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Abstract

Studies of brain development suggest that the increase in risk taking observed during adolescence
may be due to insufficient prefrontal executive function compared to a more rapidly developing
subcortical motivation system. We examined executive function as assessed by working memory
ability in a community sample of youth (n = 387, ages 10 to 12 at baseline) in three annual
assessments to determine its relation to two forms of impulsivity (sensation seeking and acting
without thinking) and a wide range of risk and externalizing behavior. Using structural equation
modeling, we tested a model in which differential activation of the dorsal and ventral striatum
produces imbalance in the function of these brain regions. For youth high in sensation seeking,
both regions were predicted to develop with age. However, for youth high in the tendency to act
without thinking, the ventral striatum was expected to dominate. The model predicted that
working memory ability would exhibit (1) early weakness in youth high in acting without thinking
but (2) growing strength in those high in sensation seeking. In addition, it predicted that (3) acting
without thinking would be more strongly related to risk and externalizing behavior than sensation
seeking. Finally, it predicted that (4) controlling for acting without thinking, sensation seeking
would predict later increases in risky and externalizing behavior. All four of these predictions
were confirmed. The results indicate that the rise in sensation seeking that occurs during
adolescence is not accompanied by a deficit in executive function and therefore requires different
intervention strategies from those for youth whose impulsivity is characterized by early signs of
acting without thinking.

Adolescence is a period of major change in brain development and behavior. Although
adolescents gain important skills and maturity, many also engage in considerable risk taking,
putting them at risk for drug dependence (Grant & Dawson, 1998), driving accidents (Shope
& Bingham, 2006), and other injuries (Pickett, Garner, Boyce, & King, 2002). One
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explanation for this developmental pattern attributes it to insufficient cortical control over a
rapidly developing subcortical motivation system (Casey, Getz, & Galvan, 2008; Chambers,
Taylor, & Potenza, 2003; Galvan, A., Hare, T. A., Parra, C. E., Penn, J., Voss, H., Glover,
G., et al. (2006); Steinberg, 2008). Support for this explanation comes from structural brain
imaging that finds slower cortical thinning and white matter growth in dorsal and frontal
brain areas than in ventral and occipital areas during and beyond the adolescent period
(Gogtay, Giedd, Lusk, Hayashi, Greenstein, et al., 2004; Sowell, Peterson, & Thompson,
2003). Because frontal brain regions are critically involved in executive function and
behavior control, the findings have been interpreted to indicate that higher order cortical
functions are insufficiently developed to counter the strong increase in subcortical-limbic
activation that is implicated in the rise in impulsivity and risk taking during adolescence.

Despite the plausibility of this hypothesis, there is little direct evidence linking rates of
prefrontal cortical maturation with risky adolescent behavior (Lu & Sowell, 2009). Indeed, a
recent study found that the tendency to engage in risky activity was positively related to
white matter growth in the cerebral cortex (Berns, Moore, & Capra, 2009). That is, after
controlling for age, youth ages 12 to 18 who had more advanced white matter development
engaged in more risky activity. Furthermore, research regarding the relation between cortical
thinning and cognitive ability (i.e., 1Q) indicates that more intelligent youth exhibit delayed
cortical thinning (Shaw, Greenstein, Lerch, Classen, Lenroot, Gogtay, et al., 2006). Thus,
the evidence regarding maturation in cortical thinning and white matter growth in the
prefrontal and association areas is not particularly supportive of an inverse relation with
either risk taking or executive function.

A perhaps more serious problem for the hypothesis is the recognition that adolescent risk
taking is subject to considerable individual variation. High proportions of adolescents do not
use drugs, drive unsafely, or engage in delinquent behavior (Jessor, 1992; Romer, 2010).
Indeed, a small proportion of adolescents account for a majority of hazardous risk behavior
during adolescence. For example, Biglan and Cody (2003) found that about 18% of youth
ages 12 to 20 accounted for the majority of the occurrences of drunk driving and criminal
arrests in that age group. If adolescents experienced a universal deficit in cognitive control,
one would expect its effects to be more widespread than it actually is (Romer, 2010).

In this study, we examine individual differences in prefrontal executive function as well as
subcortical motivation systems as predictors of risk taking and associated externalizing
behaviors. We focus on two dopamine systems that are heavily involved in executive
cognitive function and motivational drives underlying impulsivity, and we propose a model
in which imbalance between these systems leads to maladaptive risk taking and
externalizing behavior problems. Unlike the hypotheses drawn from brain maturation
studies, the model predicts that not all risk taking is associated with weakness in executive
cognitive function and that some individuals experience sufficient balance between the two
systems that their risk taking is associated with stronger not weaker executive cognitive
function. Hence, individual differences in the balance between cognitive executive function
and impulsive tendencies are critical in characterizing adolescent risk taking tendencies.

Increase in Dopamine During Adolescence

Research in both animals and humans indicates that levels of the neurotransmitter dopamine
increase in the brain during adolescence (Chambers et al., 2003; Spear, 2000). One
important dopamine pathway ascends from the ventral tegmental area to the ventral striatum
and ventral prefrontal cortex (PFC). This pathway passes through the nucleus accumbens, an
important center for controlling motivation and reward seeking (Berridge & Robinson,
2003; Ikemoto, 2007). Individual differences in the strength of this pathway have been
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linked with individual variation in sensation seeking and other impulsive tendencies
(Chambers et al., 2003; Cloninger, 1988; Zuckerman, 1994).

A second dopamine pathway also originates in the midbrain but courses through the dorsal
striatum before linking with dorsolateral PFC. Although the two circuits are activated by
dopamine, they have very different effects on behavior (Previc, 2009). The dorsal striatal
pathway subserves more thoughtful and controlled processes (Cools & Robbins, 2004;
Ikemoto, 2007), while the ventral striatal motivates search for novel experience and
facilitates learning of new relationships in the environment (Panksepp, 1998; Schultz et al.,
1997).

There is growing evidence for the role of the dorsal striatum in cognitive executive function.
For example, synthesis of dopamine in the dorsal striatum coincides with working memory
performance, indicating that the pathway plays an important role in cognitive control over
behavior (Cools, Gibbs, Miyakawa, Jagust, & D’Esposito, 2008; Landau, Lal, O’Neil,
Baker, & Jagust, 2009). Indeed, extreme dopamine deficits in the pathway are associated
with Parkinson’s disease, which severely interferes with working memory and other
executive functions (Cools & Robbins, 2004; Previc, 1999). Furthermore, low doses of the
drug amphetamine have been linked to increases of dopamine in the pathway thereby
improving attention in persons with attention deficits (Arnsten & Li, 2005; Previc, 2009).
This effect is attributed to greater ability to filter out distracting influences in working
memory (Cools & Robbins, 2004). It is not surprising therefore that intensive training to
improve working memory in children with attention deficits reduces subsequent impulsive
behavior (Klingberg, Fernell, Olesen, Johnson, Gustafsson, Dahlstrom, et al., 2005).

Although both pathways undergo development during adolescence, there may be an
imbalance between them that is responsible for individual differences in impulsivity and risk
taking during adolescence. Indeed, research examining the development of impulsivity
during adolescence suggests that this construct is multidimensional encompassing several
different forms of risk taking (Smith, Fischer, Cyders, Annus, Spillane, & McCarthy, 2007;
Whiteside & Lynam, 2001). For example, considerable research indicates that sensation
seeking, which refers to the tendency to pursue exciting and novel experience, predicts a
variety of potentially harmful risky behaviors, especially in adolescents (Arnett, 1992;
Roberti, 2004; Zuckerman, 1994). However, sensation seeking can be distinguished from a
tendency to act without thinking and to experience harmful consequences of impulsive
decisions, what Whiteside and Lynam (2001) termed urgency. Consistent with this
distinction, researchers have found that sensation seeking is primarily linked to the
frequency of risk behaviors, such as alcohol consumption and gambling, while urgency is
much more strongly linked to symptoms of addiction, such as problem drinking and
gambling, and binge eating (Magid, MacLean, & Colder, 2007; Smith et al., 2007). Hence,
although sensation seeking is clearly a marker of impulsive behavior, it is not as predictive
of adverse experience as acting without thinking.

Despite evidence for divergence between sensation seeking and acting without thinking,
these two forms of impulsivity are moderately correlated in college students (Magid et al.,
2007; Whiteside & Lynam, 2001). Indeed, research using brain imaging techniques has
verified that both forms of impulsivity are related to activation in the ventral striatum (Zald,
Cowan, Riccardi, Baldwin, Ansari, Li, et al., 2008; Buckholtz, Teadway, Cowan,
Woodward, Li, Ansari, et al., 2010). In addition, in a recent study of preadolescents, ages 10
to 12, the two forms of impulsivity were moderately correlated and linked to early risk
taking (Romer, Betancourt, Giannetta, Brodsky, Farah, & Hurt, 2009). Furthermore, both
forms of impulsivity loaded on the same factor that was positively related to age and
inversely related to working memory performance and other measures of executive function.
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These findings suggest that despite their divergence in older youth, sensation seeking and
acting without thinking exhibit similar age trajectories and associations with risk taking
during early adolescence.

Despite the rise in activation of the ventral striatum during adolescence, there is also
considerable evidence that working memory and other indicators of executive function
either increase or plateau during the same period (Bunge & Crone, 2009). This raises the
question as to whether all increases in risk taking during adolescence are associated with
weakness in cognitive control. Indeed, many forms of adolescent risk taking have been
linked with adaptive patterns of behavior that appear to serve useful developmental tasks,
such as peer socialization and transition to adulthood (Jessor, 1992; Schedler & Block, 1990;
Spear, 2007). However, it may be the youth who engage in risk taking without sufficient
cognitive control that are at greater risk for the deleterious forms of risk behavior during
adolescence. Thus, we propose that imbalance between the two striatal systems may explain
individual differences in risk taking as exhibited by differences between sensation seeking
and acting without thinking.

According to this striatal imbalance model (see Figure 1), sensation seeking and acting
without thinking share the same predisposition to risk taking identified in neurobiological
theories of adolescent risk behavior (Casey et al., 2008; Chambers, et al., 2003; Steinberg,
2008), but differ in regard to executive control processes, in particular working memory
ability. As a result, we expect acting without thinking to be more strongly related to early
risk taking and externalizing behavior than sensation seeking, a prediction that is also
consistent with findings regarding these two forms of impulsivity (Magid, et al., 2007;
Smith, et al., 2007).

Research by Tarter and colleagues (2003; 2004) provides additional evidence that risk for
drug dependence in late adolescence is predicted by neurodevelopmental deficits in
executive function and associated forms of externalizing behavior in early adolescence.
Longitudinal studies suggest that weak executive function in combination with impulsive
traits are an even earlier marker of subsequent externalizing behavior (Moffitt & Caspi,
2001), a pattern Moffitt (1993) calls a life-course persistent developmental trajectory.
Indeed, this pattern of behavior may be evident in preadolescence if not sooner (Romer, et
al., 2009).

In contrast to the early risk taking that characterizes acting without thinking, research
suggests that sensation seeking may be more reflective of preferences for novel and exciting
experiences than of deficits in executive function. Indeed, sensation seeking tends to be
positively related to 1Q (Zuckerman, 1994), while acting without thinking is linked to lower
I1Q and weaker executive function (Horn, Dolan, Elliott, Deakin, & Woodruff, 2003).
Sensation seeking is therefore likely to be a marker of a more controlled form of risk taking
that is normative for adolescents as they age but that declines as activation of the ventral
striatum declines. Thus, the model predicts that sensation seeking is increasingly associated
with the emergence of risk behavior as adolescents age but that the relation is accompanied
by growing rather than declining executive function.

It is important to determine the distinctive characteristics of these forms of impulsivity
because they have important implications for interventions aimed at reducing harmful risk
taking during adolescence. If sensation seeking does not represent a deficit in executive
function, then it may be more appropriate to target interventions that channel sensation
seeking toward less hazardous activities, such as sports. For those who are more prone to
acting without thinking, it may be more effective to increase executive function or other
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skills that enable better control over behavior. Such targeting will benefit from knowing the
distinguishing characteristics of different forms of impulsivity.

Study

In this study we tested the striatal imbalance model by examining the inter-relations between
sensation seeking and acting without thinking in a community sample of youth ages 10 to 12
at study inception. The study examined the relations of each form of impulsivity with risk
taking and executive function as assessed by working memory ability in a longitudinal
design covering three years of annual assessments. We examine working memory because it
is an important component of cognitive executive function and depends on activation of the
dorsolateral prefrontal cortex and associated parietal regions (Fuster, 1997; Miller & Cohen,
2001). It has also been linked to activation of dorsal striatal dopamine circuit in adults
(Cools, et al., 2008; Landau, et al., 2009). In addition, it has been found to be inversely
related to a general impulsivity factor comprised primarily of acting without thinking in
early adolescence (the first assessment in this study) (Romer et al., 2009).

We examined a wide range of risk behaviors, including early use of drugs (i.e., tobacco and
alcohol), gambling for money, and fighting. We also examined a range of related
externalizing behaviors, such as rule breaking and conduct problems. We tested our
predictions using structural equation modeling (SEM). This methodology allowed us to
examine relations between each of our individual differences contemporaneously as well as
prospectively. SEM also allows rigorous analysis of relations between underlying factors
rather than observed scores, which are subject to measurement error that can be correlated
across repeated assessments. In addition, it allows one to assess whether relations between
constructs, such as working memory and risk taking, are unique to particular measures of
these variables or reflect more general underlying abilities and dispositions (see Miyake,
Friedman, Emerson, Witzki, Howerter, & Wager, 2000, for a similar approach).

The sample for this longitudinal study has been previously described (Romer et al., 2009).
The sample, comprised of youth ages 10 to 12 at baseline (49% male), was drawn from
various neighborhoods of Philadelphia and included youth of non-Hispanic white (63%) and
black (27%) backgrounds. The families were in the lower range of middle class with parents
having a median education of 14 years. Parental consent and youth assent were obtained in
accordance with the protocol that was approved by the IRB of the Children’s Hospital of
Philadelphia. Youth were reimbursed for their time and travel.

Assessments—Annual assessments lasting about 2 hours per session were conducted in
local schools, community libraries, or in research center testing rooms. Examiners, who
were carefully trained to administer all tasks in a standardized manner, tested participants
one at a time. Tasks were administered on touch-screen laptops with e-Prime (Schneider,
Eschman, & Zuccolotto, 2002) and Medialab (Jarvis, 2004) with the audio-computer
assisted self-interviewing (ACASI) method of both visual and aural presentation. Use of
ACASI served to maximize subjects’ comfort in answering truthfully about their behaviors
(Metzger, Koblin, Turner, Navaline, Valenti, Holte, S., et al., 2000) while also reducing
differences that might result from reading a self-administered survey. Although a break was
scheduled during the session to reduce fatigue and maintain interest in the tasks, the use of
computerized testing and variation in tasks worked to sustain attention.
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Working Memory Performance: Working memory plays an essential role in many
activities that are not tests of memory per se, such as the ability to hold the context or goals
of a complex task in mind while operating on the contents of memory (Cohen, Cohen, &
Ayache, 1992; Kimberg & Farah, 1993). In particular, working memory is weak in children
at risk for drug use (Romer et al., 2009; Tarter, et al., 2004). Working memory is most
reliably associated with activation in dorsolateral PFC (Mehta, Owen, Shahakian, Mavaddat,
Pickard, Robbins, 2000; Paus, 2005). However, it has also been linked to activation in dorsal
striatum (Cools et al., 2008; Landau et al., 2009). Four tasks were used to assess working
memory performance with.

Digit Span Backwards: This is a well-known task that tests auditory-verbal working
memory by having participants immediately repeat back orally presented sequences of digits
to the experimenter. In functional imaging studies, this task reliably activates lateral PFC
(Owen, 2000). Following the protocol given in the WISC-IV (Wechsler, 2003), both
forward and backward digit span was administered. We used the digit-backward score as the
measure of this ability with scores ranging from 0 to 15.

Visual Spatial Working Memory: This self-directed computerized task, a subtest of the
CANTAB battery (Cambridge Cognition, 1999), requires the participant to search for hidden
tokens one at a time within sets of four to eight randomly positioned boxes. Tokens are
hidden only once in each box. Working memory skills are tapped as the participant, while
searching, must hold in working memory the locations already checked and, as tokens are
found, must remember and update the information about the locations of the found tokens
(Elliott et al., 1997). In functional imaging studies, this task reliably activates dorsolateral
PFC (Smith & Jonides, 1999). We used the between-search error score to index this ability
with scores ranging from 0 to 110.

Corsi Block Tapping: This task is a nonverbal variant of the Digit Span task (Milner, 1971).
The participant views a set of identical blocks that are spatially dispersed on the screen. The
blocks are individually lit up in a random sequence. The participant is required to respond
by the tapping each box in the reverse order of the sequence of lit boxes. This task is
considered a task of spatial working memory as the sequence must be maintained and
reversed in working memory in order to guide the response. Imaging studies show that
performance on this task is dependent on right prefrontal brain regions (Goldman-Rakic,
1987). We used the total correct score to index this ability with scores ranging from 0 to 13.

Letter Two-Back: This task, adapted for children by Casey et al (1995), requires the
participant to continually update working memory in order to compare the current letter to
the one presented two trials back. The total number of correct responses (correct rejections +
correct hits) served as the index of this ability. The score ranged from 38 to 122. Imaging
studies find dorsolateral PFC activation with the task (Casey et al., 1995)

Because working memory tasks were readministered each year, we conducted analyses
adapted from the method outlined by Slade, et al. (2008) to determine whether practice
effects might obscure changes in working memory performance across testing sessions.
Using whole-year-age specific, assessment-independent z-scores for each task score, we
found age related increases in performance but no age-by-session interaction, p > 0.32;
partial eta squared = 0.002 — 0.010. These results indicated that increasing age was related to
performance; however, children who performed the tasks for the second or third time did not
score significantly better than same age children performing the tasks for the first time.

Risk behaviors: Specific risk behaviors were assessed using questions derived from the
CDC'’s State and Local Youth Risk Behavior Survey (YRBS) (Centers for Disease Control
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and Prevention, 2003) and the Monitoring the Future Study (MTF) (Johnston, Bachman, &
O’Malley, 2006). Risk behaviors were coded on four point scales (0 to 3) as follows:
gambling for money: never to more than 9 times in the past 30 days; use of alcohol and
cigarettes: never to all 30 of the past 30 days; and fighting: not in the past year to 10 or more
times in the past year. We reduced these scales to a single score based on the first principal
component at each time of assessment. This component accounted for 39% to 47% of the
variation in these scores with no additional component larger than 1.0 at any time of
assessment.

Externalizing Problems: Raw scores for externalizing behavior were obtained from the
Youth Self-Report (YSR) of the Achenbach System of Empirically Based Assessment
(Achenbach & Rescorla, 2001). The YSR provides an overall score for externalizing
problems, indexed by rule breaking and aggressive behavior. Youth are asked to identify the
degree to which 15 rule-breaking and 17 aggressive behaviors are presently true of
themselves using a three-point scale: 0 = never; 1 = somewhat/sometimes; 2 = very/often
(2). Thus scores could range from 0 to 64. The YSR has strong reliability and validity and
has been used in many studies to assess problem behavior (Hofstra, Van der Ende, &
Verhulst, 2002; Visser, Van der Ende, Koot, & Verhulst, 2000; Weinstein, Noam, Grimes,
Stone, & Schwab-Stone, 1990).

Impulsivity

Acting Without Thinking: This tendency was measured using 13 self-report items from the
Impulsivity Subscales of the Eysenck Personality Inventory (Acton, 2003; Eysenck &
Eysenck, 1977; Horn, et al., 2003). The items were coded in binary format (0,1) withl
indicating greater impulsivity. Preliminary factor analyses at each assessment revealed two
correlated factors as was observed at time 1 (Romer et al., 2009). One factor consisting of 6
items represented the tendency to act quickly without much thought (e.g., “I do and say
things without thinking™) while the other consisting of 4 items represented the tendency to
experience bad outcomes as a result (“I need lots of self control to stay out of trouble™).
Three items that did not consistently load on either of these factors across assessments (e.g.,
“l change interests often”) were dropped from scores created by averaging the item values
for each factor. Coefficients alphas (a) for the entire ten items ranged from .753 to .765
across assessments.

Sensation Seeking: Sensation seeking was measured using 4 items (“I would like to explore
strange places;” “I like to do frightening things;” “I like new and exciting experiences even
if | have to break the rules;” and “I prefer friends who are exciting and unpredictable;” Items
1to 4 in Table 2) from the Brief Sensation Seeking Scale (Hoyle, Stephenson, Palmgreen,
Lorch, & Donohew, 2002), which was derived from the longer battery developed by
Zuckerman (M. Zuckerman, 1994;M. Zuckerman & Kuhlman, 2000). Questions were
answered on a 4-point Likert scale (strongly agree to strongly disagree) and coded from 1 to
4, with 4 indicating higher sensation seeking. Mean scores for these items had a’s that
ranged from .728 to .767 across assessments.

Analysis: Preliminary analyses were conducted to identify trends in mean values of all
relevant indicators assessed at the three time points in the study. Paired t tests were
conducted between times 1 and 3 to determine changes in scores from the first to third
assessment.

We used the program EQS to test the overall measurement model, representing the proposed
factor structure of the indicators as well as relations between factors across assessments
(Bentler, 2004). This analysis attempts to fit the covariance matrix of observed scores using
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only relations between the factors hypothesized to underlie those scores and correlations
between the same indicators across times of assessment (i.e., correlated errors of
measurement). The program uses maximum likelihood estimation procedures to impute
missing values, which in this dataset were primarily observed for one measure of working
memory using the digit-span test at time 1. Due to an administration error, scores for this
test were not available for approximately 16% of the sample. In addition, small percentages
of participants (3.6% at time 2 and 5.4% at time 3) were not available to complete follow-up
assessments. EQS also provides robust estimates that adjust for the effects of departures
from multivariate normality of which kurtosis is a particular concern (Yuan & Bentler,
1998). All coefficients and model tests in the results have probabilities evaluated with robust
standard errors using the Yuan-Bentler scaled chi-square test.

We also used the program to assess prospective relations between factors across time as
indicated by the model in Figure 1. This analysis controlled for autoregressive paths
between the same factors over time (e.g., risk behavior assessed at times 1 and 2) while
assessing the ability of earlier factors to predict later but different factors (“cross-lagged”
paths, such as working memory at time 1 to sensation seeking at time 2). To assess the
prediction that acting without thinking is more strongly related to early risk behavior than
sensation seeking, we first tested this prediction using only time 1 data. In addition, we
retested the relation that was observed in Romer et al. (2009) that working memory is
inversely related to the underlying impulsivity component that is registered in acting without
thinking. Because our sample varied in age, we also controlled for age in the analysis.
Including age in the model not only held constant a source of positive relation between
working memory and acting without thinking, but also controlled for possible effects of
maturation apart from our measures of impulsivity and working memory.1

We assessed goodness of fit using two criteria. Although EQS provides a Chi-square test
(x2) to compare the predicted covariance matrix with the observed matrix (Bentler, 2004),
such tests are very sensitive to sample size, and significant values do not necessarily indicate
a poor fit with large samples. For this reason, we used indices that are not as sensitive to
sample size and represent a graded index of fit (Hu& Bentler, 1995): the Comparative Fit
Index (CFI1) and Root Mean Square Error of Approximation (RMSEA). CFl is a comparison
of two fit functions: one from the covariance matrix estimated from the fitted model and one
from a model that assumes no association between the observed variables. Higher values
reflect the relative advantage of the proposed model over a model with no association.
Values greater than .95are considered to reflect a good fit (Hu & Bentler, 1995). The
RMSEA measures the mean residuals between the observed and predicted covariance
matrix. Departures from zero represent poorer fit. RMSEA values less than or equal to .
O6are considered acceptable (Kaplan, 2000). We also used x2 difference tests to assess
change in goodness of fit for parameters of theoretical interest.

Table 1 shows the number of youth tested and the means and standard deviations of their
ages at each of the three years of assessment. Table 1 also shows means and standard
deviations of the measures included in the analysis. Risk behaviors (except fighting) and
externalizing problems increased over the three waves (p <.02). Working memory measures
improved as well (p <.001). Sensation seeking items tended to increase, with one doing so
strongly (Item 3: “I like new and exciting experiences...”); the direct measure of acting
without thinking also increased with age (p < .01). These trends are consistent with the

\we also tested for differences in gender, but it was only directly related to acting without thinking at time 1 and its inclusion did not
alter the significance of the paths in the model. Thus, it was not included in this or the larger model in Figure 2.
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expectation that risk taking and externalizing problems increase with age along with
measures of impulsivity and executive function.

Measurement Model

To assess the measurement model, a SEM was fit to the indicators in Table 1 allowing the
factors to correlate with each other within and across time. This model had high loadings
from all of the indicators at each time point, indicating that the measures reflected the
factors they were intended to assess (see Table 2). We also plotted observed summary scores
for each factor against other scores to identify outliers that might produce spurious
correlations. However, all relations were linear in form. In addition, some of the variables
exhibited high levels of kurtosis (i.e., risk behaviors and some of the working memory
indicators). Although EQS provides robust estimates that are corrected for such departures
from normality (Bentler, 2004), the program also permits one to identify the most extreme
contributors to multivariate kurtosis in the dataset. Using this procedure, we deleted 5
extreme cases in the data and reran the model. The model fit and parameters were virtually
identical, providing confirming evidence that the solution was stable and not an artifact of
outliers. Indeed, the overall model provided a good fit to the data, CFl =.97; RMSEA =.023
(90% confidence interval (Cl) =.013, .030) despite the significant overall chi-square test,
¥2(408) = 557, p < .001.

Table 3 shows the inter-correlations between age and factors underlying risk taking, working
memory, sensation seeking, and acting without thinking. It is noteworthy that correlations
between factors across assessments revealed considerable stability. Risk behavior
correlations ranged from .622 to .729. Working memory was very stable across times 1 and
2 (.922) and produced an illegitimate solution when all three assessments were included.
Even though working memory at time 2 was essentially indistinguishable from the same
score at time 1, we included it in the model to demonstrate that it did not add any prediction
beyond its assessment at time 1. Sensation seeking correlations ranged from .547 to .742,
while acting without thinking ranged from .660 to .788. Finally, as expected, age tended to
be positively related to all of the measures, and its relations tended to increase over time.

Several patterns in the correlations were relevant to our predictions. First, sensation seeking
and acting without thinking were positively related at each assessment (at about .5). This
confirms the expectation that both of these measures are sensitive to activation in an
underlying impulsivity dimension. Second, risk behavior was related to both sensation
seeking and acting without thinking at each assessment, but the relation was stronger for
acting without thinking. This confirms the expectation that acting without thinking
represents a more serious form of impulsivity with a stronger relationship to risk behavior
and externalizing problems. Third, working memory was positively related to sensation
seeking in a prospective fashion but negatively related to acting without thinking at time 1,
confirming the expectation that executive function has different relations with each form of
impulsivity.

Time 1 Model Tests

We first tested the prediction from the striatal imbalance model that early risk behavior
would be largely dependent on acting without thinking with little or no contribution from
sensation seeking. This prediction was tested in a model that allowed time 1 measures of
age, working memory, and sensation seeking to predict acting without thinking at time 1. In
addition, acting without thinking was defined as the sole predictor of time 1 risk behavior.
As seen in the predictors of time 1 factors in Figure 2 and the parameter estimates in Table
4, this model contained significant parameters for each predictor of acting without thinking.
In addition, acting without thinking was strongly related to risk behavior. The model
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provided an excellent fit to the data, y2(61) = 82, p = .03, CFI = .97, RMSEA = .029 (90%
Cl =.005, .044), and explained 77% of the variation in risk behavior. Allowing sensation
seeking also to directly predict risk behavior produced no improvement in fit, ¥2(1) = 0.08, p
> .25. In addition, a model in which the roles of acting without thinking and sensation
seeking were reversed provided a poorer fit to the data, ¥2(60) = 145, p < .01, CFI = .89,
RMSEA =.060 (95% CI = .047, .072). Alternative models were also tested in which risk
behavior was the cause of working memory, but these models also provided much poorer
fits to the data. Hence, these tests confirmed the predictions that acting without thinking is
inversely related to working memory performance but that it is able to account for early risk
taking without any additional contribution from sensation seeking.

Model Tests over Time

To examine the relations between the factors over time, we tested a longitudinal model that
predicted assessments at times 2 and 3 from the model that was identified at time 1 (as
shown in Figure 2). We allowed the residuals in assessments to be inter-correlated at each
time point but also tested paths from prior assessments to subsequent time points,
controlling for prior status in the factors. Included in these analyses were controls for
correlated errors in observed scores. After these initial tests, we dropped paths that were not
significant, producing the final model in Figure 2 with estimates in Table 4. This model
provided a good fit to the data, ¥2(451) = 731, p <.01. CFI = .96, RMSEA = .022 (90% ClI
=.014, .029). In addition, the model accounted for at least half of the variation in each factor
at times 2 and 3. We also reran the model excluding the cases that contributed the most to
kurtosis in the data, but again found the same solution.

Our analyses indicated that stronger working memory at time 1 predicted greater sensation
seeking at time 2 (8 = .16), x2(1) = 8.3, p < .001. There was no additional effect of working
memory on sensation seeking at time 3. However, the effect at time 2 carried over to time 3
because of stability in sensation seeking. Thus, about 80% of the effect at time 2 was
absorbed into time 3. In addition, stronger working memory at time 1 predicted lower levels
of risk behavior at time 3 (5 = —.10), ¥4(1) = 5.00, p = .025. Finally, stronger sensation
seeking at time 1 predicted greater risk behavior at time 2 (5 = .19), ¥%(1) = 8.2, p < .001.
Acting without thinking did not predict risk behavior at time 2, p > .20. Age was not directly
related to changes in any factors at times 2 or 3 apart from the other factors in the model.

It is noteworthy that acting without thinking was not prospectively related at either times 1
or 2 to change in subsequent risk behavior (paths not shown). This indicates that its strong
relation to risk behavior at time 1 carried over to subsequent assessments. However, there
were also strong contemporaneous relations between residuals in this measure and risk
behavior at times 2 (r =.87) and 3 (r = .82). These correlations indicate that changes in each
factor between assessments operated in a manner similar to what was observed at time 1
when the correlation between acting without thinking and risk behavior was also high (r =.
86). This pattern supports the hypothesis that high levels of this form of impulsivity are
evident early in development and remain so during early adolescence.

Contemporaneous relations in the residuals at times 2 and 3 between sensation seeking, risk
taking, and acting without thinking also tended to mirror what was observed at time 1.
Sensation seeking and acting without thinking were moderately correlated (r’s = .53 and .
59); and sensation seeking and risk behavior were correlated (r’s = .70 and .55) but not as
strongly as acting without thinking.

We left working memory at time 2 in the model even though it was highly collinear with its
status at time 1. Indeed, unlike any of the other factors in the model, the residual for the
factor at time 2 was not significantly different from zero. Nevertheless, the excellent fit of
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the model without any other paths from or to working memory at time 2 supports the
conclusion that its status was fully captured at time 1.

Discussion

Our analysis of three annual assessments in a community sample of early adolescents
supports the striatal imbalance model for the relation between two forms of impulsivity
(sensation seeking and acting without thinking) and their relations to risk behavior and
working memory performance. We found that although risk behavior and impulsivity
increased across assessments, working memory performance also increased. This pattern
suggests that not all risk taking need be accompanied by deficits in executive function.
Indeed, we expected that the two forms of impulsivity would be positively related to each
other at each assessment and positively related to risk behavior. However, we expected them
to be differentially related to working memory performance with sensation seeking related
positively and acting without thinking negatively related. In addition, because acting without
thinking is linked to a deficit in executive function relative to subcortical impulse
motivation, we expected it to be more strongly related to risk behavior than sensation
seeking. Confirmation of all these predictions supported the proposed role of relative deficits
in executive function as a precursor to risk behavior and associated externalizing problems.

Our findings supported a unique prediction of the striatal imbalance model, namely that
adolescent risk taking is a product of both a dysfunctional form of impulsivity, associated
with deficits in executive function and the tendency to act without thinking, and of a more
controlled form of impulsivity associated with sensation seeking and relatively greater
executive function. Indeed, at the same time that sensation seeking predicted increases in
risk behavior (from time 1 to 2), it was accompanied by stronger working memory
performance, as indicated by the prospective relation between working memory at time 1
and sensation seeking at time 2.

We also found that working memory performance was inversely related to subsequent risk
behavior. Although this relation was not predicted by the striatal imbalance model, it is
consistent with models that posit early weakness in executive cognitive function as
increasing susceptibility to later problem behavior (Nigg, et al., 2006; Tarter et al., 2003;
2004). Furthermore, we could not rule out the effects of other forms of impulsivity that may
mediate effects of working memory deficits on subsequent emergence of risk behavior. For
example, a third form of impulsivity, temporal discounting, has also been found to be
independent of sensation seeking (Wilson & Daly, 2006) and acting without thinking
(Reynolds, Penfold, & Patak, 2008) and to predict drug use and other risky behavior
(Reynolds, 2006). Although we did not measure this form of impulsivity, it has also been
found to be inversely related to working memory performance (Shamosh et al., 2008). It is
possible therefore that after controlling for prior influence of sensation seeking and acting
without thinking, this or other forms of impulsivity could also influence risk taking in mid-
adolescence.

Although acting without thinking was not associated with later emergence of risk behavior,
this form of impulsivity was highly related to risk behavior at each assessment, suggesting
that its effects were already evident at the first assessment in the study. This pattern is
consistent with Tarter and colleagues (2003; 2004) model of neurobehavioral disinhibition,
which predicts that early forms of externalizing problems and executive function deficits are
associated with a pattern of increased risk for later problem behaviors. We suspect that this
tendency is well under way prior to adolescence given evidence from studies that observe
children as young as age 3 who exhibit impulsive traits that predict later problems in
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behavior (Caspi, Henry, McGee, Moffitt, & Silva, 1995; Caspi, Moffitt, Newman, & Silva,
1996; White, Moffitt, Caspi, Bartusch, Needles, & Stouthamer-Loeber 1994).

Despite the strong relation between risk taking and acting without thinking that was evident
at all three assessments, the direct path from sensation seeking at time 1 to risk behavior at
time 2 indicates that atleast some of the risk taking that occurs during adolescence is the
unique result of sensation seeking. While the size of this relation was not large after
controlling for acting without thinking, it is likely to continue to grow as adolescents age.
Indeed, many studies find a robust relation between sensation seeking and risk taking during
later adolescence (e.g., Crawford, Pentz, Chou, Li, & Dwyer, 2003; Romer & Hennessy,
2007). The finding that working memory was positively related to sensation seeking is also
consistent with research that finds a positive relation between sensation seeking and 1Q.
Indeed, 1Q tends to have a small but persistent negative relation with maladaptive forms of
risk taking (Henry & Moffitt, 1997), Although the size of the relation between working
memory and sensation seeking was not large, it is also likely to grow as adolescents age. As
seen in the correlations in Table 3, the relation between working memory at time 1 and
sensation seeking increased from .05 to .23 over the course of three years.

The separate effect of sensation seeking on risk taking suggests that later emergence of risk
behavior associated with sensation seeking is actually marked by greater executive function.
In this form of risk taking, attraction to risky activities is promoted by a combination of
executive function and interest in novel and exciting stimuli of all kinds. Such a tendency
would have clear adaptive benefits to adolescents who are expected to leave home, find
mates, and start on a path toward self-sufficiency (Spear, 2007). It would also encourage
engaging in new experiences that could permit the adolescent to identify unique strengths
and abilities as an independent actor (Jessor, 1992). Unfortunately in a modern society with
many hazards associated with risk taking during adolescence, such behavior is not without
its perils, including risk for substance abuse and injury. However, it appears to be of a
different sort from the risk taking that is implicated in the early emergence of weak
executive function that may lead to more serious forms of disorder. Strategies designed to
prevent those outcomes will need to distinguish between the two forms of impulsivity.

An alternative explanation for early weakness in executive function among high risk takers
concerns the possibility that engagement in problem behavior disrupts the normal
development of executive cognitive function. For example, heavy alcohol use during
adolescence might affect the development of the hippocampus and thereby disrupt executive
functioning (Medina, Schweinburg, Cohen-Zion, Nagel, & Tapert, 2007). This explanation
seems unlikely given that our early risk takers were not engaging in high levels of alcohol
use. In addition, we found no effect of early risk taking on working memory. Furthermore,
the finding that early weakness in working memory predicted later increases in risk behavior
suggests that this deficit predates the heavier uptake of drug use that occurs later in the
adolescence. Hence, the data are more consistent with the hypothesis that early deficits in
working memory relative to motivational circuits is partly responsible for high levels of
early risk taking.

Our results are also interesting in the context of theories that attribute increased risk and
externalizing behavior during adolescence to a structural imbalance between dorsolateral
PFC and mesolimbic control over behavior. These theories tend to focus on increasing
dopamine transmission in the ventral mesolimbic system and to overlook the other major
(dorsal striatal) dopamine pathway that subserves more controlled cognitive processes
related to working memory ability. Our results suggest that this pathway also exhibits
increasing activation during adolescence. As a result, rather than reflecting universally
slower adolescent maturation of dorsal versus ventral control systems, such differences may
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primarily affect a subset of adolescents who tend to exhibit greater ventral than dorsal
striatal maturation early in development. This imbalance appears to continue into mid-
adolescence placing youth with these characteristics at increased risk for drug dependence
and other externalizing problems. At the same time, youth who also experience increasing
ventral striatal activation but who do not suffer from relative weakness in executive function
appear to be less susceptible to impulsive outcomes. Indeed, the striatal imbalance model
predicts that some risk taking is accompanied by stronger executive function, a prediction
that is clearly at odds with models that attribute all adolescent risk taking to weak executive
function. Nevertheless, it will be important to continue to follow these youth as they enter
later adolescence to determine whether the two types of impulsivity lead to different risks to
healthy development. It would be expected that youth who are high in acting without
thinking would experience more serious risks to healthy development than those who are
high in sensation seeking.

Limitations in this study should also be noted. We did not have direct measures of dopamine
or striatal function in either of the pathways that were proposed to be critical to risk taking in
our model. We assumed that variation in dopamine synthesis in the ventral striatum played a
role in both forms of impulsivity we measured. However, the precise role of dopamine
function in the dorsal pathway is less clear. In particular, the effects of drugs that increase
dopamine function in this system appear to depend on the resting levels of dopamine
activity, in keeping with the Yerkes-Dodson principle (Cools & Robbins, 2004). Hence, it
could be that dopamine function in this pathway is weak leading to poor executive function,
or it could be that it is overly active, also leading to the same result. Future research should
be directed to observing such activation more directly in youth who exhibit high versus low
levels of the two forms of impulsivity.

We primarily base our conclusions regarding risk behavior on the self-report of our
participants. However, in regard to many forms of risk behavior in adolescents, youth
reports are more sensitive than those of parents (or teachers), who often do not know what
drugs their children use, or what they do with their peers (Crouter, Bumpus, Davis, &
McHale, 2005; Herjanic & Reich, 1997). Finally, an analysis that identifies unique
trajectories over time and tests relations between them should also be conducted as this
cohort ages to determine whether an early risk-taking trajectory has different relations with
trajectories in impulsivity and executive function. It would be expected that such an analysis
would show that an early risk-taking trajectory is more highly related to an early trajectory
in acting without thinking and weak executive function than to later emerging trajectories in
risk behavior.

Implications for Intervention

Our results suggest that interventions to prevent adverse consequences for either of the
pathways we have identified will need to consider the differences between the two types of
impulsivity. Interventions to prevent adverse effects of acting without thinking will need to
focus on weaknesses in executive function that appear to emerge early in development. Our
results indicate that if untreated such deficits will lead to increasing levels of risk and
externalizing behavior as youth age. Interventions to reduce weaknesses in executive
function include training in working memory (Klingberg, et al., 2005) as well as in cognitive
strategies of self-control and problem solving (Botvin & Schinke, 1997). Interventions for
those high in sensation seeking might more fruitfully focus on diverting sensation seeking
drives to less harmful activities, such as sports that can also satisfy needs for novelty and
excitement. However, cognitive control strategies may also be appropriate for such youth as
these abilities can help to channel impulsive drives into more constructive activity.
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Hypothesized relations (positive and negative) between ventral and dorsal striatal systems,

two forms of impulsivity, and risk behavior in adolescents.
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Ages 10-12 Ages 11-13 Ages 12-14

Figure 2.

Final model for relations between factors and age at each time point. RB = risk behavior;
WM = working memory performance; SS = sensation seeking; and AWT = acting without
thinking. Predicted variation in dependent factors (R2) shown within circles. All paths
significant at p < .05.
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