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Abstract
Background—Substance use disorders (SUDs) can be conceptualized as a form of risk-taking
behavior with the potential for highly aversive outcomes such as health or legal problems. Risky
decision-making likely draws upon several related brain processes involved in estimations of
value and risk, executive control, and emotional processing. SUDs may result from a dysfunction
in one or more of these cognitive processes.

Methods—We performed a systematic literature review of functional neuroimaging studies
examining risk-related decision making in individuals with SUDs. A quantitative meta-analysis
tool (GingerALE) and qualitative approach was used to summarize the imaging results.

Results—Meta-analysis findings indicate that individuals with SUDs exhibit differences in
neural activity relative to healthy controls during risk-taking in the anterior cingulate cortex,
orbitofrontal cortex, dorsolateral prefrontal cortex, striatum, insula, and somatosensory cortex. In
addition, a qualitative review of the literature suggests that individuals with SUDs may have
altered function in the amygdala and ventromedial prefrontal cortex.

Conclusions—The neuroimaging literature reveals that several neural substrates involved in the
computation of risk may function suboptimally in SUDs. Future research is warranted to elucidate
which computational processes are affected, whether dysfunctional risk-related processing
recovers with sobriety, and whether different drugs of abuse have specific effects on risk-taking.
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1. INTRODUCTION
Substance use disorders (SUDs), which can refer to abuse or dependence, have profoundly
negative impacts on society, including increased rates of morbidity and mortality, disrupted
family relations, and a high cost to taxpayers (Nicosia et al., 2009). Recent research has
suggested that differences in the neural processing of risk may underlie SUDs (Fishbein et
al., 2005; Rogers et al., 1999), making it an important topic for improved understanding of
addictive behaviors. Economists define risk as a selection among options with variably
distributed outcomes (Lane and Cherek, 2000; Leland and Paulus, 2005; Slovic, 2000).
Importantly, this definition of risk implies that an individual knows the probability and
magnitude of the outcome associated with each option. This conceptualization differs
substantially from the broader meaning of risk used by clinicians and the lay public, which
incorporates experiential uncertainty but also emphasizes the potential for large
(‘catastrophic’) negative consequences over positive outcomes (Schonberg et al., 2011). As
a result, different experimental tasks have been used to probe risk-taking decision making
depending upon whether they explore risk as defined by economists or risk more broadly.
Although it is possible that common brain mechanisms may be identified in the future,
current investigations of risk-taking in SUDs should attend closely to the different
conceptions of risk that underlie experimental measures.

Implicit in the definition of SUD is the increased engagement in naturalistic risk-taking
behavior, i.e., substance use despite uncertain adverse consequences. There is some
experimental evidence that stimulant users engage in more risk-taking behaviors than non-
users (Dom et al., 2006; Leland and Paulus, 2005) and that risk-taking propensity correlates
with years of substance use (Rogers et al., 1999). Experimental studies also suggest that
treatment for SUDs may reduce risk-taking behavior. For example, a group of 81 substance
users undergoing inpatient treatment for dependence (e.g., cognitive training and a group-
based 12-step program) showed significantly decreased risk taking behavior as measured by
the Balloon Analog Risk Task (BART; Lejuez et al., 2002) after 30 days of inpatient
treatment relative to their behavior on the BART at the beginning of treatment (Aklin et al.,
2009). Furthermore, the degree to which individuals are willing to engage in risk-taking
behavior may be an important factor in SUDs. For example, BART risk-taking behavior was
a better predictor of drinking problems in a sample of 75 undergraduates than measures of
impulsivity or delay-discounting (Fernie et al., 2010). Therefore, the degree of risk-taking
may be associated with the severity and prognosis of SUDs.

This systematic literature review aims to provide a preliminary answer to the question, “Are
there brain activation differences that distinguish individuals with SUDs from healthy
comparison groups during risk-taking decision-making?” We propose that dysfunctions of
several neural substrates may result in inappropriate computation of risk in individuals with
SUDs. These dysfunctional processes could include: (1) altered valuation of options in
ventromedial prefrontal cortex (VMPFC) and outcomes in orbitofrontal cortex (OFC) and
striatum; (2) poor estimation of uncertainty and risk in anterior cingulate cortex (ACC) and
insular cortex, (3) diminished executive control in dorsolateral prefrontal cortex (DLPFC);
(4) reduced influence of emotional salience in amygdala; and (5) attenuated somatic markers
in somatosensory cortex.

2. METHODS
2.1. Design

We conducted a meta-analysis of available studies to determine whether brain regions
outlined in our hypotheses differed consistently across studies. An extensive literature
search revealed only a small number of studies, limiting the generalizability of the present
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analysis. In consequence, our review should be considered an early attempt to organize the
literature rather than a definitive account. To supplement the meta-analysis, we also discuss
the findings of relevant studies within the context of the addiction literature.

2.2. Literature Search
A search of several databases (Medline, Google Scholar, Psych Info and Web of Science)
was performed to identify potential studies up to 01/24/2013 for inclusion. Search terms
included: “risk taking” <or> “decision making” <or> “Iowa Gambling” <or> “Cambridge
Risk” <or> “Balloon Analog” <or> “Wheel of Fortune” <and> “substance-related
disorders” <or> “drug abuse” <or> “drug dependence” <or> “alcohol” <or> “cocaine” <or>
“amphetamine” <or> “heroin” <or> “opiate” <or> “stimulant” <or> “nicotine” <or>
“marijuana” <and> “neuroimaging” <or> “neural” <or> “fMRI” <or> “PET.” Following the
database search, the reference lists of relevant studies were explored for additional research.
This process yielded 24 studies potentially eligible for meta-analysis (see Table 1).

2.3. Inclusion and Exclusion Criteria for Meta-Analysis
Studies were included if they met the following four criteria: 1) examination of a SUD
group; 2) use of functional neuroimaging methods: either functional magnetic-resonance
imaging (fMRI) or positron-emission tomography (PET); 3) inclusion of a risk-taking
measurement; and 4) examination of activation during the decision phase of risk-taking
(rather than the outcome phase). Given the limited number of studies available, all
substances were grouped together, including alcohol, tobacco, marijuana, cocaine, heroin
and amphetamine. SUD diagnosis could be current or in remission. The combination of
fMRI and PET studies within a single meta-analysis has precedent in the literature, as both
techniques observe changes in blood flow related to task performance (zu Eulenburg et al.,
2012). Studies were excluded if stereotaxic coordinates were not reported or the study used
connectivity techniques (e.g., diffusion-tensor imaging), structural brain imaging or
perfusion studies that did not have a functional component. Studies were also excluded if:
(1) they lacked a control group; (2) subjects overlapped with another study; or (3) they
examined an at-risk SUD group without a specific SUD diagnosis. Since only nine studies
met the above criteria, and five used the Iowa Gambling Task (IGT), the Activation
likelihood estimation (ALE) was further restricted to the five studies using the IGT to
control for task effects. Table 1 lists the studies and provides information on why they were
included or excluded.

2.4. Activation Likelihood Estimation (ALE) meta-analysis
The meta-analysis was performed using Ginger ALE v2.1 (Eickhoff et al., 2009), a widely-
used, coordinate-based technique for neuroimaging data. ALE models foci from different
studies as probability distributions. Results are assessed relative to a null-distribution of
random spatial association, hence random-effects modeling of the data, rather than a fixed-
or mixed-effects model (Eickhoff et al., 2009, 2012). ALE utilizes a series of permutations
to differentiate statistically significant clustering from random clustering (i.e., noise) of foci
across multiple independent samples and provides greater spatial resolution compared to
previous vote-count meta-analyses (Eickhoff et al., 2009, 2012).

To conduct the meta-analysis, the five eligible studies and their corresponding coordinates
were entered into the ALE program. As recommended by Ginger ALE software, a cluster-
level threshold was set at a minimum volume of 48mm3, with the false discovery rate
method used to correct for multiple comparisons at p<.05 (Genovese et al., 2002). The five
studies in the analysis included 253 subjects and 23 foci. Coordinates reported in Montreal-
Neurological Institute space were converted to Talairach space. Results indicate the volume
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of the cluster, its weighted center in Talairach space (x, y, z) and a label of the region by
Brodmann area and structural name.

2.5. Tasks in Review
The following paradigms have been used in neuroimaging studies to assess risk related
decision-making: the Iowa Gambling Task (IGT; Bechara et al., 1994), the BART, the
Wheel of Fortune task (WOF; Ernst et al., 2004), the Game of Chicken task (GOC; Bjork et
al., 2008) or the Cambridge Risk Task (CRT; Rogers et al., 1999). Review of these tasks
suggests that they are useful predictors of naturalistic risk-taking behavior (Schonberg et al.,
2011). Each of these tasks requires subjects to choose between more certain “safe”
responses and less certain “risky” responses in an attempt to maximize gains (see Table 2).
The tasks vary in degree of uncertainty, number of options, and the extent to which the risky
option is disadvantageous, e.g. in the BART, some risk-taking is necessary to earn points,
while in the IGT minimal risk-taking provides the most points.

3. RESULTS
3.1. ALE Results

The meta-analysis located eleven significant clusters, including regions in OFC, DLPFC,
somatosensory cortex, ACC and insula (see Table 3). Directionality of the observed
differences was not measured in the meta-analysis due to sample size restrictions. However,
our qualitative review of the literature addresses this issue and provides an interpretation of
activation differences between SUD and control groups. Sections are organized by function
in risk-taking, including estimation of value and risk, executive control, and influence of
bodily state and emotions. Sections are further divided into anatomical regions.

3.2 Estimation of Value and Risk
3.2.1 Striatum—The striatum can be divided into two anatomical regions, the ventral (e.g.
nucleus accumbens) and dorsal striatum (e.g., putamen and caudate), both of which have
been implicated in processing reward value (Kable and Glimcher, 2009). In monkeys,
single-unit recordings in the caudate (Lau and Glimcher, 2008) and putamen (Samejima et
al., 2005) reveal populations of neurons that fire in proportion to the subjective value of an
action, whether or not the action was chosen. Moreover, a human neuroimaging study
demonstrated that subjective valuation in the striatum extends to decisions made under risk,
wherein caudate activity during selection of a risky option was correlated with likelihood of
choosing a risky option again in later trials (Engelmann and Tamir, 2009). These findings
point to a role for the striatum in subjective valuation of risky decisions.

SUD groups have shown greater dorsal striatum activation than healthy controls in several
risk-taking studies. For instance, cocaine-dependent participants who had greater putamen
activation than controls during the decision-phase of the IGT also chose risky options more
frequently and earned less money during the task (Bolla et al., 2003). Since level of putamen
activity has been linked to the subjective value of an outcome (Samejima et al., 2005),
greater activation among cocaine-dependent individuals could indicate that they find risky
options subjectively more valuable, consistent with their increased selection of risky
choices. In another study, stimulant (i.e., cocaine or amphetamine) users and a control group
were shown a playing card from a deck containing 2–10 cards and then asked to guess if the
next card would be higher or lower. When a 5, 6 or 7 was shown, the probability of the next
card being higher or lower was roughly equal, so this was considered the uncertain
condition. Stimulant users showed greater caudate activation relative to the control group
during uncertain decisions. Since the reward was equivalent for uncertain (5–7) or more
certain (2–4, 8–10) decisions, stimulant users’ greater activation during decision-making
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suggests they not only value risky options more highly than control subjects, but they may
also value uncertainty itself more highly.

In addition, early stages of SUDs are marked by changes in reward evaluation in the ventral
striatum. For example, a recent study demonstrated that adolescents with early signs of
SUDs displayed greater risk-taking CRT behavior than controls, accompanied by decreased
bilateral ventral striatum activation during reward anticipation (Schneider et al., 2012).
Furthermore, structural MRI showed that participants who took the most risk displayed the
lowest striatal volume (Schneider et al., 2012). Altered reward processing in the ventral
striatum in at-risk adolescents is consistent with evidence that the development of SUDs
corresponds to a transition from initial reinforcing effects of substance use in the ventral
striatum to habitual drug-seeking driven by the dorsal striatum (Everitt and Robbins, 2005).

3.2.2 Ventromedial Prefrontal Cortex—VMPFC is considered to be a key region for
integrating information about the current subjective value of available options (Kable and
Glimcher, 2009; Paulus and Frank, 2003). For instance, Plassman et al. (2007) showed
hungry participants snack foods and asked them how much they would pay for each. They
found that VMPFC activation positively correlated with the subjective value of each item.
Since patients with VMPFC lesions consistently perform poorly on the IGT (Bechara et al.,
1994), VMPFC may be involved in evaluation of options during risk-taking, and VMPFC
integrity may be essential to make advantageous decisions.

Risk-taking behavior among individuals with SUDs could reflect VMPFC impairments.
Rogers et al. (1999) indicated that the performance of amphetamine abusers closely
resembled VMPFC lesion patients’ CRT performance, suggesting that amphetamine
dependence may be associated with similar neural deficits. Like VMPFC lesion patients,
amphetamine abusers: (1) exhibited longer response times than controls when predicting
which outcome they expected to occur during the CRT; and (2) were more likely to select
the outcome least likely to occur, a suboptimal response strategy (Rogers et al., 1999).
Moreover, several IGT studies provide evidence for altered VMPFC activation in substance
abusers. Recent research demonstrated that chronic marijuana smokers exhibited greater
VMPFC activation than controls during the IGT decision phase that was positively
associated with lifetime marijuana use (Vaidya et al., 2012), findings consistent with prior
research demonstrating heightened VMPFC activation during the IGT in cocaine-dependent
participants (Bolla et al., 2003). Although findings during the IGT decision phase indicate
hyperactive VMPFC in SUDs, a study examining brain activation during the IGT outcome
phase determined that chronic marijuana smokers exhibited lower VMPFC activation than
control subjects within this context (Wesley et al., 2011). Furthermore, whereas controls
with the greatest VMPFC activation in response to outcomes during early rounds of the IGT
earned the most money during remaining rounds of the task, no relationship was evident
between VMPFC activity and task performance for marijuana users, suggesting a disconnect
between outcome valuation and behavior in SUDs. In addition, model analysis of chronic
marijuana users performance on the IGT indicates that, relative to controls, their decisions
are less influenced by losses and more influenced by gains (Fridberg et al., 2010). On the
whole, enhanced activation of the VMPFC during decision-making may lead individuals
with SUDs to choose risky options because they subjectively regard rewards as more
valuable despite potential for loss.

3.2.3 Orbitofrontal Cortex—Since the OFC may be involved in the evaluation (including
economic valuation) of potential outcomes (Schoenbaum and Esber, 2010), it is interesting
that several studies have found that SUD groups exhibit altered OFC activation during risk-
taking. A recent PET study revealed that 28-day abstinent marijuana-dependent participants
displayed poorer IGT performance and displayed lower right lateral OFC activation than
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controls (Bolla et al., 2005)). In addition, current and former dependent opiate (e.g., heroin
and methadone) users displayed increased left lateral OFC activation than controls during
the CRT (Ersche et al., 2005). Moreover, heroin users who had been using the longest had
the greatest left OFC activation during the CRT, suggesting duration-dependent opiate
effects on OFC function (Ersche et al., 2006). Greater OFC activation reported by Ersche et
al. (2005) contrasts with the decreased activation reported by Bolla et al. (2003; 2005),
possibly reflecting task differences. For example, in a group of cocaine users, CRT and IGT
performance were not correlated (Monterosso et al., 2001). If the OFC is involved in
evaluating outcomes, altered OFC activity in SUDs may indicate disruption of an evaluative
process that is critical to decisions about risk.

3.2.4 Anterior Cingulate Cortex—According to the prediction of response-outcome
theory, ACC is a critical substrate for risk processing due to its role in assessing the
magnitude and probability of uncertain outcomes (Alexander and Brown, 2010; Brown and
Braver, 2007). Consistent with this hypothesis, ACC activation during risk-taking decision-
making on the BART signaled that a person would cash out (i.e., avoid risk), whereas ACC
deactivation indicated that a participant would continue inflating the balloon (i.e., seek risk;
Fukunaga et al., 2012). Furthermore, in a study where participants were asked to choose
between sure gains and risky ones, participants with the least ACC activation tended to be
more risk-seeking for low-probability outcomes (e.g., choose a 5-percent chance for $1000
over a sure $75) and risk averse for high-probability outcomes (e.g., choose a sure $850 over
a 95-percent chance for $1000; Paulus and Frank, 2006). Moreover, resting cerebral blood
flow within the ACC correlated positively with performance on the IGT, pointing to a
relationship between ACC activity and risk-taking (Adinoff et al., 2003; although see
Tucker et al., 2004). Thus, ACC recruitment may be critical for normative risk processing.

Furthermore, ACC disruption could underlie altered risk-taking behavior in SUDs. Fishbein
et al. (2005) found that recently abstinent polydrug abusers (i.e., abusing one or more of the
following: marijuana, cocaine, heroin or amphetamine) displayed greater risk-taking
behavior and lower rostral ACC activation than control participants during the CRT. Among
substance abusers, ACC activation correlated negatively with risky choices, i.e., users with
the lowest ACC activation took the greatest number of risks (Fishbein et al., 2005).
Similarly, two studies showed that decreased dorsal ACC activation corresponded to
heightened risk-taking in individuals with opiate, amphetamine or alcohol SUDs (Bjork et
al., 2008; Ersche et al., 2005). In contrast, at-risk individuals with a family history of
alcoholism exhibited greater dorsal ACC activation than controls during the IGT (Acheson
et al., 2009), findings suggesting that brain mechanisms involved in the transition to SUD
may not be the same as those involved in chronic SUD cases. On the whole, these studies
indicate the ACC may function to avoid highly risky options and this function may be
deficient among individuals with SUDs.

The relationship between diminished ACC activation and selection of unlikely outcomes in
decision-making tasks may result from error-prediction failure (Bolla et al., 2004; Hester et
al., 2009). Cocaine-dependent subjects showed diminished rostral ACC activation in a task
that required subjects to monitor and correct their errors, and the degree of activation
negatively correlated with grams of cocaine used per week (Bolla et al., 2004). Similarly,
opiate-dependent subjects performed poorly on a task of response inhibition and lacked
error-dependent rostral ACC activation (Forman et al., 2004). Diminished awareness of
errors may prevent individuals with SUDs from learning from mistakes because mistakes do
not register. Thus, decisions are made on a trial by trial basis and reflect only immediate
payoff (Fishbein et al., 2005). While in controls a significant relationship has been found
between risk-aversion (‘playing safe’) and rostral ACC activation following a loss, no such
relationship existed in opiate dependent subjects, indicating substance abusers may not
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register the loss as an error (Ersche et al., 2005). Chronic marijuana smokers have also
exhibited lower ACC activation than controls in response to IGT feedback (Wesley et al.,
2011), and smokers with the lowest ACC in early IGT stages displayed the poorest
subsequent performance. Thus, SUD individuals may not take more risks initially relative to
controls, but may continue taking risks despite negative consequences due to lack of error-
awareness.

3.3 Executive Control
Dorsolateral Prefrontal Cortex—DLPFC is implicated in executive control and
working memory (MacDonald et al., 2000) (Champod and Petrides, 2007) and appears to be
attenuated in SUDs during risky decision-making. For instance, Bolla et al. have reported
decreased right DLPFC activation among cocaine-dependent (2003) and marijuana-
dependent (2005) groups during the IGT. Moreover, Ersche et al. (2005) observed that SUD
participants displayed lower right DLPFC activation than controls during the CRT. At-risk
adolescents with a family history of alcoholism also exhibited lower DLPFC activation
during the WOF than adolescents without a family history of alcoholism (Cservenka and
Nagel, 2012). With respect to decision making more broadly, cocaine users also showed
deficits in executive function and diminished DLPFC activation during the Stroop task
(Bolla et al., 2004). Attenuated DLPFC activation accompanied by evidence for diminished
executive control among various SUD groups suggests that substance abusers may possess a
diminished capacity to integrate information about risk and value when making decisions.

Executive control processes in the DLPFC may collaborate with risk monitoring regions
such as the insula and ACC. Failure to distinguish risky from safe choices could result from
diminished connectivity with risk-monitoring regions. In a study of healthy subjects,
participants taking a higher number of risks exhibited weakened connectivity between the
DLPFC and the insula (Cox et al., 2010). In addition, a diffusion tensor imaging (DTI) study
by Lane et al. (2010) indicated that cocaine users possessed diminished fractional
anisotropy, a measure of connectivity, in the corona radiata, a frontal span of white matter
that connects DLPFC, ACC and insular regions. Further, as diminished connectivity
corresponded to impaired performance on the IGT, this impairment corroborates a model of
decision-making that relies on communication between the DLPFC, insula and ACC.
Similarly, chronic MDMA (3,4-methylenedioxy-N-methamphetamine) users chose a higher
number of disadvantageous options on the IGT than controls and DTI results showed
evidence for axonal damage in the rostral corpus callosum, which connects the two halves of
the prefrontal cortex (Moeller et al., 2007). SUDs may be characterized by a disruption of
this functional network.

3.4 Influence of Body State and Emotion
3.4.1 Insula—Considerable evidence indicates that the insula is involved in the integration
of the current state of the body with past memories to guide behavior such as risk-taking
(Craig, 2002, 2009; Paulus, 2007). Several studies have indicated that the insula in
conjunction with the ACC contributes to the assessment of likelihood and magnitude of
consequences during risk-taking (Preuschoff et al., 2008). Preuschoff et al. (2006; 2008)
asked participants to guess, after a first card was drawn from a deck, whether a second card
would be higher. When compared against the probability of winning, bilateral anterior insula
activation had an inverted-U shape, such that activation was greatest when risk was highest
(i.e., 50 percent chance of winning) and lowest when risk was lowest (chances approaching
0 or 100 percent). Further, Paulus et al. (2003) demonstrated that insular activation during
risk-taking correlates with the likelihood of avoiding risk following punishment, suggesting
that insular activity may be involved in risk aversion. Insular activation may predict risk
magnitude and then recruit risk-avoidance mechanisms when a critical threshold is reached,
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similar to other winner-takes-all decision-making regions of the brain (Kable and Glimcher,
2009). Adolescent SUDs displayed lower insular activation than controls during risky
decision-making on the BART (Crowley et al., 2010). Moreover, a recent study
demonstrated that alcohol dependent subjects with the lowest insula activation during
decision-making took the highest number of risks on the BART (Claus and Hutchison,
2011), indicating that, as in healthy individuals (Paulus et al., 2003), anterior insula
activation is associated with risk aversion in substance users. However, attenuated insular
activation of substance abusing adolescents suggests that individuals with SUDs may require
a greater magnitude of risk before they reach a threshold triggering risk aversion.

In contrast to BART findings, IGT research reported heightened insular activation among
groups with SUDs, such as chronic marijuana users (Vaidya et al., 2012) and adolescent
binge drinkers (Xiao et al., 2012). Among binge-drinkers, insular activation was positively
correlated with both alcohol consumption and urgency, the tendency to act impulsively
when emotionally aroused (e.g., suddenly punching a wall when angry; Whiteside and
Lynam, 2001). The correlation with urgency suggests that binge-drinkers may find the high-
risk option on the IGT more salient and act based on emotion, despite an eventual losing
outcome. The increases in insular activation observed by Xiao et al. (2012) and Vaidya et al.
(2012) contrasts with the decreased insular activation reported by Crowley et al. (2010),
potentially reflecting task differences. Crowley et al. (2010) employed the BART, where
risk-magnitude increases incrementally during a single trial, while Xiao et al. (2012) and
Vaidya et al. (2012) used the IGT, where an option’s riskiness remains static during a single
trial. Risky options may be more salient to substance abusers when compared to safe
options, but when risk increases gradually these individuals may be less sensitive to changes
in risk magnitude.

3.4.2 Primary Somatosensory Cortex—The identification of the primary
somatosensory cortex through our meta-analysis is consistent with the somatic marker
theory of SUDs, which posits that bodily states become associated with experiences, and the
brain’s representations of those body states are used to guide decisions (Verdejo-Garcia and
Bechara, 2009). Diminished neural representation of somatic states could prevent this
information from guiding decisions, hence lesions that affect somatic-markers lead to poor
decision making (Damasio et al., 1991). A study examining risk-taking among smokers on a
day where they were allowed to smoke cigarettes ad libitum and again following a day of
smoking abstinence found differential activation in the somatosensory cortex (Addicott et
al., 2012). Specifically, during the decision-phase of the WOF, smokers exhibited greater
activation in the somatosensory cortex following a day of abstinence than on a smoking day,
suggesting that continued drug use may lead to diminished processing in the somatosensory
cortex.

3.4.3 Amygdala—Based on evidence for the amygdala’s role in cue-outcome learning
(Davis and Whalen, 2001), the somatic marker hypothesis proposes that disrupted amygdala
function could lead individuals with SUDs to take more risks because they fail to
appropriately link outcomes with decisions (Verdejo-Garcia and Bechara, 2009). Fein et al.
(2006) showed reduced amygdalar volume among long-term abstinent alcoholics in
conjunction with impaired IGT performance, suggesting that diminished amygdala integrity
underlies risk-taking deficits. Crowley et al. (2010) also reported attenuated amygdalar
activation during the BART among adolescents with problematic substance use. As studies
suggest the amygdala is critical for cue-outcome learning (Davis and Whalen, 2001),
decreased amygdalar integrity or activation may prevent the amygdala from signaling
negative outcomes associated with a cue and triggering risk-avoidance mechanisms. Thus,
amygdalar activation may be necessary to avoid choices linked with punishment. In contrast,
however, binge-drinking adolescents exhibited greater amygdala activation and risk-taking
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behavior than controls during the decision-phase of the IGT (Xiao et al., 2012). These latter
findings were interpreted in such a way that amygdala activation reflected an emotional cue
for decision-making, but it signaled reward-seeking without consideration of negative
consequences (Xiao et al., 2012). As the amygdala has been linked to reward-based and
aversive learning (Davis and Whalen, 2001), it may be too early to determine if SUDs are
associated with increased or decreased amygdalar activation, as the limited evidence has
been equivocal. Altered amygdalar activation may bias individuals to seek rewards
regardless of uncertain but possible negative consequences, or they may fail to notice
negative outcomes due to lack of an emotional signal to avoid risk.

4. DISCUSSION
This review examined differences in neural processing of risk between individuals with
SUDs and healthy controls. Individuals with SUDs show several processing abnormalities
during risk-taking decision-making, which include altered valuation of options (VMPFC)
and outcomes (OFC and striatum), poor estimation of uncertainty (ACC and insular cortex),
diminished executive control (DLPFC), and an attenuated influence of emotional salience
(amygdala), and reduced responsiveness to somatic markers (somatosensory cortex). These
neural processing differences during risk-taking among individuals with SUDs have been
linked to poorer behavioral performance on risk-taking tasks and a more extensive history of
substance use.

Our quantitative meta-analysis indicated that individuals with SUDs identified altered
processing of risk in several key regions, including the ACC, insula, primary somatosensory
cortex, striatum, OFC and DLPFC. Since the primary somatosensory cortex responds to
sensations in the body and evidence suggests that the insula is involved in representation of
bodily states (Craig, 2009), altered processing in these two regions among individuals with
SUDs is consistent with the somatic marker hypothesis. This hypothesis proposes that
decision-making reflects neural representations of body states, so altered activation in the
insula and primary somatosensory cortex could indicate disrupted representations of body
states (Verdejo-Garcia and Bechara, 2009), which may in turn affect risky decisions made
by individuals with SUDs. Many studies have indicated that the striatum, OFC and VMPFC
are involved in the subjective valuation of rewards (Lau and Glimcher, 2008; Padoa-
Schioppa and Assad, 2006; Paulus and Frank, 2003). Since the ACC and insula contribute to
risk prediction, attenuated ACC and insular processing associated with SUDs may indicate a
failure to predict and monitor risk. In comparison, attenuated DLPFC activation in SUDs
suggests that substance abusers may fail to recruit executive control mechanisms involved in
the integration of value and risk. Research in healthy populations indicates that amygdala
activation corresponds to processing of aversive outcomes (Davis and Whalen, 2001). Thus,
decreased amygdala activation during risk-taking in SUDs supports the hypothesis that
substance users may be less sensitive to loss. Taken together, these findings suggest altered
processing of risk among individuals diagnosed with SUDs, potentially characterized by
under recruitment of regions critical to risk evaluation and decision-making coupled with
heightened activation of reward-processing regions (see Figure 1 for a summary model).
This altered processing may dispose individuals to increased risk-taking.

4.1. Future directions
Most neuroimaging studies examining risk-taking in substance users have utilized the IGT
(see Table 1). Thirteen studies employed this task, relative to only five using the CRT, the
second most frequently used task. However, although participants choose among options
with variably distributed outcomes in the IGT, meeting the definition of risk-taking, they
must also learn which decks are advantageous. Hence, IGT is not a pure risk-taking task, but
is also an associative learning task (Buelow and Suhr, 2009). To better understand which
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regions of the brain underlie risk-taking deficits among individuals with SUDs, use of a
wider variety of tasks is recommended. Furthermore, all of the studies reviewed employed
paradigms in which the participant’s goal was to maximize earnings. However, risk-taking
for gain is distinct behaviorally from risk-taking for loss. For example, the same person may
avoid risk when choosing between definitively receiving $900 or a 90% chance to receive
$1,000, but seek risk when choosing between definitely losing $900 or a 90% chance to lose
$1,000 (Kahneman and Tversky, 1979). Substance use may reflect an individual’s attempt to
escape aversive emotions (e.g., hopelessness) rather than attain a reward (e.g., a high), so
future studies should employ tasks that assess risk-taking for loss, such as the recently
developed Maryland Resource for the Behavioral Utilization of the Reinforcement of
Negative Stimuli (MRBURNS) task (Macpherson et al., 2012).

It remains unclear whether altered risk-taking disposes individuals to SUDs or is a
consequence of repeated substance use. There is evidence that risk-taking propensity
precedes substance use disorders. A longitudinal study indicated that 3 year olds who had
trouble sitting still were more likely to have alcohol use disorders at age 21 (Caspi et al.,
1997). Also, adolescents with a family history of alcoholism had diminished DLPFC
activation during risk-taking (Cservenka and Nagel, 2012). Both of these studies suggest
pre-existing alterations in risk-processing dispose individuals to SUDs. There is also
evidence that substance use increases risk-taking. For example, a study comparing rats
administered chronic amphetamine doses or saline showed that amphetamine use led to
decreased ACC excitability along with difficulties learning to avoid levers that produced a
shock (Tse et al., 2011). Most imaging studies examined cross-sectional samples, precluding
interpretation of whether risk-taking is cause or consequence of substance use, so
longitudinal work is needed to understand risk-processing differences across stages of
addiction. One study compared smokers’ neural activation during the WOF on a day when
they smoked at will and on another day when they were forbidden to smoke (Addicott et al.,
2012). Insular activation was significantly higher on the day the smokers did not smoke,
indicating that neural processing may change as substance use habits change (Addicott et al.,
2012). Clearly more longitudinal studies are needed to expand our understanding of the role
of risk-processing in drug use initiation, transition to dependence and recovery.

4.2. Limitations
Several limiting factors must be considered when interpreting the results of the meta-
analysis and the qualitative review. Due to the small number of studies available, the meta-
analysis grouped together studies examining cocaine, alcohol, methamphetamine dependent
participants. However, different substances could have widely varying effects on neural
processing of risk. It is recommended that future research examine differential risk
processing between SUD groups to determine specific effects on risk-taking. In addition, our
meta-analysis did not report group differences in the amygdala or VMPFC although prior
work has demonstrated differences in these structures, underscoring the limited sample size
of the meta-analysis and the need for further research. Another important consideration for
interpreting functional imaging differences in SUDs, which measures regional blood flow, is
that substance use may lead to changes in perfusion. For example, abstinent marijuana users
have persistent changes in perfusion in the anterior and middle cerebral arteries (Herning et
al., 2001).

4.3. Conclusions
Risk-taking decision-making involves several complex processes, which include but are not
limited to the calculation of the magnitude of an outcome (i.e., how good or bad it might be),
estimation of the probability associated with the outcome (i.e., how likely is the outcome)
and the integration of these processes with current and anticipated bodily states. Review of
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the risk-taking literature supports that hypothesis that SUD individuals show brain and
behavioral dysfunction in several processes. However, our understanding of these
dysfunctions is incomplete and future investigations will need to better delineate which
process is most sensitively affected, determine whether these dysfunctions precede the
development of SUD, and which processes are amenable to intervention to improve
outcomes.
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Figure 1.
Hypothetical model of risk processing in SUD brain. Ventromedial prefrontal cortex
(VMPFC), orbitofrontal cortex (OFC) and striatum contribute to the subjective evaluation of
options and play an enhanced role in risk-taking decisions for individuals with SUDs. The
rest of the regions in the model play a diminished role in risk-taking decisions for
individuals with SUDs. Anterior cingulate cortex (ACC) and insula are involved in
processing risk magnitude and probability. The insula, in conjunction with the primary
somatosensory cortex, also contributes to assessment of body state. The amygdala
contributes emotional evaluation of options. Finally, dorsolateral prefrontal cortex (DLPFC)
is involved in executive control, possibly integrating information from risk and reward
evaluation.
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Table 1

Methodology abbreviations are functional magnetic resonance imaging (fMRI), positron emission tomography
(PET), voxel-based morphometry (VBM), single photon emission computed tomography (SPECT) and
diffusion-tensor imaging (DTI). Task abbreviations are balloon analog risk task (BART), game of chicken
(GOC), Iowa gambling task (IGT), Cambridge risk task (CRT) and wheel of fortune (WOF). Participants
abbreviations are alcohol use disorder (AUD), cocaine use disorder (CUD), marijuana use disorder (MUD),
methamphetamine use disorder (MAUD), family history of alcoholism (FHA), opiate use disorder (OUD),
tobacco use disorder (TUD)

Study Methodology Task Participants (N) Reason for exclusion

Eligible studies

   Bolla et al., 2003 PET IGT CUD (13)

   Bolla et al., 2005 PET IGT MUD (11)

   Cousijn et al., 2012 fMRI IGT MUD (32)

   Tanabe et al., 2007 PET IGT CUD, AUD and MAUD (30)

   Vaidya et al., 2012 PET IGT MUD (46)

   Bjork et al., 2008 fMRI GOC AUD and CUD (17) Task

   Crowley et al., 2010 fMRI BART MUD and AUD (20) Task

   Ersche et al., 2005 PET CRT MAUD and OUD (45) Task

   Fishbein et al., 2005 PET CRT MAUD and OUD (13) Task

Ineligible studies

   Acheson et al., 2009 fMRI IGT FHA (15) Lacks history of SUD diagnosis

   Addicott et al., 2012 fMRI WOF TUD (13) Lacks comparison group

   Adinoff et al., 2003 SPECT IGT CUD (13) Lacks functional imaging

   Chiu et al., 2008 fMRI Investment TUD (31) Coordinates not reported

   Claus and Hutchison, 2011 fMRI BART AUD (79) Lacks comparison group

   Cservenka and Nagel, 2012 fMRI WOF FHA (18) Lacks history of SUD diagnosis

   Ersche et al., 2006 PET CRT OUD (15) Sample overlaps with another study

   Fein et al., 2006 VBM IGT AUD (43) Lacks functional imaging

   Lane et al., 2010 DTI IGT CUD (15) Lacks functional imaging

   Rogers et al., 1999 Lesion CRT MAUD and OUD (31) Lacks functional imaging

   Schneider et al., 2012 fMRI, VBM CRT Adolescents with high levels of alcohol
use (33)

Lacks history of SUD diagnosis

   Tanabe et al., 2009 VBM IGT CUD, AUD and MAUD (19) Lacks functional imaging

   Tucker et al., 2004 SPECT IGT CUD (17) Lacks functional imaging

   Wesley et al., 2011 fMRI IGT MUD (16) Examines outcome phase

   Xiao et al., 2012 fMRI IGT AUD (14) Coordinates not reported
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Table 2

Descriptions of Risk-Taking Paradigms in Review

Task Description

Iowa Gambling Task
(Bechara et al., 1994)

The IGT presents subjects with four decks of cards and asks them to make repeated selections from among the decks.
The selected card may add or subtract points from the subject’s score. Two of the decks, “bad decks,” offer higher
rewards but also even greater losses, resulting in an overall loss across time. Conversely, two “good decks” offer
smaller payoffs but smaller losses, and an overall gain across trials.

Balloon Analog Risk
Task (BART; Lejuez
et al., 2002)

The BART consists of computer-simulated balloon pumping trials, where pumping the balloon to a larger size results
in increased earnings, but if the balloon pops, the subject loses all the earnings for the trial. The subject decides how
many pumps to administer before cashing out.

Wheel of Fortune
(Ernst et al., 2004)

There are three conditions with varying degrees of uncertainty. In the first two conditions, subjects choose between two
options, one with a higher, but less likely payout, and another with a smaller, more likely payout. Across trials, the
risky options (i.e. more valuable, but less likely, gain) result in a lower overall payout. In the third condition, subjects
have two options that are equally likely (50%/50%) to result in a gain.

Game of Chicken
(Bjork et al., 2008)

Subjects begin accruing money at the start of the trial but attempt to stop before a time-meter runs out or risk one of
three outcomes: 1) no-gain, 2) loss of money accrued or 3) loss of money accrued multiplied by two (double loss). As
soon as the subject presses a button, the trial begins, but subjects must press the button a second time for reward
accrual to stop or risk an undesired outcome.

Cambridge Risk
Task (Rogers et al.,
1999)

Subjects are told that a token is hidden in one of ten boxes displayed on a computer monitor. Some of the boxes are
blue, some red, and the ratio varies across trials (e.g. 9:1, 7:3). Subjects select whether they think the token is in a red
or a blue box. After the color is chosen, the subjects place a “bet” on how sure they are of their choice. An amount of
points flash on the screen in an ascending sequence, and the subject presses a button to indicate how many points they
wish to bet. After the bet, the outcome is revealed and the amount of the bet is either added (following a win) or
subtracted (following a loss) from the subjects’ total.
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