann’s area (BA) 18y19; Fig. 1a] and dorsally to precuneus
and parietal cortex (BA 19y7; Fig. 1c), whereas activations in
auditory cortex extended from Heschl’s gyrus to middle tem-
poral gyrus (BA 41y21; Fig. 1e). Also activated in this compar-

11126 u www.pnas.org Wheeler et al.
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ison were bilateral frontal regions associated differentially with
either picture or sound trials. Specifically, perception of pictures
was associated with greater activation of middle frontal gyrus on
the left (BA 47) and on the right (BA 10). Perception of sounds
was associated with greater activation of regions near posterior
inferior frontal gyrus on the left (BA 44y45) and anterior
inferior frontal gyrus on the right (BA 45y46; see Fig. 1).

Of central importance, a subset of the regions activated during
the Perception of pictures and sounds were activated signifi-
cantly during Recall of pictures and sounds (Fig. 1 b, d, and f ),
revealing activity within distinct areas of the brain associated
with sensory-specific memories. Picture Recall (compared with
sound Recall) was associated with an activation near left fusi-
form gyrus (BA 19y7; Fig. 1b) and also bilateral dorsal extra-
striate visual regions extending to precuneus (BA 19y7; Fig. 1d).
Direct plotting of the activated visual locations in reference to
estimated areal boundaries (19) showed that the visual areas
were most likely beyond areas V1, V2, V3a, and V4. For

reference, activation maps were constructed for two of the
subjects (Fig. 2 a and b) showing significant regions of activation
in left fusiform gyrus. Significant peaks (P , 0.001) obtained
during picture Recall are listed in Table 1.

Recall of sounds was associated with bilateral activations near
superior temporal gyrus, with left greater than right (Fig. 1f ).
Note that the right-sided response did not reach statistical
significance by using the strict criteria described in Materials and
Methods. These regions were located lateral and posterior to
primary auditory cortex (BA 22) on the basis of gross anatomical
landmarks (20, 21). Regional specificity relative to primary
auditory cortex was determined by examination of activation and
anatomic maps for the five individual subjects with the most

Fig. 1. Activation maps (Left) show brain areas differentially active during
perception of pictures (a and c; activation in green) and sounds (e; activation
in yellow). Regions of activity span multiple primary and secondary sensory
areas. Maps (Right) show areas differentially active during Recall of pictures (b
and d) and sounds ( f). Areas differentially active during the Recall test rep-
resent a subset of those activated during Perception and include sensory-
specific areas. The black arrow (b) indicates activity in left fusiform gyrus
during Recall of pictures [atlas coordinates (16): x, y, z 5 245, 269, 26].
Bilateral regions in superior occipital and parietal cortex were also activated
during Recall of pictures (L: 223, 265, 40; R: 21, 263, 48). Areas active during
Recall of sounds were near left superior temporal gyrus (f), region indicated
by black arrow; (257, 239, 14) and localize posterior and lateral to primary
auditory cortex.

Fig. 2. Activation maps for individual subjects obtained by comparison of
the hemodynamic response for picture and sound items during the Recall test.
Areas more active during the retrieval of picture (a and b) and sound (c and d)
information are shown. Recall of pictures was associated with activation in left
fusiform gyrus (a and b: arrows). Recall of sounds was associated with activa-
tion of bilateral auditory cortex (c) in one individual and left auditory cortex
(d) in another. Note that the activations in auditory cortex (c and d: arrows) are
lateral and posterior to Heschl’s gyrus.

Table 1. Significant peak locations in Picture Recall > Sound
Recall

Coordinates
Significance

2log(p)

Location

X Y Z BA Anatomic label

223 265 40 31.8 7 L Precuneus
21 263 48 18.8 7 R Precuneus
23 263 36 18.3 7 R Precuneus

217 273 48 14.8 7 L Precuneus
31 269 24 13.4 19 R Middle Occipital
29 21 58 13.1 6 R Middle Frontal

217 261 52 12.8 7 L Parietal
225 27 54 12.5 6 L Middle Frontal
245 269 26 12.4 19 L Fusiform

25 1 46 12.4 6 R Middle Frontal
239 279 18 11.5 19 L Middle Occipital
229 251 40 10.3 7 L Parietal

33 239 34 9.9 7y40 R Parietal

Coordinates are from the Talairach and Tournoux (15) atlas; R, Right; L, Left;
BA, approximate Brodmann area, on the basis of atlas coordinates.

Wheeler et al. PNAS u September 26, 2000 u vol. 97 u no. 20 u 11127

PS
YC

H
O

LO
G

Y



www.manaraa.com

significant effects (maps for two of the subjects are shown in Fig.
2 c and d). For each subject, distinct regions of activation were
lateral and posterior to but did not include Heschl’s gyrus (BA
41). Table 2 lists the significant peaks observed during Recall of
sounds (compared with Recall of pictures).

To explore further the behavior of visual and auditory regions
associated with signal modulation during Recall, time courses for
the averaged picture and sound (both compared with Fixation)
trials were generated for the regions near fusiform (Fig. 3 a and
b) and superior temporal gyri (Fig. 3 d and e). The fusiform
region demonstrated an increased response to retrieved picture
information as compared with sounds [t(17) 5 4.41, P , 0.0005),
with a clear response present during both picture [t(17) 5 8.19,
P , 0.0001) and sound trials [t(17) 5 5.20, P , 0.0001). This
response pattern, including a response during sound Recall, was
expected because of the presence of visual stimuli (label cues)

during both trial types. Recall of pictures appears to significantly
increase the response in fusiform gyrus beyond that elicited by
the visual word cue. The superior temporal region showed an
increased response to sound Recall trials [t(17) 5 3.53, P ,
0.005), but no detectable response to picture trials [t(17) 5 0.51,
P 5 0.61), with a significant difference between Recall for
sounds over recall for pictures [t(17) 5 2.96, P , 0.01). These
results indicate that the fusiform and superior temporal regions
are activated selectively on the basis of the modality of the
retrieved information.

Recall was also associated with bilateral frontal activation for
picture (Left: BA 6; Right: BA 6y44) and sound (Left: BA 44y45;
Right: BA 45y46; see Fig. 1f ) items. These regions were segre-
gated spatially by modality: recall of pictures activated regions
located in dorsolateral prefrontal cortex, whereas recall of
sounds activated regions in inferior prefrontal cortex.

A subgroup of six subjects were given a Perception task in
which entirely new items were presented (New). Activation maps
comparing picture and sound items for Perception of both Old
and New items were generated for this subgroup. Similar regions
were activated for both conditions, with minor variations evident
on visual inspection. To determine what effect Perception of
New vs. Old items had on the critical sensory regions showing
modulation during Recall, time courses were plotted for the
fusiform and superior temporal gyrus regions (Fig. 3 a and d).
Perception of Old pictures resulted in a trend for a slightly
reduced response in fusiform gyrus compared to perception of
New pictures (t[5] 5 2.51, P 5 0.05) (Fig. 3c), perhaps revealing
a subtle example of perceptual priming (22, 23), whereas per-
ception of New and Old sounds showed a similar response in
superior temporal gyrus (t[5] 5 0.70, P 5 0.52) (Fig. 3d).
Critically, the subtle priming effect is in the opposite direction to
that observed in the explicit Recall task, where remembering Old
items was associated with significantly increased activation in
modality-specific regions. Thus, simple repeated exposure to an
item does not mimic the effects of active remembering.

Fig. 3. Regions in fusiform (a) and superior temporal (d) gyri (see Tables 1 and 2 for peak coordinates) associated with retrieval of pictures and sounds,
respectively. Time courses in fusiform (b) and superior temporal (e) regions representing signal changes relative to fixation for Recall of pictures (open squares)
and sounds (open circles). All time courses reflect an increased response, with picture . sound in fusiform gyrus and sound . picture in superior temporal gyrus.
Note that a certain level of positive response in fusiform gyrus to sound trials was expected because of the presence of visually presented labels during sound
trials. Time courses for regions in fusiform (c) and superior temporal ( f) gyri representing signal changes relative to fixation for perception of Old (open circles)
and New (open squares) items. Signal change for New items in fusiform gyrus was slightly higher than for Old items but similar in superior temporal gyrus.

Table 2. Significant peak locations in Sound Recall > Picture
Recall

Coordinates
Significance

2log(p)

Location

X Y Z BA Anatomic label

249 13 12 31.6 44y45 L Inferior Frontal
243 21 0 23.9 45 L Inferior Frontal
257 239 14 15.9 22 L Sup. Temporal Gyrus
255 239 26 13.5 40 L Parietal
251 25 46 12.5 6 L Middle Frontal

51 33 10 10.6 45y46 R Inferior Frontal
221 23 6 10.5 Putamen
23 219 50 9.5 6 L Middle Frontal
29 27 66 9.3 3y1 L Postcentral Gyrus

Coordinates are from the Talairach and Tournoux (15) atlas; R, Right; L. Left;
Sup, Superior; BA, approximate Brodmann area on the basis of atlas coordi-
nates.
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Discussion
These results indicate clearly that brain areas in visual and
auditory cortex are transiently active during memories that
involve vivid visual and auditory content, respectively. Retrieval
of pictures activates secondary visual areas, whereas retrieval of
sounds activates secondary auditory areas. The visual regions
activated include a left ventral fusiform region typically associ-
ated with object properties such as shape, color, and texture (24,
25) and several bilateral dorsal regions near precuneus that have
been associated with the processing of spatial properties of
objects (25, 26). The functional nature of the auditory regions
associated with Recall is less well characterized. To determine
the extent to which the regions activated during Recall com-
prised a subset of those activated during Perception, signal
change time courses for picture and sound Recall trials were
examined in earlier regions of visual and auditory cortex (lingual
and Heschl’s gyri, respectively; not shown in the figures). The
most prominent signal modulations between retrieval of pictures
vs. sounds were found in secondary cortex, whereas earlier
cortex showed relatively little, if any, effect of modality. This
indicates that the sensory-specific regions activated most ro-
bustly during Recall of pictures and sounds represent a distinct
subset of those activated during Perception, specifically involving
late rather than early sensory regions in this study.

Taken collectively, these data demonstrate clearly that vivid
retrieval of sensory-specific information can involve the reacti-
vation of sensory processing regions, supporting a reactivation
hypothesis (1–3). Several open questions remain, such as
whether these findings will generalize to situations where a single
study episode is performed and whether earlier sensory regions
can be activated when source retrieval encourages access to
specific visual features. Recent evidence from Nyberg et al. (27)
indicates that these results may generalize to situations in which
information is encoded in a single episode.

These results are broadly consistent with findings from several
other studies. Miyashita recorded from single units in nonhuman
primate inferior temporal (IT) cortex and found neurons that
responded preferentially to certain previously studied visual
items (6). Importantly, Miyashita determined that these items

had become associated with each other during study and that the
neuronal responses were evidence for the formation of learned
visual associations in IT. D’Esposito et al. (8) had subjects form
mental images of the referents to concrete words during func-
tional MRI and found a region of increased response in left
fusiform gyrus. Concerning the auditory domain, the present
results are in agreement with a recent study by Zatorre et al.
using positron-emission tomography that showed a bilateral
increase in blood flow in auditory cortex during recall of
songs (28).

Interestingly, the regions activated during Recall showed a
tendency to be left lateralized. Visual cortex activations in
fusiform gyrus were strictly on the left (using our statistical
criteria), whereas the more dorsal occipitoparietal activations
were bilateral. Auditory activations were bilateral at a lower
statistical threshold (Fig. 2 b and d) with only the left region
reaching the strict criteria applied during analysis (but see ref.
27). The reason why significant fusiform gyrus activation was
limited to the left hemisphere is unclear. Lesion studies have
shown that patients with posterior left hemisphere lesions have
difficulty with image generation (29) and visual memory (30).
Likewise, neuroimaging studies of visual mental imagery show
strong left-lateralized activations (7, 8). These results suggest
that left visual cortical areas are involved in the retrieval of at
least certain types of visual information from long-term memory.
The role of the frontal regions in the Recall task is also of
considerable interest. One possible hypothesis is that prefrontal
cortex coordinates top-down memory retrieval processes by
which information represented in posterior cortex is accessed
and manipulated in accordance with current task goals (31, 32).
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