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a  b  s  t  r  a  c  t

Magnetic  resonance  (MR)  techniques  provide  opportunities  to  non-invasively  characterize  neurobi-
ological  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  alterations  reported  across  substance
used  and  MR modalities  are  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  consis-
tent  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 neuro-
chemical brain changes (Paus, 2005; Spear, 2000). This special issue
provides a comprehensive set of reviews of preclinical and clini-
cal studies detailing adolescent brain maturation across multiple
domains: neurobiological development, cognition, affect, motiva-
tion, 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 conse-
quences 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 neuromatu-
rational 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 adoles-
cence/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), includ-
ing age-related increases in frontal lobe gamma-Amino butyric acid
(GABA) levels (Silveri et al., 2013). While such changes make adoles-
cence 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 vulnerabili-
ties 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 cir-
cuitries, 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 stud-
ies, 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), over-
lap with the critical period of adolescent brain re-organization.
The Monitoring the Future (MTF) survey has been an essen-
tial resource for understanding changing rates of and attitudes
towards alcohol and drug use since 1975. In addition to alco-
hol, 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 (metham-
phetamine), 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 increas-
ing over time. Recent surveys have also considered new drugs
and modes of drug use, including use of e-cigarettes and syn-
thetic 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, stim-
ulants, 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 mul-
tiple 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 struc-
tural, 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 quan-
titative information regarding brain tissue and volume, by using
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