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With the increase in use of cannabis and its shifting legal status in the United States,

cannabis use has become an important research focus. While studies of other drug

populations have shown marked increases in risky decision-making, the literature on

cannabis users is not as clear. The current study examined the performance of 17

cannabis users and 14 non-users on the Balloon Analog Risk Task (BART) using

behavioral, fMRI and effective connectivity methods. Significant attenuation was found

in a functional pathway projecting from the dorsal anterior cingulate cortex (dACC) to

the nucleus accumbens (NAc) in cannabis users compared to non-using controls as well

as decreases in risk-taking behaviors. These findings suggest that cannabis users may

process and evaluate risks and rewards differently than non-users.

Keywords: cannabis, decision-making, effective connectivity, fMRI, reward, risk

INTRODUCTION

Cannabis (CB) use has been on the rise in recent years, in part due to the drug’s increased
acceptance and shifting status from an illegal to a legal drug in some US states. Cannabis
is the most used illicit drug in the United States and thus is an important area of study.
Delta-9-tetrahydrocannabinol (THC) is the psychoactive component of CB and has been linked
to depression (1) and psychotic disorders, including schizophrenia (2–4). Heavy CB use has also
been linked to poorer neurocognitive functioning (5–8).

While the chronic use of alcohol and other drugs of addiction have been associated with
increased risk-taking behaviors and poor inhibitory control (9), CB use has not consistently been
found to be linked to increased risk-taking (10, 11). For example, Gilman et al. (12) found that
increased risk-taking behavior in CB users depended on stimulus type with greater risk-taking
observed when the rewards were social, health/safety, and ethical factors but not when the rewards
were monetary. A study by Vivas et al. (11) found that CB use actually enhanced inhibitory control
compared to non-users. Another study used transcranial direct current stimulation (tDCS) to
stimulate the left and right dorsal lateral prefrontal cortex (DLPFC) in chronic cannabis users and
controls and found that chronic cannabis users made more conservative decisions than controls
during sham stimulation (placebo) but during active stimulation of the right DLPFC, controls made
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more conservative decisions while activations of both right
and left DLPFC in cannabis users led to increased risk-taking
(13). Additionally, Wesley et al. (14) found that cannabis users
performed worse on a version of the Iowa Gambling Task than
controls and that during that cannabis users showed significantly
less activation in response to loss during the strategy planning
phase of the task, namely in the anterior cingulate cortex (ACC),
medial frontal cortex, precuneus, superior parietal lobe, occipital
lobe and cerebellum. These results suggest various disturbances
in regions of executive function, as well as in certain properties
like reward salience, in chronic cannabis users which do not paint
a clear picture of what these differences could mean.

Task-based activation and resting state functional MRI studies
have shown altered activity and connectivity between key regions
associated with risky decision-making in CB users; however,
there are inconsistencies regarding how the connectivity varies
across studies. The primary regions involved in risky decision
making include those related to affective processing of stimuli
(anterior insula and ventral striatum, including the nucleus
accumbens) and integrating cognitive and affective information
(medial prefrontal cortex, including the anterior cingulate) (15–
17). Cousijn et al. (16) found that the amount of weekly CB
use was positively related to activation in the right anterior
insula, right ventral striatum and ventrolateral prefrontal cortex
during an Iowa Gambling Task. Additionally, Lichenstein et al.
(18) reported attenuated functional connectivity (FC) between
the nucleus accumbens (NAc) and the medial prefrontal cortex
(mPFC) in CB users. Fischer et al. (19) found a similar result,
such that there was reduced resting state functional connectivity
(rsFC) between the NAc and PFC in patients with CB use
disorder and schizophrenia. However, Filbey et al. (20) found
increased FC between the NAc and the ACC when CB users
were viewing CB use cues. While previous studies do show
activation and connectivity differences between CB users and
non-users there are still a limited number of studies and there
is still some inconsistency with regard to the directionality of
connectivity differences.

The current study uses the Balloon Analog Risk Task (BART)
to examine risk-taking behavior in CB users. The BART is a
gambling task designed as a behavioral measure of risk taking
which requires participants to inflate a balloon more and more
for money while risking the balloon exploding and losing their
money. The BART has been used to investigate the relationship
between risk-taking and decision-making in various drug use
groups. Researchers have found that number of balloon inflations
(more inflations is equivalent to higher levels of risk-taking)
is increased in nicotine smokers relative to non-smokers (21)
and is positively correlated with severity of polysubstance use
(22). Alternatively, number of balloon inflations was found
to be negatively correlated with long-term alcohol use in a
2013 study by Campbell et al. (23) While the BART has been
used to study risk-taking and reward processing in different
substance users, few studies have investigated differences in
BART performance in CB users and those that have found
no differences in BART performances between CB users and
non-users, but did find negative correlations between Cannabis
Use Disorder symptoms and CB use severity with performance

in other risk-taking paradigms, namely the IGT (24, 25). The
current study uses a modified version of the BART which utilizes
parametric modulation to generate more precise representations
of risk-taking in hopes of clarifying the disparity in results.

The current study also uses effective connectivity analysis to
examine the connectivity differences within the reward network
between CB users and non-users. Effective connectivity tests an
a priori defined model containing directed connections (26).
Here a model that included a connection from the dorsal ACC
(dACC) to the NAc, the anterior insula to the NAc, and the
anterior insula to the dACC was tested. This model was based on
previous studies that show a directed glutamatergic connection
between the dACC and NAc which plays an important role in
modulating the addicted brain’s response to rewards (27). A
number of studies have proposed a connection between the ACC
and insula (28, 29), with White and colleagues finding that the
activation of the insula precedes that of the ACC suggesting
a potential directed connection from the insula to the ACC.
Finally, previous work using effective connectivity during cue-
elicited incentive anticipation, a component of reward processing
which is shown to be maladaptive in people who are addicted
to drugs (30), has also suggested a directed connection from
the insula to the NAc (15). It was predicted that this reward
network would be disrupted in CB users while performing a risky
decision task.

METHODS

Participants
A total of 40 participants took part in the study. Subjects were
recruited by local advertisements. After detailed description of
the study, written and verbal informed consent was obtained
from each participant. All subjects were required to be 18 years
or older. Subjects were asked to refrain from alcohol or CB
use the day prior to the MRI scan. The research protocol was
approved by Indiana University’s Institutional Review Board for
the protection of human subjects.

Inclusion/Exclusion Criteria
All participants had to be free of psychological disorders (with the
exception of cannabis use disorder for the CB group), free of any
neurological disorder, head trauma with loss of consciousness >

10min, learning disability, contraindication to MRI, be between
the ages of 18 and 30 years, not a user of illicit drugs (other
than CB), and have abstained from CB and alcohol use for at
least 12 h prior to the scan. Participants completed a battery
of assessments including the Structured Clinical Interview for
DSM-IV-TR (SCID-IV-TR), Research Version (31); a written
drug use questionnaire; the short Michigan alcohol screening
test (SMAST); the Cannabis Use Disorder Identification Test
(CUDIT). The control subjects had no history of substance
dependence, and no use of CB in the past 3 months. The CB
group were not required to have a diagnosis of CUD. The group
characteristics include: [1] an average age of CB initiation of 16.5
± 1.9 years; [2] used an average of 5.2 ± 2.1 days/week; [3] used
an average of 11.4 ± 7.4 joints/bowls/week; and 4) of the 13 who
have used wax, 11 had used in the past 6 months. Eight were
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TABLE 1 | Demographics.

Controls CB Users 2-tailed t-test p-value

n 14 17

#Males 6 8

Age 23.5 ± 4 21.2 ± 3 0.093

Average days since last

CB use (prior to scan)

1.3 ± 1 days

Average days since last

alcohol use (prior to

scan)

6.4 ± 5.5 3.6 ± 2.8 0.42

CUDIT 0.15 ± 0.4 13.4 ± 4.8 <0.0001

SMAST 0.5 ± 1 0.29 ± 0.7 0.58

lost to existing mood disorders (depression and/or anxiety) and
an additional one was lost to excessive subject motion during
scanning. This left 14 control non-users (6 males, age 23.5 ±

4) and 17 CB users (8 males, age 21.2 ± 3). Groups did not
significantly differ in age, sex, days since last alcohol use at the
time of screening or SMAST score (p > 0.1) (see Table 1).

Procedure
Potential participants were contacted via telephone and
underwent a preliminary screening process. If the potential
participant qualified for the study, they were scheduled for a
testing day. On this day, participants arrived at the laboratory
space and after signing a consent form, completed a variety of
surveys and batteries about demographics and drug and alcohol
use. After completing these surveys, researchers examined the
results to ensure the participants still qualified for the MRI
scans. If the participants qualified, a 2nd day was scheduled in
which participants underwent the MRI tests while completing
the BART. After the MRI scan, participation was complete
and participants were compensated for their time and their
performance at the BART.

BART Task
The BART design used in this study was modeled from previous
imaging design (32) and was administered in two, 8-min blocks
during fMRI data collection. As participants continued to inflate
in pursuit of greater reward, the probability of an explosion
increased parametrically. Participants were informed that higher
winnings during the task would yield in bonus monetary reward
for participation in the study in order to incentivize participation
and mimic real-world risk-reward decision making.

Each block began and ended with a 30 s, white fixation
cross (“+”) on a black background in order to establish
a baseline for activity. At the beginning of each trial, the
screen displayed the image of a purple balloon above a small,
green rectangle which indicated that the participant should
make a decision. This rectangle was above the participant’s
current wager amount for that balloon and the participant’s
total winnings earned for that block at that point in time
(Figure 1). At this point, the participant had unlimited time
to choose inflation or to “win” and add the current wager

to their total winnings. After this decision was made, there
was a delay between 0 and 6 s before the outcome (balloon
explosion, successful inflation, or “You Win!”) was displayed.
The winning display was present for 1 s. If the inflation was
successful, then the decision rectangle would be red for either
1.5, 2, or 2.5 s, indicating that a decision could not be made.
Once the rectangle became green again, the participant could
make a decision. If the inflation was unsuccessful, an exploded
balloon was presented for 0.5 s followed by the text “You Lose!,”
which was present for 1 s. After either a win or a loss, the
screen was blank for 2, 3, or 4 s until a new trial display
was presented.

Along with the baseline monetary compensation for time
and participation in this study, participants were rewarded with
additional funds based on their performance on the BART (and
additional 50% of total earnings over two trials of the BART).

MRI Acquisition and Analysis
Image acquisition was performed on a 3T Siemens Prisma MRI
scanner and using a 64-channel head coil. Foam pads were used
to minimize head motion for all participants. High-resolution
T1-weighted anatomical images were acquired in the sagittal
plane using an MP-RAGE sequence [TR = 2.4 s; TE = 2.36ms;
inversion time = 1.0 s; flip angle 8◦; imaging matrix = 320 ×

320; 256 slices; voxel size = 0.7 × 0.7 × 0.7 mm3]. Functional
BOLD data for each participant was collected in two blocks using
a gradient echo T2-weighted echo planar imaging sequence [TR
= 2.0 s; TE = 0.25 s; flip angle 70◦; imaging matrix = 64x220; 35
slices; voxel size= 3.4× 3.4× 3.8mm3; 0-mm gap; 240 volumes].

MRI data were processed and analyzed using SPM5
[University College London; (33)]. The preprocessing steps that
were applied to the functional MRI data included: slice timing
correction, motion correction using a rigid body realignment
algorithm, co-registration, spatial normalization using the MNI
template and each person’s T1 scan, and smoothing with the
Gaussian kernel filter of 8mm. The final voxel size after
normalization was 2 × 2 × 2 mm3. The amount of head
motion was closely examined and no subject showed excessive
movements > 1 mm.

Event-related responses were analyzed using a general
linear model (GLM) with 9 experimental condition
regressors, 2 constants, and 6 motion regressors. Five of
experimental condition conditions included: the choice
to inflate the balloon (ChooseInflate); the choice to stop
inflating the balloon (ChooseWin); the losing/balloon
explosion outcome (ExplodeOutcome); the successful inflation
outcome (Successful Inflate); and the winning outcome
(WinOutcome). The remaining conditions were four parametric
modulators to identify brain regions where activation was
positively or negatively correlated with the probability of
explosion: ChooseInflate∗P(explode), ChooseWin∗P(explode),
WinOutcome∗P(explode), and ExplodeOutcome∗P(explode).
The ChooseInflate∗P(explode) is referred to here is the risk-
taking condition that was examined in this analysis. Activation
threshold was set at p < 0.001 with an extent of 150 voxels to
correct for multiple corrections.
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FIGURE 1 | A Depiction of the typical trial in the BART task.

TABLE 2 | Behavioral results.

CB users Non-users 2-tailed t-test p-value

Winnings 20.7 ± 5.6 25.9 ± 7.3 0.03

Trials completed 34.5 ± 4.5 33.9 ± 5.9 0.8

Inflations 167.5 ± 23 171.9 ± 14.2 0.5

Wins 21.1 ± 5.7 21.6 ± 7.5 0.8

Explosions 13.4 ± 5.2 12.3 ± 3.3 0.5

Effective Connectivity Modeling and
Analysis
Effective connectivity analyses, or the average change in BOLD
activity in one ROI as influenced by a different ROI, was
conducted using Structural Equation Modeling (SEM) and
performed using SPSS (25, IBM Corporation) and AMOS
(25, IBM Corporation). ROIs and the directionality of their
connections were determined a priori and as described in the
introduction. The ROIs and the network constructed were
determined by the wealth of evidence which associate and
incorporate the dACC, NAc, and insula with reward and
decision-making processes (15, 34). The beta weights from the

GLM fMRI analysis for the risk-taking condition were extracted
for each ROI. ROIs were determined using the group analysis
(collapsed across CB user and non-user groups). Those beta
weights were used as input into the predesigned model. A multi-
group path analysis was performed in AMOS using critical ratios
for differences between parameters to test pair-wise coefficient
differences. Coefficients for each path within the network were
generated using multi-group path analysis.

RESULTS

Behavioral Results
When examining the performance differences between groups,
the control group won more money than did the CB user
group, see Table 2. No other measures were found to be
significantly different.

fMRI Results
The current study focused on activation related to risk-taking.
Risk-taking was examined by parametrically modulating the
decision to inflate with the probability of balloon explosion.
An analysis of activation related to risk taking behaviors
collapsed across both groups showed significant activation in
regions typically associated with risky decision making and
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FIGURE 2 | Risk activity collapsed across groups. Significant activity was observed in the ACC, NAc and bilateral insula.

TABLE 3 | fMRI activation.

Region BA k z x, y, z

R. Ventral striatum 2,191 5.33 6, 8, 4

R. insula 13 5.09 36, 22, 4

Anterior Cingulate 32 456 4.75 8, 28, 42

R. Ventral striatum 307 4.53 14, −14, 20

R. Insula 13 256 4.38 34, −36, 24

L. Insula 13 434 4.27 −28, 22, 0

L. Insula 13 177 4.16 −28, −34, 38

R. Precentral 4 182 4.13 26, −16, 42

TABLE 4 | Effective connectivity parameter estimates.

Estimate S.E. C.R. p

CB users

dACC <--- Insula 0.219 0.176 1.248 0.212

NAC <--- Insula 0.518 0.228 2.271 0.023

NAC <--- dACC 0.531 0.311 1.708 0.088

Non-users

dACC <--- Insula 0.277 0.234 1.186 0.236

NAC <--- Insula 0.45 0.175 2.579 0.01

NAC <--- dACC −0.616 0.196 −3.14 0.002

reward seeking, such as the dACC, NAc, and insula (see
Figure 2 and Table 3). However, no significant group differences
were observed after correcting for multiple comparisons (see
Supplementary Material for other analyses).

Effective Connectivity
A network analysis was performed. The unconstrained model
had a good fit (χ2 = 0.64, p = 0.42, CFI = 1.000, IFI =

1.019). Both groups showed a significant connection from the
insula to NAc (see Table 4 and Figure 3). Neither group showed
a significant connection from the insula to the dACC. The
connection from the dACC to theNAcwas found to be significant
for the non-user group but not the CB user group. When
directly comparing the parameter estimates, the connection from
the dACC to the NAc was found to be significantly different
between groups [z-score = −3.121, p < 0.05]. Additionally, the
connectivity from the dACC to the NAc was negative in the non-
user group, suggesting that the dACC has an inhibitory effect on
the NAc in non-CB users but not CB users.

DISCUSSION

The primary goal of the current study was to explore the
hypothesis that CB interacts with the brain network responsible
for risky decision making. The results show that in the group
of high functioning chronic CB users the effect is minimal in
that there were no fMRI-measured brain activation differences
compared to non-using controls when performing the BART
task. While there were no brain activation differences between
groups, effective connectivity analysis revealed significantly
attenuated connectivity between the dACC to the NAc in CB
users compared to controls. The results may also suggest that CB
users may be more risk averse than non-using controls.

Previous studies have found that drug users tend to be more
impulsive and risk-taking (9). However, the results reported in
the current study suggest that CB users may actually be more risk
averse than the non-user group. The users won significantly less
money even though they had a similar number of explosions and
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FIGURE 3 | Effective connectivity network analysis results from the cannabis use group (left, green) and the control group (right, blue).

win trials. The reason for the decreased winnings is likely due
to prematurely stopping inflations. These findings are contrary
to previous studies of drug users. A potential explanation is
that CB users may be engaging in more deliberative, as opposed
to impulsive, risk-taking behavior. Whiteside and Lynam (35)
identified distinct factors of impulsive-like behavior - urgency,
(lack of) premeditation, (lack of) perseverance, and sensation
seeking. It has also been argued risky decision-making can be
conducted using deliberative procedures as well. These different
factors of impulsive decision-making elicit different patterns of
brain activation [e.g., (36)] with the medial prefrontal cortex,
including the dACC, being involved to monitor or inhibit
impulsive decisions. Given that the connectivity between the
dACC and NAc is lesser in CB users compared to non-users, this
may suggest that this pathway either does not operate efficiently
or that a more deliberative strategy is preferred by these high
functioning CB users. While speculative, some support for this
hypothesis can be found by an increased involvement of the right
lateral prefrontal cortex for CB users compared to non-users at
a lower threshold (see Supplementary Material) which has been
linked to more deliberative processing (37). Other support can
be found in the research on drug use and driving (38, 39). For
example, MacDonald et al. (38) found that cannabis users were
more cautious when driving under the influence or refrained
from driving altogether which was the opposite finding for
cocaine users. Another potential explanation for the behavioral
finding of potential risk aversion may be related to the use of
monetary reward. Gilman et al. (12) failed to observe differences
between CB users and non-users during a financial risk-taking
task but did observe differences when using social stimuli. It may
be that the decreased salience of the monetary reward used in the
current study is disincentivizing the CB users to take more risks
(i.e., inflate more), or put another way, the monetary reward does
not lead to the use of the impulsive strategy but the deliberative

one. These effects could be caused by the chronic use of cannabis
which makes cannabis a more salient reward than money.

The connectivity from the dACC to the NAc was attenuated
in CB users; this attenuation was linked to risky decision-making
processes as it was observed for the risk parametric modulator.
In addition the connectivity was inhibitory in non-users but not
in CB users. A study by Lichentstein et al. (18) showed increased
functional connectivity between the NAc and dACC in CB users
in response to cannabis-related cues relative to neutral cues.
The differences between the Lichentstein et al. study and the
current study may account for the differences in results, namely
the task and the stimuli (money vs. cannabis). However, both
studies show that the connectivity between the dACC and NAc
are impacted by chronic CB use. The core of the NAc has been
shown to be anatomically connected to the dACC (40). Phasic
dopamine release in the core, but not the shell, has been observed
following reward-predictive cues (41) and that dopamine release
is related to the subjective reward value of the cue (42–44). This
suggests that the subjective value of the reward plays a role in how
individuals make decisions regarding said rewards, which may
account for group differences observed in the current study as
well as previous studies showing differences in reward processing
as a function of the reward in CB users. Additionally, it may be
salience of loss that drives the behavior of CB users, like was seen
inWesley et al. (14). It will be important in future studies to assess
the subjective reward value in participants in order to more fully
understand risky decision-making and reward processing.

Limitations
There are some limitations of the current study. First, number
of participants is small (N = 31) and therefore limits the
conclusions that can be drawn. The limited sample size may
explain the lack of significance in the between group analysis
of fMRI activation. Another potential limitation is that we were
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unable to examine sex differences due to the small sample size.
Previous studies have shown sex differences in neurochemistry
when examining chronic CB users; therefore, it is important to
further explore those differences when examining risky decision-
making. Additionally, some have complained that the BART as
well as similar tasks do not effectively engage risk-like behavior
due to its repetitive nature; participants “figuring out” the task
and how to maximize winnings and then the task no longer
assesses risk. Finally, in an attempt to ensure that participants
were not intoxicated during the scan they were asked to abstain
prior to the session. A recent study suggests that cognitive deficits
observed in the abstention period used (<72 h) could be due to
either withdrawal or residual effects of acute use (45).

Conclusions
This preliminary study examining risky decision-making
suggests, while minimal, that CB use is associated with functional
connectivity from the dACC to the NAc. The decrease in
connectivity and the switch between inhibitory to excitatory
connectivity may suggest the use of different strategies, or
differences in the subjective value of the reward between groups.
Further research is necessary to disentangle these possibilities
and to replicate the current findings.
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