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Abstract
Economic and decision-making theories suppose that people would disengage from a task with near zero success probability, 
because this implicates little normative utility values. However, humans often are motivated for an extremely challenging task, even 
without any extrinsic incentives. The current study aimed to address the nature of this challenge-based motivation and its neural 
correlates. We found that, when participants played a skill-based task without extrinsic incentives, their task enjoyment increased 
as the chance of success decreased, even if the task was almost impossible to achieve. However, such challenge-based motiva-
tion was not observed when participants were rewarded for the task or the reward was determined in a probabilistic manner. The 
activation in the ventral striatum/pallidum tracked the pattern of task enjoyment. These results suggest that people are intrinsically 
motivated to challenge a nearly impossible task but only when the task requires certain skills and extrinsic rewards are unavailable.

Keywords Effort · Challenge-seeking · Reward · Ventral pallidum · Ventral striatum

Introduction

In December 2015, the Government Communications Head-
quarters in the United Kingdom released a Christmas puzzle. 
The puzzle was allegedly extremely difficult and time-con-
suming at the time of announcement and apparently promised 
no monetary rewards for solving it. Nevertheless, more than 
600,000 people tried to solve the puzzle and (unfortunately) 
no one succeeded. As illustrated in the example, humans 
seem to have a natural inclination to challenge an extremely 
improbable outcome, even without extrinsic incentives (e.g., 
monetary rewards). It is difficult to explain such challenge-
oriented motivation (Loewenstein, 1999), because there is 
little chance of succeeding in the task, making normative 
utility value almost zero according to standard economic, 
decision-making, and reinforcement-learning theories.

The purpose of the current article is to examine the condi-
tions under which people express such motivation for nearly 
impossible outcomes and its neural correlates. The dopa-
minergic reward network is activated more strongly when 
people are presented with cues signalling higher expected 
reward value (Bartra et al., 2013; Delgado, 2007; Diekhof 
et al., 2012). Based on these findings, the reward network is 
expected not to be activated by cues that predict a task with 
extremely low chance of success. Past studies on reward and 
decision-making, however, overlooked two critical factors for 
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understanding the task motivation for nearly impossible out-
comes. First, previous studies mainly employed tasks in which 
outcome was decided in a pure probabilistic manner (luck 
task). In contrast, we are often motivated for challenging tasks 
in our daily life when the task requires some skills. When task 
success is contingent upon one’s skills, people focus more on 
the improvement of their skills, rather than task success itself; 
as a result, people may exhibit greater persistence after failure 
(Lee and Kim, 2014; Lee and Reeve, 2017), perhaps even 
when the task is almost impossible to achieve.

Second, previous research has typically implemented 
extrinsic rewards to quantify the value of task cues. How-
ever, humans are often intrinsically motivated for a chal-
lenging task in the absence of extrinsic incentives (Csik-
szentmihalyi, 1990; Deci and Ryan, 1985; Murayama, 
2022). In fact, performance-contingent extrinsic rewards 
can put people in a conflicting situation in the face of a 
challenging task. Specifically, people’s motivation for 
challenge may be offset by the risk of losing out potential 
extrinsic rewards. In other words, there may be a quali-
tative difference in people’s motivation when extrinsic 
reward is at stake and when it is not (Baranes, 2014; Braver 
et al., 2014; Murayama et al., 2010; Ten et al., 2021).

We examined whether the nature of the task and the pres-
ence of extrinsic rewards influence people’s motivation for nearly 
impossible outcomes and how these factors influence neural 
responses to the task with different chance of success (including 
a near impossible task). Participants were engaged in a game-like 
task (Fig. 1a) in which participants were asked to press a button 
to stop a stopwatch. A trial is regarded as success if participants 
were able to stop the stopwatch within a specific time window, 
which is approximately 5 seconds after the stopwatch starts. 
Some participants performed this skill task without performance-
contingent extrinsic rewards (no-reward group), whereas others 
played the task with outcome-contingent monetary rewards 
(reward group). The remaining participants (gambling group) 
played a similar task, but they simply received extrinsic rewards 
that were determined in a pure probabilistic manner (i.e., luck 
task). More specifically, they were simply asked to watch the 
stopwatch starting and stopping on its own. If the stopwatch 
stopped within the time window, participants earned monetary 
rewards. Across all groups, each trial was preceded by a cue indi-
cating the success probability of the upcoming task: high, moder-
ate, and extremely low chance (of success) conditions.

We expected that participants would exhibit increasing 
overall motivation for the task with lower chance of success 
only when they were engaged in a skill task without extrinsic 
incentives (no-reward group; Fig. 1b, blue line). As such, we 
predicted that participants’ motivation would monotonically 
increase as the chance of success decreases, even down to 
the point when the task was almost impossible to achieve. 
On the other hand, when participants were engaged in a luck 
task with extrinsic incentives (gambling group), there was no 

room for people to focus on the improvement of their skills. 
As such, we predicted that participants' motivation would 
monotonically decrease as the chance of winning rewards 
decreased, simply because a task with higher chance of suc-
cess involves higher expected performance reward (Fig. 1b, 
red line). When participants were engaged in a skill task with 
extrinsic rewards (reward group), participants’ motivation to 
challenge improbable outcome and motivation to obtain high 
extrinsic rewards contradict each other (Fig. 1b, blue line and 
red line). As a result, we did not have a strong prediction; 
we rather expected relatively unclear or weak relationship 
between the chance of task success and motivation.

To assess motivation, we asked about task enjoyment for 
the task with different difficulty levels (i.e., the extent to 
which participants enjoyed the respective task). Task enjoy-
ment represents the subjective positive emotional experience 
during the task, which should reflect the downstream pro-
cess of motivational engagement (Murayama, 2023). Thus, 
the measure should be suitable to gauge overall motivation 
incorporating different sources of motivation (i.e., moti-
vation for extrinsic rewards and motivation for challenge; 
Fig. 1b). To investigate how challenge-based motivation is 
represented in the brain, we also examined the brain activa-
tion in response to the task cue signalling the difficulty level 
(i.e., anticipatory phase of the task). Reward-related areas 
are obvious candidate areas (the striatum, the ventromedial 
prefrontal cortex, midbrain, etc.), and among these regions, 
previous studies using the same task showed that the striatal 
activation seems most clearly to reflect motivation for the 
task (Murayama et al., 2010, 2015). Thus, our neuroimaging 
analysis primarily focused on the cue-related activation in 
the striatum as an a priori region of interest.

Materials and methods

Participants

Fifty-five participants (mean age = 20.05, SD = 1.37; 28 
males) were allocated to the no-reward group, the reward 
group, or the gambling group, constituting a 3 (group, 
between subjects: no-reward, reward, or gambling) × 3 
(chance of success, within-subjects: high chance, moder-
ate chance, or extremely-low chance) factorial design. 
Participants in the reward and no-reward groups were ran-
domly assigned to these groups, and the data for the gam-
bling group were later collected. Before data analyses, we 
excluded data from four participants: one due to a technical 
problem, another due to an incidental finding (i.e., medi-
cal abnormality), one due to large motions, and the other 
because the participant failed to press buttons in most trials. 
This resulted in 17 participants in the no-reward condition, 
17 participants in the reward condition, and 17 in the gamble 
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Fig. 1  a Task sequence. Participants were presented with a task 
cue signalling different chance of success (“Easy” = high chance of 
success, “Intermediate” = moderate chance of success, and “Super-
advanced” = extremely low chance of success), followed by the 
actual task. There were also control trials (“watch-stop” trials) in 
which participants neither succeeded nor failed, but these trials were 

omitted from the figure. b Expected performance rewards (red line) 
and motivation for challenge (blue line) changes in an opposite man-
ner as a function of task difficulty (chance of success). Expected 
performance reward decreases as chance of success decreases (i.e., 
low expected utility), whereas motivation for challenge increases as 
chance of success decreases



 Cognitive, Affective, & Behavioral Neuroscience

1 3

condition. Thus, the final study sample consisted of N = 51 
adults aged between 18 and 24 (M = 20.1, SD = 1.39), with 
23 males and 28 females.

To determine the sample size, we simply collected as 
much data as possible within a specific time window. Our 
previous study (Murayama et al., 2010) found that the 
effects of reward context had a large effect on the striatal 
activation (the region of interest in the current study) in 
a game-like task that we used (N = 28, between-subjects, 
2-group design). Accordingly, we considered that the 
sample size is sufficient to detect the effects of reward 
context manipulation.

Experimental procedures

Participants played a stopwatch task, which was designed 
based on the task used in previous research (Murayama 
et al., 2010, 2015). Participants’ task was to stop a stopwatch 
within a specific time window: between 49.95 and 50.05. 
There were three types of stopwatches, which are different 
in terms of the chance of success: a) in the high-chance con-
dition, the stopwatch started from 49.95 and ran 100-time 
slower than an ordinary watch; b) in the moderate-chance 
condition, the stopwatch started from 45.00 and ran in the 
same speed as an ordinary watch (like the ones used in pre-
vious research); c) in the extremely low chance condition, 
the stopwatch started from 0.00 and ran 10-time faster than 
an ordinary watch. Thus, while the initial time was different 
across the three types of the stopwatches, they were differ-
ent in their speed, allowing us to manipulate task difficulties 
while making the trial duration similar across the conditions 
(e.g., in all conditions participants needed to press a button 
around 5 seconds after the stopwatch started in order to stop 
the stopwatch at 50.00).

In the no-reward and the reward groups, each trial (Fig. 1) 
started with three question marks. Upon participants’ but-
ton press, the question marks were replaced by a word cue 
indicating the task difficulty level (i.e., chance of success) 
of the subsequent stopwatch: “easy” (i.e., high chance of 
success); “intermediate” (i.e., moderate chance of success); 
and “super advanced” (i.e., extremely low chance of suc-
cess). The cues (and the following stopwatches) were dif-
ferently coloured depending on the chance of success (blue, 
green, and orange), and the assignment of the colours was 
counterbalanced across participants. Participants were then 
shown the stopwatch and asked to press a button with the 
right thumb to stop it right between 49.95 and 50.05. The 
stimulus onset asynchrony (SOA) of the cue presentation 
and start of the stopwatch task was jittered between 4.5 
and 8.5 seconds. Immediately after they pressed the but-
ton, they were shown success feedback or failure feedback 
for 0.8 seconds, followed by a jittered ITI between 3 and 
7 seconds. This task sequence was optimized to examine 

the brain activation associated with the cue presentation. 
Unbeknownst to participants, in the extremely low chance 
condition, the displayed time when they stopped the stop-
watch was manipulated so that participants always failed. In 
the moderate chance condition, we made an online adaptive 
adjustment of task difficulty based on participants’ previ-
ous task performance so that most participants achieved 
approximately 50% accuracy. Specifically, the algorithm cal-
culated the overall success rate in the previous trials for the 
moderate chance condition and made the task slightly more 
difficult when the overall success rate was more than 50%, 
whereas the task was made slightly easier when the overall 
success rate was less than 50%. If the success rate was 50%, 
no change was made. The adjustment of difficulty level was 
achieved by secretly increasing or decreasing the actual time 
window for success. In the high-chance condition, the task 
was so easy that participants succeeded in all trials without 
any manipulations. No participants indicated the possibility 
that their task performance had been manipulated after the 
experiment. If participants pressed a button too early or too 
late (e.g., if participants did not press a button within 10 secs 
after the stopwatch started), a warning message “please press 
a button” appeared and this trial was skipped.

Before the session, participants were told about the dif-
ferences of the three different types of stopwatches. Spe-
cifically, participants were told that the stopwatch game 
in the high chance condition would be very easy and they 
can easily win, that the moderate chance condition would 
be moderately difficult, and that the extremely low chance 
condition would be extremely difficult and would be almost 
impossible to win. Participants in the reward group were fur-
ther told that they would earn 100 yen (approximately USD 
1) for every success irrespective of the type of stopwatch. 
Participants in the no-reward group were not told anything 
about performance-based monetary rewards.

The procedure in the gambling group was similar to that 
in the reward group with a few exceptions. As in the reward 
group, participants were told that they would earn 100 yen 
for each time that the stopwatch stopped between 49.95 and 
50.05. However, unlike the reward group, they did not have 
control over the timing at which the stopwatch stopped and 
the stopwatch was called a lottery machine. They were sim-
ply asked to watch the stopwatch starting and stopping on 
its own and press the button after the stopwatch stopped. If 
the stopwatch stopped within the time window, this trial was 
regarded as hit (success) and participants earned money. Par-
ticipants were told that the outcome would be determined by 
the computer and the task cue would indicate the chance of 
hit (success) in that trial. Specifically, they were instructed 
that it would be almost certain that they can earn money 
in the high-chance condition, whereas it would be almost 
impossible that they would earn money in the extremely 
low chance condition. They also were told that there would 



Cognitive, Affective, & Behavioral Neuroscience 

1 3

be a fair chance (50%) of earning money in the moderate 
chance condition.

In all three groups, participants also completed a control 
condition, in which they simply viewed a stopwatch start-
ing and stopping on its own and pressed the button after the 
stopwatch stopped without any monetary rewards (watch-
stop condition). The watch-stop condition was preceded by 
a word cue “passive viewing,” and the colour of the cue 
and the stopwatch was always gray. The stopwatch ran in 
one of three different speeds (randomly chosen), which were 
matched to one of the three chance-of-success conditions). 
If participants did not press a button within 2 seconds after 
the stopwatch stopped, a warning message “please press a 
button” appeared, and this trial was repeated.

Across all groups, participants completed 80 trials (20 
trials with high chance of success, 20 trials with moderate 
chance of success, 20 trials with extremely low chance of 
success, and 20 watch-stop trials) that were divided into 
two runs of 40 trials. The sequence of the trials (i.e., the 
trial order of conditions) was randomized across partici-
pants, but to control for any potential trial order effects, 
we used the same set of trial sequences across the three 
groups. In addition, the sequence of success and failure tri-
als in the gambling group was matched to that in the reward 
group. After the session, they completed a self-reported 
questionnaire (on a 1-7 scale) asking about their task 
enjoyment to engage in the three types of stopwatch tasks 
(3 items taken from a previous study; Elliot and Harackie-
wicz, 1996; e.g., “It was enjoyable to play the stopwatch 
of high chance of success”; “It was boring to play the 
stopwatch of high chance of success” [reverse coded]; and 
“Stopwatch of high chance of success was fun”). We used 
exactly the same wording for all the groups. Separate from 
these questions, participants also answered an exploratory 
measure assessing participants’ emotional feeling about 
the task cue (not the task itself)—anticipated emotional 
value. The measure consists of two questions about their 
perceived emotional value in response to the task cue for 
each of the three stopwatches (e.g., “The cue for the mod-
erately difficult stopwatch made me pleased.” “The cue for 
the extremely difficult stopwatch made me disappointed.” 
reverse coded, rs = 0.67-89).

fMRI acquisition and preprocessing

The functional imaging was performed on a 3T magnetic 
resonance imaging (MRI) scanner (MAGNETOM Trio, A 
Tim System, Siemens, Germany) with a 32-channel matrix 
head coil at the Tamagawa University with gradient echo 
T2*-weighted echo-planar imaging (EPI) sequence. The 
imaging parameters were TR = 2,500 ms, TE = 25 ms, 
slice thickness = 3 mm, and flip angle = 90°. The data 
were preprocessed using Statistical Parametric Mapping 

12 (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/
spm12/). Images were motion-corrected with realignment 
to the first volume of the session, corrected for slice-tim-
ing, co-registered to the bias-corrected, segmented struc-
tural image, spatially normalised to the standard Montreal 
Neurological Institute (MNI) EPI, and spatially smoothed 
using a Gaussian kernel with a full width at half-maximum 
(FWHM) of 8 mm.

fMRI data analysis

For each participant, the blood oxygen level-dependent 
(BOLD) response was modeled with the general linear 
model (GLM) for the following regressors of interest: the 
high-chance stopwatch cue, the moderate-chance stop-
watch cue, the extremely low-chance stopwatch cue, and 
the three watch-stop cues (i.e., watch-stop cues with three 
different speeds; they were separately modelled and then 
averaged). In addition, feedback for stopwatch trials, error 
trials (i.e., participants did not press a button for a cer-
tain duration; see experimental procedures; for these tri-
als, the entire duration of the trial was modelled), session 
effects, and motion parameters were included as regressors 
of no interest. The regressors (except motion parameters 
and session effects) were calculated using a boxcar func-
tion for each stimulus convolved with a canonical hemo-
dynamic response function (HRF) without derivatives. 
Temporal autocorrelation was accounted for by using a 
first-order autoregressive model during Classical (ReML) 
parameter estimation. Results for the three watch-stop cues 
were averaged and used in the following three contrasts to 
examine the effects of different cues: (i) a contrast between 
the high-chance stopwatch cue and the averaged watch-
stop cues; (ii) another contrast between the moderate-
chance stopwatch cue and the averaged watch-stop cues; 
and (iii) a contrast between the extremely-low chance stop-
watch cue and the averaged watch-stop cues.

The resulting contrast images were submitted to a 3 
(chance of success: high chance, moderate chance, or 
extremely low chance) × 3 (group: no-reward, reward, 
or gambling) mixed ANOVA with chance of success as 
within-subject factor and group as between-subject factor. 
Our primary analysis focused on the reward network in the 
brain, especially the striatum/pallidum. Thus, we performed 
a region of interest (ROI) analysis. The striatum/pallidum 
ROI mask included the bilateral caudate, putamen, and pal-
lidum from the Automated Anatomical Labeling (AAL) 
atlas (Tzourio-Mazoyer et al., 2002). For the purpose of 
completeness, we also conducted a set of whole-brain GLM 
analyses. We applied a voxel-level family-wise error (FWE)-
corrected threshold (PFWE < 0.05, k ≥ 5) for ROI analysis as 
well as the whole-brain analysis.

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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Functional connectivity analysis

We also conducted a functional connectivity analysis, i.e., 
generalised psychophysiological interaction (gPPI; McLaren 
et al., 2012), in order to examine which brain regions were 
co-activating with the ventral striatum/ventral pallidum dur-
ing the cue presentation. To perform this analysis, a separate 
GLM was constructed in which the time course extracted 
from a seed region (“physiological main effect”) is multi-
plied with the task time course (“psychological main effect”) 
to derive with a psychophysiological interaction term that is 
used as predictor within the GLM. Thereby, gPPI allows us 
to identify areas with time courses that are better predicted 
by the time course of the seed region in one psychological 
context (i.e., task condition) than in others. To model the 
task time course, the onset and duration of the cue images 
for stopwatch and watch-stop task at each chance of success 
were used. We were interested in the difference between 
the stopwatch and watch-stop cue at each level of chance 
of success. The analyses were performed using the gPPI 
toolbox, and the ROI masks were created using MarsBar 
(Brett et al., 2002). We used a cluster-extent FWE-corrected 
threshold (FWE < 0.05) with the cluster-defining threshold 
of P = 0.005, to which Bonferroni correction for two sepa-
rate seed regions (i.e., the left and right ventral striatum/

ventral pallidum) was applied, resulting in a cluster-defining 
threshold of P = 0.0025.

Results

Behavioural results

The ratings of the task enjoyment were analysed using a 3 
(group: no-reward, reward, or gambling, between-subjects) 
× 3 (chance of success: high chance, moderate chance, or 
extremely-low chance, within-subjects) mixed ANOVA. 
This ANOVA showed a main effect of chance of success, 
F(2,96) = 10.02, P < 0.001, generalized η2 = 0.13, which 
was further qualified by the interaction between group and 
chance of success, F(4,96) = 22.72, P < 0.001, general-
ized η2 = 0.41. The main effect of group was not statisti-
cally significant, F(2, 48) = 1.90. The pattern of the results 
confirmed our prediction (Fig. 2a). Specifically, partici-
pants in the no-reward group showed a linear pattern with 
an increase in task enjoyment when the chance of success 
decreased, exhibiting greatest task enjoyment for improbable 
outcomes. On the other hand, participants’ task enjoyment 
in the gambling group decreased as the chance of success 
decreased, showing an opposite linear pattern from that in 

Fig. 2  Pattern of results as a function of group (no-reward, reward, 
and gambling) and chance of success (high, moderately high, and 
extremely-low). a Self-reported task enjoyment increased as the 
chance of success decreased in the no-reward group, whereas the 
pattern was opposite in the gambling group. Reward group is less 
clear, and none of the trend effects were significant. b Self-reported 

anticipated emotional value for the task cue showed a similar pattern 
except that the anticipated emotional value monotonically decreased 
as the chance of success decreased in the reward group. c The bilat-
eral ventral striatum/ventral pallidum activation (right figure, Ps < 
0.05, voxel-level FWE corrected) mirrored the pattern observed in the 
self-reported task enjoyment
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the no-reward group. Finally, in the reward condition, task 
enjoyment was numerically highest in the moderate chance 
condition (inverted-U trend), but the pattern does not seem 
to be clear enough compared with the other two groups.

To confirm the pattern, we conducted a post-hoc trend 
analysis, examining the polynomial effects as a function 
of chance of success for each group. The analysis mostly 
supported our observation. In the no reward group, there 
was a significant linear trend of chance of success in the 
no reward group, b = −2.59, t (32) = −7.32, P < 0.01, 
whereas this effect was qualified a negative quadratic effect, 
b = −1.80, t (32) = −2.95, P < 0.01. These results suggest 
that, consistent with our observation, there was an overall 
monotonic increase in task enjoyment as the chance of suc-
cess decreased, although this increase was relatively smaller 
when the chance of success became extremely low perhaps 
due to a potential ceiling effect. In contrast, in the gambling 
group, there was a significant opposite linear trend, b = 3.41, 
t (32) = 7.33, P < 0.01, whereas this effect was somewhat 
compromised by a significant negative quadratic effect, b 
= −2.75, t (32) = −3.41, P < 0.01. These results suggest 
that, consistent with our observation, there was an overall 
monotonic decrease in task enjoyment as the chance of suc-
cess decreased, although this decrease was relatively smaller 
when the chance of success changed from high to moderate. 
In the reward condition, neither the linear effect, b = −0.22, 
t (32) = −0.41, nor the quadratic effect, b = −1.43, t (32) = 
−1.59, was statistically significant, meaning that the inverted 
U-shape was not statistically supported.

For an exploratory purpose, we also assessed partici-
pants' anticipated emotional value in response to the task 
cue for each of the three stopwatches (see Methods). A simi-
lar ANOVA on the ratings of anticipated emotional value 
toward the task cue also showed a main effect of chance of 
success, F(2,96) = 23.87, P < 0.001, generalized η2 = 0.26, 
which was again qualified by an interaction effect, F(4,96) 
= 23.39, P < 0.001, generalized η2 = 0.41. The main effect 
of group was not statistically significant, F(2, 96) = 1.15. 
Interestingly and rather unexpectedly, the pattern was some-
what different from task enjoyment (Fig. 2b). Participants in 
the no-reward and gamble groups followed the same trends 
as observed in the ratings for task enjoyment, whereas those 
in the reward group showed a decreasing trend as chance 
of success decreased: when the task became difficult (i.e., 
chance of success decreased), participants reported reduced 
anticipated emotional value for the task cue. Subsequent 
post-hoc trend analysis confirmed the observation. In all of 
the groups, there was a significant linear effect in a direction 
consistent with the observation, b = −1.53, t (32) = 3.05, 
P < 0.01; b = 1.88, t (32) = 4.15, P < 0.01; b = 4.47, t (32) 
= 11.76, P < 0.01; for the no-reward group, reward group, 
and gambling group, respectively. The quadratic effect was 
significant only for the gambling group, b = −2.47, t (32) = 

3.75, P < 0.01, which seems to reflect the larger gap between 
the conditions of moderate chance of success and extremely 
low chance of success. The other two groups did not show 
a significant quadratic effect, b = −1.06, t (32) = −1.22 
for the no-reward group; b = −0.53, t (32) = −0.67 for the 
reward group.

We also examined participants’ task performance. 
Although we manipulated performance feedback (see Meth-
ods; this ensures that participants’ subjective feelings of suc-
cess were controlled across participants and groups), it was 
still possible to examine the objective performance regarding 
whether participants were able to press the button in the 
right timing, given that participants in the reward and no-
reward groups were motivated to stop the stopwatch right at 
5.00 seconds after the start of the stopwatch. We performed 
a 2 (chance of success; moderate chance vs. extremely-low 
chance) × 2 (group; no-reward vs. reward) ANOVA on the 
actual timing participants pressed a button. There was a 
significant main effect of the group, F (1, 32) = 4.79, P 
< 0.05, generalized η2 = 0.06, suggesting that participants 
in the reward group stopped the stopwatch relatively ear-
lier and less accurately (M = 4.919 sec, SD = 0.065) than 
those in the no-reward group (M = 4.945 sec, SD = 0.042 
in the no-reward group). These results are consistent with 
the incentive-dependent performance decrements reported 
in previous research (Mobbs et al., 2009); pressures aris-
ing from performance-based extrinsic rewards may have 
impaired task performance. The main effect of chance of 
success and the interaction effect were not statistically sig-
nificant (Ps > 0.05).

Main GLM analysis of fMRI data

Our primary analysis focused on the reward network in the 
brain, especially the striatum/pallidum. Thus, we performed 
a region of interest (ROI) analysis. The striatum/pallidum 
ROI mask included the bilateral caudate, putamen, and pal-
lidum from the Automated Anatomical Labeling (AAL) 
atlas (Tzourio-Mazoyer et al., 2002). The 3 (group) × 3 
(chance of success) mixed ANOVA in our anatomical ROI 
revealed a significant interaction between group and chance 
of success in the bilateral ventral striatum extending into 
the ventral pallidum (VS/VP; Fig. 2c; Ps < 0.05, voxel-level 
FWE corrected; k = 22 and 26 for the left and the right VS/
VP, respectively). Confirming our hypothesis, the pattern of 
the results was consistent with the self-reported task enjoy-
ment: whereas participants in the gambling group showed 
decreased activation in the VS/VP for task cues predicting 
lower-chance task of success, participants in the no-reward 
group showed increased activation for task cues predicting 
lower-chance of success. Participants in the reward group, 
on the other hand, showed a weaker effect, although the 
shape conforms to that of self-reported task enjoyment (i.e., 
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an inverted U-shape). We also conducted a post-hoc trend 
analysis to confirm the pattern within the ROI. Specifically, 
we defined an F contrast that is aligned with the observed 
interaction pattern: Contrast values for high chance, moder-
ate chance, and extremely low chance conditions were (−1, 
0, 1) for the no-reward group, (−1, 2, −1) for the reward 
group, and (1, 0, -1) for the gambling group, respectively 
(i.e., decreasing effect in gambling group, increasing effect 
in no-reward group, and inverted-U relationship in the 
reward group). This F contrast showed a significant effect 
within the ROI (P < 0.05, voxel-level FWE corrected), con-
firming these trends in the VS/VP.

To demonstrate that these results do not simply reflect the 
general activation pattern in the entire brain (i.e., to examine 
the specificity of our finding), we also conducted a whole 
brain 3 × 3 ANOVA to explore other brain areas showing 
a similar pattern. The full results are reported in Table S1, 
and we also plotted the patten of activation across groups 
and conditions in Fig. S1. Figure S1 also includes the exact 
location of the brain areas that showed a significant inter-
action effect. Both left and right VS/VP clusters survived 
with this stringent threshold, and the only other areas that 
survived were clusters in the visual areas. Activation pat-
terns in the visual areas were generally similar with that of 
the VS/VP (Fig. S1).

Functional connectivity analysis

One interesting observation from the previous analyses is 
that, whereas participants in the no-reward group exhibited 
the highest task enjoyment (or the highest VS/VP activa-
tion) with extremely low chance of success, participants in 
the reward group showed (at least numerically) decreased 
task enjoyment (and the striatal activation) for the cue for 
extremely low chance of success relative to the cue for mod-
erate chance of success. One possible explanation is that, in 
the reward group, participants’ task enjoyment for the near 

impossible task was compromised by the fact that they are 
very unlikely to obtain monetary rewards (Fig. 1b). In fact, 
in our exploratory analysis, anticipated emotional value for 
the task cue in the reward group was lowest when the cue 
indicates extremely low chance of success, suggesting the 
possibility that task enjoyment was curtailed by the antici-
pated emotional value (Fig. 2b).

To examine the neural mechanisms underlying the 
decreased task enjoyment under the extremely low chance of 
success in the reward group, we conducted a gPPI functional 
connectivity analysis (McLaren et al., 2012). This analysis 
focused on the extremely low chance condition and directly 
compared the functional connectivity between the no-reward 
group and the reward group. The results showed that the acti-
vation in the left VS/VP (one of the seed regions) was more 
correlated with the activation in several brain areas in the 
reward group relative to the no-reward group. These areas 
include the left middle frontal gyrus, left inferior frontal 
gyrus, the right cerebellum, and left putamen/caudate (just 
outside of the ROI). Figure 3 shows these activated areas (all 
P < 0.05, cluster-level FWE corrected), and Table S2 shows 
peak coordinates. These results suggest that the left VS/VP 
and these areas are co-activated more strongly when partici-
pants in the reward group expected a task with little chance 
of success. The right VS/VP did not show such significant 
group differences in functional connectivity with other areas. 
Also, no-reward group did not show any significantly greater 
functional connectivity compared with the reward group.

Discussion

The current study was designed to examine the factors influ-
encing people's motivation for a nearly impossible task and 
its neural correlates. Our results showed that, when the task 
success depended on participants’ skills (i.e., skill task) 
and did not promise any extrinsic rewards, participants' 

Fig. 3  Results of generalized psychophysiological interactions analy-
sis (gPPI; with the ventral striatum/ventral pallidum seed) comparing 
reward and no-reward groups for extremely low chance of success. 
The results indicate that the activation in the left VS/VP was more 

correlated with the activation in the left middle frontal gyrus, left 
inferior frontal gyrus, left putamen/caudate, and the right cerebellum 
in the reward group, relative to the no-reward group (P < 0.05 with 
Bonferroni correction, cluster-level FWE-corrected)
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overall motivation for the task (as assessed by task enjoy-
ment) increased as the task became more difficult (i.e., 
lower chance of success), even to the extent that the task 
was almost impossible to achieve. However, when the task 
was skill-based but participants were promised performance-
based monetary rewards, participants’ task enjoyment was 
hampered when the chance of success was extremely low; 
there was no clear relationship between the chance of suc-
cess and task enjoyment. Also, when the task did not involve 
any skills and the outcome was determined in a purely prob-
abilistic manner (i.e., luck task), the task enjoyment mono-
tonically decreased as the chance of success decreased. Crit-
ically, VS/VP activation in response to the task cue basically 
mirrored these behavioural pattern of task enjoyment. Thus, 
the present research suggests that, both at the behavioural 
and neural levels, people are often intrinsically motivated to 
challenge a nearly impossible task but this happens mainly 
when the task requires certain skills and extrinsic incentives 
are not available.

Our findings pose some challenge to the normative eco-
nomic and decision-making theories, because such a nearly 
impossible task should have little utility value given the 
extremely low expected success probability (Loewenstein, 
1999). In fact, in the current experiment, participants never 
succeeded in the task of extremely-low chance of success. 
Using skill-based tasks, some previous neuroimaging stud-
ies have examined the effects of task difficulty by manipu-
lating task demands (Dobryakova et al., 2017; Krebs et al., 
2009; Kurniawan et  al., 2010; Skvortsova et  al., 2014; 
Ulrich et al., 2014). In these studies, however, participants 
in high demand task conditions exhibited decent task per-
formance, making it difficult to disentangle the pure chal-
lenge-oriented motivation from the expected positive out-
comes. In addition, most of the previous studies introduced 
extrinsic rewards in order to motivate participants towards 
an effortful task (except for a few studies; Boehler et al., 
2011; Krebs et al., 2009). As our findings suggest, however, 
the presence of performance-based extrinsic rewards would 
make the interpretation of the results difficult, because such 
rewards provide external incentive to engage in a task with 
higher chance of success, which could be in direct conflict 
with people’s intrinsic inclination to work on a task of low 
chance of success.

Some existing theories have attempted to explain peo-
ple’s challenge seeking behaviour. For example, in the 
field of robotics and computational modelling, Oudeyer 
and colleagues (Baranes, 2014; Oudeyer et  al., 2013) 
argued that, when there are no explicit extrinsic rewards, 
agents may use learning progress as intrinsic rewards to 
motivate behaviour. A recent empirical study confirmed 
that people often are motivated to work on a difficult task 
when they can expect learning progress (Ten et al., 2021). 
In the literature of psychology, researchers indicated that 

people seek (moderate) challenge, because this provides 
people with feelings of competence and control (Csiksze-
ntmihalyi, 1990; Deci and Ryan, 1985), feelings of task 
achievement and pride (McClelland et al., 1976; Sedikides 
and Strube, 1997; Murayama et al., 2019), self-definition 
(Gendolla & Richter, 2010), and opportunity to reduce 
uncertainty to gauge one’s own ability (Trope, 1979). 
None of these theories, however, provide a viable expla-
nation of why people are motivated for a nearly impossible 
task, because these theories consider occasional experi-
ences of success as a critical source of motivation. One 
potential explanation for the observed motivation for the 
nearly impossible task is that participants were motivated 
to see how close they could be to succeeding in the task. 
In other words, in the absence of extrinsic rewards, partici-
pants might have gauged their achievement and progress 
against these internally generated subgoals, rather than 
the externally defined task success. In fact, in the current 
task, participants were able to see how close their button 
press was to the success. Future research should examine 
the exact psychological and neural mechanisms underlying 
the motivation for nearly impossible tasks.

This point also highlights the importance of distinguish-
ing between skill tasks and luck tasks in decision-making 
and neuroscience research (Vostroknutov et al., 2012). A 
luck task (e.g., number guessing task) is a popular and pre-
dominant paradigm in decision science/neuroscience to 
examine how people or animals learn expected reward value 
from a task and make a decision. However, as noted, peo-
ple and animals also have the capacity to acquire rewarding 
value from the feeling of competence, acquiring knowledge, 
and achieving self-set goals (Gottlieb et al., 2013; Muray-
ama, 2022; White, 1959). This means that more complex 
decision-making mechanisms might be operative with a task 
that entails some sort of skill learning or knowledge acqui-
sition (Aarts et al., 2014; Hotaling et al., 2021; Knutson 
et al., 2005; Roiser et al., 2010). This aspect of the decision-
making process is still underexamined in the literature but 
worth attention for future research.

We observed an interesting dissociation between the task 
enjoyment and anticipated emotional value in response to 
the cue. The dissociation was specifically observed for an 
easy (high chance of success) task in the reward group. 
Whereas task enjoyment was relatively low (or not differ-
ent) in this group, anticipated emotional value to the cue 
was the highest in comparison to other difficulty levels. 
These results indicate that, when the cue was presented, 
participants’ attention was primarily paid to the anticipated 
extrinsic rewards, not to the boresome experiences that they 
would be likely to feel in the actual task. This is consistent 
with the idea that people tend to underestimate the potential 
enjoyment/boredom of a task before working on it (Hatano 
et al., 2022; Kuratomi et al., 2022).
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As discussed in the Introduction, the reward network (includ-
ing VS/VP) has been implicated in processing the expected 
reward value (or prediction error of a rewarding value, which 
often is confounded with the expected reward value). The cur-
rent study provides some interesting insight into the role of the 
reward network in processing task value. Specifically, although 
the VS/VP activation patterns mirrored self-reported motiva-
tion, the parallel results were found with task enjoyment (i.e., 
positive emotional engagement in the task itself), rather than 
the emotional value toward the task cue (i.e., positive emotional 
feelings they experience on seeing the task cue). This is note-
worthy, because we examined the brain activation in response 
to the task cue; nevertheless, VS/VP actually mirrored a posi-
tive emotional experience during the task, not the experience 
for the task cue. One possible interpretation is that activation 
of the reward network in this task might have reflected moti-
vational relevance/mental preparation for an upcoming task 
(Carter, MacInnes, Huettel, and Adcock, 2009; Krebs, Boehler, 
Egner, and Woldorff, 2011). More specifically, it is possible that 
the striatum in the current experiment proactively integrated 
various sources of (both intrinsic and extrinsic) rewarding val-
ues based on the context in which the stimulus is presented (i.e., 
monetary reward value expected from the cue, emotional value 
of working on a challenging task, etc.), deciding the amount 
of future effort that should be allocated to the task. The idea 
that the striatum is related to the integrated net value is not 
new (Peters & Büchel, 2010). However, these arguments have 
been mainly limited to decision making that involves multiple 
attributes with concrete rewarding attributes (Magrabi et al., 
2022), and little attention has been paid to the situation in which 
the reward context is manipulated (i.e., there are both intrinsic 
and extrinsic sources of rewarding values). Future study should 
examine the role of the striatum in a skill-based task when the 
context of reward is explicitly manipulated.

Our functional connectivity analysis suggests that, when 
participants in the reward group expected a near impossi-
ble task, there is increased functional connectivity between 
the (left) VS/VP and some cortical areas: the middle frontal 
gyrus and inferior frontal gyrus. In several meta-analyses, 
these cortical areas have been repeatedly implicated in the 
reappraisal of affective stimuli or events in the context of 
emotion regulation (Buhle et al., 2014; Frank et al., 2014; 
Picó-Pérez et al., 2019). Therefore, one possible interpreta-
tion is that working on a challenging task when there is per-
formance-contingent rewards needs some cognitive reframing 
of the task, because there is direct cognitive conflict between 
people’s natural inclination to engage in a challenging task 
and people’s motivation to gain monetary rewards, as peo-
ple are unlikely to succeed in a challenging task. Another 
interpretation is that this pattern may reflect the differences 
in cognitive control. Research has repeatedly indicated that 
the connectivity between the striatum and frontal cortex (i.e., 
frontal-striatal circuits) reflects cognitive control or executive 

functioning (Frank, 2011; Heyder et al., 2004; Westbrook 
et al., 2021). Therefore, the results may suggest that partici-
pants in the reward group decided to exert stronger cognitive 
control to focus on the task (at the sacrifice of task enjoy-
ment), aiming to achieve the reward even while knowing that 
there is virtually no possibility. In any case, the current find-
ings suggest the potential difficulty in interpreting the results 
when performance-based incentives are provided, because 
performance-based incentives could contradict with people’s 
tendency to engage in a challenging task.

The current study demonstrated that people have the 
inherent capability to motivate themselves for a nearly 
impossible task without extrinsic rewards. However, 
failure is a major source of psychological dysfunction, 
because failure in real life involves a multitude of fac-
tors that boost the negative implication of failure, such as 
social comparison, loss of future opportunities, and stig-
matization. Previous studies have identified a number of 
psychological underpinnings that are related to resilience 
and perseverance to failure (Duckworth et al., 2007; Oshio 
et al., 2018). Our work should be extended to accommo-
date such real-life factors to better understand the potential 
and limitations of our intrinsic motivation to challenge 
very difficult tasks.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 3758/ s13415- 022- 01046-4.

Code availability Behavioural data and analysis code (including neu-
roimaging analysis) are uploaded to GitHub (https://github.com/
stefaniemeliss/DME).

Author contributions K. Murayama., M.S., M.M., and K. Matsumoto 
conceived and designed research; M.M. programmed the task. K. 
Murayama, M.S., Y.Y., K. Matsumori, A.S., M.M., and K. Matsumoto 
conducted the experiment; K. Murayama, M.S., and S.M. analyzed 
data; K. Murayama, M.S., and S.M. wrote the paper. All authors con-
tributed critical comments to the manuscript.

Funding This work was supported by MEXT KAKENHI on Inno-
vative Areas to K. Matsumoto (JP24120717), the Tamagawa Univer-
sity Global COE Program “Origins of the Social Mind” from MEXT, 
Brain/MINDS from AMED, JST [Moonshot R&D][Grant Number 
JPMJMS2294] to M. Matsumoto, MEXT KAKENHI to M. Sakaki 
(22H00088), F. J. McGuigan Early Career Investigator Prize from 
American Psychological Foundation to K. Murayama, and Leverhulme 
Trust Research Leadership Award to K. Murayama (RL-2016-030).

Data availability Unthresholded statistical maps are uploaded to Neu-
roVault (https://neurovault.org/collections/12642/).

Declarations 

Conflicts of interest We have no competing financial conflicts of interest.

Ethics approval Study protocol was approved by the Ethics Committee 
of Tamagawa University.

Consent of participate Written, informed consent was obtained from 
participants.

https://doi.org/10.3758/s13415-022-01046-4
https://github.com/stefaniemeliss/DME
https://github.com/stefaniemeliss/DME
https://neurovault.org/collections/12642/


Cognitive, Affective, & Behavioral Neuroscience 

1 3

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Aarts, E., Wallace, D. L., Dang, L. C., Jagust, W., Cools, R., & 
D'Esposito, M. (2014). Dopamine and the cognitive downside of 
a promised bonus. Psychological Science, 25, 1003–1009.

Baranes, A. F., Oudeyer, P.-Y., & Gottlieb, J. (2014). The effects of task 
difficulty, novelty and the size of the search space on intrinsically 
motivated exploration. Frontiers in Neuroscience, 8, 317.

Bartra, O., McGuire, J. T., & Kable, J. W. (2013). The valuation sys-
tem: A coordinate-based meta-analysis of BOLD fMRI experi-
ments examining neural correlates of subjective value. NeuroIm-
age, 76, 412–427.

Boehler, C. N., Hopf, J.-M., Krebs, R. M., Stoppel, C. M., Schoenfeld, 
M. A., Heinze, H.-J., & Noesselt, T. (2011). Task-Load-Depend-
ent Activation of Dopaminergic Midbrain Areas in the Absence of 
Reward. The Journal of Neuroscience, 31, 4955–4961.

Braver, T. S., Krug, M. K., Chiew, K. S., Kool, W., Westbrook, J. A., 
Clement, N. J., Adcock, R. A., Barch, D. M., Botvinick, M. M., 
Carver, C. S., Cools, R., Custers, R., Dickinson, A., Dweck, C. S., 
Fishbach, A., Gollwitzer, P. M., Hess, T. M., Isaacowitz, D. M., 
Mather, M., … for the MOMCAI group. (2014). Mechanisms of 
motivation–cognition interaction: Challenges and opportunities. 
Cognitive, Affective, & Behavioral Neuroscience, 14(2), 443–472. 
https:// doi. org/ 10. 3758/ s13415- 014- 0300-0

Brett, M., Anton, J.-L., Valabregue, R., & Poline, J.-B. (2002). Region of 
interest analysis using an SPM toolbox. In: 8th International Confer-
ence on Functional Mapping of the Human Brain. Sendai, Japan.

Buhle, J. T., Silvers, J. A., Wager, T. D., Lopez, R., Onyemekwu, C., 
Kober, H., Weber, J., & Ochsner, K. N. (2014). Cognitive reap-
praisal of emotion: A meta-analysis of human neuroimaging stud-
ies. Cerebral Cortex (New York, N.Y.: 1991), 24(11), 2981–2990. 
https:// doi. org/ 10. 1093/ cercor/ bht154

Carter, R. M., MacInnes, J., Huettel, S., & Adcock, R. A. (2009). Acti-
vation in the VTA and nucleus accumbens increases in anticipa-
tion of both gains and losses. Frontiers in Behavioral Neurosci-
ence, 3. https:// doi. org/ 10. 3389/ neuro. 08. 021. 2009

Csikszentmihalyi, M. (1990). Flow: The Psychology of Optimal Expe-
rience. Harper and Row.

Deci, E. L., & Ryan, R. M. (1985). Intrinsic motivation and self-deter-
mination in human behavior. Plenum.

Delgado, M. R. (2007). Reward-Related Responses in the Human Stria-
tum. Annals of the New York Academy of Sciences, 1104, 70–88.

Diekhof, E. K., Kaps, L., Falkai, P., & Gruber, O. (2012). The role of the 
human ventral striatum and the medial orbitofrontal cortex in the rep-
resentation of reward magnitude – An activation likelihood estimation 
meta-analysis of neuroimaging studies of passive reward expectancy 
and outcome processing. Neuropsychologia, 50, 1252–1266.

Dobryakova, E., Jessup, R. K., & Tricomi, E. (2017). Modulation of ven-
tral striatal activity by cognitive effort. NeuroImage, 147, 330–338.

Duckworth, A. L., Peterson, C., Matthews, M. D., & Kelly, D. R. 
(2007). Grit: Perseverance and passion for long-term goals. Jour-
nal of Personality and Social Psychology, 92, 1087–1101.

Elliot, A. J., & Harackiewicz, J. M. (1996). Approach and avoidance 
achievement goals and intrinsic motivation: A mediational analy-
sis. Journal of Personality and Social Psychology, 70, 461–475.

Frank, M. J. (2011). Computational models of motivated action selec-
tion in corticostriatal circuits. Current Opinion in Neurobiology, 
21(3), 381–386. https:// doi. org/ 10. 1016/j. conb. 2011. 02. 013

Frank, D. W., Dewitt, M., Hudgens-Haney, M., Schaeffer, D. J., 
Ball, B. H., Schwarz, N. F., Hussein, A. A., Smart, L. M., & 
Sabatinelli, D. (2014). Emotion regulation: Quantitative meta-
analysis of functional activation and deactivation. Neurosci-
ence & Biobehavioral Reviews, 45, 202–211. https:// doi. org/ 
10. 1016/j. neubi orev. 2014. 06. 010

Gendolla, G. H. E., & Richter, M. (2010). Effort mobilization when 
the self is involved: Some lessons from the cardiovascular sys-
tem. Review of General Psychology, 14, 212–226.

Gottlieb, J., Oudeyer, P.-Y., Lopes, M., & Baranes, A. (2013). Infor-
mation-seeking, curiosity, and attention: Computational and 
neural mechanisms. Trends in Cognitive Sciences, 17, 585–593.

Hatano, A., Ogulmus, C., Shigemasu, H., & Murayama, K. (2022). 
Thinking about thinking: People underestimate how enjoyable 
and engaging just waiting is. Journal of Experimental Psychol-
ogy: General. https:// doi. org/ 10. 1037/ xge00 01255

Heyder, K., Suchan, B., & Daum, I. (2004). Cortico-subcortical 
contributions to executive control. Acta Psychologica, 115(2), 
271–289. https:// doi. org/ 10. 1016/j. actpsy. 2003. 12. 010

Hotaling, J. M., Navarro, D. J., & Newell, B. R. (2021). Skilled ban-
dits: Learning to choose in a reactive world. Journal of Experi-
mental Psychology: Learning, Memory, and Cognition, 47(6), 
879–905. https:// doi. org/ 10. 1037/ xlm00 00981

Knutson, B., Taylor, J., Kaufman, M., Peterson, R., & Glover, G. 
(2005). Distributed neural representation of expected value. 
Journal of Neuroscience, 25, 4806–4812.

Krebs, R. M., Schott, B. H., Schutze, H., & Duzel, E. (2009). The 
novelty exploration bonus and its attentional modulation. Neu-
ropsychologia, 47, 2272–2281.

Krebs, R. M., Boehler, C. N., Egner, T., & Woldorff, M. G. (2011). 
The neural underpinnings of how reward associations can both 
guide and misguide attention. The Journal of neuroscience : the 
official journal of the Society for Neuroscience, 31, 9752–9759.

Kuratomi, K., Johnsen, L., Kitagami, S., Hatano, A., & Murayama, 
K. (2022). People underestimate their capability to motivate 
themselves without performance-based extrinsic incentives. 
Motivation and Emotion. https:// doi. org/ 10. 31219/ osf. io/ 5uvyf

Kurniawan, I. T., Seymour, B., Talmi, D., Yoshida, W., Chater, N., 
& Dolan, R. J. (2010). Choosing to make an effort: The role of 
striatum in signaling physical effort of a chosen action. Journal 
of Neurophysiology, 104, 313–321.

Lee, W., & Kim, S.-i. (2014). Effects of Achievement Goals on Chal-
lenge Seeking and Feedback Processing: Behavioral and fMRI 
Evidence. PLoS One, 9, e107254.

Lee, W., & Reeve, J. (2017). Identifying the neural substrates of 
intrinsic motivation during task performance. Cognitive, Affec-
tive, & Behavioral Neuroscience, 17, 939–953.

Loewenstein, G. (1999). Because it is there: The challenge of moun-
taineering… for utility theory. Kyklos, 52, 315–343.

Magrabi, A., Ludwig, V. U., Stoppel, C. M., Paschke, L. M., Wisniewski, 
D., Heekeren, H. R., & Walter, H. (2022). Dynamic computation 
of value signals via a common neural network in multi-attribute 
decision-making. Social Cognitive and Affective Neuroscience, 
17(7), 683–693. https:// doi. org/ 10. 1093/ scan/ nsab1 25

McClelland, D. C., Atkinson, J. W., Clark, R. A., & Lowell, E. L. 
(1976). The achievement motive. Irvington.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3758/s13415-014-0300-0
https://doi.org/10.1093/cercor/bht154
https://doi.org/10.3389/neuro.08.021.2009
https://doi.org/10.1016/j.conb.2011.02.013
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1037/xge0001255
https://doi.org/10.1016/j.actpsy.2003.12.010
https://doi.org/10.1037/xlm0000981
https://doi.org/10.31219/osf.io/5uvyf
https://doi.org/10.1093/scan/nsab125


 Cognitive, Affective, & Behavioral Neuroscience

1 3

McLaren, D. G., Ries, M. L., Xu, G., & Johnson, S. C. (2012). A 
generalized form of context-dependent psychophysiological 
interactions (gPPI): A comparison to standard approaches. 
NeuroImage, 61(4), 1277–1286. https:// doi. org/ 10. 1016/j. neuro 
image. 2012. 03. 068

Mobbs, D., Hassabis, D., Seymour, B., Marchant, J. L., Weiskopf, 
N., Dolan, R. J., & Frith, C. D. (2009). Choking on the Money: 
Reward-Based Performance Decrements Are Associated With 
Midbrain Activity. Psychological Science, 20, 955–962.

Murayama, K. (2022). A reward-learning framework of knowledge 
acquisition: An integrated account of curiosity, interest, and intrin-
sic–extrinsic rewards. Psychological Review, 129(1), 175–198.

Murayama, K. (2023). Are cognition, motivation, and emotion the same 
or different?: Let's abandon that thinking. In M. Bong, S. Kim, & 
J. Reeve (Eds.), Motivation Science: Controversies and Insights. 
Oxford University Press.

Murayama, K., Matsumoto, M., Izuma, K., & Matsumoto, K. (2010). 
Neural basis of the undermining effect of monetary reward on 
intrinsic motivation. PNAS Proceedings of the National Academy 
of Sciences of the United States of America, 107, 20911–20916.

Murayama, K., Matsumoto, M., Izuma, K., Sugiura, A., Ryan, R. M., 
Deci, E. L., & Matsumoto, K. (2015). How Self-Determined 
Choice Facilitates Performance: A Key Role of the Ventromedial 
Prefrontal Cortex. Cerebral Cortex, 25, 1241–1251.

Murayama, K., FitzGibbon, L., & Sakaki, M. (2019). Process Account 
of Curiosity and Interest: A Reward-Learning Perspective. Edu-
cational Psychology Review, 31(4), 875–895. https:// doi. org/ 10. 
1007/ s10648- 019- 09499-9

Oshio, A., Taku, K., Hirano, M., & Saeed, G. (2018). Resilience and 
Big Five personality traits: A meta-analysis. Personality and Indi-
vidual Differences, 127, 54–60. https:// doi. org/ 10. 1016/j. paid. 
2018. 01. 048

Oudeyer, P.-Y., Baranes, A., & Kaplan, F. (2013). Intrinsically moti-
vated learning of real-world sensorimotor skills with developmen-
tal constraints. In G. Baldassarre & M. Mirolli (Eds.), Intrinsi-
cally Motivated Learning in Natural and Artificial Systems (pp. 
303–365). Springer.

Peters, J., & Büchel, C. (2010). Neural representations of subjective 
reward value. Behavioural Brain Research, 213(2), 135–141. 
https:// doi. org/ 10. 1016/j. bbr. 2010. 04. 031

Picó-Pérez, M., Alemany-Navarro, M., Dunsmoor, J. E., Radua, J., 
Albajes-Eizagirre, A., Vervliet, B., Cardoner, N., Benet, O., Har-
rison, B. J., Soriano-Mas, C., & Fullana, M. A. (2019). Common 
and distinct neural correlates of fear extinction and cognitive 
reappraisal: A meta-analysis of fMRI studies. Neuroscience & 
Biobehavioral Reviews, 104, 102–115. https:// doi. org/ 10. 1016/j. 
neubi orev. 2019. 06. 029

Roiser, J. P., Stephan, K. E., den Ouden, H. E. M., Friston, K. J., & 
Joyce, E. M. (2010). Adaptive and aberrant reward prediction sig-
nals in the human brain. NeuroImage, 50, 657–664.

Sedikides, C., & Strube, M. J. (1997). Self-evaluation: To thine 
own self be good, to thine own self be sure, to thine own 
self be better. Advances in Experimental Social Psychology, 
29, 209–269.

Skvortsova, V., Palminteri, S., & Pessiglione, M. (2014). Learning To 
Minimize Efforts versus Maximizing Rewards: Computational 
Principles and Neural Correlates. The Journal of Neuroscience, 
34, 15621–15630.

Ten, A., Kaushik, P., Oudeyer, P.-Y., & Gottlieb, J. (2021). Humans 
monitor learning progress in curiosity-driven exploration. 
Nature Communications, 12(1), 5972. https:// doi. org/ 10. 1038/ 
s41467- 021- 26196-w

Trope, Y. (1979). Uncertainty-reducing properties of achievement tasks. 
Journal of Personality and Social Psychology, 37, 1505–1518.

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., 
Etard, O., Delcroix, N., et al. (2002). Automated anatomical labe-
ling of activations in SPM using a macroscopic anatomical parcel-
lation of the MNI MRI single-subject brain. NeuroImage, 15(1), 
273–289. https:// doi. org/ 10. 1006/ nimg. 2001. 0978

Ulrich, M., Keller, J., Hoenig, K., Waller, C., & Grön, G. (2014). Neu-
ral correlates of experimentally induced flow experiences. Neu-
roImage, 86, 194–202.

Vostroknutov, A., Tobler, P. N., & Rustichini, A. (2012). Causes of 
social reward differences encoded in human brain. Journal of 
Neurophysiology, 107, 1403–1412.

Westbrook, A., Frank, M. J., & Cools, R. (2021). A mosaic of cost–ben-
efit control over cortico-striatal circuitry. Trends in Cognitive Sci-
ences, 25(8), 710–721. https:// doi. org/ 10. 1016/j. tics. 2021. 04. 007

White, R. W. (1959). Motivation reconsidered: The concept of com-
petence. Psychological Review, 66(5), 297–333. https:// doi. org/ 
10. 1037/ h0040 934

Open practices statement Unthresholded statistical maps are uploaded to 
NeuroVault (https://neurovault.org/collections/12642/). Behavioural 
data and analysis code (including neuroimaging analysis) is uploaded to 
GitHub (https://github.com/stefaniemeliss/DME). Raw imaging data 
are available on request. The reported experiment was not preregistered.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1007/s10648-019-09499-9
https://doi.org/10.1007/s10648-019-09499-9
https://doi.org/10.1016/j.paid.2018.01.048
https://doi.org/10.1016/j.paid.2018.01.048
https://doi.org/10.1016/j.bbr.2010.04.031
https://doi.org/10.1016/j.neubiorev.2019.06.029
https://doi.org/10.1016/j.neubiorev.2019.06.029
https://doi.org/10.1038/s41467-021-26196-w
https://doi.org/10.1038/s41467-021-26196-w
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1016/j.tics.2021.04.007
https://doi.org/10.1037/h0040934
https://doi.org/10.1037/h0040934
https://neurovault.org/collections/12642/
https://github.com/stefaniemeliss/DME

	Motivated for near impossibility: How task type and reward modulate task enjoyment and the striatal activation for extremely difficult task
	Abstract
	Introduction
	Materials and methods
	Participants
	Experimental procedures
	fMRI acquisition and preprocessing
	fMRI data analysis
	Functional connectivity analysis

	Results
	Behavioural results
	Main GLM analysis of fMRI data
	Functional connectivity analysis

	Discussion
	Code availability 
	References


