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Increasing the reward value of behavioral goals can facilitate cog-
nitive processes required for goal achievement. This facilitation
may be accomplished by the dynamic and flexible engagement of
cognitive control mechanisms operating in distributed brain
regions. It is still not clear, however, what are the characteristics
of individuals, situations, and neural activation dynamics that
optimize motivation-linked cognitive enhancement. Here we show
that highly reward-sensitive individuals exhibited greater improve-
ment of working memory performance in rewarding contexts, but
exclusively on trials that were not rewarded. This effect was
mediated by a shift in the temporal dynamics of activation within
right lateral prefrontal cortex, from a transient to predominantly
tonic mode, with an additional anticipatory transient boost. In
contexts with intermittent rewards, a strategy of proactive cogni-
tive control may enable globally optimal performance to facilitate
reward attainment. Reward-sensitive individuals appear preferen-
tially motivated to adopt this resource-demanding strategy, result-
ing in paradoxical benefits selectively for nonrewarded events.
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In some task situations, successful behavioral performance leads
to the potential for a highly rewarding outcome (e.g., gambling

games, college entrance exams, sales contests) .Whenmotivational
salience is high, the increased value of the behavioral goal to be
achieved needs to be translated into an optimal cognitive strategy
(1–3). Previous experimental evidence suggests that such a trans-
lation does occur, because both cognitive performance and brain
activity are enhanced in behavioral situations paired with motiva-
tional incentives (e.g., monetary rewards) (4–11). Importan-
tly, these behavioral and neural enhancements have been found to
be associated with the potential reward value available on specific
trials. However, there is still very little knowledge regarding the
specific behavioral situations, neural mechanisms, and individual
trait factors that are critical for such enhancement effects.
We have postulated a theoretical framework, known as the Dual

Mechanisms of Control (DMC; ref. 12), that distinguishes two
cognitive control modes, proactive and reactive (Fig. S1A). The
former is characterized by sustained active maintenance and/or
anticipatory implementation of behavioral goals in the lateral pre-
frontal cortex (lPFC) (13, 14), whereas the latter is characterized by
transient, bottom-up updating of goal-relevant information within
awider brainnetwork (15). Inpreviouswork,wehavedemonstrated
that theDMCmodel predicts age-related and incentive-dependent
shifts in activation dynamics in the lPFC (16–18). However, a limi-
tation of the prior work has been the lack of a conclusive demon-
stration that experimental and individual differences effects in
cognitive control modes are both functionally mediated by a shift in
the activation dynamics within lPFC. In the current study, we pro-
vide such a demonstration, focusing on the effects of motivational
context and reward-related personality traits.
The DMC framework predicts that a proactive strategy of cog-

nitive control implemented in lPFC will be most dominant
in individuals and situations characterized by a reward-focused
motivational orientation (12, 16). Moreover, a counterintuitive
prediction of the framework is that adoption of a proactive con-

trol strategy, because it involves preparatory maintenance and
updating of task goals, would globally facilitate performance in
rewarding motivational contexts, and not just on the particular
events that are directly linked to immediate reward.
We tested the predictions of the DMC framework by examining

both experimentallymanipulated and individual difference effects of
reward expectancy on brain activation dynamics during a demanding
cognitive task involvingworkingmemory.Workingmemory tasks are
widely agreed to involve executive control processes that serve to
flexibly update the short-term storage of task-relevant information in
accordance with task goals, and drive top-down attentional mecha-
nisms that use such maintained information as a basis for the selec-
tion of task-appropriate responses (12, 14, 19, 20). As such, the task
allowed us to examine how such control processes might be modu-
lated during reward-focused motivational contexts, as has been
demonstrated in previous studies (7, 9, 11).
Human participants (n = 31) performed the working memory

task during functional magnetic resonance imaging (fMRI) scan-
ning, in both reward (R+) and nonreward (R-) contexts (Fig. 1A
and Fig. S1B; Methods). In the R+ context, monetary bonuses
were provided for fast and accurate performance, indicated by
postresponse visual feedback. Further, within the R+ context,
individual trials randomly varied in reward value (high, low, or
none), and participants were informed of this value before each
trial onset. We then identified brain regions that were sensitive to
the reward manipulations, predicting that the R+ context would
be associated with a shift toward proactive control, and marked by
a particular neural signature of increased sustained, anticipatory
maintenance. Then, we examined effects of individual differences
in trait sensitivity to reward between participants (21, 22), using
a composite index derived from standard personality assessments
(23–25). We predicted that variability in such traits would addi-
tionally modulate brain activation dynamics and performance.

Results
Behavioral Results.Reaction times (RT) showed the expected trial-
by-trial enhancement associated with increased reward values
(F(1,30) = 24.4, P < 0.001; Fig. S2A; SI Methods and SI Results),
suggesting that cognitive performance is modulated by potential
rewards, and consistent with previous findings of motivational
performance enhancement during working memory (9, 11).
Moreover, as shown in Fig. 1B, there was an additional perfor-
mance enhancement due to motivational context: RT on non-
reward trials in the R+ context were >20% faster (≈200 msec)
than those in the R- context [t(30) = 9.0, P < 0.001]. The magni-
tude of this contextual enhancement also showed a significant
positive correlation with the trait reward-sensitivity of participants
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(ρ= 0.41, P < 0.05; Fig. 1C; SI Methods), whereas the trial-related
effects of reward value within the R+ context did not (P > 0.23;
Fig. S2 B and C; SI Results). These correlation results suggest that
highly reward-sensitive individuals showed greater performance
enhancement, but specifically due to the motivational context,
rather than to the trials with the highest reward value. Accuracy
was at ceiling, and so it was not affected by experimental manip-
ulations or individual differences (SI Results).

Imaging Results. Examination of brain activity dynamics provided
more direct support for the DMC predictions. One of the central
predictions is that a shift toward proactive control in the R+
context should be reflected as an increase in sustained activity, and
a corresponding decrease in reactive-type transient activity, in-
dicating the reduced need for control engagement during the
probe and response period. We first identified brain regions
exhibiting context-related changes in both transient and sustained
activity, but importantly, without assumptions regarding the di-
rection of effects (SIMethods). The event-related analysis focused
only on nonreward trials because these were matched across both
contexts. Across the whole brain, two regions in the right hemi-
sphere were identified, lPFC [Brodmann area (BA) 46/9 (41, 21,
28)] and posterior parietal cortex [BA 40/7; (39,−51, 47)] (Fig. 2A
and Table S1). Although a conjunction approach was used, each
contrast was individually significant at P < 0.05, corrected for
multiple comparisons in thewhole brain (ref. 26;SIMethods andSI

Results). Based on our a priori theoretical hypotheses, related to
the DMC framework, of lPFC involvement in proactive and re-
active control, our subsequent analyses focusedon the lPFC region
of interest (ROI). Nevertheless, supplemental exploratory analy-
ses were also conducted on the posterior parietal region. None of
the brain-behavior and personality effects described below were
significant in the parietal ROI (SI Results).
As shown Fig. 2B, in the lPFC ROI, sustained activation was

significantly increased in theR+context (R+: t(30)= 4.0,P< 0.001;
R+ vs. R-: t(30) = 4.2; P < 0.001; see also Fig. S3A and Table S1).
Conversely, the event-related response revealed a transient de-
crease in activation onR+ relative toR- trials, primarily in the later
period of the trial (Fig. 2C). To conduct more direct comparisons,
the transient effect was quantified by separating trial-related acti-
vation into early and late periods (Fig. S2C; SIMethods). The early-
late decomposition of the transient activity allowed us to examine
within-trial distinctions between proactive and reactive strategies.
More specifically, larger late-transient activity can be considered to
reflect the recruitment of reactive control (i.e., more related to the
period of probe processing and response selection), whereas the
early-trial period may reflect anticipatory updating and mainte-
nance of task-rule information basedon integrationwith the current
memory set. Importantly, these two transient components were
statistically independent (SI Methods), and moreover, empirically
double-dissociated in terms of reward context effects (F(1,30)= 14.4,
P < 0.001; see also Fig. S3A), consistent with the idea that the two
trial components reflect distinct components of task control. In the
early-trial period, there was significant activation in both contexts
(R+: t(30) = 3.0, P < 0.01; R-: t(30) = 5.0, P < 0.001), but no dif-
ference related to the reward effect [t(30) = 0.34, P = 0.71] (Fig.
S3A), suggesting that both of the R+ and R- trials recruited antic-
ipatory control processes during this period. In contrast, the context
effect was significant in the late-trial period, with robust activity in
the R- context (t(30) = 4.2, P < 0.001) with a significant decrease in
the R+ context (R+ vs. R-: t(30) =−2.9, P < 0.01) (Fig. 2C and Fig.
S3A). The double dissociation of brain activity dynamics (sustained
and late-transient) and reward context (R+andR-) in the lPFCwas
statistically reliable (F(1,30) = 13.1, P < 0.01; Fig. S3A).
Interestingly, the activation dynamics in this lPFC region was not

affected by trial-by-trial fluctuations in reward value within the R+
context (P > 0.26; Fig. S3, SI Results), suggesting that the shift in
activation dynamics was purely contextual in rewarding situations.
Nevertheless, it is worth noting that such transient effects of trial
rewardvaluehavebeenobserved togetherwith sustainedeffects (6),
and indeedwere observed in other brain regions in this dataset (27).
The observed patterns suggest a shift from a reactive-type tran-

sient activation mode in the R- context, to a more predominately
tonic mode of activation in the R+ context, consistent with an in-
creased relianceonproactive control as a result of highmotivational
salience. This dynamic shift was confirmed at a between-subjects
level, in terms of a significant negative correlation between the
transient and sustained effects (r = −0.67, P < 0.0001; Fig. 2D).
Thus, the reduction in late-trial transient activation was greatest in
participants that showed a stronger increase in sustained activation.
It is important that these effects were not due to artifacts of statis-
tical collinearity related to the estimation method (SI Methods).

Brain–Behavior Relationships. The DMC framework suggests that
proactive control facilitates optimal performance in demanding
cognitive tasks.Consequently, there shouldbea relationshipbetween
the neural signature of proactive control and task performance. In-
deed, within the lPFC ROI, there was a significant correlation be-
tween the context-dependent reduction in late-trial activity and
enhancement in task performance (P < 0.05, corrected within the
lPFC ROI; Fig. 3A). Importantly, the correlation involved the non-
rewarded trials in R+ context, and thus refers exclusively to the
contextual effect. Indeed, there were no correlations between tran-
sient activity in lPFC and trial-by-trial performance enhancements
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Fig. 1. Experimental design, behavioral, and individual difference effects. (A)
A mixed blocked/event-related fMRI design enabled dissociation of transient/
sustained activity dynamics across motivational contexts. In the reward block
(R+; orange), reward trials (R) and nonreward trials (N) were pseudorandomly
intermixed, whereas only nonreward trials were presented in the nonreward
block (R-; blue). For transient (trial-by-trial) effects, only nonreward trials were
analyzed (orange “N” vs. blue “N”) to examine the impact of motivational
context on otherwise identically matched trials. The sustained (block-wise)
effect (orange rectangle vs. blue rectangle) isolated persistently increased ac-
tivation during task blocks, independent of trial-related effects. (B) Reaction
times were faster in the R+ context than the R- context. ***, P < 0.001. (C) The
RT effect was plotted against a personality trait score for reward sensitivity (z
scorenormalized composite index). Thevertical axis indicates theRT facilitation
in R+ context with the RTs in R- context partialled out, and the horizontal axis
indicates the reward sensitivity score. The contextual RT facilitationof incentive
was greater in individuals with higher reward sensitivity score.
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related to reward value (Fig. S4; SI Results). Moreover, the late-trial
period reflects when responses were generated, which lends support
to the plausibility of a causal relationship between activity and per-
formance. Interestingly, the contextual performance enhancements
were associated with a larger reduction—not increase—in late-trial
activity, suggesting decreased cognitive demands in this period in
participants exhibiting enhanced performance. However, the corre-
lation is consistent with the DMC model, in suggesting that global
optimization of performance in the rewarding context results from
a shift away from a reactive-type transient pattern of activation (Fig.
S1A; refs. 16–18).

Reward-Related Individual Differences. We then tested whether
such shifts in activation dynamics induced by reward context also
covaried with individual differences in trait sensitivity to reward
(SI Methods). Again, significant correlations were observed within
the lPFC ROI. Specifically, reward-sensitivity was positively cor-
related with the degree of sustained activation increase in the R+
context (P < 0.05, corrected within the lPFC ROI; Fig. 3B). Ad-
ditionally, although there were no contextual effects in early-trial
activation at the group level, another positive between-subjects
correlation was observed between reward-sensitivity and the
context-related increase in early-trial activity (P < 0.05, corrected
within the lPFC ROI; Fig. 3C). Thus, highly reward-sensitive
individuals were the ones most likely to exhibit a pattern of lPFC
dynamics typified by high levels of sustained activity plus an ad-
ditional boost of transient activity in the early-trial period. The
early-trial transient activation boost is also highly characteristic of
increased goal-driven anticipatory updating and maintenance of
task information in working memory (16–18).

Mediation Analysis.Given that reward sensitivity was also positively
correlated with improved performance in the R+ context, we
aimed to provide more direct and comprehensive evidence that

such performance enhancements were tied to the stronger shifts in
lPFC activity dynamics observed in high reward-sensitive individ-
uals. A path model approach was employed to test whether the
behavioral relationship between reward sensitivity and perfor-
mance was statistically mediated by the sustained and transient
activation dynamics observed in the R+ context (28). As shown in
Fig. 4A, a successful model was identified, in which reward sensi-
tivity was positively associated with increased sustained and early-
trial activity, which were, in turn, associated with reduced late-trial
activity, that led to enhanced task performance (χ2= 3.7,P=0.16,
AGFI= 0.67). When this indirect pathway of activity components
was included, the direct pathway from reward sensitivity to per-
formance dropped to a nonsignificant level, indicating statistical
mediation (indirect effect: 0.15, P < 0.05). To ensure that these
results were not biased by the use of individual correlation tests to
define the region of potential mediation, the successful model was
again tested by defining the mediation region purely based on the
group-wise sustained and transient activation contrasts, without
any reference to the individual correlation tests. Importantly, the
mediation effect was again confirmed (Fig. S5A; SI Results).
Alternative models were also tested but were not found to be

successful, indicating that the indirect path effects were highly
specific (Figs. S5B and S6; SI Results). In particular, we found that
the mediation effect was only significant when each of the early,
late, and sustained componentswere included in themodel in their
temporally correct sequence. This finding increases confidence
that the mediation pattern was due to the full shift in activation
dynamics rather than a simple change in activation magnitude.
The statistical mediation model makes more concrete the idea

that individual differences in reward sensitivity may reflect quali-
tatively different cognitive control strategies used for task per-
formance. Fig. 4B shows the magnitudes of sustained, early- and
late-trial transient components for the 10 highest and 10 lowest
individuals defined in terms of reward-sensitivity score (Fig. 4B).
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High reward-sensitive individuals are characterized by greater
sustained activity in the R+ context, supplemented by an addi-
tional transient activation boost in the early-trial period, which
reduces the late-trial activation. In contrast, for low reward-
sensitive individuals the smaller R+ increase in tonic and early-
trial activation resulted in the continued need for a strong boost in
activity during the late-trial period.

Discussion
This study identified critical factors that contribute to the behav-
ioral performance enhancement observed in demanding cognitive
situations involving reward expectation. First, the motivational
context appears to exert a significant influence over behavior and
brain activity, because these were modulated even on non-
rewarded trials performed within a rewarding motivational con-
text. Second, this contextual effect was accomplished by a shift in
the temporal dynamics of brain activity, and not just by a simple
change in activation magnitude. Finally, the personality trait of
reward sensitivity specifically modulated the contextual effect,
with greater performance enhancement andmodulation of activity
dynamics occurring in highly reward-sensitive individuals.
The pattern of activation dynamics observed in high and low

reward-sensitive individuals illustrates well the distinction between
proactive and reactive cognitive control strategies. Specifically,

working memory tasks such as this one can be performed reason-
ably successfully with a reactive strategy that involves just-in-time
transient reaccessing of task rules and configurations for encoding,
maintenance, and response selection in a stimulus-triggered man-
ner, following the presentation of memory set and probe items
(12). In contrast, an optimal proactive control strategy would in-
volve sustained maintenance of task set and anticipated rule use
across trials (i.e., even during intertrial intervals) to facilitate the
transient encoding and translation of memory set information into
a prospective expectancy regarding the upcoming probe (i.e., pre-
pare a target response if the probe is one of the expected memory
set items) before its onset. Our results are consistent with general
findings regarding right fronto-parietal cortex in preparatory at-
tention (15) andour prior empirical work (16–18) in demonstrating
that the distinction between proactive and reactive control modes
occurs in terms of activation dynamic shifts.
The reactive control mode may often times be sufficient for pro-

ducing high accuracy rates. However, to maximize reward attain-
ment, reactive control is not an optimal cognitive strategy, at least for
conditions in which it is critical that responses are not only accurate
butalso fast (12).The specific taskparadigmused in this studymaybe
ideal for the detection of such individual difference effects precisely
because such a high degree of performance was possible even with

Sustained
effect

Early transient
effect

Reward
Sensitivity

0.61** -0.56* -0.43*

A

B

0.15 (n.s.)

Right lPFC Indirect effect : 0.15*

TrialPre-trial Post-trial
EARLY LATE

0.1

0.2

0.3

0.4

0.0

0.5
% change

SUSTAINED SUSTAINEDTRANSIENT

(R+, LOW)

(R+, HIGH)

(R-, HIGH)
(R-, LOW)

Task block

Late transient
effect

Reaction time
facilitation

Fig. 4. LPFC activity dynamics mediates the relationship between individual
differences and behavioral performance. (A) The path diagram illustrates the
direct and indirect relations among the brain activity, reward sensitivity score,
and task performance. The indirect effect was mediated by lPFC brain activity
dynamics, comprised of the state/early-transient component and the late-
transient component. The beta values indicated beside the arrows were si-
multaneously estimated in amultivariate regression. **,P< 0.01; *,P< 0.05. (B)
For each task period (pretrial, and early/late-task periods), activation magni-
tudes were separately calculated for 10 highest (HIGH) and 10 lowest (LOW)
individuals, in terms of reward sensitivity score. The vertical axis indicates the
activity level relative to fixation block (i.e., transient and sustained activations
are cumulative). In the R- context the two groups are similar (blue solid and
dashed lines). However, in the R+ context, the HIGH group dynamically mod-
ulates cognitive control processes in the right lPFC (orange solid lines). The
enhancement of sustained and early-transient activity results in the decrease in
late-transient activity. On the other hand, the LOW group exhibits a qualita-
tively different profile in activity dynamics, with very little effect of the R+
context (orange dashed lines).

TR
A

N
S

IE
N

T 
E

FF
E

C
T

(L
AT

E
; R

+ 
vs

. R
-)

RT facilitation
(R+; regression residual)

r = -0.46
p < 0.01

ms

%change

Z = 27

A RT and LATE
TRANSIENT effect

%change

Reward Sensitivity Score

r = 0.44
p < 0.05

TR
A

N
S

IE
N

T 
E

FF
E

C
T

(E
A

R
LY

; R
+ 

vs
. R

-)

Reward Sensitivity Score

%change

r = 0.39
p < 0.05S

U
S

TA
IN

E
D

 E
FF

E
C

T
(R

+ 
vs

. R
-)

Z = 27

B Reward Sensitivity and 
SUSTAINED effect

Z = 27

C Reward Sensitivity and 
EARLY TRANSIENT effect

-0.6

-0.3

0.0

0.3

0.6

-300 -200 -100 0 100 200 300

-0.25

0.00

0.25

0.50

-2 -1 0 1 2

-0.6

-0.3

0.0

0.3

0.6

-2 -1 0 1 2

R

Fig. 3. Statistical correlation maps and plots between behavioral measure-
ments and brain activity components within the right lPFC ROI. Significant
regions were colored in yellow on the transverse anatomical section at the
labeled coordinate (P < 0.05 corrected for multiple comparison; Left). The
area enclosed by red lines indicates the lPFC ROI identified from whole-brain
analyses. The activity and the behavioral measurements of individual partic-
ipants are plotted to demonstrate: (A) the significant negative correlation
that was observed between RT contextual facilitation and late transient ac-
tivity in R+ trial, indicating that faster RTs were associated with reduced ac-
tivity; (B) individuals with higher reward sensitivity score exhibited greater
sustained activity during R+ block; and (C) the higher-score individuals also
exhibited greater transient activity during the early period of R+ trial.

8874 | www.pnas.org/cgi/doi/10.1073/pnas.1002007107 Jimura et al.

www.pnas.org/cgi/doi/10.1073/pnas.1002007107


a reactive control strategy. It might be interesting, however, to con-
trast the pattern observed here with reward-context effects and in-
dividual differences present in paradigms thatmake stronger control
demands (8, 10). One possible prediction is that, although group-
average effects of reward context might be larger, individual differ-
ence effects might be attenuated because, in paradigms with very
high control demands, it may be necessary to shift to proactive
control to obtain successful performance, whereas in the current
paradigm it may have been a more optional strategy.
The lateral prefrontal cortex has consistently been implicated

during performance of working memory tasks, exhibiting persistent
neuronal activity during delay periods (14, 19, 20). However, the
increased lPFC activity observed here was present not only during
the early-trial period in which memory set items were encoded and
maintained, but also extended to intertrial intervals that did not
involve retention of memory set items. It is thus unlikely that this
lPFC region is primarily involved in the short-term storage of
memory set items, but instead is more related to maintenance of
goal-related information needed for successful performance, such
as task sets or rules (29). Indeed, recent empirical work has sug-
gested that lateral PFC is preferentially involved in active mainte-
nance of goal-related information (30–35). Interestingly, PFC
neurons also code information related to the reward context (3, 7,
36). Thus, a primary implication of our findings is that the right
lPFC represents goal-relevant information (e.g., task rules; ref. 29)
that incorporates the potential reward value of task goal achieve-
ment, according to the current motivational context (3, 20).
Previous studies have explored neuralmechanisms that underlie

reward expectancy effects across a range of cognitive domains (4–
11). These studies have consistently demonstrated that increasing
trial reward value is associated with increasing transient activity on
such trials. A recent study further suggests that effective connec-
tivity between lateral and medial PFC changes as a function of
motivational factors (8). Importantly, in that study, the shift in
lateral-medial connectivity was related to block-related rather
than trial-related changes in motivational value, consistent with
our findings. Another study found both transient and sustained
modulations in lPFC regions in accordance with reward values
(that were modulated and reinforced in a blockwise, rather than
trial-specificmanner) aswell as to personality traits of reward drive
(6). One possibility of these modulations is that the lPFC inte-
grates task information with accumulated reward value in both
a transient and sustained fashion, when this information must be
internally maintained and updated both across motivational con-
texts and trials. Like the current findings, these results point to the
importance of contextual and sustained, as well as trial-specific
and transient effects of motivation.
An important question raised by our findings is why individual

differences in reward-related personality traits, which have been
shown tomodulate activity in brain reward circuitry (37), can also be
specifically linked to contextual changes in cognitive control. One
possibility is that such traits reflect the persistency of reward-trig-
gered behaviors regulated by the mesocortical dopamine (DA)
system (21, 38). Indeed, themidbrainDAsystemplays a central role
in the processing of reward and motivational information through
both phasic and tonic signaling (39, 40).Moreover, genetic variation
in the DA system is associated with stable individual differences in
both affective dimensions of personality (41) and reward-related
cognitive processes (42). The DA projection to lateral PFC, known
to modulate working memory functions (43), enables proactive
control by regulating phasic and tonic DA signals (44). Thus, high
reward-sensitive individuals might possess a DA system that pro-
vides the optimal tonic-phasic balance required for proactive con-
trol (21, 45, 46). However, this interpretation does not rule out
a possibility that the contextual effect, especially the increased
sustained activity in the lPFC, is maintained by each individual in-
stance of reward delivery.

In summary, the findings presented here highlight key dimen-
sions relevant to investigations of the neural bases of personality,
motivation, and cognitive control.We have suggested that reward-
sensitivity, an affective component of personality (21, 41, 47, 48),
points to a particular endophenotype in which lPFC cognitive
control mechanisms are selectively modulated in rewarding sit-
uations. Another dimension is the finding that it is the temporal
dynamics of brain activity that mediates cognitive control and
personality effects, and not just the simple magnitude of brain
activity. A last critical dimension is that motivational variables can
enable reprioritization of behavioral goals in cognitive situations
(1–3, 20). Thus, utilization of motivational manipulations may be
a powerful means of isolating, dissociating, and characterizing the
various components of cognitive control.

Methods
Task and Procedure. Participants perfromed a Sternberg-typeworkingmemory
task (ref. 47; Fig. S1). Incentives were indicated via a reward cue presented at
the beginning of each trial, indicating the amount of potential monetary
reward for a correct response faster than a pre-specified threshold. There
were three different possible reward cues indicating a 75-cent (high), 25-cent
(low), or no potential reward. A 5-word memory set was then presented on
the screen, followed by a delay period that served as a retention interval.
After the delay, a probe word was presented, and participants had to decide
whether the probe word was included in thememory set. Post-response visual
feedback indicated if the response was rewarded.

A mixed blocked and event-related fMRI design was used (Fig. 1A; ref. 48).
Two types of task blocks were administered, the rewarding block (R+) and
nonrewarding block (R-). The R+ block consisted of both rewarding and
nonrewarding trials, whereas the R- block consisted of only nonreward trials.
The critical components were the blocked (sustained) effect between the R+
and R- blocks and the trial-by-trial (transient) effect between the nonreward
trials in the two blocks. The transient effect was examined based on con-
trasting nonreward trials across the two block types. Before the start of each
functional run, participants were instructed regarding the block (R+ vs. R-),
and further in the R+ block, about the value and variety of rewards available
(high, low, none) to minimize the degree of reward prediction error expe-
rienced when encountering different trial reward values across contexts.

Data Analysis. A general-linear model approach was used to estimate signal
magnitudes for both transient and sustained activity. The sustained and
transient effects are simultaneously but independently codedwithin the same
GLM (48). For the sustained effect, R+ and R- blocks were coded by a box-car
function using an assumption of afixed-shape response. For the event-related
effects, R+ and R- trials were coded by a series of delta-function regressors.
Because the transient regressors are sparsely distributed within a task block,
any negative correlation between transient and sustained activity (Fig. 2D)
should not be attributable to the collinearity.

The event-related and sustained estimates for the imaging data were then
submitted to a group analysis by using a voxel-wise random-effects model.
Whole brain exploratory analysis wasfirst performed to identify brain regions
that revealed a shift in brain activity dynamics between R+ and R- block/trials
in terms of both of the sustained and transient effects, P < 0.05 corrected for
multiple comparisons across the whole brain. Brain regions were reported
significant only if the conjunction null hypothesis was rejected (26).

ROI analyses were then performed to examine profiles of the activity
dynamics. Because each trial consisted of multiple events, two activity
components of interests (early, late; Fig. 2C) were extracted from the time
course of the transient effect (see ref. 49 for similar approach). The early-
trial component likely includes activity that is primarily related to the pre-
sentation of reward cue and encoding of the memory set, whereas the late-
trial component primarily includes maintenance of the word set and the
response to the probe, but likely not any reward feedback effects.

Brain–Behavior and Individual Difference Analyses. Brain–behavior relation-
ships were examined by exploring individual differences in personality traits,
behavioral performance, and brain activity within the lPFC ROI identified in
the whole brain exploratory analysis above. Voxel-wise correlation coef-
ficients were computed between the behavioral or personality measure-
ments and activity components (sustained, early-transient, and late-
transient). Significant correlations were reported above the threshold of P <
0.05, corrected for multiple comparisons within the ROI.
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Mediation Analyses. To test whether the brain activity components can re-
liably account for the covariation of the two behavioral measurements [re-
ward sensitivity and reaction time (RT)], a mediation analysis was performed
(28). The independent (predictor) and dependent (predicted) variables were
the reward sensitivity score and the RT enhancement in the R+N trial, re-
spectively. The present model constitutes a single mediator model, with the
mediator consisting of two activity components in series (Fig. 4A). Specifi-
cally, one component consists of the sustained activity and early transient
activity, and the other component consists of late transient activity, consti-
tuting a step-wise mediator, based on the temporal order of the task. All of

the regression coefficients in the model were estimated simultaneously in
a multivariable regression. The appropriate model was further tested by
using a different ROI definition to test the robustness of the mediation ef-
fect. In a separate control analysis, to examine the specificity of this model,
several possible alternative models were tested.

See also SI Methods for full descriptions.
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