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eMethods. Further Methodology 
 

Participant Exclusion Criteria 

Children who exhibited signs of fetal alcohol syndrome (FAS) were excluded from study 
enrollment. Additional exclusion criteria included being left-handed or ambidextrous, 
determined by the Edinburgh Handedness Inventory1; neurologic, acute, uncorrected, or chronic 
medical illness; treatment with psychoactive medication within the past 6 months; history of 
psychosis or schizophrenia in a first degree relative; and presence of Axis I psychiatric or 
developmental disorders, except for conduct and attention-deficit/hyperactivity disorders 
(ADHD) or prior SUD, as excluding these participants with these latter three disorders would 
eliminate part of the phenomena of interest. The DIS-IV was used to determine diagnosis. All 
female participants underwent a urine pregnancy test immediately prior to the scan; pregnancy 
was exclusionary. All participants were instructed to abstain from alcohol and illicit substances 
and, if applicable, stop taking medication for ADHD at least 48 hours prior to scanning. 
Participants were given a multi-drug 5-panel urine screen before scanning. Due to THC 
metabolites being detectable in urine for a week or longer, participants who tested positive for 
marijuana but self-reported abstinence within 48 hours prior to the scan were not excluded from 
the study (Time 1: 3 participants; Time 2: 10 participants; Time 3: 13 participants). Self-reported 
marijuana use within this timeframe and/or a positive test for alcohol and other drugs not 
including marijuana were exclusionary. 
 
 

fMRI Paradigm - Monetary Incentive Delay Task (MIDT) 

For each trial, participants first saw an incentive cue for 2000 msec, indicating whether on that 
trial they could win $5.00, lose $5.00, win $0.20, or lose $0.20, or no money was at stake (cue). 
They then saw a white fixation cross for 2000 msec (fixation), followed by a variable-duration 
target (target), during which time they were to press a button as quickly as possible. Pressing the 
button while the target was on the screen signified a correct response. Finally, participants were 
shown feedback indicating whether they won money, failed to win money, lost money, avoided 
losing money, or no money was at stake (feedback). The duration of the target screen was 
determined for each participant during a brief training session immediately before scanning, 
during which time the mean reaction time was recorded. Target duration was adjusted so that 
each participant would achieve approximately 60% accuracy (“hit accuracy”), and ranged from 
200–300 msec. Participants received any money won during the MID task in addition to fixed 
participation rates. Consistent with the original MID task design2, we did not jitter between 
anticipation and target presentation. To examine the covariance between anticipation and receipt, 
we conducted simulations using AFNI’s 3Deconvolve. Results of these simulations showed 
colinearity between anticipation and receipt ranged between r=0.10 and r=0.24, which is within 
acceptable levels (r<0.30). 
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fMRI Image Processing and Analyses 

Functional images were linearly combined and reconstructed using an iterative algorithm3. Foam 
padding around the head secured with a forehead strap minimized participant motion. During the 
informed consent process and prior to scanner entry, participants were instructed to remain still 
during scanning. Participant head motion was corrected using the FSL 5.0.2.2 analysis tools 
library (Analysis Group, FMRIB, Oxford, UK); slice-acquisition timing was corrected using 
SPM8 (Wellcome Institute of Cognitive Neurology, London, UK). Each volume was compared 
to the previous volume for motion. Runs exceeding 3 mm translation or 3° rotation in any 
direction (movement 3mm in directions x, y, z or pitch, roll, or yaw) were excluded. A shift 
greater than 3mm between two volumes resulted in exclusion. Remaining image processing was 
completed using SPM8. Functional images were spatially normalized to a standard stereotactic 
space as defined by the Montreal Neurological Institute. A 6 mm full-width at half-maximum 
Gaussian spatial smoothing kernel was applied to improve signal-to-noise ratio and account for 
individual anatomic differences. 
 
 
Individual-level analyses were carried out using the general linear model. Regressors of interest 
for all events (cues, anticipation delay for each cue type, and outcomes for each cue type) were 
included and convolved with the canonical hemodynamic response function. White matter signal 
intensity and six motion parameters were modeled as nuisance regressors to capture non-task-
related noise and remove residual motion artifacts, respectively. Scanner drift and other low 
frequency noise were removed from the image time series using a 128 second high-pass filter. 
 
 
Effects of Incentive Amount and Hemisphere in Nucleus Accumbens (NAcc) Volumes of Interest 

Repeated-measures ANOVA with hemisphere (R/L) and incentive value (large/small) as within-
subject factors were used to examine the effects of hemisphere and incentive value on extracted 
parameter estimates at each wave. As expected, BOLD signal was higher for large win trials 
relative to small win trials at each time point (time 1: F1,107=117.29, P<0.001; time 2: 
F1,107=167.22, P<0.001; and time 3: F1,107=123.42, P<0.001). No main effects of hemisphere or 
hemisphere-by-incentive value interactions were found for any of the time points (all Ps>0.11).  
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eResults. Test Analyses 
 
MID Task Performance 
Repeated-measures ANOVA were used to examine the effects of time (1/2/3) and incentive type 
(reward/neutral) on hit accuracy and reaction time. There was a main effect of incentive type on 
hit accuracy (F1,212=165.77, P<0.001), with higher accuracy during reward compared with 
neutral trials across all three time points (F1,106=110.26, P<0.001; F1,107=98.73, P<0.001; 
F1,107=53.05, P<0.001, respectively). There was also a main effect of time on hit accuracy 
(F2,212=11.91, P<0.001), with accuracy improving across time for both reward and neutral cues 
(F1,106=8.57, P=.004; F1,106=22.14, P<0.001, respectively). Results showed a significant 
interaction between incentive type and time, with hit accuracy for neutral incentives increasing 
over time more than reward incentives (F2,212=4.20, P=0.02). There was a main effect of 
incentive type on reaction time (F1,212=8.54, P=0.004). The only significant difference in reaction 
time by incentive value was found at time 3, with a faster reaction time during reward compared 
with neutral trials (F1,107=9.57, P=0.003). There was also a main effect of time on reaction time 
(F2,212=9.51, P<0.001), increasing for both reward and neutral trials (F1,106=12.31, P=0.001; 
F1,106=13.88, P<0.001, respectively). There were no significant interactions found between 
incentive type and time for reaction time (F2,212 = 1.19, P=0.31).  
 
 
Cross-Lagged Analyses 
 
To test if recency of marijuana use may have impacted our findings, we examined a separate 
cross-lagged model by eliminating runs in which participants tested positive for marijuana but 
reported no use at least 48 hours prior to scanning sessions. Given that past year marijuana use 
and past year binge drinking coinciding with NAcc activation at each run were also modeled, we 
did not include these measures in these post-hoc analyses. Results showed a similar trend in 
associations between marijuana use at time 1 and NAcc activation at time 2 (β =-0.20, P=0.09), 
NAcc activation at time 1 and marijuana use at time 2 (β=-0.04, P=0.57), marijuana use at time 2 
and NAcc at time 3 (β =-0.19, P=0.04), and NAcc activation at time 2 and marijuana use at time 
3 (β =-0.03, P=0.63). Similar trends were also found for stability coefficients of marijuana use at 
time 1 and marijuana use at time 2 (β=0.52, P<0.001), marijuana use at time 2 and marijuana use 
at time 3 (β=0.75, P<0.001), NAcc activation at time 1 and NAcc activation at time 2 (β=0.28, 
P=0.004), and NAcc activation at time 2 and NAcc activation at time 3 (β=0.36, P<0.001). 
Model fit was poor compared to the model shown in Figure 2 (χ2=15.03, P=0.06, RMSEA=0.10, 
CFI=0.95, TLI=0.73). Therefore, we have determined that recency of marijuana use did not 
greatly impact our findings. 
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eFigure 1. Left and Right Nucleus Accumbens (NAcc) Volumes of Interest 

 
NAcc masks (5 mm radius spheres centered around x=-10, y=13, z=-8 and x=10, y=13, z=-8) are 
shown here, overlaid for visualization on Statistical Parametric Mapping (SPM8) canonical 
single subject T1 coronal slices. Numbers indicate the Montreal Neurological Institute (MNI) y-
coordinate of the slice. 
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eFigure 2. Left and Right Nucleus Accumbens (NAcc) Activation During Reward Anticipation 
vs. Neutral Contrast 

 
Whole-brain contrast maps for the reward anticipation versus neutral contrast for combined large 
and small incentive value at each scan, displayed at family-wise error (FWE) correction of P < 
0.001, minimum cluster size of 100. 
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eTable 1. Mean Performance Data for the MID Task Across Scans 
 
 Time 1 Time 2 Time 3 
Hit accuracy, %    
   Reward target trialsa 62.87 (59.78–65.96) 68.29 (65.71–70.88) 68.27 (65.80–70.75) 
   Neutral target trials 48.88 (45.42–52.33) 55.75 (52.60–58.89) 58.76 (55.64–61.88) 
Reaction time, ms    
   Reward target trialsa 192.54 (185.37–199.70) 204.01 (198.30–209.72) 206.98 (200.28–213.67) 
   Neutral target trials 196.24 (188.71–203.78) 206.11 (200.13–212.10) 213.41 (206.81–220.01) 
 
Total N = 108 
Abbreviation: MID, Monetary Incentive Delay  
aCombined reward trials were calculated by the mean of small and large amount reward anticipation  
95% confidence intervals are shown in parentheses. 
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eTable 2. Partial Correlation Coefficientsa Between Past Year Marijuana Useb and Hit Accuracy 
and Reaction Time During the MID Task Reward Anticipation Across Scans 
 

 1. 2. 3. 4. 5. 6. 7. 8. 9. 
1. Marijuana use 
– Time 1 

1.00         

2. Marijuana use 
– Time 2 

0.48*** 1.00        

3. Marijuana use 
– Time 3 

0.48*** 0.71*** 1.00       

4. Hit accuracy – 
Time 1 

-0.10 0.08 0.11 1.00      

5. Hit accuracy – 
Time 2 

0.08 0.02 0.12 0.34** 1.00     

6. Hit accuracy – 
Time 3 

-0.06 0.17 0.08 0.13 0.17 1.00    

7. Reaction time – 
Time 1 

-0.00 0.11 0.11 0.24* 0.02 -0.18 1.00   

8. Reaction time – 
Time 2 

0.06 0.02 0.03 0.06 0.04 -0.21* 0.45*** 1.00  

9. Reaction time – 
Time 3 

0.04 0.06 -0.00 -0.17 -0.26 -0.11 0.29** 0.34** 1.00 

 
Total N = 108 
Abbreviation: MID, Monetary Incentive Delay  
aControl variables include sex, age at time 1, parental history of substance use disorder, prior 
marijuana use and binge drinking up to 12 months prior to time 1, and past year binge drinking 
corresponding to each time.  
bMarijuana use days were reported during the past year and log transformed 
*P < 0.05, **P < 0.01, ***P < 0.001 
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eTable 3. Pearson Correlations Among Substance Use Variablesa Included in Cross-Lagged Model 
 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 
1. Marijuana 
use - Time 1 

1.00            

2. Marijuana 
use - Time 2 

0.71*** 1.00           

3. Marijuana 
use - Time 3 

0.68*** 0.82*** 1.00          

4. Binge 
drinking – 
Time 1 

0.44*** 0.38*** 0.40*** 1.00         

5. Binge 
drinking - 
Time 2 

0.20* 0.22* 0.22* 0.65*** 1.00        

6. Binge 
drinking -
Time 3 

0.25** 0.28** 0.32** 0.60*** 0.80*** 1.00       

7. Cigarette 
use - Time 1 

0.42*** 0.26** 0.24* 0.41*** 0.35*** 0.32** 1.00      

8. Cigarette 
use - Time 2 

0.36*** 0.25** 0.18 0.42*** 0.41*** 0.36*** 0.87*** 1.00     

9. Cigarette 
use – Time 3 

0.32** 0.29** 0.24* 0.37*** 0.43*** 0.37*** 0.87*** 0.71*** 1.00    

10. Prior 
marijuana use 

0.71*** 0.59*** 0.53*** 0.48*** 0.27** 0.21* 0.62*** 0.56*** 0.44*** 1.00   

11. Prior 
binge 
drinking 

0.26** 0.18 0.19 0.58*** 0.55*** 0.43*** 0.50*** 0.50*** 0.38*** 0.54*** 1.00  

12. Prior 
cigarette use 

0.34*** 0.22* 0.18 0.36*** 0.31** 0.22* 0.77*** 0.75*** 0.56*** 0.69*** 0.66*** 1.00

Total N = 108 
aMarijuana use, binge drinking, and cigarette use at each time point were reported during the past year and log transformed. Prior marijuana use, binge drinking, 
and cigarette use were reported up to 12 months prior to time 1 and log transformed.  
*P < 0.05, **P < 0.01, ***P < 0.001 


