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Over the past few decades various techniques have
been used to identify and characterize brain regions that
represent and respond to affective and rewarding stimuli
(for a review, see Rolls, 1999). A limitation of research
on brain regions associated with reward processing,
however, is that it fails to explain how information about
potential rewards is integrated via other brain systems to
influence higher level cognitive processes and goal-
directed behavior. One suggestion is that motivation and
cognition are integrated via connections between ventral
frontal brain regions involved in the processing of reward-
related stimuli and dorsolateral prefrontal brain regions
associated with cognitive processes (Haber, Fudge, & Mc-
Farland, 2000; Hikosaka & Watanabe, 2000; Schultz,
Tremblay, & Hollerman, 2000).

In order to establish the specificity and integration of
frontal regions involved in motivation and cognition, we
employ a verbal delayed recall task in which reward-related
cues are used to enhance cognitive task performance.
Each trial consists of a reward cue epoch indicating the
potential to earn a reward through task performance, fol-
lowed by an encoding epoch in which a set of items (two-

syllable words, four-syllable words, or nonwords) is pre-
sented and remembered over a delay epoch. The trial
ends with a recall epoch during which (as indicated dur-
ing the cue epoch) a monetary reward is earned on the
basis of the participant’s ability to correctly recall the re-
membered items.

The task was designed to be conceptually similar to
delayed response tasks performed by nonhuman primates
(Hikosaka & Watanabe, 2000; Leon & Shadlen, 1999;
Schultz et al., 2000), the results of which provide a basis
for generating a set of experimental hypotheses. One of
these hypotheses is that the ventral frontal cortex (VFC;
broadly defined to include Brodmann areas 10, 11, 12,
and 47 in the human) is centrally involved in processing
information about rewards and thus will respond differ-
entially on reward versus no-reward trials of the delayed
serial recall task. This first hypothesis is consistent with
single-unit recording data which indicate that neurons in
VFC fire in response to a reward cue, exhibit sustained fir-
ing in expectation of a reward, and additionally fire in re-
sponse to the delivery of a reward (Hikosaka & Watanabe,
2000; Schultz et al., 2000; Tremblay & Schultz, 2000).

Three specific accounts of the function of sustained delay
activity in VFC have been suggested. To avoid confound-
ing the reward cue and delay epochs, Tremblay and Schultz
(2000) imposed two delays in a rewarded movement /
nonmovement task. The first delay was imposed between
presentation of the reward cue and trigger, and the second
delay was imposed following a movement trigger and prior
to the receiving of a reward. Fifty-four percent of neurons
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Research indicates that the dorsolateral prefrontal cortex (DLPFC) contributes to working memory
and executive control, whereas the ventral frontal cortex (VFC) contributes to affective and motiva-
tional processing. Few studies have examined both the functional specificity and the integration of
these regions. We did so using fMRI and a verbal working memory task in which visual cues indicated
whether recall performance on an upcoming trial would be linked to a monetary reward. On the basis
of prior findings obtained in delayed response tasks performed by nonhuman primates, we hypothe-
sized that (1) VFC would show an increase only in response to a cue indicating potential for a mone-
tary reward; (2) DLPFC would show sustained activity across a delay interval for all trials, though ac-
tivity in rewarded trials would be enhanced; and (3) regions engaged in speech-based rehearsal would
be relatively insensitive to monetary incentive. Our hypotheses about DLPFC and rehearsal-related re-
gions were confirmed. In VFC regions, we failed to observe statistically significant effects of reward
when the cue or delay epochs of the task were examined in isolation. However, an unexpected and sig-
nificant deactivation was observed in VFC during the delay epoch; furthermore, a post hoc voxelwise
analysis indicated a complex interaction between (1) the cue and delay epochs of the task and (2) the
reward value of the trials. The pattern of activation and deactivation across trial types suggests that
VFC is sensitive to reward cues, and that portions of DLPFC and VFC may work in opposition during
the delay epoch of a working memory task in order to facilitate task performance.
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responded to the reward cue, but only .02% of neurons
exhibited significant sustained activation throughout the
first delay. During the second delay, 27% of neurons in
VFC exhibited significant sustained delay-related acti-
vation. The larger percentage of neurons exhibiting sus-
tained delay activity during the second delay suggested
that delay-related activity is primarily associated with
the expectation of reward, although another interpreta-
tion was that the number of VFC neurons that exhibit
sustained delay activity is modulated by mnemonic and
behavioral task demands.

Hikosaka and Watanabe (2000) found that a subset of
neurons in VFC exhibited sustained firing following a
cue that indicated future presentation of one of several
stimuli that varied in perceived reward value (i.e., potato,
raisin, cabbage, no reward). The reward cue was fol-
lowed by a single delay period and subsequent motor re-
sponse. Some neurons discriminated among rewards that
differed in their incentive value, which suggested that
delay-related activity may also encode the motivational
value of an anticipated reward. Finally, Schoenbaum and
Setlow (2001) have proposed that sustained activation of
VFC neurons may also serve to hold information about
rewards in working memory (i.e., the delay activity also
subserves a mnemonic function). Support for this claim
comes from a study in which rats with and without lesions
to the orbitofrontal cortex were assessed on a delayed-
nonmatching-to-sample task involving different odors
(Otto & Eichenbaum, 1992). Rats with lesions to VFC
required more time to learn the rules of the task than did
sham-lesioned animals, and their performance across the
delay intervals was significantly worse. Although the
tree preceding accounts do not permit one to come to any
single conclusion, they do provide several interesting
predictions about the pattern of activation that may be
observed in VFC. If delay-related activity is primarily
associated with expectation of reward, a positive activation
should emerge during the recall epoch of our task, prior
to the end of each trial. If delay-related activity encodes
the emotional value of the anticipated reward or if it func-
tions mnemonically, there should be sustained positive
activity during the delay epoch.

A second experimental hypothesis based on the results
of nonhuman primate delayed response findings is that
the dorsolateral prefrontal cortex (DLPFC, defined as
BA 9 and BA 46) is involved in cognitive processing
(i.e., executive control) and thus should exhibit delay-
related activity that may be influenced by reward-related
processing. However, in contrast to VFC, the DLPFC
should show effects of reward only after a memory task
has been initiated. In general, early studies that investi-
gated the functional significance of DLPFC used re-
wards to motivate animals to perform delay tasks, but not
in order to determine how rewards influence neuronal
activity (e.g., see Funahashi, Bruce & Goldman-Rakic,
1989).

In several recent studies, however, researchers have
manipulated rewards in the context of a delayed response
task (Hikosaka & Watanabe, 2000; Kobayashi, Lauw-

ereyns, Koizumi, Sakagami, & Hikosaka, 2002; Leon &
Shadlen, 1999; Watanabe, 1996; Watanabe, Hikosaka,
Sakagami, & Shirakawa, 2002). For instance, in a study
by Leon and Shadlen (1999), monkeys fixated a central
point during which a peripheral spatial/memory cue ap-
peared briefly. After a delay, the fixation point disap-
peared, indicating that the monkey should make a sac-
cade to the remembered target location. A reward cue
(the fixation point, in green or red) suggested the amount
of reward (small or large) that would be delivered for eye
movements to the correct position. On half of the trials,
this reward cue appeared during the memory period and
after the spatial/memory cue. On the other half of the tri-
als, the reward cue did not occur during the memory pe-
riod, but, rather, occurred prior to the spatial/memory
cue. The responses of neurons in DLPFC were enhanced
by the reward only after the stimulus to be remembered
was presented. This novel finding suggests that the DLPFC
must be recruited by a cognitive task in order to be in-
fluenced by affective stimuli.

Leon and Shadlen’s (1999) findings are also supported
by a human study conducted by Perlstein, Elbert, and
Stenger (2002). In this study, participants were randomly
presented with pleasant, unpleasant, and neutral single-
cue images, followed by a delay interval. Then a probe
matrix consisting of nine images was presented ran-
domly on 30% of the trials. The participants were asked
to identify the previously presented image within the
matrix. Performance on this working memory task was
compared with performance during a similar task (de-
tection task) that varied affective valence, but did not
have a memory component since it did not require that
participants remember a cued image. Affective valence
of the stimulus items was found to modulate activation in
the dorsolateral prefrontal cortex only in the context of
the working memory task.

A third hypothesis is that frontal brain regions associ-
ated with specific rehearsal processes will be relatively
unaffected by motivational context. Partial support for
this hypothesis comes from considering the role of DLPFC
and the frontal eye fields in delayed saccade tasks. Neu-
rons in both the DLPFC and frontal eye fields are acti-
vated during the delay period of spatial working memory
tasks, and are therefore thought to be involved in visuo-
spatial memory (Funahashi et al., 1989; Hikosaka &
Watanabe, 2000). However, unlike the dorsolateral pre-
frontal cortex, the frontal eye fields may not be modu-
lated by reward cues during a memory-guided saccade
task (Leon & Shadlen, 1999; for a contradictory result,
see Roesch & Olson, 2003).

Leon and Shadlen’s (1999) findings can be explained by
Baddeley’s (1986) model of working memory. This model
includes a domain-general “central executive” responsi-
ble for the manipulation of information, and domain-
specific components used for the rehearsal of verbal and
spatial information. Potentially, the frontal eye fields
may specifically contribute to visuospatial rehearsal, and
this type of processing may be relatively unaffected by
motivational state. We will test this idea in the verbal do-
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main by comparing the effects of reward cues on DLPFC
with the effects of reward cues on three areas associated
with engagement of a verbal rehearsal strategy: two re-
gions located within the left inferior frontal gyrus (a dor-
sal region located at or near BA 44/6, and a ventral re-
gion located at or near BA 45 and the anterior insula),
and a medial region located at or near the supplementary
motor area (SMA). In a previous study, we found that ac-
tivity in these rehearsal-related regions was modulated
by factors thought to influence subvocal articulation
(e.g., lexical status and syllabic length of stimuli). In
contrast, whereas the DLPFC was robustly engaged by
the working memory task, its level of activity was only
weakly and insignificantly modulated by the stimulus
manipulations of length and lexicality (Chein & Fiez,
2001). In the present study, we sought to demonstrate
that the converse pattern holds for the manipulation of
reward—specifically, that dorsolateral prefrontal cortex
will be engaged by a verbal working memory task, and
that the level of activity will be modulated by a reward
cue, but not by lexicality and syllabic length of the stim-
ulus items. Conversely, although rehearsal-related re-
gions will also be engaged by a verbal working memory
task, the level of activity will not be modulated by a re-
ward cue, but will be modulated by the lexicality and syl-
labic length of the stimulus items.

METHOD

Participants
Twenty-two right-handed native English-speaking undergradu-

ate students ages 18–23 from the University of Pittsburgh and sur-
rounding area were recruited through posted advertisements. They
gave their informed consent, in accordance with the policies of the
Institutional Review Board at the University of Pittsburgh, prior to
their participation. The participants were paid from $50 to $67 for
their participation. Payment was based on performance in the study.

Design and Procedure
The participants were asked to perform 36 trials of a delayed se-

rial recall task, using a 3 � 2 design with list type (two-syllable
words, four-syllable words, and nonwords) and reward condition
(reward, no reward) as factors. Prior to the testing session, the par-
ticipants read aloud a list of the stimulus items in order to familiar-
ize themselves with the test materials. The participants were also
given one rewarded trial as practice, in which a set of five one-
syllable words (cat, send, time, lock, go) was presented.

The participants performed a delayed serial recall task with three
types of stimulus lists: two-syllable word lists, four-syllable word
lists, and nonword lists. Each trial began with presentation of five
two-syllable words, five four-syllable words, or five nonwords.
Each list of five items was drawn randomly without replacement,
and the five items in each list were randomly ordered. There were
12 trials for each of the three list types, pseudorandomly ordered
within each testing session. The different word lists were matched
for frequency of occurrence (Francis & Kučera, 1982).

The participants performed the delayed serial recall task under
two reward conditions: $0 and $0.25. Before each trial the partici-
pants were shown the reward amount ($0 or $0.25) for a period of
5 sec and were instructed that they would receive this reward for
each word that they recalled in the correct serial position. Half of
the lists were associated with no reward, and half were associated
with $0.25 reward for each correctly recalled item. In addition to a

reward cue displayed on the screen prior to the delayed serial recall
task, reward amounts were further associated with each trial by al-
tering the color of the background display. Throughout the nonre-
warded trials, the background display was colored red; throughout
the rewarded trials, the background display was colored green.
Thus, the delayed serial recall task consisted of six trials for each
condition ($0, two-syllable words/$0.25, two-syllable words/$0,
four-syllable words/$0.25, four-syllable words/$0, nonwords/$0.25,
nonwords), for a total of 36 trials (Figure 1).

Each 63-sec trial of the delayed serial recall task consisted of five
epochs: (1) a reward cue epoch, in which $0 or $0.25 was displayed
(6 sec); (2) an encoding epoch (15 sec), in which five stimuli were se-
quentially displayed; (3) a delay (maintenance) epoch (18 sec), in which
the participants silently rehearsed the list of five stimuli that were pre-
sented; (4) a retrieval epoch (6 sec), in which the participant recalled
aloud the list of five stimuli; and (5) a fixation epoch (18 sec), in which
the participant simply maintained fixation on a rehearsal crosshair. The
participants’ responses were scored on line, and at the end of the scan
session, participants were informed of their total earnings.

Scanning was conducted in a 1.5 GE Signa whole-body magnet
with a standard radio frequency coil. To reduce the likelihood of
head movement during the scanning session, the participants were
reminded to remain still prior to scanning and between each block.
Also, during scanning, padding was placed under the participant’s
head in order to minimize head movement. The task stimuli were
projected onto a visual display located behind the participant’s
head; they were viewed though a mirror placed above and in front
of the participant’s head. An MRI compatible microphone was used
to hear the participants’ responses during the scanning session and
to transmit verbal responses to a computer program, Cool Edit 2000
(Johnston, 2000), used to digitally record the spoken output. After
scanning, the digital recordings were analyzed to confirm the on-
line scoring of participant responses.

Thirty-eight structural contiguous slices (3.75 � 3.75 � 3.8 mm
voxels) parallel to the AC–PC line (at the middle, 20th slice) were ac-
quired using a standard T1 weighted spin echo pulse sequence. Thirty-
eight functional images were acquired at the same oblique axial plane
and with the same coverage as that for the structural slices, thus giv-
ing us full brain coverage. These images were acquired using a T2*
weighted, one-shot reverse spiral pulse sequence [TR � 3000, TE �
35 msec; FOV � 24; flip angle � 70º, slice thickness � 3.8 skip
0 mm] that enabled a full set of images to be acquired every 3 sec.

Analyses
fMRI analyses were conducted off line, using the NeuroImaging

Software package (NIS Version 3.5) developed at the University of
Pittsburgh and Princeton University. Automated Image Registra-
tion (AIR, Version 3.08) (Woods, Mazziotta, & Cherry, 1993) was
used to reconstruct images and to correct for motion. Images in
which motion exceeded 3 mm or 3º in any direction were not in-
cluded in the analysis. In order to adjust for scanner drift between
runs, images were linearly detrended. Structural images of each
subject were co-registered to a common reference brain (Woods
et al., 1993). Functional images were transformed into the same
common space, normalized to minimize mean differences in image
intensity across subjects, and smoothed with a 3-D Gaussian filter
(4 mm FWHM) to account for anatomic variation between subjects.
Statistical analyses were then conducted, and time-series data were
examined using NIS 3.5. Statistical maps were transformed into Ta-
lairach stereotaxic coordinate space using AFNI 2.55j (Cox, 1996).

The analysis focused on identifying and then characterizing the ac-
tivation patterns in a priori regions of interest. To begin, we used a
voxelwise contrast to identify clusters of significant change in our de-
layed serial recall task, collapsed across the reward and stimulus list
conditions. We conducted two such omnibus contrasts. To identify
cue-related changes, images acquired 3–9 sec (Scans 2 and 3) after the
onset of the reward cue were contrasted to images acquired during the
last 6 sec of activity during the fixation epoch (Scans 20 and 21),
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through a series of t tests computed on a voxelwise basis. To identify
delay-related changes, images acquired in the first 6 sec of the delay
epoch (Scans 8 and 9) were contrasted to images acquired during the
last 6 sec of activity during the fixation epoch (Scans 20 and 21),
through a series of t tests computed on a voxelwise basis. Prior work
indicated that this contrast should capture activity related to stimulus
encoding and rehearsal (Chein & Fiez, 2001).

For both omnibus analyses, clusters of three or more contiguous
voxels that exceeded a t value of 2.52 ( p � .001 corrected for clus-
ter size, degrees of freedom, and number of sampled voxels) (AFNI
AlphaSim; Ward, 2000) were considered to be significantly en-
gaged by the task. We searched within the set of these significant
clusters to identify those that fell within a set of a priori regions of
interest. As discussed in the introduction, these regions were de-
rived from the neurophysiological literature in which manipulations
of rewards have been employed in the context of delayed response
tasks. Putative rehearsal-related clusters of activation were those
that fell within the left dorsal and ventral inferior frontal cortex
(BA 44/6 and the opercular region near the border between BA 45
and the anterior insula), and the supplementary/presupplementary
motor area (medial BA 6). Putative regions for executive control
were the left and right DLPFC (BA 9/46). Putative clusters involved
in the representation of rewards were those located within the VFC
(BA 10, 11, 12, and 47).

For each cluster that fell within an a priori region of interest, ac-
tivity during the cue and delay epochs was probed in more detail.

Specifically, for each cluster, an average time course of activation
for each type of trial in each subject was computed. These image in-
tensity values were then assessed with 2 (reward/no-reward) � 3
(two-syllable, four-syllable, nonwords) repeated measures analyses
of variance (ANOVAs). One ANOVA examined reward and list ef-
fects in the cue epoch (Scans 2 and 3, assuming a 3-sec hemody-
namic lag). A second ANOVA examined reward and list effects dur-
ing the encoding and delay interval (Scans 6–13).

RESULTS

Behavioral Results
Behavioral data from the 22 participants were ana-

lyzed using a 2 (reward/no reward) � 3 (two-syllable
words, four-syllable words, nonwords) ANOVA. Partic-
ipants performed more accurately on rewarded trials
(75%) than on nonrewarded trials (67%) [F(1,21) �
15.53, p � .001]. Effects of list type were also statisti-
cally significant [F(2,21) � 62.55, p � .0001]. Partici-
pants performed most accurately when asked to recall
two-syllable words (83%), less accurately when asked to
recall nonwords (71%), and least accurately when asked
to recall four-syllable words (59%) (Figure 2).

Delayed Serial Recall Task
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Figure 1. Schematic of the five epochs associated with each trial in the delayed serial recall task: (1) a reward
epoch, in which a cue indicates whether a monetary reward will be earned for each successfully recalled stimu-
lus; (2) an encoding epoch, in which a list of five items is serially presented; (3) a delay epoch, during which the
stimulus items must be maintained in memory; (4) a recall epoch, in which the previously presented items are re-
called aloud; and (5) a fixation epoch, in which subjects maintain visual fixation on a crosshair.
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Imaging Results
We used contrasts between cue-related activity and the

fixation baseline, and between encoding/delay-related
activity and the fixation baseline to identify regions of
interest for further investigation. In our cue-related con-
trast, no voxel clusters within our a priori regions of in-
terest survived our significance threshold (regions in
VFC were identified at a less stringent threshold). In our
delay-related contrast, six voxel clusters fell within our
a priori anatomical regions of interest. Three clusters
were in putative rehearsal-related regions: the supple-
mentary motor area (SMA), and within the left inferior
frontal cortex dorsally at or near BA 44/6, and ventrally at

or near BA 45. We also identified a cluster in a putative
executive control region, the right DLPFC (BA 9/46). Fi-
nally, two putative reward-related clusters fell within the
VFC (at or near BA 47, in both the left and the right
hemispheres). For each voxel cluster, we conducted
repeated measures ANOVAs designed to detect effects
of reward ($0, $0.25) and list type (two-syllable words,
four-syllable words, and nonwords) during both the cue
and encoding/delay epochs. The results, described below,
are summarized in Table 1.

Rehearsal-related processing. Turning first to our
rehearsal-related clusters in the left inferior frontal cor-
tex (BA 44/6 and BA 45) and supplementary motor area
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Figure 2. Behavioral effects of reward condition and list type: Probability of
successful recall is shown on the y-axis for three different types of stimulus
items (four-syllable [long] words, nonwords, and two-syllable [short] words).
Performance is better for trials associated with a monetary incentive (filled
squares) than for those associated with no incentive (filled diamonds).

Table 1
Effects of Reward and List Type in Regions of Interest Identified During 

Maintenance (Scans 8,9) Versus Fixation (Scans 20,21) ( p � .001, Corrected)

Stereotaxic Coordinates Reward List Reward � List

Region BA x y z Cue Delay Cue Delay Cue Delay

Rehearsal-related regions
Left dorsal inferior frontal cortex 44/6 �35 �13 31 Nw�Sh

Lg�Sh

Left ventral inferior frontal cortex 45 �28 24 8 Lg�Sh

Supplementary motor cortex 6 �2 8 51 Lg�Sh
Nw�Sh

Reward-related regions
Right ventrolateral cortex 47 43 30 �6 Nw�Lg Sh�Lg

Sh�Lg

Left ventrolateral cortex 47 �43 34 �6 Sh�Lg Nw�Lg
Sh�Lg

Executive control
Right dorsolateral prefrontal cortex 9/46 32 32 32 R�NR Lg�Nw

Lg�Sh

Note—Sh, two-syllable words; Lg, four-syllable words; Nw, nonwords; R, reward condition; NR, nonreward condition. List, reward, and reward �
list effects are p � .05. Effects are reported as x � y, meaning that mean intensity is greater for condition x than for condition y.
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(BA 6), as expected, during the cue epoch we found no
significant effects of reward or list type ( p � .30 for all
effects) (Figure 3). As also predicted, during the delay
epoch we did not find significant effects of reward ( p �
.05). Replicating prior findings, we found that all three
rehearsal-related regions were highly sensitive to list
type ( p � .05), though there were some subtle differ-
ences in the ordering of conditions relative to those in a
previous study (Chein & Fiez, 2001). These differences
likely reflect the use of two-syllable and four-syllable
words in the present study, as compared with the two-
syllable and one-syllable words used previously. Finally,
there were no significant interactions between reward
and list type in any region, during either the cue or the
delay epoch ( p � .35 for all effects).

Executive processing. In the right dorsolateral pre-
frontal cortex, a region often associated with executive
control (Cohen et al., 1997; Sharp, Scott, & Wise, 2004),
we confirmed that neither reward condition [F(1,21) �
2.12, p �.16] nor list type [F(2,21) � 0.094, p �.91] in-

fluenced brain activation during the cue period of the de-
layed serial recall task (Figure 4).

As predicted, during the delay epoch, we observed
greater activation for reward than for no-reward trials
[F(1,21) � 10.97, p � .003]. On the basis of prior results
(Chein & Fiez, 2001), we anticipated a nonsignificant
effect of list type in the right DLPFC. Although our effect
size was relatively small, in this larger group of subjects
with more demanding stimulus conditions, we observed
a highly significant effect of stimulus type [F(2,21) �
7.77, p � .001]. Finally, as predicted, there were no in-
teractions between reward and list type during either the
cue [F(2,21) � 0.05, p � .95] or the delay [F(2,21) �
0.63, p � .54] epochs.

Reward-related processing. We identified voxel clus-
ters bilaterally in VFC (BA 47) (Figure 5). We predicted
that reward versus no-reward trials would produce
greater activation during the cue epoch, and potentially
during the delay epochs as well. In the cue epoch, the ef-
fects of reward were not significant in either the right

Figure 3. Reward and list type effects in regions associated with verbal rehearsal: Voxel clusters in the supplementary motor area (BA 6,
left), dorsal sector of the inferior frontal gyrus (BA 44/6, middle), and ventral sector of the inferior frontal gyrus (BA 45, right) showed
an increase in activity during the delay in comparison with the fixation baseline epochs. As is graphically illustrated through the av-
erage time course of activity across a trial (21 scans; 63 sec), all three clusters showed no significant effect of reward cue type (top graph
for each cluster), but significantly greater activation for the more difficult stimulus list conditions (bottom graph for each cluster).
Our analyses focused on two epochs of interest: the cue epoch (Scans 2 and 3; 3–9 sec), and the delay epoch (Scans 6–13; 15–39 sec).
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[F(1,21) � 0.087, p � .77] or left [F(1,21) � 2.30, p �
.14] clusters, though the conditions were ordered as pre-
dicted. Unexpectedly, we found a main effect of list type
in both the right and the left clusters [F(2,21) � 3.65,
p � .03; F(2,21) � 5.66, p � .007]. Since list type is not
revealed until the encoding epoch of the task (Scans
3–7), these differences may reflect baseline shifts in ac-
tivation caused by preceding trials.

During our delay epoch, our patterns of activation are
complex. On the basis of prior neurophysiological ob-
servations of increases in neuronal firing associated with

reward-related states (Hikosaka & Watanabe, 2000; Roesch
& Olson, 2004; Schultz et al., 2000; Tremblay & Schultz,
1999), we hypothesized that we might find significant pos-
itive activation during the delay interval. Surprisingly,
however, the overall signal changes in these clusters were
deactivations (delay activity less than fixation baseline).
Furthermore, there was a pattern of greater deactivation
for rewarded trials than for nonrewarded trials, though
these differences did not reach significance for either the
right [F(1,21) � 0.45, p �.51] or the left [F(1,21) � 3.02,
p �.10] clusters. In contrast to our predictions, we found

Figure 4. Reward and list type effects in DLPFC: A voxel cluster in the DLPFC (BA 9/46)
showed an increase in activity during the delay in comparison with the fixation baseline
epoch. As is graphically illustrated through the average time course of activity across a trial
(21 scans, 63 sec), this cluster showed a significant effect of reward cue type (top graph) and
significantly greater activation for the more difficult stimulus list conditions (bottom graph).
Our analyses focused on two epochs of interest: the cue epoch (Scans 2 and 3; 3–9 sec), and
the delay epoch (Scans 6–13; 15–39 sec).
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an effect of list type bilaterally [F(2,21) �3.26, p � .05
on the right; F(2,21) � 10.05, p � .001 on the left]. Post
hoc contrasts revealed that the deactivation in the most
difficult condition (four-syllable words) was more neg-
ative than the activation in the easiest condition (two-
syllable words) [t (2,21) � �2.53, p �.020 on the right,
and t (2,21) � �4.26, p � .001 on the left]. There were
no significant interactions between reward and list type
during either the cue or the delay epoch ( p � .34).

The activation patterns observed in the VFC clusters
were complex and unexpected. To further probe for inter-
action between the cue versus delay epochs and the re-
ward condition, we conducted a post hoc voxelwise
analysis across the whole brain. At each voxel, we con-

ducted an ANOVA with epoch (cue vs. delay), list type,
and reward condition as factors. No voxels survived the
threshold ( p � .001, corrected) that we used in the pri-
mary omnibus contrasts of cue versus fixation and delay
versus fixation. However, at a less stringent threshold
( p � .05, corrected) we identified four voxel clusters
within PFC and VFC. Two clusters did not clearly fall
within the boundaries of our a priori regions of interest;
one cluster localized to BA 9/44, with a peak at x � 48,
y = 17, z � 33. The other localized to lateral BA 6, with
a peak at x � �12, y � 7, z = 55. Examination of the
time courses for these regions suggests that the interac-
tions may have emerged from baseline differences across
the reward conditions.

Figure 5. Reward and list type effects in the VFC: Voxel clusters located in both the right and the left VFC (BA 47) showed
a decrease in activity during the delay in comparison with the fixation baseline epoch. As is graphically illustrated through the
average time course of activity across a trial (21 scans, 63 sec), both clusters showed a trend toward greater deactivation for re-
ward in comparison with no-reward trials (top graph for each cluster), and greater deactivation for the more difficult stimu-
lus list conditions (bottom graph for each cluster). Our analyses focused on two epochs of interest: the cue epoch (Scans 2 and
3; 6–9 sec), and the delay epoch (Scans 6–13; 15–39 sec).
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The two most significant clusters were in our a priori
VFC region of interest, specifically in right (x � 42, y �
31, z � �4) and left (x � �39, y � 49, z � �6) BA 47.
To further characterize the activation patterns in these
clusters, two-way ANOVAs with reward condition and
list type were conducted in both the cue and the delay
epochs. In the cue epoch, significant effects of reward
condition were observed bilaterally [F(1,21) � 7.68, p �
.01 on the right; F(1,21) � 26.80, p � .0001 on the left],
with greater activation for the reward than for no-reward
trials; the list effects did not reach significance. In the
delay epoch, the reward trials were associated with a
greater deactivation bilaterally, but this difference did
not reach significance [F(1,21) � 3.50, p � .08 on the
right; F(1,21) � 2.93, p � .10 on the left]. Significant
list effects were found bilaterally [F(2,21) � 4.42, p �
.02 on the right; F(2,21) � 8.50, p �.001 on the left].
There were no significant interactions between reward and
list type during either the cue or the delay epoch ( p � .35)

DISCUSSION

In this study, our goal was to understand the relation-
ship between frontal brain regions responsible for verbal
rehearsal, executive control, and reward-related process-
ing during a delayed serial recall task. We found that the
delayed serial recall task influenced each processing do-
main in a manner that was consistent with the majority
of our predictions.

Rehearsal-Related Processing
Turning to rehearsal-related processing, we hypothe-

sized that frontal areas putatively engaged in verbal re-
hearsal would be engaged by the serial recall task, though
they would be relatively insensitive to the effects of re-
ward cues. We successfully identified clusters in the left
dorsal inferior frontal cortex (BA 44/6), left ventral in-
ferior frontal cortex (BA 45), and the supplementary
motor area (BA 6) that were more active during the early
maintenance epoch of the serial recall task, relative to a
fixation baseline. We replicated prior findings that these
regions are sensitive to stimulus manipulations that af-
fect rehearsal difficulty across a delay interval (Chein &
Fiez, 2001). We extended this prior work to demonstrate
that rehearsal-related regions were not significantly af-
fected by reward cues, during either the initial cue epoch
or an extended delay interval.

As discussed in greater detail below, the pattern of re-
sults observed in these putative rehearsal regions differs
from that observed in DLPFC. Although this dissocia-
tion was predicted, the specificity of reward effects ob-
served in this study stands in contrast to recent findings
in nonhuman primates. Roesch and Olson (2003, 2004)
found that neurons in the fontal eye fields, supplemen-
tary eye f ields, premotor cortex, and supplementary
motor area exhibited an increase in neuronal activity
during the delay interval of a memory-guided saccade
task under conditions of high motivation. The contradic-

tory results may be understood by considering two dif-
ferent aspects of motor behavior. First, delayed recall
tasks require some type of overt motor response (e.g., a
delayed saccade), and incentive cues may produce in-
creases in neuronal firing associated with motor prepa-
ration for a specific response, or a more general increase
in motor arousal (Roesch & Olson, 2003, 2004). Con-
sistent with this interpretation, monkeys respond more
quickly on high versus low incentive trials of a memory-
guided saccade task (Roesch & Olson, 2003, 2004). Sec-
ond, the anticipated consumption of a reward may also
change motor behavior. For instance, presentation of a
conditioned cue associated with future delivery of a juice
reward will initiate licking behavior in monkeys (Fiorillo,
Tobler, & Schultz, 2003). Both of these factors may have
played less of a role in the present study, because partic-
ipants were not under substantial time pressure to re-
spond, nor were monetary rewards actually delivered dur-
ing the course of the scanning session.

Executive Control
We hypothesized that the DLPFC would be engaged

during performance of the delayed serial recall task. We
successfully identified a cluster in the right, but not the
left, DLPFC. This lateralization of our activity is con-
sistent with what has been found in other studies, in
which greater right as opposed to left DLPFC activation
has been found using both verbal and nonverbal stimuli
(Chein & Fiez, 2001; D’Esposito et al., 1998; Rypma &
D’Esposito, 1996).

In prior research with the delayed recall task, manip-
ulations of stimulus type were associated with weak,
nonsignificant, increases in activity in the DLPFC (Chein
& Fiez, 2001). In the present study, a significant effect
of list type was observed, with the degree of activation
ordering inversely with task performance (i.e., the largest
signal increase was observed in the most difficult condi-
tion). The magnitude of the list type effect is compara-
ble across studies. Thus, the fact that the effect reached
significance in the present study stems most likely from
an increase in statistical power associated with a near
doubling of the sample size (from 12 to 22 participants).
Overall, the results remain consistent with a prior claim
(Chein & Fiez, 2001) that the DLPFC is more robustly
affected by manipulations of memory load than by stim-
ulus type, although this claim has yet to be tested in a
within-subjects design.

An interesting new question addressed in this study is
what happens when performance is manipulated by chang-
ing task incentives. Prior neurophysiological studies in
nonhuman primates have suggested that task incentives
can affect performance, potentially via enhanced mne-
monic activity in DLPFC neurons (Kobayashi et al.,
2002; Leon & Shadlen, 1999; Roesch & Olson, 2004).
For instance, Leon and Shadlen (1999) found that mon-
keys demonstrated greater accuracy on rewarded trials
of a memory-guided saccade task, and neurons in the
DLPFC fired more strongly during the memory delay in-
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terval. In agreement with such findings, we found that
recall performance was higher during rewarded than dur-
ing nonrewarded trials, as was the level of activation in
the DLPFC during a delay interval.

The pattern of effects observed across regions puta-
tively engaged in verbal rehearsal and executive control
provides insight into the mechanisms that support verbal
working memory performance. First, the findings sug-
gest that activity in the DLPFC does not simply reflect
task performance, or task difficulty. Manipulations of
memory load and stimulus type both produce decreases
in recall accuracy, but increases in DLPFC activation
(Braver et al., 1997; Chein & Fiez, 2001; Rypma, Prab-
hakaran, Desmond, Glover, & Gabrieli, 1999). In con-
trast, manipulations of incentive produce increases in
both recall accuracy and DLPFC activation. Thus, acti-
vation in the DLPFC seems to correspond more closely
to subjective notions of “effort.” Second, the findings can
be used to contrast potential mechanisms by which incen-
tives may improve performance. One possibility is that
performance is enhanced by improving verbal rehearsal.
For example, it is known that working memory perfor-
mance correlates with speech rate (Ellis & Hennelly,
1980; Hulme, Thomson, Muir, & Lawrence, 1984), and
thus, potentially, subjects could increase their rate of
inner speech in order to refresh decaying phonological
representations more quickly and more often (White,
Craft, Hale, Schatz, & Park, 1995). A second possibility
is that performance is improved by making more effec-
tive use of rehearsal. For instance, the phonological rep-
resentations that may be activated by inner speech (Bad-
deley, 1986) might be more effectively sustained through
attention or more effectively integrated with other types
of information. The fact that reward effects were ob-
served in the DLPFC, and not in rehearsal-related re-
gions, leads us to favor the second possibility.

The Role of the Ventral Frontal Cortex
We identified clusters of activation in the right and left

VFC cortex (at or near BA 47). We hypothesized that,
relative to a fixation baseline, these clusters would ex-
hibit increased activation during the cue epoch for re-
ward versus no-reward trials. We did not observe a sig-
nificant effect of reward, though the conditions did order
as predicted. Furthermore, a post hoc voxelwise analysis
yielded significant effects of the reward condition during
the cue epoch (see Figure 6). Several factors may ac-
count for the failure to observe robust effects of reward
in the VFC. First, the VFC is located near the sinuses and
thus is particularly prone to susceptibility artifacts that
can dramatically increase variance and decrease statisti-
cal power (Krasnow et al., 2003) (see Figure 7). Second,
we collected data from only six trials of each type from
each subject (18 reward and 18 no-reward trials, each di-
vided into three different list types). This was done to
minimize subject fatigue associated with extended per-
formance of a demanding cognitive task, but as a conse-
quence may have increased our susceptibility to Type II

errors. Third, the task paradigm incorporated a relatively
short cue epoch (6 sec), and, as described below, in-
creases in activation may have been obscured by de-
creases in activation that occurred with the onset of a
memory load. Fourth, emerging neural data suggests that
the neural response to a reward cue may be relatively
rapid and thus may not generate a robust hemodynamic
response. Specifically, in a study by Roesch and Olson
(2004), monkeys were presented with a cue that indi-
cated the potential outcomes associated with two alter-
native eye movements. Unlike in many past studies of
reward-related processing in the VFC, the reward cue
and the mnemonic stimuli were not confounded together.
Under these conditions, neurons in the VFC did not ex-
hibit sustained activity across a delay interval and in-
stead responded phasically to cues signaling the poten-
tial to earn a reward.

We had several hypotheses about the pattern of delay
activity that might be found in the VFC. Given the find-
ings of prior research, delay activity signaling the ex-
pectation of reward, or mnemonic processing, might be
represented by positive activation. However, we found
that activation during the delay decreased below base-
line. A recent fMRI study by Pochon et al. (2002) found
similar results and contributes to our understanding of
why the VFC and DLPFC may interact to improve task
performance. In Pochon et al.’s study, participants en-
gaged in an N-back working memory task. In each trial
of the N-back task, participants were presented with re-
ward information about each trial pseudorandomly, and
reward amounts increased in response to an increase in
the accuracy of participants’ responses.

Similar to our results, Pochon et al. (2002) found that
the VFC (BA 11/47) was deactivated during rewarded
trials. Furthermore, the degree of deactivation increased
with increases in cognitive demand. Conversely, both re-
wards and increasing cognitive load were found to in-
crease activation in the DLPFC. Pochon et al. concluded
that there is a “dynamic interplay” between regions re-
sponsible for cognition and working memory and re-
gions responsible for affective processing. Potentially,
cognitively demanding trials may require the suppres-
sion of activity in the VFC in order to minimize com-
peting emotional thoughts and emotional responses to
reward (i.e., anxiety) that may interfere with task perfor-
mance. As these thoughts and emotions are minimized,
regions involved in executive control may function more
efficiently, thereby improving task performance.

One way in which the relationship between affective
and cognitive processing may be facilitated is through
reciprocal neural connections between dorsal and ventral
prefrontal brain regions (Cavada, Compañy, Tejedor, Cruz-
Rizzolo, & Reinoso-Suárez, 2000; Petrides & Pandya,
1999). Another potential mechanism would be via cortical–
subcortical connections. For instance, Haber et al. (2000)
have proposed a feed forward mechanism whereby meso-
striatal pathways facilitate the flow of information from
ventral to more dorsal striatal regions. The model is
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based on results from anatomical tracing methods that
divide the striatum into three discrete areas: ventrome-
dial striatum, central striatum, and the dorsolateral stria-
tum. Haber et al. propose that a “downward spiral” of
communication begins in the ventral striatum (responsi-
ble for limbic processes) and influences the central stria-
tum (responsible for cognitive processes) via overlap-
ping connections in the midbrain. Likewise, information
from the central striatum influences the dorsal striatum
via shared connections in the midbrain. The ventral, cen-
tral, and dorsal components of the striatal system have
connections to ventral and dorsal prefrontal cortex and

may enable communication between these prefrontal re-
gions. Finally, thalamic–cortical connections may provide
a mechanism for communication between prefrontal re-
gions that respond to affective and cognitive task de-
mands. Indeed, both the lateral and orbital prefrontal
cortex have connections with the mediodorsal nucleus of
the thalamus (Haber, 2003).

Research from other scientific domains further sup-
ports a relationship between affective and cognitive pre-
frontal processing domains. For example, clinical re-
search has found that cognitive control, or reappraisal of
phobic stimuli, involves a change in blood flow in the

Figure 6. Post hoc voxelwise results in the VFC: A post hoc voxelwise analysis identified the left and right VFC clusters that
exhibited an interaction between signal intensity in the cue (Scans 2 and 3) versus delay (Scans 8 and 9) epochs as a function of
whether the trials were rewarded or unrewarded. These clusters localized to BA 47, near those identified through the primary
omnibus contrast between delay and fixation (see Figure 4). As is graphically illustrated through the average time course of ac-
tivity across a trial (21 scans, 63 sec), both clusters showed greater activation for reward as opposed to no-reward trials in the
cue epoch, coupled with a trend toward a reversal of this pattern in the delay epoch (greater activation in no-reward than in re-
ward trials) (top graphs). These clusters also exhibited significant effects of list type during the delay epoch, with the greatest
deactivation observed for the more difficult stimulus lists (bottom graphs). Our analyses focused on two epochs of interest: the
cue epoch (Scans 2 and 3; 3–9 sec), and the delay epoch (Scans 6–13; 15–39 sec).
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DLPFC (Paquette et al., 2003). Also, research involving
emotion induction in normal participants has found that
cognitive reappraisal and suppression of emotional ex-
perience engages both the DLPFC and VFC (Lévesque
et al., 2003; Ochsner, Bunge, Gross, & Gabrieli, 2002).
Future research could attempt to look for patterns of
DLPFC–VFC interactions across different literatures.
This type of analysis could provide a better understand-
ing of how prefrontal regions respond to competing af-
fective and cognitive demands.

In addition, future research may benefit from consid-
ering how blood flow changes exhibited in the prefrontal
cortex could be part of a larger network of affective and
cognitive regions. While our study focused on a priori
regions of interest specifically located within frontal
cortex, preliminary post hoc analyses provided some ev-
idence that other regions—such as the parahippocampal
cortex and occipital cortex—were affected by the reward
manipulation. Techniques such as structural equation
modeling might offer important tools for understanding
the relationship between ventral prefrontal regions and
other regions involved in affective processing (Northoff
et al., 2004).
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