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Poor executive functions (EFs) have been linked to substance use and abuse across multiple substances.
However, it is unclear whether these associations are stronger for some EFs over others and/or some
stages of substance use over others (e.g., ever using substances vs. dependence). It is also unknown
whether such patterns change from adolescence to early adulthood, a transition that is characterized by
changes to both EFs and substance use behaviors. In this longitudinal study of approximately 850 twins,
we examined the relations between multiple EF abilities (including a common EF factor predicting 9 EF
tasks) and measures of general substance use and dependence/abuse in late adolescence (mean age 17
years) and early adulthood (mean age 23 years). At the phenotypic level, common EF in adolescence was
negatively related to the number of substances ever used and to last 6-month frequency of use, but not
to dependence/abuse vulnerability (i.e., the number of dependence and abuse symptoms endorsed per
substance that had been repeatedly used). However, in the same participants in early adulthood, common
EF was only weakly related to the number of substances used, and not related to concurrent frequency
of use nor dependence/abuse vulnerability. Twin analyses revealed that these associations were primarily
genetic in origin, and that the genetic correlations were relatively stable over time. These results suggest
that low common EF is a genetic risk factor for increased polysubstance use in late adolescence, but that
non-EF factors play a larger role in the progression to substance dependence/abuse.

General Scientific Summary
This research examines how multiple aspects of substance use behaviors (ever using substances, fre-
quency of use, and dependence/abuse vulnerability) in late adolescence and early adulthood are associated
with executive functions, important goal-related cognitive abilities that control and regulate behavior. We
found that lower general executive function ability was associated primarily with the number of
substances ever used but not with dependence/abuse, and this association was strongest in late adoles-
cence. Moreover, this association was entirely due to shared genetic influences. Lower executive function
abilities may be a genetic risk factor for increased polysubstance use in late adolescence, but nonexecutive
factors may play a larger role in the progression to substance dependence/abuse.
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Executive functions (EFs) are higher level cognitive abilities that
control and regulate goal-directed behavior (Miyake & Friedman,
2012). Poor EFs are associated with substance use disorder (Verdejo-
Garcia, Bechara, Recknor, & Perez-Garcia, 2006) and risk for sub-

stance dependence (Giancola & Tarter, 1999), as well as externalizing
and internalizing problems more generally (Snyder, Miyake, & Han-
kin, 2015). However, it remains unclear whether EFs are associated
with some aspects of substance use more than others (e.g., trying
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substances vs. abusing them), and to what extent these relations
change from late adolescence to adulthood, a time characterized by
development of EFs and changes in substance use behaviors (Center
for Behavioral Health Statistics & Quality, 2015; Friedman et al.,
2016). We investigated these issues in a longitudinal study of twins
who completed measures of EFs and substance use at two ages: late
adolescence (mean age 17 years) and early adulthood (mean age 23
years).

We examined three aspects of polysubstance use: the lifetime
number of substances ever used, the frequency of substance use in
the last 6 months, and dependence/abuse symptoms. Our hypoth-
esis was that genetic risk for lower general EF ability (specifically,
a latent common EF factor explaining variation across different
types of EFs) is primarily associated with trying substances in
adolescence, rather than with the development of abuse and de-
pendence in adulthood.

EFs and Substance Use and Misuse

Prior research suggests an association between poor EF abilities
and substance use problems. EFs are weaker in frequent users of
illicit substances such as cocaine (Hester & Garavan, 2004), am-
phetamines (Ersche, Clark, London, Robbins, & Sahakian, 2006),
cannabis (Solowij et al., 2002), and ecstasy (Roberts, Jones, &
Montgomery, 2016), as well as legal substances such as tobacco
and alcohol (Durazzo, Gazdzinski, & Meyerhoff, 2007). Although
these different substances likely affect the brain and body in
different ways and may have their own unique relations with EFs,
these findings suggest that there may be a general association
between EFs and substance use behaviors. In fact, research indi-
cates that there is a general genetic liability for the use/misuse of
substances (Hopfer, Crowley, & Hewitt, 2003; Kendler, Jacobson,
Prescott, & Neale, 2003; McGue, Elkins, & Iacono, 2000; Palmer
et al., 2009; Rhee et al., 2003), suggesting that substance use
behaviors and risk can be examined across substances, especially
at the genetic level.

Although an association between poor EFs and substance use
could arise because substance use impairs EFs, it could also arise
if low EFs are a risk factor for substance use, or if substance use
and EFs share genetic influences (these possibilities are not mu-
tually exclusive). Consistent with the latter two possibilities, some
evidence suggests that EF deficits are present before the onset of
substance use. Across multiple studies, children of substance abus-
ers have been shown to have lower EF abilities than children of
nonabusers (Giancola & Tarter, 1999; Nigg et al., 2006), suggest-
ing that individuals at familial risk for substance use also have
lower EFs. In one prospective study, for example, lower EF ability
predicted later alcohol-related problems and the number of illicit
substances used, controlling for other factors such as IQ and parent
alcoholism (Nigg et al., 2006). This body of work is most consis-
tent with the view of low EFs as potential risk factors for substance
use and dependence, rather than EFs being affected only after use.

A likely mechanism by which low EFs may increase risk is
through their association with more general impulsive risk-taking
and externalizing behavior, which is also associated with substance
use (Coolidge, Thede, & Young, 2000; Young et al., 2009).
Several studies have estimated externalizing factors that include
substance use, novelty seeking, conduct disorder, and attention-
deficit/hyperactivity disorder. For example, Caspi et al. (2014)

found that a latent externalizing factor was associated with lower
EFs in a large longitudinal sample including measures from age
3–38 years. Moreover, Young et al. (2009), using the same longi-
tudinal sample as the current study, found that a latent externaliz-
ing factor at ages 12 and 17 years (called behavioral disinhibition)
was associated with poorer prepotent response inhibition measured
at age 17 (latent variable rs � –.47 and –.39, respectively). This
relationship was largely due to shared genetic influences (rg �
–.60 and –.61 for behavioral disinhibition at ages 12 and 17,
respectively).

Subsequent reanalyses of the Young et al. (2009) data with an
alternative bifactor parameterization of the EF model (Herd et al.,
2014; Miyake & Friedman, 2012) found that behavioral disinhi-
bition was primarily related to a common EF factor (predicting
nine tasks assessing three separable EFs). As discussed by Miyake
and Friedman (2012), at the level of individual differences, this
common EF factor is isomorphic with the response inhibition
factor used in earlier work. Given these findings regarding EFs and
externalizing behaviors, it is likely that the association between
EFs and substance use is driven by the common EF variance
underlying many EF tasks, and through a tendency to engage in
externalizing behaviors.

In the current study, we tested the hypothesis that low common
EF is a genetic risk factor for polysubstance use. In doing so, we
examine the relations of EFs with multiple aspects of the substance
use to dependence trajectory: ever using multiple substances, using
them repeatedly, and eventually abusing them and/or becoming
dependent. Measures capturing these stages may show different
relations to EFs. Hines, Morley, Mackie, and Lynskey (2015)
hypothesized that genes associated with novelty seeking and risk
taking would be associated with early aspects of use, whereas the
progression to regular/heavy use and abuse and dependence would
be related to genes influencing subjective effects and drug metab-
olism. Similarly, others have highlighted substance-specific neu-
robiological and environmental changes (e.g., withdrawal-based
negative affect, sensitization to drug cues) that may play a larger
role once dependence has developed (Koob & Le Moal, 1997;
Robinson & Berridge, 1993).

To the extent that common EF relates to substance use through
a genetic association with novelty seeking and risk taking, a
stage-sequential model would predict that common EF should be
most related to the early aspects of substance use (e.g., trying
multiple substances). Moreover, to the extent that dependence and
abuse is related to dysregulation of the brain’s reward system
(Koob & Le Moal, 1997), the type of cognitive control captured by
common EF may have limited impact on behavior once drug
sensitization and counteradaptation processes become abnormal.
That is, common EF may be more related to trying substances than
to variance unique to substance dependence and abuse.

To better understand how EFs relate to stages of substance use
and misuse, we examined these relations in the same sample at two
ages: late adolescence (mean age 17 years) and early adulthood
(mean age 23 years). These ages are critical ones for both the
development of EFs and the progression of substance use. The
neural substrates related to EFs (particularly the prefrontal cortex)
continue to develop from late adolescence into adulthood (Giedd et
al., 1999), as does performance on EF tasks (Luciana, Conklin,
Hooper, & Yarger, 2005). This developmental course has been
invoked to partially explain increased risk taking in adolescence
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(Pharo, Sim, Graham, Gross, & Hayne, 2011). Thus, risky behav-
iors linked to poor EFs may be more pronounced in adolescence.

Somewhat paradoxically, the continued improvement of EFs in
early adulthood is accompanied by an increase in substance use.
Adolescents are typically just beginning to try substances, and few
report many dependence symptoms (Center for Behavioral Health
Statistics & Quality, 2015). In contrast, many individuals ap-
proaching their mid-20s are at their peak level of use (Center for
Behavioral Health Statistics & Quality, 2015), and most have tried
at least one substance (Moss, Chen, & Yi, 2014; Palmer et al.,
2009). Such age-related changes in substance use behaviors at the
population level likely reflect cultural norms rather than EF-related
processes, but it remains an open question how changes to the
contexts surrounding substance use in adulthood versus adoles-
cence affect associations with EFs (Day, Kahler, Ahern, & Clark.
2015). One possibility is that in adulthood, EF associations with
ever using substances weaken, once substance use becomes more
normative. However, to the extent that the genetic influences on
EFs and substance use are stable across this transition, the asso-
ciations may persist despite environmental changes.

EF Framework Used in the Current Study

In this study, we used a bifactor EF model (Friedman & Miyake,
2017; Miyake & Friedman, 2012), shown for both time points we
examine in Figure 1, as the guiding framework. It includes three
orthogonal factors: (a) common EF, which predicts nine laboratory
EF tasks assessing prepotent response inhibition, working memory
updating, or mental set shifting; (b) updating-specific, which pre-
dicts performance on the three updating tasks above and beyond
the common factor; and (c) shifting-specific, which predicts per-
formance on the three shifting tasks above and beyond the com-
mon factor.1 There is no inhibiting-specific factor, because once
the common EF factor is included, there are no remaining corre-
lations among the inhibiting tasks (i.e., the common EF factor
explains all the variance in the inhibiting factor; a finding repli-
cated across independent data sets). This model has been recently
replicated in an independent sample (Ito et al., 2015) and shows
high stability across waves of assessment in the current sample
(Friedman et al., 2016).

We hypothesized that common EF is the primary aspect of EF
associated with adolescent substance use, and that lower common
EF is associated with higher levels of substance use in adoles-
cence. This common EF factor is hypothesized to tap the ability to
actively maintain and effectively manage goals and use them to
bias lower level processing (Friedman & Miyake, 2017; Miyake &
Friedman, 2012). Strong goal maintenance and management is
important in all EF tasks, particularly response inhibition tasks that
require keeping a goal strongly active to prevent dominant re-
sponses from taking over (Miyake & Friedman, 2012; Young et
al., 2009). Furthermore, common EF has been linked with every-
day self-regulatory and impulse-control abilities such as less pro-
crastination and stronger maintenance of long-term goals in ev-
eryday life (Gustavson, Miyake, Hewitt, & Friedman, 2015). Thus,
common EF may be especially relevant to engaging in risky
behavior with short-term benefits but long-term consequences,
such as substance use (e.g., Day et al., 2015).

In contrast, we did not expect to see the same patterns with the
updating-specific and shifting-specific factors. The updating-

specific factor is thought to relate to the accuracy of gating
information into working memory by the basal ganglia and mem-
ory retrieval, whereas the shifting-specific factor is thought to
reflect the speed of replacing goals once they are no longer
necessary (Friedman & Miyake, 2017; Miyake & Friedman, 2012).
As such, we did not have any reasons to expect that these processes
are systematically related to general substance use behaviors.

Importantly, we expected the associations between common EF
and substance use to be driven by shared genetic influences. As
reported by Friedman et al. (2016), the common EF factor was
highly heritable at the two ages we examined (96% in late ado-
lescence and 81% in early adulthood). Although the genetic influ-
ences on common EF was the same in late adolescence and
adulthood (rg � 1.0), there was evidence for new nonshared
environmental influences in adulthood (e2 � 15%). The nature of
this new nonshared environmental variance is unclear, but may in
part reflect the substantial environmental changes in emerging
adulthood, such as moving out of the home and entering the
workplace (Friedman et al., 2016). Therefore, although common EF
would unlikely be environmentally related to substance use in ado-
lescence (when these factor play little to no role in common EF),
environmental factors may explain some covariation between com-
mon EF and substance use in early adulthood. Such a pattern could
lead to comparable or larger phenotypic correlations in adulthood
compared with adolescence. However, if this new environmental
variance on common EF is unrelated to substance use, or if new
genetic variation on substance use in adulthood is unrelated to EF, it
would lead to smaller phenotypic correlations with common EF in
adulthood.

Method

Participants

Analyses were based on 846 individuals (435 females, 411
males) from 429 same-sex twin pairs (232 monozygotic [MZ] and
197 dizygotic [DZ]) who completed EF or substance use assess-
ments at either wave of testing. The LTS sample was recruited
from Colorado Department of Health records of twin births be-
tween 1986 and 1990 in Colorado, and is representative of the
population in Colorado at that time. Of the 846 participants, 91.8%
identified as White, 5.6% as more than one race, 1.2% as American
Indian, 0.2% as Native Hawaiian/Pacific Islander, and 1.2% as un-
known/not reported; 9.3% identified as Hispanic. Data collection for
Wave 1 occurred between 2003 and 2008, and data collection for
Wave 2 occurred between 2009 and 2013 (for more information on
the sample, see Rhea, Gross, Haberstick, & Corley, 2013).

At Wave 1 (late adolescence), 797 individuals completed the EF
and the substance use assessments on the same day, at about age
17 (M � 17.25 years, SD � 0.64; range � 16.51–20.08). At Wave
2 (early adulthood; N � 751) the substance use and EF measures
were not assessed on the same day (M � 22.84 years, SD � 1.29;
range � 21.11–28.03 for EF; M � 22.80 years, SD � 1.27, N �
757; range � 21.10–28.00 for substance use), but were generally

1 Bifactor does not refer to the number of factors, but to the structure of
the model (i.e., a common factor and specific factors at the same level of
hierarchy).
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assessed within the same week (M � 0.05 years, SD � 0.22
between EF and substance use assessments). The majority of
individuals (N � 713) completed measures at both waves (see
Section 1 in the online supplemental materials for more informa-
tion).

Measures

EF tasks. The EF battery included nine measures of three
widely studied EFs: response inhibition, working memory updat-
ing, and set shifting. Here we briefly describe the basic task
requirements; full task details and scoring procedures are de-
scribed in Friedman et al. (2016).

The three inhibition tasks required participants to stop a domi-
nant or prepotent response (i.e., eye movements for antisaccade,
categorization for stop-signal, and word reading for Stroop). De-
pendent measures were accuracy for antisaccade, stop-signal re-
action time (RT) for stop-signal, and response time interference (to
name colors of incongruent words vs. asterisks) for Stroop. The
three updating tasks required participants to continuously update
the contents of working memory (with category exemplars for
keep track, letter series for letter memory, and spatial locations for
spatial n-back). Dependent measures were recall accuracy for keep
track and letter memory, and target judgment accuracy for n-back.
The three shifting tasks required participants to switch between
categorization dimensions (odd/even vs. vowel/consonant for
number-letter, red/green vs. circle/triangle for color-shape, and
big/small vs. living/nonliving for category-switch), according to a
cue stimulus. Dependent measures were local switch costs, or

average RT on trials that required a switch of categorization rule
from the immediately prior trial minus average RT on trials that
required a repeat of the same categorization rule (in “mixed”
blocks of trials in which both rules were used).

Substance use. The substance use measures were based on
responses to the Substance Abuse Module of the Composite In-
ternational Diagnostic Interview (CIDI-SAM; Cottler, Robins, &
Helzer, 1989) or supplemental questions that were added to this
module to assess substance use that did not meet DSM criteria (see
Salomonsen-Sautel, Sakai, Thurstone, Corley, & Hopfer, 2012).
Each participant answered questions for 15 categories of sub-
stances: tobacco, alcohol, marijuana, cocaine, amphetamines, sed-
atives, inhalants, hallucinogens, opiates, PCP, MDMA, ketamine,
GHB, Rohypnol, and a set of questions for “other drugs.” For
dependence/abuse vulnerability only, this list was restricted to 11
categories: Subjects were not asked about dependence and abuse
symptoms for “other drugs,” and they were only asked about
dependence/abuse symptoms for the most used out of the four club
drugs (MDMA, ketamine, GHB, and Rohypnol).

For each measure of substance use (lifetime number of sub-
stances used, frequency of use, and dependence/abuse vulnerabil-
ity), we created a quasi-continuous variable based on responses to
the 11 or 15 respective questionnaire items about each category
(see below). However, because these variables were not normally
distributed, we binned responses and analyzed them as ordinal
variables, assuming an underlying normal liability distribution
using threshold models. Such categorical data analysis has been
shown to produce unbiased estimates in twin models of censored

Figure 1. Bifactor model of executive functions (EFs), shown for late adolescence (black font) and early
adulthood (gray font) in the current sample. All EF tasks were residualized on age and sex before analysis.
Numbers on arrows are standardized factor loadings, those under the smaller arrows are residual variances, and
the number on the curved double-headed arrow is a residual correlation. In this model, there is a common EF
latent variable on which all nine EF tasks load, as well as two latent variables on which the updating and shifting
tasks, respectively, also load. The common EF variance is isomorphic with an inhibiting latent variable, so there
was no inhibiting-specific factor at either time point. Because the common EF factor captures the variance
common to all three EFs, the updating-specific and shifting-specific factors capture the variance that is unique
to updating and shifting, respectively. Hence, they are uncorrelated with the common EF factor and with each
other. All parameters were statistically significant (p � .05). Antisac � antisaccade; Stop � stop-signal; Keep �
keep track; Letter � letter memory; Snback � spatial n-back; Number � number–letter; Color � color–shape;
Categ � category-switch; n.e. � not estimated at Wave 1.
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data, compared to transformations (Derks, Dolan, & Boomsma,
2004). We selected the bin cutoffs prior to analyses to avoid empty
cells when participants were split into twin and zygosity groups for
the genetic analyses. The scoring and binning procedure are de-
scribed here, and more information on the unbinned variables can
be found in the supplement (see Table S1 in the online supple-
mental materials). The supplement also displays the prevalence of
substance use at each age and how many participants met criteria
to be asked about dependence and abuse, separated by substance
(see Table S2 in the online supplemental materials).

Lifetime number of substances used. The number of sub-
stances ever used was scored based on responses to the item,
“Have you ever used [X]?”, where X is each of the categories listed
in preceding text. Scores were summed across the 15 responses,
then binned into four levels: none, 1–2, 3–4, and 5 or more drug
categories ever used.

Because this primary measure of lifetime substance use was
cumulative, we also conducted and report below some post hoc
analyses using an alternative measure of the number of substances
ever used (in early adulthood only) that controls for adolescent use.
Namely, we created a difference score for the number of sub-
stances endorsed in early adulthood minus the number endorsed in
late adolescence, binned into four levels: 0 (n � 148), 1 (n � 195),
2–3 (n � 156), or 4 or more substances (n � 114). For more
information, see Section 3 in the online supplemental material.2

Frequency of use. Frequency was calculated based on re-
sponses to the item, “How many days have you used [X] in the last
6 months (180 Days)?”, again where X is each of the categories
listed in the preceding text. Frequency scores were summed across
the 15 responses, then binned into five levels: zero days (including
participants who never used any substance), 1 to 6, 7 to 25, 26 to
179, and 180� days. These bins were chosen because they corre-
spond to the following levels: no substance use, using substances
less than once per month, using substances more than once per
month (but less than twice per week), using substances more than
twice per week (but less than everyday), and using at least one
substance per day (on average).

Note that a score of 10, for example, does not necessarily mean
10 days of use total, because participants could have used tobacco
and alcohol five times each, but on the same five days (which is
also why it is possible to score higher than 180). Thus, although
the term “days of use” is not necessarily accurate for all partici-
pants (and may be better conceived of as “substance days,” akin to
“man hours”), this measure should still capture the frequency of
overall substance use within a given individual.

Dependence/abuse vulnerability. To assess substance de-
pendence and abuse across multiple substances, we used depen-
dence/abuse vulnerability, modified from a measure that has pre-
viously been shown to be heritable and related to other
externalizing behaviors (Button et al., 2006; Stallings et al., 2003).
Dependence/abuse vulnerability was calculated based on endorse-
ment of seven dependence symptoms and four abuse symptoms for
each of the categories (except tobacco, which does not have abuse
symptoms), based on the DSM–IV criteria (see Table S4 in the
online supplemental materials). To be asked questions about de-
pendence/abuse for illicit substances on the CIDI-SAM, partici-
pants must have endorsed using that substance more than five
times. For tobacco, participants must have met one of the follow-
ing criteria: smoked 20 or more cigarettes, or had more than five

instances of cigar smoking, pipe tobacco smoking, or chewing
tobacco use. For alcohol, participants must have indicated that they
had used alcohol regularly, gotten drunk, or had problems due to
alcohol.

The dependence/abuse vulnerability score was the sum of de-
pendence and abuse symptoms endorsed across all substances,
divided by the total number of substances that had been used to
criterion. These scores were sorted into four bins: zero, up to 1, up
to 2.5, and greater than 2.5 dependence symptoms per substance.
Unlike frequency of use, participants who did not meet the crite-
rion for any substance (including participants who had never used
any substance) were not included in this measure, because their
dependence/abuse vulnerabilities were unknown (i.e., censored).
We treated these participants as missing rather than assigning them
zeros to keep the dependence and ever used/frequency of use
variables conceptually separate.3 This resulted in a smaller total n
for this variable compared to the lifetime use and frequency of use
variables (see Table 1).

To confirm that our results regarding dependence/abuse vulner-
ability were not affected by this operationalization of vulnerability,
we performed alternative analyses comparing this vulnerability
measure with the maximum symptom count (i.e., focusing on the
substance with the most dependence/abuse symptoms), and the
total symptom count (i.e., across all substances, but not divided by
the number of substances used to criterion). These analyses re-
vealed that the mean dependence/abuse vulnerability score used
here had the largest heritability estimate (a2 � .53 in adolescence,
a2 � .38 in adulthood), and there were only small differences in
the correlations between EFs and these alternative measures of
dependence/abuse vulnerability (for more information, see Table
S5 and Figure S2 in the online supplemental material).

Data Analysis

All analyses were conducted with Mplus 7.2 (Muthén &
Muthén, 1998-2012), which accounts for missing observations
using full-information maximum likelihood (for models of EFs
alone) or pairwise deletion with weighted least squares, mean and
variance adjusted (WLSMV, delta parameterization, for models
that include ordinal substance use variables). Because the overall
chi-square (�2) test is sensitive to sample size, we supplemented
with the root-mean-square error of approximation (RMSEA) and
comparative fit index (CFI), with �2 � 2�df, RMSEA � .06, and
CFI � .95 considered good fit (Hu & Bentler, 1998). For each twin

2 The bin for zero included 34 individuals who reported ever using fewer
substances in adulthood than adolescence, likely due to errors in self-
reported memory of early use. Removing these individuals from this
difference measure altogether did not affect the results, so they are included
here. Furthermore, this difference score measure excludes 64 participants
who participated in adulthood but not adolescence, because their difference
score could not be computed (see Section 1 of the online supplemental
materials for information about these cases).

3 Button et al. (2006) and Stallings et al. (2003) assigned dependence
vulnerability scores of zero to people who did not use any substance to
criterion. We diverge from this prior work because we are also examining
the number of substances ever used (see supplement Section 4 for more
information about the effects of including these censored cases). Although
these data were collected using DSM–IV criteria, this dependence/abuse
vulnerability score should reflect more recent collapsing of dependence
and abuse symptoms in the DSM-5.
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pair, twins were assigned to twin 1 or twin 2 according to the same
random assignments used in prior work (e.g., Friedman et al.,
2008, 2016). To adjust for nonindependence of twin pairs in the
phenotypic analysis, we used the type � complex option in Mplus,
which provides chi-squares and standard errors adjusted for clus-
tering. Significance of parameters was evaluated with chi-square
difference tests (�diff

2 ), using the difftest option for models with
ordinal variables.

To ensure that our results were not affected by associations with
sex and age, we removed age and sex variance from the EF and
substance use measures as follows. For EFs, the dependent mea-
sures for the nine EF tasks were residuals saved from phenotypic
regressions on age and sex. For substance use, sex and age were
included as covariates in all of the models presented here (i.e., by
regressing the ordinal substance use measures on sex and age
within each model). For more information about the effects of sex
and age on each dependent measure, see Table S6 in the online
supplemental materials.

Twin models. The twin models were based on the following
standard assumptions. Additive genetic influences (A) correlate
1.0 in MZ twins, because they share 100% of their alleles, but this
correlation is 0.5 for DZ twins because on average they share 50%
of their alleles identical by descent. Shared environmental influ-
ences (C) correlate 1.0 for both MZ and DZ twins, because both
types are reared together. Nonshared environmental influences (E)
do not correlate across twins, by definition. The genetic/environ-
mental correlations presented in the Results were computed from
Cholesky decompositions, which are statistically equivalent mod-
els to the correlated ACE models depicted in the figures.

Preliminary analyses. Full descriptive statistics for the EF
measures were presented in earlier work (Friedman et al., 2016).
For substance use, the number of observations in each of the
binned variables are presented in Table 1, but more information
about the unbinned variables can be found in the supplement (see
Table S1 in the online supplemental material) along with the full
phenotypic correlation matrix between all individual EF tasks and

substance use measures (see Table S9 in the online supplemental
material).

Before completing our primary analyses, we fit univariate bio-
metric models for each of the substance use measures (because the
univariate models for each EF task were reported by Friedman et
al., 2016, we do not report them here). The results for the univar-
iate models of substance use revealed no substantial differences
from the multivariate models, so they are also not reported here.

Finally, to ensure that our findings were not driven by the effects
of tobacco and/or alcohol, the two most commonly used sub-
stances in this sample, we also conducted our key phenotypic
analyses (a) after removing the items related to tobacco use and
(b) after removing the items related to both tobacco and alcohol
use. Because these models did not reveal any substantial differ-
ences in the pattern of results, we report the models that include
both tobacco and alcohol use here, but also report these two
alternative phenotypic models in the supplement (see Table S3 in
the online supplemental materials).

Results

Phenotypic Analyses

Phenotypic analyses were conducted in two parts. First, we
examined the stability of each construct across waves. Second, we
examined the association between EFs and substance use by fitting
a full correlational model of both ages.

Stability of EFs and substance use measures. As described
earlier, recent research on this sample has revealed that individual
differences in latent variable EFs are quite stable from late ado-
lescence to early adulthood (Friedman et al., 2016). In this phe-
notypic model (on the age- and sex-residualized measures),
�2(110) � 206.15, p � .001, RMSEA � .032, CFI � .970, all
three EF factors in adolescence were highly correlated with the
same construct in adulthood (r � .86 for common EF, r � 1.0 for
updating-specific, and r � .91 for shifting-specific). Because the

Table 1
Frequencies in Substance Use Measure Bins and Twin Correlations

Substance use measure
Late adolescence

(M age � 17)
Early adulthood
(M age � 23)

Number of substances ever used rMZ � .84, rDZ � .71 rMZ � .72, rDZ � .56
None 294 18
1–2 substances 268 273
3–4 substances 175 265
5 or more substances 55 203

Frequency of use rMZ � .79, rDZ � .63 rMZ � .52, rDZ � .48
None 374 53
1–6 days 172 100
7–25 days 85 181
26–179 days 74 239
180 or more days 86 186

Dependence/abuse vulnerability rMZ � .69, rDZ � .43 rMZ � .56, rDZ � .36
None 124 213
1 symptom or less (per substance) 98 191
�1 and �2.5 symptoms (per substance) 72 178
2.5 or more symptoms (per substance) 72 132

Note. For dependence/abuse vulnerability, participants were only included if they met the criterion for repeated
use for at least one substance. rMZ and rDZ are polychoric correlations between Twin 1 and Twin 2 for
monozygotic (MZ) and dizygotic (DZ) twins. All correlations’ p � .05.
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updating- and shifting-specific factors are essentially residuals
after the common EF factor variance is removed, they are orthog-
onal with common EF and each other within and across age.

The phenotypic relations among substance use measures are
described in Table 2. Within each age, the lifetime number of
substances ever used and the frequency of substance use (in the
last 6 months) were more highly correlated with each other (r �
.91 in late adolescence, r � .69 in early adulthood) than either
measure was with dependence/abuse vulnerability (r � .37 to .42
in adolescence, r � .49 to .56 in adulthood). Furthermore, the
number of substances used and frequency of use in late adoles-
cence were strongly predictive of the number of substances used
(r � .70) and frequency of use in young adulthood (r � .54),
respectively. Adolescent dependence/abuse vulnerability was also
positively correlated with early adulthood dependence/abuse vul-
nerability (r � .34).

In summary, these preliminary results suggest that we assessed
correlated but unique aspects of substance use. Moreover, individ-
ual differences in both EF and substance use showed some stability
over this 6-year window.

Relations between EFs and substance use measures. Next,
we examined the phenotypic correlations between EFs and sub-
stance use measures at both ages. The full correlational model fit
the data well, �2(244) � 308.42, p � .001, RMSEA � .018, CFI �
.991, and is displayed in Table 3. This full model displays both
within-wave and between-wave correlations between EFs and sub-
stance use, but we focus here on within-wave correlations, as we
were most interested in quantifying the associations between EFs
and substance use at each wave.

As hypothesized, in late adolescence lower common EF was
significantly associated with more substances used (r � –.31),
�diff

2 (1) � 23.82, p � .001, and more frequent use (r � –.25),
�diff

2 (1) � 14.79, p � .001, but not with dependence/abuse vulner-
ability (r � .02), �diff

2 (1) � 04, p � .837. The correlation between
common EF and dependence/abuse vulnerability was significantly
smaller than common EF’s correlations with the number of sub-
stances used and frequency of use, both �diff

2 (1) � 9.10, p � .003,
but the correlations with the number of substances used and
frequency of use were not significantly different from each other,

�diff
2 (1) � 2.95, p � .086. The small correlation between common

EF and dependence/abuse vulnerability suggests that common EF
may play little or no role in dependence/abuse in adolescence.
However, only about half of the participants in this sample had
vulnerability scores at this age, because they needed to have used
any given substance multiple times to be asked the dependence/
abuse questions.

In early adulthood, common EF was again associated with more
substances used (r � –.18), �diff

2 (1) � 8.33, p � .004. Although
smaller in magnitude, this correlation was not significantly smaller
than the corresponding correlation between common EF and the
number of substances used in adolescence, �diff

2 (1) � 2.68, p �
.101. The correlation between common EF and frequency of
substance use was only marginally significant in adulthood (r �
–.10), �diff

2 (1) � 2.76, p � .097, but this correlation was also not
significantly smaller than the corresponding correlation in adoles-
cence, �diff

2 (1) � 3.65, p � .056. As in adolescence, common EF
was not significantly associated with dependence/abuse vulnera-
bility in adulthood (r � –.09), �diff

2 (1) � 1.91, p � .167.
We also examined the association between common EF and the

difference in number of substances used (i.e., the number of
substances newly tried) between adulthood and adolescence. This
difference score correlated negatively with the number of sub-
stances ever used in adolescence (r � –.21), �diff

2 (1) � 20.48, p �
.001, suggesting that individuals who had tried the most substances
during adolescence tried fewer new substances by early adulthood.
Moreover, common EF was not associated with the number of new
substances used since adulthood (r � .02), �diff

2 (1) � .10, p � .752.
Therefore, although the association between common EF and the
number of substances used was not significantly smaller in early
adulthood than late adolescence, the association in early adulthood
was driven primarily by the substances already used by late ado-
lescence.

The correlations shown in Table 3 suggest that adolescent
common EF is related most strongly to the number of sub-
stances used and not to dependence/abuse symptoms, confirm-
ing our hypothesis that common EF would be primarily related
to early rather than later stages of substance use. We also
estimated multiple regression models in which common EF was
predicted by multiple substance use measures to examine what
relations would remain significant when controlling for the
shared variance across the different substance use measures.
The results of these models, reported in Section 6 in the online
supplemental materials, suggest that, even after accounting for
variation in either adolescent or adult dependence/abuse, the
variance in ever using substances in adolescence is still signif-
icantly related to common EF.

As expected, the shifting-specific and updating-specific factors
were not significantly associated with any of the drug measures in
adolescence or in early adulthood.4 Because these other EFs did
not reveal any within-wave associations with substance use, and
the hypotheses of this study primarily concerned the associations

4 We focus on the within-wave correlations, but Table 3 also shows
cross-wave correlations, some of which were significant: Of note, shifting-
specific ability in adolescence was positively correlated with the number of
substances ever used and frequency of use in adulthood and updating-
specific in adolescence was positively correlated with the number of
substances ever used in adulthood.

Table 2
Polychoric Correlations for Substance Use Measures

Late adolescence
(M age � 17)

Early adulthood
(M age � 23)

Substance use
measure

Ever
used Frequency DAV

Ever
used Frequency DAV

Late adolescence
Ever used —
Frequency .91 —
DAV .37 .42 —

Early adulthood
Ever used .70 .68 .30 —
Frequency .50 .54 .18 .69 —
DAV .45 .44 .34 .56 .49 —

Note. Partial correlations, controlling for age and sex. Ever used �
lifetime number of substances ever tried; frequency � frequency of sub-
stance use in the last 6 months; DAV � dependence/abuse vulnerability:
the number of dependence and abuse symptoms per substance used to
criterion. All ps � .05.
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with common EF, these associations with shifting-specific and
updating-specific are not discussed further and are not described at
the genetic level. For more information about results with these
other EFs, see Table S8 and Figure S3 in the online supplemental
material.

Finally, given moderate associations between EFs and intel-
ligence (reported for this sample by Friedman et al., 2008), we
performed follow-up analyses to examine whether the key
associations between common EF and substance use remained
after controlling for intelligence. In adolescence, the associa-
tions between common EF and the number of substances used
and frequency of use remained significant after controlling for
scores on the Wechsler Adult Intelligence Scale (administered
at age 16), both �diff

2 (1) � 5.68, p � .017. In early adulthood, the
association between common EF and the number of substances
used also remained significant after controlling for scores on a
short version of Raven’s Advanced Progressive Matrices (ad-
ministered during the same testing session as the EF tasks),
�diff

2 (1) � 6.17, p � .013. Thus, the associations between
common EF and substance use were not driven by individual
differences in intelligence.

In summary, lower common EF was associated with more
substances ever used and more frequent use in adolescence
(mean age 17 years). By early adulthood (mean age 23 years),
the correlation with the number of substances used remained
significant but the correlation with frequency became nonsig-
nificant. Because common EF was not predictive of the number
of substances newly tried since adolescence, this association
between common EF and the number of substances used in
adulthood was due to the number of substances participants had
already used by late adolescence. Moreover, common EF was
not associated with dependence/abuse vulnerability at either
age. Taken together, these findings suggest that the association
between EF and substance use may be specific to earlier stages
of substance use (ever using and frequently using substances vs.
dependence/abuse vulnerability), and may be stronger in ado-
lescence than in early adulthood.

Genetic Analyses

Before examining the genetic and environmental etiologies of
the phenotypic relationships described above, we first fit models to
the longitudinal relations within each individual construct. These
models, shown in Figure 2, reveal the magnitude of the genetic
(A), shared environmental (C), and nonshared environmental (E)
influences on each trait at each wave of assessment, and quantify
the stability of these genetic and environmental factors over time
(i.e., genetic and environmental correlations between the adoles-
cent and adult measures).

Genetic and environmental influences on each construct
individually. As discussed in previous work (Friedman et al.,
2016), individual differences in EF abilities were primarily ex-
plained by genetic influences at both time points. In late adoles-
cence, genetic factors were the only significant influences on
individual differences in common EF (a2 � .96, computed by
squaring the factor loading of .98 in Figure 2). In early adulthood,
the genetic influences on common EF were the same (rg � 1.0),
but common EF had new significant nonshared environmental
influences (e2 � .13) and nonsignificant shared environmental
influences (c2 � .06), reducing its heritability to .81.5

Unlike the EF latent variables, each of the three aspects of
substance use was explained by genetic, shared environmental, and
nonshared environmental influences relatively equally, at both
time points. As shown in Figure 2, heritability estimates (a2/(a2 �
c2 � e2)) were .08 to .54 for measures of substance use. Substance
use was also explained by both shared environmental influences
(c2/(a2 � c2 � e2) � .16–.48) and nonshared environmental
influences (e2/(a2 � c2 � e2) � .15–.47).

5 Although the shared environmental influences on common EF in
young adulthood were perfectly negatively correlated with the shared
environmental influences on common EF in adolescence (rc � �1.0), this
nonsignificant correlation, �diff

2 (1) � .23, p � .631 should not be inter-
preted given that shared environmental influences accounted for so little
variance in common EF, particularly in adolescence (c2 � .02 to .06).

Table 3
Correlations Between Executive Functions (EFs) and Substance Use Measures

Common EF Updating-specific Shifting-specific

Substance use measure
Late

adolescence
Early

adulthood
Late

adolescence
Early

adulthood
Late

adolescence
Early

adulthood

Late adolescence (M age � 17)
Ever used �.31 �.21 �.02 �.01 .08 .11
Frequency �.25 �.15 �.02 �.04 .03 .05
DAV .02 �.02 �.06 .03 �.17 �.06

Early adulthood (M age � 23)
Ever used �.25 �-.18 .14 .03 .20 .07
Frequency �.13 �.10 .06 �.03 .17 .05
DAV �.10 �.09 �.03 �.12 .05 .02

Note. Displayed are partial correlations between substance use measures and EF latent variables after controlling for the effects of age and sex on all
variables. EF latent variables were based on residualized scores after removing the effects of sex and age (before fitting this model). Binned substance use
measures were modeled as ordinal variables with an underlying normal liability using threshold models (delta parameterization) and regressed on age and
sex within the model. Ever used � lifetime number of substances ever tried. Frequency � frequency of substance use in the last 6 months; DAV �
dependence/abuse vulnerability: the number of dependence and abuse symptoms per substance used to criterion. Bold indicates p � .05; italics indicate
p � .10.
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Although substance use behaviors were explained much more
by environmental factors than EFs, the genetic variances in the
number of substances ever used and frequency of use in adoles-
cence were perfectly correlated with the genetic variances in the
same measures in adulthood (both rg � 1.0). The genetic correla-
tion for dependence/abuse vulnerability was also large, but not
statistically significant (rg � .77), �diff

2 (1) � 2.42, p � .120, likely
because of the much smaller sample size for this measure in late
adolescence. These findings suggest that, as was the case for EFs,
the genetic influences on substance use remained highly stable
between adolescence and adulthood.

Shared environmental influences were also fairly stable over
time for the number of substances used (rc � .78) and frequency
(rc � .69), but not for dependence/abuse vulnerability (rc � –.15).
In contrast, the nonshared environmental influences appeared to be
largely specific to each age for all measures of substance use. The
only nonshared environmental influence on adolescent substance
use that was significantly correlated with its counterpart in adult-
hood was that for frequency of use (re � .28). Together, these
results suggest that the genetic and shared environmental influ-
ences on substance use are generally stable over this age range, but
the nonshared environmental influences (which include measure-
ment error) are largely transitory across this 6-year interval.

Finally, the genetic analyses involving our difference score
measure of the number of substances newly tried since adoles-
cence are reported in the supplement (Section 3). Although genetic
influences on this difference score were identical to those on the
number of substances ever used in adolescence (rg � 1.0), the
heritability was low and nonsignificant (a2 � .14). Because
the phenotypic association between this difference score and com-
mon EF was nonsignificant, and because there was no evidence for
significant genetic or shared environmental influences on this
measure, we did not include this variable in our following genetic
analyses.

EFs and substance use. To examine how the genetic and
environmental variances for EFs are associated with those for
substance use, we fit multivariate twin models. We estimated a
separate model for each substance use measure at each age, for a
total of six models (e.g., EFs and frequency of use in adolescence,
EFs and frequency of use in adulthood, etc.). All six models had
acceptable fit; �2(484–489) � 631.51, p � .001, RMSEA � .038,
CFI � .914.

The genetic and environmental correlations estimated from
these models are shown in Figure 3. The shifting-specific and
updating-specific factors were included because they must be
estimated to fit the common EF factor, but are not pictured because
they were not associated with any of the substance use measures at
the phenotypic level (see Table S8 in the online supplemental
material for the genetic/environmental correlations involving these
factors).6

As hypothesized, the genetic influences on common EF at both
ages were negatively correlated with those on substance use be-
haviors. There were strong negative genetic correlations between
the number of substances ever used and common EF in late
adolescence (rg � –.98) and early adulthood (rg � –.95). Similarly
large genetic correlations were observed between common EF and
frequency in both adolescence (rg � –.80), �diff

2 (1) � 4.80, p �
.028, and adulthood (rg � –.74), �diff

2 (1) � 1.55, p � .213, though
the estimate was only statistically significant in late adolescence.
The genetic influences on dependence/abuse vulnerability were
not significantly correlated with common EF in adolescence (rg �
–.22) nor in adulthood (rg � –.61), consistent with the nonsignif-
icant phenotypic correlations, although the genetic correlation
between common EF and dependence/abuse vulnerability was
marginally significant in adulthood (rg � –.61), �diff

2 (1) � 2.74,
p � .097.

In contrast to the genetic correlations between EFs and sub-
stance use, none of the environmental correlations between com-
mon EF and the substance use variables were significant. This is
not surprising for shared environmental influences, because such
influences explain little to no variation in common EF ability at

6 In all decompositions, shared environmental variances (C) for shifting-
specific and updating-specific factors were estimated at zero, so were fixed
to zero in these models to aid convergence, as were all of the EF task-
specific shared environmental variances. The shared environmental vari-
ances for common EF, though not significant, were not zero in the longi-
tudinal model presented in Friedman et al. (2016), so these were freely
estimated and allowed to predict the substance use measures to obtain
unbiased estimates of the genetic correlations. Because the updating-
specific E variance was also estimated at zero in adolescence, we left this
variance component in the model, but did not allow it to predict substance
use measures (in adolescence only).

Figure 2. Correlations between the genetic (A1 and A2), shared environ-
mental (C1 and C2) and nonshared environmental (E1 and E2) variances
for common executive function (EF) and substance use between late
adolescence (mean age 17 years) and early adulthood (mean age 23 years).
Each panel displays a separate analysis. In all models, ellipses indicate
latent variables, rectangles indicate observed variables, and significant
correlations or factor loadings are displayed in bold and in black text (p �
.05). Factor loadings for EF tasks are not displayed, but were all statisti-
cally significant. For substance use models (B through D), sex and age
were also allowed to predict substance use variables (paths not shown), so
the ACE factors do not add up to 1.0 when squared and summed (i.e., the
remaining variance is explained by sex and age). Heritability for the age-
and sex- regressed measures can be obtained with the following formula:
a2/(a2 � c2 � e2). Percent variation explained in each variable can be
computed by squaring the factor loadings on their respective genetic/
environmental latent variables.
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either time point (see Figure 3). However, even though nonshared
environmental influences did significantly predict common EF in
adulthood, those influences did not predict any of the substance
use measures at that age.

The total phenotypic relationship between common EF and each
substance use measure can be decomposed into covariance pre-
dicted by the genetic and environmental correlations. In adoles-
cence, the genetic correlation (rg � –.98) between common EF and
the number of substances used predicts a phenotypic correlation of
r � –.49 when multiplied by the A paths for each trait. However,
when that negative phenotypic correlation predicted by the genetic
correlation is summed with the small positive phenotypic correla-
tions predicted by the shared environmental (r � .09) and non-
shared environmental correlations (r � .07) in the model, the total
predicted phenotypic correlation drops to r � –.33, similar to the
estimate of –.31 in the phenotypic model (see Table 3). In adult-
hood, the genetic correlation (rg � –.95) and predicted phenotypic
correlation due to that genetic correlation (r � –.46) do not change
much compared with adolescence (–.98 and –.46, respectively),
but the total predicted phenotypic correlation drops to r � –.16
(similar to the estimate of –.18 in the phenotypic model in Table
3) when added to the predicted correlations based on the environ-
mental correlations in adulthood. These decompositions suggest
that, across measures of substance use, the negative genetic cor-
relations are entirely responsible for the negative association be-
tween common EF and substance use in the phenotypic analyses
presented in Table 3.

Discussion

The current study examined the relationship between EFs and
substance use in adolescence and early adulthood. We tested the
hypothesis that common EF is genetically related to polysubstance
use, particularly ever using multiple substances in adolescence.
Confirming this hypothesis, we found that lower common EF was
associated with the number of substances ever used in late ado-
lescence, and that this association was entirely driven by shared
genetic influences. However, there was little evidence that com-
mon EF was associated with dependence and abuse symptoms at
either age. These results suggest that individual differences in goal
maintenance and management are genetically associated with ten-
dencies to ever use substances by late adolescence, but not with
later stages of substance dependence and abuse, at least in this
sample not selected for substance dependence and abuse.

This study is the first to investigate how different aspects of
polysubstance use behaviors are related to EFs, particularly the
common variance across multiple EFs. It extends prior work by
distinguishing dependence/abuse from the number of sub-
stances used (in the lifetime) and the frequency of use (in the
last 6 months), which helped reveal what stages of substance
use may be most related to common EF. This is also the first
study to examine these associations between EFs and general
substance use behaviors using a multiwave design, focusing on
these two key time points in the development of EFs and
substance use (i.e., late adolescence and early adulthood). Fi-

Figure 3. Correlations between the genetic (A), shared environmental (C), and nonshared environmental (E)
variance components of common executive function (EF) and substance use measures in late adolescence (A
through C) and early adulthood (D through F). In all models, ellipses indicate latent variables, rectangles indicate
observed variables, and significant correlations or factor loadings are displayed in bold and in black text (p �
.05). Each panel displays a separate analysis. Factor loadings on common EF are not displayed, but were all
statistically significant. Sex and age were also allowed to predict substance use variables (paths not shown), so
the ACE loadings do not add up to 1.0 when squared and summed (i.e., the remaining variance is explained by
sex and age). Heritability for the age- and sex- regressed measures can be obtained with the following formula:
a2/(a2 � c2 � e2). Genetic/environmental associations between substance use and the updating- and shifting-
specific abilities were also estimated in each model, but are also not displayed here (see Table S8 in the online
supplemental materials). Percent variation explained in each variable can be computed by squaring the factor
loadings on their respective genetic/environmental latent variables.
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nally, the use of a genetically informative design in this context
provides unique information about the nature of phenotypic
associations (i.e., genetic and environmental) between sub-
stance use and EFs across time.

In addition to showing that the association between EFs and
substance use was driven by genetic influences shared between
the common EF factor and the number of substances ever used
by late adolescence, these results are relevant to understanding
the interplay between EF abilities and substance use behaviors
more broadly. We focus here on two sets of theoretical impli-
cations: (a) those related to the different aspects of substance
use genetically associated with EFs (ever using substances,
frequency of use, and dependence/abuse vulnerability) and
(b) those concerning the lack of strong environmental associa-
tions between EFs and substance use at either wave.

EFs and Substances Ever Used Versus Dependence/
Abuse Vulnerability

Our findings suggest that the association between EFs and
substance use may depend on the aspects of EFs and substance use
that are measured. Specifically, we found that common EF was
primarily associated with the number of substances ever used at
both ages, and frequency of use in adolescence, but that common
EF was not significantly related to dependence/abuse vulnerability
at either wave (see Table 3). Further, the association between
common EF and the number of substances used in adulthood
appeared to be largely driven by the number of substances tried by
late adolescence, rather than new substances tried between late
adolescence and adulthood. These results suggest that common EF
may play a larger role in the early aspects of substance use, such
as which individuals start using substances in adolescence. The
development of problem use, beyond its relation to trying multiple
substances, does not appear to be related to common EF.

These results are consistent with existing theoretical perspec-
tives on the association between EFs and substance use, such as the
view of low EFs as a genetic risk for substance use (Giancola &
Tarter, 1999), particularly trying substances. More broadly, these
results are consistent with the view that that EFs are related to a
general tendency to engage in externalizing behaviors (Caspi et al.,
2014; Young et al., 2009), rather than a specific risk for substance
use. For example, prior research on this sample (using the data in
late adolescence) has revealed that prepotent response inhibition,
which is isomorphic with the common EF factor, was associated
with a general latent behavioral disinhibition factor comprising the
number of substances used, conduct disorder, attention-deficit/
hyperactivity disorder, and novelty seeking (Young et al., 2009).
The results presented here extend this work by suggesting that the
role of common EF is strongest for the number of substances ever
used during adolescence.

We included the measure of the lifetime number of substances
ever used as a rough measure of an early stage of use, but we
acknowledge that it does not capture all aspects of early use. In
particular, it does not capture the extent of use (i.e., frequency and
quantity). However, we believe that in the context of the other
substance use measures we included (last 6 month frequency of
use and dependence/abuse symptoms), it provides information
about the specificity of the relation between common EF and early
stages of use. That is, the number of substances ever used could be

related to common EF because it captures a tendency to try more
substances or because individuals who try more substances also
use them more frequently and eventually become dependent. But
when we examined measures of dependence/abuse, they were less
related to common EF. That pattern suggests that it is the variance
in the number of substances ever used in adolescence that is
independent of dependence/abuse that is related to common EF, a
possibility confirmed with multiple regression.

The lack of association between common EF and dependence/
abuse is particularly interesting given that substance dependence
and abuse is characterized by a loss of control and compulsive
drug-seeking (George & Koob, 2010). Common EF is thought to
draw on important all-purpose control mechanisms that help guide
and regulate behavior (Friedman & Miyake, 2017; Miyake &
Friedman, 2012). Given these findings, however, the aspects of
self-control captured by common EF may be different from those
involved in the development of dependence. In particular, George
and Koob (2010) discuss a number of aspects of prefrontal cortical
control (over stress, anxiety, reward, pain, habits, and decision
making) that could lead to the progression from initiation to
addiction. Moreover, they suggest that dysfunction in different
brain modules may be specific to particular stages of addiction.
Our results suggest that common EF, which may correspond most
closely to their concept of “loss of control over habits and decision
making” (George & Koob, 2010, p. 242), is most related to the
choice to begin substance use rather than the tendency to escalate
use. The loss of control related to the transition to dependence/
abuse seems to be related to other non-EF neurobiological and
environmental changes.

This possibility is consistent with Hines et al.’s (2015) hypoth-
esis that substance experimentation is genetically linked with
novelty seeking and risk taking, but that the progression to heavy
use and dependence/abuse is related to other genetic factors that
may be more substance-specific (e.g., those that influence the
subjective effects of substances or the metabolic pathways in-
volved in responses to drugs). In fact, incentive sensitization
theory also suggests that hypersensitization to drugs and drug cues
(e.g., in the dopamine system) can explain use in addiction (Rob-
inson & Berridge, 1993). Finally, these effects may also be con-
sistent with the allostatic model of addiction, which highlights the
role of withdrawal-based negative affect and the dysregulation of
the reward system in dependence and addiction (Koob & Le Moal,
1997). Nevertheless, although the biological and environmental
mechanisms associated with addiction in adolescence and early
adulthood appear to be unique from the cognitive EFs we assessed
here, it is possible that these changes affect EF neural systems later
in adulthood, after individuals have been addicted for a longer
time.

We were able to see these patterns because our methods differed
from previous work on dependence vulnerability (Button et al.,
2006; Stallings et al., 2003) by excluding individuals who had
never used any substances, thereby distinguishing ever use from
dependence/abuse. Had we assigned a score of zero to these
individuals, we would have observed a correlation between com-
mon EF and dependence/abuse vulnerability due to the number of
substances ever used. Therefore, these methods and results serve to
inform the general genetic/environmental associations between
EFs and substance use at multiple waves, and may be useful in
future work designed to disentangle the cognitive (and/or social
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and personality) factors involved in the transition from ever using
substances to dependence.

Finally, although our primary hypotheses concerned common
EF, we also examined the associations between shifting-specific,
updating-specific, and substance use. As expected, these aspects of
EF were largely unrelated to general substance use behaviors,
though we observed significant positive associations between
shifting-specific in late adolescence and the number of substances
used (r � .20) and frequency of use in early adulthood (r � .17).
It is unclear if these cross-wave associations reflect real effects as
they were not observed within-wave, but they are consistent with
recent work linking better shifting-specific with other negative
outcomes including higher Behavioral Disinhibition, more pro-
crastination, and lower intelligence (Gustavson et al., 2015; Herd
et al., 2014; Miyake & Friedman, 2012). Such patterns have been
explained as reflecting a stability-flexibility tradeoff between com-
mon EF, hypothesized to reflect the strength of goal maintenance,
and shifting-specific abilities, hypothesized to reflect the speed of
goal disengagement or replacement (Friedman & Miyake, 2017;
Herd et al., 2014).

Furthermore, we observed that better updating-specific in ado-
lescence weakly predicted more substances ever used by in early
adulthood (r � .14). This association was also not expected, but is
consistent with one recent study in which better working memory
updating was associated with more alcohol use in individuals who
also had greater approach tendencies (Patrick, Blair, & Maggs,
2008).

Absence of Environmental Association Between
Common EF and Substance Use

We hypothesized that the associations between common EF and
substance use would be primarily genetic in origin, given the high
heritability of common EF at both waves (Friedman et al., 2008,
2016), and recent work on the general genetic liability to use
substances (Hopfer et al., 2003; Kendler et al., 2003; McGue et al.,
2000; Palmer et al., 2009; Rhee et al., 2003). However, given that
nonshared environmental influences on common EF emerge in
adulthood (Friedman et al., 2016), these environmental influences
could have correlated with those environmental influences on the
number of substances used, the frequency of substance use, or
dependence/abuse vulnerability. However, we did not observe any
such environmental associations; instead, the environmental cor-
relations between common EF and substance use measures were
not significant, and were nominally positive rather than negative.
Though this is a null result, we believe that it has some important
implications for the link between EFs and substance use and
misuse.

Though these correlational data cannot be used to draw strong
causal inferences, the lack of significant negative environmental
correlations between common EF and substance use is inconsistent
with a simple causal model that assumes that substance use causes
lower EFs. As proposed by Plomin and Haworth (2010), twin
models allow one to examine whether an association persists after
controlling for unmeasured confounds (specifically, genetic and
shared environmental influences). More specifically, the absence
of within-wave E correlations in our data suggests that, at both
ages, twin differences in histories of substance use until that point
(lifetime in the case of ever used and last 6 months in the case of

frequency of use) were not associated with twin differences in
common EF at that point.7 Although measurement error can limit
the power to detect these E correlations (our measures of substance
use were not free from measurement error because they were not
estimated at the latent variable level), all of the nonshared envi-
ronmental correlations between common EF and substance use
were not only nonsignificant, but, if anything, were estimated in
the positive direction. Such findings seem inconsistent with the
causal pattern that one would expect for the hypothesis that sub-
stance use causes lower common EF.

Moreover, the phenotypic correlation between common EF and
substance use actually decreased over time despite the fact that
individuals were using substances more frequently in adulthood
(although this decrease in phenotypic correlation was not signifi-
cant). Of course, we may not have sampled enough heavy drug
users to see strong cognitive effects here. Nevertheless, these data
are more consistent with a model in which genetic influences
predispose individuals for both low EFs and more substance ex-
perimentation (Giancola & Tarter, 1999), or externalizing behav-
iors more generally (Caspi et al., 2014; Young et al., 2009), rather
than one in which there is a causal effect of substance use on EFs
(or vice versa).

We were able to better understand these nonshared environmen-
tal relations between EFs and substance use because we examined
EFs at the level of latent variables. Choosing a single EF task
would have reduced our ability to differentiate common EF from
processes specific to other EFs (e.g., updating-specific and
shifting-specific), and would have inflated our estimate of non-
shared environmental influences on EFs (due to measurement
error), masking the genetic correlation and further reducing the
phenotyptic correlation. Therefore, future work on the associations
between EFs and substance use would continue to benefit from
modeling these associations at the level of latent variables, in
genetically informative samples, and using longitudinal data that
may further inform these associations at other times in the life
span.

Limitations

Individual substances likely have their own unique associations
with EFs above and beyond a common liability to use many
substances. We could not investigate substance-specific effects
due to low endorsement for most categories in this population
sample. However, the phenotypic analyses described in the sup-
plement (see Table S3 in the online supplemental material) suggest
that the associations were at least not driven strongly by the most
frequently used substances (tobacco and alcohol) because relation-
ships remained the same when those substances were removed.

7 Discordant twin designs have been used to test whether differences in
exposure within twin pairs are related to differences in outcome, with the
nonexposed twin being a matched control (in terms of genetic and shared
environmental influences) for the exposed twin (McGue, Osler, & Chris-
tensen, 2010). When this procedure is applied to cases in which exposure
is a continuous variable, as it is in the current study, Plomin and Haworth
(2010) recommended using a full multivariate twin model of the exposure
(substance use) and outcome (common EF). In such a model, the differ-
ences between twins are captured by the nonshared environmental (E)
components and the relations between these differences with the nonshared
environmental correlation (re).
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Future work using larger samples of specific substance users will
be fruitful in further elucidating the cognitive control processes
related to use of particular substances.

The conclusions are also limited by the sample and measures
available. This sample was drawn from the general population, but
associations between EFs and substance use may be different in a
sample with more individuals above a clinical threshold. This may
be especially true for dependence/abuse vulnerability, as a clinical
sample would have a larger range of dependence and abuse symp-
toms. Moreover, in adolescence, the number of substances ever
used was empirically indistinguishable from frequency of use
because the two measures were so highly correlated. In addition,
although we measured EFs with multiple tasks and examined EFs
at the level of latent variables (thereby reducing measurement
error), substance use was measured with manifest variables binned
into three to five categories because of non-normality. These
measures still captured substance use across many substances, but
also included measurement error. It is therefore likely that we
underestimated some of the associations between EFs and sub-
stance use described here, perhaps particularly with respect to the
nonshared environmental influences, which in twin models include
such measurement error.

Finally, we were able to explore the dynamic relationship be-
tween EFs and substance use across time, but only two time points
is not enough to model individual differences in trajectories (e.g.,
growth curves). Future research on the association between EFs
and substance use in the general population will benefit from
growth and transition models, which can more directly address
questions related to the time course of this association (e.g., how
do EFs influence individual differences in transitions from ever
trying substances to frequent use and from frequent use to depen-
dence?).

Concluding Remarks

This study is the first to examine the relations between EFs and
substance use behaviors across multiple aspects of substance use
(i.e., number of substances used, frequency of substance use, and
dependence/abuse vulnerability), and at two key stages in life for
both EFs and substance use (i.e., late adolescence and early adult-
hood). Results indicated that common EF was most strongly as-
sociated with the number of substances used and frequency of use
in late adolescence. Moreover, these relations are explained by
genetic factors. These findings lead us to conclude that low com-
mon EF is a genetic risk factor for early aspects of substance use
in adolescence (i.e., ever using substances) rather than the subse-
quent development of dependence and abuse in adulthood.
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