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Abstract
Craving is a major motivator underlying drug use and relapse but the neural correlates of cannabis
craving are not well understood. This study sought to determine whether visual cannabis cues
increase cannabis craving and whether cue-induced craving is associated with regional brain
activation in cannabis-dependent individuals. Cannabis craving was assessed in 16 cannabis-
dependent adult volunteers while they viewed cannabis cues during a functional MRI (fMRI) scan.
The Marijuana Craving Questionnaire was administered immediately before and after each of
three cannabis cue-exposure fMRI runs. FMRI blood-oxygenation-level-dependent (BOLD) signal
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intensity was determined in regions activated by cannabis cues to examine the relationship of
regional brain activation to cannabis craving. Craving scores increased significantly following
exposure to visual cannabis cues. Visual cues activated multiple brain regions, including inferior
orbital frontal cortex, posterior cingulate gyrus, parahippocampal gyrus, hippocampus, amygdala,
superior temporal pole, and occipital cortex. Craving scores at baseline and at the end of all three
runs were significantly correlated with brain activation during the first fMRI run only, in the
limbic system (including amygdala and hippocampus) and paralimbic system (superior temporal
pole), and visual regions (occipital cortex). Cannabis cues increased craving in cannabis-
dependent individuals and this increase was associated with activation in the limbic, paralimbic,
and visual systems during the first fMRI run, but not subsequent fMRI runs. These results suggest
that these regions may mediate visually cued aspects of drug craving. This study provides
preliminary evidence for the neural basis of cue-induced cannabis craving and suggests possible
neural targets for interventions targeted at treating cannabis dependence.
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drug abuse; functional MRI; addiction

1. Introduction
Cannabis is the most commonly used illicit drug in the U.S. and an estimated 4% of the
American population is cannabis dependent (Budney et al., 2007). Treatment for cannabis
dependence is hindered because of limited knowledge of the neural underpinnings of
cannabis dependence. Drug craving has been associated with continued drug use or
returning to drug use after a period of sobriety (Preston et al., 2009) and cue-associated brain
activation may predict relapse to alcohol (Braus et al., 2001;Grusser et al., 2004). Drug-
related cues predispose drug users to drug use and drug cue-induced increases in drug
craving likely account in part for the ability of cues to trigger drug use (Epstein et al., 2009).
Understanding the neurobiology of drug craving is therefore critical to developing
treatments to reduce craving and associated drug use behavior. For example, understanding
the specific neural circuitry implicated in drug craving and relapse may lead to interventions
targeted at brain activity in specific regions, e.g. psychotherapeutic approaches or
psychopharmacological interventions. Although numerous studies have examined the
neurobiology of drug-cue effects on brain activation and craving there has been remarkably
little study of cannabis cue effects in cannabis users. Gray and colleagues (Gray et al., 2008)
found that visual video clips of marijuana use cues, and manually handling marijuana and
marijuana paraphernalia increased craving and some measures of autonomic reactivity in
young users. Filbey and colleagues reported cannabis cue-induced brain activation to tactile
cannabis cues in heavy cannabis users, but did not find a significant association of cannabis
craving (measured as urge to use) and cueinduced brain activation (Filbey et al., 2009). In
frequent cannabis users, visual cannabis images produced greater activation than control
images in frontal, occipital, parietal, and cingulate cortices. When compared with sporadic
users and control subjects, frequent users showed greater activation in the ventral tegmental
area during cue viewing, but brain activation in these regions did not correlate with cannabis
craving. Instead, portions of prefrontal cortex and putamen showed a negative association
between visual cue-induced brain activation and craving (Cousijn et al., 2012). Goldman and
colleagues recently reported an association of visual cannabis cue-induced brain activation
and baseline craving in treatment seeking cannabis dependent subjects (Goldman et al.,
2013). Determining which brain regions mediate cue-induced increases in cannabis craving
is therefore a critical unresolved problem that has important implications for understanding
the neurobiology of cannabis dependence. We used functional magnetic resonance imaging
(fMRI) in conjunction with visual cannabis cue-exposure to test our hypotheses that visual
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cannabis cues increase craving in cannabis users and that cue-induced craving is associated
with increased activation in regions most commonly implicated in visual drug cue-induced
craving (orbitofrontal, anterior cingulate, visual cortices and striatum), reviewed in
(Yalachkov et al., 2012).

2. Materials and Methods
2.1 Objectives

The present report is a component of a larger study designed to address the neural
mechanisms of exercise effects on cannabis craving and cannabis use in cannabis-dependent
participants. We have previously reported a subset of this data examining the effects of
exercise on cannabis use, in which we demonstrated that exercise is associated with
reductions in cannabis craving and use(Buchowski et al., 2011). The objectives of the
present report were to examine the neural basis of cannabis cue-associated craving and all
data were obtained in subjects at the initial imaging visit and prior to the exercise
intervention.

2.2 Participants
Seventeen non-treatment seeking cannabis-dependent adults were recruited by
advertisements and word of mouth as part of a larger study on the effects of exercise on the
neurobiology of cannabis use and craving. Data derived from the current report occurred
immediately after screening and prior to any other study interventions or tasks. All
individuals were screened for psychiatric disorders and MRI safety and consented to
participate. One subject was subsequently excluded for recent drug use, leaving a final
sample size of 16 subjects. Inclusion criteria were: male or female; age 18–35; current
cannabis dependence by MINI criteria; positive urine drug screen for cannabis on the study
day; normal vision; if female, not pregnant or planning to become pregnant during the study
period; right handed; no chronic medical conditions. Exclusion criteria were: current Axis I
psychiatric disorder (other than substance abuse or dependence or substance-induced
conditions); use of psychotropic or vasoactive medications within 6 weeks of the study day;
use of other medications within 72 hours of the study day; contraindications to MRI study
(implanted medical devices, non-secure metallic foreign bodies, claustrophobia); chronic
medical conditions; history of head injury with loss of consciousness; regular exercise of
more than 2 hour per week in the past month or participating in organized exercise; weight
over 275 pounds (due to scanner size limits); and physical problems that might prevent
participation in the exercise arm of the study. There was no minimum level of cannabis use
required for study entry but all subjects had to meet criteria for current cannabis dependence.

Psychiatric and substance diagnoses as determined by the Mini-International
Neuropsychiatric Interview (M.I.N.I.) (Sheehan et al., 1998) are listed in Table 1.
Participants were asked to refrain from cannabis use for 8 h (overnight) before the imaging
study and were required to have a positive urine drug test for cannabis
(tetrahydrocannabinol) and to test negative for alcohol and other drugs on the study day.
Urine testing was performed using a Triage Drugs of Abuse Panel (Biosite Diagnostics, San
Diego, CA). Urine sensitivity to drugs of abuse varies with drug use; for cannabis, screens
may remain positive for days to weeks after last use (reviewed in (Macdonald et al., 2010).
Alcohol breath testing was performed using an alcohol breathalyzer (Intoximeters, St. Louis,
MO). An 8-hour period of cannabis abstinence was chosen to balance the effects of recent/
acute intoxication (where craving might be blunted or absent) and potential ceiling effects
on craving that might be induced by more prolonged abstinence and subsequently high
levels of craving. Abstinence was based on self-report and was not otherwise verified. This
study was approved by the Institutional Review Board at Vanderbilt University and
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conformed to the Declaration of Helsinki. All participants were compensated $100 for their
time.

2.3. Descriptions of procedures
2.3.1. Cannabis craving assessment—After abstaining from cannabis overnight,
subjects reported to the imaging center and completed final questionnaires. We administered
the Marijuana Craving Questionnaire - short form (MCQ-SF) (Heishman et al., 2009) as a
baseline assessment (MCQ-baseline; approximately 15 minutes before the first cannabis
cue-exposure fMRI run) and we reassessed craving with the MCQ-SF at the end of the first,
second, and third (MCQ-post run 1; MCQ postrun 2; MCQ-post run 3) cannabis cue-
exposure fMRI runs. Participants completed the paper version of the MCQ for the baseline
assessment; after familiarizing themselves with the paper version of the questionnaire,
participants were read the questions one by one at the end of each scanner run and provided
verbal responses that were recorded by the experimenter on the paper version. The MCQ-SF
is a validated (Heishman and Singleton, 2006) 12-item Likert response (where 1=strongly
disagree and 7=strongly agree, with positive answers indicating greater craving)
questionnaire that assesses situational cannabis craving using four subscales: compulsivity,
emotionality, expectancy, and purposefulness (Heishman et al., 2009). The subscale scores
are averaged to arrive at an overall index of craving ranging from a minimum value of 1.0 to
a maximum of 7.0.The internal consistency values (Cronbach’s alphas) for the four times of
assessment in this study ranged from 0.76 to 0.85.

2.3.2. Cannabis cue paradigm—Participants rested quietly in the scanner while viewing
images of cannabis and control cues (nature scenes) during fMRI image acquisition. The
fMRI cannabis-cue paradigm consisted of three functional runs. Each run was 3-minutes
long and consisted of three, 30-second stimuli blocks of 10 cue images displayed for 3
seconds each and three 30-second baseline blocks. Each run contained one block of images
from each of 3 cue categories: cannabis, nature scenes and food. We included nature scenes
because they help control in part for: a) seeing a novel image, b) color, c) brightness, d)
visual complexity, e) absence of content that might trigger or provoke craving. Food cues
were included for exploratory examination of cannabis and feeding behavior. The baseline
images we used were colorful blurry images. We expected that the nature scenes controlled
(over the baseline images) in part for: a) attention because they have objects and complexity
that can be visually explored, b) identifiable individual objects, such as trees, grass,
mountains, sunsets, c) potential emotional responses, since nature scenes can be liked or
admired, and possibly desired/craved. However, we did not specifically assess any
parameters of the nature scenes. Nature images were generally matched for color, intensity,
and brightness but not for additional visual parameters or complexity. Within each run, the
order of cue blocks was random and was also random for each run. Participants saw each
image only once across all three runs. Cannabis-related cues included close up pictures of
cannabis in different forms (e.g. in bags, loose leaf, in joints), people using cannabis (e.g.
smoking a joint or using a bong or pipe), and paraphernalia (e.g. bongs, pipes, papers).
Images used for the baseline reference in the fMRI analysis (to account for non-specific
visual activation) were Gaussian blurred images matched to the original cue image for color,
intensity, and brightness. Nature scenes consisted of photographs of landscapes, animals, or
insects that were a mixture of close up (e.g. a single blooming flower) and distant (e.g. a
field of blooming flowers) images. The nature scenes did not include pictures of readily
edible items, such as fruit or vegetables. Food images were included for a future exploratory
analysis of the association of cannabis and feeding behavior and were not intended to serve
as comparison images.
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2.3.3. fMRI data preprocessing and analysis—All imaging was performed on a
Philips Intera Achieva 3T MR scanner using a quadrature head coil. We analyzed fMRI data
using Statistical Parametric Mapping (SPM5) (Wellcome Department of Cognitive
Neuroscience, London, UK) utilizing the General Linear Model (GLM). Each individual’s
functional data was spatially realigned to correct for motion. Next, the functional images
were normalized into stereotactic space using SPM’s EPI.img template (Montreal
Neurological Institute). The normalized functional images were then smoothed with a full-
width half maximum (FWHM) 8 mm Gaussian kernel. Given that little published work has
been conducted on cannabis cue activation, we conducted whole-brain exploratory analyses
to precisely determine the pattern of regional brain activation produced by cannabis cues. To
determine which regions of interest (ROIs) were activated or deactivated in response to
cannabis cues, we analyzed the fMRI results of all 16 subjects using a 1-sample t-test
(activation to cannabis cue>Gaussian baseline and activation to cannabis cue<Gaussian
baseline) as our primary analysis within SPM5; a secondary analysis included an
examination of activation to cannabis cue>nature and cannabis cue<nature, using the same
methods. To reduce the number of multiple comparisons we applied a whole-brain gray
matter mask to the data. We defined ROIs as those having significantly increased or
decreased activation in response to cannabis-cues. Based on simulations performed with
AlphaSim to control for Type I error http://afni.nimh.nih.gov/pub/dist/doc/manual/
AlphaSim.pdf), an uncorrected voxel-level threshold of p<0.001 and an extent threshold of
30 contiguous voxels controlled for family-wise error at α = 0.05 for the gray matter mask
search volume. For significant ROIs identified in the main analysis, we used MarsBar to
calculate the BOLD response (as percentage signal change relative to Gaussian baseline) for
each cue run for all subjects. The run-specific signal intensity data (i.e., BOLD response-run
1; BOLD response-run 2; BOLD response -run 3) was exported from SPM for assessing
associations between craving scores and brain activation.

To determine if cue-induced activation in the cue-activated regions was relevant to craving,
we analyzed the relationship of craving score to BOLD response during cue exposure in
each of the activated or de-activated regions, starting with the cannabis versus baseline
contrast. We chose to examine correlations between end of run MCQ and BOLD response in
the cannabis versus baseline contrast as our primary analysis because we did not have a
priori knowledge to predict that regions activated during liking or appreciation of nature
cues were unique from those activated by cannabis cues. Additionally, we reasoned that
regions irrelevant to cannabis craving would not show an association with craving score in
subsequent analyses.

2.4. Ethics
All participants provided written informed consent for the study. This study was approved
by the Institutional Review Board at Vanderbilt University and conformed to the
Declaration of Helsinki. All participants were compensated for their time.

2.5. Statistical methods
The primary planned analysis was the correlation of end of run craving score with BOLD
signal intensity in regions activated during the contrast of cannabis>Gaussian blurred
baseline. Descriptive statistical summaries and associations of self-reported craving with
cues and BOLD were conducted using SPSS (Windows version 17.0 software; SPSS Inc.).
Descriptive statistical summaries used means and standard deviations unless otherwise
specified (exceptions generally are due to the skewed nature of the drug use and brain
activation data). In those cases, the median and 25th−75th interquartile range (IQR)
representing the middle 50% of the observed values were used. Nonparametric statistical
analytic methods were used to assess the statistical significance of changes in outcomes and
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associations with those variables because those data distributions were heavily skewed.
Changes in self-reported craving (MCQ-SF scores) induced by exposure to cannabis cues
were analyzed using a Freidman test (critical alpha=.05). Pairwise post-hoc comparisons
were conducted using Wilcoxon Signed Ranks tests with a Bonferroni-corrected alpha of
0.008 (equivalent to p=0.05 divided by 6 to account for the number of possible pairs).
Cohen’s d effect size estimate was also generated to examine the effect of cue exposure on
changes in cannabis craving. Spearman correlations were used to measure the strength of the
associations between regional BOLD signal intensity during cue-induced activation and self-
reported craving scores. Because of the preliminary nature of this study, we did not correct
for the number of correlation analyses conducted in this study. A Spearman correlation of
0.50 was sufficient to be statistically significant (p = 0.05) and was indicative of a strong
effect size for correlations (25% shared variance between two variables).

3. Results
3.1. Cannabis use

The 16 subjects (11 females) had a mean age 23.7 (S.D. = 3.9 years) (Table 1). The mean
age of onset for cannabis use was 15.06 (S.D. = 2.79); the median cannabis use was 15.5
occasions per week (25th−75th IQR=3.3–21.0; min = 1; max = 63). All subjects reported at
least 8 hours cannabis abstinence; precise duration of cannabis abstinence was available for
15 of 16 subjects. For those 15 subjects, the minimum abstinence was 8 hours 15 minutes;
the maximum was 19 hours and the mean duration of abstinence was 13.5 (S.D. = 2.1)
hours.

3.2. Cue-induced Craving
There was a statistically significant increase in self-reported craving due to exposure to
cannabis cues (p=0.030, Friedman test) (Figure 1). Post-hoc comparisons revealed that the
increase in reported craving from baseline (MCQ score at baseline to peak craving (MCQ
score at post run 1) was statistically significant (p = 0.005, Wilcoxon Signed Ranks test) and
the average of the three post exposure MCQ scores remained higher than baseline (p=0.004,
Wilcoxin Signed Ranks test). This increase was 0.33 (on average) on a 7-point scale and
indicated an effect size (Cohen’s d) of 0.29.

3.3. Brain activation to visual cannabis cues
We examined brain activation to cannabis cues by three sets of contrasts: 1) activation to
cannabis cues versus Gaussian baseline, 2) activation to cannabis cues versus nature cues,
and 3) activation to cannabis cues versus food cues.

3.3.1. Brain activation to visual cannabis cues versus Gaussian baseline
3.3.1.1. Cannabis cues>Gaussian baseline: The contrast of cannabis cues (versus Gaussian
baseline) across all cue-exposure runs produced 15 clusters in which activation was
significantly greater during cannabis cue viewing than during Gaussian baseline viewing
(Table 2, Cannabis greater than baseline—clusters 1–15; Figure 2). Cannabis cues produced
increased activation in limbic regions (clusters 1, 2, 3,4, 5, and 6 in Table 2;
parahippocampal gyrus, posterior cingulate gyrus, hippocampus, and amygdala), temporal
regions (clusters 3, 7, 8, and 10 in Table 2; middle temporal gyrus, fusiform gyrus, and
temporal pole), frontal regions (clusters 12, 13, 14, and 15 in Table 2; including the superior
frontal, medial frontal, and inferior orbitofrontal, gyri), occipital regions (clusters 9, 10, and
11 in Table 2; calcarine, lingual, cuneus, and middle occipital gyrus), parietal cortex (cluster
2 in Table 2; precuneus), and thalamus (cluster 4 in Table 2).
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Correlation with craving: The strongest and most consistent patterns of associations of the
self reports of craving with activation were found within five of the clusters activated more
strongly by cannabis cues versus Gaussian baseline (clusters 3, 4, 6, 7 and 9; bolded
correlations, rs >= 0.50, p < 0.05, Table 2). These patterns were particularly apparent in the
occipital cortex (cluster 3), parahippocampal gyrus, thalamus, hippocampus regions (cluster
4), hippocampus (cluster 6), superior temporal pole (cluster 7), and middle occipital gyrus
(cluster 9). These patterns are also depicted graphically in Figure 3. Statistically significant
correlation coefficients ranged from 0.509 to 0.572; p values ranged from 0.044 to 0.020).

3.3.1.2. Cannabis cues<Gaussian baseline: The contrast of visual cannabis cues versus
Gaussian baseline across all cue-exposure runs produced four clusters in which activation
was significantly lower during visual cannabis cue viewing than during Gaussian baseline
viewing (Table 2, Cannabis less than baseline—clusters 16–19; Figure 2). Visual cannabis
cues produced decreased activation in parietal regions (cluster 16 in Table 2; inferior parietal
cortex, supramarginal and angular gyri), insula (cluster 17 in Table 2), and temporal regions
(clusters 17, 18 and 19 in Table 2; superior temporal gyrus).

Correlation with craving: No statistically significant correlations of Run 1 activation with
craving scores were observed in these regions (Table 2).

3.3.2. Brain activation to visual cannabis cues versus nature cues
3.3.2.1. Cannabis cues>nature cues: The contrast of visual cannabis versus nature cues
produced fewer clusters of activation than did the contrast of cannabis versus baseline but
these clusters largely overlapped those found in the cannabis versus Gaussian baseline
contrast (Table 3; Figure 4). Five regions demonstrated greater activation during cannabis
cues than during nature images (Table 3; Figure 4). These activated clusters included
occipital regions (clusters 1, 2, 3, and 4 in Table 3; inferior and middle occipital gyri),
temporal regions (clusters 2, 3, 4 and 5 in Table 3; fusiform, middle, and inferior temporal
gyri and uncus), limbic regions (cluster 5; hippocampus, amygdala, uncus), and cerebellum
(cluster 2 in Table 3).

Correlation with craving: No statistically significant correlations of Run 1 activation with
craving scores were observed in the regions showing greater activation during cannabis cue
viewing versus nature cues. (All correlations were Spearman’s rho, using p≤0.05 as
significance threshold; Table 3). Across other runs, the only significant relationship found
was an inverse association of craving score and activation in the cluster encompassing right
fusiform gyrus for activation during run 2 and craving during baseline (r= −0.539; p=0.031),
run 2 (r= −0.568; p=0.022) and run 3 (r= −0.545; p=0.029). However, a similar but non-
significant association of craving for run 1 was seen for the activation during run 2 (r=
−0.42; p=0.105).

3.3.2.2. Cannabis cues<nature cues: No regions demonstrated greater activation to nature
than to cannabis (p>0.05).

3.3.3. Brain activation to visual cannabis cues versus food cues
3.3.3.1. Cannabis cures>food cues: There were 5 clusters in which activation during
viewing cannabis cues was greater than activation during food images (Table 4; Figure 5).
These activated clusters included frontal regions (cluster 1in Table 4), temporal regions
(clusters 2, 3, 4, and 5 in Table 4; inferior, middle, and superior temporal gyri and fusiform
gyrus) and occipital regions (clusters 2 and 4 in Table 4; middle occipital gyrus).
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Correlation with craving: For the 5 clusters in which activation was greater during viewing
cannabis cues than food images, MCQ craving score at baseline and at the end of runs 1, 2,
and 3 was positively correlated (r values ranging from 0.674 to 0.790; p values ranging from
0.004 to 0.001; bolded in Table 4) with Run 1 activation in cluster 1, which had peak
activation in the right medial orbital frontal gyrus. There were no statistically significant
associations for any MCQ craving score with activation during Run 1 in the other 4 regions
activated during cannabis cues>food images (Table 4). There were no significant
associations of craving score at any time with brain activation in any of the 5 regions during
runs 2 and 3 (not shown). All correlations were Spearman’s rho, using p≤0.05 as
significance threshold.

3.3.3.2. Cannabis cures<food cues: There were no significant clusters for the contrast of
cannabis cues<food cues (p>0.05).

4. Discussion
Our major finding is that visual cannabis cues increased craving in cannabis users who had
refrained from cannabis use for at least 8 hours and that cue-induced craving significantly
correlated with activation in limbic, occipital, and temporal regions. These brain regions
overlap partially with brain regions previously associated generally with craving and relapse
(Weiss, 2005) and overlap somewhat with the regions we predicted (orbitofrontal and visual
cortices) to show an association with visual cue-induced craving; however, we did not find a
predicted relationship with striatal and anterior cingulate regions.

4.1. Visual cannabis cues increase craving and activate frontal, limbic, occipital and
temporal regions

That exposure to visual cannabis cues resulted in a significant increase in self-reported
craving is in line with recent reports (Gray et al., 2008; Bordnick et al., 2009). Visual
cannabis cues produced increased activation in frontal, limbic, temporal, occipital, and
parietal cortices as well as in the thalamus. These regions overlap partially with findings
from other studies of cue-induced activation and craving for drugs other than marijuana (e.g.
Childress et al., 1999; Franklin et al., 2007); Kilts et al., 2004; Koob and Volkow, 2010).
Similarly, our findings overlap partially with those reported by Filbey and colleagues
(Filbey et al., 2009) in their study using a combined visual and tactile drug cue (marijuana
pipe). Notably, the ventral tegmental area (VTA) and dorsal anterior cingulate cortex were
activated by cannabis cues in the Filbey et al., study and those regions were not detected in
our cohort. Filbey and colleagues further reported (Filbey et al., 2010) that genetic variations
in genes encoding the cannabinoid receptor (CNR1) and fatty acid amide hydrolase (FAAH)
influenced cue-induced activation. Since we did not obtain genetic data on our cohort, we
cannot comment on the role of genetic influences. However, it seems likely that genetic
effects, cohort differences (heavy cannabis users in Filbey et al. and cannabis-dependent
participants in the current study), and paradigm differences, especially cue type (visual and
tactile) and craving rating methods may account for differential findings between the present
study and that of Filbey et al., (2009). The visual cues used in our study are perhaps less
ecologically valid in terms of the actual cannabis use experience because the combined
visual/tactile cue employed by Filbey and colleagues (Filbey et al., 2010;Filbey et al., 2009)
may represent a cue that is more proximate to actual cannabis use. However, the fact that
purely visual cues are less reliable or more distant indicators of the actual availability of
cannabis could possibly enhance their ability to induce craving, suggesting that cue choice
and relevance may be critical aspects of study designs examining the neurobiology of cue-
associated craving.
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The cingulate gyrus has been strongly implicated in activation during drug cue exposure or
craving. Anterior cingulate activation is also often found in imaging studies during drug cue
viewing and drug craving (Childress et al., 1999;Garavan et al., 2000; Kilts et al., 2004;
Koob and Volkow, 2010). We found posterior cingulate activation in response to cannabis
cues but did not detect anterior cingulate activation in our cohort. Posterior cingulate
activation to drug cues has been found in prior studies (Kilts et al., 2004; Garavan et al.,
2000) posterior cingulate perfusion correlates with cue-induced nicotine craving; and greater
posterior cingulate activation to drug cues predicted a lower risk for relapse in cocaine-
dependent patients (Kosten et al., 2006).

Activation of the ventral striatum/nucleus accumbens region has been reported in some
studies of drug craving, reviewed in (Yalachkov et al., 2013) and in a recent report of
cannabis craving (Goldman et al., 2012) We did not detect activation in this region in our
study, a finding in line with the study of Filbey and colleagues (Filbey et al., 2009) and
Cousijn and colleagues (Cousijn et al., 2012). The reasons for these discrepancies are
unclear but may relate to different levels of cannabis use, different levels of craving, or other
methodological differences across studies. Additionally, we did not assess for the
contribution of genetic variants potentially influencing cannabis craving or cue-evoked brain
activation (Schacht et al., 2012; Haughey et al., 2008; Haughey et al., 2008; Filbey et al.,
2010).

4.2. Craving scores correlate with brain activation in frontal, limbic, temporal, and occipital
regions

To our knowledge, this report is among a handful of reports (Goldman et al., 2013; Cousijn
et al., 2012) linking self-reported cannabis craving to activation in specific brain regions.
Notably, Filbey and colleagues specifically examined the association of craving with brain
activation to 3-dimensional tactile marijuana cues (while we used only 2-dimensional visual
cues), and did not find an association between craving and brain activation. However, tactile
cue-associated brain activation was found to correlate with problems associated with
marijuana use. Differences in the association of craving score with brain activation in our
report and that of Filbey and colleagues may be related to experimental differences,
including the use of tactile versus visual cues, duration of abstinence, and method for
assessing cannabis craving. Cousijn and colleagues reported that brain activation to visual
cannabis cues in right dorsolateral prefrontal cortex and right putamen was negatively
correlated with cannabis craving in a group of frequent cannabis users, but no regions were
reported to show a positive association between craving and cue-induced brain activation
(Cousijn et al., 2012). We found a negative association of craving and brain activation in the
contrast of cannabis>nature cues in a region of fusiform gyrus for later runs. This suggests
the possibility that this brain region which has a role in visual salience may be initially
involved in cue associated craving but with sustained cue exposure, it may be inhibited by
higher brain regions. In contrast, Goldman and colleagues (Goldman et al., 2013) examined
the relationship of brain activation and marijuana cue exposure in treatment seeking
cannabis dependent individuals. Unlike our current study, cannabis cue exposure did not
increase craving above the pre-cue exposure baseline. However, baseline craving scores
were found to correlate positively with cue-associated activation in ventral striatum and
medial and lateral orbitofrontal cortex. With regard to orbitofrontal cortex, we found a non-
significant positive correlation of craving score and Run 1 brain activation in the region of
orbitofrontal cortex activated more strongly in the contrast of cannabis cues>Gaussian
baseline images, and strongly significant correlations for the correlation of craving score and
Run1 brain activation in the region of orbitofrontal cortex activated more strongly in the
contrast of cannabis cues>food cues. This range of findings suggests that the association of
cannabis cue viewing and cannabis craving is dependent on cue type, level of craving, and
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other individual differences, as well as the type of contrast comparison. We had anticipated
that the relationship of craving with orbitofrontal activation would be strongest for the
contrast of cannabis cues>Gaussian baseline images and weakest for the contrast of cannabis
cues>food images because we expected some degree of overlap in food and cannabis-
associated craving, given their role as reinforcers. However, our findings suggest the
possibility that the use of a food cue comparison increased specificity of orbitofrontal
activation for cannabis craving.

In our study, craving scores both at baseline (MCQ-baseline) and following cannabis cue
exposure for each run (MCQ-post run 1, MCQ post run 2, MCQ post run 3) were correlated
positively with activation of the parahippocampal gyrus, amygdala and hippocampus, and
the superior temporal pole. Cannabis cue exposure increased craving from baseline, with a
modest effect size (0.29), while the correlation coefficients for BOLD signal change and
MCQ score in significant clusters were generally above 0.5, consistent with a large observed
effect size (Cohen, 1992). The amygdala and hippocampus are limbic structures with key
roles in the neural mechanisms of learning and memory affecting drug-related behaviors--
the amygdala is central to conditioned incentive learning and promotes interaction with
drug-related cues while the hippocampus is central to the declarative memory system and
the acquisition of information about the relationship between external cues and internal
affective states (White, 1996).The temporal pole is a paralimbic associational structure
having multimodal perceptual features, memory functions, and that also plays a role in
social and emotional processing (Olson et al., 2007). In addition to the findings from limbic
and temporal pole regions, craving scores both at baseline and following cue-induced
increases in craving were correlated positively with cue-related activation in occipital
cortical regions, including the cuneus and the middle occipital, calcarine, lingual, and
fusiform gyri (a temporal lobe structure continuous with occipital cortex).

Activation in these brain regions during the initial fMRI cue-exposure run was correlated
with craving scores prior to cannabis cue exposure and across subsequent runs; however,
activation in these regions in subsequent cue exposure runs (Runs 2 and 3) did not correlate
significantly with cannabis craving scores. This result suggests that the cannabis cue-
activated limbic, occipital and temporal regions may have a role in the initial response to
visual cannabis cues that is not sustained, despite the persistence of the increase in craving.
It is possible that the lack of a sustained correlation between BOLD signal intensity in
cannabis cue-activated regions during late runs (runs 2 and 3) and craving at the end of runs
2 and 3 is due to adaptation of the BOLD response, as has been demonstrated for other brain
regions and tasks (Grill-Spector et al., 2006). It is also possible that the level of craving may
influence or predict the brain activation in these regions upon the initial exposure to
cannabis cues, such that heightened craving may lead to heightened activation in these
regions in the face of initial cue exposure. We speculate that these regions therefore may
link higher craving and subsequent behavioral repertoires associated with cue-induced
craving and drug seeking, leading to relapse.

We believe that this finding in part validates our analytic design, that is, to identify cue-
activated regions and then determine how activation in these regions correlates with craving.
These findings highlight the fact that the simultaneous occurrence of craving and brain
activation in response to drug cues does not necessarily imply an association between the
two, as we found no association of craving and brain activation in the cue-activated regions
during later runs (runs 2 and 3). The bulk of the brain regions (14 of 19) activated during
cannabis cue exposure do not appear to be directly correlated with craving, but may be
related to other aspects of the cues, such as affective memory, cue salience, taste or smell
memory. This finding aligns in part with the clinical findings regarding craving in that cue-
triggered craving is not a dichotomous phenomena but instead may wax and wane in
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intensity (Franken, 2003). As such, additional studies targeted at more precisely identifying
the regional and network patterns associated with the intensification and decline in craving
in the presence of cannabis cues seem essential. In particular, understanding the relationship
of brain activation, craving, and subsequent drug use will be critical to interventions targeted
at altering brain activity mediating cue-induced drug use.

4.3. Limitations
Limitations of this study include a relatively small sample size and brief duration of
cannabis abstinence—however; these limitations would be expected to reduce the likelihood
of detecting effects so are unlikely to account for the positive findings in this study. We
relied on each subject to serve as their own control for the difference in reaction to cannabis
and neutral cues and did not include a control group of non-cannabis users. Several subjects
reported alcohol or other drug use disorders. While this may have impacted brain activation
if we had used other drug or alcohol cues as baseline images, it is unclear if prior drug or
alcohol use interacted with cannabis craving to influence brain activation. A larger sample
size with subjects excluded for other drug dependence would help address this issue. Our
sample was primarily female, which may have influenced our results, given evidence that
addiction, including cannabis dependence, shows sex-specific differences and that females
may be more sensitive to drug cues, reviewed in (Fattore, 2013). We did not include a
cannabis naïve control group, thus, we cannot address differences in brain activation for
cannabis users and non-users. Small sample size and brief abstinence period that was not
empirically confirmed may account for the subthreshold correlation of craving with brain
activation in the orbitofrontal cortex for our primary analysis, although this relationship was
found for the contrast with food cues. However, since we relied on self-report of craving
score in our correlation analysis, the duration of abstinence is expected to be factored into
the impact on craving, that is, by using craving as a metric, abstinence is relevant only in
relation to its ability to drive craving. It is possible also that using longer fMRI runs or an
overall greater number of cue exposure events might have detected additional brain regions
related to cannabis craving. The fact that craving was present prior to cue onset and during
the baseline periods used to determine brain activation suggests that the modeling methods
that we used in SPM likely underestimate the degree of brain activation produced by
cannabis cues because the component of activation due to craving that persisted outside the
period of cue exposure would have been modeled out of the activation data. Future study
designs, incorporating fMRI image acquisition during craving induction and return to
baseline, with more frequent craving assessment and manipulation of the duration of
abstinence may permit a more detailed analysis of the time course of brain activation
patterns in relation to cue exposure and craving. While we used corrected statistics to
determine activation within SPM to define cue-associated activations, we did not correct for
the large number of correlation analyses performed in this exploratory analysis. Instead, we
focused on the pattern and regional specificity of the correlations.

4.4. Conclusions
Cannabis cues increased craving in cannabis-dependent individuals and this increase in
craving was associated with activation in the in the limbic, paralimbic, and visual systems,
suggesting that these regions may mediate visually cued aspects of drug craving. This study
provides preliminary evidence for the neural basis of cue-induced cannabis craving and
suggests possible neural targets for interventions targeted at treating cannabis dependence.
Understanding the neurobiology of craving may be specifically important to developing
interventions, such as psychotherapy or meditation interventions that augment the function
of specific brain regions. In addition, pharmacotherapies or emerging therapies such as
transcranial magnetic stimulation that influence regional brain function may be specifically
employed to target brain regions or brain networks involved in craving.
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Figure 1. Craving score at baseline and after each cue exposure run
Data are plotted as mean ± standard error of the mean for MCQ=Marijuana Craving
Questionnaire at baseline (MCQ-baseline) and after each cue-exposure run (MCQ-post run
1, MCQ-post run 2, MCQ-post run 3).
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Figure 2. Brain activation during comparison of visual cannabis cues > Gaussian baseline
Both rows depict activation in response to visual cannabis cues versus baseline (activation is
overlaid on sagittal, coronal, and horizontal sections of MNI single subject template). There
were four clusters bilaterally in the occipital cortex including portions of calcarine, lingual,
cuneus, fusiform and middle occipital gyri (Table 2). Four clusters were activated in
bilateral temporal lobe, including parahippocampal gyrus, hippocampus, and amygdala. An
additional confluent cluster included regions in both the occipital cortex and
parahippocampal gyrus. Further clusters were present in the temporal gyrus including the
superior temporal pole (left) and middle temporal gyrus (bilaterally), and in the posterior
cingulate (bilaterally). In frontal cortex, activated clusters included the inferior orbitofrontal
cortex (left), superior frontal gyrus (bilaterally), and medial frontal gyrus (left). Voxel
threshold p=0.001, extent threshold k=30; for display, gray matter mask removed to show
regional continuity. t-score color bar corresponding to activated regions is shown in figure 2.
L=left side of brain for each figure.
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Figure 3. Correlation of MCQ craving score with BOLD signal intensity (cannabis>Gaussian
baseline) during Run 1
Scatterplots of craving score correlation with activation (BOLD signal intensity from the
contrast of cannabis cues>Gaussian images) from Run 1. Rows correspond to the 5 clusters
(highlighted in bold font in Table 2) that showed at least one significant correlation of
marijuana craving questionnaire (MCQ) total score and BOLD signal intensity-run 1. X-
axes indicate rank MCQ score from left to right as MCQ-baseline, MCQ-post run 1, MCQ-
post run 2, MCQ-post run 3. Y-axes indicate rank BOLD signal intensity-run 1 extracted
from each cluster. Correlations coefficients for the depicted data are shown in Table 2.
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Figure 4. Brain regions activated during comparison of visual cannabis cues > nature cues
Statistical Parametric Analysis (SPM) was performed using a 1-sample t-test for all subjects
across all runs with the contrast of activation during cannabis cues versus natures cues
(n=16). This contrast revealed 5 clusters as shown in Table 3. Voxel threshold p=0.001,
extent threshold k=30; for display, gray matter mask removed to show regional continuity.
Montreal Neurological Institute (MNI) coordinates used for labeling. Color bar represents t-
scores.
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Figure 5. Brain regions activated during comparison of visual cannabis cues > food cues
Statistical Parametric Analysis (SPM) was performed using a 1-sample t-test for all subjects
across all runs with the contrast of activation during cannabis cues versus food cues (n=16).
This contrast revealed 5 clusters as shown in Table 4. Voxel threshold p=0.001, extent
threshold k=30; for display, gray matter mask removed to show regional continuity.
Montreal Neurological Institute (MNI) coordinates used for labeling. Color bar represents t-
scores.
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Table 1

Subject (N=16) characteristics

Variable

Age (years) (mean ± S.D.) 23.7 ± 3.9

Age (years) at first cannabis use (mean ± S.D.) 15.1 ± 2.8

Sex 11 females/5 males

Number of uses of cannabis per week* (median, 25–75th IQR) 15.5, 3.3–21

Cannabis abstinence (hours) (mean ± S.D.) 13.5 ± 2.1

Other drug use Number reporting use

Alcohol 16

Psilocybin 12

Cocaine 10

LSD 10

Non-heroin opiates 7

Sedative hypnotics 6

Methamphetamine 5

Heroin 3

Substance-related diagnoses Number diagnosed

Cannabis dependence (current) 16

Alcohol abuse (lifetime) 6

Alcohol dependence (lifetime) 1

Benzodiazepine dependence (lifetime) 1

Hallucinogen dependence (lifetime) 1

Cocaine dependence (lifetime) 1

Substance-induced mood episode (lifetime) 1

Major depression (lifetime) 1

*
N=15
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