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Abstract

Substance use disorders among juveniles are a major public health concern and are often intertwined with other psychosocial risk factors
including antisocial behavior. Identifying etiological risks and mechanisms promoting substance use disorders remains a high priority for
informing more focused interventions in high-risk populations. The present study examined brain gray matter structure in relation to
substance use severity among n= 152 high-risk, incarcerated boys (aged 14–20). Substance use severity was positively associated with gray
matter volume across several frontal/striatal brain regions including amygdala, pallidum, putamen, insula, and orbitofrontal cortex. Effects
were apparent when using voxel-based-morphometric analysis, as well as in whole-brain, data-driven, network-based approaches (source-
basedmorphometry). These findings support the hypothesis that elevated graymatter volume in striatal reward circuits may be an endogenous
marker for vulnerability to severe substance use behaviors among youth.
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Introduction

The prevalence and consequences of substance use disorders
(SUDs) among adolescents constitute a major public health concern.
This has recently led to prominent shifts in national funding priorities
and an expansion of research efforts cutting across diverse disciplines
(Casey et al., 2018; Volkow et al., 2018). Among the many risks
associated with SUDs in youth, antisocial behavior is a conspicuous
concern. Large-scale epidemiological studies have consistently
reported more than half of those in juvenile corrections meet
diagnostic criteria for SUDs (CASA, 2010; Teplin et al., 2002),
10 times greater than the roughly 5% prevalence recognized among
adolescents in the general population (CBHSQ, 2015). Furthermore,
most youth involved with the criminal justice system exhibit a
history of misusing multiple substances (McClelland et al., 2004).
Longitudinal studies have indicated more than 80% of those in
juvenile corrections endure some trajectory of persisting SUDs for
more than 10 years following their initial incarceration (Welty
et al., 2017). Further, the presence of SUDs remains a prominent
predictor of future recidivism among those released from juvenile
corrections (Mason &Windle, 2002; Welty et al., 2017). It remains
clear that efforts to address mental health and behavioral issues
among high-risk youth must consider the powerful role of
substance use and addiction.

The neural correlates of SUDs have been well described in
various biological models of addiction. Neuronal changes
accompanying SUDs prominently affect the structure and function
of fronto-striatal reward circuits, but also extend to other parts of
the brain involved in executive control and socio-affective systems
(Volkow et al., 2010, 2011). Individual differences in susceptibility
to SUDs are influenced by a combination of genetic and
environmental factors that converge on the physiology of the
brain (Conrod & Nikolaou, 2016). Significant heritability in
problematic use has been consistently reported in conjunction
with shared environmental factors (Kendler et al., 2015; Rhee
et al., 2003). One of the most conspicuous physical representa-
tions of these effects is in gray matter volume (GMV). In a recent
“mega-analysis” of over 3000 individuals, patterns of reduced
GMV associated with alcohol and other substance dependence
were apparent in the hippocampus, amygdala, nucleus accumbens,
putamen, globus pallidus, insula, and orbitofrontal cortex – among
other regions (Mackey et al., 2019). This large-scale study reflects
many consistent findings in extant literature reporting widespread
gray matter decrements associated with SUDs in adults, across
many different substances of abuse (Barrós-Loscertales et al., 2011;
Ersche et al., 2013; Franklin et al., 2002; Lorenzetti et al., 2010;
Makris et al., 2008). Further, patterns linking more severe,
protracted substance use with greater decrements in gray matter
suggest these effects are at least partially caused by the deleterious
effects of prolonged substance misuse on neural structures over
many years (Infante et al., 2022; Kaag et al., 2018). A recent large-
scale review of neuroimaging findings in SUDs emphasizes
apparent abnormalities in cognitive control networks and their
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interaction with subcortical salience-processing networks;
however, this review also highlights lingering gaps in our
understanding of premorbid vulnerabilities and developmental
representations of abnormal brain structure and function
(Paulus, 2022).

The effects of SUDs on gray matter commonly reported in
adult populations are not as clear or consistent in juveniles. From
a developmental perspective, adolescence represents a critical
period of change with both social and biological influences that
promote more risk-taking and reward-oriented decision-making
(Blakemore & Robbins, 2012; Casey et al., 2008). Natural
developmental trajectories during these years are accompanied
by nonlinear and nonuniform patterns of gray matter change
across the brain. In typical development, total gray matter volume
(across the whole brain) reaches its global maximum around
12 years old, with regional variation in temporal and occipital
regions peaking a few years later, up to about 20 years (Giedd
et al., 1999; Giedd, 2008; Sowell et al., 2003). Significant neural
pruning results in progressively lower density and volume of gray
matter, beginning earlier in posterior brain areas and later in frontal
regions (Giedd, 2008). Regionally specific pruning, arborization, and
myelination promote changes in impulsivity, novelty-seeking,
reward-oriented decision-making, and changes in self-monitoring
and behavioral inhibition reflected during these important devel-
opmental years (Blakemore&Robbins, 2012; Christakou et al., 2011;
Luna & Sweeney, 2004).

These complex developmental patterns may obscure the
measurement of neural abnormalities specifically related to
substance use in this age group and make interpretation of
empirical findings difficult. Certain deleterious effects of
substance use recognized in adult populations might be collinear
with local developmental changes in several brain regions during
adolescence. Concurrently, young substance users may simply
not have accumulated as much neural damage from substance use
as adults. It is also possible that early-stage vulnerability to
substance misuse among juveniles may be represented by neural
markers that are distinct from those concomitant with the
deleterious effects of long-term substance abuse commonly
reported in adults. These challenges undoubtedly contribute to
more variability apparent in reported findings among youth.

Some reports have suggested causal relationships between gray
matter loss and substance use frequency/severity, such as in binge
drinking among adolescents (Infante et al., 2022), while others
suggest that gray matter reductions associated with natural
maturation processes (i.e., pruning) may drive higher frequency
of alcohol use (Robert et al., 2020). Again, individual variation in
gray matter may also be interpreted as a premorbid marker for
vulnerability to substance misuse. Weiland and colleagues, for
example, have reported reductions in frontal cortical graymatter as
a marker for early risk of both substance abuse and higher
externalizing behaviors, controlling for both family history and
current substance use (Weiland et al., 2014).

Beyond the frontal cortex, subcortical and salience-processing
networks in the brain are also conspicuous candidates for early
vulnerability markers. Striatal dopamine modulation in adoles-
cence naturally increases the risk for initiating substance use/
abuse, and individual differences in novelty-seeking and reward
sensitivity may play a role in differential risk for substance abuse
and maintenance of maladaptive behaviors (Casey & Jones, 2010;
Kelley et al., 2004). Correspondingly, increased excitatory activity
in striatal dopaminergic pathways accompanying substance
use during this critical developmental period may also modify

structure and function while the striatum is undergoing develop-
ment. It has been consistently noted that impulsivity and
hyperactivation in networks involved in reward-related evalua-
tions are reliable predictors of substance use outcomes and
vulnerability. These effects are especially apparent in medial
orbitofrontal and striatal system hyperexcitability of dopamine
receptors in this network (Verdejo-Garcia & Albein-Urios, 2020).
Dopaminergic function (e.g., fronto-striatal D2 receptors) has been
found to be altered among young adults at risk for SUDs based on
family history (Jaworska et al., 2020;Weiland et al., 2017). Lees and
colleagues reported markers for substance use vulnerability
including hyperactivation of ventral striatal regions during reward
feedback and risk evaluation accompanied by distinct patterns of
frontal/fronto-parietal hypoactivation (during failures of inhibition)
and hyperactivation (during successful trials) (Lees et al., 2021).
Also, in children (aged 8–12) at risk for SUDs, early exposure to drug
use is associated with hyperactivation of the nucleus accumbens
during an incentive delay task (Cope et al., 2019).

Considering corresponding effects in gray matter morphology,
several studies have reported increased gray matter in fronto-
striatal regions among young substance users and in prospective
substance abusers. In a study of adolescents using methampheta-
mine and cannabis, drug use and novelty-seeking traits were both
positively associated with striatal GMV (Churchwell et al., 2012).
Young cigarette smokers have shown increased GMV in the left
putamen (accompanied by decreased volume in the anterior
cingulate) compared with nonsmoking controls (Bu et al., 2016).
Girls with alcohol use disorder have exhibited larger putamen and
thalamic volumes than non-drinking girls (although the effect
was reversed in boys) (Fein et al., 2013). In young recreational
cannabis users, gray matter was relatively increased in the left
nucleus accumbens and extended subcallosal cortex, hypothala-
mus, and amygdala, even after controlling for age, sex, alcohol use,
and cigarette smoking (Gilman et al., 2014). Early cannabis use
(younger than age 16) has been associated with larger left nucleus
accumbens and increased thickness in right frontal cortex gray
matter (Lisdahl et al., 2016). Further, in a longitudinal study, high
novelty-seeking 14-year-olds who eventually developed problem-
atic drug use (by age 16) had relatively increased gray matter
density in the left ventral striatum, midbrain, and bilateral
dorsolateral prefrontal cortex (Büchel et al., 2017) compared with
those who did not develop problematic drug use. In support of
these morphometric differences reflecting a possible neuro-
cognitive vulnerability predicating substance abuse, increased
GMV in the medial temporal lobe and basal ganglia have been
reported in both drug-dependent individuals and their non-drug-
abusing siblings relative to healthy controls, while non-affected
siblings also demonstrated concomitant abnormalities in a stop-
signal task, reflecting impairments in impulse control (Ersche et al.,
2012). Lees and colleagues reported larger ventral striatal volume
(but smaller fronto-parietal and amygdala volume) were associated
prospectively with future substance misuse (Lees et al., 2021).

In sum, neural development supporting reward-seeking,
exploratory, and elevated risk-taking behavior is a common
feature of adolescence. These developmental patterns may
promote risky behaviors that include experimentation with
substances of abuse. Less is known about neurobiological features
contributing to individual differences in substance use behaviors
that distinguish enduring, maladaptive patterns of substance
abuse. It may be true that exaggerated proportional differences in
gray matter reflect a vulnerability for initiation of substance use,
amplifying the rewarding effects of drugs and promoting continued
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use, and/or stronger perseverative motivation following initial
experimentation. Relatively little research has focused on structural
brain correlates of substance use severity among high-risk juveniles,
particularly those exhibiting early antisocial behavior. In the current
study, we set out to examine morphometric differences in gray
matter accompanying histories of substance use in boys incarcerated
in a secure correctional facility and treatment program for youth.
From a design perspective, data from these individuals may be
helpful in ascribing effects to substance use, per se, as the sample is
relatively more homogeneous on several collateral risk factors
related to their incarceration status (e.g., antisocial behavior,
psychopathic personality traits, sociodemographic risk factors).
These are often difficult factors to eliminate or control for when
comparing substance abusing youth with typical healthy controls.
We present two complementary data analysis approaches, utilizing
both traditional, univariate, voxel-based morphometry (VBM)
alongside multivariate source-based morphometry (SBM) using
independent component analysis (ICA) of structural MRI data. In
the univariate approach, we test differences in a priori regions of
interest (ROIs) selected for their roles in reward-motivated decision-
making and highlighted in prior studies examining SUDs in
juveniles. The SBM analysis is a data-driven approach, organizing
whole-brain data into naturally occurring (intrinsic) networks of
gray matter with closely covarying volume. As such, this method is
ideal for validating the univariate findings and demonstrating the
natural organizational structure of affected networks, without
constraining analyses to artificially defined ROIs. We hypothesized
thatmore severe substance abuse in juvenileswould be associatedwith
hypertrophy of gray matter in fronto-striatal reward circuits, reflected
in both univariate a priori regions of interest and corresponding
intrinsic structural networks derived from SBM analysis.

Methods

Participants were n= 175 adolescent males incarcerated at the
Mendota Juvenile Treatment Center in Madison, Wisconsin. The
facility houses and treats youth who have been transferred from
other state juvenile facilities, largely due to unmanageable behavior
in traditional corrections programs. This cohort represents a
particularly high-risk group, even as compared with more typical
juvenile corrections samples. All participants provided their own
assent accompanied by their guardian’s/representative’s consent.
Participants were aware that their cooperation with research was
completely voluntary and would have no impact on their sentence
or status at the facility. Research protocols were conducted in
accordance with principles established by the Declaration of
Helsinki, approved by local IRB, Ethical and Independent Review
Services, and by the National Institutes of Health Office of Human
Research Protections with respect to the vulnerable status of
incarcerated subjects. Participants were admitted into the study if
they had at least a fourth-grade reading level and were able to
understand informed assent procedures. Participants were
excluded from analysis if their IQ was below 70 (n= 18) and for
history of head injuries/traumatic brain injury (TBI) resulting in
prolonged loss of consciousness (60 min, cumulative) or abnormal
radiological report following MRI (n= 5). A total of n= 152 boys
were included in the final analysis. Based on NIH race
classifications, participants self-identified as American Indian or
Alaskan Native (n= 5), Black or African American (n= 81),White
(n= 46), and more than one race (n= 19). One participant chose
not to self-disclose their race. Additionally, n= 19 participants
identified as Hispanic/Latin@, and n= 133 participants identified

as non-Hispanic/Latin@. Descriptive features of this sample are
provided in Table 1.

Assessments

Substance use severity: The history of substance use was measured
using amodified version of the Addiction Severity Index (McLellan
et al., 1992). Participants reported duration of regular substance
use in their lifetime based on a structured interview tabulating
several categories including alcohol, cannabis, heroin, other opiates
(e.g., painkillers, methadone, levacetylmethadol), cocaine/crack,
methamphetamine, other amphetamines (e.g., Adderall), anxiolytics
(e.g., benzodiazepines, Xanax), hallucinogens, inhalants, and
others (e.g., DXM, spice). Regular use was defined as using a
non-prescribed substance at least three or more times per week.
Cumulative years of regular use were summed and summarized for
each category. For neuroimaging analyses, years of regular substance
use were divided by the participant’s age to account for opportunity
for use, and a square root transformation was applied to account for
non-normality, similar to a method used in prior publications
(Ermer et al., 2012; Sajous-Turner et al., 2020). This approach
captures variance attributable to the relative level of severity of
multiple periods of use across the lifespan.

Psychopathic traits

The Hare Psychopathy Checklist: Youth Version (PCL:YV) (Forth
et al., 2003), an expert-administered rating scale consisting of a
semi-structured interview and review of collateral information,
including institutional and medical records, was used to assess
youth psychopathic traits. The PCL:YV is composed of 20 different
items assessing personality traits, emotional factors, interpersonal
style, developmental characteristics, and behaviors concomitant
with psychopathy. PCL:YV total scores can range from 0 to 40.
Four facets are also available as separable features of the total score.
In the current analysis, the total score is utilized as a covariate to
account for individual variation in antisocial traits and delinquent
behavior in this high-risk sample.

Intelligence: Full-scale IQ was estimated using the Vocabulary
and Matrix Reasoning subtests of the Wechsler Adult Intelligence
Scale – 3rd Edition (Wechsler, 1997) for participants 16 years
of age or older and from the Wechsler Intelligence Scale for
Children – 4th Edition (Wechsler, 2003) for participants younger
than 16 years of age. IQ < 70 was an exclusionary criterion for this
study. IQ is also entered as a covariate in analyses.

Head Injury: A history of prior head injuries was taken using a
modified post-head injury symptoms questionnaire (King et al.,
1995). A total of n= 81 (46%) self-reported some prior history of
head injury ranging from minor sub-concussive events (e.g., fell
out of bed) to severe incidents resulting in loss of consciousness
and hospitalization. Prolonged loss of consciousness (1 hr or more,

Table 1. Descriptive features n = 152 incarcerated male youth

Min Max Mean (SD)

Age (years) 14.11 20.76 16.54 (1.07)

IQ 70 120 87.68 (10.99)

PCL:YV total 10 38 26.85 (5.37)

Substance use severity 0 18.75 2.53 (3.26)

GMþWM 957.95 1549.16 1226.25 (109.90)
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cumulative) or abnormal radiological report was an exclusionary
criterion for this study.

MRI collection and processing

Structural MRI scans were acquired on-site at the correctional
facility, using the Mind Research Network Siemens 1.5 T Avanto
mobile scanner. High-resolution T1-weighted scans were collected
using a multi-echo MPRAGE pulse sequence provided by
Massachusetts General Hospital Radiology Department (repetition
time = 2530 ms, echo times = 1.64 ms, 3.50 ms, 5.36 ms, 7.22 ms,
inversion time= 1100 ms, flip angle= 7°, slice thickness= 1.3 mm,
matrix size= 256 × 256). This yielded 128 sagittal slices with an in-
plane resolution of 1.0 mm × 1.0 mm. Data were preprocessed and
analyzed using Statistical Parametric Mapping software (SPM12;
Wellcome Department of Cognitive Neurology, London, UK;
http://www.fil.ion.ucl.ac.uk/spm). T1 images were manually
inspected by an operator blind to subject identity and realigned
using the anterior and posterior commissures to ensure proper
spatial normalization. Images were then spatially normalized to the
SPM12 T1 Montreal Neurological Institute template using
nonlinear registration, segmented into gray matter, white matter,
and cerebrospinal fluid, and modulated with the Jacobian
determinants to preserve total volume after normalization
(Ashburner & Friston, 2000, 2005); that is, voxelwise parameters
are interpreted as gray matter volume. Finally, the images were
resampled to 1.5 × 1.5 × 1.5 mm and smoothed with a 10 mm full-
width at half-maximumGaussian kernel. Voxels with a graymatter
value of< .15 were excluded to remove possible edge effects
between gray matter and white matter. Additional quality
assurance on MRI data was verified using the MRIQC pipeline
(https://mriqc.readthedocs.io/en/latest/). No additional exclusions
or modifications were necessary following QA assessment.

Voxelwise multiple regression analysis was performed within a
priori ROIs, examining the effects of substance use severity on local
graymatter while accounting for covariates of age, race, IQ, PCL:YV
total scores, and total brain volume (gray matterþ white matter). A
robust regression method was applied, which reduces bias from
outliers and distribution non-normality using an iteratively
reweighted least squares approach (Wager et al., 2005; see also
https://github.com/canlab/RobustToolbox). Bilateral anatomical
masks were calculated for the amygdala, nucleus accumbens,
caudate, putamen, pallidum, anterior insula, and orbitofrontal
cortex (frontal inferior orbital) using automated anatomical labels
(AAL3) atlas and extracted with MATLAB. For each region, the
familywise error (FWE) rate was maintained at p< .05 by correcting
for the volumes of eachmask; we report the FWE corrected p-values.

As a complementary approach, a multivariate data-driven
analysis of brain structure (SBM) was used to define intrinsic
networks of gray matter using ICA. Detailed methods for this
approach have been described elsewhere (Xu et al., 2009). The
complementary value of this analysis strikes a balance between
confining analysis to a few circumscribed regions of interest and
the problematic multiple comparisons issue introduced by whole-
brain, voxelwise (univariate) GLM solutions. The algorithm
produces a set of maximally independent components (networks)
of covarying voxels and parameter values (loading coefficients) for
each subject on each component. Stronger/weaker parameter
values scale proportionally with individual gray matter values in
each represented network. These parameter values are then carried
forward in subsequent analyses and statistical estimates can be
made for each component network, rather than on a voxel-by-

voxel basis (i.e., VBM). In this way, statistical estimates represent
individual characteristics of a cohesive network as opposed to
properties of a single voxel. Following preprocessing, the Group
ICA fMRI Toolbox (GIFT) software (http://mialab.mrn.org/
software/gift) was used to extract 30 maximally independent
components. The resulting components (networks) were then
evaluated for their voxelwise overlap with selected ROIs, using a
selection criterion of at least 10% overlap with a single mask
defining voxels corresponding to the combined a priori ROIs.
Subsequent analyses were carried out on properties of naturally
derived networks corresponding closely with a priori ROIs.
Bivariate and partial correlations were then calculated between
component parameters (loading coefficients) and individual
factors representing substance use severity, with partial correla-
tions controlling for the same nuisance covariates as in the
previous univariate ROI regression models.

Results

The final analysis included n= 152 boys, excluding n= 18 for low
IQ and n= 5 for TBI. Descriptive features of this sample are
provided in Table 1. Substance use severity in this sample is
described in Table 2, which accounts for those in the sample
meeting criteria for problematic use of each substance, defined as
three or more times per week for a minimum period of 1 month.

For visualization purposes, whole-brain correlations between
GMV and substance use severity, controlling for age, race, IQ, PCL:
YV total scores, and brain volume (gray matter þ white matter),
are represented in axial slices in Figure 1. These effects were
thresholded to p< .005, using a cluster-based threshold of 1387
voxels (3DClusSim, Nearest Neighbor 3, allowing faces touching,
edges touching, corners touching). This figure is intended to
highlight the whole-brain orientation of significant effects in a
priori ROIs, presented in data tables.

ROI results

Analyses in a priori regions of interest (amygdala, nucleus
accumbens, caudate, putamen, pallidum, anterior insula, and
orbitofrontal cortex) revealed significant effects in bilateral
amygdala, right putamen, right pallidum, right insula, and right
orbitofrontal cortex. Effects in other ROIs did not survive FWE
corrections across regional volumes. Coordinates and statistics
for significant effects are presented in Table 3.

SBM results

Two structural networks (derived by ICA) exhibited more than
10% overlap with a priori ROIs, together accounting for 80% of
voxels examined in the GLM analysis. A network including

Table 2. Substance use in n= 152 incarcerated male youth

Category Count with problematic use

Cannabis 105

Alcohol 27

Opiates/analgesics 16

Benzodiazepines (Xanax) 12

Cocaine/amphetamines 10

Other (DXM, spice) 5
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bilateral striatum was positively correlated with substance use
severity using bivariate correlations, r= .213, p= .008 (see Fig. 2).
A second structural network including bilateral insula was also
positively correlated with substance use severity, r= .166, p= .04

(see Fig. 3). After controlling for other covariates (age, race, IQ,
PCL:YV, GMþWM), the striatal component remained significant
(partial r= .194, p= .018), but the insular component only trended
in the same direction (partial r= .137, p= .096). Three additional

Figure 1. Elevated gray matter associ-
ated with substance use severity. VBM
whole-brain (positive) correlations with
substance use severity, p< .005, K(NN3)=
1387, and N= 152, are highlighted in
orange/yellow. More severe substance
use is associated with increased gray
matter in highlighted regions. Covariates
of age, race, IQ, PCL:YV, and total brain
volume (GMþWM) are included in this
analysis.

Table 3. VBM analysis in ROIs: significant effects surviving FWE correction in volume

Region ROI volume Cluster size (p< .05)

Peak coordinates

Z−statistic p-value (FWE corrected)X Y Z

L. amygdala 1846 mm3 1782 mm3 −21 −3 −15 3.94 <.002

−21 −7.5 −19.5 3.81 <.004

R. amygdala 2042 mm3 1643 mm3 19.5 0 −12 4.16 <.001

25 1.5 −19.5 3.90 <.003

R. putamen 8434 mm3 4593 mm3 19.5 4.5 −10.5 3.59 <.03

24 3 −6 3.54 <.03

28.5 16.5 6 3.45 <. 04

33 12 3 3.43 <.04

R. pallidum 2288 mm3 1218 mm3 21 0 −7.5 3.84 <.004

R. insula 14,016 mm3 4388 mm3 39 22.5 −4.5 4.75 <.001

34.5 15 3 3.91 <.02

R. OFC 7219 mm3 1579 mm3 40.5 24 −9 4.25 <.002

Note. Significant effects represent increased gray matter associated with more severe substance use in juvenile offenders, supporting our hypotheses. FWE = familywise error correction for
multiple comparisons; R. OFC = right orbitofrontal cortex.
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components (out of 28 remaining), which did not include a
priori regions of interest, also exhibited potentially meaningful
relationships with substance use severity. These components
included structural networks comprising the posterior cingulate
and precuneus (both positively correlated with substance use), and
a network including the posterior cerebellum was significantly
negatively correlated with substance use severity. These incidental
findings are presented for completeness in the supplementary
materials; however, these effects do not survive corrections for
multiple comparisons if evaluated from an agnostic, whole-brain
approach. Nevertheless, they may be of interest in the context of
developing new hypotheses for future investigations.

Discussion

This study reports GMV differences associated with substance use
severity among incarcerated juveniles. Consistent with hypotheses,
gray matter hypertrophy was apparent in several regions
corresponding to salience network, fronto-striatal reward circuits,
and basal ganglia. These effects were apparent across two
complementary analytic strategies: one prioritizing circumscribed
ROIs and another using a data-driven approach for defining
naturalistic structural networks across the whole brain. These
findings confirmed expectations for abnormal developmental
markers associated with early-life substance abuse among high-

Figure 2. An intrinsic network with elevated
gray matter in those with more severe substance
use. A structural network, derived from ICA,
n= 152, positively correlated with substance use
severity is highlighted in red/orange. More
severe substance use is associated with propor-
tionally more gray matter throughout this
intrinsic network, which includes caudate, puta-
men, nucleus accumbens, ventromedial PFC,
and parts of the anterior insula (a priori ROIs).
ICA = independent component analysis.

Figure 3. A second intrinsic network with
increased gray matter associated with more
severe substance use. A second structural net-
work, derived from ICA, n= 152, positively
correlated with substance use severity, high-
lighted in red/orange. More severe substance use
is associated with proportionally more gray
matter throughout this intrinsic network, which
includes bilateral insula (a priori ROIs). ICA =
independent component analysis.
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risk, antisocial youth in brain areas governing reward/reinforce-
ment learning. Addressing possible limitations of prior studies,
these effects were not attributable to variation in antisocial
behavior/psychopathic personality traits, nor were they attribut-
able to age, race, IQ, or overall brain size, which were accounted for
in statistical models. The direction of effects (increased gray matter
associated with greater substance use severity) is consistent with
notions that relative hypertrophy and/or neurodevelopmental
delays (i.e., pruning) in fronto-striatal reinforcement networks
may be a marker for vulnerability to more extreme substance use
behaviors. The present findings add support to a growing body of
work denoting the importance of altered neurodevelopmental
trajectories in early-onset substance misuse. These findings also
underscore the relevance of these factors in highly antisocial youth.

The evident patterns of gray matter differences in the present
study may be interpreted in more than one way. For instance, these
findings may reflect differential rates of development in reward-
oriented brain structures. While age is used as a covariate in our
analyses, differential developmental trajectories do not perfectly
align with chronological age (Kiehl et al., 2018). We know the
volume of gray matter in the striatum steadily decreases through
adolescence (Giedd et al., 1999; Giedd, 2008) even as youth
experience exaggerated dopamine responses and feelings of
reinforcement from rewarding stimuli, relative to adults (Galvan,
2010). In this way, if we attribute increased gray matter in high
substance users to developmental processes, less mature brains are
apparently more susceptible to problematic substance use behaviors
in high-risk youth. Alternatively, it is possible that increased
substance use (and more frequent, exaggerated stimulation of
striatal reward networks) produces a hypertrophic effect on gray
matter in these areas, apparent in these younger users, which would
hypothetically give way to the well-established deleterious effects of
chronic use often reported in adults (Kaag et al., 2018; Mackey et al.,
2019). A third possibility is that patterns of increased gray matter
reflect some other intrinsic marker for susceptibility to substance
abuse, apart from typical maturational variations – fundamentally
an endophenotype of vulnerability. This interpretation aligns with
prior work recognizing similar patterns of enlarged gray matter in
substance abusing youth as well as their non-substance-abusing
siblings (Ersche et al., 2012), suggesting some heritable influence
independent of substance use. This interpretation also aligns with a
prospective, longitudinal study that reported increased gray matter
in the striatum, midbrain, and prefrontal cortex of high novelty-
seeking youth (pre-exposure to substance use) who went on to
develop problematic substance use behaviors years later (Büchel
et al., 2017).

As noted in the introduction, there is other prior evidence for
positive associations between GMV in the striatum and substance
misuse, especially in young populations (Büchel et al., 2017; Bu
et al., 2016; Gilman et al., 2014; Lisdahl et al., 2016). Elevated
striatal gray matter has also been reported in adult methampheta-
mine users (Chang et al., 2005), with more exaggerated effects in
younger adult users (Jernigan et al., 2005). However, among adults,
this has often been attributed to a kind of compensatory response
to chronic neuropathological insults to maintain function (Chang
et al., 2005). Prior reports also suggest that impulsive, short-term
oriented decision-making (e.g., choosing immediate rewards over
future larger rewards) is associated with hypertrophy of striatal
gray matter in young adult men and women (Tschernegg et al.,
2015). In an exploratory analysis from the multisite Adolescent
Brain Cognitive Development study, in more than 11,000 children
aged 9–10, elevated scores on behavioral activation (as opposed to

inhibition) were positively correlated with GMV in the ventral
striatum, and this effect was stronger in monozygotic twins,
suggesting a strong genetic influence (Ide et al., 2020). Such findings
suggest that, even in the absence of severe substance use behaviors,
increased gray matter in striatal areas aligns with personality and
behavioral patterns thatmay promote more drug use/misuse among
affected youth.

Several prior studies examining neural correlates of substance
use have noted certain limitations in their interpretations related to
sampling characteristics (Fein et al., 2013; Schiffer et al., 2011).
When comparing substance using individuals with healthy
controls, there remain a number of convergent factors that are
difficult to control for across cohorts, particularly factors like
behavioral disinhibition and antisocial personality traits when
comparing substance abusing youth with healthy controls. Also,
acute or recent lingering effects of substance use on MRI data are a
concern among volunteers from the general population. By
studying these effects among highly antisocial youth with varied
substance use histories, we have reduced the impact of factors
covarying with antisocial behavior and general disinhibitory traits.
The boys involved in the correctional program at this particular
site are all highly antisocial and indeed matriculated into this
program based on unmanageable behavior at other statewide
juvenile correctional facilities. Further, as participants are housed
in a maximum security/controlled environment, they are under
strict enforcement of controlled abstinence, reducing concerns of
acute substance use. This study was specifically intended to narrow
some of these prior inconsistencies and limitations.

Limitations

The consequence of studying these effects in this group of high-risk
offenders is that it is not yet clear whether these effects reliably
generalize to other juvenile samples or whether they exhibit a
pathological trend specific to those with prominent risk factors for
antisocial behavior. Further, there is scant research examining
these effects among girls, but there is some supportive research
describing overlapping and gender-specific effects (Fein et al.,
2013). Additional research will be necessary to address this with
more specificity. As noted above, the present findings align well
with other recent research suggesting enlarged gray matter in key
brain areas may represent features of an endophenotype for
vulnerability to problematic substance use. This interpretation
remains uncertain, however. Longitudinal research implementing
within-subjects neuroimaging at multiple time points will be
necessary to confirm these interpretations, both in high-risk and
lower-risk samples.

Conclusion

Among the approximately seven million individuals under
correctional supervision in the United States, more than half meet
the criteria for alcohol or other SUDs (CASA, 2010; Glaze &
Kaeble, 2014; Mumola & Karberg, 2006), compared to approx-
imately 12% in the general population (Merikangas & McClair,
2012). SUDs also predict maladaptive behavior within the
corrections system and remain a risk factor for recidivism
following release into the community (Cochran et al., 2014;
Henry, 2020). Among those with SUDs, about 60% of those left
untreated during incarceration will relapse within 3 years of
release, often resulting in parole violations and recidivism
(Pearson & Lipton, 1999). Among youth with early encounters
in the criminal justice system, it remains a priority to address
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known risk factors and neurodevelopmental liabilities with better
precision. Periods of incarceration provide us with a valuable
opportunity for research and intervention alike, as youth in the
correctional system are encountering enforced abstinence, many
for the first time. These population characteristics help to reduce
the impact of otherwise uncontrollable nuisance factors in general
community samples. The present findings may represent a
foothold for developing more targeted intervention strategies,
which recognize specific neuropathological vulnerabilities influ-
encing the initiation and maintenance of substance misuse at an
early age. Continued research in this venue serves both public
mental health priorities and addresses humanitarian and practical
concerns serving our best interests as a society.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/S0954579424000804.
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