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Neuronal models predict that retrieval of specific event information reactivates brain regions that were active during encoding of this information. Consistent with this prediction, this
positron-emission tomography study showed that remembering
that visual words had been paired with sounds at encoding
activated some of the auditory brain regions that were engaged
during encoding. After word-sound encoding, activation of
auditory brain regions was also observed during visual word
recognition when there was no demand to retrieve auditory
information. Collectively, these observations suggest that information about the auditory components of multisensory event
information is stored in auditory responsive cortex and reactivated at retrieval, in keeping with classical ideas about ‘‘redintegration,’’ that is, the power of part of an encoded stimulus
complex to evoke the whole experience.

A

fundamental principle of memory holds that encoding
and retrieval processes are strongly interdependent. A
large number of behavioral studies show that memory performance is enhanced if the encoding conditions match the
retrieval demands. For example, although semantic analysis of
the study material benefits performance on most episodic tests
(1), phonemic analysis can be more effective under certain
retrieval conditions (2). Similarly, the kind of cues that will be
effective at the retrieval stage depends on the extent to which
the cue information overlaps the encoded information (3). In
addition, major shifts between encoding and retrieval of the
internal (4) and external (5) context impairs memory performance. The interrelatedness of encoding and retrieval is also
a salient feature in models of the neural basis of episodic
memory, in that successful retrieval of episodic information is
seen as depending on reactivation of parts of the neural pattern
associated with encoding (6, 7). However, whereas there is
much support from behavioral studies that encoding and
retrieval are interrelated, strong support is lacking at the
neural level.
Functional brain-imaging techniques, which allow monitoring
of brain activity related to encoding and retrieval separately,
offer a way of studying the impact of encoding processes for
subsequent retrieval at the neural level. To date, several
positron-emission tomography and functional MRI studies have
contrasted encoding and retrieval (8), but few studies have
examined commonalties in activation patterns directly (9–13).§
Moreover, to provide strong support that the neural pattern at
encoding is reactivated during retrieval of the encoded information, alternative interpretations in terms of perceptual and
attentional demands need to be ruled out (14).
The present study addressed the issue of whether retrieval of
specific event information is associated with activation of some
of the brain regions that were engaged during encoding of this
information. Specifically, at encoding, a visually presented word
was paired with an auditory stimulus. The purpose of the study
was to see whether auditory responsive cortex would be activated
at retrieval by the visual cue.
Two encoding tasks were used in experiment 1. One task
involved paired presentation of visual words and complex
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sounds. The other task involved presentation of visual words
only. The visual ⫹ auditory task alone was expected to lead to
encoding of auditory event information, and the processing of
such information was expected to be associated with activation
of auditory regions in temporal cortex. The encoding tasks were
followed by two episodic retrieval tasks that involved presentation of visual words. In both retrieval tasks, for each word,
subjects were asked to indicate whether they (i) recognized it and
remembered that it had been paired with a sound at study, (ii)
recognized it and thought it had been presented alone at study,
or (iii) thought it was new. In one retrieval task, the words came
from the visual ⫹ auditory encoding condition. In the other
retrieval task, the words had been part of the visual encoding
task. Thus, the retrieval conditions were identical, with the
exception that only the paired condition was expected to involve
retrieval of auditory event information. Of main concern was
whether the paired retrieval condition, relative to the unpaired
condition, would be associated with increased activity in the
same brain regions that were activated during encoding of
auditory information. Because there was no auditory stimulation
at the retrieval stage, overlapping activity during encoding and
retrieval should not be the result of overlapping perceptual
demands during encoding and retrieval. Also, because the
instruction was identical in both retrieval conditions, observation
of overlap in activity for the paired relative to the unpaired
retrieval condition should not reflect differences in selective
attention across conditions.
A second experiment was designed to replicate and extend the
findings from the first experiment. The extension part was
concerned with what will be referred to as ‘‘incidental reactivation.’’ Experiment 1 as well as the replication part of experiment
2 addressed ‘‘intentional reactivation’’ in the sense that subjects
were instructed to try to remember whether the test words had
been paired with sounds at study. Such instructions put focus on
a potential word-sound association, and subjects intentionally
attempted to retrieve auditory information for each visual word
cue. It has been proposed that when different components of an
event have been consolidated, retrieval of one component will
lead to activation of other components as well (6, 7). This
proposal holds true even when the test situation does not
demand retrieval of the other event components. By this view, if
the word-sound association is strong enough, retrieval of visual
word information should ‘‘incidentally’’ reactivate auditory brain
regions. This prediction was tested by including three visual word
recognition conditions.
In all recognition conditions, subjects were asked to decide
whether they recognized visually presented words as having been
included in any of the preceding encoding lists. The difference
between the recognition conditions had to do with the presence
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Table 1. Overview of design in experiment 1

Table 2. Overview of design in experiment 2

Scan

Scan

Word encoding
Repetition of word encoding
Word-sound encoding
Repetition of word-sound encoding
Recognize words and remember sounds (unpaired)
Recognize words and remember sounds (paired)

Note that the order of scans 1 and 2 as well as 3 and 4 was counterbalanced
across subjects.

and strength of a word-sound associations (no兾weak兾strong
association). Based on the hypothesis that incidental reactivation
depends on the strength of the association between different
event components, we expected that recognition of words that
were strongly associated with sounds would be associated with
maximal activation of auditory brain regions, that auditory
activation would be less strong for words with a weak sound
association, and that no兾least auditory activation would be seen
for the words that had not been associated with sounds at study.
Materials and Methods
Participants. Participating in experiment 1 were 12 right-handed
subjects (four females; age range ⫽ 20–30), and eight righthanded subjects participated in experiment 2. Two of the subjects in experiment 2 were removed for technical reasons; thus,
the final sample consisted of six subjects (two females, age
range ⫽ 18–30). Subjects were paid for their participation. Both
experiments were approved by The Joint Baycrest Centre兾
University of Toronto Research Ethics and Scientific Review
Committee, and written informed consent was obtained from all
participants.
Imaging Procedures. Positron-emission tomography scanning was
done with a GEMS Scanditronix (Uppsala) PC-2048 head
scanner, with bolus injections of 15O-labeled water into a left
forearm vein. Positron-emission tomography data were preprocessed [realigned, stereotactically transformed (15), and
smoothed to 10 mm] by using SPM-95 (16). Statistical analyses
were done with SPM-96. Changes in global blood flow were
corrected for by analysis of covariance.
Behavioral Procedures. In experiment 1 (Table 1), subjects were

asked to memorize single words presented on a computer screen
in a (visual) encoding condition, and single words and sounds in
a (visual ⫹ auditory) encoding condition. Each word or wordsound pair was presented for 4 s (interstimulus interval ⫽ 1 s),
and the encoding lists consisted of 20 items each. The stimuli
consisted of concrete nouns and complex sounds (e.g., a dog
barking, a drill, or a plane during takeoff). At retrieval, single
visual words were presented on a computer screen (4 s per item;
interstimulus interval ⫽ 1 s). Subjects pressed one button for
words they recognized and thought had been presented alone at
study; another button when they recognized a word and remembered that it had been paired with a sound at study; and no
button when they thought a word was new. The test lists included
25 items. During the 60-s scanning window, only words (n ⫽ 12)
from the (visual) encoding condition were included in one
retrieval condition (unpaired), whereas the other retrieval condition (paired) included only words from the (visual ⫹ auditory)
encoding condition. Before the scanning window, subjects saw
two new words, two words from the same encoding condition as
during the scan window, and three words from the other
encoding condition. After the scanning window, subjects saw
three old and three new words.
Nyberg et al.

1
—
2
—
3
4
5
—
6
7
8

Task
Word encoding—set 1a & 1b
Repetition of word encoding—set 1a & 1b
Word-sound encoding—set 2a & 2b
Repetition of word-sound encoding—set 2a & 2b
Recognize words and remember sounds—set 1a (unpaired)
Recognize words and remember sounds—set 2a (paired)
Word-sound encoding—set 2a (two presentations)
Repetition of word-sound encoding—set 2a (two
presentations)
Yes兾no word recognition—set 1b (no sound association)
Yes兾no word recognition—set 2b (weak sound association)
Yes兾no word recognition—set 2a (strong sound association)

Note that the order of scans 1 and 2, 3 and 4, as well as 6 – 8 was counterbalanced across subjects.

Experiment 2 included the same four conditions as in experiment 1 plus an additional encoding condition and three visual
word recognition conditions (Table 2). The length of the encoding lists was increased to 42 (44 for the additional encoding
condition) to generate additional test material for the three
visual word recognition conditions. Otherwise, the four replicated conditions were identical to their experiment 1 counterparts. The prescan window兾postscan window composition of the
tests was the same as in the recognition tests in experiment 1. The
visual word recognition conditions involved presentation of
single visual words on a computer screen at the rate of 4 s per
item (interstimulus interval ⫽ 1 s). Participants pressed one
button when they thought the word had been studied, and the
other when they thought it was new. The difference between the
conditions had to do with the type of words that was presented:
(i) words that had not been paired with sounds at study; (ii)
words for which a weak word-sound association existed (two
encoding trials for each pair); and (iii) words that had a strong
word-sound association (six encoding trials for each pair).
Results
The behavioral data from experiment 1 showed that subjects
were good at recognizing the visual cues and deciding whether
there was sound information associated with them (analyses
were restricted to items presented during the scan intervals). On
average, subjects correctly classified 76% of the words as old and
having been paired with sounds at encoding in the (paired)
condition (range ⫽ 0.47–1.0). Subjects correctly recognized 84%
in the (unpaired) condition as old and not paired with sounds
during encoding (range ⫽ 0.60–1.0).
To examine whether brain regions activated during encoding
were reactivated at retrieval, the (visual ⫹ auditory) and (visual)
encoding conditions were contrasted, and the resulting image of
brain activity (threshold: P ⫽ 0.05, uncorrected) was used as a mask
for a contrast between the paired and unpaired retrieval conditions.
In this way, analysis of retrieval activity was restricted to those
regions that were differentially activated during encoding of words
and sounds relative to encoding of words only. Within the limited
search space created by the mask, retrieval activations with P ⱕ 0.01
(uncorrected) were considered significant. The encoding contrast
revealed differential activity (P ⬍ 0.01 corrected) in right (x, y, z ⫽
58, ⫺26, 4; 48, ⫺10, 0; 54, ⫺42, 0) and left (x, y, z ⫽ ⫺44, ⫺30, 4;
⫺38, ⫺20, ⫺4; ⫺46, ⫺12, 0) temporal lobes, including primary and
secondary auditory cortex (Fig. 1 Top). No other activation was
significant after correction for multiple comparisons. The contrast
between retrieval conditions revealed that the (paired) retrieval
condition relative to the (unpaired) retrieval condition was associated with differential activation in right auditory responsive cortex
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Fig. 1. Overlapping activations in auditory responsive cortex during encoding and retrieval of auditory information in experiment 1. Sagittal, coronal,
and transverse views of a glass brains are shown. (Top) Differential activation
when encoding of visual words and sounds was contrasted with encoding of
visual words. (Bottom) Differential activation when paired and unpaired
retrieval were compared (the encoding activation map served as a mask for
the retrieval comparison). Extent threshold ⫽ 25 voxels.

Fig. 2. Overlapping activations in auditory responsive cortex during encoding and retrieval of auditory information in experiment 2. Sagittal, coronal,
and transverse views of glass brains are shown. (Top) Differential activation
when encoding of visual words and sounds was contrasted with encoding of
visual words. (Bottom) Differential activation when paired and unpaired
retrieval were compared (the encodingactivation map in A served as a mask
for the retrieval comparison). Extent threshold ⫽ 25 voxels.

(ref. 17; x, y, z ⫽ 56, ⫺40, 0; Fig. 1 Bottom). In addition, differential
activity was observed in left medial temporal lobe (x, y, z ⫽ ⫺36,
⫺20, ⫺16). These findings provided evidence for overlapping
activity in auditory responsive cortex during encoding and retrieval
of auditory event information.
The results from the replication part of experiment 2 provided
additional support. Again, it was found that subjects were good
at recognizing the visual cues and deciding whether there was
sound information associated with them. Subjects correctly
classified 73% of the words as old and having been paired with
sounds in the (paired) condition (range ⫽ 0.60–0.92). The

subjects recognized 76% as old and not associated with sounds
in the (unpaired) condition (range ⫽ 0.40–1.0).
A contrast between the (visual ⫹ auditory) (scan 2 in Table
1) and (visual) encoding conditions again revealed bilateral
activation (P ⬍ 0.01, corrected) in auditory responsive cortex (x,
y, z ⫽ 56, ⫺28, 4; 44, ⫺6, ⫺8; 48, ⫺16, 0; ⫺50, ⫺14, 0; ⫺36, ⫺30,
8; Fig. 2 Top). As in experiment 1, the differential image from
the encoding contrast served as a mask (P ⬍ 0.05, uncorrected)
for the contrast between the (paired) and (unpaired) retrieval
conditions. Increased activity was observed in bilateral auditory
responsive cortex (x, y, z ⫽ 44, ⫺6, ⫺8; 42, ⫺24, ⫺8; 54, ⫺24, 0;
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Discussion
We have shown that remembering that visual words were paired
with sounds during encoding activates regions in right (and to a
lesser extent, in left) auditory responsive cortex and that visual
word recognition activates regions in auditory responsive cortex
if word-sound associations are established during encoding. The
auditory regions that were found to be activated at retrieval
involved some of the auditory regions that were differentially
activated during encoding of sounds. Hence, these findings
provide support for the view that retrieval of specific event
information is associated with reactivation of some of the regions
that were involved during encoding of this information.
An independent but related study by Wheeler and colleagues
(18), who used different methods and procedures, makes the
same point not only about auditory but also visual information.
In the Wheeler et al. (18) study, over a 2-day period, subjects
studied pictures and sounds that were paired with descriptive
labels. During subsequent episodic retrieval of pictures and
sounds based on the labels, increased activity was observed in
regions of visual and auditory cortex, respectively. The activated
regions comprised subsets of regions activated during separate
perception tasks. These findings are in good agreement with the
present results. It should be noted, however, that the auditory
cortex activation was stronger in the left than in the right
hemisphere in the study by Wheeler et al. (18), whereas the
opposite was true in our data set. The reason for this discrepancy
is unclear. A previous lesion study of auditory imagery and
perception pointed to a special role of right temporal cortex (19),
but an imaging study of auditory (song) imagery revealed
bilateral activation (20). A possibility is that the nature of the
sounds affects the laterality of activations.
Collectively, the present study and the study by Wheeler et
al. (18) can be taken as support for the notion that sensory
aspects of multisensory event information are stored in some
of the brain regions that were activated at encoding. To
represent a multisensory event, several sensory regions must
be involved, and these need to be interrelated. Medial temporal lobe regions have been suggested to be involved in
binding together different inputs (27), which is consistent with
our observation of differential activation of left medial temporal lobe regions during encoding of word-sound pairs and
subsequently during retrieval of sounds based on visual word
cues. Moreover, evidence for interrelations between visual and
auditory regions was provided by the observation that visual
word recognition, which did not pose demands on retrieval of
Nyberg et al.
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⫺42, ⫺14, ⫺4; Fig. 2 Bottom). As in experiment 1, the activation
was stronger in the right hemisphere. Also, as in experiment 1,
differential activity was seen in the left medial temporal lobe
(x, y, z ⫽ ⫺36, ⫺22, ⫺12; ⫺34, ⫺14, ⫺28).
The results from the test of incidental reactivation of auditory
brain regions were positive. Word recognition performance was
0.79 (0.40–1.0) in the no association condition; 0.79 (0.53–1.0) in
the weak association condition; and 1.0 (1.0–1.0) in the strong
association condition. An analysis involving the contrast between the (visual ⫹ auditory; scan 2 in Table 1) and (visual)
encoding conditions as a mask (P ⬍ 0.05, uncorrected) for a
contrast between the (strong association) and (no association)
recognition conditions revealed increased activity in right (x, y,
z ⫽ 60, ⫺32, 16) and left (x, y, z ⫽ ⫺50, ⫺12, ⫺4) auditory
responsive cortex (Fig. 3 Top). Activity at the left voxel tended
to increase as a function of the strength of the word-sound
association (Fig. 3 Bottom). However, the main difference had to
do with presence versus lack of word-sound association, and a
weighted contrast of the strong and weak association conditions
with the no association condition (with the same encoding
contrast as mask) revealed bilateral activation in temporal cortex
(x, y, z ⫽ ⫺50, ⫺12, ⫺4; 54, ⫺36, 12).

Fig. 3.
Mean activity in auditory responsive cortex during visual word
recognition. (Top) Differential activation when recognition of words with
strong sound associations was contrasted with recognition of words with no
sound associations (the image from word-sound encoding—word encoding
served as mask). (Bottom) Mean activity in right (x, y, z ⫽ 60, ⫺32, 16) and left
(x, y, z ⫽ ⫺50, ⫺12, ⫺4) auditory responsive cortex as function of experimental
condition. None, no word-sound association; Weak, weak word-sound association; Strong, strong word-sound association. y axis, blood flow counts.

auditory activation, was associated with activation of auditory
cortex when the words had been associated with sounds. This
result, referred to as incidental reactivation, is in keeping with
the idea that interregional connections allow one region to
activate others during episodic memory retrieval (6, 7) and
with empirical demonstrations of functional interactions between visual and auditory regions during language processing
(22) and nondeclarative memory (23). It can also be related to
the classical psychological idea of ‘‘redintegration’’ (24 –26).
Redintegration is closely related to the concept of association;
however, where association refers to the relation between parts
PNAS 兩 September 26, 2000 兩 vol. 97 兩 no. 20 兩 11123

a simple ‘‘replay’’ of the activation in the same neuronal networks
that are engaged at encoding. Rather, there is substantial evidence
that episodic memory encoding and retrieval processes have different neuroanatomical correlates (8), and the present results may
best be seen as providing an example where encoding and retrieval
processes meet in the brain.

(which together form a whole), redintegration refers to the
relation between any one of the constituent parts of a complex
whole and the totality of the whole. Translated into the present
experimental setting, a word-sound pair can be seen as a
multisensory whole that includes the representation of the
sound and that is redintegrated at retrieval by the unisensory
presentation of the visual word.
Finally, although we have stressed encoding-retrieval similarities
in the present study and provided support that reactivation of
encoding-related activity during retrieval refers to a real physiological process in the brain, it is important to stress that the reality
of reactivation does not mean that retrieval is, or is no more than,
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