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Abstract
This study investigated the stability of genetic and environmental effects on the common liability
to alcohol, tobacco, and cannabis dependence across adolescence and young adulthood. DSM-IV
symptom counts from 2,361 adolescents were obtained using a structured diagnostic interview.
Several sex-limited longitudinal common pathway models were used to examine gender
differences in the magnitude of additive genetic (A), shared environment, and non-shared
environmental effects over time. Model fitting indicated limited gender differences. Among older
adolescents (i.e., age >14), the heritability of the latent trait was estimated at 0.43 (0.05, 0.94)
during the first wave and 0.63 (0.21, 0.83) during the second wave of assessment. A common
genetic factor could account for genetic influences at both assessments, as well as the majority of
the stability of SAV over time [rA = 1.00 (0.55, 1.00)]. These results suggest that early genetic
factors continue to play a key role at later developmental stages.
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Introduction
Substance use disorders are highly comorbid phenomena with high rates of multiple
substance use and substance use disorders observed in large national and international
epidemiological surveys (Degenhardt et al. 2001; Johnston et al. 2008; Substance Abuse and
Mental Health Services Administration 2010). For instance, of the 22.3 million persons aged
12 or older with a past year SUD in the 2007 NSDUH survey, 3.2 million persons were
dependent on alcohol and an illicit substance. Both clinical and non-clinical studies highlight
the significant overlap in risk for alcohol, tobacco, and other drugs (Hopfer et al. 2001,
Malcolm et al. 2006; Young et al. 2006). For instance, Rhee et al. (2006) compared 13
models of comorbidity using a combined clinical and control sample examining comorbidity
of dependence on alcohol and any of eight classes of illicit drugs. The best fitting model
explaining the comorbidity in the data was the alternate forms (i.e., disorders are the
manifestations of an underlying factor).

A number of studies have also demonstrated that phenotypic variation in the liability to use
and abuse multiple substances is attributable to common genetic and environmental
mechanisms (Cadoret et al. 1986, 1995; Kendler et al. 1997; Merikangas et al. 1998; Young
et al. 2000). For example, upwards of 80 % of the observed covariance among alcohol,
tobacco, and other drugs is attributable to genetic factors (Button et al. 2007; Hopfer et al.
2001; Kendler et al. 2007, 2008; True et al. 1999; Tsuang et al. 1998; Young et al. 2006).
Using community-based twins from the Center for Antisocial Drug Dependence [CADD; a
sample whose rate of substance use and dependence is similar to that observed in the general
population (Palmer et al. 2009; Young et al. 2002)], we demonstrated that DSM-IV
symptoms of alcohol, tobacco, and cannabis dependence are indicative of a latent trait
[Substance Addiction Vulnerability (SAV)] in both males and females (Palmer et al. 2012).
Furthermore, the study indicated that the magnitude of additive genetic and non-shared
environmental influences on SAV was the same across genders. Overall, these studies
indicate that, regardless of gender, there are genetic differences that largely predispose
individuals to use and abuse multiple substances. Unfortunately, many studies of the
development of substance-related problems have focused on individual substances and
relied upon either cross-sectional or retrospective information, complicating the
interpretations and generalization of the results.

We are aware of two studies that have examined the etiological stability of alcohol and
tobacco dependence separately in prospective samples (Malone et al. 2004; Viken et al.
2007) and a single study that has examined the endorsement of Diagnostic and Statistical
Manual of Mental Disorders Version III-R (3rd ed., rev.; DSM-III-R; American Psychiatric
Association 1987) dependence symptoms across the most commonly used substances during
adolescence and young adulthood (i.e., alcohol, tobacco, and cannabis) (Vrieze et al. 2012).
Malone et al. (2004) examined the stability of alcohol dependence in a sample of male twins
who were assessed DSM-IV dependence symptoms at ages 17, 20, and 24. The researchers
were able to demonstrate that early symptoms predicted later symptoms and that an early
genetic factor contributes to later substance problems. Viken et al. (2007) investigated the
etiological stability of alcohol dependence symptoms but also considered the possibility of
varying developmental trends between genders. Their study examined alcohol data collected
using the Rutgers Alcohol Problem Index (RAPI) from Finnish twins at ages 18 and 25.
Viken and colleagues’ best fitting biometric model at each assessment was an AE model
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with the additive genetic factor accounting for approximately 50 % of the variance in RAPI
scores at each assessment (in males, heritability (h2) at 18 = 0.47, h2 at 25 = 0.48; in
females, h2 at 18 = 0.61, h2 at 25 = 0.48). Most notably, genetic correlations across
assessments were large (0.95 in males, 0.74 in females) and non-shared environmental
correlations were small (0.22 in males, 0.25 in females). More recently, Vrieze et al. (2012)
utilized a large longitudinal twin cohort to study changes in the covariance among alcohol,
tobacco, and cannabis abuse and dependence symptoms from adolescence into early
adulthood. Their analysis showed that the covariance among substance decreased with age.
Further, Vrieze et al.’s biometrical analyses showed that the heritability of the latent trait
decreased with age while the non-shared environmental effect on the latent trait increased
with age.

The goal of this study was to extend our previous report (i.e., Palmer et al. 2012) by
examining the contribution of genetic and environmental factors to the common liability to
DSM-IV dependence symptoms on alcohol, tobacco, and cannabis across adolescence and
young adulthood. In the previous study we identified a heritable latent trait (across males
and females) that was indicated by DSM-IV alcohol, tobacco, and cannabis dependence
symptoms. The specific goals of this study were to:

1. Estimate genetic and environmental effects on the latent trait during adolescence
and young adulthood, as well as the persistence of their effects over time and,

2. Determine the contribution of genetic and environmental factors to the stability of
the latent trait over time.

Notably, we took the same steps described in our previous report (Palmer et al. 2012) to
account for any bias in genetic and environmental estimates that might arise from the
treatment of scores from individuals who have never been exposed to alcohol, tobacco, or
cannabis. Furthermore, given the developmental nature of substance addiction phenotypes
analyses were conducted in informative cohorts of adolescence where the levels of use and
problems are more prevalent (Johnston et al. 2008; Palmer et al. 2009).

Methods
Sample

Participants in the current study are part of an ongoing community-based longitudinal study
at the CADD at the University of Colorado at Boulder. The CADD was selected for this
project because the rates of alcohol, tobacco, and cannabis have already been shown to
mirror levels observed in large populations, such as the Monitoring the Future Study and the
National Survey on Drug Use and Health (Palmer et al. 2009). The twins utilized in the
CADD originate from two community-based twin studies at the University of Colorado that
are part of the much larger, Colorado Twin Registry based at the Institute for Behavioral
Genetics at the University of Colorado at Boulder. The two studies are the Longitudinal
Twin Study (LTS) and the Community Twin Sample (CTS). The CTS study originated in
1984 and was open to all twins born in the state of Colorado from 1982 and onward. The
LTS was initiated in 1986 and used a broad set of criteria (see Rhea et al. 2006; 2012) to
recruit infant twins to be combined with 59 twin pairs that were part of another project
[Infant Twin Sample (approximately 1984)]. Twins from both samples were recruited into
the CADD while they were between the ages of 12 and 18 years of age. Twins were required
to have no known abnormalities that would prevent participation, such as an inability to
provide meaningful consent. A more detailed description of the twin samples in the CADD
are available elsewhere (Rhea et al. 2006, 2012).
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For the current study, we utilized 2,361 respondents who completed the first two waves of
the ongoing study (mean retest lag = 5.22 years, SD = 1.07) and who had zygosity
information available. We also identified 383 participants who participated in the study at
wave 1 but did not have any data available at wave 2 (further details and the implications of
sample attrition are presented in the discussion section). Given the developmental nature of
substance use and the very low rates of dependence symptoms generally observed in
community samples (Johnston et al. 2008; Young et al. 2002), our sample was assessed as
two separate cohorts based on their age of first assessment, which corresponded roughly to
the middle school and high school periods. At the first wave of assessment (wave 1),
participants in the younger adolescent cohort (N = 1164; 48 % male) were between the ages
of 12 and 14 [male mean age = 13.03, standard deviation (SD) = 0.81, female mean age =
12.95, SD = 0.83]. At the wave 2 follow-up twins in the young adolescent cohort were
between the ages of 16 and 25 [male mean age = 18.08 (SD = 1.36), female mean age =
18.01 (SD = 1.25)]. At the initial assessment, twins in the older adolescence cohort (N =
1197; 44 % male) were between the ages of 15 and 18 [mean age in males = 16.64 (SD =
1.14), mean age in females = 16.61 (SD = 1.17)]. At the wave 2 follow-up the age range of
twins in the older adolescence cohort was from 19 to 29 [mean age in males = 22.11 (SD =
1.81), mean age in females = 22.14 (SD = 1.84)]. Zygosity was determined using a nine-
item assessment focused on their physical characteristics and concordance on eleven highly
informative short tandem repeat polymorphisms. The number of complete pairs in the
younger adolescent cohort was: 134 monozygotic (MZ) male twin pairs (MZM), 147 MZ
female twin pairs (MZF), 103 dizygotic male twin pairs (DZM), 103 dizgyotic female twin
pairs (DZF), and 78 dizygotic opposite-sex male–female twin pairs (OS). The number of
complete pairs in the older adolescent cohort was: 112 MZM, 162 MZF, 61 DZM, 78 DZF,
and 140 OS.

Assessments
Our dependent variable of interest in this study was the latent trait indicated by the total
amount of DSM-IV drug dependence symptoms on alcohol, tobacco, and cannabis.
Symptoms were obtained from a paper version of the Composite International Diagnostic
Interview—Substance Abuse Module (CIDI-SAM) at the first wave and a computerized
version of the CIDI-SAM during the second wave. The CIDI-SAM is a research-based
interview administered by lay interviewers and a reliable diagnostic tool for the collection of
dependence data in clinical and general research settings (Cottler et al. 1989; Crowley et al.
2001; Üstun et al. 1997). Respondents reported if they had experienced any of the following
symptoms in their lifetime: ‘tolerance’, ‘withdrawal’, ‘substance taken in larger amount and
for longer period than intended’, ‘persistent desire or repeated unsuccessful attempt to quit’,
‘much time/activity to obtain, use, recover’, ‘important social, occupational, or recreational
activities given up or reduced’, and ‘continued use despite knowledge of adverse
consequences’. Lifetime symptom counts were tallied for the first wave and second wave of
assessment. Dependence symptoms were assessed amongst individuals who reported use of
each substance. Alcohol users were defined as individuals who consumed six of more
alcoholic beverages in their lifetime at wave 1, or having used alcohol at least once in their
lifetime at wave 2. Adolescent tobacco users were required to have smoked a cigarette, a
cigar, a pipe, or used snuff or chewing tobacco at least once in their lifetime; young adult
tobacco users were those individuals who had smoked at least 20 cigarettes in their lifetime,
or who had used cigars, a pipe, snuff, or chewing tobacco more than five times in their life.
Lastly, cannabis users, at both waves of assessment, were defined as those individuals who
reported having used marijuana, grass, pot, or hashish more than five times in their lifetime.
Since how we score participants who have never been exposed to a drug can bias genetic
and environmental estimates, respondents who did not report exposure to a substance
received a missing value on or that substance. Consequently, each variable was conditional
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on drug use. This approach reduces the likelihood that environmental effects that are often
observed with substance initiation phenotypes (Hopfer et al. 2003) bias effects observed on
dependence in this study.

Analyses
Descriptive statistics were obtained using SAS® and MPlus (Muthén and Muthén, 1998).
Due to non-normality in symptom count data, the Mann–Whitney U test was used to test for
sex differences in the dependence symptom counts within each age cohort. Twin
correlations and confirmatory factor models (that explore the existence of a single latent
trait) were conducted using MPlus while accounting for the clustering of individuals within
families. Notably, the latent trait (referred to as SAV) was constrained to have a mean of
zero and a variance of one.

A Longitudinal Common Pathway Model was used to determine the magnitude of genetic
and environmental effects on SAV across waves of assessment. Models were fitted using
age and sex corrected log transformed [log(x + 1)] symptom counts in Mx (Neale 1999)
(corrections were done within each age cohort). The Longitudinal Common Pathway Model
(shown in Fig. 1) is a multivariate extension of the classical twin model. The model
decomposes the variance of a latent variable (with direct phenotypic paths to each
substance) into latent additive genetic (A), shared environment (C), and non-shared
environmental (E) effects, by comparing MZ and DZ twins who, under the equal
environments assumption, differ on a phenotype because of differences in genetic
relatedness between the pairs of twins. The model also decomposes the residual variance of
each observed phenotype into trait-specific genetic and environmental effects. These
analyses take advantage of the fact that MZ twins share 100 % of their genetic material
while DZ twins share on average 50 % of their genetic information identical by descent. The
extent to which MZ twin pairs are more similar than DZ twin pairs is indicative of genetic
effects on a phenotype. Using our sample of same and opposite sex twins, we tested whether
the magnitude of the genetic effects on the latent trait differed between males and females.
In doing so, we compared several sex limitation models. The full model (Model I) allowed
all of the pathways for A, C, and E (i.e., on the latent trait and the substance-specific
residuals) and the loadings on the latent trait to differ between genders. The full model was
compared to a more restricted model (Model II) that equated all the factor loadings across
genders, and subsequently to an even more restricted model (Model III) that further
constrained the magnitude of A, C, and E on the latent trait to be the same for males and
females. Finally, we tested a sex-limited model that constrained the factor loadings and all
common and trait specific A, C, and E effects to be the same across genders (this is referred
to as Model IV). In each model, the variance of the latent factor was constrained to 1. This
allowed us to estimate the factor loadings on the latent trait and to test the significance of the
factor structure. To address the main research question of the study we assessed the stability
of the genetic and environmental effects on the latent trait across waves of assessment for
each cohort by dropping (i.e., fixing at zero) the pathways responsible for the genetic and
environmental covariance from the model (i.e., a21, c21, and e21). Since Models II, III, and
IV, are nested within Model I, all models were compared by examining the difference in the
minus twice log likelihood estimates that are distributed as a Chi square with degrees of
freedom equivalent to the differences in degrees of freedom between the models, as well as
the change in the comparative fit indices (i.e., the Akaike Information Criterion (Akaike
1987) (AIC) and Sample Size Adjusted Bayesian Information Criterion (SABIC) (Enders
and Tofighi 2008) (where lower AIC and SABIC values indicate better fitting/more
parsimonious models). Sub models of the best-fitting sex-limitation model were compared
using the same statistics. To further illustrate the implications of the model comparisons, a
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better fitting Model II (compared to Model I) would be indicative of a difference in factor
loadings across genders.

Results
Sample description

Table 1 presents the frequency of substance use and the mean levels of DSM-IV drug
dependence amongst users of each age cohort by gender. As expected, the prevalence of
drug use and the mean levels of dependence were higher in the older cohort. Consistent with
our earlier report (Palmer et al. 2009), the most frequently used substance at each wave of
assessment was alcohol, followed by tobacco, and cannabis. There were several instances in
which the mean level of dependence symptoms significantly differed between males and
females. For instance, in the young adolescent cohort, the mean level of alcohol dependence
symptoms was greater in males at both waves of assessment. Means difference tests within
the older cohort indicated no difference in symptom levels between genders during the
initial assessment, however, on average, males endorsed more alcohol symptoms while
females endorsed more tobacco dependence symptoms at wave 2.

Males and females displayed a general tendency to endorse dependence symptoms across
alcohol, tobacco, and cannabis at each of assessment. However, this was only the case for
participants in the older cohort due to the low frequency of users with dependence problems
in the younger cohort. Table 2 shows the correlations between substances at each wave of
assessment for males and females separately. In general, the correlations between substances
increased over time. For instance, in females, the correlation between substances at wave 1
ranged from 0.22 to 0.29; at wave 2 the correlation between substances ranged from 0.31 to
0.37. Correlations between substances were generally larger in males. Due to the limited
information available in the young cohort, we focused on data from the older wave 1 cohort
for subsequent analyses.

Figure 2 describes the results of the confirmatory factor models exploring the structure of
the latent trait at each wave of assessment for each gender in the older cohort. Due to the
low levels of use and dependence in the young cohort, there was limited evidence of a latent
trait in the younger cohort primarily. It was not possible to obtain a model that converged in
the younger cohort due to the low covariance coverage within each wave of assessment and
across assessments. For example, only 16.8 % of males had non-missing values for alcohol
symptoms at wave 1 and only 11.5 % of males have non-missing values for both alcohol
symptoms at wave 1 and tobacco symptoms at wave 2. In the older cohort, the latent trait
(SAV) was indicated at both waves of assessment and factor loadings could not be fixed at
zero without a significant loss in model fit. Furthermore the model fitted the data well [χ2 =
58.913 (Female = 24.844, Male = 34.069), df = 24, p value = 1E–4, RMSEA = 5.1E–3]. The
phenotypic correlation between SAV factors at each wave was estimated at 0.69 in females
and 0.70 in males, suggesting strong stability of the latent trait. Biometrical analyses were
fitted to data from twins in the older cohort.

Supplemental Table S1 presents the within and cross trait correlations for individual
substances in the older adolescent cohort. In most instances, the same sex MZ twin
correlation was greater than or equal to the DZ twin correlation suggesting the role of A, C,
and E effects. For tobacco dependence at wave 2, the MZ correlations were more than twice
the DZ twin correlation suggesting role of non-additive genetic effects. Given, our interest in
the stability of the etiology of the latent trait (derived from the observed traits) and the lack
of evidence for non-additive genetic effects in our previous reports (Rhee et al. 2006; Palmer
et al. 2012) we decomposed the variance in SAV into additive genetic, shared environment,
and non-shared environmental effects.
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Longitudinal common pathway model fitting
The Longitudinal Common Pathway model that constrained the factor loadings across
genders, as well as the magnitude of genetic and environmental influences on the latent trait
(SAV) and the residual variance for each substance, was the best fitting sex-limitation model
(i.e., Model IV; as indicated by the improvement in fit in Table 3). As shown in Table 3,
many of the additive genetic effects on SAV could not be dropped from the model without a
significant loss in fit (i.e., a positive change in the AIC or a significant Chi square difference
test). This suggested that a significant proportion of the variation in SAV could be attributed
to additive genetic factors. In addition, there was limited evidence for any unique/novel
genetic effects emerging during young adulthood/wave 2 as the path a22 could be dropped
from the model without any significant loss in model fit. This suggested that a common
genetic factor could account for the general liability to alcohol, tobacco, and cannabis
dependence over time.

The path coefficients corresponding to model IV are shown in Table 4. Using these
coefficients we determined the heritability of SAV during adolescence and young adulthood,
as well as the relative contribution of shared and non-shared environmental influences.
These estimates are displayed in Table 5 which describes the genetic, shared environmental
and non-shared environmental effects, correlations across the two waves of assessment, and
the proportion of the phenotypic covariance attributed to A, C, and E. The total genetic
variance of SAV increased from 0.43 during adolescence to 0.63 during young adulthood.
At the same time, the absolute shared environmental variance on SAV decreased (i.e. from
0.30 to 0.05), while the total non-shared environmental variance slightly increased. Almost
all of the genetic effect on SAV at young adulthood was due to factors in common with
adolescence, indicating a persistent/stable effect of early factors. The phenotypic correlation
between the SAV factors at each wave of assessment largely resulted from a common
additive genetic factor (74 %), with negligible contribution from shared environment factors
(17 %) and non-shared environmental factors (9 %). The estimated correlation between the
A1 and A2 genetic factors was 1.00 (0.55, 1.00). Altogether, these results suggest that the
covariance between the common liability to drug dependence measured at adolescence and
at young adulthood is largely due to a common genetic factor.

Discussion
Although it is already well established that genetic differences contribute to the variation in
susceptibility to substance dependence, the present study makes a unique contribution to the
literature in multiple ways. First, it adds to the limited number of studies that examine
stability and change of genetic and environmental factors that influence the common
liability to drug dependence. Second, to our knowledge, it is the first study to examine
gender differences while accounting for age effects on the stability of the liability to drug
dependence. Multivariate extensions of the classical twin model are a powerful means to
explore the magnitude of common and specific genetic and environmental factors across
multiple groups (e.g., age and gender).

For SAV, the magnitude of genetic influences increased from adolescence to young
adulthood. Furthermore, almost all of the phenotypic covariance was attributable to genetic
influences. These results are consistent with prior longitudinal studies. Although a direct
comparison to other studies is not entirely possible, due to our use of a latent trait instead of
individual substances, our findings are consistent with Viken et al. (2007), which found
large genetic correlations (0.95 in males, 0.74 in females) between alcohol problem scores
measured at age 18 and 25. Our findings are also similar to that of Vrieze et al. (2012),
which found moderate genetic influences on the latent trait during adolescence into young
adulthood. However, unlike Vrieze et al.’s study, our best-fitting sex-limitation model
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provided point estimates suggesting an increase in the genetic effects on SAV over time
which was accompanied by a decrease in shared environmental influences; notably,
although Model IV suggests changes in effects over time we were able to constrain the
magnitude of ACE effects on SAV to be the same at each wave of assessment without any
significant loss in fit (Δχ2 = , Δdf = 4, p = 0.80, ΔAIC = −6.35), however, we prefer to err on
the side of caution when over-restricting the parameter space of classical twin models as the
resulting estimates may be sample specific. These findings lend support to the biological
(i.e., addictive properties of substances) theories that describe the liability to the continuous
abuse of substances. For example, neurological models indicated by animal and human
addiction research suggest that upon repeated use of substances like tobacco, the reward
circuitry that is regulated by dopamine levels becomes dysregulated leading to a pattern of
addiction (Gardner 2005; Koob and Le Moal 2001). Because these pathways are genetically
determined, individual differences in the efficiency of this system likely account for some of
the generalized risk across substances, as well as persistent substance problems over time.

The shared environmental influence on SAV was modest (~0.30) during adolescence and
young adulthood. This observation is in agreement with the developmental hypothesis of
substance use. Specifically, that substance use during adolescence is driven by genetic and
environmental influences. Over time, as use becomes more normative, genetic effects on use
phenotypes decrease (i.e., a result of the reduced variance in the population), but on another
dimension of addiction (e.g., dependence) informative individual differences exist amongst
users, which are more biologically driven. A detailed review of addiction genetics by
Agrawal and Lynskey (2008) highlights the fact many twin studies show significant shared
environmental influences on drug use, but only additive genetic and non-shared
environmental influences on drug dependence.

Gender differences in the liability to SAV were few and inconsistent. Likewise, gender
differences in the substance-specific genetic and environmental factors were negligible.
These findings are consistent with many other studies of drug dependence (Agrawal and
Lynskey 2008). For instance, several studies of alcohol dependence have identified limited
differences in the liability to dependence in males and females. For example, using separate
samples, Kendler and colleagues (1992) estimated the heritability of alcohol dependence to
be approximately 50–60 % in females and 48–58 % in males (Prescott and Kendler 1999).

It is also noteworthy to discuss the significance of genetic effects on the common factor and
the persistence of their effects over time. Genetic influences on the SAV factor support the
hypothesis that several biological pathways and associated molecules (most likely neuronal)
are activated, facilitated, and/or manipulated by drugs of abuse. Thus, if the emergent
property of these pathways, as a whole, is for sensitivity to rewarding stimuli, then variation
within said pathways would be common to all possible substances of abuse. Neuroimaging
studies have provided support for the existence of said pathways. For example, it has been
consistently shown that drug-induced changes in dopamine (a natural reinforcer) levels are
associated with the reinforcing effects of drugs of abuse (Volkow et al. 2003). Notably,
genetic variation within brain circuits (i.e., those related to reward, motivation, learning and
memory, and decision-making) related to addiction, are ideal candidates for common
sources of variation across substances. The high genetic correlation observed and the strong
possibility of a common genetic factor over time confirms the stability of pleiotropic effects
of genes across different substances. This is promising for twin and molecular studies as it
suggests that the genetic liability is largely stable over time. This suggests that a study
attempting to identify genetic variants influencing variation in the liability to alcohol,
tobacco, and cannabis dependence may identify the same set of variants in adolescents as a
study conducted in young adults. While we did observe an increase in the genetic effect over
time, it is important to keep in mind the changes in the environment during this transition
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period. We observed a decrease in the shared environmental effect over time, while the non-
shared environmental effect was relatively stable. Further, the shared environment or non-
shared environmental factors did not contribute to the stability of the SAV. No
environmental contribution to the stability of SAV reinforces the idea that environmental
factors, such as substance using peers, and cultural norms are primarily relevant to early
involvement/access to a specific substance or multiple substances. Hence, individual
differences in the physiological and associated psychosocial consequences of chronic drug
exposure (as measured by the DSM) of any of these three substances appear to be driven by
variation in the same biological systems, as there is very little evidence for substance-
specific genetic factors in our community sample, with the exception of tobacco
dependence.

Several important considerations should be taken into account when referring to these
findings. First, this study used only two waves of assessment. Although we were working
with small age cohorts of drug users during adolescence (Palmer et al. 2009) and age effects
were statistically removed within the younger and older cohorts, there are likely to be
considerable differences in the etiology of dependence across early and late adolescence,
and late adolescence and young adulthood. This limitation is not unique to the CADD
project. It highlights the need for future studies that combine data across multiple samples to
obtain the power to test age-to-age differences in the liability to drug addiction. In the future,
we hope to extend these approaches to samples with assessments that span adulthood so that
we may understand individual differences in patterns of problematic alcohol, tobacco, and
cannabis use over time. Second, national longitudinal studies have shown that substance use
and problems increases with age, peaks in early 20s (21–24), stabilizes, and then decreases
during adulthood. Since some of our participants had not passed through the peak age of
drug use and problems (age 23), we cannot discern if all participants have reached their peak
level of risk for developing dependence symptoms. Finally, our third limitation is the
problem of attrition. Of the 2,745 individuals that were observed at wave 1, 383 did not
participate at wave 2. A possible explanation for this dropout is that these individual have
more drug related problems (on average) compared to individuals who participated at both
assessments. We found this to be the case for alcohol dependence in males, where those who
were present at both waves had a mean of 0.37 (SD = 0.80), and those who were present
only at wave 1 had a mean of 0.64 (SD = 1.08) (Wilcoxon Two Sample Test Z = 2.59, p <
0.01). Males who did not participate at both waves also reported significantly higher mean
levels of tobacco dependence [mean = 1.02 (1.73)] symptoms than males who participated at
both waves [mean = 0.71 (1.51)] (Z = 2.07, p = 0.04). Since males participating at both
waves of assessment scored lower than males who did not participate at both waves of
assessment, it is possible that the observed means in our study are slightly lower than would
be expected if there was no attrition in the study.

To summarize, we have demonstrated that the covariance between the adolescent and young
adult liability to alcohol, tobacco, and cannabis dependence is largely attributable to a
common genetic factor. Our findings add to the growing number of studies that have
suggested that persistence of substance problems is largely attributable to additive genetic
factors. Our findings are especially useful in the context of measured genetic studies that
aim to identify genetic variants common to multiple substances, as it demonstrates that
adolescent populations are just as likely as adult populations to identify genetic risk factors
for alcohol, tobacco, or cannabis dependence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Example of a Longitudinal Common Pathway Model (Twin 1 only). Path diagram
illustrating the Longitudinal Common Pathway Model. The variance of the latent trait
[Substance Addiction vulnerability (SAV)] at waves 1 and 2 is decomposed into its genetic
(A) and shared (C), and non-shared environmental (E) components. The covariance between
the genetic (or environmental) factors at each wave is determined by the significance of the
path connecting the first factor to the second assessment (i.e., a21, c21, and e21). The model
also decomposes the residual variance of each substance into trait specific additive genetic,
shared environment, and non-shared environmental effects (not all shown). Abbreviations:
A additive genetic factor; a additive genetic path loading (although not shown, the following
notations can also be included C shared environment factor; c shared environment path
loading; E non-shared environment factor; e non-shared environment path loading)
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Fig. 2.
Confirmatory Factor Analysis Results for Older Adolescents. Path diagram illustrating the
standardized path loadings (with standard error) from the confirmatory factor analysis
conducted using male and female twins in the older adolescent cohort. Abbreviations: SAV
Substance Addiction Vulnerability factor
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Table 1

Distribution of use and DSM-IV dependence symptoms by gender and age cohort

Younger males (564) Younger females (600) Older males (529) Older females (668)

Use

Alcohol 69 (13.27 %) 61 (11.28 %) 320 (63.24 %) 387 (60.47 %)

Tobacco 44 (8.46 %) 23 (4.25 %) 229 (45.26 %) 257 (40.22 %)

Cannabis 13 (2.30 %) 5 (0.83 %) 105 (19.84 %) 141 (21.11 %)

Dependence

Alcohol 0.16 (0.41) 0.03 (0.26) 0.42 (0.86) 0.47 (0.94)

Tobacco 0.21 (0.85) 0.22 (1.04) 0.81 (1.59) 1.03 (1.73)

Cannabis 0.92 (1.26) 2.00 (0.71) 1.37 (1.64) 1.32 (1.46)

Wave 2

 Use

  Alcohol 403 (71.45 %) 337 (62.83 %) 498 (94.14 %) 607 (90.87 %)

  Tobacco 200 (35.46 %) 103 (19.03 %) 329 (62.19 %) 265 (39.67 %)

  Cannabis 185 (32.80 %) 119 (19.83 %) 258 (48.77 %) 245 (36.67 %)

 Dependence

  Alcohol 1.08 (1.55) 0.76 (1.37) 1.54 (1.65) 1.18 (1.61)

  Tobacco 2.22 (2.09) 2.53 (1.97) 2.24 (2.00) 2.70 (1.93)

  Cannabis 1.23 (1.52) 1.01 (1.35) 1.11 (1.51) 1.01 (1.44)

Table shows prevalence of use [N (%)] and the mean and SD [mean (SD)] of observed DSM-IV symptom counts for alcohol, tobacco, and
cannabis among the identified drug users. Note: Bolded values indicate instances in which the mean level of symptom endorsed in male and female
drug users within the same age cohort is significantly different (Mann–Whitney U p-value < 0.05)
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Table 4

Standardized loadings for best-fitting common pathway model (model IV)

Parameters Standardized path estimates (95 % CI)

Etiology of latent trait

a11 0.66 (0.21, 0.96)

a21 0.79 (0.32, 0.92)

a22 1E–4 (−0.62, 0.62)

c11 0.55 (−0.83, 0.83)

c21 0.22 (−0.60, 0.60)

c22 1E–4 (−0.43, 0.00)

e11 0.52 (0.21, 0.70)

e21 0.13 (−0.16, 0.16)

e22 0.55 (0.34, 0.72)

Factor loadings on latent trait

Alcohol at wave 1 0.52 (0.43, 0.62)

Tobacco at wave 1 0.61 (0.49, 0.71)

Cannabis at wave 1 0.49 (0.35, 0.62)

Alcohol at wave 2 0.53 (0.44, 0.61)

Tobacco at wave 2 0.60 (0.50, 0.68)

Cannabis at wave 2 0.57 (0.46, 0.66)

Etiology of residual variance

a-Alcohol wave 1 0.00 (−0.49, 0.49)

c-Alcohol wave 1 0.40 (−0.51, 0.51)

e-Alcohol wave 1 0.75 (0.67, 0.82)

a-Tobacco wave 1 0.14 (−0.59, 0.59)

c-Tobacco wave 1 0.44 (−0.58, 0.57)

e-Tobacco wave 1 0.65 (0.54, 0.73)

a-Cannabis wave 1 0.00 (−0.53, 0.53)

c-Cannabis wave 1 0.39 (−0.58, 0.55)

e-Cannabis wave 1 0.78 (0.65, 0.91)

a-Alcohol wave 2 0.31 (−0.51, 0.51)

c-Alcohol wave 2 0.23 (−0.46, 0.46)

e-Alcohol wave 2 0.75 (0.67, 0.82)

a-Tobacco wave 2 0.57 (0.34, 0.68)

c-Tobacco wave 2 0.00 (−0.40, 0.40)

e-Tobacco wave 2 0.56 (0.45, 0.65)

a-Cannabis wave 2 0.37 (−0.54, 0.54)

c-Cannabis wave 2 0.00 (−0.44, 0.44)

e-Cannabis wave 2 0.74 (0.62, 0.85)

Table shows standardized path loadings and 95 % confidence intervals for the best-fitting sex-limitation model (Model IV)
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Table 5

Magnitude of genetic and environmental influences

A C E

SAV at adolescence (wave 1) 0.43 (0.05, 0.94) 0.30 (0.00, 0.68) 0.27 (0.04, 0.48)

SAV at young adulthood (wave 2) 0.63 (0.21, 0.83) 0.05 (0.00, 0.36) 0.32 (0.14, 0.54)

Correlation between factors 1.00 (0.55, 1.00) 1.00 (−1.00, 1.00) 0.23 (−0.29, 0.70)

% of covariance explained by: 74 % 17 % 9 %

Note Table shows the proportion of variation in the common liability to alcohol, tobacco, and cannabis DSM-IV dependence symptoms (as
measured by the factor score) attributable to additive genetic (A), shared environment (C) and non-shared environmental factors (E). Covariance
and correlation estimates were derived from the full bivariate model
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