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ABSTRACT
Adolescence as an important developmental period is characterized by exploration and
experimentation in various psychological and behavioral developments including substance use
and delinquency. Conceptualizing human development as a highly complex and dynamic system
that encompasses interplay and transactional influences within and between biological,
psychological, behavioral, social, and ecological levels, the dynamical systems approach offers the
unique opportunity to understand and investigate adolescent substance use and delinquency and
their structured patterns of change.
The present study aimed to understand and investigate genetic moderation of intervention
effects on adolescent substance use and delinquency with dynamical systems approach using data
from a large scale community-based universal preventive intervention program dissemination with
randomized control trials (N = 561). Using latent differential structural equation modeling, results
suggested that adolescent substance use and delinquency could be modeled and understood as a
damped linear oscillator with an amplifying amplitude. Adolescent substance use and delinquency
shared common risk and protective factors consistent with problem behavior theory. Furthermore,
as suggested by differential susceptibility theory, DRD4, DAT1, and 5-HTTLPR alleles moderated
the intervention effects, such that adolescents carrying susceptible alleles benefited more from the
intervention.
These findings suggest that dynamical system approach can inform developmental science
and prevention science by examining the initiation, persistence, escalation, and desistence of
substance use and delinquency across adolescence, exploring the reciprocal relationship between
adolescent problem behaviors, and investigating genetic and exogenous influence (e.g.,
intervention) to the intrinsic dynamics of the system.
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Chapter 1: INTRODUCTION
As a critical developmental period featured with self-exploration and experimentation,
adolescence is accompanied by considerable developmental changes and challenges involving
biological change (e.g., puberty, neural pruning; Lerner & Galambos, 1998), psychological change
(e.g., autonomy, self-esteem; Steinberg & Morris, 2001), family relationships (e.g., parents and
siblings), extra-family relationship (e.g., peers and romantics) and social context change (e.g.,
community services) (Crosnoe & Johnson, 2011; Steinberg & Morris, 2001; Smetana, CampioneBarr, & Metzger, 2006), and behavioral change (e.g., initiation of substance use and delinquency).
As leading causes of death in the United States and worldwide—as well as the compromised
individual physical and mental health and heavy societal costs brought about consequently
(Dahlberg, & Mercy, 2009; U. S., DHHS, 2001; SAMHSA, 2013)—adolescent substance use,
delinquency, and antisocial behavior have been declared worldwide public health problems (Krug,
Dahlberg, Mercy, Zwi, & Lozano, 2002), and have been widely and intensively investigated with
assiduous efforts in developmental science and prevention science.
Conceptualizing human development as a highly complex and dynamic developmental
system that encompasses interplay and transactional influence within and between biological,
psychological, behavioral, social, and ecological levels that happen at various time scales, the
dynamical systems approach offers the unique opportunity to understand and investigate the
dynamical processes of adolescent substance use and delinquency and their structured patterns of
change (Fogel, 2011; Lewis, 2000; van Geert, 1998; van Geert & Steenbeek, 2005). The dynamical
system approach can also inform developmental science and prevention science by examining the
initiation, persistence, escalation, and desistence of substance use and delinquency across
adolescence and into young adulthood, exploring the reciprocal relationship between adolescent

1

problem behaviors across development, as well as investigating endogenous (e.g., genetic) and
exogenous influence (e.g., intervention) to the intrinsic dynamics of the system.
The present study aims to investigate and understand genetic moderation of intervention
effects on adolescent substance use and delinquency with a dynamical systems approach. The data
are drawn from a large-scale community-based universal preventive intervention program
dissemination with randomized control trials (RCTs): PROSPER (PROmoting Schoolcommunity-university Partnerships to Enhance Resilience), which primarily aims to prevent
adolescent substance use. Before setting out specific research questions and hypotheses, I first
review extant literature of regarding adolescent substance use and delinquency as dynamical
system. Second, I elaborate how the dynamical system approach can be applied to examine the
reciprocal influence between these two different adolescent problem behaviors, and intervention
effects on these behaviors. Third, I summarize current empirical findings on the associations
between candidate genes, adolescent substance use, and delinquency in the context of geneenvironment interaction (G×E).
Adolescent Substance Use and Delinquency as Dynamical System
Dynamical systems approach
Dynamical systems theory adopts a process-oriented approach to investigating and
understanding the underlying developmental processes mechanisms of psychological constructs
and behaviors, and examining structured patterns of change during these processes by framing
these developmental processes as dynamical systems that demonstrate certain self-regulating
mechanisms (Fogel, 2011; Lewis, 2000; Newell & Molenaar, 1998; van Geert, 1998; 2011; van
Geert & Steenbeek, 2005). Self-regulation here broadly means that changes in a system follow a
certain lawful, orderly, and deterministic way, with or without exogenous influence (Boker, 2002;
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Boker & Graham, 1998; Boker, Neale, & Rausch, 2004). Instead of focusing on the levels of
behaviors at each time point, this process-oriented dynamical systems approach emphasizes
examining the change from one state to another over time, and the intrinsic mechanisms and
exogenous influence that predict this change (Boker, 2002; Fogel, 2011; Lewis, 2000; Newell &
Molenaar, 1998; van Geert, 1998; 2011; van Geert & Steenbeek, 2005).
The definition of state depends on specific research interests and is very flexible. For
example, the level and the instantaneous slope of one behavior (e.g., cigarette use) together at one
time can be defined as the state at the particular time for the developmental system of cigarette
use. Subsequently, one can study how a state comprised of low-but-increasing level of cigarette
use changes to another state comprised of high-but-decreasing level use of cigarette.
A system is said to exhibit intrinsic dynamics if its current state can predict its states in the
future, whereas extrinsic dynamics is defined as exogenous influence to the system from the
environment, or more broadly from outside the system (Boker, 2002; Boker & Graham, 1998). For
example, an adolescent may start to use alcohol out of his own willingness to experiment, or under
the influence of other peers who use alcohol. Dynamical systems approach seeks to examine the
degree to which this change can be attributed either to intrinsic dynamics or exogenous influence,
or their synergetic interaction. More broadly speaking, the dynamical systems approach aims to
understand the process of a stable or unstable developmental system with self-regulating or selfdysregulating mechanism that can respond adaptively or maladaptively to exogenous influence
(Fogel, 2011; Lewis, 2000; Newell & Molenaar, 1998; van Geert, 1998; 2011; van Geert &
Steenbeek, 2005).
Many psychological and behavioral processes pertinent to adolescent development have
been investigated with a dynamical systems approach (Kunnen, 2012), among which include
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alcohol use (Boker & Graham, 1998; Clair, 1998), cigarette use (Boker & Graham, 1998; Mazanov
& Byrne, 2006; 2008), externalizing behavior and delinquency, or antisocial behavior in general
(Granic & Patterson, 2006; Lichtwarck-Aschoff & van Geert, 2004; Odgers et al., 2009), all of
which demonstrate self-regulating mechanisms and/or exogenous influence.
System dysregulation or certain structured patterns are often associated with
developmental maladaptation or negative outcomes. For example, Odgers and colleagues (2009)
found among an adolescent and young adult clinical sample that rapid psychiatric symptom
oscillation and amplification was associated with concurrent violence. Stability of some specific
states or attractors was associated with certain negative outcomes. For example, 8–12 year-old
children with different externalizing subtypes engaged in different parent-child interaction patterns
after experimental perturbation: Comorbid-internalizing dyads shifted to a mutually hostile
pattern, whereas externalizing-only dyads remained in a permissive pattern (Granic & Lamey,
2002). Behavioral rigidity of parent-child interaction was associated with children’s externalizing
behavior (Hollenstein, Granic, Stoolmiller, & Snyder, 2004). Adolescents’ longer duration in the
deviant talk attractor state predicted later delinquency and substance use (Granic & Dishion, 2003).
Differential equation modeling
Dynamical systems approach typically uses differential equations to model behavioral and
psychological processes as developmental systems (Boker, 2001; 2007; Boker & Graham, 1998;
Deboeck, Boker, & Bergman, 2008). A differential equation is any equation with a derivative as a
variable. In the developmental scenario, a derivative is the change of a variable of interest (e.g.,
cigarette use) with respect to time. For example, the first derivative can be the change of cigarette
use with respect to time, which represents the instantaneous slope or rate of change. A positive
first derivative indicates the increase of cigarette use, while a negative first derivative indicates the
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decrease of cigarette use. Its second derivative is the change in the first derivative with respect to
time, which represents the change of rate of change, or how cigarette use accelerates. A positive
second derivative suggests that the change of cigarette use accelerates, while a negative second
derivative suggests the deceleration of the change of cigarette use. Therefore, by including
derivative(s) in the model, differential equation modeling allows one to directly examine the
change of a system over time, as well as the relationship between states over time, whether linear
or non-linear.
Differential equation models have been found to explain much more variance than ordinary
multiple linear regression models do, capturing more intra-individual variation in adolescent
cigarette use (Byrne, Mazanov, & Gregson, 2001; Mazanov & Byrne, 2006; 2008) and alcohol use
(Clair, 1998). Given the initial conditions and system parameters that describes the relationship
between states, one can plot individual long term developmental trajectories (Boker & Graham,
1998; Boker & Nesselroade, 2002; Boker et al., 2004). Differential equation models also avoid a
potential pitfall of commonly adopted latent growth curve models (McArdle & Epstein, 1987)—
the phase problem when individuals’ initial conditions are not comparable with each other,
therefore confounding inter-individual difference with intra-individual variation (Boker &
Nesselroade, 2002; Boker et al., 2004). One familiar example would be regression to the mean in
a two-wave longitudinal study, where a variable of unusually high or low level tends to converge
to its mean, therefore yielding a change due to natural variation (Shadish, Cook, & Campbell,
2002). However, while conventional latent growth curve models typically view these variations or
residuals as errors or noises, differential equation models value these intra-individual variations as
information for intrinsic dynamics (Boker, Molenaar, & Nesselroade, 2009; Deboeck et al., 2008;
Nesselroade & Ram, 2008).
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In addition, latent growth curve models estimate time-invariant growth parameters in that
the slope is constant over the entire time, while quadratic or higher-order growth parameter(s) can
be included to better capture the curvature of the group mean trajectory. By including derivative(s),
differential equation models do not explicitly include time as predictor in the model. They allow
different levels, slopes, and accelerations at different time points, and focus on the system
parameters that describe their relationship, which typically are assumed to be time-invariant
(Ferrer & McArdle, 2003). This capability of differential equation models makes them ideal
candidate tools to analyze adolescent substance use and delinquency as dynamical system, which
demonstrates considerable intra-individual variation and transitions between different states
during this particular developmental period of experimenting and exploration accompanied with
substantial biological, psychological, behavioral, inter-person relationship, and social context
changes (Crosnoe & Johnson, 2011; Lerner & Galambos, 1998; Smetana et al., 2006; Steinberg &
Morris, 2001).
Damped linear oscillator model
One type of differential equation models, the damped linear oscillator model, has been
applied to model adolescent substance abuse (Boker & Graham, 1998) and psychiatric symptoms
(Odgers et al., 2009) as a self-regulating system with intrinsic dynamics. The damped linear
oscillator model uses differential equation to describe the linear relationship between the level of
a behavior (e.g., alcohol use), its first derivative (i.e., slope), and its second derivative (i.e.,
acceleration) at the same time (Boker, 2001; 2007; Boker et al., 2004). This model seeks to
estimate two system parameters that characterize the intrinsic mechanism of a dynamical system.
The oscillation parameter is proportional to the square of the oscillation frequency, which
describes how quickly a behavior oscillates between different states over time periodically. For
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example, how quickly adolescents change from non-user to user, or from mild user to heavy user.
The damping parameter describes the amplitude of oscillation over time. A negative damping
parameter suggests that the oscillation will eventually converge to an equilibrium point. For
example, despite the continuous change of adolescents between non-user and user, the amount of
use will decrease over time and eventually stabilize at mild user.
A physical metaphor of the damped linear oscillator model is a pendulum swinging back
and forth from two extreme ends around a midway equilibrium point. The further away the
pendulum swings from the midway equilibrium point, the more it tends to swing back (Boker &
Graham, 1998). Figure 1 shows different developmental trajectories with various oscillating and
damping parameters that can be modeled with the damped linear oscillator model. Figure 1a
represents a pendulum without friction (or damping) that swings around 0. Figure 1b represents
the movement of a pendulum with friction (or damping), which converges to 0 after a few
oscillation periods. Note that the pendulum in Figure 1a also has a higher (i.e., quicker) frequency
than the one in Figure 1b does. The trajectory in Figure 1c can also be considered as a damped
linear oscillator. However, because it dampens so fast that this movement does not—or barely—
demonstrate any oscillation (i.e., overdamped). Figure 1d shows a trajectory that can also be
considered as a damped linear oscillator. Similar to the trajectory in Figure 1c, it also has lower
frequency than the two trajectories in Figure 1a and 1b do. However, the amplitude of this
trajectory increases over time, showing a positive damping (i.e., amplifying).
Substantive interpretation for adolescent substance use and delinquency
The trajectory depicted in Figure 1b can be used to understand adolescents’ initiation of
substance use. For example, an adolescent may start to try to use alcohol for his or her own
curiosity and experiment (e.g., fun to try), perceived substance use norms (e.g., everyone else is
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using it), or other goals (e.g., it is cool to drink), all intrinsic mechanisms to adolescence. This
initial force to push the oscillation can also come from exogenous influence, such as peer pressure
or social occasions. However, the negative consequences come after the first time use (e.g.,
hangover, nausea, guilty, punishment from parents) lead the adolescent to stop using alcohol and
switch back from user to non-user. The next time, the adolescent may use alcohol again, and stop,
for the same or different reasons. Over time, he or she may decide that occasional use and mild
amount would be the best for him or her, and stabilizes at the mild user equilibrium point. This
type of damped linear oscillator with one single equilibrium point is called “one with a point
attractor” (Boker & Graham, 1998). This scenario can possibly apply to some adolescents and
young adults, given that some are mild or moderate substance users in adolescence, and social
drinkers in adulthood (Colder, Campbell, Ruel, Richardson, & Flay, 2002; Muthén & Muthén,
2000), and similarly for other substance and drugs such as cigarette and marijuana use (Hix-Small,
Duncan, Duncan, & Okut, 2004; Tucker, Ellickson, Orlando, Martino, & Klein, 2005), as well as
delinquency and aggression (Broidy et al., 2003; Lacourse, Nagin, Tremblay, Vitaro, & Claes,
2003; Nagin & Tremblay, 2005; Muthén & Muthén, 2000). However, given that substance use and
delinquency typically increase during adolescence (SAMHSA, 2013; Sampson & Laub, 2005),
this model may not be very realistic at the group level.
The trajectories depicted in Figure 1c and 1d may describe adolescents’ substance use and
delinquency better. In this scenario, an adolescent tries to use alcohol or cigarette, then steadily
and quickly becomes a user (Figure 1d), or decides to stop using any substance and becomes a
non-user (Figure 1c), and stabilizes at this state. This type of damped linear oscillator is called one
with a saddle attractor and static instability (Boker & Graham, 1998). Another similar damped
linear oscillator with a point repellor and dynamic instability can also be used to describe
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adolescents’ escalation toward user, or desistence toward non-user. However, adolescents during
this process do not stabilize as dramatically as in Figure 1c or 1d, but can still experience certain
oscillation (Boker & Graham, 1998). In other words, an adolescent using substance can change
back to non-user for certain time (e.g., quit) before starting to use again. The trajectory of this
process will be similar to the opposite to that of Figure 1b. Given the substantial intra-individual
variation and the nature of experimenting and exploring (Lerner & Galambos, 1998; Smetana et
al., 2006; Steinberg & Morris, 2001), the last model possibly describes adolescent substance use
and delinquency the best among all three.
Coupling Between Adolescent Substance Use and Delinquency
Substantial efforts have been made to understand the development of problem behaviors
that emerge during adolescence. The high comorbidity of adolescent substance use and
delinquency has been widely documented (Donovan & Jessor, 1985; Loeber, Stouthamer-Loeber,
& White, 1999; Wagner, 1996). Problem behavior theory posits that adolescent problem behaviors,
such as substance use and delinquency, are interrelated, partly due to shared common underlying
vulnerability such as environmental risks, and/or they are different manifestations of the same
underlying general deviancy tendency (e.g., criminality) (Donovan & Jessor, 1985; Jessor, 1987;
Jessor & Jessor, 1977). Longitudinal studies have shown that after controlling for stability and
concurrent associations, there are reciprocal cross-lagged relationships between these two types of
behaviors during adolescence, with high level of one behavior at one time (e.g., alcohol use)
predicted high level of the other (e.g., delinquency) at the next time (D’Amico, Edelen, Miles, &
Morral, 2008; Huang, White, Kosterman, Catalano, & Hawkins, 2001; Mason & Windle, 2002;
White, Loeber, Stouthamer-Loeber, & Farrington, 1999). These reciprocal relationships remained
after controlling for a variety of risk factors common to both types of behaviors that cover
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individual (e.g., risk-taking), family (e.g., harsh discipline), and environment domains (e.g.,
deviant peer groups) (Huang et al., 2001; Mason & Windle, 2002; White et al., 1999). Multivariate
latent growth curve models have also found that a higher initial level of one behavior also predicts
faster linear growth of the other (Farrell, Sullivan, Esposito, Meyer, & Valois, 2005; Mason,
Kosterman, Hawkins, Haggerty, & Spoth, 2003). Mixture models have also shown that substance
use and delinquency tend to cluster together and co-occur in adolescents (Fergusson, Horwood, &
Lynskey, 1994; Muthén & Muthén, 2000).
Dynamical systems approach offers the opportunity to examine the reciprocal relationship
over time between adolescent substance use and delinquency as two coupled dynamical systems.
The examination of coupled systems has been applied to adolescent smoking and alcohol use
(Boker & Graham, 1998), infant position adjustment with room move (Boker, 2001), and emotion
regulation in married couples (Boker & Laurenceau, 2005), among others. Specifically, by fitting
two coupled damped linear oscillator models to adolescent substance use and delinquency, one
physical metaphor for such coupled dynamical systems is two pendulums connected by a string.
Although these two pendulums can have different oscillating and damping parameters, the change
in one pendulum has proportional impact on the other one (Boker & Graham, 1998; Butner,
Amazeen, & Mulvey, 2005). For example, the acceleration of one behavior (e.g., alcohol use),
predicted by its level and slope as in a damped linear oscillator model, can also be predicted by
the level and/or slope of the other behavior (e.g., delinquency), therefore suggesting coupled
intrinsic dynamics, and vice versa. Substantively, high level and/or increasing delinquency of an
adolescent can predict high acceleration of alcohol use, suggesting possibly a quick change to the
user state. In the absence of coupling between levels and derivatives, the residuals of accelerations
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from each dynamical system can also be correlated, suggesting other unmeasured common
predictors, such as shared exogenous influence.
Preventive Intervention of Adolescent Substance Use and Delinquency
Drawing on the knowledge learned from developmental science on the development of
substance use and antisocial behavior, numerous preventive interventions have been created,
implemented, and evaluated rigorously in the past two decades under optimal and scrutinized
conditions implemented with high fidelity in randomized clinical trials called efficacy studies, or
in real community environments and different sites called effectiveness studies (Flay, 1986; Flay
et al., 2005). The settings of these interventions range from family-based, school-based, to
community-based. The targeted population varies from universal (all children or adolescents in the
population), selective (a subgroup of children at heightened risk of developing antisocial
behavior), to indicated level (children and adolescents already displayed early signs or symptoms
of emerging antisocial behavior) (Mrazek & Haggerty, 1994).
Many universal family-focused and/or school-based preventive interventions have shown
efficacy and effectiveness in reducing adolescents’ initiation and/or growth in substance use (Park
et al., 2000; Spoth et al., 2007b; Taylor, Graham, Cumsille, & Hansen, 2000; Trudeau, Spoth,
Lillehoj, Redmond, & Wickrama, 2003), delinquency and aggression (Botvin, Griffin, & Nichols,
2006), or both (Mason et al., 2003). A few comprehensive meta-analyses and reviews on the
evaluation of child and adolescent substance use and antisocial behavior preventive intervention
exist in the literature. General findings from these meta-analyses and reviews include: schoolbased preventive intervention can generally prevent and reduce substance use, antisocial behavior,
and other problem behaviors with modest to moderate effect sizes, with selective and indicated
prevention typically demonstrating larger effect size than universal prevention; different types of
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programs (e.g., behavioral, cognitive, social skills) generally showed similar effects; programs
with better implementation demonstrated larger effects (Durlak & Wells, 1997; Hahn et al., 2007;
Mytton, DiGuiseppi, Gough, Taylor, & Logan, 2002; Terzian & Fraser, 2005; Tobler et al., 2000;
Wilson, Gottfredson, & Najaka, 2001; Wilson & Lipsey, 2007; Wilson, Lipsey, & Derzon, 2003).
Many of these intervention programs target proximal outcomes (i.e., mediators) stipulated
to influence adolescents’ subsequent substance use and delinquency, such as adolescents’
substance use refusal intentions and skills, beliefs on substance use and violence norms, selfefficacy, parent-child relationship, parenting skills, and other social skills (Botvin et al., 2006;
Spoth et al., 2007b; Terzian & Fraser, 2005). Repeated-measures ANOVA and latent growth curve
models are commonly used to evaluate intervention effects. Positive findings of intervention
effects on these proximal targets are typically found. For example, intervention group had better
parental norms regarding adolescent substance use (Park et al., 2000), better refusal intentions
(Trudeau et al., 2003), less deviant peer association and better parenting skills and parent-child
relationship (Redmond et al., 2009). In addition, the prevention group also had slower growth rate
of substance use than the control group (Connell, Dishion, & Deater-Deckard, 2006; Park et al.,
2000; Taylor et al., 2000; Trudeau et al., 2003), and for delinquency (Mason et al., 2003).
Dynamical systems approach provides insight to investigate intervention as exogenous
influence on the intrinsic dynamics of adolescent substance use and delinquency, and the coupling
of the two dynamical systems as well (Byrne et al., 2001; Lichtwarck-Aschoff & van Geert, 2004).
Given that many intervention programs directly and effectively target adolescents’ substance use
refusal intentions and skills, beliefs on substance use and violence norms, self-efficacy, among
others, mapping into adolescents’ emotion, cognition, and behavior functioning that relate to the
intrinsic dynamics of self-regulating psychological and behavioral processes, it is possible that
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adolescents in prevention group can show different structured patterns of change from adolescents
in control group. For example, Granic and colleagues (2007) found that intervention changed
parent-child interaction patterns, which was associated with reduced children’s externalizing
behavior.
Intervention can break down or attenuate the coupled paths between two otherwise coupled
dynamical systems, therefore reducing the comorbidity of and reciprocal relationship between
problem behaviors. Given that intervention groups typically have lower levels and slopes of
behaviors (e.g., alcohol use) than control groups, it is also possible to examine if the relationship
among a variable and its derivatives in intervention group differ from the relationship in control
group. In other words, intervention and control groups can have different system parameters. For
example, modeled as a damped linear oscillator system, an intervention group can have smaller
amplifying amplitude and lower oscillation frequency than control group does.
Candidate Genes and G×E Studies in Adolescent Substance Use and Delinquency
Candidate genes in dopaminergic and serotonergic systems
Numerous empirical studies have investigated the associations of candidate genes with
adolescent substance use and delinquency, most of which focused on gene variations involved in
the regulation of dopaminergic and serotonergic neurotransmitter systems. One type of gene
variations—Variable Number Tandem Repeat (VNTR)—involves the number of repeats of one
particular base pair set. Studies of dopaminergic system, which is involved in attention, motivation,
and reward mechanisms, have mostly examined a polymorphism of the dopamine receptor D4
(DRD4). The polymorphism of DRD4 typically has 2–11 repeats for its 48 base pair in Exon III,
with the most common being 4-repeat allele and 7-repeat allele (Van Tol et al., 1992). Presence of
any 7-repeat DRD4 (7R/7R or 4R/7R), which is linked with reduced dopamine reception
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efficiency, has been associated with ADHD (LaHoste et al., 1996; Rowe et al., 1998), alcohol use
(George, Cheng, Nguyen, Israel, & O’Dowd, 1993; Ray et al., 2009), and other drug use (Kotler
et al., 1997; Vaske, Boisvert, Wright, & Beaver, 2013), compared to other repeats (4R/4R).
Another dopaminergic focus is the Tag 1A (A1) polymorphism of dopamine receptor D2
(DRD2), which substitutes C to T in a noncoding region of DRD2 and therefore affects dopamine
availability and density (Thompson et al., 1997). Carriers of heterozygotes (A1/A2) showed more
antisocial behavior than carriers of two homozygotes (A1/A1 and A2/A2) did using data from the
National Longitudinal Study of Adolescent Health (Add Health; Guo, Roettger, & Shin, 2007).
Meta-analyses have also shown associations between A1 DRD2 with alcohol and other drug
misuse and dependence (Noble, 2003; Young, Lawford, Nutting, & Noble, 2004).
Some studies have also examined dopamine transporter gene (DAT1, SLC6A3), which is
linked with the level and duration of dopamine receptor activation and mostly has 9-repeat and 10repeat allele at its 40 base pair repeat polymorphism (Vandenbergh et al., 1992). Adolescents
carrying at least one 10-repeat allele (10R/9R or 10R/10R) demonstrate more serious and violent
delinquency than those carrying 9-repeat allele (9R/9R), revealing a protective effect of 9-repeat
allele against serious and violent delinquency from adolescence to young adulthood (Guo et al.,
2007). This finding was further generalized to a range of risky behaviors including tobacco use,
alcohol use, marijuana use, risky sexual behaviors, and delinquency, but only among males (Guo,
Cai, Guo, Wang, & Harris, 2010). One review suggested an association between DAT1
polymorphism and alcohol dependence (van der Zwaluw et al., 2009), but one recent meta-analysis
did not find any association (Xu & Lin, 2011).
Most studies of serotonergic system have focused on the polymorphisms of the serotonin
transporter gene (5-HTTLPR, 5-HTT linked polymorphic region in SLC6A4). Among the two most
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common variants, the short variant has 12 copies, whereas long variant has 14 copies, of a 22 base
pair repeat (Nakamura, Ueno, Sano, & Tanabe, 2000). Studies have found associations between
carrying at least one short allele (s/s, s/l), which is linked with reduced availability of serotonin
transporter, and increased antisocial traits than those carrying homozygous long allele (l/l) (LyonsRuth et al., 2007), for ADHD (Retz et al., 2008), and for alcohol, tobacco, and other drug use
(Merenäkk et al., 2011). Another relatively less frequently studied gene is the enzyme monoamine
oxidase A, or MAOA, that locates on the X chromosome and catalyzes the oxidative deamination
of a number of neurotransmitters including dopamine and serotonin (Shih, Chen, & Ridd, 1999).
The presence of 2-repeat allele of the 30 base pair in MAOA, which is linked with low activity, has
been associated with more serious and violent delinquency (Guo, Ou, Roettger, & Shih, 2008).
Gene-environment interaction (G×E) and differential susceptibility theory
It is important to note that many studies have found that these gene variations only manifest
their effects under adverse environments. For example, only young men with low MAOA activity
and child maltreatment experience showed the most violence (Caspi et al., 2002), and similarly for
males carrying 5-HTTLPR short allele and raised in adverse environments (Retz et al., 2008). The
association between short allele 5-HTTLPR and adolescent substance use was greatly reduced for
children receiving involved-supportive parenting in a prospective longitudinal study (Brody et al.,
2009). The same gene-environment interaction has also been found in studies focusing on
dopaminergic system, such as with regard to DRD2 and a variety of environment measures
including family (e.g., parental attachment, parent’ antisocial behavior, intact family), school (e.g.,
school attachment, retention, expelled), and friendship networks (e.g., friend delinquency) (Guo,
2011; Guo, Roettger, & Cai, 2008).
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These G×E findings have been commonly explained and understood in accordance with
the diathesis-stress theory, or dual-risk model, which posits that genetic liability leads to negative
outcomes only under adverse environments (Monroe & Simons, 1991; Sameroff, 1983;
Zuckerman, 1999). However, from an evolutionary-biological basis, differential susceptibility
theory argues that these commonly viewed vulnerable or risk genes better be viewed as susceptible
or plastic genes which render carriers increased susceptibility and malleability to both negative
and positive environmental influence (Belsky, 1997; Belsky, Bakermans-Kranenburg, & van
IJzendoorn, 2007; Belsky & Pluess, 2009). This theory shares similarities to the biological
sensitivity to context theory, which emphasizes the neurobiological and other endophenotypic
susceptibility and plasticity mechanisms (e.g., physiological stress reactivity) to environment in
regulating environmental effects on adaptation and development (Boyce & Ellis, 2005; Ellis,
Boyce, Belsky, Bakermans-Kranenburg, & van IJzendoorn, 2011; Ellis, Essex, & Boyce, 2005).
This has led some and more researchers to consider the role of genes in human development as
“for better and for worse” (Belsky et al., 2007), and also consider vantage sensitivity that focuses
on differential responses to positive environmental experience (Pluess & Belsky, 2013).
Empirical evidence supporting the differential susceptibility theory has been accumulating.
For example, in a longitudinal study, preschoolers carrying the 7-repeat DRD4 allele displayed the
most externalizing problem with insensitive maternal parenting, but also manifested the least when
their mothers were highly sensitive (Bakermans-Kranenburg & van IJzendoorn, 2006). The same
finding was replicated using an independent sample of African American preschoolers, which
found that high responsive parenting was associated with decreased externalizing behaviors for
children carrying s-allele DRD4, but not among European Americans preschoolers (Propper,
Willoughby, Halpern, Carbone, & Cox, 2007). Using a large clinical sample of 5–17 year-old

16

European/Caucasian male children and adolescents with ADHD, reduced conduct problems were
associated with positive maternal expressed emotion among children who carried 9-repeat allele
DAT1 or s-allele 5HTTLPR, and the effects were most marked for those having both of these
genotypes. 9-repeat allele DAT1 also moderated the effect of positive maternal expressed emotion
on children’s emotional problems. However, no effect was found for 7-repeat allele DRD4 on
either outcome (Sonuga-Barke et al., 2009). Another 5-wave longitudinal study following
hundreds of African American adolescents at 10 years old to young adulthood at 21 years old
revealed that adolescents with 7-repeat allele DRD4 and any 5-HTTLPR s-allele demonstrated
more aggression and delinquency under adverse social conditions, but less so under favorable
conditions, than individuals carrying other genetic variations (Simons et al., 2011).
Genetic moderation of intervention effects (G×I)
Despite the well-documented G×E findings, one major limitation common to all the
aforementioned G×E studies is the potential confounding of gene-environment correlation (rGE):
the specific environment or experience (e.g., deviant peers, disruptive parenting) could be
potentially driven by one’s genetic liability (Plomin, DeFries, & Loehlin, 1977; Scarr &
McCartney, 1983). For example, for passive rGE, parents’ genetic antisocial liability can
contribute to both a disruptive and violent family environment as well as the child’s antisocial
behavior, whereas for evocative rGE, children’s externalizing behavior can possibly evoke
disruptive or negative parenting practices from parents, and/or irritate or annoy their peers, which
lead to rejection and avoidance (Ge et al., 1996; O’Connor, Deater-Deckard, Fulker, Rutter, &
Plomin, 1998; Plomin et al., 1977). Experimental designs, such as RCTs in preventive intervention
programs, can avoid or circumvent this problem and provide stronger supportive evidence of
differential susceptibility toward intervention effects, since individuals with different genetic
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susceptibility (and different environmental experiences) are randomly assigned to different
environmental conditions (e.g., intervention vs. control group).
A recent intervention study designed to enhance positive parenting found the first
experimental evidence of differential susceptibility theory. The intervention successfully improved
parents’ sensitivity and positive discipline, and decreased 1–3 year-old children’s externalizing
behavior, but only among those carrying DRD4 7-repeat allele (n = 28). In addition, children
carrying DRD4 7-repeat allele showed the largest decrease of externalizing behavior when their
parents also showed the largest increase in positive discipline (Bakermans-Kranenburg, van
IJzendoorn, Pijlman, Mesman, & Juffer, 2008). However, small sample prevented the researchers
from conducting mediation analysis to further examine the extent to which the genetic moderation
of intervention effects was indirectly mediated by the increase of parents’ positive discipline.
Another prevention study with RCTs using the family-focused preventive intervention,
Strong African American Families (SAAF) program, found that prevention effectively ameliorated
11 years old African American adolescents’ initiation of substance use (alcohol and marijuana)
and sexual intercourse compared to those in control group at 29 months later, but only among
adolescents carrying s-allele 5-HTTLPR (n = 183) as opposed to those carrying l-allele (n = 257)
(Brody, Beach, Philibert, Chen, & Murry, 2009). Using the same sample, similar results were
obtained for substance use in adolescents carrying the DRD4 7-repeat allele. Specifically,
adolescents with DRD4 7-repeat allele showed larger difference between intervention and control
group (n = 169) than adolescents with two 4-repeat allele did (n = 168) for past month use of
alcohol and marijuana 29 months after pre-test (Beach, Brody, Lei, & Philibert, 2010), and
similarly when testing past month use of cigarette, alcohol, and marijuana together using l-allele
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vs. s-allele at DRD4 (Brody et al., 2014). However, no genetic moderation effect was found for
adolescents with 5-HTTLPR s-allele as opposed to those with l-allele (Beach et al., 2010).
An earlier study using PROSPER in-home data showed that DRD4 7+ moderated the effect
of maternal involvement and intervention on lifetime alcohol use at 9th grade: intervention
effectively prevented the initiation of alcohol use among adolescents with DRD4 7+ genotype and
high maternal involvement (Cleveland et al., in press). However, this study found unexpectedly
that adolescents carrying 5-HTTLPR l-allele and with low maternal involvement demonstrated
more alcohol use in control group, as opposed to those carrying 5-HTTLPR s-allele found in Brody
et al. (2009). DRD4 7+ was also found to moderate the growth rate of adolescent aggression from
6th to 10th grade in that adolescents in control group who carried 7+ genotype and with high
maternal hostility demonstrated increasing aggression, whereas those in intervention group
showed decreasing aggression trajectory (Schlomer et al., under review).
Given the crucial role of these candidate genes in dopaminergic and serotonergic systems
that are central to other biological mechanisms and processes, such as hormonal and neural
activity, as well as brain functioning, there is reason to believe that these candidate genes, or genes
in general, play a pivotal role in influencing the intrinsic dynamics of a self-regulating dynamical
system. Adolescents with different genetic susceptibilities can demonstrate different emotion,
cognition, and behavior regulating systems. The well-documented gene-environment interplay,
which includes both gene-environment interaction and correlation, also suggests that dynamical
systems influenced by genetic susceptibilities can respond to exogenous environmental influence
differentially. In particular, guided by differential susceptibility theory, by conceptualizing
intervention as an experimentally manipulated (i.e., random) exogenous environmental influence
that implicates positive, supportive, and enhancing environmental experience, adolescents with
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susceptible candidate genes can benefit more from intervention than adolescents who do not carry
susceptible genes, suggesting genetic moderation of intervention effects.
The Present Study
The purpose of the present study was to understand and investigate genetic moderation of
intervention effects on adolescent substance use and delinquency with the dynamical systems
approach. The present study intends to make three contributions to the existing literature. First,
guided by dynamical systems theory, it aims to model adolescent substance use and delinquency
as damped linear oscillator using latent differential equation models, a highly underutilized but
promising theory and analytic tool in developmental science and prevention science. Second,
guided by problem behavior theory, it aims to model adolescent substance use and delinquency as
coupled damped linear oscillators. Third, guided by differential susceptibility theory, it aims to
explore the moderation of candidate genes of preventive intervention effects on adolescent
substance use and delinquency. Both the second and the third aim have implications for future
intervention evaluation and design.
Using data from 6 waves of annual follow-up in-school assessments of a community-based
universal family-focused and school-based preventive intervention with RCTs, PROSPER, that
primarily aims to prevent adolescent substance use (Spoth, Greenberg, Bierman, & Redman,
2004), the present study has three specific questions and hypotheses. First, it fits adolescent past
month alcohol use and cigarette use, as well as past year marijuana use and delinquency as damped
linear oscillator with a point repellor. It is expected that these behaviors demonstrate oscillation
and amplifying amplitude (H1). Second, it examines the reciprocal relationship between
adolescent past month alcohol use and cigarette use, as well as past year marijuana use and
delinquency by fitting two coupled damped linear oscillators. It is expected that the acceleration
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of one behavior can be predicted by the level and/or slope of the other behavior. In the absence of
coupled path, the residuals of accelerations could be correlated (H2). Third, in addition to levels
and slopes of adolescent substance use and delinquency, the present study also examines
intervention effects on the intrinsic dynamics, as well as genetic moderation of intervention effects.
Particularly, three candidate genes are examined: DRD4 7-repeat allele, DAT1 9-repeat allele, and
5-HTTLPR s-repeat allele. It is expected that intervention can prevent the initiation and escalation
of adolescent substance use and delinquency. Therefore, adolescents in prevention group would
have lower level and slope of substance use and delinquency than adolescents in control group do.
Adolescents with susceptible genes would benefit more from intervention (H3).
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Chapter 2: METHODS
Intervention Design and Participants
Participants were recruited from 28 rural or semi-rural public school districts in two states
(Iowa and Pennsylvania; 14 in each state) for 2 consecutive 6th grade cohorts in Fall 2002 and
2003. Half of the communities and their corresponding school districts in each state were randomly
assigned to prevention group, while the other half was assigned to a waiting-list control group.
Participants in the prevention group received a universal family-focused intervention program in
6th grade (17% of the prevention group) and a universal school-based intervention program in 7th
grade. The larger PROPSER study involved approximately 12000 children in two cohorts that
were followed with brief annual school-based interviews. Detailed descriptions about the
procedures in community recruitment, selection, and assignment, as well as the three-component
community-university partnership model in PROSPER were described elsewhere (Spoth et al.,
2004; Spoth et al., 2007b).
The present study used a subsample of this larger study that was drawn from cohort 2 and
received more detailed in-home assessments. Specifically, in cohort 2, a random sample of 2,267
families of PROPSER youth were invited to participate in the in-home assessments, out of whom
980 (43.2%) youth participated. In wave 5, in which 700 youth took part, a total of 594 youth
provided DNA data via buccal swab. These youth also provided annual in-school assessments. The
pre-test was conducted at Fall 6th grade, and then annually in Spring from 6th grade to 12th grade.
Among the total of 8 waves of in-school assessments, only the first wave was pre-test, and all
others were post-intervention follow-ups. The current study used in-school assessments starting
from 7th grade, after family-focused and school-based intervention had been implemented in 6th
and 7th grade respectively, to 12th grade, with a total of 6 waves of data.
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Among the 594 participants (268 males, 45.1%) with DNA data, 536 self-identified as nonHispanic White (90.2%), 28 as Hispanic (4.7%), 10 as Black (1.7%), 4 as Asian (0.7%), and 16 as
Others (2.7%). Among them, 247 youth were in the control group (41.6%), and 347 in the
prevention group (58.4%). The mean age at the 1st wave (Fall 6th grade) was 11.79 (SD = .38),
13.29 (SD = .38) at the 3rd wave (Spring 7th grade), and 18.16 (SD = .32) at the 8th wave (Spring
12th grade). Among the 594 participants, 33 did not provide any data on any of the outcomes
examined, leaving 561 participants that served as the core analysis sample in the present study.
The percentage reporting all 6 waves of data was approximately 44%, approximately 77% for
reporting at least 4 waves of data, and approximately 87% for reporting at least 3 waves of data.
No significant differential attrition was found in the overall sample (Spoth et al., 2007b; Spoth et
al., 2013).
Brief description of family-focused and school-based intervention programs
An evidence-based family-focused intervention (SFP 10–14, 14.3% of the 594 youth
received) was conducted during 6th grade, and one of three evidence-based school-based
interventions (Life Skills Training, All Stars, and Project Alert) was conducted in each intervention
school during the 7th grade. High implementation quality in classrooms was reported by trained
observers (Spoth, Guyll, Lillehoj, Redmond, & Greenberg, 2007a).
The Strengthening Families Program: For Parents and Youth 10–14 (SFP 10–14) is a 7session program that aims to enhance parenting skills such as limit setting, communication, and
nurturing, as well as youth prosocial skills and substance use refusal skills (Molgaard, Kumpfer,
& Fleming, 1997; Molgaard, Spoth, & Redmond, 2000).
Guided by social learning theory (Bandura, 1977) and problem behavior theory (Jessor &
Jessor, 1977), Life Skills Training (selected by four communities) is a 15-lesson universal
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preventive intervention program that aims at promoting youth skills, such as peer resistance, selfmanagement, and at providing knowledge and strategies of avoiding substance use (Botvin, 2000).
Also guided by social learning theory and problem behavior theory, All Stars (selected by
six communities) is a 13-session program that aims to 1) influence youth’s perception of violence
and substance use, 2) to increase the accuracy of their beliefs about peer norms on violence and
substance use, 3) to promote youth to make personal commitments to avoid violence and substance
use, and 4) to increase school bonding (Hansen, 1996).
Based on social learning theory, Project ALERT (selected by four communities) is an 11session preventive intervention program that aims to 1) change youth’s belief about substance use
norms, 2) to help them identify and resist pro-substance use pressure from peers, media, and others,
and 3) to build their self-efficacy in substance use refusal (Rosenstock, Strecher, & Becker, 1988).
Measures
Genotyping
DNA samples were collected by buccal swabs and were genotyped for polymorphisms in
DRD4 and DAT1, and 5-HTTLPR at the Genomics Core Facility, Huck Institute of the Life
Sciences, Penn State, directed by Dr. Deborah Grove (for details in data collection and genotyping
procedures, see Cleveland et al., in press). To be consistent with previous empirical studies testing
differential susceptibility theory, adolescents with at least one copy of 7-repeat allele were coded
as 7+ group, and others were coded as 7- group. Among the 561 respondents, 201 carried at least
one 7-repeat allele at DRD4 (35.8%), 351 do not carry any 7-repeat allele (62.6%), and 9 had
missing values. Specifically, 35.5% of intervention (n = 116) and 36.3% of control (n = 85)
participants possessed the DRD4 7+ genotype. As for DAT1, 250 adolescents carried at least one
9-repeat allele and were coded as 9+ group (44.6%); 311 don’t carry any 9-repeat allele and was
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coded as 9- group (55.4%; 97.1% homozygotes of 10-repeat). Specifically, 44.0% of intervention
(n = 144) and 45.3% of control (n = 106) participants possessed the DAT1 9+ genotype. For 5HTTLPR, 356 had at least one short allele and were coded as s-allele group (63.5%); 162 carried
no s-allele and was coded as l-allele (28.9%); 43 had missing values. Specifically, 63.9% of
intervention (n = 209) and 62.8% of control (n = 147) participants possessed the s-allele genotype.
To take into account population stratification (different gene frequency across ethnicity
groups), principle component scores were created, among which the first two components
explained a sufficient portion of allele frequency variation in the sample (Cleveland et al., in press).
Only a total of 555 participants had valid principle component scores. Using the first component
as a criterion, anyone above 0.03252 on their component score (which was 1 SD below the mean
component score for all self-identified non-euros) were classified as genetically non-European (n
= 60). Among the 501 self-reported non-Hispanic White who also had principle component scores,
only 10 were classified as genetically non-European. Among the 54 self-reported non-Whites who
also had principle components (including Hispanic, Black, Asian, and Others), 4 were classified
as genetically-European (all in Others). Therefore, self-reported ethnicity demonstrated high
validity.
Behavioral outcomes
Past month alcohol use. Throughout the 6 waves of follow-ups, one item was consistently
used to ask participant’s past month’s alcohol use: During the past month, how many times have
you had beer, wine, wine coolers, or other liquor? Responses ranged from “Not at all” (1), “One
time” (2), “A few times” (3), “About once a week” (4) to “More than once a week” (5).
Past month cigarette use. Throughout the 6 waves of follow-ups, one item was
consistently used to ask participant’s past month’s cigarette use: During the past month, how many
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times have you smoked any cigarettes? Responses ranged from “Not at all” (1), “One time” (2),
“A few times” (3), “About once a week” (4) to “More than once a week” (5).
Past year marijuana use. Throughout the 6 waves of follow-ups, one item was
consistently used to ask participant’s past year’s marijuana use: During the past year, how many
times have you smoked marijuana? Responses ranged from “Not at all” (1), “1–2 times” (2), “3–6
times” (3), “7–12 times” (4) to “More than 12 times” (5).
Past year delinquency. A 4-item scale was used consistently across all six waves to
measure the frequency of adolescent self-report delinquent behaviors in the past year. Questions
include: During the past year, how many times have you beat up someone or physically fought
with someone because they made you angry (other than just playing around); purposely damaged
or destroyed property that did not belong to you; taken something worth less than 25 dollars that
didn’t belong to you; thrown object such as rocks or bottles at people to hurt or scare them?
Responses for each item ranged from “Never” (1), “Once” (2), “Twice” (3), “Three or four times”
(4) to “Five or more times” (5). An average score was created, with higher score indicating more
deviant behaviors. Cronbach’s α was between .66 and .88 across waves.
Analytic Strategies
Latent differential equation structural model
A latent differential equation structural model (Boker, 2007; Boker et al., 2004) was used
to estimate the derivatives and to fit a damped linear oscillator model to adolescent substance use
and delinquency. As shown in Figure 2, for six waves of equally spaced assessments, three latent
variables, x (the level of the outcome, or intercept, also called displacement), dx (its first derivative,
instantaneous slope, also called velocity), and d2x (its second derivative, or acceleration), were
estimated by specifying a fixed factor loading matrix L (see below). Note that each column in L is
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the indefinite integral to its left column. This fixed factor loading is similar to that of a latent
growth curve model with a quadratic term, which however estimates the intercept (typically at the
first wave), linear slope, and the curvature to better describe non-linear growth.
The growth factors in latent growth curve models are assumed to be constant or timeinvariant across all waves. However, in the damped linear oscillator model, L is constructed in a
way that it estimates latent variables at the mid-time point between the 3rd and 4th assessments (i.e.,
unobserved measures in Fall 10th grade). Therefore, the level and its derivatives in latent
differential equation structural model can be different at different assessment times (i.e., timevarying). However, in contrast to latent growth curve models which typically allow the slope and
intercept to freely covary, covariance between latent variables in latent differential equation
structural model are used to estimate system parameters (also called control parameters), and these
system parameters are typically assumed to be constant or time-invariant. It is important to note
that, although the developmental trajectory can be non-linear, the “linear” term in the damped
linear oscillator model means that the relationship among the level and its derivatives is linear.
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As shown in equation (1) below, the regression coefficient of the acceleration on the level
represents the damping parameter ζ, and the regression coefficient of the acceleration on the slope
represents the oscillating parameter η. A significant negative estimate of η suggests a dynamical
system with oscillation. The amplitude of the oscillating system decreases over time if ζ < 0 (i.e.,
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damping). For ζ > 0, it suggests an instable system with amplifying amplitude. Correspondingly,
in the presence of significant damping or amplifying amplitude, the oscillating frequency ω is
√-ζ2/4-η
2π

1

, and the oscillating period λ is ω. Therefore, in the case when estimated – ζ2 / 4 – η ≤ 0, the

damped linear oscillator model does not fit the data or describe the developmental trajectory well.
In addition to their respective variance and covariance (i.e, σ2x, σ2dx and σx, dx), mean of x
and dx (µx and µdx), as well as the intercept of d2x (bd2x), were also estimated, while the intercepts
of observed variables (x1 – x6) were fixed at zero. In this case, the estimated mean of x represents
the predicted level of outcome or intercept at mid-time, and will equal approximately to the average
level of the outcome across all six waves in the absence of curvature or in the presence of mild
curvature. The estimated mean of dx represents the predicted group average of the first derivative,
or linear slope, at the mid-time point. Last, the variance of measurement errors (σ2e1 - σ2e6) and
prediction residual (σ2ε) were also estimated, which were assumed to have zero mean, normally
distributed, and independent from each other. In the current model specification, the prediction
residual can include both time-independent unique variance such as random or stochastic
environmental shock or disturbance, and time-dependent common variance that propagates over
time but not explained in the model.
d2xt
2

dt

=ζ

dxt
dt

+ η xt + et, (1)

Coupled damped linear oscillators
As shown in Figure 3, for coupled damped linear oscillators, the model specification within
each outcome x and y is exactly the same as in the scenario described above and depicted in Figure
2. In the coupled model, covariances between the level and slope of each outcome with the level
and slope of the other outcome were also estimated, as denoted by the four black double-arrow
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paths (σx, y, σx, dy, σdx, dy, and σy, dx). In addition, the acceleration of x was also predicted by the level
and slope of y as denoted by the blue paths and shown in equation (2) (ξxy and γxy). The acceleration
of y was predicted by the level and slope of x as denoted by the red paths and shown in equation
(3) (ξyx and γyx). Finally, the covariance of the two residuals could also be estimated (σd2x, d2y).
d2xt
2

dt

d2yt
2

dt

= ζx
= ζy

dxt
dt
dyt
dt

+ ηx xt + γxy
+ ηy yt + γyx

dyt
dt
dxt
dt

+ ξxy yt + ext, (2)
+ ξyx xt + eyt, (3)

Analysis procedure
Before fitting the data to any damped linear oscillator model, descriptive statistics were
first reported. The mean (SD) of adolescent self-reported past year marijuana use and delinquency,
as well as past month alcohol and cigarette use were reported in Table 1 and Table 5. Means (SD)
broken down by intervention and candidate genes status were reported in Tables 2–4 and Tables
6–8. In general, all three substance use outcomes showed increase from 7 th to 12th grade, while
past year delinquency remained at a low level without apparent increase. Figure 4 depicts the
individual developmental trajectory of 60 randomly chosen adolescents among those who had
reported having used cigarette, alcohol, marijuana, or reported delinquent act at least once over 6
waves (i.e., excluding non-user or non-delinquent). All four outcomes demonstrated substantial
intra-individual variability in that all behaviors went up and down over time. These plots supported
fitting damped linear oscillator model to adolescent substance use and delinquency, and made
latent growth curve modeling a less ideal candidate tool. To control for population stratification,
the first principle coordinate score was included as a control variable that predicted all manifest
variables in the model. However, preliminary analyses showed that all models’ results and
conclusions remained the same after including the first principle coordinate score (e.g., parameter
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estimates changed at the 4th decimal). Therefore, only results without controlling for the first
principle coordinate score was reported for simplicity, especially in the path diagram in Figures 2
and 3.
The damped linear oscillator model was fit to each outcome in Mplus 6 (Muthén & Muthén,
1998-2011) using Maximum Likelihood estimation with standard errors and chi-square test robust
to non-normality and non-independence of observations to account for missing data and
adolescents nesting in communities and schools. To test the main effect of intervention, multigroup structural equation models were applied in a series of nested models for each outcome. A
fully restricted model (Model 1) was first fit, which constrained all parameters to be the same
between intervention and control group. This model is equivalent to the model fit to the overall
sample without distinguishing intervention status. Next, means of level and slope, as well as the
intercept of acceleration, were allowed to be different between groups (Model 2). In Model 3,
variance and covariance of level and slope, as well as residual variance, were allowed to be
different between groups. In the next model, either the system parameters (i.e., damping and
oscillating parameter) (Model 4a) or the variance of measurement errors (Model 4b) were allowed
to be different between groups. Finally, a fully unrestricted model was fit, which allowed all
parameters to be different between intervention and control group (Model 5).
When fitting the coupled damped linear oscillator models, an independent model without
any cross-model path was first fit to the data (Model 1). Second, the covariances of the level and
slope across models were estimated (Model 2). Third, the model allowing the acceleration of one
variable to be predicted by the level and slope of the other variable (Model 3), or vice versa (Model
4), or allowing both simultaneously (Model 5), was estimated. Finally, the model that allows
covariance between level and slope, as well as covariance between residuals across variables
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(Model 6) was estimated. Note that Model 6 is not nested within Models 2 to 5. To explore the
intervention effect on the coupling between two outcomes, after having chosen the best coupled
damped linear oscillator model, the same steps as described in the last paragraph were applied.
Finally, to detect candidate genes moderation of intervention effects, the same steps examining the
main effect of intervention was applied to the four groups (intervention × candidate gene status)
(Model 1 to 5). The moderation of each candidate gene (DRD4, DAT1, and 5-HTTLPR) was
separately examined.
Because robust standard errors were used to account for non-normality and nesting, the
Satorra-Bentler scaled chi-square difference test was used to compare the fit of nested models,
whereby the usual chi-square statistic based on normal theory is divided by a scaling correction
(c0) to better approximate chi-square under non-normality (Satorra & Bentler, 2001). Specifically,
the equation (4) is used to get the Satorra-Bentler scaled chi-square difference test ∆ χ2, where d0
and d1 represent the degrees of freedom in the nested model and the comparison model,
respectively; c0 and c1 are the scaling correction factor for the nest and comparison model; T0 and
T1 are the MLR chi-square value for the nested and comparison model. A significant chi-square
difference test suggests that the nested model fits the data significantly better than the comparison
model. A non-significant chi-square difference test suggests that the more restricted/comparison
model be retained. In the case of non-nested models, or in the rare case where usually nested
models become non-nested due to fixing variance of some measurement errors and/or residuals to
zero in some group(s) (due to Heywood cases), relative model fit indices (AIC, BIC, and SABIC)
were used for model selection. A smaller value suggests better fit. Absolute model fit indices (CFI,
TLI, RMSEA, and SRMR) were used to evaluate the fit of one particular model to the data. Using
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the conventional cut-offs, a model with CFI ≥ 0.90, TLI ≥ 0.90, RMSEA ≤ 0.05, and SRMR ≤ 0.08
is considered acceptable in general.
∆ χ2 =

(d0 - d1)×(T0×c0 - T1×c1)
d0×c0 - d1×c1
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, with ∆ df = d0 - d1 , (4)

Chapter 3: RESULTS
Adolescent Substance Use and Delinquency as Damped Linear Oscillator
Past month cigarette use. As shown in Table 9, the model fit the data exceptionally well,
χ2 (12) = 7.009, CFI = 1.000, TLI = 1.000, RMSEA = 0.000, and SRMR = 0.032. Intercept and
slope had a strong positive correlation (r = 0.729). About half of the variance of acceleration was
explained by intercept and slope. The estimated mean of intercept at the mid-time point in Fall 10th
grade was 1.432. Therefore, on average, adolescents self-reported approximately use of cigarette
less than once in the past month across 6 waves. The estimated variance of the intercept was also
significant (σ̂ 2x = 0.800). Therefore, the average cigarette use in the past month varied substantially
across individuals. Self-reported past month cigarette use across 6 waves could be as high as 3.185
(1.432 + 1.96*√0.800), indicating more than a few times of use in the past month.
The estimated mean of the instantaneous slope at the mid-time point in Fall 10th grade was
significant and positive (µ
̂dx = 0.154), indicating a linear increasing trend. The estimated variance
for the slope was also significant (σ̂ 2dx = 0.068). Therefore, while some adolescents had linear
slope as high as 0.665 (0.154 + 1.96*√0.068) for their past month cigarette use, some others had
linear slope as low as -0.357 (0.154 - 1.96*√0.068), who were actually decreasing.
Despite significant estimated variance for the acceleration, its predicted mean (µ
̂ d2x =
0.013; to be distinguished from its intercept in the model predicted by the intercept and
instantaneous slope, bd2x) was not significantly different from zero. Therefore, some adolescents
were accelerating while others were decelerating in their rate of change. Estimated η and ζ for past
month cigarette use was -0.192 and 0.454, respectively. Therefore, the oscillation period λ for past
month cigarette use as damped linear oscillator was 16.76 years.
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Past month alcohol use. The model also fit the data exceptionally well, χ2 (12) = 11.553,
CFI = 1.000, TLI = 1.000, RMSEA = 0.000, and SRMR = 0.040. Intercept and slope had a strong
positive correlation (r = 0.599). About 60% of the variance of acceleration was explained by the
estimated intercept and slope. The estimated mean of intercept was 1.551. Therefore, on average,
adolescents self-reported approximately use of alcohol less than once in the past month across 6
waves. The estimated variance of the intercept was also significant (σ̂ 2x = 0.556). Therefore, the
average alcohol use in the past month also varied substantially across individuals. Self-reported
past month alcohol use across 6 waves could be as high as 3.012, indicating more than a few times
of use in the past month.
The estimated mean of the slope was significant and positive (µ
̂dx = 0.165), indicating a
linear increasing trend. The estimated variance for the slope was significant (σ̂ 2dx = 0.039).
Therefore, while some adolescents had linear slope as high as 0.552, some others had linear slope
as low as -0.222. The predicted mean of the acceleration (µ
̂d2x = 0.011) was not significantly
different from zero. Therefore, some adolescents were accelerating while others were decelerating
in their rate of change. Estimated η and ζ was -0.223 and 0.619, respectively. Therefore, the
oscillation period λ for past month alcohol use as damped linear oscillator was 17.62 years.
Past year marijuana use. The model fit the data satisfactorily, χ2 (13) = 21.798, CFI =
0.966, TLI = 0.960, RMSEA = 0.035, and SRMR = 0.036. Intercept and slope had a strong positive
correlation (r = 0.578). A large proportion of the variance (88.7%) of acceleration was explained
by the intercept and slope. The estimated mean of intercept was 1.365. Therefore, on average,
adolescents self-reported use of marijuana less than once in the past year across 6 waves. The
estimated variance of the intercept was significant (σ̂ 2x = 0.587). Therefore, the average marijuana

34

use in the past year varied substantially across individuals. Self-reported past year marijuana use
across 6 waves could be as high as 2.867, indicating more than 2 times of use in the past year.
The estimated mean of the slope was significant and positive (µ
̂dx = 0.159), indicating a
linear increasing trend. The estimated variance for the slope was significant (σ̂ 2dx = 0.066).
Therefore, while some adolescents had linear slope as high as 0.663, some others had linear slope
as low as -0.345. The predicted mean of the acceleration was not significantly different from zero
(µ
̂d2x = 0.019). Therefore, some adolescents were accelerating while others were decelerating in
their rate of change. Estimated η and ζ was -0.260 and 0.686, respectively. Therefore, the
oscillation period λ for past year marijuana use as damped linear oscillator was 16.65 years.
Past year delinquency. The model fit the data exceptionally well, χ2 (12) = 8.988, CFI =
1.000, TLI = 1.000, RMSEA = 0.000, and SRMR = 0.043. Intercept and slope had a moderate
positive correlation (r = 0.348). About a third of the variance of acceleration was explained by the
estimated intercept and slope. The estimated mean of intercept was 1.195. Therefore, on average,
adolescents self-reported less than once of delinquent acts in the past year across 6 waves. The
estimated variance of the intercept was also significant (σ̂ 2x = 0.130). Therefore, self-reported past
year delinquency across 6 waves could be as high as 1.902, relatively low compared to other
substance use outcomes.
The estimated mean of the slope was significant and positive (µ
̂dx = 0.022), indicating a
small linear increasing trend. The estimated variance for the slope was small but significant (σ̂ 2dx
= 0.008). Therefore, while some adolescents had linear slope as high as 0.197, some others had
linear slope as low as -0.153. The predicted mean of the acceleration was not significantly different
from zero ( µ
̂ d2x = 0.002). Therefore, some adolescents were accelerating while others were
decelerating in their rate of change. Estimated η and ζ was -0.122 and 0.378 (ns), respectively.
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Therefore, the oscillation period λ for past year delinquency as damped linear oscillator would be
21.39 years if the damping parameter were significant.
Intervention Effects on Adolescent Substance Use and Delinquency
Table 10 provided absolute and relative model fit indices for testing the main effect of
intervention on each of the four outcomes. For the three substance use outcomes, compared to the
fully restricted model (Model 1), none of the sub-models (Models 2–5) demonstrated any
significant gain in model fit by either partially or fully releasing the equality constrain between
intervention and control group. As a matter of fact, the satisfactory model fit for past month
cigarette use and past year marijuana use in the fully restricted model prevented from any
substantial gain.
For the model for past year delinquency, the Satorra-Bentler scaled chi-square difference
test showed a marginally significant difference between Model 1 and Model 3, which allowed the
means, variance and covariance of the intercept and slope, as well as the intercept and residual
variance of the acceleration to be different between intervention and control group, χ2 (7) = 12.474,
p = .086. Given that both the absolute and relative model fit indices equivocally suggested Model
3 (CFI = 1.00, TLI = 1.00, RMSEA = 0.00, AIC = 2398.067, BIC = 2493.282, SABIC = 2423.443)
over Model 1 (CFI = 0.967, TLI = 0.974, RMSEA = 0.028, AIC = 2434.970, BIC = 2499.889,
SABIC = 2452.272), as well as the relative small sample size for detecting intervention main
effect, estimates for model parameters of Model 3 were reported in Table 11.
The predicted mean of intercept of past year delinquency was significantly higher in control
group (M = 1.231) than in the intervention group (M = 1.171), t = 2.08. Adolescent self-reported
past year delinquency was as high as 1.651 for control group and 1.495 for intervention group.
Neither the estimated mean (µ
̂dx = 0.012) nor variance (σ̂ 2dx = 0.004) of slope was significant in
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control group, whereas adolescents in the intervention group showed a significant mean slope of
0.029, ranging from -0.066 to 0.124 individually. Notably, after taking into account the different
means, variance and covariance of the level and slope, estimated system parameters changed
slightly, from -0.122 (p < .001) to -0.135 (p < .001) for η, and from 0.378 (ns) to 0.513 (p < .01)
for ζ. Therefore, right now past year delinquency demonstrated significant oscillating and
damping, with a period λ of 23.88 years.
Adolescent Substance Use and Delinquency as Coupled Damped Linear Oscillators
As shown in Table 12, the independent model (Model 1) for past month use of cigarette
and alcohol did not fit the data well, χ2 (60) = 265.476, CFI = 0.742, TLI = 0.717, and RMSEA =
0.078. Model 2, which allowed covariances between the intercepts and slopes for cigarette and
alcohol use significantly improved the model fit, Satorra-Bentler scaled χ2 (4) = 71.125, p < .001,
with a satisfactory model fit, CFI = 0.933, TLI = 0.921, and RMSEA = 0.041. Allowing the
acceleration of past month cigarette use to be predicted by the intercept and slope of past month
alcohol use (Model 3), or vice versa (Model 4), did not significantly improve the model fit, and
none of these estimated coupled paths was significant. However, allowing the residuals of past
month cigarette use and alcohol use to covary (Model 6) significantly improved the model fit
further, Satorra-Bentler scaled χ2 (1) = 11.841, p < .001, with a satisfactory model fit, CFI = 0.944,
TLI = 0.932, and RMSEA = 0.038. Estimated covariance between the two residuals was 0.005 (SE
= 0.002, r = 0.517). Parameter estimated in Model 6 was shown in Table 13, which was fairly
comparable to that in Table 9.
The independent model (Model 1) for past year marijuana use and delinquency fit the data
acceptably, χ2 (61) = 149.659, CFI = 0.863, TLI = 0.851, and RMSEA = 0.051. Allowing
covariances between the intercepts and slopes for marijuana use and delinquency (Model 2)
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significantly improved the model fit, Satorra-Bentler scaled χ2 (4) = 33.112, p < .001, with a
satisfactory model fit, CFI = 0.964, TLI = 0.958, and RMSEA = 0.027. Allowing the acceleration
of past year delinquency to be predicted by the intercept and slope of past year marijuana use
(Model 3), or vice versa (Model 4), or both (Model 5), did not significantly improve the model fit
further. None of these estimated coupled paths was significant. Allowing the residuals of past year
marijuana use and delinquency to covary (Model 6) did not improve the mode fit further either.
Parameter estimated in Model 2 was shown in the last two columns of Table 13, which was
comparable to that in Table 9.
Intervention Effects on the Coupled Damped Linear Oscillators
Table 14 showed the model fit indices for detecting the intervention effects on the coupled
damped linear oscillators. For past month cigarette and alcohol use, Models 1 and 2 were
equivalent to their counterparts in Table 12, and Model 3 was equivalent to Model 6 in Table 12.
Freeing up the covariances between the intercept and slope for cigarette and alcohol use across
intervention and control group did not significantly improve the model fit further. Allowing each
of the coupling paths to be different across intervention and control group did not improve model
fit either, none of which was significant in either group. At last, allowing the covariance of the
residuals to be different across intervention and control group (Model 3b) did not improve the
model fit significantly either.
Given that previous analyses already found significant intervention effects on past year
delinquency, the base model for the coupled systems between past year marijuana use and
delinquency was chosen in the way that the mean, variance and covariance of intercept and slope,
as well as the intercept and residual of acceleration were allowed to be different across intervention
and control group for delinquency, but constrained to be the same for marijuana use. This model
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(Model 1) fit the data acceptable, χ2 (144) = 221.448, CFI = 0.902, TLI = 0.910, and RMSEA =
0.044. Allowing covariances between the estimated intercept and slope for cigarette and alcohol
use (Model 2) significantly improve the model fit, but further allowing them to be different across
intervention and control group (Model 2b) did not help much further. Similar to that in the coupled
model for past month cigarette and alcohol use, allowing each of the coupling paths to be different
across intervention and control group did not improve model fit either, none of which was
significant in either group. The covariance of residuals was not significant in either group.
Candidate Genes Moderation of Intervention Effects
DRD4 7+ moderation
Past month cigarette use. As shown in Table 15, allowing the expected means, variance
and covariance of intercept and slope, as well as the intercept and residual of acceleration to be
different across the four groups (Model 3) significantly improved the model fit, Satorra-Bentler
scaled χ2 (20) = 54.058, p < .001, with an acceptable model fit, CFI = 0.881, TLI = 0.902, and
RMSEA = 0.064. Further allowing system parameters and/or measurement errors to be different
across groups did not improve the model fit significantly further.
Parameter estimates in Model 3 were shown in Table 16. Pairwise comparisons showed
that 7- intervention group had significantly lower intercept (µ
̂x = 1.280) than 7+ control group (µ
̂x
= 1.540), t = -2.48, and 7- control (µ̂x = 1.547), t = -2.73. In addition, 7+ intervention group had
higher intercept (µ̂x = 1.455) than 7- intervention group did at one-tail test, t = 1.85. Despite that
their means were not significantly different from each other, the intercept of 7- control group had
larger variance (σ̂ 2x = 1.343), where some adolescents reported past month cigarette use as high as
3.818, as opposed to 3.226 in 7+ control group. 7+ intervention group also had significantly lower
slope (µ
̂dx = 0.098) than two control groups (µ
̂dx = 0.221 and 0.198, respectively), t = -3.07 and -
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2.91, respectively; and so did 7- intervention group (µ
̂dx = 0.122), t = -2.22 and -2.59, respectively.
However, the difference between control and intervention group in the intercept in adolescents
carrying DRD4 7+ allele (∆M = 0.085, SE = 0.125) was not significantly different from that in
adolescents carrying DRD4 7- allele (∆M = 0.267, SE = 0.098). Neither was the difference in the
instantaneous slope significant (∆M = 0.123, SE = 0.040 vs. ∆M = 0.076, SE = 0.034), although it
was in the expected direction (see the bottom plot in Figure 5). All four groups demonstrated strong
positive correlation between their intercept and slope. System parameters were comparable with
that in Table 9 (-0.197 vs. -0.192 for η, and 0.435 vs. 0.454 for ζ), although the damping parameter
was not significant. At last, a large proportion of variance of acceleration was explained in all
groups except for 7- intervention group.
Past month alcohol use. Similar to the results of past month cigarette use, allowing the
expected means, variance and covariance of intercept and slope, as well as the intercept and
residual of acceleration to be different across groups significantly improved the model fit, SatorraBentler scaled χ2 (21) = 27.876, p < .001, and fit the best among all models, with a satisfactory
model fit, CFI = 0.996, TLI = 0.996, and RMSEA = 0.012.
Parameter estimates in Model 3 were shown in Table 17. Specifically, the intercept of 7+
control group (µ
̂x = 1.758) was significantly higher than all other three groups, t = 2.06, 3.22, and
2.32, respectively. While some adolescents in 7+ control group reported past month alcohol use as
high as 3.511, adolescents in 7- intervention reported as high as 2.703. In addition, 7+ control
group also had a significantly higher slope (µ
̂dx = 0.196) than 7- intervention did (µ
̂dx = 0.147), t =
2.07. The difference in the slope between control and intervention group was not significant for
adolescents carrying DRD4 7+ vs. those carrying 7- allele (∆M = 0.048, SE = 0.039 vs. ∆M =
0.030, SE = 0.020). However, the difference between control and intervention group in the
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intercept in adolescents carrying DRD4 7+ allele (∆M = 0.234, SE = 0.113) was significantly
higher than that in adolescents carrying DRD4 7- allele ((∆M = 0.076, SE = 0.074) at one-tail, p <
.05 (see top plot in Figure 5). The estimates for system parameters were comparable with that in
Table 9 (-0.234 vs. -0.223 for η, and 0.706 vs. 0.619 for ζ). All four groups demonstrated moderate
to high correlation between their intercept and slope, and a large amount of variance of acceleration
was explained in all group, particularly in 7+ control group.
Past year marijuana use. Because participants in the 7- intervention group reported no
marijuana use at all in 7th grade (see Table 2), the damped linear oscillator model could not be fit
to this group including data from 7th grade, which had no variance. One possible way to retain this
group in the analysis would be to drop data from 7th grade for all four groups, and to fit the same
model to the remaining 5 waves of data. However, different model loading specification and
interpretations of estimated mean and variance at mid-time point (now at Spring 10th grade) would
make results of this model incomparable to results of the overall model in Table 9, or to other
substance use or delinquency outcome models. Therefore, 7- intervention group was excluded
from the analysis, and DRD4 moderation of intervention effects on past year marijuana use was
conducted in the remaining three groups.
As shown in Table 15, allowing all parameters to be different across the three groups
(Model 5) significantly improved the model fit, Satorra-Bentler scaled χ2 (28) = 75.268, p < .001,
which also had satisfactory model fit, CFI = 0.936, TLI = 0.926, and RMSEA = 0.066. Parameter
estimates in Model 5 were shown in Table 18. The intercept of 7+ intervention group (µ
̂x = 1.245)
was significantly lower than that of 7+ control group (µ
̂x = 1.496), t = -2.59, and 7- control group
(µ
̂x = 1.429), t = -2.37. Some adolescents in 7+ intervention group reported past year marijuana
use as high as 2.209, as opposed to 3.159 in 7+ control group and 3.184 in 7- control group. The
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slope of 7+ intervention group (µ
̂dx = 0.163) was marginally lower than that of 7+ control group
(µ
̂dx = 0.227), t = -1.458, p = .073, at one-tail test. All three groups had similar correlation between
intercept and slope, as well as R2.
Notably, the estimated system parameters were different across three groups. The damping
parameter in 7+ control group (ζ = 0.538) was significantly lower than that in 7- control group (ζ
= 0.754), t = -2.14. However, 7+ intervention did not demonstrate any significant oscillation
anymore, as now (– η - ζ2 / 4) < 0. In other words, the damped linear oscillator model did not fit
past year marijuana use in 7+ intervention group.
Past year delinquency. Neither sub-model that freed up part or all parameters across
groups significantly improved the model fit from the base model. Therefore, Model 1 was chosen
as the best model for past year delinquency, χ2 (93) = 131.555, CFI = 0.908, TLI = 0.940, and
RMSEA = 0.055.
DAT1 9+ moderation
Past month cigarette use. As shown in Table 19, the baseline model, which constrained
all parameters to be the same across four groups fit the data satisfactorily, χ2 (93) = 97.848, CFI =
0.987, TLI = 0.992, and RMSEA = 0.019. None of the sequent sub-models that freed up part or all
parameters across groups significantly improved the model fit. Therefore, Model 1 was retained.
Past month alcohol use. Similar to that in the model for past month cigarette use, the
baseline model fit the data satisfactorily, χ2 (93) = 102.324, CFI = 0.976, TLI = 0.985, and RMSEA
= 0.027. None of the sub-models further significantly improved the model fit. Therefore, Model 1
was retained.
Past year marijuana use. Because participants in the 9+ intervention group reported no
marijuana use at all in 7th grade (see Table 3), the damped linear oscillator model could not be fit
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to this group including data from 7th grade, which had no variance. Therefore, 9+ intervention
group was excluded from the analysis, and DAT1 moderation of intervention effects on past year
marijuana use was conducted in the remaining three groups.
As shown in Table 19, while the baseline model fit the data acceptably, χ2 (67) = 107.541,
CFI = 0.861, TLI = 0.907, and RMSEA = 0.066, the sub-model that allowed the expected means,
variance and covariance of intercept and slope, as well as intercept and residual of acceleration to
be different across the three groups (Model 3) significantly improved the model, Satorra-Bentler
scaled χ2 (14) = 25.827, p = .027, with a satisfactory model fit, CFI = 0.920, TLI = 0.932, and
RMSEA = 0.056. Another sub-model that further freed the system parameters (Model 4a) also
significantly improved the model fit compared to the baseline mode, Satorra-Bentler scaled χ2 (18)
= 32.947, p = .017, also with a satisfactory model fit, CFI = 0.932, TLI = 0.937, and RMSEA =
0.054. However, Model 4a did not significantly improve the model fit compared to Model 3.
Therefore, results of Model 3 were retained.
Parameter estimates in model 3 were shown in Table 20. Specifically, predicted intercept
of 9- intervention group (µ
̂x = 1.273) was significantly lower than that of 9- control group (µ
̂x =
1.545), t = -3.61. In addition, while some adolescents in 9- intervention group reported past year
marijuana use as high as 2.237, those in 9- control could report up to 3.543. The slope of 9intervention group (µ
̂dx = 0.147) was also significantly lower than that of 9- control group (µ
̂dx =
0.209), t = -2.79. All three groups demonstrated moderate to strong positive correlation between
intercept and slope, and a substantial proportion of variance of acceleration was explained. At last,
the estimated system parameters were comparable to those in Table 9 (-0.279 vs. -0.260 for η, and
0.718 vs. 0.686 for ζ).
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Past year delinquency. As shown in Table 19, the baseline mode fit the data acceptably,
χ2 (93) = 151.649, CFI = 0.841, TLI = 0.897, and RMSEA = 0.067. Allowing the expected means,
variance and covariance of intercept and slope, intercept and residual of acceleration, as well as
measurement errors to be different across groups (Model 4b) significantly improved the model fit,
Satorra-Bentler scaled χ2 (39) = 59.016, p = .021, with an acceptable model fit, CFI = 0.883, TLI
= 0.870, and RMSEA = 0.075.
Parameter estimates in Model 4b were shown in Table 21. The intercept of 9- intervention
(µ
̂x = 1.148) was significantly lower than that of 9+ control group (µ
̂x = 1.229), t = -2.22, and that
of 9- control group (µ
̂ x = 1.220), t = -2.06. While some adolescents in 9- intervention group
reported past year delinquency as high as 1.739, those in 9+ control could report up to 2.037, and
2.026 in 9- control group. In addition, the slope of 9+ control group (µ
̂ dx = -0.003, ns) was
significantly lower than that of all the other three groups, t = -3.83, -2.54, and -1.94, respectively.
The difference in the intercept between control and intervention group was not significant for
adolescents carrying DAT1 9+ vs. those carrying 9- allele (∆M = 0.032, SE = 0.041 vs. ∆M = 0.072,
SE = 0.035). However, the difference between control and intervention group in the slope in
adolescents carrying DAT1 9+ allele (∆M = -0.040, SE = 0.010) was significantly larger than that
in adolescents carrying DAT1 9- allele (∆M = -0.008, SE = 0.013), p < .05 (see Figure 6). Estimated
correlation between intercept and slope was not significant in either group. At last, the estimated
system parameters were comparable to those in Table 11 (-0.150 vs. -0.135 for η, and 0.636 vs.
0.513 for ζ).
5-HTTLPR s-allele moderation
Past month cigarette use. As shown in Table 22, the baseline model did not fit the data
well, χ2 (93) = 217.616, CFI = 0.639, TLI = 0.767, and RMSEA = 0.102. Allowing the expected
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means of intercept and slope, as well as the intercept of acceleration to be different across groups
improved the model fit significantly, Satorra-Bentler scaled χ2 (9) = 21.162, p = .012. However,
this model still did not fit the data well either, χ2 (84) = 195.986, CFI = 0.675, TLI = 0.768, and
RMSEA = 0.102. Although further allowing their covariance and residual to be different across
groups significantly improved the model fit, and also achieved a satisfactory model fit, χ2 (73) =
99.583, CFI = 0.923, TLI = 0.937, and RMSEA = 0.053, the results of this model could not be
trusted because the estimated covariance matrix of latent variables was not positive definite. This
issue was mostly due to an estimated small and non-significant variance of slope in s-allele
intervention group, which resulted in a slightly higher than 1 correlation between intercept and
slope in this group. Therefore, only results from Model 2 were retained.
Parameter estimates of Model 2 were shown in Table 23. Specifically, the intercept of lallele control group (µ
̂x = 1.729) was significantly higher than all the other three groups, t = 4.70,
1.97, and 2.51, respectively. In addition, the intercept of s-allele intervention group (µ
̂x = 1.268)
was marginally lower than l-allele intervention group (µ
̂x = 1.448) and s-allele control group (µ
̂x
= 1.427), t = -1.933, p = .054, and t = -1.923, p = .055, respectively. The slope of s-allele
intervention group (µ
̂dx = 0.090) was also significantly lower than all the other three groups, t = 2.33, -3.82, and -3.85, respectively. The difference in the intercept between control and
intervention group was not significant for adolescents carrying s-allele vs. those carrying l-allele
(∆M = 0.159, SE = 0.083 vs. ∆M = 0.281, SE = 0.143). However, the difference between control
and intervention group in the slope in adolescents carrying s-allele (∆M = 0.114, SE = 0.030) was
significantly larger than that in adolescents carrying l-allele (∆M = 0.049, SE = 0.037), p < .05 (see
top plot in Figure 7). At last, the estimated system parameters were comparable to that in Table 9
(-0.188 vs. -0.192 for η, and 0.437 vs. 0.454 for ζ).
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Past month alcohol use. The baseline model fit the data satisfactorily, χ2 (93) = 93.713,
CFI = 0.998, TLI = 0.999, and RMSEA = 0.008. None of the sub-models further significantly
improved the model fit. Therefore, Model 1 was retained.
Past year marijuana use. Because participants in the l-allele intervention group reported
no marijuana use at all in 7th grade (see Table 4), the damped linear oscillator model could not be
fit to this group including data from 7th grade, which had no variance. Therefore, l-allele
intervention group was excluded from the analysis, and 5-HTTLPR moderation of intervention
effects on past year marijuana use was conducted in the remaining three groups.
Similar to the results of the model for past month alcohol use, the baseline model fit the
data satisfactorily, χ2 (67) = 69.699, CFI = 0.990, TLI = 0.993, and RMSEA = 0.017. None of the
sub-models further significantly improved the model fit. Therefore, Model 1 was retained.
Past year delinquency. As shown in Table 22, the baseline model did not fit the data well,
χ2 (93) = 205.089, CFI = 0.756, TLI = 0.842, and RMSEA = 0.097. Allowing the expected means
of intercept and slope, as well as the intercept of acceleration to be different across groups
improved the model fit significantly, Satorra-Bentler scaled χ2 (9) = 19.523, p = .021. However,
this model did not fit the data well either, χ2 (84) = 187.064, CFI = 0.775, TLI = 0.840, and RMSEA
= 0.097. Similar to that in the model for past month cigarette use, although further allowing more
difference across groups improved the model fit significantly, none of the subsequent sub-models
reached a satisfactory model fit. Most importantly, all the subsequent sub-models had non-positive
definite covariance matrix of latent variables, all due to small and non-significant variance of slope
in l-allele intervention and s-allele control group. Therefore, only results from Model 2 were
retained.
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Parameter estimates of Model 2 were shown in Table 24. The intercept of l-allele control
group (µ
̂x = 1.330) was significantly higher than all the other three groups, t = 3.34, 3.20, and 3.24,
respectively. In addition, the slope of l-allele control group ( µ
̂ dx = -0.007), which was not
significantly different from zero, was also significantly lower than all the other three groups, t = 2.39, -3.15, and -2.26, respectively. The difference between control and intervention group in the
intercept in adolescents carrying s-allele (∆M = -0.003, SE = 0.036) was significantly smaller than
that in adolescents carrying l-allele (∆M = 0.161, SE = 0.050), p < .05. In addition, the difference
between control and intervention group in the slope in adolescents carrying s-allele (∆M = -0.005,
SE = 0.013) was also significantly smaller than that in adolescents carrying l-allele (∆M = -0.042,
SE = 0.013), p < .05 (see bottom plot in Figure 7). Finally, the estimated system parameters were
comparable to that in Table 11 (-0.145 vs. -0.135 for η, and 0.442 vs. 0.513 for ζ).
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Chapter 4: DISCUSSION
As an important developmental period characterized with developmental changes at
multiple levels and associated with distal developmental outcomes in adulthood, adolescence is
featured with exploration and experimentation in various psychological and behavioral
development including substance use and delinquency. The current study aimed to investigate
genetic moderation of intervention effects on substance use and delinquency through adolescence
with the dynamical systems approach. Results found that adolescent substance use and
delinquency could be modeled and understood as damped linear oscillator with an amplifying
amplitude and a point repellor, a highly unstable dynamical system (H1). Second, consistent with
problem behavior theory, adolescent substance use and delinquency shared common risk and
protective factors in that their intercepts and slopes were inter-correlated (H2). Third, while
adolescents in intervention group had lower level of delinquency than adolescents in control group
did, DAT1 and 5-HTTLPR alleles moderated the intervention effects in consistent with the
differential susceptibility theory in that adolescents carrying susceptible genes benefited more
from intervention. Similarly, DRD4 also moderated the intervention effects on adolescent cigarette
and alcohol use, and so did 5-HTTLPR s-allele on adolescent cigarette use (H3). The rest of the
discussion section elaborates on the findings and their general implications for developmental and
prevention science.
Adolescent Substance Use and Delinquency as Damped Linear Oscillator
At the group level, the means of all three substance use outcomes demonstrated substantial
increase across adolescence from 7th to 12th grade, and to a much less degree for delinquency as
well. For example, self-reported past month use frequency of alcohol increased from slightly over
“not at all” to approximately “one time”. While this mean trend may not seem as big at first sight,
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it is important to note that there were substantial intra-individual variation during this
developmental process as depicted by Figure 4, particularly among the three substance use
outcomes. In addition, there was also substantial inter-individual difference in this process. The
significant estimated variance of the predicted intercept for each outcome suggested that at the
mid-time point in Fall 10th grade, self-reported adolescent substance use and delinquency also
varied substantially between individuals. For example, both past month cigarette use and alcohol
use could be higher than “more than a few times” of use. All three substance use outcomes also
showed significant positive slopes at the mid-time point, and to a less degree for delinquency too,
consolidating the observed increasing mean trends (SAMHSA, 2013; Sampson & Laub, 2005).
However, the significant estimated variance of the slope for each outcome suggested that while
some adolescents’ substance use and delinquency were increasing, some others’ were decreasing.
Collectively, these increasing mean trends and substantial intra-individual variation
suggested that adolescent substance use and delinquency could be considered as damped linear
oscillator. As the results showed, the estimated oscillating parameters for all four outcomes were
significant. The estimated damping parameters for all three substance use outcomes were
significant and generally comparable to each other. The non-significant estimate of damping
parameter for past delinquency was possibly due to the extremely low mean and little intraindividual variation across all waves, particularly compared to other substance use outcomes. One
possible explanation is that most individuals already demonstrate certain levels of externalizing
and aggressive behaviors as early as in elementary school (e.g., Farrington, 2009; Loeber & Burke,
2011; van Lier, Vitaro, Barker, Koot, & Tremblay, 2009), whereas most individuals usually do not
initiate substance use until early adolescence (SAMHSA, 2013). Therefore, adolescent
delinquency can be regarded as a dynamical system relatively more stable and developed than
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adolescent substance use. Alternatively, the non-significant damping parameter could also be
attributed to not (yet) modeled exogenous influence such as intervention that affects group means
and trends, which will be discussed later.
Adolescents’ past month use of cigarette, alcohol, and past year use of marijuana can be
considered as damped linear oscillator with a point repellor that demonstrates dynamic instability.
Consistent with previous empirical studies on adolescent substance use (e.g., Boker & Graham,
1998; Byrne et al., 2001; Clair, 1998; Mazanov & Byrne, 2006; 2008), this result suggests that
adolescent substance use can be understood and modeled as dynamical system with intrinsic
dynamics that demonstrate certain self-regulating mechanisms during this developmental process
(Boker, 2002; Kunnen, 2012). Consistent with the nature of experimenting and exploring during
adolescence (Lerner & Galambos, 1998; Smetana et al., 2006; Steinberg & Morris, 2001),
adolescents do not quickly stabilize to regular substance user or desist to non-user after initial use.
Instead, they can change between user and non-user and experience different amount of use in
between (e.g., heavy user, mild user). However, the positive estimate of damping parameter
suggests an amplifying amplitude through the process. In other words, despite the intra-individual
variation and oscillation, the group average amount of use escalates through adolescence (e.g.,
mild to moderate to heavy use), consistent with the typically observed developmental trajectory of
adolescent substance use (SAMHSA, 2013).
To further illustrate the similarities and differences between the damped linear oscillator
model and latent growth curve model with a quadratic term, a latent growth curve model with
intercept specified at the mid-time point and a quadratic term was fit to the same data. As shown
in Figure 8, now the last column of fixed factor loadings L estimates a constant quadratic growth
factor, and the variance of quadratic term (σ̂ 2qx) covaries freely with the variance of linear slope
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(σ̂ 2sx) and intercept (σ̂ 2ix). As shown in Table 25, estimates of the mean and variance of the intercept
and slope were exactly the same as that obtained in the damped linear oscillator model for each
outcome. This is not surprising because the factor loadings specified to estimate these two latent
variables are exactly the same in the two models. However, as shown in the shaded area in Table
25, none of the outcomes has significant covariance between the linear and quadratic growth
factors, and the variance of the quadratic growth factor differs from that in the damped linear
oscillator model. In short, by specifying the fixed factor loading L as in damped linear oscillator
model which particularly estimates the second derivatives rather than the quadratic growth factor,
the damped linear oscillator model rescales the variance of the quadratic growth factor and makes
its covariance with the intercept and linear slope to have interpretable meanings as mapping to a
dynamic developmental system.
Unsurprisingly, the model fits of these two sets of models are exactly the same as well. In
the current case, the damped linear oscillator model can be understood to capture the exponential
growth of adolescent substance use as the latent growth curve model with quadratic term does.
However, for data extending into adulthood that also follow the desistence of substance use, the
damped linear oscillator model may be a better option, because latent growth curve model does
not intend to model any oscillating developmental phenomenon (e.g., going up and down).
Although it can possibly approximate the non-linear developmental trajectories, it differs
substantively from the damped linear oscillator model in their interpretation.
The similar oscillating period (17 years) among the three substance use outcomes suggest
that the initiation and escalation of substance use during adolescence generally follow the same or
very similar developmental pattern, no matter which specific substance or drug examined. The
estimated oscillating period for past month cigarette use and alcohol use were consistent with that
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in Boker & Graham (1998), which however examined self-reported past week cigarette use and
alcohol use among users only (11 years). However, linear and quadratic mean trends, and/or interindividual difference in the mean trend can result in seriously biased estimates of system
parameters, and therefore for the estimated oscillating period as well (Hu et al., 2014). To avoid
this problem, the data of self-reported substance use were individually detrended to remove any
linear and quadratic mean trends. The same model was fit to 4-dimension time-delay embedding,
where each individual’s 6 waves of residuals were arranged into 3 rows of 4 consecutive waves
(e.g., row 1: y1, y2, y3, y4; row 2; y2, y3, y4, y5; row 3; y3, y4, y5, y6) (Boker, 2007; Boker et
al., 2004). Despite the interdependent rows of data, Von Oertzen and Boker (2010) demonstrated
that time-delay embedding actually improves estimation.
Estimates of the system parameters on the detrended residuals differ substantively from the
raw data results. Specifically, for past month alcohol use, η = -1.819 (SE = .052), and ζ = 0.229
(SE = .124), with an oscillating period of 4.68 years. For past month cigarette use, η = -1.781 (SE
= .076), and ζ = 0.314 (SE = .185), with an oscillating period of 4.74 years. For past year marijuana
use, η = -1.796 (SE = .053), and ζ = 0.279 (SE = .127), with an oscillating period of 4.71 years. To
avoid any potential inaccurate estimation due to the ordinal nature of substance use data, a
composite continuous score of past month substance use was created by averaging self-reported
past month use of alcohol use and cigarette use. The same model was fit to the detrended past
month substance use, with η = -1.933 (SE = .018), ζ = -0.091 (SE = .038), and an oscillating period
of 4.50 years. Therefore, from the current results, it seems that the ordinal nature of substance use
data did not substantially bias the estimated period much, whereas the mean trends of substance
use across adolescence resulted in seriously biased estimates. The current estimated oscillating
period of 4.5 years suggests that adolescent substance use deviates from the equilibrium point (0
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in the detrended data) and reaches the peak point approximately at one year interval, after which
it goes back toward and reaches the equilibrium point one year later.
System oscillation as evidenced by intra-individual variation supports the argument that
intra-individual variation contains valuable information for intrinsic dynamics regarding human
development that could have been masked in conventional models such as latent growth curve
models (Boker et al., 2009; Nesselroade & Ram, 2008). This intra-individual variation could
possibly be influenced partly by adolescents’ beliefs toward substance use and knowledge about
substance use norm, as well as exogenous influence such as peer substance use, peer pressure, and
media influence. Such a damped linear oscillator system with a point repellor is very sensitive to
even small perturbation to the system, which can lead to a large change later (Boker & Graham,
1998). Previous studies have found supportive evidence of early adolescence as particularly
sensitive developmental period, during which deviant peer affiliation and deviancy training leads
to various negative developmental consequences later, including risky sexual behaviors, substance
use, and police arrests (e.g., Patterson, Dishion, & Yoerger, 2000). This finding also highlights the
value of early intervention for substance use in early adolescence (Hawkins, Catalano, & Miller,
1992), and even earlier for externalizing and aggressive behaviors (Tremblay, 2006). Positive
environmental influences (e.g., parental warmth, preventive intervention) at an early stage can
prevent initiation of problem behaviors and escalation into negative developmental outcomes.
Adolescent Substance Use and Delinquency as Coupled Damped Linear Oscillators
Past month cigarette use and alcohol use did not develop independently from each other
during adolescence. The intercept and slope of cigarette use both correlated positively with that of
alcohol use. High level of cigarette use was associated with high level of alcohol use (r = 0.672)
and increasing slope of alcohol use (r = 0.345) at the mid-time point. Similarly, high level of
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alcohol use was associated with increasing slope of cigarette use (r = 0.554), and the slopes of two
outcomes correlated at 0.816. The residuals of the two accelerations also correlated at 0.517. The
results for past year marijuana use and delinquency were very similar. Specifically, high level of
delinquency was associated with high level of marijuana use (r = 0.567) and increasing slope of
marijuana use (r = 0.497) at the mid-time point. High level of marijuana use was not associated
with increasing slope of delinquency (r = 0.097, ns), but the slopes of these two outcomes
correlated at 0.332. The finding of positive correlations between intercepts is consistent with
findings from previous studies that adolescent problem behaviors tend to co-occur (Donovan &
Jessor, 1985; Loeber, et al., 1999; Wagner, 1996), or among certain subgroups of adolescents
(Fergusson et al., 1994; Muthén & Muthén, 2000). The finding of positive correlations between
intercepts and slopes is also consistent with previous studies using latent growth curve modeling,
which found that higher intercept of one behavior predicts faster linear growth of the other (Farrell
et al., 2005; Mason et al., 2003).
While these significant correlations between intercepts and slopes informed us the
comorbidity and co-occurrence of adolescent problem behaviors, they do not tell us exactly how
the change of one behavior can lead to the change in the other behavior. A significant coupled
path, or in other words the prediction of the acceleration of one behavior by the intercept and/or
slope of the other behavior can suggest how two dynamical systems are inter-correlated, or their
coupled intrinsic dynamics. However, none of these coupled paths was significant in either model.
Collectively, these findings are generally in line with problem behavior theory that adolescent
problem behaviors share common underlying vulnerability such as environmental risks, or may
represent an underlying general deviancy tendency (Donovan & Jessor, 1985; Jessor, 1987; Jessor
& Jessor, 1977). However, they also imply that there are still specific components of different
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problem behaviors that cannot be considered as different manifestations of a common underlying
deviancy tendency (e.g., Osgood, Johnston, O’Malley, & Bachman, 1988), such as evidenced by
monodrug as well as polydrug use among adolescents and young adults (e.g., Collins, Ellickson,
& Bell, 1998; Smith, Farrell, Bunting, Houston, & Shevlin, 2011).
These findings suggest that an intervention that effectively prevents the initiation and/or
escalation of one problem behavior (e.g., marijuana use) can also prevent the escalation of another
problem behavior (e.g., delinquency), supporting the argument of universal prevention against
problem behaviors in general (e.g., Botvin et al., 2006; Donovan & Jessor, 1985; Hawkins et al.,
1992; Loeber et al., 1999). However, these interventions possibly work in the way that they
ameliorate the common risk factors or improve the common protective factors shared among
problem behaviors (e.g., positive parenting, substance use resistance skills), whereas the change
in one behavior, such as decrease use of marijuana does not necessarily lead to change in another
(e.g., decrease in delinquency) directly. It is important to note that the residuals of acceleration for
past month cigarette use and alcohol use correlated moderately. While one plausible explanation
is shared common predictors between these two outcomes, an alternative explanation is that these
two accelerations can predict each other, which implies possible coupled intrinsic dynamics—
causal links between changes of problem behaviors at a higher order.
Similar to the current finding, Boker & Graham (1998) did not find any significant coupling
path between past week cigarette use and alcohol use. However, both studies had a relatively small
sample size, which possibly led to low power. An earlier and separate analysis using self-reported
past year alcohol use and delinquency from 6th to 10th grade in in-home assessments of the total
in-home sample (n = 980) found that the acceleration of delinquency could be predicted positively
by the level of alcohol use. In other words, higher level of alcohol use predicted more rapid change
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of the slope of delinquency. This indicates that increased past year alcohol use possibly led
delinquency to grow faster in early adolescence. Nevertheless, the current different findings could
also possibly be due to different substance (alcohol vs. marijuana) and/or different developmental
period examined (early vs. middle adolescence) and need future investigation.
Intervention Effects on Adolescent Substance Use and Delinquency
There was no significant main effect of intervention on the three substance use outcomes,
although the direction for all three substance use outcomes were consistent with the expectation
that intervention group had lower level than control group did. This is likely mostly due to the
small sample in the present study and the large power required to detect a modest intervention
effect. Earlier evaluation studies of PROPSER using the entire sample from two cohorts found that
the intervention effectively prevented adolescents from alcohol use and other drugs as early as in
the 7th grade (Spoth et al., 2007b). At 10th grade, intervention and control group did not show
significant difference in past month alcohol use and cigarette use at one-tail test. However,
intervention group had significantly lower level of past year marijuana use than control group did
(Spoth et al., 2011). Longitudinal growth results showed that averaged across all waves until 10th
grade intervention group had lower level of past month cigarette use (p = .051) and past year
marijuana use (p = .006) at one-tail test, but not for past month alcohol use. However, intervention
group had significantly lower linear growth rate than control group did for all three outcomes (p =
.019, .023, and .024, respectively, all one-tail) (Spoth et al., 2011). Spoth et al. (2013) later found
that past month cigarette use and past year marijuana use had significantly lower level in
intervention group than in control in 11th grade (p = .045 and .001, one-tail) and 12th grade (p =
.036 and .036, one-tail). High risk participants who had ever used alcohol, cigarettes, or marijuana
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at baseline benefited more from intervention (p = .054 and .005 in 11th grade, and p = .271 and
.007 in 12th grade).
There was significant intervention main effect for delinquency. The intercept of
delinquency at mid-time point was lower in intervention group than that in control group. Given
that the primary prevention outcomes targeted in the intervention programs disseminated in
PROSER was substance use, this finding demonstrated the effectiveness of the universal
intervention in preventing the initiation and escalation of problem behaviors in general (e.g.,
Botvin et al., 2006; Mason et al., 2003). Previous intervention studies adopting latent growth curve
modeling have found similar results that adolescents in intervention had lower level and slower
growth than controls for substance use and delinquency (e.g., Connell et al., 2006; Mason et al.,
2003; Park et al., 2000; Taylor et al., 2000; Trudeau et al., 2003). Combined with the finding in
the coupled damped linear oscillator models that no causal links between intrinsic dynamics were
found (change in one outcome did not causally lead to change in the other outcome), as well as the
finding that intervention did not moderate any of the coupled path or the covariance between
intercepts and slopes, or between two residuals, this finding also suggests that intervention
prevented the initiation and escalation of problem behaviors primarily by effectively targeting their
common risk and protective factors, as found in previous studies (Park et al., 2000; Redmond et
al., 2009; Trudeau et al., 2003).
The significantly higher slope of delinquency in the intervention group than in the control
group seems counterintuitive at first. However, it is important to note that the estimated slope was
at the mid-time point of Fall 10th grade. The instantaneous slope is not assumed to be time-invariant
as in latent growth curve models that influences behavioral development constantly, but can and
will be different at different time points depending on the model specification. Therefore, at other

57

observations the intervention group can possibly demonstrate significantly lower slope than
control group does, particularly when taking into account the intra-individual variation. In
addition, after taking into account the main effect of intervention, the previously non-significant
damping parameter become significant. Consequently, adolescents’ self-reported past year
delinquency demonstrated an oscillating frequency of 0.263. Relatively smaller than that of the
other three substance use outcomes, this result suggests that delinquency does not change as fast
as other substance use outcomes do and therefore possibly a more developed and stable dynamical
system. This finding also shows the benefit of considering exogenous influence while modeling
dynamical systems.
Candidate Genes Moderation of Intervention Effects
DRD4 7+ genotype moderated the intervention effects on past month cigarette use and
alcohol use. However, specific comparisons revealed that the difference between control and
intervention groups in slope for adolescents with 7+ genotype was not significantly larger than that
for adolescents with 7- genotype for either outcome, although the difference was in the expected
direction. Note that this result should be interpreted together with the small sample size and modest
intervention effect. However, adolescents with 7+ genotype showed larger difference between
control and intervention group in the predicted intercept of past month alcohol use, which was
approximately equal to the average level of alcohol use across all waves in the presence of mild
curvature (see Figure 5). Consistent with what was found in Beach et al. (2010), this result
supported the differential susceptibility theory in that adolescents carrying DRD4 7+ genotype
benefited more from intervention effects regarding their past month alcohol use. An earlier
PROSPER study also showed that DRD4 7+ moderated the effect of maternal involvement and
intervention on lifetime alcohol use at 9th grade: intervention effectively prevented the initiation
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of alcohol use among adolescents with DRD4 7+ genotype as well as high maternal involvement
(Cleveland et al., in press). Therefore, DRD4 7+ better be regarded as a susceptible genotype that
disproportionally benefits carriers under positive environment (Belsky et al., 2007; Belsky &
Pluess, 2009; Pluess & Belsky, 2013). Despite the similar adolescents sample as in Beach et al.
(2010), the current sample was predominately non-Hispanic White while exclusively African
Americans in Beach et al. (2010), therefore generalized their findings to a different population.
The interpretation for the moderation of DAT1 9+ genotype on intervention effect of past
year delinquency differed somehow from that of DRD4 7+ on past month alcohol use. One
observation study showed that DAT1 9+ moderated the effect of positive maternal emotion on
children’s conduct and emotional problems, which suggested 9-repeat allele as the susceptible
genotype (Sonuga-Barke et al., 2009). Other observation studies have shown that carrying at least
one 10-repeat allele was associated with adolescent problem behaviors, whereas 9-repeat allele
served like a protective factor against these problem behaviors (Guo et al., 2007; 2010). As the
first experimental study that examined DAT1 9+ moderation of intervention effect, the result for
delinquency was more consistent with the view that 9-repeat allele as susceptible genotype.
Particularly, adolescents with 9+ genotype showed larger difference (-0.040) between control and
intervention group in the slope of past year delinquency than adolescents with 9- genotype did (0.008). Given that control group actually had lower slope than intervention group did (see Table
11), this finding suggested that adolescents carrying at least one 9-repeat allele in DAT1 had lower
increasing delinquency slope.
5-HTTLPR s-allele genotype moderated the intervention effects on past month cigarette
use and past year delinquency. Specifically, the difference between control and intervention groups
in intercept of past month cigarette use for adolescents with s-allele genotype was not significantly
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different from that for adolescents with l-allele genotype. However, adolescents with s-allele
genotype showed larger difference between control and intervention group in the predicted slope
of past month alcohol use than adolescents with l-allele did. Therefore, different from Brody et al.
(2009) which found evidence of differential susceptibility on the level of alcohol and marijuana
use, the current study found empirical support on the growth of cigarette use, which was not found
in Beach et al. (2010) using composite score of past month alcohol and marijuana use.
Adolescents with 5-HTTLPR s-allele genotype showed smaller difference (-0.005) between
control and intervention group in the slope of past year delinquency than adolescents with l-allele
genotype did (-0.042). Similar to the moderation of DAT1 9+ on intervention effect on
delinquency, this finding suggested that carrying at least one s allele in 5-HTTLPR prevented
adolescent delinquency from increasing. However, an unexpected finding was found in that
adolescents with 5-HTTLPR s-allele genotype also showed smaller difference (-0.003) between
control and intervention group in the intercept of past year delinquency than adolescents with lallele genotype did (0.161). This finding implies that 5-HTTLPR l-allele now served as a
susceptible genotype on the level of delinquency. While this may possible be due to the low
variance and non-linear group trajectory (see Figure 7), especially when compared to other three
substance use outcomes, it is important to note that the absolute model fit indices for this model,
and for past month cigarette use as well (see Table 22) were far from being acceptable. Therefore,
cautions are needed to substantively interpret the current findings. Future studies are needed to
further investigate the role of 5-HTTLPR in moderating intervention effects.
Despite the significant interactions identified in multi-group modeling, the exclusion of
one group in the past year marijuana use models prevented from investigating differential
susceptibility theory for DRD4 7+ and DAT1 9+. Nevertheless, results from the remaining 3 groups
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provided some preliminary evidence. For example, DRD4 7+ intervention group had lower
intercept than both two control groups did, supporting the main effect of intervention among these
three groups. DAT1 9- intervention group had lower intercept and slope than 9- control group did
but not than 9+ control group, supporting the main effect of intervention between 9- intervention
and 9- control group, which implied a potential genetic moderation effect. Future studies can
consider using different model specifications to drop measures in 7th and 8th grade that contained
little variance to further examine DRD4 7+ and DAT1 9+ moderation of intervention effects on
marijuana use.
Finally, one interesting result was the DRD4 7+ moderation of intervention effects on the
intrinsic dynamics for past year marijuana use. Specifically, 7- control group demonstrated a larger
amplifying amplitude than 7+ control group did, whereas 7+ intervention group showed no
oscillation. A previous study also found that adolescents in the intervention group showed less
deceleration than controls, forming a pattern with more stable rate of change (therefore less
oscillation) (Taylor et al., 2000). Given that 7+ intervention group also had the lowest level of
marijuana use among all subgroups, the finding seems to suggest that intervention can also change
adolescents’ intrinsic dynamics that determine the individual’s developmental trajectory over time.
It seems that intervention can suppress adolescents’ experimenting with marijuana use, at least
among those with DRD4 7+ genotype, therefore their developmental trajectory without much
intra-individual variation did not fit to a damped linear oscillator model. One explanation for the
intervention effects on intrinsic dynamics is that many interventions directly and effectively target
adolescents’ substance use norm, belief, and resistance skills (e.g., Botvin et al., 2006; Park et al.,
2000; Redmond et al., 2009; Trudeau et al., 2003). All these proximal targets relate to intrinsic
characteristics that determine individual’s experimentation and/or regular use of substance.
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Considering biological processes and specifically incorporating genetics in prevention
research has a few implications. First, identify those individuals with susceptible genes enables
prevention researchers to examine for whom intervention works, or works better, analogous to
selective prevention that targets high-risk (environmentally) population. Second, varying
heritability across the life span stresses the possibility of long term change of prevention effects,
for example the dissipation of prevention effect from adolescence to adulthood as heritability
increases. This emphasizes the proper timing of booster sessions for intervention to achieve lasting
effects. Third, the pervasive influence of genetic susceptibility on a wide range of problem
behaviors, as well as their interplay with environmental experience, addresses the necessity of
universal preventive intervention against clusters of problem behaviors (Beauchaine, Neuhaus,
Brenner, & Gatzke-Kopp, 2008).
Limitations
A few limitations in the current study warrant attention. First, the latent differential
equation models applied in the present study provide approximate estimation of latent derivatives,
possibly leading to imprecise estimates of system parameters. The way the model is specified only
estimates the intercept, slope, and acceleration at the mid-time point, which essentially reduces the
longitudinal panel data into a cross-sectional nature. In addition, this model treats the underlying
developmental processes as deterministic dynamical systems. Therefore, the residual of
acceleration can include both time-independent and time-dependent components without explicitly
modeling the true underlying process-level randomness (Oud & Folmer, 2011; Steele & Ferrer,
2011). One alternative solution is to use exact estimation with stochastic differential equations,
using either filtering techniques or structural equation modeling. As all psychological and
behavioral developmental processes happen in a continuous rather than a discrete time fashion,
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this exact estimation approach considers developmental processes as stochastic dynamical systems
and models the underlying process level randomness. Particularly, this exact estimation does not
depend on the sampling time interval (in some way) and can model the initial means, variance,
and covariance as well, which is impossible in the approximation approach (Oud & Folmer, 2011;
Oud & Jansen, 2000). In addition, continuous time modeling can also accommodate unequal
individual time interval within one longitudinal study, and can compare results across studies with
different time interval designs (Voelkle & Oud, 2013).
Appealing as it seems, there is no empirical application of the continuous time exact
estimation approach in psychological and behavioral science using longitudinal panel data. Despite
some applications for modeling cross-lagged models, extant work on damped linear oscillator
models is only limited to two simulation studies with limited simulation conditions (see Oud, 2007;
Voelkle & Oud, 2013). As previously mentioned, the low sampling frequency in typical
longitudinal behavioral and psychological studies is well below the required minimum sampling
rate as defined by the Nyquist-Shannon sample theorem, and with high measurement error.
Therefore the true underlying oscillating process can almost never be uniquely identified (Deboeck
et al., 2008; Voelkle & Oud, 2013). This leads to the exact estimation of system parameter being
unnecessary and unrealistic.
Second, the levels and variation of all outcomes—delinquency in particularly—were low
and small, respectively. Therefore, the distributions at certain waves were moderately positively
skewed. While the adopted robust standard errors can partially ameliorate this issue, other
distributions such as Poisson distribution are worthy future consideration. Alternatively, nonlinear
dynamical systems models such as cusp catastrophe model can also be considered to model
adolescent substance use (e.g., Clair, 1998; Mazanov & Byrne, 2006). While Boker & Graham
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(1998) only examined substance users that showed change of use, the current study took a more
conservative and inclusive approach by including non-users and non-delinquents in the analysis.
While this treatment enhanced the robustness of the current analyses to evaluate intervention
effectiveness as effective intervention can prevent from initiation throughout the entire observed
waves, it also suggests that intervention effects on the intrinsic dynamics of users and delinquents
with developmental change could be different (possibly more effective), which awaits future
investigation. Extending the examined period into late adolescence and young adulthood also
offers the opportunity to model the desistance of substance use and delinquency, therefore
modeling a real damping, as opposed to amplifying as in early and middle adolescence,
developmental process.
Third, the current sample size at best was moderate, particularly when examining the
modest to moderate intervention effect as well as candidate genes moderation of intervention
effects. Although similar results were found as in Beach et al. (2010), Brody et al. (2009), and
Brody et al. (2014) with similar genotyped sample size, future studies need to replicate the current
findings with much larger sample. In addition, with large sample, multi-level modeling that models
the random components of the system parameters can also be considered, which allows individuals
to have different oscillating and damping parameters (Boker & Ghisletta, 2001; Boker &
Laurenceau, 2007).
Future Directions
A few avenues are worthy to be considered in the future study. First the present study
examined candidate genes moderation of the total intervention effect on adolescent substance use
and delinquency. It would be informative to further investigate the extent to which intervention
effects were mediated by stipulated proximal targets in the intervention. As is shown in Figure 9,
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one can examine the indirect intervention effect on adolescent outcomes that were mediated by
parental-child relationship or peer processes (a × b), and to examine how candidate genes moderate
these individual paths. For example, Beach et al. (2010) found that 5-HTTLPR moderated
intervention-targeted parenting behaviors. Bakermans-Kranenburg et al. (2008) made similar
suggestions, but were not able to conduct formal mediation analysis due to small sample size. In
addition, given the time-varying nature of these proximal and distal intervention outcomes as well
as their reciprocal relationship over time, as well as other time-invariant confounders, marginal
structural equation models with propensity scores could be considered to test these moderated
mediation processes and to make formal and accurate causal inferences regarding intervention
effects in peer and family processes (Coffman & Zhong, 2012).
Second, while the present study only examined the moderation of single candidate genes,
it would be informative to investigate cumulative genetic influences using polygenic scores. For
example, Belsky & Beaver (2011) examined the syngeneic effect of DAT1 10-repeat, DRD2 A1
allele, DRD4 7-repeat, 5-HTTLPR s-allele, and MAOA 2R/3R alleles on adolescent self-regulation.
Sonuga-Barke et al. (2009) also found that the effect of maternal emotion on children’s conduct
problems was most marked for those having both DAT1 9-repeat and 5-HTTLPR s-allele. Similar
results were found for adolescent aggression and delinquency for those carrying DRD4 7-repeat
and 5-HTTLPR s-allele (Simons et al., 2011).
Third, latent class analysis (e.g., Fergusson et al., 1994) and growth mixture modeling (e.g.,
Muthén & Muthén, 2000) could be adopted to examine genetic influence and its interplay with
environmental influence in the patterns of substance use and delinquency (e.g., polydrug use only,
delinquent and drug use) in subgroups, or in their different growth patterns (e.g., increasing,
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decreasing, chronic). This could provide a more refined picture of genetic influence in the
subgroups of the population with various developmental patterns and trajectories.
Conclusions
The present study suggests that dynamical system models provide a unique approach to
modelling adolescent substance use and delinquency as dynamical systems that demonstrate
intrinsic and extrinsic dynamics. Different from conventional methods such as latent growth curve
models, dynamical system approach examines the intrinsic dynamics of a self-regulating
developmental system that determine individual developmental trajectory and investigates the
structured patterns of change in psychological and behavioral processes. The finding supports the
view of human development as a complex and dynamical developmental system with interplay
and transaction at multiple levels and different time scales (Fogel, 2011; Lewis, 2000; Newell &
Molenaar, 1998; van Geert, 1998; 2011). Consistent with problem behavior theory (Donovan &
Jessor, 1985; Jessor, 1987; Jessor & Jessor, 1977), dynamical systems approach can also examine
the correlated developmental patterns and reciprocal influence among adolescent substance use
and delinquency as coupled dynamical systems with coupled intrinsic dynamics, therefore
informing developmental and prevention researchers the underlying mechanisms of the
comorbidity and co-occurrence of problem behaviors. Dynamical systems approach also provides
another unique perspective to evaluate intervention efficacy and effectiveness and to inform future
adaptive and tailoring intervention design by closely investigating how a self-regulating
developmental system with intrinsic dynamics responds adaptively to exogenous influence.
Intervention can not only prevent the initiation and escalation of adolescent substance use and
delinquency, but also possibly affect individual intrinsic dynamics. Consistent with differential
susceptibility theory (Belsky, 1997; Belsky et al., 2007; Belsky & Pluess, 2009), genetic

66

moderation of intervention effects on the initiation and growth of adolescent substance use and
delinquency highlights the importance of incorporating biological approach into understanding the
mechanisms of development and intervention influences during this process (Beauchaine, et al.,
2008). Future intervention evaluation and design can benefit from genetic studies with dynamical
systems approach for achieving optimal outcomes.
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APPENDIX I
Table 1
M (SD) of past year marijuana use and delinquency across 6 waves
Genotyped overall
(N = 561)

a
b

Intervention status
Intervention
Control
(n = 327)
(n = 234)

DRD4 status a
7+
7(n = 201)
(n = 351)

DAT1 status
9+
9(n = 250)
(n = 311)

5-HTTLPR status b
s
l
(n = 356)
(n = 162)

Past year marijuana use
7th grade
1.02 (.23)
8th grade
1.19 (.74)
9th grade
1.23 (.74)
10th grade
1.37 (1.00)
11th grade
1.55 (1.18)
12th grade
1.69 (1.28)

1.02 (.24)
1.15 (.67)
1.19 (.64)
1.31 (.93)
1.46 (1.08)
1.60 (1.20)

1.03 (.20)
1.24 (.83)
1.28 (.86)
1.45 (1.09)
1.69 (1.31)
1.84 (1.38)

1.04 (.35)
1.12 (.53)
1.26 (.81)
1.41 (1.02)
1.64 (1.23)
1.76 (1.33)

1.01 (.11)
1.23 (.84)
1.21 (.71)
1.35 (1.00)
1.49 (1.15)
1.64 (1.24)

1.00 (.07)
1.18 (.73)
1.22 (.75)
1.33 (.94)
1.48 (1.11)
1.59 (1.22)

1.04 (.29)
1.20 (.75)
1.23 (.73)
1.40 (1.05)
1.60 (1.23)
1.77 (1.32)

1.03 (.27)
1.16 (.67)
1.21 (.72)
1.39 (1.07)
1.48 (1.12)
1.60 (1.19)

1.01 (.12)
1.20 (.75)
1.26 (.72)
1.34 (.89)
1.64 (1.23)
1.92 (1.45)

Past year delinquency
7th grade
1.14 (.36)
8th grade
1.18 (.44)
9th grade
1.16 (.41)
10th grade
1.18 (.46)
11th grade
1.19 (.46)
12th grade
1.24 (.60)

1.12 (.31)
1.14 (.39)
1.15 (.41)
1.16 (.42)
1.19 (.46)
1.26 (.63)

1.17 (.42)
1.23 (.49)
1.17 (.42)
1.20 (.51)
1.19 (.46)
1.21 (.55)

1.13 (.32)
1.17 (.36)
1.15 (.36)
1.18 (.43)
1.22 (.46)
1.24 (.65)

1.15 (.39)
1.19 (.48)
1.17 (.44)
1.18 (.48)
1.17 (.46)
1.24 (.58)

1.16 (.38)
1.19 (.45)
1.20 (.48)
1.18 (.42)
1.19 (.46)
1.27 (.67)

1.13 (.35)
1.17 (.43)
1.13 (.35)
1.17 (.49)
1.19 (.46)
1.21 (.53)

1.13 (.32)
1.16 (.40)
1.12 (.32)
1.18 (.44)
1.18 (.43)
1.21 (.59)

1.15 (.39)
1.19 (.50)
1.26 (.56)
1.17 (.52)
1.21 (.54)
1.26 (.61)

9 missing values.
43 missing values.
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APPENDIX II

Table 2
M (SD) of past year marijuana use and delinquency by intervention*DRD4 status across 6 waves
Intervention*DRD4 status
7+ intervention 7- intervention 7+ control 7- control
(n = 116)
(n = 205)
(n = 85)
(n = 146)
Marijuana use
7th grade
1.05 (.40)
1.00 (.00)
1.04 (.26) 1.03 (.17)
8th grade
1.08 (.46)
1.19 (.76)
1.17 (.61) 1.28 (.93)
th
9 grade
1.23 (.73)
1.16 (.58)
1.30 (.90) 1.28 (.85)
10th grade
1.26 (.79)
1.35 (1.02)
1.59 (1.24) 1.35 (.98)
11th grade
1.52 (1.05)
1.44 (1.11)
1.83 (1.45) 1.59 (1.20)
th
12 grade
1.64 (1.25)
1.54 (1.14)
1.91 (1.42) 1.79 (1.37)
Delinquency
7th grade
8th grade
9th grade
10th grade
11th grade
12th grade

1.10 (.27)
1.11 (.29)
1.14 (.34)
1.12 (.30)
1.23 (.45)
1.26 (.68)

1.13 (.34)
1.16 (.44)
1.17 (.45)
1.19 (.47)
1.17 (.47)
1.26 (.62)

1.17 (.38)
1.24 (.42)
1.17 (.40)
1.25 (.54)
1.20 (.49)
1.23 (.62)

89

1.17 (.45)
1.23 (.53)
1.18 (.44)
1.17 (.49)
1.18 (.44)
1.19 (.51)

APPENDIX III

Table 3
M (SD) of past year marijuana use and delinquency by intervention*DAT1 status across 6 waves
Intervention*DAT1 status
9+ intervention 9- intervention 9+ control 9- control
(n = 144)
(n = 183)
(n = 106)
(n = 128)
Marijuana use
7th grade
1.00 (.00)
1.03 (.32)
1.01 (.10) 1.05 (.25)
8th grade
1.18 (.74)
1.13 (.60)
1.18 (.72) 1.28 (.90)
th
9 grade
1.22 (.70)
1.16 (.58)
1.23 (.82) 1.32 (.89)
10th grade
1.32 (.93)
1.31 (.94)
1.34 (.97) 1.53 (1.18)
11th grade
1.42 (1.04)
1.49 (1.12)
1.58 (1.21) 1.77 (1.38)
12th grade
1.53 (1.16)
1.66 (1.24)
1.71 (1.33) 1.93 (1.42)
Delinquency
7th grade
8th grade
9th grade
10th grade
11th grade
12th grade

1.13 (.31)
1.14 (.37)
1.20 (.47)
1.20 (.48)
1.19 (.48)
1.30 (.65)

1.12 (.31)
1.14 (.41)
1.12 (.35)
1.13 (.36)
1.19 (.45)
1.22 (.61)

1.21 (.46)
1.26 (.54)
1.20 (.50)
1.17 (.33)
1.20 (.42)
1.22 (.69)

90

1.14 (.40)
1.21 (.44)
1.15 (.35)
1.23 (.62)
1.19 (.49)
1.20 (.42)

APPENDIX IV

Table 4
M (SD) of past year marijuana use and delinquency by intervention*5-HTTLPR status across 6
waves
Intervention*5-HTTLPR
s-allele intervention l-allele intervention s-allele control l-allele control
(n = 209)
(n = 94)
(n = 147)
(n = 68)
Marijuana use
7th grade
1.03 (.30)
1.00 (.00)
1.03 (.21)
1.03 (.18)
th
8 grade
1.16 (.69)
1.07 (.34)
1.15 (.65)
1.38 (1.05)
9th grade
1.19 (.65)
1.18 (.53)
1.23 (.81)
1.37 (.92)
10th grade
1.36 (1.05)
1.28 (.74)
1.43 (1.10)
1.45 (1.08)
11th grade
1.43 (1.04)
1.49 (1.12)
1.55 (1.22)
1.88 (1.37)
12th grade
1.47 (1.07)
1.88 (1.43)
1.76 (1.32)
2.00 (1.51)
Delinquency
7th grade
8th grade
9th grade
10th grade
11th grade
12th grade

1.12 (.31)
1.15 (.43)
1.13 (.36)
1.17 (.41)
1.17 (.41)
1.21 (.62)

1.12 (.32)
1.10 (.28)
1.22 (.52)
1.15 (.45)
1.23 (.58)
1.32 (.68)
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1.13 (.32)
1.18 (.35)
1.10 (.26)
1.19 (.47)
1.19 (.45)
1.20 (.56)

1.19 (.47)
1.31 (.68)
1.33 (.61)
1.20 (.62)
1.17 (.45)
1.15 (.44)

APPENDIX V

Table 5
M (SD) of past month cigarette use and alcohol use across 6 waves
Genotyped
overall
(N = 561)
Past month alcohol use
7th grade
1.17 (.51)
8th grade
1.35 (.74)
9th grade
1.44 (.86)
10th grade
1.60 (1.08)
11th grade
1.72 (1.12)
12th grade
1.91 (1.20)
Past month cigarette use
7th grade
1.09 (.50)
8th grade
1.21 (.80)
9th grade
1.32 (.93)
10th grade
1.39 (1.08)
11th grade
1.54 (1.22)
12th grade
1.68 (1.34)
a
b

Intervention status
Intervention
Control
(n = 327)
(n = 234)

DRD4 status a
7+
7(n = 201)
(n = 351)

DAT1 status
9+
9(n = 250)
(n = 311)

5-HTTLPR status b
s
l
(n = 356)
(n = 162)

1.16 (.52)
1.34 (.77)
1.38 (.78)
1.52 (1.01)
1.64 (1.03)
1.83 (1.09)

1.18 (.49)
1.36 (.69)
1.53 (.96)
1.72 (1.18)
1.84 (1.25)
2.03 (1.35)

1.19 (.54)
1.37 (.78)
1.48 (.96)
1.74 (1.21)
1.87 (1.23)
1.84 (1.25)

1.16 (.49)
1.34 (.73)
1.42 (.80)
1.52 (1.00)
1.64 (1.06)
1.94 (1.17)

1.14 (.46)
1.34 (.74)
1.47 (.87)
1.52 (1.02)
1.77 (1.17)
1.82 (1.16)

1.19 (.54)
1.35 (.75)
1.42 (.86)
1.67 (1.13)
1.68 (1.08)
1.98 (1.24)

1.17 (.50)
1.34 (.74)
1.41 (.86)
1.61 (1.11)
1.62 (1.05)
1.86 (1.17)

1.18 (.51)
1.34 (.71)
1.53 (.87)
1.63 (1.10)
1.88 (1.19)
2.03 (1.23)

1.09 (.49)
1.18 (.72)
1.26 (.82)
1.34 (1.02)
1.41 (1.08)
1.50 (1.18)

1.08 (.51)
1.27 (.90)
1.42 (1.06)
1.47 (1.16)
1.74 (1.39)
1.94 (1.50)

1.05 (.28)
1.16 (.67)
1.44 (1.07)
1.47 (1.17)
1.61 (1.25)
1.55 (1.22)

1.11 (.59)
1.25 (.87)
1.26 (.83)
1.35 (1.04)
1.50 (1.19)
1.73 (1.37)

1.08 (.50)
1.21 (.81)
1.29 (.83)
1.32 (.96)
1.58 (1.28)
1.65 (1.31)

1.09 (.50)
1.21 (.79)
1.35 (1.00)
1.46 (1.17)
1.51 (1.17)
1.70 (1.36)

1.07 (.44)
1.13 (.62)
1.24 (.78)
1.35 (1.01)
1.44 (1.11)
1.60 (1.28)

1.12 (.56)
1.32 (.94)
1.45 (1.12)
1.50 (1.22)
1.66 (1.31)
1.83 (1.41)

9 missing values.
44 missing values.
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APPENDIX VI
Table 6
M (SD) of past month cigarette and alcohol use by intervention*DRD4 status across 6 waves
Intervention*DRD4 status
7+ intervention 7- intervention 7+ control 7- control
(n = 116)
(n = 205)
(n = 85)
(n = 146)
Alcohol use
7th grade
1.23 (.61)
1.13 (.46)
1.13 (.41) 1.20 (.53)
8th grade
1.36 (.84)
1.33 (.74)
1.38 (.69) 1.35 (.70)
th
9 grade
1.43 (.88)
1.36 (.73)
1.56 (1.06) 1.49 (.89)
10th grade
1.60 (1.10)
1.49 (.96)
1.92 (1.32) 1.57 (1.06)
th
11 grade
1.69 (1.08)
1.62 (1.00)
2.15 (1.39) 1.67 (1.14)
12th grade
1.79 (1.23)
1.84 (1.01)
1.91 (1.29) 2.09 (1.38)
Cigarette use
7th grade
8th grade
9th grade
10th grade
11th grade
12th grade

1.07 (.35)
1.19 (.74)
1.45 (1.10)
1.37 (1.06)
1.40 (1.09)
1.37 (1.03)

1.10 (.56)
1.18 (.71)
1.15 (.56)
1.33 (1.01)
1.43 (1.09)
1.56 (1.23)

1.03 (.16)
1.13 (.57)
1.43 (1.03)
1.59 (1.28)
1.93 (1.41)
1.78 (1.40)
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1.12 (.62)
1.35 (1.05)
1.41 (1.09)
1.39 (1.08)
1.61 (1.34)
2.01 (1.54)
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Table 7
M (SD) of past month cigarette and alcohol use by intervention*DAT1 status across 6 waves
Intervention*DAT1 status
9+ intervention 9- intervention 9+ control 9- control
(n = 144)
(n = 183)
(n = 106)
(n = 128)
Alcohol use
7th grade
1.12 (.47)
1.20 (.55)
1.16 (.45) 1.19 (.52)
8th grade
1.32 (.75)
1.35 (.80)
1.37 (.72) 1.35 (.68)
th
9 grade
1.41 (.76)
1.35 (.80)
1.56 (1.00) 1.50 (.93)
10th grade
1.47 (.94)
1.56 (1.06)
1.59 (1.13) 1.82 (1.22)
th
11 grade
1.63 (.99)
1.65 (1.05)
2.00 (1.38) 1.72 (1.13)
12th grade
1.68 (.99)
1.96 (1.16)
2.03 (1.36) 2.02 (1.34)
Cigarette use
7th grade
8th grade
9th grade
10th grade
11th grade
12th grade

1.06 (.42)
1.21 (.80)
1.28 (.82)
1.32 (.96)
1.50 (1.24)
1.47 (1.18)

1.11 (.54)
1.15 (.64)
1.23 (.81)
1.36 (1.07)
1.34 (.94)
1.53 (1.19)

1.10 (.59)
1.22 (.82)
1.30 (.85)
1.32 (.96)
1.70 (1.34)
1.93 (1.46)
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1.07 (.43)
1.30 (.96)
1.51 (1.19)
1.60 (1.30)
1.77 (1.43)
1.94 (1.53)
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Table 8
M (SD) of past month cigarette and alcohol use by intervention*5-HTTLPR status across 6
waves
Intervention*5-HTTLPR
s-allele intervention l-allele intervention s-allele control l-allele control
(n = 209)
(n = 94)
(n = 147)
(n = 68)
Alcohol use
7th grade
1.17 (.53)
1.14 (.44)
1.16 (.46)
1.22 (.58)
th
8 grade
1.34 (.76)
1.29 (.69)
1.35 (.70)
1.41 (.73)
9th grade
1.37 (.82)
1.41 (.73)
1.46 (.91)
1.70 (1.02)
10th grade
1.55 (1.08)
1.55 (.93)
1.71 (1.16)
1.76 (1.32)
th
11 grade
1.55 (.96)
1.74 (1.06)
1.72 (1.17)
2.10 (1.38)
12th grade
1.76 (1.06)
1.98 (1.13)
1.99 (1.29)
2.11 (1.41)
Cigarette use
7th grade
1.11 (.56)
1.07 (.34)
1.02 (.15)
1.17 (.75)
th
8 grade
1.12 (.58)
1.24 (.82)
1.14 (.67)
1.42 (1.07)
9th grade
1.18 (.69)
1.34 (.97)
1.32 (.88)
1.60 (1.29)
th
10 grade
1.28 (.91)
1.49 (1.22)
1.46 (1.15)
1.53 (1.24)
11th grade
1.34 (.96)
1.49 (1.18)
1.59 (1.28)
1.95 (1.48)
12th grade
1.35 (.99)
1.76 (1.43)
1.91 (1.53)
1.97 (1.38)
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Table 9
Parameter estimates (SE) and model fit indices of damped linear oscillator model
µ̂x
σ̂ 2x
̂dx
µ
σ̂ 2dx
σ̂ x, dx
η
ζ
bd2x
̂d2x
µ
̂ 2ε
𝝈
rx, dx
χ2
df
CFI
TLI
RMSEA
SRMR
R2

Past month cigarette
use
1.432 (.054)***
0.800 (.155)***
0.154 (.020)***
0.068 (.011)***
0.170 (.028)***
-0.192 (.042)***
0.454 (.142)***
0.218 (.041)***
0.013 (.015)
0.013 (.006)*
0.729 (.078)***
7.009
12
1.000
1.000
0.000
0.032
51.2%

Past month alcohol
use
1.551 (.063)***
0.556 (.106)***
0.165 (.012)***
0.039 (.006)***
0.088 (.022)***
-0.223 (.027)***
0.619 (.128)***
0.255 (0.025)***
0.011 (.014)
0.013 (.004)***
0.599 (.099)***
11.553
12
1.000
1.000
0.000
0.040
58.8%

Past year marijuana
use
1.365 (.051)***
0.587 (.142)***
0.159 (.015)***
0.066 (.009)***
0.114 (.031)***
-0.260 (.031)***
0.686 (.060)***
0.264 (.030)***
0.019 (.010)
0.004 (.002)
0.578 (.084)***
21.798
13a
0.966
0.960
0.035
0.036
88.7%

Past year
delinquency
1.195 (.022)***
0.130 (.029)***
0.022 (.007)***
0.008 (.002)***
0.011 (.005)*
-0.122 (.044)**
0.378 (.228)
0.139 (.049)**
0.002 (.008)
0.004 (.002)*
0.348 (.149)*
8.988
12
1.000
1.000
0.000
0.043
34.1%

Note. CFI: Comparative Fit Index. TLI: Tucker Lewis Index, or Non-Normed Fit Index (NNFI).
RMSEA: Root Mean Square Error of Approximation. SRMR: Standardized Root Mean Square
Residual.
a
Measurement error at 7th grade fixed at 0.
***
p < .001. ** p < .01. * p < .05.
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Table 10
Model fit indices for detecting main effect of intervention on damped linear oscillator model
Cigarette use

Alcohol use

Marijuana use b

Delinquency

Model 1
Model 2
Model 3
Model 4a
Model 4ba
Model 5a
Model 1
Model 2
Model 3
Model 4a
Model 4b
Model 5
Model 1
Model 2
Model 3
Model 4a
Model 4b
Model 5
Model 1
Model 2
Model 3
Model 4a
Model 4b
Model 5

χ2
c0
df CFI
TLI RMSEA SRMR
AIC
BIC
SABIC
36.863 5.001 39 1.000 1.000
0.000
0.178 6077.689 6142.608 6094.990
31.831 4.312 36 1.000 1.000
0.000
0.189 6074.235 6152.138 6094.998
26.650 4.721 32 1.000 1.000
0.000
0.143 6054.475 6149.689 6079.850
27.438 4.770 30 1.000 1.000
0.000
0.124 6055.993 6159.863 6083.675
27.289 4.827 27 0.999 0.999
0.006
0.131 6053.461 6170.315 6084.604
27.219 4.773 25 0.991 0.989
0.018
0.118 6053.516 6179.026 6086.966
47.736 3.118 39 0.979 0.984
0.028
0.118 5968.799 6033.718 5986.101
44.432 2.796 36 0.979 0.983
0.029
0.124 5971.160 6049.063 5991.922
39.500 2.911 32 0.982 0.983
0.029
0.075 5962.252 6057.467 5987.628
37.530 2.797 30 0.982 0.982
0.030
0.072 5963.355 6067.226 5991.038
34.566 2.969 26 0.979 0.976
0.034
0.061 5954.378 6075.560 5986.674
32.227 2.858 24 0.980 0.975
0.035
0.056 5955.360 6085.198 5989.963
37.421 11.413 40 1.000 1.000
0.000
0.170 4945.459 5006.050 4961.607
33.889 9.594 37 1.000 1.000
0.000
0.176 4945.433 5019.008 4965.042
31.584 10.042 33 1.000 1.000
0.000
0.093 4913.853 5004.739 4938.075
32.064 9.784 31 0.996 0.996
0.011
0.086 4911.061 5010.604 4937.591
34.195 9.071 28 0.977 0.976
0.028
0.094 4920.218 5032.744 4950.207
36.671 8.964 26 0.961 0.955
0.038
0.088 4917.365 5038.547 4949.661
47.502 5.698 39 0.967 0.974
0.028
0.154 2434.970 2499.889 2452.272
43.240 4.933 36 0.972 0.976
0.027
0.168 2434.862 2512.765 2455.624
30.576 4.739 32 1.000 1.000
0.000
0.096 2398.067 2493.282 2423.443
27.733 4.848 30 1.000 1.000
0.000
0.077 2387.567 2491.437 2415.250
31.498 5.179 26 0.978 0.975
0.027
0.087 2388.021 2509.203 2420.317
27.457 5.065 24 0.986 0.983
0.023
0.070 2379.632 2509.470 2414.235

Note. c0: the scaling correction factor for the nest model. AIC: Akaike Information Criterion. BIC: Bayesian Information Criterion.
SABIC: Sample-size Adjusted BIC. Bolded rows indicate selected model.
a
Measurement error at 7th grade fixed at zero in control group.
b
Measurement error at 7th grade fixed at zero in both groups.
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Table 11
Parameter estimates (SE) for Model 3 of past year delinquency
Past year delinquency
Model 3
Control
Intervention
µ
̂x 1.231 (.028)*** 1.171 (.030)***
σ̂ 2x 0.176 (.051)*** 0.105 (.031)***
0.012 (.010) 0.029 (.008)***
µ
̂dx
0.004 (.004)
0.009 (.003)**
σ̂ 2dx
0.010 (.005)*
σ̂ x, dx 0.013 (.009)
η
-0.135 (.038)***
ζ
0.513 (.183)**
bd2x 0.151 (.041)*** 0.152 (.044)***
0.008 (.005)
0.001 (.001)
σ̂ 2ε
*
rx, dx 0.455 (.194)
0.330 (.169)
R2
23.9%
70.4%
***

p < .001. ** p < .01. * p < .05.
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Table 12
Model fit indices for selecting coupled damped linear oscillators model
Cigarette & Alcohol use

Model 1
Model 2
Model 3
Model 4
Model 5
Model 6
Marijuana use & Delinquency Model 1a
Model 2
Model 3
Model 4
Model 5
Model 6
a

χ2
c0
265.476 4.059
109.648 3.671
109.446 3.604
111.900 3.659
non-converge
99.910 3.685
149.659 8.457
80.141 7.671
74.748 7.272
76.008 7.298
69.634 6.911
80.764 7.543

df
60
56
54
54

CFI
0.742
0.933
0.930
0.927

TLI RMSEA SRMR
AIC
BIC
SABIC
0.717
0.078
0.205 12046.488 12176.326 12081.091
0.921
0.041
0.058 11737.655 11884.804 11776.872
0.915
0.043
0.058 11740.113 11895.919 11781.637
0.911
0.044
0.058 11741.376 11897.182 11782.900

55
61
57
55
55
53
56

0.944
0.863
0.964
0.969
0.967
0.974
0.962

0.932
0.851
0.958
0.963
0.961
0.968
0.955

Measurement error of marijuana use at 7th grade fixed at zero.
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0.038
0.051
0.027
0.025
0.026
0.024
0.028

0.056
0.186
0.058
0.055
0.056
0.052
0.058

11714.686 11866.164 11755.057
7380.429 7505.940 7413.879
7237.480 7380.302 7275.544
7233.699 7385.176 7274.069
7235.326 7386.804 7275.697
7230.522 7390.656 7273.200
7239.264 7386.414 7278.482
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Table 13
Parameter estimates (SE) for selected coupled damped linear oscillators models
Cigarette & Alcohol use
Marijuana use & Delinquency
Model 6
Model 2
Past month cigarette use Past month alcohol use Past year marijuana use Past year delinquency
1.433 (.054)***
1.560 (.063)***
1.375 (.051)***
1.198 (.021)***
µ
̂x
0.786 (.152)***
0.562 (.106)***
0.612 (.137)***
0.129 (.030)***
σ̂ 2x
***
***
***
0.155 (.019)
0.166 (.012)
0.163 (.014)
0.023 (.007)***
µ
̂dx
0.067 (.011)***
0.039 (.007)***
0.069 (.010)***
0.008 (.002)***
σ̂ 2dx
***
***
***
0.158 (.027)
0.087 (.021)
0.120 (.031)
0.012 (.006)*
σ̂ x, dx
η
-0.193 (.032)***
-0.223 (.019)***
-0.262 (.030)***
-0.105 (.053)*
***
***
***
ζ
0.468 (.086)
0.622 (.075)
0.689 (.059)
0.344 (.303)
2
***
***
***
bd x
0.217 (.034)
0.254 (.021)
0.267 (.028)
0.120 (.058)*
*
**
2
0.009 (.004)
0.010 (.004)
0.004 (.002)
0.003 (.002)
σ̂ ε
***

p < .001. ** p < .01. * p < .05.
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Table 14
Model fit indices for detecting main effect of intervention on coupled damped linear oscillators models
χ2
Cigarette & Alcohol use
Model 1 385.987
Model 2 236.418
Model 3 226.536
Model 3b 225.598
Marijuana use & Delinquency Model 1 221.448
Model 2 163.295
Model 2b 160.715

c0
4.059
3.671
3.685
3.662
7.335
6.730
6.329

df
150
146
145
144
144
140
136

CFI
0.746
0.903
0.912
0.912
0.902
0.971
0.969
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TLI RMSEA SRMR
AIC
BIC
SABIC
0.777
0.075
0.229 12046.488 12176.326 12081.091
0.912
0.047
0.141 11737.655 11884.804 11776.872
0.920
0.045
0.140 11714.686 11866.164 11755.057
0.920
0.045
0.140 11713.617 11869.422 11755.141
0.910
0.044
0.218 7343.526 7499.332 7385.050
0.972
0.024
0.151 7206.425 7379.543 7252.563
0.970
0.025
0.149 7209.112 7399.541 7259.864

APPENDIX XV

Table 15
Model fit indices for detecting moderation of DRD4 status of intervention effect
Cigarette use

Alcohol use

Marijuana use g

Delinquency

Model 1
Model 2
Model 3a
Model 4ab
Model 4bc
Model 5d
Model 1
Model 2
Model 3
Model 4a
Model 4be
Model 5f
Model 1
Model 2
Model 3
Model 4ah
Model 4b
Model 5
Model 1
Model 2
Model 3
Model 4ah
Model 4b
Model 5h

χ2
c0
185.502 4.949
167.263 3.432
114.680 3.945
102.992 3.778
99.743 4.408
105.899 4.439
106.811 3.071
96.092 2.305
73.538 2.319
70.224 2.272
61.489 2.420
56.866 2.370
153.329 7.880
141.491 5.774
108.889 5.113
83.472 4.677
non-converge
58.708 4.574
131.555 5.705
119.140 3.857
100.016 4.008
91.404 3.909
98.055 4.473
92.015 4.351

df
93
84
73
68
56
51
93
84
72
66
55
50
67
61
53
50

CFI
0.735
0.761
0.881
0.900
0.875
0.843
0.960
0.965
0.996
0.988
0.981
0.980
0.718
0.737
0.817
0.891

TLI RMSEA SRMR
AIC
BIC
SABIC
0.829
0.085
0.801 6002.455 6067.131 6019.515
0.829
0.085
0.807 6003.363 6106.845 6030.659
0.902
0.064
0.219 5829.249 5980.159 5869.054
0.911
0.061
0.215 5808.095 5980.565 5853.587
0.866
0.088
0.203 5743.497 5967.707 5802.637
0.815
0.018
0.118 5736.966 5982.735 5801.793
0.974
0.033
0.163 5893.971 5958.647 5911.030
0.975
0.032
0.175 5900.636 6004.118 5927.932
0.996
0.012
0.103 5876.489 6031.712 5917.432
0.989
0.022
0.098 5881.314 6062.407 5929.081
0.979
0.029
0.082 5872.968 6101.490 5933.245
0.976
0.032
0.076 5874.178 6124.259 5940.142
0.810
0.106
0.500 3137.359 3191.209 3146.797
0.806
0.107
0.507 3142.809 3219.738 3156.292
0.845
0.096
0.246 3057.008 3164.709 3075.885
0.902
0.076
0.223 3005.330 3124.570 3026.229

39
93
84
72
67
54
49

0.936
0.908
0.916
0.933
0.942
0.894
0.897

0.926
0.940
0.940
0.944
0.948
0.883
0.874

0.066
0.055
0.055
0.053
0.051
0.077
0.080

a

0.151
0.302
0.317
0.180
0.152
0.136
0.112

2933.441
2413.286
2422.358
2367.050
2350.231
2312.967
2300.961

3094.992
2477.962
2525.840
2522.272
2527.012
2545.801
2555.353

2961.756
2430.345
2449.654
2407.993
2396.860
2374.382
2368.062

Measurement error at 7th grade fixed at zero in all four groups.
Measurement error at 7th grade fixed at zero in all four groups. Residual fixed at zero in 7- intervention group.
c
Measurement error at 7th grade fixed at zero in 7+ control group. Residual fixed at zero in 7- control group.
b
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d

Measurement error at 7th grade fixed at zero in 7+ control and 7- control groups. Measurement error at 12th grade fixed at zero in 7+
control group. However, results not trustworthy due to non-positive definite PSI covariance matrix, which was due to small nonsignificant variance for dx in 7+ intervention group (correlation higher than 1 between x and dx).
e
Measurement error at 12th grade fixed at zero in 7+ control group.
f
Measurement error at 12th grade fixed at zero in 7+ control group. Measurement error at 7th grade fixed at zero in 7+ intervention
group.
g
7- intervention group had no variance at 7th grade. Therefore, the corresponding model could not be fit to this group. Remaining
analyses were done using only three groups. Measurement error at 7th grade fixed at zero for all three groups.
h
Residual fixed at zero in 7+ intervention group.
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Table 16
Parameter estimates (SE) for Model 3 of past month cigarette use
Past month cigarette use
7+ intervention 7- intervention
7+ control
7- control
***
***
***
1.280 (.085)
1.540 (.142)
1.547 (.113)***
µ
̂x 1.455 (.110)
***
*
2
0.322 (.218)
0.740 (.335)
1.343 (.388)***
σ̂ x 0.818 (.256)
µ
̂dx 0.098 (.036)** 0.122 (.035)*** 0.221 (.045)*** 0.198 (.033)***
0.030 (.020)
0.058 (.018)** 0.091 (.034)** 0.067 (.016)***
σ̂ 2dx
0.124 (.051)* 0.251 (.066)*** 0.214 (.074)**
σ̂ x, dx 0.128 (.056)*
η
-0.197 (.075)**
ζ
0.435 (.300)
bd2x
0.196 (.077)* 0.241 (.072)*** 0.219 (.056)*** 0.241 (.060)***
0.008 (.003)**
0.030 (.015)*
0.002 (.001)
0.028 (.014)*
σ̂ 2ε
***
***
***
rx, dx 0.818 (.140)
0.904 (.151)
0.967 (.043)
0.711 (.118)*
R2
66.8%
7.1%
59.0%
50.1%
***

p < .001. ** p < .01. * p < .05.
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Table 17
Parameter estimates (SE) for Model 3 of past month alcohol use
Past month alcohol use
7+ intervention 7- intervention
7+ control
7- control
***
***
***
1.474 (.075)
1.758 (.114)
1.550 (.072)***
µ
̂x 1.524 (.113)
**
***
***
2
0.532 (.204)
0.393 (.113)
0.800 (.184)
0.630 (.149)***
σ̂ x
µ
̂dx 0.148 (.041)*** 0.147 (.015)*** 0.196 (.037)*** 0.177 (.025)***
σ̂ 2dx 0.040 (.016)* 0.025 (.005)*** 0.058 (.014)*** 0.048 (.010)***
0.041 (.015)** 0.118 (.054)* 0.144 (.032)***
σ̂ x, dx 0.054 (.033)
η
-0.234 (.027)***
ζ
0.706 (.115)***
2
***
bd x 0.274 (.029)
0.253 (.028)*** 0.225 (.023)*** 0.269 (.027)***
0.023 (.009)*
0.007 (.004)
0.002 (.007)
0.012 (.006)
σ̂ 2ε
rx, dx 0.372 (.174)*
0.413 (.170)* 0.551 (.200)** 0.827 (.079)***
R2
57.5%
75.6%
94.1%
48.4%
***

p < .001. ** p < .01. * p < .05.
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Table 18
Parameter estimates (SE) for Model 5 of past year marijuana use
Past year marijuana use
7+ intervention
7+ control
7- control
***
***
1.496 (.125)
1.429 (.083)***
µ
̂x 1.245 (.070)
**
2
0.242 (.137)
0.720 (.237)
0.802 (.253)**
σ̂ x
µ
̂dx 0.163 (.031)*** 0.227 (.057)*** 0.182 (.029)***
σ̂ 2dx 0.079 (.024)*** 0.096 (.029)*** 0.079 (.018)***
0.176 (.074)*
0.162 (.061)**
σ̂ x, dx 0.083 (.033)*
**
η
-0.016 (.057) -0.204 (.070)
-0.277 (.020)***
ζ
0.448 (.151)** 0.538 (.159)*** 0.754 (.038)***
2
bd x
0.012 (.049)
0.221 (.062)*** 0.277 (.021)***
0.001 (.003)
0.001 (.002)
0.002 (.001)**
σ̂ 2ε
**
***
rx, dx 0.601 (.201)
0.669 (.172)
0.647 (.147)***
R2
93.5%
93.0%
95.0%
***

p < .001. ** p < .01. * p < .05.
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Table 19
Model fit indices for detecting moderation of DAT1 status of intervention effect
Cigarette use

Alcohol use

Marijuana use f

Delinquency

Model 1
Model 2
Model 3
Model 4aa
Model 4bb
Model 5c
Model 1
Model 2
Model 3
Model 4a
Model 4bd
Model 5e
Model 1
Model 2
Model 3
Model 4a
Model 4bg
Model 5g
Model 1
Model 2
Model 3h
Model 4a
Model 4b
Model 5i

χ2
c0
df
97.848 5.001 93
87.041 3.508 84
85.419 5.063 72
85.671 5.064 67
89.304 5.066 56
93.272 5.036 51
102.324 3.118 93
93.097 2.301 84
85.372 2.477 72
75.647 2.313 66
81.163 2.600 55
62.441 2.487 51
107.541 8.907 67
98.378 6.502 61
76.431 6.702 53
68.930 6.477 49
74.213 6.383 44
70.119 6.104 40
151.649 5.698 93
138.323 3.894 84
117.441 4.208 73
model unidentified
97.064 4.053 54
92.958 3.744 50

CFI
0.987
0.992
0.965
0.951
0.912
0.889
0.976
0.977
0.966
0.976
0.934
0.971
0.861
0.872
0.920
0.932
0.897
0.897
0.841
0.852
0.879

TLI RMSEA SRMR
AIC
BIC
SABIC
0.992
0.019
0.241 6077.689 6142.608 6094.990
0.994
0.016
0.252 6081.334 6185.204 6109.017
0.971
0.036
0.237 6033.279 6189.085 6074.803
0.956
0.045
0.212 6029.027 6206.472 6076.318
0.906
0.065
0.314 6016.221 6241.274 6076.200
0.869
0.077
0.234 6010.147 6256.840 6075.894
0.985
0.027
0.152 5968.799 6033.718 5986.101
0.984
0.028
0.159 5978.807 6082.677 6006.490
0.972
0.036
0.102 5975.245 6131.051 6016.769
0.978
0.032
0.092 5972.993 6154.767 6021.438
0.928
0.058
0.088 5975.220 6204.601 6036.353
0.966
0.040
0.073 5957.937 6204.629 6023.683
0.907
0.066
0.816 3683.668 3740.097 3695.672
0.906
0.066
0.822 3688.657 3769.270 3705.805
0.932
0.056
0.250 3586.461 3699.420 3610.469
0.937
0.054
0.188 3561.627 3690.609 3589.065
0.894
0.070
0.207 3558.911 3708.046 3590.636
0.884
0.074
0.186 3548.805 3714.063 3583.959
0.897
0.067
0.235 2434.970 2499.889 2452.272
0.895
0.068
0.248 2443.592 2547.462 2471.275
0.901
0.066
0.172 2370.406 2521.884 2410.776

0.883 0.870
0.910 0.892

0.075
0.069

a

0.127
0.121

2312.168 2545.877 2374.454
2309.120 2560.140 2376.020

Measurement error at 7th grade fixed at zero in all four groups.
b
Measurement error at 7th grade fixed at zero in 9+ control group. Residual fixed at zero in 9- control group.
c
Measurement error at 7th grade fixed at zero in 9+ control and 9- control group. Residual fixed at zero in 9- intervention group.
d
Measurement error at 7th grade fixed at zero in 9+ control group.
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e

Measurement error at 7th grade fixed at zero in 9+ control group. Measurement error at 12th grade fixed at zero in 9- control group.
Residual fixed at zero in 9- control group.
f
9+ intervention group had no variance at 7th grade assessment. Therefore, the corresponding model cannot be fit for this group.
Remaining analyses were done using only three groups. Measurement error at 7th grade fixed at zero for all three groups.
g
Measurement error at 12th grade fixed in 9- control group.
h
Residual fixed at zero in 9+ intervention group. However, results not trustworthy due to non-positive definite PSI covariance matrix,
which was due to small non-significant variance for dx in 9- control group (correlation higher than 1 between x and dx).
i
Residual fixed at zero in 9+ intervention and 9- control group. However, results not trustworthy due to non-positive definite PSI
covariance matrix, which was due to small non-significant variance for dx in 9+ intervention and in 9- control group (correlation
higher than 1 between x and dx).
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Table 20
Parameter estimates (SE) for Model 3 of past year marijuana use
Past year marijuana use
9- intervention
9+ control
9- control
***
***
1.362 (.130)
1.545 (.099)***
µ
̂x 1.273 (.053)
2
0.242 (.137)
0.761 (.419) 1.039 (.271)***
σ̂ x
µ
̂dx 0.147 (.017)*** 0.175 (.034)*** 0.209 (.028)***
σ̂ 2dx 0.079 (.024)*** 0.072 (.022)*** 0.087 (.014)***
0.165 (.093)
0.143 (.061)*
σ̂ x, dx 0.082 (.026)**
***
η
-0.279 (.021)
ζ
0.718 (.054)***
2
***
bd x 0.289 (.021)
0.282 (.019)*** 0.290 (.023)***
0.009 (.008)
0.001 (.001)
0.005 (.003)
σ̂ 2ε
rx, dx 0.553 (.146)*** 0.708 (.232)** 0.476 (.165)**
R2
75.5%
97.3%
93.6%
***

p < .001. ** p < .01. * p < .05.
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Table 21
Parameter estimates (SE) for Model 4b of past year delinquency
Past year delinquency
9+ intervention 9- intervention
9+ control
9- control
***
***
***
1.148 (.030)
1.229 (.040)
1.220 (.041)***
µ
̂x 1.197 (.041)
**
*
**
2
0.117 (.042)
0.091 (.041)
0.170 (.056)
0.169 (.059)**
σ̂ x
-0.003 (.011)
0.019 (.012)
µ
̂dx 0.037 (.010)*** 0.027 (.013)*
0.013 (.006)*
0.002 (.004)
0.004 (.004)
σ̂ 2dx 0.007 (.003)*
*
0.002 (.005)
-0.008 (.010)
0.023 (.012)
σ̂ x, dx 0.023 (.010)
η
-0.150 (.036)***
ζ
0.636 (.192)***
2
***
bd x 0.166 (.041)
0.167 (.042)*** 0.177 (.039)*** 0.165 (.039)***
0.001 (.002)
0.002 (.002)
0.012 (.009)
0.001 (.005)
σ̂ 2ε
rx, dx
0.808 (.417)
0.060 (.156)
-0.412 (.550)
0.912 (.336)
2
R
41.6%
75.5%
33.8%
43.3%
***

p < .001. ** p < .01. * p < .05.

110

APPENDIX XXII
Table 22
Model fit indices for detecting moderation of 5-HTTLPR status of intervention effect
Cigarette use

Alcohol use

Marijuana use e

Delinquency

Model 1
Model 2
Model 3a
Model 4a
Model 4bb
Model 5c
Model 1
Model 2
Model 3
Model 4a
Model 4bd
Model 5d
Model 1
Model 2
Model 3
Model 4a
Model 4b
Model 5f
Model 1
Model 2
Model 3g
Model 4ag
Model 4bh
Model 5i

χ2
c0
217.616 5.575
195.986 3.864
99.583 4.448
non-converge
123.117 4.657
85.843 4.215
93.713 3.045
86.454 2.351
77.875 2.445
64.364 2.223
85.450 2.564
75.281 2.438
69.699 10.025
62.639 7.350
50.807 6.948
44.792 6.530
52.500 6.412
47.916 6.267
205.089 5.878
187.064 4.060
157.812 4.301
146.291 4.059
121.554 4.379
100.507 4.069

df CFI
TLI RMSEA SRMR
AIC
BIC
SABIC
93 0.639 0.767
0.102
1.099 5517.231 5580.951 5533.338
84 0.675 0.768
0.102
1.098 5512.398 5614.351 5538.171
73 0.923 0.937
0.053
0.149 5234.114 5382.795 5271.698
57
52
93
84
72
66
55
49
67
61
53
49
43
40
93
84
73
67
55
50

0.808
0.902
0.998
0.995
0.987
1.000
0.932
0.941
0.990
0.994
1.000
1.000
0.965
0.971
0.756
0.775
0.815
0.827
0.855
0.890

0.798
0.887
0.999
0.996
0.989
1.000
0.926
0.928
0.993
0.996
1.000
1.000
0.963
0.967
0.842
0.840
0.848
0.845
0.842
0.868

0.095
0.071
0.008
0.015
0.025
0.000
0.065
0.064
0.017
0.014
0.000
0.000
0.040
0.037
0.097
0.097
0.095
0.096
0.097
0.088

a

0.145
0.134
0.149
0.157
0.104
0.093
0.090
0.080
0.280
0.286
0.166
0.178
0.171
0.175
0.336
0.350
0.284
0.233
0.150
0.143

5215.322
5188.855
5487.583
5497.945
5495.505
5489.919
5509.936
5508.499
3755.070
3757.557
3714.807
3703.152
3713.020
3700.854
2252.684
2255.224
2147.411
2128.566
2011.714
1994.619

5431.972
5426.745
5551.304
5599.898
5648.434
5668.337
5735.083
5759.133
3811.733
3838.505
3828.133
3832.668
3866.820
3866.796
2316.404
2357.177
2296.093
2302.736
2236.861
2241.006

5270.088
5248.990
5503.691
5523.717
5534.163
5535.021
5566.851
5571.856
3767.307
3775.038
3739.280
3731.121
3746.233
3736.689
2268.792
2280.997
2184.996
2172.594
2068.628
2056.902

Residual fixed at zero in s-allele control group. However, results not trustworthy due to non-positive definite PSI covariance matrix,
which was due to small non-significant variance for dx in s-allele intervention group (correlation higher than 1 between x and dx).
b
Residual fixed at zero in s-allele control group. Measurement error at 7th and 12th grade fixed at zero in l-allele control group.
However, results not trustworthy due to non-positive definite PSI covariance matrix, which was due to small non-significant variance
for dx in s-allele intervention group (correlation higher than 1 between x and dx).
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c

The same as above, but also fixed measurement error at 12th grade in l-allele intervention group.
d
Measurement error at 7th grade fixed at zero in l-allele intervention group.
e
L-allele intervention group had no variance at 7th grade assessment. Therefore, the corresponding model cannot be fit for this group.
Remaining analyses were done using only three groups. Measurement error at wave 1 fixed at zero for all three groups.
f
Measurement error at 9th grade fixed at zero in l-allele control group.
g
Residual fixed at zero in s-allele intervention group. However, results not trustworthy due to non-positive definite PSI covariance
matrix, which was due to small non-significant variance for dx in l-allele intervention and s-allele control group (correlation higher
than 1 between x and dx).
h
Residual fixed at zero in l-allele control group. However, results not trustworthy due to non-positive definite PSI covariance matrix,
which was due to small non-significant variance for dx in l-allele intervention and s-allele control group (correlation higher than 1
between x and dx).
i
Residual fixed at zero in l-allele control and s-allele intervention group. However, results not trustworthy due to non-positive definite
PSI covariance matrix, which was due to small non-significant variance for dx in l-allele intervention and s-allele control group
(correlation higher than 1 between x and dx).

112

APPENDIX XXIII

Table 23
Parameter estimates (SE) for Model 2 of past month cigarette use
Past month cigarette use
s intervention l intervention
s control
l control
***
***
***
1.448 (.132)
1.427 (.099)
1.729 (.157)***
µ
̂x 1.268 (.069)
***
2
0.693 (.156)
σ̂ x
**
0.163 (.036)*** 0.204 (.031)*** 0.212 (.039)***
µ
̂dx 0.090 (.029)
2
0.066 (.011)***
σ̂ dx
0.159 (.028)***
σ̂ x, dx
η
-0.188 (.060)**
ζ
0.437 (.185)*
2
***
bd x 0.220 (.062)
0.208 (.062)*** 0.214 (.049)*** 0.223 (.060)***
0.016 (.006)*
σ̂ 2ε
rx, dx
0.743 (.094)***
R2
41.3%
***

p < .001. ** p < .01. * p < .05.
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Table 24
Parameter estimates (SE) for Model 2 of past year delinquency
Past year delinquency
s intervention l intervention
s control
l control
***
***
***
1.169 (.035)
1.176 (.036)
1.330 (.066)***
µ
̂x 1.179 (.036)
***
2
0.131 (.031)
σ̂ x
0.027 (.014)
0.035 (.012)**
0.021 (.011)
-0.007 (.015)
µ
̂dx
2
0.007 (.002)**
σ̂ dx
0.014 (.006)*
σ̂ x, dx
η
-0.145 (.052)**
ζ
0.442 (.264)
bd2x 0.162 (.056)** 0.167 (.055)** 0.177 (.039)*** 0.146 (.061)*
0.004 (.002)*
σ̂ 2ε
rx, dx
0.449 (.186)*
R2
36.8%
***

p < .001. ** p < .01. * p < .05.

114

APPENDIX XXV

Table 25
Parameter estimates (SE) and model fit indices of latent growth curve model with quadratic term
µ̂ix
σ̂ 2ix
̂sx
µ
σ̂ 2sx
σ̂ ix, sx
σ̂ ix, qx
σ̂ sx, qx
̂qx
µ
σ̂ 2qx
rix, sx
χ2
df
CFI
TLI
RMSEA
SRMR

Past month cigarette
use
1.432 (.054)***
0.800 (.155)***
0.154 (.020)***
0.068 (.011)***
0.170 (.028)***
-0.038 (.019)*
-0.001 (.004)
0.006 (.007)
0.007 (.002)**
0.729 (.078)***
7.009
12
1.000
1.000
0.000
0.032

Past month alcohol
use
1.551 (.063)***
0.556 (.106)***
0.165 (.012)***
0.039 (.006)***
0.088 (.022)***
-0.035 (.011)***
0.002 (.003)
0.006 (.007)
0.008 (.002)***
0.599 (.099)***
11.553
12
1.000
1.000
0.000
0.040

Past year marijuana
use
1.365 (.051)***
0.587 (.142)***
0.159 (.015)***
0.066 (.009)***
0.114 (.031)***
-0.037 (.015)*
0.008 (.003)*
0.009 (.005)
0.008 (.002)***
0.578 (.084)***
21.798
13a
0.966
0.960
0.035
0.036

Past year
delinquency
1.195 (.022)***
0.130 (.029)***
0.022 (.007)***
0.008 (.002)***
0.011 (.005)*
-0.006 (.004)
0.001 (.001)
0.001 (.004)
0.001 (.001)+
0.348 (.149)*
8.988
12
1.000
1.000
0.000
0.043

Note. CFI: Comparative Fit Index. TLI: Tucker Lewis Index, or Non-Normed Fit Index (NNFI).
RMSEA: Root Mean Square Error of Approximation. SRMR: Standardized Root Mean Square
Residual.
a
Measurement error at 7th grade fixed at 0.
***
p < .001. ** p < .01. * p < .05. + p = .053.
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Figure 1. Examples of developmental trajectories that can be modeled as a damped linear
oscillator. Trajectory (a) depicts quick oscillation (i.e., high frequency) without damping, and (b)
shows slow oscillation (i.e., low frequency) trajectory with negative damping. Trajectory (c) and
(d) demonstrate trajectories with little oscillation. However, (c) shows a negative damping, while
(d) shows a positive damping (i.e., amplifying).
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Figure 2. Path diagram of a second-order latent differential equation model with 6 consecutive equally spaced observations.
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Figure 3. Path diagram of two coupled second-order latent differential equation models with 6 consecutive equally spaced
observations.
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Figure 4. Individual trajectory of 60 randomly chosen adolescents from 7th to 12th grade among those who reported having used any
cigarette (top left), alcohol (top right), marijuana (bottom left), or any delinquent acts (bottom right). Individuals can differ across
plots.
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Figure 5. Observed group trajectory of adolescent alcohol use (top) and cigarette use (bottom)
from 7th to 12th grade by DRD4 7+ and intervention status.
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Figure 6. Observed group trajectory of adolescent delinquency from 7th to 12th grade by DAT1
9+ and intervention status.
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Figure 7. Observed group trajectory of adolescent cigarette use (top) and delinquency (bottom)
from 7th to 12th grade by 5-HTTLPR s-allele and intervention status.
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Figure 8. Path diagram of a latent growth curve model with quadratic term with 6 consecutive equally spaced observations.
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Figure 9. A conceptual moderated mediation model examining candidate genes (e.g., DRD4 7+)
moderation of the indirect (through mediators, e.g., peer processes) and direct intervention
effects on distal outcomes (e.g., delinquency).
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