Marijuana craving in the brain
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Craving is one of the primary behavioral components of drug
addiction, and cue-elicited craving is an especially powerful form of
this construct. While cue-elicited craving and its underlying neurobiological mechanisms have been extensively studied with respect to alcohol and other drugs of abuse, the same cannot be said
for marijuana. Cue-elicited craving for other drugs of abuse is
associated with increased activity in a number of brain areas,
particularly the reward pathway. This study used functional magnetic resonance imaging (fMRI) to examine cue-elicited craving for
marijuana. Thirty-eight regular marijuana users abstained from use
for 72 h and were presented with tactile marijuana-related and
neutral cues while undergoing a fMRI scan. Several structures in
the reward pathway, including the ventral tegmental area, thalamus, anterior cingulate, insula, and amygdala, demonstrated
greater blood oxygen level dependent (BOLD) activation in response to the marijuana cue as compared with the neutral cue.
These regions underlie motivated behavior and the attribution of
incentive salience. Activation of the orbitofrontal cortex and nucleus accumbens was also positively correlated with problems
related to marijuana use, such that greater BOLD activation was
associated with greater number of items on a marijuana problem
scale. Thus, cue-elicited craving for marijuana activates the reward
neurocircuitry associated with the neuropathology of addiction,
and the magnitude of activation of these structures is associated
with severity of cannabis-related problems. These findings may
inform the development of treatment strategies for cannabis
dependence.
cannabis 兩 cue 兩 fMRI 兩 reward

T

he relationship between craving and drug use behavior is an
integral piece of the addiction puzzle. Craving is considered
the intense desire for a rewarding object or experience. Cueelicited craving, induced by exposure to alcohol- or drug-related
cues, is a particularly potent form of craving (1–3). Previous
investigators have reported that subjective craving increases
after exposure to cues specific to a variety of drugs of abuse,
including cocaine (e.g., tactile cues, videos, i.v. administration,
images, guided imagery) (4–9), heroin (e.g., images) (10, 11),
alcohol (e.g., alcohol taste, images, alcohol-related words) (1,
12–17), and tobacco (e.g., visual and tactile presentations) (18,
19). Cue-elicited craving for alcohol and tobacco in particular
have important clinical implications (e.g., refs. 20 and 21) and
have been the focus of psychosocial and pharmacological intervention efforts (e.g., refs. 19 and 22–24).
The advent of functional neuroimaging has allowed studies of
cue-elicited craving to elucidate the neurobiological mechanisms
that accompany increased craving. Such neuroimaging studies
have associated craving with increased activation of reward
pathways (25–27). The reward circuits involve the dopamine
projection from the ventral tegmental area (VTA) to striatal
areas (e.g., nucleus accumbens) and the prefrontal cortex (PFC),
the repeated activation of which underlies the attribution of
incentive salience to otherwise neutral stimuli (28). Other reward-related areas, including the insula (29–31) and cingulate
gyrus (8, 14, 15, 29, 32–36), show increased activity with the
presentation of drug-related stimuli. Presentation of these stimuli is also associated with increased activity in brain structures
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that underlie reward and emotion regulation, such as the thalamus (9, 30, 37–40) and amygdala (32, 39).
The few published studies of cue-elicited craving for marijuana
suggest that it is a reliable and valid phenomenon, analogous to
cue-elicited craving for other drugs of abuse (e.g., refs. 41 and
42). Marijuana-related cues, presented in a variety of sensory
modalities, elicit increases in self-reported craving. For example,
auditory-presented imagery scripts induce craving in marijuana
smokers, and the magnitude of this craving varies as a function
of the amount of marijuana-related content presented in the
script (43). Craving also increases when abstinent frequent
marijuana users are exposed to an auditory script that is paired
with a tactile cue, such as a used marijuana pipe or bong (41, 42).
Importantly, in this paradigm, cue presentation increases craving
beyond the effects induced by abstinence. Additionally, marijuanarelated visual cues elicit greater craving in chronic heavy users
than in controls; physiologically, users demonstrate greater skin
conductance and larger late positivity of visual event-related
brain potentials than controls in response to these stimuli (44).
The present study was designed to examine the effects of
marijuana-related cues on the activation of reward circuitry, and
to examine the relationship between these effects and the
behavioral symptoms of cannabis dependence. We hypothesized
that among regular marijuana users, marijuana-related cues
compared with neutral cues, would elicit greater blood oxygen
level dependent (BOLD) activity in reward structures (i.e., VTA,
striatum, anterior cingulate, and insula). Furthermore, we hypothesized that the magnitude of this response would be associated with the number of problems related to marijuana use.
Results
Compared with the neutral cue, presentation of the marijuana
cue elicited significantly greater BOLD activation in a large
cluster encompassing several areas, including the VTA, dorsal
anterior cingulate cortex, cerebellum, thalamus, pre- and postcentral gyri, inferior frontal gyrus/insula, thalamus, amygdala,
fusiform gyrus, pre- and postcentral gyri, inferior parietal lobe,
and superior temporal gyrus (cluster-corrected z ⬎ 2.3, P ⬍ 0.05)
(see Fig. 1 and Table 1).
BOLD response in several of these differentially activated
areas was also significantly positively correlated with total
marijuana problem scale (MPS) score (cluster-corrected z ⬎ 2.3,
P ⬍ 0.05). These areas included the orbitofrontal cortex (OFC)
and nucleus accumbens (NAc) (see Fig. 2 and Table 2). The
analyses of correlations with the Structured Clinical Interview
for DSM Disorders (SCID) total symptom count, subjective urge
ratings, frequency, and duration of use did not meet the significance threshold.
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Discussion
The overarching goal of the present study was to characterize the
neural mechanisms that underlie cue-elicited craving in marijuana users. We hypothesized that similar to other drugs of
abuse, the effects of marijuana cues on the brain involve reward
areas. Our findings confirm our hypothesis and suggest that
marijuana tactile cues elicit increased activation in rewardrelated areas of the brain in 3-day abstinent marijuana users.
These findings are in concordance with the addiction literature
of enhanced activation of reward areas in response to drugrelated cues (1, 33, 45) and gambling (46) and do not suggest a
unique mechanism for marijuana cue-elicited craving. Greater
activity in the inferior frontal gyrus/insula in response to marijuana cues indicates increased motivation in the presence of the
cue (e.g., refs. 47 and 48), greater activity in the dorsal anterior
cingulate cortex (ACC) is inline with reward-based cognitive
processes (49) and greater activity in the amygdala reflect
increased emotional processing of sensory stimuli (e.g., ref. 50).
Interpretations of enhanced response in these areas have been
suggested in the literature. One hypothesis is that these alterations may result from the diminished ability of the PFC to
process and appropriately respond to information identified as
important by neurotransmission from the reward pathways (51).
Nevertheless, the present findings provide evidence for similar
patterns of neural response to marijuana cues as alcohol and
other drug cues (e.g., cocaine and/or nicotine) (1, 29, 51).
Our findings also indicate that greater activation in reward
areas such as the OFC and NAc is associated with greater
number of problems related to cannabis use. Increased activation
of these areas during cue-elicited craving paradigms has been
associated with a greater likelihood of subsequent relapse after
treatment in alcohol- and cocaine-dependent patients (8, 52).
Many pharmacological treatments for addiction aim, with varying degrees of success, to reduce craving during abstinence [e.g.,
naltrexone (53), acamprosate (54), and topiramate (55)]. In light
of this, future treatment development for cannabis dependence
might assess cue-elicited brain activation at baseline as an
indicator of relapse potential, or changes in activation after
treatment as a marker of treatment efficacy. If cue-elicited brain
activation is also related to broader symptoms of addiction (e.g.,
impaired control over drug use), future treatment development
may be well served to focus on mechanisms beyond craving that
subserve the maintenance of addiction.
Similar to other reports (e.g., refs. 1, 14, 51, and 56), we did
not find significant correlations between subjective urge ratings
and the BOLD response despite the fact that urge ratings during
marijuana presentations were greater than those during neutral
presentations. Associations between subjective craving ratings
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and neural response have been inconsistent in the literature. For
example, others have reported significant correlations between
craving and activation (29). A possible explanation for the
disparity may be differences in paradigms and processes captured by the design model. For instance, it is possible that
because we captured the BOLD response to the cue over a
20-second period that we may be modeling multiple processes
beyond the preconscious and conscious processes of craving that
may be watering down the effect. It is also possible, as others
have suggested, that subjective measures are prone to error, such
as social desirability (57, 58). For example, other studies and
anecdotal evidence from patients suggest that the subjective
experience of craving persists long after the presentation of a
cue. Thus, the time course of the subjective experience and time
course of the effects of reward structures are clearly different
and it is counterintuitive that the 2 measures, collected with the
same time course, would be significantly related. There was also
an absence of an association between brain activation and total
SCID symptom count, frequency, and duration of use, which
may suggest that this effect is stable.
Interpretation of these findings must take into account some
methodological limitations of the study. First, although the
cues were consistent across participants (i.e., pipe and pencil),
the participants had a wide-ranging modality of marijuana use
besides our chosen cue of a marijuana pipe and, of the sample,
54% preferred the pipe as their primary mode of use. However,
despite this, our primary finding of greater activation in reward
areas of the brain during marijuana cue exposure compared
with a neutral cue exposure was robust. Withholding possible
confounding effects of using different cues per participant
(i.e., associated motion, etc.), it is possible that these effects
would be stronger if participant-specific cues (e.g., bong, joint,
etc.) were used and should be a topic for future studies.
Another caveat is the lack of a control group. However, the
significantly positive correlation between functional activation
and marijuana-related problems as measured by total MPS
score would suggest that these findings are specific to marijuana use. Another possible caveat is that the data were
collected at the end of the imaging session, which could
potentially confound the findings (e.g., fatigue). However,
because the task is not effortful (i.e., not a cognitively demanding task), we believe that any effects are minimal.
Additionally, since the task order was consistent across all
participants, and given our significant findings, we do not
believe that this is a major concern. Last, we did not verify
abstinence quantitatively via urine tetrahydrocannabinol
(THC) metabolites. Thus, while we can say that the pattern of
activation found is associated with exposure to tactile cues, we
cannot presume that this response is induced by abstinence. It
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Fig. 1. Greater activation in several areas of interest during marijuana cues compared with neutral cues. There were significantly greater BOLD response to
the marijuana pipe in reward areas such as the dorsal ACC, insula, thalamus, ventral tegmental area, and amygdala (cluster-corrected z ⬎ 2.3, P ⬍ 0.05). Right
hemispheric activations are illustrated on the right side of the image.

Table 1. Clusters of activation during marijuana cue vs. control cue contrast
Cluster size

Anatomy

Cluster-corrected z ⬎ 2.3, P ⬍ 0.05
32,426 voxels
R postcentral gyrus

2,064 voxels

L fusiform gyrus
L cerebellum
R precentral gyrus
L inferior parietal lobule
R inferior frontal gyrus

R insula
R lateral orbitofrontal cortex
R superior temporal gyrus
Cluster-corrected z ⬎ 2.81, P ⬍ 0.05
6,194 voxels
L fusiform gyrus
L cerebellum
L cerebellum

6,143 voxels

4,960 voxels

L inferior occipital gyrus
R postcentral gyrus
R precentral gyrus
R parietal lobe
R middle frontal gyrus
R inferior parietal lobule
R middle temporal gyrus
R cerebellum
R middle occipital gyrus

1,887 voxels

L inferior parietal lobule

L precuneus

1,661 voxels

R thalamus
R ventral tegmental area
L amygdala

1,338 voxels

L subthalamic nucleus
Dorsal anterior cingulate gyrus

546 voxels

R inferior frontal gyrus

BA

Z

x

y

z

2
2
19
—
3
40
44
46
46
13
47
38

6.44
5.99
5.98
5.86
5.7
5.69
4.03
2.87
2.51
3.43
3.34
2.51

46
38
⫺44
⫺28
36
⫺48
54
54
58
44
46
58

⫺28
⫺26
⫺70
⫺52
⫺20
⫺36
14
28
32
6
20
10

50
42
⫺12
⫺28
50
42
16
16
12
2
⫺10
⫺14

19
—
—
—
—
19
2
2
4
40
6
40
37
—
—
19
18
18
40
40
40
7
7
7
—
—
28
34
34
—
32
24
24
44

5.98
5.86
4.82
4.63
4.6
5.47
6.44
5.99
5.7
5.26
5.03
4.89
5.58
4.99
4.94
4.82
4.76
4.72
5.69
4.89
4.6
3.9
3.44
3.43
4.8
4.61
4.36
4.14
3.94
4.33
4.31
4.12
4.09
4.03

⫺44
⫺28
⫺4
0
⫺2
⫺44
46
38
36
30
28
34
52
34
32
40
34
30
⫺48
⫺36
⫺34
⫺28
⫺14
⫺20
14
10
⫺24
⫺12
⫺16
⫺14
2
⫺2
2
54

⫺70
⫺52
⫺58
⫺66
⫺64
⫺80
⫺28
⫺26
⫺20
⫺48
⫺6
⫺42
⫺58
⫺36
⫺46
⫺80
⫺84
⫺86
⫺36
⫺42
⫺46
⫺54
⫺62
⫺56
⫺20
⫺24
6
⫺6
⫺2
⫺14
12
12
12
14

⫺12
⫺28
⫺18
⫺34
⫺24
⫺8
50
42
50
56
54
48
⫺14
⫺30
⫺26
⫺2
⫺4
⫺4
42
40
44
54
54
50
4
⫺10
⫺26
⫺16
⫺20
⫺10
44
30
28
16

Significant clusters of activation are listed in descending order of cluster size based on the significance threshold of cluster-corrected z ⬎ 2.3, P ⬍ 0.05. For
description purposes, the peak activations when this threshold is increased to cluster-corrected z ⬎ 2.81, P ⬍ 0.05, which breaks the large clusters into smaller
clusters, are also reported. Clusters are described in terms of all local maxima within each cluster (in descending order of z-scores) with corresponding z-scores,
Talairach coordinates and Brodmann areas. L ⫽ left; R ⫽ right; BA ⫽ Brodmann’s area.

should be noted, however, that a study by McClernon et al. (59)
in smokers, reported that brain response to cue-elicited craving is stable after short-term abstinence. Given this report,
we can speculate that even if we cannot attest to our participants’ abstinence, our findings would not have been different
if abstinence was quantitatively verified. Regardless, these
findings are consistent with studies on abstinent substance
abusers (1).
To conclude, the current findings are particularly significant
given the limited study of cannabis self-administration, and
hence craving, in animals. These findings suggest that (i) com13018 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0903863106

bined marijuana visual and tactile cues elicit increased activation
in reward-related brain areas in 3-day abstinent marijuana users;
(ii) cue-elicited craving for marijuana is subserved by neural
activation that is similar to the activation associated with such
craving for drugs of abuse, suggesting the possibility of a
common pathway for addiction amenable to pharmacological
manipulation; and (iii) cue-elicited neural activity is related to
the behavioral problems related to cannabis use, suggesting that
future interventions for this disorder that target these broader
may demonstrate improved efficacy over current treatment
approaches.
Filbey et al.

Table 2. Local maxima of significant cluster of activation during
correlation of BOLD response to marijuana cues (vs. neutral
cues) and total MPS score (cluster-corrected z > 2.3, P ⫽ 0.05)
Anatomy

BA

Z

x

y

z

L medial orbitofrontal cortex

47
11
47
11
11
25

3.58
3.44
3.43
3.35
3.33
3.32

⫺16
⫺14
14
4
8
12

18
44
30
34
40
32

⫺14
⫺20
⫺18
⫺22
⫺24
⫺14

R medial orbitofrontal cortex

R anterior cingulate

Fig. 2. Significantly positive areas of correlation between BOLD response to
marijuana cues (vs. neutral cues) and total MPS score in the orbitofrontal
cortex and nucleus accumbens (cluster-corrected z ⬎ 2.3, P ⬍ 0.05). Right
hemispheric activations are illustrated on the right side of the image.

Materials and Methods
Participants. Thirty-eight self-reported regular marijuana users were recruited
through flyers and media advertisement in the Albuquerque, NM metro area
and provided informed consent to participate in this study. Of the total
sample, 13 did not have marijuana problem scale data and were, therefore,
excluded from the analysis that included this scale. Table 3 describes the
characteristics of both the total sample and subsample. All participants were
right-handed and free of MRI contraindications (i.e., no metallic implants,
claustrophobia, pregnancy, etc.). Participants were compensated for their
participation. The University of New Mexico Human Research Review Committee approved all procedures used. It should be noted that, to date, effect
sizes of marijuana tactile cues on the BOLD response are still unknown.
However, the available neuroimaging literature on the use of tactile cues in
eliciting craving has been reported in a sample size of 13 in a PET study of
cocaine (4). Thus, a sample size of 38 should be sufficient for the current study.
Procedure. Participants were required to be right-handed, between 18 and 50
years of age, English-speaking, and to report using marijuana at least 4 times

per week over the previous 6 months. Participants were also required to be
willing to abstain from marijuana use for 3 days.
Participants who met these inclusion criteria were invited to participate in
the study, which took place in 2 sessions. During the first session, participants
provided a saliva sample for DNA analysis, a urine sample for toxicological
analysis, and completed baseline measures of marijuana use and craving. A
trained research assistant administered the Substance Use Disorders and
Psychotic Symptoms modules of the SCID research version IV (60). Participants
were then asked to return for a second session and were instructed to abstain
from marijuana use for 72 h before their appointment. Although toxicological
analysis was not sufficiently sensitive to detect abstinence-induced changes in
urine levels of THC metabolites, bogus pipeline procedures have demonstrated efficacy in increasing the accuracy of self-reports of drug use (e.g., ref.
61). During the second session, participants completed a battery of neuropsychological tests and self-report measures of mood and craving. Participants
were then placed in the fMRI scanner. After collecting a high-resolution
anatomical scan for registration and localization of the fMRI data, participants
completed 2 cognitive tasks. Participants were then administered a cueelicited craving paradigm, described below. The cue-elicited craving paradigm
was the last task completed during a 105 m scanning session.
MRI images were collected using a 3T Siemens Trio. fMRI scans were
collected using a gradient echo, echo-planar sequence with ramp sampling
correction using the intercommissural line (AC-PC) as a reference (TR: 2.0 s, TE:
27 ms (39 ms for 1.5 T), ␣: 70o, matrix size: 64 ⫻ 64, 32 slices, voxel size: 3 ⫻ 3 ⫻
4 mm3). A tilting acquisition was applied during the echo-planar imaging (EPI)
sequence to compensate for the problems of B0 field spatial distortion in the
OFC. Slices were acquired higher than the AC-PC, approximately perpendic-

Table 3. Characteristics of the participants included in this study

Age (mean ⫾ SD)
Male (n, %)
Age when first used MJ regularly (mean ⫾ SD)
Duration of regular MJ use in years (mean ⫾ SD)
Frequency of MJ use in days per week (mean ⫾ SD)
Frequency of MJ use per day (mean ⫾ SD)
SCID MJ dependence (n, %)
SCID MJ abuse (n, %)
SCID total symptom count (total possible ⫽ 11)
(mean ⫾ SD)
Urge rating for MJ (averaged across neutral trials; total possible ⫽ 10)
(mean ⫾ SD)
Urge rating for MJ (averaged across marijuana trials; total possible ⫽ 10)
(mean ⫾ SD)
Marijuana problem scale (mean ⫾ SD; total possible ⫽ 9)

Marijuana cues
(N ⫽ 38)

MPS scores
(N ⫽ 25)

23.74 ⫾ 7.25
Range ⫽ 18–46
31, 81
17.08 ⫾ 2.3
Range ⫽ 9–22
7⫾7
Range ⫽ 0.17–27
6⫾1
Range ⫽ 3–7
3⫾2
Range ⫽ 1–10
31, 81
3, 7.9
3⫾2
Range ⫽ 0–7
2.9 ⫾ 2.4
Range ⫽ 0–7
4.5 ⫾ 2.9
Range ⫽ 0–9
—

22.04 ⫾ 5.63
Range ⫽ 18–46
21, 84
17.02 ⫾ 2.5
Range ⫽ 9–22
5.6 ⫾ 5.37
Range ⫽ 1–23
5.87 ⫾ 1.39
Range ⫽ 3–7
3.25 ⫾ 2.12
Range ⫽ 1–10
19, 76
3, 12
3.28 ⫾ 1.84
Range ⫽ 0–7
2.43 ⫾ 2.57
Range ⫽ 0–7.5
4.32 ⫾ 2.83
Range ⫽ 0–9
3.02 ⫾ 2.37
Range ⫽ 0–9

This table summarizes the demographic and marijuana use characteristics of the sample included in the analyses of the main effects
of marijuana cues (N ⫽ 38) and of the correlation with MPS scores (N ⫽ 25); MJ ⫽ marijuana.
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Cluster size ⫽ 1,225 voxels.

Fig. 3. Schematic of a single trial. During the exposure period, an experimenter handed the item (pipe or pencil) to the participant’s left hand. The
participants were explicitly instructed to hold the item as they would normally, but also so they were able to view both the item and their hand in the
mirror system throughout the entire period. After the exposure period, a
5-second urge rating period followed during which participants were asked to
respond on a scale of 0 –10 via right-handed button press to the statement,
‘‘Please rate your level of urge to use marijuana right now.’’ The trial ended
with a washout period during which the experimenter took the item away
from the participant. The visual presentations and timing of each event (in
seconds) are illustrated.

ular to the sinuses (62, 63). The high resolution anatomical MRI scan was
collected with a multiecho MPRAGE (MEMPR) sequence with the following
parameters: TR/TE/TI ⫽ 2300/2.74/900 ms, flip angle ⫽ 8°, FOV ⫽ 256 ⫻ 256 mm,
slab thickness ⫽ 176 mm, matrix ⫽ 256 ⫻ 256 ⫻ 176, voxel size ⫽ 1 ⫻ 1 ⫻ 1 mm,
number of echoes ⫽ 4, pixel bandwidth ⫽ 650 Hz, and total scan time ⫽ 6 min.
To test the main effect of marijuana cues on brain activation, we recorded
the BOLD response while participants were presented with a marijuana
cue-exposure paradigm. The paradigm was presented in 2 separate EPI runs of
12 pseudorandom tactile presentations of a marijuana pipe (marijuana cue ⫻
6 trials) and a pencil (control cue ⫻ 6 trials). Each trial consisted of a 20-s cue
exposure period, followed by a single 5-s urge question, and ended with a 20-s
washout period to allow the hemodynamic response to return to baseline
before the next trial (see Fig. 3). The total number of repetitions per run was
288 and the total task duration was 19 min and 12 s. The task was presented
using a front projection to a mirror system mounted on the head coil. Responses were recorded using a fiber-optic pad. Stimulus presentations were
delivered by using E-Prime (Psychology Software Tools, Inc.). The timing of the
stimulus presentation was synchronized with trigger pulses from the magnet
to ensure precise temporal integration of stimulus presentation and fMRI data
acquisition.

65). Five participants who had translational movement ⬎2 mm were excluded
from further analyses. Next, using FEAT (fMRI Expert Analysis Tool, v5.98), part
of FSL (fMRIB’s Software Library, http://www.fmrib.ox.ac.uk/fsl/), the following prestatistics processing was performed: nonbrain tissue/skull removal by
using BET (Brain Extraction Tool); spatial smoothing using a Gaussian kernel of
FWHM 8 mm3; mean-based intensity normalization of all volumes by the same
factor; and high-pass temporal filtering (Gaussian-weighted least-squares
straight line fitting, with sigma ⫽ 50.0 s). Time-series statistical analysis was
carried out by using FILM (FMRIB’s Improved Linear Model) with local autocorrelation correction. The first 7 volumes of all EPI runs were discarded to
allow the MR signal to reach steady state.
Explanatory variables were created by convolving the stimulus timing files
with a double gamma hemodynamic response function in FEAT. A multiple
linear regression analysis was performed to estimate the hemodynamic parameters for different explanatory variables (i.e., active condition for marijuana cues, active condition for neutral cues) and a corresponding t-statistic
indicates the significance of the activation of the stimulus. Contrast maps were
created by contrasting marijuana active conditions vs. neutral active conditions. These maps were then registered to a high-resolution image using FLIRT
(FMRIB’s Linear Image Registration Tool) (66, 67). Group analyses were carried
out using FLAME (FMRIB’s Local Analysis of Mixed Effects) (68, 69). Statistical
maps were then registered to the Montreal Neurological Institute (MNI)
template with a 2-step process. First, EPI images were registered to the high
resolution MPRAGE image, which was subsequently registered to the 152
brain average MNI template. These registration steps were performed using
FLIRT. After transformation of the masks into MNI space, higher-level analysis
was carried out using FLAME. Z (Gaussianised T/F) statistic images were
threshold by using GRF-theory-based maximum height threshold with a significance threshold of one-tailed P ⬍ 0.05 and cluster-corrected at z ⬎ 2.3.
Peak loci of activation were obtained using MRI3dX v5.5 and anatomical
localization was confirmed by the Talairach Daemon Database and verified by
the Talairach and Tournoux brain atlas.
The effects of behavior measures of marijuana use on brain activation were
also examined by adding these measures as additional covariates. We correlated behavior measures such as subjective urge data (averaged across the
marijuana cue trials), SCID symptom count, and total marijuana-related problems derived from the MPS. We used the SCID research version IV (60) and
counted as present any symptom that was rated as ‘‘3’’, and summed across
symptoms for cannabis dependence. Range of count was then 0 –11. We also
examined other facets of cannabis use not captured by the SCID items such as
typical use per day, age of onset of regular marijuana use, and duration of
regular use (in years). The MPS (70) is a 19-item measure that assesses the
negative psychological, social, occupational, and legal consequences of marijuana use in the last 90 days (e.g., problems with family and significant others,
missing work or losing a job, feeling bad about marijuana use). Each problem
is rated from 0 (‘‘no problem’’) to 2 (‘‘serious problem’’), and the number of
items endorsed as 1 or 2 is summed to create an index of the total number of
problems (range ⫽ 0 –19). Treatment-seeking marijuana users report an average of 9 –10 problems (70, 71).

Analyses. Preprocessing of fMRI data followed a standard procedure. First, all
slices were interpolated to a common time point (i.e., slice-time correction) to
correct for differences in slice acquisition. The images were realigned using
INRIalign, a motion correction algorithm unbiased by local signal changes (64,
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