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Abstract

Two of the most commonly used substances by adolescents in the United States are cannabis and 

alcohol. Cannabis Use Disorder (CUD) and Alcohol Use Disorder (AUD) are associated with 

impairments in decision-making processes. One mechanism for impaired decision-making in these 

individuals is thought to be an inability to adequately represent future events during decision-

making. In the current study involving 112 adolescents, we used a comparative optimism task to 

examine the relationship between relative severity of CUD/AUD (as indexed by the CUD/AUD 

Identification Tests [CUDIT/AUDIT]) and atypical function within neural systems underlying 

affect-based neural represenation future events. Greater CUDIT scores were negatively related to 

responses within subgenual anterior and posterior cingulate cortex when processing high-intensity 

potential future positive and negative events. There was also a particularly marked negative 

relationship between CUD symptoms and blood oxygen level-dependent (BOLD) responses 
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within visual and premotor cortices to high-intensity, negatively valenced potential future events. 

However, AUD symptom severity was not associated with dysfunction within these brain regions. 

These data indicate that relative risk/severity of CUD is associated with reduced responsiveness to 

future high-intensity events. This may impair decision-making where future significant 

consequences should guide response choice.
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Introduction

Cannabis use disorder (CUD) and Alcohol use disorder (AUD) have lifetime prevalence 

rates of 6% and 29%, respectively,1,2 making them two of the most common substance use 

disorders (SUDs) in the United States. Epidemiological evidence indicates that use of 

alcohol and/or cannabis during adolescence is associated with an increased risk for 

developing these SUDs in adulthood.3 Furthermore, individuals with AUD and/or CUD who 

initiated use of these substances during adolescence face a more severe disease course and a 

greater likelihood of relapse.4 This may be due in part to the putative deleterious 

neurodevelopmental effects of alcohol and cannabis on the adolescent brain.5,6

One characteristic of adolescents and adults with SUDs is that they show impairments in 

decision-making processes.7 One form of decision-making impairment implicated in 

individuals with SUDs is an inability to represent future events.8 This can manifest as 

episodic foresight.9,10 Episodic foresight refers to one’s ability to imagine future events with 

self-relevance when explicitly directed to do so, and impairments in episodic foresight have 

directly been associated with SUDs, such as CUD. For example, adults who reported regular 

cannabis use produced fewer details relating specifically to a given future event compared to 

recreational cannabis users and non-cannabis using controls.10 A similar effect has been 

found for adults with opiate use histories relative to controls.11 To summarize, adults with 

SUDs show impairments in episodic foresight, possibly reflecting a broader inability to 

represent future events.

An inability to represent future events/engage in episodic foresight may also manifest as 

temporal discounting impulsiveness [TDI].9,12 That is a greater propensity to choose 

smaller, immediate rewards rather than larger, delayed rewards. Greater TDI is seen in 

individuals with SUDs (i.e., “steeper” temporal discounting).13 For example, scores on the 

Alcohol Use Disorder Identification Test (AUDIT)14 in young adults were positively related 

to TDI.15 Similarly, with respect to CUD, greater TDI was seen in a cannabis-dependent 

adults relative to former cannabis-dependent and control adults16 and TDI has been 

positively associated with cannabis dependence symptoms in adults17 – though see 

Strickland and colleagues.18

Prior fMRI work with neurotypical populations has identified neural systems implicated in 

episodic foresight/representation of future events19 and temporal discounting.20 These 

include ventromedial prefrontal cortex (vmPFC), inferior frontal gyrus (iFG), precuneus/
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posterior cingulate cortex (PCC), and anterior cingulate cortex (ACC).19,20 Areas have 

demonstrated positive (vmPFC, PCC) and negative (iFG) responsiveness to magnitude of the 

future reward during temporal discounting.20 With respect to substance use disorders 

(SUDs), prior work has indicated that the roles of vmPFC/PCC in the representation of 

reward may be compromised in at least adults with CUD; adults with CUD showed reduced 

activity within vmPFC and PCC during feedback in the Iowa Gambling Task.21

It should be noted that most of the work considered above was conducted with adult 

participants. Yet, adolescence is a time when neuro-circuitries that underly decision-making 

are rapidly developing, and substance use during adolescents may be detrimental to long-

term functioning of these neural systems/decision-making processes.22 For example, during 

resting state, adolescents with co-morbid SUD and Conduct Disorder (CD) showed reduced 

connectivity between mPFC and PCC compared to controls.23 However, to our knowledge, 

no previous task-based fMRI studies have investigated the neural representation of future 

events in adolescents as a function of CUD/AUD severity.

Importantly, there may be differential associations between AUD and CUD and 

dysfunctional representation of future events. Although AUD and CUD are highly co-

morbid in adolescent populations,24 recent work has begun to delineate differences in the 

functional impairments associated with each within adolescents. For example, differential 

associations between AUD versus CUD symptoms in adolescents have been reported with 

respect to the functional integrity of neural systems engaged in reward processing,25 

executive attention26 and emotional responsiveness.27

In the current study, we used a version of a comparative optimism (CO) task, developed by 

our group,28,29 to examine the relationship between AUD and/or CUD symptomatology and 

affect-based neural representation of future events in an adolescent population. In this task, 

participants rate how likely they believe positively and negatively high- and low-intensity 

valenced future events are to happen to them in the future (e.g, high intensity positive event: 

Winning the lottery; low intensity negative event: Getting teased). Previous work with adults 

with a version of this task has indicated that positive relative to negative future events are 

associated with greater activity in regions including vmPFC and PCC.28 However, this task 

has not previously been used with adolescents. Moreover, some of the future events used in 

our previous work with adults were less appropriate for an adolesecent sample (e.g., having 

a heart attack). For this reason, we conducted an initial study with an independent group of 

healthy participants with our novel adolescent CO task to establish the patterns of 

responsiveness in healthy adolescents and inform predictions for the clinical participant 

study. The full details of this study are reported in Supplemental Material (Table S1, Figures 

S1–S2). In brief, this study revealed that in adolescents both positive relative to negative and 

high intensity relative to low intensity future events were associated with greater activity 

within vmPFC and PCC (see Figure S2). Given these findings, and our main hypothesis that 

AUD/CUD are associated with compromised representation of future events within vmPFC 

and PCC, we predicted that greater scores on the Alcohol Use Disorder Identification Test 

(AUDIT)14 and/or Cannabis Use Disorder Identification Test (CUDIT)30 would be 

associated with (i) reduced responsiveness to positive relative to negative future events 
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within vmPFC and/or PCC; and (ii) reduced responsiveness to high relative to low intensity 

future events within these regions.

Materials and Methods

Participants

Study participants included 112 adolescents aged 14–18 years (inclusive) from both a 

residential treatment program (Boys Town) and the surrounding community. They were 

recruited as part of a broader study aimed at determining associations between neural 

dysfunction and externalizing disorders (primarily CD), internalizing disorders (primarily 

anxiety and depression), and SUDs. Eight adolescents were excluded due to excessive 

movement (>20% censored volumes, at >0.5 mm root-mean-squared displacement across 

adjacent volumes) and/or low response rate (<40/48 responses) during fMRI scanning 

(details below). This resulted in a final sample of 104 adolescents (75 from the residential 

treatment program and 29 from the community); average age=16.3 years (SD=1.09), 

IQ=100.1 (SD=11.01), 59 males. Adolescents with significant SUD histories were recruited 

from the residential treatment program and were abstinent for at least four weeks prior to 

scanning. For details regarding recruitment, assent/consent, and exclusion criteria, see 

supplemental material.

Measures

Comparative Optimism (CO) Task—An adapted version of a task used in previous 

work was administered during fMRI scanning.28,29 The stimuli for this task consisted of 48 

possible future events involving different levels of emotional valence (negative versus 

positive) and intensity (low versus high). Events consisted of 12 high-intensity negative 

stimuli (e.g., being hit by lighting), 12 low-intensity negative stimuli (e.g., being scratched 

by a cat), 12 low-intensity positive stimuli (e.g., finding $5 on the street), and 12 high-

intensity positive stimuli (e.g., winning the lottery). The stimuli were adapted from a larger 

set of stimuli used by Blair et al.28,29

During the task, participants read these possible future events and rated the likelihood of the 

event happening to them across their lifetime, compared with other people of the same sex 

and age. Participants rated their likelihood on a scale of 1–4 where 1=much less likely; 

2=less likely; 3=more likely; or 4=much more likely. Each event was presented for 6500 ms; 

after which a fixation cross was displayed for 500 ms. In addition, 48×3000 ms fixation 

points were presented randomly throughout the task to both serve as an implicit baseline and 

provide interstimulus jitters (Total task duration: 8.4 mins).

Substance Use Disorder (SUD) Assessments—All participants completed both the 

AUDIT and the CUDIT.14,30 These scales assess overall risk for/symptom severity of AUD 

and CUD, respectively, including overall quantity/frequency of use, abuse symptoms, and 

dependence symptoms. They show high validity, as elevated scores on these scales are 

associated with a high likelihood of an AUD and/or CUD diagnosis.14,30 Moreover, elevated 

scores on the CUDIT and the AUDIT, correspond to the presence of CUD and AUD 
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diagnoses, respectively,14,31 indicating that these measures are valid measures of CUD and 

AUD symptoms. Smoking status was determined using the Monitoring the Future Survey.32

Functional MRI Parameters and Analysis

Whole-brain BOLD functional MRI data were acquired via a 3T MAGNETOM Skyra 

magnetic resonance imaging scanner (Siemens Medical Solutions; see supplemental 

materials for further details on MRI parameters and fMRI preprocessing). Data were 

analyzed with a random-effects general linear model using Analysis of Functional 

NeuroImages.33 Five indicator regressors were generated: one for low-intensity negatively 

valenced future events, one for high-intensity negatively valenced future events, one for low-

intensity positively valenced future events, one for high-intensity positively valenced future 

events, and one for trials where the participant failed to respond to the stimulus. Conditions 

were modeled using a boxcar reference vector, which is convolved with the canonical 

hemodynamic response function. Both the duration of the events the event duration 

specification for fMRI analysis was set to 6500 ms. General Linear Model fitting was 

performed with the five regressors listed; six motion regressors, and a regressor modeling 

baseline drift (-polort 4). This produced a β-coefficient and an associated t-statistic for each 

voxel and regressor.

Statistical Analytic Plan

To reduce skewness and kurtosis, a Rankit Transformation was applied to participants’ 

AUDIT scores.34 The CUDIT score distribution did not show significant skewness or 

kurtosis, so a Rankit-Transformation was not applied to the CUDIT scores. The Rankit-

Transformed AUDIT scores and the raw CUDIT scores were then z-scored, and these values 

were used as continuous covariates in all analyses.

To examine relationships between AUDIT/CUDIT scores and psychiatric symptom levels 

dimensionally, zero-order correlation analyses were run between AUDIT/CUDIT scores and 

psychiatric diagnosis. Steiger’s z-tests were performed to determine whether there were, or 

were not, significant differences in partial correlation coefficients between AUDIT and 

CUDIT scores and psychiatric symptom variables.

To examine relationships between AUDIT/CUDIT scores and behavioral data on the CO 

task, two (valence: negative, positive)-by-2 (intensity: high, low) repeated measures 

ANCOVAs were conducted on the rating and response time (RT) data respectively. These 

ratings were collected in the scanner as part of the CO task. In both cases, Rankit-

transformed, z-scored AUDIT scores and z-scored CUDIT scores were used as continuous 

covariates.

To examine associations between AUDIT/CUDIT scores and dysfunction within brain 

regions that are responsive to the valence and intensity of future events, we ran a full 

factorial 2 (valence: negative, positive)-by-2 (intensity: high, low) repeated-measures 

ANCOVA on the BOLD response data with AUDIT scores, CUDIT scores, and the AUDIT-

by-CUDIT interaction as continuous covariates. Follow-up partial correlations and Steiger-Z 

tests were performed within SPSS 22.0 and using freely available online tools.35 In order to 

facilitate future meta-analytic work, effect sizes for all clusters are reported.
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Correction for multiple comparisons was performed using a spatial clustering operation in 

AFNI’s 3dClustSim utilizing the autocorrelation function (-acf) with 10,000 Monte Carlo 

simulations for the whole-brain analysis. Spatial autocorrelation was estimated from 

residuals from the individual-level GLMs. The F-statistics for each individual main and 

interaction effect were used to identify significant regions of interest (ROIs); the initial 

threshold was set at F(1,100)=11.40, p=.001.36 This process yielded an extent threshold of 

k=23 voxels at an initial threshold of p=.001 for the whole brain. Follow-up analyses were 

conducted on the percent signal change taken from all significant voxels within each 

functional ROI generated by AFNI to examine significant main effects and interactions with 

planned follow-up testing within SPSS 22.0.

Results

Clinical Data

Of the final sample of 104 participants, 83 endorsed past-year use of either alcohol and/or 

cannabis though all had been abstinent for at least 4 weeks prior to scanning. Of these 83 

substance users, 10 were from the community and 73 were from the residential treatment 

program. AUDIT scores ranged from 0–34 (M=5.6, range=0–34, SD=7.50) and CUDIT 

scores from 0–32 (M=10.3, range=0–32, SD=9.72). Sixty-eight met the clinical cutoffs on 

the AUDIT and/or CUDIT suggestive of AUD (AUDIT≥4) or CUD (CUDIT≥6).14,31 Forty-

five participants had an AUDIT score≥4 and 61 participants had a CUDIT score≥6. In line 

with prior reports of high rates of poly-substance use in adolescents,24 38 participants had 

both an AUDIT score≥4 and CUDIT score≥6.

Zero-order correlation analyses revealed a significant positive correlation between AUDIT 

and CUDIT scores [r=0.58, p<.001]. Additionally, AUDIT scores were highly correlated 

with the consumption subscale of the AUDIT (AUDIT-C; r=0.96, p<.001) and CUDIT 

scores were highly correlated with the consumption subscale of the CUDIT (CUDIT-C; 

r=0.88, p<.001). Both AUDIT and CUDIT scores were significantly positively associated 

with most psychiatric diagnoses and use of antidepressants (see Table 1). There were no 

significant correlations between age, IQ, AUDIT scores, and CUDIT scores (r’s<0.13, ns) 

and there were no significant differences between males and females on AUDIT scores or 

CUDIT scores (t’s<1.42, ns). Additionally, there were no significant differences in 

correlation strengths between AUDIT and CUDIT scores and levels of psychopathology 

[Steiger’s Z’s=0–1.24, ns]. There were also no significant differential correlations between 

AUDIT and CUDIT scores and level of smoking [Steiger’s Z=−0.88, ns]; See Table 1.

Behavioral Data

The rating ANCOVA revealed a significant main effect of valence [F(1, 101)=102.76, 

p<.001; η2=0.50]; participants rated positive events more likely to happen to them than 

negative events [MPos=2.78; MNeg=2.21]. Additionally, there was a valence-by-intensity 

interaction effect [F(1, 101)=104.66, p<.001; η2=0.51]; participants made significantly 

greater likelihood ratings for high-intensity-positive>low-intensity-positive>low-intensity-

negative>high-intensity-negative events (see Figure S1). There were no significant effects of, 

or interactions with, AUDIT/CUDIT scores.
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For the reaction time (RT) data, there was a significant main effect of intensity 

[F(1,101)=4.71, p<.05; η2=0.05]; participants had slower RTs for low-intensity future events 

[Mlow=2978.11 ms] relative to high-intensity future events [Mhigh=2922.67 ms]. There was a 

CUDIT-by-valence interaction that approached significance [F(1,101)=3.71, p=.06; 

η2=0.04], such that there was a stronger positive relationship between CUDIT scores and 

RT’s for positive future events relative to negative future events [Steiger’s Z=1.84, p=.07]. 

Futhermore, there was a significant AUDIT-by-valence-by-intensity interaction 

[F(1,101)=7.59, p<.01; η2=0.07]; greater AUDIT scores were associated with significantly 

greater RT’s for high-intensity, negative valence future events relative to all other future 

events [Steiger’s Z’s=2.56–3.32, ps<.02].

Movement Data

Participants, after removal of those excluded according to movement criteria (N=8), showed 

relatively little movement; mean censored volumes=1.3% [SD=2.5%] and mean average 

motion per volume=0.09mm [SD=0.04mm]. There were no significant correlations between 

AUDIT scores and CUDIT scores and censored volumes, average motion per volume, and 

maximum displacement during scanning within the final sample [r’s=−0.13-.12, p’s=0.18–

0.22].

fMRI Results

We hypothesized that greater scores on the AUDIT and/or CUDIT would be associated with: 

(i) reduced responsiveness to positive relative to negative future events within vmPFC and/or 

PCC; and (ii) reduced differential responsivenes to high vs. low intensity events (potentially 

within iFG and rostral medial frontal cortex [rmFC]). Main effects of valence and intensity 

are reported in Supplemental Table S2 (these closely replicate the findings of our initial pilot 

study with an independent sample of 118 healthy participants; see Table S1, Figures S1 and 

S2). Our main analysis revealed the following interaction effects:

CUDIT-by-Intensity Interaction

There was a significant two-way interaction between CUDIT and intensity within regions 

including subgenual ACC (sgACC), PCC, fusiform cortex and putamen (Table 2). In all 

brain regions there was a significant negative relationship between CUDIT scores and 

differential BOLD responsiveness to high-intensity relative to low-intensity future events 

(Figure 1). Within PCC and fusiform gyrus, greater CUDIT scores were associated with 

greater differential BOLD responsiveness to high- relative to low-intensity future events, 

although neither of the simple effects were individually significant. Within putamen, greater 

CUDIT scores were associated with reduced responsiveness to high-intensity future events 

(rp=−0.35, p<.001). Within sgACC, greater CUDIT scores were associated with greater 

responsiveness to low-intensity future events (rp’s=0.24–0.32, p’s<.02).

CUDIT-by-Valence-by-Intensity Interaction

There was a significant three-way interaction between CUDIT, valence and intensity within 

regions including precentral gyrus, cuneus, and occipital cortex (Table 2). In all brain 

regions there was a significant negative relationship between CUDIT scores and differential 
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BOLD responsiveness to high-intensity negative relative to low-intensity negative future 

events (Figure 2).

AUDIT-by-CUDIT-by-Intensity Interaction

There was a significant AUDIT-by-CUDIT-by-intensity interaction within rmFC (Table 2). 

There was a significant negative relationship between CUDIT scores and differential BOLD 

responsiveness to high-intensity relative to low-intensity future events within participants 

who did not report any past-year alcohol use (AUDIT=0). In participants who reported past-

year alcohol use (AUDIT>0), the relationship between CUDIT scores and differential BOLD 

responsiveness to high-intensity relative to low-intensity future events was not significant.

AUDIT-by-Valence-by-Intensity Interaction

There was a significant three-way interaction between AUDIT, valence and intensity within 

posterior insula (Supplemental Figure S5, Table 2). Specifically, there was a significant 

positive relationship between AUDIT scores and differential BOLD responsiveness to high-

intensity positive relative to high-intensity negative future events.

Potential Confounds

Calculation of Mahalanobis Distances revealed two multivariate outliers; therefore, the same 

analysis was repeated with these outliers removed from the dataset. This analysis revealed 

the PCC, although not the sgACC, region displaying the CUDIT-by-intensity interaction in 

the main analysis and largely replicated the results for the other three interactions of interest 

(Table S3).

Potential confounds included movement, recruitment source, age. Three additional 

covariates were conducted including average motion per volume, recruitment source 

(Community versus Boys Town) and age. All three ANCOVAs revealed similar findings to 

our main analysis (Tables S4–6). Note that the ANCOVA including age also revealed several 

regions showing significant Age-by-Valence interactions that survived comparisons for 

multiple comparisons.

To rule out the possibility that pathology related to psychiatric co-morbidities influenced our 

results, our main analysis was repeated with each of our most common co-morbid diagnoses 

as an additional covariate (i.e., ADHD, CD, Generalized Anxiety Disorder, or Major 

Depressive Disorder). All four of these ANCOVAs revealed results substantially similar to 

the findings from our main analysis (Tables S7 to S10). The only minor exception was the 

ANCOVA which included CD as a covariate (which revealed significant effects in the PCC, 

superior temporal gyrus, fusiform, and putamen, though not the sgACC).

Since participants using antidepressants were included in the sample, the same analysis was 

repeated with antidepressant use entered as a covariate. This analysis revealed a pattern of 

results highly similar to those reported in the main analysis (Table S11).

To rule out the possibility that smoking may have influenced our results, this analysis was 

repeated without participants who endorsed current regular smoking (N=16). This analysis 

largely replicated the results of our main analysis for most of the core interactions. However, 
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the CUDIT-by-valence-by-intensity interaction was only seen within right cuneus (Table 

S12).

Finally, given the CUDIT and AUDIT include questions regarding frequency of use (which 

are included in the consumption subscales of these measures) and symptom severity (beyond 

frequency of use) we conducted two additional ANCOVAs. One included the sums of the 

consumption items of the AUDIT and CUDIT (AUDIT-C and CUDIT-C, respectively).30,37 

The second, the sums of the symptom severity items (not including the consumption items; 

CUDIT-S and AUDIT-S). The consumption ANCOVA revealed the CUDIT-C-by-Valence-

by-Intensity and the AUDIT-C-by-Valence-by-Intensity effects. The symptom severity 

ANCOVA revealed the CUDIT-S-by-Intensity and the CUDIT-S-by-Valence-by-Intensity 

effects (Table S13 & S14).

Discussion

The goal of the current study was to examine whether severity of AUD and/or CUD was 

related to dysfunction in the neural systems underlying responding to future events. In line 

with our hypotheses, CUDIT scores were negatively associated with responses to high 

intensity relative to low intensity future events within sgACC and PCC. However, there were 

no CUDIT-by-valence interactions and no regions showed either AUDIT-by-valence or 

AUDIT-by-intensity interactions.

Previous work has revealed greater responding within vmPFC and PCC as a function of 

reward level. This has been thought to represent the roles of these regions in the 

representation of subjective value.38 Previous work with individuals with CUD has indicated 

that these individuals may be compromised in recruiting these regions when responding to 

rewarding and emotional stimuli.21,39 Our pilot study revealed that typically developing 

adolescents show greater responding within vmPFC and PCC when performing the current 

task to both positive relative to negative future events as well as high-intensity relative to 

low-intensity future events. We therefore predicted that higher levels of CUD symptoms 

and/or AUD symptoms would be associated with (i) reduced responsiveness of vmPFC 

and/or PCC to positive relative to negative future events and/or (ii) reduced responsiveness 

of these brain regions to high-intensity relative to low-intensity future events. Consistent 

with our hypotheses, we observed that greater CUDIT scores were inversely related to 

differential activation in sgACC, PCC, and fusiform gyrus for high-intensity future events 

relative to low-intensity future events. However, inconsistent with our hypotheses, we did 

not find any association between AUDIT and/or CUDIT scores and differential activation to 

positive relative to negative future events.

The current data indicate some selectivity in the pathology associated with greater CUD 

severity (at least with respect to the functioning of sgACC, PCC, and fusiform gyrus). 

CUDIT scores were inversely associated with the capacity to differentiate high- relative to 

low-intensity future events but unrelated to the capacity to differentiate positive relative to 

negative future events. Previous work has shown that individuals who regularly use cannabis 

show impairments in episodic foresight relative to recreational users and controls.10 

Moreover, it is worth noting that activity in sgACC/PCC during motivational interviewing 
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has been shown to predict treatment outcomes in adolescents with SUDs.40 One critical 

component of MI is a patient’s ability to envision themselves in future events and discuss 

with a therapist how making changes with regard to a target behavior (e.g., alcohol/

substance use) will improve future outcomes in these events.41 The current data indicate that 

participants with higher levels of CUD may be relatively insensitive to how bad or good a 
future outcome might be, even if they are representing that the outcome as bad/good. As 

such, treatments based around motivating change may require particular focus on 

differentiating the salience of particular positive/negative future events.40,41

No regions showed significant AUDIT-by-valence or AUDIT-by-intensity interactions, 

contrary to our hypotheses. There was a region of right posterior insula that showed a 

significant AUDIT-by-valence-by-intensity interaction. However, in contrast to hypotheses, 

this reflected a positive relationship between AUDIT scores and differential BOLD 

responsiveness to high-intensity positive relative to high-intensity negative future events 

(moreover, this was a region not identified as involved in task performance during our pilot 

study reinforcing our suspicion that this reflects a Type I error). In short, there were no 

indications that AUD severity relates to disruption in either the ability to represent the 

emotional intensity of future events or the emotional valence of future events. This is 

consistent with prior work from our group that has also shown that AUDIT scores were not 

associated with differential mPFC or PCC responsivity to emotional stimuli.26,27 However, 

as a caveat to this, it is worth remembering that there was a significant AUDIT-by-valence-

by-intensity interaction in the behavioral RT data; greater AUDIT scores were associated 

with significantly longer RT’s for high-intensity, negative valence future events than all other 

future events. This suggests some association between greater AUD severity and issues 

processing at least some types of future event.

A region of rmFC showed a significant AUDIT-by-CUDIT-by-intensity interaction. Within 

this region, participants who had engaged in substance use, whether alcohol or cannabis, 

showed compromised differential BOLD responsiveness to high- relative to low-intensity 

future events relative to adolescents who had not engaged in substance use (see 

Supplemental Figure S4). The rmFC has been implicated in representation of subjective 

value, possibly through the generation of neural signals encoding salience and self-relevance 

to emotional stimuli42 and in the integration of subjective value information when engaging 

in decision-making.38,42,43 Indeed, recent work in a partially overlapping sample has shown 

that CUD symptom severity was negatively related to rmFC responsivity to looming 

emotional stimuli during a looming threat task.27 Additionally, dysfunction within rmFC has 

been implicated in increased risky decision-making.44 Risky decision-making is well 

documented in both adults and adolescents with SUDs.45–47 Furthermore, dysfunction in 

rmFC has been implicated in decision-making deficits in adults and adolescents with SUDs.
21,48 In short, this finding might represent a more general consequence of substance use or a 

pre-existing general risk factor for the emergence of SUDs.

The results of this study must be viewed in light of several caveats. First, we did not conduct 

urine or breathalyzer testing for alcohol or cannabis use at the time of scanning. However, all 

adolescents with significant AUD and/or CUD histories were residents of a highly 

supervised residential treatment facility, which included random urine drug testing as part of 
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treatment, for at least four weeks prior to scanning, mitigating this concern. A second caveat 

is that this study was cross-sectional in nature. As such, it is not possible to determine 

whether the relationships reported in the current study reflected the effects of alcohol/

cannabis use on the developing brain or whether they reflected pre-existing risk factors for 

alcohol and/or cannabis use. Longitudinal neuroimaging work has shown that both alcohol 

and cannabis use alter neurodevelopment.5,6 However, it should be noted that it is unclear 

whether there are pre-existing neural risk factors that place adolescents at risk specifically 

for CUD rather than AUD (or vice-versa). Since there were differential relationships 

between AUDIT and CUDIT scores and brain function, the current results are more 

suggestive of the intensity of AUD and/or CUD on the developing brain. However, 

longitudinal work is needed to confirm this. A third significant caveat is that there was a 

high degree of psychiatric co-morbidity in the participant sample. As such, it could be 

argued that the findings presented here reflect psychiatric conditions related to psychiatric 

co-morbidities rather than AUD/CUD. Although it would be possible to test participants 

without co-morbidities, this would mean investigating a clinically atypical sample 

particularly since greater SUD symptoms compromise functions associated with a number of 

psychiatric conditions.49 Importantly, however, there were no significant differences in 

association strength between AUD and CUD symptom severity and the forms of psychiatric 

diagnosis examined. As such, the differential effects with respect to AUDIT/CUDIT scores 

could not reflect psychiatric comorbid conditions. Fourth, the task was shortened in the 

interests of constraining the amount of time the adolescent participants needed to be in the 

scanner. This may have compromised our power for individual level analyses. However, the 

covariate-by-intensity and covariate-by-valence interactions were based on 24 vs. 24 event 

comparisons; i.e., there was likely sufficient power for these interactions. Fifth, there was no 

association between CUD symptom severity and behavioral impairment on the CO task. 

However, the participants’ task was to rate the likelihood the event might happen to them. 

The principle dysfunction identified in the BOLD response data reflected inadequate 

differentiation of high vs. low intensity items. It is possible that if the participant’s task had 

been to rate level of positive/negative valenece of the future items, we would have observed 

behavioral effects also. Sixth, several of the future events were financially related. The 

salience of these events might be influenced by the participants’ socioeconomic status 

(SES). Future work could examine analyses with SES as a covariate. However, this 

information was only available for 63 of the participants in the current study. Finally, 

although we used a CUDIT score of 6 as a cutoff for possible CUD in our sample, it should 

be noted that this cutoff was validated in a sample of college students.31 While the AUDIT 

has been validated for use in an adolescent sample ranging from ages 13–17,14 similar 

validation studies for CUDIT have not been conducted in this specific age range in 

adolescents.

In summary, we found that CUDIT scores were related to reduced responsiveness to future 

high relative to low-intensity events within regions including sgACC, PCC, premotor and 

visual cortices (albeit the latter only for high-intensity negative relative to low-intensity 

negative future events). We hypothesize that this reflects a relationship between greater 

severity of CUD and disruption in the representation of the differential salience of future 

events and/or the use of this information within regions implicated in decision-making 
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(particularly sgACC and PCC) and the organization of motor responding (premotor cortex). 

Such a relative disruption may further exaggerate the difficultes faced by adolescents with 

CUD, leading to a progressive failure to appropriately represent future consequences of their 

actions and interfere with interventions focusing on motivating change via future rewards.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CUDIT-by-intensity interaction
within the (A) sgACC and (B) PCC. Greater CUDIT scores were associated with reduced 

differential responses to high- relative to low-intensity future events. NOTE: Significant 

activation to this interaction is seen within both regions if the ANCOVA only includes 

CUDIT and not AUDIT as a covariate (p<0.001) but not if only AUDIT is included (even at 

p<0.05).
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Figure 2. CUDIT-by-valence-by-intensity interaction
within the (A) cuneus and (B) premotor gyrus. Greater CUDIT scores were associated with 

reduced differential responses to high-intensity negative valence relative to low-intensity 

negative valence future events. NOTE: Significant activation to this interaction is seen within 

both regions if the ANCOVA only includes CUDIT and not AUDIT as a covariate (p<0.001) 

but not if only AUDIT is included (even at p<0.05).
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