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Drug dependence may be at its core a pathology of choice, defined by continued decisions to use drugs irrespective of negative
consequences. Despite evidence of dysregulated decision making in addiction, little is known about the neural processes underlying the
most clinically relevant decisions drug users make: decisions to use drugs. Here, we combined functional magnetic resonance imaging
(fMRI), machine leaming, and human laboratory drug administration to investigate neural activation underlying decisions to smoke cannabis.
Nontreatment-seeking daily cannabis smokers completed an fMRI choice task, making repeated decisions to purchase or decline 1—12
placebo or active cannabis ‘puffs’ ($0.25-$5/puff). One randomly selected decision was implemented. If the selected choice had been
bought, the cost was deducted from study eamings and the purchased cannabis smoked in the laboratory; altematively, the participant
remained in the laboratory without cannabis. Machine leaming with leave-one-subject-out cross-validation identified distributed neural
activation pattemns discriminating decisions to buy cannabis from declined offers. A total of 21 participants were included in behavioral
analyses; |7 purchased cannabis and were thus included in fMRI analyses. Purchasing varied lawfully with dose and cost. The classifier
discriminated with 100% accuracy between fMRI activation pattemns for purchased vs declined cannabis at the level of the individual. Dorsal
striatum, insula, posterior parietal regions, anterior and posterior cingulate, and dorsolateral prefrontal cortex all contributed reliably to this
neural signature of decisions to smoke cannabis. These findings provide the basis for a brain-based characterization of drug-related decision

INTRODUCTION

A defining feature of problematic drug use is continued
decisions to use drugs despite adverse consequences. While
moral views emphasize the voluntary nature of these decisions
and individual responsibility (Hyman, 2007), biomedical
explanations highlight compulsivity in problem drug use
(Ersche et al, 2011). From this perspective, drug-related
neuroadaptations to cortical and subcortical circuitry under-
pinning decision making are thought to result in suboptimal
choices and behavior. Indeed, addiction has been argued to be,
at core, a pathology of decision making (Redish et al, 2008).

Consistent with this, altered decision making has been
documented in studies of cocaine, alcohol, and heroin abusers
relative to nondrug users using monetary reward and
gambling paradigms (Kim et al, 2011; Kjome et al, 2010;
Lane et al, 2010; Li et al, 2013). These studies suggest that
problematic use of different drugs is associated with
preferences for immediately rewarding, but ultimately dis-
advantageous, choices.
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Although one study found that cannabis smokers did not
show the discounting of delayed rewards characteristic
of other substance abusers (Johnson et al, 2010), others
have found that frequent cannabis smokers, like other
drug-abusing groups, make more choices for disadvanta-
geous high-risk, high-gain monetary options than nonusers
(Bolla et al, 2005; Vaidya et al, 2012; Whitlow et al, 2004).
Studies of neural substrates indicate that cannabis users
have decreased orbitofrontal and dorsolateral prefrontal
cortical (dIPFC; Bolla et al, 2005) and increased cerebellum
(Bolla et al, 2005; Vaidya et al, 2012) and ventromedial
prefrontal cortex (vmPFC; Vaidya et al, 2012) recruitment
during monetary decision making relative to controls.
Furthermore, blunted responses to negative consequences
(ie, loss) in prefrontal and anterior cingulate cortex
(ACC) may subserve slower strategy development during
monetary decision making in cannabis smokers (Wesley
et al, 2011).

Thus, research has examined behavioral and underlying
neurocircuit-level alterations to monetary decision making in
cannabis smokers and drug-abusing populations more
generally. Clearly the most clinically relevant decisions made
in problematic drug use, however, are decisions to buy and
use drugs. Despite a large literature employing behavioral
economic approaches to study drug-related decision making
(eg, see Bickel et al, 2014), little is known about the neural
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processes supporting such decisions. To our knowledge, only
two studies have directly examined the neural substrates
of drug-related decision making. One examined choices
between delayed and immediate cigarette and monetary
rewards, finding that choices for delayed relative to
immediate reinforcement across commodities were asso-
ciated with increased medial prefrontal cortex (PFC) and
anterior insula cortex activation. Choices for cigarettes were
associated with greater activation in left inferior PFC and
bilateral posterior parietal cortex and reduced activity in
ventral striatum and right inferior PFC relative to choices
about money (MacKillop et al, 2012).

A recent study employed a demand economic analysis to
assess neural activation underlying decisions to drink alcohol
at different prices, finding that decisions to drink were
associated with greater activation in bilateral posterior
parietal regions, dIPFC, posterior cingulate cortex (PCC),
and left anterior insula compared with decisions to decline
alcohol. Conversely, decisions to drink that were affected by
cost were associated with greater activation in frontostriatal
regions and deactivation in default mode (Mackillop et al,
2014).

These findings are broadly consistent with evidence about
other types of value-based decision making, which indicate
that a distributed network of brain regions underpins
decisions of this type, with key nodes in this network
including orbitofrontal/vmPFC (Kable and Glimcher, 2009),
dIPFC (Hare et al, 2009), ACC (Kennerley et al, 2011), and
ventral striatum (Peters and Buchel, 2009). Although there is
substantial overlap in the neural systems subserving decision
making about different types of rewards (Levy and Glimcher,
2011), there also appear to be distinctions dependent on
reward type (Levy and Glimcher, 2011; Sescousse et al, 2010),
indicating that domain-specific as well as more generalized
choice networks may be involved in decisions about drugs.
Characterizing value-based decision making in problem drug
use will likely be key to understanding the pathophysiology
of drug use disorders (see Volkow et al, 2010). Moreover,
investigating the neurobehavioral processes underpinning
decision making about drugs may elucidate the ways in
which pharmacological and psychological interventions can
shift these decisions—the ultimate goal of addiction research.

To date, no research has assessed the neural processes
underlying decisions about illegal drugs, and no research has
employed multivariate analytic approaches to examine
distributed neural activation patterns supporting drug-
related decision making. Here, we combined a novel
functional magnetic resonance imaging (fMRI) choice task
with laboratory cannabis self-administration and multivoxel
pattern classification to develop a neural signature, or
functional biomarker, of decisions to smoke cannabis. We
aimed to contribute to development of a brain-based
understanding of drug-related decision making. We studied
cannabis smokers because, despite being the most commonly
used illegal drug (SAMHSA, 2011), research into problematic
cannabis use lags behind research on other drugs (Editorial
Board, 2014). Based on recent evidence elucidating the
neural basis of value-based decision making (Kable and
Glimcher, 2009; Levy et al, 2011) we tested the hypothesis
that this approach would allow us to identify a brain-based
classifier capable of accurately identifying brain activity
underlying decisions to smoke cannabis.

Neuropsychopharmacology

MATERIALS AND METHODS
Participants

Physically and psychiatrically (other than cannabis use
disorders) healthy nontreatment-seeking cannabis smokers
were recruited. Eligible participants were right-handed,
18-50 years old, and smoked >2 cannabis cigarettes/day
on >4 days/week. Before this study, participants passed
screening for, and most (17 of 21) completed, one of three
residential laboratory studies, results from two of which are
published (Haney et al, 2013a, b). The three residential
studies involved recruitment of nontreatment seekers for
experimental studies (ie, not for treatment). One of these
studies examined interactions between cigarette and canna-
bis smoking (Haney et al, 2013a), whereas the other two
tested the effects of candidate treatment medications for
cannabis use disorders (nabilone; Haney et al, 2013b) and
comorbid cannabis and cigarette smoking (nabilone, vareni-
cline; data collection ongoing) in a human laboratory model
of cannabis withdrawal and relapse (see Supplementary
Information). The residential studies involved some days on
which participants were administered active (5.6% THC) or
placebo (0.0% THC) cannabis, and some days on which they
were required to purchase active or placebo cannabis for self-
administration using study earnings. A minimum of 10 days
passed between completion of the residential study and entry
into the present study. Although the candidate treatment
medications altered cannabis self-administration while
participants were maintained on them, there is no evidence
suggesting residual effects on cannabis self-administration
after stopping the medication in these nontreatment-seeking
participants.

All participants provided written informed consent. After
study completion, they were debriefed and paid according to
procedures approved by the New York State Psychiatric
Institute (NYSPI) IRB.

Experimental Protocol

After screening, participants underwent two cannabis admin-
istration sessions in each of which they sampled a different
cannabis dose, ‘dose A’ (active, 5.5% or 5.6% THC) and ‘dose
B’ (placebo, 0.0% THC); order of sampling sessions was
counterbalanced. Cannabis was administered according to a
standardized puffing procedure, in which participants inhaled
for 5s and held the smoke for 10s before exhaling (Foltin
et al, 1987). Participants were informed that the strength of
‘dose A’ and ‘dose B’ would remain constant throughout the
study. Following sampling, most participants completed a
residential protocol lasting from 30 to 38 days. In the
residential protocols, participants were repeatedly exposed
to, and made decisions about, the same doses of cannabis, also
referred to in the residential protocols as ‘dose A’ and ‘dose B.’
The purpose of the initial sampling sessions was thus to
expose participants to the strength of the cannabis about
which they would subsequently be making decisions in the
residential protocols and in the present study. Following the
residential studies, participants completed the current study,
consisting of a single 10-h outpatient session.

Participants were instructed not to smoke cannabis or
cigarettes from midnight the night before the session. At
arrival, they underwent urine toxicology and a breathalyzer



test to confirm that they were not affected by alcohol and had
not recently used drugs other than cannabis. Female
participants were screened for pregnancy. Breakfast was
provided. Because cigarette abstinence increases self-
administration of placebo cannabis in cigarette and cannabis
smokers (Haney et al, 2013a), participants could smoke a
single tobacco cigarette after breakfast.

Participants were then escorted to the NYSPI MRI
Research Center and given $100 in imitation money to be
exchanged for study payment at completion. They were
trained in the Cannabis Choice Task (CCT; see below). They
were informed that: (1) dose A and dose B in the CCT
remained the same as in the sampling sessions; (2) they
would make repeated decisions to buy or decline 1-12 puffs
of dose A or dose B cannabis for varying costs; (3) at scan
completion, one decision would be randomly selected and
implemented; and (4) because they did not know which item
would be selected, their best strategy was to treat each
decision as if it were real (see Levy and Glimcher, 2011). The
10 h session was intended to increase the desirability of the
cannabis choices; with a shorter session, participants could
easily wait until the session finished to smoke their own
cannabis.

Cannabis choice task. We used a novel event-based fMRI
task similar to Purchase Tasks (Mackillop et al, 2009), in
which participants were offered from 1 to 12 puffs of active
(dose A) or placebo (dose B) cannabis for prices ranging
from USD $0.25 to $5 per puff. Trials consisted of: (1)
presentation of the dose (A or B) and amount (in puffs) of
cannabis available; (2) a rating screen on which participants
rated their desire to smoke that amount of cannabis after the
scan on a scale from 1 (not at all) to 4 (very much) before
the presentation of prices; (3) a ‘buy’ screen that presented
the cost per puff and total cost and required subjects to make
a yes/no purchasing decision; and a strength of decision
screen, on which they rated the strength of their decision on
a scale from 1 (strong no) to 4 (strong yes). The task was
separated into four sections of approximately 8 min and 36s
length each. The order of trials within each section was
randomized (see Supplementary Information).

Cannabis administration. Following scanning, one trial
was randomly selected for implementation. If, in the trial
selected, the participant had purchased cannabis, the cost was
deducted from study payment and the cannabis was
administered that afternoon, with up to 3 puffs administered
at once and 1.5h between smoking times. If, in the selected
item, the participant had not purchased cannabis, they
remained in the laboratory without cannabis and did not
forgo any payment. They were provided with lunch and could
read or listen to music. During the afternoon, cigarette-
smoking participants were allowed to smoke cigarettes ad
libitum. At 10h after arriving, participants were required to
pass a sobriety test if they had smoked cannabis. They received
compensation (minus any cannabis costs) and were
discharged.

MRI acquisition parameters. MRI data were collected on a
GE 3 Telsa Signa magnet. Blood oxygenation level-dependent
(BOLD) functional images were collected using 30 sequential
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oblique (oriented ~ 15° from the AC-PC line) 3.5 mm thick
slices with a 0.5mm gap using a T2*-sensitive single-shot
gradient echo-planar imaging sequence (repetition time=
2000 ms; echo=30ms; flip angle=77°% 64x64 matrix;
FOV =240 mm). Each series started with six dummy
volumes to develop signal equilibrium. A high-resolution
T1-weighted anatomical scan was also collected.

Analyses: behavioral data. Behavioral analysis was under-
taken with SPSS 20 (IBM, Armonk, NY). A repeated measures
analysis of variance (ANOVA) with dose (active vs placebo)
and puff cost as the two factors assessed the effects of these
variables on the proportion of offers purchased. We followed
up significant interactions between dose and cost with post hoc
pairwise comparisons between doses A and B at each price.
The significance level was 0.05 for the overall ANOVA and
main effects and 0.01 for pairwise comparisons. A repeated
measures {-test assessed the effect of dose on ratings of desire
to smoke the cannabis offered.

Analyses: fMRI data. Standard preprocessing was under-
taken using Statistical Parametric Mapping 8 (SPM8; Well-
come Trust Center for Neuroimaging, http://www.fil.ion.ucl.
ac.uk/spm/software/spm8/; see Supplementary Information).
The fMRI analysis was based on recent work that identified a
neural signature of physical pain (Wager et al, 2013). For
each participant, we conducted a general linear model
(GLM) in SPMB8 including regressors for conditions of
interest (ie, the ‘buy’ decision epoch—the period in which
decisions to purchase or decline cannabis were made—for
purchased and declined offers convolved with the canonical
hemodynamic response function) and conditions of no
interest (motion regressions), with a high-pass filter of 128s.
This allowed us to summarize brain activation in each voxel
for purchased vs declined offers. A machine learning
regression approach, Least Absolute Shrinkage and Selection
Operator-Regularized Principal Components Regression
(LASSO-PCR; Wager et al, 2011), was applied in MATLAB
(MathWorks, Natick, MA) to generate the whole-brain
pattern of regression weights (the neural signature) that best
differentiated between purchased and declined fMRI activa-
tion maps. We employed a leave-one-out cross validation
approach, with data from 16 participants used as training
data to generate the neural signature that was then applied
prospectively to differentiate brain activity associated with
purchased from declined cannabis offers in the left-out
participant; data from each participant were sequentially
excluded from the derivation of the signature to serve as the
predicted data set. Prediction involved computation of the
cross-product of the out-of-training-sample individual’s
activation maps and the signature pattern derived from the
other 16 participants to estimate the signature response in
each individual’s activity maps. Predictions were then made
using binary forced-choice discrimination, such that the
activation map in which the signature was most strongly
expressed was classified as purchased, whereas the other
activation map was classified as declined. This approach
yielded a decision accuracy rate reflecting the number of
participants in which the signature could correctly classify
the activation maps. To visualize and interpret the neural
signature, we employed bootstrap tests to identify voxels
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Table | Participant Characteristics
Number %
Sex, female 5 24
Race, Black 6 76
Ethnicity, Hispanic 6 29
Mean SD
Age 310 83
Education (years) 12.3 1.2
Cannabis (days/week)® 69 03
Cannabis (‘blunts’/day)® 3.6 2.3
Alcohol (days/week)™® 12 1.5
Cigarettes (per day)** 103 6.0

‘Blunts' = cannabis in cigar wraps.

“In the past month.

®N = |3 reporting past month alcohol use.

“N =20 reporting past month cigarette smoking.

contributing reliably to the signature, generating 5000
bootstrap samples and running LASSO-PCR on each sample.
We calculated uncorrected p-values for each voxel and
subsequently applied false discovery rate (FDR) correction
(g<0.1). Whereas family-wise error rate (FWER) procedures
are designed to control the probability of obtaining one or
more false positives, FDR procedures are instead designed to
provide control over the expected proportion of false
positives. Hence, FDR controlling procedures provide more
power at the cost of somewhat increased false positive rates.
In particular, for highly correlated tests (such as the ones
observed in brain imaging), FWER controlling procedures
(like the Bonferroni procedure) tend to be overly conserva-
tive, and FDR controlling procedures provide an attractive
alternative (see Lindquist and Mejia, 2015). This threshold
was employed for display and interpretation only; for
prediction, weights from all voxels were used.

RESULTS
Behavioral Data

A total of 21 participants (5 female and 16 male) who reported
smoking cannabis daily completed the study (see Table 1). As
expected, participants bought more active than placebo
cannabis (F(1,20)=19.9, p<0.001, partial 7*=0.50). There
was a main effect of cost, with the proportion of purchased
choices decreasing as a function of increasing cost (F(2.1,
42.5)=30.4, p<0.001, partial *=0.60). There was an inter-
action between dose and cost (F(2.5,50.3)=12.7, p<0.001,
partial 77 = 0.39) such that active cannabis was purchased more
often than placebo at the lower ($0.25, $0.50, and $1) but not at
the higher puff prices ($3, $4, and $5; see Figure la).
Participants reported that they wanted to smoke offers
containing active cannabis more than those containing placebo
cannabis, irrespective of price (#(17)=4.2, p<0.001, partial
nz =0.51; Figure 1b).

Neural Signature of Decisions to Smoke Cannabis

Four participants (1 female and 3 males) did not purchase
cannabis; their data were removed from analyses of neural
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Figure | (a) Percentage of choices bought for self-administration as a
function of cannabis dose (placebo 0.0% THC vs active 5.5-5.6% THC) and
cost per puff (in USD). Data are mean percentages (+SEM). Significant
differences between doses, *p<0.01. (b) Effects of dose (placebo 0.0% THC
vs active 5.5-5.6% THC) on ratings of desire to smoke the cannabis in each
offer, as rated before presentation of item cost. Data are mean ratings
(+SEM) on a scale from | to 4. Significant difference between doses,
*p<0.05. CN, cannabis.

activation during purchased vs declined cannabis choices
because the forced-choice classification method employed
relied on access to mean activation maps for both purchased
and declined cannabis for each individual. The neural
signature of bought vs declined cannabis choices, thre-
sholded for display and interpretation only, is presented in
Figure 2. The signature comprised a distributed network of
regions, with activity in bilateral dorsal striatum, bilateral
inferior parietal lobule (IPL), bilateral dIPFC, ACC, PCC,
medial superior frontal gyrus, and left anterior insula all
predicting decisions to smoke cannabis. Conversely, bilateral
posterior parietal cortex including precuneus, bilateral
middle and right superior temporal gyrus, bilateral medial
frontal gyrus, and right postcentral gyrus extending into IPL
all predicted decisions to decline cannabis. A full list of
regions reliably contributing to classification is presented in
Table 2.

Prediction Accuracy

In binary forced-choice discrimination, the neural signature
classified between bought vs declined activity maps with
100% accuracy (50% accuracy representing chance).

Figure 3 presents the strength of the neural signature
expressed in brain activation maps for different conditions,
showing that the mean signature response was stronger in
the activation maps for bought compared with declined
cannabis offers. To assess the possibility that the neural
signature was associated with the general salience of the
cannabis offers rather than neural processes specifically
underlying decision making, we also applied the neural
signature to mean activation maps generated from offers (ie,
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Figure 2 The signature map consisting of voxels that reliably contributed to prediction of decisions to smoke or to decline cannabis. The signature was
subject to FDR correction at < 0.1 for display purposes only; all voxels contributed to prediction. Areas that predicted decisions to buy cannabis are weighted
positively, whereas negatively weighted regions predicted decisions to decline cannabis.

the epoch when participants rated how much they wanted to
smoke the cannabis offer before the price had been
presented) containing placebo and active cannabis. Impor-
tantly, the neural signature was not apparent in activation
maps for active cannabis, indicating that it does not
represent general salience associated with the drug.

DISCUSSION

Using a combination of an fMRI choice task, whole-brain
machine learning analyses, and cannabis self-administration,
we identified a pattern of regression weights capable of
discriminating with 100% accuracy at the level of the
individual subject between brain activity underlying deci-
sions to purchase cannabis for self-administration and that
associated with decisions to decline the drug. Brain regions
contributing to this neural signature included dorsal
striatum, frontoparietal (IPL) and posterior parietal (pre-
cuneus) regions, ACC, PCC, anterior insula, dIPFC, and
middle and superior temporal gyri. Regions associated with
buying cannabis were more anteromedial, whereas activation

in more posterolateral regions predicted decisions to decline
the drug.

Many of the regions identified, including dIPFC, ACC,
PCC, anterior insula, and middle and medial frontal gyrus,
were also found using univariate analyses to be associated
with decision making about cigarettes (MacKillop et al, 2012)
or alcohol (Mackillop et al, 2014). Moreover, regions
identified in this study include many implicated in other
types of goal-directed decision making as well as in
responding to drugs or drug cues. Of note, activation of
bilateral dorsomedial striatum predicted choices to buy
cannabis, whereas recruitment of ventral striatum is more
commonly observed in studies of decision making about
other reward types, such as money (Levy and Glimcher,
2012). Striatal control over drug use is thought to shift from
ventral to dorsal striatum over time, reflecting a movement
from voluntary to more compulsive patterns of use (Everitt
and Robbins, 2013). Other data, however, suggest a
dissociation within the dorsal striatum, with the dorsomedial
striatum (caudate nucleus) tracking deliberative value
computation during goal-directed decisions, whereas com-
putations associated with extensively trained (ie, more
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Table 2 Clusters Contributing to the Neural Signature (Purchased vs Declined Cannabis)

Name Size (mm?) x y z Name Size (mm?®) X y z
Purchasing CN: positive predictive weights Purchasing CN: negative predictive weights
SFG, medial 11772 0 29 43 LMTG 6237 -39 —-58 10
R Medial FG/ACG 6 44 28 L MTG -42 -6l 10
MCG -3 5 40 L MTG -39 =70 I3
SFG, medial 0 32 46 R STG 2700 54 - 13 |
R SFG 3 23 55 R STG 51 - 13 -5
L IPL 4104 —-42 —64 49 R STG 63 - 10 4
L IPL —48 - 67 43 R Postcentral gyrus 63 -7 16
LIPL -39 —67 46 R Postcentral gyrus 2295 45 - 19 28
LIPL —45 —-55 52 RIPL 48 -28 28
L MFG 3807 -33 35 40 L Precuneus 2214 —-21 —46 40
PCG 2646 0 -34 40 L Precuneus —21 -49 46
RIPL 1215 45 -49 55 R Precuneus 1809 24 =73 22
L Caudate 1053 -12 2 16 R Cuneus 21 -79 19
L Putamen —21 I | R Cuneus 18 -70 31
L Caudate -15 14 I3 R Precuneus 1674 18 —-43 55
L Caudate -9 -4 16 RMTG 1539 48 -6l 10
L Insula 891 —36 I | L Fusiform gyrus |188 -21 -52 -4
R MFG 891 42 38 28 L Cerebellum, culmen - 18 -52 -7
SFG, medial 702 0 56 7 R STG 945 63 -25
R Caudate 648 9 5 | RSTG 66 -19
LIFG 648 —48 5 19 R STG 63 -28
L IPL 378 -42 —37 52 L Medial FG 783 =21 35 19
R Caudate 351 18 5 16 L Precentral gyrus 729 - 15 =31 64
R SPL 324 36 - 67 43 R Medial FG 594 9 -25 64
R MFG 324 27 35 49 R Medial FG 9 -25 6l
R Paracentral lobule 9 —28 67

Abbreviations: ACG, anterior cingulate gyrus; CN, cannabis; FG, frontal gyrus; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; L, left; MCG, mid cingulate gyrus; MFG,
middle frontal gyrus; MTG, middle temporal gyrus; PCG, posterior cingulate gyrus; R, right; SFG, superior frontal gyrus; SPL, superior parietal lobule; STG, superior

temporal gyrus.

Clusters contributing significantly to the classification of brain activity associated with purchased vs declined cannabis are presented in order of declining cluster size, with
coordinates given in Montreal Neurological Institute (MNI) space. Clusters with positive predictive weights (ie, activation associated with purchasing cannabis) are on the
left; those with negative predictive weights (associated with declining cannabis) are on the right. The neural signature was subject to FDR correction at g<0.I based on
bootstrap sampling with a cluster threshold of 10 voxels for display and interpretation purposes only; all voxels were used for prediction.

habitual) choices were expressed in dorsolateral striatum
(putamen; Wunderlich et al, 2012, see also Murray et al,
2012). Combined with the orderly relationships between cost
and purchasing decisions observed (Figure 1), this poten-
tially suggests engagement in more deliberative, goal-directed
decisions rather than habit-based responding. Use of higher-
level cognitive processes is further supported by the bilateral
dIPFC activation observed, given the central role of dIPFC in
supporting cognitive control (Lesh et al, 2011), including
during decision making (Hare et al, 2009).

The signature comprised other regions involved in
decision making for rewards. Insula cortex, implicated in
prior studies of decision making (Levy and Glimcher, 2012;
Liu et al, 2011; Mackillop et al, 2014), is also thought to play
a role in drug abuse, potentially processing interoceptive
responses to drug cues (Naqvi and Bechara, 2009). Indeed,
anterior insula cortex is particularly implicated in conscious
awareness of bodily processes (Craig, 2009), which could be

Neuropsychopharmacology

important in decisions about drugs given the centrality of
somatic experiences in acute drug effects and craving states
(Naqvi et al, 2014). BOLD activity in a region of dorsal PCC
overlapping with that observed here correlates reliably with
subjective value of rewards during decision making for
nondrug rewards (Clithero and Rangel, 2014). The precise
function of PCC during value-based decision making is
unclear (Clithero and Rangel, 2014). However, the apparent
role of dorsal PCC in switching between internally and
externally directed attention (Leech et al, 2011) is potentially
consistent with the notion that decisions to smoke cannabis
involve integration of externally focused, more controlled
cognitive processes and internally directed, interoceptive
processes.

Many of the regions comprising the signature play a role in
other processes, some of which are difficult to dissociate
from processes specific to decision making. For instance,
lateral parietal regions are strongly implicated in visual
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Figure 3 Signature response in brain maps from bought cannabis offers,
declined offers, active cannabis offers, and placebo cannabis offers, calculated
by computation of the cross-product of the out-of-training-sample
individual's activation maps and the signature pattem derived from the
other |6 participants to estimate the signature response in each individual's
activity maps (averaged across all voxels). Data are means (SEM).
a.u.=arbitrary units.

attention, which itself is tightly coupled with value-based
choice (Louie and Glimcher, 2012). Similarly, precuneus is
an important hub in the default mode network that is
deactivated during goal-directed focus on external stimuli
(Raichle et al, 2001). Thus, the observed association between
decisions to decline cannabis and activation in the precuneus
may reflect reduced attention during cannabis offers that
were less appealing and therefore less salient. A notable
feature of the signature was that it did not include vmPFC/
orbitofrontal cortex (OFC), a region known to track
subjective value in goal-based decision making (Clithero
and Rangel, 2014). This may have been because of the BOLD
signal dropout that can occur in this region (Du et al, 2007)
or because of methodological differences between this study
and earlier studies showing vmPFC tracking of value. In
particular, other studies have used correlational analysis to
search for brain regions parametrically tracking participants’
subjective values, calculated from their decisions (Clithero
and Rangel, 2014; Levy and Glimcher, 2012), a question not
addressed with the current analyses. Of note, vmPFC was
also not implicated in decision making for alcohol or
nicotine in previous studies that similarly were not designed
to identify brain regions parametrically tracking subjective
value associated with these drugs (Mackillop et al, 2014;
MacKillop et al, 2012). Despite the role that vmPFC/OFC
clearly plays in signaling value during decision making (Levy
and Glimcher, 2012), the current findings emphasize the
contribution of a distributed pattern of regions to goal-
directed decisions. An important future direction will be to
use neurocomputational approaches to parse out the
component processes, including valuation, salience appraisal,
and risk processing, contributing to decisions about cannabis
and other drugs.

Although further research is needed to disambiguate these
component processes, the present data may provide the
initial stages of a model of drug-related decision making.
Specifically, these data suggest that drug-related decisions
may involve integration of value calculations instantiated in
the striatum and PCC with representations of visceral states
associated with positive drug effects (eg, sensory stimulation
of the airways in the case of smoking cannabis) in the insular
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cortex. Higher-level, reflective cognitive processes recruiting
dIPFC potentially contribute to deliberative evaluation of
choice options and regulation of bottom-up signals related to
the motivational salience of drug choices on offer. Finally,
distinct signals associated with internal (ie, interoceptive) vs
external information contributing to drug-related decisions
may be integrated in the PCC.

A potential limit to the generalizability of these findings is
that volunteers for this single-day study were recruited directly
from three residential cannabis studies (to maximize effi-
ciency). Because two of these residential studies focused on
comorbid cigarette and cannabis use, almost all participants in
the present study smoked both cigarettes and cannabis.
Although this may limit generalizability, laboratory (Haney
et al, 2013a) and clinical (de Dios et al, 2009; Kohn et al, 2003;
Peters et al, 2012) studies have shown that cigarette smoking
represents a marker for particularly intransigent use of drugs,
including cannabis. Thus, although potentially limiting gen-
eralizability to the ~50% of heavy cannabis smokers who also
smoke cigarettes (Moore and Budney, 2001; Stinson et al,
2006), this is a particularly clinically relevant group of cannabis
smokers to study. A second limitation is that the approach
taken, in which participants made several decisions with only
one implemented, resulted in partial reinforcement of the
decisions. Although it would be preferable to implement all
decisions, it was not logistically feasible to do this, and
repeated decisions were necessary to ensure adequate power to
detect neural correlates of cannabis-related decision making.
The approach taken was thus based on standard methodol-
ogies within neuroeconomics that commonly employ repeated
decisions with only one decision implemented (eg, Hare et al,
2009; Levy and Glimcher, 2011; MacKillop et al, 2014).
Participants were explicitly instructed that because they did
not know which decision would be implemented, their best
strategy was to treat each decision as if it were real. The
behavioral data, in which purchasing varied lawfully as a
function of cost and dose (see Figure 1), suggest that
participants did treat all decisions as if they would be
implemented.

One way in which substance use disorders diverge from
other psychiatric illnesses is that the key symptom of the
disorder, decisions to use drugs, is readily amenable to
modeling in the laboratory. Laboratory models may therefore
be particularly valuable for studying substance abuse. Indeed,
laboratory drug self-administration models, although they
differ from naturalistic drug use in several ways, have
predictive validity in terms of clinical outcomes (Haney and
Spealman, 2008). The current approach, combining labora-
tory self-administration with fMRI-based decision making, is
thus well suited to assess the neural processes underlying the
key behavioral pathology in substance abuse, decisions to
self-administer drugs.

There are several avenues for future research. The analytic
methods used here (multi-voxel pattern classification) can
dissociate the neural activity underlying physical and social
pain, and show the effect of an analgesic on a neural
signature of physical pain (Wager et al, 2013). An obvious
question is to what extent the neural signature of decisions to
smoke cannabis overlaps with neural activity patterns
underlying decision making about other reinforcers. Work
in neuroeconomics suggests that both general and reward-
specific signals contribute to decision making (eg, Clithero
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and Rangel, 2014; Levy and Glimcher, 2011). Although brain
regions implicated in decision making about nondrug
reinforcers contributed to the neural signature we observed,
pattern classification approaches may be able to detect subtle
differences in neural processes underlying drug- vs nondrug
decision making, as was the case for physical and social pain,
which also recruit overlapping circuitry (Eisenberger, 2012).
Another important direction will be assessment of the effects
of pharmacological and psychological interventions on the
brain-based classifier. Finally, it remains to be seen whether
this neural signature, developed in daily cannabis smokers,
would also be observed in other cannabis-using populations.
For instance, although participants in this study were daily
cannabis smokers, they were nontreatment seekers and were
therefore not assessed for cannabis use disorders. Future
research could valuably investigate whether cannabis users
meeting diagnostic criteria for cannabis use disorders and
treatment seekers have different patterns of activation
underlying drug-related decision making, and whether these
differences are predictive of relapse. Such information could
contribute to differentiating clinically and prognostically
meaningful subtypes of substance abusers.

Such future possibilities notwithstanding, the present data
provide the first evidence of a neural signature of decisions to
use cannabis, comprising a distributed whole-brain pattern of
regression weights capable of discriminating with a high
degree of accuracy between brain activity underlying decisions
to smoke vs to decline cannabis. Machine learning approaches
applied to fMRI data and combined with human laboratory
drug administration appear to provide an important avenue to
directly study the neural processes underlying decisions to use
drugs. The present results represent a step toward using these
methods to inform a brain-based understanding of drug-
related decision making in human drug abusers.
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