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Psychological research has a long history of dividing
short-term memory (STM) and long-term memory (LTM;
Atkinson& Shiffrin, 1971;James, 1983;Waugh & Norman,
1965). This separationhas been supportedby studies on the
neural substrates of the memory processes engaged during
the performance of STM and LTM tasks. Convergent re-
sults from single-cell neurophysiology, neuropsychology,
and neuroimaging studies have suggested that STM in-
volves storage through sustained neural activity in discrete
brain regions, with the lateral prefrontal cortex (PFC) ap-
pearing to serve a critical role in this process (Barch et al.,
1997; Cabeza & Nyberg, 2000; Cohen et al., 1997; Court-
ney, Ungerleider, Keil, & Haxby, 1997; D’Esposito et al.,
1998; Fuster, 1989; Goldman-Rakic, 1987; Owen, 1997;
Petrides& Milner,1982;Smith& Jonides,1999). In contrast,
studies of LTM have emphasized the formation of more
permanent episodic traces through mechanisms of asso-
ciative (i.e., synaptic)strengthand have focused on the hip-
pocampus and the medial temporal lobes as key structures
mediating LTM processes (Eldridge, Knowlton, Furman-
ski, Bookheimer,& Engel, 2000;Mishkin,1982;Scoville&
Milner, 1957; Vargha-Khadem et al., 1997; Zola-Morgan,
Squire, & Amaral, 1986).

The strongest support for the division of neural systems
for STM and LTM in humans comes from the amnesia lit-
erature. Scoville and Milner (1957) originally discovered

that resecting the medial temporal lobe led to profound
memory impairments. In later studies, it was found that this
inability to remember information was present only with
relatively long delays between study and test; retention of
information over relatively short delays (e.g., digit span)
was intact (Shimamura, Janowsky, & Squire, 1991). These
data were taken as evidence that the processes involved in
long-term retention have different neural correlates than
the processes involvedin short-term retention.This pattern
of memory deficits is in contrast with that observed fol-
lowing frontal lobe lesions, in which retention over short
delays is more impaired than retention over long delays
(Shimamura et al., 1991). Taken together, these data argue
for a strict division of STM and LTM systems in the brain.

However, with the explosion of neuroimaging research
in the last decade, this dichotomous picture of STM and
LTM in humans has become more complex. It is now clear
that the lateral PFC is reliably activated during the perfor-
mance of LTM tasks (Brewer, Zhao, Glover, & Gabrieli,
1998;Buckner, 1996; Buckner & Koutstaal, 1998;Cabeza
& Nyberg, 2000;Wagner, Schacter, et al., 1998), and recent
studies have found hippocampal activity during the per-
formance of STM tasks (Cabeza, Dolcos, Graham, & Ny-
berg, 2002; Ranganath & D’Esposito, 2001).

One possible explanation for this mixed pattern of ac-
tivity is that both STM and LTM processes are involved in
the performance of a given memory task regardless of
whether the task is characterized as an STM task or as an
LTM task. That is, the mnemonic processes that contribute
to long-term retention may operate in STM tasks, and the
processes that contribute to short-term retention may op-
erate in LTM tasks, leading to overlapping patterns of
brain activation during STM and LTM task performance.
This explanation is consistent with the views of early
memory theorists, who acknowledged the contributionof
LTM processes to STM tasks (Waugh & Norman, 1965),
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In the present study, an implicit strategymanipulation was used to explore the contribution of mem-
ory strategytobrainactivationand behavioralperformance.Participantswerebiased to use either a short-
term (maintenance-focused)or long-term (retrieval-focused)memory strategywithin a single memory
task through manipulation of task context. In comparing directly matched trials across the different
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strategy is induced, mnemonic processes are preferentially engaged during the delay and response pe-
riods. Taken together, the results imply that covert cognitive strategiesplay an important role in mod-
ulating brain activation and behavior during memory tasks.
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with STM and LTM tasks differentiated on the basis of the
amount of information stored and the duration of reten-
tion, and STM and LTM processes differentiated on the
basis of the mnemonic mechanism or strategy that gives
rise to task performance (Engle & Oransky, 1999). Addi-
tional evidence for the idea that multiple mnemonic
processes may contribute to performance in a single mem-
ory task comes from the amnesia literature: Amnesic pa-
tients show more forgetting than controls do during the
primacy portion of the serial position curve (Capitani,
Della Sala, Logie,& Spinnler, 1992;Carlesimo,Sabbadini,
Fadda, & Caltagirone, 1995), whereas the recency portion
of the curve remains intact.

Given that a single memory task most likely engages
more than one type of memory process, studying differ-
ences in memory processes may be more fundamental than
studying differences in memory tasks (Jacoby, 1991).
However, in order to studydifferences in memory processes,
the processes must be examined within the same memory
task. Behavioral studies of memory have shown that the
experimental design can selectively influence the nature
of the contributionprovidedby multiplememory processes
(e.g., Jacoby & Kelley, 1991). The results of these studies
demonstrate that it is possible to study multiple memory
processes within a single memory task and suggest that
with the use of more sophisticated experimental designs,
the contributionof individualbrain regions to the mnemonic
processes underlying STM and LTM task performance
may become clearer.

Recent neuroimaging studies of STM and LTM tasks
have made progress in identifying the contributionsof dif-
ferent brain regions to STM and LTM processes through
comparisons of brain activation during both types of
tasks, both within and across studies (Braver et al., 2001;
Cabeza et al., 2002; Cabeza & Nyberg, 2000; Nyberg,
Forkstam, Petersson, Cabeza, & Ingvar, 2002; Wagner,
1999; see Cabeza & Nyberg, 2002, for a review). Across-
studies comparisons have typicallyfocused on identifying
the different regions involved in STM and LTM task per-
formance, whereas the more recent within-studies com-
parisons have focused on identifying different patterns of
activation in response to STM and/or LTM tasks within
the same regions. Although identical or nearly identical
perceptual conditions were used in these studies, the ex-
plicit goals varied with each task. That is, whereas the per-
ceptual input was similar in each task, the task demands,
such as memory load, retention interval, and duration of
encoding and retrieval phases, were very different. These
prior neuroimaging studies have produced informative re-
sults in terms of demonstratingoverall similarities and dif-
ferences in regional activationduring STM and LTM tasks
(Braver et al., 2001; Cabeza et al., 2002; Nyberg et al.,
2002). However, it is not clear whether these differences
reflect shifts in the mnemonic processes engaged to per-
form the tasks or, instead, reflect a reaction to the change
in explicit task requirements. The only way to determine
clearly how a particular region might differentially con-
tribute to STM and LTM task performance is by varying

the involvement of STM and LTM processes while hold-
ing explicit task requirements constant.

One promisingapproach to separating task requirements
from memory processes is to assume that the engagement
of STM and LTM processes reflects strategic biases in
memory usage. Although STM processes, such as main-
tenance rehearsal, and LTM processes, such as elaborative
encoding, may both operate within a given memory task,
participants may be able to regulate the degree to which
each process contributes to task performance. On the basis
of this assumption, it might be possible to influence an in-
dividual’s bias toward one memory process over the other
or to bias the temporal dynamics of the memory process
by manipulating subtle contextual factors of the task en-
vironment while holding all other aspects of the task con-
stant. Evidencethat such contextualmanipulationscan dif-
ferentially influence performance on otherwise identical
memory tasks (i.e., tasks with the same explicit memory
requirements) was observed in the earlier memory litera-
ture (Crowder, 1969), but has not been a prominent focus
of recent work, especially within the neuroimaging com-
munity.

In this study, we attempted to influence the degree to
which STM and LTM processes operate within a single
memory task in order to explore the patterns of activation
associated with changes in mnemonic strategy. The par-
ticipants in this study performed two blocks of a memory
task that required retaining a list of words over a brief
delay and responding to a test item (probe word) to assess
the participants’memory for the words in the list (see Fig-
ure 1). The difference between the two blocks was the ex-
pected number of words to be remembered. In the short-
list block, on average fewer than four words had to be
remembered, whereas in the long-list block, on average
more than eight words had to be remembered. We hy-
pothesized that if the expected number of items to be re-
membered during a memory task were minimal, the par-
ticipants would be biased toward an STM strategy (e.g.,
one involving active maintenance and articulatory re-
hearsal). In contrast, if the expected number of to-be-
remembered items was relatively high, the participants’
bias would shift toward an LTM strategy (e.g., one in-
volving elaborative encoding and cued retrieval; cf. Ja-
coby & Bartz, 1972). In order to control for the differences
in cognitive demands across task blocks, some of the tri-
als within each block were identically matched on all task
characteristics and requirements (i.e., memory load, re-
tention interval, and the duration of encoding and retrieval
periods). Thus, although tasks and processes were con-
founded across the short-list and long-list task blocks, by
comparing performance on the explicitly matched trials
embeddedwithin each task block,we were able to observe
effects of maintenance-focused and retrieval-focused
memory strategies on behavior and brain activity.

The main difference between these two strategies was
hypothesized to be the relative engagement of mnemonic
processing mechanisms at different points of the trial. In a
maintenance-focusedstrategy, the mnemonicprocesseswere
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predicted to be preferentially engaged during the delay and
response periods. The participants should have been able
to actively rehearse the words in the list and would have
done so in anticipation of quickly selecting a response to
the probe word. When the probe word was presented, a
search through the active representation of list items
would result in a comparison between the probe word
against the stored information to determine whether or not
the probe word matched a maintained item. Conversely, in
a retrieval-focusedstrategy, mnemonicprocesses were pre-
dicted to be preferentially engaged during the encoding
period to ensure that a relativelyrobust memory trace would
be formed for each item. The presentation of the probe
word would then serve as a retrieval cue that could guide
a relatively effortless retrospective search of such traces.

On the basis of the results of similar studies involving
maintenance-focusedstrategies (Burrows & Okada, 1975;
Sternberg, 1966, 1967), response times (RTs) and accurate
performance in responding to the probe word were ex-
pected to increase in a linear fashion with increases in list
length during the short-list task block. However, there is
no reason to expect a linear increase when participantsare
using a retrieval-focused strategy. Furthermore, if partic-
ipants actively rehearse the words in the list during the
short-list block, there should be less chance of forgetting
the words over the delay. In contrast, if participantsengage
in a retrieval-focused strategy, they would be expected to
require more processing of the probe word than if they
were engaged in a maintenance-focused strategy. These
differences in processing the probe word should be ap-
parent when later memory for the probe words from the
different task blocks is compared: Participants should
show better delayed recognitionof probe words seen in the
long-list task block than of those seen in the short-list task
block. Note that the fact that the probe word is processed
more deeply in the long-list task block than in the short-
list task block does not imply that more memory resources
are devoted to the response in the long-list task than in the
short-list task. It is hypothesized that in the short-list task
participants are actively rehearsing the list of words to de-
terminewhetherone of the words in activememory matches
the probe word, a process that surely requires a great deal
of mnemonic resources. However, in the short-list task
this effort is focused on the contents of active memory
rather than on the probe word itself (which is why these
strategies have been described as “maintenance-focused”
and “retrieval-focused,” respectively).

With regard to brain activity, we expected that the two
task blocks would activate similar brain regions. That is,
regions showing task-related activation in response to one
task block were expected to show task-related activation in
response to the other task block. This expectation was
based on the similarity of the task requirements as well as
on the results of similar studies in which a high degree of
overlap in STM and LTM task-related activation was ob-
served (e.g., Ranganath, Johnson, & D’Esposito, 2003).
However, we also expected that when we compared the
patterns of brain activity on the identically matched trials,
we would identify a subset of brain regions that reflected
general shifts in memory strategies.

We expected to identify strategy-sensitive activation in
brain regions thought to be involved with processes re-
lated to the strategic control of memory, such as elabora-
tive encoding (e.g., left inferior PFC; Buckner, Kelley, &
Petersen, 1999), articulatory rehearsal (e.g., supplementary
motor area; Chein & Fiez, 2001), and episodic retrieval
(e.g., anterior PFC; LePage, Ghaffar, Nyberg, & Tulving,
2000). We predicted that these brain regions would show
differences in activity during the course of the trial that
would be consistent with preferential engagement of dif-
ferent mnemonic processes. For example, we predicted
that brain regions supporting articulatory rehearsal would
be preferentially engaged during the latter part of the trial
in theshort-list condition,inaccordancewith a maintenance-
focused strategy. In contrast, in the long-list condition
such regions might be preferentially engaged during the
initial part of the trial, to facilitate elaborative encoding
for the purposes of later retrieval.

We predicted that most strategy-sensitiveregions would
be found in the PFC, given the numerous f indings of
frontal involvement in LTM and STM tasks. Although
many other nonfrontal regions are reliably activated in
STM (e.g., parietal cortex) and LTM (e.g., medial tempo-
ral lobe) tasks, it is primarily the PFC that is thought to be
involved in the strategic control of mnemonic processes.

METHOD

Participants
Sixty-five adults between the ages of 18 and 31 years (36 women,

mean age 5 20.5 years) volunteered to participate in this study.
Twenty-five of these participants (12 women, mean age 5 21.0 years)
performed the study in the scanner. The participants who were scanned
received a cash stipend, whereas the remaining 40 participants (24
women, mean age 5 19.6 years) performed the study for course

Figure 1. The basic task design. The participants saw a list of words presented se-
quentially on a computer monitor. After a 3-sec delay, they responded to a probe word
that appeared on the screen and indicated whether that word was or was not pre-
sented in the list of to-be-remembered items.
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credit. Informed consent was obtained in accordance with guidelines
set by the Human Subjects Committee at Washington University.

Stimulus Materials
Two blocks of a memory task were used to induce STM and LTM

strategies. The task required the participants to maintain a list of
words in memory over a brief delay and to respond to a probe word
to indicate whether or not it matched one of the words from the list.
For the participants who performed the study outside the scanner, a
yes/no recognition memory test was administered at the end of the
session to assess memory for nontarget probe words that occurred in
the word span tasks. A 10-15–min personality test served as a filler
task between the word span tasks and the recognition memory task
for these participants. The stimuli for both blocks of the memory
task as well as for the recognition task consisted of one- and two-
syllable English nouns randomly selected from a stimulus pool of
1,120 words obtained through the MRC Psycholinguistic Database
(Wilson, 1988). The words in the pool had a mean Ku†cera and Fran-
cis (1967) written frequency rating of 43 and were between four and
six letters long. The short-list memory block used 80 lists of 1, 2, 3,
4, 5 (each length contributing to 15% of the trials in the block), and
6 (contributing to 25% of the trials in the block) words, whereas the
long-list memory block used 80 lists of 6 (25%), 7, 8, 9, 10, or 11
(15% each) words. Stimulus presentation, timing, and response col-
lection were controlled by PsyScope software (Cohen, MacWhin-
ney, Flatt, & Provost, 1993) running on an Apple PowerMac G3
computer. All words in the study were presented individually, cen-
tered on the computer monitor (Apple StudioDisplay, 43 cm in di-
ameter) in 36-point Times New Roman font, and responses to probe
words in all tasks were collected using the PsyScope Button Box.

Procedure
Memory tasks. The order of the short-list and long-list blocks

was counterbalanced across participants, such that half of the par-
ticipants completed the short-list block first followed by the long-list
block, whereas the other half of the participants completed the long-
list block followed by the short-list block. The participants were in-
structed to maintain either a relatively short list of words (short-list
block) or a relatively long list of words (long-list block) over a brief
delay, after which they would respond to a probe word and indicate
whether the word matched or did not match one of the words in the
list (see Figure 1). A trial was defined as the presentation of a list of
words, the delay period, and the response interval. Each block con-
sisted of 80 trials separated into two sets of 40 trials (behavioral
study), two runs of two 20-trial sets (short-list task, fMRI study), or
four runs of two 10-trial sets (long-list task, fMRI study). The par-
ticipants were given a break between sets within each run in order to
decrease fatigue and maximize task performance. The procedure
was identical for the two task blocks, with the exception of the list
lengths used. Note that embedded within each block were identical,
matched six-word trials. Each task block in the behavioral study and
each run of the short-list task in the fMRI study contained 10 trials
of the critical six-word lists and 6 trials each of the other five list
lengths, for a total of 40 trials in each block/run. Each run in the
long-list task block during the fMRI study contained 5 trials of the
critical six-word lists and 3 trials of each of the other five list lengths,
for a total of 20 trials in each run. Within each block/run, trial
lengths were pseudorandomly intermixed. A short (10-trial) prac-
tice block preceded each task in order to acquaint the participants
with the tasks and encourage them to develop stable strategies.

Each list word remained on the screen for 500 msec, followed by
a 500-msec interstimulus interval. Presenting the items in the list se-
quentially rather than simultaneously prevented the participants
from knowing the total list length for a given trial until after the pre-
sentation of the final list item. The presentation of each word list
was followed by a 3,000-msec retention interval. At the end of the
retention interval, a probe word appeared for 1,500 msec, and the par-
ticipants were given a maximum of 2,000 msec following the onset

of the probe word to make a response. The next trial began immedi-
ately following the 2,000-msec response interval (behavioral study)
or between 0 msec and 5,000 msec following the response interval
(fMRI study). To enable event-related analyses, trials were jittered
among 0 msec, 2,500 msec, and 5,000 msec, with an average inter-
trial interval of 2,500 msec (see Dale & Buckner, 1997). Half of the
probe words were chosen from words that appeared in the preceding
word list (target trials), whereas the other half were words that had
not been seen before (nontarget trials). For each list length, there was
an equal number of target and nontarget trials. The participants in
the behavioral study were not told that they would receive a later
memory test for the nontarget probe words.

Surprise recognition test. At the end of the session, the partici-
pants in the behavioral study received a surprise yes/no recognition
test. They were instructed to respond to each word that appeared on
the computer screen by indicating whether or not they had seen the
word at any point during the short-list or long-list task blocks. The
participants were told that if they could not explicitly remember see-
ing the word, they should answer on the basis of their gut feeling as
to whether or not the word seemed like one they had seen during the
first two memory tasks.

The recognition task consisted of 160 words presented individually
on the computer screen. Each word was chosen randomly from a pool
of 80 old words and 80 new words. The words remained on the screen
until the participants responded with a target buttonpress (if they felt
they had seen the word during the first two task blocks), or a nontar-
get buttonpress (if they felt they had not seen the word during the first
two task blocks). A 500-msec intertrial interval separated the recog-
nition trials. The self-paced recognition task was designed to allow
the participants to emphasize accuracy over speed. The recognition
task was broken up into two blocks of trials, with 80 trials in each
block. Each block of trials had an equal number of old and new items.

Scanning. Images were acquired on a 1.5-T Siemens Vision MRI
scanner (Erlangen, Germany) with a standard circularly polarized
head coil. A pillow and tape were used to minimize head movement,
and headphones reduced scanner noise while allowing for commu-
nication with the participants. Both structural and functional images
were acquired at each session. High-resolution (1.25 3 1 3 1) struc-
tural images were acquired using a sagittal MP-RAGE 3-D T1-
weighted sequence (repetition time [TR] 5 9.7 msec, time to echo
[TE] 5 4 msec, flip 5 12º, inversion time [TI] 5 300 msec; Mugler
& Brookeman, 1990). Functional images were acquired using an
asymmetric spin-echo echo-planar sequence (TR 5 2,500 msec,
TE 5 37 msec, flip 5 90º). Each image consisted of 18 contiguous,
7-mm-thick axial slices acquired parallel to the anterior–posterior
commissure plane (3.75 3 3.75 mm in-plane resolution), allowing
complete brain coverage at a high signal-to-noise ratio (Conturo
et al., 1996). Visual stimuli were presented using PsyScope software
(Cohen et al., 1993) running on an Apple PowerMac G4. An AmPro
LCD projector (model 150) projected stimuli onto a screen posi-
tioned at the head of the bore. The participants viewed the stimuli on
the screen through a mirror attached to the head coil. A fiber-optic
light-sensitive keypress interfaced with the PsyScope Button Box
was used to record the participants’ performance.

Data Analysis
Behavioral data. Three sets of behavioral analyses were con-

ducted to ensure that the participants were using quantitatively dif-
ferent strategies during the two blocks of the memory task. Each set
of analyses included an analysis of the proportion of correct re-
sponses and the mean RTs to correct trials (with the exception of the
recognition analysis, which is described below). One participant
from the behavioral study was excluded from the behavioral analy-
ses due to abnormally low-accuracy performance in the short-list
block (more than 3 SDs below the mean at all list lengths), and 1 par-
ticipant from the fMRI study was excluded from the behavioral and
imaging analyses due to technical problems with the scanner. Ini-
tially, the analyses included the two between-participants factors of
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block order (short-list block first and long-list block first) and test-
ing environment (inside and outside of the scanner). These factors
did not interact with the factors of interest and, therefore, are not re-
ported in the behavioral results.

In the first set of analyses, separate analyses of variance (ANOVAs)
were conducted for the short- and long-list blocks because the nested
design made a single ANOVA inappropriate. Although the experi-
mental design appears factorial, with six levels of list length in each
block, list length was nested within block. Therefore, a one-word in-
crease in list length in the short-list block was not necessarily equiv-
alent to a one-word increase in list length in the long-list block. The
six-word trials were not included in these ANOVAs because they
were analyzed separately in the second set of analyses using paired-
samples t tests to compare performance on the six-word trials within
each block. In the third analysis, the proportion of correctly recog-
nized nontarget probe words from the short-list block was compared
with that from long-list block. Because there were not enough trials
to compare recognition performance only in the six-word trials (10
trials per cell), recognition performance was defined as the propor-
tion of correctly identified words (hits) across all original list lengths
in the short-list task block and in the long-list task block. That is, we
performed the recognition analyses without using number of words
in the list as an independent variable. Given the self-paced nature of
the recognition test, we did not analyze the RT data. Alpha was set
at .05 for all analyses.

Neuroimaging data. All functional images were first corrected for
movement using a rigid-body rotation and translation correction
(Friston, Williams, Howard, Frackowiak, & Turner, 1996; Snyder,
1996) and registered to the participant’s anatomical images (in order
to correct for movement between the anatomical and functional
scans). The data were then scaled to achieve a whole-brain mode sig-
nal value (used in place of a mean signal because of its reduced sen-
sitivity to variation in brain margin definition) of 1,000 for each
scanning run. This normalization procedure was conducted on a run-
by-run (rather than image-by-image) basis to reduce the effects of
between-run scanner drift or instability without affecting within-run
signal changes. The data were then spatially smoothed with an 8-
mm FWHM Gaussian kernel. The participants’ structural images
were transformed into standardized atlas space (Talairach & Tournoux,
1988) using a 12-dimensional affine transformation (Woods, Cherry,
& Mazziotta, 1992; Woods, Grafton, Holmes, Cherry, & Mazziotta,
1998). The functional images were then registered to the reference
brain using alignment parameters derived for the structural scans.

A general linear model approach (Friston et al., 1996) was used
to estimate parameter values for the various time points within the
hemodynamic response epoch. Because memory trials were up to
16 sec in duration (11-word trials), the hemodynamic response epoch
was taken to be 35 sec (14 scanning frames), and in order to avoid
having a singular design matrix, the time courses for each participant
were constrained such that they had a zero mean. The event-related
estimates for the time-course data were then submitted to a group
analysis using voxel-wise random-effects model ANOVAs. Event-
related responses can be determined in this approach by using time
(i.e., frame) as a factor of interest and examining significant effects
of this factor (main effect and interactions). The primary advantage
of this approach is that it makes no a priori assumptions about the
particular shape of the hemodynamic response (Buckner & Braver,
1999). Given the complex nature of trials (i.e., that they were com-
posed of multiple events), the hemodynamic response for a trial was
also likely to be complex in shape and difficult to estimate from es-
tablished models. We conducted random-effects voxel-wise ANOVAs
with time as the single within-participants factor (14 levels corre-
sponding to each frame in the trial). As in the behavioral analysis,
separate ANOVAs were conducted for the short-list and long-list
blocks. Furthermore, the number-of-words variable was not in-
cluded in these analyses, because the factors of time (frame) and
number of words were highly correlated (increasing the number of

words in the trial also increased the number of frames in the trial),
which violates one of the assumptions of the ANOVA (Hays, 1994).

Regions showing a reliable change in activity during the course of
the trial in either block were identified in the main effect of time, col-
lapsed across list lengths but excluding the six-word trials. Note that
the exclusion of the six-word trials ensures that identified regions
showed sensitivity to the task in general. The main effect of time was
thresholded at z . 3.00 with contiguous clusters of 70 or more vox-
els, maintaining an image-wise false positive rate of p , .05
(Ollinger & McAvoy, 2000). The remaining voxels were then segre-
gated into 10-mm spherical regions of interest (ROIs) with peaks at
least 10 mm apart. Any ROIs that had a negative average level of ac-
tivation across all frames within a task block were excluded from
further analyses. Activation within ROIs was averaged across vox-
els before the ROI-based ANOVAs were conducted, and the latter were
corrected for multiple comparisons in order to maintain family-wise
error rates of p 5 .05. ROIs that showed a main effect of time in both
the short-list and long-list blocks were subjected to six-word analyses.

Figure 2. Different patterns of behavioral performance on the
short-list and long-list task blocks provide evidence that the par-
ticipants were biased toward qualitatively different memory
strategies. The effects of list length on (A) accuracy and (B) re-
sponse time (RT) are consistent with the use of maintenance-
focused and retrieval-focused strategies in the short-list and long-
list task blocks, respectively.
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Figure 3. Mean response times (RTs) and proportion of correct responses for
the six-word trials appearing in the context of the short-list and long-list task
blocks (immediate recognition) are shown with the mean proportion of cor-
rectly recognized nontarget probe words in the delayed recognition task (de-
layed recognition), averaged across all list lengths. The more accurate immedi-
ate recognition responses in the short-list task block contrast with the more
accurate delayed recognition responses in the long-list task block.

In the six-word trial analyses, a comparison was made of the time
courses of activation in the short-list and long-list task blocks within
ROIs to identify regions showing strategy-dependent change. These
regions were defined as those showing task-related activation in the
short-list and long-list blocks as well as in the six-word trials, with
time courses of activation in the six-word trials that differed de-
pending on the block in which they appeared (i.e., those that showed
a significant interaction of task and time). If a region showed a sig-
nificant effect of block type (short vs. long list) but also showed an
interaction of this effect with task order, an additional control analysis
was performed. The control analysis was a 2 (block) 3 2 (time)
between-participants ANOVA using only the first block that the par-
ticipants had performed to determine whether the effect of strategy-
dependent change was present independently of the effects of task
order. Only analyses of the regions meeting these criteria for strategy-
dependent change are reported below.

Regions showing strategy-depende nt change were further analyzed
to characterize the effects of strategy on the time course of brain ac-
tivation. Activation over Frames 1 through 4 was averaged (first half
of trial) and compared with the average activation over Frames 5
through 8 in a series of 2 3 2 ANOVAs, with trial half (first four
frames vs. last four frames) and task (short-list block vs. long-list
block) as the two within-participants variables. Because these re-
gions had already survived our conservative selection criteria, show-
ing a significant interaction of task and time in the six-word trials as
well as a main effect of time in the six-word trials, the short-list task
block, and the long-list task block (with corrections made for mul-
tiple comparisons in each analysis), we adopted a relatively liberal
threshold, with alpha #.05, uncorrected, for these tests.

RESULTS

Behavioral Results
Short-list and long-list block effects. As list length in-

creased, the proportion of correct responses in the short-
list block decreased [F(4,248) 5 6.86, p , .001], but that
in the long-list block did not [F(4,248) 5 1.24, n.s.; see

Figure 2A]. In addition, increases in list length led to an
increase in RTs in the short-list and long-list blocks
[F(4,248)5 55.26,p , .001, and F(4,248)5 4.07,p , .005,
respectively; see Figure 2B]. However, follow-up pair-
wise comparisons indicated that RTs increased consis-
tently only in the short-list block: In the long-list block,
there was a significant increase in RTs only between the
9- and 10-word lists.

Six-word trial analyses. As is shown in Figure 3, the
proportion of accurate responses to six-word trials ap-
pearing in the context of the short-list block (M 5 .95,
SD 5 .06) was significantlygreater than the proportion of
accurate responses to six-word trials appearing in the con-
text of the long-list block [M 5 .93, SD 5 .07, t (62) 5
1.46, p , .02]. Although there was a trend for mean RTs
to correct six-word trials to be shorter in the context of the
short-list block (M 5 775.48 msec, SD 5 151.02) than in
the context of the long-list block (M 5 784.60 msec, SD 5
149.60), this difference was not statistically significant
[t (62) 5 20.91, n.s.].

Recognition analyses. There was a significantlyhigher
proportion of correctly identified nontarget probe words
from the long-list task (M 5 .69, SD 5 .15) than from the
short-list task [M 5 .65,SD 5 .18, t(38)5 2.64,p 5 .01; see
Figure 3]. The false alarm rate was .38. Note that we report
a single false alarm rate because the nontargetprobe words
from the short- and long-list task blocks were intermixed
in the surprise recognition test.

Neuroimaging Results
Short-list and long-list block effects. Figure 4 shows

task-related activity in the short-list and long-list task
blocksoverlaidonto the cortical surface, and Table 1 shows
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the locations of these ROIs. These regions were identified
by a main effect of time in either the short- or the long-list
task block. As is indicated in the figure, task-sensitive ac-
tivationwas found in a large number of regions across the
brain, and there was a large degree of overlap in regions
activated during the short- and long-list task blocks. Over-
all, 84% of the regions identifiedshowed activationin both
task blocks. It is difficult to draw conclusionsregarding the
regions that show a significant evoked response in only
one task block, since the lack of significant activity in the
other task block may reflect insufficient power to detect a
true response rather than actual selectivity of function.

Six-word trial analyses. Of the regions that showed
significant increases in activation in response to both the
short-list and long-list blocks, 13 showed significant in-
teractionsof block (short-list and long-list)and time in the
critical six-word trials ( p , .02, corrected for multiple
comparisons), indicatingthat these regionsshowed strategy-
dependent changes in activation (see Table 2).

Seven of the strategy-sensitive regions were found
within frontal cortex, in posterior motor areas (e.g., Brod-
mann’s areas 4 and 6), as well as in posterior inferior and
midlateral PFC (areas 44, 45, 47, and 9). The remaining
strategy-sensitivebrain regions were found in the occipital

cortex, the temporal cortex, and the cerebellum. These re-
gions are shown overlaid onto the cortical surface in Fig-
ure 5, which also displays the time courses of activation
across the six-word trials for selected regions. The most
common pattern of activation dynamics observed across
the regions showing strategy-dependent change was one
in which activation was greater during the long-list task
block at the start of the trial (presumably during frames
when the participants were encoding the list of words)
and/or during the short-list task block at the end of the trial
(presumably when the participants were preparing and
making a response).

The results of the within-trial ANOVAs indicated that
nine of the strategy-dependent change regions showed a
significantcrossover interaction(see Table 2), with greater
activation at the start of the trial relative to the end of the
trial in the long-list task, and greater activation at the end
of the trial relative to the start of the trial in the short-list
task (see Figure 5). In contrast to these patterns, the left
anterior frontal region showed a significant interaction in
the opposite direction, and the right frontal operculum
showed greater activationin the short-list block than in the
long-list block during the middle and latter parts of the
trial. Two of the cerebellar regions (0, 278, 221, and 45,
268, 229) showed greater activation during the long-list
block than during the short-list block throughout the trial.

DISCUSSION

In this study, we observed strategy-dependent changes
in behavior and brain activation independent of explicit
task differences. Critically, the participants engaged these
different strategiesevenon trials thatwere explicitlymatched
on memory load, retention interval, and encoding and re-
trieval duration. These strategies were first differentiated
behaviorally by a distinct pattern of task performance and
were subsequently differentiated anatomically by unique
time courses of neural activation within specific brain re-
gions activated by both blocks of the memory task.

The behavioral performance data provided three sepa-
rate indications that different mnemonic strategies were
being biased across the short- and long-list task blocks.
First, accuracy and RTs were consistently related to list
length in the short-list task block but not in the long-list
task block. Previous investigators have taken this pattern
as prima facie evidence of a qualitative disjunction be-
tween STM and LTM processes occurring around the
boundary of STM capacity (e.g., Burrows & Okada, 1975;
Sternberg, 1966, 1967). Second, on matched six-word tri-
als, the participants were more accurate when those trials
were presented in the context of the short-list task block.
This novel finding provides strong behavioral evidence
that the participantsengageddifferent mnemonicprocesses
during the short-list and long-list task blocks. Third, on a
surprise delayed recognition test, the participants showed
better memory for nontarget probe words presented in the
context of the long-list task block. Such a pattern, which
would otherwise be counterintuitivegiven that three times

Figure 4. Activation maps showing the extent of modulation by
the short- and long-list tasks. Regions showing evoked responses
to only the short-list task are indicated in blue, and regions show-
ing evoked responses to only the long-list task are indicated in or-
ange. The majority of the activated regions showed task-related
activation to both the short- and long-list task blocks (these re-
gions of overlap are shown in green).
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as many items were presented in the long-list task block,
indicates that the participants were preferentially process-
ing probe items during long-list trials. Taken together,
these performance patterns are consistent with the inter-
pretation that in the short-list task block the participants
preferentially engaged maintenance-focused processes,
whereas in the long-list task block they preferentially en-
gaged retrieval-focused processes.

The analysis of the neuroimaging data focused on the
six-word trials that were identically matched on all ex-
plicit task requirements. The focus on identicallymatched
trials contrasts with that of previous studies investigating

differences in the neural substrates of STM and LTM
(Braver et al., 2001; Cabeza et al., 2002; Ranganath et al.,
2003), which have not explicitly matched task require-
ments. We identified 10 cortical regions and 3 cerebellar
regions that showed evidence of strategy-dependent
change (see Figure 5 and Table 2). As we had predicted,
the frontal cortex had the largest number of regions show-
ing strategy-dependent change. Some of these regions
were located within structures that are oriented primarily
toward response selection (e.g., frontal operculum) and
execution (e.g., primary motor cortex), whereas others
were within lateral PFC regions that have been implicated

Table 1
Regions Activated in the Short- and Long-List Task Blocks

Coordinates

Region x y z Hem BA Peak Z # Voxels

Frontal 244 29 7 L 45/46 7.71 143
242 215 57 L 4 13.74 86
24 50 211 L 10/11 5.37 69

5 50 29 R 10/11 5.69 57
41 211 59 R 4/6 8.69 94
44 24 40 R 6 10.95 124
45 30 30 R 9/46 8.31 127
48 28 52 R 4 11.98 62
50 26 47 R 4 12.08 64
61 210 29 R 4 6.62 130

Limbic 1 224 29 R 23 5.16 124
4 247 7 R 29/30 5.15 128
5 24 31 R 32 5.88 127

10 44 24 R 32 5.16 67
Occipital 227 287 29 L 18 16.26 132

219 293 27 L 17 15.48 129
27 274 33 L 19 7.47 132

3 276 31 R 19 6.94 126
20 291 25 R 18 13.86 154
36 283 216 R 18/19 9.96 141

Parietal 242 228 58 L 40 15.70 91
230 257 41 L 40 11.62 128
23 257 66 L 7 5.28 93

0 253 36 31 5.11 134
27 253 41 R 7 9.61 155
38 234 63 R 40 5.69 73
50 228 24 R 40 4.72 132
58 222 43 R 2 4.97 115

Sublobar 214 218 14 L thal 7.93 127
212 6 27 L bg 7.46 89

9 222 3 R thal 6.75 147
9 9 27 R bg 6.94 137

14 215 18 R thal 6.87 143
23 218 26 R bg 5.00 105
34 213 3 R bg 6.22 132

Temporal 245 244 21 L 22 5.24 139
234 12 230 L 38 5.60 85

12 239 3 R 30 5.19 108
48 246 9 R 21/22 5.90 126
50 223 13 R 42 4.89 119

Other 233 229 227 L cb 5.41 94
28 226 0 L mb 7.99 115

5 258 233 R cb 4.80 126
37 271 215 R cb 11.22 127

Note—Regions in italics showed activation specific to one task. All other regions showed in-
creases in activation in response to the short- and long-list task blocks. x, y, z, coordinates of
ROI; Hem, hemisphere; BA, Brodmann’s area; Peak Z, Peak Z statistic in ROI; # Voxels, num-
ber of voxels in ROI; thal, thalamus; bg, basal ganglia; cb, cerebellum; mb, midbrain.
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in controlled verbal processing and working memory
(Cabeza& Nyberg, 2000;D’Espositoet al., 1998;Gabrieli,
Poldrack, & Desmond, 1998; Smith & Jonides, 1999;
Thompson-Schill, D’Esposito, Aguirre, & Farah, 1997).
For example, we found activity in a left-lateralized poste-
rior frontal region associated with phonologicalor lexical
processing (area 44/6; Poldrack et al., 1999; Smith &
Jonides, 1997; Wagner, 1999; Wagner, Poldrack, et al.,
1998), in supplementary motor regions that have been as-
sociated with articulatory rehearsal (Chein & Fiez, 2001;
Fiez et al., 1996; Smith & Jonides, 1998), and in a mid-
lateral PFC (area 44/9) region widely thought to be asso-
ciated with maintenance and manipulationof information
within working memory (Braver et al., 1997;Cohen et al.,
1997; D’Esposito et al., 1998; Smith & Jonides, 1999).
Together, the network of identified frontal regions com-
prises brain areas that previous research has associated
with response selection as well as with aspects of verbal
processing, memory encoding, and retrieval. It is there-
fore not surprising that these regions would be sensitive to
the particular processing strategy used to perform the ver-
bal memory task utilized in this study.

The specific pattern of activity dynamics exhibited by
these brain regions in the different task contexts provides
insight into how strategy effects modulate processing. In
particular, the majority of identified regions showedgreater
activation for the long-list task block in comparison with
the short-list task block during the beginning of the trial,
but then reversed to show greater activityduring the short-
list task block in comparison with the long-list task block
toward the end of the trial. This pattern of crossover dy-
namics found in the time courses of activation in most of
the strategy-sensitive brain regions is the critical finding
in these results. Each region was activated to some extent
during task performance regardless of task context or
memory strategy, but the fact that the activity dynamics in
most regions showed a characteristic strategy-dependent
pattern indicates that the processing functions subserved
by these regions may be differentially recruited during
STM and LTM tasks.

When an STM strategy was biased (i.e., in the short-list
task block), these regions showed increased activation
later on in the trial, presumably during the delay and re-
sponse periods. These activation increases may have re-
flected the active articulatory rehearsal of verbal informa-
tion during the delay and the direction of target detection
processes toward the onset of the probe stimulus. The lat-
eral posterior PFC regions in particular showed a pattern
of activation that is consistent with a role in articulatory
processing. These regions increased in activation during
the latter half of the trial during the short-list task, when
the participants reported subvocally rehearsing the words
in the list, and during the initial period of the trial during
the long-list task, when many participants reported elab-
orating on the sound of the words in the list.

Conversely, when an LTM strategy was biased (i.e., in
the long-list task block), most regions showed an early in-
crease in activation, presumably during the encoding pe-
riod, followed by decreasing or sustained activation over
the course of the trial. This early activation increase may
have reflected processes associated with enhanced or
elaborativeencodingof the to-be-remembered items, with
decreased rehearsal and anticipation of the target during
the latter part of the trial. Interestingly, in a left anterior
PFC region (area 10/11), we observed greater activity in
the long-list block at the end of the trial. This region is
near (though somewhat inferior to) the location of brain
regions typically activated in tasks requiring episodic re-
trieval from LTM (Lepage et al., 2000). This retrieval-
related anterior PFC activity has typically been observed
in the right hemisphere; however, more recent studies have
shown that left anterior PFC activity is related to retrieval
success (Konishi, Wheeler, Donaldson, & Buckner, 2000;
McDermott, Jones, Petersen, Lageman, & Roediger,2000).
Given the established role of the anterior PFC in LTM re-
trieval, it is possible that the activity of this region may
reflect a shift in mnemonic strategies toward episodic
retrieval in the long-list task block.

These patterns of strategy-modulated brain activation
are consistent with the behavioral results. In the short-list

Table 2
Locations, Peak Z Statistics, and Number of Voxels
in Regions Showing Strategy-Dependent Change

Coordinates

Region x y z Hem BA Peak Z # Voxels

Frontal 248 29 43 L 4/6 14.18 128*
242 10 26 L 44/9 11.15 154*
240 23 33 L 44/6 10.25 151*
228 43 210 L 10/11 4.70 50*
24 21 58 L 6 13.03 105*
33 17 11 R Operculum 9.02 152
51 16 21 R 47 6.55 100*

Occipital 240 270 210 L 19/37 14.21 155*
17 288 29 R 18 11.06 77*

Temporal 253 249 4 L 21/22 10.75 157*
Cerebellum 0 278 221 7.99 133

17 283 216 R 10.43 87*
45 268 229 R 7.63 144

Note—All regions showed increases in activation in response to the short- and long-list task
blocks. x, y, z, coordinates of ROI; Hem, hemisphere; BA, Brodmann’s area; Peak Z, Peak Z sta-
tistic in ROI; # Voxels, number of voxels in ROI. *Predicted pattern of activation.
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condition, the facilitation in immediate task performance
may have been due to the increased activity during the
delay and response period of brain regions supporting an-
ticipatory active maintenance and articulatory rehearsal.
In contrast, in the long-list condition, the facilitationin de-
layed recognitionmay have been due to increased activity
in brain regions involvedin helping to solidify the episodic
trace of probe items.

These resultsmakean importantcontributionto the mem-
ory literature by highlighting the fact that the mnemonic
processes engaged by specific brain regions are flexible
and open to influences of the task environment. Most
likely, there are additional brain regions that show effects
of strategy-dependentchange that were not robust enough
to be detected in the present study (e.g., the brain regions
showing general task-related activation in the short- and
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Figure 5. Time courses of activation for 10 regions showing evidence of strategy-dependent change, as well as
surface-based maps of the cortical surface indicating the locations of regions showing strategy-dependent change
(these maps were produced using CARET; Van Essen, 2002a, 2002b; Van Essen et al., 2001; Van Essen, Drury,
Harwell, & Hanlon, 2002). The blue lines correspond to the long-list task, and the red lines correspond to the
short-list task.
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long-list blocks). Visual inspection of the time courses of
regions showing task-related activation in the short-list
and long-list task blocks (shown in Figure 4 and Table 1)
hinted at the presence of weaker strategy effects, lending
support to this hypothesis.Consequently, a more powerful
design might reveal significant strategy-dependentchanges
in additional brain regions beyond those identified here.

The regions that did show reliable strategy-dependent
change in the present study appear to be a subset of re-
gions typicallyactivatedduring tasks requiringmaintenance-
focused or retrieval-focused processing (Buckner, 1996;
Buckner et al., 1999; Buckner & Koutstaal, 1998; D’Es-
posito et al., 1998;Rypma, Prabhakaran,Desmond,Glover,
& Gabrieli, 1999; Smith & Jonides, 1997), including re-
gions found in recent studies in which performance on
STM and LTM tasks has been directly compared within
individual participants (Braver et al., 2001; Cabeza et al.,
2002; Ranganath et al., 2003). These results extend previ-
ous findings by using implicit context to bias mnemonic
processing, leading to a greater separation of STM and
LTM processes from STM and LTM tasks. This experi-
mental strategy has been strongly advocated by memory
researchers working within the tradition of cognitivepsy-
chology (e.g., Jacoby, 1991). Although our design most
likely did not eliminate LTM processes from the short-list
(STM) task or vice versa, our results direct attention to the
benefits of this biasing approach for neuroimaging re-
search, while highlightingthe strategic natureof mnemonic
processing and the brain activity that supports it.

One other important feature of these results is that we
observed very few regions showing task-specific activa-
tion. That is, the majority of the regions that showed task-
related activation to the short-list task block also showed
task-related activation to the long-list task block and
vice versa. We take this large degree of overlapping acti-
vation as evidence that STM and LTM tasks by them-
selves do not isolate STM and LTM processes and may
even rely on common neural substrates. It could be argued
that the long-list task block was more similar to an STM
task than to an LTM task, and it was this similarity, rather
than a reliance on common neural substrates, that led to
the large degree of overlappingactivation.However, given
the strong behavioral evidence that the participants were
using quantitativelydifferent mnemonic processes to per-
form the two task blocks, along with recent evidence that
STM and LTM tasks less stringently matched on explicit
task demands also show a large degree of overlapping ac-
tivation across tasks (Ranganath et al., 2003), we believe
our results support theories that STM and LTM processes
rely primarily on common neural substrates (see, e.g.,
Cowan, 1999).

We hope that future research will capitalize on the type
of experimental design we have utilized in this study. We
have shown that participants’preferred memory strategies
can be biased while explicit task demands are held con-
stant. Moreover, the success of our manipulation shows
that such effects can be produced via subtle contextual
changes of the task environment, independent of explicit

changes in task demands. Future studies might explore
other methods for biasing task strategy that do not involve
manipulationsof memory load. Indeed, different types of
strategy manipulations might be more powerful for de-
tectingeffects of strategy modulation,since one limitation
of our design is that the explicitlymatched trials that were
the focus of our investigationconstituted only 25% of the
trials in the study. This limitation is easily overcome: For
example, we would predict that participants would be bi-
ased to use a retrieval-focusedstrategy when maintenance-
focused processes are prevented, such as when distracting
information or articulatory suppression occurs between
the encodingand retrieval periods of the trial. This type of
manipulation would allow all trials to be matched on
memory load, retention interval, and encoding and re-
trieval duration while significantly increasing the power
to detect strategy-dependent changes in brain activation.
The present method may also be used in future studies to
explore memory deficits in patient populations, such as in
patients with amnesia or frontal lobe damage. In these
populations, we would predict that performance on the
six-word trials would be dramatically impaired when the
patients were biased to use a deficient mnemonic strategy
(e.g., a maintenance-focused strategy in frontal lobe pa-
tients and a retrieval-focused strategy in amnesic patients)
to perform the memory task, but their performance on the
six-word trials would be relativelynormal when they were
biased to use an intact memory strategy.
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