& frontiers | Frontiers in

") Check for updates

OPEN ACCESS

EDITED BY

Joanna Jacobus,

University of California, San Diego, United
States

REVIEWED BY

Goldie McQuiaid,

George Mason University, United States
Joseph Happer,

University of California, San Diego, United
States

*CORRESPONDENCE
Matthew T. Sutherland
masuther@fiu.edu

RECEIVED 07 November 2025
REVISED 09 January 2026
ACCEPTED 12 January 2026
PUBLISHED 05 February 2026

CITATION

Viera Perez PM, Hill LD, Crooks KE,
Sutherland BD, Laird AR, Trucco EM and
Sutherland MT (2026) Blunted reward-related
striatal activity and behavioral disinhibition as a
pathway to adolescent cannabis and
e-cigarette use.

Front. Adolesc. Med. 4:1741884.

doi: 10.3389/fradm.2026.1741884

COPYRIGHT

© 2026 Viera Perez, Hill, Crooks, Sutherland,
Laird, Trucco and Sutherland. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Adolescent Medicine

TYPE Original Research
PUBLISHED 05 February 2026
DOl 10.3389/fradm.2026.1741884

Blunted reward-related striatal
activity and behavioral
disinhibition as a pathway to
adolescent cannabis and
e-cigarette use

Patricio M. Viera Perez'’, Lauren D. Hill**’, Katharine E. Crooks",
Benjelene D. Sutherland'?, Angela R. Laird*, Elisa M. Trucco"**
and Matthew T. Sutherland"**

!Department of Psychology, Florida International University, Miami, FL, United States, 2The Center for
Children and Families, Florida International University, Miami, FL, United States, *Department of
Psychiatry and Behavioral Sciences, Vanderbilt University Medical Center, Nashville, TN, United States,
“Department of Physics, Florida International University, Miami, FL, United States, *Department of
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Introduction: Adolescence is a period notable for increased risk-taking behaviors,
including substance use (SU). Longitudinal work has linked behavioral disinhibition,
particularly impulsive dispositions and externalizing tendencies with SU, but the
underlying neurobiological manifestations remain less well-defined. This study
examined whether individual differences in reward-related striatal activity and
impulsivity predicted mental health (externalizing symptoms) and SU outcomes
(cannabis, nicotine, alcohol) over a year later.

Methods: Adolescents (n = 140; M,qe = 14.9 years) from a larger longitudinal cohort
completed a Monetary Incentive Delay (MID) fMRI task at baseline along with a
measure of self-reported impulsivity. At follow-up, they reported externalizing
symptoms and days of cannabis, e-cigarette, and alcohol use. Task behavior
[response times [RTs], hit rates [HRs]] and striatal responses to anticipatory gain
cues were extracted. Serial mediation models tested whether impulsivity and
externalizing mediated an association between striatal activity and subsequent SU.
Results: Behaviorally, gain cues elicited faster target-related RTs and higher HRs
(vs. loss or neutral trials), and performance scaled with incentive magnitude.
Gain (vs. neutral) cues elicited greater bilateral caudate activity where more
left caudate activity correlated with faster RTs and lower impulsivity. Serial
mediation revealed that less left striatal activity during reward anticipation
linked with higher impulsivity, which predicted more subsequent externalizing
symptoms that, in turn, linked with more cannabis [indirect effect =-0.01,
95%Cl (—0.04, —0.001)] and e-cigarette use days [indirect effect = -0.02, 95%
Cl (-0.05, —0.004)]. No indirect or direct effects emerged for alcohol use.
Conclusions: These findings suggest blunted striatal activity may reflect
reduced motivational drive for lower-intensity rewards (e.g., fictitious MID
monetary gains), which contribute to SU vulnerability via heightened
behavioral disinhibition in pursuit of higher-intensity stimulation. Intervention
strategies that upregulate everyday reward value and strengthen self-
regulation may offer utility in reducing teen SU.
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Introduction

Adolescence is a developmental period characterized by a
normative increase in the propensity to engage in risk-taking
behaviors such as substance use (SU) (I, 2). Despite recent
declines, adolescent SU remains a public health concern, with
cannabis, nicotine, and alcohol being the most commonly used
among youth (3, 4). Estimates from the 2025 Monitoring the Future
study report indicate that ~16% of 10th graders used cannabis,
~15% vaped nicotine, and ~26% consumed alcohol in the year
prior (5). These rates are concerning because early SU initiation
confers elevated risk for later SU disorders and mental health
issues (6-8). Accordingly, clarifying neurobiological and behavioral
risk-resilience mechanisms is a priority to facilitate intervention
refinement for preventing, delaying, or reducing teen SU.

Neurobiological models highlight the striatum as a key
contributor to motivational and reinforcement processes
relevant to the emergence, escalation, and maintenance of SU
(9-11). The striatum encodes incentive salience and translates
the value of rewarding stimuli into approach behavior (12, 13),
in part via dopaminergic input from midbrain nuclei [ie.,
ventral tegmental area [VTA], substantia nigra pars compacta
[SNc]] (10, 14). The ventral striatum (VS; nucleus accumbens)
supports incentive valuation and instrumental action-outcome
learning, leveraging dopaminergic reward-prediction-error
signals, predominantly from the VTA, to update expected-value
The

receives

representations and goal-directed motivation (15-17).
(DS; caudate, which
predominantly SNc¢ dopaminergic input, links value to action,

dorsal = striatum putamen),
translating motivational information into motor preparation via
cortico-striato-thalamo-cortical loops involving the premotor
cortex and supplementary motor area (18-22). Both striatal
subdivisions are responsive to primary and secondary rewards,
to reward-predictive cues, and, among chronic users, are
consistently engaged by drug-related stimuli (23-25). Individual
differences in striatal activity during reward processing can be
linked to real-world health-related behaviors including risk-
taking, impulsive decisions, and SU outcomes (26-30). Further,
chronic substance exposure is accompanied by fronto-striatal
alterations contributing to blunted sensitivity to non-drug
rewards and heightened responsivity to drug-related cues (11,
31, 32). Importantly, such alterations may not be solely the
consequence of chronic use, as accumulating evidence suggests
that reward-related brain activity among adolescents is linked
with future SU, representing a plausible neurobiological risk
factor for use progression (29, 33, 34).

Developmental models characterize adolescence as a period of
fronto-striatal  plasticity, ~with  motivation-related limbic
maturation outpacing that of control-related prefrontal systems
(1, 35, 36). Within striatal circuits, synaptic pruning, dendritic
spine remodeling, and changes in dopaminergic receptor
expression alter how rewarding stimuli are evaluated and
into action (37-39).
changes behaviorally coincide with heightened novelty seeking,

translated These neurodevelopmental

exploration, and peer-influenced risk-taking (40-42). Against

this developmental backdrop, individual differences in
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reward-related striatal reactivity may contribute to variability in
real-world behavioral disinhibition. The Monetary Incentive Delay
(MID) task is a commonly used laboratory paradigm to probe
striatal and behavioral responses during different phases of reward
processing (23, 43, 44). In the MID, symbolic cues are presented
signaling potential gains or losses of varying magnitudes and, after
an anticipation interval, a target stimulus is presented to which
participants respond with a speeded button press to maximize
gains and minimize losses. Behaviorally, adolescents show faster
response times (RTs) and higher hit rates (HRs) to gain-trial
targets (vs. loss or neutral ones), with responses scaling as
incentives increase (23, 45, 46). Neurobiologically, ventral striatal
activity during gain anticipation tracks cue-encoded expected
value, whereas dorsal striatal (caudate) engagement relates to
subsequent RT, consistent with value-to-action mapping (23, 44,
45, 47, 48). As such, the MID task may provide useful metrics to
link reward-related neurobiology with individual differences in
behavioral disinhibition.

Within the broader construct of disinhibition, impulsivity can
be conceptualized as a proximal facet preceding externalizing and
SU behaviors. Impulsivity is a relatively stable tendency toward
rash, unplanned actions and difficulties delaying gratification,
both reflecting reduced top-down control over reward-driven
approach behaviors (1, 49). Across longitudinal cohorts,
adolescents who endorse higher impulsivity exhibit greater
subsequent rule-breaking, oppositionality, aggression, and SU
involvement, supporting a mechanistic  pathway from
neurobehavioral vulnerability to later mental health and SU
outcomes (50-57). These associations persist even after adjusting
for demographics, familial risk, and baseline behavioral problems,
suggesting that impulsivity represents a precursor to a downstream
externalizing phenotype linked with SU risk. Prospectively, higher
baseline impulsivity is associated with earlier SU initiation, faster
escalation, and greater persistence of cannabis, nicotine, and
alcohol use among adolescents (50, 52, 53, 58-60). Variation in
reward-related neurobiology may shape impulsive dispositions,
manifesting as blunted sensitivity to low-intensity incentives or a
bias toward immediate, higher-intensity stimulation, consistent
with reward-deficit and incentive-salience accounts (13, 43, 61-65).
Accordingly, we conceptualized impulsivity as a broad liability
serving as a proximal bridge linking reward-related striatal
responsivity to future externalizing behaviors and real-world risk
for cannabis, nicotine, and alcohol use.

While impulsivity may operate as an early neurobehavioral
liability, externalizing symptomatology reflects a downstream
mental health outcome that consolidates vulnerability and
amplifies SU risk (50, 53). Externalizing symptoms (e.g., rule
breaking, aggression) provide a clinically grounded index of
disinhibition that prospectively predicts earlier SU onset and
steeper escalation (66-68). Longitudinal work further indicates
that externalizing trajectories across childhood and adolescence
are among the most robust behavioral predictors of later
alcohol use (57, 69, 70).
Neurobiologically, externalizing problems have been linked to

cannabis, nicotine, and

alterations in reward- and salience-processing circuitry (e.g.,
striatum, insula), along with weaker recruitment of prefrontal
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control during inhibition and performance monitoring (71-73).
Together with impulsivity, externalizing problems may capture
the behavioral expression of altered reward and salience
processing manifesting as heightened sensitivity to immediate
incentives or reduced responsivity to low-intensity rewards that
can bias some youth toward risk-taking behaviors.

An area of ambiguity in MID-based adolescent studies is
whether a liability for impulsivity, externalizing problems, and
SU relates to a
“reward-deficit” (hypo-responsivity) pattern in striatal reactivity

“reward-sensitivity” (hyperresponsivity) or a
(74). Hyperresponsivity accounts suggest that stronger reward-
related striatal responses heighten the motivational pull of
potential rewards, fostering sensation

seeking, approach

behavior, and early SU involvement (29, 75-77). Hypo-
responsivity accounts suggest that blunted striatal responses to
low-intensity  incentives predict impulsivity, externalizing
symptoms, and subsequent SU by predisposing some youth to
seek more potent, immediate, or higher-intensity rewards (27,
33, 46, 62, 78-81). As evidence exists for both views, the
directionality of the relationship between striatal activity and
measures of behavioral disinhibition may vary as a function of
developmental timing, prior substance exposure, or the specific
neuroimaging task implementation (74, 82). Despite divergent
findings, both accounts imply that individual differences in
reward-related striatal activity are behaviorally meaningful when
considering adolescent mental health and SU outcomes.

Given these neurobiological and behavioral factors, we
striatal

dispositions, and externalizing tendencies as components of a

conceptualized  reward-related reactivity, — impulsive
mechanistic pathway to adolescent SU. We considered three
primary hypotheses pertaining to task-related, brain-behavior, and
SU outcomes. For task-related outcomes, we expected anticipatory,
cue-related striatal activity to be greatest (and target-related RTs to
be fastest) on MID gain trials relative to loss or neutral trials. We
also expected behavioral responses to scale with incentive
magnitude, consistent with enhanced motivation to maximize
positive outcomes. For brain-behavior relationships, we expected
greater cue-related striatal activity on gain trials to correlate with
faster target-related RTs and self-reported impulsivity (but we did
not specify the direction of this impulsivity association given
mixed evidence in the literature). For SU outcomes, we expected
that individual differences in baseline striatal activity and/or
impulsivity would predict mental health (externalizing symptoms)
and subsequent SU outcomes (cannabis, e-cigarette, alcohol)
assessed at follow-up (~15 months later). To formalize this, we
tested serial mediation models evaluating whether impulsive
dispositions and externalizing tendencies mediated an association
between striatal activity and substance-specific days of use.

Methods
Participants

We analyzed data from a subsample of 140 adolescents [49%
female, 83% White, 88% Hispanic/Latino(a), age: 14.9 + 0.7 years
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(mean + SD), Table 1] who completed wave 1 (W1, n=164) and
wave 2 (W2, ~15 months later, n=151) of a larger longitudinal
study (N=264) examining SU etiological factors. While the
current analyses were limited to those participants completing
MRI scans, the resulting subsample did not differ from the full
cohort on any demographic or SU measures (p’s=0.15-0.99).
An additional 11 participants were excluded from subsequent
analyses given failed MRI quality control (e.g., excessive motion,
n=5) or incomplete behavioral data (e.g., terminated scan
earlier, n=5). At enrollment, participants were high school 9th-
10th graders (age range: 14-16 years) and their caregivers. W1
data collection spanned March 2018 through December 2019
and W2 from June 2019 to June 2021. Eligibility criteria for
youth included English fluency and no diagnosis of a learning
disability,
MRI exclusion criteria

disorder, intellectual or physical neurological
condition, or severe mental illness.
further left-handedness,

claustrophobia, and pregnancy. Prior SU at enrollment was not

included non-removable metal,
exclusionary to increase the likelihood of the sample’s use over

the study duration and to yield a more representative sample.

Study procedures

Recruitment occurred at public schools, and caregivers of
adolescents interested in participating were contacted for
screening. Eligible individuals were then scheduled for an initial
visit (W1a). Following consent/assent, youths and caregivers
completed questionnaires in separate rooms to ensure
confidentiality for ~90 min and ~45 min, respectively. For
eligible participants, initial data collection also included a

second visit (W1b) within one month of WIla involving

TABLE 1 Participant demographic characteristics.

| Characteristic  Wave 1 (n=153) Wave 2 (n=140) |

Age M+ SD (range) 14.9£0.7 (14-16) 16.2+£0.7 (15-17)

Grade level (n)

Freshmen 95 0
Sophomore 58 62
Junior - 71
Senior - 7

71/82 (46% Female)
25/128 (84% Hispanic)

68/72 (49% Female)
17/123 (88% Hispanic)

Biological Sex (Female/Male)

Hispanic/Latina(o) (no/yes)
Race (n)
Asian 3 (2.1% Asian)

1 (7.9% Black)

3 (2.0% Asian)

Black or African American 13 (8.5% Black)

Multiracial*
White

Caregiver SES

Total Household Income’
Highest Level of Education”

10 (6.5% Multiracial)
127 (83% White)

$50,000—$749,999

Bachelor’s Degree

10 (7.1% Multiracial)
116 (82.9% White)

$50,000—$749,999
Bachelor’s Degree

*Multiracial identity included 7 =1 identifying as Asian and Black (0.7%), n = 2 identifying
as Asian and White (1.4%), n=4 identifying as Black and White (2.9%), and n=3
identifying as Multiracial without specifying (2.1%).

“Median total household income in the past 12 months before assessment.

“Median highest level of education reported by caregivers. Study retention rate from Wave 1
(March 2018 to December 2019) to Wave 2 (June 2019 to June 2021) was 91.5%.
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additional youth questionnaires (~15min) and a MRI scan
session (~90 min). Two tasks were completed during the MRI
(i.e., a working memory n-back and a MID task) with a 10-min
resting-state fMRI scan between the tasks. W2 procedures
mirrored Wla, however, given COVID-19 restrictions, some
visits were completed remotely. Questionnaires  were
administered via REDCap using a tablet at in-person visits and
Study

procedures were approved by the Institutional Review Board

on personal electronic devices for remote visits.
and participants were compensated after each visit. Additional

participant and procedure details are reported elsewhere (83-88).

Self-report measures

Impulsive dispositions were characterized at W1b via the short
version of the Urgency, Premeditation, Perseverance, Sensation
Seeking, Positive Urgency (UPPS-P) behavior scale (49, 89). The
UPPS-P quantifies a multidimensional propensity toward rash
actions emotion-driven conscientious

spanning reactivity,

control  capacities, and appetitive approach behaviors.
Specifically, the instrument considers five facets indexing rash
actions under negative affect (negative urgency), rash actions
affect

forethought (lack of premeditation), difficulty sustaining effort

under positive (positive urgency), acting without
on challenging tasks (lack of perseverance), and preference for
intense/novel experiences (sensation seeking) (49, 89). Youth
rated the questionnaire’s 20 items on a 4-point Likert scale
(1 =strongly agree, 4=strongly disagree). Example items
include: “I welcome new and exciting experiences and sensations,
even if they are a little frightening and unconventional’
(sensation seeking), “I tend to act without thinking when I am
really excited” (positive urgency), and “I like to stop and think
things over before I do them” (lack of premeditation). To reduce
broad

multidimensional index, we summed ratings for all items

the number of comparisons and quantify a
(reverse-scoring where appropriate) to yield a total score with
higher values indicating a more impulsive disposition
(Cronbach’s a=0.62). The UPPS-P exhibits a replicable five-
factor structure and solid construct validity (89-91) where
higher total scores have been linked with externalizing-related
phenotypes in large youth cohorts (90, 92) and with risky
behaviors, including SU, among young adults (89). Accordingly,
we conceptualized total scores as a parsimonious index relevant
to mental health and SU outcomes.

Mental health and SU outcomes were characterized at W2
WI1b. Mental health
characteristics were quantified with the Achenbach System of
Empirically Based Assessment (ASEBA) Youth Self-Report (YSR)
(93). Specifically, we focused on the externalizing composite

which occurred ~15 months after

consisting of the rule-breaking and aggressive behavior subscales
(Cronbach’s a=0.83). To minimize overlapping information
(i.e., multicollinearity) with SU measures, we removed three SU
items from the rule-breaking subscale (66, 94). SU was assessed
at Wla (baseline) and W2 (follow-up) using items adapted from
the Population Assessment of Tobacco and Health (PATH)
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Survey (95). SU characteristics included use endorsement, days of
use, and age of first use (Supplementary Table S1). We focused on
cannabis, e-cigarette, and alcohol, utilizing days of use as our
primary variable of interest, given these are the most commonly
used substances among teens (5). Participants were asked “[In the
past year (baseline)/Since your last visit (follow-up)], on how many
days did you [use cannabis/use an Electronic Nicotine Delivery
System product/have one or more alcoholic drinks]?”

Monetary incentive delay (MID) task

To assess brain and behavioral responsivity to varying
incentives, participants completed a MID task (23) version
neutral) and
(96, 97).
Participants’ overall goal was to maximize gains and minimize

involving separate valence (i.e., gain, loss,

magnitude cues (ie, small, medium, large)
losses by responding as quickly as possible when a visual target
(white cross) appeared (Supplementary Figure S1). Each MID
trial consisted of four stimuli: a valence cue (350 ms; blue
circle=gain, red square=1loss, yellow triangle = neutral), a
magnitude cue (400 ms; small, medium, large), a speeded target
(variable duration), and performance feedback (1,500 ms). Two
variable interstimulus intervals (ISI, 800-3,200 ms of fixation)
separated the valence and magnitude cues, and the magnitude
cues and target stimuli such that their durations summed to
4,000 ms. A variable intertrial interval (ITI, 1,600-4,800 ms of
fixation) separated the current trial’s feedback display from the
next trial’s initial valence cue. To introduce additional temporal
jitter, null trials (3,200-4,800 ms of fixation, n=64) were
interleaved throughout the task. Targets were presented with a
variable duration initialized at 350 ms and adjusted dynamically
in 25 ms steps. The target response window was narrowed after
hits and widened after misses to maintain ~66% accuracy.
Feedback displayed the single-trial outcome and a running total
of money accumulated over the task. To balance affective
responding across valence, monetary magnitudes were
asymmetric where gain trials offered +$2.50 (small), +$10
(medium), and +$15 (large) incentives and loss-trial incentives
were —-$1.50, -$6, and -$9. On gain trials, a target hit (ie., a
response during the target’s display window) yielded the gain
magnitude amount (e.g., small: +$2.50) and misses yielded a
base increase of +$1. On loss trials, hits incurred a base decrease
of —$0.75 and misses incurred the loss magnitude amount (e.g.,
large: —$9). No incentives were involved on neutral trials
corresponding to +$0 feedback for both target hits and misses.
Participants were instructed and trained to respond to all targets
with a right index finger button press and practiced in a
mock scanner.

The task included 168 trials across four, 8-min runs composed
of 72 gain (42.9%), 72 loss (42.9%), and 24 neutral trials (14.3%).
Gain and loss trials were each subdivided into 24 small, 24
medium, and 24 large magnitude trials. E-Prime (Psychology
Software Tools) controlled stimulus presentation and recorded
responses. MID incentives were fictitious as compensation was

fixed and not contingent on overall performance. Behavioral
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measures were mean target-related response times (RTs) and hit
rates (HRs) as a function of valence and magnitude cues. Mean
RTs were computed for correct trials only, including late
HRs
percentage of on-time responses during the target display

responses and excluding early responses. were the

window within each cue condition.

MRI data

Data were acquired with a 3T Siemens Prisma scanner.
During the MID task, sixty 2.4-mm thick slices were collected
with a multiband gradient-echo, echo-planar imaging sequence
sensitive to blood oxygenation level-dependent (BOLD) effects
[repetition time (TR)=800ms; echo time (TE)=30ms; flip
(FA)=52° field of view (FOV)=216mm]. High-
resolution T1-weighted structural images were obtained using a

angle

magnetization-prepared rapid gradient-echo sequence
(TR = 2,500 ms; TE =2.9 ms; FA =8 ° voxel size =1 mm?®). MRI
data were preprocessed with fMRIPrep 20.2.1 (98, 99) and
analyzed in AFNI (100) following recommended best practices
(101, 102).

distortion correction, co-registration, motion correction, slice-

Preprocessing steps included skull-stripping,
time correction, tissue segmentation, and spatial normalization
(Supplementary Text).

After preprocessing, MID runs were de-meaned and submitted
to subject-level, voxel-wise multiple regression with AFNI’s
3dDeconvolve and 3dREMLSit (v20.2.10). Task regressors modeled
anticipatory valence cues (gain, loss, neutral), magnitude cues
(small, medium, large, zero), and feedback (hit, miss) (96, 97).
Regressors were delta functions convolved with a canonical
hemodynamic response and its temporal derivatives. Nuisance
regressors included six motion parameters, censored time points,
and scanner drift estimates. For each task regressor, voxel-wise
amplitudes (f’s) were expressed as percent signal change from
baseline. To increase sensitivity while controlling for family-wise
error, we conducted small-volume corrected (SVC) analyses as
opposed to whole-brain analyses. Specifically, we considered only
those voxels within a meta-analytically defined mask generated
via Neurosynth (103) for the
(Supplementary Figure S2). Second-level analyses using AFNT’s

term “reward processing”
3dMVM (104) focused on anticipatory valence contrasts (i.e., gain
vs. neutral and loss vs. neutral) and included age, biological sex,
and mean framewise displacement as covariates. Group maps for
gain and loss contrasts were thresholded at p orrecred <0.01 (Pyoxer
_wise <0.001, cluster extent: 11 voxels, 3dClustSim with spatial
autocorrelation correction). Mean f-values were extracted from
significant clusters within the SVC search mask for visualization
and follow-up assessments in R (v4.2.1) (105).

Statistical analyses
For task behavioral measures, repeated-measures ANOVA

examined cue-related effects on target-related RTs and HRs.
Separate ANOVAs considered valence (gain vs. loss vs. neutral)
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and magnitude cue effects (small vs. medium vs. large within
gains and losses) including age, sex, race, and ethnicity as
covariates and Bonferroni-corrected follow-up comparisons
(n=3). For
correlations were used to characterize interrelations between
task
performance, as well as subjective impulsivity. For substance use

brain-behavior associations, bivariate Pearson

anticipatory cue-related brain activity and objective

outcomes, we first summarized descriptives and bivariate
correlations between study variables to facilitate covariate
selection (Supplementary Tables S1-S2) which included age, sex,
race, ethnicity, and substance-specific days of use at W1. Three
separate models assessed whether impulsivity (M;: UPPS-P total
scores) and/or externalizing (M,: YSR) mediated the impact
of anticipatory striatal activity (X: gain-cue f) on cannabis,
e-cigarette, or alcohol use (Y: days of use). We considered each
SU outcome separately (as opposed to modeling SU more
broadly) to empirically determine whether risk pathways are
shared or substance specific. Parameter estimates and 95%
confidence intervals (95%Cls) were derived via 5,000 bootstrap
samples using PROCESS v4.2 (106) for IBM SPSS Statistics (v30).

Results
MID behavioral outcomes

Repeated-measures ANOVA examined anticipatory cue-related
valence effects on target-related performance (Figure 1). As
hypothesized, RTs were fastest on gain trials, intermediate on
loss, and slowest on neutral trials [Figure 1A, F(2,304)=66.3,
p<0.001]. HRs followed a
F(2,304) =164, p<0.001],
motivation following gain and loss cues relative to neutral ones.
Notably, neutral trial HRs showed high variability, suggesting that

some

similar pattern [Figure 1B,

indicating enhanced behavioral

participants  selectively ~withheld responses, despite
instructions to respond to all targets. While trial outcomes were
contingent on target-related performance for gains and losses
(together ~86% of trials), no money was at stake on neutral trials
(~14%). Given this lack of incentivization, “oddball” neutral cues
likely served as a salient signal for some participants to modify
behavioral output (i.e., withhold a response).

Regarding cue-related magnitude effects for gains, target RTs
decreased with increasing reward value, such that RTs were fastest
on large, intermediate on medium, and slowest on small incentive
trials [Figure 1C, top; F(2,304) =21.1, p <0.001]. For losses, RTs
were fastest following large magnitude cues with no difference
between small and medium cues 1C, bottom; F
(2,304) =3.96, p=0.02]. These outcomes were consistent with

the expected enhancement of behavioral motivation with

[Figure

larger incentives.

MID brain outcomes

SVC analyses identified distinct patterns of anticipatory cue-
related brain activity (Figure 2; Table 2). Gain (vs. neutral) cues
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**%p < 0.001.

MID behavioral performance. (A) Target-related response times (RTs) were fastest for gain trials [vs. loss: t[152]=-9.04, p < 0.001; vs. neutral: t[152]=
—9.62, p <0.001] and slowest for neutral trials [vs. loss: t(152)=-5.88, p < 0.001]. (B) Similarly, target-related hit rates (HRs) were highest for gain trials
[vs. loss: t[152] = 9.01, p < 0.001; vs. neutral: t[152] = 15.4, p < 0.001] and lowest for neutral trials [vs. loss: t(152 = 10.5, p < 0.001). (C) When considering
gain trials (top, cyan), RTs were fastest for large gains [vs. small: t(152) = 6.26, p <0.001] and slowest for small gains [vs. medium: t(152) = 4.52,
p <0.001]. When considering loss trials (bottom, red), RTs were fastest for large losses [vs. medium: t(152) = 2.47, p = 0.04] with no difference
between medium and small losses. For reference, the horizontal yellow line indicates average target-related RT on neutral trials. *p <0.05,
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elicited greater activation in the bilateral striatum (caudate) and
(SFG,
(Figure 2A), consistent with reward anticipation and behavioral

superior frontal gyrus supplementary motor area)
motivation. Neutral (vs. loss) cues elicited greater activation in
the left insula, dorsomedial prefrontal cortex (PFC), and
occipital regions, a pattern consistent with the detection of
infrequent, behaviorally salient oddball stimuli rather than
valence processing. Follow-up analyses interrogating significant
clusters confirmed that left striatal (Figures 2Bi) and SFG
2Ci) highest
intermediate after loss, and lowest following neutral cues,

activations  (Figures were following gain,
mirroring behavioral patterns. In contrast, left insula activation
was highest following infrequent neutral cues, with no difference
between gain and loss trials (Figures 2Di), consistent with a role

in the detection of salient oddball events.

Brain-behavior relations

Correlation analyses considered associations between cue-

related brain activity, task performance, and self-report

measures. Greater left striatal activation to gain cues correlated
with faster RTs to subsequent targets [Figures 2Bii, r(107)=
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—0.36, p<0.001] and lower self-reported impulsivity
[Figures 2Biii, r(107)=—0.18, p=0.03] but was unrelated to
target HR [r(107) =0.03, p=0.7]. SFG activation to gain cues
showed a similar association with RT (Figures 2Cii), but not
with impulsivity (Figures 2Ciii). In contrast, greater insula
activation following neutral cues correlated with lower HRs to
subsequent targets [r(107)=—0.17, p=0.04], but not with RT
[r(107) =0.12, p=0.3] or impulsivity [r(107)=—0.09, p=0.6].
This HR association aligns with the insula’s role in salience
detection and modulating response strategies.

Substance use outcomes

Separate serial mediation models examined the degree to
which left striatal activity during gain anticipation predicted
future cannabis, e-cigarette, and alcohol use via impulsivity and
externalizing problems while controlling for age, biological sex,
race, ethnicity, and substance-specific baseline use (Figure 3).
For cannabis use (Figure 3A), a significant serial indirect effect
was observed (Supplementary Table S2) such that less striatal
activity predicted more use days at through
impulsivity and externalizing [indirect effect: —0.01, 95%CI

follow-up
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FIGURE 2

MID anticipatory cue-related brain activity and brain-behavior relations. (A) Clusters showing greater activation following gain cues (vs. neutral, cyan)
and neutral cues (vs. loss, yellow, peorrectea < 0.01, see Table 1 for cluster coordinates). (B) Left striatal activity showed hypothesized valence effects
and correlations with task performance and self-reported impulsivity. Regarding valence effects (i), striatal activity was greater following gain versus
loss cues [t(152) = 3.34, p = 0.003, Bonferroni-corrected], and greater following loss versus neutral cues [t(152) = 3.27, p = 0.002, Bonferroni-
corrected]. We note that these two selective post-hoc comparisons were independent of the voxel selection criteria. Regarding performance (ii),
left striatal activity negatively correlated with target-related RT, as did right striatal activity [r(151)=—0.29, p <0.001, data not shown]. Regarding
impulsivity (iii), left striatal activity negatively correlated with UPPS total scores whereas right striatal activity did not [r(151)=-0.10, p = 0.4, data
not shown]. Our MID task implementation required a right-handed button press suggesting that the more robust left striatal correlation with
impulsivity may relate to action execution lateralization. (C) Speaking to regional specificity, superior frontal gyrus (SFG) activity also showed
similar valence effects (i) and relations with task performance (ii), but not impulsivity (iii). (D) In contrast, left insula activity displayed a different
pattern for valence effects and brain-behavior relations. Insula activity was greater following neutral (vs. gain) cues [i, t(152)=-3.62, p = 0.001,
Bonferroni-corrected] in the absence of a difference between gain and loss cues [t(152) =1.92, p = 0.17]. Insula activity did not correlate with RT
[r(151) = 0.12, p = 0.3, data not shown] nor impulsivity (iii). Rather, insula activity negatively correlated with neutral-trial target HR (ii). ** p<0.01,
*** p<0.001.

(=0.03, —0.001), R? = 0.62, Supplementary Table S3]. Specifically,
less striatal activity was linked with more impulsivity, which in
turn predicted higher externalizing scores, which then linked
with more cannabis use. No effects were detected linking right
striatal activity and cannabis use (Supplementary Table S3;
Supplementary Figure S3). For e-cigarette use (Figure 3B), a
similar pathway was observed for the left striatum [indirect
effect=—0.02, 95%CI (-0.06, —0.003), R’=0.18], with an
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additional direct effect [direct effect=0.17, 95%CI (0.005, 0.33),
p=0.04, Supplementary Table S4] linking more striatal activity
to more e-cigarette use, suggesting partial mediation. Again, no
effects emerged for the right striatum (Supplementary Table S4;
Supplementary Figure S3). For alcohol use (Figure 3C), neither
indirect nor direct effects were significant for either the left or
right S5;
Figure S3). These outcomes remained unchanged when also

striatum  (Supplementary Table Supplementary
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TABLE 2 MID anticipatory cue-related brain activity: cluster coordinates.
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L. Fusiform Gyrus (BA 37)

L. Insula (BA 13)
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R. Middle Frontal Gyrus, ACC

O 0 NN e W N
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201 37.7 =57.1 —15.8
123 -37.3 —53.0 —18.9
74 —35.2 16.3 -2.4
60 34.0 —84.5 12.2
53 0.5 52.9 2.3

Clusters are visualized in Figure 2 and coordinates (X, Y, Z) are center of mass in MNI space. B, bilateral; BA, Brodmann area; ACC, anterior cingulate cortex.

utilizing W1 days of use for all three substances as covariates
(Supplementary Tables S6-S8).

Discussion

We considered whether individual differences in reward-
related striatal activity and impulsivity among adolescents
predicted mental health (externalizing symptoms) and SU
outcomes (cannabis, nicotine, alcohol) over a year later. Using a
MID task, we observed expected activation of the bilateral
striatum and SFG following anticipatory gain cues, reflecting
recruitment of dopaminergic circuitry supporting reward-driven
108). In
contrast, insula activation following neutral cues appeared to

motivation and goal-directed behaviors (96, 97,

reflect detection of infrequent, yet behaviorally salient, oddball
events rather than valence processing (109-111). Across
participants, more striatal activation to gain cues was associated
with enhanced target-related performance (i.e., faster RTs) and
lower self-reported impulsivity. Importantly, serial mediation
models further indicated that less striatal activity during reward
anticipation indirectly predicted more cannabis and e-cigarette
use (but not alcohol) at follow-up via higher impulsivity and
externalizing symptoms. Taken together, these findings suggest
that blunted striatal activity reflects reduced motivational drive
for normative or lower-intensity rewards (e.g., fictitious MID
monetary rewards), which may contribute to SU vulnerability
via heightened behavioral disinhibition in pursuit of higher-
intensity stimulation.

Our MID task implementation yielded expected patterns of
behavioral and brain outcomes across cue conditions.
Behaviorally, target RTs were fastest and HRs highest on gain
trials, intermediate for losses, and slowest/lowest for neutral
trials, indicative of enhanced behavioral motivation in the
presence of performance-contingent incentives. Performance
also scaled with cue magnitude (i.e., faster RTs for larger vs.
smaller gains/losses), indicating that increased incentive value
further

confirmed that participants engaged with the task as intended,

enhanced motivated responding. These outcomes
and that the task’s incentive structure yielded graded behavioral
responsivity to cue manipulations. Neurobiologically, gain cues

elicited striatal and SFG (supplemental motor area) activation
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paralleling behavioral outcomes. Indeed, greater dorsal striatal
activation during gain anticipation correlated with faster target
RTs, that heightened
facilitated motor readiness and goal-directed performance.

suggesting reward-related  signaling
Although the ventral striatum is typically linked with reward
valuation and motivation, engagement of the caudate aligns with
its role translating incentive cues into actions (47). The caudate
receives convergent dopaminergic input from both the VTA and
SNc, thereby serving as an integrative hub where motivational
and motor signals intersect to guide actions toward positive
20, 22, 112).
adolescents showing stronger dorsal striatal engagement more

outcomes (18, Therefore, we suggest that
efficiently mobilized motor responses in the service of MID

reward acquisition, reflecting effective integration of
motivational signaling and action execution (113, 114).

On the other hand, weaker engagement of striatal circuitry has
been linked with developmental liability to disinhibitory behaviors
and SU. For example, reduced striatal activity among adolescents
has been associated with elevated impulsivity and externalizing
symptoms (27, 46, 62, 78-81). Prospective studies likewise
indicate that less striatal responsivity during reward anticipation
can predict subsequent SU and related problem behaviors (27,
33, 34). We speculate that adolescents showing blunted striatal
responsivity to MID gain cues may derive less motivational
value from low-intensity rewards (e.g., fictitious monetary
thereby

heightening the drive for higher-intensity or pharmacological

incentives, academic achievement, social approval),
stimulation. This account parallels neurobiological models in
which chronic drug exposure further dysregulates reward
circuitry, promoting compulsive drug-seeking and -taking (115,
116) and the incentive-sensitization theory, positing that
repeated use progressively hijacks motivational systems (13).
Although these frameworks describe neuroadaptations among
established users, analogous inefficiencies in reward signaling
during early stages of adolescence SU may confer risk by
enhancing motivation for stronger stimulation, thereby setting
the stage for future externalizing behaviors and SU escalation (50).

While our outcomes align with a hypo-responsivity account,
the adolescent reward processing literature is heterogenous, with
reports of both blunted and heightened striatal responses being
tied to impulsivity, externalizing symptoms, or SU (74). Multiple
longitudinal studies suggest that more striatal activity during
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FIGURE 3

Serial mediation models linking left striatal (caudate) activity, impulsivity, externalizing, and future substance use. (A) Less striatal activity during gain
anticipation at Wave 1 (W1) was indirectly associated with more cannabis use days at W2 via elevated impulsivity and externalizing symptomatology
lindirect effect = —0.01, 95%C/ (-0.03, —0.001), Supplementary Table S3]. (B) A similar indirect path was observed for e-cigarette use [indirect
effect = —0.02, 95%CI(-0.06, —0.003), Supplementary Table S4], with an additional direct effect of striatal activity on use (c=0.17, p=0.04)
indicative of partial mediation (see: Supplementary Table S4 for further discussion). (C) In contrast and suggesting substance specificity, no
indirect or direct effects linked striatal activity with alcohol use (Supplementary Table S5). Standardized path coefficients are shown.
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reward anticipation predicts subsequent SU initiation among
substance-naive adolescents, and that greater responsivity can be
seen among youth high (vs. low) in impulsivity/novelty seeking
(29, 75-77). Several non-mutually exclusive factors may account
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for why disinhibitory behaviors have been linked with both
striatal hypo- and hyperreactivity. These include the reward-
processing phase examined (anticipation vs. outcome), the
anatomical loci under consideration (dorsal vs. ventral striatum),
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prior substance exposure (naive vs. experienced), and specific task

(e.g.,
feedback timing) (74, 82). Developmental timing may also

implementations and demands speeded responding,
contribute to this heterogeneity, as motivation-related dopamine
systems mature earlier than prefrontal control regions, creating
an imbalance that can transiently amplify striatal reactivity
during adolescence (1, 117).

From a hypo-reactivity perspective, our serial mediation
analyses suggest one possible mechanistic pathway linking lower
striatal responsivity during reward anticipation with future
cannabis and e-cigarette use indirectly via impulsivity and
externalizing symptoms. Neurobiologically, these associations
align with evidence implicating dorsal striatal function as a
neural correlate of impulsivity (118) and with pharmacological
PET findings linking reduced dopaminergic signaling with
greater disinhibition (64, 119-121). To the extent that striatal
BOLD activity mirrors phasic dopamine release (122, 123), the
blunted

dopaminergic signaling contributing to less motivational drive

activation observed here may reflect attenuated
for lower-intensity incentives. Within a canonical inverted-U
framework linking individual differences in dopamine signaling
and behavior, lower dopamine levels are associated with slower
value-to-action mapping, reduced responsiveness to low-
intensity rewards, and poorer inhibitory control (21, 124-126).
with  this (e.g.

methylphenidate) catecholamine

Consistent framework, psychostimulants

enhance  fronto-striatal
transmission and often reduce externalizing symptoms in people
diagnosed with ADHD, likely by shifting low-dopamine states
toward a more optimal range on an inverted-U (127-129).
Taken together, striatal hypoactivation may reflect a dopamine-
related motivational inefficiency that, for some adolescents,
elevates SU risk indirectly via disinhibitory tendencies and a
bias toward higher-intensity stimulation.

Substance-specific patterns in our mediation models suggested
that this indirect pathway preferentially predicted cannabis and e-
cigarette outcomes, but not alcohol. Although all substances of
abuse can increase mesocorticolimbic extracellular dopamine
(116, 130), the route and speed of drug delivery, receptor
differ.

engage

targets, and net dopaminergic impact can

Pharmacodynamically,  cannabis and  nicotine
mesocorticolimbic circuitry in ways that more closely map onto
the anticipatory striatal signaling implicated here. That is,
nicotine directly excites VTA dopamine neurons via nicotinic
acetylcholine receptors, producing reliable phasic dopamine

release in the striatum, whereas THC disinhibits midbrain

dopamine neurons via cannabinoid (CBl) receptors on
GABAergic terminals, yielding modest but consistent dopamine
elevations (6, 131-135). By contrast, alcohol engages

GABAergic, glutamatergic, and opioidergic mechanisms with
slower, more variable dopaminergic consequences (116, 130,
136). Evidence from lesion and pharmacological models also
indicates that alcohol reinforcement can be sustained through
non-dopaminergic mechanisms to a greater degree compared to
cannabis or nicotine (137-140). Also, inhalation (smoking/
vaping) provides rapid CNS drug delivery and associated phasic
reinforcement, features that may be particularly consequential
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for adolescents with blunted anticipatory striatal responses.

Psychologically, the absence of an externalizing-mediated
pathway suggests an alternative route to alcohol use. One less
adolescent SU,
internalizing processes (e.g.,

negative affect, anxiety, depressive symptoms) operating via

common but well-supported pathway to

particularly alcohol, involves
negative reinforcement mechanisms, rather than externalizing
(141-143).
cannabis, nicotine, and alcohol use are also strongly shaped by

processes via positive reinforcement Socially,
peers, substance availability, and social norms, with alcohol use
often perceived as more normative (66, 144, 145). In a broader
biopsychosocial context, we suggest that reduced striatal
responsivity may reflect a neurobiological vulnerability that
amplifies risk when use opportunities arise, setting the stage for
SU trajectories that are further shaped by other psychological
and social factors.

Our findings are timely given technological and societal shifts
that are rapidly transforming the adolescent SU landscape. For
example, legalization, commercialization, and the proliferation of
high-potency products (e.g., concentrates) and delivery systems
(vaping) have increased cannabis availability while lowering
perceived risk among youth (146). Similarly, sleek device
designs, appealing flavors, and targeted marketing have fueled e-
cigarette experimentation among teens, while evolving
technology has increased nicotine yields and addiction liability
(147). For these shifts

developmental characterized by

coincide with a
heightened

sensitivity

today’s youth
period
influence, and reward

neuroplasticity,  social

amplifying vulnerability. As such, delineating brain and
behavioral markers linked with cannabis and e-cigarette use,
such as blunted striatal activity and disinhibitory tendencies,
remains a public health priority to inform selective prevention
and early intervention. Such markers may help identify youth
most susceptible to the reinforcing, addiction-forming effects of
early cannabis and nicotine exposure and guide interventions
that strengthen reward motivation and self-regulation.
Adolescence is a critical period for the maturation and
calibration of reward and control systems, making it both a
window of elevated SU risk and an opportunity to shape long-
term motivation and self-regulation. During this period,
dopaminergic signaling and fronto-striatal connectivity are
highly plastic and sensitive to environmental influences, such
that experiences amplifying or reducing reward responsivity can
have enduring behavioral consequences (27, 35). In our data,
blunted

subsequent cannabis and e-cigarette use via higher impulsivity

anticipatory striatal activity indirectly predicted

and externalizing symptoms, pointing to at least two
intervention targets. First, strategies augmenting striatal activity
to everyday positive experiences may promote SU resilience.
Reward savoring refers to a set of skills for noticing, prolonging,
and mentally enriching positive experiences so they become
more reinforcing over time (148-150). Such skills are thought to
increase the subjective value of low-intensity, normative rewards,
helping to counter a bias toward high-stimulation options (107,
148, 150). Savoring and related mindfulness-based practices have

been linked to changes in striatal and prefrontal function and
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associated behavioral gains, such as more positive affect, reduced
drug cravings among users, and increased engagement in healthy
activities (151-155). Second, strategies to strengthen intentional
and controlled decision-making may also promote SU resilience.
Cognitive Behavioral Therapy approaches can enhance skills to
modify automatic response patterns, increase awareness of high-
risk situations, and deploy delay/avoid/reframe strategies (156,
157). Such skills can provide youth with tools that facilitate more
optimal health-related decision-making possibly by strengthening
prefrontal control systems (32, 140, 158). Together, savoring (to
upregulate adaptive reward processing) and CBT strategies (to
downshift impulsive decision-making) may target mechanisms
highlighted by our externalizing pathway in the service of
reducing future cannabis and e-cigarette use.

Beyond gain-cue striatal responsivity, we also considered
brain-behavior relations between insula activity to neutral cues
and subsequent target-related responding. Specifically, more
insula activity correlated with lower target HRs, which we
interpreted as the selective withholding of responses on neutral
trials by some participants. This brain-behavior association is
consistent with the anterior insula’s role, along with the
dorsomedial PFC, in the detection of goal-relevant, salient
events and deployment of control-related process to modify
action execution (111, 159, 160). More broadly, neutral cues
elicited greater activation in the insula, dorsomedial PFC, and
occipital regions, a pattern of brain activity consistent with the
detection of infrequent, oddball stimuli (109-111). Importantly,
with
impulsivity, suggesting regional specificity when juxtaposed with

neutral-cue insula responsivity did not correlate
the indirect pathway linking striatal activity and SU outcomes
through impulsivity and externalizing symptoms.

Our study should be contextualized by its limitations. First,
our serial mediation models specified a directional chain with
brain activity preceding impulsivity, bidirectional or alternative
orderings remain plausible (see: Supplementary Text for
additional post-hoc sensitivity analyses). Future work including
an additional timepoint to account for temporal precedence is
important. Related, our results suggest only one possible
pathway to SU and we acknowledge that other unmodeled
factors (e.g., internalizing, addiction severity, social influences)
may represent other plausible mechanistic paths. Second, our
findings may not generalize to all adolescents as our sample was
predominantly Hispanic/Latina(o) teens who may differ from
other ethnicities in regards to impulsivity characteristics (161),
externalizing symptoms (162), and cannabis (163, 164) or e-
cigarette use patterns (165), which may further be shaped by
other contextual factors (166). Third, follow-up (W2) data
collection took place during implementation of COVID-19
social distancing and remote learning practices, a period also
(e.g., Tobacco2l
December 2019). Such practices and policies have been linked
with reduced adolescent SU rates (ref) (167, 168)which have

persisted through 2024 (5). Fourth, reliance on self-report

involving shifting regulatory policies in

measures of impulsivity, externalizing, and SU behaviors
introduces potential for reporting inaccuracies resulting from
recall and social-desirability biases or question misunderstanding
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(169, 170). Lastly, although we covaried for baseline use,
assessing youth prior to any substance initiation remains
important for large, multisite studies (171).

This study identified one possible mechanistic pathway linking
blunted reward-related striatal activity with greater cannabis and
e-cigarette use over a year later via higher impulsivity and
externalizing symptoms. We suggest that striatal hypoactivity
reflects a dopamine-related motivational inefficiency that biases
thereby
increasing SU risk. By clarifying the links between brain-based

some youth toward higher-intensity stimulation,
reward processing and disinhibited behavioral tendencies, these
findings highlight the potential utility of interventions to
increase the subjective value of everyday positive experiences
and strengthen intentional decision-making for reducing teen

cannabis and e-cigarette use.
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