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ABSTRACT

Adolescent substance use is a major public health concern due to increased risk of
future physical and mental health conditions. Fronto-striatal functioning — particularly
regarding inhibition and reward processing — may increase vulnerability to high-risk
substance use. However, it remains unclear if these neurobiological differences precede
substance use or are consequences of it. The ongoing Adolescent Brain Cognitive
Development (ABCD) Study follows over 10000 youth, offering an unprecedented
opportunity to longitudinally examine substance use patterns throughout development.
We utilized family-clustered time-varying Cox proportional hazard models to
prospectively examine main and interaction effects of right Inferior Frontal Gyrus (IFG)
inhibitory control and bilateral nucleus accumbens (NAc) reward response, alongside
early life adversity and peer substance use as predictors of alcohol and cannabis onset
in the ABCD Study. We identified a significant crossover interaction such that left NAc
activity had a slight positive association with first full alcoholic drink in the context of
higher right IFG activity but a negative association in the context of lower right IFG
activity. However, peer alcohol and cannabis use emerged as the strongest predictors of
outcomes. Alcohol onset was also more common in females, and early life adversity
was associated only with cannabis onset. Findings indicate that interactions between
inhibition- and reward-related brain regions may impact risk for early substance use
onset, but these effects may be modest relative to socioenvironmental factors.
Additionally, divergent alcohol and cannabis findings suggest that risk profiles are
substance specific. Peer-focused strategies should be considered in preventive efforts.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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1. Introduction

Early adolescent substance use is linked to long-term negative outcomes,
including future diagnosis of a substance use disorder[1,2], other psychiatric disorders
and relational, academic, and employment difficulties[3]. For example, alcohol use
before the age of 15 years old was previously found to increase the risk of an alcohol
use disorder by 38% [4]. A twin study found that those who used cannabis by age 17
were up to five times more likely to use other substances or have a substance use
disorder[5].

It is thought that these detrimental effects may be at least in part due to
substance-induced disruption to neurodevelopmental changes in the adolescent brain.
Use of addictive substances is known to alter fronto-striatal networks, largely due to
their impact on dopaminergic systems in these networks [6]. Neurobiological sensitivity
generally to substance effects is notably heightened during adolescence [7], and may
be an explanatory mediating process by which adolescent substance use increases
likelihood of a use disorder later in life. A recent analysis of the Adolescent Brain Cohort
Study (ABCD) found that developmentally-normative improvements in cognitive
functioning during adolescence were attenuated in youth that had previously used
cannabis[8]. A 2026 systematic review found that age of first cannabis use was linked to
subsequent differences in gray and white matter morphology, particularly in
frontocortico-limbic regions[9]. Similar patterns have been linked to adolescent alcohol
use [10].

However, while early substance use may have neurobiological consequences,
neurobiological differences may also constitute predisposing vulnerabilities to
adolescent substance use disorders. Early substance onset may be attributable to
neurobiologically-based differences in inhibitory and reward-processing [7,11,12].
Specifically, anatomical and functional differences in the right inferior frontal gyrus (IFG)
and bilateral nucleus accumbens (NAc), alongside corresponding differences in
impulsivity and reward sensitivity, respectively, have been widely documented as
increasing vulnerability to substance use-related problems. Reward sensitivity may
contribute to increased salience or weighting of perceived substance-related rewards,
alongside decreased salience or discounting of potential consequences. Deficits in
cognitive control may impact ability to inhibit higher-risk behaviors, such as substance
use, even in the face of negative consequences. Such studies identifying differences in
frontostriatal circuitry associated with substance use-related difficulties have been
fundamental to our current understanding of addiction [7,13,14].

It has also been proposed that interactions between brain regions primarily
associated with "regulatory" executive functioning and brain regions primarily
associated with reward/loss "reactive" processing (e.g. IFG and NAc interactions)
should be considered when assessing neurobiological risk factors for substance-related
problems [7,15]. From a neurodevelopmental perspective, imbalances in the
developmental trajectories of frontocortical cognitive control and striatal reward
sensitivity during adolescence further underscore the importance of examining
interactions between these processes [7]. This may involve both top-down and bottom-
up processes. For example, if one is more responsive to perceived substance-related
rewards, higher inhibitory control may be necessary to prevent substance use. Thus,
cognitive control may impact susceptibility to substance use, particularly in those with
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heightened sensitivity to rewards. Such interactions may have greater impacts on
substance use patterns compared to the role of each of these regions alone [15].

Lastly, it is generally agreed upon that both neurobiological and
socioenvironmental factors likely play an etiological role in substance use disorders [16—
19]. Early life adversity has been well-characterized as a risk factor for early substance
use [20,21]. Beyond adversity, peer substance use is also highly associated with
adolescent substance use-related problems, independently of trauma exposure [22],
and adolescent substance use behaviors tend to follow peer use patterns [23]. Yet,
debates remain regarding the relative emphasis placed on the etiological role of
biological versus socioenvironmental characteristics. The unique contributions of each
have not been clearly delineated in parallel. While human experimental studies cannot
be conducted to establish causality, large-scale prospective studies are needed to
better temporally elucidate the distinct relationships between neurobiological and
socioenvironmental factors and adolescent substance use [24,25].

Taken together, it remains unclear if differences in right IFG and NAc activity and
interactions between these regions are either predisposing vulnerabilities or are
consequences of adolescent substance use, and how neurobiological and
socioenvironmental factors may uniquely contribute to risk. To address these gaps, we
leverage the large-scale, longitudinal data from the Adolescent Brain Cognitive
Development (ABCD) Study. The ABCD Study follows over 10,000 youth for 10 years,
assessing a broad range of biopsychosocial characteristics, including psychopathology,
substance use, familial characteristics, socio-environmental factors, genetics, and
neurobiological factors. The study offers an unparalleled opportunity to rigorously
investigate risk factors for adolescent substance use and identify potential targets for
early intervention. Differences in gray matter morphology were previously found to
predict early substance onset (primarily alcohol) up to age 14 in the ABCD study, but
substance use and functional magnetic resonance imaging (fMRI) variables have not
yet been investigated using the most recently-available data from the study.

Here, we prospectively examine individual associations and interactions between
right IFG and bilateral NAc activity during response inhibition and reward anticipation as
predictors of adolescent alcohol and cannabis use. In consideration of
socioenvironmental factors we incorporate peer substance use and early life adversity
in our analyses. Recent findings have also identified sex differences in substance use
patterns in the ABCD study; thus, we also include sex as a covariate[26]. We
hypothesized that each of these neurobiological and socioenvironmental factors would
be independently associated with alcohol and cannabis use onset. We further predicted
that right IFG activity would moderate the relationship between NAc activity and onset of
alcohol and cannabis use.

2. Methods

We conducted a secondary analysis of tabulated data from the ongoing
Adolescent Brain Cognitive Development (ABCD) Study (Data Release 7.0). Centralized
institutional review board approval was obtained for the ABCD study from the University
of California, San Diego. Written informed consent and assent was obtained from
guardians and participants, respectively. Institutional review board approval for the
present secondary analysis was obtained from the University of British Columbia in
accordance with local requirements. We used all available data starting at baseline (age
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9-10 years old) to year-7 follow-up (age 17-18 years old). Participants were excluded
from corresponding alcohol or cannabis analyses if their age of first alcohol or cannabis
use was less than or equal to their age at first study session (alcohol: 225; cannabis:
35). MRI data was collected biennially starting at baseline and all other data was
collected annually.

2.1. Functional Magnetic Resonance Imaging (fMRI)

Participants completed fMRI scans biennially, starting at baseline. We utilize
tabulated biennial data from the Monetary Incentive Delay (MID) task, the Stop Signal
Task (SST). Data that did not meet ABCD study quality control recommendations were
excluded [27]. We describe the tasks briefly here but more information on MRI task,
sequence, processing, region of interest parcellation, and quality control methods have
been previously well documented and can be found in the ABCD Study Documentation
[27], Casey et al. [28], and Hagler et al. [29].

2.1.1. Monetary Incentive Delay (MID) Task

The MID task assesses reward processing [30,31]. The task comprises trials
involving the presentation of a large or small reward or loss, or neutral cue; followed by
a target cue, during which participants must respond to a target cue to win the reward or
avoid a loss; and then response feedback. The MID task has been found to elicit a
response in the ventral striatum/NAc during reward processing and to be linked to
substance addiction [28,30,32-34]. We examined left and right NAc anticipation of
reward versus neutral contrasts from the task.

2.1.2. Stop Signal Task (SST)

The SST assesses response inhibition, defined as the ability to cancel or stop an
already-initiated action, and is associated with activity in the right IFG and with addiction
[28,35—-37]. The SST consists of "go" trials and "stop" trials. During "Go" trials, response
cues (left or right-facing arrows) are presented for less than 1000ms, during which
participants must press a button corresponding to the direction of the arrow. During
"stop" trials, response cues are presented for less than 900ms, followed by a "stop”
signal (upward facing arrow) for approximately 300ms. Participants must inhibit their
response when a stop signal is presented. The stop signal delay is computed as the
time between the onset of the initial response cue and the stop signal. The stop signal
delay is continuously adjusted according to task performance, such that the delay is
reduced by 50ms after an unsuccessful inhibition or increased by 50ms after a
successful inhibition. We used right pars opercularis IFG [38] correct stop versus correct
go contrasts from the task.

2.2. Early Life Adversity

Annual composite ELA scores were computed according to the "ELA+" methods
in Breslin et al. [39]. Code was updated according to ABCD Data Release 7.0. Domains
incorporated in the composite scores include physical, emotional, and sexual abuse;
physical and emotional neglect; at-home violence; caregiver divorce; caregiver
psychiatric illness; caregiver substance misuse; caregiver incarceration; community
disaster and violence exposure; familial financial difficulties; and caregiver separation.
Sources included caregiver and youth reported measures. As age and sex-normalized
T-scores for caregiver psychiatric assessments were not available, within-sample ABCD
caregiver T-scores were computed and used in composite ELA score calculations.
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2.3. Peer Substance Use

Participant-reported peer alcohol and cannabis use data were collected annually
[40-43]. Peer alcohol and cannabis use were each scored as a binary (none or a
few/some/most/all) according to youth responses to the questions “How many of your
friends drink alcohol (full beer, wine, or liquor?)” and "How many of your friends use
cannabis?", respectively.

2.4. Substance Use

Alcohol and cannabis use data were collected biannually via youth self-report.
Time to first alcohol and cannabis use were extracted from summary substance use
data provided in the study data release and was defined by the age at which the
participant first used any form of alcohol or cannabis containing product. We examined
time to first full alcoholic drink or time to first cannabis use for initiation (excludes low
level use such as a "sip" or "puff"). Initiation was coded as a binary (yes/no) based on
provided summary data. See Lisdahl et al. [42] for additional details on substance use
data collection methods.

2.5. Cox Regression Analyses

Family-clustered time-varying robust Cox proportional hazard models were
computed to evaluate the relationships between fMRI measures and each of alcohol
and cannabis initiation. We tested interactions between (1) left NAc MID and right IFG
SST activity and (2) right NAc MID and right IFG SST activity. Main effects were also
tested in each model. Preliminary correlations between right IFG activity and NAc
activity were non-significant, verifying that these capture distinct constructs (p > .05).
ELA composite scores, peer substance use and fMRI variables were included as time-
varying predictors. Sex assigned at birth was included as a time-invariant predictor.
Peer alcohol and cannabis use, assessed via the questions “How many of your friends
drink alcohol/use cannabis?” were converted into binary variables (none or a
few/some/most/all) at each timepoint. Continuous predictors were standardized into z-
scores calculated by timepoint. Models were clustered by family to account for non-
independence of siblings. For outcome variables, stop time was input into the models as
age of first initiation, or most recent follow-up year in which data was collected in the
case of censored outcomes (i.e., no reported initiation). We prioritize effect sizes and
confidence intervals, beyond nominally reported p-values, in interpretation of findings
given the large sample size. All analyses and figures were generated in RStudio [44—
48].

For those reporting alcohol or cannabis initiation, only data from predictors from
timepoints preceding their corresponding substance use event were included.
Participants for whom their age of first use was before their age at their first included
observation were excluded from analyses. All available data from each timepoint was
otherwise used. Last observation carried forward (LOCF) was used in the case of
missing data or fMRI scans that did not meet ABCD study quality control
recommendations [27]. The assumption of proportional hazards was violated when
proportional hazards tests on Schoenfeld residuals were conducted (p's < .05) and
confirmed via visual inspection; however, the violation was deemed negligible upon
finding no meaningful differences in results when splitting variables by time. Prior
literature has found that effects of such violations are minimal [49].
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3. Results
3.1. Demographics and Descriptives

Our analyses comprised n = 10148 and 10338 for alcohol and cannabis,
respectively, out of the original ABCD Study sample of N = 11875. Mean age of alcohol
and cannabis initiation were 14.80 (1.62) and 14.88 (SD = 1.41), respectively. Further
descriptives are detailed in Table 1.

Table 1. Descriptives.

ALC! CAN*
All No Yes All No Yes

N (%) 10148 (100) 7656 (75.4) 2492 (24.6) 10338 (100) 7833 (75.8) 2505 (24.2)
Sex assigned at
birth

Female 4852 (48) 3600 (47) 1252 (50) 4938 (48) 3700 (47) 1238 (49)

Male 5296 (52) 4056 (53) 1240 (50) 5400 (52) 4133 (53) 1267 (51)
ELA composite 2(1,3) 2(1,3) 1(1,3) 2(1,3) 1(0, 3) 2(1,4)
Peer alc/can use?

None 9843 (97) 7439 (97) 2404 (96) 10019 (97) 7612 (97) 2407 (96)

A few/some/

mostall 305 (3.0) 217 (2.8) 88 (3.5) 319 (3.1) 221 (2.8) 98 (3.9)

Age of initiation® 14.80 (1.62) - 14.80 (1.62) 14.88 (1.41) - 14.88 (1.41)

1. Values are N (%) or mean (SD)

2. Peer ALC substance for ALC columns, peer CAN use for CAN columns

3. Age of ALC initiation for ALC columns, age of CAN initiation for CAN columns
Note: ALC = alcohol; CAN = cannabis; ELA = early life adversity

3.2. Alcohol and Cannabis Initiation

Findings for alcohol and cannabis initiation, including statistics, are shown in
Figure 1. Findings for covariates were consistent between right IFG-left NAc and right
IFG-right NAc alcohol and cannabis models. Scanner site was explored as an additional
covariate but did not meaningfully change findings and was thus removed from our
models.

Female participants had higher hazards of alcohol initiation. Peer alcohol use
increased hazards of alcohol initiation and had the strongest effect in our models. ELA
scores did not significantly predict alcohol initiation. There was a significant main effect
of right IFG activity and a significant crossover interaction between right IFG and left
NAc activity. Post-hoc analyses revealed that left NAc activity displayed a negative
trend with initiation in the context of lower right IFG activity but inverted to a positive
trend in the context of higher right IFG activity (Figure 2).

There were no significant sex differences for cannabis initiation. Similarly to our
alcohol models, peer cannabis use increased hazards of cannabis initiation, and had
the strongest association to cannabis initiation. ELA scores were associated with higher
hazards of cannabis initiation. There were no significant relationships with NAc or right
IFG activity.


https://doi.org/10.64898/2026.08.26.26360720
http://creativecommons.org/licenses/by-nc/4.0/

A. Alcohol initiation HR (95% CI) p B. Cannabis initiation HR (35% C1) p

Sex (female relative to male) —— 1.09 (1.01-1.18) 029 Sex (female relative to male) —e—] 1.02 (0.95-1.11) 542
Early Life Adversity e 0.97 (0.93-1.01) 108 Early Life Adversity Fed 1.28 (1.24-1.33) <.001
Peer Alcohol Use F—— 197(1.85210) <.001 Peer Cannabis Use F—— 1790871.91) <.001
Right IFG (SST) |ef 0.96 (0.93-0.99) 012 Right IFG (SST) |ef 1.00 (0.97-1.02) 777
Left NAc (MID) H 1.00 (0.98-1.04) 749 Left NAc (MID) |.'| 1.01 (0.98-1.04) 654
Right NAc (MID)  }ef 1.02 (0.99-1.05) 219 Right NAc (MID)  |&{ 1.01 (0.98-1.04) 673
Right IFG (SST) x Left NAG (MID)  |o] 1.02 (1.00-1.05) 032 Right IFG (SST) x Left NAc (MID) o] 0.98 (0.96-1.01) 147
Right IFG (SST)x Right NAc (MID) e 1.01 (0.99-1.04) 307 Right IFG (SST)x Right NAc (MID) || 0.99 (0.97-1.02) 532
0.9 1.2 15 1.8 21 1.00 1.25 1.50 1.75
Hazard Ratio Hazard Ratio

Figure 1. Cox proportional hazard model results. (A) Alcohol initiation. (B) Cannabis initiation. Covariate findings were consistent across right IFG-left NAc and right IFG-
right NAC models; thus, hazard ratios from one model are shown in gray to avoid redundancy. Hazard ratios for neuroimaging measures are indicated in dark blue. Cl =
Confidence interval; HR = hazard ratio; IFG = inferior frontal gyrus; NAc = nucleus accumbens; MID = Monetary Incentive Delay Task; SST = Stop Signal Task.
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Figure 2. Hazard ratios of alcohol initiation for left NAc (MID) by right IFG (SST) activity. Shading indicates 95% confidence intervals. IFG = inferior frontal gyrus; NAc =
nucleus accumbens; SD = standard deviation.


https://doi.org/10.64898/2026.08.26.26360720
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.08.26.26360720; this version posted August 31, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

4. Discussion

In this study, we address the need for prospective investigations on risk factors for
adolescent substance use, capitalizing on the ABCD Study's large-scale, longitudinal
data obtained from a diverse national sample. We explored both neurobiological and
socioenvironmental risk factors in parallel, allowing for the delineation of the potential
unique contributions of these different factors. By using time-varying analysis, we were
able to evaluate variables of interest dynamically, leveraging all available datapoints
across timepoints while still maintaining a prospective approach. Family-clustering
enabled the inclusion of siblings, accounting for potential collinearity between
observations and allowing us to retain a larger proportion of the original sample.

Prevalence of alcohol and cannabis initiation were high, at approximately 24%.
Results often differed between alcohol and cannabis outcomes, which may indicate
etiological heterogeneity in adolescent substance use patterns. Right IFG and NAc
activity were unrelated to alcohol and cannabis initiation. There was a significant
interaction between right IFG inhibitory control-related and left NAc reward anticipation-
related activity in predicting alcohol initiation, providing some support for the
neurocognitive regulation-reaction hypothesis [15]. We found that left NAc activity —
generally linked to increased reward sensitivity — was positively associated with alcohol
initiation in the context of increased right IFG activity. Heightened right IFG activity
during response inhibition may be indicative of a compensatory response and
heightened effortfulness of cognitive control (i.e., lower inhibitory executive functioning)
[15,50]. Brain activations during the SST have been previously found to be negatively
correlated with behavioral task performance [51]. In contrast, left NAc activity in the
context of reduced right IFG activity was negatively associated with alcohol initiation,
suggesting that increased cognitive control may be protective against alcohol use in
those with heightened NAc reward sensitivity. This potential moderating relationship
also indicates that substance use onset may involve both bottom-up ("reactive") and
top-down ("regulatory") processes. However, while the interaction between right IFG
and NAc activity in relation to initiation was statistically significant, this should be
interpreted cautiously with consideration for confidence intervals.

Beyond this interaction in alcohol initiation, neuroimaging-based measures were
largely unrelated to substance use outcomes. As substance use was examined
prospectively in our analyses, our findings suggest that previously identified differences
in NAc and right IFG function found in the context of substance use may arise later in
development, emerge as a consequence of escalating substance use, and/or only
predict higher threshold substance use, as opposed to age of first initiation. It is
possible that other regions of interest or other neuroimaging approaches not
investigated in the present analyses may play a role in risk for adolescent substance
use. Further research investigating main and interaction effects in relevant brain regions
may be warranted, especially given the lower-threshold substance use metric used in
our analyses. However, a prior study of neurobiological and contextual risk factors of
alcohol initiation utilizing earlier waves of data from the ABCD Study found that
statistical models including gray matter morphology in the NAc and prefrontal cortex did
not meaningfully predict alcohol initiation when accounting for contextual factors. Taken
together, the relative impact of these neurobiological processes may be less meaningful
in comparison to other risk factors for alcohol and cannabis onset by age 18.
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Female participants were more likely to engage in alcohol initiation than male
participants. This sex difference did not replicate when examining cannabis outcomes.
Historically, males have been more likely to drink alcohol [52] and use cannabis [53,54].
However, our finding of increased risk of alcohol use for female participants parallels
with year-6 follow-up reports from the ABCD study [26] and recent trends in adolescent
alcohol use in the United States [55]. The lack of a significant sex difference in cannabis
outcomes may reflect the increasing prevalence of use amongst females [53]. While the
ABCD study is in the United States, findings also converge with trends in sex-
differences in alcohol and cannabis use in Canada [56,57]. While the long-term
outcomes of demographic shifts in substance use are unknown, this may have
implications for potential changes in substance use disorder demographics in the
future[26].

ELA was positively associated with of cannabis use, but not alcohol use.
Interestingly, while non-significant, the relationship between ELA and alcohol initiation
was trending in the opposite direction compared to cannabis initiation, further
underscoring that early alcohol and cannabis use may be driven by different processes.
A prior study found that while ELAs were associated with both alcohol and cannabis
use, internalizing and externalizing problems mediated the relationship between ELA
and cannabis use, but not alcohol use [20]. ELAs were also found to be more strongly
related to adolescent cannabis use frequency than alcohol use frequency. Previous
studies have also identified positive associations between SES and alcohol outcomes
[58-61], but negative associations with other substances [60]. It is also important to
note that lower SES may be related to more substance-use related harms, regardless of
consumption levels [62]. Further research is needed to examine the nuances between
adversity and substance use. Psychosocial interventions aimed at directly preventing or
minimizing impacts of adversity should also be considered. While our evidence indicates
that these would be particularly relevant to early cannabis use, and less-so for alcohol
use, ELAs are broadly associated with adverse health and psychosocial outcomes, and
interventions may therefore have widespread benefits.

Peer alcohol and cannabis use were the strongest predictors of age of onset,
increasing risk by 47-97%. This relationship has been frequently identified, highlighting
the often social nature of early substance use [63—67]. This relationship may be
mediated by increased perceived positive expectancies around substance effects [68].
In consideration of the interaction between right IFG-left NAc in our findings, perceived
positive expectancies may be particularly relevant to substance use risk for those that
have stronger left NAc responses to reward and right IFG responses during inhibitory
processing; although, this would need to be tested empirically. Peer- and community-
based strategies may be an effective approach to adolescent substance use prevention
and intervention [67,69,70]. Also, while we identified substance use behaviors,
prospectively (i.e., after peer substance use), there is prior evidence that this may be a
bidirectional relationship [63,66], and peer-based interventions may thus have broader
reach.

This study has some limitations. While we focused on the right IFG and NAc,
other regions, such as the amygdala, insula, and fronto-cortical regions, likely warrant
investigation [28,71,72]. Response to rewards and losses, or other neurocognitive
functions, could also be considered. Secondly, while we examined substance use
prospectively, etiology cannot be conclusively determined in an observational study.
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Lastly, the ABCD Study is subject to sampling biases, and may not be generalizable to
other populations [73,74].

In summary, alcohol and cannabis initiation have somewhat distinct risk profiles,
with differing socioenvironmental and neurobiological risk factors. Peer substance use
was the most consistent and strongest predictor across both substances. Top-down and
bottom-up interactions between brain regions associated with cognitive control and
reward processing may be relevant in the context of alcohol initiation, but interpretability
is limited by relatively broad confidence intervals. Peer-based strategies and
psychosocial approaches to reducing early life adversity may be particularly important in
preventing higher-risk adolescent substance use. Future directions include investigating
other neuroimaging-based factors or higher threshold substance use. To our knowledge,
this is the largest study to prospectively examine socioenvironmental and
neurobiological correlates of substance use onset in adolescence using the most
current data from the ABCD Study.
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