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Abstract Adolescence is a period in which brain structures
involved in motivation and cognitive control continue to de-
velop and also a period in which many youth begin substance
use. Dual-process models propose that, among substance
users, implicit or automatically activated neurocognitive pro-
cesses gain in relative influence on substance use behavior,
while the influence of cognitive control or reflective processes
weakens. There is evidence that a variety of implicit cognitive
processes, such as attentional bias, biased action tendencies
(approach bias), memory bias and at a neural level, cue reac-
tivity, are associated with adolescent substance use. The im-
pact of these implicit processes on the further development of
addictive behaviors appears to depend on moderating factors,
such as (premorbid) executive control functions. Clear nega-
tive effects of adolescent substance use on executive control
functions generally have not been found using behavioral
tasks, although some studies have identified subtle and specif-
ic effects on cognitive functioning.
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Introduction

Dual-process models emphasize the importance of both impul-
sive and reflective processes in many behaviors in the develop-
ment of addiction [1e, 2, 3¢]. From this perspective, with contin-
ued substance use, implicit or automatically activated processes
(e.g., cue reactivity, attentional bias, approach tendencies, and
memories in response to drug-related stimuli) gain in relative
control over substance use behavior, while the moderating influ-
ence of reflective processes (e.g., thinking about long-term neg-
ative outcomes) on the addictive behavior weakens. Reflective
processes require both the ability to moderate impulses (execu-
tive control functions) and motivation to do so, which is related,
for example, to alternative goals in life that are incompatible with
continued heavy substance use [1°, 2, 3¢]. A central function of
executive functions is to shield long-term goals from temptations
with short-term benefits but long-term negative outcomes [4e¢].
Normative adolescent brain development may contribute to
a propensity to engage in risky behaviors, such as substance
use [5]. In general, motivational processes develop relatively
quickly during adolescence, while cognitive control processes
develop in a more gradual way [5]. Several studies have
shown that brain maturational changes in the prefrontal cortex
continue well into late adolescence [6—8]. This normative de-
velopmental discrepancy has tentatively been related to in-
creased risk taking and substance use in adolescence (e.g.,
[5]). For example, with the onset of puberty, erotic stimuli
suddenly become motivationally relevant [9¢]. Some youth
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(e.g., with a family history of substance use) may show defi-
cits in cognitive control prior to substance use, which put them
at higher risk for substance use (e.g., [10]). Importantly, a
recent review emphasized the importance of social and affec-
tive brain processes in adolescence [11¢¢], which relates this
normative increase in risk taking and substance use in adoles-
cence to the importance of social goals rather than to a lack of
ability to moderate impulses to use. In addition, social controls
such as parental monitoring and supervision help to constrain
adolescent risk-taking behavior [5].

A number of reviews have proposed neurocognitive
models in which this temporary maturational discrepancy be-
tween impulsive motivational processes and cognitive control
processes is prolonged or exaggerated by heavy substance use
during adolescence [3¢, 12, 13, 14¢]. In short, these models
predict that as a consequence of heavy substance use during
adolescence, cue reactivity and related cognitive biases in at-
tention, memory, and action tendencies would become stron-
ger and exert a stronger effect on subsequent substance use,
while the development of executive control functions would
be relatively delayed (or ultimately impaired), resulting in
more cue-driven behavior. These effects may be enhanced as
a result of acute effects of the substance on both priming
motivational processes and impairing control processes (see
[15] for a review). Here, we review the effects of substance
use on the hypothesized strengthening of cue-induced moti-
vational responses or biases in implicit cognitive processes.
We then discuss effects of substance use on executive control
processes. Finally, we discuss the interplay between implicit
cognitive processes and executive control processes in relation
to substance use behavior.

Before we begin the review, we discuss two caveats. First,
it should be noted that dual-process models have been criti-
cized for different reasons, including the neural implausibility
of separate motivational and control neural systems [16], and
because such models can easily incorporate motivational ho-
munculi (i.e., how did the control system learn about the ben-
efits of long-term goals?). We see current dual-process models
as heuristic models at a higher level of description,
representing emergent properties of underlying neural pro-
cesses that interact and unfold over time [14e¢], cf. [17¢]; these
underlying processes must be modeled to banish the motiva-
tional homunculus out of typical dual-process models [18e¢].
Second, the models outlined generally focus on only two
types of neurocognitive processes in relation to addiction: ex-
aggerated motivational processes (cue reactivity and related
processes) and impaired cognitive control processes. Howev-
er, other neurocognitive processes have also been implicated
in the development of addiction, such as interoceptive pro-
cesses involving the insula [19], negative reinforcement, and
allostasis [20+°], and of course, social processes are very im-
portant in adolescent addictive behaviors too [21]. This review
not only focuses on human studies involving the most
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commonly used substances during adolescence: alcohol, can-
nabis, and cigarette smoking but also includes reference to
problem gaming behavior [22] and reactivity to food cues
[23].

Substance-Related Cognitive Biases and Adolescent
Substance Use

A number of studies have investigated the relationship be-
tween implicit cognitive processes and adolescent substance
use (Table 1). Implicit cognitive processes are thought to de-
velop rapidly after substance use initiation; it is unclear to
what extent they also play a role in the initiation of substance
use (as explicit expectancies do, see [2, 3¢]). Most studies
were cross-sectional and focused on one cognitive bias and
its relation to adolescent addictive behaviors. However, some
studies were prospective, which permitted examination of pre-
dictive effects of cognitive biases over time, in relation to the
development of the addictive behavior. We distinguish be-
tween three commonly assessed cognitive biases [2, 3¢]: at-
tentional bias, biased action tendencies (approach bias), and
memory biases. We also considered measures of general im-
pulsivity or of general cognitive control when they were in-
cluded, but we excluded studies that did not use measures of
substance-related cognitive biases (e.g., studies measuring im-
pulsivity and cognitive control, but not cognitive biases, e.g.,
[24]). While most studies focused on one cognitive bias, some
larger prospective studies examined the effects of multiple
cognitive biases on substance use, hence these studies will
figure in multiple sections (e.g., [25]).

Attentional Biases and Adolescent Substance Use

We identified 11 studies on attentional biases in adolescence
[22, 25-27, 28, 29-33, 39] sometimes stretching into young
adulthood (Table 1). One study [27] only included young
adults (age 18+) and was the only study on attentional bias
for cannabis. Nine studies were cross-sectional, two were pro-
spective, and most (8 of 11 studies) focused on alcohol.

Most studies assessed an attentional bias with a substance
Stroop task or a Visual Probe Task (VPT). In a substance
Stroop task [34], participants color-name substance-related
and neutral words and an attentional bias is defined as an
interference effect (slower reaction time (RT) and/or more
errors with substance words). In the VPT [35¢], two stimuli
are presented at the same time (e.g., alcohol picture on one
side of the screen, water on the other side), after which a probe
(e.g., an arrow pointing up or down) appears on one of the two
sides that the participant needs to react to (typically with a
button press). Attentional bias on the VPT is calculated as a
facilitation effect: faster RT when the probe replaces the sub-
stance compared with the control-picture.
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Among older adolescent drinkers, an attentional bias
(Stroop) was positively related to level of alcohol consump-
tion [33]. However, in most studies this association was qual-
ified, and the association was only found in subgroups: e.g., in
OPRMI1 g-allele carriers [26], or in adolescents with relatively
weak executive control only [28¢]. In addition, a combination
of a relatively weak attentional bias (VPT) for alcohol and
strong attentional control was associated with low levels of
drinking in adolescence and young adulthood [32]. We note,
however, that the VPT has been found to have a rather poor
reliability [36]. In two prospective studies, one study found
the VPT to be predictive of the development of drinking in
subsequent waves [31], while the other study did not [25],
which may reflect VPT reliability issues. Recently, more reli-
able scoring algorithms for VPT have been proposed, which
focus on variance rather than mean differences [37¢, 38] and
may help to reduce inconsistent results in future VPT research.

Alcohol can disproportionally bias attention for various
reasons, such as its appetitive motivational properties, but also
for its threatening properties, which are particularly salient in
specific populations, such as children of alcoholics ([39], cf.
[40]). In a large representative sample of youth, Van Hemel-
Ruiter and colleagues [29] used a general spatial orienting
task, in which participants reacted to cues which can signal
likely reward (e.g., win points for a possible prize) or punish-
ment (e.g., need to repeat the task until a minimum score is
reached). Scores for attentional engagement and disengagement
were derived, both for cues of reward and punishment at short
(250 ms) and longer delays (500 ms). Attentional engagement
toward reward at long delay was found to be uniquely and
positively associated with substance use (alcohol and cannabis),
while attentional engagement to non-punishment (short delay)
was positively associated with smoking. These findings con-
firm the notion that an attentional bias in adolescent substance
users is generally of an appetitive nature (expected reward or
non-punishment), while in special populations such as children
of alcoholic parents, this may be different.

Regarding other addictive behaviors, young adult cannabis
users demonstrated an attentional bias (Stroop) not observed
in non-users, and within cannabis users the attentional bias
was found to be positively related to cannabis use [27]. In
adolescent cigarette smokers, attentional bias (Stroop) was
positively related to nicotine dependence scores [30]. In ado-
lescent problem gamers, the pattern of association with atten-
tion bias and gaming behavior only emerged in the errors and
not in reaction times in a game Stroop [22]. Although research
on attentional bias and addictive behaviors other than alcohol
is limited, emerging studies suggest a pattern of findings sim-
ilar to alcohol, in which attentional bias is positively associat-
ed with addictive behaviors.

In sum, studies of attention bias in adolescents provide
tentative evidence that adolescent substance users and prob-
lem gamers show an attentional bias for their substance or
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gaming behavior (with most of the evidence for alcohol
use). However, there is also evidence that this association
may be most relevant in a high-risk subgroup, defined either
by relatively weak control or strong appetitive responses.
Findings for other addictive behaviors, such as cannabis and
cigarette use, are preliminary. This field of research is plagued
by measures with relatively poor reliability, although this
problem is targeted by recent research.

Approach Biases and Adolescent Substance Use

We identified nine studies on approach biases in adolescence
[25, 30-32, 41, 42+, 43, 44, 45¢], sometimes stretching into
young adulthood. Again, one cannabis study with young
adults only [45¢] was included. Eight studies assessed an ap-
proach bias for alcohol or smoking, five were cross-sectional,
and three were prospective (see Table 1).

All studies examining approach biases in relation to ado-
lescent substance use either used a variety of the substance—
approach avoidance task (AAT) [46¢], or a variety of the stim-
ulus response compatibility (SRC) task [47¢]. There are impor-
tant differences between these tasks. In the AAT, participants
react by moving a joystick toward or away from themselves,
and a zoom effect makes the picture increase or decrease in
size, to create a sense of approach or avoidance, respectively.
Usually (but not necessarily, see [48¢]), the AAT is used with
irrelevant feature instructions [49¢]. Irrelevant feature instruc-
tions direct the participant to react to a feature of the stimulus
other than its content, typically the format of the picture (e.g.,
instructions to “pull” pictures in landscape-format and “push”
pictures in portrait-format). The approach bias is then calculat-
ed in the AAT as the difference in RT for pulling vs. pushing
pictures of the substance, sometimes relative to baseline differ-
ences in pushing and pulling for neutral objects [45¢]. In con-
trast, the SRC uses a symbolic approach or avoidance move-
ment (a matchstick figure or manikin approaches or avoids the
substance-stimulus or neutral stimulus on the screen) and is
typically used in a relevant feature paradigm (see [44] for an
exception). In a relevant feature paradigm, the instructions are
more explicit: in one block, participants are asked to move the
manikin toward the substance (and away from neutral pic-
tures), and in another block, participants move the manikin
away from the substance (and toward neutral). Approach bias
is then calculated in the SRC as the difference score between
these blocks. An advantage of relevant feature tasks is that their
reliability is typically higher [S0]. However, these tasks are less
implicit in the sense of indirect measurement—potentially out-
side awareness of participants, since the instructions do not
refer to the contents of the pictures [49e, 51].

Peecters and colleagues [41] administered the alcohol-AAT,
and a classical Stroop test as a moderator (representing cog-
nitive control), in 374 young high-risk adolescents from spe-
cial education (primarily boys with externalizing problems).
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Among drinkers, an alcohol-approach bias was positively re-
lated to concurrent alcohol use [41], and this was moderated
by cognitive control (stronger relationship between alcohol-
approach tendencies and drinking in low control individuals).
In the same sample, escalation of drinking 6 months later was
predicted by the baseline approach tendencies in low cogni-
tive control individuals only [43]. In a normative sample of
youth (N=238), it was found that an approach bias for alcohol
(SRC) was related to heavy drinking in boys with permissive
parents only [43]. In a partly overlapping prospective sample
[25], approach bias (SRC) predicted escalation of alcohol use
only in adolescents with weak explicit negative expectancies.
Another large prospective study found that approach bias mea-
sured by the SRC, but not with the AAT, predicted prospective
alcohol use through 18-month follow-up [31]. Finally, regard-
ing alcohol, one cross-sectional study found an approach bias
for alcohol to be related to alcohol use and problems in ado-
lescent and young adult men, but not women [32]. Another
small study (43 adolescents) found a stronger alcohol avoid-
ance response to be related to heavier alcohol use but used an
atypical measure [44]. Taken together, these studies generally
indicate a positive relationship between an alcohol-approach
bias and drinking or changes in drinking, although the associ-
ation appears to be stronger in certain subgroups (e.g., boys, or
subgroups of boys without strong control, either internally or
externally—rules by parents).

Regarding other substances, one cross-national study,
which compared smoking and non-smoking Dutch and Amer-
ican adolescents, found stronger differences in approach bias
(AAT) between countries than between smokers vs. non-
smokers [30], highlighting that cultural context matters with
indirect measures. Finally, an approach bias for cannabis was
found in young adult heavy cannabis smokers (AAT), but not
in controls, and the approach bias predicted escalation of can-
nabis use over 6-month follow-up [45¢]. The limited extant
research suggests a positive association between approach bi-
as and cannabis, but not for cigarette use.

The pattern of results for approach bias is similar to that for
attentional bias: most studies find a positive relationship be-
tween an alcohol-approach bias and drinking (or changes in
drinking). However, there are issues in the measurement of
approach bias and also indications that the association be-
tween approach bias and substance use may only hold for
specific subgroups (e.g., boys with permissive parents, boys
in special education, adolescents with low explicit negative
expectancies). Findings regarding other substances are still
preliminary with positive findings for cannabis and negative
for smoking.

Memory Associations and Adolescent Substance Use

We identified 13 studies [25, 30, 31, 52+, 5355, 56+, 57-60,
61¢] from 11 datasets on memory biases in relation to

substance use in adolescence (see Table 1). Two studies [57,
59] report on the same dataset, as do two other studies [53,
56°]. Seven studies were prospective. We excluded studies on
children that did not predict subsequent substance use [62, 63]
and intervention studies (e.g., [64, 65]).

Most memory association studies used either a version of
the RT-based measure of associations, a variety of the implicit
association test (IAT) [66¢] or a variety of an open-ended
memory association task. Open-ended memory tasks general-
ly ask for the first response to an ambiguous word (e.g.,
“draft”) or picture, sentence completion (e.g., first association
to “Friday night, feeling good...”), or picture associations. An
overview and theoretical background for these memory asso-
ciation measures can be found in Stacy et al. [2]. Two studies
directly compared these memory association measures in ad-
olescents, one in American high-risk adolescents in relation to
cannabis smoking [53] and one in Dutch adolescents in rela-
tion to alcohol use [57]. Both studies found open-ended mem-
ory associations to be a better predictor of substance use than
other implicit measures of alcohol-related cognitions.

Memory association tasks assessing implicit alcohol cog-
nitions have been found to prospectively predict alcohol in-
volvement in youth, over and above explicit alcohol expec-
tancies. For example, implicit arousal associations and explicit
negative alcohol expectancies (e.g., alcohol will make me feel
sick) predicted onset of binge drinking in 12-year olds and
escalation of binge drinking in 15-year olds [58]. There was
some indication that explicit negative alcohol expectancies
were especially important in 15-year-old boys, and that im-
plicit arousal associations were salient in 12-year-old boys
[58]. In a large prospective study, Van der Vorst and col-
leagues [60] found that implicit memory associations predict-
ed alcohol use one year later, with partial mediation of the
effect of parental drinking by the child’s association. One
study of adolescents and young adults found relatively strong
alcohol-excitement associations in children of alcohol-
dependent parents [54].

Memory associations as indicators of implicit cognitions
also appear to predict cannabis and tobacco use. In a large
cross-sectional study [52¢], memory associations were predic-
tive of both alcohol and cannabis use. With regard to smoking
behavior, Sherman and colleagues [61¢] found that young ad-
olescents’ implicit (IAT), and not explicit, attitudes predicted
onset of smoking, and these associations were in turn predict-
ed by the mother’s implicit and explicit attitudes toward
smoking. Another study, which parsed the IAT in underlying
components using mathematical quad-modeling [67¢], found
that 10—12-year-old children who did not try to smoke had
stronger negative associations than those who did try to smoke
[62].

Two studies tested the hypothesis from dual-process
models that implicit associations would predict addictive be-
haviors more strongly in adolescents with relatively weak
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working memory, one using open-ended memory associations
[56°] and another study the IAT [59]. Both studies found con-
firmatory evidence: stronger prediction of memory associa-
tions of concurrent smoking and drinking [56¢] and of short-
term prospective alcohol use [59]. Note that the same finding
of an interaction between implicit cognition and working
memory was reported for the impact of action tendencies (ap-
proach bias) on concurrent and prospective drinking in high-
risk adolescents [41, 42¢]. However, this interaction was not
confirmed in two prospective samples with normative samples
[25, 31]. For example, Pieters and colleagues [25] reported
that positive-arousal associations (IAT) predicted prospective
alcohol use in interaction with explicit positive alcohol expec-
tancies, such that an escalation of alcohol use in the subse-
quent year was only observed in adolescents with both rela-
tively positive implicit and explicit expectancies.

In sum, a number of studies have found that implicit mem-
ory associations predict concurrent and prospective use of
different substances (alcohol, smoking). There also are some
indications of parental influences on these associations: paren-
tal substance use (alcohol [60]) and parental implicit and ex-
plicit attitudes (smoking [61¢]). In this regard, positive-arousal
associations could be related to familial risk for alcoholism
[54], as has been found for explicit alcohol expectancies
[40]. Regarding other sources of individual differences in sub-
stance associations, adolescents’ personality (sensation seek-
ing), has been found to be associated with implicit memory
associations in high-risk adolescents [53], although this was
not confirmed in a recent study with a normative sample [31].
Similarly, two studies with high-risk adolescents found that
implicit memory associations were particularly predictive of
substance use in adolescents with relatively weak cognitive
control capacity (working memory [56¢, 59]), as has been
found for high-risk adolescents’ action tendencies (approach
bias) [41, 42¢], but this was not confirmed in normative sam-
ples [25, 31]. Thus, the existing literature supports an associ-
ation between implicit memory associations and adolescent
substance involvement (concurrent and prospective), but there
are mixed findings regarding moderation of the association by
executive control.

Neurocognitive Studies of Cue Reactivity in Adolescent
Substance Users

There are as yet few studies on the neural mechanisms of
cognitive biases in adolescents, let alone studies directly in-
vestigating effects of age on such mechanisms. However, a
number of cue-reactivity studies have examined the neural
response to cues associated with addictive substances (alco-
hol, cigarette, cannabis) and food in adolescents. We therefore
first briefly review what abnormalities in adolescents’ cue
reactivity may tentatively suggest about neural mechanisms
thought to be involved in cognitive biases.
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Overall, fMRI studies in adolescents and young adults
show that addictive substance cues evoke, as expected, in-
creased activation in brain regions associated with salience
and the reinforcement of behavior. In particular, medial and
orbitofrontal prefrontal cortex, insula, anterior cingulate gy-
rus, amygdala, and the striatum appear to be over-stimulated
by alcohol-related [68¢, 69], smoking [70], and food [23] stim-
uli. This network of regions is involved with the encoding of
value, salience, and the use of value information in response
selection and adjustment of behavior and cognitive states [71].
Further, cue reactivity within this network is correlated with
various real-life risky behavior, such as desire to drink and
drinks per month [68¢], drinking escalation [69], cigarettes
smoked per day and self-reported smoking addiction [70],
and food craving [23]. Thus, the increased activation of this
adaptation-to-reinforcement network suggests that drug cues
indeed automatically evoke abnormal attentional and response
selection processes.

However, to the best of our knowledge, studies using im-
plicit measures-style tasks to probe automatic drug-related
neural processes are almost absent in adolescents, and also
still very scarce in adults. Some very recent studies have
adapted existing tasks to include an implicit component [72,
73¢] or used existing implicit measures in the scanner [74-76].
Research in our lab has also started to adapt implicit measures
specifically for use in EEG [72] and fMRI [77¢] designs.
Some of these tasks have been used to study neural responses
to alcohol cues in various task contexts and their rela-
tionship to adolescent drinking behavior and escalation
of alcohol use.

In the first paper from this line of research in adolescents
[78+], adolescents (age 16-20) who reported at least one full
drink in their lifetime performed an alcohol-Go/NoGo task
during EEG measurement, in which effects of alcohol cues
and acute effects of alcohol consumption were studied. Alco-
hol cues caused an increased need for inhibition as indexed by
the N2 component, but acute alcohol consumption reduced
the magnitude of this component, possibly reflecting the loss
of protective inhibition. Further, the acute effect of alcohol on
the error-related negativity (ERN), an ERP component
reflecting adaptive processes that occur in response to making
an error, during blocks of alcohol cues, was shown to be
related to escalation of drinking over six months. Subjects
whose ERN was less blunted by alcohol consumption were
more at risk of escalation. This appears to reflect a sensitivity
effect similar to low level of response [79], in which subjects
who are strongly affected by negative alcohol effects are less
likely to abuse it.

As yet, to our knowledge, this is the only directly relevant
study on neural activity measured in an implicit measures task
in adolescents. The following studies on alcohol and marijua-
na do involve neural effects in implicit measures tasks, but in
young adults aged around 18 to mid-20s.
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We know of four quite recent neurocognitive studies in-
volving alcohol. First, in an EEG study, effects of alcohol cues
and the acute effects of alcohol consumption (high or low
alcohol dose vs. placebo) on neural responses in an adapted
alcohol-AAT were tested [72]. Beta-band desynchronization
of the posterior EEG was used as a measure of preparatory
neural activity. Preparatory processes were found to be en-
hanced for approach-alcohol actions, and this effect was en-
hanced by acute alcohol consumption. These results suggest
that alcohol cues, or more generally addictive stimuli, evoke
an action tendency in the sense of Frijda’s [80] states of action
readiness. Second, neural activation related to attentional bias
was explored with a novel cued visual attention task [77¢].
Alcohol distractors were found to evoke activation in the
precuneus, and subjects with weaker activation in the
precuneus were more likely to show risky drinking behavior.
Further, subjects were found to be faster to shift their attention
away from alcohol than from control distractors. These results
were tentatively interpreted to suggest a protective role of
attentional shifting when confronted with potentially
distracting alcohol stimuli. Third, brain activation related to
(in)congruence with automatic associations has been studied
using an alcohol-valence IAT [76]. Heavy drinkers showed
increased positive associations with alcohol, and only
in heavy drinkers compatible vs. incompatible trials
showed increased activation in, especially, the dorsal
striatum and the insula. Fourth, in an alcohol-Go/NoGo
task performed during fMRI measurement, heavy vs.
light drinkers showed increased activation of the insula
on beer-cued NoGo trials [73¢]. Thus, these studies show that
there is a neurocognitive “reactivity” not just to cues by
themselves, but to those cognitive contexts that evoke
the alcohol-related automatic processes posited by dual-
process models.

Marijuana use in young adults is associated with changes in
activation during a marijuana-relaxation IAT [74]. Notably,
dorsal striatum activation, related to habit formation [81],
was higher in the congruent vs. incongruent condition in mar-
ijuana users, similarly to the above finding in an alcohol IAT.
In another study, neural effects of a marijuana approach bias
(i.e., activation differences found for an approach-marijuana/
avoid neutral vs. avoid-marijuana/approach neutral contrast)
were measured using a stimulus response compatibility (SRC)
task [75]. Although there were no group differences between
heavy and light users, within the heavy users, approach bias-
related activation in a widespread set of regions, including
amygdala, insula, inferior and ventromedial prefrontal cortex
(PFC), and precuneus, was found to co-vary with lifetime
cannabis use. Also within the heavy users, escalation of prob-
lem severity at a 6-month follow-up measurement was found
to be predicted by reduced activation of dorsolateral prefrontal
cortex and anterior cingulate cortex during congruent vs. in-
congruent blocks, which the authors interpreted in terms of a

protective role of regulatory self-control and performance
monitoring.

In summary, neurocognitive studies involving implicit
measures have only just started to map out how the brain
reacts to conflicts between cognitive control and automatic
tendencies, and how such effects are related to the develop-
ment of addictive behaviors in adolescence. Results so far do
support roles for mechanisms of habit, attention shifting, error
processing, and approach tendencies, in line with dual-process
models. However, the role of executive control is as yet under-
studied; it would be informative for it to be explicitly included
as a moderator in future studies. Another important future di-
rection for research is to relate the cue reactivity of the net-
work for adaptive, reinforcement-based behavior to abnormal
bias-related activation (as in [82]) as this could further empir-
ically connect the theories of incentive salience and dual-
process models (cf. [83]).

Effects of Adolescent Substance Use on Executive
Functions

The following sections review behavioral research, followed
by neurocognitive research, on effects of adolescent substance
use on neuropsychological measures and neurocognition. The
review focuses on alcohol, given limited research on effects of
other substance use on executive functioning in adolescents.

Behavioral Studies on Effects of Alcohol on Executive
Functions

In a recent review [84¢], neurocognitive performance in ado-
lescent alcohol users is described. The authors conclude that
alcohol-consuming adolescents display poorer performance
on tasks measuring a wide variety of cognitive domains,
where the amount of impairments appears to be positively
related to the number of drinking days. Furthermore, the au-
thors suggest that post-drinking symptoms (i.e., hangover and
withdrawal) might be more harmful for the adolescent drink-
ing than the quantity of alcohol intake, since higher levels of
such symptoms have found to be associated with poorer learn-
ing and memory performance. Another focus of research has
been more complex cognitive functioning, such as risky deci-
sion-making, where young drinkers are found to be more sen-
sitive to rewards.

A drawback of above-mentioned review is that no distinc-
tion is made between heavy drinking and alcohol use disorder
(AUD). This is problematic since, although AUD is a serious
and impairing disorder, the majority of alcohol drinking youth
do not meet the criteria for the disorder. Furthermore, it is
unclear if, and to what extent the presence of a psychiatric
disorder (e.g., conduct disorder) has a confounding effect on
the relationship between alcohol use and maturation of
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cognitive functioning. In another review [85¢], this distinction
is made more clearly, indicating that there have been relatively
little studies specifically focusing on binge drinking, but avail-
able studies indicate less optimal performance on a diffuse set
of cognitive domains.

Taken together, the above-mentioned studies indicate a dif-
fuse pattern of worse cognitive functioning in heavy drinking
adolescents and adolescents with AUD compared with
healthy controls, with little consistency across studies. A ma-
jor drawback of these studies is that they are cross-sectional in
nature, hampering the possibility of drawing causal infer-
ences. To the best of our knowledge, only three studies have
investigated the effects of alcohol use on maturation of
neurocognitive functioning in a longitudinal design, two large
studies (described in: [86]) and one small study [87].

In a recent large prospective study (#=2230) [86], six
drinking pattern-groups were identified: non-drinkers, light
drinkers, infrequent heavy drinkers, increasers, decreasers,
and chronic heavy drinkers. Chronic heavy drinking adoles-
cents had been drinking five to six glasses or more on a single
occasion every weekend during the past 4 years. These groups
were compared on a set of computerized RT tasks, assessing
working memory, inhibition, and sustained and shift attention.
In contrast with what was expected, there were no significant
differences between any of these drinking-defined groups and
non-drinkers on any of the tasks, not even for the heaviest
drinking group. One possible explanation for this finding is
that the computerized tasks assessed executive functions in a
rather basic way. More complex and strategy-based tasks
might be important when studying the effects of alcohol.
One indication in this direction was that the same tasks
assessed at age 11 were not predictive of the further develop-
ment of alcohol use, while a large literature would support
such a relationship [88, 89], and this relationship was indeed
found in the same sample with a self-report measure of effort-
ful control. Hence, while rather basic neuropsychological
functions appear to not be affected by alcohol use, including
relatively heavy alcohol use, in adolescence, more complex
and effortful tasks could still reveal this relationship. Howev-
er, in the same study, no differences between drinkers and
abstainers could be related to alcohol use patterns for a variety
of more complex neuropsychological tasks. In contrast, one
small study indeed found differences between heavy drinkers
and controls, but only in girls, and in one domain: visuospatial
functioning [87].

Taken together, although the negative relationship between
alcohol use and cognitive functioning in adolescence appears
to be well-established, there is little compelling evidence for
significant cognitive deficits as a result of adolescent heavy
drinking. The effects of alcohol on the developing brain might
be more subtle than assumed thus far. This might also be
related to the flexibility of the adolescent brain, which also
shows stronger recovery after abstinence in heavy episodic
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drinking adolescents [90] than what is usually found in adult
alcohol-dependent patients (review [91]). More research is
needed to understand what influence alcohol has on the de-
veloping brain and how this could affect functioning in daily
life. Possibly, there is a reciprocal effect where weaknesses in
effective impulse control might be predictive of later AUD,
and heavy drinking prospectively predicting increases in im-
pulsivity [92]. A similar reciprocal relationship has been
found for behavioral dishinhibition and early alcohol use
onset [93].

Neurocognitive Studies

Research has shown structural brain differences between
heavy substance users and controls [84¢]. In addition, emerg-
ing data suggest that alterations in activity in specific brain
regions (e.g., inferior frontal gyrus) on cognitive control tasks
may represent a phenotype of current and future heavy drink-
ing in adolescent participants [94¢¢]. Furthermore, longitudi-
nal studies have shown that atypical brain responses during
response inhibition are predictive of later alcohol use [95].
Surprisingly, however, few neurocognitive studies have
assessed the effect of alcohol misuse on behavioral control
(as assessed using tasks such as the Go/NoGo and Stop-
Signal task), or attentional control (as assessed using Stroop,
Flanker, or Simon tasks) in adolescence (i.e., ages between 14
and 19).

To the best of our knowledge, only one study examined the
effect of prolonged heavy drinking on response inhibition in
adolescents. Wetherill and colleagues [96¢¢] conducted a lon-
gitudinal study, in which fMRI data were acquired during
performance on a Go/NoGo task. Data were collected at base-
line from adolescents, aged 14, before the onset of heavy
drinking, and then again 3 years later. Results showed that,
youth who transitioned into heavy drinking compared with
continuous non-drinkers, showed reduced activations at base-
line in bilateral prefrontal cortex for the stop vs. go contrast.
This response reversed after the onset of heavy drinking
[96¢¢]. This is an important finding and is in line with reports
in university students showing reduced activations in regions
implicated in inhibitory control following acute alcohol ad-
ministration [97-99], as well as reports showing differential
responses in the NoGo P3 ERP as a function of heavy or binge
drinking in similar populations [100, 101].

Given the finding that prefrontal cortical gray matter thick-
ness of adolescent females aged 1619, relative to their male
counterparts, is correlated with poorer performance on a color-
word interference task [102¢], studies should also explore pos-
sible gender differences in the impact of alcohol on cognitive
control processes. Finally, one interesting prospective study in
college students assessed ERPs before and after the onset of
binge-drinking behavior [103] and found strong effects of
binge drinking in early and global ERP components,
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suggesting alcohol-related effects on basic and high-level cog-
nitive processes. However, it is unclear to what extent these
differences would lead to measurable behavioral effects on
neuropsychological tasks and what the long-term effects of
(continued) binge drinking would be.

Conclusion

We reviewed the literature on the effects of adolescent sub-
stance use on (neuro)cognitive functions, from a broad dual-
process perspective. From this perspective, adolescent sub-
stance use would be associated with increasingly strong auto-
matically activated appetitive reactions to substance-related
cues, expressed as cue reactivity in the brain, and as attention-
al bias, approach bias, and memory associations in behavioral
tasks. In addition, adolescent substance use is thought to neg-
atively affect the still developing executive or cognitive con-
trol functions. Overall, we found many more studies regarding
the first set of predictions, which generally supported the idea
that adolescent substance users demonstrate substance-related
cognitive biases. The impact of these biases on subsequent
addictive behavior was found to depend on cognitive control
functions, although it should be noted that this was primarily
found in high-risk adolescents (sampled from special educa-
tion), and less so in samples from regular education. Cue-
elicited brain activation was also found in adolescent heavy
substance users, and in some studies, this predicted subse-
quent escalation of use. In addition, some studies indicated
that the impact of substance-related cues on behavior tended
to be stronger after acute alcohol use.

Regarding hypothesized negative effects of alcohol and
substance use on executive functions, at a behavioral level
there is much less evidence of strong alcohol or substance
induced neuropsychological impairments than often thought
and the evidence appears to be much weaker here than evi-
dence for the reverse relationship (relatively weak executive
functions predicting later problems with substances, as earlier
reviews indicated [88, 89]). Neurocognitive studies do find
differences between heavy or dependent substance users and
controls [84¢], but the direction of this effect is often unclear.
Also, given the relatively robust reverse relationship, one can-
not rule out the possibility that most differences are premorbid
to substance involvement. Ongoing large longitudinal studies
using neurocognitive measures will tell us more about the
effects of alcohol and other substances on the development
of cognitive control functions.

Currently, a fair conclusion, based on a review of the liter-
ature, appears to be that the effect of alcohol and other sub-
stances is primarily found in stronger automatically activated
appetitive responses to substance cues, and that these reac-
tions are likely to contribute to the development of problems
especially in youth with relatively weak executive control

functions (as a premorbid factor). Meta-analysis (including
both adolescent and mostly young adult samples) concluded
that both implicit and explicit measures (e.g., expectancies
and motives) predict unique variance in substance use (mostly
alcohol) [104, 105]. Further, this association may be enhanced
by acute effects of the substance and perhaps also in the long
run by prolonged heavy substance use, and may differ by
gender or other subgroupings (e.g., children of alcoholic par-
ents). Imaging and psychophysiological studies are needed
that more directly focus on comparing participants of varying
ages on their automatic motivational, attentional, and associa-
tive responses to addictive stimuli and their ability and ten-
dency to control those responses. Such studies could comple-
ment psychological studies by providing inferential support
and more detailed constraints for cognitive models, but also
by revealing unexpected patterns that may open up new lines
of research.

Importantly, environmental factors may also moderate the
impact of individual risk factors, such as strong appetitive re-
actions and weak control: parenting has also been found to
moderate the impact of these predictors on subsequent addic-
tive behaviors. And also in the larger picture, automatically
activated reactions to substance cues, as assessed with implicit
or indirect measures or with neurocognitive indices of cue
reactivity, provide only one piece of the puzzle, and in some
cases social cues (e.g., peer substance use) are a much stronger
predictor than implicit processes (e.g., [106]). Hence, the liter-
ature provides evidence that implicit or automatically triggered
motivational processes play a role in adolescent substance use,
especially among those with relatively weak executive control
functions, but other factors such as social (peers and parents),
contextual and cultural influences provide other important
pieces in the larger puzzle of adolescent substance abuse.

Regarding treatment implications, both implicit and explic-
it cognitions can be targeted in treatment (see for a review
[107<¢]), but the effects most likely depend on motivation to
change, which is an important issue in adolescent substance
use problems. Motivation to change could be enhanced, for
example with motivational interviewing [108], together with
motivation for training or treatment. In addition, positive find-
ings have been reported for targeted personality-based inter-
ventions in adolescents [109+¢]. In conclusion, there is some
support for the general perspective from dual process models
(at a descriptive level), that in adolescent substance use, the
combination of automatically triggered or implicit reactions to
substance cues and relatively weak cognitive control process-
es play a role, with the first factor developing after substance
use and the second factor more as a premorbid factor. Inter-
vention methods aimed at adolescent substance users may
benefit from this developing knowledge, while at the same
time it is important to acknowledge that from a broader
perspective other processes such as peer influence are
important too.
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