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Summary

The onset of substance use coincides with a critical maturation period of the neural substrates
that are affected by alcohol and other drugs of abuse. Behaviourally, adolescents exhibit
distinct patterns of risk-taking. Moreover, neuroimaging studies have shown that these
individuals, when compared to adults, engage different neural systems when processing
rewards and punishments. Therefore, a better understanding of the behavioural and neural
systems processes during adolescence is very important for the design of effective intervention
programming. This review highlights the characteristics of alcohol and other drug use
disorders during adolescence and shows examples of behavioural and neural substrate
response patterns revealing differential processing of cue-related stimuli and risk-taking
behaviour. Recent studies are reviewed, showing that heavy drinking during adolescence is
associated with reduced hippocampal volume, disturbed white matter integrity, and abnormal
brain response during cognitive tasks, while heavy cannabis use during adolescence is linked
to abnormal brain response during cognitive tasks as well as poorer learning and attention
performance. We propose that certain individuals may be at a higher risk for substance
problems because of a mixture of pre-existing conditions and increased vulnerability to the
effects of alcohol or other drugs of abuse. In particular, youth deploying more processing
resources to reward-related stimuli and not taking into account risk-related outcomes may be
vulnerable to adverse behavioural consequences. Support for this proposition would provide a
rational basis for the development of new intervention programmes.

1. Adolescence, drug use and the brain

Individuals often initiate the use of substances during a time when the brain is undergoing a critical
maturation period. Moreover, these substances can have profound effects on neural substrates that are
important for cognition and emotion. For example, adolescents exhibit distinct patterns of risk-taking
behaviour, weighing rewards and potential punishments differently than adults, and neuroimaging studies
have shown that these individuals, compared to adults, engage different neural systems when processing
rewards and punishments. Therefore, to develop better intervention programmes, we need a thorough
understanding of how brains of adolescents process these and other behaviours.

This review highlights the characteristics of alcohol and other drug use disorders during adolescence and
shows examples of behavioural and neural substrate response patterns revealing differential processing of
cue-related stimuli and risk-taking behaviour. We propose that certain individuals may be at a higher risk
for substance problems because of a mixture of pre-existing conditions and increased vulnerability to the
effects of alcohol or other drugs of abuse. In particular, young people deploying more processing resources
to reward-related stimuli and not taking into account risk-related outcomes may be vulnerable to adverse
behavioural consequences. Although the majority of existing studies are cross-sectional by design, support
for this proposition can serve as a starting point for the development of new intervention programmes.

2. Prevalence
Alcohol and other drug use are quite common in the UK. Alcohol use is particularly high among youth in

the UK, with 91% of |5-16-year-olds reporting past year drinking (Hibell et al., 2004), and more significantly,
68% reported past-year drunkenness in the UK. These rates have held steady since 1995.



Regarding cannabis use, 38% of UK |5-16-year-olds have used it at least once. Other drugs are used by 9%
of UK adolescents, with most of the other drugs being inhalants (12%), and ecstasy (5%). A concerning
pattern is that 7% report use of alcohol and pills in combination.

3. Normal adolescent brain development

During this period of increasing risk for exposure to intoxicating compounds, the brain remains in an
active state of development. Two key processes continue into adolescence which render the brain more
efficient: (1) synaptic refinement; and (2) myelination (Yakovlev and Lecours, 1967). Synaptic refinement
refers to the elimination of neural connectivity that occurs after the peak number of synaptic connections
are attained at around age 9-11 (Shaw et al., 2006). This sculpting of connections between brain cells
yields more economical neural activity. Although overall brain size changes little beyond early school-age
(Giedd, 2004), grey matter volume begins to decrease around puberty, largely due to synaptic refinement
(Huttenlocher, 1990) in subcortical and frontal regions (Sowell et al., 1999), ending with the dorsolateral
prefrontal cortex (Gogtay et al., 2004), which is a key brain region for planning, organisation, emotional
regulation, response inhibition, and decision-making.Volume increases in the cerebellum, a key brain

region for motor coordination and attention (Keller et al.,2003), and hippocampus, a critical structure for
encoding new information (Jernigan and Gamst, 2005), and decreases in the thalamus (sensory integration)
and nucleus accumbens (reward) continue into young adulthood, concurrent with continuing myelination of
the underlying white matter in this region (Jernigan and Gamst, 2005).

Myelination refers to the axons of brain cells becoming coated in a fatty substance called myelin, which
results in the electrical signals along the axon shaft transmitting more rapidly. This process causes the
size (or volume) of white matter in the brain to increase until at least the second decade of life (Jernigan
and Gamst, 2005) due to progressive myelination of neuronal axons (Paus et al., 1999), and white matter
integrity improves in subcortical regions between childhood and young adulthood (Snook et al., 2005).
Brain activity during mental tasks matures through adolescence, demonstrated by diminishing reliance on
frontal regions and the increased use of specialised networks (Luna and Sweeney, 2004). This continuing
neuromaturation is also associated with changes in emotional regulation, reward sensitivity (Chambers et
al,, 2003), working memory (Luna et al., 2004), and other executive functions, which may have important
implications for susceptibility to substance use disorders.

Reward is composed of a feeling and an action. Components of reward include the hedonic aspects, i.e.
the degree to which a stimulus is associated with pleasure, and the incentive motivational aspects, i.e. the
degree to which a stimulus induces an action towards obtaining it. Several studies indicate that adolescents
process reward differently than children or adults (Bjork et al.,2007; Galvan et al., 2006; Galvan et al.,
2007). In these studies, increased activity in the nucleus accumbens is seen across development, but is
exaggerated in adolescents as compared to children and adults (Ernst et al., 2005, Galvan et al., 2006), while
ventromedial frontal activation during reward-risk conflict appears underactive in adolescents as compared
to adults (Bjork et al., 2007). Children’s accumbens response to reward is linked to anticipating negative
consequences. In comparison, adults’ accumbens response is mainly associated with anticipating positive
consequences. Finally, adolescents’ nucleus accumbens activity relates to the anticipation of both negative
and positive consequences, which is linked to the degree of risk-related behaviour. For example, teenagers
who anticipate positive consequences of risk behaviours show greater accumbens activity during reward,
and greater involvement with risky behaviours, while adolescents expecting negative outcomes show less
reward-related accumbens response and fewer risk behaviours (Galvan et al., 2007).

This shift in the anticipation of outcomes may help explain why some adolescents gravitate toward risky
behaviours such as substance use, as immediate positive outcomes (e.g. peer approval) may outweigh
potential long-term negative consequences (Galvan et al., 2007). Taken together, people prone to risky
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behaviour are particularly vulnerable during the adolescent period, when neural systems underlying risky
behaviours (e.g. Galvan et al., 2005) incur significant neuromaturation (Galvan et al., 2006).

4. Influence of adolescent alcohol use on the brain

Chronic heavy drinking (that is, drinking four or more drinks on an occasion for females, and five or more
drinks on an occasion for males, on a repeated basis for many years) is associated with adverse effects on
the brain (Oscar-Berman and Marinkovic, 2003), and recent research suggests that heavy drinking (drinking
four or more drinks on an occasion for females, and five or more drinks on an occasion for males on a
repeated basis, but not necessarily for many years) may affect brain functioning as soon as early adolescence
(Tapert et al., 2004b; Brown et al., 2000). In most countries, alcohol is the most widely used, psychoactive
substance among youth, and young people tend to consume alcohol to the point of intoxication. Recent
animal and human studies have shown that adolescence may be a period of heightened brain vulnerability
for alcohol effects (Spear and Varlinskaya, 2005).

Brain structure. Magnetic resonance imaging (MRI) studies in heavy-drinking adolescents have revealed
brain structure abnormalities, including smaller volumes of the hippocampus (Nagel et al., 2005; De Bellis
et al.,, 2000; Medina et al., 2007) and prefrontal cortex (De Bellis et al., 2005) in adolescents with alcohol
use disorders (i.e. very heavy drinking characterised by life problems) than age-matched non-drinkers.
Diffusion tensor imaging has indicated poorer integrity of the corpus callosum among heavy drinkers
(Tapert et al.,2003b). As the hippocampus is expected to increase in volume and white matter integrity
to improve during adolescence, these results emphasise the possibility that heavy drinking might alter
neurodevelopment.

Brain function. Functional MRI (fMRI) examines brain activity by detecting changes in the amount of

oxygen in the blood, indicating neural activity in response to completing a mental task or viewing stimuli
(Logothetis et al.,2001). Blood oxygen level dependent fMRI studies suggest abnormal brain response
during spatial working memory (Tapert et al., 2004b) in 14- to |7-year-old heavy drinkers as compared

to non-drinkers despite intact task performance, suggesting reorganisation and compensation for subtle
neuronal injury.Young adult women with adolescent onset of heavy drinking demonstrated impaired
performance as well as reduced blood oxygen levels in parietal and frontal brain regions in response to the
same working memory task (Tapert et al.,2001).

In combination, these studies indicate that, if heavy drinking continues throughout adolescence, the brain
may eventually not be able to compensate due to subtle neuronal damage, and task performance may begin
to deteriorate. Some effects are more pronounced in females (Caldwell et al., 2005) and seen in youth
consuming as little as five drinks per occasion, six to eight times per month (Tapert et al., 2004b). fMRI has
also revealed that adolescent heavy drinkers show greatly enhanced response to alcohol cues in attention
and reward-related brain regions (Tapert et al.,2003a).

Cognitive functioning. Neuropsychological test performance can be used to relate brain impairments to day-
to-day functioning based on dysfunctions of memory, attention, visuospatial skills, language, and executive
functioning (e.g. planning, abstract reasoning, and goal-directed behaviour).

Heavy alcohol use in adolescents appears to be associated with poorer scores on tests of information
retrieval (Brown et al., 2000), attention (Tapert and Brown, 1999; Tapert et al., 2002; Tapert and Brown,
2000), and visuospatial functioning (Tapert and Brown, 1999; Tapert et al., 2002). Further, heavy drinking
followed by a hangover or withdrawal symptoms is associated with decreases in performance over time
(Tapert and Brown, 1999; Tapert et al.,2002). Thus, heavy drinking during adolescence may be associated



with decrements in cognitive performance and brain health, perhaps suggesting that the adolescent brain is
vulnerable due to ongoing neuromaturation.

However, longitudinal studies are critical to elucidate the extent to which abnormalities pre-date the onset
of regular substance use. For adolescents, harmful neurocognitive effects of heavy drinking appear to persist

even after extended periods of reduced or halted use (Tapert et al., 2002; Tapert and Brown, 2000; Brown
et al., 2000).

Moderating factors. Although heavy drinking during adolescence appears to impair brain functioning,

not all young people who drink heavily or become alcohol dependent will experience the same level of
impairment. Female adolescents appear more vulnerable to deleterious effects of heavy drinking on brain
function than males (Caldwell et al., 2005), and personal alcohol use may interact with family history of
alcoholism in predicting neural abnormalities (Tapert and Brown, 2000; Tapert et al., 2003a).

Youth at risk for alcohol use disorders due to a low level of response to alcohol show increased activation
to a visual working memory task (Tapert et al., 2004a). Adolescents at risk for alcohol problems due

to positive alcohol expectancies have decreased activation to an inhibition task (Anderson et al., 2005),
paralleling the inhibition response patterns observed in youths with family histories of alcoholism.

Summary. Heavy drinking during adolescence is associated with subtle yet consequential effects on brain
development, functioning, and performance. The abnormalities include reduced hippocampal volume,
disturbed white matter integrity, and abnormal brain response during tasks requiring working memory.
These aberrancies may represent subtle early harm to neurons and other brain constituents from the
neurotoxic effects of alcohol. Longitudinal studies are necessary to confirm these impressions.

Even though the research on alcohol’s effects in adolescence and young adulthood is still in its early stages,
one message is clear: young people can help maximise their neurocognitive potential by refraining from
heavy drinking.

5.Influence of adolescent cannabis use on the brain

Brain structure. Some brain areas developing during adolescence have high densities of cannabinoid
receptors (lversen, 2003), such as frontal and hippocampal regions. Although no studies to date have
examined structural brain changes associated with cannabis use in human adolescents (Verdejo Garcia et
al., 2004), animal studies suggest that cannabinoid exposure prior to adulthood is associated with lasting
abnormalities in behaviour (Stiglick and Kalant, 1985) and hippocampal structure (Landfield et al., 1988).
Adults who used cannabis before age |7 show smaller grey matter and larger white matter volumes,

suggesting abnormal progression of normal adolescent neuromaturation compared to later-onset users
(Wilson et al., 2000).

Brain function. Chronic cannabis-using adults exhibit an altered electrophysiological brain response (Solowij
et al,, 1995), reduced cerebellar response and frontal blood flow (Lundqpvist et al., 2001; Block et al., 2000),
and increased brain response during spatial working memory (Kanayama et al., 2004). The degree of
abnormality appears related to adolescent cannabis use because early-onset (<17) users show greater
brain blood flow (Wilson et al., 2000), attenuated electrophysiological response during selective attention
(Kempel et al., 2003), smaller frontal and parietal volumes (Wilson et al., 2000), and increased cerebral
blood flow (Wilson et al.,2000) than late-onset (217) users. Several recent studies in adolescent cannabis
users have suggested abnormal brain response patterns, despite the common perception of this drug as
relatively harmless (Johnston et al., 2006). For example, on an inhibition task, adolescent cannabis users
with a month of verified abstinence showed more fMRI response than non-users in dorsolateral prefrontal,
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parietal, and occipital regions, despite equivalent task performance levels, suggesting increased brain
processing effort (Tapert et al., 2007).

Adolescent cannabis users often use alcohol or nicotine. Adolescents with both cannabis and alcohol use
disorders performed as well as youths with only an alcohol use disorder and non-using controls. However,
teenagers with comorbid alcohol and cannabis use disorders had increased dorsolateral prefrontal fMRI
response than others, which is consistent with the idea that these individuals need to expend an increased
neural or computational effort to show appropriate levels of performance (Schweinsburg et al., 2005).
Aberrant activation patterns were observed even after a month of abstinence (Schweinsburg et al., 2008).

Adolescent users of cannabis and nicotine performed less accurately on a working memory task than
nicotine-only users and non-using controls, but showed greater fMRI response in the right hippocampus
relative to other groups. This suggests that adolescent cannabis users might fail to inhibit hippocampal
activity, perhaps due to changes in inhibitory neurotransmission (Jacobsen et al., 2004b). During nicotine
withdrawal, cannabis-using adolescents showed poorer verbal recall, increased posterior activation, and
disrupted frontoparietal connectivity than non-cannabis users, further suggesting that adolescent cannabis
use may disrupt memory-related substrates (Jacobsen et al.,2007). Together, these studies suggest some
neural dysfunction among adolescent cannabis users.

Cognitive functioning. Neuropsychological studies of heavy cannabis-using adults have found deficits (Pope
and Yurgelun-Todd, 1996; Solowij et al., 2002; Bolla et al., 2002), although most resolve within a month
of abstinence (Pope et al.,2001). Few studies have examined cognitive functioning in cannabis-using
adolescents. Over an eight-year period, from ages |6 to 24 on average, greater cannabis use predicted
poorer follow-up attention functioning (Tapert et al., 2002), and short-term memory decrements show
evidence of persisting after six weeks of abstinence (Schwartz et al., 1989).

However, some studies report no correlations between cannabis use and cognition (Teichner et al., 2000),
and some abnormalities may predate use (Aytaclar et al., 1999). Among adults, early onset (<17) cannabis
users, relative to late onset (217) users, performed slower (Ehrenreich et al., 1999) on a visual scanning task
on which performance typically matures during adolescence (Kunert et al., 1996), and had lower vocabulary
scores, suggesting disadvantaged innate factors or education in early-onset users (Pope et al., 2003).

Summary. Heavy cannabis use during adolescence may adversely affect frontal and hippocampal
development. The few studies that have examined cognitive functioning in cannabis-using adolescents
report decrements in attention (Tapert et al., 2002), and learning and memory (Millsaps et al., 1994;
Schwartz et al., 1989).

6. Influence of other drug use on the adolescent brain

Ecstasy. Methylenedioxymethamphetamine (MDMA, known as ‘ecstasy’) is a synthetic, psychoactive drug
with stimulant and mild hallucinogenic properties. Its influence on the developing adolescent brain has not
been clearly assessed, but existing data suggest slowed reaction times during attention tests and abnormal
hippocampal functioning (Jacobsen et al., 2004a). In young adults, increased volume of striatal structures
(Reneman et al., 2001b), neuroinflammation (Chang et al., 1999), decreased frontal neuronal viability
(Reneman et al., 2002b), and abnormal serotonergic function (McCann et al., 2005; Reneman et al., 2001 2;
Semple et al., 1999) and dopaminergic (Reneman et al., 2002a) markers have been found. Neurobehavioural
abnormalities include problems with verbal learning and memory, mental processing speed, impulsivity,
depression and anxiety, and aggression (Halpern et al., 2004; McCann et al., 2005; Morgan, 2000; Medina et
al., 2005). Some effects, though, may related to other substance use and pre-existing factors (Lyvers and
Hasking, 2004).



Stimulants. As with ecstasy, few studies have examined the effects of adolescent methamphetamine and
cocaine use on brain functioning. Cocaine (Jacobsen et al.,2001) and methamphetamine (Jernigan et al.,
2005) users have shown larger volumes of subcortical structures than non-users, but also smaller cortical
and limbic (Bartzokis et al., 2000; Franklin et al., 2002) as well as white matter volumes (Thompson et

al., 2004). Methamphetamine users also showed widespread, persistent abnormalities consistent with
neurotoxicity and neuroinflammation in basal ganglia and frontal white matter (Ernst et al., 2000). Stimulant-
dependent adults consistently show depletion of striatal dopamine transporters (Volkow et al.,2001a;
Volkow et al., 2001b; Sekine et al., 2001), which corresponds to the degree of psychomotor and memory
impairment and psychiatric symptomatology.

Serotonin transporter binding in abstinent methamphetamine users (Sekine et al., 2006) has revealed
widespread reductions throughout the brain, correlated with elevated aggressiveness. Neurocognitive
deficits have been reported on tasks of learning, working memory, set shifting, and inhibition (Salo et al.,
2002; McKetin and Mattick, 1998; Nordahl et al., 2003), consistent with dopamine depletion (Rogers et al.,
1999; Baunez and Robbins, 1999) and serotonergic involvement (Harrison et al., 1997).

Individuals who use stimulants (but who are not dependent) select risky responses more frequently than
comparison subjects but also select risky choices less often after punishment. This risk-taking behaviour
correlates with measures of sensation-seeking and impulsivity, but not with other personality measures,
anxiety, or tendency to use alcohol (Leland and Paulus, 2005). In these individuals, an increase in caudate
nucleus activation during a simple decision-making paradigm aimed to determine the influence of outcome
uncertainty is correlated with impulsivity (Leland et al., 2006). A longitudinal investigation (Tapert et al.,
2002) of substance-dependent youth suggested that more frequent adolescent stimulant use was associated
with poorer attention, speeded psychomotor processing, and working memory in young adulthood.

Other substances. Heavy nicotine use in adolescence has been associated with some neural abnormalities
(Jacobsen et al., 2005; Jacobsen et al., 2004b) and increased risk-taking propensity (Lejuez et al., 2003), as
measured by the Balloon Analogue Risk Task (Lejuez et al., 2002). In evaluations of polysubstance use in
young adults, neuropsychological deficits were most strongly related to the heavy use of four or more
drugs, particularly when this included excess use of prescription drugs in addition to heavy alcohol use
(Grant et al., 1978).

1. Factors conveying vulnerability to adolescent substance problems

Youths with mood problems are at risk for substance use and related problems. In the Munich
Epidemiological study (Wittchen et al., 1992), about 22% of subjects who reported substance use also had

a mood disorder, with one third of these individuals reporting that their mood disorder occurred prior

to substance use. Similarly, of the 20% of substance users found to have an anxiety disorder, 60% had the
anxiety disorder prior to substance use. Thus, it is not surprising that the concept of ‘negative emotionality’
has been invoked as a risk factor for problems with substances, and has found empirical support by some
(Kilbey et al., 1992; Sher et al., 2000) but not others (Teichman et al., 1989). Several studies have shown an
increased association between drug abuse or dependence and anxiety disorders (Merikangas et al., 1998),
and individuals with substance use disorders have significantly elevated anxiety and anger scores (Walfish

et al.,, 1990). Others have observed a significant familial aggregation of anxiety and substance use disorders
(Kendler et al., 1997). Conduct disorder more than doubles the risk for early substance use (Sartor et al.,
2007), which in turn is linked to increased lifetime risk of substance use disorder (Grant and Dawson, 1997).

While some personality features, such as disinhibition, have been linked to risk of substance use disorder
(Sher and Trull, 1994), others have been more elusive. Paulus and colleagues examined whether personality
and coping styles of young adults who have used stimulants differ from those who have not.Young adults
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with lifetime use of cocaine, amphetamine, methamphetamine, non-prescribed methylphenidate, or ecstasy
at least once were compared to subjects without such histories. Stimulant users were more disinhibited,
neurotic, anxious, and depressed, less resilient, and exhibited a more emotion-oriented coping style.
Because levels of drug use were low, differences are not likely a result of stimulant exposure. Therefore,
stimulant use may initially occur in the context of mild psychiatric symptoms characterised by increased
levels of negative emotionality.

The observation that young substance users show increased neuroticism is consistent with other studies
of adolescents (Anderson et al., 2007). Conceptually, the impulsiveness facet of neuroticism relates to
under-control of behaviour, consistent with the notion of committing rash or regrettable actions as a result
of intense negative affect (d’Acremont and Van der Linden, 2007). Adolescent substance users score high
on novelty seeking, yet low on harm avoidance, reward dependence, agreeableness, and conscientiousness
traits (Anderson et al., 2007;Wills et al., 1994). Increased substance use has been observed in adolescents
with high sensation-seeking scores (Andrucci et al., 1989), and increased behavioural disinhibition has been
associated with higher rates of substance abuse or dependence (McGue et al., 1999; Conway et al., 2003).
However, the transition from occasional use to abuse or dependence cannot solely be explained by genetic
or shared environmental factors. It may arise from the effects of the peer and social context within which
the drug is used (Lynskey et al., 2003). For example, individuals growing up in substance-using families
scored higher on neuroticism and had a higher rate of suicidality (O’Connor et al., [995).

8. Implications

Neuroimaging and neuropsychological studies indicate that adolescent substance use is associated with
neural disadvantages, particularly in the realms of learning, attention, and executive function. Evidence from
human and animal research suggests that adolescence is a period of particular vulnerability to adverse
effects of alcohol and other drugs on the brain, likely due to ongoing neuromaturation.

In addition to familial risk, young people with affective disturbance, conduct problems, and neurotic or
disinhibited personalities appear at risk for escalating substance use once initiated. These features appear
compounded by macro and micro social contexts that are permissive of substance use and minimise
negative consequences of risky behaviours.While it is clear that well-developed executive functioning is a
protective factor that may be affected by substance use, and peer contexts are highly related to risk-taking
activities, very few studies have examined the neural substrates of adolescent social cognition.

Fruitful preventions and intervention programmes for adolescent substance use may need to address the
key factors associated with an increased risk for substance problems, such as treating pre-existing anxiety
and depressive disorders, and perhaps even subsyndromal presentations of these disorders (Judd et al.,
1998). Future studies will need to link these symptom differences to genetic features on the one hand and
behavioural or neural substrate differences on the other to better understand what puts youth at risk for
substance use.

Further studies are needed to: examine neural, familial, and social factors that predict escalation and de-
escalation of substance use and related problems; identify resiliency traits that can be accentuated by
interventions; and determine risky populations and contexts at greatest need of interventions and policy
change. For example, at-risk youth may require safer settings for meeting peers, thereby deriving the
appropriate level of sensation and stimulation, increasing autonomy, and setting personal goals.



9. Conclusions

Ongoing neuromaturational processes during adolescence, such as synaptic refinement and myelination, may
heighten the risk for substance-related alterations.

Exposure to alcohol, cannabis, ecstasy, and stimulants during adolescent neurodevelopment has been linked
to a variety of structural and functional insults to the brain. Heavy alcohol use has been associated with loss
of brain volume, disruption of white matter, disturbances in blood oxygen levels in response to cognitive
tasks, and impairment in visuospatial, information retrieval, and attentional tasks. Studies on cannabis use
during adolescence found alterations of grey and white matter volumes, abnormal electrophysiological and
neural response, and deficits in attention and learning. Abnormalities in serotonin delivery systems, verbal
learning/memory, and impulsivity suggest neurotoxic effects associated with ecstasy use. Stimulants, although
not yet widely researched in youthful populations, are also associated with a range of abnormalities, such as
changes in brain structure, disrupted neurotransmission, and poorer neurocognitive performance.

The characteristics of adolescents using these substances vary tremendously. Consuming alcohol or other
drugs to an extent that hangover or withdrawal symptoms are perceived after acute effects suggests a level
of intake potentially sufficient to produce a neural insult. Factors that may moderate the amount necessary
to experience such changes include gender, family history, or psychiatric status.

The findings and conclusions discussed here are largely derived from cross-sectional research. Longitudinal
studies are necessary to better clarify the neural impact of substance use during adolescence.

In the interim, evidence suggests that successful attainment of important neural refinements and cognitive
milestones may be derailed by heavy use of psychoactive substances during adolescence. Certain individuals
may be at a higher risk for substance problems because of a mixture of pre-existing conditions and
increased vulnerability to the effects of alcohol or other drugs of abuse. In particular, those youngsters
deploying more processing resources to reward-related stimuli and not taking into account risk-related
outcomes may be vulnerable to adverse behavioural consequences.
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