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Abstract

Objective: Disturbances in self-regulatory control are involved in the initiation and maintenance 

of addiction, including cannabis use disorder (CUD). In adults, chronic cannabis use is associated 

with disturbances in fronto-striatal circuits during tasks that require the engagement of self-

regulatory control, including the resolution of cognitive conflict. Understudied are the behavioral 

and neural correlates of these processes earlier in the course of cannabis use, disentangled from 

effects of long-term use. The present study investigates the functioning of fronto-striatal circuits 

during the resolution of cognitive conflict in cannabis-using youth.

Method: Functional magnetic resonance imaging data was acquired from 28 cannabis-using (CU) 

youth and 32 age-matched healthy participants (HC) during the performance of a Simon task. 

General linear modeling was used to compare patterns of brain activation during correct responses 

to conflict stimuli across groups. Psychophysiological interaction analyses were used to examine 

conflict-related fronto-striatal connectivity across groups. Associations of fronto-striatal activation 

and connectivity with cannabis use measures were explored.

Results: Reduced conflict-related activity was detected in CU relative to HC youth in fronto-

striatal regions, including ventromedial prefrontal cortex (vmPFC), striatum, pallidum and 

thalamus. Fronto-striatal connectivity did not differ across groups, but negative connectivity 

between vmPFC and striatum was detected in both groups.

Conclusion: These findings are consistent with previous reports of cannabis-associated 

disturbances in fronto-striatal circuits in adults and point to the specific influence of cannabis on 

neurodevelopmental changes in youth. Future studies should examine whether fronto-striatal 

functioning is a reliable marker of CUD severity and potential target for circuit-based 

interventions.
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INTRODUCTION

A hallmark feature of substance use disorder (SUD) is compulsive drug-seeking long after 

the drug is no longer experienced as pleasurable and despite the associated adverse 

consequences of this behavior.1 Disturbances in self-regulatory control are believed to be 

involved in the initiation and maintenance of the compulsive drug-seeking that characterizes 

SUDs.1–3 Most adults with SUD began having problems with drugs and alcohol in 

adolescence,4–6 a developmental period during which the neural circuits underlying control 

processes continue to mature.7 As such, the adolescent brain may be particularly vulnerable 

to the effects of substance use.8–10 Cannabis is the most widely used illicit substance across 

ages.6, 11 Thus, a better understanding of the functioning of the fronto-striatal circuits that 

support regulatory capacities in cannabis-using youth could have great clinical and public 

health implications and may shed light on the emergence and maintenance of compulsive 

drug-seeking during this sensitive developmental period.

Acute12–14 and chronic15–19 exposure to cannabis have been associated with neurocognitive 

deficits in executive function, including inhibitory control processes. Neuroimaging findings 

from chronic cannabis-using adults show altered fronto-striatal functioning associated with 

resolution of cognitive conflict,15, 18, 20–23 selective attention,24 and behavioral inhibition.25 

After a period of abstinence, abnormalities in control processes have been reported in 

some16, 26, 27 but not other28 studies. These discrepant findings may be attributed to 

differences in the age at which participants initiated or escalated cannabis use, consistent 

with the hypothesis that disturbances in fronto-striatal control processes may be more 

pronounced and persistent in earlier initiates due to a possibly greater impact of cannabis 

exposure (and related drug-seeking behaviors) at earlier stages of brain development.29 An 

alternative, but not mutually exclusive, explanation is that fronto-striatal disturbances may 

be present early in development and contribute to the early initiation of cannabis use.

In sum, the extant data point to altered fronto-striatal control processes in cannabis-using 

adults, particularly in those who became frequent users at an earlier age.16, 18, 19, 23, 30 This 

literature on neural functioning in adults is inherently confounded by chronic effects of 

cannabis exposure on brain and limited information on early history of use (only categorical 

early vs. late onset) and other important aspects of developmental history.16, 18, 19, 23, 30

In the present study, we used functional magnetic resonance imaging (fMRI) with the Simon 

Spatial Incompatibility Task31, 32 to investigate the functioning of the neural circuits that 

support the engagement of control required to resolve cognitive interference (i.e., conflict) in 

cannabis-using youth. Fronto-striatal regions are known to be involved in the resolution of 

cognitive conflict on this task,32–34 and alterations in structure and function of fronto-striatal 

circuits (specifically, the ventromedial prefrontal cortex [vmPFC]) have been associated with 

cannabis use in adults.20, 23, 35–38 We therefore predicted that, relative to healthy controls 
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(HC), cannabis-using youth (CU) would show reduced conflict-related activation and altered 

connectivity within the vmPFC fronto-striatal circuit. Such deficient functioning of this 

circuit may contribute to the initiation and maintenance of problematic cannabis use. Thus, 

we further hypothesized that these alterations would be less severe with longer abstinence. 

We also examined whether frequency of use and age of first regular use were associated with 

functional disturbances in this circuit. Unlike previous studies in adults that treated age of 

onset as a categorical measure (i.e. early vs. late),16, 18, 19, 23, 30 we treated it as a continuous 

variable, allowing us to test whether variations in age of initiation linearly predicted 

variations in conflict-related activation and connectivity.

METHOD

Participants

Participants were 28 adolescents and emerging adults with significant cannabis use (CU) and 

32 healthy controls (HC), aged 14–23 years, group matched on age, gender, socioeconomic 

status (SES), race and ethnicity. Demographics for all participants and clinical ratings for the 

CU group are shown in Table 1. Participants were recruited through flyers, Internet 

advertisements, word-of-mouth, and local mental health clinics and schools.

This study aimed to assess the functioning of fronto-striatal circuits early in the course of a 

problematic cannabis use trajectory. DSM diagnostic criteria poorly capture the patterns, 

consequences, and severity of cannabis use in youth39, 40 and teens often experience 

impairment without meeting criteria for DSM-IV substance abuse/dependence or a DSM-5 

SUD. Thus, inclusion in the CU group required meeting at least one DSM-IV diagnostic 

criterion. Because it is possible that infrequent cannabis use may not be associated with 

neural changes, inclusion in the CU group required “moderate” use defined as at least twice 

weekly. CU participants were excluded if they had a lifetime diagnosis of SUD (dependence 

or abuse) other than cannabis or if any substance other than cannabis (THC) was detected by 

a urine drug test (Construction 12-Drug Screen Test, Innovacon, Inc., San Diego, CA) 

administered on the day of the scan. In addition, CU participants were asked to abstain at 

least 12 hours prior to assessment/scanning. It should be noted, however, that urine drug 

testing was not used to determine cannabis use abstinence prior to scanning because THC 

can be detected in urine beyond 12 hours after use. HC participants did not meet DSM-IV 

criteria for any SUD and had no history of cannabis use. Cannabis use and DSM criteria for 

cannabis-related disorders were assessed with the Comprehensive Adolescent Severity 

Inventory (CASI-A),41 the Timeline Follow-Back (TLFB),42, 43 the Structured Clinical 

Interview for DSM-IV Axis-I Disorders (SCID-I)44 for participants 18 years and older, and 

the Kiddie-Schedule for Affective Disorders and Schizophrenia-Present and Lifetime 

Version (K-SADS-PL)45 for those under 18 years.

Participants with a history of neurological illness, past seizures, head trauma with loss of 

consciousness, mental retardation, developmental disorder, or Axis I psychiatric disorders 

were excluded. Depressive, anxiety and attention deficit hyperactivity (ADHD) disorders 

were permitted in the CU group, given their high co-morbidity with moderate to heavy 

cannabis use in youth. The presence of these and other Axis 1 disorders was determined 

based on the SCID-I or K-SADS-PL. The DuPaul-Barkley Attention-Deficit Hyperactivity 
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Disorder Rating Scale46 quantified symptoms of inattention and hyperactivity. Full-scale IQs 

were estimated using the Wechsler Abbreviated Scale of Intelligence (WASI),47 and SES 

was calculated based on parental academic and occupational achievement using the 

Modified Hollingshead 4-Factor Index.48 All clinical data were reviewed and confirmed by a 

psychiatrist who also conducted clinical interviews for all participants. Adult participants 

provided informed consent. Minor participants provided assent, and their caregivers 

provided consent. The research protocol was approved by the Institutional Review Board of 

the New York State Psychiatric Institute.

FMRI Paradigm

Participants completed the Simon task (previously described).49–51 Briefly, participants were 

presented with a leftward or rightward pointing arrow on each trial that was either congruent 

or incongruent with its position (left or right) on the screen. They were instructed to respond 

as quickly and accurately as possible to the direction of the arrow by pressing a button on a 

response box using the index finger for left and the middle finger for right. Stimulus 

duration was 1300 ms, with jittered intervals ranging from 4160 to 6960 ms (M=5350, 

SD=1159.98) between each trial. Each of 3 runs consisted of 55 trials, with 11 blank, 22 

congruent, and 22 incongruent stimuli. E-prime software (Psychology Software Tools, Inc., 

Sharpsburg, Pa.) was used to program and run the experiment and to record participants’ 

responses and reaction times (RTs).

Behavioral Analyses

RTs on correct trials were entered as dependent variables in a repeated measures, mixed-

model ANOVA in IBM SPSS Statistics 22.0 (Armonk, NY: IBM Corp.) with Stimulus (post-

congruent Incongruent vs. post-congruent Congruent) as the within-subject variable and 

group (CU vs. HC) as the between-subject variable.

Image Acquisition and Processing

Images were collected using a GE Signa 3 Tesla LC scanner (Milwaukee, WI). Functional 

images were acquired using a T2* sensitive, gradient-recalled, single shot, echo-planar pulse 

sequence (repetition time = 2200 ms, echo time = 30 ms, 90 degree flip angle, single 

excitation per image, 24*24 cm field of view, 64*64 matrix, 34 slices 3.5mm thick, no gap, 

covering the entire brain). We collected 140 echo-planar imaging (EPI) volumes for each 

run.

Image preprocessing and first-level analyses were carried out using SPM12 (http://

www.fil.ion.ucl.ac.uk/spm/) and MATLAB 9.0 (Mathworks, Natick, MA). Functional 

images were corrected for differences in slice timing using sinc-interpolation, and head 

movement was corrected using a least-squares approach and a 6-parameter rigid body spatial 

transformation. Structural data were coregistered to the functional data and segmented into 

tissue probability maps, bias corrected and spatially normalized to the Montreal 

Neurological Institute (MNI) space of 1 × 1 × 1 mm3 voxels. Using the deformation fields of 

these segmented images, the functional images were subsequently spatially normalized to 

MNI space of and 3 × 3 × 3 mm3 voxels. An 8-mm full-width/half-maximum isotropic 

Gaussian smoothing kernel was applied to all normalized functional images. All analyses 
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included a temporal high-pass filter (128 s) and correction for temporal autocorrelation using 

an autoregressive AR(1) model. Each image was scaled to have a global mean intensity of 

100.

For each participant, preprocessed time series data from all three Simon task runs (420 

volumes) were modeled using a General Linear Model (GLM) with six conditions: 1) 

Incongruent correct trials preceded by congruent trials (cI), 2) Congruent correct trials 

preceded by incongruent trials (iC), 3) Incongruent correct trials preceded by incongruent 

trials (iI), 4) Congruent correct trials preceded by congruent trials (cC), 5) fixation trials, and 

6) incorrect trials (incongruent or congruent), including those trials with RTs below the 

minimum RT of 200 ms required for stimulus detection and processing. Because of the 

limited number of incorrect trials, contrasts involving these trials were not assessed. All of 

the task regressors were convolved with the canonical HRF, and least-squares regression was 

used to estimate parameters for each independent variable for each participant. To ensure 

that the non-significant motion differences could not account for our results, we included 24 

nuisance motion regressors as covariates of non-interest to capture linear, quadratic, 

differential, and quadratic differential motion52. Runs in which a participant had more than 

30% error rate (ER) on the task or more than 3mm of total displacement in any of the 6 

standard motion parameters, following conversion of rotational parameters to distances by 

computing the arc length displacement on the surface of a sphere with radius 50 mm,53, 54 

were considered poor quality data and excluded from our analyses.

Conflict-related Activation

Parameter estimates averaged across the 3 runs were used to produce an incongruent (cI and 

cC) versus congruent (cC and iC) contrast (I-C) for each participant to isolate brain 

activation associated with the engagement of self-regulatory control and resolution of 

cognitive conflict (i.e., interference effect). The I-C parameter estimates maps were 

compared across groups in a second-level GLM adjusting for age and gender, using the two-

sample t-test function with covariates implemented in SPM12. A voxel-wise cluster-defining 

threshold (CDT) of p<.001 was applied whole-brain, and minimum cluster extent for 

significance at a Family Wise Error (FWE) rate of p<.05 was determined by the FWEc 

cluster-level correction for multiple comparison function implemented in SPM12.

Conflict-related Functional Connectivity

To further assess the functioning of fronto-striatal circuits involved in the resolution of 

cognitive conflict in CU relative to HC, we investigated group differences in conflict-related 

functional connectivity. To do so, we computed a psychophysiological interaction (PPI)55 of 

the trial-by-trial psychometric estimate of conflict (I-C) by the physiological activation 

during I-C trials in a functionally defined frontal seed. The seed was defined as a 6-mm-

radius sphere centered on the coordinates where maximal group differences in I-C activation 

were found within the vmPFC. We then regressed this PPI term against whole-brain 

activation maps to identify regions in which coupling with the vmPFC varied as a function 

of conflict (I-C). Positive and negative connectivity are respectively defined as significant 

positive and negative correlations between regions’ timeseries. Regions in which timeseries 

are uncorrelated are considered unconnected.
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A second-level analysis was conducted to test group differences in conflict-related 

functional connectivity, adjusting for age and gender. Because of our a priori hypotheses of 

fronto-striatal disturbances, these group-level analyses of connectivity with vmPFC were 

restricted to the striatal voxels within the caudate and putamen as defined by the AAL atlas. 

A voxel-wise CDT of p<.001 was applied to the second-level t-maps, and minimum cluster 

extent for significance at a FWE rate of p<.05 was determined by the FWEc cluster-level 

correction for multiple comparison function implemented in SPM12. Findings that did not 

survive FWEc correction are reported as uncorrected.

Clinical Correlates

In the CU group, correlation analyses were conducted to examine the relationships of 

conflict-related activation and connectivity with cannabis use. Each participant’s average 

activation and connectivity estimates were extracted from each cluster that was determined 

to be significant in our second-level group analyses. Pearson’s coefficients were then 

computed between these estimates and the 1) age of first regular cannabis use, 2) duration of 

use (in years),3) days of use in the past 30 days, and 4) days of abstinence prior to scanning.

Potential Confounding Effects

To assess potential confounding effects of comorbidity in the CU group, I-C activation maps 

were compared across groups in additional second-level two-sample t-tests (FWEc) after 

excluding CU participants with comorbid 1) attention-deficit/hyperactivity disorder 

(ADHD), 2) major depressive disorder (MDD), 3) anxiety disorders, and 4) significant 

alcohol use. We additionally explored and controlled for the effects of IQ and SES on our 

group differences in conflict-related activation and connectivity by conducting ROI-based 

analyses using the extracted parameter estimates from each significant cluster detected in 

our main analyses.

RESULTS

Participants

Demographics are shown in Table 1, along with clinical ratings for the CU group. Twenty-

eight CU participants (17 males) and 32 HCs (17 males), aged 14–23 years, group matched 

on age, gender, SES, race and ethnicity were included in this study. Six additional 

participants (three CUs and three HCs) were scanned but excluded from analyses because of 

poor data quality. Seven scan runs from four CU participants were also excluded because of 

severe head motion. Mean framewise displacement did not differ across groups (HC: 

M=0.07, SD=0.04; CU: M=0.07, SD=0.06; t(58)=‒ 0.05, p-.959). In the CU group, 12 

participants met DSM-IV criteria for cannabis dependence, and 17 for cannabis abuse. In 

addition, four CU participants had comorbid ADHD, two had comorbid MDD, one had a 

comorbid anxiety disorder (i.e., specific phobia), and one reported significant alcohol use. 

Twenty-four CU participants screened positive for THC, but no other substances. No HC 

participants screened positive for any substances.
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Behavioral Results

Table S1 (available online) presents descriptive statistics and group comparisons on task 

performance (RT and ER) for each condition (cC, cI, iC, iI). On average, participants 

responded correctly to 94% (SD = 3%) of the trials. As a result, only 6% of the trials were 

excluded from our image analyses. The repeated measures ANOVA revealed a significant 

main effect of stimulus indicating that all participants responded faster to congruent 

compared to incongruent stimuli (F(1,58)=98.02, p<.001). No significant Group effect or 

Group-by-Stimulus interaction was detected (ps>.1), suggesting that performance did not 

differ across groups. Including age and gender in the model revealed a main effect of age 

(F(1,54)=8.640, p=.005) but no significant main effect of stimulus or interactions between 

any variables (all ps>.1).

Conflict-related Activation

Significant group differences in conflict-related activations were detected bilaterally in 

lateral PFC (dorsal and ventral regions), vmPFC, middle cingulate, precuneus, and parietal 

lobe, in left paracentral lobule, pallidum, thalamus, and occipital gyri, as well as in right 

putamen and precentral gyrus (FWEc; Table 2; Figure 1). Examination of within-group one-

sample t-maps revealed that these group differences derived from greater activation of these 

regions in response to incongruent compared to congruent stimuli in the HC group, but not 

the CU group (uncorrected). Activation associated with incongruent and congruent stimuli 

did not differ in the CU group. Effect sizes of these group differences are reported in Table 

S2 (available online).

Conflict-related Functional Connectivity

No significant group differences in conflict-related fronto-striatal connectivity were 

detected. Across both groups, however, significant negative connectivity (i.e., anti-

correlations) was detected from vmPFC activation to right putamen (FWEc) and bilateral 

caudate (uncorrected) (Figure 2; Table 3). Effect sizes for these connectivity findings are 

reported in Table S2 (available online).

Clinical Correlates

Results for all clinical correlates in the CU group, including p-values adjusted for False 

Discovery Rate (FDR), are presented in Table S3 (available online). Conflict-related 

activation in vmPFC correlated positively with the number of days of cannabis use 

abstinence prior to scanning (r =.447, p=.020, FDR-p=.523; Figure S1A, available online). 

Conflict-related vmPFC-caudate connectivity also correlated negatively with the age of first 

regular cannabis use (r=‒ .391, p=.048, FDR-p=.522; Figure S1B, available online). These 

findings did not survive correction for multiple tests.

Potential Confounding Effects

Our findings of group differences in conflict-related activation did not appreciably change 

after excluding CU participants with comorbid 1) ADHD (n=4), 2) MDD (n=2), 3) anxiety 

(n=1), and 4) significant alcohol use (n=1; Figure S2, available online). Findings of group 
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differences also remained significant after controlling for IQ and SES, in addition to age and 

gender (all ps<.004).

DISCUSSION

Herein, we used an event-related fMRI paradigm to examine the neural correlates of the 

resolution of cognitive conflict in cannabis-using youth. CU and HC participants performed 

similarly on the task. Compared to HC participants, CU participants showed reduced 

activation of fronto-striatal regions in response to conflict. Further, vmPFC activation in the 

CU group was significantly associated with their cannabis-use abstinence, perhaps reflecting 

a dose-response effect of cannabis on fronto-striatal function by which the effects of 

cannabis escalate with recent use. Contrary to our hypothesis, group differences in fronto-

striatal functional connectivity were not detected, but vmPFC activation was negatively 

coupled with striatal activation in both groups, although this finding did not survive 

correction for multiple tests. Together with findings from prior studies, our results point to 

disruption in the fronto-striatal circuits that support self-regulatory control. Such disruption 

likely contributes to impaired control over addiction, thereby leading to the impulsive and 

compulsive drug seeking/taking that characterize CUD and SUDs more generally. Future 

studies should examine whether dysfunction in these circuits can be used as a reliable 

marker of substance use and addiction, as well as targets for circuit-based interventions.

In contrast to HCs, who showed significant conflict-related activation in frontal and parietal 

cortical regions, striatum, and basal ganglia, CU participants did not differentially activate 

these regions in response to incongruent compared to congruent stimuli. Thus, they did not 

engage these fronto-striatal regions to resolve conflict, consistent with previous findings of 

altered function and structure of fronto-striatal control circuits in chronic cannabis-using 

individuals.13, 15–23, 25, 26, 35–38, 56–60 This finding is also consistent with reports of reduced 

dopamine function in the striatum and decreased metabolism in prefrontal regions 

(particularly vmPFC regions) in addiction.61 For example, previous findings suggest reduced 

OFC volumes in cannabis-using adolescents37 and adults56, 58 relative to healthy controls, 

with smaller volumes associated with the initiation of cannabis use in adolescence36. Other 

data suggest decreased activation in vmPFC and other fronto-striatal regions during 

decision-making tasks in chronic cannabis-using adults.35, 60 Together, these findings 

contrast with previous reports of increased activation of vmPFC and other fronto-striatal 

regions during inhibitory control,57, 59 as well as with reports of increased functional and 

anatomical connectivity with OFC.38, 58 Such discrepant findings may be due to differences 

in study designs or differences in the clinical and demographic characteristics of the samples 

studied.

In the CU group, the duration of cannabis-use abstinence correlated positively with vmPFC 

activation, such that longer abstinence was associated with more activation of this region. 

Thus, progressive restoration of fronto-striatal function may occur after drug use has ceased. 

This exploratory finding was not significant after correcting for multiple tests, but is 

consistent with at least partial recovery from acute62 and chronic27 effects of cannabis on 

attentional and information processing abilities after a month or more of abstinence. 

However, data also suggest persistent deficits in performance and fronto-striatal function 
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during various cognitive tasks following abstinence26, 35, 63 possibly due to an early onset of 

cannabis use during adolescence. This explanation suggests that adolescents may be 

particularly vulnerable to the effects of prolonged exposure due to the ongoing development 

of fronto-striatal circuits and associated cognitive functions. Previous findings in fact 

suggest greater disturbances in fronto-striatal control processes in chronic cannabis-using 

adults who became frequent users at early relative to later ages.16, 18, 19, 23, 30 We detected 

an uncorrected association between age of first regular use and fronto-striatal connectivity. 

Although in need of replication, these findings suggest that disruption in fronto-striatal 

functioning may be greater and more persistent if chronic cannabis use is initiated during 

adolescence, when these circuits are still undergoing maturation. Alternatively, pre-existing 

fronto-striatal abnormalities may also contribute to the early initiation and maintenance of 

cannabis use, consistent with findings that reduced OFC volumes at age 12 predict initiation 

of cannabis use by age 16.36

The present study is limited by its modest sample size, reducing our power to detect effects 

and precluding thorough examination of potential confounding effects (e.g., age, gender, IQ, 

SES) and their interactions with cannabis use on our behavioral and brain outcome 

measures. For example, including age and gender as covariates in our behavioral analyses 

revealed a main effect of age but no effect of conflict, suggesting that age rather than 

stimulus type accounted for most of the variance in reaction times across groups. Studies of 

larger samples are required to properly assess the effects of age and conflict-related 

processes in healthy and cannabis-using youth. Further, given the low power due to our 

modest sample size, some of the findings reported herein were not corrected for multiple 

tests and should thus be interpreted with much caution until replicated in a larger sample. In 

addition, aspects of cannabis use (i.e., frequency of use, abstinence, age of first regular use 

and duration of use) were based on self-reports. While informative, such measures may be 

subject to errors or biases in recall due to current neural functioning, psychopathology, 

current mood, personality, or other factors64 Future studies could incorporate ecological 

momentary assessment measures (e.g., using smart phones) of daily cannabis use and other 

relevant variables over an extended period of time. The cross-sectional study design also 

precluded examining longitudinal trajectories of fronto-striatal functioning associated with 

development, long-term chronic use and recovery. In addition, the correlational study design 

further limits our conclusions pertaining to the specific nature of the relationships observed 

between cannabis use and fronto-striatal function (e.g., causal or transactional relationships). 

Thus, future longitudinal studies in larger and more diverse samples should replicate and 

extend the findings presented herein.

Despite these potential caveats, our findings of altered conflict-related fronto-striatal 

function in relation to cannabis use in adolescents have important implications for our 

understanding of adolescent development and the risks/consequences associated with 

cannabis use. Indeed, due to the various neurobiological changes associated with this 

sensitive developmental period, an earlier onset of regular use may linearly predict (or result 

from) alterations in fronto-striatal circuits. The present findings set the stage for future 

longitudinal studies aimed at understanding the developmental trajectory of fronto-striatal 

circuits in relation to CUD, as well as to SUD in general, and are a first step towards 

identifying circuit-based targets for early interventions that reduce addiction behaviors by 
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enhancing self-regulatory capacity. Given that substance use and relapse rates are associated 

with control processes,65interventions based on neural stimulation, such as transcranial 

magnetic stimulation (TMS), and behavioral interventions, such as cognitive training, that 

specifically target fronto-striatal circuits may be helpful as adjunct intervention strategies to 

complement standard treatment programs for CUD as well as SUDs in general.66

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Conflict-Related Neural Activations
Note: Between-group t-map of conflict-related activations (voxel-wise cluster defining 

threshold [CDT] of p<.001, FWEc cluster extent correction of p<.05), along with within-

group t-maps (CDT of p<.001, uncorrected), adjusting for age and gender. ACC = anterior 

cingulate cortex; CU = cannabis users; HC = healthy control; MCC = middle cingulate 

cortex; OFC = orbitofrontal cortex; PCG = postcentral gyrus; PreCu = Precuneus; SMG = 

supramarginal gyrus; Thal = thalamus.
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Figure 2. Conflict-Related Functional Connectivity
Note: T-map showing conflict-related (Incongruent vs. Congruent) ventromedial prefrontal 

cortex (vmPFC)–putamen (voxel-wise cluster defining threshold [CDT] of p<.001, FWEc 

cluster extent correction of p<.05) and vmPFC–caudate functional connectivity strength in 

both HC and CU groups combined (CDT of p<.001, uncorrected), adjusting for age and 

gender. Cau = Caudate; CU = cannabis users; HC = healthy control; Put = Putamen.
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Table 1.

Demographic and Clinical Characteristics of Participants with Cannabis use Disorder (CU), and Age-Matched 

Healthy Controls (HCs)

Characteristic

CU
(n = 28)

HC
(n = 32)

Analysis

Mean (SD) Mean (SD) t(58) p

Age (years) 19.3 (2.0) 18.9(2.7) −0.719 .48

Socioeconomic status 43.9(12.0) 45.7 (14.7) 0.608 .55

WAIS IQ score (Full-4) 104.9(21.5) 109.1 (14.4) 0.879 .38

Days of use (past 28 days) 20.7 (10.7) - - -

Days abstinent prior to scan 3.71 (5.8) - - -

Age first marijuana use (years) 15.4(2.1) - - -

Age first regular marijuana use (years) 16.6 (2.3) - - -

Duration of marijuana use (years) 3.6(1.7) - - -

n (%) n (%) X2 (1,N=60) p

DSM-IV diagnoses

 Cannabis abuse 17(60.7) - - -

 Cannabis dependence 12 (42.9) - - -

 Alcohol abuse 1 (3.6) - - -

 Attention-deficit/hyperactivity disorder 4(14.9) - - -

 Major depressive disorder 2 (7.0) - - -

 Anxiety disorder 1 (3.6) - - -

Gender 0.350 .55

 Male 17 17

 Female 11 15

Race/Ethnicity

 Asian 0(0) 1 (3) - -

 African-American 12 (43) 8 (25) 2.143 .14

 Caucasian 8 (29) 13 (41) 0.954 .33

 Hispanic 7 (25) 9 (28) 0.075 .78

 Other 1 (4) 1 (3) 0.009 .92

Note: WAIS IQ = Wechsler Adult Intelligence Scale
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Table 2.

Group Differences in Conflict-Related (Incongruent vs. Congruent) Activations, Adjusting for Age and 

Gender

Cluster Area
a

Cluster size MNI coordinates t (peak) pFWEc (cluster)

#1 Right orbitofrontal cortex (lateral)
Right inferior frontal gyrus (orbitalis)

79 27 35 −10 4.92 .049

#2 Bilateral middle cingulate cortex
Bilateral precuneus

111 −12 −46 50 4.34 .016

#3 Left thalamus 80 −12 −13 −7 4.49 .047

#4 Bilateral orbitofrontal cortex (medial)
Left anterior cingulate cortex

89 9 53 −10 4.29 .034

#5 Right supramarginal gyrus
Right postcentral
Right rolandric operculum

97 51 −22 26 4.28 .026

Note: MNI = Montreal Neurological Institute.

a
Area labels were based on the Anatomical Automatic Labelling (AAL).
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Table 3.

Conflict-Related (Incongruent vs. Congruent) Negative Functional Connectivity of Ventromedial Prefrontal 

Cortex with Striatum, Across All Participants, Adjusting for Age and Gender.

Area Cluster size MNI coordinates t (peak) pFWEc (cluster)

Right putamen 46 27 8 8 −4.17 .013

Bilateral caudate 26 −6 5 2 −3.91 .130

Note: MNI = Montreal Neurological Institute.
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