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Abstract
Developmental neuroscience models suggest that changes in responsiveness to incentives
contribute to increases in adolescent risk behavior, including substance use. Trajectories of
sensitivity to reward (SR) and sensitivity to punishment (SP) were examined and tested as
predictors of escalation of early substance use in a community sample of adolescents (N=765,
mean baseline age 11.8 years, 54% female). SR and SP were assessed using a laboratory task.
Across three annual assessments, SR increased, and rapid escalation was associated with increases
in substance use. SP declined and was unrelated to substance use. Findings support contemporary
views of adolescent brain development, and suggest that early adolescent substance use is
motivated by approach responses to reward, rather than failure to avoid potential aversive
consequences.
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Adolescence is a time when many youth experiment with risky behaviors often with
significant negative consequences (Steinberg & Monahan, 2007). Affective and motivational
processes that emerge from maturational brain changes and a shift in incentive salience may
play a key role in the etiology of adolescent risk behavior (Chambers, Taylor, & Potenza,
2003). Consistent with this general framework, adolescence is a period when substance use
is typically initiated and escalates (Chen & Kandel, 1995; Colder, Campbell, Ruel, Flay, &
Richardson, 2002). Many models of addiction emphasize the role of incentives via positive
and negative reinforcement (e.g., Cox & Klinger, 2002; Koob & Volkow, 2010). Although
these lines of research clearly suggest that normative changes in reward and punishment
sensitivity increase the propensity to engage in drug use during adolescence, no studies have
explicitly tested these associations. This is a notable omission given the importance of the
dynamics of incentive salience for models of risk behavior and preventive interventions. The
goal of the current study was to fill this critical gap by examining trajectories of reward and
punishment sensitivity and their association with the emergence of substance use in early
adolescence.
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Changes in dopaminergic systems in adolescence are believed to underlie increases in the
salience of reward (Chambers et al., 2003). These changes in incentive salience may in turn
contribute to increases in risky behavior (Casey, Jones & Hare, 2008; Somerville, Jones, &
Casey, 2010). From an evolutionary perspective, these changes may promote adolescent
young leaving their home territory to establish non-familial bonds (and find potential mates)
and independence, but they may also contribute to the emergence and escalation of
substance use.

An increasing body of literature points to adolescence as a critical period of development
and change in certain traits, many of which may be highly relevant to risk behavior and
substance use (Blonigen, Carlson, Hicks, Krueger, & Iacono, 2008; Gullo & Dawe, 2008;
Macpherson et al., 2010), including sensitivity to reward (SR). Several lines of evidence
suggest that SR (sensitivity to positive incentives that increases the propensity for approach
behavior) increases during adolescence. For instance, adolescents are more behaviorally and
emotionally reactive to monetary incentives compared to adults (Ernst et al, 2005; Hardin,
Schroth, Pine, & Ernst, 2007); they are more sensitive to positive feedback during affective
decision making compared to adults and children (Cauffman et al., 2010); and they process
reward and risk information in a way that increases the likelihood of risky behavior (Bjork,
Smith, Danube, & Hommer, 2007; Van Leijenhorst et al., 2010).

Longitudinal studies of personality development also suggest that SR increases in
adolescence. SR is thought to give rise to broader personality traits of sensation seeking (i.e.,
the need for varied and novel experiences and willingness to take risks for such experiences)
and extraversion (dominance, sociability, positive emotionality, gregariousness) (Gullo &
Dawe, 2008; Smillie, Pickering, & Jackson, 2006), and changes in these traits provide
indirect evidence for changes in SR. Several studies have shown that sensation seeking
increases during adolescence (Crawford, Pentz, Chou, Li, & Dwyer, 2003; Steinberg, 2008;
Zuckerman, 1994). Extraversion may also increase during adolescence, but the evidence is
mixed, and it appears that increases in extraversion are limited to the narrow-band facet of
social dominance (Klimstra, Hale, Raaijmakers, Branje, & Meeus, 2009; Roberts, Walton, &
Viechtbauer, 2006). Thus, it may be useful to focus on narrow-band individual differences,
such as SR, to understand adolescent risk taking. Indeed, several authors have suggested the
importance of focusing on narrow-band personality dimensions when considering
personality development (e.g., Roberts et al., 2006; Wright, Pincus, & Lenzenweger, in
press). To our knowledge no longitudinal studies have examined normative developmental
trajectories of SR. This is a notable omission given the theoretical importance of reward
sensitivity in developmental models of adolescent risk behavior. In the current study, a
laboratory task was used to assess SR repeatedly over time and trajectories of SR were
examined in a large unselected community sample of early adolescents.

With respect to drug use, there has been consistent evidence that SR is associated with
adolescent substance use (Knyazev, 2004; Lopez et al., 2012; O'Connor & Colder, 2005).
The intake of many drugs of abuse directly lead to the experience of euphoria (Koob & Le
Moal, 2006), and using drugs because it is fun and exciting is a common motivation of drug
use among adolescents (Charbol, Ducongè, Casas, Roura, & Carey, 2005; Kuntsche,
Stewart, & Cooper, 2008). Adolescents characterized by high levels of SR may find the
potential euphoric effects of drugs particularly appealing, increasing the likelihood of use.
Importantly, existing studies focus on adolescents who are already engaged in substance use,
this raises a number of interpretive concerns, including the possibility that frequent exposure
to drugs may alter SR (Volkow, Fowler, & Wang, 2003). Accordingly, the current study
tested the association between changes in SR and substance use in early adolescents who are
in the early stages of initiation of use.
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Although accumulated evidence increasingly suggests that adolescent risk behavior is
reward driven, most incentive-based models of behavior emphasize the role of both reward
and punishment in regulating behavior (e.g., Cloninger, 1987; Gray & McNaughton, 2000).
Moreover, substance use is associated with potential benefits (e.g., euphoria) as well as
aversive consequences (e.g., feeling sick, physical injury, and legal problems), and both are
thought to be involved in regulation of substance use (Cox & Klinger, 2002; Millstein &
Halpern-Felsher, 2002). Thus, sensitivity to punishment (e.g., sensitivity to potential
aversive consequences that increases the propensity to inhibit behavior and experience
emotional distress) may also play a role in adolescent substance use behavior.

In contrast to SR, much less research has considered potential age-related changes in
sensitivity to punishment (SP). Cauffman et al. (2010) examined the influence of both
reward and punishment in affective decision making in adolescents and adults. Compared to
adults, adolescents were faster at making approach oriented decisions and slower to avoid
risky decisions. From the perspective of incentive sensitivity, these findings suggest that
adolescents may be characterized by greater sensitivity to reward and weaker sensitivity to
punishment relative to adults.

Evidence for a link between SP and adolescent substance use has been mixed with some
studies suggesting that SP is associated with both low (e.g., O'Connor et al., 2008; Simons &
Arens, 2007) and high (e.g., Lopez et al, 2012) levels of substance use. Other studies have
shown no association (e.g., Knyazev, 2004; O'Connor & Colder, 2005). The inconsistency
of findings suggests that SP is weakly associated with substance use, and that this
relationship is complex and potentially moderated by other factors (Genovese & Wallace,
2007; Wardell, O'Connor, Read, & Colder, 2011). The current study examined potential
changes in SP during early adolescence, and how SP is associated with substance use.
However, given the mixed findings regarding SP and the dearth of studies, no specific
hypotheses are offered.

In summary, a hallmark feature of adolescence is an increase in a variety of risk behaviors,
including substance use. Current developmental neuroscience accounts suggest that changes
in responsiveness to incentives may partly account for increases in substance use during this
period. The delineation of mechanisms which may confer risk for initiation and escalation of
substance use is important as it may aid in both early identification of high risk youth and
prevention efforts. Yet these processes seldom have been studied in early adolescence with
long-term longitudinal designs. The aim of the current study was to model trajectories of SR
and SP in a large community sample of early adolescents. The focus was on early
adolescents because this is a critical time of initiation and the beginning of escalation of
substance use (Chen & Kandel, 1995; Colder, Campbell, et al., 2002; Colder, Mehta, et al.,
2001). It was hypothesized that SR would increase and that more rapid increases would be
associated with a higher likelihood of substance use. Although changes in SP were
considered, given the state of the literature, no hypotheses were offered about SP.

Method
Participants

Recruitment—Participants were taken from two longitudinal studies examining risk and
protective factors for adolescent substance use initiation. Both samples were recruited
utilizing a random-digit-dial (RDD) sample of telephone numbers from ASDE Survey
Sampler, Inc., that was generated for Erie County, New York. Calls were made by trained
telephone interviewers utilizing scripts that explained the nature of study participation,
eligibility criteria (an English speaking child without any physical impairments or cognitive
deficits that would preclude completion of the interview and a caregiver willing to
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participate), and the level of compensation for participation. Children were required to be
between the ages 10 and 12 years old at the time of recruitment for the first sample and
between the ages of 11 and 12 at the time of recruitment for the second sample. Recruitment
began in December 2006 and April 2007 for samples one and two, respectively, and ended
for both samples in February 2009. Participation rates were 48.7% and 52.1%, which are
similar to the rates in population-based studies that require extended and extensive levels of
subject involvement (Galea & Tracy, 2007), such as the Behavioral Risk Factor Surveillance
Survey (about 50%) and the Survey of Consumer Attitudes (48%).

Description—Sample one included 378 families. Children (52% female) were 10-13 years
old (mean = 11.1, SD = .85) at the first assessment. The majority were White and non-
Hispanic (75%), 15% were Black or African-American, 3% were Hispanic, 2% were Asian
or Pacific Islander, and 5% reported another ethnicity. Most children were from two parent
families (72%). Median family income was $60,000 and 6.0% of the families received
public assistance. The second sample included 387 families. Children (55% female) were
11-13 years old (mean = 11.6, SD = .55) at the first assessment. The majority were White/
non-Hispanic (83%), 9% were Black/African-American, 2% were Hispanic, 1% were Asian/
Pacific Islander, and 5% reported another race or ethnicity. Most children were from two
parent families (75%). Median family income was $70,000 and 6.2% of the families
received public assistance. The range of ages at the first assessment differed from the range
of ages at recruitment because some participants had a birthday between recruitment and
first assessment.

Procedure
Procedures were the same for both samples. Three annual assessments were completed in
university research offices. After completing the consent (caregiver) and assent (adolescent)
procedures, the adolescent and caregiver were taken to separate rooms to enhance
confidentiality and privacy. Questionnaires were read aloud and responses were entered
directly into a computer by the interviewer. Questions deemed “sensitive” (i.e., questions
assessing substance use) were read aloud by the interviewer, but inputted directly into the
computer by the adolescent to increase confidentiality. Each interview took approximately
2½ hours to complete. Interview procedures were the same at each wave of the study.
Adolescents received a small prize (valued at $5 to $15) for their participation, and families
were compensated $75 for the first assessment, $85 for the second assessment, and $100 or
$125 for the third assessment for samples one and two, respectively. Most subsequent
assessments (90%) were done within ± 2 months of the year anniversary of the prior
assessment. Aggregating across samples, mean age at the first, second, and third
assessments was 11.8 (SD=.79), 12.9 (SD=.79), and 13.9 (SD=.79), respectively.

Retention was strong with attrition from Wave 1 to Wave 3 of 7% and 4.4% in Samples 1
and 2, respectively. Combining the samples yielded a total sample of 765 with a 94%
retention rate. In the combined sample, differences between participants with and without
missing data on demographic and Wave 1 study variables were tested using chi-square and
ANOVA. No statistically reliable differences were found (all ps > .25) for gender, age,
family income, ethnicity, and parent education, and effect sizes were all small (phi
coefficients < .02 and η2 < .01). There was a statistically reliable difference between groups
on Wave 1 adolescent smoking rates (χ2 (1, 765) = 6.49, p < .05). Smoking was more
prevalent among those with missing data (8% for the group with missing data and 2% for
the group without missing data), but this difference was small (phi coefficient = .09). There
was no statistically reliable difference on wave 1 adolescent alcohol use, and reaction times
from the wave 1 PSRTT-CR (all ps > .35) and these differences were small (phi coefficient
< .01, η2 < .01). These results and the low attrition rate suggest that missing data had little or
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no impact on study findings. The total rate of missing data (missing values / total number of
possible data values) for variables used in this study was < 1% at Wave 1, and 6% at Waves
2 and 3.

Measures
The laboratory task was programmed using E-Prime Version 2.0 and administered on a PC
with 43-cm flat screen color monitor. Adolescents used a Psychology Software Tools Inc.,
response box, and earned points during the task, which were redeemed for a prize at the end
of the session. Questionnaires were administered using MediaLab software (Jarvis, 2002).

Point Scoring Reaction Time Task for Children- revised (PSRTT-CR)—The
PSRTT-CR (Colder et al., 2011) is based on a similar task developed for adults (Ávila,
2001), and assesses SP and SR in youth. The task starts with a practice block followed by
four experimental blocks presented in a fixed order- no reward, reward, punishment, and
post-punishment. Fixed order was used to examine change in behavior with the introduction
of reward (SR), and how cues previously associated with punishment inhibited behavior in
the post-punishment block (SP). The stimuli included a colored circle presented above a
two-digit number. The participant's task was to discriminate odd and even numbers, and
prior to each block they were asked to respond as quickly as possible. The practice block
included 20 trials, and adolescents had to achieve 70% accuracy to proceed.

A summary of the task design is presented in Figure 1. The experimental blocks included 50
3-s trials. Incorrect discriminations resulted in a loss of 2 points in all experimental blocks.
Feedback appeared on the screen for 500 ms. after each response in the form of an “X” for
incorrect responses and an “O” for correct responses along with the points divided by earned
lost during the trial and total point accumulation. Prior to starting the no reward block,
adolescents were told to ignore the colored circles. Prior to starting the reward block,
adolescents were told that correct discriminations earned a variable number of points, which
depended on RT (points = 835 / RT in milliseconds). Earning points for correct
discriminations remained in place for the remainder of the task (reward, punishment, and
post-punishment blocks). Thus, points could not be earned during the no reward block, but
could be earned during the other blocks. Before beginning the punishment block,
adolescents were told that responding (correctly or incorrectly) when a red circle appeared
would result in a loss of 50% of accumulated points. Thus, a red circle cued potential
punishment. There were five red circle trials. Prior to initiating the post-punishment block,
adolescents were told that a red circle would not cause a loss of points, and that they should
respond during these trials to earn points. Thus, a red circle shifted from a punishment to
reward cue. Of interest in this task was the degree to which RT declined during the reward
compared to the no reward block (SR) and the degree to which RT increased on trials in
which the punishment cue is presented relative to trials in which the punishment cue is not
presented during the post-punishment block (SP).

The task remained unchanged for the 2nd and 3rd assessments with the exception that a
different colored circle was used to cue potential loss of points during the punishment block
(green at Wave 2 and white at Wave 3). This was done to avoid potential carry-over effects
of the punishment cue from the previous assessment. RTs < 250 ms. were considered
anticipations, and excluded from analysis. The rate of anticipations (on average < 1% of
trials), non-response (average ranged from 2% to 5%), and incorrect discriminations (on
average 7%) were low across all three assessments. RTs from trials with correct and
incorrect responses were included to increase the number of trials used in computation of SR
and SP indices.
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Prior work using sample 1 and sample 2, as well as a third independent sample supports the
validity of the PSRTT-CR. Using Wave 1 data from Sample 1, it was found that youth
respond more quickly during the reward block relative to the no reward block (RTs decline)
and respond more slowly during the punishment cue trials relative to the non-punishment
cue trials in the post punishment block (RTs increase) (Colder et al., 2011; also see
O'Connor & Colder, 2004 for results in an independent sample). This suggests empirical
support for the task indices of SR and SP. PSRTT-CR indices are also associated with parent
reports child SP and SR as expected, suggesting cross method convergent validity for this
measure (in Wave 1 of sample 1, Colder et al., 2011; also see Colder & O'Connor, 2004 for
results in an independent sample). Analysis of data from Wave 1 of sample 2 replicated
these block and trial effects and associations with parent report of child SP and SR (results
are available from the first author upon request). Furthermore, Rhodes et al. (2011) using
sample 2 found that SP measured using the PSRTT-CR was distinguishable from parent
reports of child effortful control and from general inhibition as measured using the Stop-
Signal Task (Logan, Schachar, & Tannock, 1997), suggesting divergent validity for this
measure of SP. Finally, using data from Sample 2, PSRTT-CR indices were found to be
associated with child problem behavior (assessed using the Youth Self Report scales,
Achenbach & Rescorla, 2001). For example, strong SR is prospectively associated with
increases in externalizing problems, while weak SR and strong SP are prospectively
associated with increases in depressive symptoms (Rhodes et al., in review).

Drug use—Items from the National Youth Survey (Elliot & Huizinga, 1983) were used to
assess alcohol and drug use. For this study items from the first and third assessment were
used to examine the prospective prediction of drug use from change in SR and SP. At both
the first and third assessment, one item assessed lifetime alcohol use without parental
permission (dichotomous no or yes), and two items assessed lifetime cigarette and marijuana
use (dichotomous no or yes). Frequency of heavy alcohol use was assessed with one item at
the third assessment (“How many times have you been drunk or high on alcoholic beverages
in the past 12 months?”) using a fill-in-the-blank response. Heavy alcohol use was not
assessed at early waves given the expected low rates of use at these young ages. Indeed,
rates of use were low as expected. Importantly, at the first assessment, only 6% of the
sample reported lifetime alcohol use without parental permission, 2% of the sample reported
cigarette use, and no participants reported marijuana use, thus allowing examination of the
early stages of use. At the third assessment 29% of the sample reported alcohol use without
parental permission, 12% reported cigarette use, and 9% of the sample reported marijuana
use, indicating growth in substance use. As few participants (10%) experienced getting
drunk or high from alcohol, this item was dichotomized to indicate whether any heavy
drinking occurred in the past year at Wave 3.

Results
Data from the two samples were combined for analysis because the data analytic methods
used require large sample sizes (e.g., Weighted Least Squares estimation). In preliminary
analysis, SR and SP were examined at each assessment using repeated measures ANOVA.
Next, change in SR and SP were examined using growth models. Finally, changes in SR and
SP were tested as predictors of increases in substance use.

Preliminary Analysis
For analysis of SR, RTs from the no reward and reward blocks were analyzed at each
assessment using repeated measures ANOVA (see Table 1). RTs declined during the reward
block compared to the no reward block at each assessment, suggesting that the introduction
of reward speeded responding as expected. An additional repeated measures ANOVA with
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RTs as the dependent variable and block (no reward vs. reward) and time (3 levels) as
within-subjects factors showed that the block x time interaction term was statistically
reliable (F (2,327) = 14.68, p< .01). This suggests that the block effect was different across
assessments, and as shown in Table 1, the size of the differences between RTs was large and
increased over time. In sum, it appears that youth became more sensitive to the introduction
of reward across assessments.

For analysis of SP, RTs from the post-punishment block were considered. Average RT was
computed for the five trials that included the cue associated with punishment in the previous
block (e.g., red circle trials at Wave 1, green circle trials at Wave 2, and white circle trials at
Wave 3) and the immediately preceding trials that did not include the punishment cue. Trials
preceding each punishment cue trial were used as the comparison condition to control for
effect of position of the trials in the block (e.g., fatigue). Results from the repeated measures
ANOVAs suggest that, as expected, the cue previously associated with punishment inhibited
behavior in the form of slower RTs (see Table 1). An additional repeated measures ANOVA
with RTs as the dependent variable, and trial type (punishment cue vs. preceding trial
without a punishment cue) and time (3 levels) as within-subjects factors showed that the trial
type x time interaction term was statistically reliable (F (2,327) = 16.56, p< .01). This
suggests that the punishment cue effect was different across assessments, and as shown in
Table 1, the size of the cue effect in the post-punishment block was moderate at the first
assessment and declined over time. In sum, it appears that youth became less sensitive to the
punishment cue across assessments.

Growth Models
Growth in SR and SP—Growth models with individual varying times of observation and
time-varying covariates were used to analyze growth in SR and SP. Growth models with
individual varying times were used to accommodate the variability in time intervals of
follow-up assessments (i.e., not all participants were assessed at exactly the targeted one
year interval). Mplus version 6.1 (Muthén & Muthén, 2010) was used to estimate the growth
models with full information maximum likelihood to accommodate missing data. Given
three repeated measures, linear trends were specified. The contrast codes were 0 for the first
assessment, and values in units of years for the subsequent assessments. Thus the intercept
represented levels of SR or SP at the first assessment. Participants interviewed on the exact
annual anniversary dates had contrast codes of 0, 1, and 2. Growth models with individually
varying times are similar to hierarchical linear models (HLMs) and multilevel models
(MLMs), and accordingly, fit indices that are common for structural equation models are not
provided. As such, the log likelihood was used for nested model tests to evaluate whether
the addition of a random linear growth factor improved the model fit.

The growth model for SR specified mean RT from the reward block as the repeated measure
with mean RT from the no reward block included as a time varying covariate. This allowed
us to examine mean change in reward RTs above and beyond RTs during the no reward
condition. Number of errors from the reward block was also included as a time-varying
covariate because errors have been shown to be associated with RTs (Colder et al., 2011).
The nested model test suggested that adding a random slope factor significantly improved
model fit (Δ χ2 (3) = 684.1, p < .01). Mean reward RT at the first assessment was 750.2 ms
and reward RTs declined over time (slope factor mean = -92.9, p < .01), suggesting that the
impact of reward on behavior became stronger across assessment waves. That is, SR
increased over time. Significant individual differences were observed in both initial reward
RTs and rate of decline of reward RTs (Intercept σ2 = 66.7, p<.01, and Slope σ2 = 8.5, p < .
01). The covariance between the intercept and slope factors was statistically reliable
(Covariance = - 17.7, p < .01), suggesting that starting out at a slow RT at the first
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assessment (low levels of SR) was associated with a greater rate of decline in reward RTs
(greater increases in SR).

The growth model for SP specified mean RT from punishment cue trials from the post-
punishment block as the repeated measure with mean RT from the immediately preceding
trials as a time-varying covariate. This allowed us to examine mean change in punishment
cue RTs above and beyond RTs on trials in which the punishment cue was not presented.
Number of errors from the post-punishment block were also included as a time-varying
covariate as errors are associated with RT (Colder et al., 2011). Nested model test suggested
that adding a random slope factor significantly improved model fit (Δ χ2 (3) = 464.21, p < .
01). Mean punishment cue RT at the first assessment was 815.5 ms and punishment cue
reaction times declined over assessment waves (slope factor mean = -115.6 ms, p < .01),
suggesting a decrease in SP. Significant individual differences were observed for initial
punishment cue RTs (Intercept σ2 = 52.2, p<.01), but not for change in punishment cue RTs
(Slope σ2 = 5.8, p < .40). The covariance between the intercept and slope factors was not
statistically reliable (Covariance = - 12.8, p < .20). Growth trajectories for SR and SP are
plotted in Figure 2.

Predicting substance use—Next, change in SR was tested as a predictor of increases in
substance use from Wave 1 to Wave 3. First, a confirmatory factor model of the substance
use items was estimated. Weighted Least Squares Mean and Variance Adjusted estimation
in Mplus version 6.1 (Muthén & Muthén, 1998-2010) was used because of the dichotomous
nature of the indicators. The model specified two factors, including Wave 1 substance use
(indicated by lifetime alcohol and cigarette use) and Wave 3 substance use (indicated by
lifetime alcohol use, cigarette use, and marijuana use, and past year heavy drinking). The
model fit the data well (Model χ2 (8) = 6.85, p < .59, Comparative Fit Index = 1.0, Root
Mean Square Error of Approximation < .01). Factor loadings were all reliably different from
0 (ps< .05) and standardized loadings ranged from .78 to .93. The latent substance use
factors were then combined with our reward RT growth model, and the Wave 3 substance
use latent factor was regressed on the latent growth factors and the Wave 1 substance use
latent factor. Adolescent age at the Wave 1 was included as a statistical control variable
predicting the latent growth factors and Wave 1 and Wave 3 substance use. Gender was also
considered as a potential statistical control, but it did not reliably predict the substance use
factors, and so it was removed from the model. An additional model was estimated
predicting Wave 3 substance use controlling for Wave 2 substance use, and the pattern of
findings was the same as those controlling for Wave 1 substance use. Results are reported
controlling for Wave 1 use as these analyses represent a longer developmental window.

A nested model test comparing models with and without paths from the growth factors to
Wave 3 substance use suggested that model fit significantly improved ((Δ χ2 (2) = 13.39, p
< .01) when these paths were included. Thus, these paths were retained in our final model.
Age predicted high levels of Wave 1 substance use and faster reward RTs at the first
assessment (β = .98 and -15.8, respectively, ps < .01). Age was unrelated to Wave 3
substance use above and beyond Wave 1 substance use and was unrelated to reward RT
slope (β = -.24 and 3.6, p < .63 and < .17, respectively). Wave 3 substance use was reliably
predicted by reward RT slope (β = -6.3, p<.05) and marginally predicted by the reward RT
intercept (β = - .97, p < .10). That is, faster rate of decline in reward RTs (increases in SR)
and fast initial reward RTs (high initial SR) were associated with an increased likelihood of
substance use at Wave 3.

There were no individual differences in change in punishment cue RTs, thus, when drug use
was introduced into the SP growth model, Wave 3 drug use was regressed on the SP
intercept, age, and Wave 1 drug use. A nested model test suggested that inclusion of the path
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from the SP intercept to Wave 3 substance use did not improve model fit (Δ χ2 (1) = .34, p
< .57). Thus, initial levels of SP were not associated with Wave 3 substance use.

Discussion
One of the notable behavioral changes that occurs during adolescence is an increase in risk
taking behavior, including substance use. Although increases in adolescent risk taking are
undoubtedly determined by multiple factors, neuroscience accounts emphasize the role of
brain maturation and shifts in incentive salience. The present study is the first longitudinal
examination of developmental changes in sensitivity to reward and sensitivity to
punishment, designed to capture an important period in early adolescence when youth
initiate and escalate a common risk behavior, namely substance use. In addition, trajectories
of sensitivity to reward and sensitivity to punishment during early adolescence were tested
as predictors of the emergence and early escalation of substance use. Findings suggested that
sensitivity to reward (SR) increased and sensitivity to punishment (SP) decreased, and that
increases in SR were associated with increases in substance use. These findings will be
discussed in turn.

On the behavioral task, adolescents responded more quickly when reward was available and
fast responses yielded more reward. This was true at each assessment period. Importantly,
RTs in response to reward declined across the three assessments, and this could not be
attributed to generally faster responding with age or practice because reaction times when
reward was not available and age were statistically controlled. Accordingly, findings suggest
normative increases in motivation for reward (e.g., RTs in response to reward declined)
during early adolescence. Although there is converging evidence that incentive salience
shifts during adolescence to favor reward (Bjork et al., 2007; Casey et al., 2008), no prior
study has examined trajectories of reward salience. Cross-sectional age comparisons that
have characterized most of the literature on reward salience are informative, but they don't
provide compelling evidence for a developmental phenomenon. SR has been proposed as
part of the neurological underpinnings of the personality traits of sensation seeking and
extraversion, and our findings are consistent with prior work suggesting that these traits
increase during adolescence (Crawford, Pentz, Chou, Li, & Dwyer, 2003; Roberts et al.,
2006). Accordingly, our longitudinal findings provide important behavioral evidence for
what is expected from maturational brain changes during adolescence.

Many researchers have posited that increased reward salience is partly responsible for
increases in risk behavior during adolescence (e.g., Casey et al., 2008; Steinberg &
Monahan, 2007). However, Somerville et al. (2010) noted that reward-driven behavior
during adolescence is “highly subject to individual differences.” Consistent with this view,
significant individual variability was found in rates of change in motivation for reward. One
implication of this variability is that reward salience increases more for some adolescents
than others, and that those who do not experience much change in reward salience may be
protected from risk behavior. Indeed, not all adolescents engage in risk behavior such as
substance use. From a risk and protection framework, this raises the question of why reward
salience increases more rapidly for some youth than others. This question was not examined,
but understanding the mechanisms that account for rates of change in reward salience may
be particularly informative for interventions targeting the prevention of adolescent risk
behavior.

To our knowledge, this is the first study to test whether individual differences in change in
motivation for reward were associated with substance use. Faster rates of increase in SR
were associated with an increased likelihood of substance use. This is consistent with the
contemporary view of the central importance of reward neural circuitry in addictive
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behaviors (Koob & Volkow, 2010) and with studies suggesting that increased motivation for
reward underlies risk behavior in general (Casey et al., 2008), as well as specifically
substance use (Doremus-Fitzwater, Varlinskaya, & Spear, 2010). Although prior studies
have shown a consistent link between SR and adolescent substance use (Knyazev, 2004;
Lopez et al., 2012; O'Connor & Colder, 2005; Pardo et al., 2007), this work has largely been
cross-sectional or examined prospective effects across two points in time. None have
examined how normative trajectories of reward motivation are associated with substance
use. Thus, the findings provide important corroborating evidence for developmental
neuroscience models of adolescent substance use.

Research examining incentive salience in adolescence has overwhelmingly focused on
positive incentives. However, both sensitivity to reward (SR; sensitivity to positive
incentives that increases the propensity for approach behavior) and sensitivity to punishment
(SP; sensitivity to potential aversive consequences that increases the propensity to inhibit
behavior and experience emotional distress) are thought to be central to regulation of
behavior (e.g., Gray & McNaughton, 2000). The current study examined developmental
trajectories of SP, and its association with substance outcomes. Results showed that cues for
potential punishment were associated with inhibition of responding (slow RTs) at each
assessment, and that the degree of slowing in response to punishment cues declined over
time. This suggests that SP declined over time. Low SP may make it difficult to inhibit
approach behaviors that associated with potential negative consequences (Fowles, 1994).
Thus, low SP may increase the likelihood of risky behavior. Although SP declined on
average in our sample, there were no individual differences in rates of change in SP,
suggesting that normative development in SP may not be important in the escalation of
adolescent substance use. The association between SP and adolescent substance use has
been equivocal (e.g., Knayev, 2004; Lopez et al., 2012; O'Connor and Colder, 2005;
O'Connor et al., 2008). Mixed findings suggest that SP is weakly associated with adolescent
substance use, and that this relationship is complex and potentially moderated by other
factors (Genovese & Wallace, 2007; Wardell et al., 2011). Thus, although normative
development in SP may not predict adolescent substance use, SP may be predict adolescent
substance use via a moderational model. Considering potential moderators is an important
direction for future research.

It is important to consider some limitations of our study. First, three waves of data collection
allowed only a test of linear change, and there is some suggestion in the literature that SR
development is non-linear (Steinberg, 2008). If this is true, then there are likely individual
differences in this pattern, and it would be important to examine how these more complex
patterns of change map onto change in risk behavior with more long-term longitudinal
designs. Second, it is well known that substance use is a multi-determined phenomenon
(e.g., Hawkins, Catalano, & Miller, 1992). The focus of the current study was on SR and SP.
It will be important for future research to consider how changes in response to incentives
may interact with other individual differences and contextual factors to predict substance
use. For example, Steinberg (2008) suggests that adolescent brain development and
changing social context operate jointly to promote risk behavior. Specifically, he proposes
that early increases in motivation for positive arousal (e.g., SR) and relatively late
development of conscious control of behavior and emotion occurring when youth spend
more unsupervised time with peers jointly influence adolescent risk behavior. Third, the
current study examined normative changes in SR and SP among unselected community
adolescents, and whether or not findings will generalize to other populations (e.g., clinical
samples of substance abusers or samples with other demographic characteristics) requires
future replication. Fourth, the current sample is best thought of as in the early stages of
substance use. It will be important to extend this work into later adolescence to evaluate the
relationship of SR development with later escalation into heavy use and abuse or
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dependence. Also, the influence SR may vary across drugs, and extending this study to older
more drug involved samples will allow for the examination of individual drugs. Finally, the
PSRTT-CR is a relatively new task, and although initial evidence supports its convergent
and divergent validity, it will be important for future work to further validate these indices
of SP and SR.

Despite these limitations, this study makes important contributions to the literature. Findings
demonstrate that SR increases during early adolescence, and that individual differences in
the rate of SR increase and initial high levels of SR predict the emergence of substance use.
Although SP declined on average, there were no significant individual differences in the rate
of change in SP. Thus, substance use during this period seems to be largely reward driven,
and youth who start adolescence with high reward sensitivity and show rapid escalation in
reward sensitivity are at particular risk. Accordingly, these may be important targets for
intervention. An important direction for future research would be to develop brief screening
tools that would be cost effective at identifying such adolescents. Effective preventive
interventions strategies might emphasize the benefits of not using drugs and alcohol (e.g.,
enhanced athletic performance, improved academic performance, etc.) rather than
emphasizing the risk of use. Another strategy might be to promoting alternative safe ways of
increasing positive arousal (e.g., safely engaging in exhilarating physical activities).
Interventions that are sensitive to the developmental context of adolescence, including shifts
in incentive salience, may be more effective at preventing or slowing the emergence of drug
use in early adolescence.
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Figure 1.
Design of the Point Scoring Reaction Time Task for Children Revised (PSRTT-CR). Note:
Each experimental block included 50 trials (3 seconds each). Feedback was provided on all
trials in experimental blocks for 500 ms, including whether the response was correct or
incorrect, points earned, and total accumulated points. Incorrect discriminations resulted in a
loss of 2 points in all experimental blocks.
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Figure 2.
Model Implied Growth Trajectories of senstivity to reward (SR) and senstivity to
punishment (SP). Note: Declines in reaction time in the reward condition corresponds to
increases in SR, and declines reaction in response to punishment cues corresponds to
declines in SP.
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