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Abstract 

Inhibitory control is a critical aspect of self-regulation and is hypothesized to develop 

throughout childhood and adolescence, reaching its peak in young adulthood. Despite its central 

role in several models of adolescent development, few studies have examined the longitudinal 

development of inhibitory control during adolescence and its association with maladaptive 

outcomes during this period. The current study evaluated: 1) growth trajectories of inhibitory 

control from early- to mid-adolescence, 2) the impact ofreward on inhibition, and 3) the 

relationship between inhibition in early-to mid-adolescence and rule-breaking behavior in late 

adolescence. Participants (n= 387; 11-13 years old at Wave 1) completed an inhibitory control 

task (the Stop Signal Task; SST) in early adolescence and at yearly intervals for two subsequent 

years. The SST included a standard condition and a reward condition in which points were 

provided for correct responses. Participants and caregivers completed ratings of teens' rule

breaking behaviors in late adolescence (Wave 7). Using latent growth curve modeling with the 

intercept centered at age 11 , results showed that inhibitory control improved in a curvilinear 

manner. More rapid growth was observed during early adolescence and appeared to slow around 

mid-adolescence. Reward did not impact inhibitory control at any point in adolescence. 

Inhibition at age 11 , but not trajectories of growth in inhibitory control, marginally predicted 

both parent- and target-reported rule-breaking behavior in late adolescence. This study provides 

a novel examination of inhibition during the first half of the adolescent period. It further provides 

critical but modest evidence of the predictive validity of inhibitory control. Results of this study 

lead us to call for evaluation of the full developmental time course of inhibitory control from 

early adolescence to young adulthood and for greater specificity of the developmental 

neuroscience theories that guide research on risky behavior outcomes in adolescence. 
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Inhibitory Control in Adolescence: 

Developmental Trajectories and Relation to Delinquent Behavior 

Cognitive control is critical for engaging in adaptive, goal-directed behavior. Inhibitory 

control is a facet of the broader cognitive control construct and represents the ability to suppress 

a dominant or prepotent response in order to execute a subdominant but adaptive response 

(Barkley, 1997). The prefrontal cortex is thought to underlie cognitive control processes (Casey, 

Jones, & Hare, 2008; see also Crone & Dahl, 2012), and these brain regions are the last to fully 

mature, only reaching their peak cortical thickness in early adulthood (Shaw et al. , 2008). The 

relative immaturity of cognitive control may have particularly salient correlates during the 

adolescent years . Adolescence is a period of heightened risk for the emergence of a range of 

persistent and problematic behaviors and mental health concerns (Cohen et al. , 1993; Gleid & 

Pine, 2002; IOM/NRC, 2011). Engagement in delinquent behavior increases from early to late 

adolescence (Moffitt, 1993), as do rates of externalizing disorders, including oppositional defiant 

disorder, conduct disorder, and substance use disorders (Merikangas et al. , 2010). Adolescents 

engage in more risky sexual activity than adults, resulting in higher rates of STD contraction 

(Satterwhite et al. , 2013). Most adolescents initiate substance use by the end of high school 

(Chassin, 2008), and teens tend to consume higher quantities of alcohol per drinking occasion 

than adults (IOM/NRC, 2011). The protracted development of cognitive control and immature 

ability to inhibit behaviors with potentially negative consequences is thought to be a key 

component contributing to heightened risk in adolescence. Yet, shockingly little research has 

examined how cognitive control changes across the adolescent period. The current study 

advances the literature on adolescent development by providing the first longitudinal 
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examination of developmental trajectories of inhibitory control from early to middle 

adolescence. 

Inhibitory Control 

Inhibitory control has long been considered a key component of cognitive control. The 

relationship between inhibitory control and other higher-order cognitive control processes is still 

debatable, though there is evidence from the unity/diversity model that inhibitory control is 

related to, but separable from, shifting and updating (i.e. , working memory; Miyake et al. , 2000). 

More recent extension of this work using bifactor models has shown that, when examining 

shared versus unique variance across these domains, both updating and shifting continue to form 

unique factors , whereas the inhibition variance is fully accounted for by the common cognitive 

control factor (Friedman, Miyake, Robinson, & Hewitt, 2011 ; Snyder, Miyake, & Hankin, 2015). 

Assessment of inhibitory control tends to focus on laboratory task performance. Common 

paradigms include the Stop Signal Task (SST), the go/no-go, and the antisaccade task. The SST 

was developed by Logan and colleagues and is one of the most widely-used and theoretically

grounded inhibition paradigms (Logan et al. , 1984; Logan & Cowan, 1984). The SST involves 

responding to a series of easily-discriminable visual stimuli; infrequently, a tone (the stop signal) 

is presented, indicating that the participant should withhold responding for the stimulus. In the 

go/no-go, participants are instructed to respond to particular task stimuli ( e.g. , letter "X" but not 

"O"). The primary difference between the go/no-go and SST is that the cue to withhold 

responding in the SST is presented after the "go" stimulus appears, so participants have to cease 

the "go" response that has already been initiated (Logan et al. , 1984). The antisaccade is an 

oculomotor paradigm in which participants are instructed to look in the direction opposite the 

stimulus presented on each trial (i.e. , if a stimulus is presented to the left, the participant is 
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supposed to look right). Factor analytic work from the unity/diversity model suggests that the 

SST loads more strongly than other inhibition tasks on both the latent inhibition factor, as well as 

the common cognitive control factor (Friedman et al. , 2011), suggesting that it is a strong index 

of both inhibition and general cognitive control. 

Development of Inhibitory Control 

There is strong evidence that inhibitory control improves across childhood ( e.g. , 

Kochanska, Murray, & Coy, 1997; Moilanen, Shaw, Dishion, Gardner, & Wilson, 2009). 

Though it is clear that inhibitory control continues to develop during adolescence, the pattern of 

development within adolescence remains debatable. Developmental cognitive neuroscience 

models offer competing hypotheses regarding expected trajectories of growth. Steinberg (2008) 

posits linear growth in inhibition from late childhood to young adulthood, whereas Casey 

(Casey, Gets, & Galvan, 2008) suggests that inhibition develops in a gradual, curvilinear manner. 

Finally, in a recent version of these models, Luna & Wright (2016) have hypothesized a 

relatively sharp improvement in inhibition from early to middle adolescence that plateaus into 

late adolescence and young adulthood. 

Cross-sectional work provides some encouraging support that adolescents exhibit levels 

of cognitive control in between those of children and adults ( e.g. , Albert & Steinberg, 2011 ; 

Klein & Foerster, 2001 ; Luna et al. , 2004; Steinberg et al. , 2008; Velanova, Wheeler, & Luna, 

2009; Williams et al. , 1999). For example, planning on the Tower of London task has shown 

linear improvements in groups of children (10-11 years old) through older adolescents (16-17 

years old), with no further age-related improvement observed in groups of young adults and 

adults (Albert & Steinberg, 2011). 
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In a study examining age-related differences in SST performance, Williams et al. (1999) 

found that adolescents (ages 13-17) exhibited better inhibitory control (i.e., lower stop signal 

reaction time, SSRT) than children (see also Bedard et al. , 2002). Contrary to the prediction that 

inhibitory control continues to improve into young adulthood, adolescents also exhibited non

significantly better SSRT than young adults . Unfortunately, the cross-sectional nature of these 

designs hinder the conclusions that can be drawn . Most importantly, questions regarding 

developmental trajectories cannot be addressed with cross-sectional data, and individual 

differences in growth therefore cannot be linked to future outcomes. Indeed, most studies in this 

area assess wide age bands ( cf Albert & Steinberg, 2011) of different developmental groups, 

which provides no information about the critical changes hypothesized to occur within 

adolescence. 

The limited longitudinal data show that antisaccade performance improves from late 

childhood to young adulthood (Ordaz, Foran, Velanova, & Luna, 2013 ; Paulsen, Hallquist, 

Geier, & Luna, 2015). However, confidence in these data is limited by high attrition rates (54% 

attrition across three waves in Ordaz et al. , 2013 ; 60% attrition from Wave 1-3 in Paulsen et al. , 

2015) and the relatively small number of participants (<50) in the early- to mid-adolescent years. 

Bezdj ian and colleagues (2014) assessed the development of go/no-go task performance. 

Children were 9-11 years old at the first wave of assessment and were assessed approximately 

every two years for four waves of data collection (participants were 16-18 years old at Wave 4) . 

The authors found a reduction in the number of commission errors (i.e. , better motor inhibition) 

with age. These data provide necessary initial evidence for developmental trajectories of 

inhibitory control. Yet, the pattern of change in go/no-go performance was not examined (linear 



5 INHIBITORY CONTROL IN ADOLESCENCE 

versus quadratic), and the extent to which there are individual differences in trajectories of 

growth is currently unknown. 

To summarize, cross-sectional data generally show that adolescents have better inhibitory 

control than children and worse inhibitory control than adults, but no study has longitudinally 

examined patterns of growth within the adolescent period. The current study addresses these 

gaps in the literature by examining developmental trajectories of SST performance among a 

large (n=387; 9% attrition across 7 waves) community sample of adolescents. Participants 

completed three annual visits, spanning ages 11-16. The strongest cross-sectional data to date 

(i.e., most narrow age bands, large sample sizes) suggest linear age-related improvements in 

cognitive control throughout adolescence (Albert & Steinberg, 2011). As such, inhibitory control 

was hypothesized to show linear growth from early- to mid-adolescence (see Figure la), 

consistent with the model outlined by Steinberg. Significant individual differences in the rate of 

growth across participants were expected. 

Reward Effects on Inhibition in Adolescence 

Inhibitory control is often studied in "cold" contexts (Pfeifer & Allen, 2012), even though 

motivational context is known to affect multiple components of cognitive control and decision 

making (e.g., Ernst & Paulus, 2005). For example, teens make more impulsive choices on 

decision-making tasks when they believe they are being observed by peers (Weigard, Chein, 

Albert, Smith & Steinberg, 2014), and performance-contingent reward can enhance inhibitory 

control and other aspects of cognitive control (Botvinick & Braver, 2015 ; Ma, van 

Duijvenvoorde, & Scheres, 2016; Rosch et al. , 2016; Slusarek, Yelling, Bunk, & Eggers, 2001). 

Given that adolescence is characterized by heightened reward sensitivity (Casey et al. , 2008; 

Steinberg et al. , 2008; van Duijvenvoorde, Peters, Braams, & Crone, 2016), it is important to 
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examine the degree to which a teen's inhibitory control is sensitive to the context ofreward and 

whether that sensitivity changes across adolescence (e.g. , Crone & Dahl, 2012). 

Surprisingly, the few studies that have examined reward effects on inhibitory control in 

adolescence have generally failed to find a larger impact of reward on inhibition among 

adolescents, compared to children and adults (Geier et al. , 2009; Geier & Luna, 2012; Hardin, 

Schroth, Pine, & Ernst, 2007; Jazbec et al. , 2006). However, the data are largely cross-sectional 

(c.f. , Paulson et al. , 2015) with small sample sizes (34-82) and relatively wide age bands, 

precluding fine-grained analysis within adolescence. Most studies also confounded reward with 

other contingencies (e.g., response cost; c.f. , Geier et al. , 2009) and assessed inhibitory control 

with an antisaccade task, rather than the more psychometrically-sound SST (see Friedman et al. , 

2011 ; Snyder et al. , 2015). The second aim of this study was to build upon the limited literature 

on reward effects on inhibitory control in adolescence. We assessed the degree to which 

inhibitory control on the SST improved with performance-contingent points, and we tested 

whether this effect increased across early-to mid-adolescence. 

Consistent with previous work demonstrating reward effects on SST performance (e.g. , 

Ma et al. , 2016; Rosch et al. , 2016), reward was expected to improve teens ' inhibitory control in 

the current study. Reward sensitivity is thought to peak around age 15 (Casey et al. , 2008); we 

therefore predicted that the impact of reward on inhibitory control would become greater as teens 

moved from early to middle adolescence (see Figure 1 b ). 

Predicting Maladaptive Outcomes 

Performance on the SST reliably discriminates diagnostic groups (Lipszyc & Schachar, 

2010) and relates cross-sectionally to dimensionally-measured externalizing symptomatology 

(Schoemaker, Mulder, Dekovic, & Matthys, 2013) and substance use (Nigg et al. , 2006; Young 
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et al. , 2009). For example, Nigg and colleagues (2006) found that SST performance was 

associated with alcohol-related consequences and drug use behavior among a sample of high-risk 

adolescents. However, the predictive validity of inhibitory control remains understudied; to our 

knowledge, no study has examined the extent to which inhibitory control, and trajectories of 

growth in inhibitory control, predict subsequent outcomes in adolescence (see Quinn & Fromme, 

2010 for cross-lagged associations between self-reported self-regulation and alcohol use in late 

adolescence/early adulthood) . 

The third aim of the present study is to heed the repeated calls for longitudinal data to test 

models of adolescent risk behavior based in developmental neuroscience (Bjork, Lynne

Landsman, Sirocco, & Boyce, 2012; Johnson, Blum, & Giedd, 2009; NIH Adolescent Brain 

Cognitive Development Study RF A, 2015). We examined whether individual differences in 

inhibitory control, in the growth of inhibitory control, and in the impact of reward on inhibitory 

control, predict delinquent behavior in later adolescence. It was hypothesized that teens who start 

with better inhibitory control (i.e., lower intercept) will engage in fewer delinquent behaviors in 

late adolescence. We also predicted that faster rates of change in inhibitory control (i.e., a steeper 

slope) would be associated with fewer late-adolescent delinquent behaviors; we anticipated that 

the rate of growth (slope) would more strongly predict late-adolescent outcomes than levels of 

inhibitory control in early adolescence (intercept). 

Methods 

Participants 

Participants were part of a multi-wave longitudinal study of risk and protective factors for 

adolescent and young adult substance use (see e.g., Colder et al. , 2013 ; Trucco, Colder, Bowker, 

& Wieczorek, 2011 for details). The sample was recruited via random digit dialing. Participants 
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were eligible for the study if they were 11-12 years old at recruitment, were free of disabilities 

that would interfere with their ability to complete the assessments, and had a caregiver willing 

and able to participate in the study. This sampling method resulted in a sample representative of 

the area in which the study was conducted (Erie County, New York). The response rate was 

52%, and the final sample included 387 families (caregiver and adolescent; see Table 1 for 

participant characteristics). Participants were 11-13 years old at the Wave 1 assessment. 

Procedures 

All procedures were approved by the IRB at the University at Buffalo. Both the 

adolescent and a caregiver attended laboratory visits spaced one year apart for the first three 

years (Waves 1-3) and another visit four years later (Wave 7). During the visits, participants 

completed a variety of questionnaires assessing temperament, substance use, psychological 

functioning, family environment, parental behavior, and peer relationships. They also completed 

the SST, the Tower of London task (Meisel, Colder, & Hawk, 2015), and the Wisconsin Card 

Sort Task. The SST was always completed approximately halfway through the visit. Adolescent 

self-report and caregiver report of delinquent behaviors were collected at Waves 1-3 and Wave 7 

(see Table 2) . Data collection in Waves 4-6 was conducted via an automated phone survey and 

assessed only substance use variables. Monetary compensation was provided to both participants 

and caregivers for Waves 1-3 ($75 , $85 , and $125 for Wave 1-3, respectively) and Wave 7 ($125 

for target, $40 for parent); participants were provided with gift cards as compensation for 

completing phone surveys at Waves 4-6. 

Measures 

Inhibitory control - Stop Signal Task. The Stop Signal Task assesses an individual's 
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speed of inhibition, relative to his/her speed ofresponse execution (Logan et al. , 1984; 

Verbruggen, Chambers & Logan, 2013). Task stimuli were 2 x 2 cm white arrows presented on a 

black background screen. Participants were instructed to press the left and right buttons of a 

response box whenever the arrow on the screen pointed left or right, respectively (Rosch, et al. , 

2016). The first half of the task consisted of a standard, no-reward condition, and the second half 

included feedback and points for correct performance. 

The SST began with a 32-trial "go" practice block. The left or right facing arrow 

appeared every few seconds, and participants responded on every trial to indicate the arrow's 

directionality. This procedure established the prepotent "go" response. A 32-trial "stop" practice 

block followed; teens were instructed to inhibit responding when the arrow was followed by the 

stop signal, a 1000-Hz tone presented on 25% of trials. The delay between the stimulus 

presentation and stop signal (i.e., stop signal delay or SSD) began at 350 ms and adjusted 

dynamically in 50 ms increments to result in approximately 50% inhibition (Band & Miller, 

1997). Correct inhibition increased the SSD, making inhibition on the next stop trial more 

difficult; failure to inhibit decreased the subsequent SSD, resulting in an easier subsequent stop 

trial. 

After practice blocks, participants completed three no-reward test blocks of 64 trials each 

(192 trials total). The structure of all test trials (both no-reward and reward) was the same. Trials 

included a 500 ms fixation period, 1000 ms stimulus presentation, 1000 ms response period, 

1000 ms feedback period, and 500 ms ITI (see Figure 2). The feedback screen during the no

reward block contained an uninformative stimulus ( a square) that maintained a consistent trial 

structure with that utilized in the reward version of the task (see Figure 2a). 
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After the no-reward blocks, participants were provided with a brief break. Children then 

repeated the "go" and "stop" practice with the reward manipulation. Reward test blocks 

consisted of three blocks of 64 trials each, in which they earned points for correct responses ( see 

Figure 2b). Feedback was provided with stars of varying colors and shapes that corresponded to 

a certain amount of points earned on that trial (see Figure 2c). Though points were not 

exchanged for tangible goods, previous work shows that points alone can improve inhibitory 

control on the SST (e.g. , Slusarek et al. , 2001). To mitigate concerns that participants would 

slow their responses to increase inhibition rates, fast "go" trials (faster than their "go" practice 

mean RT) earned five points, whereas slow "go" trials earned two points. To balance the 

magnitude of reward available for "go" and "stop" trials, correct inhibitions were worth three 

times as many points as correct "go" responses; correct inhibitions following a slow "go" were 

worth six points, and correct inhibitions after a fast "go" were worth 15 points. Previous work in 

our lab has shown that this reward manipulation improves inhibitory control among children and 

does not result in slowed RTs (Rosch, et al. , 2016). 

The present design, in which reward blocks always followed no-reward blocks, raises 

concerns about practice or fatigue effects. To disambiguate reward and practice/fatigue effects, 

preliminary models considered the pattern of change in performance across blocks within 

reinforcement condition (see Data Analytic Plan)1. 

Data reduction. Stop Signal Reaction Time (SSRT) represents the speed of "go" 

responding, relative to the speed of inhibition, and is the primary outcome variable from the SST. 

1 It is important to note that counterbalancing the reward conditions also introduces interpretive 
difficulties, as assessing no-reward second may confound "cold" baseline cognition with the effects of 

frustrative non-reward (e.g., Douglas & Parry, 1994; Huang-Pollock et al. , 2007; Rosch, et al. , 2016). 
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It was computed using the integration method (Verbruggen, et al. , 2013); this method accounts 

for differences in inhibition rates and is robust to slowing and variability in responding during 

the task. Calculation involves creating a distribution of "go" RTs and selecting the RT at the 

percentile that corresponds to the participants' percent inhibition. For example, if an adolescent 

correctly inhibits on 50% of stop trials, the median RT will be chosen. The mean SSD was then 

subtracted from this RT (i.e., SSRT= integral RT- SSD). Blocks of trials with less than 20% 

inhibition or greater than 80% inhibition were excluded (see Congdon et al. , 2012; Nigg, 1999). 

Blocks of trials with negative SSRT values were also excluded (Congdon et al. , 2012). The 

average SSRT across blocks was computed if participants had at least two good blocks of trials. 

These criteria resulted in the exclusion of participants per wave and reward condition that ranged 

from 1.3% (Wave 1- reward and no-reward) to 8.9% (Wave 3- reward). All waves and reward 

conditions demonstrated acceptable reliability (see Table 3). 

Delinquent behavior - Achenbach System of Empirically-Based Assessment. 

Delinquent behavior at Waves 1-3 and Wave 7 was measured with parent and child/adult self

report of rule-breaking behavior from the Achenbach System of Empirically-Based Assessment 

(ASEBA; Achenbach, 2009). All ASEBA measures include items to which the parent or child 

responds on a Likert scale (0= Not True, 1 = Somewhat or Sometimes True, 2= Very True or 

Often True) to indicate how well each statement describes the participant. Though T-scores are 

typically examined, the mean of the raw scores will be utilized in the current study because of its 

developmental focus . The Child Behavior Checklist (CBCL) provides parental ratings of a 

child' s behavior, symptoms, and functioning across a range of domains. The Youth Self-Report 

(YSR) is the child self-report version and is appropriate for individuals aged 11-18. Both the 

CBCL and the YSR assess rule-breaking (e.g. , "Drinks alcohol without parents' approval;" 
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"Breaks rules at home, school, or elsewhere;" "Lying or cheating;" "Steals outside the home") 

and aggressive behavior (e.g. , "Argues a lot;" "Cruelty, bullying, or meanness to others"), which 

are combined to form an overall externalizing problems subscale. The rule-breaking behavior 

subscale most closely parallels delinquent outcomes associated with adolescence and therefore 

serves as the index of delinquent behavior in the current study. In terms of internalizing 

problems, both scales assess anxious depression ( e.g. , "Fears going to school" ), 

withdrawal/depression (e.g. , "There is very littles/he enjoys"), and somatic complaints (e.g. , 

"Feels dizzy or lightheaded") that form an overall internalizing problems subscale. 

The Adult Behavioral Checklist (ABCL) and Adult Self-Report (ASR) are 

developmentally-appropriate extensions of the CBCL and YSR that were utilized at Wave 7. 

They provide nearly the same subscales ( externalizing also includes an intrusive behavior scale; 

e.g, "I try to get a lot of attention") as the CBCL and YSR, and scores on the YSR have 

demonstrated prospective predictive relations with scores on the ASR (Achenbach, Howell, 

McConaughy, & Stanger, 1995). All measures demonstrated acceptable internal consistency at 

each assessment point in the current sample (a's> .70 for rule-breaking and total externalizing 

problems). Validity is evidenced by differentiation among clinical groups and its association 

with other dimensional measures of psychopathology (Achenbach & Rescorla, 2003). 

Data Analytic Plan 

Overview. Analyses include growth modeling conducted in Mplus. For each aim, the 

baseline model included a fixed intercept and fixed linear slope. Nested log-likelihood difference 

tests were used to determine if a quadratic trend should be added in addition to the linear trend 

and whether significant variance (i.e. , individual differences) in the intercept and slope factors 

was present. In preliminary analyses, we considered potential covariates, including sex, race, IQ, 
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SES, and baseline internalizing and externalizing symptoms and rule-breaking behavior. None of 

these covariates changed the pattern of results reported and are therefore not presented. 

Aim 1. To evaluate the hypothesis that inhibitory control shows linear growth across 

early- to mid-adolescence, trajectories of inhibitory control were analyzed with latent growth 

curve models. Individual varying times of observation and maximum likelihood robust (MLR) 

estimation were used. MLR accommodates missing data and is robust to skewness and kurtosis 

(Kline, 2010). Change in inhibitory control over time was modeled on continuous age, given the 

developmental focus of Aim 1. The intercept was centered at age 11. Supplemental analyses for 

Aim 1 include results of growth curves of the reward block analyzed in the same manner as the 

no-reward block. 

Aim 2. In preliminary analyses, we examined whether inhibitory control improved across 

blocks within each reward condition to rule out practice effects as an alternative explanation for 

potential effects ofreward. As can be seen in Figure 3, SSRT at Wave 1 increased (i.e. , 

worsened) across the three blocks for both the no-reward, linear F(l , 357)= 12.9,p <.001 , d= 

0.19, quadratic F(l , 357)= 6.2,p=.01 , and reward conditions, linear F(l , 357)= 74.7,p <.001 , d= 

0.46, quadratic F(l , 357)= 23.8,p <.001. A similar pattern was observed for Waves 2-3. This 

pattern is more consistent with a fatigue, rather than a practice effect, and may have affected the 

data by attenuating the impact of reward. 

Aim 2 was examined with a series of latent growth curve models to assess whether 

reward improved inhibitory control and whether the impact of reward increased across the 

adolescent period2
. First, separate growth curves for both the reward and no-reward blocks were 

2 The data analytic plan for Aim 2 originally included multilevel models to examine the impact of reward 
on inhibitory control in order to incorporate the nested structure of the within-subjects reward 
manipulation. However, the present data violated MLM model assumptions. Specifically, MLM assumes 

https://6.2,p=.01
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estimated in a manner consistent with the analytic plan outlined for Aim 1. Next, the means of 

the reward and no-reward intercepts were constrained to be equal to determine whether there was 

a main effect of reward at age 11 ; worse model fit would suggest a significant reward- no-reward 

difference in SSRT. Finally, the means of the slopes (first linear and then quadratic) were 

constrained to be equal; worse model fit would suggest that the change in inhibitory control 

across age was different between the reward and no-reward blocks. 

Aim 3. To examine whether individual differences in inhibitory control predict late

adolescent delinquent behavior, individual differences in the intercept and linear slope of SSRT 

(Aim 1) were used to predict the rule-breaking subscale of the ASR and ABCL (i.e. , self- and 

parent-report) at Wave 73
. Models were run both with and without controlling for Wave 3 rule

breaking behavior to assess whether SSRT predicts absolute levels of Wave 7 rule-breaking 

behavior and changes in rule-breaking behavior from Wave 3 to 7. 

Supplementary analyses include the total externalizing problems scale of the ASR and 

ABCL at Wave 7 as an outcome variable ( also run with and without controlling for Wave 3 

externalizing problems). 

Additional analyses. Results for the mean method of SSRT calculation for each aim are 

presented in Appendix A. The mean method represents the traditional calculation of SSRT. It is 

computed as the mean stop signal delay subtracted from the mean RT (mSSRT= MRT-MSD); 

that residual variances across time are equal. Nested log-likelihood difference tests conducted in MPlus 
demonstrated that Wave 1 residual variance is significantly higher than Waves 2 and 3, and constraining 
all residual variances to be equal significantly worsened model fit, t-..x2 (2)= 27.5, p <.0l. 
3 Though the proposal originally outlined the total externalizing problems subscale as the outcome 
variable, it was decided that the rule-breaking subscale better captures the delinquent outcomes associated 
with adolescence. We included the models for total externalizing problems in supplementary analyses. 
The original proposal aimed to examine the extent to which individual differences in growth in the impact 
ofreward on inhibitory control (i.e. , the difference score between the reward and no-reward conditions) 
predicts maladaptive outcomes; however, no effects of reward were observed. 
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thus, it differs from the integration method in that the mean method does not adjust for 

differences in percent inhibition and is more sensitive to slowed and variable response times. 

Generally, patterns of results were similar between the integration and mean methods, though 

footnotes are included in the main text to identify where mean-method and integration-method 

results differed. The same data analytic strategy outlined for the primary results (integration

method SSRT) were utilized for mean-method SSRT. Descriptive statistics for SSRT parameters 

(MRT, integration RT, MSD, percent inhibition) across waves and conditions are presented in 

Appendix B. 

Results 

The retention rate from Wave 1 to Wave 3 was 96%, and retention at Wave 7 was 91 %. 

Families who completed all waves of data collection did not differ from those who dropped out 

(n= 33) on demographic characteristics, Wave 1 rule-breaking behavior, or Wave 1 SSRT, all Fs 

<1.5, allps>.25 . 

Aim 1- Growth Trajectories of Inhibitory Control 

Figure 4 illustrates the growth trajectory of SSRTs across age. Compared to a base model 

with a fixed intercept and fixed linear slope, nested model tests in all models presented below 

suggested that adding a random intercept significantly improved model fit, all 1:::,.X2 (1) > 150, all 

ps<.01. Thus, all subsequent models include a random intercept (base model for all subsequent 

analyses includes a random intercept and fixed linear slope). A fixed quadratic trend improved 

model fit, 1:::,.X2 (1)= 8.8,p <.01. A random linear slope did not improve model fit, 1:::,.X2 (2)= 2.4, 

p >.10, and slope variance was therefore constrained to 0 (this constrained the magnitude of the 

slope to be equal for all participants). Thus, the best-fitting model included a random intercept, 

demonstrating that teens had significantly different SSRTs at age 11 (intercept cr2 = 1324, 

https://1:::,.X2
https://8.8,p<.01
https://1:::,.X2
https://1:::,.X2
https://allps>.25
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p <.001), and fixed linear and fixed quadratic slopes. The fixed slopes show that participants 

demonstrated similar rates of improvement in inhibition across the early- to mid-adolescent 

period. The curvilinear effect suggests that growth was strongest in early adolescence and 

appeared to slow around age 14. As can be seen in Figure 4, average SSRT at age 11 was 202.5 

ms and declined across age (linear slope b= -36.8 ms,p <.001 ; quadratic slope b = 4.2 ms, 

p=.005 ; d= 0.63 for the decline in SSRT between Waves 1 and 3). 

Aim 1 supplemental analyses. Results for the reward block were similar to those of the 

no-reward block. A fixed quadratic trend was observed, 1:::,.X2 (1)= 5.2 p<.05. Though a random 

linear slope factor significantly improved model fit, 1:::,.X2 (2)= 6.2 p<.05 , the BIC was slightly 

worse, suggesting that the improvement in model fit did not warrant the increased model 

complexity. Furthermore, no significant slope variance was observed ( cr2 = 186, p=.11 ). Thus, 

slope variance was constrained to 0. Significant intercept variance was observed in the reward 

block (cr2 = 1567,p <.001). Average age 11 SSRT in the reward block was 194.5 ms and declined 

across age (linear slope b= -29.3 ,p <.001 ; quadratic slope b= 3.l , p=.02). 

Aim 2- Reward Effects on Inhibitory Control 

Based on results from Aim 1, growth curves in Aim 2 included a random intercept and 

fixed linear and quadratic trends for both the reward and no-reward blocks. Nested model tests 

revealed that model fit did not change when the means of the intercepts of the reward and no

reward growth curves were constrained to be equal, 1:::,.X2 (1)= 0.9 , p>.25 , suggesting that, contrary 

to hypotheses, there was not a significant effect ofreward on SSRT at age 11. Next, the means of 

the linear slopes of the reward and no-reward growth curves were constrained to be equal. No 

change in model fit was observed, 1:::,.X2 (1)= 0.5 , p >.25 , demonstrating that SSRT declined at a 

similar rate across age in both the reward and no-reward conditions. Finally, the means of the 

https://1:::,.X2
https://1:::,.X2
https://3.l,p=.02
https://1:::,.X2
https://1:::,.X2
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quadratic slope were constrained to be equal, which did not affect model fit, 1:::,.X2 
( 1 )= 2. 3, p> .10. 

Overall, this suggests that reward did not affect participants ' inhibitory control and that there was 

no differential impact of reward on inhibitory control across age. 

Aim 3- Inhibitory Control's Relation to Rule-Breaking Behavior 

Because there were no differences across the reward and no-reward blocks on any 

parameter (i.e. , intercept, linear and quadratic slopes), SSRTS across the reward and no-reward 

blocks were averaged at each wave for Aim 3 analyses. This was done because there was no 

statistical reason to separate the blocks, and combining them increased reliability of the predictor 

(Cronbach's a= .84, .79, and .77 for averaged SSRTs across Waves 1, 2, and 3, respectively; c.f. 

Table 3). Combining blocks also increased the slope variance, thus permitting examination of 

individual differences in growth. 

When compared to a baseline model that included a random intercept and fixed linear 

slope, a fixed quadratic trend significantly improved model fit, 1:::,.X2 (1)= 11.1 ,p <.01. The 

addition of a random linear slope marginally improved model fit, 1:::,.X2 (2)= 5.0,p <.10; notably, 

there was significant variability in the slope across participants ( cr2 = 236, p=.023); therefore, the 

random linear slope was retained. Significant variance in the intercept was also observed, (cr2 = 

3841 ,p <.001). The intercept and slope were significantly related (covariance= -768.1 ,p=.002), 

such that worse inhibitory control at age 11 (higher SSRTs) was associated with a steeper rate of 

improvement in inhibitory control across time. In this final model with a random intercept, 

random linear slope, and fixed quadratic slope, the average SSRT at age 11 was 205 .9 ms and 

showed both a linear, b=-38.8 ms,p <.001 , and quadratic trend, b=4.8 ms,p <.001 (d= 0.71 for the 

decline in SSRT between Waves 1 and 3). 

https://5.0,p<.10
https://1:::,.X2
https://11.1,p<.01
https://1:::,.X2
https://1:::,.X2
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SSRT at age 11 (i.e. , the intercept) marginally predicted both self-reported (b= .001 , 

p=.06) and parent-reported (b= .001 , p=.07) rule-breaking behavior at Wave 74
. Individual 

differences in trajectories of inhibitory control did not predict future rule-breaking behavior (self

report slope b= .004,p=.53 ; parent-report slope b= .006, p=.41). 

Worse SSRT at age 11 also predicted self-reported increases in rule-breaking behavior 

from Wave 3 to Wave 7 (intercept b= .001 , p <.05 ; slope b= .005 , p=.64). Changes in parent

reported rule-breaking were not predicted by the intercept (b= .002, p=.24) or slope (b= .007, 

p=.89) of SSRT. 

Aim 3 supplemental analyses. Results showed that individual differences in age 11 

SSRT and in the growth of SSRT were unrelated to self-reported externalizing problems at Wave 

7 (intercept b= .000, p=.43 ; slope b= .000, p=.96) or increases in externalizing problems from 

Waves 3 to 7 (intercept b= .001 , p=.26; slope b= .002,p=.76). A similar pattern emerged when 

examining parent-reported externalizing problems, though SSRT at age 11 was marginally 

associated with externalizing outcomes at Wave 7 (intercept b= .001 ,p= .09; slope b= .005 , p= 

.48). Parent-reported increases in externalizing problems from Waves 3 to 7 were not predicted 

by the intercept (b= .001 , p= .17) or slope ofSSRT (b= .005 , p= .81). 

Discussion 

Leaming to regulate behavior in pursuit oflonger-term goals is a critical developmental 

task of adolescence. Inhibitory control is a key component of self-regulation; successful 

inhibition involves preventing oneself from engaging in a dominant, prepotent behavior, or 

stopping a behavior that has already been initiated. Poor inhibitory control is cross-sectionally 

4 Results from mean-method SSRT showed no association between the intercept and Wave 7 rule

breaking behavior (intercept bs= .001 , .001 , ps= .39, .26 for self and parent report, respectively). 

https://002,p=.76
https://005,p=.64
https://006,p=.41
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associated with a range of maladaptive outcomes, including risk ofpsychopathology (Lipszyc & 

Schachar, 2010; Murray & Kochanska, 2002), substance use (Nigg et al. , 2006; Young et al. , 

2009), and delinquent behaviors (e.g. , Oosterlaan, Logan, & Sergeant, 1998). Conversely, strong 

inhibition can mitigate environmental risk (Gardner, Dishion, & Connell, 2008). Cross-sectional 

work provides important initial evidence for the clinical utility of inhibitory control, but 

documenting the course of inhibitory control throughout adolescence and linking that 

development to clinically-relevant outcomes is critical for advancing our conceptualization of 

adolescent development. The current study extends the literature on inhibitory control in 

adolescence by examining the longitudinal development of inhibitory control in the early to 

middle adolescent years and the extent to which inhibition in earlier adolescence predicts 

delinquent behavior in later adolescence. 

Trajectories of Inhibitory Control in Adolescence 

A fundamental tenet of leading cognitive neuroscience models of adolescent development 

is that inhibitory control develops throughout adolescence and into young adulthood (see Figure 

5; Casey et al. , 2008; Steinberg, 2008). Neuroimaging work supports the notion that the cortical 

regions responsible for inhibition continue to mature until the mid-20s (Crone & Steinbeis, 2017; 

Shaw et al. , 2008). To date, behavioral studies of inhibitory control have primarily relied upon 

cross-sectional designs (Cauffman et al. , 2010; Klein & Foerster, 2001 ; Luna et al. , 2004; 

Velanova et al. , 2009; Williams et al. , 1999); the few longitudinal studies have had high attrition 

rates with relatively few participants in the adolescent years (Ordaz et al. , 2013 ; Paulsen et al. , 

2015 ; cf. Bezdijian et al. , 2014). These limitations have precluded testing growth trajectories of 

inhibitory control in adolescence. The current study advances the literature by providing a 

necessary test of the pattern of change in inhibitory control across the early-to mid-adolescence 
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period. We anticipated that inhibitory control would demonstrate linear growth, consistent with 

the hypothesized pattern outlined by Steinberg (2008). 

Across three waves in a large community sample that ranged from 11 to 16 years old, we 

observed that inhibitory control improves throughout the early-to mid-adolescent period. 

Contrary to our hypothesis of linear change, there was evidence of curvilinear growth in 

inhibitory control. Age-related improvements in inhibitory control are consistent with prior 

cross-sectional work (Klein & Foerster, 2001 ; Luna et al. , 2004; Velanova et al. , 2009; Williams 

et al. , 1999); yet, to our knowledge, the current study is the first to test different patterns of 

growth (i .e., linear versus curvilinear) using a longitudinal design. 

Our finding of curvilinear growth in inhibition is inconsistent with Steinberg' s model, 

which suggests linear improvements in inhibition across adolescence (Steinberg, 2008; see 

Figure 5a). Rather, the observed pattern, coupled with previous longitudinal results (Ordaz et al. , 

2013), appear most consistent with Casey's hypothesis that inhibition develops in a gradual, but 

non-linear manner. Though our lack of follow-up through the late adolescent and early adulthood 

years is a limitation that hinders conclusions about the full developmental course of inhibitory 

control in adolescence, this study is the first to provide strong longitudinal evidence of the 

development of inhibition during the first half of adolescence. To the extent that future 

longitudinal studies replicate our findings , it would provide a basis of support for one model 

(Casey) over another (Steinberg), and pitting competing models against one another is critical for 

the advancement of theory (e.g., Lakatos, 1970). 

When examining the extent to which teens ' inhibitory control showed variability in rate 

of growth, we were surprised to find no evidence of individual differences in growth. However, 

we did observe significant variability in inhibitory control at age 11. That is, teens ' levels of 
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inhibitory control in early adolescence varied, but they all showed similar patterns of 

improvement across early-to mid-adolescence. Unfortunately, interpretation of the null effect in 

regards to rate of change is difficult. Similar to the issues noted above in regards to interpretation 

of curvilinear patterns, developmental models of adolescence do not clearly explicate the 

expected magnitude of individual variation in growth of inhibition. Though it seems counter

intuitive that all adolescents would demonstrate similar patterns of growth, there is little theory 

to inform how the obtained results fit within the literature. This is the first study of which we are 

aware that has examined individual differences in growth trajectories of inhibitory control, so 

firm conclusions regarding growth trajectories await replication with other samples and methods. 

In addition to theoretical limitations, the results must also be understood within the 

context of methodological limitations of the SST. First, the SST is an RT-based task, and RTs 

clearly have a lower bound. Some RT-related range restriction could have contributed to the 

general plateau of growth towards middle adolescence (i.e. , the curvilinear effect) and the lack of 

variability in growth. Second, valid SSRT calculation requires that percent inhibition is close to 

50%. In the current study, the mean percent inhibition across participants was - 50%, but it 

ranged from 0% to 100%5
. We excluded blocks of trials with percent inhibition outside of 20-

80% (see Nigg, 1999) and blocks with negative SSRTs because retaining those blocks is 

theoretically ill-advised and would have introduced significant construct validity issues 

5 To date, simulation studies examining how properties of SSRT components (e.g. , percent inhibition, RT 
distributions, etc.) and response styles affect SSRT estimates have yet to address the extent to which 
deviations from 50% inhibition affect SSRT estimates. We used the integration method of SSRT 
calculation to try and account for deviations from 50% inhibition. Yet, existing work on this method has 
used it to address slowed responding and skewed RT distributions on the SST, and have restricted 
analyses to blocks with 40-60% inhibition. It is therefore unclear how the wider ranges of percent 
inhibition impact the reliability and construct validity of SSRT. 
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(Congdon et al. , 2012; see data reduction section for more detail). Though percent inhibition 

does not directly capture the construct of inhibitory control, omitting participants with very high 

or very low percent inhibition may have excluded individuals that inform the upper and lower 

bounds of inhibitory control. This data screening method likely restricted the variability in 

SSRT, making it more difficult to detect variance in trajectories of growth. Moving forward (see 

Future Directions section below), we aim to utilize methods that can capture the full range of 

inhibitory control abilities while maintaining strong construct validity. 

To summarize, analysis of developmental trajectories of SST performance revealed 

improvement in inhibitory control from early-to mid-adolescence that was strongest in earlier 

adolescence and slowed in middle adolescence. The lack of evidence for individual differences 

in trajectories of growth points to the need for replication and for consideration of 

methodological factors that may impact our ability to detect variance in task performance. 

Reward Effects on Inhibitory Control in Adolescence 

A hallmark feature of adolescence is heightened responsiveness to rewards ( e.g. , Galvan, 

2010; Harden & Tucker-Drob, 2011 ; Steinberg et al. , 2008), which may facilitate adaptive 

behavior when teens are rewarded for strong self-regulation (Botvinick & Braver, 2015 ; Casey, 

2015). The second aim of the current study evaluated the effect ofreward on inhibitory control 

and assessed whether the effect of reward changed across the early-to mid-adolescent years. 

Contrary to previous work showing that SST performance in children is enhanced by 

performance-contingent points and prizes (Ma et al. , 2016; Rosch et al. , 2016), the current study 

found that inhibitory control was similar for both the reward and no-reward blocks at each time 

point (see Figure 4). This pattern was inconsistent with predictions that reward would improve 

inhibitory control and that the reward effect would become stronger across adolescence. 
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In the current study, several plausible hypotheses for the observed null effects should be 

considered. The SST was structured so that the reward manipulation always followed the no

reward blocks. Performance generally worsened across blocks (see Figure 3), consistent with a 

fatigue effect, and performance in the reward blocks may have been attenuated due to extended 

time-on-task. Additionally, even though some work suggests that points alone can boost 

cognitive task performance (Slusarek et al. , 2001 ), points may have been insufficiently 

motivating for teens. 

However, though reward did not affect SSRT, reward did impact several indices of task 

performance, suggesting that the null reward effects on SSRT are not simply driven by a weak 

reward manipulation. As detailed in Appendix B, participants were faster on "go" trials in 

rewarded blocks. Keep in mind that inhibitory control is quantified as the difference between the 

"go" (mean RT or integration RT) and "stop" (mean stop delay) processes (Logan et al. , 1984); 

in reward blocks, participants ' faster "go" responses were accompanied by shorter "stop" delays 

(i.e. , a reduced stop-signal delay). This demonstrates that, although reward affected the speed of 

both the "go" and "stop" processes, it did not affect the difference between the "go" and "stop" 

processes. The result is that reaction times shifted, while the speed of inhibitory processing 

remained similar. 

Previous studies examining reward effects on other measures of inhibitory control in 

adolescence have produced mixed findings, even when monetary rewards are used. Whereas 

some studies have shown increased accuracy rates on antisaccade task performance with 

monetary reward (Geier et al. , 2009; Harden et al. , 2007; Jazbec et al. , 2006), other studies using 

similar methodologies and monetary reward manipulations of comparable magnitudes have 
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failed to observe a reward effect on accuracy (Paulsen et al. , 2015), and Geier and Luna (2012) 

reported evidence for a marginally detrimental effect of reward, compared to neutral trials . 

The current results and the mixed findings from previous studies could suggest that teens ' 

inhibitory control is less sensitive to improvement with reward. That is, teens may be more 

sensitive to rewards generally, but this effect may not extend to reward effects on complex 

cognitive tasks. It is also possible that subgroups of individuals responded differently to reward 

(i.e., moderation), which would have obscured any impact ofreward. In particular, though the 

beneficial effects of reward are most often considered, reward could potentially impair cognitive 

control because the affective salience of the reward may disrupt top-down cognitive control 

processes (see Casey, 2015 ; Geier & Luna, 2012; Van Duijvenvoorde et al. , 2016). If some 

participants show improved cognitive control while others show impairment when rewards are 

present, this would obscure the true effects of reward and would suggest important moderators 

that are currently unexplored. 

Predictive Validity of Inhibitory Control 

Laboratory tasks of cognitive processes are useful insofar as they inform theory and are 

empirically related to outcomes of interest. The theoretical links between inhibitory control and 

externalizing outcomes are well established, but the empirical associations lag behind. The 

criterion validity of laboratory tasks of inhibitory control has typically been assessed by cross

sectional comparisons between groups (e.g., Lipszyc & Schachar, 2010; Rosch et al. , 2016) or 

cross-sectional associations with behaviors of interest, such as substance use (Nigg et al. , 2006; 

Young et al. , 2009) or externalizing symptoms (Shoemaker et al. , 2013). These cross-sectional 

findings lay a foundation for the construct validity and utility of laboratory tasks of inhibitory 

control. However, for these tasks and the underlying construct of interest to maximally inform 
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theory and behavior in the real world, performance on inhibition tasks should also be able to 

predict the future occurrence of behaviors of interest (see Quinn & Fromme, 2010). 

We anticipated that individual differences in the rate of growth of inhibitory control 

would predict delinquent behavior in later adolescence, but found that growth in inhibitory 

control was unrelated to rule-breaking behavior. Several methodological explanations could be 

proposed, such as the cross-method, cross-informant approach, or the temporal lag between 

predictor and outcome. However, these issues are unlikely to be driving the lack of predictive 

associations between growth and late adolescent outcomes because we observed that worse 

inhibitory control at age 11 (i.e., the intercept) marginally predicted higher levels of both self

and parent-reported rule-breaking behavior (Achenbach, 2009; e.g., "lies or cheats," "breaks 

rules at work or elsewhere," "steals," "does things that may cause trouble with the law") 6 years 

later. In other words, teens' levels of inhibition at the beginning of adolescence, but not their 

rates of change in inhibition across adolescence, predicted levels of rule-breaking behaviors in 

late adolescence. Though the associations fell short of traditional cutoffs of statistical 

significance, multiple characteristics make them notable. They are present across methods 

(computer task and rating scales), suggesting that shared method variance is not artificially 

inflating the relationships. Associations are also similar across both teens and parents, and 

convergence across multiple informants is relatively rare (e.g. , Rescorla et al. , 2013). Finally, 

predictive validity becomes difficult as the distance between the predictor and outcome become 

greater, and the 6-year temporal gap between inhibitory control and rule-breaking behavior 

makes evidence of predictive validity even more striking. 

Two caveats need to be noted in interpreting the finding that only initial levels of 

inhibitory control are associated with late adolescent outcomes. First, there was more variance 
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(i.e. , individual differences) in the intercept than the slope, and a variable 's variance impacts its 

ability to correlate with other variables (Furr & Bacharach, 2014). Second, growth is constrained 

by one 's starting point, as is evident by the strong covariance between the intercept and slope. 

Teens who had strong inhibition at age 11 generally had less steep slopes. This could be related 

to maturation, as less growth was required for those teens ' inhibitory control to reach adult 

levels, but it could also be a methodological issue of ceiling/floors effects. Though we utilized an 

inhibitory control task that appears to best capture the process of interest (Friedman et al. , 2011), 

the reliance on RTs may constrain the degree of improvement possible over time (see Fosco et 

al. , 2015 for a discussion of ceiling effects on cognitive tasks). Choosing tasks that can 

appropriately assess the relevant construct across different developmental periods is always a 

concern in developmental research (Bornstein & Lamb, 2015 ; Nigg, 2000). Perhaps the best way 

to address this potential issue is to incorporate multiple measures, including self- or parent

reports, which do not rely upon basic psychomotor process that are known to change across 

adolescence. 

Future Directions for Research on Inhibitory Control in Adolescence 

Refining the conceptualization and assessment of inhibition. Cognitive control is a 

complex, multi-component construct. Even the facet of "inhibitory control" often subsumes a 

wide range of constructs, including interference control, cognitive inhibition ( e.g. , thought 

suppression), oculomotor inhibition, and behavioral inhibition, which is examined in the current 

study (see Nigg, 2000). The paradigms available to assess each inhibitory process are also 

numerous, and there is not always consensus regarding which construct is being assessed by 

particular tasks. For example, some go/no-go tasks are considered indices of sustained attention 

by some and inhibitory control by others (e.g. , Bodnar et al. , 2007; Nigg, 2000; see also Huang-



27 INHIBITORY CONTROL IN ADOLESCENCE 

Pollock, Karalunas, Tam, & Moore, 2012). Within adolescence, age-related changes in self

reported impulsivity have been discussed as evidence for improved cognitive control (Harden & 

Tucker-Drob, 2011 ; Steinberg et al. , 2008). This conclusion is problematic because, as others 

have discussed (see Bari & Robbins, 2013), a lack of impulsivity is not synonymous with strong 

cognitive control. 

Ideally, the development of inhibitory control would be examined within a multi-trait, 

multi-method framework (Campbell & Fiske, 1959) to tease apart the extent to which various 

tasks and self- and parent-report measures are capturing similar or unique construct variance. Not 

surprisingly, work in this area is sparse, and existing studies generally show poor 

convergent/discriminant validity across measures of inhibitory control (Bodnar et al. , 2007; 

Shilling, Chetwynd, & Rabbitt, 2002). Taking a step back, inhibitory control is only one facet of 

higher-order cognitive control. To truly understand the development of cognitive control in 

adolescence, we need to better understand its structure and construct validity. Some factor 

analytic work has shown that inhibition is related to, yet distinct from, other aspects ofhigher

order cognitive control, including set-shifting and working memory (Miyake, et al. , 2000). This 

is a strong starting place for understanding the relationships amongst cognitive control variables, 

yet this work has relied exclusively upon computerized task data and has not included measures 

to assess discriminant validity. Advancing the construct validity of cognitive control will require 

multiple methods to assess method variance and measures thought to assess distinct constructs 

(e.g. , impulsivity, sensation-seeking, intelligence, etc.). As a field, strengthening construct 

validity and enhancing precision in construct terminology will improve consistency in findings 

and reduce confusion regarding which processes are central to outcomes of interest (see 
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Friedman & Miyake, 2004 for an in-depth discussion of construct validity issues in inhibitory 

control). 

Of course, a multi-trait, multi-method assessment is rarely practical, and perhaps the most 

feasible next step for improving construct validity is to address methodological issues with 

existing, commonly-utilized paradigms. Some of the problematic assumptions of the SST have 

already been outlined above. To summarize, these include the assumption that the "go" and 

"stop" processes are independent, and valid SSRT estimates are predicated upon percent 

inhibition being within a narrow range close to 50%. When the antisaccade task is employed, 

most studies examine both accuracy and reactions times (R Ts), but this causes interpretive 

difficulties when results do not align. For example, Geier and Luna (2012) found higher error 

rates and faster RTs in rewarded, compared to neutral, trials among younger adolescents. Thus, 

one index (accuracy) suggests that reward impairs performance, whereas another (RT) suggests 

that reward improves performance. To address these issues, it may be helpful to incorporate 

cognitive models of decision-making that integrate both accuracy and RT data, such as drift 

diffusion models (DDM; Ratcliff, 1978). The DDM parses performance into well-validated 

indices of information processing speed (referred to as drift rate), response caution (i.e. , the 

speed-accuracy tradeoff; referred to as boundary separation), response bias (referred to as 

starting point), and non-decision processes (including stimulus encoding and motor response 

speed; Ratcliff, 2006; Voss, Rothermund, & Voss, 2004). Use of the DDM and other model

based approaches may enhance precision and assist in linking cognitive processes to manifest 

behavior (see Van Duijvenvoorde et al. , 2016). 

Reward manipulations. Adolescence is thought to be a time period in which the bottom

up socioemotional system overrides the top-bottom cognitive control system in affectively-
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salient contexts (Casey, 2008), thus leading to risky behavior outcomes. To date, research 

examining reward effects on inhibitory control has focused on enhancing inhibition with points 

and/or monetary reward (e.g., Geier et al. , 2009; Geier & Luna, 2012; Hardin et al. , 2007; Jazbec 

et al. , 2006; Paulsen et al. , 2015). This approach is a logical starting point for understanding the 

intersection of reward and cognitive control, as money is motivating for most individuals and can 

be easily manipulated in the laboratory setting. Yet, it is not reflective of most circumstances 

adolescents face. In the laboratory, teens are rewarded for strong inhibition, which is unlikely to 

occur in typical circumstances where inhibition is needed ( e.g., a teen is driving with several 

teenage passengers). Furthermore, points/nominal monetary reward are likely insufficient to 

active the reward system in such a way that the detrimental effects of the context's affective 

salience on inhibitory control can be examined. 

To advance the ecological validity of our laboratory paradigms of reward and inhibition, 

we need to move beyond traditional reward manipulations and assess how inhibition changes as 

a function of the affective nature of the context and consequences (see Casey, 2015). Here, we 

focus on social factors because social reinforcement and peer approval are some of the most 

potent influences on adolescents ' behavior (Crone & Dahl, 2012). 

It is well-established that social context heavily influences adolescents ' behavior. Peer 

substance use is one of the strongest correlates of an adolescent's substance use (Hawkins, 

Catalano, & Miller, 1992), and discussion of deviant content in the peer group is associated with 

higher levels of antisocial behavior (Dishion, Nelson, Winter, & Bullock, 2004). In the 

laboratory setting, the mere presence (real or imagined) of peers can lead to riskier behavior 

(e .g. , Gardner & Steinberg, 2005). Manipulating peer presence while participants complete tasks 

of inhibitory control will facilitate our understanding of which contextual and person-level ( e.g., 
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social goals, reward sensitivity) factors result in the strongest effect of peer presence. For 

example, does peer presence affect performance similarly for neutral tasks as for tasks where 

rewards can be earned? It is plausible that the socioemotional arousal that accompanies peer 

presence, coupled with the opportunity to earn reward, would have a stronger, more detrimental, 

influence than peer presence alone. 

Beyond social context, the influence of social consequences on inhibitory control is an 

important avenue for future research (see Casey, 2015). Studies of social context are limited in 

that they do not examine what is being reinforced in these paradigms, precluding conclusions 

regarding the mechanisms by which peer presence affects performance. For example, in a study 

of risky driving behavior, Gardner & Steinberg (2005) had participants complete a simulated 

driving task either alone or with two same-aged peers who gave advice and feedback during the 

task. The authors reported risker driving behavior overall in the peer versus alone group. This is 

an important initial step, but a more nuanced understand ofpeer influences in adolescence will 

involve examination of the content of peer advice and the specific behaviors that peers reinforce. 

Within the context of inhibitory control, next steps involve observing and coding what behaviors 

same-aged peers tend to reinforce during task completion. Experimental paradigms can then be 

developed in which instructions given to peers regarding which aspects of performance to reward 

( or punish) are varied, allowing for experimental manipulation of the effect of social 

consequences on inhibitory control. 

Advancing developmental theory. Inhibitory control is central to multiple 

developmental cognitive neuroscience models of adolescence (Casey et al. , 2008; Luna & 

Wright, 2016; Steinberg, 2008; see Figure 5). Though each model has its own minor variations, 

most models propose that the cognitive control system continues to develop throughout 
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adolescence (Casey et al. , 2008; Steinberg, 2008; cf Luna & Wright, 2016), and the relative 

immaturity of this system confers risk for maladaptive adolescent outcomes. These models have 

gained significant popularity and influence; notions of "the adolescent brain" have impacted 

public policy and judicial decisions, and there is a proliferation of review articles and studies 

purporting to support these models (e.g. , Albert & Steinberg, 2011 ; Duell et al. , 2016; Shulman 

et al. , 2016; Steinberg et al. , 2008; Steinberg et al. , 2017). Unfortunately, enthusiasm for these 

models has vastly outpaced their empirical support (see Johnson et al. , 2009; Pfeifer & Allen, 

2012), and there is a growing acknowledgement that the models are limited in critical ways. 

The most notable problem is the lack of specificity, leading some to argue that the models 

are unfalsifiable (van den Bos & Eppinger, 2016): "the model allows for the generation of a 

virtually unlimited number of testable hypotheses, which may be inconsistent with each other but 

that are all consistent with the general claim" (p. 139). A critical step towards more falsifiable 

theories involves specificity regarding which patterns of results would refute the theory or 

support one version over another. The current study revealed several areas that need greater 

explication in developmental cognitive neuroscience models. First, how should inhibitory control 

develop from early to middle to late adolescence? The current study found evidence of 

curvilinear growth; this is inconsistent with Steinberg's model oflinear growth and suggests 

support for either Casey's model of gradual, curvilinear growth, or Luna and Wright's model of 

rapid, curvilinear growth. However, it is difficult to ascertain which model is best supported by 

our data due to the lack of specificity regarding when growth in inhibition should begin to slow. 

For example, Luna and Wright's recently proposed model suggests curvilinear change but does 

not explicate at which point in adolescence growth should plateau. A critical next step in 

advancing theory involves specifying the age range at which different growth patterns should 
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emerge. A related issue is the degree to which developmental changes should be similar for all 

teens or if significant variability in trajectories of growth would be anticipated. To date, these 

models have not addressed whether individual differences in trajectories should be observed, 

furthering hindering their ability to be supported or refuted (see also van den Bos & Eppinger, 

2016). 

Second, the models are described as a tool for understanding a wide range of outcomes in 

adolescence (e.g. , substance use, risky driving behavior, criminal activity). This lack of 

specificity regarding what the model should and should not predict results in weak theory testing, 

such that there is a low risk of falsifiability (Popper, 1963). Third, what is the best way to 

establish the criterion validity of inhibitory control? In the current study, trajectories of growth 

were used as prospective predictors. In other work, cross-sectional (Nigg et al. , 2006; Young et 

al. , 2009) or cross-lagged (Quinn & Fromme, 2010) associations have been examined. It is 

unclear whether inhibitory control should demonstrate evidence of predictive associations or if 

concurrent associations are sufficient to establish criterion validity. If prospective predictions are 

critical, the role of growth needs greater explication. That is, perhaps examination of growth is 

unnecessary and models should address cross-lagged relationships focused on inhibitory control 

at a given point in time predicting future behavior. To summarize, advancing the literature on 

adolescent development will require increasing theory specificity and falsifiability, which will 

allow for riskier predictions and stronger theory testing. 

Conclusion 

In the first study to examine the longitudinal development of inhibitory control in a large 

community sample of adolescents, we found that inhibitory control improves from early to 

middle adolescence, with growth slowing in the middle adolescent period. Contrary to our 
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predictions, we found no evidence of improved inhibitory control when participants were 

provided with performance-contingent reward. Individual differences in inhibitory control at the 

initial assessment in early adolescence predicted parent- and teen-reported delinquent behavior in 

late adolescence; however, individual differences in the rate of growth in inhibitory control from 

early- to mid-adolescence failed to predict late adolescent behavior. This work provides a novel 

examination of inhibition during the first half of the critical adolescent period. It highlights the 

need for research that documents the full developmental course of inhibitory control throughout 

adolescence and leads us to call for greater specificity in developmental neuroscience theory. 

These advances are critical next steps in moving towards understanding the role of inhibitory 

control in predicting, and perhaps eventually preventing or mitigating, maladaptive adolescent 

outcomes. 
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Table 1. Participant Characteristics 

Erie County Wave 1 Wave2 Wave3 Wave7 

Age NIA 12.1 (.59) 13.1 (.59) 14.1 (.61) 18.2 (.49) 

Sex(% Female) 52% 55% 

IQ NIA 107.4 (11.2) 

Ethnicity 

% Caucasian 76% 83% 

% African American 14% 9% 

% Hispanic/Latino 5% 2% 

% Asian/Pacific Islander 3% 1% 

% Other/ Multi-racial 2% 5% 

Median family income 65 ,000 70,000 

Rule-Breaking Behavior 

T-score 54.3 (5.5) 53.9 ( 4.7) 54.4 (5.1) 54.3 (6.3) 

Total Score 2.1 (2.3) 2.2 (2.3) 2.4 (2.5) 2.6 (3.8) 

Total Externalizing 
Problems 

T-score 51.6 (9.6) 51.6 (9.1) 51.4 (9.4) 54.8 (10.0) 

Total Score 7.5 (7.1) 7.6 (6.8) 7.6 (7.0) 14.3 (13.3) 

Total Internalizing 
Problems 

T-score 53.1 (10.0) 51.7 (9.9) 50.7 (10.0) 49.4 (9.8) 

Total Score 7.6 (6.5) 7.0 (6.3) 6.5 (6.0) 7.3 (7.0) 

Note. Unless otherwise stated, values represent the mean (SD). Erie County information was 

obtained from the Erie County census data. IQ was estimated from the Reynolds Intellectual 

Screening Test (RIST). Rule-breaking behavior and total externalizing and internalizing 

problems are from the Child Behavior Checklist, a parent report of children's behavioral and 

psychological functioning. 
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Table 2. Key Assessments by Wave 

Predictor: 
Inhibitory control 

Primary outcome: 
Rule-breaking behavior 

Secondary outcomes: 
Externalizing problems 

Potential covariates: 
Internalizing problems 

Demographics 

IQ 

Wave 1 
(ages 11-13) 

X 

X 

X 

X 

X 

X 

Wave2 
(ages 12-14) 

X 

X 

X 

X 

Wave3 
(ages 13-16) 

X 

X 

X 

X 

Wave7 
(ages 17-19) 

X 

X 

X 

Note: Inhibitory control was measured with the Stop Signal Task; rule-breaking behavior, 

externalizing and internalizing problems were measured with parent- and child-report from the 

Achenbach System of Empirically-Based Assessment. 
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Table 3. SSRT Descriptive Statistics by Reward Condition Across Waves 

N a SSRT 

Wave 1 No-Reward 382 .76 178.5 (78.0) 
d=.06 

Reward 382 .81 173.8 (73.9) p= .24 

Wave2 No-Reward 355 .68 141.2 (52.6) 
d=.05 

Reward 350 .78 145.8 (51.1) p= .32 

Wave3 No-Reward 345 .74 131.8 (50.9) 
d=.08 

Reward 337 .77 135.3 (50.8) p= .14 

Note. SSRTs presented here are calculated via the integration method. Smaller SSRTs represent 

better inhibitory control. Inferential statistics and effect sizes represent the comparison between 

no-reward and reward blocks within each wave. a= Cronbach's alpha. 
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Figure 1. Hypothesized results for Aim 1 (Fig la) and Aim 2 (Fig lb). Lower SSRT represents 

better inhibitory control. 
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nditi n 

1000ms 

1000ms
c) Re\ ard condition feedback stimuli 

Figure 2. Trial structure of the Stop Signal Task under a) no-reward (blocks 1-3) and b) reward 

(blocks 4-6) conditions. 
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Figure 3. SSRT across blocks. Blocks 1-3 represent performance across the no-reward condition, 

and blocks 4-6 represent performance across the reward condition. 
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Figure 4. Model-derived growth trajectories of stop-signal reaction time (SSRT) in both the 

reward and no-reward blocks. Decreases in SSRT represent improved inhibitory control. 
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Figure 5. Depiction of three theoretical models of the development of cognitive control from 

early adolescence through young adulthood. 
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Appendix A 

Results of mean-method SSRT 

Aim 1- Growth Trajectories oflnhibitory Control. Results for mean-method SSRT (mSSRT) 

generally paralleled those of the integration method of calculating SSRT. There was evidence for 

a fixed quadratic trend, 1:::,.X2 (1)= 9.4, p<.01. Though nested model tests suggested a random 

linear slope, 1:::,.X2 (2)= 12.8,p <.01 , inferential tests showed only marginal variance in the slope 

factor, slope cr2 = 96.5 , p= .07. Average mSSRT at age 11 was 227.6, which is slightly higher 

than the SSRT values observed via the integration method, and declined with age (linear slope 

b= -41.7 ms,p <.001 ; quadratic slope b= 4.7 ms,p <.001). 

In the reward block, a fixed quadratic trend was observed, 1:::,.X2 (1)= 5.7,p <.05. Consistent 

with the integration method results, a random linear slope factor significantly improved model 

fit, 1:::,.X2 (2)= 7.6 , p<.05; however, BIC was similar across models with a fixed and random linear 

slope, suggesting that the improved model fit may not be worth the increase in model 

complexity. Average mean-method SSRT in the reward block was 207.5 at age 11 and declined 

across age (linear slope b= -30.1 ,p <.001 ; quadratic slope b= 3.0, p=.02). 

Aim 2- Reward Effects on Inhibitory Control. Similar to the supplementary analyses 

presented for Aim 1, results of mSSRT for Aim 2 also paralleled those of the integration method 

of SSRT calculation. Model fit significantly worsened when the means of the intercepts of the 

reward and no-reward growth curves were constrained to be equal, 1:::,.X2 (1)= 5.2, p<.05. This 

suggests that reward reduced SSRT (i.e. , improved inhibition) in early adolescence. Next, the 

means of the linear slopes of the reward and no-reward growth curves were constrained to be 

equal. No change in model fit was observed, 1:::,.X2 (1)= 2.8,p >.05 , suggesting that SSRT declined 

at a similar rate across age for both the reward and no-reward conditions. Finally, the means of 

https://2.8,p>.05
https://1:::,.X2
https://1:::,.X2
https://3.0,p=.02
https://1:::,.X2
https://5.7,p<.05
https://1:::,.X2
https://12.8,p<.01
https://1:::,.X2
https://1:::,.X2
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the quadratic slopes were constrained to be equal, which did not affect model fit, D,.x2 (1)= 1.0, 

p>.25. 

Aim 3- Inhibitory Control's Relation to Rule-Breaking Behavior. Contrary to results from 

the integration SSRT reported in primary analyses, neither the intercept nor the slope of mSSRT 

was related to self- or parent-reported rule-breaking behavior at Wave 7 (intercept bs= .001 , 

.001 ,ps= .39, .26; slope bs= .002, .006,ps= .83 , .65 for self and parent report, respectively) or 

increases in rule-breaking behavior (intercept bs= .001 , .002, ps= .35 , .15; slope bs= .004, .008, 

ps= .83 , .36 for self and parent report, respectively) 

mSSRT also failed to show predictive associations between the intercept (b= .000,p=.81; 

b= .001 ,p=.24) and slope (b= -.001 ,p= .88; b= .006, p= .65) and self- and parent-reported 

externalizing problems, respectively, and increases in self-and parent-reported externalizing 

problems (intercept bs= .000, .002, ps= .54, .49; slope bs= .001 , .007, ps= .95 , .89 for self and 

parent report, respectively). 
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Appendix B 

MRT Integration RT MSD % Inhibition 

Wave 1 
No- 583.0 563.0 383.8 

50.3 (6.6) 
Reward (121.4) (116.6) (148.9) 

d=l.47 d=l.36 d=l.11 d=0.66 
p <.001 p <.001 p <.001 p <.001 

447.6 435.8 261.4
Reward 46.6 (6.3) 

(95.3) (93.0) (116.8) 

Wave2 
No- 533.8 514.7 377.3 

50.7 (5.1) 
Reward (122.7) (121.4) (142.4) 

d=l.25 d= l.17 d=l.04 d=0.68 
p <.001 p <.001 p <.001 p <.001 

416.9 401.2 264.8
Reward 47.5 (4.2) 

(86.5) (80.2) (105.6) 

Wave3 
No- 513.6 495.0 371.9 

50.7 (5.3) 
Reward (118.3) (114.0) (136.0)

d= l.19 d= l.17 d=l.05 d=0.77 
p <.001 p <.001 p <.001 p <.001 

403.4 387.5 262.6
Reward 47.3 (4.3) 

(85.5) (79.4) (106.6) 

Note. MRT= mean reaction time; integration RTs are reaction times adjusted for differences in percent inhibition; MSD= mean stop 
delay 
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