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Asymmetric developmental change 
regarding the effect of reward and 
punishment on response inhibition
Mami Miyasaka1,2,3 & Michio Nomura1

Reward and punishment influence inhibitory performance, but developmental changes in these effects 
are not well understood. Our aim was to understand the effects of potential reward gains and losses 
(as indices of reward and punishment) on response inhibition among children and adolescents. We 
conducted financial and non-financial go/no-go tasks with 40 boys (8- to 15-year-olds). Participants 
gained or lost money depending on their performance on the financial task, and score rankings were 
compared to participants on the non-financial task. We found that adolescents’ inhibitory control, as 
reflected in their reaction times when they made inhibitory errors, was lower in the reward-present 
condition than in the reward-absent condition, although accuracy was higher when the reward was 
available for all participants. Additionally, inhibitory control, specifically among adolescents, was 
higher for financial feedback than for non-financial feedback. These results suggest that the effects of 
reward and feedback type on motor impulsivity differ as a function of developmental stage. We discuss 
the theoretical implications of the present findings in terms of the interaction between emotional 
feedback and response inhibition among children and adolescents.

Inhibitory control allows humans to refrain from processing unnecessary stimuli and behave appropriately in 
various situations1. Response inhibition is a particularly important type of inhibitory control, which involves 
suppression of proponent or automatic responses2,3. Deficits in response inhibition can lead to detrimental impul-
sivity in daily life4.

Actions are carried out through interactions between the senses, perception of information, and higher-order 
cognition in response to environmental input (i.e. a stimulus). Emotions can influence cognition5 during this pro-
cess, as can feedback (e.g. rewards for success and punishment for errors). Feedback could have particular effects 
on cognitive control, including inhibitory control6,7. However, feedback (such as financial incentives) does not 
necessarily improve task performance8. For instance, Bonner et al. (2000) found that whether financial incentives 
have a positive effect on task performance is significantly related to the type of task and incentive scheme. This 
was based on a review of 131 published laboratory experiments that examined the effects of financial incentives 
on task performance. These observations suggest that multiple factors should be considered when discussing the 
effect of incentives on task performance.

The adolescent period has been a key research focus due to the dynamic biological and psychological changes 
occurring during this time9. Furthermore, knowledge regarding maturation—namely when a person becomes an 
adult—contributes to law and policy10,11. Although goal-directed behaviour is known to mature throughout ado-
lescence12, reward sensitivity (which underlies how rewards affect behaviour—such as risky decisions) appears to 
develop in a specific manner, with adolescents presenting with specific responses for incentives in comparison to 
other age groups13–16.

The current study also focused on the difference between middle-school-age (8 to 12-years-old) and early ado-
lescent children17. Although the period of adolescence is difficult to define, as neurobiological maturation is not 
uniform across the brain11, we defined early adolescence as 13 to 17-years-old, following Newman and Newman 
(1976) and other previous studies11; we particularly focused on people under the age of 15.

Prior fMRI studies have shown limitations in adolescents’ reward assessment and heightened reactivity to 
reward anticipation as compared to adults13,14. Although ventral striatal activation was greater for adolescents in 
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comparison to adults during reward receipt14,15,18, both groups demonstrated greater activation during winning 
than when failing to win14; results from other studies have been mixed, with low activation among adolescents 
during reward anticipation19. Hence, the effect of incentives on inhibitory control might not necessarily be in the 
positive direction.

Recently, developmental changes with regard to the interaction between incentives and higher cognitive pro-
cesses, such as inhibitory control, have also been researched. A prior study suggested that using value signals 
for cognitive control continues to mature through adolescence, even though young children can detect value 
in their environment and use the information for value-guided cognitive control20. In spite of the adolescents’ 
specific response pattern in the incentive-processing brain region, the enhancing effect of incentives during 
inhibitory control among adolescents has been observed18,21,22. However, diminished performance on inhibitory 
tasks within incentivised conditions among adolescents has also been revealed. Based on results from recent 
fMRI studies18, the influence of incentives on adolescents’ cognitive performance seems to differ as a function 
of incentive-related phase: anticipation, response preparation, and receipt. Geier and Luna (2012) compared the 
effect of incentives (i.e. reward, punishment, neutral) on inhibitory control among 13- to 15-year-old adolescents, 
15- to 17-year-old adolescents, and 18- to 29-year-old adults using an oculomotor paradigm. In a comparison 
of error rates across incentive types, they observed more inhibitory errors during reward as compared to loss 
trials, and this effect stemmed from high error rates for reward trials and low error rates for loss trials; this was 
observed among 13- to 15-year-old younger adolescents when performance was collapsed across age groups. In 
terms of latencies, they observed that reward and loss latencies decreased relative to neutral latencies for younger 
adolescents. These results seemed to reflect the idea that incentives have a greater effect on voluntary responses 
for younger adolescents23. Thus, younger adolescents may have difficulty controlling motor inhibition in the pres-
ence of reward. Relatedly, Padmanabhan, Geier, Ordaz, Teslovich, and Luna (2011) investigated developmental 
trends in the interaction between financial motivation (i.e. reward gain) and inhibitory control among children, 
adolescents, and adults using another oculomotor paradigm. The authors revealed that immaturity in orbital 
frontal cortex development, which might support executive processing of rewards, and enhanced activation in 
the ventral striatum among adolescents, might reflect reward-based decision-making in this age group. Although 
these behavioural results suggest improved inhibitory performance, it might be the case that incentives influence 
adolescents to be more impulsive with other types of incentive types and/or during types of inhibition tasks, espe-
cially for motor inhibition tasks that require both ‘go’ and ‘stop’ responses.

Interestingly, Geier and Luna (2012) also found that 13- to 15-year-olds performed as well as 18- to 
29-year-olds during financial punishment trials (i.e. reward loss). In addition, Paulsen, Hallquist, Geier, and Luna 
(2015)24, who utilized a longitudinal incentivised oculomotor paradigm, also showed that the performance on 
reward trials was more stable than on loss trials within individuals. This different response for reward and pun-
ishment in adolescence could be explained by a stronger reward-related system supported by the ventral striatum 
and a weaker-harm-avoidant system supported by the amygdala and/or poor regulatory control related to the 
prefrontal cortex25.

Another important concept is social re-orientation in adolescence. This occurs in connection with alterations 
in neuronal processes that are brought about by hormonal restructuring, maturation, and learning, which likely 
lead to changes in the processing of social stimuli and/or behaviour in a social context9. Relatedly, Blakemore 
and Mills (2014) suggested the importance of social context in studies on adolescents. For instance, adolescents 
appear to be more sensitive to their social environment than are boys/girls <10 and ≥20-years-old. This may 
mean that the effects of non-financial feedback on inhibitory performance differ between adolescents and older 
children. Non-financial feedback, such as praise and blame, is also a familiar form of reward/punishment in 
daily life. Recently, several studies have addressed differing effects of financial and non-financial feedback26,27. 
For example, Kohls et al. (2009) assessed children both with and without attention-deficit hyperactivity disor-
der (ADHD) and observed that both financial and non-financial rewards improved inhibitory control for both 
groups. Non-financial rewards, however, were less effective for children without ADHD than for those with 
ADHD. The contrasting effects of these forms of feedback on inhibitory control, and their developmental changes, 
should be clarified among individuals without developmental disorders, as well as in clinical populations. This 
should further our understanding on this important topic. Another type of emotional go/no-go task using appe-
titive (happy faces) and neutral cues (calm faces)28, which helps assess stimulus-driven information processing29, 
also produces specific reactions as a function of social stimulus. For instance, Somerville et al. (2011) observed 
that appetitive cues led to enhanced ventral striatum activation and reduced inhibitory performance among ado-
lescents. These observations highlight adolescents’ sensitivity for socially appetitive cues.

The aim of the present study was to investigate the effect of financial/non-financial reward and punishment 
on response inhibition and developmental differences between children and adolescents. To this end, and in 
order to expand our theoretical understanding of certain clinical interventions (e.g. parental training or social 
skills training), we conducted go/no-go tasks under financial and non-financial feedback conditions with 8- to 
15-year-old boys. This age range was chosen to include participants likely to be most influenced by punishment 
when performing inhibitory control tasks (i.e. 13- to 15-year-olds)23 as well as individuals (i.e. 8- to 12-year-olds) 
for whom the effect might be lower. Participants gained or lost money depending on their performance on the 
financial task, and their score ranking was compared to other participants within the non-financial task. We used 
rankings in relation to other participants as non-financial feedback because this is a major form of feedback in 
educational settings30. Of course, prudence must be exercised in the treatment of rankings because such scores 
can either facilitate frustration or motivation for different children. As several research groups have pointed out, 
many studies assessing children and adolescents arbitrarily separate participants by age and compare cognitive 
characteristics for each developmental stage31. For this reason, the age range often differs between studies and 
might obscure a theoretical understanding of this topic. Hence, we statistically analyzed the effect of age as a 
continuous variable.
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Our hypotheses were as follows: With adolescents typically demonstrating high reward sensitivity22,23,28, we 
assumed that the adolescent group would display less inhibitory control in the reward-present condition than 
in the reward-absent condition; the same was not expected for the middle school age group. Similarly, if the 
effect of punishment on inhibitory control changes between childhood and adolescence, we would expect to 
see age-dependent differences within the punishment condition. As adolescents are also sensitive to social con-
text9,31, we expected that a non-financial reward/punishment would lead to greater impulsivity for adolescents 
than would a financial reward/punishment. On the other hand, this difference might not be observed among the 
child group, as children do not present this sensitivity as much as adolescents do. Hence, we exploratorily com-
pared the effects in adolescents to those in children.

Results
Descriptive statistics are presented in Table S1. We did not find age-related differences in participants’ pro-
files within a regression analysis with age as a predictor variable (ADHD-RS-IV: β = −1.826, SE = 1.977, 95% 
confidence interval [CI] = −5.826–2.174, p = 0.361; ASSQ: β = −0.150, SE = 0.409, 95% CI = −0.977–0.677, 
p = 0.715).

Commission Error RT (CERT).  When comparing model fit, the Akaike information criterion [AIC] of the 
linear model and quadratic model did not differ (p = 0.495). The AIC of the linear model was 3020.8 and 3022.3 
for the quadratic model. As the AIC of the former model was lower, we applied the linear model for the following 
analysis.

According to results of the multiple regression analysis (AIC = 2936.678, f2 = 0.130, power (1-β) = 0.186; see 
Table S2), the main effect of reward was marginally significant (β = −13.346, SE = 7.430, 95% CI = −27.861–
1.157, p = 0.080), suggesting that reward CERT in the reward-present conditions were marginally shorter than 
in the reward-absent conditions. We did not observe any other main effects (i.e. age, punishment, and feedback 
type). The interaction between age and reward (β = −8.830, SE = 3.420, 95% CI = −15.585–2.240, p = 0.013; 
Fig. 1A) and age and feedback type (β = 10.426, SE = 4.563, 95% CI = 1.757–19.625, p = 0.028; Fig. 2A) were 
significant.

Further analyses for the interaction between age and reward revealed that the effect of reward was only sig-
nificant for adolescents (MAge + 1 SD [i.e. 13.81 years old]: β = −33.302, SE = 10.600, p = 0.003; MAge − 1 SD [i.e. 
9.26 years old]: β = 6.610, SE = 10.840, p = 0.546), with the CERT being shorter in the reward-present than in 
the reward-absent condition. Furthermore, the effect of age was only observed within the reward-absent condi-
tion (present: β = −1.613, SE = 2.224, p = 0.473; absent: β = 7.656, SE = 3.190, p = 0.022), with the CERT being 
shorter among children than among adolescents (see also Fig. 1A). Additionally, we did not observe a significant 
interaction between age and punishment (β = −4.368, SE = 3.033, 95% CI = −10.265–1.505, p = 0.155; Fig. 1B).

Regarding the interaction between age and feedback type, the effect of feedback type was only significant 
among adolescents (MAge + 1 SD: β = 32.203, SE = 13.792, p = 0.025; MAge − 1 SD: β = −14.921, SE = 14.217, 
p = 0.302), with the CERT being shorter in the non-financial than in the financial condition. The effect of age was 
significant within the financial condition (financial: β = 7.239, SE = 3.414, p = 0.041; non-financial: β = −1.934, 
SE = 2.840, p = 0.500), with the CERT being shorter among children than among adolescents (see also Fig. 2A).

Commission Error Rate (CER).  There was no difference in model fit between the linear and quadratic 
model (p = 0.689). The AIC of the linear model was 2624.0 and 2625.8 for the quadratic model; thus, we applied 
the linear model for the following analysis.

According to the multiple regression analysis (AIC = 2599.249, f2 = 0.474, power (1-β) = 0.921; see Table S3), 
the main effects of age (β = −4.968, SE = 0.813, 95% CI = −6.523–3.416, p < 0.001) and reward (β = −3.191, 

Figure 1.  Results of multiple regression analyses with a mixed effect model for the CERT. Higher values on the 
vertical axis indicate better inhibitory performance (i.e. less impulsivity). (A) Shows the relationships between 
the presence and absence of reward and age. (B) Shows the relationships between the presence and absence of 
punishment and age.
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SE = 1.318, 95% CI = −5.726–0.655, p = 0.017) were significant. The effect of punishment was not significant 
(β = −2.222, SE = 1.594, 95% CI = −5.339–0.896, p = 0.171). Specifically, adolescents exhibited a lower CER, and 
all participants showed a lower CER in the reward-present condition. The interaction between age and feedback 
type was marginally significant (β = −1.681, SE = 0.876, 95% CI = −3.399–0.010, p = 0.062; Fig. 2B). Further 
analyses revealed that the effect of feedback type was not significant for either group (MAge + 1 SD: β = −3.960, 
SE = 2.764, p = 0.159; MAge−1SD: β = 3.639, SE = 2.643, p = 0.177). However, the direction of the β was opposite 
between the two groups, namely that the CER was lower in the financial than in the non-financial condition 
for adolescents and lower in the non-financial than in the financial condition for children. A significant main 
effect of age was observed for both types of feedback (financial: β = −5.835, SE = 1.043, p < 0.001; non-financial: 
β = −4.198, SE = 0.870, p < 0.001). The CER was lower among adolescents than among children in no-go tasks.

Discussion
We investigated the interaction between different feedback types (financial and non-financial reward and punish-
ment) on response inhibition as a function of developmental stage (children and adolescents). The main effect of 
reward was significant for the CER, and fewer errors were made when rewards were available.

Given the significant main effect of reward on the CER, rewards appear to facilitate accurate performance. 
This is consistent with some previous studies observing the enhancing effect of incentives on inhibitory perfor-
mance18,21,22. However, the downside of this occurs when we focus on reaction times for commission errors.

We did reveal a significant interaction between age and reward for the CERT: in the reward-present condition, 
the CERT was shorter than in the reward-absent condition among adolescents (Mage + 1 SD) but not children 
(Mage − 1 SD). This suggests that inhibition of ongoing motor responses is disturbed in the presence of a financial 
or non-financial reward in adolescence. Furthermore, we found a significant interaction between age and feed-
back type for the CERT, indicating that the inhibitory control was high for financial feedback among adolescents.

Findings regarding the interaction between age and reward corresponds to Van Leijenhorst et al. (2010), who 
explained this phenomenon as resulting from changes in reward sensitivity based on neural development from 
childhood to adolescence. Several fMRI studies also support these findings, wherein activation in the ventral 
striatum in response to uncertain rewards does not necessarily associate adolescents’ task performance22,28. Thus, 
rewards have a strong effect on reflective response inhibition, as well as higher-order cognitive functions (e.g. 
decision-making). These observations suggest that implementing rewards to improve response inhibition might 
be inadvisable for adolescents, as adolescents may be inclined to increase impulsive behaviours.

We hypothesized that age-dependent differences in the punishment condition would emerge if the effect of 
punishment on inhibitory control changes between childhood and adolescence. In brief, we estimated that the 
effect of punishment would only be observed in the adolescent group. Unexpectedly, the punishment by age 
interaction was not significant. In the current study, neither improvement nor impediment in response inhibition 
due to punishment emerged in the adolescent group. Based on this differential effect of reward and punishment, 
we speculate that the role of punishment on inhibitory control is similar from childhood to adolescence, while 
reward produces specific effects in adolescence. Palminteri, Kilford, Coricelli, and Blakemore (2016)32 demon-
strated that adolescents learn from reward and punishment in an asymmetrical way, whereby punishment is less 
effective than reward. As adolescents pursue reward, and do not consider punishment to the same extent, our 
adolescent participants might not have engaged in impulsive responses in order to avoid punishment (i.e. less 
inhibition) in the punishment condition, unlike what was observed in the reward condition.

According to the dual competition model, emotional content (e.g. fearful faces) enhances sensory processing 
of emotional stimuli29,33; our go and no-go stimuli were neutral, as they were just simple figures. Hence, when par-
ticipants’ inhibitory performance changed with the reward/punishment condition, it is likely that improvement 
occurred due to feedback incentives rather than the stimuli themselves. This effect is considered state-dependent, 
such that executive control improves because affective content enhances sensory representations of emotional 
items and the motivation to allocate resources so as to maximize potential rewards29. Our results suggest that 

Figure 2.  Results of multiple regression analyses with a mixed effect model for the CERT and CER. The 
relationship is between feedback type and age. Larger values in both (A,B) indicate better inhibitory control, as 
we inverted the valence of the values of the vertical axis in (B).
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older children and adolescents use reward information, rather than punishment, to decide how to allocate their 
cognitive resources. From there, reward information leads to impediments rather than improvements to response 
inhibition in some cases, especially for adolescents. Similarly, our results also suggest that the usefulness of certain 
feedback types (i.e. financial or non-financial) changes with age.

The present study has a few limitations. First, the sample size was small; in actuality, the power (1-β) of CERT 
was too small. We determined that the requisite sample size was 34, similar to our actual sample size, when we 
calculated the a priori sample needed to investigate reward by age interactions using G*Power 3.134,35 with the 
following parameters: (i) medium effect size based on high reward sensitivity16 and changes to cognitive perfor-
mance and brain activity through incentives22 and (ii) a power of 0.8. It is possible that our sample size was not 
sufficiently large, considering that we did not conduct any power analysis for other hypothesized interactions. The 
reason for this was that we could not find available behavioural data from past research to use as a model case. 
Nevertheless, our results are still congruent with previous studies. Furthermore, our corresponding effect size also 
exceeded Cohen’s (1988)36 the criteria for small (i.e. CERT) and large (i.e. CER) effects. Additionally, our results 
contribute to theory building in this research area. Second, although we set the number of trials based on those 
of a previous study, the participants of Demurie et al. (2016)37 included not only typically developing children 
but also children with developmental disorders who usually demonstrate high inhibitory errors; the number 
of no-go trials seems relatively small for detecting sufficient commission errors. Hence, future studies should 
include more no-go trials, especially if they target typically developing adolescents. Finally, the study design was 
cross-sectional; thus, in order to better evaluate any developmental effects, a future longitudinal study would be 
ideal. Thirdly, our participants were all boys; whether our results generalize to other groups (i.e. girls) should be 
addressed in the future. Finally, as we did not include adults, we cannot discuss whether the effect of reward/
punishment on adolescents’ inhibitory control is the same or different from what is observed in adulthood. Thus, 
future work should address a more expansive developmental range, from childhood into adulthood.

Method
Participants.  Forty-six boys were recruited through research agencies (Fieldwork by Rakuten Research, Inc., 
Japan and CROèe Inc., Japan) and flyers. We chose this sample size based on previous research16 observing inter-
actions between age and reward sensitivity, as reward sensitivity should help reflect interactions between age 
and incentivised behavioural performance. Eight- to 15-year-old children were recruited, as the age cut-off for 
compulsory education is 15 in Japan: the range for elementary school is 6 to 12-years-old and 12 to 15-years-old 
for junior high school. We recruited only boys because past studies assessing brain activity during inhibitory tasks 
have revealed sex differences38,39. Our main exclusion criterion was the presence of a diagnosed developmental 
disorder; this is because prior work has shown that individuals with developmental disorders, such as ADHD or 
autism spectrum disorders, experience high levels of impulsivity40, which could be a key confound in our results. 
We excluded 6 participants: 5 for having a suspected developmental disorder (verified via parental report) and 
one for not completing the study. Subsequently, we included 40 boys (Mage = 11.55 ± 2.26; range = 8–15 years old, 
MADHD-RS-IV = 37.35 ± 27.77, MASSQ = 5.75 ± 5.77) in our analysis. This sample included 23 elementary school stu-
dents (Mage = 9.82 ± 1.02) and 17 junior high school students (Mage = 13.88 ± 0.99). Children/adolescents (here-
after, referred simply as ‘children’) and parents/guardians were instructed to visit the lab twice and were given a 
1,000-yen prepaid card for purchasing books after each day as compensation. We obtained consent from both 
children and parents. All patients signed the institutional review board–approved informed consent prior to the 
beginning of the experiment. This study was approved by the institutional review board at Kyoto University and 
was carried out in accordance with approved ethical guidelines.

Behavioural Measurements.  Procedure.  Financial and non-financial go/no-go tasks were 
computer-based and programmed in Super Lab 4 (Cedrus Corporation, USA). Programs were presented on a 
13-inch computer monitor. The distance from the centre of the display to participants’ eyes was approximately 
60 cm. The financial and non-financial tasks were conducted on different days to prevent fatigue and minimize 
potential training effects. The mean time between sessions was 17.9 ± 5.1 days. To prevent children from count-
ing the money, we used a point system and gave the points gained for each trial, not the total accumulated, as 
feedback. There were 4 reward–punishment conditions for both tasks. The order of tasks was counterbalanced 
between participants.

On the first day, children were told the following: (1) You will play a game today and on another day; (2) 
there are two games in total; (3) it will take approximately 20 minutes to complete one game; and (4) you will 
be given a prepaid card that you can use to buy books or cartoons after each game day in appreciation for your 
participation. The instructions for the financial task were as follows: ‘In these games, your points will be increased 
and decreased. You will get additional cards if you get many points, but your cards will decrease if you get fewer 
points’. The instructions for the non-financial task were as follows: ‘In this game, your points will be increased 
and decreased. You will go up in the rankings if you get many points, but you will go down if you get fewer points’.

Each participant received feedback regarding the financial and non-financial tasks after completing each. 
Every child received an additional 500 or 1,000-yen pre-paid card. We created a point-ranking table for the 
non-financial task before the experiment and ranked participants according to their points.

Go/no-go task.  The go/no-go task measures motor response inhibition, a major form of inhibitory control 
(Figs 3, S1). We modified Demurie et al.’s (2016) version of the task for the present study. The stimuli were a 
white triangle (active stimuli) or square (passive stimuli). After the first fixation, a target stimulus was presented 
at the centre of a black screen for 260 ms, followed by a 240-ms blank screen. Participants could respond from 
the moment of target presentation until presentation of the next fixation (i.e. 500 ms). After the second fixa-
tion, a feedback illustration and sound were presented for 1.5 s. The fixations before the target and feedback 
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were presented at random intervals between 1 and 1.5 s. Participants were instructed to push the button (i.e. go 
response) using the index finger of their dominant hand when active stimuli (i.e. go stimuli) appeared, as quickly 
and as accurately as possible. Participants were asked to never press the button (i.e. no-go response) when passive 
stimuli (i.e. no-go stimuli) appeared. The commission error rate, which is a go response for passive stimuli, and 
the mean reaction time during commission errors were used to measure inhibitory responses.

Before the test stage, participants practiced the task. In the first stage, active and passive stimuli were presented 
for 1 s, followed by a 3-s blank screen. Three active stimuli and one passive stimulus were presented. The time 
pressure in the second practice stage was the same as in the test stage but comprised 9 active and 3 passive stimuli. 
Feedback comprised only whether the participant was successful (correct mark and sound) or failed (error mark 
and sound).

In the test stage, one block included 24 go trials (75%) and 8 no-go trials (25%), randomly ordered. 
Participants completed 4 blocks (i.e. 4 reward–punishment conditions), the order of which was counterbalanced 
between participants. The participants could rest between the blocks.

Reward–punishment conditions.  We controlled the presence of reward (i.e. reward-absent [RewA], 
reward-present [RewP]) and punishment (i.e. punishment-absent [PunA], punishment-present [PunP]). Then, 
we set 4 conditions. In the no reward-no punishment condition (RewA-PunA), points did not change regardless 
of correct responses (‘go’ for active stimuli and ‘no-go’ for passive stimuli) or incorrect responses (‘no-go’ for 
active stimuli and ‘go’ for passive stimuli). In the reward condition (RewP-PunA), participants gained 100 points 
for a correct response, and the points did not change for an incorrect response; conversely, in the punishment 
condition (RewA-PunP), the points did not change for a correct response, and participants lost 100 points for 
an incorrect response. Finally, in the reward-punishment condition (RewP-PunP), 100 points were given for a 
correct response, and 100 points were taken away for an incorrect response.

Questionnaires.  A parent answered the Japanese version of the ADHD Rating Scale-IV Home Version 
(ADHD-RS-IV)41 to measure the frequency of children’s ADHD-related behaviour, and the Autism Spectrum 
Screening Questionnaire (ASSQ)42,43, which is widely used for identifying autism spectrum disorders. The 
ADHD-RS-IV index is a percentile score converted from a raw score based on a participant’s age and gender. The 
ASSQ score range is 0 to 54. We collected these data in order to control for their influence on our main dependent 
measures.

Data analysis.  All statistical analyses were performed using R 3.3.1 for Mac OS X44. Multiple regression 
analyses with mixed effects models were performed to validate the main effects of age, feedback type (financial 
or non-financial), existence of reward, and existence of punishment on inhibition and all possible interactions as 
fixed effects. We coded the financial feedback as 0.5 and the non-financial feedback as −0.5; the reward-present 
condition was 0.5 and reward-absent condition was −0.5; and the punishment-present condition was 0.5 and 
punishment-absent condition was −0.5. The fixed effects also included the block order, ADHD-RS-IV score, and 
ASSQ score as covariates to avoid type 1 errors among target variables. Random effects included intercepts for 
participants, as well as participant slopes for feedback type, reward, and punishment. The dependent variables 
were the commission error rate (CER, which is a go response for passive stimuli) and the MRT during a commis-
sion error (CERT); less inhibitory control was indicated by a high CER and short CERT, reflecting a response 
that was too incorrect and fast27,45. Eighteen participants who did not present any incorrect responses in at least 
one block were excluded from analysis for CERT (Table S4). Simple slope analyses were conducted for signifi-
cant interactions. We statistically analyzed the effect of age as a continuous variable and separated participants 
using a ± 1 SD from the mean age as a criterion only when age-related interactions were found. Furthermore, as 
age-related changes could produce quadratic associations, we tested both linear association and quadratic associ-
ation models before conducting our main analysis, with reference to Paulsen et al. (2015)24.

Figure 3.  An example of a correct go response during the financial Go/No-go task. In this example, participants 
were required to push the button.
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Data Availability
The datasets generated and/or analysed during the current study are available from the corresponding author 
upon request.

References
	 1.	 Diamond, A. Executive Functions. Annual Review of Psychology 64, 135–168 (2013).
	 2.	 Friedman, N. P. & Miyake, A. The Relations Among Inhibition and Interference Control Functions: A Latent-Variable Analysis. 

Journal of Experimental Psychology: General 133, 101–135 (2004).
	 3.	 Nigg, J. T. On inhibition/disinhibition in developmental psychopathology: Views from cognitive and personality psychology and a 

working inhibition taxonomy. Psychological Bulletin 126, 220–246 (2000).
	 4.	 Bari, A. & Robbins, T. W. Inhibition and impulsivity: Behavioral and neural basis of response control. Progress in Neurobiology 108, 

44–79 (2013).
	 5.	 Pessoa, L. On the relationship between emotion and cognition. Nature reviews. Neuroscience 9, 148–58 (2008).
	 6.	 Iaboni, F., Douglas, V. I. & Baker, A. G. Effects of reward and response costs on inhibition in ADHD children. Journal of abnormal 

psychology 104, 232–240 (1995).
	 7.	 Masui, K. & Nomura, M. The effects of reward and punishment on response inhibition in non-clinical psychopathy. Personality and 

Individual Differences 50, 69–73 (2011).
	 8.	 Bonner, S. E., Hastie, R., Sprinkle, G. B. & Young, S. M. A Review of the Effects of Financial Incentives on Performance in Laboratory 

Tasks: Implications for Management Accounting. Journal of Management Accounting Research 12, 19–64 (2000).
	 9.	 Nelson, E. E., Leibenluft, E., McClure, E. B. & Pine, D. S. The social re-orientation of adolescence: a neuroscience perspective on the 

process and its relation to psychopathology. Psychological Medicine 35, 163–174 (2005).
	10.	 Cohen, A. O. et al. When Is an Adolescent an Adult? Assessing Cognitive Control in Emotional and Nonemotional Contexts. 

Psychological Science 27, 549–562 (2016).
	11.	 Somerville, L. H. Searching for Signatures of Brain Maturity: What Are We Searching For? Neuron 92, 1164–1167 (2016).
	12.	 Luna, B. Developmental Changes in Cognitive Control Through Adolescence. Advances in Child Development and Behavior 37, 

233–278 (2009).
	13.	 Geier, C. & Luna, B. The maturation of incentive processing and cognitive control. Pharmacology Biochemistry and Behavior 93, 

212–221 (2009).
	14.	 Ernst, M. et al. Amygdala and nucleus accumbens in responses to receipt and omission of gains in adults and adolescents. 

NeuroImage 25, 1279–1291 (2005).
	15.	 Van Leijenhorst, L. et al. What motivates the adolescent? brain regions mediating reward sensitivity across adolescence. Cerebral 

Cortex 20, 61–69 (2010).
	16.	 Newman, P. R. & Newman, B. M. Early adolescence and its conflict: Group identity v. alienation. Adolescence 11, 261–274 (1976).
	17.	 Geier, C. F., Terwilliger, R., Teslovich, T., Velanova, K. & Luna, B. Immaturities in Reward Processing and Its Influence on Inhibitory 

Control in Adolescence. Cerebral Cortex 20, 1613–1629 (2010).
	18.	 Hallquist, M. N., Geier, C. F. & Luna, B. Incentives facilitate developmental improvement in inhibitory control by modulating 

control-related networks. NeuroImage 172, 369–380 (2018).
	19.	 Bjork, J. M. et al. Incentive-elicited brain activation in adolescents: similarities and differences from young adults. The Journal of 

neuroscience: the official journal of the Society for Neuroscience 24, 1793–802 (2004).
	20.	 Davidow, J. Y., Insel, C. & Somerville, L. H. Adolescent Development of Value-Guided Goal Pursuit. Trends in Cognitive Sciences 22, 

725–736 (2018).
	21.	 Jazbec, S. et al. Age-related influence of contingencies on a saccade task. Experimental Brain Research 174, 754–762 (2006).
	22.	 Padmanabhan, A., Geier, C. F., Ordaz, S. J., Teslovich, T. & Luna, B. Developmental changes in brain function underlying the 

influence of reward processing on inhibitory control. Developmental Cognitive Neuroscience 1, 517–529 (2011).
	23.	 Geier, C. F. & Luna, B. Developmental effects of incentives on response inhibition. Child development 83, 1262–74 (2012).
	24.	 Paulsen, D. J., Hallquist, M. N., Geier, C. F. & Luna, B. Effects of incentives, age, and behavior on brain activation during inhibitory 

control: A longitudinal fMRI study. Developmental Cognitive Neuroscience 11, 105–115 (2015).
	25.	 Ernst, M., Pine, D. S. & Hardin, M. Triadic model of the neurobiology of motivated behavior in adolescence. Psychological medicine 

36, 299–312 (2006).
	26.	 Demurie, E., Roeyers, H., Baeyens, D. & Sonuga-Barke, E. Common alterations in sensitivity to type but not amount of reward in 

ADHD and autism spectrum disorders. Journal of Child Psychology and Psychiatry 52, 1164–1173 (2011).
	27.	 Kohls, G., Herpertz-Dahlmann, B. & Konrad, K. Hyperresponsiveness to social rewards in children and adolescents with attention-

deficit/hyperactivity disorder (ADHD). Behavioral and Brain Functions 5, 20 (2009).
	28.	 Somerville, L. H., Hare, T. & Casey, B. J. Frontostriatal Maturation Predicts Cognitive Control Failure to Appetitive Cues in 

Adolescents. Journal of Cognitive Neuroscience 23, 2123–2134 (2011).
	29.	 Pessoa, L. How do emotion and motivation direct executive control? Trends in Cognitive Sciences 13, 160–166 (2009).
	30.	 Foo, J. C. et al. Rank among Peers during Game Competition Affects the Tendency to Make Risky Choices in Adolescent Males. 

Frontiers in Psychology 08, 1–14 (2017).
	31.	 Blakemore, S.-J. & Mills, K. L. Is adolescence a sensitive period for sociocultural processing? Annual review of psychology 65, 

187–207 (2014).
	32.	 Palminteri, S., Kilford, E. J., Coricelli, G. & Blakemore, S. The Computational Development of Reinforcement Learning during 

Adolescence. PLOS Computational Biology 12, e1004953 (2016).
	33.	 Vuilleumier, P. How brains beware: Neural mechanisms of emotional attention. Trends in Cognitive Sciences 9, 585–594 (2005).
	34.	 Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and ANOVAs. 

Frontiers in Psychology 4, 1–12 (2013).
	35.	 Faul, F., Erdfelder, E., Lang, A. G. & Buchner, A. G* Power 3: A flexible statistical power analysis program for the social, behavioral, 

and biomedical sciences. Behavior research methods 39, 175–191 (2007).
	36.	 Cohen, J. Statistical power analysis for the behavioural sciences. (New York: Academic Press, 1988).
	37.	 Demurie, E., Roeyers, H., Wiersema, J. R. & Sonuga-Barke, E. No Evidence for Inhibitory Deficits or Altered Reward Processing in 

ADHD. Journal of Attention Disorders 20, 353–367 (2016).
	38.	 Garavan, H., Hester, R., Murphy, K., Fassbender, C. & Kelly, C. Individual differences in the functional neuroanatomy of inhibitory 

control. Brain Research 1105, 130–142 (2006).
	39.	 Liu, J., Zubieta, J.-K. & Heitzeg, M. Sex differences in anterior cingulate cortex activation during impulse inhibition and behavioral 

correlates. Psychiatry research 201, 54–62 (2012).
	40.	 Konst, M. J., Matson, J. L., Goldin, R. & Rieske, R. How does ASD symptomology correlate with ADHD presentations? Research in 

Developmental Disabilities 35, 2252–2259 (2014).
	41.	 DuPaul, G., Power, T., Anastopoulos, A. & Reid, R. ADHD Rating Scale—IV: Checklists, norms, and clinical interpretation. (Guilford 

Press., 1998).
	42.	 Ehlers, S., Gillberg, C. & Wing, L. A screening questionnaire for Asperger syndrome and other high-functioning autism spectrum 

disorders in school age children. Journal of autism and developmental disorders 29, 129–141 (1999).

https://doi.org/10.1038/s41598-019-49037-9


8Scientific Reports |         (2019) 9:12882  | https://doi.org/10.1038/s41598-019-49037-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

	43.	 Tojo, Y. Studies on the social deficits of children with autism and ADHD: For developing educational support of them. Grant-in-Aid for 
Scientific Research (KAKENHI) report (No.13410042) (2003).

	44.	 R Core Team. R: A language and environment for statistical computing. (2017).
	45.	 Purvis, K. L. & Tannock, R. Phonological Processing, Not Inhibitory Control, Differentiates ADHD and Reading Disability. Journal 

of the American Academy of Child & Adolescent Psychiatry 39, 485–494 (2000).

Acknowledgements
The authors express their profound gratitude to the participants of this project. We would also like to thank 
the elementary school for allowing us to post a flyer. Part of this research was supported by Grants-in-Aid for 
Scientific Research (JSPS KAKENHI Grant Numbers 15J08278, 15K00205, 16H01727, and 19H01773). This 
research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit 
sectors.

Author Contributions
M.M. and M.N. designed this study. M.M. acquired and analysed the data. M.M. and M.N. interpreted the data. 
M.M. drafted the manuscript and M.N. revised it critically for important intellectual content. All authors read 
and approved the final version.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49037-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-49037-9
https://doi.org/10.1038/s41598-019-49037-9
http://creativecommons.org/licenses/by/4.0/

	Asymmetric developmental change regarding the effect of reward and punishment on response inhibition

	Results

	Commission Error RT (CERT). 
	Commission Error Rate (CER). 

	Discussion

	Method

	Participants. 
	Behavioural Measurements. 
	Procedure. 
	Go/no-go task. 
	Reward–punishment conditions. 
	Questionnaires. 

	Data analysis. 

	Acknowledgements

	Figure 1 Results of multiple regression analyses with a mixed effect model for the CERT.
	Figure 2 Results of multiple regression analyses with a mixed effect model for the CERT and CER.
	Figure 3 An example of a correct go response during the financial Go/No-go task.




