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Neuroeconomics

“... a single unified discipline with the ultimate aim of 
providing single, general theory of human behavior” in 
which “economist and psychologists are providing rich 
conceptual tools for understanding and modelling behavior, 
while neurobiologists provide tools for the study of 
mechanisms.”

Glimcher & Rustichini, Science 2004
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William James
The principles of psychology (1890)

“...wherever movement follows unhesitatingly and 
immediately the notion of it in the mind, we have ideo-motor 
action. We are then aware of nothing between the conception 

and the execution. In contrast, some acts require will, such 
that an additional conscious element in the shape of a fiat, 

mandate, or expressed consent is involved”



W. Schneider & R. M. Shiffrin
Controlled and automatic human information processing (1977)
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Automatic processing
activation of a learned sequence

without subject control
without stressing the system
without attentional demands

Controlled processing
activation of an ad hoc sequence
controlled by the subject
capacity limited
requires attention
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do incentives improve cognitive control
mechanisms underlying different rewards

self-control vs. reframing
wrap-up
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Vigilance
The ability to continuously maintain attention. 



NeuroEconomy Brief behavioral report
Based on the discussion we had this Monday I have prepared an R script for quick behavioral analysis. The 
script is called analysis.R and is in the  Results/MR-Eprime Transporter folder. The question we decided to 
address was whether there is an accuracy/reaction time tradeoff in the data. Here is what the results show.

Vigilance task

In vigilance (Blink) task there is no effect of incentive on the successful detection of the targets, and no 
significant effect of incentive (baseline vs. charity vs. competition) on reaction times. Potting change from 
baseline does not reveal a significant effect of accuracy/reaction time tradeoff. There is a slight correlation for 
charity condition (r = -.20), which is not significant. A significant negative correlation would not make much 
sense as increased vigilance should lead to both improved accuracy and shorter reaction times.
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Figure 1. Accuracies (proportion correct) for baseline (hard) and both incentive conditions in Vigilance task.
Figure 2. Reaction times baseline (hard) and both incentive conditions in Vigilance task.
Figure 3. Scatterplot of differences in reaction time (milliseconds saved in incentive vs. baseline condition — positive 
value, shorter reaction time) plotted against change in accuracy (differences in proportion correct incentive minus 
baseline — positive value = better performance in incentive trials) in Vigilance task. 
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Flanker task
The ability to inhibit distracting stimuli.



Flanker task

For Flanker task, again, there is no effect of incentive on accuracy, only the expected efect of condition 
(congruent vs. incongruent). There is a significant effect of incentive on reaction times (p < 0.001) due to 
reduced reaction times in both incentive conditions. There is no difference between the reaction times in the 
two incentive conditions. Plotting change in accuracy vs. change in reaction times shows no correlation 
between reaction times and accuracy for congruent condition, but a trend towards positive correlation in 
incongruent condition for both Charity (r = .21) and Competition (r = .26) incentives, none of them significant. 
These results show that subjects did improve reaction times with incentive and this was not due to more lax 
criteria in responding, quite the opposite, though not statistically significant the results lean towards general 
improvement in performance in both accuracy and reaction times. 
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Figure 4. Accuracies (proportion correct) for baseline and both incentive conditions in Flanker task, plotted separately for 
congruent and incongruent conditions.
Figure 5. Reaction times baseline and both incentive conditions in Flanker task, plotted separately for congruent and 
incongruent conditions.
Figure 6. Scatterplot of differences in reaction time (milliseconds saved in incentive vs. baseline condition — positive 
value, shorter reaction time) plotted against change in accuracy (differences in proportion correct incentive minus 
baseline — positive value = better performance in incentive trials) in Flanker task, plotted separately for congruent and 
incongruent conditions.
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Emotional capture
The ability for emotional control.

Emotional capture task

In emotional capture task, incentive conditions showed reduced accuracy (p = .025) but also a significant 
reduction in reaction times (p < .001), which again did not differ between the incentive conditions (p = .16). 
Subjects again significantly improved their speed of responses, however, overall, with slight hit on 
performance. Plot of change in reaction times vs. change in accuracies does, however, not show any 
indication of accuracy / reaction time tradeoff. Based on this a more probable explanation is that the subjects 
were getting tired, which led to decrease in accuracy that was unrelated to increase in speed of responses.
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Figure 7. Accuracies (proportion correct) for baseline (negative) and both incentive conditions in Emotional capture task.
Figure 8. Reaction times baseline (negative) and both incentive conditions in Emotional capture task.
Figure 9. Scatterplot of differences in reaction time (milliseconds saved in incentive vs. baseline condition — positive 
value, shorter reaction time) plotted against change in accuracy (differences in proportion correct incentive minus 
baseline — positive value = better performance in incentive trials) in Emotional capture task.

What did we learn so far

Based on behavioral results it seems that incentive does have a significant effect on performance on some 
tasks, but not others. Subjects improved reaction times in both Flanker and Emotional Capture tasks, without 
a significant hit on accuracies. In contrast, there were no pronounced effects on the Vigilance task. It will be 
interesting to compare these results to neuroimaging results, which, at first glance, do show a signifcant 
effect of incentive in Vigilance task, without obvious behavioral differences, and differences in processing of 
stimuli dependent on incentive type, again without obvious behavioral differences. Additional information 
might also be gained from correlations with other measures we gathered.
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Do incentives improve cognitive control?

incentives increase general and specific cognitive control



(Beck et al., 2010)
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(Beck et al., 2010)

Selective = Liquid HI . Fixation, Liquid HI . Baseline NO, Liquid
HI . Liquid NO, and Liquid HI . Money HI.

Finally, a supplementary whole-brain exploratory analysis was
also conducted to exclude the possibility of overlooking significant
activation in regions other than the specified ROIs. The same
contrasts were used, but each t-test was FDR corrected for
multiple comparisons (p,0.05) first. In a second step, these
corrected contrasts were included in the identical conjunction
described for the ROI analysis. This more stringent identification
procedure was employed for the whole-brain analysis since it was
exploratory and therefore more prone to false positives.

Results

Behavioral Results
Salience of reward incentives. Analyses of the subjective

liking ratings of the money and liquid incentives, as well as the
neutral solution were collected to verify the validity of the
incentives as rewarding or neutral outcomes. Money incentives
were liked significantly compared to a neutral rating of ‘‘4’’ (Low:
M = 6.45, SD = .78, t(30) = 10.29, p,.001; High: M = 6.71,
SD = .64 t(30) = 12.72, p,.001), and juice incentives were
significantly more liked upon receipt than the neutral liquid
(Low: M = 5.73, SD = 1.19, t(60) = 8.236, p,.001; High:
M = 5.90, SD = 1.22 t(60) = 8.685, p,.001). Importantly, the
rating of the neutral liquid was indeed neutral, as the mean
rating score did not differ significantly from the expected neutral
rating of ‘‘4’’ as defined by our scale (M = 4.24, SD = 1.70,
t(60) = .638, n.s.). Thus, the incentives that we offered were truly
rewarding, and our neutral liquid truly neutral.

Response times (RT). Analysis of RTs only considered
correct trials. We first examined blocked incentive effects. A one-
way repeated-measures ANOVA revealed a significant main effect
of incentive condition (Baseline, Money, Liquid; F(1,30) = 147.12,
p,0.001). This was due to a significant difference between RTs in
the Baseline condition (946 ms) and each of the two incentive
conditions (Baseline vs. Money: Mean: 714 ms, t(30) = 10.65,
p,0.001; Baseline vs. Liquid: Mean: 705 ms, t(30) = 11.75,
p,0.001). The two incentive conditions did not differ in RT
(t(30) = 0.57, p = 0.573).

To examine trial specific effects, only trials from the incentive
blocks were included. A 2-way (263) ANOVA including the
factors category (Money vs. Liquid) and magnitude (high vs. low
vs. no-incentive trials) revealed a significant main effect of
incentive magnitude (F(2,29) = 20.56, p,0.001, Figure 2) demon-
strating faster RT for incentive trials compared to no-incentive
trials. Additionally, faster RTs in high incentive compared to low
incentive trials were observed (t(30) = 4.22, p,0.001). Neverthe-
less, there was a marginally significant magnitude X category
interaction (F(2,29) = 2.82, p = 0.067). This interaction was due to
the fact that the magnitude effect for low vs. high incentive trials
was observed in the Money condition, but not in the Liquid
condition (Money: t(30) = 4.59, p,0.001; Liquid: t(30) = 1.25,
p = 0.221).

Error rates. Overall error rates for all trials were low
(Baseline = 3.1%, Money = 3.7%, Liquid = 2.6%). There was no
significant effect of block type on error rates (F(2,25) = 1.02,
p = 0.368). Likewise looking only at error rates among incentive
trials, the effects of magnitude, category, and their interaction were
all insignificant (p’s ..06). Together, these results indicate the
absence of any speed-accuracy tradeoff, and provide strong
support for the idea that WM performance was improved under
incentive conditions.

Imaging Data: ROI Approach
Sustained effects. Six regions within the cognitive control

network (CCN) showed sustained activity increases selectively in
the Money incentive condition (Figure 3, red regions; see also
Table 1). These were primarily right-lateralized and included:
anterior prefrontal cortex (aPFC), dorsolateral prefrontal cortex
(dlPFC), anterior cingulate cortex (ACC) and inferior parietal
cortex. These regions replicate well the regions identified to show
monetary incentive-related sustained activity in our prior work [8],
even though that study involved a different task, no trial-by-trial
incentive manipulation, and no comparison to Liquid incentives.
Additionally, within the reward processing network, Money-
selective sustained activity was observed in the head of the right
caudate.

In contrast, for the Liquid condition, there were no regions
showing selective sustained activity in the CCN, but in the reward
processing network (REW), selective sustained activity was
observed in four regions: bilateral amygdala, and the left dorsal
and right ventral striatum, with the latter matching well the
anatomical location of the nucleus accumbens.

Finally, sustained activation common to both incentive
conditions was observed in left inferior frontal cortex, left anterior
PFC and right parietal cortex within the CCN. With a lowered
cluster size, additional common incentive effects in the REW
network were observed in the left dorsal striatum and right lateral
OFC.

Transient effects. We next examined event-related increases
related to the trial-by-trial incentive manipulation. In contrast to
the patterns observed with regard to sustained activity, for the
Money condition, no incentive-related transient activation
increases were observed in the CCN, while a large number of
regions in this network showed selective effects in the Liquid
condition. These included bilateral ventrolateral prefrontal cortex
(vlPFC) and dlPFC, right anterior PFC bilateral inferior parietal
cortex and medial cerebellum (Figure 3, blue regions).
Additionally, in the REW network selective transient increases
were observed in lateral and medial orbitofrontal cortex (OFC) for
the Liquid condition (Table 1 provides a full list of regions). There
were no additional regions in the CCN or REW network showing
transient effects that were common to both incentive conditions.

Figure 2. Trial-specific incentive effects. Response times for no-
incentive trials (NO), low incentive trials (LOW) and high incentive trials
(HIGH) for the Money (MON) and Liquid (LIQ) blocks. Figure
demonstrates main effect of incentive magnitude, reflected in faster
response times on trials with higher incentive value.
doi:10.1371/journal.pone.0009251.g002

Motivation and Working Memory

PLoS ONE | www.plosone.org 5 February 2010 | Volume 5 | Issue 2 | e9251
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corrected contrasts were included in the identical conjunction
described for the ROI analysis. This more stringent identification
procedure was employed for the whole-brain analysis since it was
exploratory and therefore more prone to false positives.

Results

Behavioral Results
Salience of reward incentives. Analyses of the subjective

liking ratings of the money and liquid incentives, as well as the
neutral solution were collected to verify the validity of the
incentives as rewarding or neutral outcomes. Money incentives
were liked significantly compared to a neutral rating of ‘‘4’’ (Low:
M = 6.45, SD = .78, t(30) = 10.29, p,.001; High: M = 6.71,
SD = .64 t(30) = 12.72, p,.001), and juice incentives were
significantly more liked upon receipt than the neutral liquid
(Low: M = 5.73, SD = 1.19, t(60) = 8.236, p,.001; High:
M = 5.90, SD = 1.22 t(60) = 8.685, p,.001). Importantly, the
rating of the neutral liquid was indeed neutral, as the mean
rating score did not differ significantly from the expected neutral
rating of ‘‘4’’ as defined by our scale (M = 4.24, SD = 1.70,
t(60) = .638, n.s.). Thus, the incentives that we offered were truly
rewarding, and our neutral liquid truly neutral.

Response times (RT). Analysis of RTs only considered
correct trials. We first examined blocked incentive effects. A one-
way repeated-measures ANOVA revealed a significant main effect
of incentive condition (Baseline, Money, Liquid; F(1,30) = 147.12,
p,0.001). This was due to a significant difference between RTs in
the Baseline condition (946 ms) and each of the two incentive
conditions (Baseline vs. Money: Mean: 714 ms, t(30) = 10.65,
p,0.001; Baseline vs. Liquid: Mean: 705 ms, t(30) = 11.75,
p,0.001). The two incentive conditions did not differ in RT
(t(30) = 0.57, p = 0.573).

To examine trial specific effects, only trials from the incentive
blocks were included. A 2-way (263) ANOVA including the
factors category (Money vs. Liquid) and magnitude (high vs. low
vs. no-incentive trials) revealed a significant main effect of
incentive magnitude (F(2,29) = 20.56, p,0.001, Figure 2) demon-
strating faster RT for incentive trials compared to no-incentive
trials. Additionally, faster RTs in high incentive compared to low
incentive trials were observed (t(30) = 4.22, p,0.001). Neverthe-
less, there was a marginally significant magnitude X category
interaction (F(2,29) = 2.82, p = 0.067). This interaction was due to
the fact that the magnitude effect for low vs. high incentive trials
was observed in the Money condition, but not in the Liquid
condition (Money: t(30) = 4.59, p,0.001; Liquid: t(30) = 1.25,
p = 0.221).

Error rates. Overall error rates for all trials were low
(Baseline = 3.1%, Money = 3.7%, Liquid = 2.6%). There was no
significant effect of block type on error rates (F(2,25) = 1.02,
p = 0.368). Likewise looking only at error rates among incentive
trials, the effects of magnitude, category, and their interaction were
all insignificant (p’s ..06). Together, these results indicate the
absence of any speed-accuracy tradeoff, and provide strong
support for the idea that WM performance was improved under
incentive conditions.

Imaging Data: ROI Approach
Sustained effects. Six regions within the cognitive control

network (CCN) showed sustained activity increases selectively in
the Money incentive condition (Figure 3, red regions; see also
Table 1). These were primarily right-lateralized and included:
anterior prefrontal cortex (aPFC), dorsolateral prefrontal cortex
(dlPFC), anterior cingulate cortex (ACC) and inferior parietal
cortex. These regions replicate well the regions identified to show
monetary incentive-related sustained activity in our prior work [8],
even though that study involved a different task, no trial-by-trial
incentive manipulation, and no comparison to Liquid incentives.
Additionally, within the reward processing network, Money-
selective sustained activity was observed in the head of the right
caudate.

In contrast, for the Liquid condition, there were no regions
showing selective sustained activity in the CCN, but in the reward
processing network (REW), selective sustained activity was
observed in four regions: bilateral amygdala, and the left dorsal
and right ventral striatum, with the latter matching well the
anatomical location of the nucleus accumbens.

Finally, sustained activation common to both incentive
conditions was observed in left inferior frontal cortex, left anterior
PFC and right parietal cortex within the CCN. With a lowered
cluster size, additional common incentive effects in the REW
network were observed in the left dorsal striatum and right lateral
OFC.

Transient effects. We next examined event-related increases
related to the trial-by-trial incentive manipulation. In contrast to
the patterns observed with regard to sustained activity, for the
Money condition, no incentive-related transient activation
increases were observed in the CCN, while a large number of
regions in this network showed selective effects in the Liquid
condition. These included bilateral ventrolateral prefrontal cortex
(vlPFC) and dlPFC, right anterior PFC bilateral inferior parietal
cortex and medial cerebellum (Figure 3, blue regions).
Additionally, in the REW network selective transient increases
were observed in lateral and medial orbitofrontal cortex (OFC) for
the Liquid condition (Table 1 provides a full list of regions). There
were no additional regions in the CCN or REW network showing
transient effects that were common to both incentive conditions.

Figure 2. Trial-specific incentive effects. Response times for no-
incentive trials (NO), low incentive trials (LOW) and high incentive trials
(HIGH) for the Money (MON) and Liquid (LIQ) blocks. Figure
demonstrates main effect of incentive magnitude, reflected in faster
response times on trials with higher incentive value.
doi:10.1371/journal.pone.0009251.g002
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Finally, a supplementary whole-brain exploratory analysis was
also conducted to exclude the possibility of overlooking significant
activation in regions other than the specified ROIs. The same
contrasts were used, but each t-test was FDR corrected for
multiple comparisons (p,0.05) first. In a second step, these
corrected contrasts were included in the identical conjunction
described for the ROI analysis. This more stringent identification
procedure was employed for the whole-brain analysis since it was
exploratory and therefore more prone to false positives.

Results

Behavioral Results
Salience of reward incentives. Analyses of the subjective

liking ratings of the money and liquid incentives, as well as the
neutral solution were collected to verify the validity of the
incentives as rewarding or neutral outcomes. Money incentives
were liked significantly compared to a neutral rating of ‘‘4’’ (Low:
M = 6.45, SD = .78, t(30) = 10.29, p,.001; High: M = 6.71,
SD = .64 t(30) = 12.72, p,.001), and juice incentives were
significantly more liked upon receipt than the neutral liquid
(Low: M = 5.73, SD = 1.19, t(60) = 8.236, p,.001; High:
M = 5.90, SD = 1.22 t(60) = 8.685, p,.001). Importantly, the
rating of the neutral liquid was indeed neutral, as the mean
rating score did not differ significantly from the expected neutral
rating of ‘‘4’’ as defined by our scale (M = 4.24, SD = 1.70,
t(60) = .638, n.s.). Thus, the incentives that we offered were truly
rewarding, and our neutral liquid truly neutral.

Response times (RT). Analysis of RTs only considered
correct trials. We first examined blocked incentive effects. A one-
way repeated-measures ANOVA revealed a significant main effect
of incentive condition (Baseline, Money, Liquid; F(1,30) = 147.12,
p,0.001). This was due to a significant difference between RTs in
the Baseline condition (946 ms) and each of the two incentive
conditions (Baseline vs. Money: Mean: 714 ms, t(30) = 10.65,
p,0.001; Baseline vs. Liquid: Mean: 705 ms, t(30) = 11.75,
p,0.001). The two incentive conditions did not differ in RT
(t(30) = 0.57, p = 0.573).

To examine trial specific effects, only trials from the incentive
blocks were included. A 2-way (263) ANOVA including the
factors category (Money vs. Liquid) and magnitude (high vs. low
vs. no-incentive trials) revealed a significant main effect of
incentive magnitude (F(2,29) = 20.56, p,0.001, Figure 2) demon-
strating faster RT for incentive trials compared to no-incentive
trials. Additionally, faster RTs in high incentive compared to low
incentive trials were observed (t(30) = 4.22, p,0.001). Neverthe-
less, there was a marginally significant magnitude X category
interaction (F(2,29) = 2.82, p = 0.067). This interaction was due to
the fact that the magnitude effect for low vs. high incentive trials
was observed in the Money condition, but not in the Liquid
condition (Money: t(30) = 4.59, p,0.001; Liquid: t(30) = 1.25,
p = 0.221).

Error rates. Overall error rates for all trials were low
(Baseline = 3.1%, Money = 3.7%, Liquid = 2.6%). There was no
significant effect of block type on error rates (F(2,25) = 1.02,
p = 0.368). Likewise looking only at error rates among incentive
trials, the effects of magnitude, category, and their interaction were
all insignificant (p’s ..06). Together, these results indicate the
absence of any speed-accuracy tradeoff, and provide strong
support for the idea that WM performance was improved under
incentive conditions.

Imaging Data: ROI Approach
Sustained effects. Six regions within the cognitive control

network (CCN) showed sustained activity increases selectively in
the Money incentive condition (Figure 3, red regions; see also
Table 1). These were primarily right-lateralized and included:
anterior prefrontal cortex (aPFC), dorsolateral prefrontal cortex
(dlPFC), anterior cingulate cortex (ACC) and inferior parietal
cortex. These regions replicate well the regions identified to show
monetary incentive-related sustained activity in our prior work [8],
even though that study involved a different task, no trial-by-trial
incentive manipulation, and no comparison to Liquid incentives.
Additionally, within the reward processing network, Money-
selective sustained activity was observed in the head of the right
caudate.

In contrast, for the Liquid condition, there were no regions
showing selective sustained activity in the CCN, but in the reward
processing network (REW), selective sustained activity was
observed in four regions: bilateral amygdala, and the left dorsal
and right ventral striatum, with the latter matching well the
anatomical location of the nucleus accumbens.

Finally, sustained activation common to both incentive
conditions was observed in left inferior frontal cortex, left anterior
PFC and right parietal cortex within the CCN. With a lowered
cluster size, additional common incentive effects in the REW
network were observed in the left dorsal striatum and right lateral
OFC.

Transient effects. We next examined event-related increases
related to the trial-by-trial incentive manipulation. In contrast to
the patterns observed with regard to sustained activity, for the
Money condition, no incentive-related transient activation
increases were observed in the CCN, while a large number of
regions in this network showed selective effects in the Liquid
condition. These included bilateral ventrolateral prefrontal cortex
(vlPFC) and dlPFC, right anterior PFC bilateral inferior parietal
cortex and medial cerebellum (Figure 3, blue regions).
Additionally, in the REW network selective transient increases
were observed in lateral and medial orbitofrontal cortex (OFC) for
the Liquid condition (Table 1 provides a full list of regions). There
were no additional regions in the CCN or REW network showing
transient effects that were common to both incentive conditions.

Figure 2. Trial-specific incentive effects. Response times for no-
incentive trials (NO), low incentive trials (LOW) and high incentive trials
(HIGH) for the Money (MON) and Liquid (LIQ) blocks. Figure
demonstrates main effect of incentive magnitude, reflected in faster
response times on trials with higher incentive value.
doi:10.1371/journal.pone.0009251.g002
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Finally, a supplementary whole-brain exploratory analysis was
also conducted to exclude the possibility of overlooking significant
activation in regions other than the specified ROIs. The same
contrasts were used, but each t-test was FDR corrected for
multiple comparisons (p,0.05) first. In a second step, these
corrected contrasts were included in the identical conjunction
described for the ROI analysis. This more stringent identification
procedure was employed for the whole-brain analysis since it was
exploratory and therefore more prone to false positives.

Results

Behavioral Results
Salience of reward incentives. Analyses of the subjective

liking ratings of the money and liquid incentives, as well as the
neutral solution were collected to verify the validity of the
incentives as rewarding or neutral outcomes. Money incentives
were liked significantly compared to a neutral rating of ‘‘4’’ (Low:
M = 6.45, SD = .78, t(30) = 10.29, p,.001; High: M = 6.71,
SD = .64 t(30) = 12.72, p,.001), and juice incentives were
significantly more liked upon receipt than the neutral liquid
(Low: M = 5.73, SD = 1.19, t(60) = 8.236, p,.001; High:
M = 5.90, SD = 1.22 t(60) = 8.685, p,.001). Importantly, the
rating of the neutral liquid was indeed neutral, as the mean
rating score did not differ significantly from the expected neutral
rating of ‘‘4’’ as defined by our scale (M = 4.24, SD = 1.70,
t(60) = .638, n.s.). Thus, the incentives that we offered were truly
rewarding, and our neutral liquid truly neutral.

Response times (RT). Analysis of RTs only considered
correct trials. We first examined blocked incentive effects. A one-
way repeated-measures ANOVA revealed a significant main effect
of incentive condition (Baseline, Money, Liquid; F(1,30) = 147.12,
p,0.001). This was due to a significant difference between RTs in
the Baseline condition (946 ms) and each of the two incentive
conditions (Baseline vs. Money: Mean: 714 ms, t(30) = 10.65,
p,0.001; Baseline vs. Liquid: Mean: 705 ms, t(30) = 11.75,
p,0.001). The two incentive conditions did not differ in RT
(t(30) = 0.57, p = 0.573).

To examine trial specific effects, only trials from the incentive
blocks were included. A 2-way (263) ANOVA including the
factors category (Money vs. Liquid) and magnitude (high vs. low
vs. no-incentive trials) revealed a significant main effect of
incentive magnitude (F(2,29) = 20.56, p,0.001, Figure 2) demon-
strating faster RT for incentive trials compared to no-incentive
trials. Additionally, faster RTs in high incentive compared to low
incentive trials were observed (t(30) = 4.22, p,0.001). Neverthe-
less, there was a marginally significant magnitude X category
interaction (F(2,29) = 2.82, p = 0.067). This interaction was due to
the fact that the magnitude effect for low vs. high incentive trials
was observed in the Money condition, but not in the Liquid
condition (Money: t(30) = 4.59, p,0.001; Liquid: t(30) = 1.25,
p = 0.221).

Error rates. Overall error rates for all trials were low
(Baseline = 3.1%, Money = 3.7%, Liquid = 2.6%). There was no
significant effect of block type on error rates (F(2,25) = 1.02,
p = 0.368). Likewise looking only at error rates among incentive
trials, the effects of magnitude, category, and their interaction were
all insignificant (p’s ..06). Together, these results indicate the
absence of any speed-accuracy tradeoff, and provide strong
support for the idea that WM performance was improved under
incentive conditions.

Imaging Data: ROI Approach
Sustained effects. Six regions within the cognitive control

network (CCN) showed sustained activity increases selectively in
the Money incentive condition (Figure 3, red regions; see also
Table 1). These were primarily right-lateralized and included:
anterior prefrontal cortex (aPFC), dorsolateral prefrontal cortex
(dlPFC), anterior cingulate cortex (ACC) and inferior parietal
cortex. These regions replicate well the regions identified to show
monetary incentive-related sustained activity in our prior work [8],
even though that study involved a different task, no trial-by-trial
incentive manipulation, and no comparison to Liquid incentives.
Additionally, within the reward processing network, Money-
selective sustained activity was observed in the head of the right
caudate.

In contrast, for the Liquid condition, there were no regions
showing selective sustained activity in the CCN, but in the reward
processing network (REW), selective sustained activity was
observed in four regions: bilateral amygdala, and the left dorsal
and right ventral striatum, with the latter matching well the
anatomical location of the nucleus accumbens.

Finally, sustained activation common to both incentive
conditions was observed in left inferior frontal cortex, left anterior
PFC and right parietal cortex within the CCN. With a lowered
cluster size, additional common incentive effects in the REW
network were observed in the left dorsal striatum and right lateral
OFC.

Transient effects. We next examined event-related increases
related to the trial-by-trial incentive manipulation. In contrast to
the patterns observed with regard to sustained activity, for the
Money condition, no incentive-related transient activation
increases were observed in the CCN, while a large number of
regions in this network showed selective effects in the Liquid
condition. These included bilateral ventrolateral prefrontal cortex
(vlPFC) and dlPFC, right anterior PFC bilateral inferior parietal
cortex and medial cerebellum (Figure 3, blue regions).
Additionally, in the REW network selective transient increases
were observed in lateral and medial orbitofrontal cortex (OFC) for
the Liquid condition (Table 1 provides a full list of regions). There
were no additional regions in the CCN or REW network showing
transient effects that were common to both incentive conditions.

Figure 2. Trial-specific incentive effects. Response times for no-
incentive trials (NO), low incentive trials (LOW) and high incentive trials
(HIGH) for the Money (MON) and Liquid (LIQ) blocks. Figure
demonstrates main effect of incentive magnitude, reflected in faster
response times on trials with higher incentive value.
doi:10.1371/journal.pone.0009251.g002

Motivation and Working Memory

PLoS ONE | www.plosone.org 5 February 2010 | Volume 5 | Issue 2 | e9251

sustained CCN
activation

transient CCN
activation



The lack of transient activation increases in the Money condition
was surprising given that such effects have been previously observed
in both motivation and reward tasks using monetary incentives. For
example, in studies with the monetary incentive delay task, reward
incentives were associated with transient increases in activation
within subcortical regions such as the ventral striatum [13,37].
However, these studies have typically employed less stringent
activation contrasts than the ones employed here, which tested for
selective or common effects across multiple incentive conditions,
and also required increased activation relative to baseline (i.e., no-
incentive) blocks. Thus, to more properly compare our results to
these prior studies we conducted an additional analysis focusing
only on the Money condition, and contrasting only the high and no-
incentive trials. This less stringent contrast revealed increased
incentive-related transient activation in the CCN network within
the right anterior PFC, anterior insula, cerebellum and thalamus,
and in the REW network within the bilateral dorsal striatum
(caudate nucleus), right ventral striatum and left amygdala (all
p’s ,0.05, observed in a priori ROIs; a full list of regions and
coordinates will be sent upon request). Thus, with less stringent
contrasts the results do not depart markedly from the transient
effects found in prior studies using monetary incentives.

REW-CCN double dissociation. The results described
above suggest an anatomical dissociation in sustained activity
between components of the brain’s cognitive control and reward
networks. Specifically, CCN regions (e.g., right lateral PFC and
parietal cortex) showed selective sustained increases during the
Money condition, whereas REW regions (e.g., ventral striatum
and amygdala) showed selective sustained increases during the
Liquid condition. To statistically confirm this pattern, we ran 24 2-
way ANOVAs including the factor region (cognitive control region
vs. reward region) and category (Money vs. Liquid) to test for
interactions between region and category on magnitude percent
signal changes in the isolated regions. Every cognitive-control-
related region was tested together with each reward-related region
in a separate ANOVA. Each ANOVA revealed a significant cross-
over interaction effect between category and region (all p’s,0.05).
Figure 4 shows this pattern for a representative pair of regions –
right dorsolateral PFC and left ventral striatum.

Overlap effects. Within the CCN, a striking finding was that
in the Money conditions sustained activation increases tended to
predominate, whereas in the Liquid condition a transient pattern
of activation was observed. We tested whether any regions showed
both patterns of activity by conducting a direct overlap analysis of
money-selective state effects and liquid-selective transient effects.
Three regions of overlap were observed in anterior PFC, lateral/
posterior PFC (including the inferior frontal junction; IFJ) and
posterior parietal cortex, all in the right hemisphere (Figure 3
yellow regions; see also Table 2 and Figure 5A). We confirmed
that these regions showed a shift from sustained to transient
activation across the Money and Liquid incentive conditions,
through an ANOVA with region, category (Money vs. Liquid) and
dynamics (sustained, event-related) as factors. A significant
category X dynamics interaction was observed (F(1,30) = 9.84,
p,0.01, Figure 5B), with no further interaction across the different
regions (region X category X dynamics: F(2,29) = 2.840, p..05).
The interaction was of the cross-over form, with sustained activity
higher in the Money condition, but transient activity higher in
Liquid.

Timecourse analyses. The transient activation effects
observed within CCN regions engaged during the Liquid
condition suggest a distinct form of cognitive control from that
engaged during the Money condition. We further examined this
issue through focused analyses of the timecourse of activity in each
condition for the three overlapping regions. For these regions
showing money-selective state effects and liquid-selective transient
effects, a prominent pattern during the Liquid condition was not
just increased activity on incentive vs. no-incentive trials, but also a
shift in the peak of activation dynamics. On no-incentive trials
activation peaked late in the trial, presumably around the time of
the response and feedback. In contrast, on incentive trials, activity
peaked much earlier, presumably during the encoding or delay
period (see Figure 5C). This shift in activation dynamics reflects a
cross-over pattern with an incentive . no-incentive pattern in the
early part of the trial, but a no-incentive . incentive pattern in the
late part of the trial. This cross-over dynamic is consistent with a
shift to proactive control (engaged during encoding and WM
maintenance periods) from reactive control (engaged primarily

Figure 3. Incentive category specific activation and overlap. Regions showing selective transient incentive effects in Liquid (blue) and
selective sustained incentive effects in Money (red). Regions showing a shift from transient activation during the Liquid condition to sustained
activation during the Money condition (i.e., overlap regions) are shown in yellow.
doi:10.1371/journal.pone.0009251.g003
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Finally, a supplementary whole-brain exploratory analysis was
also conducted to exclude the possibility of overlooking significant
activation in regions other than the specified ROIs. The same
contrasts were used, but each t-test was FDR corrected for
multiple comparisons (p,0.05) first. In a second step, these
corrected contrasts were included in the identical conjunction
described for the ROI analysis. This more stringent identification
procedure was employed for the whole-brain analysis since it was
exploratory and therefore more prone to false positives.

Results

Behavioral Results
Salience of reward incentives. Analyses of the subjective

liking ratings of the money and liquid incentives, as well as the
neutral solution were collected to verify the validity of the
incentives as rewarding or neutral outcomes. Money incentives
were liked significantly compared to a neutral rating of ‘‘4’’ (Low:
M = 6.45, SD = .78, t(30) = 10.29, p,.001; High: M = 6.71,
SD = .64 t(30) = 12.72, p,.001), and juice incentives were
significantly more liked upon receipt than the neutral liquid
(Low: M = 5.73, SD = 1.19, t(60) = 8.236, p,.001; High:
M = 5.90, SD = 1.22 t(60) = 8.685, p,.001). Importantly, the
rating of the neutral liquid was indeed neutral, as the mean
rating score did not differ significantly from the expected neutral
rating of ‘‘4’’ as defined by our scale (M = 4.24, SD = 1.70,
t(60) = .638, n.s.). Thus, the incentives that we offered were truly
rewarding, and our neutral liquid truly neutral.

Response times (RT). Analysis of RTs only considered
correct trials. We first examined blocked incentive effects. A one-
way repeated-measures ANOVA revealed a significant main effect
of incentive condition (Baseline, Money, Liquid; F(1,30) = 147.12,
p,0.001). This was due to a significant difference between RTs in
the Baseline condition (946 ms) and each of the two incentive
conditions (Baseline vs. Money: Mean: 714 ms, t(30) = 10.65,
p,0.001; Baseline vs. Liquid: Mean: 705 ms, t(30) = 11.75,
p,0.001). The two incentive conditions did not differ in RT
(t(30) = 0.57, p = 0.573).

To examine trial specific effects, only trials from the incentive
blocks were included. A 2-way (263) ANOVA including the
factors category (Money vs. Liquid) and magnitude (high vs. low
vs. no-incentive trials) revealed a significant main effect of
incentive magnitude (F(2,29) = 20.56, p,0.001, Figure 2) demon-
strating faster RT for incentive trials compared to no-incentive
trials. Additionally, faster RTs in high incentive compared to low
incentive trials were observed (t(30) = 4.22, p,0.001). Neverthe-
less, there was a marginally significant magnitude X category
interaction (F(2,29) = 2.82, p = 0.067). This interaction was due to
the fact that the magnitude effect for low vs. high incentive trials
was observed in the Money condition, but not in the Liquid
condition (Money: t(30) = 4.59, p,0.001; Liquid: t(30) = 1.25,
p = 0.221).

Error rates. Overall error rates for all trials were low
(Baseline = 3.1%, Money = 3.7%, Liquid = 2.6%). There was no
significant effect of block type on error rates (F(2,25) = 1.02,
p = 0.368). Likewise looking only at error rates among incentive
trials, the effects of magnitude, category, and their interaction were
all insignificant (p’s ..06). Together, these results indicate the
absence of any speed-accuracy tradeoff, and provide strong
support for the idea that WM performance was improved under
incentive conditions.

Imaging Data: ROI Approach
Sustained effects. Six regions within the cognitive control

network (CCN) showed sustained activity increases selectively in
the Money incentive condition (Figure 3, red regions; see also
Table 1). These were primarily right-lateralized and included:
anterior prefrontal cortex (aPFC), dorsolateral prefrontal cortex
(dlPFC), anterior cingulate cortex (ACC) and inferior parietal
cortex. These regions replicate well the regions identified to show
monetary incentive-related sustained activity in our prior work [8],
even though that study involved a different task, no trial-by-trial
incentive manipulation, and no comparison to Liquid incentives.
Additionally, within the reward processing network, Money-
selective sustained activity was observed in the head of the right
caudate.

In contrast, for the Liquid condition, there were no regions
showing selective sustained activity in the CCN, but in the reward
processing network (REW), selective sustained activity was
observed in four regions: bilateral amygdala, and the left dorsal
and right ventral striatum, with the latter matching well the
anatomical location of the nucleus accumbens.

Finally, sustained activation common to both incentive
conditions was observed in left inferior frontal cortex, left anterior
PFC and right parietal cortex within the CCN. With a lowered
cluster size, additional common incentive effects in the REW
network were observed in the left dorsal striatum and right lateral
OFC.

Transient effects. We next examined event-related increases
related to the trial-by-trial incentive manipulation. In contrast to
the patterns observed with regard to sustained activity, for the
Money condition, no incentive-related transient activation
increases were observed in the CCN, while a large number of
regions in this network showed selective effects in the Liquid
condition. These included bilateral ventrolateral prefrontal cortex
(vlPFC) and dlPFC, right anterior PFC bilateral inferior parietal
cortex and medial cerebellum (Figure 3, blue regions).
Additionally, in the REW network selective transient increases
were observed in lateral and medial orbitofrontal cortex (OFC) for
the Liquid condition (Table 1 provides a full list of regions). There
were no additional regions in the CCN or REW network showing
transient effects that were common to both incentive conditions.

Figure 2. Trial-specific incentive effects. Response times for no-
incentive trials (NO), low incentive trials (LOW) and high incentive trials
(HIGH) for the Money (MON) and Liquid (LIQ) blocks. Figure
demonstrates main effect of incentive magnitude, reflected in faster
response times on trials with higher incentive value.
doi:10.1371/journal.pone.0009251.g002
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Finally, a supplementary whole-brain exploratory analysis was
also conducted to exclude the possibility of overlooking significant
activation in regions other than the specified ROIs. The same
contrasts were used, but each t-test was FDR corrected for
multiple comparisons (p,0.05) first. In a second step, these
corrected contrasts were included in the identical conjunction
described for the ROI analysis. This more stringent identification
procedure was employed for the whole-brain analysis since it was
exploratory and therefore more prone to false positives.

Results

Behavioral Results
Salience of reward incentives. Analyses of the subjective

liking ratings of the money and liquid incentives, as well as the
neutral solution were collected to verify the validity of the
incentives as rewarding or neutral outcomes. Money incentives
were liked significantly compared to a neutral rating of ‘‘4’’ (Low:
M = 6.45, SD = .78, t(30) = 10.29, p,.001; High: M = 6.71,
SD = .64 t(30) = 12.72, p,.001), and juice incentives were
significantly more liked upon receipt than the neutral liquid
(Low: M = 5.73, SD = 1.19, t(60) = 8.236, p,.001; High:
M = 5.90, SD = 1.22 t(60) = 8.685, p,.001). Importantly, the
rating of the neutral liquid was indeed neutral, as the mean
rating score did not differ significantly from the expected neutral
rating of ‘‘4’’ as defined by our scale (M = 4.24, SD = 1.70,
t(60) = .638, n.s.). Thus, the incentives that we offered were truly
rewarding, and our neutral liquid truly neutral.

Response times (RT). Analysis of RTs only considered
correct trials. We first examined blocked incentive effects. A one-
way repeated-measures ANOVA revealed a significant main effect
of incentive condition (Baseline, Money, Liquid; F(1,30) = 147.12,
p,0.001). This was due to a significant difference between RTs in
the Baseline condition (946 ms) and each of the two incentive
conditions (Baseline vs. Money: Mean: 714 ms, t(30) = 10.65,
p,0.001; Baseline vs. Liquid: Mean: 705 ms, t(30) = 11.75,
p,0.001). The two incentive conditions did not differ in RT
(t(30) = 0.57, p = 0.573).

To examine trial specific effects, only trials from the incentive
blocks were included. A 2-way (263) ANOVA including the
factors category (Money vs. Liquid) and magnitude (high vs. low
vs. no-incentive trials) revealed a significant main effect of
incentive magnitude (F(2,29) = 20.56, p,0.001, Figure 2) demon-
strating faster RT for incentive trials compared to no-incentive
trials. Additionally, faster RTs in high incentive compared to low
incentive trials were observed (t(30) = 4.22, p,0.001). Neverthe-
less, there was a marginally significant magnitude X category
interaction (F(2,29) = 2.82, p = 0.067). This interaction was due to
the fact that the magnitude effect for low vs. high incentive trials
was observed in the Money condition, but not in the Liquid
condition (Money: t(30) = 4.59, p,0.001; Liquid: t(30) = 1.25,
p = 0.221).

Error rates. Overall error rates for all trials were low
(Baseline = 3.1%, Money = 3.7%, Liquid = 2.6%). There was no
significant effect of block type on error rates (F(2,25) = 1.02,
p = 0.368). Likewise looking only at error rates among incentive
trials, the effects of magnitude, category, and their interaction were
all insignificant (p’s ..06). Together, these results indicate the
absence of any speed-accuracy tradeoff, and provide strong
support for the idea that WM performance was improved under
incentive conditions.

Imaging Data: ROI Approach
Sustained effects. Six regions within the cognitive control

network (CCN) showed sustained activity increases selectively in
the Money incentive condition (Figure 3, red regions; see also
Table 1). These were primarily right-lateralized and included:
anterior prefrontal cortex (aPFC), dorsolateral prefrontal cortex
(dlPFC), anterior cingulate cortex (ACC) and inferior parietal
cortex. These regions replicate well the regions identified to show
monetary incentive-related sustained activity in our prior work [8],
even though that study involved a different task, no trial-by-trial
incentive manipulation, and no comparison to Liquid incentives.
Additionally, within the reward processing network, Money-
selective sustained activity was observed in the head of the right
caudate.

In contrast, for the Liquid condition, there were no regions
showing selective sustained activity in the CCN, but in the reward
processing network (REW), selective sustained activity was
observed in four regions: bilateral amygdala, and the left dorsal
and right ventral striatum, with the latter matching well the
anatomical location of the nucleus accumbens.

Finally, sustained activation common to both incentive
conditions was observed in left inferior frontal cortex, left anterior
PFC and right parietal cortex within the CCN. With a lowered
cluster size, additional common incentive effects in the REW
network were observed in the left dorsal striatum and right lateral
OFC.

Transient effects. We next examined event-related increases
related to the trial-by-trial incentive manipulation. In contrast to
the patterns observed with regard to sustained activity, for the
Money condition, no incentive-related transient activation
increases were observed in the CCN, while a large number of
regions in this network showed selective effects in the Liquid
condition. These included bilateral ventrolateral prefrontal cortex
(vlPFC) and dlPFC, right anterior PFC bilateral inferior parietal
cortex and medial cerebellum (Figure 3, blue regions).
Additionally, in the REW network selective transient increases
were observed in lateral and medial orbitofrontal cortex (OFC) for
the Liquid condition (Table 1 provides a full list of regions). There
were no additional regions in the CCN or REW network showing
transient effects that were common to both incentive conditions.

Figure 2. Trial-specific incentive effects. Response times for no-
incentive trials (NO), low incentive trials (LOW) and high incentive trials
(HIGH) for the Money (MON) and Liquid (LIQ) blocks. Figure
demonstrates main effect of incentive magnitude, reflected in faster
response times on trials with higher incentive value.
doi:10.1371/journal.pone.0009251.g002
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the DMC account is that these control modes can be flexibly
engaged within the same anatomical regions, via a shift in the
activation dynamics of engagement. Thus, the DMC account has
a different emphasis from (but is not in conflict with) anatomically
based models that assume modulations in control processes require
differential selection of anatomically segregated regions [43].

In the current study, we observed a cross-over pattern in
activation dynamics in prefrontal regions including lateral and
anterior PFC and parietal cortex during the Liquid incentive
condition, as evidenced by an increase of activation during the
encoding phase of incentive trials (representing a proactive
cognitive control process) relative to stronger responses at the
retrieval phase of no-incentive trials (representing a reactive
cognitive control process). This shift from reactive control during
no-incentive trials to proactive control during incentive trials was
observed in conjunction with behavioral improvement in incentive
trials. This provides evidence for a functional dissociation of

cognitive control in common regions due to temporal dynamics.
Specifically in this task, the observed shift from reactive control
during no-incentive trials to proactive control during incentive
trials likely reflects a change in mnemonic strategies to enhance
performance. During incentive trials, the increased value of task
goals may be encoded in PFC regions to facilitate a more effective
updating of working memory during the encoding period [44].
This would maximize the chance of receiving a reward, whereas
such a strategy may not have been implemented during the no-
incentive trials.

Interestingly, our results also extend the idea of flexible
activation dynamics in lateral PFC and parietal cortex from
trial-by-trial variations to a block-level distinction between
sustained and transient mechanisms. In those same regions
(dlPFC, vlPFC and parietal cortex), we additionally observed a
shift from a transient activation pattern during the liquid incentive
blocks to a sustained pattern of activation during the monetary

Figure 5. Flexibility in activation dynamics of cognitive control regions related to incentive magnitude and category. A) Overlapping
regions showing selective state effects in Money and selective item effects in Liquid. B) Overlapping regions showing a shift from sustained to
transient activation across the Money and Liquid incentive conditions. Percent signal change average for all three overlapping regions, sustained
effects showing averaged signal changes across the incentive block, and transient effects are averaged across frames 2 to 6 in high incentive trials. C)
Time-courses for incentive trials and no-incentive trials within the Money and Liquid condition showing a shift in the peak of activation dynamics
during the Liquid condition. On no-incentive trials, activation peaks late in the trial (around probe response), and on incentive trials, activation peaks
earlier (during encoding). All are averaged for the three overlapping cognitive control regions. (MON_H: money high-incentive trials, MON_L: money
low-incentive trials, MON_N: no-incentive trials during the Money block; LIQ_H: liquid high-incentive trials, LIQ_L: liquid low-incentive trials, LIQ_N:
no-incentive trials during the Liquid block).
doi:10.1371/journal.pone.0009251.g005
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Finally, a supplementary whole-brain exploratory analysis was
also conducted to exclude the possibility of overlooking significant
activation in regions other than the specified ROIs. The same
contrasts were used, but each t-test was FDR corrected for
multiple comparisons (p,0.05) first. In a second step, these
corrected contrasts were included in the identical conjunction
described for the ROI analysis. This more stringent identification
procedure was employed for the whole-brain analysis since it was
exploratory and therefore more prone to false positives.

Results

Behavioral Results
Salience of reward incentives. Analyses of the subjective

liking ratings of the money and liquid incentives, as well as the
neutral solution were collected to verify the validity of the
incentives as rewarding or neutral outcomes. Money incentives
were liked significantly compared to a neutral rating of ‘‘4’’ (Low:
M = 6.45, SD = .78, t(30) = 10.29, p,.001; High: M = 6.71,
SD = .64 t(30) = 12.72, p,.001), and juice incentives were
significantly more liked upon receipt than the neutral liquid
(Low: M = 5.73, SD = 1.19, t(60) = 8.236, p,.001; High:
M = 5.90, SD = 1.22 t(60) = 8.685, p,.001). Importantly, the
rating of the neutral liquid was indeed neutral, as the mean
rating score did not differ significantly from the expected neutral
rating of ‘‘4’’ as defined by our scale (M = 4.24, SD = 1.70,
t(60) = .638, n.s.). Thus, the incentives that we offered were truly
rewarding, and our neutral liquid truly neutral.

Response times (RT). Analysis of RTs only considered
correct trials. We first examined blocked incentive effects. A one-
way repeated-measures ANOVA revealed a significant main effect
of incentive condition (Baseline, Money, Liquid; F(1,30) = 147.12,
p,0.001). This was due to a significant difference between RTs in
the Baseline condition (946 ms) and each of the two incentive
conditions (Baseline vs. Money: Mean: 714 ms, t(30) = 10.65,
p,0.001; Baseline vs. Liquid: Mean: 705 ms, t(30) = 11.75,
p,0.001). The two incentive conditions did not differ in RT
(t(30) = 0.57, p = 0.573).

To examine trial specific effects, only trials from the incentive
blocks were included. A 2-way (263) ANOVA including the
factors category (Money vs. Liquid) and magnitude (high vs. low
vs. no-incentive trials) revealed a significant main effect of
incentive magnitude (F(2,29) = 20.56, p,0.001, Figure 2) demon-
strating faster RT for incentive trials compared to no-incentive
trials. Additionally, faster RTs in high incentive compared to low
incentive trials were observed (t(30) = 4.22, p,0.001). Neverthe-
less, there was a marginally significant magnitude X category
interaction (F(2,29) = 2.82, p = 0.067). This interaction was due to
the fact that the magnitude effect for low vs. high incentive trials
was observed in the Money condition, but not in the Liquid
condition (Money: t(30) = 4.59, p,0.001; Liquid: t(30) = 1.25,
p = 0.221).

Error rates. Overall error rates for all trials were low
(Baseline = 3.1%, Money = 3.7%, Liquid = 2.6%). There was no
significant effect of block type on error rates (F(2,25) = 1.02,
p = 0.368). Likewise looking only at error rates among incentive
trials, the effects of magnitude, category, and their interaction were
all insignificant (p’s ..06). Together, these results indicate the
absence of any speed-accuracy tradeoff, and provide strong
support for the idea that WM performance was improved under
incentive conditions.

Imaging Data: ROI Approach
Sustained effects. Six regions within the cognitive control

network (CCN) showed sustained activity increases selectively in
the Money incentive condition (Figure 3, red regions; see also
Table 1). These were primarily right-lateralized and included:
anterior prefrontal cortex (aPFC), dorsolateral prefrontal cortex
(dlPFC), anterior cingulate cortex (ACC) and inferior parietal
cortex. These regions replicate well the regions identified to show
monetary incentive-related sustained activity in our prior work [8],
even though that study involved a different task, no trial-by-trial
incentive manipulation, and no comparison to Liquid incentives.
Additionally, within the reward processing network, Money-
selective sustained activity was observed in the head of the right
caudate.

In contrast, for the Liquid condition, there were no regions
showing selective sustained activity in the CCN, but in the reward
processing network (REW), selective sustained activity was
observed in four regions: bilateral amygdala, and the left dorsal
and right ventral striatum, with the latter matching well the
anatomical location of the nucleus accumbens.

Finally, sustained activation common to both incentive
conditions was observed in left inferior frontal cortex, left anterior
PFC and right parietal cortex within the CCN. With a lowered
cluster size, additional common incentive effects in the REW
network were observed in the left dorsal striatum and right lateral
OFC.

Transient effects. We next examined event-related increases
related to the trial-by-trial incentive manipulation. In contrast to
the patterns observed with regard to sustained activity, for the
Money condition, no incentive-related transient activation
increases were observed in the CCN, while a large number of
regions in this network showed selective effects in the Liquid
condition. These included bilateral ventrolateral prefrontal cortex
(vlPFC) and dlPFC, right anterior PFC bilateral inferior parietal
cortex and medial cerebellum (Figure 3, blue regions).
Additionally, in the REW network selective transient increases
were observed in lateral and medial orbitofrontal cortex (OFC) for
the Liquid condition (Table 1 provides a full list of regions). There
were no additional regions in the CCN or REW network showing
transient effects that were common to both incentive conditions.

Figure 2. Trial-specific incentive effects. Response times for no-
incentive trials (NO), low incentive trials (LOW) and high incentive trials
(HIGH) for the Money (MON) and Liquid (LIQ) blocks. Figure
demonstrates main effect of incentive magnitude, reflected in faster
response times on trials with higher incentive value.
doi:10.1371/journal.pone.0009251.g002
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shift to proactive
cognitive control

the DMC account is that these control modes can be flexibly
engaged within the same anatomical regions, via a shift in the
activation dynamics of engagement. Thus, the DMC account has
a different emphasis from (but is not in conflict with) anatomically
based models that assume modulations in control processes require
differential selection of anatomically segregated regions [43].

In the current study, we observed a cross-over pattern in
activation dynamics in prefrontal regions including lateral and
anterior PFC and parietal cortex during the Liquid incentive
condition, as evidenced by an increase of activation during the
encoding phase of incentive trials (representing a proactive
cognitive control process) relative to stronger responses at the
retrieval phase of no-incentive trials (representing a reactive
cognitive control process). This shift from reactive control during
no-incentive trials to proactive control during incentive trials was
observed in conjunction with behavioral improvement in incentive
trials. This provides evidence for a functional dissociation of

cognitive control in common regions due to temporal dynamics.
Specifically in this task, the observed shift from reactive control
during no-incentive trials to proactive control during incentive
trials likely reflects a change in mnemonic strategies to enhance
performance. During incentive trials, the increased value of task
goals may be encoded in PFC regions to facilitate a more effective
updating of working memory during the encoding period [44].
This would maximize the chance of receiving a reward, whereas
such a strategy may not have been implemented during the no-
incentive trials.

Interestingly, our results also extend the idea of flexible
activation dynamics in lateral PFC and parietal cortex from
trial-by-trial variations to a block-level distinction between
sustained and transient mechanisms. In those same regions
(dlPFC, vlPFC and parietal cortex), we additionally observed a
shift from a transient activation pattern during the liquid incentive
blocks to a sustained pattern of activation during the monetary

Figure 5. Flexibility in activation dynamics of cognitive control regions related to incentive magnitude and category. A) Overlapping
regions showing selective state effects in Money and selective item effects in Liquid. B) Overlapping regions showing a shift from sustained to
transient activation across the Money and Liquid incentive conditions. Percent signal change average for all three overlapping regions, sustained
effects showing averaged signal changes across the incentive block, and transient effects are averaged across frames 2 to 6 in high incentive trials. C)
Time-courses for incentive trials and no-incentive trials within the Money and Liquid condition showing a shift in the peak of activation dynamics
during the Liquid condition. On no-incentive trials, activation peaks late in the trial (around probe response), and on incentive trials, activation peaks
earlier (during encoding). All are averaged for the three overlapping cognitive control regions. (MON_H: money high-incentive trials, MON_L: money
low-incentive trials, MON_N: no-incentive trials during the Money block; LIQ_H: liquid high-incentive trials, LIQ_L: liquid low-incentive trials, LIQ_N:
no-incentive trials during the Liquid block).
doi:10.1371/journal.pone.0009251.g005
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Mechanism underlying primary and secondary reward

Primary rewards are automatic, do not require maintenance
of reward value / attention.



(Baumeister et al., 1998)



Self-control is “expensive”

(Baumeister et al., 1998)



then all would move on to perform a second, unrelated self-

control task. If self-control consumes a limited resource, then
performing the first task should deplete the person’s resource,

leaving less available for the second task—and therefore
causing poorer performance on the second task. Other theories

would make different predictions. For example, if self-control
mainly involved activating a cognitive schema or mental
program, then the first self-control task should prime the schema

and activate the self-control system, so performance on the
second self-control task should improve, not worsen.

Early laboratory evidence for depleted resources in self-
regulation was reported by Muraven, Tice, and Baumeister

(1998) and Baumeister, Bratslavsky, Muraven, and Tice (1998).
In one study, watching an emotionally evocative filmwhile trying
either to amplify or to stifle one’s emotional response caused

poorer performance on a subsequent test of physical (handgrip)
stamina, as compared to watching the film without trying to

control one’s emotions. (Stamina counts as a measure of
self-control because it involves resisting fatigue and overriding
the urge to quit.) In another study, suppressing a forbidden

thought weakened people’s ability to stifle laughter afterward.
In another, resisting the temptation to eat chocolates and

cookies (and making oneself eat health-promoting but un-
appetizing radishes instead) caused participants to give up faster

on a subsequent frustrating task, as compared to people who
had not exerted self-control (see Fig. 1). These studies all
pointed toward the conclusion that the first self-control task

consumed and depleted some kind of psychological resource
that was therefore less available to help performance on the

second self-control task.
The term ego depletion was coined to refer to the state of

diminished resources following exertion of self-control (or other

tasks that might deplete the same resource). These ego-depletion
effects are not due to a diminished a sense of self-efficacy or to the

inference that one is poor at self-control. Wallace and Baumeister
(2002) explicitly manipulated feedback about success and failure

at self-control and measured self-efficacy, but neither factor had
any discernible impact on the ego-depletion patterns. Nor

are these patterns due to participants refusing to exert themselves

on the second task because they think they have done enough on
the first task, as various findings have shown (see Baumeister,

Gailliot, DeWall, & Oaten, 2006); for example, it has been found
that depleted participants will subject themselves to more

boredom than will nondepleted ones on a second task.
Is willpower more than a metaphor? Gailliot et al. (2007)

explored the role of glucose, a chemical in the bloodstream that

can be converted to neurotransmitters and thus furnishes fuel
for brain activity. Acts of self-control cause reductions in blood-

glucose levels, which in turn predict poor self-control on
behavioral tasks. Drinking a glass of lemonadewith sugar helped

counteract these effects, presumably by restoring glucose in
the blood. Lemonade mixed with diet sweeteners (no glucose)
had no such empowering effect.

ELABORATING THE STRENGTH MODEL

The analogy between self-control and a muscle was suggested

by the early findings that self-control performance deteriorates
after initial exertions, just as a muscle gets tired from exertion.

Other revealing aspects of self-control performance also extend
the resemblance to a muscle (see Box 1).

First, just as exercise can make muscles stronger, there are
signs that regular exertions of self-control can improvewillpower
strength (for a review, see Baumeister et al., 2006). These

improvements typically take the form of resistance to depletion,
in the sense that performance at self-control tasks deteriorates at

a slower rate. Targeted efforts to control behavior in one area,
such as spending money or exercise, lead to improvements

in unrelated areas, such as studying or household chores.
And daily exercises in self-control, such as improving posture,
altering verbal behavior, and using one’s nondominant hand

for simple tasks, gradually produce improvements in
self-control as measured by laboratory tasks. The finding

that these improvements carry over into tasks vastly different
from the daily exercises shows that the improvements are
not due to simply increasing skill or acquiring self-efficacy

from practice.
Second, just as athletes begin to conserve their remaining

strength when their muscles begin to tire, so do self-controllers
when some of their self-regulatory resources have been

expended. The severity of behavioral impairment during
depletion depends in part on whether the person expects further
challenges and demands. When people expect to have to exert

self-control later, they will curtail current performance more
severely than if no such demands are anticipated (Muraven,

Shmueli, & Burkley, 2006).
Third, and consistent with the conservation hypothesis,

people can exert self-control despite ego depletion if the stakes

are high enough. Offering cash incentives or other motives for
good performance counteracts the effects of ego depletion

(Muraven & Slessareva, 2003). This may seem surprising but in
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Fig. 1. Speed of giving up on an unsolvable task after eating chocolate or
exerting self-control to resist chocolate in favor of radishes on a previous
task (as compared to a no-food control). From Baumeister, Bratslavsky,
Muraven, & Tice, 1998.
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$40 now or $100 in 6 months

(Magen et al., 2014)



hidden-zero frame
$40 now or $100 in 6 months

(Magen et al., 2014)



hidden-zero frame
$40 now or $100 in 6 months

explicit-zero frame
$40 now and 0$ in 6 months

or 0$ now and $100 in 6 months

(Magen et al., 2014)
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rewards are evaluated and/or by encouraging greater willpower
exertion. We evaluated these possible mechanisms using two tasks:
a monetary choice task and subjective valuation task (SI Note A).
In the monetary choice task, participants chose between smaller
immediate and larger delayed reward pairs. Reward pairs were
presented in both the hidden-zero and explicit-zero formats. In the
subjective valuation task, the reward outcomes from the choice
task were presented individually in hidden-zero or explicit-zero
format, and participants rated their expected satisfaction for
each outcome. Control participants repeated the tasks twice
with rewards presented only in the hidden-zero format to ex-
amine possible effects of time on task (Table S1).
In both tasks, participants evaluated monetary rewards that

varied in magnitude and in delay until receipt. People discount
rewards on the basis of delay, a process known as delay dis-
counting (9). We analyzed discount rates, the rates at which
reward values are reduced as delay increases, by fitting a hyper-
bolic function to data from the valuation and choice tasks. For
the valuation task, we fitted hyperbolic functions to best predict
the ratings for standalone rewards. For the choice task, we
obtained best fitting hyperbolic functions by assuming that par-
ticipants tended to select the option with greater discounted
value (SI Note A, Method). This assumption allowed us to esti-
mate discount rates (k; Eq. S1) for participants in each task and
framing condition. Discount rates are plotted for each partici-
pant in the hidden-zero (Fig. 1A, Left) and explicit-zero con-
ditions (Fig. 1A, Right). Lower discount rates are associated with
(i) decreased subjective value for immediate rewards relative to
delayed rewards in the valuation task and (ii) more choices for
delayed rewards in the choice task.
We had four hypotheses about how discount rates would

change with framing conditions.

1a. Participants will exhibit lower rates of temporal discounting
when choices are framed in the explicit-zero format com-
pared with the hidden-zero format.

This prediction follows from our previous work showing
that people chose delayed rewards more often when choices
were framed in the explicit-zero format than the hidden-zero
format (16).

1b. Participants will exhibit lower rates of temporal discounting
in the choice task compared with the valuation task.

We reasoned that willpower recruitment occurs when partic-
ipants choose between reward pairs but not when participants
state the subjective value of standalone rewards that do not

require a choice and do not present an impulse to override (11).
Recruitment of willpower in the choice task should be evident
in increased selection of delayed rewards and, consequently,
smaller estimated discount rates relative to the valuation task.
Differences in discount rates estimated in the choice and valu-
ation tasks can thereby serve as an index of willpower.

1c. For the explicit-zero framing, participants will exhibit lower
discount rates in both tasks, and the extent of reduction in
discount rates will be similar across tasks.

We reasoned that if explicit-zero framing influenced behavior
by changing subjective valuation alone, then (i) the framing
effect should be evident in both tasks (because both involve
judgments of reward value) and (ii) the size of the framing effect
should be similar in both tasks (because valuation is posited to
influence discount rates equally in both tasks). By contrast, if
explicit-zero framing influenced behavior by willpower exertion,
then (i) the framing effect should be evident in the choice but
not valuation task (because willpower is assumed to influence
discount rates selectively in the choice task) and (ii) the size of
the framing effect should be larger in the choice task.

1d. Framing-dependent changes in reward valuation and choice
behavior will be positively correlated.

The same logic underlying hypothesis 1c implies that the
degree to which reframing changes discount rates in individual
participants should be the same in both the valuation and
choice tasks. We can further test for an equivalence by corre-
lating framing-dependent differences in discount rates across
both tasks.
In support of hypothesis 1a, discount rates were lower in the

explicit-zero condition compared with the hidden-zero condition
in both tasks (Wilcoxon signed rank test; P < 0.01 and P < 0.005,
respectively; Fig. 1B). To illustrate the magnitude of the effect,
consider a participant facing a choice between $100 in 6 mo and
a smaller amount immediately. In the hidden-zero frame, a par-
ticipant with the median discount rate would choose the smaller
immediate reward if it were greater than $34.15. In contrast, in
the explicit-zero frame, the immediate reward would need to be
greater than $42.70 in order for same participant to select it,
a 25% increase in the size of the smaller immediate reward
necessary to forgo the larger delayed reward.
The valuation task allowed us to test whether the effect of

choice framing on discount rates resulted from changes in the
valuation of immediate rewards, delayed rewards, or both be-
cause participants evaluated standalone rewards. Participants
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Fig. 1. Delay discounting was influence both by reward framing (hidden- or explicit-zero) and task. (A) Discount rates were estimated for each participant in
a valuation task of standalone rewards (x axes) and in a choice task of preferences among pairs of rewards (y axes). For both tasks, rewards were presented
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(Magen et al., 2014)

Hidden-zero activates reward system more, 
the difference in activation predicts framing effect size.

Having established that reframing influenced brain valuation
processes and choice behavior, our next set of analyses sought to
determine how the reframing manipulation influenced willpower
exertion. Hypothesis 2d posits that brain areas associated with
willpower exertion would not exhibit framing-dependent differ-
ences in average activation, thereby supporting the premise that
the cognitive framing manipulation does not influence willpower
exertion. We tested for differences in mean dlPFC activity across
the choice task in three separate analyses. First, we examined
whole-brain activity to identify regions with mean differences
in response during the choice period across cognitive frames.
We found no differences in lateral PFC in this contrast, even at
liberal statistical thresholds (no regions at P < 0.3, uncorrected).
Second, to obtain greater statistical power, we examined re-
sponses in regions of interest surrounding lateral PFC foci
identified in previous studies of intertemporal choice (10, 12).
Brain activity did not differ across cognitive frames at these foci
(P > 0.5 for left and right lateral PFC). Third, we replicated
previous findings that dlPFC regions involved in decision-making
can be identified by contrasting neural activity during choice
periods with activity measured at rest (12). To confirm that
dlPFC was involved in decision-making but was not differentially
activated by the choice frames, we identified brain areas active
during the choice period across the experiment. Significant
responses were identified in the dlPFC [superior frontal gyrus
(SFG)] and posterior parietal cortex (pPC in the intraparietal
sulcus; Fig. 2C)—brain areas implicated in cognitive control
processes. We calculated the average activity across the three sig-
nificant clusters in the dlPFC/SFG (Montreal Neurological In-
stitute coordinates: [38 16 48], [38 42 14]; [44 32 34]) for further
analysis. We extracted mean estimates of neural activity sep-
arately for each presentation format (βhidden and βexplicit) and
conducted paired t tests to identify potential differences
across choice frames. Choice frame did not affect activity in the
dlPFC or pPC (P > 0.3). This null result may not be surprising
given that dlPFC/pPC regions were selected based on minimal
variance across trials in the experiment. The analysis was
therefore biased against observing a difference in responses
across framing conditions. Nonetheless, the regions of dlPFC

and pPC identified were regions active during the decision-
making process in our subjects.
We continued to focus on the dlPFC and pPC regions to test

our last hypothesis (hypothesis 2e) that areas involved in will-
power exertion will be less active for selection of larger-later
rewards in the explicit-zero frame compared with the hidden-
zero frame. To test this hypothesis, we looked for differences in
activity when subjects chose delayed rewards, indicative of the
use of willpower, and as a function of the equivalence discount
rate, keq, which characterizes individual decisions (Eqs. S5 and
S6). Briefly, keq is the discount rate at which a participant would
be indifferent about a decision and characterizes a choice in
the sense that participants should have equal preferences
for the smaller-immediate or larger-later outcomes for trials with
the same keq (SI Note C).
Our prediction about the reduced need for willpower based on

changes in subjective valuation can be specified in terms of keq.
For any value of keq, we predicted that (i) willpower exertion
required to select the larger-later outcome should be less in the
explicit-zero than the hidden-zero frame, (ii) reduction in will-
power exertion depends on the degree to which the framing
manipulation influenced subjective value in each subject, and (iii)
the benefit of the framing manipulation on willpower exertion
should decrease as keq increases. The third prediction follows
from the fact that the relative subjective values of delayed
rewards increase with keq so that choices for larger-later out-
comes become easier and require less willpower as keq increases.
We regressed keq against average responses from regions of

the dlPFC and pPC identified above. We then contrasted the
regression coefficients for keq against activity during hidden-zero
trials (i.e., presumed greater dependence on willpower) against
activity during explicit-zero trials (i.e., lesser dependence on will-
power). Finally, we correlated differences in regression coefficients
with a measure of the size of the framing effect, γ, across partic-
ipants (SI Note B). This correlation analysis revealed a significant
effect for the dlPFC [r(21) = 0.45, P < 0.05; Fig. 2D]. No significant
effect was found in the pPC cluster identified [r(21) = −0.24, P =
0.27], suggesting that the pPC may not have been as directly
involved in willpower exertion as the dlPFC. Nonetheless, these
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Fig. 2. Brain activity related to valuation and exertion of willpower were both influenced by choice framing. (A) Activity in reward-related dorsal and ventral
striatum was greater for choices made in the hidden-zero than the explicit-zero frame. (B) Differences in striatal activity across framing formats correlated
with individual differences in the size of the behavioral framing effect (ɣ; SI Note B). (C) The dlPFC and pPC have been implicated in the exertion of willpower
and were active during decision-making. (D) Choice framing resulted in differences in mean neural activity in the striatum but not in the pPC or dlPFC regions.
However, choice framing reduced dlPFC activity when participants selected larger later rewards, depending on the size of the framing effect (ɣ). ***P < 0.001.
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Having established that reframing influenced brain valuation
processes and choice behavior, our next set of analyses sought to
determine how the reframing manipulation influenced willpower
exertion. Hypothesis 2d posits that brain areas associated with
willpower exertion would not exhibit framing-dependent differ-
ences in average activation, thereby supporting the premise that
the cognitive framing manipulation does not influence willpower
exertion. We tested for differences in mean dlPFC activity across
the choice task in three separate analyses. First, we examined
whole-brain activity to identify regions with mean differences
in response during the choice period across cognitive frames.
We found no differences in lateral PFC in this contrast, even at
liberal statistical thresholds (no regions at P < 0.3, uncorrected).
Second, to obtain greater statistical power, we examined re-
sponses in regions of interest surrounding lateral PFC foci
identified in previous studies of intertemporal choice (10, 12).
Brain activity did not differ across cognitive frames at these foci
(P > 0.5 for left and right lateral PFC). Third, we replicated
previous findings that dlPFC regions involved in decision-making
can be identified by contrasting neural activity during choice
periods with activity measured at rest (12). To confirm that
dlPFC was involved in decision-making but was not differentially
activated by the choice frames, we identified brain areas active
during the choice period across the experiment. Significant
responses were identified in the dlPFC [superior frontal gyrus
(SFG)] and posterior parietal cortex (pPC in the intraparietal
sulcus; Fig. 2C)—brain areas implicated in cognitive control
processes. We calculated the average activity across the three sig-
nificant clusters in the dlPFC/SFG (Montreal Neurological In-
stitute coordinates: [38 16 48], [38 42 14]; [44 32 34]) for further
analysis. We extracted mean estimates of neural activity sep-
arately for each presentation format (βhidden and βexplicit) and
conducted paired t tests to identify potential differences
across choice frames. Choice frame did not affect activity in the
dlPFC or pPC (P > 0.3). This null result may not be surprising
given that dlPFC/pPC regions were selected based on minimal
variance across trials in the experiment. The analysis was
therefore biased against observing a difference in responses
across framing conditions. Nonetheless, the regions of dlPFC

and pPC identified were regions active during the decision-
making process in our subjects.
We continued to focus on the dlPFC and pPC regions to test

our last hypothesis (hypothesis 2e) that areas involved in will-
power exertion will be less active for selection of larger-later
rewards in the explicit-zero frame compared with the hidden-
zero frame. To test this hypothesis, we looked for differences in
activity when subjects chose delayed rewards, indicative of the
use of willpower, and as a function of the equivalence discount
rate, keq, which characterizes individual decisions (Eqs. S5 and
S6). Briefly, keq is the discount rate at which a participant would
be indifferent about a decision and characterizes a choice in
the sense that participants should have equal preferences
for the smaller-immediate or larger-later outcomes for trials with
the same keq (SI Note C).
Our prediction about the reduced need for willpower based on

changes in subjective valuation can be specified in terms of keq.
For any value of keq, we predicted that (i) willpower exertion
required to select the larger-later outcome should be less in the
explicit-zero than the hidden-zero frame, (ii) reduction in will-
power exertion depends on the degree to which the framing
manipulation influenced subjective value in each subject, and (iii)
the benefit of the framing manipulation on willpower exertion
should decrease as keq increases. The third prediction follows
from the fact that the relative subjective values of delayed
rewards increase with keq so that choices for larger-later out-
comes become easier and require less willpower as keq increases.
We regressed keq against average responses from regions of

the dlPFC and pPC identified above. We then contrasted the
regression coefficients for keq against activity during hidden-zero
trials (i.e., presumed greater dependence on willpower) against
activity during explicit-zero trials (i.e., lesser dependence on will-
power). Finally, we correlated differences in regression coefficients
with a measure of the size of the framing effect, γ, across partic-
ipants (SI Note B). This correlation analysis revealed a significant
effect for the dlPFC [r(21) = 0.45, P < 0.05; Fig. 2D]. No significant
effect was found in the pPC cluster identified [r(21) = −0.24, P =
0.27], suggesting that the pPC may not have been as directly
involved in willpower exertion as the dlPFC. Nonetheless, these
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Fig. 2. Brain activity related to valuation and exertion of willpower were both influenced by choice framing. (A) Activity in reward-related dorsal and ventral
striatum was greater for choices made in the hidden-zero than the explicit-zero frame. (B) Differences in striatal activity across framing formats correlated
with individual differences in the size of the behavioral framing effect (ɣ; SI Note B). (C) The dlPFC and pPC have been implicated in the exertion of willpower
and were active during decision-making. (D) Choice framing resulted in differences in mean neural activity in the striatum but not in the pPC or dlPFC regions.
However, choice framing reduced dlPFC activity when participants selected larger later rewards, depending on the size of the framing effect (ɣ). ***P < 0.001.
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(Magen et al., 2014)

Choice framing does not affect DLPFC and PPC mean activity.
It affects the increase in DLPFC activity for larger, later reward.



Self-control vs. reframing

Reframing enables choice value adjustments, 
it promotes better choices without resource depleting willfull self-control.



Question

Are exisiting management control strategies smart?
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