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Abstract
Background—Peer substance involvement (PSI) is a robust correlate of adolescent substance
use. A small number of genetically informative studies suggest that shared genetic and
environmental factors contribute to this association but have not clarified our understanding of the
mechanisms by which PSI influences the etiology of regular substance involvement (RSI),
particularly in women.

Methods—We use data on 2,176 twin women, who were part of a population-based cohort from
U.S. Midwest, to examine the relationship between self-reported PSI during adolescence and a
composite regular substance involvement factor (RSI) representing regular tobacco, alcohol and
cannabis use during young adulthood, using genetically informative correlation, moderation and
joint correlation-moderation models.

Results—There was evidence for a significant additive genetic X environment interaction. PSI
was moderately heritable (h2=0.25). Genetic, shared and non-shared influences on RSI overlapped
with influences on PSI, with common genetic factors accounting for 18.5% of the genetic
influences on RSI. Even after controlling for these shared genetic influences, RSI was more
heritable in those reporting greater PSI.

Conclusions—While young women may select peers based on certain dispositional traits (e.g.
permissiveness towards substance use), the social milieu constructed by PSI does modify the
architecture of increased RSI in those individuals with increasing levels of PSI being associated
with stronger expression of heritable influences.

The extent to which an individual affiliates with substance using or delinquent peers has
consistently emerged as one of the strongest correlates of adolescent onset substance use and
substance use problems (1–10). Despite these frequently reported associations, controversy
remains regarding the mechanisms underlying them: while peer affiliations are most
commonly conceptualized as risk factors for the development of substance use, via
processes of socialization, it has also been observed that these associations may reflect
processes of selection whereby individuals with a heightened propensity for substance use
select and affiliate with peers who share a liability to substance use (11–15). Thus, the
observed associations may reflect the combined influences of both selection and
socialization processes (16).
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A further issue to consider is that, while peer affiliations have traditionally been
conceptualized as an environmental factor, there is an emerging literature suggesting that,
with rare exception (17), peer factors are influenced by heritable factors (18). For example,
Gillespie et al. (14) reported that 23–37% of the variation in liability to affiliating with
substance using peers could be attributed to additive genetic influences while Kendler et al.
(18) reported that 30–50% of the variation in liability to affiliate with substance using peers
could be attributed to additive genetic factors with the relative importance of such influences
increasing with increasing age. An intriguing new study (19) of peer networks shows
heritable influences on attributes of peer networks, such as how often someone is named as a
friend and how frequently they connect different individuals as peers Parallel evidence
supports the existence of moderate to strong heritable influences on adolescent substance
use (20–24) and substance related problems (25–27).

While the literature supports the existence of genetic influences on both peer affiliations and
on liability to substance use, the nature of the relationship between peer affiliations and
substance involvement, particularly from a genetic perspective, remains less certain. Several
possible mechanisms have been posited, however, the most commonly tested hypothesis for
the relationship between PSI and substance involvement is of correlated influences. For
instance, Walden et al. (17) found that peer deviance was associated with early substance
use via overlapping shared environmental factors. In a recent twin study of the association
between peer deviance and cannabis use, Gillespie and colleagues (14) reported substantial
overlap of shared environmental factors (25–73%) but also highlighted the role of
overlapping genetic (50–78%) and non-shared environmental (21–26%) influences. Other
reports have also supported the role of overlapping risk factors on substance use and PSI
(28–31).

An alternative hypothesis, now garnering much attention in this exciting era of gene
discovery, is that of (additive) gene x environment interaction (32), whereby vulnerability to
substance-related outcomes is ameliorated or exacerbated by the environmental milieu
associated with substance-using peers. Particularly, if the potent influence of PSI extends
into later stages of substance involvement, such as regular use, then investigating
mechanisms by which PSI modifies gene expression for regular substance involvement
(RSI) will be critical, not only from a public health standpoint, but also for genomic studies
that seek to maximize their ability to identify genes for substance use disorders (e.g.(33–
35)).

We also focus on a well-characterized sample of women – from a behavior genetic
standpoint, it is possible that gene - environment interplay (correlations and interactions) as
they relate to peer affiliations may be of particular importance in adolescent women as
substance use and affiliating with delinquent peers is considerably more non-normative in
women compared to their male counterparts (38).

In an effort to delineate the relationship underlying PSI and RSI, from the perspective of
(additive) gene x environment interaction, we apply a series of advanced twin models to
extensive longitudinal interview and questionnaire data from a sample of young adult
women to:

a. investigate the extent to which additive genetic, shared environmental and non-
shared environmental factors influence peer substance involvement(PSI);

b. estimate the extent to which overlapping genetic, shared and non-shared
environmental factors influence PSI and regular substance involvement (RSI);
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c. examine whether PSI moderates the magnitude of genetic and environmental
influences on RSI via (additive) gene x environment (and environment x
environment) interactions.

d. examine whether PSI continues to modify genetic and environmental influences on
RSI when influences that contribute to their overlap are accounted for.

MATERIALS AND METHODS
Sample

Data for this study are drawn from the Missouri Adolescent Female Twin Study
(MOAFTS). MOAFTS consists of a cohort of female same-sex twin pairs born between July
1st 1975 – June 30th 1985 who were identified from birth records (39). Further details
regarding the initial sample recruitment and the baseline interview (conducted 1994–1999),
response rates and characteristics of the baseline data, which are not utilized in the current
study, as they do not contain detailed assessments of substance use, are given elsewhere
(40;41). Subsequently, the twins were invited to complete a mailed questionnaire and
participate in the five-year follow-up telephone interview. The questionnaire was mailed one
year (1996–1999) after the baseline interviews and included a series of questions on peer
substance involvement. 2788 twins, aged 14–24 years, returned completed questionnaires.
The five-year follow-up interview was conducted from 2002–2004 and included a detailed
assessment of substance involvement. All eligible twins, including those who may not have
completed a baseline assessment, were invited to participate in the follow-up, provided that
they, or their parents, had not previously indicated an unwillingness to participate in future
studies. A total of 3,787 twins, aged 18–29 years, completed follow-up interviews, however
of those interviewed, only 2,484 twins also had data on PSI from the questionnaire. Of these
subjects with interview and questionnaire data, we retained those who reported European-
American ancestry and had a valid zygosity assignment as the member of a monozygotic or
dizygotic twin pair – this final sample consisted of 2176 European-American women, from
574 MZ and 439 DZ pairs as well as 150 twins whose co-twin did not participate.

Measures
Two measures were used in these analyses:

Regular substance involvement (RSI)—This measure was created by factor analyzing
3 dichotomous items representing regular alcohol use, regular cigarette smoking and
repeated cannabis use. Data for this measure were lifetime and were obtained from the five-
year follow-up interview.

Regular alcohol use was defined as a lifetime history of drinking a drink per month for a
period of 6 months in a row. In this sample, 53.5% of the women reported regular alcohol
use.

Regular cigarette smoking was defined as a lifetime history of either (a) smoking 100 or
more cigarettes (yes/no) or (b) smoking 21–99 cigarettes during the lifetime but also
reporting smoking daily or weekly for at least 2 months in a row (yes/no). If either condition
was satisfied, then the respondent was classified as a regular smoker − 36% of the women
reported smoking cigarettes regularly.

Repeated cannabis use was defined as a lifetime history of using cannabis 11 or more times
and endorsed by 18% of the sample. There is currently no standardized measure of ‘regular’
cannabis use, however those using cannabis less frequently are assumed to not be at risk for
dependence.
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These measures represent regular/repeated substance use. They were also selected as, in our
interview, individuals endorsing these items only were subsequently queried about substance
abuse/dependence, making these items ‘thresholds’ to vulnerability to problematic substance
involvement.

Peer substance involvement (PSI)—This measure was based on factor analysis of 9
questionnaire items where the twins reported on their peers’ substance use behaviors yielded
a factor score representing PSI. Twins were asked to endorse ‘how many of your friends
would you guess’: (a) smoked cigarettes regularly, (b) used smokeless tobacco, (c) drank
alcoholic beverages regularly, (d) got drunk at least once a week, (e) smoked marijuana or
hashish, (f) used crack cocaine, (g) used cocaine in powder form, (h) used heroin or (i)
sniffed glue, gases or spray. Responses were provided on a 5-point Likert scale ranging from
‘None’ to ‘All’. The pattern of endorsement of the PSI items is shown in Table 1.

Factor analysis
Maximum likelihood factor analysis was conducted in SAS (42), with tests for validity in
MPlus (43). The number of factors necessary to explain covariance across the items
assessing RSI and PSI, which were factor-analyzed separately, was assessed using
Eigenvalues and visual inspection of scree plots. A single factor satisfactorily explained the
data on regular alcohol use, regular cigarette smoking and repeated cannabis use. Factor
loadings ranged from0.40–0.65 (Table 1) – the factor score resulting from this analysis
constituted the RSI measure. For peer substance use, 2 factors were initially extracted.
However, the 1st factor explained 80% of the covariance across items, with factor loadings
ranging from 0.36 to 0.75 (Table 1) – we used this factor to represent PSI. The generated
factor scores for PSI and RSI were extracted and PROC REG was used to regress out the
effects of age (defined as 3 dummy measures representing age at questionnaire: age less than
16 years, between 16 and 17 years and between 18 and 20 years with age greater than 21
years as the reference). The corresponding residuals, representing the RSI and PSI factor
scores without these confounding effects of age, were used for all subsequent analyses
including twin modeling. Compared with those aged 21 and older, those aged 14–17 years at
the time of the questionnaires, had lower PSI scores (p < .0001 for those aged 14–16 years
and p< .001 for those aged 16–17 years) suggesting fewer friends who used substances. All
twins were 18 years and older at the time of assessment of RSI using interviews. However,
younger individuals, aged 18–20 years, were considerably less likely (p < .0001) to report
RSI than those aged 21 years and older.

Our decision to use residualized scores, instead of explicitly modeling dummies for age in
the twin models, was primarily related to feasibility (and comparability) of testing the
various twin models. While there are limitations to using residualized scores (e.g. the impact
of age cannot be simultaneously modeled), there are challenges to including age as a
covariate in the some of the more complex models, due to power.

Twin models
Classical twin models (44) that draw data from monozygotic (MZ) and dizygotic (DZ) twin
pairs can be used to disentangle the extent to which additive genetic (A), shared
environmental (C) and non-shared environmental (E) factors influence individual
differences in PSI and RSI. Additive genetic influences refer to the aggregate variance
attributable to segregating genes – members of MZ twin pairs share 100% of their genes
identical-by-descent while, on average, members of DZ twin pairs share 50% of their genes
identical-by-descent. Under the equal environments assumptions, shared environmental
factors are shared equally, at 100%, across members of MZ and DZ twin pairs. Non-shared
environmental factors are uncorrelated across members of twin pairs.
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A series of twin models (shown in Figure 1) were fitted to the data to test mechanisms by
which PSI might associate with individual differences in RSI. Model-fitting was conducted
using raw data and Full Information Maximum Likelihood in the software package Mx (45).

Correlated Influences
The first hypothesis of correlated influences was tested using a Cholesky decomposition
(44;46). In this model, A, C and E influence RSI and PSI. Influences on RSI (from Figure 1,
Panel A) are those that are overlapping with influences on PSI (A21, C21 and E21) and those
that are specific to RSI (A22, C22 and E22). For instance, the total genetic variance in RSI is
equal to genetic factors that are specific to RSI and those shared between RSI and PSI
((A21)2 + (A22)2).

Moderation
The second hypothesis tested whether PSI moderated the A, C and E influences on RSI.
Here, PSI potentially moderates the extent to which A, C and E influence RSI – the
moderation of the A component by PSI represents a latent genetic x measured environment
interaction – thus, as shown in Panel B of Figure 1, total additive genetic influences on RSI
are modified from A to A+X*PSI, where X represents the extent to which PSI moderates the
magnitude of genetic influences on RSI (47–49) – therefore, the statistical significance of X
represents (additive) gene x environment interaction.

Joint correlation-moderation
This model (Panel C of Figure 1) jointly tests the extent to which correlated and moderating
influences shape the association between RSI and PSI (49). Drawing from the correlated
influences hypothesis, the joint correlation-moderation model tests the extent to which
overlapping and specific A, C and E factors influence liability to RSI. To incorporate
moderation influences, both the overlapping and specific A,C and E influences on RSI are
then moderated by PSI. For instance, the genetic influences on RSI can now be visualized as
those overlapping with PSI (A21) and those specific to RSI (A22). Each of these genetic
parameters are moderated by PSI such that the net genetic influences on RSI are
(A21+X1*PSI) and (A22+X2*PSI). Here, both X1 and X2 support gene x environment
interaction whereby the former represents G x E for additive genetic influences on RSI that
are shared with PSI while the latter represents G x E for additive genetic influences specific
to RSI.

RESULTS
Association between PSI and RSI

Table 2 shows the within-person association between levels of reported PSI (divided into
quartiles for display purposes) and the individual measures that were used to construct the
RSI measure. Rates of regular alcohol use, regular cigarette smoking and repeated cannabis
use increased with increasing PSI indicating significant association between PSI and RSI in
this young adult female sample.

Twin models
Correlated influences—Results from the correlated influences model are shown in Table
3. Additive genetic (25%), shared (33%) and non-shared environmental influences were
responsible for individual differences in PSI and for RSI (A=42%, C=24%, E=34%).
Composite genetic influences in RSI were attributable to those overlapping with PSI
(genetic correlation of 0.43) and those specific to it. Shared environmental influences on RSI
were completely overlapping with PSI (Δχ2=0.07 for 1 df constraining specific C on RSI to
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zero). Non-shared environmental influences on RSI were largely specific, however, a
modest yet significant correlation of 0.11 (Δχ2=6.61 for 1 df constraining overlapping E to
zero) was noted. Thus, under the correlated influences model, total covariation between RSI
and PSI was attributable to overlapping genetic, shared and non-shared environmental
factors.

For all analyses, residualized PSI and RSI scores were used. However, to determine whether
using residual scores instead of modeling dummies for age within the twin model influenced
our analyses, we redid the correlated influences model with raw RSI and PSI scores and
dummy-coded age as covariates in the twin model. Results were unchanged.

Moderating Influences—Results from the moderation model are presented in Table 3
and are graphically depicted in Figure 2 (Panel A). There was significant evidence for G x E
additive genetic influences on RSI increased as levels of peer deviance increased. There was
no evidence for shared environmental factors nor for any moderating influence on them
(Δχ2=0.58 for 2 df). However, non-shared environmental factors on RSI were significantly
moderated by PSI – as peer deviance increased, the role of non-shared environmental
influences on RSI also increased. This implies an overall increase in RSI variance in those
with higher PSI scores. Finally, it was also noted that PSI increased overall levels of RSI
(B=0.39, 95% C.I. 0.34–0.43).

Joint correlation-moderation influences—Results from the joint correlation-
moderation model are presented in Table 3 and graphically represented in Panels B and C of
Figure 2. First, when correlated influences and moderation were jointly modeled between
RSI and PSI, there was no evidence for common genetic influences between RSI and PSI –
instead (Δχ2=3.42 for 2 df), PSI was found to moderate the specific genetic influences on
RSI. Second, there continued to be no evidence for moderation of shared environmental
influences on RSI and all shared environmental influences on RSI were overlapping with
PSI. Third, there was evidence for overlapping non-shared environmental influences on PSI
and RSI. Furthermore, PSI moderated both these overlapping and the specific non-shared
environmental influences on RSI. As shown in Panel B of Figure 2, similar to the
Moderating Influences model, total variance (heavy solid line), as well as variance
attributable to additive genetic (dotted line) and non-shared environmental (light solid line)
factors increased with increasing PSI – however, by jointly modeling PSI with RSI, we were
able to capture shared environmental factors that overlap between PSI and RSI – as shown
by the dashed line in Panel B (Figure 2), these remained constant across the range of PSI.
Panel C (Figure 2) shows standardized results – the relative magnitude of genetic influences
in Panel C refer to the proportion of the total variance in RSI attributable to moderated
additive genetic factors. As shown here, when standardized, the magnitude of additive
genetic (and of non-shared environmental) influence relative to other factors (i.e. C)
increases with increasing PSI while the magnitude of shared environmental factors becomes
less important with increasing PSI. It is noteworthy that while the effects of C on RSI, all of
which are overlapping with PSI, are not moderated, due to moderation of A and E, their
relative contribution to the total variance does change with changing PSI. Accordingly, in
young women with lower levels of PSI, individual differences in RSI are largely attributable
to shared environmental factors – with increasing exposure to substance-using peers,
individual differences in RSI can be attributed to additive genetic and non-shared
environmental factors.

Peer socialization
Peer socialization was also examined as an alternate mechanism contributing to peer
similarity. A direction-of-causation model, where the relationship between PSI and RSI was
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quantified by causal paths (14) was fitted to these data. This socialization model was
virtually indistinguishable from the correlational/selection model (Δχ2=2.17 for 1 df). Both
causal paths (PSI→RSI, β1=−0.68; RSI→PSI, β2=1.0) were significant (Δχ2=68.6 and 90.8
for 1 df) and similar to those reported previously (14).

DISCUSSION
Moderation/Genetic x Environment Interaction

The concept of moderation of the etiology of RSI via PSI has been infrequently tested within
a genetically informative framework (50). By relative fit (Akaike’s Information Criterion or
AIC), the moderating influences model most parsimoniously explained the relationship
between RSI and PSI (AIC of −86.5, compared with AIC=961.2 for correlated influences
and AIC=616.6 for the joint model). Moderation of heritable influences (e.g. genes
influencing RSI) by PSI represents a (additive) gene x environment interaction (G x E).
Such interactions are responsible for variations in the etiology of substance use behaviors –
for instance, Dick and colleagues (29) have found that as peer alcohol use increased,
heritable factors associated with an adolescent’s own alcohol involvement also increased.
Harden et al. (31) provided evidence for both gene by environment correlation – whereby
individuals with increased genetic liability for substance use are more likely to affiliate with
substance using peers – and for gene by environment interaction, or that the influence of
substance using peers was stronger in those individuals who had a high genetic liability to
recent alcohol and tobacco use. Most recently, Button and colleagues (15) used a similar
series of models to report that genetic influences were more prominent at both very low and
at very high levels of peer delinquency. In that study, no evidence for moderation of genetic
factors common to RSI and PSI was noted.

G x E for Peer Similarity
We find evidence for a unique model of peer similarity which may be particularly relevant
to the etiology of substance use. First, we noted heritable influences on PSI – while this is
consistent with the literature, it highlights the importance of studying the etiology of
measures presumed to be ‘environmental’. Second, individual differences in PSI and RSI
were attributable to partially overlapping genetic and completely overlapping environmental
factors – the genetic overlap represents gene-environment correlation (rGE)(51;52), or those
genetic influences that increase the likelihood of RSI and of exposure to substance-using
peers. It is vital to control for rGE when studying GxE – for instance, measured gene studies
may wish to examine if having a certain genotype increases an individual’s likelihood of
both RSI and of exposure to PSI prior to testing whether PSI modifies the action of that
genotype on risk for RSI.

There are some limitations to the present analyses. First, the study was conducted on a
sample of women. While similar evidence has been seen for males, there is also support for
variations in the diversity and patterns of substance involvement across sexes (53). Further,
the effect of GxE may be more attenuated in males (54) with a prior investigation finding
greater evidence for positive peer assortment in girls (38). Thus, whether the same factor
structure or genetic findings would be obtained in males remains unknown. Second, PSI
reports were extracted from the twin respondent‘s reports from a questionnaire that preceded
the interview. While there is some evidence that respondent reports of peer behavior may
augment estimates of peer similarity, there is also growing evidence that, within the context
of risk influences on the respondent’s behavior, perceived measures may be more predictive
of respondent behavior (55). The questionnaire for PSI preceded the interview for RSI - we
consider this to be a strength of our study – twins reported objectively on PSI as adolescents
and at a later time point, when they were past the period of risk for initiation of alcohol,
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cigarettes and cannabis, were interviewed about their own substance use. Third, we excluded
199 African-American women from the present analyses – variation in patterns of RSI may
be attributable to ethnic differences – for instance, when African-American subjects were
included, factor loadings for PSI were markedly different (for e.g. the loading for smoking
cigarettes regularly dropped from 0.74 to 0.42 with generally lower loadings for licit
substances) suggesting differences in the factorial structure. While it would be important to
study the effects of PSI on RSI in African-American women, the small sample size
precluded us from formally testing these differences.

In conclusion, important genetic links exist between PSI and RSI. While individuals may
select peers based on certain dispositional traits (e.g. permissiveness towards substance use),
the social milieu constructed by PSI does modify the architecture of increased RSI in those
individuals with increasing levels of PSI being associated with stronger expression of
heritable influences.
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Figure 1.
The correlated influences (Panel A), moderating influences (Panel B) and joint correlation-
moderating influence (Panel C) twin models used to test the relationship between peer
substance involvement (PSI) and regular substance involvement (RSI). For Panel C, while
moderation of only additive genetic (A) influences is shown, C (shared environment) and E
(non-shared environment) were similarly overlapping and moderated by PSI. For instance,
total shared environmental influences on RSI were represented by (C21+Y1*PSI)2 +
(C22+Y2*PSI)2.
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Figure 2.
Panel A represents results from the moderating influences model. The total variance as well
as the contributions of additive genetic (A) and non-shared environmental factors (E) are
shown – as noted in Table 3, shared environmental influences (C) were not statistically
significant here and hence, are not shown – estimates are un-standardized, such that at each
level of PSI, total variance = A+E.
Panel B and C represent results from the joint correlation-moderating influences models.
Panel B presents unstandardized results while panel C presents standardized variance
components.
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Table 3

Parameter estimates from a series of twin models fitted to data on peer substance involvement (PSI) and
regular substance involvement (RSI) in young adult female twins (N=2,176)

Additive Genetic Shared Environment Non-shared Environment

Correlated Influences Model

PSI 0.25 [0.09–0.42] 0.33 [0.18–0.47] 0.42 [0.37–0.48]

RSI 0.42 [0.27–0.56] 0.24 [0.10–0.37] 0.34 [0.30–0.39]

Correlation 0.43 [0.13–0.80] 0.95 [0.63–1.00] 0.11 [0.03–0.19]

Moderating Model**

RSI main 0.47 [0.35–0.54] 0.18 [−0.34–0.36] −0.48 [−0.51–0.45]

PSI moderator 0.11 [0.02–0.17] 0.04 [−0.16–0.18] −0.13 [−0.17–0.09]

Joint Correlation-Moderation Model**

PSI 0.42 [0.23–0.55] 0.52 [0.40–0.62] 0.57 [0.54–0.61]

RSI (common) 0.15 [−0.04–0.33] 0.43 [0.29–0.52] 0.12 [0.07–0.16]

RSI (specific) 0.45 [0.33–0.50] 0.01 [−0.31–0.33] 0.46 [0.44–0.50]

PSI moderator (common path) −0.01 [−0.09–0.09] 0.01 [−0.07–0.08] −0.05 [−0.09–0.01]

PSI moderator (specific path) 0.13 [0.05–0.19] 0.00 [−0.14–0.13] 0.10 [0.06–0.14]

**
Un-standardized un-squared estimates presented. Unlike the results for Correlated Influences Model where path estimates were squared, summed

and extracted as proportions of variance, the moderation models cannot be standardized – at each level of the moderator, the total variance varies.
Therefore, we present raw path estimates for these models. To view relative contributions of A, C and E, within a standardized framework, view
Figure 1.

NOTE: AIC for each model is 961.2, −86.5 and 616.6
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