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The genetic and environmental architecture of substance
use development from early adolescence into young
adulthood: a longitudinal twin study of comorbidity of
alcohol, tobacco and illicit drug use

Trine Waaktaar1 , Kees-Jan Kan2,3 & Svenn Torgersen1

Department of Psychology, University of Oslo, Oslo, Norway,1 Department of Biological Psychology, Vrije Universiteit Amsterdam, Amsterdam, the Netherlands2 and
Research Institute of Child Development and Education, Amsterdam, the Netherlands3

ABSTRACT

Aims To investigate how use of alcohol, illicit drugs and tobacco come from substance-specific pathways and from path-
ways general to all three substances through adolescent development. Design Analysis of population-based survey. Ad-
olescent twins reported alcohol use (AU), tobacco use (TU) and illicit drug use (IDU) in three waves (2006, 2008, 2010).
Restructuring data by age allowed for variance decomposition into age- and substance-specific and common genetic and
environmental variance components. Setting Norway. Participants Seven national twin birth cohorts from 1988 to
1994, totalling 1483 pairs (558 monozygotic; 925 dizygotic, same and opposite sex). Measurements Six-point Likert
scores of AU, TU and IDU on items from theMonitoring the Future Study. Findings Substance use was found to be highly
heritable; a2 = 0.73 [95% confidence interval (CI) = 0.61–0.94] for AU, a2 = 0.36 (CI = 0.18–0.52); d2 = 0.49 (95%
CI = 0.29–0.62) for IDU and a2 = 0.46 (95% CI = 0.23–0.54); d2 = 0.05 (95% CI = 0.00–0.07) for TU during the whole
adolescence period. General substance use (GSU) was also highly heritable at each age and averaged a2 = 0.57 (95%
CI = 0.48–0.66). There was a high genetic carry-over from earlier age to later age. Genetic effects on GSU at ages 12–
14 years were still detectable 4 years later. New substance (general and specific)-genetic effects also appeared. IDU dem-
onstrated significant non-additive genetic effects (ages 12–14 years). Shared environment had a small impact on AU only.
There was almost no non-shared environmental carry-over from age to age, the effect probably due partly to reliability de-
ficiency. Common genetic effects among substance and substance-specific genetic effects were observed at each age-period.

Conclusions Among Norwegian adolescents, there appear to be strong genetic effects on both substance-specific and
comorbid use of alcohol, illicit drugs and tobacco; individual differences in alcohol use can be explained partially by family
background.

Keywords Adolescence, alcohol use, comorbidity, heritability, illicit drug use, longitudinal, substance use, tobacco
use, twin study.
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INTRODUCTION

Adolescence is the peak period for the onset of using sub-
stances. The median age of onset for alcohol and tobacco
use is 16–18 years world-wide, and somewhat later
for illicit drug use such as marijuana (18–19 years)
and cocaine (21–24 years) [1]. Low use of alcohol or
tobacco are the most prevalent patterns [2]. Using
multiple substances and including illicit drugs [3]) is

associated with different predictors and more problematic
outcomes [4].

The causal mechanisms behind substance use in
adolescence are still largely unknown, but genetic influ-
ences are indicated. Molecular studies have shown several
genetic variants associated with substance use (individual
effect sizes typically low [5,6]), some also pointing to a
more non-specific liability for abuse and dependence
among substance types [7,8].
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Genetically informative designs (twin and extended
family studies), estimating the total effect of genetic and en-
vironmental influences in complex traits, have proved very
useful in studying the structures behind substance use,
abuse and dependence [9]. Twin studies have demon-
strated heritabilities of 40–70% for alcohol and illicit drug
dependence [9,10]. The heritability of substance use is
smaller [11]. Genetic sources explained approximately half
the variation in life-time use of any substance in young
twins [12]. An additive genetic component explaining ap-
proximately 60% of the common liability factor concerning
alcohol, tobacco and cannabis dependence [13] showed
moderate, correlated genetic influences at two consecutive
waves into young adulthood [14]. However, results
concerning substance abuse and dependence may not ap-
ply for substance use, and underlying structures may differ
in adults and adolescents. A few studies have reported in-
creasing heritability estimates for substance use and abuse
from adolescence to adulthood [15–17], although there is
a paucity of studies investigating the development of co-
morbid drug use from early adolescence into young adult-
hood within genetically informative designs.

Using a population-based community sample of twins
followed longitudinally throughout adolescence to young
adulthood answering questionnaires about recent sub-
stance use at ages 12–14, 15–17 and 18–22 years, the
aim of the present study was to (1) investigate how use of
alcohol, illicit drugs and tobacco come from substance-
specific pathways and (2) investigate the role of anygeneral
liability to using these substances.

METHOD

To investigate how—throughout adolescence—individual
differences in alcohol, illicit drugs and tobacco use depend
upon substance-common and substance-unique genetic
and environmental factors, a repeated-measures twin
study was used. This allowed us to decompose the observed
variance into latent genetic and environmental variance
components [18], which is possible as twins comprise
two types: monozygotic (MZ) twins, who share 100% of
their genetic variance, and dizygotic (DZ) twins, who share
on average 50% of segregating genes. The use of repeated
measures makes it possible to investigate stability and
change in those environmental and genetic variance com-
ponents across time or age.

Design

This study used a multivariate repeated-measures twin de-
sign. Adolescent MZ and DZ twins (see sample description)
reported alcohol, tobacco and illicit drug use (see mea-
sures) in three waves (in 2006, 2008, 2010). For statistical
analyses these data were restructured according to age

(more details below), such that the genetic and environ-
mental variance components could be decomposed further
into age-specific and age-common variance components.

Participants

The sample of MZ and DZ twins was recruited as follows:
information concerning all multiples born in Norway be-
tween 1988 and 1994 (n = 5374 multiple births, 10748
individual twins) and their parents was provided by the
Norwegian Medical Birth Register. A postal invitation to
participate was sent to the 4669 twin pairs who were still
alive and residing in the country (elective pairs) when the
study started. Of those pairs, 2486 pairs gave informed
consent. Surveys were sent to a total of 1393 pairs
(29.8% of the elective pairs) who participated in the first
wave, 1065 (22.8%) in the second wave and 883 (18,
9%) in the third wave. Based on questionnaire-signed re-
sponse dates, the median time span between waves 1 and
2 was 1.8 years (94.4% between 1.5 and 2.5 years);
2.6 years between waves 2 and 3 (99, 6% between 2.0
and 3.0 years); and 4.4 years between waves 1 and 3
(96, 7% between 4.0 and 5.0 years). The number of pairs
with a response from at least one of the twins on at least
one of the measurement occasions on at least one measure
of substance use was 1483 (32% of elective pairs). Of these,
558 were monozygotic and 928 were dizygotic, same and
opposite sex. In 428 pairs, both twins gave valid answers
on all three substance measures at all waves (complete
pairs). Comparisons between the ‘complete’ and ‘incom-
plete’ pairs indicated lower rates of substance use for com-
plete pairs. Further analyses on longitudinal attrition
indicated that there were, in general, no differences in zy-
gosity and sex distribution between the complete pairs
and the pairs including those without a co-twin (any pairs:
complete plus incomplete pairs) for all waves (for details,
see Supporting information, Table S1).

Generally, the percentages of males and opposite-sex
pairs decreased from the first to third waves. All relevant
cross-sectional and longitudinal within- and between-twin
correlations were calculated separately for the ‘complete
pairs’ and ‘any pairs’. Only small differences between
the corresponding correlations were observed for these two
samples. Their averages were also almost identical (0.41 ver-
sus 0.43). For further details on recruitment, participation
and dropout rates, see Waaktaar & Torgersen [19].

Measures

At each wave, substance use was assessed by youths’ self-
report and parents’ report using items from theMonitoring
the Future study [19]. For statistical analyses, we selected
responses on the self-reports on the three items that asked
how many times participants used (1) tobacco, (2) alcohol

The genetic and environmental architecture of adolescents’ substance use 741
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Figure 1 Results of the biometric model-fitting analy-
ses, showing the standardized path coefficients (and
their 95% confidence intervals) in the adjusted develop-
mental model. To avoid clutter, the coefficients are
shown separately for the additive genetic factors (a),
non-additive genetic factors (b), shared environmental
factors (c) and (d) non-shared environmental factors
(d) that influence alcohol use (alc), drug use (drg) and
tobacco use (tob) at ages 12–14, 15–17 and 18–22.
The path in grey represents the path coefficient that
was fixed to 0. Measurement-specific residual E is
omitted.

The genetic and environmental architecture of adolescents’ substance use 743
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and (3) illicit drugs during the past 12 months. The mea-
surement of illicit drug use at wave 1 (ages 12–14) was
an exception; here, the twins were asked how many times
they had used illicit drugs in their entire life. Response op-
tions were ‘never’ (coded 0); ‘1–2 times’ (coded 1); ‘3–5
times’ (coded 2); ‘6–9 times’ (coded 4); ‘10–19 times’
(coded 5); ‘20–39 times’ (coded 6) and ‘40 or more times’
(coded 7).

Zygosity was determined through a combination of
questionnaire data on twin physical similarity and DNA se-
cured through cheek swabs from a subsample of the partic-
ipants. For details, see Waaktaar & Torgersen [19] and
Torgersen [20].

Statistical analysis

As the data were obtained in waves rather than age, data
were first restructured according to age using three bins:
ages 12–14, 15–17 and 18–22. Whenever two measures
fell in the same bin, these were averaged. Descriptive statis-
tics of the restructured data are provided in Table 1
(centrality and dispersion measures) and Supporting infor-
mation, Tables S3 (age bin–age bin correlations) and S4
(I and II) (twin correlations). The relationships between
wave, cohort and age bin are provided in Supporting infor-
mation, Table S5.

From the twin correlations it can be derived that phe-
notypical similarity of DZ twins was generally close to half
that of the of MZ twins, suggesting that genetic effects on
substance abuse were mainly additive (A) and environ-
mental effects between twins non-shared (E). However,
for alcohol use, the DZ correlations were clearly more than
half the MZ correlations, while for tobacco use and illicit
drug use they tended to be less than half the MZ correla-
tions. This suggested the presence of additional shared en-
vironmental effects (C) on alcohol use (but not on tobacco
use and illicit drug use), and the possible presence of non-
additive genetic effects (D) on drug use and illicit drug
use (but not on alcohol use).

To incorporate all effects, we constructed the statistical
model displayed graphically in Fig. 1. It describes how ob-
served variance in the observed variables was split into
substance-common and substance-specific variance com-
ponents at each age (bin), and how those components re-
lated across age. More specifically, the model distinguishes
at each age between substance-common and substance-
specific additive genetic variance components (depicted as
first-order latent A factors) and substance-common and
substance-specific non-shared environmental variance
components (first-order latent E factors) on which the ob-
served variables alcohol, illicit drugs and tobacco use were
regressed. In addition, the alcohol use measures were
regressed on age-specific and age-common environmental
components (alcohol-specific latent C factors), while the

tobacco and illicit drug use scores were regressed on age-
common and age-specific non-additive genetic variance
components common to tobacco and illicit drug use
(depicted as latent D factors).

Statistical overlap (correlations) among the three
substance-common, age-specific A factors was dealt with
by adding three latent A factors at the second order and
by regressing the first-order substance-common A factor
at a given age on (1) the second-order A factor at that
age and (2) any such factors on previous ages. Statistical
overlap among the three substance-common, age-specific
E factors was modelled accordingly.

The model was implemented in R, package OpenMx
[21], using full information maximum likelihood. To lower
the computational burden, the observed variables were
treated as continuous. As the number of categories of the
observed variables was larger than five, in many cases this
is not problematic [22]. We note, however, that standard
errors (of large factor loadings especially) might be
underestimated (and that model comparison can therefore
be problematic); for example, as the observed variables
were skewed to the left. Our results should thus be
interpreted with some degree of caution. However, we
stress that our focuswas not somuch on individual param-
eters of the model or on deriving a best-fitting model.
Rather, we were interested in the (potentially different)
roles of genetic and environmental sources of individual
differences in a model that can be regarded as being as sat-
urated as possible.

Because qualitative and quantitative sex differences in
genetic and environmental effects are rare [23] and have
not been detected in earlier studies into substance use
[24], we assumed that nor were such differences present
in the present sample. Importantly, this assumption
increased the power to detect possible C and D effects
substantially. However, as per Del Boca’s recommendation
[25], we allowed for sex differences; namely, in the
observed means, as in the frequency of substance use
(even though the descriptives suggested that such sex
differences were small and probably insignificant).
This was accomplished by including sex as a covariate
(definition variable in OpenMx), i.e. as a predictor of
the observed variables tobacco use, alcohol use and illicit
drug use.

RESULTS

The model as described above turned out to be non-
identified empirically, but by fixing the near-zero loading
of illicit drug use on the age-common D factor to 0, this is-
sue was solved. Figure 1 includes the standardized path co-
efficients (and their 95% confidence intervals) that
followed.

744 Trine Waaktaar et al.
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The additive genetic pathways (Fig. 1a) show that the
substance-common additive genetic effects present at ages
12–14 were also present at later ages, because the second-
order factor at ages 12–14 (which is identical to the first or-
der factor at ages 12–14) predicted significantly the first-
order factors at ages 15–17 and 18–22. Significant new
substance-common additive genetic effects also emerged
at ages 15–17. Substance-specific additive genetic effects
were generally not significant, with the exception of addi-
tive genetic effects on alcohol use at ages 18–22. In conclu-
sion, additive genetic effects contributed mainly to
comorbidity, and to comorbid stability as well as comorbid
change. Additive genetic influences do not provide a good
explanation of why some individuals are inclined to use al-
cohol, while others use tobacco or illicit drugs.

The non-additive genetic effects on tobacco use and
drug use (Fig. 1b) could not be dropped from the model
without a significant decrease in model fit (see Supporting
information, Table S2 for fit statistics of nested models), yet
such effects must be considered limited, as the only signifi-
cant effect (at α = 0.05) was on drug use at ages 12–14.
From ages 15 to 17 onwards, significant non-additive ef-
fects were absent. Thus, if not indicating a false positive
(as mentioned, standard errors can be underestimated),
these results suggest that in contrast to additive genetic ef-
fects, any genetic effects vanish, and quickly so.

The shared environmental pathways on alcohol use
(Fig. 1c) could not be dropped either. Only at ages 17–22
was there a significant, moderate contribution (of the
age-common C factor). However, the sum of the age-
specific and age-common contributions appeared

significant at each age, suggesting that shared environ-
mental effects were present throughout the whole age
span, but that we lacked power to distinguish between
age-specific and age-common effects.

From the non-shared environmental pathways
(Fig. 1d), we observed that substance non-shared environ-
mental effects were largely age-specific, implying that these
effects contributed mainly (although not only) to change.
An important distinction here is between age-specific
substance-specific non-shared environmental effects
and age-specific substance-common non-shared environ-
mental effects. The former includes (and may be
largely comprised of) the effects of measurement error.
The latter do not include effects of measurement error,
and represent actual environmental effects that contribute
to comorbidity. The pathways from the second-order
factors to the first-order components show that such
environmental effects did not explain comorbid stability
greatly, but rather comorbid changes, as the pathways
from first-order variables to previous second-order
variables were insignificant.

In summary, the results suggest that (a) stability in co-
morbidity was due mainly to additive genetic effects, (b)
while changes in comorbidity are due mainly to non-
shared environmental effects, and (c) substance-unique
variance was from various sources and showed little
carry-over, perhaps except for the contribution of shared
environmental effects on alcohol use.

Apart from studying the pathways, and thus the quali-
tative roles of genetic and environmental effects in
explaining stability and change, we also calculated the

Table 2 Heritability coefficients [and their 95% confidence intervals (CI)] as obtained from the best-fitting adjusted developmental (ADCE)
model.

Age (years) Trait a2 95% CI d2 95% CI c2 95% CI e2 95% CI

12–14 Comorbidity 0.51 0.44–0.60 – – – – 0.49 0.40–0.56
Alcohol use 0.39 0.26–0.52 – – 0.25 0.16–0.34 0.36 0.29–0.44
Drug use 0.17 0.10–0.26 0.72 0.63–0.78 – – 0.11 0.09–0.14
Tobacco use 0.27 0.18–0.35 0.01 0.00–0.06 – – 0.73 0.64–0.81

15–17 Comorbidity 0.57 0.48–0.66 – – – 0.43 0.34–0.52
Alcohol use 0.53 0.42–0.65 – – 0.24 0.14–0.34 0.23 0.19–0.27
Drug use 0.20 0.13–0.29 0.02 0.00–0.05 – – 0.78 0.70–0.85
Tobacco use 0.57 0.28–0.63 0.00 0.00–0.31 – – 0.43 0.37–0.49

18–22 Comorbidity 0.75 0.57–0.86 – – – – 0.25 0.14–0.43
Alcohol use 0.35 0.16–0.52 – – 0.32 0.18–0.47 0.33 0.27–0.40
Drug use 0.51 0.48–0.63 0.06 0.00–0.19 – – 0.43 0.36–0.51
Tobacco use 0.65 0.40–0.78 0.09 0.00–0.34 – – 0.26 0.22–0.32

12–22 General substance use 0.57 0.48–0.66 – – – – 0.43 0.34–0.52
Alcohol use 0.73 0.61–0.94 – – 0.19 0.00–0.26 0.08 0.01–0.22
Drug use 0.36 0.18–0.52 0.49 0.29–0.62 – – 0.14 0.02–0.40
Tobacco use 0.46 0.23–0.54 0.05 0.00–0.27 – – 0.50 0.42–0.57
Alcohol use-specific 0.62 0.44–0.94 – – 0.29 0.00–0.43 0.09 0.00–0.27
Drug use-specific 0.26 0.09–0.42 0.60 0.34–0.76 – – 0.14 0.00–0.44
Tobacco use-specific 0.60 0.19–0.72 0.10 0.00–0.61 – – 0.30 0.20–0.44
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relative, quantitative contributions of genetic (and shared
and non-shared environmental) variance to total (pheno-
typical) variance and covariance at each specific age and
across age. These contributions (‘heritability coefficients’)
are provided in Table 2. Their standard errors and confi-
dence intervals should be interpreted with caution. Again,
the pattern in these results is more important than single
heritability estimates. This pattern suggests that heritabil-
ity of substance use ismoderate to high, providing evidence
that the genetic effects on influences on all alcohol use, to-
bacco use and drug use were substantial throughout the
entire age span and that the same holds for the accumu-
lated effects of all the influences that contribute to comor-
bid substance use.

DISCUSSION

Corroborating previous findings, our model showed that
comorbid substance use is moderately to highly heritable
from early adolescence into young adulthood. The comor-
bidity factor in alcohol, tobacco and illicit drugs use had a
heritability of 0.57 throughout the age span, varying from
0.51 (in early adolescence) to 0.75 (in young adulthood).
Comparable estimates were reported on the liability for co-
morbid alcohol, tobacco and cannabis DSM-IV life-time de-
pendence symptoms in young people [13]. Genetic effects
throughout adolescence are also supported by molecular
genetic studies on substance use [6] and dependence [8].

Our longitudinal design showed that genetic and envi-
ronmental factors have different roles in explaining stabil-
ity and change over time. Stability in comorbidity was
due primarily to genetic effects, while the environmental
influences on comorbidity lead to comorbid change. An
earlier study on adolescents’ substance use covering a
narrower age span also found a common genetic factor ac-
counting for stability in comorbid tobacco, alcohol and
drug use [24]. While they reported shared environmental
effects contributing substantially to comorbid continuity,
in our study these were small and specific to alcohol use.
We lacked power to determine whether these effects were
the same shared environmental effects throughout devel-
opment; however, our results fit with estimates reported
on alcohol disorders [26].

A novel finding is that illicit drug use was driven by
partly non-additive genetic (dominance or epistasis) influ-
ences. Clear genetic dominance effects were documented
recently in molecular genetic studies of substance depen-
dence [27], supporting the relevance of such models in
twin designs. However, non-additive genetic influences
were substance-specific changes at specific ages. Within
the context of the full model, they did not contribute to co-
morbidity or stability. After age 18 these effects had disap-
peared. Large-scale extended family designs are needed to

explore further the relative roles of C and D modelled
together.

It is noteworthy that the importance of genetic effects in
explaining comorbid stability does not exclude additive
genetic effects (also) explaining change. In fact, the additive
genetic effects that lead to change in the present study
merely tended to accumulate, whereas all effects of genetic
dominance, shared environment and non-shared environ-
mentwere idiosyncratic. Thus, some additive genetic effects
do not vanish while all other effects do. Those additive ge-
netic effects that donot vanish all contribute to comorbidity.

Finally, a highly interesting finding is that the comor-
bidity of adolescents’ substance use is due mainly to a com-
mon genetic liability, while genetic specificity for alcohol,
drugs and tobacco become more prominent in young
adulthood. This is supported in a study reporting decreas-
ing common genetic liability and increasing substance-
specific genetic effects in regular smoking, alcohol intoxica-
tion and illicit drug use throughout adolescence [24]. A
longitudinal twin study of comorbid alcohol, tobacco and
marijuana dependence [28] found a genetic component
of approximately 70% in the common comorbidity factor
at 17 years, deceasing to less than 50% by age 29 years.
There, the non-shared environmental influence increased
accordingly, explaining more of the differentiation between
substances than substance-specific genetic liabilities. Con-
versely, others [29] have reported that comorbidity of sub-
stance use in adolescents was caused mainly by common
shared environmental influences, while comorbidity in
young adults was caused by common genetic sources. Al-
though results from studies throughout adolescence differ
markedly on the relative importance of common and
substance-specific causation, perhaps indicating a cultural
tunnelling of the expression of genetic effects on substance
use, increasing differentiation from adolescence to adult-
hood has also been found in other studies of externalizing
symptomatology. Thus, in early adolescence, the subjective
response to the different drugs differs very little among sub-
stances [30], an effect that is influenced partly by a general
genetic liability among substances [31]. Some [32] have re-
ported non-specific genetic vulnerability among sub-
stances, while others [33] have found common genetic
sources as well as substance-specific sources in substance
use disorders in adults. Similar results have been reported
in molecular genetic studies on adult life-time substance
dependence [8].

The present results have several implications for molec-
ular genetic studies. They demonstrate that genes are
highly influential in explaining variance in substance use
—not only substance abuse and dependence—throughout
adolescence and early adulthood. Common and substance-
specific genetic sources should be investigated among age
groups as potential causal agents behind both stability
and change in these phenotypes.
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STRENGTHS AND LIMITATIONS

Major advantages of the present study are the longitudinal
genetically informative twin design, the population-based
sample, use of adolescents’ self-report on behaviours under
normative and legal restrictions and the wide age span in-
cluded. Some basic assumptions inherent in the classical
twin design, e.g. that the same amount of environmental
variation is affecting MZ and DZ twins (equal environ-
ments), and that there is no genetic correlation between
the parents (random mating) [34], were not tested specifi-
cally. Results from other studies indicate a low threat on as-
sumptions for the phenotypes studied here [35–38]. As we
assumed, rather than tested for, qualitative and quantita-
tive sex differences in genetic and environmental effects,
we cannot exclude that such effects were actually present.
If so, our results should be interpreted as averaged among
the sexes. Above, we have mentioned that sex effects are
rare [23] and have not been detected in earlier studies into
substance use [24], but they may be small, so that they
went undetected in previous studies due to a lack of power.
In line with Del Boca’s recommendation [25], we therefore
advise future (large-scale) studies to (re)address possible
qualitative and quantitative sex differences in any pheno-
type in general and in substance abuse in particular [25].

Aswewerefocusinguponstabilityandchangeininterin-
dividual differences in substance use, in this study initiation
and progression were taken together. Twin studies separat-
ing initiation and progress [39]may provide further insight.

Attrition may constitute a threat to representativeness.
Earlier analyses indicated somewhat higher parental socio-
economic status (SES) among the participating families
compared to the national mean [19]. Norway is a highly
egalitarian society [40], and SES-based differences in pa-
rental and young people’s health-related behaviour are
generally small compared to other European countries
[41,42]. However, further studies on more SES-diverse
samples are warranted. Analyses did not indicate marked
effects of systematic attrition in an association between
variables longitudinally.

CONCLUSION

Our results indicate that, within the Norwegian population
and society, individual differences in substance use (alco-
hol, tobacco and illicit drugs) are driven in large part by sta-
ble genetic sources. Environmental influences (including
measurement error) are, in large part, the drivers of time
and/or substance-specific use. Shared environmental ef-
fects are limited to alcohol use.

Declaration of interests

None.

Acknowledgements

This study was funded by grants 170089, 213722 and
213760 from the Research Council of Norway. RBUP, East-
ern and Southern Norway contributed to data collection.

References

1. Degenhardt L., Stockings E., Patton G., Hall W. D., Lynskey M.
The increasing global health priority of substance use in
young people. Lancet Psychiatry 2016; 3: 251–64.

2. Tomczyk S., Isensee B., Hanewinkel R. Latent classes of
polysubstance use among adolescents—a systematic review.
Drug Alcohol Depend 2016; 160: 12–29.

3. Moss H. B., Chen C. M., Yi H. Y. Early adolescent patterns of
alcohol, cigarettes, and marijuana polysubstance use and
young adult substance use outcomes in a nationally represen-
tative sample. Drug Alcohol Depend 2014; 136: 51–62.

4. Brook J. S., Zhang C., Rubenstone E., Primack B. A., Brook D.
W. Comorbid trajectories of substance use as predictors of an-
tisocial personality disorder, major depressive episode, and
generalized anxiety disorder. Addict Behav 2016; 62: 114–21.

5. Ducci F., Goldman D. The genetic basis of addictive disorders.
Psychiatr Clin North Am 2012; 35: 495–519.

6. Vink J. M., Hottenga J. J., de Geus E. J., Willemsen G., Neale M.
C., Furberg H. et al. Polygenic risk scores for smoking: predic-
tors for alcohol and cannabis use? Addiction 2014; 109:
1141–51.

7. Schwantes-An T. H., Zhang J., Chen L. S., Hartz S. M.,
Culverhouse R. C., Chen X. et al. Association of the OPRM1
variant rs1799971 (A118G)with non-specific liability to sub-
stance dependence in a collaborative de novo meta-analysis of
European-ancestry cohorts. Behav Genet 2016; 46: 151–69.

8. Palmer R. H., Brick L., Nugent N. R., Bidwell L. C., McGeary J.
E., Knopik V. S. et al. Examining the role of common genetic
variants on alcohol, tobacco, cannabis and illicit drug depen-
dence: genetics of vulnerability to drug dependence. Addiction
2015; 110: 530–7.

9. Lynskey M. T., Agrawal A., Heath A. C. Genetically informa-
tive research on adolescent substance use: methods,
findings, and challenges. J Am Acad Child Psy 2010; 49:
1202–14.

10. Goldman D., Oroszi G., Ducci F. The genetics of addictions:
uncovering the genes. Nat Rev Genet 2005; 6: 521–32.

11. Hopfer C. J., Crowley T. J., Hewitt J. K. Review of twin and
adoption studies of adolescent substance use. J Am Acad Child
Adolesc Psychiatry 2003; 42: 710–9.

12. Maes H. H., Woodard C. E., Murrelle L., Meyer J. M., Silberg J.
L., Hewitt J. K. et al. Tobacco, alcohol and drug use in eight- to
sixteen-year-old twins: the Virginia Twin Study of Adolescent
Behavioral Development. J Stud Alcohol 1999; 60: 293–305.

13. Palmer R. H., Button T. M., Rhee S. H., Corley R. P., Young S.
E., Stallings M. C. et al. Genetic etiology of the common liabil-
ity to drug dependence: evidence of common and specific
mechanisms for DSM-IV dependence symptoms. Drug Alcohol
Depend 2012; 123: S24–32.

14. Palmer R. H., Young S. E., Corley R. P., Hopfer C. J., Stallings
M. C., Hewitt J. K. Stability and change of genetic and environ-
mental effects on the common liability to alcohol, tobacco,
and cannabis DSM-IV dependence symptoms. Behav Genet
2013; 43: 374–85.

15. Dick D. M., Pagan J. L., Viken R., Purcell S., Kaprio J.,
Pulkkinen L. et al. Changing environmental influences on

The genetic and environmental architecture of adolescents’ substance use 747

© 2017 Society for the Study of Addiction Addiction, 113, 740–748



substance use across development. Twin Res HumGenet2007;
10: 315–26.

16. Tully E. C., Iacono W. G., McGue M. Changes in genetic and
environmental influences on the development of nicotine de-
pendence and major depressive disorder from middle
adolescence to early adulthood. Dev Psychopathol 2010; 22:
831–48.

17. Kendler K. S., Schmitt E., Aggen S. H., Prescott C. A. Genetic
and environmental influences on alcohol, caffeine, cannabis,
and nicotine use from early adolescence to middle adulthood.
Arch Gen Psychiatry 2008; 65: 674–82.

18. Trzaskowski M., Zavos H. M., Haworth C. M., Plomin R., Eley
T. C. Stable genetic influence on anxiety-related behaviours
across middle childhood. J Abnorm Child Psychol 2012; 40:
85–94.

19. Waaktaar T., Torgersen S. Genetic and environmental causes
of variation in trait resilience in young people. Behav Genet
2012; 42: 366–77.

20. Torgersen S. The determination of twin zygosity bymeans of a
mailed questionnaire. Acta Genet Med Gemellol (Rome) 1979;
28: 225–36.

21. Boker S., Neale M., Maes H., Wilde M., Spiegel M., Estabrook
R. et al. OpenMx: an open source extended structural equa-
tion modeling framework. Psychometrika 2011; 76: 306–17.

22. Rhemtulla M., Brosseau-Liard P. É., Savalei V. When can cat-
egorical variables be treated as continuous? A comparison of
robust continuous and categorical SEM estimation methods
under suboptimal conditions. PsycholMethods2012; 17: 354.

23. Vink J. M., Bartels M., van Beijsterveldt T. C., van Dongen J.,
van Beek J. H., Distel M. A. et al. Sex differences in genetic ar-
chitecture of complex phenotypes? PLoS One 2012; 7:
e47371.

24. Baker J. H., Maes H. H., Larsson H., Lichtenstein P., Kendler K.
S. Sex differences and developmental stability in genetic and
environmental influences on psychoactive substance con-
sumption from early adolescence to young adulthood.
Psychol Med 2011; 41: 1907–16.

25. Del Boca F. K. Addressing sex and gender inequities in scien-
tific research and publishing. Addiction 2016; 11: 1323–5.

26. Verhulst B., Neale M. C., Kendler K. S. The heritability of alco-
hol use disorders: a meta-analysis of twin and adoption
studies. Psychol Med 2015; 45: 1061–72.

27. Chen G., Zhang F., Xue W., Wu R., Xu H., Wang K. et al. An
association study revealed substantial effects of dominance,
epistasis and substance dependence co-morbidity on alcohol
dependence symptom count. Addict Biol 2016; 22: 1475–85.

28. Vrieze S. I., Hicks B.M., IaconoW. G.,McGueM. Decline in ge-
netic influence on the co-occurrence of alcohol, marijuana,
and nicotine dependence symptoms from age 14 to 29. Am
J Psychiatry 2012; 169: 1073–81.

29. Koopmans J. R., van Doornen L. J., Boomsma D. I. Association
between alcohol use and smoking in adolescent and young
adult twins: a bivariate genetic analysis. Alcohol Clin Exp Res
1997; 21: 537–46.

30. Zeiger J. S., Haberstick B. C., Corley R. P., Ehringer M. A.,
Crowley T. J., Hewitt J. K. et al. Subjective effects for alcohol,
tobacco, and marijuana association with cross-drug out-
comes. Drug Alcohol Depend 2012; 123: S52–8.

31. Haberstick B. C., Zeiger J. S., Corley R. P., Hopfer C. J., Stallings
M. C., Rhee S. H. et al. Common and drug-specific genetic in-
fluences on subjective effects to alcohol, tobacco and
marijuana use. Addiction 2011; 106: 215–24.

32. Young S. E., Rhee S. H., Stallings M. C., Corley R. P., Hewitt J.
K. Genetic and environmental vulnerabilities underlying

adolescent substance use and problem use: general or spe-
cific? Behav Genet 2006; 36: 603–15.

33. Grant J. D., Lynskey M. T., Madden P. A., Nelson E. C., Few L.
R., Bucholz K. K. et al. The role of conduct disorder in the re-
lationship between alcohol, nicotine and cannabis use
disorders. Psychol Med 2015; 45: 3505–15.

34. Verweij K. J., Mosing M. A., Zietsch B. P., Medland S. E. Esti-
mating heritability from twin studies. Methods Mol Biol
2012; 850: 151–70.

35. Kendler K. S., Gardner C. O. Jr. Twin studies of adult psychiat-
ric and substance dependence disorders: are they biased by
differences in the environmental experiences of monozygotic
and dizygotic twins in childhood and adolescence? Psychol
Med 1998; 28: 625–33.

36. Maes H. H., Neale M. C., Kendler K. S., Hewitt J. K., Silberg J.
L., Foley D. L. et al. Assortative mating for major psychiatric
diagnoses in two population-based samples. Psychol Med
1998; 28: 1389–401.

37. Conley D., Siegal M. L., Domingue B. W., Mullan H. K.,
McQueen M. B., Boardman J. D. Testing the key assumption
of heritability estimates based on genome-wide genetic relat-
edness. J Hum Genet 2014; 59: 342–5.

38. Kendler K. S., Aggen S. H., Tambs K., Reichborn-Kjennerud T.
Illicit psychoactive substance use, abuse and dependence in a
population-based sample of Norwegian twins. Psychol Med
2006; 36: 955–62.

39. Koopmans J. R., Slutske W. S., Heath A. C., Neale M. C.,
Boomsma D. I. The genetics of smoking initiation and quan-
tity smoked in Dutch adolescent and young adult twins.
Behav Genet 1999; 29: 383–93.

40. Chan T. W., Birkelund G. E., Aas A. K., Viborg Ø. Social status
in Norway. Eur Sociol Rev 2011; 27: 451–68.

41. Bakken A., Frøyland L. R., Sletten M. A. Socioeconomic Differ-
ences in Living Conditions Among Norwegian Youths. Ungdata,
Oslo: NOVA; 2016 p. 169.

42. Thomson T. H., Renneberg A.-C., McNamara C. L., Akther N.,
Reibling N., Bambra C. Regional inequalities in self-reported
conditions and non-communicable diseases in European
countries: findings from the European Social Survey (2014)
special module on the social determinants of health. Eur J
Public Health 2017; 27: 14–21.

Supporting Information

Additional Supporting Information may be found online in
the supporting information tab for this article.

Table S1 Numbers of incoming questionnaires, valid re-
sponses and percentages of complete and any (complete
plus incomplete) pairs by each wave.
Table S2 Model-fitting results. The results of the preferred
model are shown in bold type.
Table S3Within individual correlations among use of sub-
stance types, estimates and 95% confidence intervals.
Table S4 (I) Estimated monozygotic (MZ) intrapair correla-
tions, estimates and 95% confidence intervals.
Table S4 (II) Estimated dizygotic (DZ) intrapair correla-
tions, estimates and 95% confidence intervals.
Table S5 Relationship between waves and age bins.

748 Trine Waaktaar et al.

© 2017 Society for the Study of Addiction Addiction, 113, 740–748


