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Abstract

Magnetic resonance (MR) techniques provide opportunities to non-invasively characterize
neurobiological milestones of adolescent brain development. Juxtaposed to the critical finalization
of brain development is initiation of alcohol and substance use, and increased frequency and
quantity of use, patterns that can lead to abuse and addiction. This review provides a
comprehensive overview of existing MR studies of adolescent alcohol and drug users. The most
common alteration reported across substance used and MR modalities is in the frontal lobe (63%
of published studies). This is not surprising, given that this is the last region to reach
neurobiological adulthood. Comparatively, evidence is less consistent regarding alterations in
regions that mature earlier (e.g., amygdala, hippocampus), however newer techniques now permit
investigations beyond regional approaches that are uncovering network-level vulnerabilities.
Regardless of whether neurobiological signatures exist prior to the initiation of use, this body of
work provides important direction for ongoing prospective investigations of adolescent brain
development, and the significant impact of alcohol and substance use on the brain during the
second decade of life.
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1. Introduction

Adolescence is an age period, typically spanning the second decade of life, characterized by
physiological and social maturation that occurs along with significant structural, functional
and neurochemical brain changes (Paus, 2005; Spear, 2000). This special issue provides a
comprehensive set of reviews of preclinical and clinical studies detailing adolescent brain
maturation across multiple domains: neurobiological development, cognition, affect,
motivation, reward sensitivity, puberty and sex differences, stress and adversity, sleep
physiology, the social brain, genetic influences and the emergence of psychopathology. The
purpose of this review is to provide an evaluation of the existing human data, obtained using
non-invasive magnetic resonance (MR) neuroimaging methods that document alcohol- and
drug-related neurobiological consequences in currently using adolescents.

Over the past decade, MR techniques have dramatically improved the ability to characterize
adolescent-related brain changes, due in part to the evolution and availability of higher field-
strength scanners, hardware and software innovations, and advanced MR sequences. As a
result, MR studies have been able to significantly advance the field in our understanding of
neuromaturational changes from childhood through adolescence (Casey et al., 2008; Dahl,
2004; Ernst and Mueller, 2008; Giedd and Rapoport, 2010; Gogtay et al., 2004; Luciana,
2013; Pfefferbaum et al., 1994; Sowell et al., 2004; Steinberg, 2010), and into late
adolescence/emerging adulthood (Bennett and Baird, 2006; Sullivan et al., 2011).
Adolescent brain reorganization, refinements and functional improvements map onto
enhanced cognitive abilities (Casey et al., 2005; Paus, 2005), with the most prominent
changes occurring in frontally-based regions and functionally connected subcortical
structures (Anderson, 2001; Casey et al., 2000; Giedd et al., 1999; Klenberg et al., 2001;
Pfefferbaum et al., 1994; Rosso et al., 2004; Sowell et al., 2001; Sowell et al., 2004;
Williams et al., 1999), including age-related increases in frontal lobe gamma-Amino butyric
acid (GABA) levels (Silveri et al., 2013). While such changes make adolescence a time of
neurobiological opportunity, increased propensity to seek out novel stimulation and engage
in risk-taking behaviors, such as using alcohol and drugs, enhance the potential
vulnerabilities of this age period. Characterizing the neurobiology underlying immature
cognitive and behavioral responses, which result in suboptimal self-regulatory control, have
been areas of extensive investigation (Casey et al., 2000; Casey and Jones, 2010; Dempster,
1992; Durston et al., 2006; Schweinsburg et al., 2004; Silveri et al., 2011). Accordingly, the
frontal lobes, and limbic/hippocampal circuitries, have been identified as regions particularly
vulnerable to early and escalating alcohol and substance use. Due to ethical considerations
prohibiting administration of alcohol and drugs to human youth, animal studies have proven
invaluable in initiatives to identify consequences of alcohol and drug use on the brain and
behavior in adolescents, under controlled laboratory conditions. The companion preclinical
review on alcohol and drug effects in this issue (c.f., Spear, this issue), as well as a wealth of
past studies, demonstrate strong evidence for age-specific alcohol and drug effects, which in
humans could influence the initiation, escalation of use, and risk for abuse during the
adolescent period.

Age of initiation and escalation of alcohol and drug use, as well as a high prevalence of
substance use disorders (SUDs), overlap with the critical period of adolescent brain
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reorganization. The Monitoring the Future (MTF) survey has been an essential resource for
understanding changing rates of and attitudes towards alcohol and drug use since 1975. In
addition to alcohol, drugs assessed include tobacco/nicotine (cigarette smoking, hookah use
and e-cigarettes), marijuana, synthetic cannabinoids (K2/Spice), prescription and over-the-
counter drugs (including non-medical opioid and stimulant use, cough/cold medicines),
ecstasy (“Molly”), other amphetamine-type stimulants (methamphetamine), synthetic
stimulants (bath salts), hallucinogens (e.g., salvia), and inhalants. A summary of lifetime
prevalence of alcohol and selected drug use, from 44,900 students in grades 8, 10 and 12,
from the 2015 MTF survey (Johnston et al., 2016) are presented in Table 1.

Alcohol continues to be the most commonly used substance among adolescents; however,
marijuana use has been increasing over time. Recent surveys have also considered new drugs
and modes of drug use, including use of e-cigarettes and synthetic cannabinoids. This review
focuses specifically on adolescent MR studies of the most frequently used substances,
alcohol and marijuana, and selected other drugs when available (nicotine, stimulants,
ecstasy, inhalants, and poly-drug use). Studies included were limited to those conducted in
current alcohol- and/or drug-using adolescents that were age 10 and older, excluding studies
that began at age 18, or that were specific to emerging adulthood (age 18-25+ years).
Although limited to adolescents, this review notably highlights the rapidly growing data
available, obtained using multiple imaging modalities that permit comparison of regions and
networks affected across multiple substances. While the collection of results presented in
this review may reflect drug use in general, regardless of age, longitudinal studies currently
in progress will be instrumental in characterizing adolescence as a unique period of
neurobiological vulnerability to alcohol and drugs. Fulfilling the inclusion criteria were, to
our knowledge, 103 published structural, functional and spectroscopy studies, together
comprising data from thousands of alcohol- and substance-using adolescents and healthy,
non-using comparison subjects.

2. Magnetic Resonance Technologies

Structural magnetic resonance imaging (MRI) provides quantitative information regarding
brain tissue and volume, by using techniques such as voxel-based morphometry (VBM) to
segment images into gray matter (GM) volume, white matter (WM) volume, and
cerebrospinal fluid (CSF) volume (Ashburner and Friston, 2000). Parcellation methods also
are used to obtain measures of cortical thickness (Fischl and Dale, 2000). Diffusion tensor
imaging (DTI) is a structural technique that enables measurement of the restricted diffusion
of water in tissue to examine white matter architecture (directional diffusion, fractional
anisotropy (FA), with higher levels typically reflecting better white matter integrity), and
average water diffusion (mean diffusivity (MD)) (Mukherjee et al., 2008a; Mukherjee et al.,
2008b). Functional magnetic resonance imaging (fMRI) provides information regarding
brain responses to passive activity in a resting state (rsfMRI) or to external stimuli (task
fMRI), by acquiring blood oxygenation level dependent (BOLD) signals, which reflect
hemodynamic responses to transient neural activity that result from changes in the ratio of
oxyhemoglobin and deoxyhemoglobin (Khanna et al., 2015). More recent advances in
fMRI-based connectivity analyses permit assessment of network-level properties of brain
function and intrinsic/resting state functional connectivity (rsFC) (Ernst et al., 2015).
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Acrterial spin labeling (ASL) also is a functional technique, used to quantify cerebral
perfusion (Petersen et al., 2006). Magnetic resonance spectroscopy (MRS) is used to acquire
signals from nuclei capable of producing a resonance signal, such as hydrogen protons (H),
to determine relative metabolite concentrations (Cohen-Gilbert et al., 2014). Metabolites
assessed in 1H MRS are N-acetyl Aspartate (NAA, marker of neuronal integrity), choline
(Cho, cellular synthesis and degradation), creatine + phosphocreatine (Cr + PCr, markers of
cellular energetic state), myo-Inositol (ml, phospholipid metabolism and maintenance of
osmotic equilibrium), glutathione (GSH, oxidative stress), and glutamate (Glu), glutamine
(GIn) and GABA (amino acid neurotransmitters, involved in cellular metabolism).
Metabolites are typically normalized to internal standards, the unsuppressed peak arising
from water or the creatine peak.

3. Neurobiological Findings in Current Alcohol and Drug Using

Adolescents

3.1. Alcohol

To date, of the existing empirical publications reflecting MR neuroimaging data from
adolescent current users of alcohol and drugs, the majority of studies are on marijuana (46
unique publications from 2004 to 2016), followed by alcohol (38 unique publications from
2000 to 2016), and considerably fewer publications focusing on other drugs (Figure 1).
When broken down by imaging modality, roughly one third of marijuana and one third of
alcohol studies were functional, whereas 45% of alcohol and 33% of marijuana studies were
structural (MRI).

For other drugs, fewer published studies exist (19 unique publications, Figure 1) that have
exclusively examined adolescent current substance users: nicotine (7 studies), amphetamine-
type stimulants (ecstasy and methamphetamine, 2 studies), inhalants (3 studies), and poly-
drug use (7 studies).

Given the near-ubiquity of alcohol use and misuse among adolescents, a significant body of
neuroimaging literature examining the impact of substance use in this age group has focused
on alcohol. Although cognitive studies in adolescent heavy drinkers have most consistently
identified deficits in memory, attention, visuospatial skills, and executive functions (Lisdahl
et al., 2013a), the existing research on the impact of alcohol on adolescent brain
development has yet to yield consistent, replicated findings.

For alcohol, the most consistently published regional alterations reported were in the frontal
lobe (61% of studies), followed by alterations in the temporal lobe (45% of studies) and then
parietal lobe (32% of studies), in current adolescent alcohol users. Consistent alterations
reported in MR studies of adolescent alcohol users, plotted as a function of brain region and
imaging modality, are presented in Figures 2. Findings from these studies, as well as those
reporting no significant regional differences, are described in great detail below. Notably,
only 8 out of 31 studies that had specific frontal-related hypotheses failed to document
significant frontal alterations (effects were non-significant) in current adolescent alcohol
users relative to a comparison group.
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MRI: Structural Brain Changes—The majority of MRI studies in adolescent alcohol
users have focused on regions where damage has been observed in adult alcohol dependent
or heavy-drinking populations: prefrontal cortex (PFC) and hippocampus (Oscar-Berman
and Marinkovic, 2007). Smaller PFC volumes have been reported in adolescent binge
drinkers and those with alcohol use disorders (AUDs) (De Bellis et al., 2005; Fein et al.,
2013; Medina et al., 2008; Whelan et al., 2014), with volume inversely correlated with
amount of consumption (De Bellis et al., 2005). Recent cross-sectional data from a large
adolescent cohort (674 adolescents meeting no/low alcohol or drug use criteria and 134
adolescents exceeding criteria) demonstrate smaller frontal and temporal volumes and
thinner frontal, temporal and cingulate cortices in the high alcohol exposure group
(Pfefferbaum et al., 2015). Others have reported smaller temporal volumes in AUD
adolescents, independent of childhood trauma status (Brooks et al., 2014). Longitudinal
evidence suggests declining cortical thickness in individuals who initiate alcohol
involvement during adolescence in PFC (Luciana et al., 2013; Squeglia et al., 2015) and
temporal (Squeglia et al., 2014; Squeglia et al., 2015) regions, and attenuated white matter
growth (Luciana et al., 2013). Importantly, a co-twin control study reported that smaller
orbitofrontal cortex (OFC) volumes were associated with alcohol use, perhaps reflecting pre-
existing risk factors rather than alcohol-related toxicity (Malone et al., 2014). To this end,
prospective studies indicate pre-existing decrements in prefrontal (Squeglia et al., 2014) and
ACC (Cheetham et al., 2014) volumes are associated with subsequent heavy drinking.
Conversely, the IMAGEN study of 14 year olds from England, France, Ireland and Germany
identified structural risk factors, with smaller parahippocampal volumes, but not aberrant
frontal volumes, predicting later drinking (Whelan et al., 2014), and others reporting no pre-
existing frontal abnormalities in those who later transitioned to drinking (Luciana et al.,
2013). Together, structural imaging data indicate that frontal lobe volume abnormalities are
both a pre-existing risk factor, and a consequence of adolescent alcohol use.

Evidence is more mixed for hippocampal alterations. For instance, adolescents with AUD
were reported to have smaller hippocampal volumes (De Bellis et al., 2000; Nagel et al.,
2005), and altered hippocampal asymmetry (Medina et al., 2007b), with smaller volumes
associated with earlier age of drinking onset (De Bellis et al., 2000). In contrast, others have
reported no significant differences in hippocampal volumes and adolescent alcohol use (Fein
etal., 2013; Malone et al., 2014; Whelan et al., 2014; Wilson et al., 2015), although alcohol
use histories were relatively limited. A longitudinal investigation also found that initiating
heavy drinking was not linked to a change in hippocampal volume (Squeglia et al., 2014). It
is possible that inconsistent hippocampal findings may be attributable to the extent and
duration of alcohol involvement, as well as other methodological factors, such as manual vs.
automated parcellation analyses for determining tissue volumes.

Reports of structural changes in other brain regions are more limited. In one study, ventral
striatal volumes were positively associated and OFC volumes were negatively associated
with frequency of alcohol use in a juvenile justice-involved sample (Thayer et al., 2012). A
twin study identified amygdala deficits associated with drinking, with co-twin analyses
indicating that alterations were likely pre-existing (Wilson et al., 2015), which is consistent
with other studies (Dager et al., 2015; Hill et al., 2013b). Finally, recent binge drinking was
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associated with lower cerebellar gray and white matter volumes, even in healthy adolescents
who didn’t meet criteria for AUD (Lisdahl et al., 2013b). However, one study suggested that
lower cerebellar white matter might also be pre-existing (Squeglia et al., 2014). Overall,
structural changes in limbic circuitry and the cerebellum associated with adolescent alcohol
use merit further inquiry.

DTI: White Matter Architecture—While a number of studies have employed DTI to
characterize the impact of alcohol drinking on white matter in adolescence, only three
studies to date have examined the impact of alcohol use in isolation from effects of other
substances (Elofson et al., 2013). First, FA in the rostral body and isthmus region of the
corpus callosum were higher in the AUD group (De Bellis et al., 2008), which contradicts
evidence for reduced FA in the corpus collosum of adults with AUDs (Pfefferbaum et al.,
2006). This reversed pattern observed in adolescents is interpreted as reflecting early white
matter development (higher FA) that may predispose individuals toward substance use,
followed by gradual degeneration of tracts (e.g., lower FA). To this end, the adolescent AUD
group demonstrated a negative association between rostrum FA and age that was not
observed in healthy controls (De Bellis et al., 2008). Others reported higher FA in
adolescents with AUD in a limbic pathway and the stria terminalis, and no regions of lower
FA (Cardenas et al., 2013). However, studies of older adolescents (age 16-19, without AUD)
documented lower FA associated with alcohol use (Jacobus et al., 2013a; McQueeny et al.,
2009). In sub-clinical samples of adolescent binge versus non-binge drinkers, lower FA was
observed in corpus callosum, superior longitudinal fasciculus, corona radiata, internal and
external capsules, and commissural, limbic, brainstem, and cortical projection fibers in the
heavier-drinking group, with no regions of increased FA (Jacobus et al., 2009; McQueeny et
al., 2009). Results from the same participants re-examined at 3-year follow-up indicated that
binge drinkers maintained lower FA in superior longitudinal fasciculus, corpus callosum,
internal capsule, and thalamic fibers, with an additional decline in FA in some regions
(Jacobus et al., 2013a). In a prospective study, adolescents who initiated drinking after a
baseline assessment showed either no change or increased FA; however, a non-using control
group was not included in study results, making it difficult to interpret whether trajectories
deviate from normative development (Jacobus et al., 2013b). In a separate sample of
adolescents, initiating drinking during a 2-year inter-scan interval was associated with
attenuated increases in FA in temporal and caudate white matter compared to continuous
nondrinkers (Luciana et al., 2013). Development of DTI techniques and ongoing collection
of large longitudinal samples should help clarify trajectories and answer important questions
regarding relationships between white matter changes and adolescent alcohol use.

FMRI: Resting State and Task-Based—Only one rsfMRI alcohol study has been
published to date, documenting that low amygdala-OFC connectivity was associated with
greater alcohol use in 12—25-year-old boys (Peters et al., 2015). This effect was most robust
in 14-16 year olds, and was mediated by testosterone levels. Given the increasing
application of rsfMRI and fMRI-based connectivity analyses integrating task and resting
state data (Ernst et al., 2015), more studies reporting on network-level FC in alcohol-using
youth are likely on the horizon. Data from one ASL study also are available, showing that
current adolescent alcohol users had higher rCBF frontal (bilateral superior frontal gyrus),
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right temporal pole, left posterior cingulate, and left insula, but lower rCBF in right superior
temporal gyrus and left parieto-occipital cortex relative to non-users. Interestingly,
adolescents that would go on to use alcohol after the baseline assessment (future users) had
higher rCBF in frontal (left mid orbital gyrus) and left lingual areas and lower rCBF in
bilateral temporal and parietal areas relative to non-users. Currently using adolescents,
however, only differed significantly from future users in left middle temporal gyrus and left
cerebellum and (higher rCBF in current users) (Ramage et al., 2015).

In contrast, there are ample data from studies employing task fMRI to probe spatial and
visual working memory, memory encoding, inhibitory control, reward processing and
alcohol cue reactivity in alcohol-using adolescents. Most published studies have focused on
working memory, which is known to be impaired following prolonged heavy alcohol use
(Lisdahl et al., 2013a). Adolescents (15-17 years), with and without AUDs abstinent for five
days, performed equally well on spatial working memory (2-back spatial location task),
however several significant group differences in brain activation were evident (Tapert et al.,
2004). In the AUD group, greater BOLD activation was observed in bilateral parietal
regions, while less BOLD activation was observed in left precentral gyrus, mid-occipital
regions and cerebellum. Activation differences were of a greater magnitude in individuals
endorsing more withdrawal and hangover symptoms. Activation differences may reflect
reliance on compensatory mechanisms, recruitment of additional neuronal resources, in
AUD to permit successful task performance.

In 15- to 19-year-olds classified as heavy drinkers or light/non drinkers, heavy drinkers
showed greater BOLD signal during a visual working memory task, in frontal and parietal
regions, and less occipital activation relative to the lighter drinking group (Squeglia et al.,
2012). These regions were then used as regions of interest (ROIs) in a longitudinal study that
showed reduced frontal and parietal BOLD signal at baseline, more specifically, in left
medial frontal gyrus and right inferior parietal lobule ROIs in non-drinking adolescents who
would go on to transition to heavy alcohol use compared to those who would not (Squeglia
et al., 2012). Existing studies collectively suggest a shift towards greater reliance on fronto-
parietal networks, and possibly more effortful processing, associated with working memory
in adolescents who consume large amounts of alcohol.

In a study of verbal memory encoding, 16—18 year old binge drinkers showed more BOLD
activation in right superior frontal cortex and bilateral posterior parietal cortex, and less
occipital activation during novel encoding, relative to non-binge drinking controls. This
increased recruitment of working memory networks corresponded with a subtle impairment
in verbal encoding, with the binge group showing a trend towards poorer
recall(Schweinsburg et al., 2010a). In addition, although binge and non-binge groups did not
differ significantly in the magnitude of hippocampal BOLD activation, controls
demonstrated significant activation of the left hippocampus during novel encoding, whereas
binge drinkers did not. Together these findings suggest altered processing of novel verbal
information and suboptimal performance that are associated with binge drinking during
adolescence. Binge drinking also was associated with increased prefrontal and parietal
activation drinkers during performance of a paired associates task, regardless of co-occurring
marijuana use(Schweinsburg et al., 2011).
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Inhibitory control has also been assessed in conjunction with fMRI in adolescent alcohol
users. In a series of longitudinal studies, 12- to 14-year olds who transitioned to heavy
drinking by follow-up exhibited less activation at baseline in right and left frontal areas,
motor cortex, cingulate gyrus, middle temporal gyri, and the inferior parietal lobules
(Norman et al., 2011), and increased activation at follow-up in areas that mediate response
inhibition, including bilateral middle frontal gyri, right inferior parietal lobule, and left
cerebellar tonsil (Wetherill et al., 2013b). Similarly, adolescents who transitioned to heavy
drinking and experienced alcohol-induced blackouts exhibited more baseline frontal
response during response inhibition processing (Wetherill et al., 2013a). Furthermore, fMRI
response during inhibitory processing was poor at correctly classifying binge drinkers at age
14 (Whelan et al., 2014), however increased premotor activation was a significant predictor
of subsequent drinking at age 16. Together, these studies support the role of inhibition as a
risk factor rather than consequence of drinking in this age range.

Brain activation during probability-based decision-making, reward anticipation and receipt,
has been examined using Wheel of Fortune (WOF), monetary incentive delay (MID), and
gambling tasks. Adolescent onset binge drinkers exhibited reduced response to reward in the
WOF task in the left cerebellum, although there were no differences in ventral striatum,
which was speculated to reflect reduced salience of task rewards, and/or neurotoxic effects
of alcohol on cerebellum (Cservenka et al., 2015b). In the IMAGEN study, in which
participants performing the MID task can win or avoid losing money, decreased
ventromedial PFC and increased inferior frontal gyrus responses were evident during reward
anticipation and receipt, and were robust classifiers of current binge drinking, whereas
superior frontal activation during reward receipt predicted future drinking (Whelan et al.,
2014). Binge drinkers also displayed greater hippocampal and putamen activation during
reward anticipation, and less hippocampal response during reward receipt. More recently,
nucleus accumbens (NAcc) activation was examined in adolescents that used alcohol only,
marijuana only, tobacco only, marijuana and tobacco, or all three substances, relative to non-
users. No relationship was observed between alcohol use and NAcc response during MID
reward anticipation or receipt (Karoly et al., 2015). In another example of reward sensitivity,
12-26-year-olds were scanned while performing a gambling task at baseline and again 2
years later (Braams et al., 2016). Baseline testosterone levels, but not baseline NAcc
response to reward, predicted subsequent alcohol involvement, whereas greater NAcc
activation during reward at follow-up was associated with more drinking. Taken together,
while an enhanced reward response may not be pre-existing, there is some evidence that
sensitivity of the reward system is enhanced with ongoing alcohol use.

In an fMRI study employing the lowa Gambling task, binge drinkers made significantly
more risky choices and displayed less learning, which was associated with greater
recruitment of left amygdala and bilateral insula compared to the non-drinking group (Xiao
et al., 2013). Negative urgency (tendency to act impulsively during negative emotions),
measured via UPPS (urgency, premeditation, perseverance, and sensation seeking) scale
(Whiteside and Lynam, 2001), was positively correlated with insula activation and
negatively correlated with OFC activation in binge and non-drinkers, suggesting a role for
limbic circuitry, and insula in particular, in risk-taking behaviors that promote heavy
episodic alcohol use in adolescence.
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During an emotional processing, passive viewing, fMRI task, greater ventromedial PFC and
lesser inferior frontal responses classified binge drinkers, who also had less temporal and
cuneus activation to angry faces. A lesser frontal response to angry faces also predicted
subsequent drinking (Whelan et al., 2014). An fMRI study of brain activation during the
passive viewing of alcohol images showed that 14-17 year old adolescents with AUDs had
increased left PFC, orbital gyrus, anterior and posterior cingulate gyri, amygdala and
parahippocampus responses relative to light-drinker (Tapert et al., 2003). Further, while light
drinkers exhibited greater activation in two right frontal regions relative to the AUD group,
overall, elevated brain responding to alcohol cues was evident in the adolescent AUD group
in regions associated with reward and craving, and areas implicated in self-regulation.

MRS: Neurochemistry—To date, no current MRS data exist for current adolescent
alcohol users, despite compelling evidence of at least proton metabolite abnormalities
reported in adult alcohol dependent patients (for review see (Meyerhoff et al., 2013)), and
emerging adult binge drinkers (Silveri et al., 2014). A recent study of alcohol naive
adolescents and light drinking emerging adults suggest that a positive family history of
alcoholism may influence glutamatergic metabolites and impulse control, which together
could confer greater genetic risk of problem drinking later in life (Cohen-Gilbert et al.,
2015). Clearly, more studies utilizing MRS could help advance what is known about the
effects of adolescent alcohol consumption on brain chemistry.

3.2. Marijuana

In the past decade, an increasing number of studies have characterized neurocognitive
decrements associated with adolescent marijuana use. Most consistently, deficits have been
observed in learning and memory, executive function, processing speed, and attention
(Lisdahl et al., 2014), which persist even after several weeks of abstinence (Hanson et al.,
2010; Schweinsburg et al., 2008a). Brain regions subserving these abilities, hippocampus,
basal ganglia, cerebellum, and frontal cortex, are particularly dense in cannabinoid
receptors, and thus are primary target sites for the psychoactive actions of marijuana (Glass
et al., 1997; Herkenham et al., 1990). Accordingly, neuroimaging has provided valuable
insight into the impact of marijuana use during this age span, particularly given the ongoing
maturation, and vulnerabilities of these brain regions to marijuana, throughout adolescence.

Like alcohol, the most consistently published regional alteration in adolescent marijuana
users is in the frontal lobe (63% of studies), followed by the parietal lobe (33% of studies)
and the temporal lobe (22% of studies). Regional alterations observed in adolescent
marijuana users are presented in Figure 3, as well as described below. Again like alcohol
studies, only 9 out of 38 studies that had specific frontal-related hypotheses failed to
document significant frontal alterations (effects were non-significant) in current adolescent
marijuana users relative to a comparison group.

A critical caveat of this body of work is that the majority of adolescent marijuana studies
include users with relatively heavy concomitant alcohol use. Although some studies include
comparison alcohol only groups, or have attempted to statistically control for alcohol use, it
is difficult to parse independent from interactive effects of these substances. On the other
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hand, data from studies including heavy marijuana-using adolescents that report little
alcohol use are not only less prevalent, but results may not generalize to the broader
population of marijuana-using adolescents. It is similarly difficult to differentiate the
influence of comorbid psychiatric disorders and nicotine use, which also are prevalent in
adolescent marijuana users.

MRI: Structural Brain Changes—Adolescent marijuana users, abstinent for 28 days,
had thicker frontal ACC, medial temporal and occipital cortices than nonusers at baseline
(Jacobus et al., 2014). At 1.5 and 3 years after baseline scanning (ages 18-21), marijuana
users continued to exhibit thicker cortices than controls in widespread brain regions (Jacobus
et al., 2015), with cumulative marijuana exposure throughout adolescence associated with
thicker temporal cortices. Notably, many of the cortical differences may have been driven by
alcohol use, as lifetime drinking also was associated with thicker cortices. In a separate
cross-sectional study of 16-19-year-old adolescents, marijuana users likewise had thicker
temporal and parietal cortices, but less cortical thickness in frontal and insula regions
(Lopez-Larson et al., 2011). In a third study, abnormalities in cortical thickness were not
observed in 10-23-year-olds in a residential treatment program for marijuana use (Kumra et
al., 2012). However, alternate structural methods revealed different patterns in the same
subjects: marijuana users demonstrated reduced volumes and surface area of frontal and
parietal, and increased thalamic volume (Kumra et al., 2012), but no differences in anterior
cingulate surface area (Epstein and Kumra, 2014).

In disagreement with previous evidence of structural abnormalities among adolescent
marijuana users, some studies have failed to replicate earlier findings. In a study examining
14-18 year old adolescents recruited from the juvenile justice system, current daily
marijuana users and nonusers (matched on alcohol use), no group differences were found for
any region using a variety of analysis methods, including voxel-based morphometry, surface-
based morphometry, and shape analyses of the NAcc, amygdala, hippocampus, and
cerebellum (Weiland et al., 2015). It is possible that other characteristics of this sample may
have contributed to the lack of observed effects, highlighting the importance for future
studies to better delineate personal risk factors contributing to volumetric abnormalities
among marijuana users.

Despite evidence of poorer memory function associated with adolescent marijuana use
(Schweinsburg et al., 2008a), and that smaller hippocampal volumes have been consistently
identified among adults (Lorenzetti et al., 2014; Yucel et al., 2016), very few of the studies
investigating the hippocampus have yielded significant hippocampal results. Although no
significant overall hippocampal volume differences were evident in a number of studies
(Kumra et al., 2012; Medina et al., 2007a; Medina et al., 2007b; Weiland et al., 2015), one
study did show that marijuana users did not exhibit the same pattern of greater right>left
hippocampal volume asymmetry, which was associated with better verbal learning scores in
nonusers (Medina et al., 2007b). It is possible that hippocampal abnormalities manifest in
older users with more extensive use histories, particularly given a prospective study
indicating no premorbid hippocampal differences in adolescents that later initiated marijuana
use (Cheetham et al., 2012). Marijuana users also have been reported to have larger inferior
posterior vermis, in which greater abnormalities were associated with poorer executive
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functioning (Medina et al., 2010), and smaller amygdala volumes (McQueeny et al., 2011),
which were later reported to be associated with greater craving in marijuana users across the
first 28 days of abstinence (Padula et al., 2015).

Finally, a prospective study of 10-23 year old adolescents revealed less cortical thinning in
several higher order association regions between baseline and 18-month follow-up in
treatment-seeking marijuana using adolescents (age 16.6) compared to controls, but no effect
of having early-onset schizophrenia (Epstein and Kumra, 2015a). Adolescent
neuromaturation typically includes cortical thinning (Gogtay et al., 2004); therefore,
marijuana use during this age range may interfere with this developmental process, resulting
in thicker cortices among heavy users.

DTI: White Matter Architecture—Adolescent marijuana users, who also drank heavily,
showed lower FA throughout several widespread brain regions, including left superior
longitudinal fasciculus, and inferior frontal and temporal white matter, compared to nonusers
(Bava et al., 2009). However, marijuana users also had higher FA in right superior
longitudinal fasciculus, internal capsule, and right occipital white matter. In the same set of
subjects, poorer neurocognitive function was predictive of abnormalities in temporal and
frontal white matter integrity, whereas higher occipital FA was related to better
neurocognitive function, which could indicate a compensatory process among marijuana
users (Bava et al., 2010). Marijuana users also had lower FA than nonusers in corona radiata
and superior longitudinal fasciculus (Jacobus et al., 2009).

In a larger sample of adolescent marijuana users, lower FA at baseline assessment was
associated with higher degrees of subsequent aggressive and delinquent risk taking, as well
as more substance use, at 18-month follow-up (Jacobus et al., 2013c). Marijuana-related
reductions in FA were found to persist at 18-month follow-up, after controlling for baseline
DTI indices. Compared to controls, marijuana users also had higher MD, which was
correlated with alcohol, but not marijuana use (Bava et al., 2013). Participants were followed
an additional 18 months, with a final scan 3 years following baseline assessment, at age 19—
22. Marijuana users continued to have lower FA than non-using controls in numerous fiber
tracts, as well as a significant decline in FA between baseline and follow-up (Jacobus et al.,
2013a). Moreover, a subset of adolescents that were nonusers at baseline initiated heavy
alcohol or marijuana + alcohol use by 3-year follow-up; those who initiated marijuana use
showed declining FA in several white matter pathways, whereas those who initiated only
alcohol use generally showed no change (Jacobus et al., 2013b). It should be noted that there
was no control group of continuous non-users included in the study. Another longitudinal
investigation identified similar patterns of results among adolescent marijuana users in
treatment (Epstein and Kumra, 2015b). Although groups of marijuana users and controls
were similar at baseline, marijuana users demonstrated significant decreases, whereas
nonusers demonstrated significant increases in FA over time in the inferior longitudinal
fasciculus. Taken together, these results provide important evidence that poorer white matter
integrity reflects neurotoxicity associated with initiating marijuana use, rather than pre-
existing differences.
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FMRI: Resting State and Task-Based—To date, three studies have assessed resting
state fMRI in adolescent marijuana users. Marijuana users in treatment had significantly
increased resting state activity in right parietal and right prefrontal cortices, relative to
nonusers. In addition, marijuana users exhibited reduced inter-hemispheric connectivity in
cerebellum and superior frontal gyrus, and increased inter-hemispheric connectivity in
supramarginal gyrus (Orr et al., 2013). Using the OFC as a seed region, marijuana users
showed greater functional connectivity from the OFC seed region to cingulate and prefrontal
regions, with a younger age of onset being associated with more aberrant connections
(Lopez-Larson et al., 2015).

In a study of adolescents in a juvenile justice day program, divided into high and low
marijuana, independent component analysis revealed that high marijuana users had higher
resting state frontal lobe activity within the frontotemporal executive control network
(Houck et al., 2013). More recently, adolescent marijuana users recruited from a treatment
program exhibited lower connectivity between ACC and frontal regions at 18 month follow-
up, as well as a decline in connectivity between ACC and dorsolateral prefrontal cortex
between baseline and follow-up, compared to community controls (Camchong et al., 2016).
Interestingly, lower connectivity between ACC and OFC at baseline was associated with
more marijuana use within the interscan period. Finally, an ASL study indicated that at
baseline, marijuana users have reduced rCBF in right medial frontal and bilateral temporal
regions, and increased blood flow in the precuneus (Jacobus et al., 2012). However, no group
differences were observed at 28-day follow-up, which could indicate attenuation of blood
flow abnormalities with abstinence.

Given that adolescent marijuana users show deficits on behavioral tasks of working memory,
long-term memory, and inhibitory processing (Lisdahl et al., 2014; Schweinsburg et al.,
2008a), several fMRI studies have focused on these task domains. In a verbal working
memory fMRI task, marijuana users demonstrated poorer working memory performance and
failed to deactivate the hippocampus (Jacobsen et al., 2004). In an additional sample of
adolescents that used both marijuana and tobacco, during nicotine withdrawal, marijuana
users exhibited more posterior brain activation under high working memory load than
comparison teens, and demonstrated different patterns of frontoparietal functional
connectivity between smoking and withdrawal conditions (Jacobsen et al., 2007b). Together,
these results indicate abnormities among marijuana using adolescents that may be masked
by nicotine use, yet it is unclear whether these patterns would also be observed in
comparison to non-smoking controls.

Marijuana users often have concomitant alcohol use, thus adolescents who used marijuana +
alcohol were compared to heavy drinkers and non-using controls after ~8 days of marijuana
abstinence (Schweinsburg et al., 2005). During spatial working memory, marijuana users
exhibited increased dorsolateral (DLPFC) activation and more inferior and middle frontal
deactivation compared to nonusers, despite task performance. These alterations were not
observed in heavy drinkers, suggesting compensatory working memory and attention
processing associated with heavy marijuana use. After a longer period of abstinence
(monitored for 28 days), less DLPFC activation and greater posterior parietal responses were
observed relative to controls (Schweinsburg et al., 2008b). It was concluded that marijuana
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users relied more on spatial rehearsal and attention strategies, and less on general executive
processing, demonstrating disrupted response patterns even after 28 days of abstinence.
Subsequently, a positive relationship was reported between task performance and brain
response in temporal regions, but controls displayed a negative relationship, which could
indicate the use of more verbal processing among better performing marijuana users (Padula
et al., 2007). Finally, in a cross-sectional study of recent (abstinent 3—7 days) and abstinent
users (28-60 days), recent users had more frontal and insular responses than abstinent users
(Schweinsburg et al., 2010b). These regions were not activated among controls, and may be
involved in working memory updating and inhibitory control. Although these findings have
yet to be replicated in a longitudinal sample, these data suggest that performance strategies
and brain responses change as abstinence progresses.

Marijuana-using males, recruited from the Netherlands and United States, had a heightened
response in prefrontal and posterior parietal regions during a verbal working memory task,
but no response differences during a pictorial associative learning task (Jager et al., 2010). In
another study, adolescents performed a verbal learning task following ~22 days of marijuana
abstinence; despite similar task performance between groups, marijuana users showed
bilateral prefrontal hyperactivation, while users of marijuana + alcohol showed response
levels intermediate between marijuana-only users and controls. Within the hippocampus,
marijuana users failed to show significant task-related activation, whereas marijuana +
alcohol users activated similarly as controls in adolescent marijuana users (Schweinsburg et
al., 2011). This study offered unique insight by including a marijuana-only group with no
nicotine use or psychopathology. In sum, during working memory, recent users show
increased prefrontal responses, which may decrease with abstinence, yet longitudinal
investigations need to clarify these trajectories. In addition, regardless of abstinence
duration, marijuana users show increased response in posterior brain regions. These findings
support a model of increased neural effort to maintain performance.

Two investigations have used a go/nogo paradigm to characterize inhibitory processing in
adolescent marijuana users. During inhibition trials, marijuana users exhibited increased
activation throughout widespread prefrontal, parietal, and occipital regions (Tapert et al.,
2007). In another study utilizing a go/nogo task, no differences between groups were found
with voxel-wise whole-brain analyses (Behan et al., 2014). However, using a region of
interest approach, correlations were observed between bilateral posterior parietal and
cerebellar regions in marijuana users, suggesting altered connectivity within inhibition
networks. Neural response during a decision-making paradigm, examined among marijuana
users from a recent outpatient treatment program, youth with similar psychiatric histories,
and healthy controls demonstrated that when making risky decisions, marijuana users had
more posterior parietal responses than both comparison groups (De Bellis et al., 2013). In
addition, when receiving feedback on decisions, marijuana users showed reduced OFC
response compared to both control groups. Taken together, data from executive function
tasks indicate recruitment of greater neuronal resources in MJ users compared to non-users,
as well as less neuronal responsiveness to feedback. This suggests enhanced brain effort to
perform more-frontally mediated tasks, as well as altered connectivity and a blunted
response during rewards.
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Reward processing also has been examined in adolescent marijuana users using a MID task.
In a study of marijuana-using boys and controls, striatal responses to reward anticipation or
receipt did not differ between users and controls. Similarly, adolescent marijuana users
showed no differences in the NAcc during reward anticipation or receipt, using the same
task. Reward response was further examined with a simulated gambling task, in which
marijuana users had hyperactivated networks involved in reward processing both during
winning and losing conditions, suggesting increased sensitivity to both reward and
punishment (Acheson et al., 2015). There is less convincing evidence of altered neuronal
responses to reward in adolescent marijuana users on a monetary incentive delay task.
However, during a gambling task, marijuana users do exhibit heightened activation
regardless of winning or losing, perhaps due to greater risk taking associated with gambling.

In an emotional processing task, in which participants viewed angry and neutral faces during
fMRI scanning, marijuana users showed greater bilateral amygdala activation to angry faces
compared to neutral faces. In contrast, controls showed more response to neutral faces than
angry faces in temporo-parietal and inferior frontal regions, and no difference in amygdalae
(Spechler et al., 2015). Finally, during a simple finger-tapping task, greater cingulate
responses were observed among controls but not marijuana users (Lopez-Larson et al.,
2012). Akin to the altered activation patterns observed in executive and reward tasks,
marijuana using adolescents appear to be more responsive to emotion, particularly angry
faces, and less responsive to neutral faces or during a simple motor task. Clearly, more fMRI
studies utilizing tasks that tap a variety of functional domains are needed to better
understand how adolescent marijuana use impacts brain activation, and whether or not
differences are antecedent to and/or consequences of use.

MRS: Neurochemistry—Few studies have utilized MRS to characterize neurochemical
profiles in adolescent marijuana users (Sneider et al., 2013). An investigation of ACC
metabolites identified lower NAA, Glu, Cr, and myo-I in marijuana users (Prescot et al.,
2011), as well as low ACC GABA, and replicated findings of lower reduced NAA, Cr, and
myo-1 published in a subsequent study (Prescot et al., 2013). Adolescents with combined use
of methamphetamine and marijuana also demonstrated lower ACC NAA, beyond effects
observed in methamphetamine users alone, with no differences in other metabolites (Sung et
al., 2013). Cumulative lifetime marijuana exposure and earlier age of onset were associated
with lower NAA levels. In contrast, adolescent marijuana users had higher ventrolateral PFC
NAA levels than marijuana-using adolescents with bipolar disorder and than adolescents
with bipolar disorder alone (Bitter et al., 2014). This inconsistent finding may be related, in
part, to a wider age range of the participants, who were 12—-21-years-old.

3.3. Other Drugs: Nicotine, Amphetamine-type Stimulants, Inhalants, Poly-drug

While imaging studies of all other drugs used by adolescents are quite sparse, data are
described from nicotine, ecstasy and methamphetamine, inhalants, and poly-drug use MR
studies (see also, Table 2), most of which employed task fMRI. Notably, no data are
available from adolescent opioid-using cohorts. Non-medical use of prescription drugs, in
particular, is a growing health concern in a number of countries, including the United States
(UNODC, 2011). Early onset of substance use also is not only a robust predictor of
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increased risk for future substance use disorders (Ramage et al., 2015), adolescents and
young adults with stimulant use are at particular risk (Leland et al., 2006). The use of
stimulants and other drugs are concerning due to the high risk of dependence, with
individuals demonstrating increased risk taking, poor decision making, and high levels of
impulsivity, relative to stimulant-naive individuals, however the neural contributions are less
known. Further, not only is co-use common among those with the most substance use,
substance use disorders and conduct disorder, and other psychiatric disorders, are typically
comorbid in adolescents, reflecting risky decision making behavior among other
complexities.

Nicotine—While there are no studies investigating morphology in adolescent smokers per
se, a recent study investigated young adult male smokers, with an age range that included 16
to 23 year olds (Li et al., 2015). The findings demonstrated significantly larger right caudate
volumes, and cortical thinning in frontal regions, left insula, left middle temporal gyrus,
right inferior parietal, and right parahippocampus relative to nonsmokers. Lastly, cortical
thickness of the OFC and right DLPFC were associated with pack-years and nicotine
dependence severity, respectively, in smokers. Consistent with studies of adolescent alcohol
and marijuana use, fronto-striatal structural differences also are evident in adolescent/
emerging adult smokers.

In a DTI study of adolescent smokers and nonsmokers (with and without prenatal exposure
to maternal smoking), increased FA was observed in the anterior cortical white matter in
smokers (without prenatal exposure) (Jacobsen et al., 2007a). Significant positive
correlations also were reported between adolescent tobacco exposure and FA in the genu of
the corpus callosum, and between reaction time during behavioral performance of an
auditory attention task and FA of the posterior limb of the left internal capsule. Although
altered white matter integrity is typically seen as decreased rather than increased FA, in this
context, it was suggested that nicotine may prematurely elicit events ordinarily triggered by
cholinergic projections via stimulation of nicotinic receptors.

In a cohort similar to that included in the DTI study, adolescent smokers performing a
selective attention task while undergoing fMRI demonstrated increased activation in the
right superior temporal gyrus in the auditory condition relative to nonsmokers. With smokers
performing worse than nonsmokers, these data suggest altered attentional processing
associated with adolescent exposure to nicotine (Jacobsen et al., 2007c). Similarly elevated
brain responses also were observed in adolescent smokers (daily use) performing a verbal
working memory fMRI task, only activation was greater in left ventrolateral PFC and
inferior parietal lobe relative to non-smokers (Jacobsen et al., 2007b). Even with smoking
abstinence, alterations persisted, as evidenced by a continued reduction in efficiency of
working memory brain circuitry and alterations in the functional connectivity between
ventrolateral PFC and other components of the verbal working memory circuitry.

Adolescent nicotine users (tobacco-only), unlike the lack of differences reported for
adolescent alcohol and marijuana users performing the MID task, exhibited less activation in
the NAcc during reward anticipation than the other two substance groups (Karoly et al.,
2015). This difference in adolescent smokers was observed despite similar behavioral
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performance across all three groups. In the IMAGEN study, adolescent smokers (at least one
cigarette in the last 30 days), displayed less activation in the ventral striatum during fMRI
reward anticipation, which correlated with smoking frequency (Peters et al., 2011). Notably,
the observed hypoactivation during reward anticipation was evident in these adolescents who
had mild smoking habits.

When adolescent smokers (1 to 5 cigarettes per day) viewed smoking cues (pictures of
people smoking and smoking-related objects), greater activation was evident than during
neutral cues in the left ACC, right hippocampus, and right parahippocampal gyrus, and
bilateral middle occipital gyri (Rubinstein et al., 2011b). Thus, even low levels of smoking
were attributed to heightened reactivity to smoking cues in adolescents. In contrast,
adolescent smokers failed to activate regions during the viewing of pleasurable (sweet, salty,
and high fat) food cues in insula, interior frontal region, and Rolandic operculum relative to
nonsmokers (Rubinstein et al., 2011a). Together these findings show reduced reward
sensitivity to appetitive stimuli in adolescent smokers, as evidenced by smaller brain
responses to reward anticipation and pleasurable foods, but enhanced responding to smoking
Cues.

Amphetamine-type Stimulants: Methamphetamine & Ecstasy—Amphetamine-
type stimulants (ATS) include amphetamine (e.g., speed), methamphetamine, and 3,4-
Methylenedioxymethamphetamine (MDMA, ecstasy), the latter of which are commonly
used together in recreational and entertainment settings (e.g., ‘club scene’) (UNODC, 2011).
While there are several existing studies examining the effects of MDMA on brain structure
and function in emerging and older adults (Cowan, 2007; Mueller et al., 2016), only one
study exists that included adolescents under age 18. Adolescent MDMA users exhibited
delayed reaction times and failed to deactivate left hippocampus during verbal working
memory (Jacobsen et al., 2004). Adolescent users of methamphetamine and combined
methamphetamine + marijuana use had increased regional striatal volumes, which were
correlated with increased novelty seeking (Churchwell et al., 2012).

Inhalants—A preliminary study of Korean and Australian adolescent inhalant users,
relative to healthy adolescents, demonstrated reduced right thalamic volume, which was
negatively correlated with severity of inhalant use among Korean participants (Hong et al.,
2014). Distinct white matter abnormalities in inhalant users were revealed using DTI,
specifically, globally smaller, thinner and more curved CC and a disproportionally thinner
genu relative to healthy controls. No differences were observed in the marijuana group
(Takagi et al., 2013). These findings are consistent with a study conducted in emerging
adults (Yucel et al., 2010). Furthermore, inhalant abusers also exhibited higher axial
diffusivity in left parietal, occipital, and temporal white matter (Yuncu et al., 2015).

Poly-Drug—There are relatively few published studies in adolescent poly-drug users.
Adolescent males who were poly-drug dependent had smaller left DLPFC, bilateral
cerebellum, and right lingual gyrus and higher right precuneus volumes than healthy
comparisons subjects. A negative association also was observed between left DLPFC gray
matter volume and substance dependence severity in the substance dependence group
(Dalwani et al., 2011). In another all male sample, adolescents with substance use disorder
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(SUD) and conduct problems had less posterior cingulate cortex cortical thickness, which is
critical to response inhibition. A positive association between lifetime conduct disorder
symptoms and superior temporal gyrus thickness also was reported (Chumachenko et al.,
2015). In an all female cohort, adolescent females with severe substance use and conduct
problems were found to have significantly smaller overall whole brain gray matter volume,
as well as smaller frontal (right DLPFC, left ventrolateral PFC, medial OFC, ACC) and
parietal volumes relative to controls (Dalwani et al., 2015).

Evidence of altered white matter integrity, lower FA in superior longitudinal fasciculus, an
area implicated in development of executive function, has been reported in adolescents with
SUD (Thatcher et al., 2010). In a separate study, adolescents with SUD also displayed white
matter disorganization in prefrontal and parietal areas, areas important for behavioral and
affective regulation. Lower FA in PFC and parietal regions of interest was associated with
greater psychological dysregulation and marijuana-related symptoms in particular in the
poly-drug use group (Clark et al., 2012).

From functional imaging studies, adolescents who initiated alcohol, marijuana, nicotine, or
other drug use after a substance naive baseline assessment, showed a positive linear
relationship between age of substance use onset and rsFC of the right frontoparietal network
and the NAcc (Weissman et al., 2015). This coupling of reward and cognitive control
networks may suggest a mechanism by which earlier onset of substance use influences the
transition to substance use and dependence. Furthermore, adolescents with problematic
substance use exhibited decreased activation in the bilateral ventral striatum during reward
anticipation in the MID task (Schneider et al., 2012). Importantly, lower activation of the
ventral striatum was significantly associated with greater risk taking in the problematic
substance use group.

5. Summary

Over the past two decades, there has been a dramatic increase in knowledge regarding the
adolescent brain — characterization of neurodevelopmental changes and milestones that have
been captured non-invasively using a variety of MR techniques. Taken together with data
from animal models that demonstrate adolescence to be a period of unique sensitivity to
alcohol and drugs, there are increasing translational opportunities that will ultimately further
our understanding of the consequences of alcohol and drug use on the adolescent brain.

Collectively, studies included in this review confirm that the most common alteration
reported across all substances and MR modalities is in the frontal lobe (63% of all published
studies). This is not surprising, given that the frontal lobe is the last region to reach
neurobiological adulthood and executive functions continue to improve into adulthood.
While the studies described here point towards neurotoxic effects of alcohol and drugs (e.g.,
neurobiological consequences of use), it is important to acknowledge that aberrant
neurobiological signatures may have existed prior to the initiation of use. Observed effects
could reflect contributions from antecedents of use such as 1) age of first use (Lisdahl et al.,
2013a; Luciana et al., 2013; Weissman et al., 2015); 2) family history of addiction (Cohen-
Gilbert et al., 2015; Cservenka, 2016; Cservenka et al., 2015a; Heitzeg et al., 2008; Hill et
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al., 2013a; Schweinsburg et al., 2004; Silveri et al., 2011; Silveri et al., 2004; Spadoni et al.,
2013) (for review see (Cservenka, 2016)); 3) childhood maltreatment (Shin et al., 2013;
Teicher and Samson, 2016); and/or 4) comorbid psychiatric conditions (De Bellis et al.,
2005; Miguel-Hidalgo, 2013; Roberts et al., 2007). Furthermore, most of the available
studies in this area are cross-sectional in nature, comparing users to non-users, which can
limit data interpretations. An additional factor, likely influencing neurobiological effects of
alcohol and drugs during adolescence, is sex differences. Imbedded within only a small
number of studies (Caldwell et al., 2005; De Bellis et al., 2005; Fein et al., 2013; McQueeny
etal., 2011; Medina et al., 2009; Squeglia et al., 2015), there is growing evidence supporting
sex effects on the alcohol- and drug-related brain alterations reported during adolescence.
Given the NIH mandate to include investigation of sex effects in studies on addictions and in
psychiatry, as well as a burgeoning literature documenting sex-specific differences in brain
maturation that likely predate alcohol and drug initiation, readers are directed to the
excellent preclinical (c.f., Schultz and Sisk) and clinical (c.f., Gur and Gur) reviews of
adolescence and sex differences included in this special issue. Fortunately, federally funded
initiatives are now underway to more thoroughly examine risk factors for and the
longitudinal impact of alcohol and drug use in large, multisite studies of adolescents: the
National Consortium on Alcohol and NeuroDevelopment in Adolescence (N-CANDA)
(Brown et al., 2015; Pfefferbaum et al., 2015; Sullivan et al., 2016) (cross-sequential design,
ages 12-21), and the Adolescent Brain Cognitive Development (ABCD) Study (10,000
youth beginning at ages 9-10, examined over ten years). Together these national initiatives
are combining state-of-the-art multimodal magnetic resonance techniques with cognitive and
clinical assessments to examine factors that may precipitate alcohol and drug use, while
providing information regarding consequence of initiating and continuing use.

Due to high rates of alcohol and drug co-use, including marijuana, nicotine, and other
substances, it has been difficult to attribute abnormalities to any one substance in particular.
Some work suggests greater impairments related to alcohol consumption, while other studies
have identified more associations with marijuana use and minimal influence of alcohol use.
Paradoxically, a few studies have found that users of both marijuana and alcohol appear
more similar to controls than users of either substance alone. While it is possible that
marijuana has some properties that attenuate alcohol-related neurotoxicity, this notion is not
well supported by the extant literature, which offers substantial evidence of abnormalities in
marijuana users who also drink. It is likely that there are important methodological
differences leading to these contradictory results. Differences may be related to sample
characteristics (age, racial/ethnic background, SES), timing and frequency of use, timing of
scanning and inter-scan intervals, and psychiatric and other substance use histories, all of
which are critical factors. In addition, it is plausible that use of one imaging methodology
alone may be insufficient for fully delineating the complex nature of the independent and
interactive influences of substances on various neural processes. On the other hand, it is
noteworthy that the effects of alcohol, marijuana, nicotine and other drugs are evident
among even relatively moderate users with no SUD, such as those meeting sub diagnostic
criteria for binge drinking and light nicotine smokers.

Finally, although there is now plentiful evidence of abnormalities associated with adolescent
alcohol, marijuana, and other drug use, relationships between neurocognition and patterns of
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continued use remain unclear. It remains to be determined to what degree neurobiological
consequences may resolve with extended abstinence, or continue to decline with increasing
use. To that end, more long-term prospective multimodal studies are needed to help elucidate
the impacts of various trajectories of use in later life. Regardless of antecedent or
consequence, important next steps should focus on a move towards treating adolescents with
unhealthy substance use. Increasing initiatives to close the large gap between neuroscience
and practitioners that provide clinical care and treatment for adolescent alcohol and
substance use disorders (Feldstein Ewing et al., 2015) is clearly warranted, and should be a
major priority over the next decade.
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Highlights
. Studies described point towards neurotoxic effects of alcohol and drugs
. Most published alteration in substance-using adolescents is in the frontal lobe
. Brain effects of substance use evident among relatively moderate users
. Difficult to parse substance-specific brain abnormalities given co-use
. Priority to close gap between neuroscience and practitioners treating

adolescents
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Total Number of MR Neuroimaging Publications including
Current Alcohol- and Drug-using Adolescents

= Alcohol

“ Marijuana

¥ Nicotine

" Ecstasy/Methamph
“ Inhalants

¥ Poly-drug

Figure 1.
Total number of publications including current alcohol- and drug-using adolescents: 103 MR

Studies. Numbers within each section reflect the total number of publications per alcohol/
substance.
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Figure 2.
Studies reporting significant brain alterations by region in adolescent alcohol users: 38 MR

studies. Percentages in parentheses refer to percentage of published studies (J-~axis)
documenting significant alterations within a given region of interest (x-axis). Abbreviations
— MRI: magnetic resonance imaging; DTI: diffusion tensor imaging; RS fMRI: resting state/
task functional magnetic resonance imaging; MRS: magnetic resonance spectroscopy; VS:
ventral striatum; DS: dorsal striatum
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Figure 3.
Studies reporting significant brain alterations by region in adolescent marijuana users: 46

MR Studies. Percentages in parentheses refer to percentage of published studies ()-~axis)
documenting significant alterations within a given region of interest (x-axis). Abbreviations
— MRI: magnetic resonance imaging; DTI: diffusion tensor imaging; RS fMRI: resting state/
task functional magnetic resonance imaging; MRS: magnetic resonance spectroscopy; VS:
ventral striatum; DS: dorsal striatum
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