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Abstract

Background—While stimulant dependent individuals continue to make risky decisions in spite
of poor outcomes, much less is known about decision-making characteristics of occasional
stimulant users (OSU) at risk for developing stimulant dependence. This study examines whether
OSU exhibit inefficient learning and execution of reinforced decision-outcome contingencies.

Methods—OSU (n7=161) and stimulant-naive comparison subjects (CTL; 7=48) performed a
Paper Scissors Rock task during functional magnetic resonance imaging. Selecting a particular
option was associated with a pre-determined probability of winning, which was altered repeatedly
to examine neural and behavioral characteristics of reinforced contingencies.

Results—OSU displayed greater anterior insula, inferior frontal gyrus (IFG), and dorsal striatum
activation than CTL during late trials when contingencies were familiar (as opposed to being
learned) in the presence of comparable behavioral performance in both groups. Follow-up
analyses demonstrated that during late trials: (1) OSU with high cannabis use displayed greater
activation in these brain regions than CTL, whereas OSU with low cannabis use did not differ
from the other two groups; and (2) OSU preferring cocaine exhibited greater anterior insula, IFG,
and dorsal striatum activation than CTL and also displayed higher activation in the former two
regions than OSU who preferred prescription stimulants.

Conclusions—OSU exhibit inefficient resource allocation during the execution of reinforced
contingencies that may be a result of additive effects of cocaine and cannabis use. A critical next
step is to establish whether this inefficiency predicts transition to stimulant dependence.
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One important goal for addiction research is not only to establish biological markers of
substance dependence (1), but more importantly, to identify altered brain systems that
precede acquisition of substance dependence as a way of understanding the motivation to
use drugs as well as possible pathways to drug dependence. To examine indicators of
stimulant use that may be precursors to stimulant addiction, the present study recruited a
substantial sample of occasional stimulant users (OSU), at-risk college students who misuse
prescription stimulants such as methylphenidate and amphetamine to enhance academic
performance and/or use cocaine for non-academic purposes (2-6). A growing literature
indicating decision-making impairment in stimulant dependent individuals (7-11) informed
the goal of the current investigation: to examine plausible markers of decision making in
young adults vulnerable to stimulant dependence.

Successful decision making depends on the ability to efficiently learn from choices that are
rewarded versus those that are not, a skill that may be compromised in stimulant using
individuals (12). Reduced ability to differentiate advantageous versus disadvantageous
options may be due to the fact that stimulant abuse and dependence are associated with
heightened responsivity to drug-related rewards (13-15), discounting of delayed monetary
rewards in favor of riskier, more immediate payoffs (16, 17), and impaired learning of
stimulus-reward associations (18). Thus, the study of the acquisition and progression of
reward learning in OSU is relevant to determining whether neural and/or behavioral reward
dysfunction is evident prior to chronic, frequent stimulant use apparent in substance
dependent individuals. Within the context of reward learning in OSU, brain dysfunction in
the presence of intact behavioral performance would be beneficial, as this pattern could be
consistent with inefficient or over-recruitment of neural resources involved in risk and
reward in order to obtain commensurate behavioral performance as stimulant naive
individuals. Furthermore, it is probable that biological markers of aberrant neural processing
in the absence of behavioral differences in the laboratory may still translate into behavioral
difficulties when OSU are required to make complex decisions involving uncertain reward
in everyday life, choices that may determine transition to stimulant dependence. The present
study examined whether OSU demonstrate efficient reward learning when compared to
stimulant naive individuals (CTL) during a Paper Scissors Rock decision-making paradigm
known to activate brain regions involved in reinforcement learning: dorsal striatum, inferior
frontal gyrus (IFG), and insula (19, 20).

Learning the association between an option and the probability that it results in a rewarding
outcome involves assessing the discrepancy between the anticipated versus experienced
reward and discerning the amount of risk involved in making that choice, assessments
thought to be implemented by dorsal striatum, IFG, and insula (21, 22). The dorsal striatum
implements contingencies linking choices with rewarding outcomes (23-26), whereas IFG
and insula encode changes in reward variance during reinforcement, with IFG inhibiting the
selection of suboptimal choices associated with risk, and the insula representing the affective
experience associated with risk avoidance (21). In healthy individuals, dorsal striatum and
IFG activations are more robust during early phases of reinforcement, when a contingency
between a decision and a reward is initially being learned, as opposed to later phases when
reward feedback expectancies are established and behavioral-outcome contingencies
become more predictable (26). Similarly, in healthy subjects insula activation is largest
during winning decisions made under uncertain conditions as opposed to probable ones (27).
In contrast, studies have shown heightened dorsal striatum and IFG activation in cocaine
abusers compared to healthy individuals during decision making (28, 29), and increased
insula activation in abstinent methamphetamine users during decision making has been
shown to predict relapse (30). However, brain and behavior changes during early and late
stages of reward learning have yet to be examined in OSU.
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The present study compared neural and behavioral processing in OSU and CTL during two
phases of a decision making task involving rewarding and punishing feedback: (1) in early
trials, wherein decision-outcome contingencies were being acquired, and (2) in late trials,
wherein decision-outcome contingencies were being executed. It was predicted that OSU
would be less efficient than CTL during reinforcement learning. Three specific hypotheses
were tested: (1) consistent with prior reinforcement learning studies in healthy individuals,
CTL will exhibit greater dorsal striatum, IFG, and insula activation in early than late trials
but will demonstrate greater selection of the advantageous response during late than early
trials, reflecting successful learning; (2) in early trials, OSU will show comparable
behavioral performance and striatum, IFG, and insula activation to CTL due to trial-and-
error learning for both groups; and (3) in late trials, OSU will exhibit poorer behavioral
performance than CTL concurrent with greater striatum, IFG, and insula activation than
CTL due to slower learning of reward contingencies.

The study protocol was approved by the Human Subjects Review Board and carried out in
accordance with the Declaration of Helsinki. Over a five-year period, subjects were
recruited via flyers mailed to >7000 students at local universities, internet ads, and
newspapers. As a result, 1025 individuals underwent detailed phone screens, and 161 (96M,
65F) non-dependent OSU and 48 (21M, 27F) stimulant-naive CTL were included in the
study (67% Caucasian, 14% Asian-American, 11% Other/mixed heritage, 5% Hispanic, 2%
Pacific Islander, 1% African-American). Participants were informed that this study was
examining brain functioning of people who use stimulants and all subjects gave written
informed consent. OSU were defined as having (1) >2 distinct off-prescription uses of
cocaine and/or prescription stimulants (amphetamines and/or methylphenidate) in the past 6
months; (2) no evidence for lifetime stimulant dependence; (3) no treatment-seeking for
substance-related problems. CTL inclusion criteria were no lifetime stimulant use and no
history of substance-related problems.

Lifetime DSM-1V Axis | diagnoses (including attention deficit hyperactivity disorder
(ADHD) and substance abuse and dependence) (31) and Axis Il antisocial personality
disorder (ASPD) were assessed by the Semi-Structured Assessment for the Genetics of
Alcoholism (SSAGA)(32), a detailed clinical interview including timeline follow-back
methods to quantify lifetime drug use based on the number of distinct sessions each drug
was used. Diagnoses were based on consensus meetings with a clinician specialized in
substance use disorders (MPP). Exclusion criteria for all groups were: (1) ADHD; (2)
stimulant dependence; (3) current (and past 6 months) Axis | panic disorder, social phobia,
post-traumatic stress disorder, major depressive disorder; (4) lifetime bipolar disorder,
schizophrenia, and obsessive compulsive disorder; (5) ASPD and conduct disorder; (6)
current positive urine toxicology test (exception: cannabis, which is detectable in urine for
up to six weeks after use) and (7) head injuries or loss of consciousness >5 min. Although
no participants met criteria for stimulant dependence, some OSU met DSM-IV criteria for
current abuse of cocaine (/7=1), amphetamine (/7=2), and cannabis (/7=15) as well as current
cannabis abuse and/or dependence (/7=20: /=6 with both, and /=14 with dependence only).
The interviewer also gathered information on current alcohol and nicotine use patterns,
including days and amounts used within a typical week.

During the interview session, subjects also performed the Wechsler Test of Adult Reading
(WTAR) (33), a measure of verbal 1Q. Of the total sample, 199 were right handed as
determined by the Edinburgh handedness inventory (34). Subjects were instructed to abstain
from illicit substance use > 72 hours prior to the fMRI session and abstinence was
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determined by urine toxicology screen. With respect to recent stimulant use, 11.8% OSU
endorsed cocaine use within a week of the fMRI session, whereas 10.6% of OSU reported
prescription stimulant use during this time. A total of 61.5% of OSU reported using cannabis
within the week of the fMRI session and 7=57 OSU also tested positive for cannabis at the
time of the fMRI session.

Paper Scissors Rock Task

The Paper Scissors Rock task (19, 20) examines how individuals acquire the ability to make
decisions associated with advantageous outcomes. This task is based on the well-known
Paper-Scissors-Rock game, wherein: (1) rock beats scissors; (2) paper beats rock; (3)
scissors beat paper. Subjects were instructed that they were playing against the computer
and attempting to maximize points (1 for a win, 0 for a tie, and —1 for a loss). Players were
told that they would receive additional payment according to their cumulative point total
(each point was worth $1). Unknown to the subject, probability of beating the computer and
thus being reinforced (e.g., subject chooses scissors, computer selects paper, scissors beats
paper, subject gains 1 point) was predetermined for each response option. A total of 120
trials were presented, consisting of six blocks containing 20 trials each. Within each block,
the three possible selections had pre-determined probabilities of having a winning, tying, or
losing outcome. The “preferred response” wins on 90% of trials, the “even response” wins
50% of the time, and the “worst response” wins on 10% of trials. Thus, if rock were the
preferred response and paper were the worst response in a particular block, then selecting
rock would result in a win 90% of the time and selecting paper would result in a win 10% of
the time. Unbeknownst to the subject, preferred, even, and worst responses were switched
for each of the six blocks presented. Since subjects were instructed to select paper, scissors
or rock by pushing the left, middle or right button with the index, middle or ring finger of
the right hand, respectively, the statistically optimal corresponding hand position option also
changed for each block.

Figure 1 illustrates that after an initial fixation lasting 2 s, subjects saw pictures of a hand
forming paper, scissors, and rock on the computer screen for 1 s and heard the instruction
“one, two, three” over MRI compatible, sound-insulated headphones. At 3 s into the trial,
subjects were then presented with a “Go” sign, providing the cue to select paper, scissors, or
rock. Subjects had 3.5 s to respond, after which the trial timed out. Upon responding, the
outcome was presented, wherein the subject saw the computer’s response, and heard “you
win,” “you lose,” or “a tie,” and the updated score was displayed at the top of the screen.
Nine null trials were interspersed at the beginning, middle, and end of the task as a temporal
jitter and trial duration order was optimized to estimate activation during decision making.

fMRI Image Acquisition and Analysis

A fMRI run sensitive to blood oxygenation level-dependent (BOLD) contrast was collected
in a randomized fast-event related design using a Signa EXCITE (GE Healthcare,
Milwaukee, Wisconsin) 3.0 Tesla scanner (T2*-weighted echo planar imaging (EPI) scans,
TR=2000 ms, TE=32 ms, FOV=23 mm?, 64x64 matrix, 30 2.6mm axial slices with 1.4 mm
gap, flip angle=90°, 290 whole-brain acquisitions). fMRI volume acquisitions were time-
locked to task onset. A high-resolution T1-weighted image [spoiled gradient recalled
(SPGR), TR=8 ms, TE=3 ms, FOV=25 cm, ~1 mm? voxels] was obtained for anatomical
reference.

Preprocessing—Data were preprocessed with the Analysis of Functional Neuroimages
(AFNI) software package (35). GE x-y slices were reconstructed into AFNI BRIK format.
The central point of the temporal region with the largest span of fewest voxel-wise outliers
was used as the base for registration, adjusting all other time points in dx, dy, dz as well as
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roll, pitch, and yaw directions to align remaining images to the base image. Automated
coregistration of the functional echoplanar image to the anatomical image was performed
and a new outlier file was generated to determine if additional time points should be
censored based on whether a given time point greatly exceeded the mean number of voxel
outliers for the time series.

Based on subjects’ learning curves (the frequency of preferred response selection as a
function of trial position after each switch; see Figure 2), groups of trials across blocks
during the decision phase of the task depicted in Figure 1 (from trial onset until response
selection, as opposed to the outcome phase) were separated into early trials, defined as trials
1-8, when contingencies (selection of the preferred response, avoidance of the worst
response) were being discerned, and late trials, defined as trials 13-20, when contingencies
had been established. Data were inspected to determine successful image alignment and
existence of remaining artifacts. Deconvolution was then performed, wherein three motion
regressors, a baseline and linear drift regressor, and two decision time regressors (early
trials, late trials), were convolved with a modified hemodynamic response function. The
baseline for the decision phase consisted of the inter-trial interval, the null trials interspersed
between trial blocks, and the outcome phase of each trial. Images were spatially filtered
using a Gaussian Spatial Filter (full-width-half-maximum 4 mm) to account for individual
anatomical differences. Anatomical images were manually talairached and echoplanar
images were transformed into Talairach space.

Group analysis—Group (OSU, CTL) and decision time (early trials, late trials) were
subjected to R linear mixed effects (LME) analysis (36) across all voxels. Subjects were
treated as random effects, whereas group and decision time were modeled as fixed effects.
Trials were averaged across blocks to increase statistical power. The group by decision time
interaction was of interest to examine group differences in discerning versus executing
reward contingencies. Threshold adjustment based on Monte-Carlo simulations (AFNI’s
Alpha Sim) was applied to guard against identifying false positive activations (considering
whole brain voxel size and 4mm smoothness). Alpha Sim identified a minimum cluster
volume of 768 L with a cluster significance of p < .05 corrected for multiple comparisons
(voxel-wise probability: p<.05). A limbic mask consisting of neural substrates important
for emotional and interoceptive processing was also applied to examine a-priori hypotheses
involving insula and dorsal striatum using a minimum cluster volume of 320 and 250 pu.L,
for each region, respectively. For significant clusters, average percent signal change from
baseline was extracted.

Secondary group analyses—Analogous LMEs were computed across all voxels to
follow-up primary LME results, one for each of the following two subsamples: (1) groups
formed on the basis of lifetime cannabis use (/7=123): high MJ-OSU (/=43; OSU endorsing
> 1000 lifetime cannabis uses), low MJ-OSU (/7=35; OSU endorsing < 50 lifetime cannabis
uses), and low MJ-CTL (m=45; CTL endorsing < 50 lifetime cannabis uses); and (2) groups
formed on the basis of the type of stimulant preferred (7=154): predominantly cocaine users
(PCU, r=41: OSU with cocaine comprising = 80% lifetime stimulant use), predominantly
prescription users (PPU, n=65: OSU with prescription stimulants comprising = 80% lifetime
stimulant use), and CTL (/=48). Findings for a-priori regions (striatum, IFG, insula) are
reported.

Behavioral Analysis

Responses were obtained using the first three buttons on a four-button response box
recorded during each trial to determine response selection (preferred, even, and worst
responses). Group (OSU, CTL) and decision time (early trials, late trials) across blocks were
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subjected to a LME analysis, with probability of preferred response selection as the
dependent variable. Subjects were treated as random effects, whereas group and decision
time were modeled as fixed effects. Similar to fMRI analyses, two follow-up LMEs were
performed to examine behavioral differences as a function of cannabis and PCU/PPU groups
separately.

Subject Characteristics

fMRI Data

OSU endorsed greater stimulant and cannabis usage and used alcohol and nicotine more
frequently and in larger quantities than CTL (Table 1). OSU also had significantly more
Caucasian and less Asian-American participants than CTL (X2(5)=1l.5, p=.04). However,
groups did not differ on gender (X2(1)=3.8, p=.052), age, education, or verbal 1Q.

Group by decision time analysis—Results (Figure 3) indicated that during late trials,
OSU displayed greater anterior insula, IFG, and dorsal striatum activation than CTL
(reflected in greater percent signal change from baseline; see Table S1 in Supplement).
However, OSU and CTL did not differ in these regions during early trials. In addition,
within CTL, insula and IFG activation significantly decreased from early to late trials
whereas these regions did not differ between early and late trials within OSU (see Figure 3).

Secondary group analyses—Cannabis LME results (see Figure 4) showed that high
MJ-OSU exhibited greater anterior insula, IFG, and dorsal striatum activation than low MJ-
CTL during late trials, whereas low MJ-OSU did not differ from either group (see Table S2
in Supplement). High MJ-OSU also endorsed higher lifetime cocaine use than low MJ-OSU
(476)=3.4, p=.001) but not higher prescription stimulant use (o=.38). PCU/PPU LME results
(see Figure 5) indicated that PCU displayed greater anterior insula and IFG activation than
PPU and CTL during late trials. PCU also exhibited greater dorsal striatum activation than
CTL (see Table S3 in Supplement). In addition, lifetime cannabis use was marginally higher
in PCU than PPU (£104)=1.7, p=.09).

Supplementary results—Additional analyses were conducted to examine brain
activation as a function of (1) substance use patterns within OSU (Tables S4-S5 in
Supplement); (2) early and late trials separately (Table S6 in Supplement); (3) individual
decisions of selecting a preferred versus non-preferred option (Table S7 in Supplement); and
(4) responses to winning feedback during the task outcome phase (Table S8 in Supplement).

Behavioral Data

Group by decision time analysis—A main effect of decision time indicated that
probability of preferred response selection increased from early trials (M=.34, SE=.01) to
late trials (M=.41, SE=.01; A1,343)=38.7, p<.001). No group main effect or group by
decision time interaction emerged, however (both >.70).

Secondary group analyses—A main effect of decision time replicated the behavioral
analysis above (cannabis LME: A1,201)=26.9; PCU/PPU LME: A1,259)=32.9, both p<.
001). No main effects or interactions for cannabis group or PCU/PPU group emerged (all

p>.64).
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Discussion

This study examined three hypotheses about neural and behavioral processing differences
between OSU and CTL during reinforcement-related decision making. Consistent with our
first prediction, CTL exhibited greater insula and IFG activation during early trials than late
trials along with greater selection of the preferred response in late than early trials, findings
replicating prior literature in healthy individuals during reinforcement learning (26). CTL
did not show significantly greater dorsal striatum activation in early compared to late trials;
however, the average activation differences were in the predicted direction but did not meet
the statistical threshold corrected for multiple comparisons. Results also supported our
second hypothesis, wherein OSU and CTL showed similar patterns of insula, IFG, and
dorsal striatum activation during early trials requiring trial-and-error learning for both
groups.

Finally, our third prediction was partially supported in that OSU exhibited greater insula,
IFG and dorsal striatum activation than CTL during late trials when contingencies were
already familiar and as a result, should require fewer resources to ensure successful
performance. In contrast to our hypothesis, however, OSU did not show slower behavioral
acquisition of the preferred response than CTL from early to late trials. The absence of
group differences in behavioral performance can be construed as an asset of the present
study, lending support to the interpretation that OSU deployed greater neural resources than
CTL in order to achieve similar performance during reinforcement learning. It is possible
that neural markers of inefficient learning will predict future poorer behavioral performance
in OSU who transition to stimulant dependence, although longitudinal research is warranted
to address this issue. The fact that OSU and CTL exhibited similar behavioral performance
is not surprising, given that (1) subjects were high functioning college students attending an
academically challenging university; (2) OSU exhibit only very subtle differences in
neuropsychological functioning from stimulant naive individuals (37, 38); and (3) research
has shown that methyphenidate does not affect behavioral performance during probability
learning in healthy individuals (39, 40), so this may also be the case for OSU. fMRI decision
making paradigms may also not offer enough means to detect behavioral differences in a
college sample given limited response options.

Overall, findings of the present study suggest that in the presence of similar behavioral
performance, OSU as opposed to CTL continued to show activation in insula, IFG, and
striatum when contingencies had been established. The continued brain response in the
presence of stable and established behavioral contingencies is reminiscent of the residual
error model proposed by Redish (41) for cocaine dependent individuals, wherein a persistent
residual prediction error drives urges and repetitive behavior, which is thought to be
essential for drug addiction. The continued recruitment of resources to maintain and execute
learned contingencies in brain regions involved in reward and risk evaluation in OSU
supports the notion that these subtle processing differences may actually precede the
development of substance dependence. The present findings suggest that inefficient reward
processing is not limited to stimulant dependent individuals (9-11) but extends to
individuals who have not yet developed problem use and may be a pre-existing marker of
the motivation to use stimulants.

However, OSU also used other substances, which may have affected processing differences
between groups. Follow-up analyses demonstrated that high cannabis OSU exhibited greater
insula, IFG, and dorsal striatum activation during late trials when contingencies were being
executed than low cannabis CTL, whereas low cannabis OSU did not differ from high
cannabis OSU or CTL. However, OSU endorsing higher cannabis use also endorsed higher
cocaine use than low cannabis OSU, findings suggesting that differences between OSU and
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CTL may be attributable to an additive effect of lifetime cannabis and cocaine use as
opposed to prescription stimulant use. These findings are consistent with heightened dorsal
striatum and IFG activation previously reported in cannabis users (42, 43) and cocaine users
(28, 29) during decision making. Additional support for this assertion arises from analyses
wherein OSU who preferred cocaine exhibited greater insula, IFG, and dorsal striatum
activation than OSU who preferred prescription stimulants and CTL. Cannabis use was also
marginally higher in OSU preferring cocaine than OSU preferring prescription stimulants,
data consistent with our assertion that a combination of cocaine and cannabis use may be
driving differences between OSU and CTL during decision making. However, the present
study cannot answer whether brain activation in OSU with greater cannabis and cocaine use
is due to a stronger vulnerability to use substances before substance use was initiated, or
simply due to more exposure to substance use.

There are several limitations of this study. First, the present study cannot identify correlates
of addiction vulnerability that are distinct from the determinants of occasional use. Research
examining reinforcement learning in stimulant naive young adults with first-degree relatives
with stimulant dependence may further distinguish the correlates of genetic vulnerability
from those of occasional use. Second, groups were examined cross-sectionally because
complete longitudinal outcome information was not yet collected on this sample. Future
investigations will examine whether individuals who develop problem use differ from those
who terminate use. Third, OSU, although selected on the basis of prescription stimulant and/
or cocaine use, also exhibited significant lifetime cannabis use. However, a pure OSU
sample is not representative of at-risk individuals; for example, a recent study reported that
over 65% of college students using stimulants non-medically also used cannabis within the
past year (2). Lastly, since only a three-day abstinence from substance use was required, it is
possible that OSU had inadequate drug washout at the time of the fMRI session. Despite
these limitations, present results provide evidence that OSU mobilize additional neural
resources in regions involved in reward and risk processing when executing reinforced
decisions. A critical next step is to investigate whether this neural inefficiency is predictive
of future problem use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Probability of selecting the preferred response as a function of trial position across blocks
for occasional stimulant users (OSU) and control subjects (CTL).
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Figure 3.

Stimulant group (OSU, CTL) by decision time (early trials, late trials) interaction results
showing that occasional stimulant users (OSU) exhibited greater anterior insula, inferior
frontal gyrus (IFG) and dorsal striatum activation than control subjects (CTL) during late
trials when reward contingencies were being executed. Error bars reflect standard error.
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Figure4.

Cannabis group (Low MJ-OSU, High MJ-OSU, Low MJ-CTL) by decision time (early
trials, late trials) interaction results demonstrating that high cannabis occasional stimulant
users (High MJ-OSU) exhibited greater anterior insula, inferior frontal gyrus (IFG), and
dorsal striatum activation than low cannabis control subjects (Low MJ-CTL) during late
trials when reward contingencies were being executed. Low cannabis users (Low MJ-OSU)
did not differ from High MJ-OSU or Low MJ-CTL. Error bars reflect standard error.
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Predominantly prescription/predominantly cocaine group (PPU, PCU, CTL) by decision
time (early trials, late trials) interaction results depicting that predominantly cocaine users
(PCU) exhibited greater anterior insula and inferior frontal gyrus (IFG) activation than
predominantly prescription stimulant users (PPU) and control subjects (CTL) during late
trials when reward contingencies were being executed. PCU also displayed greater dorsal
striatum activation than CTL. Error bars reflect standard error.
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