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Abstract

Adolescence is increasingly viewed as a sensitive period in the development of substance use
disorders (SUDs). Neurodevelopmental “‘dual-risk’ theories suggest adolescent vulnerability to
problematic substance use is driven by an overactive reward drive mediated by the striatum, and
poor cognitive control mediated by the prefrontal cortex. To this end, there has been a growing
number of neuroimaging studies examining cognitive and affective neural systems during
adolescence for markers of vulnerability to problematic substance use. Here, we perform a
coordinate-based meta-analysis on this emerging literature. Twenty-two task-based voxelwise
fMRI studies with activation differences associated with substance use vulnerability, representative
of approximately 1092 subjects, were identified through a systematic literature search (PubMed,
Scopus) and coordinates of activation differences (N = 190) were extracted. Adolescents were
defined as “at-risk’ for problematic substance use based on a family history of SUD or through
prospective prediction of substance use initiation or escalation. Multilevel kernel density analysis
was used to identify the most consistent brain regions associated with adolescent substance use
vulnerability. Across the included studies, substance use vulnerability was most reliably associated
with activation differences in the striatum, where at-risk adolescents had hyper-activation in the
dorsal subdivision (putamen). Follow-up analyses suggested striatal differences were driven by
tasks sharing a motivational and/or reward component (e.g., monetary incentive) and common
across subgroups of substance use risk (family history and prospective prediction studies).
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Analyses examining the role of psychiatric comorbidity revealed striatal activation differences
were significantly more common in samples whose definition of substance use risk included
cooccurring externalizing psychopathology. Furthermore, substance use risk meta-analytic results
were no longer significant when excluding these studies, although this may reflect limitations in
statistical power. No significant activation differences were observed in prefrontal cortex in any
analysis. These results suggest striatal dysfunction, rather than prefrontal, may be a more primary
neural feature of adolescent vulnerability to problematic substance use, possibly through a
dimension of individual variability shared with externalizing psychopathology. However, our
systematic literature search confirms this is still an emerging field. More studies, increased data
sharing, and further quantitative integration are necessary for a comprehensive understanding of
the neuroimaging markers of adolescent substance use risk.
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Introduction

Substance use typically begins in adolescence (Johnston et al., 2018), a developmental
period characterized by increased sensation-seeking and risk-taking behaviors and the
continued refinement of cognitive and affective brain systems (Luna et al., 2015). Early and
problematic substance use increases the risk for impulsive behaviors (de Wit, 2009) and
subsequent substance use disorders (SUDs)(McGue et al., 2001). While an extensive
literature has outlined sociodemographic, psychological, and behavioral risk factors for
problematic substance use, considerably less is known about reliable neurobiological risk
factors. This disparity undermines the construction of models that integrate across
psychosocial and neuroscientific domains, which are likely essential for comprehensive
substance use prevention (O’Connell et al., 2009).

Neurodevelopmental models suggest a predominance of striatal-reward function over
cortically-mediated cognitive control may distinguish adolescence as a sensitive period in
the development of problematic substance use (Luna et al., 2015)(Steinberg, 2010)(Casey et
al., 2008). Therefore, adolescents at increased risk for problematic substance use, either
through a family history of SUD, or early and escalating experimental use, may display an
exaggeration of this normative reward-cognitive control imbalance, with hyper-functioning
of the striatum and hypo-function of prefrontal and posterior parietal cortical control regions
(see (Bickel et al., 2007)(Heitzeg et al., 2015)(Cservenka, 2016)). Importantly, this
adolescent vulnerability to future problematic substance use may be neurobiologically
distinct from the escalation of problematic substance use to habitual daily use in addiction,
where for example, chronic substance use may be maintained by binge, withdrawal, and
craving cycles (Koob and Volkow, 2010). To date however, due to methodological
constraints and variability amongst initial studies (e.g., small sample sizes and differences in
sample characteristics, operational definitions of substance use risk, and neuroimaging
tasks), fully testing this neurodevelopmental model of substance use vulnerability has been
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challenging. To this end, initial neuroimaging studies have been inconsistent in the both the
spatial location and direction of effect (hyper-versus hypo-activation) of neural correlates of
substance use vulnerability in at-risk adolescents (see (Heitzeg et al., 2015)(Cservenka,
2016)).

A primary challenge posed by the relative inconsistency of the existing literature is that it
limits the ability to rule out alternative models of substance use vulnerability. For example,
the “reward deficiency hypothesis” suggests hypo-function of the striatal reward system
predicts substance use escalation (Blum et al., 2000) and has received support from studies
assessing striatal dopamine function in adults with substance use disorders (cf., (Volkow et
al., 2004)). The lack of consistency in the literature also prevents further theory development
in determining the relative specificity of neuroimaging markers of risk for substance use
disorders from those indexing risk for other forms of psychopathology. For example,
“externalizing” psychiatric disorders (e.g., attention deficit hyperactivity disorder, conduct
disorder, oppositional defiant disorder) have also been associated with increased activation
of the striatum (cf., (Alegria et al., 2016)), increased risk for early onset substance use
disorders (Carlson et al., 2007), and have been conceptualized as a part of a transdiagnostic
dimension of “disinhibition” linking substance use and psychopathology (Krueger et al.,
2002)(Tarter et al., 2003)(see (lacono et al., 2008) for review). Alternative transdiagnostic
theories have suggested fronto-striatal reward sensitivity may be associated with a
vulnerability to approach-related hypomanic symptoms, and there are both reward hypo- and
hyper-sensitivity pathways to substance use disorders (Nusslock and Alloy, 2017).

Despite the apparent inconsistency in the existing neuroimaging literature on substance use
risk, there is an increasing number of published fMRI studies that can be quantitatively
integrated and variability among studies can be explored. For example, comparisons can be
made between studies defining substance use risk through prospective prediction of
substance initiation and escalation and those studies defining substance use risk through a
family history of SUD, which confers genetic and environmental risks for SUD (Y'strom et
al., 2014). The relative impact of defining substance use risk with and without cooccurring
externalizing disorders, a common practice in the literature, can also be evaluated.

Here, we use Multi-level Kernel Density Analysis (MKDA), a coordinate-based meta-
analysis approach that determines spatial consistency across whole-brain (voxelwise)
statistical results, to quantitatively integrate 22 studies from this literature and examine
which neural systems most reliably differentiate adolescents at increased risk for
problematic substance use.

Drawing from the neurodevelopmental literature, we hypothesized that risk groups would
display hyper-activation of striatal reward systems and hypo-activation in cortical control
regions (prefrontal cortex and posterior parietal cortex). We further hypothesized that if
striatal-reward and prefrontal/posterior parietal-control activation differences are core
features of substance use vulnerability, dysfunction in these regions would be consistent
across operational definitions of substance use vulnerability and present prior to significant
substance use involvement. In addition to these core neurodevelopmental questions, we also
sought to disambiguate the role of co-occuring psychopathology on neuroimaging markers
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of substance use vulnerability. Therefore we examined the potential moderating role of
externalizing psychopathology and indentified overlap between our meta-analytic results and
a prior meta-analysis of externalizing psychopathology. Taken together, this work aimed to
identify central brain systems underlying adolescent substance use vulnerability by
integrating existing available data, thereby advancing neurodevelopmental theory and
providing critical targets for future research.

2. Methods

2.1. Study selection

A systematic literature search following PRISMA (Moher et al., 2015) guidelines was
conducted to identify whole-brain task-based activation studies of substance use
vulnerability (records from January 1st, 1990-November 1st, 2018) using Scopus and
PubMed databases. Literature searches used substance use vulnerability search stems
(“substance use risk’, ‘alcoholism risk’, ‘substance use initiation’, ‘prospective prediction of
substance use’, ‘prediction of substance use’, ‘substance use vulnerability’, ‘family history
of substance use disorder’, “family history of SUD’, “children of alcoholics’) paired with
neuroimaging specifiers (‘neuroimaging’, ‘fMRI’, ‘BOLD’, ‘neural correlates’, ‘brain
systems’)to create 45 total search terms (e.g., “neuroimaging substance use risk”: see
Supplemental S1). Search terms were combined using “OR” Boolean operators. Reference
sections from identified studies and relevant reviews (Heitzeg et al., 2015)(Cservenka, 2016)
were also screened to ensure completeness of the search. Titles and abstracts of identified
articles were then screened by authors BTC and AQ to exclude review papers, articles that
did not utilize task-based functional magnetic resonance imaging, and articles that
unambiguously did not meet study inclusion criteria (see below).

Following the initial screen, full text versions of remaining articles were reviewed to 1)
ensure the study reported task-based activation results, 2) operationalized substance use
vulnerability either through a family history of SUD (typically first-degree relatives, see
Supplemental S2) or through prospective prediction of substance use initiation or escalation
(baseline activation differences predicted future substance use, see Supplement S2), in order
to isolate risk for SUD without requiring current problematic substance use (see
Supplemental S3), 3) conducted and reported whole-brain/voxelwise analyses (see
Voxelwise Reporting) comparing family history groups to controls or predicting substance
use initiation or escalation, 4) reported coordinates of activation differences of substance use
risk groups from whole-brain analysis in a standard anatomical space (i.e., in Talairach or
Montreal Neurological Institute (MNI) coordinate systems) and 5) included a sample with a
mean age below 30-years-old. We note that criterion 5 was added after identifying a small
number of studies that examined substance use vulnerability in adults and met our other
inclusion criteria (Andrews et al., 2011; Smith et al., 2013; Sjoerds et al., 2013). There was a
clear gap in the mean sample age among these studies (range: 32—36) and the remainder of
studies meeting our inclusion criteria (range: 10-23). We chose the functional cutoff of a
mean sample age at 30-years-old to ensure that distributions of ages in the original studies
were inclusive of the adolescent period, typically defined as the second decade of life, and
the initiation of problematic substance use (e.g., binge drinking), which peaks in the early
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twenties (Chassin et al., 2002) but is thought to reflect normative adolescent processes
(Heitzeg et al., 2015) that are likely influenced by substance use availability (see (Duell et
al., 2018)). In cases where criteria 3 or 4 were not met, corresponding authors were
contacted via email (July 2018) to determine whether coordinates of activation differences or
un-thresholded statistical images could be provided. This did not yield any additional studies
to be included. Ad-hoc searches were also performed using NeuroVault (neurovault.org)
with basic keywords (‘family history’, ‘prospective’, ‘substance use’, ‘alcohol’) to try and
identify relevant un-thresholded statistical images. No relevant maps were identified. Based
on the lack of availability of un-thresholded statistical maps, we chose to pursue a
coordinate-based meta-analysis using the available published data of peak coordinates.

Within studies that met inclusion criteria, coordinates of activation difference (foci)
associated with substance use risk groups were manually recorded by authors BTC and AQ.
In order to ensure accuracy of manual recording, coded foci were then doubly screened by
BTC. Subsequently, to further ensure coding of the correct coordinate system (e.g.,
Talairach/ MNI) and orientation (e.g., RAI/LPI), which remain a significant problem in
neuroimaging meta-analyses (cf., (Muller et al., 2018)), spheres convolved from coordinates
(see below) were visually inspected and compared to figures from original studies. All foci
from activation differences of the group(s) of interest (family history of SUD, prospective
prediction) were identified and coded, including those from explicit task contrasts (i.e., go —
no-go), implicit baseline contrasts (i.e., go — fixation), or parametric modulators. Additional
study information coded included the neuroimaging task used, descriptions of voxelwise
approach, sample demographic information (sample sizes, number of males/females, mean
age of the sample, 1Q), and study inclusion/exclusion criteria for substance use and
psychopathology.

cal analysis

Multi-level Kernel Density Analysis: MKDA.—Multi-level Kernel Density Analysis
(MKDA) (Wager et al., 2007) was used to determine spatial consistency of identified foci
associated with substance use vulnerability. We provide a brief overview of MKDA
methods, which have been described in detail elsewhere (Wager et al., 2007). For each
included study, MKDA procedures first convert all foci to Montreal Neurological Institute
(MNI) template space using the Brett transformation (Brett et al., 2001), convolve the
transformed foci with a sphere of a user supplied radius (here, 15 mm, based on a recent
simulation study (Salimi-Khorshidi et al., 2009)) and trim these spheres to only include grey
matter voxels in the SPM MNI template. This creates a study-specific contrast indicator map
(CIM). Subsequently, a weighted average (weight = square root of sample size) of CIMs is
computed, creating an overall density map that represents the weighted proportion of studies
that show activation differences in each voxel. Monte Carlo simulations (here, 5000
iterations) are then performed to compare the observed density map to a null distribution of
density maps, where each null density map is constructed by randomly distributing the
center coordinates of clusters (groups of voxels) in each CIM, which preserves the study-
specific spatial structure. Significant clusters are established by comparing the combination
of the height of activation (the proportion of studies showing activation differences in a
given voxel) and the extent of contiguous voxels with suprathreshold heights in the observed
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density map to null distributions of these metrics generated by the Monte Carlo simulation.
Importantly, unlike other coordinate-based meta-analytic approaches, the study-specific
CIMs and nested Monte Carlo simulations gives MKDA a multi-level framework, where
foci are nested within study. To this end, the unit of analysis in MKDA is the weighted
proportion of studies that report activation differences in a given spatial location. This
improves generalization of MKDA results to new studies and has the advantage of reducing
potential bias from a single study that reports many foci or uses a more liberal statistical
threshold (Wager et al., 2007). In all analyses, clusters surpassing a family-wise error rate
(FWER) threshold of p < .05 with a single voxel alpha of .01 were considered significant.

We note that following best practices (Muller et al., 2018), MKDA is run on studies
reporting voxelwise significant differences. Coordinate-based meta-analyses, including
MKDA, identify consistency among reported spatial locations (here foci of activation
differences of substance use risk) and determine “significance” through comparisons to a
null distribution of random spatial locations across the whole brain, where it is assumed each
voxel has an equivalent a priori probability of being reported (see above). Therefore,
including region of interest (ROI) or ROI-constrained small volume correction (SVC)
studies would violate MKDA assumptions and bias results towards the regions used in
ROI/SVC studies, potentially leading to circularity concerning brain regions central to study
hypotheses. More specifically, ROI studies, which do not use a voxe/ as the unit of analysis,
but rather compute mean values across many voxels within specific brain regions, and SVC
studies, which utilize a voxe/ as the unit of analysis but limit statistical testing to those
voxels within specific brain regions, would bias the type 1 error rate (false positives) in our
meta-analysis for regions frequently hypothesized in the literature and bias the type 2 error
rate (false negatives) for all brain regions that were not included in the original studies.

MKDA Testing Procedures.—Consistent with other recent functional neuroimaging
meta-analyses of clinical phenotypes (Alegria et al., 2016)(Miller et al., 2015), the current
project used a tiered procedure for examining consistency in activation differences across the
corpus of studies. First, MKDA was performed on all foci from all included studies. This “all
studies’ analysis permitted the examination of the most consistent activation differences
associated with adolescent substance use risk, irrespective of the operational definition of the
substance use risk and the specific neuroimaging task used. Second, subdomain analyses
were performed, where consistency in activation differences were examined according to the
general type of neuroimaging tasks employed in the original studies. Broad task
classifications (i.e., cognitive control, emotional stimuli, reward, substance use stimuli: see
Table 1) were used to provide sufficient power and were defined based on previous work
(Alegria et al., 2016)(Miller et al., 2015). We note however, based on reported activations of
tasks included in our meta-analysis and prior research using similar tasks, overlap of task-
effect activation patterns is expected within the utilized task classifications (e.g., prefrontal
cortex activation across cognitive control tasks: see Supplemental S4). Owing to the
insufficient number of studies using substance use stimuli (n = 4; Table 1), we did not
perform a subdomain analysis on this group. Finally, in order to investigate possible effects
of substance use risk definition, we also examined whether meta-analytic effects varied
between family history and prospective prediction studies using MKDA's x 2 (chi-square)
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test (Wager et al., 2009). We note that while the above subgroup and subdomain analyses are
highly theoretically relevant, these analyses rely on a reduced subset of studies and thus have
lower statistical power than the “all studies’ analysis.

In order to first identify which brain regions were most consistently associated with
substance use risk, we performed MKDA on all foci (cf., (Kraynak et al., 2018; McTeague et
al., 2017)), irrespective of the direction of group differences ((e.g., ‘pooled aberrant
activation” (McTeague et al., 2017)), given that the sign of activation differences can be
influenced by study-specific contrast procedures (i.e., explicit task contrasts, implicit
baseline contrasts, parametric modulators) and/or conditions (i.e., reward > neutral vs.
reward > loss) and can be ambiguous as to whether the signed group differences (e.g., risk >
no-risk) reflects a difference in the condition of interest (e.g., reward) or the control
condition (e.g., neutral) in certain contrasts (e.g., reward > neutral), without simple effects.
Moreover, recent work shows common activation patterns across diverse tasks (Shine et al.,
2019), suggesting a potential lack of cognitive and affective specificity in signed within-task
activation differences. Finally, this approach had the added benefit of permitting the
inclusion of foci from voxelwise contrasts that did not carry a sign (e.g., F statistics).
Subsequently, we performed secondary analyses to examine the consistency of the direction
of activation differences associated with substance use risk (hyper- or hypo-activation). We
note that MKDA procedures examine spatial consistency of reported foci, not an aggregate
meta-analytic effect size, and thus hyper- and hypo-activation coordinates must be run on
separate models and entirely null results (no substance use risk activation differences) cannot
be readily included (see (Rottschy et al., 2012)(Mdller et al., 2018) for discussion).

Externalizing and Cooccurring Psychopathology.—Given that substance use risk
and externalizing psychopathology are thought to share underlying features (lacono et al.,
2008), multiple studies in the corpus included externalizing psychopathology as part of the
substance use risk definition (n = 4), or did not exclude subjects with psychiatric disorders (n
= 3) (see Supplemental S5 for individual study psychopathology inclusion and exclusion).
We performed a series of analyses examining the potential impact of externalizing and
cooccurring psychopathology on the results of our substance use risk meta-analysis. First,
we used MKDA'’s XZ (chi-square) test (Wager et al., 2009) to examine whether there was a
difference in the proportion of studies showing an activation difference when externalizing
or other psychopathology was and was not included in the definition of substance use risk.
These analyses were constrained to only include voxels that were significant in the primary
meta-analyses (see above) and corrected using the false discovery rate. Second, we re-ran
the primary meta-analyses after excluding these studies. Finally, we performed a conjunction
analysis between the significant meta-analytic clusters from the primary meta-analyses of
substance use risk and significant results from a recent meta-analysis of externalizing
disorders (disruptive behavior disorders and severe conduct problems; (Alegria et al., 2016)).
Published peak coordinates (Alegria et al. 2016) were handled in the same manner as studies
in our meta-analysis: convolved with a sphere with a radius of 15 mm and trimmed to only
include grey matter voxels in the SPM MNI template.
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Sensitivity Analyses.—As in all meta-analyses, there were a number of methodological
and conceptual decision points in this project (see (Muller et al., 2018) for discussion). In
order to examine the robustness of meta-analytic results to these methodological decision
points and investigate variability in the included literature, three sensitivity analyses were
performed. Specifically, the primary meta-analyses were sequentially re-run after excluding
those studies that 1) had a mean sample age over 20-years-old (n = 2), 2) included subjects
with more than experimental substance use in general, or minimal substance use that
significantly differed between groups (n = 6, see below), and 5) used targeted voxelwise
reporting (n = 8, see below).

2.3. Data and code availability

All data used in this project (coded foci of activation differences) are available in the
Supplemental information. The MKDA code used to perform meta-analyses is freely
available via CANLAB (https://sites.dartmouth.edu/canlab/).

3. Results

Included Studies.

See Supplemental S6 for flow diagram and detailed information on study selection. The
initial database search yielded a total of 2213 articles. Of these, 76 met initial screen criteria
and full-text versions were reviewed for eligibility. Twenty-two studies met all study
inclusion criteria, yielding a total of 190 foci (Tables 1 and 2, Supplemental Table S7).

Voxelwise Reporting.

Following established guidelines (Mdller et al., 2018), the primary reason for screened
studies’ exclusion was not using a voxelwise approach (i.e., studies using only region-of-
interest analysis (ROI) or ROI-constrained small volume correction(SVC)) (n = 29), with the
proportion of exclusion for this criterion comparable to prior meta-analyses (cf., (McTeague
etal., 2017)). See Methods for more discussion.

A more nuanced challenge remains in understanding the impact of “masking” or targeted
voxelwise reporting, where for example, studies limit the report of group differences to
voxels where there was a nominal main effect of the task (e.g., task > baseline: cf. (Tervo-
Clemmens et al., 2018)(Cservenka et al., 2012)(Cservenka and Nagel, 2012)(Cservenka et
al., 2014) (Mackiewicz Seghete et al., 2013)(Peraza et al., 2015)(Ivanov et al., 2012) or
where whole-brain thresholding is performed, but not all foci of significant differences are
reported in tables or figures (Heitzeg et al., 2010a). Here, again following established
guidelines (Muller et al., 2018), we carefully examined the impact of these targeted
voxelwise reporting studies in our corpus (n = 8). Ultimately, targeted voxelwise reporting
studies were shown to not bias primary results (see MKDA: Sensitivity Analyses).

Demographic Information.

Given that we were unable to clarify individual subjects with investigators, it’s possible
some subjects were included in more than one of the studies in the corpus. Note however,
that none of the studies included identical samples, supporting a relative independence
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between studies. Furthermore, combining across similar data sets did not change meta-
analytic results (Supplemental S8). Provided this information, the included studies
represented approximately 1092 subjects (456 female) with a mean sample age of 15.48
years (range: 10.54-23.78) (Table 1). Demographic information, where available, suggested
risk groups were relatively equivalent in number of subjects, gender composition, and 1Q
(Table 2).

Current and Prior Substance Use.

In the included studies, the modal substance use inclusion criteria were generally consistent
with a previous history of “experimentation only” (cf.,(Clark et al., 2005)), defined as, for
example, less than 10 alcoholic drinks, less than five marijuana uses ((Cservenka et al.,
2012); see Supplemental S3 for more information). Five studies exceeded a threshold of
substance use experimentation (Kareken et al., 2013)(Acheson et al., 2014a)(Heitzeg et al.,
2010b)(Dager et al., 2013)(Dager et al., 2014), but were retained in the corpus of studies
because they included relevant comparisons of family history status or prospective substance
use transitions (Supplemental S3). An additional study included subjects with minimal
substance use but reported a significant difference between comparison groups (Norman et
al., 2011). Nevertheless, these six studies were shown to not bias the primary results in a
subsequent sensitivity analyses (see MKDA: Sensitivity Analyses).

Publication Bias.

MKDA

Established procedures for examining publication biasin MKDA (adapted Galbraith plots)
indicated that, among the reported studies, there was a positive slope between sample size
and the probability of an activation difference in the primary reported cluster, which is
opposite to an association driven by publication bias. Furthermore, trim and fill methods
indicated the overall effect size estimates from the included studies did not differ from an
effect size estimate adjusted for publication bias (Supplemental S9).

Using all foci from all included studies (“all studies’ analysis), MKDA revealed the most
consistent activation differences associated with substance use risk were located in the
striatum, including both dorsal and ventral subdivisions (Fig. 1A). Follow-up analysis
examining the sign of activation differences suggested the dorsal striatum (putamen) was
significantly hyper-active across studies (Fig. 1B). No other brain regions were significant in
either the “all studies’ analysis or in analyses examining signed activation differences.

Subgroup analysis using the “all studies’ approach (irrespective of sign) revealed no
significant (minimum FDR corrected p-value = .848) differences between prospective
prediction (n = 6) and family history (n = 16) studies among striatal voxels identified in the
sign-invariant “all studies’ meta-analysis. To this end, the relative proportions of studies with
activation differences in the prospective prediction and family history subgroups were
similar in the striatum (Fig. 2A). Prospective prediction and family history subgroups were
also approximately equivalent for the risk > non-risk contrast (Fig. 2B), although the limited
number of studies (n = 12: family history = 10, prospective prediction = 2) prevent a reliable
statistical inference from these data.
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MKDA: Task Subdomains.

When sub-setting studies based on the type of neuroimaging task used, MKDA indicated
that consistent activation differences in the striatum occurred during reward tasks (n = 6), but
not cognitive control tasks (n = 9) (Supplemental S10). The former result was qualitatively
similar when analyzing a broader affective subdomain by additionally including studies
using emotional stimuli (n = 10). No new brain regions were identified when only analyzing
the cognitive control tasks (n = 9).

Externalizing and Cooccurring Psychopathology.

Striatal activation differences in the sign-invariant “all studies’ analysis were significantly
more common (FDR corrected g < 0.05) among those studies whose substance use risk
definition included externalizing psychopathology (n = 4) versus those whose did not (n =
18) (Fig. 3A). These results were unchanged when aggregating the externalizing substance
use risk studies (n = 4) with the studies who more broadly did not exclude for
psychopathology (n = 3, 7 studies total) (Fig. 3C) or when removing these studies from the
analysis completely. The analyses from the ‘risk > non-risk’ contrast were limited in
statistical power but also suggested that cooccurring psychopathology may have driven the
results of these analyses (Fig. 3B and D). Given the relatively large meta-analytic differences
observed as a function of externalizing and cooccurring psychopathology, we re-ran the
main meta-analyses while excluding the externalizing studies (n = 4) and while excluding
the externalizing studies plus the other psychopathology studies (n = 3, 7 studies total). In
both cases, no voxelwise significant (FWER threshold of p < .05 with a single voxel alpha
of .01) meta-analytic substance use risk effects were observed when removing studies that
included cooccurring psychopathology, although it’s possible this reflects limitations in
statistical power (see Discussion section). Nevertheless, these results are consistent with a
well-established behavioral literature suggesting externalizing psychopathology is a critical
factor in adolescent vulnerability to substance use (Tarter et al., 2003)(see (lacono et al.,
2008) for review). Providing further support for our striatal results as implicated in
externalizing psychopathology, a conjunction analysis of the significant voxels in the “all
studies” meta-analysis and convolved spheres created from all the significant coordinates of
a recent meta-analysis of disruptive behavioral disorders revealed overlapping voxels in the
striatum (Supplemental S11). When restricting this analysis to those locations that
implicated /ncreased activation, both studies suggested hyper-activation (i.e., risk > non-risk
& externalizing > control) in the dorsal striatum, although the implicated voxels did not
overlap (Supplemental S11).

MKDA: Sensitivity Analyses.

Significant striatal activation differences from the ‘all studies’ meta-analysis (h = 22) were
observed across all three sensitivity analyses (Fig. 4, Supplemental S12). In contrast, hyper-
activation of the striatum from the ‘risk > no-risk’ metanalysis, which overall included fewer
studies (n = 12), was observed when excluding studies with a mean sample age over 20-
years-old (studies excluded: n = 2, studies included: n = 10), but only marginally (4
significant voxels) observed when excluding studies with subjects differing or having more
than experimental substance use (studies excluded: n = 3, studies included: n = 9) and not
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significant when excluding studies with targeted voxelwise reporting (studies excluded: n =
3, studies included: n = 9)(Fig. 4, Supplemental S12). However, within the limited number
of studies, it is difficult to determine whether this result represents true variability driven by
methodological differences or rather limited statistical power.

4. Discussion

4.1. Existing neuroimaging studies of adolescent substance use vulnerability

The results from our systematic literature search highlight a growing and diverse literature of
neuroimaging studies of adolescent substance use vulnerability. As in many emerging
literatures, there is significant heterogeneity in methodology. For example, a challenge faced
in the current voxelwise meta-analyses was the high number of region of interest (ROI) or
ROI-constrained small volume correction (SVC) studies, which due to potentially biased
type 1 and type 2 error rates, limit the ability to make comprehensive inferences regarding
vulnerability markers of substance use risk from the entirety of the literature. Accordingly,
we suggest the field moves toward sharing of un-thresholded statistical images (cf.,
(Gorgolewski et al., 2015) (Smith and Delgado, 2017) or full data sets via online repositories
(NeuroVault and OpenNeuro), which would permit more sophisticated image-based meta-
analyses (Salimi-Khorshidi et al., 2009). The field may also consider including
supplementary whole-brain voxelwise results within ROI-based studies, which would
likewise support future data integration. Another observation from our meta-analysis and
prior literature reviews (e.g., (Heitzeg et al., 2015)) is the relative predominance of studies
using reward and cognitive control tasks. While this trend likely reflects dominant reward-
cognition theories of adolescent substance use vulnerability, more widespread use of
alternative tasks, such as those using emotional or substance use stimuli and/or more
complex integrated rewarded-cognitive tasks, may help disambiguate broader neural
circuitry associated with substance use vulnerability. Furthermore, our systematic literature
search reveals various tasks within the broad domains of reward and cognition. While this
task heterogeneity has the advantage of providing potential specificity in the indexed
cognitive and affective processes, replication studies and/or multi-task paradigms that
provide an opportunity for replication would help in data aggregation efforts to examine the
robustness of specific cognitive (response inhibition vs. working memory) and affective
(reward anticipation vs. reward consumption) processes implicated in substance use
vulnerability.

In addition to and in light of the methodological and reporting patterns across the existing
literature, our systematic literature search and meta-analysis support the notion that this is a
still-emerging field. Therefore, the results of the current meta-analysis and the broader field
should be interpreted within this context. For example, due to sampling variability, early
studies with small sample sizes typically have greater error and a larger degree of
heterogeneity across studies in effect sizes than later studies with larger samples.
Accordingly, as the field continues to develop, and larger studies are available for both
prospective prediction and family history analysis (e.g., ABCD study: (Volkow et al., 2017)),
our ability to fully disambiguate neuroimaging markers of substance use vulnerability will
continue to improve. This point is particularly true for determining whether null results are
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truly null, or simply require increased statistical power to detect. In addition to larger
studies, increased data sharing can help move the field towards better meta-analytic
techniques and more comprehensive neural correlates.

4.2. Dual risk model for adolescent substance use

Within the context of the performed meta-analysis, we aimed to test the ‘dual-risk’ theory of
adolescent substance use vulnerability. This neurodevelopmental theory suggests
vulnerability to problematic substance use is driven, in part, by an exaggeration of
adolescents’ enhanced reward drive, mediated by the striatum (Luna et al., 2015)(Steinberg,
2010)(Casey et al., 2008) (see (Shulmanet al., 2016) for review). Consistent with this
perspective, our meta-analytic results indicate adolescent substance use risk was most
associated with striatal activation differences. Moreover, subdomain analysis suggested
activation differences may be specific to motivational context, as striatal differences were
observed in studies using reward tasks but not in studies using cognitive control tasks. We
were also able to determine substance use risk was associated with /ncreased striatal
activation among the corpus of studies, potentially supporting the dual-risk model’s
conceptualization of an overactive reward system.

Importantly however, our meta-analytic results suggest nuance in the involvement of the
striatum in substance use vulnerability. For example, while striatal activation differences
appeared to be driven by tasks with a shared motivational/reward context, the specific
affective components indexed by the contrasts were quite diverse (e.g., winning rewards -
neutral condition; risky — safe decisions: Supplemental S13). Accordingly, as has been
suggested by previous work (Yau et al., 2012), observed striatal effects may represent
broader, motivational salience, rather than reward and positive valence-specific processes.
Furthermore, when examining signed activation differences, hyper-activation was observed
in the dorsal striatum (putamen), which compared to the ventral striatum, may support action
selection and habit formation (Tricomi et al., 2009) more than the signaling of primary
rewards. As an additional complexity, due to the limited number of studies, our subdomain
analyses had lower statistical power than our “all studies’” analyses and we were unable to
examine meta-analytic differences subdivided by various stages and types of reward
processing (e.g., reward anticipation and reward receipt), limiting a comprehensive and
computational account of reward function in adolescent substance use risk. Furthermore,
striatal activation differences appeared to be critically driven by the cooccurrence of
externalizing psychopathology, which prompts a potential distinction between normative
adolescent substance use vulnerability and potential trait-level substance use risk factors.
Taken together, the current striatal results suggest substance use vulnerability may be
characterized by a specific sensitivity to compulsivity and goal-undirected behavior, rather
than simply an increased reward drive, but further research into the underlying reward
functions of adolescent substance use risk is needed.

Potentially contradicting additional predictions from neurodevelopmental models, our meta-
analysis did not identify cognitive control-related prefrontal regions as a reliable neural
correlate of substance use vulnerability in any stage of the analysis. However, given the
relatively small amount of studies, the null results of this meta-analysis should be interpreted
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with some degree of caution. Beyond limits of statistical power, it is also possible that
prefrontal activation differences were not observed due to performance differences
associated with substance use risk, as individual differences in cognitive control tasks have
been shown to moderate prefrontal activation (Van Snellenberg et al., 2006). In the current
project however, we did not examine the impact of reported cognitive performance
differences, owing to the fact that studies did not consistently report performance differences
and the available metrics differed in response type (reaction time versus accuracy) and
cognitive demands. Similarly, it is possible the task conditions from the included studies did
not consistently engage more complex cognitive response processes known to recruit
prefrontal activation (cf., (Simmonds et al., 2008)). Another possibility is that prefrontal
activation differences may only be reliably observed in samples younger than the ages best
represented by this corpus of studies, or in the context of varying developmental trajectories
(cf., (Quach et al., 2019)), as recruitment of the prefrontal cortex undergoes normative
changes until mid-adolescence, when it reaches adult levels (Simmonds et al., 2017).
Nevertheless, provided the current meta-analytic results and the reported inconsistency in
previous literature reviews (c.f., (Heitzeg et al., 2015) (Cservenka, 2016)), it is possible that
cognitive control-related prefrontal regions may serve a more secondary role in determining
adolescent risk for problematic substance use. Supporting this, multiple theoretical
perspectives (Luna et al., 2015)(Buckholtz and Meyer-Lindenberg, 2012) and a recent meta-
analysis (McTeague et al., 2017) suggest dysfunction of cortically-mediated cognitive
control systems acts as a common, transdiagnostic risk factor for psychiatric disorders. To
this end, cortical activation differences may serve as non-specific indicators of clinical
severity, an explanation which would account for the frequent association of lateral
prefrontal and related posterior parietal activation differences in comparisons of early versus
late substance use initiation (Tervo-Clemmens et al., 2017)(Becker et al., 2010), where early
substance use typically occurs in the context of a broad high-risk profile (Tarter et al., 2003).
This idea is supported by longitudinal behavioral research demonstrating that cognitive
control deficits are predictive of symptoms of externalizing psychopathology (conduct
disorder), while reward responses are specifically associated with substance use (binge
drinking) (Castellanos-Ryan et al., 2011).

4.3. Towards an updated model of adolescent substance use risk

In the broadest terms, our results prompt a possible distinction between normative
neurodevelopmental models and adolescent markers of vulnerability to problematic
substance use. Although adolescence is widely viewed as a period of vulnerability to
substance use initiation and escalation, the transition into problematic substance use and
addiction is thought to be driven by multiple neurobiological factors (See Koob and Volkow,
2010). Therefore, a comprehensive understanding of adolescent substance use vulnerability
should include further work examining the relative specificity of normative developmental
processes during adolescence and more developmentally-stable trait-level substance use
vulnerability factors, such as family environment and parenting, history of trauma, and
familial psychopathology other than substance use disorder.

Defining Substance Use Risk.—Given the diversity of potential risk factors for
substance use disorders and their possible distinction between normative adolescent
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function, operationally defining substance use risk remains a challenge. The current meta-
analysis focused on two of the primary ways of operationalizing adolescent vulnerability to
substance use by identifying studies that examined participants with a family history of a
substance use disorder or those who would later initiate or escalate their substance use.
These definitions have the advantage of isolating substance use risk without requiring
existing significant current substance use. Nevertheless, as mentioned above, there are a
number of other potential substance use risk factors that may provide converegent
information regading substance use vulnerability.

A particular focus of the current project and the broader field is that of externalizing
psychopathology, which is associated with early substance use initiation (King et al., 2004),
relatively early onset of substance use disorders (Carlson et al., 2007), and has been
conceptualized as part of a transdiagnostic dimension that includes substance use disorders
(Krueger et al., 2002). Given the common co-occurrence of externalizing disorders and
problematic substance use, existing studies, including those in the current meta-analysis,
have frequently used definitions of substance use risk that include externalizing
psychopathology. However, as has been suggested previously (Verdejo-Garcia et al., 2008)
and supported by the current project, this may lead to variability in the literature.
Specifically, our results suggested striatal activation differences in substance use risk may be
moderated by the co-occurrence of externalizing psychopathology. To this end, the lack of
externalizing differences might explain, for example, a recent sizeable sample that failed to
show striatal activation differences between family history positive and family history
negative subjects during a modified monetary incentive delay task (Muller et al., 2015).
Nevertheless, while the current results may point towards externalizing psychopathology as
a potential moderator or mediator of substance use risk differences, more studies and
increased data sharing are required to fully disambiguate these challenges. Notably,
increased data sharing would permit more sophisticated image-based meta-analyses (Salimi-
Khorshidi et al., 2009) that, unlike coordinate-based meta-analysis, can incorporate entirely
null studies (e.g., (Muller et al., 2015)) and provide critical information on overall effect
sizes.

Substance Use Risk and Addiction.—In addition to providing clarity on variability
among the substance use risk literature, the current meta-analysis may also provide context
for the existing addiction literature. For example, while the potential primary role of the
striatum in adolescent substance use vulnerability differs from the neurodevelopmental
literature, multiple models from the addiction literature have emphasized a particular role of
the striatum and reward systems in substance use progression.

A general “impulsivity theory” (cited from (Luijten et al., 2017)) has suggested addiction,
and thus potentially addiction vulnerability, is the result of a hyper-functioning striatum and
reward system (Bjork et al., 2010)(Bjork et al., 2012) that may manifest as a trait-level
behavioral feature, /mpulsivity. Similarly, allostasis theory predicts increased striatal
dopamine functioning and impulsivity mediate early experiences with drugs of abuse (Koab,
2011). These perspectives have the advantage of accounting for the association between
impulsive behavioral phenotypes, including disorders of the externalizing spectrum (e.qg.,
oppositional defiance, conduct disorder), and problematic substance use, which were
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supported by the current project’s results showing the potential moderating or mediating role
of externalizing psychopathology on activation difference associated with substance use risk.

Complimentary to theories concerning an early bias towards substance use, other
perspectives highlight the dynamic pharmacological interactions between drugs of abuse and
brain function. For example, both incentive salience theory (Robinson and Berridge, 1993)
and allostasis theory (Koob, 2011) suggest drugs of abuse lead to neuro-adaptations in the
striatum, which ultimately lead to substance use escalation. The current meta-analytic results
of striatal dysfunction that precede problematic substance use may signal a vulnerability to
these later neuroadaptations. An advantage of this perspective, wherein pre-existing
individual differences predict the course of substance use escalation, is that it might account
for the observation of substance use risk factors (externalizing symptoms: (Chassin et al.,
2002), (Brook et al., 2011); family history of SUD: (Waldenet al., 2007)) to predict both
early onset and more problematic substance use. Nevertheless, future longitudinal
neuroimaging research, equipped to parse pre-existing between-subject differences and
within-subject escalation of substance use (e.g., ABCD study: (Volkow et al., 2017)), are
required to test these predictions. Such dense longitudinal neuroimaging research can also
assist in examining cortical control areas that may serve as secondary markers of clinical
severity and substance use risk. Additionally, longitudinal analyses of functional
connectivity may help clarify potential interactions between cortical control and striatal
regions in problematic substance use and related forms of psychopathology.

Dorsal versus Ventral Striatal Dysfunction.—An intriguing result from the current
project is the potential distinction between dorsal and ventral subdivisions of the striatum in
substance use risk. For example, striatal hyper-activation in substance use risk was more
associated with the dorsal subdivision of the striatum, which has also been implicated in a
prior meta-analysis of externalizing psychopathology (Alegria et al., 2016). While we have
reviewed theories of addiction in the context of the striatum generally, growing evidence
suggests a functional distinction between dorsal and ventral subdivisions of the striatum. For
example, work in rodents and humans has suggested that, whereas the reinforcing effects of
drugs of abuse are mediated by the ventral striatum, the relative locus of behavioral control
transitions to the dorsal striatum during habitual substance use (Everitt and Robbins, 2013)
(Vollstadt-Klein et al., 2010). Given the current meta-analysis isolated substance use risk
prior to significant substance use involvement, our results may support prior suggestions of a
relative predisposition to compulsivity or habit formation (Everitt and Robbins, 2013) that
co-occurs with externalizing psychopathology (e.g., trait-level impulsivity). Again however,
large longitudinal studies are required to further test these predictions.

4.4. Study limitations

As the first neuroimaging meta-analysis of adolescent substance use vulnerability, this study
highlights essential targets for future research and theory development. However, as in any
analysis, there are important limitations to consider. First, as mentioned above, due to the
large number of studies using only region-of-interest, small volume correction, or multi-step
procedures, and our general use of published coordinates, this meta-analysis was limited to a
subset of the broader literature. While we took steps to contact authors and examine
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repositories for unthresholded statistical volumes to try and increase the potential number of
included studies, this limitation reflects general analysis and reporting practices. With
respect to the current project, the total number of studies included in the primary meta-
analysis (n = 22) is comparable to simulation studies (n = 20; (Salimi-Khorshidi et al.,
2009)) and other recent meta-analyses of clinical phenotypes. However, due to the
limitations raised above, we were limited in our ability to fully explore heterogeneity in this
emerging literature. For example, the performed subgroup (e.g., family history and
prospective studies) and subdomain (e.g., cognitive control and reward tasks) analyses relied
on restricted subsets of studies. Likewise, due to the limited number of studies, we were not
able to complete separate analyses on stimulus types within each task domain (i.e., reward
anticipation versus reward receipt). Furthermore, we were unable to restrict our analyses to
studies using entirely drug naive youth (see Supplemental S3), which would help
disambiguate the current markers of vulnerability to problematic substance use with those
associated with substance use /nitiation. Finally, due to the limited number of studies, and in
particular, the limited number of prospective prediction studies, we focused our analyses on
commonalities across family history and prospective prediction studies. However, this
prevented us from fully exploring heterogeneity within family history studies, as well as
differences between family history and prospective prediction studies that can provide
critical information on the distinction between risk and resilience to substance use disorders.

Another limitation of the current project and all meta-analyses of clinical phenotypes is that
spatial locations of activation differences may be constrained by the types of neuroimaging
tasks included in the literature. For example, few studies in our meta-analysis employed
tasks using emotional stimuli, which may have limited our indentification of reliable
neuroimaging markers of substance use risk in the amygdala and para-limbic systems
supporting emotional processing. In addition to this limitation on spatial sensitivity,
coordinate-based meta-analyses are limited in spatial specificity by the size of the kernel that
is convolved with the reported coordinate. Based on recommendations from simulation
(Salimi-Khorshidi et al., 2009), the current project used a sphere with a radius of 15 mm.
However, by definition, this procedure limits the certainty of spatial estimates. Finally, the
goal of coordinate-based meta-analyses is to determine spatial convergence of reported
coordinates, which differs from an “effect-size” meta-analysis typically found in behavioral
research. Accordingly, the results from the current meta-analysis should be viewed as a
quantitative integration of the included published brain regions implicated in substance use
risk, but not for the overall prevalence of such effects. Therefore, while the MKDA
procedures we used have been designed to provide results that generalize to new studies, the
current results should be interpreted within the context of the included studies and we
suggest further quantitative integration in this literature. Ultimately, improved spatial
sensitivity and specificity, and meta-analyses of “effect size” (i.e., image based meta-
analysis (Salimi-Khorshidi et al., 2009)) will require data sharing of either unthresholded
statistical volumes (NeuroVault, neurovault.org) or full data sets (OpenNeuro,
openneuro.org).
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5. Conclusion

In summary, the current meta-analysis provides preliminary evidence for a more primary
role of striatal dysfunction in adolescent vulnerability to substance use, with limited support
for prefrontal activation differences hypothesized in ‘dual-risk” models. We propose hyper-
activation of the striatum, possibly through a dimensional predisposition to compulsivity and
habit formation shared with externalizing psychopathology, may predict later problematic
substance use. However, more studies and increased data sharing are necessary; ary for a
comprehensive understanding of the neuroimaging markers of adolescent substance use risk.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A) Primary meta-analysis of all studies and all foci of substance use risk (peak coordinate,

LPI MNI -8, 10, 4). B) Increased activation associated with substance use risk (peak
coordinate, LP1 MNI 26, 8, —4). Statistical maps displayed over Montreal Neurological
Institute-152 template in neurological view. All results FWER p < .05 with single voxel p
<.01. Scale bar (weighted % of studies with activation difference) refers to the relative
proportion of studies with a risk difference, weighted by the square root of the study sample
size (see description in Methods section).
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Results from prospective prediction and family history of SUD studies in striatal clusters
defined from primary meta-analysis (“all studies’, A) and from ‘risk > non-risk’ studies (B).
Y-axes (weighted % of studies with activation difference) refers to the relative proportion of
studies with a risk difference, weighted by the square root of the study sample size (see
description in Methods section). Cluster displayed in yellow to denote the proportion of
studies with activation differences was calculated across the cluster.
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Fig. 3.
Top panel displays results from substance use risk studies with and without externalizing

disorders in striatal clusters defined from the primary ’all studies’ meta-analysis (A) and
from ’risk > non-risk’ studies (B). Bar plots display proportion of studies with activation
differences calculated across the cluster, weighted by the square root of the sample size.
Striatal images below show that for the primary meta-analysis (A), studies where substance
use risk included externalizing disorders were significantly more likely (FDR-corrected) to
report activation differences in the striatum. Scale bar below refers to voxel p-value from
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chi-square analysis comparing activation difference versus no activation difference in
substance use risk and substance use risk with externalizing analysis (yellow, p > .05;
orange, p < .05, uncorrected, red, FDR-corrected (q) < 0.05 within striatal mask). C and D
display the same information for the analysis where studies including externalizing disorders
in substance use risk definitions were aggregated with studies not excluding other
psychopathology or where externalizing psychopathology was matched across groups.
Statistical maps displayed over Montreal Neurological Institute-152 template in neurological
view.
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Fig. 4.
Conjunction of significant (FWER p < .05 with single voxel p <.01) clusters across

sensitivity analyses (n = 3) for “all studies’ (A) and ‘risk > non-risk’ (B). Statistical maps
displayed over Montreal Neurological Institute-152 template in neurological view. See
Results section in main text and Supplemental S12 for individual sensitivity analyses.
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