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Abstract
Background—Neural mechanisms of decision-making and reward response in adolescent
cannabis use disorder (CUD) are underexplored.

Methods—Three groups of male adolescents were studied: CUD in full remission (n=15);
controls with psychopathology without substance use disorder history(n=23); and healthy
controls(n=18). We investigated neural processing of decision-making and reward under
conditions of varying risk and uncertainty with the Decision-Reward Uncertainty Task while
participants were scanned using functional magnetic resonance imaging.

Results—Abstinent adolescents with CUD compared to controls with psychopathology showed
hyperactivation in one cluster that spanned left superior parietal lobule/left lateral occipital cortex/
precuneus while making risky decisions that involved uncertainty, and hypoactivation in left
orbitofrontal cortex to rewarded outcomes compared to no-reward after making risky decisions.
Post-hoc region of interest analyses revealed that both control groups significantly differed from
the CUD group (but not from each other) during both the decision-making and reward outcome
phase of the Decision-Reward Uncertainty Task. In the CUD group, orbitofrontal activations to
reward significantly and negatively correlated with total number of individual drug classes the
CUD patients experimented with prior to treatment. CUD duration significantly and negatively
correlated with orbitofrontal activations to no-reward.

Conclusions—The adolescent CUD group demonstrated distinctly different activation patterns
during risky decision-making and reward processing (after risky decision-making) compared to
both the controls with psychopathology and healthy control groups. These findings suggest that
neural differences in risky decision-making and reward processes are present in adolescent
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addiction, persist after remission from first CUD treatment, and may contribute to vulnerability for
adolescent addiction.
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cannabis use disorder; decision-making; reward response; orbitofrontal cortex; adolescence;
behavioral risk

1. Introduction
Marijuana, whose active component is delta-9 tetrahydrocannabinol (THC)(Ashton, 2001),
is the most commonly used illicit drug in the United States (Substance Abuse and Mental
Health Services Administration, 2010). Cannabis is an addictive drug (Budney et al., 2001;
Gardner, 2005) that leads to cannabis use disorders (CUD; defined as DSM-IV cannabis
dependence or abuse). Substance use disorders (SUD; defined as DSM-IV substance
dependence or abuse) such as CUD can alter the neurobiology of decision-making and
reward evaluation (Bechara, 2005; Ernst and Paulus, 2005; Volkow et al., 2003). THC acts
directly as an exogenous agonist for cannabinoid 1 receptors located in the brain’s decision-
making and reward circuits by enhancing dopamine tone and causing psychoactive effects
(Iversen, 2003). In adults with CUD these processes are further complicated by lower IQ
(Fried et al., 2002), poorer executive functions, visual-spatial deficits, and psychomotor
slowing (Jacobus et al., 2009; Meier et al., 2012; Schweinsburg et al., 2008).

The cognitive and neural effects of CUD in abstinent adolescents and adults are
understudied (Crean et al., 2011; Jacobus, et al., 2009). Further, some cognitive and imaging
studies have not controlled for drug abstinence. The few neuroimaging investigations of
decision-making in abstinent adults with CUD compared with controls without substance
use disorders (SUD) have demonstrated dysregulation of the brain regions involved in
decision-making and inhibition (Bolla et al., 2005; Eldreth et al., 2004). Studies of
adolescent offspring at familial risk for SUD suggest pre-existing vulnerabilities in decision-
making, reward evaluation, and inhibition (Andrews et al., 2011; Dawe et al., 2004; Tarter et
al., 2004). However, it is unknown if the existing cognitive and neuro-imaging findings are
related to vulnerabilities that predate CUD (Macleod et al., 2004; Pope et al., 2003), active
cannabis or other substance use during data collection (Fried et al., 2005; Gonzalez and
Swanson, 2012; Pope et al., 2001), or the neurobiological consequences of adolescent onset
CUD.

CUD is an extremely difficult to treat, persistent, and long-lasting health problem.
Therefore, to develop effective early identification, treatment and prevention strategies for
youth with CUD, it is important to better characterize brain responses to specific types of
decisions and reward in abstinent adolescents with CUD. Immaturity in decision-making
and reward circuits (Bjork et al., 2007; Eshel et al., 2007; Galvan et al., 2006; Geier et al.,
2010), along with reorganization of dopamine and endocannabinoid circuits during
adolescence (Crews et al., 2007; Realini et al., 2009; Wahlstrom et al., 2010), may be
responsible for the increased risk for adolescent-onset CUD (Johnston et al., 2008).

Adolescents begin making life decisions that involve uncertainty and experiencing
unpredictable outcomes that may involve loss, such as in dating or career choices. The
neural circuits recruited for decision-making and reward processing within the context of
uncertainty may be altered in adolescent-onset CUD. Decision-making circuits involve a
core set of brain structures: the prefrontal cortex; dorsolateral prefrontal cortex; parietal
cortex; insular cortex; and anterior and posterior cingulate (Mohr et al., 2010). Reward-
related brain circuits include the nucleus accumbens, caudate, putamen, thalamus,
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orbitofrontal cortex (OFC), bilateral anterior insula, anterior cingulate cortex, and posterior
cingulate cortex (Liu et al., 2011). Reward circuits involve structures that receive
dopaminergic input from the midbrain and include the ventral striatum (i.e., the nucleus
accumbens), and ventromedial prefrontal cortex (Schott et al., 2008).

To address this issue, the Decision-Reward Uncertainty Task (Huettel, 2006) builds on the
fact that abstract rewards, such as winning money, are associated with the same neural
substrates that respond to primary reinforcers (e.g., food, love) in animals (Schultz, 2000)
and humans (Fisher et al., 2010; Gottfried, O’Doherty, et al., 2003). As such, the Decision-
Reward Uncertainty Task is a monetary reward task designed to examine decision-making
and reward circuits separately in one task (Huettel, 2006). This methodological feature of
the task is important because most previous research has failed to differentiate decisions into
risk types and reward evaluation. Thus, in most studies, decision-making was contingent in
time upon reward and not separated from reward evaluation (Xiangrui et al., 2010). To
address these methodological issues, the Decision-Reward Uncertainty Task examines three
types of risk: reward risk; behavioral risk; and no risk. Reward risk is defined as certainty
about what decision to make but uncertainty about reward outcomes. In other words, one
knows what actions to take for a reward but the reward is probabilistically determined.
Reward risk activates decision-making circuits in the parietal cortex, dorsolateral prefrontal
cortex, medial frontal lobe, basal ganglia, thalamus, and insula in adults (Huettel, 2006) and
adolescents (Yaxley et al., 2011). Behavioral risk is defined as uncertainty about which
decisions should be taken to earn a reward or achieve a desired goal. Under these conditions,
one is uncertain about what decision to make for a reward. Behavioral risk activates
decision-making circuits in additional decision-making circuits in prefrontal, parietal, and
insular regions in adults (Huettel, 2006) and adolescents (Yaxley, et al., 2011). In this task,
behavioral risk and reward risk conditions are matched on probability and expected value, in
that each contain a 50% chance of receiving a constant-size reward. The only difference
between these conditions is in whether the participant knows what decision to make (reward
risk) or not (behavioral risk). Decision-making under both reward risk and behavioral risk
conditions is considered risky because reward is not certain. The Decision-Reward
Uncertainty Task includes a no-risk or certainty condition as a control, where the decision
required to earn a reward is known and reward is certain.

Since most addiction imaging studies do not control for risk factors such as co-morbid
mental illness, co-morbid substance use disorder, or active substance use, we designed this
study to control for co-morbid substance use disorder, psychopathology, active substance
use, and prenatal factors that may influence adolescent SUD outcomes. Psychopathology is
common in adolescent-onset CUD. Co-morbidity may contribute to the neuro-mechanisms
leading to addiction and the high relapse rates in adolescents seeking treatment (Kaminer
and Bukstein, 2008; Spear et al., 1999). Adolescent CUD is frequently co-morbid with
alcoholism (Clark, 2004; Lynskey et al., 2003), conduct disorder (Armstrong and Costello,
2002; Clark et al., 1998; Costello et al., 2003), attention deficit hyperactivity disorder
(ADHD)(Armstrong and Costello, 2002), major depression (Degenhardt et al., 2003),
trauma history (Dembo et al., 1988), and posttraumatic stress disorder (PTSD)(Clark et al.,
1997). Decision-making and reward deficits are seen in conduct disorder (Rubia, 2011;
Rubia et al., 2009), ADHD (Rubia, 2011; Volkow et al., 2009), major depression (Rao,
2006) anxiety disorders (Miu et al., 2008), trauma history (Dillon et al., 2009), and PTSD
(Admon et al., 2012; Elman et al., 2009; Sailer et al., 2008). Psychopathology may either
contribute to or confound the results of previous imaging investigations of decision-making
and reward circuits in adolescents with SUD (Clark, 2004; De Bellis, 2002).

In this investigation, we compared three groups of adolescent males using the Decision-
Reward Uncertainty task: 1) CUD in remission, after successful first-time treatment for
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CUD; 2) controls with psychopathology similar to the CUD group but without SUD history;
and 3) healthy controls. Although there are many youth with psychiatric disorders, most do
not suffer from addictions. Thus, we examined decision-making and reward circuits under
uncertainty using functional magnetic resonance imaging to examine these neurobiological
circuits in healthy adolescents, adolescent with psychiatric disorders, and those with CUD in
remission.

We hypothesized that there would be dysregulation in decision-making and reward circuits
during risky decision-making in abstinent adolescents with CUD, compared to adolescents
with psychopathology and healthy controls. We hypothesized that abstinent adolescents with
CUD would show altered brain activations in the key structures described above that are
associated with behavioral risk during decision-making and reward processing after making
risky decisions compared to both adolescent control groups.

2. Methods
2.1 Participants

Fifteen adolescents with recent outpatient treatment for CUD, in full remission; 23
adolescent control outpatients with psychopathology similar to the CUD group, but without
any SUD history; and 18 healthy control adolescent males participated (Table-1). The
adolescent controls with psychopathology and CUD group had similar psychopathology and
number of biological parents with lifetime SUD, and were recruited through the same
outpatient university clinics, where core treatments are cognitive behavioral therapy with
family therapy. Healthy adolescents were recruited through local advertisements in the
surrounding community. The study was approved by the University Medical Center
Institutional Review Board. Adolescents provided written assent and legal guardians
provided written informed consent before participation.

2.2 Study protocol
Diagnoses were made using the Schedule for Affective Disorders and Schizophrenia for
School Aged Children Present and Lifetime Version (KSADS-PL)(Kaufman et al., 1997)
administered to all adolescents and their legal guardians as previously described (De Bellis
et al., 2009). Disorder onset, defined as the time at which diagnostic criteria were first met,
was determined for each disorder. If diagnostic disagreements were not resolved with this
method, consensus diagnoses were reached among a child psychiatrist (MDDB) and child
psychologist (SRH) using the Best Estimate Method (Clark, 1999; Kosten and Rounsaville,
1992), where a date of onset, defined as the time at which diagnostic criteria were first met,
was determined for each disorder(Clark et al., 2001). If disorders occurred within one month
of each other, they were considered co-occurring. Subjects underwent a two-subtest
(Vocabulary and Matrix Reasoning) IQ test using the Wechsler Abbreviated Scale of
Intelligence (Wechsler, 1999). One year after the MRI scan, CUD subjects and their
guardians underwent a telephone interview where they were asked about cannabis relapse,
other drug initiation, abuse or dependence, and SUD related treatments received since the
MRI scan to determine any CUD relapse or new SUD status.

Substance use information was gathered by directly interviewing adolescents. For each
symptom, ages of onset were estimated to the nearest month. Methods from the Lifetime
History of Alcohol Use Interview (Skinner, 1982) were incorporated into the KSADS-PL
and used to collect supplemental information on cannabis, alcohol and other abused
substances, including nicotine, and seven other drug classes (stimulants, sedatives/
anxiolytics, cocaine, opioids, hallucinogens, solvents/inhalants, and other). Additional
information included age of onset of regular use (defined as using at least twice a month for
2 months), mean maximum weekly quantity and frequency of use during periods of greatest
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use, and age of maximum use and quantity of maximum daily use. Cannabis consumption
was translated into a standard joint (Chung et al., 2004).

The CUD patients consisted of n=6 with cannabis abuse and n=9 with cannabis dependence
(seven had prior cannabis abuse). Six of the CUD subjects met DSM-IV criteria for past
history of alcohol abuse without regular drinking or nicotine dependence (n=2 both, n=2
alcohol abuse, n=2 nicotine dependence). CUD patients were in full remission of any SUD
prior to study enrollment. No subjects were taking psychotropic medications at the time of
the study.

All adolescents received saliva and urine toxicology screens prior to scanning to confirm the
absence of THC, alcohol, tobacco or other drug use. Participants with a positive screen were
excluded from this investigation (n=4 CUD, n=1 controls with psychopathology). We ran 76
subjects and excluded 20 subjects (n=6 healthy controls, n=10 controls with
psychopathology, n=4 CUD) due to excessive head movement (n=10) or scanner related
problems (n=10). Data loss did not differ between groups (X2=.56, p=75) and the percent
data loss due to motion or scanner problems (26%) was similar to that reported in other
pediatric studies that detail this information (Forbes et al., 2011; Forbes et al., 2010).
Subjects whose data were not included in the analyses were not reported in Table-1 or in the
results section.

2.3 Exclusion Criteria
Exclusion criteria for subjects were: (1) medical, neurological, or pervasive developmental
or psychotic disorder; (2) head injury, loss of consciousness; (3) birth weight under 5 lbs.,
postnatal compromise with neonatal intensive care stay; (4) morbid obesity or growth
failure; (5) IQ<80; (6) contraindications to safe MRI research participation; (7) maternal
tobacco dependence, alcohol use greater than 4 drinks a month or use of illegal drugs during
pregnancy with adolescent participant (these data were collected upon interview with the
biological mother and subject birth/prenatal record review); (8) lifetime history of DSM-IV
Axis I disorders confirmed by KSADS-PL interview in healthy controls; (9) lifetime SUD in
controls with psychopathology; and (10) current SUD in the CUD group.

2.4 Imaging procedures: Experimental task
The Decision-Reward Uncertainty Task was described previously in adolescents (Yaxley, et
al., 2011). There are five different cues, with different response-reward contingencies
comprising three different task conditions: no risk, reward risk, and behavioral risk. See
Figure-1. No-risk cues (i.e., a star or a square) signaled that a correct button press would be
rewarded with 100% certainty. Reward risk cues (i.e., a trapezoid or a circle) signaled that a
correct button press would be rewarded with 50% probability. In this case, a subject made a
decision knowing the “correct” response, but not knowing if they would receive a reward.
However, the behavioral risk cue (a triangle) signaled that the response was unknown; only
one of the two possible responses (right or left button press) would guarantee a reward,
while the other would not. In this case, a subject made a decision without knowing the
“correct” response or if they would receive a reward. Decision-making during reward risk
and behavioral risk were risky because in both cases, reward was probabilistically
determined at 50%, and thus unknown.

Every trial began with the decision-making phase and ended with the outcome phase. After
cue presentation, participants were prompted with a question mark (“?”) for 1 second in
which to make a button press to execute their decision. This was followed by a delay. Then
the trial outcome phase was presented for 1 second. The outcome stimuli were either
behavioral risk or reward risk, rewarded: “$$”; no risk rewarded: “$”; or no-reward for
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behavioral, reward, or no risk trials, “X” when an incorrect or no button was pressed.
Finally, the fixation cross was presented again during the inter-trial interval and another
decision-making phase began.

Participants completed 150 trials on average, where the three decision conditions
(behavioral risk, reward risk, and no risk) were split evenly among each of six 6-minute
runs. The task was presented using Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) for
MATLAB (MathWorks, Inc.). In both the decision-making and reward outcome phases, all
runs were included that met predetermined standards for quality assurance criteria including
signal-to-fluctuation-noise ratio >60 and head motion <2mm. At least two of the six runs
had to meet quality assurance criteria for subject inclusion in decision-making and outcome
phase analyses. For the outcome phase of the task, all runs were included that contained both
behavioral and reward risk rewarded and non-reward outcomes because behavioral risk
rewarded outcomes were central to our hypothesis-driven analyses. Since behavioral risk
rewarded outcomes were less likely because these were probabilistically determined and
would not occur if a subject did not respond “correctly” or failed to press the button, there
were fewer outcome trials than decision-making trials included in the analyses.

Participants learned the response-reward contingencies and practiced the task outside of the
scanner until they mastered the task rules. Participants were paid for their entire
participation in the study but could earn up to an additional $15 if they performed well on
the task.

2.5 Image acquisition, processing and data analyses
Images were acquired using a 3.0-T General Electric (Waukesha, WI) MRI scanner. Whole-
brain, blood-oxygenated-level-dependent (BOLD) images were collected using a high-
throughput T2*-weighted spiral-in pulse sequence with the following acquisition
parameters: TR: 2,000 ms; TE: 28 ms, flip angle: 90°; 34 slices; near-isotropic voxel size:
3.75×3.75×3.8 mm comprising 180 volumes. Functional images were normalized and
registered to a stereotaxic space with whole-brain T1-weighted high-resolution images
acquired with a 3D spoiled gradient-recalled sequence.

Functional images were analyzed using FMRI Expert Analysis Tool (FEAT) (Version 5.98,
Analysis Group, FMRIB, Oxford, UK). These images were corrected for slice acquisition
time (interleaved ascending), corrected for motion with MCFLIRT, normalized into the
standard Montreal Neurological Institute stereotaxic space (MNI, Montreal, QC, Canada),
and subjected to a high-pass filter (pass frequency>1/100 Hz). FSL’s Brain Extraction Tool
(BET) was used to exclude non-brain voxels from analyses. Images were spatially smoothed
using a full-width half-maximum kernel of 5 mm.

As designed, image analyses modeled activation during the decision and outcome phases
separately. In the decision-making phase, we contrasted behavioral risk versus no risk and
reward risk to measure decision-making under uncertainty. We collapsed no risk and reward
risk together because in both these conditions what decision to make was known, compared
to behavioral risk, for which the correct action was uncertain. In the outcome phase, we
measured brain response to reward in only behavioral risk and reward risk trials because
these trials involved probabilistically determined or “risky” rewards.

For the decision phase, first-level (i.e., within-run) regression analyses included three
regressors time-locked to 2 seconds of the onset of the decision cue for each trial type (i.e.,
behavioral risk, reward risk, and no risk), one nuisance regressor for all responses, and one
nuisance regressor for missed responses. For the outcome phase, we modeled five regressors
of interest time-locked to the first second of outcome presentation (i.e., no-risk rewarded,
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reward-risk rewarded, behavioral-risk rewarded, behavioral-risk unrewarded, and reward-
risk unrewarded). Additionally, a nuisance regressor was included for the presentation of the
outcome stimulus (i.e. reward, no-reward). We did not directly contrast the decision and
reward phases because the phases necessarily differed in their stimulus and response
requirements. Our primary interest was in the effects of experimental condition within the
decision phase and outcome phase, separately (Huettel, 2006).

For both the decision and reward phases, second-level analyses collapsed across runs, within
each subject, using a fixed-effects model. Third-level analyses collapsed across all subjects
in all three subject groups that included an additional regressor for between-group
comparisons using a random effects model (FLAME 1). Reported results focus on the whole
brain between-group comparisons to examine the differences in the CUD group compared to
each of the two comparison groups. All statistical results of whole-brain voxelwise analyses
reported in figures and tables were thresholded using clusters determined by Z>2.3 and a
corrected cluster significance threshold of p=0.05 (Worsley, 2001).

Results from the whole-brain voxelwise analyses included all 56 individuals in the decision-
making phase of the task and 44 individuals (n=13 controls, n=17 controls with
psychopathology, n=14 CUD) in the outcome phase of the task because 12 subjects lacked
behavioral risk rewarded outcomes in at least two of the six runs that meet predetermined
standards for quality assurance criteria, which was our minimal criteria for inclusion in our
analyses. Groups did not significantly differ by the number of runs included in the analyses
(X2=2.6, p>.26).

To examine the relationship between brain regions of interest (ROI) and clinical variables,
we extracted mean BOLD activation in all 56 subjects for the significant clusters derived
from third-level whole-brain analyses to illustrate the brain activation patterns during each
event using linear regression models. These statistical analyses were carried out controlling
for age, using jmp 9.0.2 software (www.jmp.com) (2010 SAS Institute Inc.).

3. Results
3.1 Behavioral analysis

Response times showed no group effects of behavioral risk (F2,53=.1, p=.91), reward risk
(F2,53=.32, p=.73), and no risk (F2,53=.02, p=.98) conditions. There were no differences in
number of successful runs (that met predetermined standards for quality assurance criteria)
between groups during the decision-making phase (F2,53=.21, p=.80). Mean response times
analyzed by subsequent reward outcome showed no significant group effects for reward
(F2,53 =.02, p=.98) and no-reward outcomes (F2,53=.55, p=.58). At least one reward and no-
reward event in each risky condition per run was considered for data analyses. There were
no differences in number of successful runs between groups during the reward outcome
phase (F2,44=.06, p=.93). These above measures indicated that task performances between
groups were similar.

3.2 Regions Activated by Behavioral Risk During Decision-Making
The whole-brain voxelwise analyses of the main effects of behavioral risk versus reward risk
and no risk conditions demonstrated activations in parietal cortex, anterior and posterior
cingulate gyrus, frontal gyrus, and insula cortex (see Supplementary Figure-1 and Table-1)
as predicted from our previous study in healthy adolescents (Yaxley et al., 2011). The
whole-brain voxelwise analyses contrasting the activation between risky decisions involving
uncertainty (behavioral risk versus reward risk and no risk conditions) revealed greater
activations in one cluster that included the left superior parietal lobule, but also left lateral
occipital cortex, and left and right precuneus in the CUD group compared with controls with
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psychopathology (Table-2A and Figure-2A). To understand the relationship of this region
during decision-making between the healthy controls and the CUD group, we examined the
left superior parietal lobule activations during behavioral risk in all 56 subjects. Post-hoc
analyses co-varying for age and age x group interaction revealed that the CUD patients’
superior parietal lobule mean response to behavioral risk significantly differed from both
control groups (F5,50=11.36, p<.0001). Post-hoc analyses also showed that CUD behavioral
risk activations were elevated compared to controls with psychopathology (LS Means
Differences Tukey-Kramer HSD, p<.05) and healthy controls (LS Means Differences
Tukey-Kramer HSD, p<.05) (Figure-2B). Age (F5, 50=2.7, p=.1) and age x group (F5, 50=2.5,
p=.09) interactions showed a trend for significance in this model. In order to examine if the
other decision-making conditions contributed to the results, we also examined the superior
parietal lobule ROI for reward risk > baseline (F3,52=.34, p=.79) and no risk > baseline
(F3,52=.15, p=.92) in the 3 groups, these results were not significant.

3.3 Regions Activated by Rewarded versus Non-rewarded Contrast Outcomes
The whole-brain voxelwise analyses of outcomes contrasted the activation between the
reward and no-reward outcomes after making risky decisions. This analysis contrasted
rewarded outcomes from the behavioral risk and reward risk conditions with the unrewarded
outcomes in the same conditions. The whole-brain voxelwise analyses of the main effects of
reward versus no-reward outcomes after making risky decisions demonstrated activation in
visual cortex, striatum, cingulate gyrus, and frontal cortex (see Supplementary Figure-2 and
Table-2) as predicted from our previous study in healthy adolescents (Yaxley et al., 2011).
The left OFC revealed significant hypoactivation to reward minus no-reward in the CUD
group compared to the controls with psychopathology for rewarded risk trials (Reward Risk
+ Behavioral Risk)> unrewarded risk trials (Reward Risk + Behavioral Risk) (Table-2B and
Figure-3A).

To understand the relationship of OFC function in all 3 groups, we examined the left OFC
activations during reward versus no-reward in all 56 subjects. Post hoc analyses revealed
that the CUD patients’ OFC mean response to reward minus no-reward after making a risky
decision was significantly lower compared to both control groups (F2,53=4.8, p<.01).
Individual contrasts showed that CUD group activation was lower compared to both controls
with psychopathology (LS Means Differences Tukey-Kramer HSD, p<.05) and healthy
controls (LS Means Differences Tukey-Kramer HSD, p<.05). Age (p>.2) and age x group
interaction (p>.2) were not significant covariates and thus not included in this analyses
(Figure-3B).

3.4 Clinical Correlations
No significant relationships were seen between any clinical variables and left superior
parietal lobule response to behavioral risk. However, left OFC activations to reward (rs=−.
60, p<.02) and reward minus no-reward (rs=−.63, p=.01) significantly and negatively
correlated with the total number of individual drug classes the CUD patients experimented
with prior to treatment. Lower OFC reward activation correlated with more drug
experimentation (Figures-4A & 4B). The left OFC showed a significant interactions
between both control groups and condition (reward versus no-reward) (F2,53=4.8, p=0.01;
Figure-5A). Follow-up contrasts revealed that both controls groups reward and no-reward
activations were significantly different than the CUD group (F1,53=4.8, p=0.003) but similar
to each other. CUD duration significantly and negatively correlated with left OFC response
to no-reward correcting for the participant’s current age (Partial correlation= −0.7620, p<.
009). This suggests that the longer participants had a CUD diagnosis, the more the CUD
participant’s response to no-reward appeared similar to both control groups (Figures-5A &
5B).
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We also investigated the relationship between left OFC reward minus no-reward activity and
cannabis relapse. Of the 15 subjects, all but 3 had relapsed by one year follow-up. This rate
is similar to high rates of relapse previously described in adolescents treated for SUD
(Williams et al., 2000). Mean left OFC reward minus no-reward activation predicted relapse
within a year of the MRI scan (X2=10.8, p=.001). Subjects who did not relapse showed
higher mean left OFC reward minus no-reward activation (F1,13=11.11, p=.005). Mean left
OFC reward minus no-reward activation was higher for those who remained abstinent after
additionally controlling for age, SES, handedness, IQ, cannabis consumption variables, and
duration of abstinence (t6,13=3.08, p=.02). We emphasize that the sample size is small so
results should be considered with caution.

We saw no other significant relationships or group interactions between superior parietal
lobule or OFC activations with cannabis consumption variables, age of onset of CUD, age at
the time of scan, or between number of days since last cannabis consumption and MRI scan.

CUD patients with histories of alcohol abuse or nicotine dependence and their associated
consumption variables did not influence the results.

4. Discussion
We investigated decision-making and reward circuits under uncertainty in abstinent
adolescents with CUD compared to adolescent controls with comorbid psychopathology and
healthy controls. The whole-brain voxelwise analyses investigating neural responses during
risky decisions involving uncertainty revealed hyperactivations in decision circuits that
included the left superior parietal lobule, but also the left lateral occipital cortex and bilateral
precuneus in the CUD group compared with controls with psychopathology. Post-hoc
analyses also revealed significant hyperactivations to decisions involving uncertainty in
these brain regions of interest in the CUD patients compared to both control groups.
Furthermore, abstinent adolescents with CUD had attenuated left OFC activations to reward
but accentuated left OFC activity to no-reward compared to non-SUD adolescents. In the
CUD group, left OFC activation was in the opposite direction from both control groups,
whose reward activations were similar for both outcomes. Moreover, the nature of our study
controlled for non-SUD psychopathology, a common confound in adolescent addiction
research, as a possible neural mechanism of CUD vulnerability, and utilized a task that
controlled for reward variations. Taken together, these findings suggest that adolescent onset
CUD is associated with altered decision and reward circuits that are present early in the life
course of addiction and may represent a vulnerability to adolescent addiction.

Meta-analyses show that risky decisions involve superior parietal lobule activity (Krain et
al., 2006), particularly in the integration of information (Zysset et al., 2006). As opposed to
previous findings in abstinent adults with CUD compared with controls (Bolla, et al., 2005;
Eldreth, et al., 2004), we saw no areas of hypoactivations to risky decisions in the CUD
group compared to controls at the whole-brain level. Similar to other adolescent SUD
researchers, we found hyperactivation in executive regions. Note, the decision-making phase
of the task involves decision-making, based on working memory for the association between
the different types of cues and correct responses, and response inhibition because subjects
had to wait to see a “?” to press the button for their decision to register as a response. The
three groups studied here did not differ in their task performance. Although our study
involved decision-making under uncertainty, our findings are similar to other investigations
of abstinent adolescent marijuana users that demonstrated increased activation in
dorsolateral prefrontal, parietal, superior temporal, and posterior cingulate regions during
working memory demands and increased parietal and frontal activation during inhibition
compared with controls (Gruber and Yurgelun-Todd, 2005; Schweinsburg, et al., 2008;
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Schweinsburg et al., 2005; Tapert et al., 2007). Hyperactivations in the left superior parietal
lobule, left lateral occipital cortex, and bilateral precuneus in the CUD group during
behavioral risk suggests that additional neural resources were needed to integrate
information to maintain the same level of task performance as both control groups.

Although the CUD group’s activation during risky decisions under uncertainty did not
correlate with clinical measures, correlations of left OFC hypoactivation to reward with
substance-related clinical variables suggest that adolescent onset CUD may be caused by
pre-existing OFC reward dysregulation. In support of this idea, OFC reward and reward
minus no-reward response significantly and negatively correlated with the total number of
individual drug classes the CUD patients experimented with prior to treatment, indicating
that greater OFC hypoactivation to reward under conditions of uncertainty was associated
with more drug experimentation. Furthermore, CUD duration correlated with OFC activity
to no-reward after risky decisions, such that the longer the CUD patients were using, the
lower their OFC responses to no-reward. Additionally, lower left OFC reward minus no-
reward activations predicted relapse, suggesting that hypoactivations in reward circuits may
contribute to vulnerability for adolescent addiction. This suggests that THC may re-regulate
a dysregulated OFC reward system in adolescents with addiction, which is further supported
by findings showing that non-abstinent adults with heavy cannabis use show higher OFC
activation during wins in the Iowa gambling task (Cousijn et al., 2012).

Several studies suggest that OFC dysfunction creates vulnerability for early substance
initiation. A large cross-sectional fMRI study of 1,593 fourteen year old adolescents
revealed hypoactivations in lateral OFC during successful inhibition of a stop-signal task in
adolescents who showed early substance initiation (alcohol, nicotine or illicit substances)
(Whelan et al., 2012). Another longitudinal study reported that smaller OFC volumes at age
12 predicted initiation of cannabis use by age 16 (Cheetham et al., 2012). Healthy adults
with a positive parental family history of SUD demonstrated lower OFC activation
compared to healthy adults without family history of SUD to anticipation of monetary
reward (Andrews, et al., 2011), further suggesting that OFC dysfunction is a vulnerability
for SUD. Our three groups did not differ in family history of first degree relatives with a
SUD (p>.13). This was particularly true of our controls with psychopathology (40% had at
least one parent with SUD history) and the abstinent CUD group (60% had at least one
parent with SUD history).

The behaviors characteristic of OFC dysfunction resemble SUD and its treatment-refractory
nature. The lateral OFC is involved in drug-seeking behaviors (Roberts, 2006; Rolls, 2000;
Schoenbaum and Shaham, 2008). OFC lesions have biased rats toward choices with more
immediate access to rewards without regard to effort (Rudebeck et al., 2006), and towards
riskier choices(Pais-Vieira et al., 2007). OFC lesions in primates impair their ability to
attribute reward delivery or omission to their most recent behavior (Rudebeck et al., 2008).
Imaging studies demonstrate that OFC serves to code stimuli into a common currency of
relative reward values (Arana et al., 2003; Cox et al., 2005; Elliott et al., 2003; FitzGerald et
al., 2009; Gottfried, O’Doherty, et al., 2003; O’Doherty et al., 2001; Plassmann et al., 2007).
The region of OFC hypoactivation seen in our CUD subjects is homologous to subregions
(frontal polar area 10, area 11 anteriorly, area 13 posteriorly) in primates (Chiavaras and
Petrides, 2000). These Areas receive direct connections from the amygdala and integrate
data from primary reinforcers (Carmichael and Price, 1995). Specific lesions of areas 11 and
13 in primates cause deficits in the ability to make adaptive choices such as choosing not to
eat when satiated (Rudebeck and Murray, 2011).

Although several studies show that ventral striatum activity is increased in adolescents
compared to adults, suggesting a developmental immaturity of subcortical areas in
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adolescents(Chambers et al., 2003; Ernst et al., 2006; Geier, et al., 2010; Leijenhorst et al.,
2010), we found main effects of reward in ventral striatum in all 3 groups and no group
differences. Our data are inconsistent with the idea that adolescents are vulnerable to SUD
because they are seeking more stimulating experiences to compensate for ventral striatum
hypoactivity (Bjork et al., 2004; L. P. Spear, 2000). Blunted ventral striatum activation was
seen in healthy young adults with positive SUD family history (Andrews, et al., 2011). It is
possible that ventral striatum dysfunction may not become evident in participants at risk for
SUD until young adulthood due to maturation changes that occur during adolescence. We
did not find attenuated reward activity in the nucleus accumbens and caudate nucleus as
seen in a study of young adults with CUD who were only one week abstinent from cannabis
and had positive urine toxicology (van Hell et al., 2010). The latter study may represent
findings of early cannabis withdrawal as our CUD patients were abstinent for at least one
month before MRI scan.

Our study had several strengths. Our design insured that our results were not due to greater
prenatal exposure of substances, prenatal factors, outpatient clinic status, comorbid
psychopathology, child maltreatment and trauma histories, or greater familial risk in the
CUD group.

Our data also have several limitations. First, the whole brain BOLD differences were
between the CUD group and controls with psychopathology in both the decision-making and
reward outcome phases of the task and not the CUD and healthy control groups. Given our
region of interest analyses, we believe this was due to lack of power for a 3-cell fMRI study
given our group sample sizes. The controls with psychopathology and healthy control
groups region of interest data for each phase were similar for the decision-making and
reward versus no-reward outcomes and opposite the CUD group data. Our fMRI between-
group data is cross-sectional so we cannot prove that the different activation patterns to risky
decision-making and reward in the CUD group represent pre-existing vulnerabilities for
adolescent onset CUD. However, our clinical correlation and relapse data would support this
interpretation. Secondly, because our treatment center had a majority of male adolescents
with CUD, it was not feasible to examine females with CUD. Sex differences in the OFC
were seen in adults recently abstinent from cocaine where males show lateral and females
medial OFC activations (Adinoff et al., 2006). Gender differences may exist that have yet to
be explored. Lastly, findings of our cross-sectional study have several untested explanations:
1) An inherent vulnerability for adolescent-onset CUD; 2) An inherent vulnerability for life-
long treatment-refractory SUD; or 3) An unmeasured and initial THC-induced
neurodevelopmental change in decision-making and reward circuits caused by heavy
adolescent THC consumption that lead to adolescent-onset CUD. Since a human lesion
fMRI study found that the left OFC was responsible for motivational modulation
(Szatkowska et al., 2011) and our findings indicate that adolescents with CUD in full
remission showed dysregulation of this motivation region (which can manifest itself as
motivational deficits during uncertainty), it is possible that dysfunctional left OFC response
to reward may be an initial THC-induced neurodevelopmental change that lead to prolonged
cannabis use. The fact that known consequences of cannabis misuse are deficits in new
learning and anhedonia (Janiri et al., 2005; Pope and Yurgelun-Todd, 2001) may support a
picture of very early THC-induced changes to the OFC (Ameri, 1999) that can contribute to
the “gateway drug” effect of cannabis (US Department of Health and Human Services,
1999).

In conclusion, abstinent adolescents with CUD demonstrated hyperactivations in decision-
making brain regions to risky decisions and OFC hypoactivations to reward that
significantly differed from controls with psychopathology and healthy control adolescents.
These findings suggest that dysfunction in decision-making and reward brain regions may
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be vulnerabilities for adolescent CUD and merit further investigation. Given that the frontal
cortex undergoes substantial maturation during adolescence (Paus, 2005), cognitive
interventions developed for at-risk adolescents may be implemented to optimize decision-
making during uncertain situations by improving neuro-regulation in decision-making and
reward brain circuits.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Geometric shape cues, button press response(s), and probabilities of reward for each risk
condition for the Decision-Reward Uncertainty Task. No risk cues (left button press on right
hand for a star, or right button press on right hand for a square) signaled that the known
behavioral response would be rewarded with 100% certainty. Reward risk cues (right button
press for a trapezoid, or left button press for a circle) signaled that the known behavioral
response would be rewarded with 50% probability. However, the behavioral risk cue (a
triangle) signaled that the behavioral response was unknown; either one of the two possible
responses (right or left button press) would guarantee a reward, while the other would not.
Every trial began with the decision-making phase (in blue), where the cue was presented for
250 milliseconds, followed by a fixed 3 second delay that accompanied a fixation cross.
Then participants were prompted with a question mark (“?”) for 1 second in which to make
a button press to execute their decision. This was followed by a 1–7 second jittered delay,
where the fixation cross was presented. Then the trial outcome phase (in red) was presented
for 1 second. The stimuli were either behavioral risk or reward risk, rewarded: “$$”; no risk
rewarded: “$”; or no reward for behavioral, reward, or no risk trials, “X” when an incorrect
button was pressed. The outcome of each trial was determined by both a correct right or left
button response and a probabilistically determined reward. An updated tally of cumulative
earnings was displayed in the lower portion of the screen. Finally, the fixation cross was
presented again during a 2–8 second jittered inter-trial interval and another decision-making
phase began. Participants completed 150 trials on average, split evenly among six 6-minute
runs. Optimal performance could yield up to an additional $15 (e.g., $0.15 per correct
response for one dollar sign; $0.30 for two dollar signs) in addition to study compensation.
Analyses modeled activation during the decision phase and outcome phase separately.
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Figure 2. The Decision-Making Phase
2A) The whole-brain voxelwise analyses contrasting the activation between risky decisions
involving uncertainty (the behavioral risk versus the reward risk and no risk condition)
revealed greater activations in the cluster involving regions of the left superior parietal
lobule, left lateral occipital cortex, and left and right precuneus in the CUD group compared
with the controls with psychopathology. Figure-2B. Superior parietal lobule (SPL) mean
percent BOLD signal change (and standard error bars) to behavioral risk > baseline (i.e., the
jittered fixation between trials) in the three groups. Region of interest analyses demonstrated
that the CUD group significantly differed from controls with psychopathology and healthy
controls (F1,56=8.70, p=.0005); post-hoc analyses showed CUD behavioral risk activation
(purple column) was higher compared to controls with psychopathology (light blue column)
and healthy controls (green column). Post-hoc pairwise comparisons were made with LS
Means Differences Tukey’s HSD, *p<.05.
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Figure 3.
Figure-3A. The Reward Outcome Phase Whole-brain analysis of behavioral and reward
risk rewarded > behavioral and reward risk no-reward. Decreased left OFC activations were
seen in the CUD group compared to controls with psychopathology. Figure-3B. Region of
interest measures showing mean left OFC percent signal change (and standard error bars) to
reward minus no-reward after making a risky decision in the three groups. OFC activation
was lower in the CUD group (purple column) compared to controls with psychopathology
and healthy controls (F2,53=4.8, p<.01); post-hoc analyses showed that CUD activations
(purple column) were lower compared to controls with psychopathology (light blue column)
and healthy controls (green column). Post-hoc pairwise comparisons were made with LS
Means Differences Tukey’s HSD, *p<.05.
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Figure 4.
Figures-4A & 4B The total number of individual drug classes experimented with prior to
CUD treatment was associated with lower left OFC BOLD response to reward (rs=−.60, p<.
02) and reward minus no-reward (rs =−.63, p=.01).
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Figure 5.
Figure-5A. Mean percent signal change and standard error bars to behavioral and reward
risk trials rewarded (reward) and behavioral and reward risk trials not rewarded (no-reward)
shown for each group. Percent signal change was extracted from the left OFC cluster found
in the whole-brain analysis to illustrate left OFC response of each of the groups to reward
and no-reward. The left OFC showed a significant interaction between both control groups
and condition (reward versus no-reward) (F2,53 =4.8, p=0.01). Figure-5B. CUD duration
significantly and negatively correlated with left OFC response to no-reward covarying for
the participant’s current age (Partial correlation= −0.7620, p<.009). This suggests that the
longer participants had a CUD diagnosis, the more the CUD participant’s response to no-
reward appeared similar to both control groups.
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