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Abstract

Because adolescence is a period of heightened exploration of new behaviors, there is a natural
increase in risk taking including initial use of alcohol and marijuana. In order to better understand
potential differences in neurocognitive functioning among adolescents who use drugs, the current
study aimed to identify the neural substrates of risky decision making that differ among
adolescents who primary users of alcohol ormarijuana, primary users of both alcohol and
marijuana, and controls who report primary use of neither drug. Participants completed the
Balloon Analogue Risk Task (BART) while undergoing functional magnetic resonance imaging.
Comparison of brain activation during risky decisions versus non-risky decisions across all
subjects revealed greater response to risky decisions in dorsal anterior cinguate cortex (dACC),
anterior insula, ventral striatum, and lateral prefrontal cortex. Group comparisons across non-using
controls, primary marijuana, primary alcohol, and alcohol and marijuana users revealed several
notable differences in the recruitment of brain regions. Adolescents who use both alcohol and
marijauna show decreased response during risky decision making compared to controls in insula,
striatum, and thalamus, and reduced differentiation of increasing risk in dACC, insula, striatum,
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and superior parietal lobe compared to controls. These results provide evidence of differential
engagement of risky decision making circuits among adolescents with varying levels of alcohol
and marijuana use, and may provide useful targets for longitudinal studies that explicitly address
causality of these differences.
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Introduction

Initial exploration of substance use often occurs during adolescence, with 75.6% of all teens
trying alcohol and 48.6% trying marijuana by the age of 18, with 46.8% and 27.7%,
respectively, using each on a regular basis by the end of high school (Kann et al. 2014).
While some argue for the normative nature of this exploration (Shedler and Block, 1990),
others suggest that substance use during adolescence is associated with numerous harmful
sequelae (Lisdahl et al. 2013; Tucker et al. 2006). Data from cross-sectional and longitudinal
studies suggest that alcohol and marijuana use during adolescence is associated with
changes in neural development and neurocognitive functioning (Gruber et al. 2013; Jacobus
et al. 2015; Meier et al. 2012; Squeglia et al. 2014; White et al. 2010).

Differential rates of development of neural systems may be one reason for increased
exploration of drugs during adolescence. While recruitment of frontal-based cognitive
control systems increases linearly throughout development, reward based systems follow a
quadratic increase with the peak occuring during adolescence (Somerville and Casey, 2010),
resulting in an imbalance between the two systems during the critical age period when drug
use increases. Studies have demonstrated reduced lateral frontal engagement during
response inhibition among high-risk adolescents (i.e. those with a positive family history
positive for substance use disorder; Heitzeg et al. 2010) and among current alcohol/
marijuana users compared to controls (Norman et al. 2011; Schweinsburg et al. 2004;
Wetherill et al. 2013), as well as differential response in ventral striatal regions in current
alcohol/marijuana users compared to non-using controls (Schneider et al. 2012). While the
above studies have examined the neural differences in cognitive and emotional functioning,
they have not addressed potential competition between regions implicated in cognitive/
emotional functioning. Examination of potential competition between cognitive and
emotional functioning may be key for understanding drug use during adolescence. Decision
making tasks are an ideal context in which to probe these interactions given that these tasks
often involve trading off risks and rewards, requiring regions implicated in both cognitive
and emotional processing.

While myriad measures of decision making exist, the Balloon Analogue Risk Task (BART)
is one of the few laboratory tasks that predicts real-world risk-taking (Aklin et al. 2005;
Lejuez et al. 2002) and substance using adolescents (Crowley et al. 2006; Hanson et al.
2014). In the BART, participants pump simulated air into a balloon, which increases the
probability/risk of bursting. Participants can decide to “cash-out” at any time to collect
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accrued points, or continue pumping, which eventually causes the balloon to explode. The
decision on each trial represents a conflict between reward accrual and potential negative
consequences, making this task ideal for probing decision conflict. Neuroimaging studies of
the BART have revealed increased responses during the risky decision phase in dorsal
anterior cingulate cortex (dACC), insula, dorsolateral prefrontal cortex (DLPFC) and
striatum (Bogg et al. 2012; Claus and Hutchison, 2012; Schonberg et al. 2012), regions
implicated in choice conflict, prediction of rewarding outcomes, and cognitive control. In the
one study to date that examined the neural correlates of risky decision making on the BART
in substance abusing adolescents, adolescents with substance use showed reduced
engagement of middle and medial frontal gyrus, ACC, and insula during risk-taking,
suggesting a potential aberrant mechanism in avoiding risk (Crowley et al. 2010).

Although prior studies have investigated risk taking and other cognitive functions in
adolescent substance users, the relative differences compared to controls attributable to
alcohol ormarijuana use or the combination of alcohol and marijuana has been largely
neglected. Thus, the current study aimed to examine differences between adolescents who
reported minimal/no use of alcohol or marijuana, adolescents reporting frequent use of either
alcohol or marijuana, and adolescents reporting frequent use of both substances.
Behaviorally, we expected that adolescents reporting alcohol and/or marijuana use would
engage in more risk on the BART compared to non-users. Next, we hypothesized that
frequent alcohol use and/or marijuana use would be associated with reduced response in
dACC and anterior insula during risky decision making. Finally, frequent use of alcohol and
marijuana was hypothesized to be associated with even greater reductions in BOLD
response within regions implicated in decision making than individuals reporting use of a
single substance.

One hundred ninety-eight adolescents were recruited through an alternative to incarceration
program intended to reintegrate youth into school settings. Participants were recruited to
take part in a study that was investigating an alcohol-related sexual risk reduction
intervention; all data reported here were collected at the baseline session, prior to any
intervention. Both informed assent (written) and informed parental/guardian consent
(audiorecorded) were obtained prior to participation (see Magnan et al. 2013 for details).
Participants were 14-18 years old, able to read and speak English, and were not currently
taking psychotropic medications. Individuals were excluded from MRI procedures if they
reported any history of brain injury or a neurological condition, or any contraindications for
MRI. Participants were instructed to abstain from all substance use for a minimum of 24
hours prior to the MRI scan, which was verified by self-report prior to the scan session.
Youth were screened for indicators of acute intoxication; no individuals were non-compliant,
and no youth needed to be rescheduled. Participants received $20 for completing baseline
assessments and the MRI session. All components of the study were completed with
University Institutional Review Board Approval and a Federal Certificate of Confidentiality.
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For the current study, participants were assigned to groups according to responses on the
Risky Behavior questionnaire and Time Line Follow-Back (TLFB), both described below.
To be classified as a non/infrequent user of alcohol or marijuana, participants had to endorse
“Never” or “Occassionally” on the Risky Behavior questionnaire for the drug of interest and
also report using alcohol or marijuana less than or equal to one time in the past month on the
TLFB. Participants who were classified as primary alcohol or marijuana users reported using
the respective drug more than one time in the past month on the TLFB. Two participants did
not have data for classification into the relevant groups, so were dropped from the analysis.
For the final sample included in the fMRI analyses, 37 were non/infrequent users of both
substances, 39 primarily used marijuana, 23 primarily used alcohol, and 90 used both
alcohol and marijuana.

Assessments

Conner’s-Wells Self Report Scale-Short Version (CASS-S)—Given the high
prevalence of Attention Deficit/Hyperactivity Disorder (AD/HD) among high risk youth,
AD/HD symptoms were assessed with the Conner’s-Wells Self-Report Scale — Short version
(CASS-S) (Conners et al. 1997). Participants indicated how much they thought each of 27
statements applied using a 4-point scale (O=not at all true to 3=very much true). Example
statements include “I have too much energy to sit still for long” and “I bend the rules
whenever | can.” Scores were calculated as the sum of these items where higher scores
indicated greater AD/HD symptomology, a =.91.

Child Behavior Checklist-Youth Self Report (CBCL)—Due to the relationship
between externalizing and adolescent risk behavior, the CBCL was used to access youth
externalizing behaviors (Achenbach and Edelbrock, 1991). The CBCL-YSR externalizing
scale includes 32 items, with higher sum scores indicating greater externalizing behavior, a
=.94. This measure has been shown to be equally reliable across racial/ethnic groups of
young people in our prior work (Feldstein Ewing et al. 2011).

Children's Depression Inventory (CDI)—The CDI (Kovacs, 2004) was used to assess
potential group differences in depression, given the high rates of comorbidity between
substance use and depression (Fergusson et al. 2002; Schuler et al. 2015). For each of 27
items, participants rate the degree to which statements about negative mood, interpersonal
problems, ineffectiveness, anhedonia, and self-esteem are true (0=Not at all true to 2=Very
true). A total score was calculated by summing across all items, with higher scores
representing higher levels of depression, a =.84.

Revised Children's Manifest Anxiety Scale (RCMAS)—The RCMAS (Reynolds and
Richmond, 1985) is a measure of anxiety, an important potential confound in adolescents
with a history of substance use (Roberts et al. 2007). The RCMAS is a 37-item questionnaire
that requires participants to respond “Yes” or “No” to statements about physiological
anxiety, worry, and social concerns. A total score was computed by summing the total
number of “Yes” responses on the 28 items that were not part of the “Lie” subscale; higher
scores were indicative of higher anxiety, a = .87.
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Impulsive Sensation Seeking (ImpSS)—To control for levels of sensation seeking
across individuals, we used the ImpSS (Zuckerman et al. 1993), a well-validated measure of
impulsive sensation seeking. For each of 19 items, “True” or “False” was selected to indicate
whether the statement accurately described the participant. After reverse scoring two of the
items, the total score was computed by summing the total number of “True” responses.
Higher scores on the ImpSS indicate greater levels of impulsive sensation seeking, a = .77.

Risky Behavior—In order to improve the validity of reporting of high-risk behaviors,
youth completed self-report measures via an audio-computer assisted self-interview
assessment system. Among other assessments, participants were asked whether they had
ever used alcohol and/or marijuana, and if they responded “yes” they were asked to indicate
how often they consumed each drug over the past three months using a response scale with
the following options: “Never”, “Occasionally”, “Once a month”, “2-3 times a month”, “4—
5 times a month”, “Once a week”, “2-3 times a week”, “4-5 times a week”, “Every day”.
Participants were also asked whether they had used a number of other substances (past 3
months and lifetime use), which included cocaine, methamphetamine, prescription drugs
(e.g. Adderall, Oxycontin), ecstasy, mushrooms, LSD, GHB, heroin and ketamine. The total
number of drugs used was summed to form a composite measure of hard drug use (past 3
months and lifetime; Robbins and Bryan, 2004). Participants were also asked about
frequency of sexual intercourse and condom use (see Magnan et al, 2013 for details).

Time Line Follow-Back—All participants completed a TLFB (Sobell et al. 1992)
interview to assess quantity and frequency of alcohol and frequency of marijuana use over
the prior 30 days (see Table 1).

Modified Balloon Analogue Risk Task (BART)

The variant of the BART used in the current study was identical to the task used in a
previous study (Claus & Hutchison, 2012) and utilized three balloons of different colors:
blue, pink, and white. Blue balloons exploded after 5 pumps on average, pink balloons
exploded after 8 pumps, and white balloons did not explode and were used as the control
condition. Each balloon sequence began with a balloon on the screen. Participants were
instructed to either pump or cashout by pressing a button with their index or middle finger,
respectively. For blue and pink balloons, participants were instructed to pump until an
explosion occurred or they decided to cash-out. Each decision to pump the balloon resulted
in inflation over 200 milliseconds (msec), time during which participants could not make
another pump response. During the pump, an inflation sound was played, the same sound
used in the original BART (Lejuez et al, 2002). For each balloon, a predetermined number of
pumps was selected from a Gaussian distribution with the average number of pumps as the
mean and a standard deviation of one. The minimum number of pumps for each balloon was
2 for blue and 5 for pink, and the maximum number of pumps was 8 and 11. On explosion
trials (i.e. those trials in which the number of pumps met the threshold for explosion), the
balloon expanded for 50 msec, exploded on the screen with an accompaying explosion
sound, and participants lost all points accumulated for the current balloon. At any time,
participants were able to cashout instead of continuing to pump. Cashout responses resulted
in an accumulation of the points earned on that balloon while the intact balloon remained on
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the screen; participants heard the sound of coins falling into a bank while the total number of
points earned increased on the screen. Both explosion and cashout outcomes were displayed
for 2 seconds. Between balloons, a blank screen appeared 2 to 16 seconds. The number of
allowable pumps for the white balloons was chosen to approximately match the number of
anticipated pumps for the blue and pink balloons, so had a similar range of potential pumps
as that of the blue and pink balloons (i.e. 2 to 11 pumps). Because there was no outcome, per
se, for white balloons, participants were instructed to pump until the balloon disappeared
from the screen. The sequence of balloon bursting values was pseudorandomized within the
run, and was presented in the same order for all participants. Participants did not receive any
extra incentives for better task performance (i.e. higher total number of points).

MRI acquisition

MRI data was collected on a 3T Siemens Trio (Erlangen, Germany) whole body scanner. An
echo-planar gradient-echo pulse sequence (TR=2000ms, TE=29, flip angle=75°, 33 axial
slices, 64x64 matrix, 3.75 x 3.75 mm2, 3.5 mm thickness, 1 mm gap) was acquired with a
12-channel head coil, and images were acquired parallel to the ventral surface of a
participant’s orbitofrontal cortex to reduce signal dropout and distortion in this region
(Deichmann et al. 2003). Three hundred EPI volumes were acquired during the session. In
addition, a high resolution T1-weighted MP-RAGE anatomical image was acquired
(TR=2530ms, TE=1.64ms, flip angle=7°, 192 sagittal slices, 256x256 matrix, slice thickness
= 1mm, no gap).

Image Analysis

The first 3 volumes of each functional run were discarded to allow the magnet to reach
steady state. MCFLIRT (Motion Correction using FMRIB’s Linear Image Registration Tool)
(Jenkinson et al. 2002) was used to motion correct images within a run; each volume was
aligned to the first volume within the run. Mean relative framewise displacement was
computed for each subject, and participants with a mean exceeding 0.5 mm were excluded
from subsequent analyses. Images were deskulled using BET (Brain Extraction Tool)
(Smith, 2002), spatially smoothed with a 5 mm full-width half-max Gaussian kernel,
temporally filtered using a high-pass filter of 50 sec, and grand mean intensity normalized;
all of these steps were performed using FMRIB’s Expert Analysis Tool (FEAT) (Smith et al.
2004).

BART Analysis—Each sequence of pumps for a given balloon was modeled as a block
(mean pump), with the block duration equal to the total amount of time from the onset of the
balloon to the last decision to pump. In addition, a parametric modulation regressor was
included for each balloon to model the total number of pumps for a given balloon, which
represented the increased risk of explosion with increased number of pumps (linear pump);
the duration of a given event in the linear pump regressor was equal to the duration used for
the corresponding event in the mean pump regressor (see Figure 1 in Claus and Hutchison,
2012 for details). Thus, the assumed amplitude for the mean pump regressor was one,
whereas the linear regressor had varying amplitudes according to the number of pumps on a
given balloon sequence. Linear pump regressors were orthogonalized with respect to the
mean pump regressor. Note that while prior studies have used a constant duration for all
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pumps (e.g. Schonburg et al. 2012), this strategy was implemented in an event-related
design, where each pump is modeled separately. In the current analysis approach, the entire
pumping sequence for a given balloon is modeled as a block, and depending on how many
pumps were chosen, the block length may differ from balloon to balloon. While we
considered choosing a mean block length as the duration as in Schonburg et al (2012), we
decided against this strategy because this duration would encompass both the pump
decisions as well as the outcome on some proportion of the balloons, thus leading to an
incorrect model of the events that occurred throughout the task. White balloons were
modeled in the same manner as color balloons, with both a mean and linear regressor. For
Explosions, the outcome was modeled separately from the decision phase despite the close
temporal proximity of these events. For Cashout responses (Cashout), we included the
decision to cashout as well as the outcome phase of the trial. Because many participants only
had one or two explosions for a particular balloon type, we did not examine group level
statistics for cashouts or explosions, as this was an insufficient number of trials for a valid
fMRI analysis.

Statistical analyses were performed using FMRIB’s Easy Analysis Tool (FEAT). Timing
files were convolved with a double gamma hemodynamic response function and entered into
a multiple regression along with first-order movement parameters. Analyses were conducted
using FMRIB’s Improved Linear Model (FILM; Woolrich et al. 2004) with local
autocorrelation estimation. Parameter estimates for each condition were combined to
generate our primary contrasts: Mean Color vs. Mean White (mean risk) and Linear Color
vs. Linear White (linear risk). The mean risk contrast modeled the mean level of response
for risky versus riskless decisions across all balloons, whereas the linear risk contrast
modeled the difference in partial correlations between BOLD response and number of
pumps during risky and riskless choices. Contrast maps were registered to the participant’s
high-resolution anatomical image and the MNI 152 brain template using FMRIB’s Linear
Image Registration Tool (FLIRT) (Jenkinson et al. 2002).

Group analysis—Group analyses were conducted using FMRIB’s Local Analysis of
Mixed Effects (FLAME) Stage 1. Analyses were corrected for multiple comparisons using
cluster-based correction in FSL (Worsley et al. 1996; voxel z > 2.3, cluster p <.025); a
cluster level significance of p < .025 was used to account for the fact that we tested two
separate contrasts. A voxel level significance of z > 2.3 has been shown to sufficiently
control false positives in event related designs when using FSL’s FLAME 1 for group level
inference (Eklund et al., 2016). Group differences were assessed using a one-way ANOVA
with group (Controls, Primary Marijuana, Primary Alcohol, Primary Alcohol and
Marijauna) as the between subjects factor. Regions showing significance in the omnibus test
were further interrogated using pairwise Tukey tests. In addition, we conducted one-way
ANCOVAs that controlled for potential confounding factors such as hard drug use, gender,
anxiety, depression, ADHD, impulsivity, and externalizing. Because these follow-up
analyses were intended to rule out potential confounding variables, we did not require a
cluster level significance that was more stringent than the level used in the primary analyses
(i.e., cluster p <.025).
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In addition to between group analyses on the main contrasts of interest, we also examined
the correlation between each contrast of interest and the total number of adjusted average
pumps to examine how neural response related to behavioral risk taking. We examined these
correlations across all participants as well as in analysis that examined how the relationship
between BOLD response and adjusted average pumps differed by group.

Demographics/Behavior

All effects reported below include 189 partipants; seven participants were dropped because
of in-scanner movement (mean framewise displacement > 0.5 mm).

Demographics and performance on the BART for each group from the final sample of 189
participants included in the analyses are presented in Table 1. Youth had been involved in the
juvenile justice system for low-level status offenses primarily including assault or fighting
(47.1%), burglary (23.5%), and possession of a controlled substance (22.1%). The groups
differed in the number of other drugs used (lifetime: F(3, 185) = 7.44, p<.001; last 3
months: F(3, 185) = 7.97, p<.001), with the alcohol and marijuana group reporting greater
use than the other groups. There were also significant differences in the proportion of males
(X2:19.94, p<.001) and proportion of smokers (X2:8.97, p < .05) across the four groups,
with the alcohol and marijuana group containing more males and smokers than the control
group. On the BART, there were no effects of group on adjusted pumps (F(3, 185) = 1.97, p
=0.12), proportion of explosions (F(3, 185) = 0.80, p= 0.50), or mean balloon duration for
color balloons (F(3, 185) = 0.95, p= 0.42) or white balloons (F(3, 185) = 0.38, p=0.77).
Significant group differences were also noted for the IMPSS, Connors, and CBCL (see Table
1).

fMRI Results: Main effects on the BART

In the mean risk contrast (i.e. mean color > mean white), risky choices were associated with
greater activation than riskless choices in dACC/SMA, bilateral dorsal/ventral striatum
(DS/VS) and anterior insula (for complete list see Fig 1, Table 2). In the contrast of linear
risk (i.e. linear color > linear white), greater activation was found in pre/subgenual ACC/
rostromedial MPFC, bilateral orbitofrontal cortex (OFC), as well as other regions throughout
the temporal and parietal cortices (see Fig 1, Table 2 for complete list).

Moderating Effect of Substance Use on BOLD Response and Task-Based Risk-taking

The omnibus F-test that examined whether there were any differences across the four groups
demonstrated a significant effect for the mean risk contrast in a single cluster that included
bilateral VS, thalamus/brainstem and left anterior insula/inferior frontal gyrus (IFG).
Examination of percent signal change within this cluster by group revealed that the control
group had greater response than the group using both alcohol and marijuana (p < .0001;
Figure 2a).

In the linear risk contrast, the omnibus F-test revealed group differences in supplementary
motor area (SMA)/dorsal ACC, right putamen/insula, left insula/putamen/thalamus, and left
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postcentral gyrus (PoCG)/superior parietal lobe (SPL). Examination of percent signal
change in these regions revealed that the group using alcohol and marijuana had greater
response than the control group in supplementary motor area (SMA)/dorsal ACC, right
putamen/insula, and left insula/putamen/thalamus (all p’s < .01), and greater response than
the marijuana-only group and the control group in the left PoCG/SPL (p= .02 and p= .01,
respectively) (see Figure 2b), but did not differ from the alcohol-only group.

Because the groups differed on hard drug use and gender, the above analyses were also
conducted controlling for gender and hard drug use (past 3 months and ever), in three
separate models (see Table 3). Controlling for these variables changed the results to some
degree, with the most notable changes occurring when controlling for gender. When gender
was controlled, the cluster showing signficance in the mean risk contrast was reduced in
overall extent of activation, with group differences being restricted primarily to left
lateralized NAc, putamen, and thalamus. In contrast, controlling for hard drug use resulted
in very little change to overall cluster extent.

We also examined the group effects while controlling for the clinical variables of anxiety,
depression, ADHD, impulsivity, and externalizing, and found that while cluster sizes were
reduced to some degree, the group differences remained significant in all clusters except the
left putamen/insula, which was no longer significant once controlling for age or
externalizing. Notably, this effect was similar to that reported when controlling for gender.
In all other cases, inclusion of the additional potential confounding variable resulted in
changes in the cluster extent, but main group differences remained significant (see Table 3
for cluster sizes and Supplementary Figure 1 and 2 for group maps that included covariates
of interest in the mean and linear risk contrasts, respectively). Finally, we examined our
group differences after controlling for all variables in the context of a multiple regression.
As seen in Supplementary Figure 3, the only cluster that was no longer significant was the
dorsal ACC/SMA cluster, which was reduced to a cluster size of 346 voxels.

Relationships Between BOLD Response and Behavioral Risk Taking

Examination of the correlations between the mean and linear contrast and behavioral
performance on the BART revealed several significant relationships. In the mean contrast,
there was a negative correlation between adjusted average pumps and response throughout
the brain including ventral ACC, bilateral orbitofrontal cortex/insula, bilateral IFG, and
precentral gyrus (see supplemental Table for complete list). For the linear contrast, there was
a positive relationship between adjusted average pumps and response in the right visual
processing stream (occipital pole, lateral occipital cortex, and middle temporal gyrus). There
were no significant group differences in the relationship between adjusted avearge pumps
and BOLD response in either contrast.

Discussion

The goal of this study was to examine the neural mechanisms of risk taking that differ
among adolescent alcohol and marijuana users compared to non-users/infrequent users.
Although we observed no behavioral differences on the BART across the four groups,
activation differences during risky decision making emerged in the striatum, thalamus, and
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anterior insula/IFG in the mean risk contrast, and in SMA/dACC, putamen/insula, and
PoCG/SPL in the linear risk contrast. Interestingly, differences between groups were isolated
to comparisons of controls to the alcohol+marijuana group and alcohol-only group, and the
comparison of the marijuana-only group to the alcohol+marijuana group. While the group
differences in the mean risk contrast may suggest differential valuation of rewarding
outcomes, group differences in the linear risk contrast point to reduced differentiation of
potential risk across balloons despite increased risk of explosion as pumps increased. Both
of these possibilities are discussed below in the context of group differences.

Compared to controls, frequent use of alcohol+marijuana was associated with reduced
response in VS and bilateral thalamus in the mean risk contrast. Of note, the observed
reduction in VS response among frequent substance users replicates other work in substance
using adolescents (Schneider et al. 2012) and adolescents with a family history of
alcoholism (Heitzeg et al. 2010). The VS has been implicated in reward processes, including
reward anticipation (Hsu et al. 2009; Knutson et al. 2001), reward receipt (Liu et al. 2007),
and encoding of temporal difference errors (Rolls et al. 2008). In the BART, VS may play a
significant role in anticipation of a positive outcome, leading to an approach-based
motivational state and risk engagement. The valuation of each action may be greater for non-
users, who may place greater value on each pump (i.e., reward), thereby resulting in greater
VS response. Future studies that parametrically manipulate per-pump value (Bornovalova et
al. 2009) and separate anticipatory and outcome related processes (Bogg et al. 2012) may
allow clearer differentiation of the precise mechanism contributing to differential striatal
engagement in adolescent polysubstance alcohol+marijuana user.

While multiple regions showed group differences in the linear contrast, the difference in
SMA is most relevant to prior work using the BART to examine risky decision making (e.g.
Bogg et al. 2012). The SMA/JACC plays a role in detecting conflict at the response level,
and has been implicated in risk-taking, particularly in light of the opposing influences of
potential positive and negative outcomes (Alexander and Brown, 2010; 2011); in the BART,
reduced response in SMA/JACC as function of pump number is proposed to coincide with a
“de-escalation of risk appraisal” (Bogg et al. 2012). In other words, more risk taking is
expected when levels of SMA/JACC (and other regions) are reduced; we found evidence of
this pattern of cognitive neural processing for the high-risk adolescents within this study.

We found that the relationship between pumps and dACC/SMA response was more negative
in the control group as compared to youth using alcohol+marijuana, suggesting greater
sensitivity of dACC/SMA to levels of risk as assessed by non-using youth. This finding is
opposite to that of Bogg et al. (2012), who reported that heavier weekly alcohol use was
associated with greater decreases the relationship between pump number and dACC/SMA
response. While the disparate results between these two studies may be attributable to
numerous factors including sample or design differences, the sample used here was
significantly younger than the Bogg et al. study. Studies continue to reflect that adolescents
engage portions of the dACC/SMA to a lesser degree than adults (Bjork et al. 2007), which
could have driven observed outcomes with our adolescent sample. However, design
differences may be a more salient difference; Bogg et al. (2012) used an event related
modeling approach that enabled the separation of each pump decision, whereas this study
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modeled each sequence of pumps as a single block. In addition, the current study used a
consistent reward (i.e. 1 point), whereas Bogg et al. used increasing rewards for each pump.
Either task difference could potentially account for the difference in observed empirical
outcomes between these two studies. Future studies that explcitly examine increasing versus
constant rewards may clarify these results.

In addition to differences in the SMA, the adolescent alcohol+marijuana group showed a
decreased relationship between pump number and response in the right insula/putamen
compared to the non-using group, and in left PoCG/SPL compared to both the non-using and
marijuana-only group. The anterior insula plays a critical role in anticipating negative
outcomes in adults (Lovero et al. 2009; Paulus et al. 2003) and may serve as a stop signal to
prevent risk-taking. The SPL is an area whose response typically increases with degree of
perceived uncertainty (Vickery and Jiang, 2008).

The reduced parametric relationship between pump number and signal in these areas among
the substance use groups thus may suggest less differentiation of varying levels of risk in the
alcohol+marijuana group. If reduced differentiation of levels of risk is the underlying
mechanism that differentiates the substance users from non-users, it could then be expected
that with a greater range of available pumps, a behavioral difference might be observed in
future examinations. Future studies that examine greater ranges of risk taking as well as
those that specifically manipulate uncertainty processing (Van Leijenhorst et al. 2006) will
provide a stronger test of this differentiability hypothesis. Interestingly, the difference in
SPL/IPL is in the opposite direction to the results of a prior study of risky decision making
in marijuana users (De Bellis et al. 2013). Whether this reflects task differences or the
different developmental stage of the adolescents examined herein is unclear; yet, future
studies that specifically address the task and sample differences will shed light on these
disparate results.

An important question that arises from the current study is the specificity of the results to
substance use per se as opposed to more general proclivity toward risk taking during this
developmental phase, and whether the differences observed could potentially be a marker of
future drug use or the sequelae of prior drug use. First, the studied population is known to
engage in greater levels of risk than individuals not involved in the juvenile justice system,
and in this sense are a fairly homogenous group with regard to general propensity for risk-
taking. If it is true that there are patterns of activation that underlie risk-taking more
generally, then of importance for interpretation, these patterns are, in fact, matched in our
groups, and thus any observed differences could be viewed as specific to substance use
(Weiland et al. 2015). Although our findings are likely specific to substance use, we are still
unable with this design to determine whether the differences existed prior to the initiation of
substance use or as a consequence of adolescent substance use. Future longitudinal studies
will be well-positioned to answer this key question.

Finally, one question that often emerges following fMRI analyses of adolescent task-based
behavior is the potential applicability of the results to treatment. The field has been moving
towards integration of basic biological metrics, including neuroimaging (MRI/fMRI) as
indices of mechanisms of treatment response for adolescents (Feldstein Ewing et al. 2016a),
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as well as increasing use of neuroimaging as a more sensitive metric to identify the nature of
adolescent cognitive processing. While neuroimaging itself is unlikely to be a widely
disseminated tool for day-to-day clinical settings, starting to understand how the adolescent
brain processes risk information is critical to informing treatment development and tailoring
of interventions so that they are more responsive and effective for this developmental phase.
This is particularly critical at this time, when interventions for adolescent alcohol and
cannabis use have much lower effect sizes for adolescents, as compared with adults
(Feldstein Ewing et al. 2016b). Concretely, brain-based differences may play a critical role
in helping interventionists determine which factors to address and enhance within the
context of intervention efforts (Feldstein Ewing and Chung, 2013). For example, results
from the current study may suggest that it may be fruitful to target cognitive processes such
as reward valuation or risk assessment in individuals who use alcohol+marijuana. The next
step would be to examine the degree to which interventions that incorporate reward
valuation and risk assessment (e.g., contingency management; cognitive behavioral therapy)
change response in these regions, and whether those modulations of brain response predict
subsequent reductions in adolescent drug use and/or risk taking.

Limitations and Future Directions

While the current study has many strengths, some limitations must also be acknowledged.
First, the groups differed in the use of hard drugs and proportion of males, both of which
could have influenced group differences. However, when controlling for these variables,
clusters showing group differences either increased in extent or decreased slightly, but
remained significant suggesting that group differences were not driven solely by these
variables. Next, abstinence from alcohol/marijuana at the time of scanning was confirmed
using only self-report. Thus there is some possiblility that a portion of the group differences
may have emerged from acute drug effects from past 24-hour use. Finally, the variant of the
BART used in the current study had some limitations. First, we failed to observe any group
differences in behavior on the BART, which may have been the result of the reduced range
of pumps required to cause an explosion; this limited range may have placed artificial
constraints on risk taking. In addition to a lack of group differences, the limited range of
available pumps on color balloons caused participants to pump significantly less on color
balloons than the control balloons, a difference that could contribute to group differences in
BOLD response. However, examination of the percent signal change across regions that
demonstrated group differences suggests that variation in BOLD reponse occurred primarily
in the color balloon condition, suggesting our results are not merely the result of an
imperfect control condition. Finally, we acknowledge that the variant of the BART used in
the current study is limited in its ablity to parse specific cognitive functions. Although we
have attempted to control for some of the more obvious motor related activity, the contrasts
included in the study are unlikley to control for factors such as executive control, working
memory, and attention. Given that we do not have any estimate of intelligence or school
performance in our participants, the possibility of group differences in overall executive
ablility could be driving some of the group differences noted in the task. Future studies that
carefully assess risk taking in more controlled tasks alongside assessment of general
cognitive ability will be key for further advancing our understanding of risk taking
mechanisms among substance using groups.
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While several group differences emerged between non-using and substance-using
individuals at the neural level, the precise cognitive process contributing to these differences
remains unclear. Futher studies that manipulate reward expectancy, choice conflict, and risk
assessment may provide further clues about the underlying cognitive differences in
substance using adolescents. In addition, future studies should examine how neurocognitive
functioning changes throughout the course of interventions targeting reductions in substance
use, and whether an increase in response over the course of treatment corresponds to a
decrease in substance use outside the laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
fMRI results of main effect contrast of risky decision making across all participants in the

(@) mean risk contrast (Mean Color > Mean White (orange) and Mean Color < Mean White
(blue)) and (b) linear risk contrast (Linear Color > Linear White (orange) and Linear Color <
Linear White (blue)). Images are cluster corrected using a voxel threshold of z > 3.72 and
cluster p level of .05.
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Figure 2.
Regions that showed differences in the omnibus test across group for the mean risk contrast

(a) and the linear risk contrast (b). Panels i-v display the signal change values by group
within the regions in panels (a) and (b) showing group differences (significant differences
are denoted by * for each ROI).
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Demographics by group. Controls reported infrequent/no use of marijuana and alcohol. MJ only reported
frequent marijuana use, but infrequent/no alcohol use. Alc only reported frequent alcohol use, but
infrequent/no use of marijuana. Finally, the MJ + Alc group reported frequent use of both alcohol+marijuana.

Control MJ only Alconly MJ+ Alc
N 37 39 23 90
Proportion male 540 720 619 sgab.c
Age 16.05 (1.18) 15.97 (1.06) 16.35 (1.11) 16.31 (1.09)
Adjusted Pumps 5.56 (.60) 5.49 (.60) 5.39 (.53) 5.68 (.60)
Proportion Explosions .20 (.10) 18 (.11) .18 (.08) .20 (.10)
Total drinking days (out of 30; from TLFB) 11 (.31)6¢ 23 (43)67 3.22(3.63)30 | 4.98 (5.17)a0
Average drinks per drinking day (TLFB) 0.62 (2.85)5*‘7 1.08 (2_39)0,0’ 4.66 (4_03)3,1) 6.99 (5.06)5'17
Total MJ days (out of 30; from TLFB) 0.05 (.23)17,11 14.64 (12.49)4C | .09 (_Zg)b,d 16.74 (11.95)4¢€
Alcohol use frequency (Never=0 to Every day=8) 32 (.48) cd .49 (51) cd 3.39 (1.85) ab | 392 (2.35) ab
MJ use frequency (Never=0 to Every day=8) 21 (_42)11,0’ 4.69 (3.46)4¢ 13 (_34)17,0’ 5.76 (3.00)4¢
Hard drug use (last 3 months); possible range 0to 8 | 24 (.76)¢ 56 (.99)7 52 (.95)¢ 1.27 (L47)abC
Hard drug use (ever); possible range 0 to 9 1.16 (1.85)¢ 1.74 1.70)¢ 222 (2.11) 2.83 (2.02)40
Proportion smoked cigarette in last month 09 .62 .57 692
IMPSS 9.46 353)7 | 9.92(4.30)7 11.09(421) | 11.87 (3.47)20
CASS-S 2259 (12.04)9 | 26.18 (16.03)¢ [ 27:91(9.56) | 3266 (14.97)40
CBCL 15.00 (9.79)2.7 | 23.46 (16.35)2 | 1970 (12.04) | 24,54 (11.99)2
cDlI 2.59 (3.29) 3.59 (3.75) 3.17 (3.41) 2.83 (2.76)
RCMAS 4838 (12.95) | 49.26 (13.23) 49.04 (10.50) | 49.26 (12.18)

Superscripts show significant group differences of the respective cell and other groups that differ (where a = Control; b = MJ only; ¢ = Alc only; d

=MJ + Alc).
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